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Abstract: The precipitation of Fe3O4 particles and the accompanied formation of Fe3O4-wrapped copper structure are the main obstacles
to copper recovery from the molten slag during the pyrometallurgical smelting of copper concentrates. Herein, the commercial powdery
pyrite or anthracite is replaced with pyrite–anthracite pellets as the reductants to remove a large amount of Fe3O4 particles in the molten
slag, resulting in a deep fracture in the Fe3O4-wrapped copper microstructure and the full exposure of the copper matte cores. When 1wt%
composite pellet is used as the reductant, the copper matte droplets are enlarged greatly from 25 μm to a size observable by the naked eye,
with the copper content being enriched remarkably from 1.2wt% to 4.5wt%. Density functional theory calculation results imply that the
formation of the Fe3O4-wrapped copper structure is due to the preferential adhesion of Cu2S on the Fe3O4 particles. X-ray photoelectron
spectroscopy, Fourier transform infrared spectrometer (FTIR), and Raman spectroscopy results all reveal that the high-efficiency conver-
sion of Fe3O4 to FeO can decrease the volume fraction of the solid phase and promote the depolymerization of silicate network structure.
As a consequence, the settling of copper matte droplets is enhanced due to the lowered slag viscosity, contributing to the high efficiency
of copper–slag separation for copper recovery. The results provide new insights into the enhanced in-situ enrichment of copper from mol-
ten slag.

Keywords: pyrometallurgical smelting process; slag cleaning; reductants; copper matte

  

1. Introduction

As an indispensable element in many functional materials,
copper possesses fascinating thermal and electronic conduct-
ivity [1–4]. Owing to the severe unbalance in the worldwide
distribution of its resources, copper is viewed as a very im-
portant strategic metal by many nations. For example, China
accounts for merely 5.53% of the copper resource on Earth
[4–5]. Thus, the high efficiency and deep recovery of copper
is of great importance.

The entrainment of copper matte droplets in molten slag
commonly occurs during pyrometallurgical smelting and can
be  deteriorated  by  the  excess  precipitation  of  solid  Fe3O4

particles from the iron silicate-based molten slag [6–8]. This
precipitation  is  inevitable  due  to  the  following  reasons:  (1)
Fe3O4 can easily be generated from the iron silicate  molten
slag because the smelting of copper concentrate is performed
under an oxygen-enriched atmosphere [9–11];  (2) the melt-
ing point of Fe3O4 is 1594°C, which is higher than the copper
smelting temperature (1250–1300°C). The precipitated Fe3O4

particles significantly increase the viscosity of the slag, pre-

venting  slag-entrained  copper  matte  (Cu2S–FeS)  droplets
from settling and resulting in increased copper loss in the slag
due to restrained copper–slag separation [12–14]. In addition,
the precipitated Fe3O4 particles possess very strong hardness
and tend to tightly wrap the copper matte droplets, hindering
the coalescence between copper matte droplets in the molten
slag  [15–17]  and  blocking  the  high-efficiency  recovery  of
copper during the subsequent grinding–flotation of cold slag
[18–19].

Reducing  the  Fe3O4 content  of  molten  slag  can  promote
copper–slag separation in the electric furnace for copper slag
cleaning and hopefully enhance the subsequent  recovery of
copper from the cold slag during the following grinding–flot-
ation [20–23]. Lowering the Fe3O4 content is commonly real-
ized  by  dropping  carbon  (coal  or  anthracite)  [24]  or  pyrite
(FeS2)  as  the  reductant  into  the  molten  slag  because  the
former  possesses  a  strong reducing  ability,  and  the  latter  is
very cheap as the byproduct in the mineral process of copper
ore [25–28]. However, carbon and pyrite are commonly sep-
arately used as reductants without considering the optimized
tradeoff between cost and reducing ability [12,27,29]. In ad- 
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dition,  both  are  used  in  their  powdery  state  that  generally
floats on the surface of the molten slag and is easily blown
away by the in-situ generated off-gas, especially carbon with
low density, leading to very limited reaction kinetics [27,30].
The reductants in their powdery state tend to be flammable,
increasing the operational risks. Enhancing the reaction kin-
etics of the reductants to eliminate the Fe3O4 particles is an
urgent but very challenging task.

Herein,  a  pelletized  reductant  was  designed  by  mixing
FeS2 and  anthracite  powders  and  pressing  the  mixture  into
pellets to improve the reduction kinetics [31–34]. Such pel-
letized  reductants  with  mixed  components  contribute  to  a
good tradeoff between the cost and reducing ability and facil-
itate a deep reduction of Fe3O4 particles in molten slag. Par-
tially replacing anthracite with cheap pyrite can decrease the
cost.  The  pelletized  reductants  are  more  difficult  to  blow
away than their powdery counterparts, leading to a high util-
ization efficiency of the reductant. In this work, we conduc-
ted  a  detailed  investigation  into  the  effects  of  reductant
dosage and reaction time and compared the use of different
reducing  agents  as  reductants  in  high-temperature  settings.
The  microstructure  of  Fe3O4-wrapped  copper  was  specific-
ally studied, and the adsorption energy between iron oxides
and copper matte was calculated using density functional the-
ory  (DFT).  The  lower  Fe3O4 content  and  large-size  copper
matte  droplets,  as  well  as  fully exposed copper matte  com-
ponent,  conjointly  contribute  to  more  efficient  settling  of
copper  matte  for  enrichment  and  hopefully  benefit  the
copper  recovery  during  the  subsequent  grinding–flotation

process of cold slag. The results can provide new insights in-
to  the  enhancement  of  copper–slag  separation  in  a  molten
state. 

