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High-efficiency reduction of Fe3O4 particles in molten copper slag is the key
for recovering slag-entrained copper, although restrained by the sluggish
reaction kinetics of commercial powdery reductants with low density. Here, a
new strategy by density tuning in conjunction with pelletizing of the powdery
reductants is suggested, greatly enhancing the Fe3O4 reduction kinetics and
resulting in remarkably facilitating the recovery of slag-entrained copper.
Specifically, by replacing the industrially used coal powder with FeS2-C pellets
at optimized density, the efficiency of Fe3O4 reduction is significantly in-
creased from 18% to 51%, with the copper content in the low-layer slag being
correspondingly enriched from 1.37% to 4.53%. The SEM-EDS characteriza-
tions and finite element analytical results all reveal that the enhanced
reduction of Fe3O4 by the as-designed reductant contributes to the decrease of
slag viscosity and copper exposure, as well as to the size growth of copper
matte droplets, resulting in promoted settling of copper-containing compo-
nents for copper–slag separation in the molten state. Additionally, the full
exposure and size growth of copper matte in the molten state facilitate copper
reclamation during the subsequent grinding–flotation process of the solidified
slag, which increases the copper recovery from 23.3% to 85.3%, with the
concentrate grade being correspondingly improved from 2.8% to 6.45% after
one-stage flotation. The results can provide new insights into enhancing the
recovery of slag-entrained copper.

INTRODUCTION

Copper is one of the critical metals and the
indispensable resource for society development due
to its versatile applications in both traditional and
newly emerging fields.1 However, the uneven geo-
logical distribution of copper largely weakens the
self-support ability for many countries.2 For exam-
ple, China only accounts for approximately 3% of
the worldwide copper resource but consumes about
50% of the worldwide copper productivity, present-
ing a huge supply–demand gap. Thus, deep

reclamation of copper during the metallurgical
process is of prime importance and an effective
way to mitigate the geographical restriction in the
copper resource.3,4

Reclamation of copper from copper smelting slag
has long been the strategy to improve the recovery
ratio for copper smelters; however, it is hindered by
the precipitated Fe3O4 particles in the molten
slag.5,6 Firstly, the entrained copper in the slag is
high, up to 0.6–1.4%, greatly exceeding the mining
grade of copper ore (0.4–0.8%).7 Additionally, the
generated slag amount is very large, namely the
generation of 1 ton copper metal results in 2.2–3.0
tons of slag,3,4 which means 800,000 tons of copper
are entrained within the slag worldwide. Such a
huge amount of copper can be hopefully recovered(Received November 9, 2023; accepted June 17, 2024;
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by a combination of the hot-stage process (settling of
copper matte droplets for initially gross copper–slag
separation in the molten state) and the subsequent
cold-state step (grinding–flotation process of the
solidified slag to further enrich the remaining
copper).4,8–10 However, copper recovery in both the
hot-stage process and the cold-state step is hindered
by the precipitated Fe3O4 particles in the molten
slag.11,12 Specifically, the precipitated Fe3O4 parti-
cles increase the viscosity of the molten slag,
restraining the settling of copper matte droplets
for copper–slag separation in the hot-stage pro-
cess.13,14 As for the cold-state step, the Fe3O4 phase
(melting point is higher than 1500�C) is solidified
preferentially and tends to wrap the copper matte
droplets (the melting point is 995–1095�C).15 How-
ever, the precipitated Fe3O4 particles are too hard to
grind [which is a pre-treatment for recovering
copper from copper slag (CS) by flotation] to expose
the copper matte, leading to lower copper recovery.9

High-efficiency elimination of the precipitated
Fe3O4 in the molten slag is an appealing but tough
task for copper recovery.

