Effect of Iron Phase Evolution on Copper Separation
from Slag Via Coal-Based Reduction
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Copper slag, a by-product of copper pyrometallurgy, inevitably contains a certain amount of
copper. Oxygen-enriched smelting technologies increase the copper content in slag indirectly
because of the production of higher-grade matte. The effect of iron phase evolution on the
copper content in slag during the slag cleaning process in an electric furnace was investigated
using the method of combining theory with experiments. Based on the analysis, the main factors
that impede the separation of slag and copper/matte were determined. Subsequently, the
properties of slag were analyzed after decreasing the magnetite content within the slag. The
experimental results showed that decreases in magnetite content were beneficial for the
separation of copper and slag because of the decrease of slag viscosity. Nevertheless, Cu-Fe
alloys formed when magnetite was completely reduced to metallic iron, and the foaming slag
was formed at 1250 °C. Furthermore, the distribution of copper in the reduced slags was studied

in detail.
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I. INTRODUCTION

THE special physicochemical properties of copper
determine its extensive applications; currently, copper is
mainly used in the building and power industries.
Because of the shortage of copper ore, the development
of copper resources is gradually transferring to sec-
ondary resources, such as end-life printed circuit boards
and slag.["*! Nevertheless, co%ﬁ)er is primarily produced
by pyrometallurgy methods'” such as Isa smelting,
Outokumpu flash smelting, Inco flash smelting, Nor-
anda reactor, Teniente reactor, Mitsubishi continuous
smelting and other bath smelting. As a raw material,
copper sulfide concentrates typically contain 25 to 30 pct
Cu, 28 to 34 pct Fe and 28 to 34 pct .M In the process
of matte making, the intense chemical reactions in the
bath occur at approximately 1523 K (1250 °C), and part
of the iron sulfide oxidizes and reacts with silica to form
fayalite slag. The matte obtained from such smelting is
then transferred into the converter for converting blister
copper.
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Oxygen-enriched bath smelting technology has the
advantages of high efficiency, environmental protection
and automation, and it is widely applied to matte and/or
blister copper smelting. However, the oxygen potential
increases in the bath by oxygen-enriched blowing, which
leads to the increase of magnetite content in slag; the
copper content in slag increases as a result. Approxi-
mately 68.7 million tons of copper slag are groduced
annually worldwide by copper smelting plants,™ and the
copper losses in these slags cause significant ecologic and
economic issues and are encountered in all copper
smelting techniques. Generally, the copper content in
slag is approximately 0.7 to 2.3 wt pct.l® Copper is lost
to slag by the following two processes: (1) physicochem-
ical losses are related to dissolved copper species (Cu,O,
Cu,S) in slag*7® (2) mechanical entrained losses,
primarily due to high slag viscosity, are the main form
of coPper loss for the lower matte grades (wt pct Cu <
60).1 'Based on previous studies, the main factors
affecting the copper content within slag can be
attributed to the following aspects: matte grade, tem-
perature, oXygen potential, slag composition and other
properties.” '¥! High efficiency slag-matte separation
can be achieved by controlling the slag composition in
the smelting stage. The surface tension of slag increases
with the additions of CaO, MgO and Al,O3, and the
viscosity decreases with the addition of CaO!”); both of
these results are beneficial for separation. In addition,
Rusen et al.'% investigated the effect of CaO, colemanite
and B,O3; on copper losses to smelting slag and
concluded that copper losses increased by increasing
the addition of CaO and B,O3; above 4 wt pct.

METALLURGICAL AND MATERIALS TRANSACTIONS B


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1379-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1379-4&amp;domain=pdf

The matte obtained from the smelting operation is
processed in converters for the production of blister
copper, in which the iron sulfide in the matte is oxidized
by oxygen-enriched air. Thermodynamic modeling
[specific parameters: Fe/SiO,, matte grade, partial pres-
sure of SO,, and minor oxide levels in slag (CaO, MgO,
AL, O and ZnO)] was performed by Cardona et al.'* to
evaluate the chemistry and copper losses in converter
slag. However, all of the above parameters may not
occur simultaneously in a smelting furnace. In general,
the converter copper slag contains a high copper content
(commonly 2 to 8 wt pct Cul*: partial slag containing
copper is up to 20 pct) due to the higher matte grade and
slag viscosity. This part of slag, therefore, needs to be
recycled for the further treatment of recovery copper.
Magnetite is considered to be the main factor affecting
the copper content in the slag because of its higher
melting point and stable chemical properties. The
pyrometallurgy method of reducing slag in an electric
furnace is widely used to promote the separation of slag
and matte/copper.'* " The smelting parameters (tem-
perature, electrode power density, coke addition and so
on) have been investigated to promote the reduction rate
of slag!'”!; the external magnetic field can cause slag
stirring, which could promote the aggregation of copper
and slag reduction.!'® 2"