2. Experimental 

2.1. Raw materials and chemical reagents

Copper slag was collected from a flash smelting furnace in
the  smelting  plant  in  Zijin  Mining  Group  Ltd.  (Fujian
Province,  China).  On-site  sampling  of  the  molten  slag  was
conducted  during  the  tapping  of  molten  slag  in  the  flash
smelting furnace to restrain the overoxidation of the molten
slag due to its contact with air.  In addition, the molten slag
was  quenched  in  water  to  shorten  its  contact  with  air.  The
quenched  slag  was  immediately  transferred  to  an  oven  and
vacuum dried to further inhibit its postoxidation. Table 1 lists
the chemical composition of copper slag. Owing to its high
magnetite content (12.4wt%), the copper content in the slag
is 1.2wt%. Table 2 lists the chemical composition of anthra-
cite and pyrite. The main component of pyrite is FeS2. Pyrite,
anthracite, and Na2SiO3 powders were weighed and mixed to
prepare  the  composite  reductant  pellet.  Na2SiO3 (analytical
grade,  99.7wt%  in  purity)  was  purchased  from  Sinopharm
Chemical  Reagent  Co.,  Ltd.  (China).  Pyrite  and  anthracite
were obtained from Guangzhou Dinghua Co., Ltd. (Guang-
zhou  Province,  China).  The  pyrite  had  a  FeS2 content  of
91.06wt%, and the anthracite contained 73.8wt% fixed car-
bon,  11.7wt%  volatile  matter,  12.7wt%  ash,  and  1.4wt%
moisture.

  
Table 1.    Chemical composition of copper slag wt%

TFe Cu Fe3O4 SiO2 CaO MgO S Al2O3 K2O Cr2O3

39.1 1.2 12.4 34.3 2.5 1.3 0.9 2.40 0.80 0.23
 
  

Table 2.    Industrial analysis of the anthracite and pyrite wt%

Material Fixed carbon Volatile matter Ash Moisture Total sulfur
Anthracite 73.8 11.7 12.7 1.4 0.4

Material FeS2 SiO2 2Fe(OH)SO4 KAl2[AlSi3O10] [OH]2 Other
Pyrite 91.06 4.06 1.98 1.66 1.24

  
2.2. High-temperature tests

The reductant pellets were prepared as follows. First, the
commercial  pyrite  and  anthracite  powders  were  thoroughly
mixed and added with an extra 1wt% Na2SiO3 as the binder.
The  mixture  was  pressed  into  pellets  by  die-pressing  at  20
MPa. The size of the pressed pellets is 20 mm in diameter.
For simplification, the term “pyrite + anthracite pellet” was
abbreviated  as “(FeS2+C)  pellet.” In  our  previous  experi-
ments, a mass ratio of 2.33 was observed between FeS2 and
anthracite,  a  balance  between the  chemical  reducing  ability
and  the  density-induced  physical  settling  of  the  pellets.
Without specific notes, the mass ratio of pyrite/anthracite in
the pellet was fixed at 2.33.

High-temperature  experiments  were  performed  in  a  ver-
tical tube furnace. The slag was milled in a ball mill to obtain

a mean particle size of 75 μm. Approximately 300 g of dry
copper  slag  was  homogeneously  mixed  and  transferred
into a corundum crucible (ϕ60 mm × 100 mm). The crucible
was  then  transferred  to  the  constant  temperature  area  of
the  furnace  and  heated  to  1250°C  at  10°C·min−1 under  an
Ar flow (1 L·min−1). After being heated for 30 min to fully
melt the slag, the reductant pellets were dropped into the cru-
cible from the top of the furnace. After the experiment,  the
temperature was cooled to 900°C at 5°C·min−1, followed by
natural cooling to room temperature. The heating and cool-
ing  rates  were  kept  the  same  for  all  samples  to  enable  the
same crystallization behavior. In this way, the prior decom-
position of FeS2 can be avoided during the heating. After the
experiment,  the  aluminum  content  was  increased  from
1.25wt% to 1.38wt% due to the corrosion of the corundum
crucible  [12,35].  Commercial  pyrite  and  anthracite  in  a
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powdery state were also separately used as the reductants for
comparison  and  delivered  through  a  corundum  tube  (d =
15 mm). A slag sample kept at 1250°C without adding any
reductants was also prepared for comparison. For simplifica-
tion,  the  reductant-free  experiment  was  denoted  as  test  1.
Correspondingly, test 2, test 3, and test 4 pointed to the cases
using  commercial  pyrite  powder,  anthracite  powder,  and
composite  pellets  as  the  reductants,  respectively.  The
amounts of added reductants for test 2, test 3, and test 4 were
all fixed at 1wt%. 

2.3. Characterizations

The copper content in all the samples was determined us-
ing an atomic absorption spectrometer (AA-6880, Shimadzu,
Japan).  The  magnetite  content  was  measured  by  magnetic

susceptibility  technique  using  a  SATMAGAN  135  instru-
ment with an accuracy of 0.4% over the measurement range.
The phase composition of the slag sample was detected us-
ing  an  X-ray  diffractometer  (XRD,  D8  Advance,  Bruker,
German).  The microstructures  and distribution of  each slag
sample  were  determined  using  a  scanning  electron  micro-
scope (SEM, Pure, USA) and an energy dispersive spectro-
scope (EDS, Pure, USA). X-ray photoelectron spectroscopy
(XPS)  analysis  was  performed  with  a  Thermo  ESCALAB
250XI instrument using an Al Kα X-ray source. All the XPS
spectra were calibrated to the C 1s peak of adventitious car-
bon positioned at 284.8 eV. A nonlinear least-squares curve-
fitting  program (Advantage  software  5.52)  was  used  to  de-
convolute the XPS data.  The detailed fitting parameters  for
the XPS spectra of all the samples are presented in Table 3.