The reduction of Fe3O4 in molten slag has been the
consensus for mitigating its adverse effect for copper
recovery. Coal and pyrite (FeS2) are the commonly
used reductants for Fe3O4 elimination,16 but suffer
from very limited reaction efficiency. The low-density
coal usually floats on the upper surface of the molten
slag,17,18 incapable of high-efficiency removal of the
Fe3O4 particles. On the other hand, the reduction
ability of FeS2 is weaker than coal. Specifically, the
solid Fe3O4 particles in molten CS can be easily
reduced by coal at the slag temperature of 1200–
1250�C(Fe3O4 + C = 3FeO + CO,DGh

1200–1250�C< 0).
However, reduction of Fe3O4 by the FeS (generated
due to spontaneous decomposition of FeS2) can only
occur when the temperature is higher than 1514�C
(3Fe3O4 + FeS = 10FeO + SO2, DGh< 0 when
T> 1514�C). Of note, the existence of SiO2 can
reduce the reduction temperature of Fe3O4 from
1514�C to 1099�C (3Fe3O4 + FeS + 5SiO2 = 5
Fe2SiO4 + SO2, DGh< 0 when T> 1099�C), promot-
ing the reduction of Fe3O4.19 More importantly, both
coal and FeS2 exist in the powdery state, which is
easily blown away by the high-pressure off-gas,
presenting very limited reaction efficiency. To
improve the reduction efficiency, many external
fields, such as the magnetic field,20,21 mechanical
field,19,22,23 and super-gravity field,24 have been
adopted to enhance the reaction kinetics.25–27

Nonetheless, additional equipment with high com-
plexity is needed, so that most of the equipment is
self-designed and specially made. For example,
Kalisch et al.28 developed the first industrial copper
slag-cleaning furnace by an externally applied mag-
netic field (electromagnet) based on magnetohydro-
dynamics. Wang et al.19 added a mechanical stirring
system (Zhongjie, Z3050 9 16/1; Shenyang, China)
to a medium-frequency induction furnace. Wang

et al.24 used a high-temperature centrifugal appara-
tus to simulate a super-gravity field and produced an
enhanced force field in the horizontal direction. In
detail, the apparatus was equipped with a heating
furnace and a counterweight, and symmetrically
fixed onto the centrifugal axis and rotated to the
horizontal from the vertical direction once driven by
the variable speed motor. Then, when it rotated at
high speed, the molten slag in the furnace would be
added to a super-gravity field for enhancing slag–
matte separation. Moreover, integration of these new
techniques with the industrial process is very diffi-
cult. Recently, a novel strategy which directly injects
the powdery carbonaceous solids or waste oil into the
molten slag was reported,29–32 which can avoid the
flotation of low-density reductants or the blowing
away of powdery reductants by the high-pressure off-
gas. Such a new injection strategy presents fascinat-
ing reaction kinetics,29,30,33–36 which can reduce the
copper content from 1.2% to 0.46% by injecting coal
and pyrite into the melting slag.37 However, the pipes
used for the injection strategy are easily corroded by
the high-temperature slag which has a strong oxida-
tive ability. Also, the powdery particles with sub-
stantially reduced size for injection increase the
operation risks. Exploring other strategies for
improving the reaction efficiency of low-density
reductants and restraining the blowing away of
powdery reductants are still highly attractive.

Here, a density tuning in conjunction with a
pelletizing strategy is proposed for improving the
reaction kinetics of low-density and powdery reduc-
tants. Specifically, the density of the reductant is
adjusted by mixing the light anthracite (C, 1.4–1.8
g/cm3) with the heavy pyrite (FeS2, 4.8–5.0 g/cm3) to
prevent the light reductant floating on the upper
surface of the molten slag (3.65–3.8 g/cm3). Corre-
spondingly, the blowing away of the powdery reduc-
tants by the high-pressure off-gas can be hindered
after pelletizing. In other words, the reductant in the
pelletized state can restrain the blowing away by the
off-gas. In addition, the reductant pellets with well-
tuned density can more easily sink into the molten
slag. As a result, the reductant can contact and
reduce the Fe3O4 particles more smoothly to enhance
the reduction kinetics in the molten slag, facilitating
much enhanced slag–matte separation in the molten
state and also the subsequent grinding–flotation
recovery of copper in the solidified cold slag. Such a
strategy is simple and free of complex equipment as
well as allowing easy integration with the industrial
process, providing new insights into copper recovery
from the slag.

EXPERIMENTAL

Materials

The CS sample and matte for the experiments
was provided by the copper smelting plant in Zijin
Copper, with the chemical composition shown in
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Table I. As revealed from the XRD patterns (Fig. 1),
the copper slag mainly consists of fayalite, mag-
netite, and a little matte, while the copper matte
mainly consists of Cu1.96S, CuS2, and Cu5FeS4.