From the viewpoint of slag reduction, very few studies
have attempted to investigate the effect of iron phase
transformation on the copper content in slag. The
reduction kinetics of fayalite slag were investigated for
determining the restrictive control steps, and the results
show that the fayalite slag reduction is first controlled by
the Boudouard reaction and then by mass transfer.*! !
Additionally, the studies that have been carried out
predominately concentrated on the recovery of iron
from copper slag.?*2"! Therefore, in the present study,
the effect of chemical reactions of the iron phase on
copper separation from converter slag was investigated
during the slag cleaning process in electric furnaces; the
corresponding microstructures of the slag layers were
studied in detail. Furthermore, the behavior of the
settlement and aggregation of copper particles in slag
was determined. The results obtained may provide a
theoretical basis for the prevention of excessive reduc-
tion of iron in the process of industrial slag cleaning in
electric furnaces.

II. EXPERIMENTAL
A. Materials

PS converter slag was used as an experimental subject
to investigate the effect of iron phase transformation on
copper separation from slag during the slag cleaning in
an electric furnace. A representative convertor slag
sample was supplied by Yunnan Copper Inc. After
grinding and mixing of the slag, a chemical analysis was
used to determine the composition, and the results are
shown in Table I. Convertor copper slag had 4.49 wt pct
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Cu, 44.91 wt pct Fe, 0.53 wt pct S and 21.04 wt pct SiO,.
According to the analysis, copper exists mainly in the
form of metallic Cu within slag. In addition, the
magnetite content in the slag was detected by a magnetic
analyzer, and the value was 34.1 wt pct. Anthracite was
used as a reductant, and its chemical composition is
given in Table II. The slag and anthracite were ground
using an XZM-100 laboratory vibratory mill until 98 pct
of the particles were < 74 pum prior to conducting the
experiments.

Figure 1 shows the X-ray power diffraction (XRD)
pattern, which identifies fayalite and magnetite as the
main phases of the copper slag. As noted in Table I,
oxides such as CaO, MgO and Al,O; were identified in
the chemical analysis of the slag; however, these oxides
were not observed in the XRD pattern. These results are
consistent with results reported elsewhere.[®)

B. Apparatus and Procedure

A series of reduction experiments was carried out in a
vertical tube furnace using corundum crucibles; the
schematic of the experimental furnace is shown in
Figure 2. First, a prepared copper slag sample with a
certain amount of reductant was homogeneously mixed
in a laboratory rotary mixing drum and placed in a
corundum crucible (30 +£ 1 mm inside diameter). The
crucible was then placed in the constant-temperature
zone of the tube furnace. The corundum reaction
chamber of the furnace was evacuated using a mechan-
ical rotary pump; nitrogen gas was then introduced (100
ml/min) and controlled by a rotameter. The furnace was
heated to 1523 K (1250 °C) at a constant heating rate of
10 K min~' while maintaining the nitrogen atmosphere.
The sample was held at the required time in the nitrogen
atmosphere and then quickly cooled. After separation
from the crucible, the slag was analyzed by several
different techniques including a wet chemical analysis,
saturated magnetite analysis, X-ray power diffraction
and electro-probe microanalysis (EPMA).

