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Extraction of Potassium from Feldspar by Roasting with CaCl2 Obtained from the Acidic
Leaching of Wollastonite-Calcite Ore
Reprinted from: Minerals 2021, 11, 1369, doi:10.3390/min11121369 . . . . . . . . . . . . . . . . . . 183
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AFM Image Analysis of the Adsorption of Xanthate and Dialkyl
Dithiophosphate on Chalcocite
Jinhong Zhang * and Wei Zhang

Department of Mining and Geological Engineering, The University of Arizona, Tucson, AZ 85721, USA
* Correspondence: jhzhang@email.arizona.edu; Tel.: +1-520-626-9656

Abstract: Atomic force microscopy (AFM) has been applied to study the adsorption morphology
of various collectors, i.e., potassium ethyl xanthate (KEX) and potassium amyl xanthate (PAX) and
Cytec Aerofloat 238 (sodium dibutyl dithiophosphate), on chalcocite in situ in aqueous solutions. The
AFM images show that all these collectors adsorb strongly on chalcocite. Xanthate adsorbs mainly in
the form of insoluble cuprous xanthate (CuX), which binds strongly with the mineral surface without
being removed by flushing with ethanol alcohol. This xanthate/chalcocite adsorption mechanism is
very similar to the one obtained with the xanthate/bornite system; while it is different from the one
of the xanthate/chalcopyrite systems, for which oily dixanthogen is the main adsorption product on
chalcopyrite surface. On the other hand, dibutyl dithiophosphate adsorbs on chalcocite in the form of
hydrophobic patches, which can be removed by rinsing with ethanol alcohol. AFM images show that
the adsorption of collectors increases with increasing adsorption time and collectors’ concentration. In
addition, increasing the solution pH to 10 does not prevent the adsorption of xanthate and Aerofloat
238 on chalcocite and the result is in line with the fact that chalcocite floats well in a wide pH range
up to 12 with xanthate and dialkyl dithiophosphate being used as collectors. The blending collectors
study shows that xanthate and dialkyl dithiophosphate can co-adsorb with both insoluble cuprous
xanthate and oily Cu(DTP)2 (Cu dibutyl dithiophosphate) on a chalcocite surface. The present study
helps to clarify the flotation mechanism of chalcocite in industry practice using xanthate and dialkyl
dithiophosphate as collectors.

Keywords: flotation; chalcocite; xanthate; dialkyl dithiophosphate; cuprous xanthate; AFM

1. Introduction

In copper sulfide extractive metallurgy, the most efficient and widely applied separa-
tion technique is froth flotation, for which the adsorption of the collector on the mineral
surface is vital to achieving satisfactory flotation efficiency and metal recovery. By now,
some works have been carried out to clarify the adsorption mechanism of collectors on
copper sulfides. [1–6]. For the flotation of chalcocite, xanthate and dialkyl dithiophosphate
have been applied as collectors in flotation practice.

For the case of the adsorption of xanthate on chalcocite surface in an aqueous solu-
tion, the work has attracted the interest of many researchers. For example, Gaudin and
Schuhmann [1] studied the solubility of potassium ethyl xanthate and its reaction products
in organic solvents and firstly proposed there was initially chemisorbed xanthate (X−) on
chalcocite surface followed by insoluble cuprous xanthate (CuX). Allison et al. [3] studied
the reaction products of various sulfide minerals with xanthate solutions and reported that
the measured rest potential of chalcocite in 6.25 × 10−4 M KEX solution at pH 7 was +60 mV
and the reaction product of PAX on chalcocite was cuprous xanthate. Mielczarski and
Suoninen [7,8] applied X-ray photoelectron spectroscopy (XPS) and studied the adsorption
of potassium ethyl xanthate on cuprous sulfide. It was reported that there was a relatively
rapid formation of a well-oriented monolayer of xanthate ions followed by the slow growth
of disordered cuprous xanthate molecules on top of this layer. Richardson et al. [9] carried
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out an electrochemical study of chalcocite flotation by using ethyl xanthate as a collector.
It was proposed that cuprous xanthate and possibly cupric xanthate were adsorbed hy-
drophobic species on chalcocite surfaces due to the exchange and charge transfer oxidation
reactions. Leppinen et al. [10] applied an in situ Fourier-transform infrared spectroscopy
(FTIR) study of ethyl xanthate adsorption on sulfide minerals under conditions of con-
trolled potential and they concluded that, for chalcocite, there were three different potential
regions of xanthate adsorption, including chemisorption, copper ethyl xanthate formation
on the surface and multilayer formation.

Some studies have been carried out to study the adsorption of dialkyl dithiophosphate
on the chalcocite surface and therefore its impact on chalcocite flotation. Goold and Finkel-
stein [11] reported that only Cu(DTP)2 was present on copper sulfide. Solozhenkin and
Koptsia [12] found cuprous diethyl dithiophosphate (CuDTP) and cupric diethyl dithiophos-
phate (Cu(DTP)2). Chander and Fuerstenau [13] studied the effect of potassium diethyl
dithiophosphate (DTP) on the electrochemical properties of copper sulfide in aqueous solu-
tions. It was reported that multilayers of reaction products, i.e., CuDTP and Cu(DTP)2 were
formed when copper sulfide was immersed in reagent solutions of dithiophosphate.

Zhang et al. [14] studied the hydrophobic flocculation of marmatite fines in aqueous
suspensions by the addition of butyl xanthate (KBX) and ammonium dibutyl dithiophos-
phate (ADD) using laser particle size analysis, microscopy analysis, electrophoretic light
scattering, contact angle measurement and infrared spectroscopy. It was claimed that
the chemisorption of butyl xanthate ions or dibutyl dithiophosphate ions on marmatite
resulted in hydrophobic flocculation, and therefore a greatly improved flotation response
of marmatite because of the formation of flocs.

Recently, Dhar et al. [15] investigated the interaction of dithiophosphate and a mixture of
xanthate and dithiophosphate collector on copper ore sample using zeta potential, quantitative
adsorption, FTIR studies and Hallimond tube flotation. It was reported that using this mixture
of collectors can improve both the grade and recovery of copper flotation concentrate.

All the studies reviewed above have revealed a lot of information, such as the reaction,
product and mechanism, of the adsorption of xanthate and dithiophosphate collectors on
chalcocite surface. It is also of great interest to directly obtain the image of collectors on
mineral surfaces changing with pulp chemistry, such as pH and chemical dosage. For
example, the AFM imaging technique has been widely used in the surface characterization
of various materials, and recently the technique has been successfully applied to study
in situ the adsorption of chemicals on the surface of minerals [16–22]. The novel analysis
method has greatly expanded the understanding of the impact of solution chemistry on the
collectors’ adsorption on the mineral surface and the flotation mechanism as well.

In the present investigation, an AFM image analysis technique has been applied to
obtain the surface morphology of chalcocite in various collectors’ solutions, i.e., KEX, PAX
and dialkyl dithiophosphate, at different pHs. By comparing the AFM images obtained
under different conditions, such as the collector’s type, dosage, and contact time, one can
study the impact of water chemistry on the adsorption of collectors on chalcocite. The
image analysis results will help answer some of the questions, for example, what is the
morphology of the adsorbate on the chalcocite surface? What is the impact of the collector’s
dosage, the contact time and solutions’ pH on the adsorption of the collector on the chalcocite
surface? What is the binding strength between the adsorbate and chalcocite? What is the
adsorption morphology on chalcocite by using a mixed collectors scheme of xanthate and
dialkyl dithiophosphate? All this information will help clarify the reaction and adsorption
mechanisms of xanthate and dialkyl dithiophosphate on chalcocite changing with solutions’
chemistry, and therefore its impact on chalcocite flotation in industry practice.

2
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2. Materials and Methods
2.1. Materials

Research-grade chalcocite (Cu2S) was obtained from Wards Natural Science Establish-
ment Inc. (Rochester, NY, USA). Mineral samples were finely polished by consecutively
using #800, #1200 and #2400 sandpaper, and then a diamond-polishing paste of 10, 5, 2.5
and 1 microns. (MTI Inc., Richmond, CA, USA) Mineral samples were further cleaned by
rinsing thoroughly with ethanol and water. A 1.2 cm × 1.2 cm sample was used for the
AFM surface image analysis. The DI (deionized) water used in the present work had a con-
ductivity of 18.2 MΩ·cm−1 at 22 ◦C and surface tension of 72.8 mN/m at 22 ◦C. Potassium
amyl xanthate (PAX, >98%), potassium ethyl xanthate (KEX, >98%) and NaOH (>99%)
were obtained from Alfa Aesar and used without further purification. Cytec Aerofloat 238
(sodium di-butyl dithiophosphate) was obtained from Cytec (Tempe, AZ, USA). Chemical
solutions were freshly prepared at various concentrations and pH levels as needed each
time right before an experiment was carried out.

2.2. AFM Surface Image Analysis

AFM surface image measurements were carried out with a Digital Instrument Nanoscope
IIID (Veeco, San Jose, CA, USA) AFM using the contact mode at room temperature
(22 ± 1 ◦C). SNL cantilevers were obtained from Veeco, San Jose, CA, USA. Triangu-
lar Si3N4 cantilevers with a nominal spring constant of 0.12~0.58 N/m were used for both
AFM imaging and force measurements.

To study the mineral surface in water, surface image measurements were carried out
after 5 mL of DI water was gently injected into an AFM fluid cell. Extreme care was taken
to avoid the entrapment of air in the cell. After surface images were collected in water,
a 10 mL solution of a specific chemical’s concentration was flushed through the liquid
cell, and the cell was left undisturbed for the adsorption of chemicals on the mineral surface.
AFM image analysis measurement was commenced after the exposure of the mineral plate to
the chemical solution for a specific time. The AFM images as reported in this study, which
were processed by no image modification other than being flattened, include both height and
deflection images obtained in the contact mode. The same silicon nitride probe was applied to
obtain the AFM image of the mineral plate in the solutions at different conditions.

3. Results
3.1. AFM Image of Mineral Surface in Xanthate Solutions

Figure 1 shows the surface images of a bare chalcocite surface that has been covered
by nanopure water in an AFM liquid cell for 10 min. Figure 1A is the 10 µm × 10 µm height
image, from which one can see that the solid surface is still largely smooth with very few
adsorbates on the sample surface detected by the AFM probe. Figure 1B is the 3-D image of
Figure 1A. Figure 1C is the section analysis of Figure 1A. Figure 1D is the deflection image
of Figure 1A with a 10 nm data scale.

3
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Figure 1. AFM images of a chalcocite surface in water for 10 min. (A) The 10 µm × 10 µm height image
with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis (the red arrows indicate the top
and the bottom of an average asperity); and (D) the deflection image with a data scale of 10 nm.

Figure 2A is the height image of a chalcocite surface in 5 × 10−5 M KEX solution at
pH 6 for 10 min. Compared to Figure 1A, a lot of adsorbate shows up on chalcocite when
the mineral surface contacts the xanthate solution for 10 min. Figure 2B is the 3-D image of
Figure 2A. Figure 2C is the section analysis of Figure 2A and the surface roughness clearly
increases due to the adsorption. Figure 2D is the deflection image of Figure 2A with a 10 nm
data scale.
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Figure 2. AFM images of a chalcocite surface in 5 × 10−5 M KEX solution at pH 6 for 10 min. (A) The
5 µm × 5 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis (the
red arrows indicate the top and the bottom of an average asperity); and (D) the deflection image with
a data scale of 10 nm.

Figure 3A is the height image of a chalcocite surface in 1 × 10−4 M KEX solution at
pH 6 for 10 min. Compared to Figure 1A, a lot of adsorbate exists on chalcocite when the
mineral surface contacts 1 × 10−4 M KEX solution for 10 min. In addition, by comparing it
to Figure 2A, one can find that the mineral surface becomes rougher, suggesting more pre-
cipitates are forming at the solid/liquid interface, when the KEX’s concentration increases
from 5 × 10−5 M to 1 × 10−4 M. Figure 3B is the 3-D image of Figure 3A. Figure 3C is the
section analysis of Figure 3A and it confirms that the surface roughness increases due to
the adsorption of the collector. Figure 3D is the deflection image of Figure 3A with a 10 nm
data scale.
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Figure 3. AFM images of a chalcocite surface in 1 × 10−4 M KEX solution at pH 6 for 10 min. (A) The
5 µm × 5 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis (the
red arrows indicate the top and the bottom of an average asperity); and (D) the deflection image with
a data scale of 10 nm.

Figure 4 shows the AFM images of a chalcocite surface in 5 × 10−4 M KEX solution at
pH 6 for 10 min. By comparing Figure 4A, the height image, to Figure 1A, one can observe
a lot of adsorbate showing up on chalcocite after the mineral surface contacts the xanthate
solution. In addition, by comparing it to Figures 2A and 3A, one can find that, when the
KEX’s concentration increases, more precipitates are forming at the solid/liquid interface
and the mineral surface becomes much rougher. Figure 4B is the 3-D image of Figure 4A.
Figure 4C, the section analysis of Figure 4A, confirms that the surface roughness increases
greatly when the chalcocite surface contacts a high concentration of KEX. Figure 4D is the
deflection image of Figure 4A with a 10 nm data scale.
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Figure 4. AFM images of a chalcocite surface in 5 × 10−4 M KEX solution at pH 6 for 10 min. (A) The
10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis
(the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection image
with a data scale of 10 nm.