The pyrite (FeS2) was provided by Zijin Mining
(– 0.15 mm in size), and the anthracite of industrial
grade was from Henan Bokes. The industrial anal-
ysis of the pyrite and anthracite is shown in
Table II. Sodium metasilicate pentahydrate of
industrial grade was obtained from Guangzhou
Zhanen Chemical. High-purity argon gas with a
purity of higher than 99.999% was from Fuzhou
Huaxinda Industrial Gas, which provided a protec-
tive atmosphere in the reaction. A corundum stick
(diameter: 20 mm, height: 100 mm) was provided by
Jingwei Special Ceramics.

Experimental Details

Dilution experiment. This can be divided into
three steps of total experiment. Firstly, for the pre-
melting of the slag, 400 g dry slag powder contained
in a corundum crucible (U70 mm 9 120 mm) were
put into a high-temperature furnace with a protec-
tive atmosphere by using argon gas at a flow rate of
200 mL/min. The pre-melting process of the slag
sample involved heating from room temperature
(about 20�C) to 1000�C at a speed of 10�C/min, then
to 1250�C at 5�C/min and held at a constant
temperature for 10 min. The total pre-melting time
was about 158 min. A schematic of equipment is
shown in Fig. 2a. Secondly, for the preparation of
the reductant pellets, the anthracite powder was
mixed with the FeS2 powder at a fixed weight ratio,
with 5 wt.% Na2SiO3 (the ratio indicates the
proportion of the weight of Na2SiO3 to the total
weight of FeS2 and C) and a certain amount of water
added as a binder for die-pressing at 20 MPa. The
resultant pellets (diameter: 20 mm; height: 5 mm)
have been denoted as FeS2-C, which the underwent
air-drying under natural conditions for 24 h, as
shown in Fig. 2b. The amount of the reductant was
fixed at 1% of the slag mass (that is 4 g per pellet).
Therefore, only 0.05 wt.% Na2SiO3 was introduced
into the slag from the pellets, meaning that the
influence of the introduced Na2SiO3 for the slag
composition and the refractory materials is negligi-
ble. Thirdly, for the reduction reaction, the reduc-
tant pellet was dropped into the molten slag from a
height of 1 m, and the reaction time of 60 min is

referred to as the staying period of the molten slag
in the industrial production furnace. The contents of
FeS2 in the FeS2-C pellets were 0, 60%, 70%, 80%,
90%, and 100%. After the reducing reaction, the slag
was cooled to room temperature and sliced into
three layers for analysis, as shown in Fig. 2c.

Settling experiment. For simulation of the set-
tling behavior of the FeS2-C reductant in the molten
slag, a corundum pellet (diameter: 20 mm, height:
5 mm) was selected as a reaction-inert pellet, which
possessed a similar density as the FeS2-C reductant.
The main operating steps were the same as for the
reduction experiment. After standing for predeter-
mined periods, the solidified slag was sliced to
determine the final position of the reaction-inert
corundum pellet.

Settling simulation of the reductant pellet and
matte particle. The reductant and matte particles
settling in the melting slag with different viscosities
were simulated by finite element analysis. The

Table I. Chemical composition of the CS and matte (wt.%)

Component Cu S TFe SiO2 CaO MgO Pb Zn Fe3O4

Slag 1.10 0.84 39.1 32.14 2.13 1.33 0.59 3.38 18.80
Matte 61.90 21.15 11.93 – – – 1.11 1.24 2.72

TFe Total content of Fe.

Fig. 1. (a) XRD pattern and (b, e) SEM-EDS of the copper slag and
matte, (c, d, f, g) element analysis of O, S, Si, Fe, of (b).
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viscosity of the slag (lCS) was greatly affected by the
content of solid particles,12 which can be determined
by:

gr ¼ 1 � aUsð Þ�n ð1Þ

where gr is the viscosity of the slag-containing solid
phase (Pa s), Us is the volume fraction of the solid
phase in the molten slag (%), the value of a is 2, and
the value of n is 3.95, which are the empirical
parameters from reference.12

The velocity of matte particles in the molten slag
was calculated by Stokes equations for particle
settling, with the assumption of the particles being
spherical with no distortion during freely falling:

v ¼ gd2 qmatte � qCSð Þ
18l

ð2Þ

where v is the velocity of the matte particle (m/s), d
is the diameter of the matte particle (m), qmatte is
the density of matte (5200 kg/m3), qCS is the density
of CS (3700 kg/m3), and l is the viscosity of melting
CS (Pa s).