  
Table 3.    Fitting parameters for the XPS spectra of Fe 2p3/2

Phase Baseline
approximation Synthetic peak shape approximation Peak position / eV Full width at half maximum (FWHM)

for different samples

FeO Shirley Gaussian (80%)–Lorentzian (20%) 710.30
C powder: 2.86
FeS2 powder: 2.61
(FeS2+C) pellet: 3.00

Fe3O4 Shirley Gaussian (80%)–Lorentzian (20%) 711.40
C powder:2.84
FeS2 powder: 3.50
(FeS2+C) pellet: 3.50

Fe2SiO4 Shirley Gaussian (80%)–Lorentzian (20%) 713.43
C powder: 3.40
FeS2 powder: 2.31
(FeS2+C) pellet: 3.50

 

α

γ

Eighteen low-magnification SEM images were taken for
statistical analysis to gain insight into the thickness variation
of the Fe3O4 shell on the Fe3O4-wrapped copper particles after
slag  cleaning.  The  diameter  of  Fe3O4-wrapped  copper  par-
ticles and the thickness of the Fe3O4 shell were calculated by
Nano Measurer 1.2 software. The extent ( ) of each copper
matte encapsulation by Fe3O4 and the corresponding average
value ( ) were statistically evaluated using Eqs. (1) and (2):

α =
l
L

(1)

γ =
∑n

i=1

αi

n
(2)

l L
n

where  is the thickness of the Fe3O4 shell,  is the diameter
of  Fe3O4-wrapped copper  particles,  and  is  the  number  of
Fe3O4-wrapped copper particles for statistical analysis. Each
Fe3O4-wrapped copper particle was measured three times for
accuracy.

The liquid viscosity μ of different solid-phase contents was
calculated using Eq. (3), which describes the viscous behavi-
or of liquid melts containing solid phases [29,36]. The phase
diagram was calculated using Factsage 8.1 (GTT-Technolo-
gies,  Germany)  against  the  databases  FactPS,  FToxid,  and
FTmisc.  The metal  oxides in copper slag can greatly affect
the  phase.  Therefore,  the  concentrations  of  main  metal  ox-
ides (Al2O3, CaO, K2O, MgO, and Cr2O3) in the original slag
were fixed based on the values in Table 1 for calculation.

μ = μs
(
1+

5
2

f
)

(3)

where μs is the viscosity of particle-free slag at 1250°C, Pa·s,
and f is  the  volume  fraction  of  solid  phase  in  the  molten
slag, %.

The reduction efficiency of  Fe3O4 was  calculated  as  fol-
lows:

ε =
mo−mr

mo
×100% (4)

ε mo

mr

where  is  the  reduction  efficiency  of  Fe3O4,  %;  is  the
mass of Fe3O4 in the original slag before reduction, g;  is
the mass of Fe3O4 in the slag sample after reduction, g.

O4−
4 O6−

7 O4−
6 O2−

5

The  structure  of  slag  samples  was  analyzed  by  Fourier
transform  infrared  spectrometer  (FTIR)  (IS10,  Nicolet,
America)  and  Raman  spectroscope  (inVia,  Renishaw,  Bri-
tain). The excitation laser source with a wavelength of 632.8
nm was used for Raman analysis, and the spectrum ranging
from  400  to  2000  cm−1 was  collected.  The  range  within
800–1150 cm−1 was determined to be a symmetric stretching
vibration  band  of  the  silicon–oxygen  tetrahedron  [37].  Q0

(Si ), Q1 (Si2 ), Q2 (Si2 ), and Q3 (Si2 ) represent
monomer, dimer, chain, and sheet, respectively [37–39]. The
wavenumbers  in  the  regions  of  850–870,  900–920,  950–
1000,  and  1000–1100  cm−1 represent  the  characteristic  fre-
quencies  of  Q0,  Q1,  Q2,  and  Q3,  respectively,  which  can  be
used for analyzing the silicate network structure of slags. The
detailed  fitting  parameters  for  the  Raman  spectra  of  all
samples are presented in Table 4.
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Table 4.    Fitting parameters for the Raman spectra

[SiO4]4− tetrahedral band Baseline
approximation

Synthetic peak shape
approximation

Peak position / cm−1 FWHM for different samples

Q0 Line Gaussian 843.4
C powder: 54.5
FeS2 powder: 51.4
(FeS2+C) pellet: 56.7

Q1 Line Gaussian 908.2
C powder: 26.9
FeS2 powder: 52.6
(FeS2+C) pellet: 39.7

Q2 Line Gaussian 953.5
C powder: 44.7
FeS2 powder: 26.2
(FeS2+C) pellet: 87.5

Q3 Line Gaussian 1011.7
C powder: 94.5
FeS2 powder: 80.7
(FeS2+C) pellet: 90

  
2.4. DFT calculations

The vienna ab initio simulation package with the project-
or augmented wave method and the Perdew–Burke–Ernzer-
hof functional for the exchange–correlation term was adop-
ted  for  the  DFT  calculations.  The  value  of  400  eV  was
chosen  for  the  kinetic  energy  cut-off  of  the  electron  wave
functions.  The  convergence  tolerances  of  the  energy  and
forces were set to be 1 × 10−4 eV and 0.5 eV·nm−1, respect-
ively  [40–42].  The  van  der  Waals  interactions  were  con-
sidered by the DFT-D3 dispersion correction method. In par-
ticular, the (311) crystal plane for solid Fe3O4, (200) crystal
plane  for  precipitated  FeO,  and  the  (112)  crystal  plane  for
precipitated Fe2SiO4 at the cooling state were adopted for cal-
culating the adsorption behaviors of the Cu2S molecules be-
cause the above crystal planes point to the strongest peaks in
the XRD patterns of the corresponding oxides [43–44].