Figure 5A is the height image of a chalcocite surface in 5 × 10−4 M KEX solution at
pH 6 for 20 min and further rinsed with 10 mL ethanol and 5 mL water consecutively.
The images are finally obtained when the mineral sample is placed in water. Compared
to Figure 4A, one can see that the precipitates as observed in Figure 4A still exist on
the chalcocite surface without being dissolved and rinsed off from the mineral surface.
Figure 5B is the 3-D image of Figure 5A. Figure 5C is the section analysis of Figure 5A.
Figure 5D is the deflection image of Figure 5A with a 10 nm data scale.
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Figure 5. AFM images of a chalcocite surface in 5 × 10−4 M KEX solution at pH 6 for 30 min and
further rinsed with ethanol and water. (A) The 10 µm × 10 µm height image with a data scale of
20 nm; (B) the 3-D image; (C) the section analysis (the red arrows indicate the top and the bottom of
an average asperity); and (D) the deflection image with a data scale of 10 nm.

Figure 6 shows the AFM images of a chalcocite surface in 1 × 10−5 M PAX solution
at pH 6 for 10 min. By comparing Figure 6A, the height image, to Figure 1A, one can find
that there is a little adsorbate showing up on chalcocite when the mineral surface contacts
PAX solution at pH 6 for 10 min. Figure 6B is the 3-D image of Figure 6A. Figure 6C, the
section analysis of Figure 6A, shows that the surface roughness increases a little bit due to the
adsorption of PAX. Figure 6D is the deflection image of Figure 6A with a 10 nm data scale.
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Figure 6. AFM images of a chalcocite surface in 1 × 10−5 M PAX solution at pH 6 for 10 min. (A) The
10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis
(the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection image
with a data scale of 10 nm.

Figure 7 shows the AFM images of a chalcocite surface in 5 × 10−5 M PAX solution at
pH 6 for 10 min. By comparing Figure 7A, the height image, to Figure 1A, one can observe
that there is a lot of adsorbate showing up on chalcocite when the mineral surface contacts
5 × 10−5 M PAX solution for 10 min. By comparing Figure 7A to Figure 6A, one can also
find that when the PAX’s concentration increases from 1 × 10−5 M to 5 × 10−5 M, the
mineral surface becomes much rougher with more precipitates forming at the solid/liquid
interface. Figure 7B is the 3-D image of Figure 7A. Figure 7C is the section analysis of
Figure 7A and it confirms that the surface roughness increases with increasing the PAX’s
concentration. Figure 7D is the deflection image of Figure 7A with a 10 nm data scale.
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Figure 7. AFM images of a chalcocite surface in 5 × 10−5 M PAX solution at pH 6 for 10 min. (A) The
10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis
(the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection image
with a data scale of 10 nm.

Figure 8 shows the AFM images of a chalcocite surface in 1 × 10−4 M PAX solution at
pH 6 for 10 min. By comparing Figure 8A, the height image, to Figure 1A, one can observe
that there is a lot of adsorbate showing up on chalcocite when the mineral surface contacts
1 × 10−4 M PAX solution for 10 min. By comparing Figure 8A to Figures 6A and 7A, one
can observe that when the PAX’s concentration increases, the mineral surface becomes
much rougher with more precipitates forming at the solid/liquid interface. Figure 8B is the
3-D image of Figure 8A. Figure 8C, the section analysis of Figure 8A, shows that the surface
roughness increases with increasing the PAX’s concentration. Figure 8D is the deflection
image of Figure 8A with a 10 nm data scale.
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Figure 8. AFM images of a chalcocite surface in 1 × 10−4 M PAX solution at pH 6 for 10 min. (A) The
10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis
(the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection image
with a data scale of 10 nm.

To verify the adsorption of the PAX on chalcocite in solution, after Figure 8 is obtained,
a 10 µm × 5 µm area is scanned for one time with a much larger scan force being applied
to intentionally remove the adsorbate. Further, the same position is scanned again in a
13 µm × 13 µm area with a normal scan force being applied and the result is shown in
Figure 9. One can see from Figure 9A, the height image, that a 10 µm × 5 µm blank
‘window’ is shown in the center of the image due to the removal of the adsorbate from
the mineral surface under the previously applied large scan force. That is, the ‘window’
in the center is the bare chalcocite surface and the surrounding area is the mineral surface
still covered by the adsorbate without being disturbed by the applied large scan force. By
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comparing Figure 9B, the 3-D image of Figure 9A, to Figure 8B, one can easily observe a pit
existing on the mineral surface with adsorbate covering the surrounding area. Figure 9C
is the section analysis of Figure 9A and it shows the height difference between the blank
‘window’ (as shown by the green markers) and the surrounding area being covered with
adsorbate (as shown by the red markers). Figure 9D is the deflection image of Figure 9A
with a 10 nm data scale.
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Figure 9. AFM images of a chalcocite surface in 1 × 10−4 M PAX solution at pH 6 for 20 min. (A) The
13 µm × 13 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis
(the arrows indicate the top and the bottom of average asperities of different zones); and (D) the
deflection image with a data scale of 10 nm.

Figure 10 shows the AFM images of a chalcocite surface in 5 × 10−5 M KEX solution
at pH 10 for 10 min. By comparing Figure 10A, the height image to Figure 1A, one can
find a lot of adsorbate showing up on chalcocite when the mineral surface contacts the
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KEX solution. Figure 10B is the 3-D image of Figure 10A. Figure 10C is the section analysis
of Figure 10A and the surface roughness clearly increases due to the adsorption of KEX.
Figure 10D is the deflection image of Figure 10A with a 10 nm data scale.
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Figure 10. AFM images of a chalcocite surface in 5 × 10−5 M KEX solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.

Figure 11 shows the AFM images of a chalcocite surface in 1 × 10−4 M KEX solution at
pH 10 for 10 min. Figure 11A is the height image, from which one can see a lot of adsorbate
showing up on chalcocite. In addition, by comparing it to Figure 10A, one can find that
the mineral surface becomes much rougher, suggesting more precipitates are forming at
the solid/liquid interface, when the KEX’s concentration increases from 5 × 10−5 M to
1 × 10−4 M at pH 10. Figure 11B is the 3-D image of Figure 11A. Figure 11C, the section
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analysis of Figure 11A, confirms that the surface roughness increases with increasing the
concentration of KEX. Figure 11D is the deflection image of Figure 11A with a 10 nm
data scale.
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Figure 11. AFM images of a chalcocite surface in 1 × 10−4 M KEX solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.

Figure 12 shows the AFM images of a chalcocite surface in 5 × 10−4 M KEX solution
at pH 10 for 10 min. By comparing Figure 12A, the height image, to Figure 1A, one can
notice a lot of adsorbate showing up on chalcocite after the mineral surface contacts the
xanthate solution. In addition, by comparing it to Figures 10A and 11A, one can find that,
when the KEX’s concentration increases, more precipitates are forming at the solid/liquid
interface and the mineral surface becomes much rougher. Figure 12B is the 3-D image
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of Figure 12A. Figure 12C, the section analysis of Figure 12A, confirms that the surface
roughness increases greatly when the chalcocite surface contacts a high concentration of
KEX. Figure 12D is the deflection image of Figure 12A with a 10 nm data scale.
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Figure 12. AFM images of a chalcocite surface in 5 × 10−4 M KEX solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.

Similar to as obtained in Figure 9, to verify the adsorption of PAX on chalcocite at
pH 10, after Figure 12 is obtained, a 5 µm × 5 µm area is scanned with a much larger scan
force being applied to intentionally remove the adsorbate. Further, the same position is
scanned again in a 10 µm × 10 µm area with a normal scan force being applied and the
result is shown in Figure 13. One can observe from Figure 13A, the height image, that
a 5 µm × 5 µm ‘window’ is shown in the center of the image due to the removal of the
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adsorbate from the mineral surface under the previously applied large scan force. That
is, the ‘window’ in the center is the bare chalcocite surface and the surrounding area is
the mineral surface still covered by the adsorbate without being disturbed by the applied
large scan force. By comparing Figure 13B, the 3-D image of Figure 13A, to Figure 12B,
one can easily observe a pit existing on the mineral surface with adsorbate covering the
surrounding area. Figure 13C is the section analysis of Figure 13A and it shows the height
difference between the ‘window’ (as shown by the green markers) and the surrounding area
being covered with adsorbate (as shown by the red markers). Figure 13D is the deflection
image of Figure 13A with a 10 nm data scale.
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Figure 13. AFM images of a chalcocite surface in 5 × 10−4 M KEX solution at pH 10 for 20 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm. The 5 µm × 5 µm ‘window’ in the center of the image is due to the
removal of the adsorbate from the mineral surface under the intentionally applied large scan force.
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Figure 14A is the height image of a chalcocite surface in 5 × 10−4 M KEX solution at
pH 10 for 30 min and further rinsed with 10 mL ethanol and 5 mL water consecutively. The
images are finally obtained when the mineral sample is placed in water. By comparing it
to Figure 12A, one can observe that the precipitates as observed in Figure 12A still exist
on the chalcocite surface without being dissolved and rinsed off from the mineral surface.
Figure 14B is the 3-D image of Figure 14A. Figure 14C is the section analysis of Figure 14A.
Figure 14D is the deflection image of Figure 14A with a 10 nm data scale.
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Figure 14. AFM images of a chalcocite surface in 5 × 10−4 M KEX solution at pH 10 for 30 min, and
further rinsed with 10 mL ethanol and 5 mL water consecutively. (A) The 10 µm × 10 µm height image
with a data scale of 20 nm; (B) the 3-D image; (C) the section analysis (the red arrows indicate the top
and the bottom of an average asperity); and (D) the deflection image with a data scale of 10 nm.
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Figure 15 shows the AFM images of a chalcocite surface in 1 × 10−5 M PAX solution
at pH 10 for 10 min. From Figure 15A, the height image, one can find that there is a little
adsorbate showing up on chalcocite when the mineral surface contacts PAX solution at pH
10 for 10 min. Figure 15B is the 3-D image of Figure 15A. Figure 15C, the section analysis
of Figure 15A, shows that the surface roughness increases due to the adsorption of PAX.
Figure 15D is the deflection image of Figure 15A with a 10 nm data scale.
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Figure 15. AFM images of a chalcocite surface in 1 × 10−5 M PAX solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.
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Figure 16 shows the AFM images of a chalcocite surface in 5 × 10−5 M PAX solution at pH
10 for 10 min. Figure 16A is the height image, from which one can see a lot of adsorbate show-
ing up on chalcocite. In addition, by comparing it to Figure 15A, one can find that the mineral
surface becomes much rougher, suggesting more precipitates are forming at the solid/liquid
interface, when the PAX’s concentration increases from 1 × 10−5 M to 5 × 10−5 M at pH 10.
Figure 16B is the 3-D image of Figure 16A. Figure 16C, the section analysis of Figure 16A,
confirms that the surface roughness increases with increasing the concentration of PAX.
Figure 16D is the deflection image of Figure 16A with a 10 nm data scale.
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Figure 16. AFM images of a chalcocite surface in 5 × 10−5 M PAX solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.
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Figure 17 shows the AFM images of a chalcocite surface in 1 × 10−4 M PAX solution
at pH 10 for 10 min. By comparing Figure 17A, the height image, to Figure 1A, one can
notice a lot of adsorbate showing up on chalcocite after the mineral surface contacts the
xanthate solution. In addition, by comparing it to Figures 15A and 16A, one can find that,
when the PAX’s concentration increases, more precipitates are forming at the solid/liquid
interface and the mineral surface becomes much rougher. Figure 17B is the 3-D image
of Figure 17A. Figure 17C, the section analysis of Figure 17A, confirms that the surface
roughness increases greatly when the chalcocite surface contacts a high concentration of
PAX. Figure 17D is the deflection image of Figure 17A with a 10 nm data scale.
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Figure 17. AFM images of a chalcocite surface in 1 × 10−4 M PAX solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.