The reduction efficiency of the Fe3O4 was calcu-
lated by:

Er ¼
mrb �mra

mrb
� 100% ð3Þ

where Er is the reduction efficiency of Fe3O4 (%),
mrb is the mass of Fe3O4 before reduction (kg) and
mra is the mass of Fe3O4 after reduction (kg).

Flotation experiment. To investigate the effect of
the FeS2-C reductant pellet (FeS2:C = 7:3) on the
recovery of copper in the slag, the flotation results of
CS without a reductant were compared with that
after being reduced by the FeS2-C reductant pellet
(FeS2:C = 7:3). The CS powder was provided by
smashing it with a hammer and grinding in a ball
mill after solidifying in the furnace during the
dilution experiment, which contained 80% powder
particles with a size of – 74 lm. All the CS powder
was weighed (m1) first and then, after a series of
steps of flotation, filtration, drying, and weighing,
the slag powder could be separated into concentrate
(m2) and tailings (m3). Finally, the dried samples of
the concentrate and tailings were analyzed, and the
copper content in the concentrate was b and the

Table II. Industrial analysis of the anthracite and FeS2

Component FCd Vd Ad Total sulfur

Anthracite Content (%) 85.59 37.6 8.98 0.3

Component FeS2 SiO2 2Fe(OH)SO4 Others

Pyrite Content (%) 91.20 3.98 2.08 2.74

FCd, Fixed carbon; Vd, Volatile matter; Ad, Ash.

Fig. 2. Schematic of the CS dilution experiment: (a) equipment; (b) preparation of reductant and pre-treatments; (c) characterization.
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copper content in the tailings was h. In the flotation
process, some reagents should be added for effec-
tively recovering the copper in the slag. Lime (CaO)
is a common regulator and inhibitor in the separa-
tion of copper sulfide and pyrite that can adjust the
pH value of the pulp of CS to 9–11 and inhibit pyrite
for promoting copper recovery.38 Zinc sulfate
(ZnSO4) is a common and good inhibitor to recover
copper from copper mineral with zinc, so that Zn2+

from ZnSO4 forms complexes under alkaline condi-
tions, adhering to the surface of the zinc mineral (in
CS), covering the active site of its interaction with
the collector.10 O-isopropyl ethylthiocarbamate
(Z-200, C6H13NOS) is a collector for the flotation of
copper sulfide mineral, while CS is a kind of
synthetic copper sulfide mineral that can collect
exposed copper in the pulp of CS for easily recov-
ering the copper.10 Terpenic oil (2# oil, C10H18O) is
an excellent frother for copper in the flotation
process that can form stable foam for carrying the
collector with the copper. The process parameters
are shown in Table III.

Copper recovery in concentrate:

c ¼ bm2

am1
� 100%: ð4Þ

Ratio of copper content in tailings:

c ¼ hm3

am1
� 100% ð5Þ

where a is the copper content in the CS before
flotation.

Characterization

The slag composition was determined by the
inductively coupled plasma–optical emission spec-
trometry (iCAP 7200; Thermo Fisher Scientific,
USA) and chemical titration (GB/T 6730.65-2009).
The micromorphology and element distribution
were detected by scanning electron microscope–
energy-dispersive spectroscopy (SEM-EDS; Pure,
USA). The Cu content was obtained by an atomic
absorption spectrometer (AA-6880; Shimadzu,
Japan). The density of the samples, including
reductant, slag, and matte, was measured by a true
density analyzer (AccuPyc II 1340 V1.05,

Micromeritics, USA). The Fe3O4 content was deter-
mined by the method of chemical titration after
magnetic separation. The content of magnetic iron,
including Fe3O4 and metal Fe, was obtained by
magnetic separation, in which metal Fe might be
generated by adding excessive reductant from the
high-temperature reduction test in this paper. The
content of metal Fe in the slag was measured by the
cupric potassium chloride method with standard
potassium permanganate titrating.39–41 The Fe3O4

content in the slag was calculated on the basis of the
metal Fe content and the magnetic iron content.

The reaction Gibbs free energy and the equilib-
rium composition analysis of Fe3O4 in the CS with
reductant were calculated by the software of HSC
Chemistry 6, which were obtained by the Reaction
Equations module and the Equilibrium Composi-
tions module, respectively.