The free energy was calculated using the following equa-
tion [45]:

G = E+Ezp−TS (5)
where G,  E,  Ezp, T,  and S are  the  free  energy,  total  energy

from  DFT  calculations,  zero-point  energy,  temperature  (T
was set to be 1523.15 K), and entropic respectively.

Ezp and TS were respectively calculated by the following
equations [46–47]:

Ezp =
1
2

∑
i

hvi (6)

TS = kBT
[∑

i
ln

(
1

1− e−hvi/(kBT )

)
+
∑

i

hvi

kBT
1

(ehvi/(kBT )−1)
+1

]
(7)

where h is the Planck constant (6.62607015 × 10−34 J·s), v is
the vibrational frequency, and kB is  the Boltzmann constant
(1.380649 × 10−23 J·K−1). 

3. Results and discussion 

3.1. Properties of the slag and reductants

The detailed procedure for the experiments is illustrated in
Fig.  1.  For  some  copper  smelters  in  industry,  the  FeS2

powders directly added to the molten slags tend to float  on
the upper surface of the melt. Herein, replacing pyrite powder
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with (FeS2+C) pellets can hopefully facilitate the reductants
to sink smoothly into the molten slag (Fig. 1(a)). The pellet-
ized  reductant  with  elaborately  adjusted  density  can  be  ad-
ded into the flash furnace from the top of the settler, which
usually possesses several opening holes for adding iron bars
or  measuring  the  slag  viscosity.  The  four  experiments,
namely, reductant-free (test 1), pyrite powder (test 2), anthra-
cite  powder  (test  3),  and  (FeS2+C)  pellet  (test  4),  are  illus-
trated in Fig. 1(b), with the optical photos of pyrite powder
and (FeS2+C) pellet shown in Fig. 1(c) and (d), respectively.
After  the  experiments,  the  solidified  slags  were  sliced  into
three  layers  (Fig.  1(e))  and  then  separately  crushed  into
powders  for  analysis,  in  which  the  copper  contents  in  the
lower and upper layers were first determined.

The  mixed  components  for  the  reductant  and  Fe3O4-
wrapped copper microstructure in the slag were verified by
characterizing  the  pellet  reductant  and  the  original  copper
slag. XRD results for the mixed components of the pellet re-
ductant revealed the well indexed peaks for FeS2 (PDF#71-

2219)  and  the  bulk  peak  at  26°  for  carbon  (Fig.  2(a)).  The
slag  (Fig.  2(b))  mainly  consisted  of  fayalite  (Fe2Si2O4)  and
magnetite  (Fe3O4).  No peaks  for  Cu2S were  detected  in  the
XRD patterns (Fig. 2(b)) because the trace amounts of cop-
per  matte  were  tightly  wrapped  by  the  precipitated  Fe3O4

particles (Fig. 2(c) and (d)). Such Fe3O4-wrapped copper mi-
crostructure  was  further  manifested  by  the  EDS  results
(Fig. 2(e)), with the core in point 1 (Fig. 2(d)) being Cu2S and
the shell in point 2 (Fig. 2(d)) being Fe3O4. The contents of
point 1 and 2 are shown in Table 5. The closely wrapped cop-
per matte was also emphasized by the concentrated distribu-
tion of  Cu on the core (Fig.  2(f)),  surrounded by Fe and O
(Fig. 2(g) and (h)) and free of Si on the shell (Fig. 2(i)). The
characterizations confirm that the (FeS2+C) mixed pellets as
the  reductant  were  successfully  prepared,  and  the  copper
matte droplets in the copper slag were closely wrapped by the
precipitated Fe3O4 particles. Such Fe3O4-wrapped copper mi-
crostructure  can  possibly  hinder  the  settling  of  copper
droplets during pyrometallurgical smelting.
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Table 5.    Energy spectrum analysis of Fig. 2(d) wt%

Point Cu S Fe O Au Si
1 67.9 27.8 4.3 — — —
2 — — 71.5 26.7 1.1 0.7

  

3.2. Breaking  the  Fe3O4-wrapped  copper  structure  by
promoting Fe3O4 reduction

Fig. 3(a) shows the slag cleaning results of various reac-
tion  times  and  (FeS2+C)  pellet  dosages.  When  the  reaction
time was increased from 30 to 120 min, the copper content in

the upper and middle slag layers decreased from 0.48wt% to
0.21wt% and from 1.04wt% to 0.38wt%, respectively (Fig.
3(a)). Meanwhile, the copper content in the lower slag layer
increased  from  1.77wt%  to  5.01wt%  (Fig.  3(a)).  There  is
only  a  slight  improvement  in  the  settling  of  copper  matte
droplets when comparing the 60 and 120 min reaction times.
For the balance between slag cleaning efficiency and the as-
sociated energy consumption, the desirable reaction time was
fixed at 60 min.

Fig. 3(b) shows the effect of (FeS2+C) pellet dosage on the
copper content in the slag. By increasing the (FeS2+C) pellet
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dosage, the copper content in the upper and middle slag lay-
ers  decreased  significantly  at  first.  However,  when  the
(FeS2+C)  pellet  dosage  exceeded  2wt%,  the  enrichment  of
copper  matte  in  the  lower  slag  layer  decreased  gradually.
Meanwhile, increasing the pellet dosage from 1wt% to 2wt%
did  not  significantly  enhance  the  settling  of  copper  matte.
Further increasing the dosage to 4wt% led to the generation
of metallic particles at the bottom of the slag (Fig. 3(c) and
(d)), which mainly consisted of metallic iron (Fig. 3(e)–(g)).
Adding excess amounts of pellets resulted in the reduction of
a  part  of  FeO  to  metallic  Fe,  leading  to  a  decrease  in  the
FeO/SiO2 ratio  in  the  slag  and  suppressing  the  settling  of
matte droplets due to the increased slag viscosity. After the
added  dosage  was  fixed  at  1wt%,  the  pellets  with  various
mass ratios of pyrite/anthracite were also tested. The results
reveal that 2.33 pellet composition was the optimized value,
producing the most desirable reaction kinetics.