20



Minerals 2022, 12, 1018

3.2. AFM Image of Mineral Surface in Cytec Aerofloat 238 Solutions

Figure 18 shows the AFM images of a chalcocite surface in 200 ppm Aerofloat
238 solution at pH 6 for 10 min. From Figure 18A, the height image, one can observe
that there is a lot of adsorbate showing up on chalcocite when the mineral surface contacts
the Aerofloat 238 solution at pH 6 for 10 min. The figure also shows that the morphology of
the adsorbate, which shows round and smooth edges, differs greatly from those obtained
with xanthate, for which the adsorbate is generally precipitates with irregular sharp edges.
Figure 18B is the 3-D image of Figure 18A. Figure 18C is the section analysis of Figure 18A,
and Figure 18D is the deflection image of Figure 18A with a 10 nm data scale.
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Figure 18. AFM images of a chalcocite surface in 200 ppm Aerofloat 238 solution at pH 6 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.
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Figure 19 shows the AFM images of a chalcocite surface in 200 ppm Aerofloat
238 solution at pH 6 for 20 min. By comparing Figure 19A, the height image, to Figure 18A,
one can see that the patches adsorbed on chalcocite become larger in size when the adsorp-
tion time increases from 10 min to 20 min. Again, the figure also shows that the adsorbate
has round and smooth edges and it is greatly different from those obtained with xanthate,
the adsorbate of which is generally precipitates with irregular sharp edges. Figure 19B is
the 3-D image of Figure 19A. Figure 19C is the section analysis of Figure 19A, showing the
surface roughness increases with adsorption time increases. Figure 19D is the deflection
image of Figure 19A with a 10 nm data scale.
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Figure 19. AFM images of a chalcocite surface in 200 ppm Aerofloat 238 solution at pH 6 for 20 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.
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Similar to as obtained in Figure 13, to verify the adsorption of Aerofloat 238 on
chalcocite, after Figure 19 is obtained, a 10 µm × 5 µm area is scanned with a much
larger scan force being applied to intentionally remove the adsorbate. Further, the same
position is scanned again in a 10 µm × 10 µm area with a normal scan force being applied
and the result is shown in Figure 20. One can find from Figure 20A, the height image,
that a 10 µm × 5 µm ‘window’ is shown in the upper image due to the removal of the
adsorbate from the mineral surface under the previously applied large scan force. That
is, the upper ‘window’ is the bare chalcocite surface and the lower section is the mineral
surface still covered by the adsorbate without being disturbed by the applied large scan
force. Figure 20B, Figure 20C, and Figure 20D, are, respectively, the 3-D image, the section
analysis, and the deflection image of Figure 20A with a 10 nm data scale.
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Figure 20. AFM images of a chalcocite surface in 200 ppm Aerofloat 238 solution at pH 6 for 20 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity in a zone of adsorbate
and the green arrows indicate those in a zone with adsorbate being removed); and (D) the deflection
image with a data scale of 10 nm. The 10 µm × 5 µm ‘window’ in the upper part is due to the removal
of the adsorbate from the mineral under the intentionally applied large scan force.
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Figure 21 shows the AFM images of a chalcocite surface in 200 ppm Aerofloat
238 solution at pH 10 for 10 min. From Figure 21A, the height image, one can find that there
are many patches being adsorbed on chalcocite when the mineral contacts the Aerofloat
238 solution at pH 10. Again, the figure also shows that the adsorbate has round and
smooth edges, which is greatly different from those obtained with xanthate. Figure 21B,
Figure 21C, and Figure 21D, are, respectively, the 3-D image, the section analysis, and the
deflection image of Figure 21A with a 10 nm data scale.
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Figure 21. AFM images of a chalcocite surface in 200 ppm Aerofloat 238 solution at pH 10 for 10 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the deflection
image with a data scale of 10 nm.
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Figure 22 shows the AFM images of a chalcocite surface in 200 ppm Aerofloat
238 solution at pH 10 for 20 min. By comparing Figure 22A, the height image, to Fig-
ure 21A, one can find that when adsorption time increases, there are more patches being
adsorbed on chalcocite when the mineral contacts the Aerofloat 238 solution at pH 10.
Figures 22B, 22C and 22D are, respectively, the 3-D image, the section analysis, and the
deflection image of Figure 22A with a 10 nm data scale.

Minerals 2022, 12, x FOR PEER REVIEW  25  of  34 
 

 

 

Figure 22. AFM images of a chalcocite surface in 200 ppm Aerofloat 238 solution at pH 10 for 20 

min. (A) The 10 μm × 10 μm height image with a data scale of 20 nm; (B) the 3‐D image; (C) the 

section analysis (the red arrows indicate the top and the bottom of an average asperity); and (D) the 

deflection image with a data scale of 10 nm. 

Figure 23A is the height image of a chalcocite surface in 200 ppm Aerofloat 238 solu‐

tion at pH 10 for 20 min, and further rinsed with 10 mL ethanol and 5 mL water consecu‐

tively. The images are finally obtained when the mineral sample is in water. By comparing 

it to Figure 22A, one can tell that the adsorbate as observed in Figure 23A does not exist 

on the chalcocite surface anymore because it has been dissolved and rinsed off from the 

mineral surface by flushing with ethanol. Figure 23B, Figure 23C, and Figure 23D, are, 

respectively, the 3‐D image, the section analysis, and the deflection image of Figure 23A 

with a 10 nm data scale. 

Figure 22. AFM images of a chalcocite surface in 200 ppm Aerofloat 238 solution at pH 10 for 20 min.
(A) The 10 µm × 10 µm height image with a data scale of 20 nm; (B) the 3-D image; (C) the section
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Figure 23A is the height image of a chalcocite surface in 200 ppm Aerofloat 238 solution
at pH 10 for 20 min, and further rinsed with 10 mL ethanol and 5 mL water consecutively.
The images are finally obtained when the mineral sample is in water. By comparing it to
Figure 22A, one can tell that the adsorbate as observed in Figure 23A does not exist on the
chalcocite surface anymore because it has been dissolved and rinsed off from the mineral
surface by flushing with ethanol. Figure 23B, Figure 23C, and Figure 23D, are, respectively,
the 3-D image, the section analysis, and the deflection image of Figure 23A with a 10 nm
data scale.
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Figure 24A is the height image of a chalcocite surface in the mixture of 1 × 10−4 M
PAX and 300 ppm Aerofloat 238 solution (1:1 vol. ratio) at pH 6. One can clearly see that
there are two different types of adsorption morphology, i.e., as indicated by the “Red”
arrow, one is the morphology of patches and it is similar to those as obtained with the
addition of Aerofloat 238; as indicated by the “Blue” arrow, the one is the morphology of
precipitates, and it is similar to those as obtained with the addition of xanthate. Figure 24B,
Figure 24C, and Figure 24D, are, respectively, the 3-D image, the section analysis, and the
deflection image of Figure 24A with a 10 nm data scale.
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4. Discussion
4.1. Adsorption of Xanthate on Chalcocite Surface

Figures 2–17 show that a significant amount of adsorbate can be observed on the
chalcocite surface when it contacts xanthate solutions for a specific time. The adsorbate
changes the surface morphology of chalcocite accordingly to changing solution chemistry
such as collector’s concentration, solution pH and adsorption time. The roughness analysis
of the AFM images of a chalcocite surface in collector solutions is summarized and listed in
Table 1 as follows.

Table 1. Roughness analysis of the AFM images of a chalcocite surface in xanthate solutions.

Image Source Collector pH Concentration (M) Ra(Sa) (nm) * Rms(Sq) (nm) **

Figure 1 H2O 6 0 0.651 0.925
Figure 2 KEX 6 5 × 10−5 M 1.110 1.538
Figure 3 KEX 6 1 × 10−4 M 1.752 2.293
Figure 4 KEX 6 5 × 10−4 M 5.242 6.695
Figure 5 KEX 6 5 × 10−4 M 5.787 7.269
Figure 6 PAX 6 1 × 10−5 M 1.044 1.442
Figure 7 PAX 6 5 × 10−5 M 2.633 3.308
Figure 8 PAX 6 1 × 10−4 M 2.641 3.345

Figure 10 KEX 10 5 × 10−5 M 1.349 2.070
Figure 11 KEX 10 1 × 10−4 M 3.097 4.601
Figure 12 KEX 10 5 × 10−4 M 7.400 9.553
Figure 14 KEX 10 5 × 10−4 M 7.758 9.920
Figure 15 PAX 10 1 × 10−5 M 0.506 0.722
Figure 16 PAX 10 5 × 10−5 M 1.364 1.735
Figure 17 PAX 10 1 × 10−4 M 1.789 2.283
Figure 18 Aerofloat238 6 200 ppm 1.857 2.605
Figure 19 Aerofloat238 6 200 ppm 2.691 3.663
Figure 20 Aerofloat238 10 200 ppm 1.578 2.203
Figure 22 Aerofloat238 10 200 ppm 2.677 3.537
Figure 23 ethanol 6 0 0.295 0.425
Figure 24 PAX + Aerofloat238 6 1:1 3.589 4.484

Note: * Ra(Sa): arithmetic average of the absolute values of the surface height deviations. ** Rms(Sq): root mean
square average of height deviations taken from the mean image data plane.

Table 1 shows that, during the same timeframe, i.e., 10 min, surface roughness in
general increases with increasing the concentration of xanthate. For example, as shown
by Figures 2–4, at pH 6, when the concentration of KEX increases from 5 × 10−5 M to
1 × 10−4 M, the roughness Ra value increases from 1.110 nm to 1.752 nm, and the value
increases to 5.242 nm when the concentration is further increased to 5 × 10−4 M. A similar
trend is also observed for the case of PAX, although the change in values is not as significant
as the one obtained with KEX. At pH 10, the same conclusion is also applicable. For example,
as shown by Figures 10–12, when the concentration of KEX increases from 5 × 10−5 M to
1 × 10−4 M, the roughness Ra value increases from 1.349 nm to 3.097 nm, and the value
increases to 7.400 nm when the concentration is further increased to 5 × 10−4 M. A similar
trend is also observed for the case of PAX as well.

In the above section, as shown by Figures 2–17, when chalcocite contacts xanthate
solutions for a specific time, a lot of adsorbates will show up on the mineral surface and the
adsorption changes the surface morphology. Clearly this change in surface morphology
of chalcocite cannot be attributed to the reaction of the mineral with water because the
AFM images obtained with the addition of various xanthate solutions are totally different
from Figure 1, which is captured during the same time frame. Therefore, the adsorbate
shown in Figures 2–17 must be due to the adsorption of xanthate at the mineral/liquid
interface. The same conclusion can also be drawn for the cases of Aerofloat 238, as shown
by Figures 18–24. That is, both these collectors can effectively adsorb on the chalcocite
surface in a short time frame as applied for the AFM imaging analysis.
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According to Leja [5] and Woods [6], generally, the main mechanisms for the increase
in hydrophobicity of sulfide minerals in flotation by the addition of collectors include
(1) the adsorption of metal xanthate with low solubility and (2) the oxidation of xanthate
into dixanthogen on a sulfide mineral surface in an aqueous solution. Previous AFM studies
with chalcopyrite and pyrite [16–18] have shown that, because under ambient conditions,
i.e., room temperature and normal pressure, dialkyl dixanthogen is usually in a liquid form
with a low melting point [23], the adsorbed dixanthogen on sulfides in an aqueous solution
demonstrates patches with smooth and round edges, which fits well with the fact that oily
dixanthogen is generally insoluble in water and that the circular boundary is the direct
result of the high interfacial tension between hydrophobic dixanthogen and water. In the
present investigation, as shown by Figures 2–17, the adsorbate shows no evidence of smooth
and round edges, and the surface morphology of chalcocite after adsorption is similar
to what has been obtained with the bornite/xanthate system instead [22]. In addition,
Figures 8 and 13 clearly show that the adsorbate is not soft at all, because even when a
large scan force is applied to remove the adsorbate and open a ‘window’ in the center of
the AFM image, there is still some residual precipitates left on the mineral surface. Further,
as shown in Figure 14, the precipitate persists on the chalcocite surface after the mineral
surface is rinsed with copious ethanol alcohol, suggesting that the adsorbate is insoluble in
ethanol, which is clearly not an essential property of nonpolar oily dixanthogen. As such,
it is reasonable to rule out the possibility that the observed adsorbate on the chalcocite in
xanthate solutions is dixanthogen.

It has been proposed that the semiconductor type of sulfide minerals determines
the final adsorption products on sulfides. For example, on n-type minerals, dixanthogen
is usually formed, while on p-type minerals metal xanthate is observed. Chalcocite is
“known as a fairly good but variable conductor”, and it is classified as “a consistently
p-type mineral” [24], which favors the formation of metal xanthate. As reviewed in the
previous section, the adsorption of xanthate on the chalcocite surface in an aqueous solution
is mainly due to the initially chemisorbed xanthate (X−) on the chalcocite surface followed
by insoluble cuprous xanthate (CuX) [1,3,7–10]. Clearly, the findings obtained from the
current AFM imaging analysis results are in line with what has been previously reported.

In general, the ‘chemisorption’ of xanthate on chalcocite occurs via: [10]

X− = Xads + e− (1)

The adsorption of xanthate on chalcocite is due to an anodic reaction simplified as
follows introducing insoluble cuprous xanthate on the chalcocite surface [10,25]:

Cu2S + nX− = nCuX + Cu2−nS + ne− (2)

The section analysis of the obtained AFM images also suggests that the irregular
adsorbate cannot be attributed to the chemisorbed xanthate, of which the maximum
adsorption peaks at a monolayer surface coverage [1,10] because the height of the adsorbate
is generally above 5 nm and the value is dramatically larger than a monolayer length of
ethyl xanthate and amyl xanthate as used in the present study. In the present study, solution
potential is not intentionally controlled, and it suggests that the chalcocite surface will
undertake an oxidation reaction to some extent when it contacts water.