The samples were initially ground, and the magnetite
content was obtained by a magnetic susceptibility
measurement using a Satmagan S135 instrument with
an accuracy of 0.4 wt pct of the measured values. For
mineralogic characterization of the slag sample, a Japan
Science D/max-R diffractometer (Rigaku MiniFlex 600)
was used to confirm the identity of the solid phase. The
diffractograms were measured in the 20 to 80 deg 20
range and used a step size of 0.01 deg (Cu Ko radiation
generated at 40 kV and 40 mA). To obtain information
about the microstructure and component distribution of
the slag sample, the EPMA was carried out using a
JEOL JXA 8230 model equipped with energy-dispersive
X-ray spectroscopy. In addition, thermochemical anal-
yses of the FeO-Fe;04-SiO, and Cu-Fe system at
different temperatures were calculated and plotted as
ternary and binary phase diagrams b2y using the phase
diagram module of the FactSage®* thermochemical
software.
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Table 1. Chemical Analysis of the Slag Sample

Component Cu S Fe (Total)

Zn Al,O4 SiO, CaO MgO Fe;04

Content Weight Percent 4.49 0.53 4491

3.88 2.57 21.04 0.86 0.61 34.1

Table II.  Industrial Analysis of the Reductant

Properties Fixed Carbon

Volatile Matter Ash Moisture

Content (Weight Percent) 76.43

7.78 15.29 1.02

7000

¢
¢ -Fe,O,
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Intensity (a.u.)
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Fig. 1— XRD pattern of the copper slag sample.
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Fig. 2— Schematic of experimental furnace.
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III. RESULTS AND DISCUSSION
A. Analysis of the Copper Matte Converting Process

The copper matte converting process can be divided
into two stages: the slag making stage and blister
converting stage. The iron phase, which primarily exists
in copper matte as iron sulfide (FeS), is first oxidized to
FeO and then combined with SiO, to form fayalite.
When FeS is thoroughly oxidized, the matte converting
process is transferred from the slag making stage to
blister converting stage, and Cu,S begins to oxidize to
produce metallic copper. In the process of copper matte
converting, the system in the furnace is usually a
triphase coexistence (gas-slag-matte).”® The oxygen
potential in the gas and slag phase is higher than that
in the matte, while the sulfur potential is lower than that
in the matte phase. Thus, the high oxygen potential in
the gas (or slag) inevitably transfers oxygen to the matte,
and the sulfur potential in the molten matte inevitably
transfers sulfur to the slag and/or gas. Therefore, the
process of copper matte smelting is essentially a substi-
tution process of sulfur and oxygen, and the difference
of sulfur and oxygen potentials in the coexisting system
promotes the development of this substitution process.
The exchange model of oxygen and sulfur in the copper
matte converting process is illustrated in Figure 3. In the
initial stage of blowing smelting, oxygen in the gas first
diffuses into the slag and oxidizes Fe*" to Fe’" in the
slag, which simultaneously produces O*
|+ 0% 1]

(slag)

2+ _ Re3t
1/202(gas) + Fe(slag) - Fe(slag
The process described in the reaction above results in
the increase of oxygen in the slag, further increasing the
oxygen concentration and leading to the transfer of
oxygen ions from the slag to the matte layer:

(027)slag + [S]matte = Szl;g + [O}matte [2]

With the transfer of oxygen ions from the slag to the
matte layer, anions from the matte layer must be
transferred to the slag layer. Because the oxygen ions
that entered the matte layer are attracted to the Fe* ™/
Cu’ ", free sulfur ions are transferred to the slag because
of the positive charge and low sulfur potential in the slag
layer. Sulfur in the slag layer diffuses to the gas and is
oxidized to form sulfur dioxide as follows:
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Fig. 3— The exchange model of oxygen and sulfur in the copper matte converting process.
Sslaé + Oz(gus) = SOZ(gas) [3] 3Feo(slag) + 1/202 = Fe3o4(slag) [5]

For the system equilibrium, the diffusion of oxygen
increases the oxygen concentration in matte. Iron, which
is more electronegative than copper, is preferentially
oxidized into the slag phase, which is shown in Reaction

[4].

[Olc, + [Felc, = FeOqlag 4]