The promoted size growth of copper matte droplets after
replacing the powdery pyrite with the (FeS2+C) pellets was
further disclosed by optical observations. Fig. 4(a) shows that
after  reduction by the pyrite powder,  no clear copper matte
droplets were found on the bottom of the cross-section image
(Fig. 4(a) and (a1)). After crushing the slag sample, no cop-
per  particles  were  found  by  the  naked  eye.  The  magnifica-
tion of the bottom area presents copper matte droplets being
wrapped by Fe3O4 (Fig. 4(a2)), indicating insufficient Fe3O4

reduction  by  the  pyrite  powder.  The  largest  size  of  copper
matte droplets in the bottom regions of the slag was approx-
imately 125 μm (Fig. 4(a3)). After the pyrite powder was re-

placed  with  the  (FeS2+C)  pellets,  a  sharp  increase  was  ob-
served in the copper matte size in the bottom region of  the
slag,  with  copper  matte  droplets  as  large  as  0.5  mm easily
visualized by the naked eye (Fig. 4(b) and (b1)). Owing to its
enrichment,  the copper matte (Fig.  4(b1)) was easily separ-
ated  from tailings  by  crushing  the  slag  sample.  The  micro-
scope  image  shows that  very  limited  copper  matte  droplets
can be detected in the upper regions of the slag (Fig. 4(b2)).
Instead, copper matte droplets larger than 500 μm can be eas-
ily  found  at  the  bottom regions  with  the  naked  eye  (Fig.  4
(b3)).The promoted size growth of the copper matte was also
revealed by the SEM images (Fig. 4(c)–(f)), with the size for
the typical  copper matte  droplet  increasing from 25 μm for
original copper slag (CS) (Fig. 4(c)) to 50 μm for the pure an-
thracite  (Fig.  4(d)),  70  μm  for  the  Fe2S-treated  case  (Fig.
4(e)), and 104 μm for the (Fe2S+C) pellet-treated case (Fig.
4(f)). The above results are further underlined by the copper
contents  in  different  layers  of  the  solidified  slag  after  reac-
tion (Fig. 4(g)), showing that the copper content in the lower
layer of test 4 (FeS2+C pellets) ranked the highest (4.5wt%)
and  greatly  exceeded  all  other  tests.  Correspondingly,  the
copper  content  in  the  upper  layer  for  test  4  was  the  lowest
(0.45wt%), again proving the enhanced copper–slag separa-
tion in the case of the (FeS2+C) pellets.

The (FeS2+C) pellets as the composite reductant showed a
more  efficient  reduction  of  Fe3O4 particles  than  the  pyrite
powders  and  anthracite  used  in  copper  slag  cleaning.  As
shown in Fig. 5(a), pyrite spontaneously decomposed to FeS,
reducing the unfavored Fe3O4 particles to favorable Fe2SiO4
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at  temperatures  higher  than  1167°C  [48–49].  Meanwhile,
carbon facilitated the conversion of Fe3O4 particles at a low
temperature  of  686°C  (Fig.  5(a)),  indicating  that  Fe3O4 is
more  easily  reduced  by  the  (FeS2+C)  composite  than  the
single pyrite component from a thermodynamic perspective
[48–49]. The above results were also manifested by the set-
tling tests using various reductants. In the single pyrite case
(test  2  in Fig.  5(b)),  the  reduction  efficiency  of  Fe3O4 was
37.6% for the upper layer and 22.5% for the lower layer. The
reduction efficiency of Fe3O4 is higher in the upper layer than
in the lower layer, implying that the powdery pyrite mainly
floats on the upper part of the molten slag despite the higher
density of the former than the latter (FeS2 density: 5.0 g·cm−3;
slag  density:  3.4  g·cm−3)  [50].  Such  a  phenomenon  was
highly evident  for  the low-density anthracite  case (test  3  in
Fig. 5(b)), revealing the lowest reduction efficiency of 9.8%
in  the  lower  layer  and  the  highest  reduction  efficiency  of
Fe3O4 in the upper layer in all cases. This finding again high-
lights that anthracite possesses the strongest reducing ability
but the most unfavorable reaction kinetics due to difficulties
in sinking into the molten slag (slag density: 3.4 g·cm−3; an-
thracite density: 1.4 g·cm−3) [51]. Compared with the pyrite
powder  (test  2)  and  anthracite  (test  3),  the  (FeS2+C)  pellet
(test 4 in Fig. 5) produced different results, namely, a higher
reduction efficiency of  Fe3O4 in  the lower layer than in the
upper layer. This result indicates that the (FeS2+C) pellet can
smoothly sink into the molten slag rather than float on the up-
per layer, providing favorable reaction kinetics. In addition,
the reduction efficiency of Fe3O4 in the lower layer for test 4
was the highest, also stressing the superior reaction kinetics
in test 4.

The more favorable ability of the (FeS2+C) pellet for elim-
inating  Fe3O4 than  pyrite  powder  and  anthracite  was  also
proven by the XRD results of the posttreated slags. As shown
in Fig. 5(c)–(f), the trend for the diffraction intensity of Fe3O4

in the upper layer was consistent with the Fe3O4 contents in
Fig. 5(b). In particular, the lower part for test 4 (Fig. 5(g)–(j))
showed the weakest diffraction intensity of Fe3O4, again im-
plying that the (FeS2+C) pellets have the most fascinating re-
action  kinetics  for  eliminating  Fe3O4 among  the  tested  re-
ductants.