However, the claim that the observed irregular adsorbate is cuprous xanthate does
not rule out the existence of chemisorbed xanthate on the chalcocite surface. In the present
study, chemisorbed xanthate may co-exist with cuprous xanthate on the chalcocite surface;
however, it is technically too difficult to observe the substance from the obtained AFM
images. The difficulty of detecting chemisorbed xanthate using an AFM lies in two facts.
Firstly, the hydrocarbon chain length of KEX and PAX as used in the present study is very
short, i.e., less than 1 nm, and this makes it difficult to identify such a small change in
surface morphology of a very soft substance, i.e., xanthate, with high confidence. Secondly,
the chalcocite mineral sample as studied in the present work is prepared by polishing the
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mineral surface, and the polishing process results in some degree of surface roughness. As
shown in Figure 1, there are some scratch lines existing on the polished chalcocite surface
and the preexisting surface roughness makes it unrealistic to study the surface morphology
change in angstrom. Therefore, it is possible that xanthate chemisorbs on chalcocite surface
in a very low profile without being successfully detected by an AFM.

In order to infer the binding strength of the adsorbate and chalcocite mineral surface
in quality, as shown in Figure 9, a 10 µm × 5 µm area is scanned for one time by applying a
much larger scan force to intentionally remove the adsorbate, and therefore a 10 µm × 5 µm
‘window’ is shown in the image due to the partial removal of the adsorbate from the mineral
surface under the intentionally applied large scan force. Similarly, Figure 13 is obtained
in the same methodology. Both Figures 9 and 13 show that there is still some residual
adsorbate adsorbing in the “window” area although a large force is applied. In addition,
Figure 14 shows that rinsing with copious ethanol does not remove the adsorbate. This
conclusion coincides well with those reported by Allison et al. [3], quote, “no product of
reaction with the methyl and ethyl homologues could be detected, although both reacted
very extensively with the surface”. As such, xanthate adsorbs on chalcocite intensively
with the mineral surface being covered quickly by adsorbate. The binding of the adsorbate,
i.e., cuprous ethyl xanthate, and chalcocite is very strong, and the adsorbate cannot be
completely removed by applying a large scan force. Rinsing with ethanol alcohol cannot
extract the adsorbate from the chalcocite surface.

4.2. Effect of the Rank of Xanthate

In froth flotation, the rank of a collector is an important parameter determining the
collectivity and the selectivity of the collector. In general, a xanthate collector with a low
rank has a low collectivity and therefore a high selectivity and vice versa. In the present
work, the effect of the collector’s rank on the adsorption of xanthate on chalcocite has
been studied by using both KEX and PAX as collectors. By comparing Figures 2–5 to
Figures 6–8 and Figures 10–14 to Figures 15–17, one can see that when the collector’s
concentration is the same, PAX adsorbs on the chalcocite surface in much higher surface
coverage and a more uniform layer structure. The formation of cuprous amyl xanthate
occurs at a lower surfactant concentration than that of cuprous ethyl xanthate, and it is due
to a lower solubility product for the former. For example, it was reported that the solubility
product of cuprous amyl xanthate is 8.0 × 10−22 and that for cuprous ethyl xanthate is
5.2 × 10−20 [26,27]. Allison et al. [3] also reported that the percentage of reacted xanthate
increased by one fold with the carbon number of xanthate increasing from 2 to 5 at the
same surfactant concentration. Therefore, the fact that cuprous amyl xanthate forms a
more uniform layer than cuprous ethyl xanthate does is due to the longer hydrocarbon
chain of the former and therefore an increased lateral hydrophobic attraction between
hydrocarbon chains. Therefore, a high-rank xanthate, i.e., PAX, is more powerful than
a low-rank xanthate, i.e., KEX, for the adsorption on chalcocite surface; and therefore, a
highly enhanced flotation collectivity. The same conclusion is also applicable to the case of
the xanthate/bornite system [22].

4.3. Effect of the Concentration of Xanthate

Equation (2) shows that increasing the concentration of xanthate, i.e., the reactant,
facilitates the reaction to proceed rightward, resulting in more reaction product, i.e., CuX,
on the mineral surface. The AFM images obtained in the present work clearly show such a
concentration effect of xanthate. For example, by comparing Figures 2, 3 and 5, one can
easily observe that the surface coverage and the height of the adsorbate (surface roughness)
increase, suggesting that at pH 6 the amount of adsorbate increases greatly when the
concentration of KEX increases from 5 × 10−5 M to 5 × 10−4 M. The same conclusion
can also be drawn for the case of the PAX/chalcocite system. For example, by comparing
Figures 7–9, one can observe that when the concentration of PAX increases from 1 × 10−5 M
to 1 × 10−4 M, the amount of adsorbate increases with the same contact time frame. The
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same concentration effect of xanthate (KEX and PAX) is also observed at pH 10. All these
results show that during a wide pH range in flotation practice, increasing the concentration
of xanthate is beneficial for a high surface coverage of cuprous xanthate, and therefore a
high flotation recovery.

4.4. Effect of Adsorption Time of Xanthate

By comparing Figure 4 to Figure 5, Figure 8 to Figure 9, and Figure 12 to Figure 13, one
can see that when the adsorption time increases from 10 min to 20 min in xanthate solution,
the surface coverage and the height of the adsorbate increase as well as. The same trend is
applicable for both pH 6 and pH 10. It is then concluded from these AFM images that the
adsorption of xanthate on chalcocite increases with the adsorption time. The finding is in
line with a common industrial practice of copper ore beneficiation by adding collectors in
a mill, the objective of which includes increasing the adsorption time and promoting the
adsorption of the collector on the freshly exposed mineral surface.

4.5. Adsorption of Dialkyl Dithiophosphate on Chalcocite Surface

The AFM images of a chalcocite surface in Aerofloat 238 solution at pH 6 for different
contact times are shown in Figures 18–20, from which one can see that dialkyl dithiophos-
phate adsorbs intensively on chalcocite at pH 6. In addition, increasing contact time from
10 min to 20 min increases the amount of adsorbate on the chalcocite surface by increasing
both surface coverage and surface roughness as shown in Table 1. Figures 21–23 are the
AFM images of a chalcocite surface in Aerofloat 238 solution at pH 10 for different contact
times. The figures show that at pH 10 dialkyl dithiophosphate can adsorb intensively on
chalcocite as well, suggesting a wide pulp pH range for the flotation of chalcocite using
Aerofloat 238 as a collector.

Figure 18 shows that there is a lot of adsorbate existing on chalcocite when the mineral
surface contacts the Aerofloat 238 solution and the morphology of the adsorbate, which
shows round and smooth edges, differs greatly from those as obtained with xanthate,
for which the adsorbate is generally precipitates with irregular sharp edges. In addition,
Figure 19 shows that when the mineral surface is scanned with a much larger scan force
being applied to intentionally remove the adsorbate, a 10 µm × 5 µm ‘window’ is shown
in the upper image due to the removal of the adsorbate from the mineral surface under
the applied large scan force. As the ‘window’ area is close to the bare chalcocite surface,
it suggests that the binding strength between the adsorbate and chalcocite is weak, and
the finding is different from the one obtained in Figure 9, which shows a strong binding
strength between the precipitate of cuprous xanthate and chalcocite.

Additionally, as shown in Figure 23, rinsing the chalcocite surface with 10 mL ethanol
after it contacts the Aerofloat 238 solution for 20 min removes the adsorbate almost com-
pletely from chalcocite, and it suggests that the adsorbate is generally an oily substance of
high solubility in ethanol, but not in water.

As to the adsorbate on chalcocite, there have been some studies with different conclu-
sions [11–13]. For example, Goold and Finkelstein [11] reported that only Cu(DTP)2 was
present on copper sulfide. Solozhenkin and Koptsia [12] reported that the products were
both CuDTP and Cu(DTP)2. Chander and Fuerstenau [13] proposed that the oxidation of
DTP− at copper sulfide was a two-step process consisting of the discharge of the DTP− ion to
form a free DTP· radical (DTP− = DTP· + e−) followed by the subsequent reaction of DTP·.
They also claimed that the most probable reaction involving DTP· at copper sulfide were:

Cu2S + (2 − y)DTP· + yDTP− = 2CuDTP + S + ye− (3)

Cu2S + (4 − m)DTP· + mDTP− = 2Cu(DTP)2 + S + me− (4)

Equations (3) and (4) show that CuDTP and Cu(DTP)2 are formed when copper sulfide
is immersed in reagent solutions of dithiophosphate.
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Zinc dialkyl dithiophosphate (Zn(DTP)2) has been widely applied as anti-wear addi-
tives in lubricants. It is characterized as a nonpolar oily liquid at room temperature, which
is insoluble in water. As cupric dialkyl dithiophosphate (Cu(DTP)2) has a similar molecular
structure as that of zinc dialkyl dithiophosphate, Cu(DTP)2 is an oily liquid substance as
well at room temperature. Figures 18–23 clearly show that the adsorbate is generally an oily
substance of high solubility in ethanol, and the finding confirms well with the claim that
Cu(DTP)2 is the adsorbate formed when copper sulfide is immersed in reagent solutions
of dithiophosphate. As such, Cu(DTP)2 is the main adsorbate on the chalcocite surface in
dialkyl dithiophosphate solutions. Of course, CuDTP can also co-adsorb together with
Cu(DTP)2 on chalcocite, but its amount is too sparse to be observed from AFM images
when compared to Cu(DTP)2.

4.6. Adsorption of the Mixture of Xanthate and Dialkyl Dithiophosphate on Chalcocite Surface and
Its Implication for Chalcocite Flotation

In froth flotation, specific chemicals, i.e., collectors or promoters, are added to pulp
to increase the surface hydrophobicity of a target mineral. This will result in the increase
of both attractive hydrophobic force and adhesion force between mineral particles and
bubbles. The former can facilitate a particle/bubble attachment and the latter can retard a
particle/bubble detachment, which are both beneficial for froth flotation.

AFM force measurements [17,21,22] have shown that, compared to insoluble metal
xanthate, an oily substance such as dixanthogen adsorbs on the mineral surface resulting in
a large adhesion force both in magnitude and range between an AFM tip and the mineral
surface, suggesting a strong adhesion between a bubble and a mineral surface, which is
beneficial for better flotation. That is, on the mineral surface, an oily adsorbate is better
than insoluble precipitates when the surface coverage of adsorbate is the same.

The AFM images as obtained in the present work show that xanthate adsorbs on
chalcocite in the form of insoluble cuprous xanthate, while dialkyl dithiophosphate adsorbs
on chalcocite mainly in the form of oily Cu(DTP)2. Figure 24 shows the AFM images of
chalcocite in the mixture of 1 × 10−4 M PAX and 300 ppm Aerofloat 238 solution at pH 6.
One can clearly see that there are two very different types of adsorption morphology. Firstly,
as indicated by the “Red” arrow, the morphology is of oily patches, i.e., Cu(DTP)2, due
to adsorption of dialkyl dithiophosphate; Secondly, as indicated by the “Blue” arrow, the
morphology is of precipitates, i.e., cuprous xanthate, due to the adsorption of xanthate.
Figure 24 shows that xanthate and dialkyl dithiophosphate can co-adsorb with both insolu-
ble cuprous xanthate and oily Cu(DTP)2 on the chalcocite surface. The former increases the
surface coverage of the collector on the mineral surface, while the latter increases the adhe-
sion between a bubble and chalcocite. Clearly, this mixed collectors scheme is beneficial
for an improved flotation of chalcocite. The conclusions obtained from the present AFM
images analysis explain a recent flotation practice of chalcocite, which claims that using
a mixture of xanthate and dithiophosphate collector can largely improve both grade and
recovery of copper flotation concentrate [15].

5. Conclusions

AFM image analysis has been applied to study the adsorption morphology of KEX,
PAX and Aerofloat 238 on chalcocite in situ in aqueous solutions changing with solutions’
chemistry such as collector type and dosage, and pH. AFM images show that: (1) All
these collectors, i.e., xanthate and dialkyl dithiophosphate, adsorb strongly on chalcocite
but in different manners. (2) Xanthate adsorbs mainly in the form of insoluble cuprous
xanthate (CuX), which binds strongly with the mineral surface without being removed
by flushing with ethanol alcohol. This xanthate/chalcocite adsorption mechanism is very
similar to the one obtained with the xanthate/bornite system; while it is different from the
one of the xanthate/chalcopyrite system. (3) On the other hand, dibutyl dithiophosphate
adsorbs on chalcocite in the form of hydrophobic patches, which can be removed by rinsing
with ethanol alcohol. (4) AFM images show that the adsorption of collectors increases
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with increasing adsorption time and collectors’ concentration. (5) Using the mixture of
xanthate and dithiophosphate as a collector can help with the adsorption of collectors on
chalcocite surface, as shown by the co-adsorption images of xanthate and dithiophosphate
on chalcocite, and therefore an improved flotation. The present AFM image analysis work
clarifies the flotation mechanism of chalcocite in industry practice using xanthate and
dialkyl dithiophosphate as collectors.
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Abstract: Liquid–solid fluidized beds have a wide range of applications in metallurgical processing,
mineral processing, extraction, and wastewater treatment. Great interest on their flow stability and
heterogeneous fluidization behaviors has been aroused in research. In this study, various fluidization
experiments were performed by adjusting the operating conditions of particle size, particle density,
and liquid superficial velocity. For each case, the steady state of liquid–solid fluidization was obtained,
and the bed expansion height and pressure drop characteristics were analyzed. The time evolution of
pressure drop at different bed heights can truly reflect the liquid–solid heterogeneous fluidization
behaviors that are determined by operating conditions. With the increase in superficial liquid velocity,
three typical fluidization stages were observed. Accordingly, the flow resistance coefficient was
obtained based on the experimental data of bed expansion height and pressure drop. The flow
resistance coefficient experiences a decrease with the increase in the modified particle Reynolds
number and densimetric Froude number.