The reductant pellet and the copper matte
droplets settling in the molten slag were simulated
by finite element analysis. The parameters in the
calculation and simulation are shown in Table IV

The models for the simulation are displayed in
Fig. 3 with the building parameters shown in
Table V and the mesh parameters shown in
Table VI.

RESULTS AND DISCUSSION

Challenges and Solution for Low-Density
and Powdery Reductants

The low density of the reductant is one challenge
that limits the reduction kinetics of Fe3O4 by coal.
The increase of Fe3O4 content in molten CS will lead
to precipitation of more solid Fe3O4 particles,
resulting in a great increase of the slag viscosity
(Fig. 4a).12 The increased slag viscosity in turn
restrains the settling of the entrained copper matte
droplets in the molten slag (Fig. 4b), hindering the
copper–slag separation during the molten-stage
process.19 Also, the precipitated Fe3O4 particles
with high hardness tend to tightly wrap the copper
matte droplets (Fig. 4c), which leads to increased
difficulty for copper exposure during grinding in the
cold-state process for copper recovery.43 Elimination
of Fe3O4 particles using coal as the reductant has
been adopted because of its strong reduction ability;
however, it is retarded by its unfavorable reaction
kinetics. Specifically, the coal generally floats on the
upper surface of molten CS due to its much lower
density than the molten slag (1.75 g/cm3 vs. 3.70
g/cm3), which is evidenced by the coal pellet floating
after dropping it into the molten slag (Fig. 4d). Such
a floating state leads to barely any reduction of
Fe3O4 on the lower parts of the slag, as shown by
the negligible change of Fe3O4 content in site 2
(17.10% Fe3O4; Fig. 4d) compared with that of the
original CS (18.80% Fe3O4; Fig. 4d). The floating
state of the anthracite pellet is also manifested by
the finite element analytical result (Fig. 4e) where
the white block is an anthracite pellet and the color

Table III. The parameters of the flotation process

Remarks Parameter

Grinding time 1 min
Mass of CS for flotation 300 g
Dosage of CaO 1000 g/t
Dosage of ZnSO4 3000 g/t
Dosage of Z-200 120 g/t
Dosage of 2#oil 2 drops
Flotation temperature 25�C
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region represents the molten CS (the darker the
red, the higher the speed of molten CS, whereas the
darker the blue, the lower the speed of molten CS),
that means that the coal pellet still floats on the
surface after adding it into the molten CS for
10 min. Therefore, coal with very low density will
float and accumulate on the surface of the molten

slag, which provides a very limited coal–slag contact
surface area (Fig. 4f), challenging the high-effi-
ciency elimination of the Fe3O4 particles.

In addition to the low density, the low reduction
ability of the reductant in the powdery state is
another challenge for high-efficiency reduction of
Fe3O4.37,44,45 Compared with the coal with low

Table IV. The physical property parameters used in the simulations

Parameter Value Unite Remarks

qFeS2�C 4.02 g/cm3 Density of FeS2-C reductant pellet (FeS2:C = 7:3)
qC 1.75 g/cm3 Density of C reductant pellet
qCS 3.7 g/cm3 Density of CS
qmatte 5.2 g/cm3 Density of matte
lCS 0.1, 0.25, 0.7 Pa s Viscosity of CS
lmatte lCS 9 0.015a – Viscosity of matte
r 0.58 N/m Surface tension of slag42

a0.015 is the median value of 1/50–1/100 which is the ratio of the viscosity of matte to the viscosity of CS.15

Fig. 3. The simulation model of (a) the reductant pellet settling in the melting slag, (b) the copper matte droplet settling in the melting slag.