A comparison of the changes in copper contents and mi-
crostructure  is  provided  in Fig.  6.  Bright  copper  matte
droplets  were  found  in  the  upper  layers  when  using  pyrite
(Fig. 6(a)) or anthracite powder as the reductant (Fig. 6(b)).
However,  when the (FeS2+C) pellets  were used (Fig.  6(c)),
the bright copper matte droplets were hardly observed, indic-
ating they have smoothly settled in this case. The middle lay-
ers  exhibited  the  same  results  as  the  upper  layers  (Fig.  6
(d)–(f)), also manifesting the enhanced sedimentation of cop-
per matte droplets when using the (FeS2+C) pellets as the re-
ductant.  In  the  lower  layer,  bright  copper  matte  droplets  in
large  sizes  were  observed  for  the  (FeS2+C)  pellets  (Fig.
6(g)–(i)), again validating the smoother settling and agglom-
eration  of  copper  matte  droplets  when  using  the  (FeS2+C)
pellet  than  the  other  two  reductants.  Correspondingly,  the
copper  content  was  the  highest  in  the  lower  layer  and  the
lowest in the upper layer for the (FeS2+C) pellet case among
the three tested cases (Fig. 4(g)).

As shown in Fig. 7(a)–(c), the cross-sectional (Fig. 7(a))
and top-view (Fig. 7(b)) images of the quenched slag samples
reveal that the pure anthracite pellet tended to float on the up-
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per  surface  of  molten  slag.  Meanwhile, Fig.  7(c)  illustrates
that the (FeS2+C) composite pellet (density: 3.8 g·cm−3) can
smoothly drop into the interior sites, manifesting the density-
dependent  floating  and  sinking  phenomena.  The  (FeS2+C)
composite  pellets  presented  a  strong  ability  to  promote  the
settling  of  copper  matte  droplets  in  the  molten  slag.

Moreover, the settling behavior of copper matte was slightly
enhanced by converting the powdery pyrite or anthracite into
pelletized ones. As shown in Figs. 7(d) and 4(g), the enrich-
ment of copper at the lower slag layer again proved that the
pelletizing and (FeS2+C) mixing strategies can facilitate the
separation between copper matte droplets and slag.
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The abundance of  large  dendrites  away from the  copper
matter droplets in the SEM images implies that some Fe3O4

molecules that exist in a soluble state in molten slag are pre-
cipitated  during  the  cooling  [17].  Compared  with  that  re-
duced  by  the  pyrite  or  anthracite  powder,  the  smoother  re-
duction of Fe3O4 by the as-prepared (FeS2+C) pellets contrib-
utes to the full exposure of the Fe3O4-wrapped copper matte
droplets.  As  shown in Fig.  8(a),  the  thickness  of  the  Fe3O4

shell  for  wrapping one  typical  copper  matte  droplet  was  as
high as 35.4 μm in the original copper slag, which decreased

to 13.1 μm when using the powdery pyrite as the reductant
(Fig. 8(b)). When the (FeS2+C) pellets were used as the re-
ductants (Fig.  8(c)),  the thickness of the Fe3O4 shell  further
decreased to lower than 4.6 μm, with many edges of the cop-
per matte droplet in the core being exposed. Therefore, mix-
ing carbon with pyrite can provide a strong reducing ability,
and die-pressing the powders into pellets enables good reac-
tion kinetics. The SEM images show no difference between
the pure anthracite-treated slag in the lower layer and the ori-
ginal slag because the Fe3O4 content in the lower layer (Fig. 5
(b)) shows negligible changes compared with that of the ori-
ginal slag (Table 1) Therefore, the SEM images for the pure
anthracite case are not presented in Fig. 8.

The statistical analysis in Fig. 8(d) shows the same results
as Fig.  8(a)–(c).  The  typical  Fe3O4 encapsulation  structures
are detailed for different samples in Fig. 8(a)–(c). As shown
in Fig.  8(d),  the  Fe3O4 encapsulation  extent  for  the  copper
matte droplets was 0.24 for the (FeS2+C) pellet, 0.28 for the
anthracite  powder,  and  0.38  for  the  pyrite  powder,  proving
the  stronger  ability  of  the  (FeS2+C)  pellet  for  breaking  the
Fe3O4-wrapped  copper  matte  structure.  When  reductants
were added, the Fe3O4 shell of the matte droplets (Fig. 8(e))
in  the  original  slag  can  be  eliminated  by  reduction.  Com-
pared with the pure pyrite powder, the (FeS2+C) composite
pellet  possesses  a  stronger  reduction ability,  which contrib-
utes  to  the  release  of  many  wrapped  copper  matte  droplets
and  results  in  the  easy  collision  of  matte  droplets  for  en-
hanced growth (Fig. 8(f) and (g)).