Keywords: pressure drop; liquid–solid; fluidized bed; flow resistance coefficient; fluidization
experiments

1. Introduction

Liquid–solid fluidized beds have been widely used in metallurgical processing, min-
eral processing, extraction, and wastewater treatment [1–9] for their excellent fluid–solid
coupling as well as heat and mass transfer performance. Heterogeneous fluidization be-
haviors have recently aroused great interest for the purpose of operation stability and
optimized operating conditions [10,11]. The transition from the homogeneous to hetero-
geneous regime occurs at some critical operating conditions. The intensity of turbulence
is much higher in the heterogeneous regime, resulting in higher rates of heat, mass, and
momentum transfer and better mixing. Such conditions are preferable in many applications.
However, too much turbulence may be detrimental to the performance in operations such
as flotation, causing higher rates of detachment of particles from the bubble surface. There-
fore, an insight into the heterogeneous flow structures of liquid–solid fluidized systems
is critical.

Generally, liquid–solid fluidization systems are homogeneous when compared with
gas–solid systems. As a result, liquid–solid fluidization has received little attention despite
its wide applications. Liquid–solid fluidized beds have unique characteristics, such as
low solid–fluid density ratio, and thus, homogeneous fluidization phenomena have been
frequently observed [12,13]. For small and light particles, particle entrainment occurs easily
in the fluidized state. Severe heterogeneous liquid–solid fluidization phenomena (i.e.,
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particle clustering, bubbling, and velocity fluctuations) occur only under some extreme
conditions [14–22].

In the past few decades, various experiments and numerical simulations have been
carried out to study liquid–solid flow characteristics. The earliest research on the liquid–
solid heterogeneous fluidization phenomenon can be traced back to 1948 when Wilhelm
and Kwauk performed the fluidization of lead particles in water [23]. Later, Di Felice [13]
found that solid–fluid density ratio, particle morphology, particle size, and size distribution
were responsible for heterogeneity. In recent years, experimental techniques have improved
greatly for visualizing multiphase flow fields. Razzak et al. [24–26] measured the liquid
phase holdup and velocity distribution using resistance tomography, whereas the solid
phase holdup was measured using a pressure sensor. The solid phase holdup decreases
with the increase in liquid superficial velocity. Similarly, Zbib et al. [27,28] measured
the particle phase holdup by electrical resistance tomography in a liquid–solid fluidized
bed. Reddy et al. [29] performed flow visualization experiments using particle image
velocimetry. They found that a liquid–solid fluidized bed was a homogenous system for
particle Reynolds number (Ret) in the range of 51–759.

Additionally, computational fluid dynamics (CFD) simulations have great advantages
in investigating the hydrodynamic characteristics of liquid–solid fluidized beds, partic-
ularly for the purpose of scaling up. The accuracy of a CFD model can be validated by
experimental data. An entire flow field can be captured using a CFD simulation, including
turbulence intensity, particle concentration, particle velocity, and particle clusters, which are
beneficial to clarify the fluidization mechanism. Some studies consider the local heterogene-
ity of liquid–solid flow in CFB when calculating the drag force. Liu et al. [30] showed that
compared with experimental data, the multi-scale resistance coefficient model predicted
better particle concentration distribution by taking into account the effect of mesoscale
cluster structure. In addition, Xie et al. proposed an effective resistance closure method for
fluidization of coarse coal particles in transition liquid–solid two-phase flow by clarifying
the relationship between resistance coefficient and Reynolds number, Froude number and
Stokes number. The output prediction is in good agreement with the experimental data [11].

The effects of operating conditions, such as liquid superficial velocity, particle proper-
ties, and fluidized bed structures on fluidization behaviors have been widely investigated
in recent years [31–35]. It is also generally accepted that liquid–particle and particle–particle
interactions play an important role in determining liquid–solid fluidization characteris-
tics [36–40]. However, there is still limited research on heterogeneous fluidization phenom-
ena [41,42]. Moreover, the flow stability and flow resistance in a liquid–solid fluidized bed
have received limited attention [28,43,44].

This study aims to investigate the heterogeneous fluidization and flow resistance in a
square liquid–solid fluidized bed where coarse coal particles and water are the solid and
liquid phases, respectively. Various fluidization experiments were carried out by adjusting
the operating conditions such as particle size, particle density, and liquid superficial velocity.
The bed-expansion height and pressure drop under different conditions were measured and
used to analyze the flow stability and resistance. According to the measured experimental
data, relationships between the flow resistance coefficient and the modified particle Reynolds
number (Res) and densimetric Froude number (Frp) are obtained. To the best of our knowledge,
the experimental data of the bed expansion height and pressure drop obtained can provide
insight into the fluidization mechanism of a liquid–solid fluidized bed.

2. Experimental Design and Procedures

The lab-grade fluidized bed unit shown in Figure 1 is constructed of clear plexiglass
of 100 mm in length, 20 mm in width, and 500 mm in height. A rectangular distributor is
arranged at the bottom of the fluidized bed. The distributor has an opening ratio of 40%
and a pore size of 1 mm. The coal particle samples for the solid phase were purchased
from Pingdingshan Coal Industry Group Co. Ltd., located in Henan, China. Raw coal was
crushed by a laboratory jaw crusher and then sieved to produce two large size fractions
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(0.7 ± 0.1 and 1.25 ± 0.25 mm). Two methods were employed to determine the particle size
of each sample: classical sieve analysis and microscopic static image analysis. These were
further subdivided according to different densities using the ZnCl2 heavy liquid method.
Five density fractions of coal samples (1500 ± 50 and 1700 ± 50 kg/m3) were obtained. As
a result, four different coal particle samples were used in this study. The physical properties
of the coal particles are given in Table 1.
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Table 1. Operating conditions for fluidization experiments.

Scheme Particle Density/kg/m3 Particle
Size/mm Condition/State

1# 1500 ± 50 0.7 ± 0.1 Fluidized bed
2# 1700 ± 50 0.7 ± 0.1 100 mm × 20 mm × 500 mm
3# 1500 ± 50 1.25 ± 0.25 Initial bed height: 100 mm
4# 1700 ± 50 1.25 ± 0.25 Superficial velocity: 0.008–0.04 m/s

The fluidization experiment was carried out as follows. The prepared coal sample is
initially placed on the distribution plate with an initial filling height of 100 mm. Water is
delivered to the bottom of the fluidized bed by a peristaltic pump (WT600-3J) manufactured
by Longer Precision Pump Co., Ltd. (Baoding, China). The flow error of the peristaltic pump
is less than±0.5%. The inlet speed at the bottom of the fluidized bed is controlled by the speed
of the peristaltic pump. When the superficial velocity of the water exceeds the minimum
fluidization velocity, the coal particles leave the distribution plate and are suspended in the
fluidized bed. Then, a ruler is used to record the expansion height of the bed. When the
particle fluidization reaches a steady state, the bed expansion height is measured three times,
and the average value is taken as the final experimental measurement value.

Then, the bed expansion ratio can be calculated as follows:

χ =
H − H0

H0
× 100% (1)
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where χ is the bed expansion ratio, H0 is the initial bed height, and H is the bed height
after fluidization.

Additionally, the pressure drop continues to fluctuate with flow time, even though the
bed height is stable. In this study, four sections, namely, z = 50 mm, z = 100 mm, z = 150 mm,
and z = 200 mm are selected, and the time evolutions of the pressure drop are recorded. The
differential pressure gauge is composed of two pressure-measuring copper tubes, digital
display pressure gauge (Xima AS510) manufactured by Dongguan Wanchuang Electronic
Products Co., Ltd. (Dongguan, China), and rubber hose. The accuracy of the pressure gauge
is ±3 Pa and the resolution is ±1 Pa. When measuring the pressure drop, the pressure drop
at the end of two copper tubes is directly read by the digital differential pressure gauge.
The total duration of pressure drop measurement is 30 s, and a data point is recorded every
0.5 s. Distilled water from the laboratory was employed as the fluidizing medium. The
density and viscosity of water are 998.2 kg/m3 and 0.001 Pa, respectively. The experiments
were performed at a temperature of 20 ◦C under atmospheric conditions.

In this study, 31 groups of fluidization experiments (see Figure 2) were performed
based on the developed fluidized bed equipment. Figure 2 shows the bed expansion ratio
at different superficial velocities for four different coal particles. Two different fluidization
characteristics by particle size are observed. For small coal particles (0.7 ± 0.1 mm), the
bed expansion ratio almost increases linearly with the superficial velocity. Generally, small
particles achieve homogeneous fluidization easier, and the bed height increases uniformly
and does not change abruptly. For large coal particles with sizes of 1.25± 0.25 mm, however,
the linear relationship between bed expansion ratio and superficial velocity is only observed
at low superficial velocity (<0.025 m/s). When the superficial velocity exceeds minimum
fluidization velocity, the bed expansion ratio meets a significant increase, deviating from
the linear growth trend. We guess that this trend may also be applicable to small particles
if the superficial velocity is high enough. As shown in Figure 2, the growth trend of the
bed expansion ratio is accelerated for small particles when the superficial velocity is higher
than 0.02 m/s. Additionally, the bed expansion ratio decreases with the increase in particle
density and particle size. When compared with particle density, the effect of particle size
is more significant. When the superficial velocity is 0.0208 m/s, the bed expansion ratio
decreases from 190% to 37.5% as the particle size increases from 0.7± 0.1 to 1.25± 0.25 mm.
For both particle sizes, particle density has a limited effect on the bed expansion ratio at low
superficial velocity. The particle density effect can only be highlighted at high superficial
velocity. It should be noted that the local solid holdup is still fluctuating even though the
whole bed height is stable. This fluctuation is reflected by the pressure drop of the cross
section and will be analyzed in Section 3.1.
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and 4#.

3. Results and Discussion
3.1. Pressure Drop Characteristics

In this section, the pressure drop was measured at different bed heights when the
steady state of liquid–solid fluidization was obtained, for example, when the average bed
expansion height remained constant. Generally, the pressure drop continues to fluctuate
even though the bed height is stable. Therefore, the pressure drop can be written as

∆p = ∆p + ∆p′ (2)

∆p =
1
t1

∫ t1

0
∆pdt (3)

Then, the fluctuation intensity of the pressure drop can be defined as:

I =

√
(

N
∑
1

∆p′2
)

/N

∆p
(4)

where ∆p′ is the fluctuating pressure drop and ∆p is the time-averaged pressure drop.
Figure 3 shows the time evolution of the pressure drop at different bed heights

and superficial velocities when the particle size is 0.7 ± 0.1 mm and particle density is
1500 kg/m3. The fluctuation of the pressure drop is very small at low flow rates (see
Figure 3A). The calculated fluctuation intensities of the pressure drops are 0.097, 0.049,
0.029, and 0.031, respectively, indicating that the particle fluidization is homogeneous. With
the increase in superficial velocity, however, the heterogeneous fluidization phenomenon
was first observed at the top of the bed, accompanied by significant fluctuations in the
pressure drop (see Figure 3B,C). The possible reason is liquid void motion. Nijssen and
Kramer et al. also observed the formation of voids through experiments and numerical
simulation in the study of liquid–solid heterogeneous fluidization behavior [10]. Small
liquid voids are generated at the bottom of the fluidized bed for low superficial liquid
velocity. These liquid voids will grow in the process of rising up, and finally break up at
the top of the fluidized bed. The liquid void motion and breakage lead to changes in the
local solid phase holdup, which is reflected by fluctuations in the pressure drop. When the
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superficial liquid velocity further increases to 0.0188 m/s (see Figure 3D), the fluctuation
in the pressure drop mainly appears at the bottom of the fluidized bed. Of course, this
is exactly the opposite phenomenon when compared with that at low superficial liquid
velocity. High superficial liquid velocity is often accompanied by high bed expansion
height. However, high superficial liquid velocity may only influence particle fluidization at
the bottom of the fluidized bed, and homogeneous fluidization is observed at the top of the
fluidized bed.
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Figure 3. The time evolution of the pressure drop at different bed heights and superficial velocities
when the particle size is 0.7 ± 0.1 mm and particle density is 1500 kg/m3: (A) νs = 0.0125 m/s;
(B) νs = 0.0146 m/s; (C) νs = 0.0167 m/s; (D) νs = 0.0188 m/s.

When the particle density increases to 1700 kg/m3, the fluidization becomes more
stable at the same superficial liquid velocity (see Figure 4). The fluctuation intensity of
the pressure drop is less than 0.065 when the superficial liquid velocity increases from
0.0125 m/s to 0.0167 m/s. That is to say, heavy particle fluidization is insensitive to the
superficial liquid velocity. In this study, we observed a large fluctuation in the pressure drop
only when the superficial liquid velocity increases to 0.0208 m/s. The pressure drop shows
a periodic trend throughout the fluidized bed, indicating that liquid–solid fluidization
reaches a steady state.
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when the particle size is 0.7 ± 0.1 mm and particle density is 1700 kg/m3: (A) νs = 0.0125 m/s;
(B) νs = 0.0167 m/s; (C) νs = 0.0208 m/s.