Table V. The building parameters of the models

Parameter Value Unite Remarks

Model of reductant pellet settling
HCS 0.04 m Height of molten slag
Dc 0.06 m Diameter of crucible
Dr 0.02 m Diameter of reductant pellet
hr 0.005 m Height of reductant pellet
Hr 0.1 m Initial height of reductant pellet
vi 4.2 m/s Initial velocity of reductant pellet
g 9.8 m/s2 Acceleration of gravity
Model of copper matte droplets settling
Hmelt 0.05 m Height of melt
Hmatte 0.01 m Height of copper matte
dmatte 0.002 m Copper matte droplets size
hmatte 0.04 m Height of matte droplets
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density (q = 1.75 g/cm3), the FeS2 possesses a much
higher density (q = 4.99 g/cm3), which means that
floatation of reductants on the upper surface of
molten slag can be hopefully avoided. However, only
a slight decrease of the Fe3O4 content, from 17.1% to
14.9% (Fig. 5a) is observed in the lower layer of the
solidified slag after replacing the low-density coal
with high-density FeS2 as the reductant, which
means that the high-density powdery FeS2 is not
efficiently sunk into the molten slag to take part in
the reaction. This contradiction is possibly due to
the large repelling force induced by the interfacial
tension for powdery reductants.19,44 Another reason
for the insufficient reduction of Fe3O4 is due to the
much lower reduction ability of FeS2 than that of
coal, as manifested by the comparison of the Gibbs
free energy changes of related reactions (Fig. 5b).19

It should be noted that the powdery reductants can

be easily blown away by the high-pressure off-gas in
a real industrial atmosphere, further decreasing the
reaction ability of powdery reductants.

The challenges of low density and powdery state
as well as insufficient reduction ability can be
resolved by density tuning in conjunction with
pelletizing of the powdery mixture of coal and
FeS2. As shown in Fig. 5c, mixing the 70% FeS2

and 30% coal powders can turn the density from
1.75 g/cm3 (pure coal) to 4.02 g/cm3 (slag density:
3.70 g/cm3).15 After die-pressing into pellets, the as-
prepared composite reductant can efficiently sink
into the molten slag (Fig. 5c), which is in high
agreement with the simulation result by finite
element analysis (Fig. 5d). The pellets will not
deform after dropping into the molten slag. To prove
that, the pellet was heated to the experiment
temperature of 1250�C and kept for 60 min in Ar

Table VI. The mesh parameter of the models

Model of reductant pellet settling Model of copper matte droplets settling

Parameter Remarks Parameter Remarks

5997 Mesh vertices 4338 Mesh vertices
9606 Triangles 8421 Triangles
1072 Quads None Quads
316 Edge elements 303 Edge elements
8 Vertex elements 10 Vertex elements
10678 Number of elements 8421 Number of elements
0.1046 Minimum element quality 0.5774 Minimum element quality
0.8478 Average element quality 0.9409 Average element quality

Fig. 4. (a) Effect of Fe3O4 content on viscosity and solid content in molten CS (denoted as reference 12); (b) effect of Fe3O4 content in molten
slag on the velocity of matte droplet (calculated by Eq. 2); (c) SEM images for one typical Fe3O4-wrapping copper matte microstructure and the
corresponding illustration in the inset (Fd drag force, Fg viscos drag, G gravity); (d) cross-section of the solidified slag using a coal pellet as the
reductant; the original CS is the untreated copper slag; (e) simulated final site of the pellet (q = 1.75 g/cm3, equal to the density of coal) after
settling in the molten slag (q = 3.7 g/cm3) for 10 min; (f) the powdery carbon floating on the surface of the molten CS.
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gas atmosphere. Consequently. the pellet still kept
contact after keeping at the high temperature for
such a long period, meaning that the pellet can
remain undeformed in the molten bath before
disappearance by chemical reaction. The avoided
floatation of the FeS2-C pellet is also verified by the
time-dependent sinking behavior of the reaction-
inert corundum pellet, which possesses the same
density and size as the FeS2-C pellet (Fig. 5e). Also,
such a mixing strategy between coal and FeS2 can
provide a higher reduction ability than single FeS2,
thus mitigating the challenge of insufficient reduc-
tion ability.43 Moreover, the addition of coal can also
decrease the pellet-forming difficulty for powdery
FeS2. Resultantly, the Fe3O4 content in the lower
layer is significantly decreased from 17.10% for coal
pellet and 14.90% for FeS2 powder to 6.70% for the
FeS2-C pellet.

In a word, the density tuning in conjunction with
pelletizing of the powdery FeS2 and coal contribute
to more efficient sink and stronger reduction ability

of the composite reductants. Resultantly, the elim-
ination of the Fe3O4 particles is much enhanced as
shown in Fig. 5f.