As the oxygen potential increases, the rate and
quantity of oxygen and sulfur ion transfer also
increase; as a result, the converting process is strength-
ened. However, as the oxygen potential increases, the
FeO in slag oxidizes to magnetite [Reaction 5]. As the
reaction proceeds, the activity of FeO decreases,
whereas the activity of magnetite increases. When the
content of silica or the temperature is low, the
magnetite readily precipitates from the slag [Reac-
tion 5]. In contrast, in the case of higher silica content,
silica prempltates from the slag.”! In the molten slag,
silica exists in the form of a complex silicon/oxygen
anion with a SO4* constitutional unit; its structure is
complex and its ionic radius is large. 301 Such a large
complex anion migrates from one position to another
in the flow; that migration requires a significant energy
input resulting in high viscosity. Further increases in
the oxygen potential result in the precipitation of solid
state magnetite. Solid magnetite is suspended in the
matte because of its density and reacts with cuprous
sulfide (Cu,S) to generate SO, gas [Reaction 6]. When
the SO, gas diffuses from the matte, it takes away a
portion of the matte/copper particles into the slag
layer, resulting in copper mechanical losses. Accord-
ingly, the precipitation of magnetite and/or silica is
detrimental to the copper smelting process. Further-
more, part of the metallic Cu generated [Reaction 6]
dissolves in the matte; another part oxidizes to form
CuO and results in a chemical loss to slag
[Reaction 7].
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(CUZS) + 2F63O4( s) = 6F60(1) + ZCU(S) + SOz(g) [6]

2cu(matte) + Fe304(slag) = 3Fe()(slag) + Cu20(slag) [7]

B. Cu Separation from Slag During the Slag Cleaning
Process

At high temperatures, the appetency between iron and
oxygen surpasses that of copper and oxygen. The
formation of Fe3O, is therefore inevitable during the
converter blowing process of copper matte. Table I
shows that the Fe;O4 content in converter slag is
approximately 34.1 wt pct. The influence of magnetite
on slag can be summarized as follows: (1) Fe;0, in slag
exists primarily in the form of solid particles because of
its high melting point, which leads to an increase in slag
viscosity. Furthermore, the increase of slag viscosity
increases the mechanical entrainment loss of copper; (2)
the presence of magnetite in the slag indicates that the
oxygen potential is high, which results in the increase of
chemical losses of copper. Therefore, the reduction of
magnetite in the process of copper slag cleaning in an
electric furnace for increasing copper recovery is
inevitable.

1. Reducing Fe;04 to FeO

The proper amount of reducing agent can reduce
magnetite to ferrous oxide. The viscosity of slag is
related to the composition and temperature of slag.
Based on FactSage software calculations, decreases in
viscosity are observed at all temperatures as the amount
of FeO increases (Figure 4). The copper slag used in this
study was a silica-saturated slag. As indicated previ-
ously, silica exists in the form of a complex silicon
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oxygen anion with a SO?{ constitutional unit; Bockris
et al. proposed the depolymerization concept of the
complex three-dimensional silicate network to account
for the viscous flow behavior of CaO-SiO, based
melts.*) As Fe?" is gradually introduced, the complex
silicate network structure decomposes into a simpler
structure, which results in decrease in slag viscosity.
When a sufficient amount of Fe?" is introduced, the
silicate anions approach their lower size limit, and the
viscosity tends to reach a plateau, as shown in Figure 4.
Moreover, the slight temperature dependency of the
viscosity found at high concentrations of Fe** may be
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& 064 \ —»—1673K
>
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Fig. 4— Effect of FeO content on the viscosity of slag.
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+

due to the lower size limit, such that an increase in
temperature  would not  result in  further
depolymerization.

The phase diagram of the FeO-Fe;04-Si0, system is
calculated by FactSage software and is shown in
Figure 5, which indicates that a smaller liquid phase
exists around the crystalline region of fayalite and
reduces the solubility of Fe;04. According to the slag
composition, the composition position is located in the
spinel phase region at 1523 K (1250 °C) (Figure 5),
leading to a higher viscosity of molten slag. Neverthe-
less, as the amount of Fe;O, decreases, the slag
component position gradually approaches the liquid
phase region. In addition, the liquid region increases
gradually as the temperature increases, as shown in
Figure 5(b).

The results of the copper content in slag reduced at
1523 K (1250 °C) for 1 min as a function of coal dosages
(ranging from 0 to 2.4 wt pct) are depicted in Figure 6.
The magnetite content obviously decreased as the
reductant dosage increased; those results are shown in
Figure 6. Based on the theoretical calculation, approx-
imately 2.3 wt pct of coal is needed to completely reduce
the magnetite to form FeO within slag. When the
reductant dosage increases from 0 to 2.3 wt pct, the
Fe;04 and Cu contents significantly decrease from 34.1
and 4.49 wt pct to 0.6 and 1.00 wt pct, respectively. With
the decrease of magnetite content in slag, the log pO,
value is calculated by Eq. [8],°" and the results are
shown in Figure 6(b). The log pO, of a smelting system
is essentially fixed by the compositions of the oxidizing
medium.P* For a fixed pct Fe/ pct SiO, and tempera-
ture, a higher concentration of [Fe®"/Fe®*] increases
the log pO,. Thus, Figure 6(b) shows the decrease in the
log pO, as the magnetite content decreases.