Fe3O4 reduction  promotes  the  exposure  of  the  wrapped
copper  matte  droplets,  and  the  subsequent  size  growth  can
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also be explained by the DFT results. As shown in Fig. 9(a),
the adsorption energies of Cu2S molecules on Fe3O4 and FeO
presented  minor  values,  meaning  the  adsorption  can  occur
spontaneously. Cu2S–Fe2SiO4 exhibited a repulsion behavior,
as  shown  by  the  positive  adsorption  energy  (Fig.  9(a)).
Therefore, the precipitated Fe3O4 particles can preferentially
adhere  to  the  copper  matte  droplets,  finally  resulting  in  the
Fe3O4-wrapped copper structure with the continuous growth
of  the  Fe3O4 particle  size.  During  the  reduction,  Fe3O4 was
converted to FeO, which can combine with SiO2 to generate
liquid Fe2SiO4, freeing the copper matte droplets from being
wrapped.  Moreover,  the  repulsion  behavior  between  Cu2S

and Fe2SiO4 means that the Fe2SiO4 that solidified during the
cooling will not wrap the copper matte droplets again, simil-
ar to the Fe3O4 in the molten slag, therefore enabling the free-
standing  states  of  copper  matte  droplets  in  cold  slag.  The
preferential adsorption of Cu2S on the Fe3O4 was also mani-
fested by the Bader electrons distribution analysis (Fig. 9(b)),
showing  that  the  Cu2S–Fe3O4 electron  transfer  value  (0.33)
was higher than that of Cu2S–FeO (0.17) and Cu2S–Fe2SiO4

(0.11).  Such  stronger  interaction  between  Cu2S  and  Fe3O4

was also implied by the differential charge density (Fig. 9(c))
as shown by the strongest electron interactions between Cu2S
and Fe3O4 among the investigated three cases.
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The  formation  of  the  Fe3O4-wrapped  copper  structure  is
due to the preferential adsorption of Cu2S on the precipitated
Fe3O4 particles.  Replacing  the  powdery  pyrite  or  anthracite
with  the  (FeS2+C)  pellets  as  the  reductants  can  greatly  en-
hance  the  reduction  efficiency  of  the  Fe3O4 particles  in  the
molten slag, resulting in a fracture in the Fe3O4-wrapped cop-
per microstructure and the full exposure of the copper cores.
This  phenomenon  contributed  to  the  coalescence-induced
size  growth  and  promoted  the  settling  of  the  copper  matte
droplets. The adsorption of the released copper matte droplets
by  the  precipitated  Fe2SiO4 can  hardly  take  place  during
cooling  due  to  the  Cu2S–Fe2SiO4 repulsion  behavior.  As  a
consequence,  the  copper–slag  separation  was  greatly  en-
hanced. 

3.3. Enhanced copper matte settling correlating with the
change in the physicochemical properties of slag

In addition to increased size, the enhanced settling of the
copper  matte  droplets  was  also  attributed  to  the  optimized
physicochemical  properties  of  the  slag,  namely,  decreased
viscosity  and  lowered  melting  point.  As  mentioned  previ-
ously, Eq. (3) was applied to describe the viscous behavior of
liquid melts containing solid phases. Fig. 10(a) shows that at

fixed temperatures, the viscosity (μ) of the slag was greatly
affected by the content of the solid phase. As shown in Fig.
10(b), the phase diagram indicated a small liquid phase next
to  the  crystalline  region.  The  conversion  of  Fe3O4 to  FeO
dragged  the  slag  composition  from the  spinel  phase  region
for the original slag (slag liquid + spinel, marked as point 1)
to the fully melted area cases (slag (liquid)). When the con-
tent  of  Fe3O4 was  decreased  to  at  least  8.9wt% (marked  as
point 2), the slag composition began to shift from the spinel
region  to  the  slag  liquid  region.  The  composition  for  the
(FeS2+C) pellet-treated slag was closest to the center of the
slag liquid region (marked as point 3 in Fig. 10), leading to
the low viscosity of the molten slag.

The  most  efficient  conversion  of  Fe3O4 to  FeO  for  the
(FeS2+C)  pellet  among  the  three  tested  cases  was  also  re-
vealed by the XPS results. Fig. 11(a) shows that for the re-
ductant of C powder, the ratio of Fe3+/Fe2+ in the posttreated
slag was 0.63, indicating that 39% iron exists as Fe3+ in the
sample.  For  the  reductant  of  FeS2 powder,  the  ratio  of
Fe3+/Fe2+ in the posttreated slag was 0.72; that is,  42% iron
exists as Fe3+ in the sample. For the (FeS2+C) pellet, the ratio
of  Fe3+/Fe2+ in  the  posttreated  slag  was  only  0.27,  showing
that 21% iron exists as Fe3+ in the sample. These results im-
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ply that the (FeS2+C) pellet contributes to a deep reduction of
trivalent iron in the slag, and an amount of free FeO reacts
with SiO2 at high temperatures to form the low-melting-point
substance  fayalite  (Fe2SiO4).  Efficient  Fe3O4 reduction  pro-
moting the exposure of wrapped copper matte droplets was
also manifested by the strongest spectra of Cu 2p3/2 and S 2p
in the (FeS2+C) pellet case (Fig. 11(b) and (c)).

The  most  efficient  conversion  of  Fe3O4 to  FeO  by  the
(FeS2+C) pellet was also revealed by Raman and FTIR char-
acterizations. The Si–O structures were depolymerized to fa-
cilitate the decrease in slag viscosity [37]. Fig. 12(a) shows
that for the Fe–O coordinated structures, the Fe3O4 contains
the tetrahedral coordinated structure ([FeO4]) and octahedral
coordinated  structure  ([FeO6]);  however,  the  FeO  and
Fe2SiO4 only  present  the  octahedral  [FeO6]  coordinated
structure.  The  [FeO6]  and  [FeO4]  coordinated  structures
present  characteristic  peaks  at  450–520  and  535–575  cm−1,
respectively,  in  the  FTIR  spectra  [52–54]  and  show  the
weakest  [FeO4]  peak  for  the  (FeS2+C)  pellet  case  (Fig.
12(b)). This finding again proves the most efficient conver-
sion of Fe3O4 to FeO by the (FeS2+C) pellets among the three
tested cases. The generated FeO can provide free oxygen to
break the polymerized silicate  network,  thus decreasing the

slag  viscosity  [55].  This  anticipation  was  verified  by  the
FTIR (Fig. 12(b)) and Raman (Fig. 12(c)) results. As shown in
Fig. 12(b), the FTIR signal in 850–1100 cm−1 is attributed to
the  four  Si–O  structures  of  Q0 (monomer),  Q1 (dimer),  Q2