Enhanced Copper Matter Settling
for Copper-Slag Separation in Molten State

Turning the powdery coal into FeS2-C pellets can
enhance the Fe3O4 elimination efficiency, which can
lower the slag viscosity, promoting the settling of
matte droplets for more efficient copper–slag sepa-
ration. As shown in Fig. 6a, the density of the pellet
can be tuned by changing the added amount of FeS2,
which can be located in the range of 1.75–4.99
g/cm3. Using the pellets with different densities as
the reductants, the variation of copper content in
different parts of the solidified slag (Fig. 6b) is
understood, showing that 70% FeS2 in the pellet is
the best option, contributing to the highest copper
content in the lower layer (4.53% Cu; Fig. 6b1), the
lowest copper content in the middle layer (0.48% Cu;

Fig. 5. (a) Effects of reductant type (A no-reductant, B coal pellet, C FeS2 pellet, D FeS2-C pellet (FeS2:C = 7:3)) on Fe3O4 content in the lower
layer of the slag; (b) reaction Gibbs free energy for coal and FeS2; (c) cross-sectional images of the solidified CS after dropping the FeS2-C
composite pellet (FeS2:C = 7:3); (d) simulated final site of the pellet (q = 4.02 g/cm3, equal to the FeS2-C pellet with mass ratio of 7:3) after
settling in molten slag (q = 3.70 g/cm3) for 10 min; (e) settling of the reaction-inert corundum pellet with the density between copper matte and
slag; (f) the reduction by powdery coal and FeS2-C composite pellets.
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Fig. 6b2), and very low copper content in the upper
layer (0.45% Cu; Fig. 6b3). All the cases for FeS2-C
pellets show more appealing results than those of
both pure coal and 100% FeS2 (Fig. 6b1, b2 and b3).
The XRD patterns of reduced slag also indicated
that the elimination of Fe3O4 were achieved by the
FeS2-C pellet (Fig. 6c). For the optimized pellet
composition containing 70%FeS2, the reduction
efficiency of Fe3O4 can be increased from 18% to
51%, as calculated by Eq. 3. These results mean that
the composition optimization of the pellet can
facilitate the settling of copper matte droplets,
contributing to much enhanced copper–slag separa-
tion during the hot-stage process.

The enhanced settling of the copper matte
droplets is attributed to the Fe3O4-elimination-
induced viscosity decrease and the Fe3O4 reduc-
tion-induced matte droplet coalescence. As shown in
Fig. 7a, elimination of Fe3O4 can result in the
obvious decrease of the slag viscosity,9,31 which
facilitates the settling of the copper matte dro-
plets,19,46 as shown by the inset simulation results.
Specifically, the settling distance of the matte
droplet is only 20% of the total slag height (denoted
as h in Fig. 7a) for the slag with 0.7 Pa s, which is
increased to 60% for slag with 0.25 Pa s and totally
enters into the bottom copper matte layer for slag
with 0.1 Pa s. The enhanced elimination of Fe3O4

after replacing the FeS2 with FeS2-C is due to the
stronger reduction ability for the latter case, as

shown by the comparison of the final equilibrium
composition for these two cases (Fig. 7b, c), being
consistent with the result in Fig. 5b. The lower
content of Fe3O4 particles in the molten slag
facilitates the exposure of the copper matte droplets
and subsequently their coalescence.43 This
enhanced coalescence is manifested by the morphol-
ogy observations of the slags after reduction by
different cases (bright area denotes copper matte in
Fig. 7d, e, and f), which show that the size of the
typical copper matte droplet in FeS2-C (� 100 lm) is
much higher than both the reductant-free case
(� 10 lm) and pure FeS2 (� 50 lm). Also, the
exposure and coalescence of the matte droplets can
be understood by the composition analysis of
microregions in the SEM results (Fig. 7g, h and i),
showing that the Fe3O4-wrapping copper matte
droplets with small size in the original slag
(Fig. 7d, g, blue particles: Fe3O4) are turned to
isolated copper matte droplets with much larger
sizes (Fig. 7e, h). Compared to the pure FeS2

(Fig. 7f, i), the FeS2-C pellet (Fig. 7e, h) presents
much deeper breaking of the Fe3O4-wrapping cop-
per matte structure.