" " A 2 il
FeO 90 80 70 60 50Fe0,

Wareo/%

90 &80 70 60 50 40
Wre0)/%

FeO

30 20 10

Fe3O 4

Fig. 5— Phase diagram of the FeO-Fe;04-SiO, ternary system («); the slag-liquid region at various temperatures (b).
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log pO, = 16.3 + 4log[Fe’* /Fe**| — pet Fe/pet SiO,
—29500/T

8]

where [Fe’"/Fe?"] represents the ratio of ferric and
ferrous iron concentrations, and pct Fe/ pct SiO, is
the mass ratio of the iron and SiO,.

Meanwhile, the corresponding XRD patterns
(Figure 7) show that the intensity of the magnetite
diffraction peaks gradually weaken as the reductant
dosage increases from 0.4 to 2.4 wt pct, in line with the
results depicted in Figure 6; conversely, the intensity of
the wustite diffraction peaks varies in an opposite trend.
Specifically, as the reductant dosage increases, the
fayalite diffraction peaks become more intense but then
gradually decrease. The magnetite can be reduced to
form wustite under weak reducing conditions, which
react with SiO, to generate fayalite. As the conditions
become more reducing, some fayalite is reduced to
wustite, resulting in the decrease in fayalite peaks. In
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Fig. 6— Effect of the reductant dosage on Fe;O4 and Cu contents in
slag (a); log (pO,) values with various Fe;O4 contents (b).
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Fig. 7— XRD patterns of the slag sample after reduction with
various reductant dosages.
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addition, the reasons for the decrease of the copper
content in slag may be summarized as follows: (1) as
mentioned above, a decrease in the amount of Fe;Oy4
could also decrease the slag viscosity, which promotes
the separation of copper from slag; (2) the oxygen
potential of the slag decreases with the decrease in
magnetite content in slag, which results in the decrease
of the chemical dissolution of copper in slag; (3) the
copper surface tension increases with a decrease in the
oxygen potential,®> which is advantageous for the
separation of slag and copper. Nevertheless, as the
conditions become more reducing, magnetite content in
slag continues to decrease, such that the Cu content
increases from 1.00 to 1.74 wt pct.

The effect of the reduction time on Cu content in slag
was investigated to further separate the copper from
slag, and the results are shown in Figure 8. Figure §
shows that the Cu grade in slag reaches a minimum
value of 0.32 wt pct when the reduction time increases
from 1 to 10 minutes. The Cu content then increases as
the reduction time increase beyond 10 minutes. Pro-
longing the reduction time is beneficial for Cu separa-
tion from slag; however, the solubility of copper in slag
also increases as the reduction time is extended. Figure 9
shows the slag sample after reduction at various times.
The metallic copper particles are distributed in the upper
part of the slag and bottom of the crucible, as shown in
Figure 9(a). The vast majority of copper settles and
forms copper ingots during the reduction process
(Figure 9). Three copper particles are visible at the
bottom of the crucible when the settlement time is 1
minute (Figure 9(a)). Extending the settlement time
results in gradual aggregation of the smaller copper
particles into larger particles (Figure 9(b, c)), indicating
that the copper particles settled prior to the aggregation
during the reduction process. Nevertheless, a small
amount of copper particles is still observed in the upper
part of the slag layer in Figure 9(a). In the reduction
process, the generation of gas bubbles resulted from
chemical reactions between iron oxide and the carbon
(Eq. [9]). The bubbles generated at the interface between
the Cu droplets and slag may provide sufficient upward

1.0

0.8

0.6

0.4

Copper content in slag (wt.%)

T T T T T T T T T
0 40 80 120 160
Reduction duration (min)

Fig. 8— Effect of reduction duration on Cu content in slag.
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force (buoyancy) to cause the metallic co}p}oer droplets
to float up instead of settle to the bottom,! resultlng in
visible copper particles on the slag surface. This is also
one of the reasons for mechanically entrained copper in
slag.