Figure 5 shows the time evolution of the pressure drop at different bed heights and
superficial velocities when the particle size further increases to 1.25 ± 0.25 mm. In deter-
mining fluidization behaviors, gravity dominates for large and heavy particles, while drag
force dominates for small and light particles. With the increase in particle size, the fluidized
bed also becomes more stable at the same superficial liquid velocity (less than 0.025 m/s),
although a significant decrease in bed expansion height is observed. Similarly, when the
superficial liquid velocity increases to 0.0292 m/s, a very chaotic pressure drop trend is
monitored, indicating that the local particle concentration varies greatly.

From Figures 3–5, it can be concluded that liquid–solid fluidization behavior is highly
dependent on the superficial liquid velocity, particle size, and particle density. In most
cases, the liquid–solid fluidized bed is in a homogeneous fluidization state. With the
increase in particle size and particle density, the fluidized bed will become more stable.
As the superficial liquid velocity increases, however, the homogeneous fluidization will
change into heterogeneous fluidization. Particle fluidization behavior is controlled by the
drag force, gravity, and the heterogeneous flow structure. For small and light particles, the
drag force is much larger than gravity. As superficial liquid velocity continues to increase,
heterogeneous flow structures, such as liquid voids, may evolve and determine the particle
fluidization behaviors. For the large and heavy particles, gravity is greater than the drag
force at low superficial liquid velocity. As a result, the particles are inclined to stay at the
bottom of the fluidized bed. When the drag force increases to the same level as gravity,
the liquid–solid flow is unstable and will produce oscillations. In the following, we will
provide explanations by analyzing the relative magnitudes of the drag force, inertia force,
and gravity.
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3.2. Drag Force Coefficient

In fluidized beds, the fluid will be accompanied by a pressure drop when passing
through a granular bed due to frictional loss and inertia. Even though the fluidization
reaches steady state, for example, when the bed height is nearly constant, the pressure
drop may still fluctuate because of local changes in the bed voidage. As recommended by
Ergun [45], the pressure drop in a fluidized bed is defined as:

∆p = f
Hv2

0ρl(1− ε)

dsε3 (5)

where ∆p, f , v0, ρl , H, ds, and ε are the pressure drop, drag coefficient, flow velocity, fluid
density, bed height, particle size, and bed voidage, respectively. For a fluidized bed, the
pressure drop can be calculated as follows [46–48]:

∆p = (ρs − ρl)g(1− ε)H (6)

As shown in Equation (6), the pressure drop is determined by the bed voidage and bed
expansion height. Generally, the bed voidage is also one of the most important evaluation
indexes for the fluidization performance. The Richardson–Zaki relation has been widely
used to calculate the bed voidage [48]:

εn =
vs

vt
(7)
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where vs, is the superficial velocity, which can be determined by the flow rate and pipe
diameter; vt is the terminal velocity of an isolated particle in an unbounded fluid. Stokes
has derived the famous expression for the settling velocity of a sphere, now known as
Stokes’ settling velocity vts.

vts =
g

18
(ρs − ρl)ds

2 (8)

Phillip P. Brown and Desmond F. Lawler [49] obtained a new settlement velocity
expression based on 480 data points, which can predict settlement velocity very accurately
when the terminal Reynolds number is less than 4000.

vt = vts
3.13 + Ret

0.682

3.13 + Ret0.682 + 0.409Ret0.682+1/3 + 0.00985Ret0.682+2/3 (9)

In Equation (7), n is the Richardson–Zaki coefficient, which is highly dependent on the
Reynolds number. A number of researchers have modified this correlation. In the literature,
a collection of equations is given to estimate the Richardson–Zaki index n of which the
most popular are presented in Table 2.

Table 2. Richardson–Zaki index equations from literature.

References Equation

Classical Richardson–Zaki
equation [48]

n =





4.65 Ret < 0.2
4.4Re−0.03

t 0.2 ≤ Ret < 1
4.4Re−0.1

t 1 ≤ Ret < 500
2.4 Ret ≥ 500

(10)

General expression [50] n = c1 Rec2
t (11)

Garside and Al-Dibouni
equation [51,52] nL−n

n−nT
= α Reβ

t (12)

Khan and Richardson [53] nL−n
n−nT

= αArβ (13)

In Table 2, the particle Reynolds number Ret under terminal settling conditions and
the Archimedes number Ar can be determined as follows:

Ret =
dsvtρl

µl
(14)

Ar =
gds

3ρl(ρs − ρl)

µl
2 (15)

Kramer et al. [54] obtained a new expression for n based on more ideal fluidization
experiments:

4.8− n
n− 2.4

= 0.043Re0.75
t (16)

4.8− n
n− 2.4

= 0.015Ar0.5 (17)

which improves the accuracy deviation of the Richardson–Zakie equation from 15% to 3%.
Figure 6 shows the relationship between bed voidage and superficial velocity for

the four different coal particle samples. With the increase in superficial velocity, the bed
voidage significantly increases, especially for the small and light particles. The maximum
bed voidage is 0.74 when the particle size is 0.7± 0.1 mm, the particle density is 1500 kg/m3,
and the superficial velocity is 0.0208 m/s. For the large and heavy particles, the bed voidage
is 0.65 even though the superficial velocity increases to 0.0375 m/s. As discussed above, the
linear relationship between bed expansion ratio and superficial velocity was only observed
at low superficial velocities. It can be seen in Figure 6 that there is a power function
relationship between bed voidage and superficial velocity throughout the entire range of
velocities. The goodness of fit (R2) is higher than 0.988. The reliable and straightforward
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voidage prediction model obtained by Kramer et al. [55] in a fluidization system is also a
power function relationship.
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The dimensionless drag force coefficient can be determined as follows:

f =
(ρs − ρl)

ρl

gds

v2
0

ε3 (18)

In addition to the modified particle Reynolds number (Res), the densimetric Froude
number (Frp) is also commonly used in liquid–solid fluidization. These values are defined
as follows:

Res =
ρldsv0

µl

1
1− ε

(19)

Frp =
vs√

(ρs/ρl − 1)gds
(20)

By adjusting particle size, particle density, and apparent velocity, 31 fluidization ex-
perimental datasets (see Figures 2 and 6) were obtained. Figure 7 shows the relationship
between the drag force coefficient and the modified particle Reynolds number. The drag force
coefficient decreases as the particle Reynolds number increases. In this study, the least squares
method is used to fit the experimental data. As reported in the literature, the relationship be-
tween drag coefficient and Reynolds number satisfies a power function [45,56–59]. Therefore,
a power function is considered as the target fitting function in this study. The following
drag coefficient functional relationship is obtained:

f = 44.56Re−0.674
s R2 = 0.9909 (21)
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As shown, the goodness of fit (R2) is higher than 0.99. Additionally, our experimental
data are compared with those reported by Xie et al., who investigated the drag coefficient
correlation for coarse coal particle fluidization in a transitional flow regime [11]. Although
the experimental conditions are different, the calculated dimensionless drag coefficients
agree well with the reported data, thus validating the rationality of our experimental data.
In addition, the regularity of our experimental data is better. Therefore, the proposed drag
force coefficient correlation may have wider application prospects.

The densimetric Froude number is widely used to evaluate the fluidization character-
istics of a liquid–solid fluidization system. As early as 1948, Wilhelm and Kwauk proposed
that the two fluidization states, namely particulate fluidization and aggregative fluidization,
can be distinguished according to the Froude number [17]. The Froude number expresses
the influence of gravity on flow; its physical meaning is the ratio of inertial force to gravity.
A plot of the drag force coefficient versus Froude number is shown in Figure 8. In this
study, the Froude number ranges from 0.12 to 0.43. This means that the fluidization of
coal particles does not belong to particulate fluidization or aggregative fluidization but
is in the transition stage between the two. Generally, the drag force coefficient decreases
with the increase in Froude number. The relationship between drag coefficient and Froude
number also satisfies a power function. However, these functional relationships are related
to particle density and particle size.

As can be seen from Equations (18) and (20), both particle size and density have an
impact on drag force coefficient and Froude number. In the case of a constant apparent
flow rate, the drag force coefficient increases with the increase in particle size and density,
while Froude number decreases with the increase of particle size and density.

In Figure 8, the experimental comparison of 1# and 2# shows that the particle sizes
are both 0.7 mm, and the particle density increases from 1500 to 1700 m3/kg. Compared
with curve 1#, curve 2# deviates to the lower left, indicating that the influence of particle
density on Froude number is greater than the drag force coefficient. The comparison of
test 1# and 3# shows that the particle density is the same, and the particle size increases
from 0.7 mm to 1.25 mm. Compared with curve 1#, curve 3# moves to the lower left with a
larger amplitude, indicating that the influence of particle size on Froude number is greater
than the drag force coefficient.
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4. Conclusions

In this study, the heterogeneous fluidization and flow resistance in a square liquid–
solid fluidized bed were investigated. Various fluidization experiments were performed by
adjusting the operating conditions of particle size, particle density, and liquid superficial
velocity. For each case, the bed expansion height and the pressure drop were measured
and used to analyze the flow stability and flow resistance.

In most cases, the liquid–solid fluidized bed is in a homogeneous fluidization state. With
the increase in particle size and particle density, the fluidized bed will become more stable. As
the superficial liquid velocity increases, however, the homogeneous fluidization will change
to heterogeneous fluidization, which is reflected by fluctuations in the pressure drop.

The relationships between the flow resistance coefficient and the Reynolds number
and Froude number both satisfy a power function. The relationship between the drag
coefficient and Froude number is dependent on particle density and particle size, while
the relationship between the drag coefficient and Reynolds number is independent of
particle density and particle size. The obtained experimental data provide insight into the
fluidization characteristics for liquid–solid fluidized beds. In future work, attention will
focus on the fluidization mechanism of liquid–solid systems.
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Nomenclature

Ar Archimedes number, [-]
ds Diameter of particles, [mm]
f Drag force coefficient, [-]
Fr Froude number, [-]
Frp Densimetric or particle Froude number, [-]
g Gravitational acceleration, [m s−2]
H Bed expansion height, [mm]
H0 Initial bed expansion height, [mm]
I Fluctuation intensity of the pressure drop, [-]
n Richardson–Zaki coefficient, [-]
p Pressure, [Pa]
Ret Particle Reynolds number, [-]
Res Modified particle Reynolds number, [-]
t Time, [s]
νs Superficial velocity, [m s−1]
νt Terminal velocity, [m s−1]
νts Stokes’ settling velocity, [m s−1]
ρs Solid density, [kg m−3]
ρl Liquid density, [kg m−3]
µ Viscosity, [Pa s]
ε Voidage, [-]
χ Bed expansion ratio, [-]
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Abstract: An atomic force microscope (AFM) was applied to study of the adsorption of xanthate on
bornite surfaces in situ in aqueous solutions. AFM images showed that xanthate, i.e., potassium ethyl
xanthate (KEX) and potassium amyl xanthate (PAX), adsorbed strongly on bornite, and the adsorbate
bound strongly with the mineral surface without being removed by flushing with ethanol alcohol.
The AFM images also showed that the adsorption increased with the increased collector concentration
and contact time. Xanthate adsorbed on bornite in a similar manner when the solution pH changed
to pH 10. The AFM force measurement results showed that the probe–substrate adhesion increased
due to the adsorption of xanthate on bornite. The sharp “jump-in” and “jump-off” points on force
curve suggest that the adsorbate is not “soft” in nature, ruling out the existence of dixanthogen,
an oily substance. Finally, the ATR-FTIR (attenuated total reflection-Fourier-transform infrared)
result confirms that the adsorbate on bornite in xanthate solutions is mainly in the form of insoluble
cuprous xanthate (CuX) instead of dixanthogen. This xanthate/bornite adsorption mechanism is
very similar to what is obtained with the xanthate/chalcocite system, while it is different from the
xanthate/chalcopyrite system, for which oily dixanthogen is the main adsorption product on the
chalcopyrite surface. The present study helps clarify the flotation mechanism of bornite in industry
practice using xanthate as a collector.

Keywords: flotation; xanthate; adsorption; bornite; cuprous xanthate; AFM; FTIR

1. Introduction

Flotation has been widely studied as the most efficient separation technique in the
copper extraction industry. The adsorption of the collector on the mineral surface is vital
for a successful flotation process to achieve a recovery. Historically, many works have been
carried out to clarify the adsorption mechanism of collectors on sulfides [1–6].

Compared to other copper minerals, such as chalcopyrite and chalcocite, the adsorp-
tion of collector on bornite has been rarely studied. Allison et al. [3] studied the reaction
products of various sulfide minerals with xanthate solutions. The authors reported that
the measured rest potential of bornite in 6.25 × 10−4 M KEX solution at pH 7 was +60 mV,
and the reaction product of PAX on bornite was cuprous alkyl xanthate. Mielczarski and
Suoninen [7,8] applied XPS and studied the adsorption of potassium ethyl xanthate on
cuprous sulfide. The authors reported that there was a relatively rapid formation of a
well-oriented monolayer of xanthate ions followed by a slow growth of disordered cuprous
xanthate molecules on top of this layer. Buckley et al. [9] investigated the surface oxidation
of bornite by linear potential sweep voltammetry and X-ray Photoelectron Spectroscopy,
and proposed the adsorption products on bornite depended on the solution potential.
Zachwieja et al. [10] studied the electrochemical flotation of the bornite-ethylxanthate
system and reported that KEX reacted with bornite through an electrochemical oxidation
reaction, forming cuprous xanthate between −0.4 v and −0.2 v (SCE, saturated calomel
electrode). Hangone et al. [11] studied the flotation of a bornite-rich copper sulfide ore
using thio collectors and their mixtures, and reported that the highest copper recoveries
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were obtained with the diethyl dithiophosphate (di C2-DTP). Recently, Dhar et al. [12]
investigated the improvement of the copper recovery from Nussir Copper Ore Deposit in
Northern Norway, using the blend of xanthate and dithiophosphate as collectors.