(chain),  and  Q3 (sheet)  [38,54]  as  illustrated  in Fig.  12(d).
The  intensity  of  Q2 and  Q3 shows  the  weakest  for  the
(FeS2+C)  pellet  sample,  indicating  the  lowest  content  of
bridged oxygen (denoted as BO in the inset of Fig. 12(b)) that
contributes  to  the  decrease in  slag viscosity  [56].  Such res-
ults were again validated by the Raman spectra, as shown by
the  highest  relative  content  of  Q0 (67.9%),  namely,  the
highest  content  of  nonbridged  oxygen  (denoted  as  NBO in
the inset of Fig. 12(b)).

Therefore, the (FeS2+C) pellet enables the efficient reduc-
tion of Fe3O4 to FeO, decreasing the volume fraction of solid
particles in the molten slag and contributing to viscosity re-
duction.  In  addition,  the  high-efficiency  reduction  of  Fe3O4

can also provide additional basic FeO species, which can act
as donors of free oxygen ions and strongly combine with the
acid SiO2 for the structure depolymerization of the silicates,
realizing a decrease in the slag viscosity.

The  formation  of  the  Fe3O4-wrapped  copper  structure  is
due to the preferential adsorption of Cu2S on the precipitated
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Fe3O4 particles.  Replacing  the  powdery  pyrite  or  anthracite
with  the  (FeS2+C)  pellets  as  the  reductants  (Fig.  13)  can
greatly  enhance  the  reduction  efficiency  of  the  Fe3O4

particles  in  the  molten  slag,  resulting  in  a  fracture  in  the
Fe3O4-wrapped copper microstructure and the full  exposure
of  the  matte  cores  and  contributing  to  the  coalescence-in-
duced  size  growth  and  promoted  settling  of  the  matte
droplets.  In  addition,  Fe3O4 reduction  can  contribute  to  de-

creased solid  contents  in  molten slag,  and the  Fe3O4-reduc-
tion-generated FeO can promote the depolymerization of the
silicates, conjointly lowering the viscosity of the molten slag.
As a consequence, the copper–slag separation is greatly en-
hanced. 

4. Conclusion

The  formation  of  the  Fe3O4-wrapped  copper  structure  in
Fe3O4-saturated slag is discussed, and Fe3O4 is reduced using
various reductants to promote the release of the wrapped cop-
per matte droplets. The copper matte can spontaneously ad-
here to the precipitated Fe3O4 particles, finally resulting in the
Fe3O4-wrapped copper structure with the continuous growth
of  the  Fe3O4 particles.  Replacing  the  commercial  powdery
pyrite or anthracite with the (FeS2+C) pellets as the reduct-
ants can greatly enhance the reduction efficiency of the Fe3O4

particles  in  the  molten  slag,  resulting  in  a  fracture  in  the
Fe3O4-wrapped copper microstructure and the full  exposure
of the copper matte cores. This phenomenon is one of the im-
portant  reasons  for  the  increase  in  the  size  of  copper  matte
droplets in the lower layer from 25 µm to a size observable
by the naked eye. Correspondingly, the reduction efficiency
of Fe3O4 in the lower layer of the slag increases significantly
to 56.1wt% in the optimized case, with the copper content in
the  lower  layer  of  the  slag  increasing  remarkably  from
1.2wt% to 4.5wt%. Hopefully, anthracite can be replaced by
other low-quality coals, such as bituminous coal, which will

 

(a) O

Si

[FeO6]

([FeO6] + [FeO4] ([FeO6] + [SiO4])([FeO6])

[FeO4]

[SiO4]

Fe

Fe
3
O

4
FeO Fe

2
SiO

4

(b)

450 500 550 800 900 1000 1100

Q0

Q1

Si[FeO
6 ]

[F
eO

4
] FeBO

NBO

Q2

Q3

FeS2 powder (FeS2+C) pellet C powder

T
ra

n
sm

it
ta

n
ce

Wavenumber / cm−1

(d)

Q0: monomer Q1: dimer Q2: chain Q3: sheet

(c)

Q0

Q0: 67.9%

Q0: 55.6%

Q0: 44.7%

Q1

Q2

Q3

Q0
Q1

Q2
Q3

Q0

Q1

Q2 Q3

FeS2 powder

(FeS2+C) pellet

C powder

In
te

n
si

ty
 /

 a
.u

.

750 900 1050

Wavenumber / cm−1

Fig.  12.     (a)  Illustration  for  the  crystalline  structures  of  Fe3O4,  FeO,  and  Fe2SiO4;  (b)  FTIR  spectra  of  three  posttreated  slags.
Inset:illustration of the bridged oxygen (BO) and nonbridged oxygen (NBO); (c) Raman spectrum of three posttreated slags; (d) il-
lustration for Si–O polymerized structures.

 

FeS2

powder

FeS2

Fe3O4 + C = 3FeO + CO

FeS2 + 5Fe3O4 = 16FeO + 2SO2

Fe3O4 Matte droplet FeOC

Reducibility

Feeding

(FeS2+C)

pellet
enhancement

Introducing carbon

Fig. 13.    Illustration for the enhanced collision and settling of
copper  matte  particles  by  (FeS2+C) pellets  in  magnetite-satur-
ated copper slags.

X.P. Chi et al., Breaking the Fe3O4-wrapped copper microstructure to enhance copper–slag separation 2323



be investigated in future work.  The results  provide new in-
sights  into  the  enhanced in-situ enrichment  of  copper  from
pyrometallurgical molten slag. 
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