Therefore, turning the powdery coal into FeS2-C
pellets can enhance the Fe3O4 elimination effi-
ciency, which can lower the slag viscosity and as a
result promote the settling of matte droplets for
more efficient copper–slag separation in the molten
state. Also, the enhanced settling of the matte

Fig. 6. (a) Reductant density with adding different amounts of FeS2; (b) cross-section of one typical solidified CS, wherein the copper content of
(b1) the upper layer, (b2) middle layer, and (b3) lower layer are analyzed; (c) XRD pattern of reduced slag compared with the original CS.
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droplets is attributed to the full exposure of the
Fe3O4-wrapped copper matte droplets and its sub-
sequent droplet–droplet coalescence for size growth.
The enhanced settling of copper matte droplets can
promise preliminary enrichment in the molten state
while the copper exposure and size growth of the
copper matte can hopefully facilitate the further
enrichment of copper during the subsequent grind-
ing–floatation process for the solidified cold slag.

Further Copper Enrichment During
Floatation of Solidified Cold Slag

The typical process for copper smelter plants is
presented in Fig. 8. Generally, FeS2 concentrate is
generated after flotation of primary copper ore while
the smelting slag containing � 1% Cu is produced
from the copper concentrate after the smelting
furnace (Fig. 8a). Preliminary enrichment of copper
in the smelting slag in industry is realized by

standing the molten slag for a period of time with
the aid of adding reductants, with this process also
being called dilution (Fig. 8a). The remaining copper
in the diluted slag is further recovered as copper
concentrate by the grinding–flotation process.

Here, by replacing the industrial coal or FeS2

powders with the FeS2-C pellets as the reductants
for dilution (Fig. 8a), both the exposure and the size
growth of the copper matte droplets in the molten
slag are greatly promoted, which can enhance the
subsequent copper recovery from the solidified slag
by the grinding–flotation process. As shown in
Fig. 8b, the same grinding–flotation process has
been adopted for the cases of the original slag
without adding reductant, pure coal, and pure FeS2,
as well as the FeS2-C composite pellet, resulting in
copper concentrate and tailings. Obviously, the
FeS2-C pellet case shows the highest copper recov-
ery of 85.3% after only a one-step preliminary
flotation, with the concentrate grade also being the

Fig. 7. (a) Relationship between the slag viscosity and Fe3O4 content as well as the settling behavior of the matte droplet; the equilibrium
composition of the CS after reduction by the FeS2-C pellet (FeS2:C = 7:3) (b) and pure FeS2 (c). For (b), the initial components are 1.25 kmol
Fe3O4, 0.22 kmol FeS2, and 0.95 kmol C. For (c), the initial components are 1.25 kmol Fe3O4, 0.33 kmol FeS2, which were the same quality of CS
and reductant as (b). SEM images and the EDS results of the solidified slags in the lower layer after reduction by no reductant (d, g), FeS2-C (e,
h), and FeS2 (f, i). Blue particles denote Fe3O4, the bright particles point to the copper matte, and the light gray areas are Fe2SiO4. (g)–(i) are the
results for point 1 in (d), line 1 in (e), and line 2 in (f), respectively (Color figure online).
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highest (6.4%). The results strongly prove that the
as-prepared FeS2-C pellet can not only promote the
settling of copper matte droplets for copper–slag
separation in molten state but also enhance the
further copper recovery from the solidified slag in
the cold grinding–flotation stage.

CONCLUSIONS

A new strategy for designing high-activity reduc-
tants to improve the copper recovery ratio has been
realized. By replacing the industry-used powdery
coal with the FeS2-C pellets as the reductant, the
elimination efficiency of Fe3O4 particles in the
molten slag is greatly increased from 15% to 51%,
resulting in a great decrease of the slag viscosity
and enhanced settling of the copper matte droplets.
Also, the promoted reduction of Fe3O4 facilitates the
full exposure of the Fe3O4-wrapped copper matte
droplets and their subsequent size growth by coa-
lescence, conjointly promoting the settling behavior
of the droplets. The FeS2-C pellet with the opti-
mized composition contains 70% FeS2, which shows
a density of 4 g/cm3, with the copper content in the
low-layer slag being enriched from 1.37% to 4.53%.
Additionally, the full exposure and size growth of

the copper matte is also beneficial to the copper
recovery during the subsequent grinding–flotation
process of the solidified slag, which increases the
copper recovery from 23.3% to 85.3% after only one-
stage flotation, with the concentrate grade being
correspondingly improved from 2.8% to 6.45%.
These results can provide new insights into enhanc-
ing the recovery of the slag-entrained copper.
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