4Fe;04 + 3C = 12FeO + 2C0<g) + COz(g) [9]

2. Reducing FeO to Fe

Excess reductant reduces ferrous oxide and fayalite to
metallic iron. As mentioned above, approximately 2.3
wt pct anthracite is needed to completely reduce the
magnetite to ferrous oxide. Further increasing the
amount of reductant also increases the copper content
in slag, as shown in Figure 6. The slag sample in the
crucible after the smelting reduction with 4 wt pct of
added anthracite is shown in Figure 10; it clearly shows
that the copper droplets do not settle to the bottom of
the crucible to form metallic copper ingots such as the
slag sample shown in Figure 9. In addition, the slag
sample shows obvious stratification in the crucible. The
upper layer has loose structure characteristics, and the
corresponding XRD pattern is shown in Figure 10(b).
The primary phase, which is evident from the XRD

Bubble entrained »

‘{s Increasing time (-

Small Cu particles

.z.y

pattern of the slag sample, is fayalite, and the minor
phases are iron and copper. For the lower layer, the
structure is compact, and the XRD result shows that
fayalite is the main phase, indicating that the lower part
may be the slag phase with fayalite as the matrix. The
main reason for the structural differences between the
upper and lower layers may be attributed to the
generation of reducing gas. While the reducing gas
escapes, ferrous oxide in contact with CO is reduced to
metallic iron, which is combined with copper to produce
an alloy. In the current experimental conditions, Fe-Cu
alloy is difficult to melt, resulting in a foaming upper
slag layer.

The EPMA method was used to further investigate
the corresponding microstructure and composition of
the two slag layers. Figure 11 presents the EPMA
images of the upper reduced slag sample (loose structure
part) at 1523 K (1250 °C) for 1 minute with the addition
of 4 wt pct anthracite. Figure 11(b) provides a magnified
view of the marked areas in Figure 11(a). As seen from
the SEM image (Figure 11a) coupled with the WDS
results, the charcoal gray and white gray substances are
the fayalite and Cu-Fe alloy, respectively. The alloy is
formed by the combination of copper and metallic iron
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Fig. 9— Images of the slag sample after reduction at 1523 K (1250 °C) with a 2.3 wt pct reductant dosage for various durations: (a) 1 min; (b)

10 min; (¢) 180 min.
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Fig. 10— Image of the slag sample (a) and its XRD pattern reduction at 1523 K (1250 °C) with a 4 wt pct reductant dosage (b).
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Fig. 11— EPMA images of the upper slag layer (a), reduced at 1523 K (1250 °C) for 1 min with a 4 wt pct reductant dosage; (b) magnified view

of the marked areas in (a).

produced by the reduction process at high temperature.
The Cu-Fe alloy has large particle sizes and is connected
to the fayalite. In particular, Figure 11(b) shows the
details of the Cu-Fe alloy particles, demonstrating that
the two phases exist in the Cu-Fe alloy. Based on the
component analysis, the matter with lighter color is the
Cu-based alloy, whereas the round particles with darker
color correspond to the Fe-based alloy. As seen from the
binary phase diagram of Cu and Fe (Figure 12), Cu and
Fe both have the characteristic of miscible dissolution
due to their similar chemical structure. However, the
Cu-Fe alloy cannot be completely melted into liquid
phase, resulting in its uneven chemical composition. At
1523 K (1250 °C), when the copper content is higher
than 92.33 wt pct, the alloying components are primarily
in the liquid phase; this theoretical analysis explains the
morphology of the Cu-based alloy, which has no fixed
shape (Figure 11(b)). However, as the Fe content
increases to 91.56 wt pct, the components exist in the
presence of the y-Fe phase. Thus, the two components
have different morphologies in the SEM images.
Figure 13 shows the SEM-EDS results of the lower
reduced slag sample (compact structure part).
Figure 13(b) is the magnified view of the marked areas
in Figure 13(a). As seen in Figure 13(b) and coupled
with the EDS results, the following three phases are
clearly observed: the charcoal gray, white gray and light
gray phases are the fayalite, Cu-Fe alloy and iron oxide,
respectively. Fayalite is the primary phase in the lower
part of the slag sample, which agrees with the XRD
results. The details of the Cu-Fe alloy particles are
similar to the results described in the previous sec-
tion. Nevertheless, in contrast to Figure 11, Figure 13(a)
shows that the alloy is present in lower concentrations
and smaller particle sizes. In addition, the iron oxide
phase found in the lower part may be attributed to the
reductant dosage. Based on the theoretical calculation,
approximately 9.3 wt pct anthracite is needed to
completely reduce the magnetite to metallic iron. At
present, the reductant dosage is 4 wt pct; therefore, a
portion of magnetite is not reduced to metallic iron
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Fig. 12— Phase diagram of the Cu-Fe binary system.