These previous studies have revealed a significant amount of information, such as the
possible reaction product and reaction mechanism of the adsorption of collectors on the
bornite surface. Technically, it is also of great interest to directly obtain the image of the
collector on the bornite surface changing with the pulp chemistry, such as the type and
dosage of chemicals, solution pH and adsorption time. An autoradiography technique was
first applied by Polkin et al. [13] and Plaksin et al. [14] to obtain the images of xanthate
radioactive isotopes absorbed on sulfide minerals. The authors reported that there was a
mosaic distribution of xanthate collectors on the sulfide mineral surface. Later, scanning
tunneling microscopy (STM) was applied by Kim et al. [15] and Smart et al. [16] to collect
surface images for the study of the reaction, i.e., oxidation, reaction and absorption, of
the galena surface under flotation-related conditions. The reported STM images showed
that the pulp chemistry, such as the pH and chemical dosage, impacted the reaction and
its products on the galena surface. Recently, the AFM imaging technique has also been
successfully applied for the in situ study of the adsorption of chemicals on various mineral
surfaces [17–22]. The novel analysis method has greatly expanded the understanding of
the impact of solution chemistry on the collectors’ adsorption on mineral surface and the
flotation mechanism.

In the present investigation, an AFM was applied to obtain the surface morphology
of bornite in KEX and PAX solutions. By comparing the AFM images obtained under
different conditions, such as the collector’s type, dosage and contacting time, we studied
the impact of water chemistry on the adsorption of collectors on bornite. The results will
help answer important questions, such as (1) What is the morphology of the adsorbate on
mineral surface? (2) What is the impact of the collector’s dosage, the contacting time and
the solution pH on the adsorption of the collector on the mineral surface? This information
will help to clarify the reaction and adsorption mechanisms of xanthate on bornite changing
with aqueous solutions, and therefore its impact on bornite flotation.

2. Materials and Methods
2.1. Materials

Research-grade bornite (Cu5FeS4) and chalcopyrite (CuFeS2) were obtained from
Wards Natural Science Establishment Inc. Mineral samples were finely polished by consec-
utively using #800, #1200 and #2400 sandpaper, and then diamond-polishing paste of 10, 5,
2.5 and 1 microns. (MTI Inc., Richmond, CA, USA) Mineral samples were further cleaned
by rinsing thoroughly with ethanol and water. A 1.2 cm × 1.2 cm sample was used for the
surface characterization, i.e., AFM and ATR-FTIR analysis. The DI (deionized) water used
in the present work had a conductivity of 18.2 MΩ·cm−1 at 22 ◦C and a surface tension
of 72.8 mN/m at 22 ◦C. Potassium amyl xanthate (PAX, >98%), potassium ethyl xanthate
(KEX, >98%) and NaOH (>99%) were obtained from Alfa Aesar and used without further
purification. Xanthate solutions were freshly prepared at various concentrations and pH
levels as needed each time right before an experiment was carried out.

2.2. AFM Surface Image and Force Measurements

AFM surface image measurements were carried out with a Digital Instrument Nanoscope
IIID (Veeco, San Jose, CA, USA) AFM using the contact mode at room temperature (22 ± 1 ◦C).
SNL cantilevers were obtained from Veeco (San Jose, CA, USA). Triangular Si3N4 cantilevers
with a nominal spring constant of 0.12~0.58 N/m were used for both AFM imaging and force
measurements. For the force measurements, the separation distance (H) between the probe
and the substrate (bornite plate) was measured by monitoring the deflection of the cantilever.

To study the mineral surface in water, surface image measurements were carried out
after 5 mL DI water was gently injected into an AFM fluid cell. Extreme care was taken to
avoid the entrapment of air in the cell. After force data and surface images were collected
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in water, a 10 mL solution of a specific chemical’s concentration was flushed through the
liquid cell, and the cell was left undisturbed for the adsorption of chemicals on mineral
surface. AFM image analysis and force measurement were commenced after the exposure
of the mineral plate to the chemical’s solution for a specific time. The AFM images as
reported in this study, which were processed by no image modification other than being
flattened, include both height and deflection images obtained in the contact mode. The
same silicon nitride probe used for the force measurement was also applied to obtain the
AFM image of the mineral plate in the solutions at different conditions.

2.3. ATR-FTIR Measurement

A Nicolet 6700 Fourier-transform infrared spectrometer (Thermo Electron North
America LLC, West Palm Beach, FL, USA) equipped with the Smart iTR accessory was used
to collect the mid-infrared spectra. The system was equipped with a liquid-nitrogen-cooled
DTGS KBr detector and a diamond ATR crystal with an angle of incidence of 45◦ to ensure
the signals were detected. First, the mineral was put on the stage with the freshly polished
surface, which was pressed and fastened toward the ATR crystal to collect the background
spectra. Second, the same sample was removed from the stage, and a 5 mL xanthate
solution of different concentrations was carefully dipped onto the fresh surface and left
untouched for a specific time. Third, the mineral sample was tilted to remove most of the
solution and gently blown with ultrapure N2 gas for the removal of residual water. Finally,
the mineral sample was again pressed against the ATR crystal, and the ATR-FTIR spectra
were collected. The intensities in the spectra were shown in a relative value under the
same scale. All spectra were collected at room temperature with no further treatment made
toward the spectra except the baseline correction.

3. Results
3.1. AFM Image of Minerlal Surface in Various Xanthate Solutions

Figure 1 shows the surface images of a bare bornite surface obtained in air. Figure 1A is
the 5 µm × 5 µm height image with a data scale of 20 nm, which shows that the solid surface
was quite smooth despite some scratch lines on the sample surface due to surface polishing.
A smooth bare mineral surface is beneficial for the identification and analysis of the adsorbate
when the surface contacts the solutions of various collectors. Figure 1B is the 3D image of
Figure 1A. Figure 1C is the section analysis of Figure 1A, which confirms that the polished
bornite surface was quite smooth. Figure 1D is the deflection image of Figure 1A with a 10 nm
data scale.
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Figure 1. AFM images of a bornite surface in air. (A) The 5 µm × 5 µm height image with a data scale of 20 nm, (B) the 3D
image, (C) the section analysis (the red arrows indicate the top and the bottom of an average asperity) and (D) the deflection
image with a data scale of 10 nm.

Figure 2 shows the surface images of a bare bornite surface which contacted nanopure
water in an AFM liquid cell for 10 min. Figure 2A is the 10 µm × 10 µm height image, which
shows that the solid surface was still largely smooth, with little adsorbate on the sample
surface detected by the AFM probe. Figure 2B is the 3D image of Figure 2A. Figure 2C is the
section analysis of Figure 2A. Figure 2D is the deflection image of Figure 2A with a 10 nm
data scale.

54



Minerals 2021, 11, 906

Minerals 2021, 11, x FOR PEER REVIEW 5 of 24 
 

 

which shows that the solid surface was still largely smooth, with little adsorbate on the 

sample surface detected by the AFM probe. Figure 2B is the 3D image of Figure 2A. Figure 

2C is the section analysis of Figure 2A. Figure 2D is the deflection image of Figure 2A with 

a 10 nm data scale. 

 

Figure 2. AFM images of a bornite surface soaked in water for 10 min. (A) The 5 µm × 5 µm height image with a data scale 

of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the bottom of an average asperity) 

and (D) the deflection image with a data scale of 10 nm. 

Figure 3A is the height image of a bornite surface which contacted the 5 × 10−5 M KEX 

solution at pH 6 for 10 min. Compared to Figure2A, a significant amount of adsorbate can 

be observed on the bornite when the mineral surface contacted the xanthate solution for 

10 min. Figure 3B is the 3D image of Figure 3A. Figure 3C is the section analysis of Figure 

3A, which clearly shows that the surface roughness increased due to the adsorption. Fig-

ure 3D is the deflection image of Figure 3A with a 10 nm data scale. 

Figure 2. AFM images of a bornite surface soaked in water for 10 min. (A) The 5 µm × 5 µm height image with a data scale
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and (D) the deflection image with a data scale of 10 nm.

Figure 3A is the height image of a bornite surface which contacted the 5 × 10−5 M
KEX solution at pH 6 for 10 min. Compared to Figure 2A, a significant amount of adsorbate
can be observed on the bornite when the mineral surface contacted the xanthate solution
for 10 min. Figure 3B is the 3D image of Figure 3A. Figure 3C is the section analysis of
Figure 3A, which clearly shows that the surface roughness increased due to the adsorption.
Figure 3D is the deflection image of Figure 3A with a 10 nm data scale.
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Figure 3. AFM images of a bornite surface soaked in the 5 × 10−5 M KEX solution at pH 6 for 10 min. (A) The 5 µm × 5 µm
height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the
bottom of an average asperity) and (D) the deflection image with a data scale of 10 nm.

Figure 4A is the height image of a bornite surface, which was in contact with the
1 × 10−4 M KEX solution at pH 6 for 10 min. Compared to Figure 2A, a significant amount of
adsorbate can be observed on the bornite when the mineral surface contacted the 1 × 10−4 M
KEX solution for 10 min. In addition, compared to Figure 3A, the mineral surface became
rougher, suggesting that more precipitates were formed at the solid/liquid interface when the
KEX’s concentration increased from 5 × 10−5 M to 1 × 10−4 M. Figure 4B is the 3D image
of Figure 4A. Figure 4C is the section analysis of Figure 4A, which confirms that the surface
roughness increased due to the adsorption of the collector. Figure 4D is the deflection image
of Figure 4A with a 10 nm data scale.
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Figure 5A is the height image of a bornite surface soaked in the 1 × 10−4 M KEX
solution at pH 6 for 20 min and further rinsed with 10 mL ethanol and 10 mL water
consecutively. The images were finally obtained when the mineral sample contacted the
water. Compared to Figure 4A, it can be observed that the precipitates, as observed from
Figure 4A, still existed on the bornite surface, and were not dissolved or rinsed off the
mineral surface. Figure 5B is the 3D image of Figure 5A. Figure 5C is the section analysis of
Figure 5A. Figure 5D is the deflection image of Figure 5A with a 10 nm data scale.
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Figure 5. AFM images of a bornite surface soaked in the 1 × 10−4 M KEX solution at pH 6 for 20 min and further rinsed
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analysis (the red arrows indicate the top and the bottom of an average asperity) and (D) the deflection image with a data
scale of 10 nm.

Figure 6 shows the AFM images of a bornite surface soaked in the 5 × 10−4 M KEX
solution at pH 6 for 10 min. By comparing Figure 6A, the height image, to Figure 2A,
a significant amount of bornite can be observed after the mineral surface contacted the
xanthate solution. In addition, comparing Figure 6A to Figures 3A and 4A, when the KEX’s
concentration increased, more precipitates formed at the solid/liquid interface, and the
mineral surface became much rougher. Figure 6B is the 3D image of Figure 6A. Figure 6C,
the section analysis of Figure 6A, confirms that the surface roughness increased greatly
when the bornite surface contacted a high concentration of KEX. Figure 6D is the deflection
image of Figure 6A with a 10 nm data scale.

58



Minerals 2021, 11, 906
Minerals 2021, 11, x FOR PEER REVIEW 9 of 24 
 

 

 

Figure 6. AFM images of a bornite surface soaked in the 5 × 10−4 M KEX solution at pH 6 for 10 min. (A) The 5 µm × 5 µm 

height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the 

bottom of an average asperity) and (D) the deflection image with a data scale of 10 nm. 

To verify the adsorption of the KEX on bornite in the solution, after Figure 6 was 

obtained, a 3 µm × 3 µm area was scanned once, applying a much larger scan force to 

intentionally remove the adsorbate. Further, the same position was scanned again in a 5 

µm × 5 µm area, applying a normal scan force. The result is shown in Figure 7. From 

Figure 7A, the height image, a 3 µm × 3 µm ‘window’ can be observed in the center of the 

image due to the removal of some adsorbate from mineral surface under the previously 

applied large scan force. That is, the ‘window’ in the center with a low profile is the bornite 

surface covered by the adsorbate, which was partially removed by the applied large scan 

force. The surrounding area with a high profile is the mineral surface covered by the ad-

sorbate, which was not disturbed by the large scan force. By comparing Figure 7B, the 3D 

image of Figure 7A, to Figure 6B, a pit on the mineral surface can be easily observed, with 

adsorbate covering the surrounding area. Figure 7C, the section analysis of Figure 7A, 

shows the height difference between the ‘window’ (as shown by the green markers) and 

Figure 6. AFM images of a bornite surface soaked in the 5 × 10−4 M KEX solution at pH 6 for 10 min. (A) The 5 µm × 5 µm
height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the
bottom of an average asperity) and (D) the deflection image with a data scale of 10 nm.