As the reductant dosage increases, the loose structure
of the upper slag layer gradually increases, indicating
the formation of foaming slag during reduction; the
corresponding lower fayalite layer (compact structure)
decreases as a result, as shown in Figure 14. The reason
for this result may be ascribed to the reductant gas as
described previously. From the thermodynamic view-
point, the iron oxide and fayalite are reduced to form
metallic iron by excessive reductant (anthracite and CO
gas), destroying the equilibrium of the slag phase.
Furthermore, the high melting point of metallic iron
causes the caking of slag. To further investigate the
effect of the reduction time on copper within the slag, an
experiment was performed with the following reduction
conditions: reduction duration of 60 minutes, 6 wt pct
reductant dosage and temperature of 1523 K (1250 °C).
The stratification of slag is also observed, and the two
layers were analyzed by SEM as shown in Figure 15. In
contrast to Figure 11, there is no obvious difference in
the microstructure and composition of the upper slag in
addition to the well-crystallized fayalite phase
(Figure 15(a)). Nevertheless, as seen from the lower
layer SEM image (Figure 15(b)) coupled with the EDS
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Fig. 13— EPMA images of the lower slag layer (@) reduced at 1523 K (1250 °C) for 1 min with a 4 pct reductant dosage; (b) magnified view of

the marked areas in (a).

LLoose structure (b)

Fig. 14— Images of the slag sample after reduction at 1523 K (1250 °C) with various reductant dosages for 1 min: (a) 4 wt pct reductant

dosage; (b) 6 wt pct reductant dosage; (c) 8 wt pct reductant dosage.

results, the precipitated matte particles are observed and
appear as sulfide dots of < 10 um dispersed in the glassy
matrix. This finding, consistent with other research
results,’”) may be attributed to the exsolution of the
dissolved matte with the decrease in oxygen potential
and temperature. Furthermore, minor elements (As, Sb,
Bi and Pb) are always present in sulfide concen-
trates,”**" such as matte. Figure 15(b) shows a matte
particle containing lead. Combined with the above
analysis, the copper reacts with metallic iron to form
an alloy and is distributed in the upper layer of slag,
which readily causes the formation of foaming slag in
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the furnace. Furthermore, in the actual process of
copper smelting, the dissolution of iron in copper
solution is not advantageous for the refining of blister
copper.

IV. CONCLUSIONS

In the present study, the smelting reduction method
was used for slag cleaning. In the process of reducing
magnetite to ferrous oxide, the copper particles primar-
ily aggregated and settled to the bottom of the crucible

METALLURGICAL AND MATERIALS TRANSACTIONS B



Slag

Lo
~ \Wer
= -

Reduced slag in crucible

LN
_—
X 50 20.0kV COMPO

3

1

NOR

E] _Bjilarged arca

Weight%

S HE Cu Pb
“ . Point 1 17.92 835 5271 19.52
00pm JEOL -
[ Point 2 18.12 2.96 7892 -

Fig. 15— Image of the slag sample after reduction at 1523 K (1250 °C) with a 6 wt pct reductant dosage for 60 min: () microstructure of the

upper slag layer; (b) microstructure of the lower slag layer.

to form a copper ingot. The copper content in slag was
reduced from 4.49 to 0.32 wt pct via the smelting
reduction at 1523 K (1250 °C) for 10 minutes in the
presence of 2.3 wt pct anthracite. When the magnetite
was reduced to metallic iron, the copper slag had a
distinct stratification; the upper layer slag formed
foaming slag, and the lower layer was dense. Metallic
copper formed alloys with iron and was mainly dis-
tributed in the upper slag. These results imply that the
generation of metallic iron would lead to the formation
of foaming slag, which is not conducive to the separa-
tion of slag and copper during the slag cleaning process.
The excessive reduction of magnetite in the slag should
be avoided in the actual production process for slag
cleaning in electric furnaces.
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