To verify the adsorption of the KEX on bornite in the solution, after Figure 6 was obtained,
a 3 µm × 3 µm area was scanned once, applying a much larger scan force to intentionally
remove the adsorbate. Further, the same position was scanned again in a 5 µm × 5 µm area,
applying a normal scan force. The result is shown in Figure 7. From Figure 7A, the height
image, a 3 µm × 3 µm ‘window’ can be observed in the center of the image due to the removal
of some adsorbate from mineral surface under the previously applied large scan force. That is,
the ‘window’ in the center with a low profile is the bornite surface covered by the adsorbate,
which was partially removed by the applied large scan force. The surrounding area with
a high profile is the mineral surface covered by the adsorbate, which was not disturbed by
the large scan force. By comparing Figure 7B, the 3D image of Figure 7A, to Figure 6B, a
pit on the mineral surface can be easily observed, with adsorbate covering the surrounding
area. Figure 7C, the section analysis of Figure 7A, shows the height difference between the
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‘window’ (as shown by the green markers) and the surrounding area being covered with
adsorbate (as shown by the red markers). Figure 7D is the deflection image of Figure 7A with
a 10 nm data scale.
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Figure 8 shows the AFM images of a bornite surface soaked in the 1 × 10−5 M PAX
solution at pH 6 for 10 min. By comparing Figure 8A, the height image, to Figure 2A, some
precipitates can be observed on the bornite when the mineral surface contacted the PAX
solution. Figure 8B is the 3D image of Figure 8A. Figure 8C, the section analysis of Figure 8A,
shows that the surface roughness increased due to the adsorption of PAX. Figure 8D is the
deflection image of Figure 8A with a 10 nm data scale.
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Figure 8. AFM images of a bornite surface soaked in the 1 × 10−5 M PAX solution at pH 6 for 10 min. (A) The 5 µm × 5 µm
height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the
bottom of an average asperity) and (D) the deflection image with a data scale of 10 nm.

Figure 9 shows the AFM images of a bornite surface soaked in 5 × 10−5 M PAX
solution at pH 6 for 10 min. By comparing Figure 9A, the height image, to Figure 2A, a
significant amount of adsorbate can be observed on the bornite when the mineral surface
contacted the 5 × 10−5 M PAX solution for 10 min. By comparing Figure 9A to Figure 8A, it
can be seen that, when the PAX concentration increased from 1 × 10−5 M to 5 × 10−5 M, the
mineral surface became much rougher, with more precipitates forming at the solid/liquid
interface. Figure 9B is the 3D image of Figure 9A. Figure 9C is the section analysis of
Figure 9A, which confirms that the surface roughness increased with the increasing PAX
concentration. Figure 9D is the deflection image of Figure 9A with a 10 nm data scale.
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Figure 9. AFM images of a bornite surface soaked in the 5 × 10−5 M PAX solution at pH 6 for 10 min. (A) The 5 µm × 5 µm
height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the
bottom of an average asperity) and (D) the deflection image with a data scale of 10 nm.

Figure 10 shows the AFM images of a bornite surface soaked in the 1 × 10−4 M PAX
solution at pH 6 for 10 min. By comparing Figure 10A, the height image, to Figure 2A, a signif-
icant amount of adsorbate can be observed on the bornite when the mineral surface contacted
the 1 × 10−4 M PAX solution for 10 min. By comparing Figure 10A to Figures 8A and 9A,
when the PAX concentration increases, the mineral surface became much rougher, with more
precipitates forming at the solid/liquid interface. Figure 10B is the 3D image of Figure 10A.
Figure 10C, the section analysis of Figure 10A, shows that the surface roughness increased
with the increasing PAX concentration. Figure 10D is the deflection image of Figure 10A with
a 10 nm data scale.
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Figure 10. AFM images of a bornite surface soaked in the 1 × 10−4 M PAX solution at pH 6 for 10 min. (A) The 5 µm × 5 µm
height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis (the red arrows indicate the top and the
bottom of an average asperity) and (D) the deflection image with a data scale of 10 nm.

To verify the adsorption of the PAX on bornite in the solution, after Figure 10 was
obtained, a 2 µm × 2 µm area was scanned once, applying a much larger scan force to
intentionally remove the adsorbate. Further, the same position was scanned again in a
5 µm × 5 µm area, applying a normal scan force. The result is shown as Figure 11. As
shown in Figure 11A, the height image, a 2 µm × 2 µm ‘window’ is shown in the center of
the image due to the partial removal of the adsorbate from the mineral surface under the
previously applied large scan force. That is, the ‘window’ in the center with a low profile is
the bornite surface covered by the adsorbate, which was partially removed by the applied
large scan force. The surrounding area with a high profile is the mineral surface covered
by the adsorbate, which was not disturbed by the large scan force. This finding is as that
shown in Figure 7. By comparing Figure 11B, the 3D image of Figure 11A, to Figure 10B, a
pit on mineral surface can be easily observed, with adsorbate covering the surrounding
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area. Figure 11C is the section analysis of Figure 11A, which shows the height difference
between the ‘window’ and the surrounding area covered with adsorbate (indicated by the
red markers). Figure 11D is the deflection image of Figure 11A with a 10 nm data scale. The
adsorbate strongly combined with the mineral surface strongly, and a quite large scan force
had to be applied during the experiment. Therefore, the obtained ‘window’ was slightly
deformed, as shown in Figure 11A.
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Figure 11. AFM images of a bornite surface soaked in 1 × 10−4 M PAX solution at pH 6 for 20 min. (A) The 5 µm × 5 µm
height image with a data scale of 20 nm, (B) the 3D image, (C) the section analysis and (D) the deflection image with a data
scale of 10 nm. The 2 µm × 2 µm blank ‘window’ in the center of the image occurred due to the removal of the adsorbate
from the mineral surface under the intentionally applied large scan force.

Figure 12 shows the AFM images of a bornite surface soaked in the 5 × 10−4 M KEX
solution at pH 10. Figure 12A–C are the height images with a 20 nm data scale obtained
after the mineral surface contacted the KEX solution, respectively, for 5, 10 and 20 min.
Similar to Figure 6, in all the images, a significant amount of adsorbate can be observed on
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the bornite. Figure 12D is the 1 µm × 1 µm (large magnification) height image collected
right after Figure 12C was obtained.
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Figure 12. AFM height images (5 µm × 5 µm) with a data scale of 20 nm of a bornite surface soaked in the 5 × 10−4 M KEX
solution at pH 10 (A) for 5 min, (B) for 10 min, (C) for 20 min and (D) for 20 min (1 µm × 1 µm).

Figure 13 shows the AFM images of a bornite surface soaked in the 1 × 10−4 M PAX
solution at pH 10. Figure 13A–C are the height images with a 20 nm data scale obtained
after the mineral surface contacted the PAX solution, respectively, for 5, 10 and 20 min.
Similar to Figure 10, in all the images, a significant amount of adsorbate can be observed
on the bornite. Figure 13D is the 1 µm × 1 µm (large magnification) height image collected
right after Figure 13C was obtained.
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Figure 13. AFM height images (5 µm × 5 µm) with a data scale of 20 nm of a bornite surface soaked in the 1 × 10−4 M PAX
solution at pH 10 (A) for 5 min, (B) for 10 min, (C) for 20 min and (D) for 20 min (1 µm × 1 µm).

To clearly show the difference of the adsorbate in the morphologies of bornite and
chalcopyrite, the adsorption of xanthate on chalcopyrite was also studied, and the AFM image
is shown in Figure 14. Figure 14A,B were obtained with 5 × 10−4 M KEX. Figure 14C,D were
obtained with 5 × 10−5 M PAX. The AFM images clearly show that there was patch-like
adsorbate on the chalcopyrite surface, which was flat with smooth and round edges. This
morphology fits well with the fact that oily dialkyl dixanthogen is generally insoluble in
water, and the circular boundary is the direct result of the high interfacial tension between
the hydrophobic dixanthogen and water [17,18]. In addition, this adsorbate had a completely
different morphology as the one shown in Figures 3–13.
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Figure 14. AFM images of a chalcopyrite surface in the xanthate solution at pH 6 for 30 min. (A) The 10 µm × 10 µm
deflection image with a data scale of 200 nm at 5 × 10−4 M KEX, (B) the 3D image of (A), (C) the 10 µm × 10 µm deflection
image with a data scale of 200 nm at 5 × 10−5 M PAX and (D) the 3D image of (C).

3.2. AFM Surface Force Measurement

The interaction force (F) between an AFM probe and a polished bornite plate is
measured when the plate contacts various PAX solutions at pH 6 for 10 min. Using an
AFM force measurement, one can obtain both the approach force curve and the retract
force curve, which are shown as Figures 15 and 16, respectively.
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Figure 15. The approach force (F) measured between an AFM probe and a bornite plate soaked in
solutions at pH 6 as a function of the separation (H) between the probe and the plate by applying an
AFM force measurement. (∆) in water; (×) in the 1 × 10−5 M PAX solution, (o) in the 5 × 10−5 M
PAX solution and (�) in the 1 × 10−4 M PAX solution. The inlet (♦) shows the approach force curve
obtained with CuFeS2 in the 5 × 10−5 M PAX solution.
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Figure 16. The detach force (F) measured between an AFM probe and a bornite plate soaked in
solutions at pH 6 as a function of the separation (H) between the probe and the plate by applying an
AFM force measurement. (∆) in water, (×) in the 1 × 10−5 M PAX solution, (o) in the 5 × 10−5 M
PAX solution and (�) in the 1 × 10−4 M PAX solution. The inlet (♦) shows the detach force curve
obtained with CuFeS2 in the 5 × 10−5 M PAX solution.
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Figure 15 shows that the approach force curves measured in water and various PAX
solutions were similar to each other. The “jump-in” occurred where the separation was less
than 5 nm, which was within the range of the van der Waals force. Figure 16 shows that
the detach force measured between an AFM probe and bornite surface in water was about
3 nN. The value increased slightly to 4 nN when in the 1 × 10−5 M PAX solution. Further
increasing the concentration of the PAX solution did not significantly change the detach
force. The fact that the “jump-off” point was sharp and that the “jump-off” point occurred
where the separation was close to 0 nm suggest that the adsorbate is physically rigid in
nature. The inlet shows the detach force curve obtained with CuFeS2 in 5 × 10−5 M PAX
solution, and the detach force was about 5.2 nN. The fact that the “jump-off” point was
not sharp and that the “jump-off” point occurred at above 50 nm confirms that the oily
dixanthogen is deformable.

3.3. AFT-FTIR Results

Figure 17 shows the ATR-FTIR spectra of the adsorbate on bornite after the mineral
surface 5 × 10−4 M KEX solution at pH 6 for 1 h. On the spectra, the main peaks shown at
1195 cm−1 and 1126 cm−1 were due to the bonds of C-O-C, and the peaks at 1049 cm−1 and
1032 cm−1 were due to the bonds of S-C-S. The results are in line with the FTIR spectra of
cuprous xanthate as reported by Poling [23] and Leppinen et al. [24]. That is, the obtained
FTIR spectra, as shown in Figure 17, confirms that the adsorbate on bornite in xanthate
solutions is essentially CuX, with no dixanthogen detected.
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4. Discussion
4.1. Adsorption of Xanthate on Bornite Surface

As shown in Figures 3–13, a significant amount of adsorbate can be observed on the
bornite surface when it contacted xanthate solutions for a specific time. The roughness analysis
of the AFM images of a bornite surface in xanthate solutions is summarized and listed as
Table 1. In general, during the same timeframe, i.e., 10 min, surface roughness increased
when the concentration of xanthate increased. For example, at pH 6, when the concentration
of KEX increased from 5 × 10−5 M to 1 × 10−4 M, the roughness Ra value increased from
1.919 nm to 2.372 nm, and the value increased to 2.412 nm when the concentration was further
increased to 5 × 10−4 M. A similar trend was also observed for the case of PAX, although
the change in values was not as significant as the one as obtained with KEX. The change
of the morphology of the bornite surface cannot be attributed to the reaction of the mineral
surface with water, because the AFM images obtained with the addition of xanthate solutions
are completely different from those shown in Figure 2, which were captured within same
timeframe. Therefore, the adsorbate shown in Figures 3–13 must be due to the adsorption of
xanthate at the bornite/liquid interface.

Table 1. Roughness analysis of the AFM images of a bornite surface in xanthate solutions.

Xanthate pH Concentration (M) Image Source Ra(Sa) (nm) * Rms(Sq) (nm) **

KEX 6 5 × 10−5 M Figure 3 1.919 2.596

KEX 6 1 × 10−4 M Figure 4 2.372 3.072

KEX 6 1 × 10−4 M Figure 5 2.412 3.225

KEX 6 5 × 10−4 M Figure 6 4.529 5.866

PAX 6 1 × 10−5 M Figure 8 0.665 0.861

PAX 6 5 × 10−5 M Figure 9 0.684 0.897

PAX 6 1 × 10−4 M Figure 10 0.777 1.016

KEX 10 5 × 10−4 M Figure 12A 2.664 3.907

KEX 10 5 × 10−4 M Figure 12B 3.166 4.441

KEX 10 5 × 10−4 M Figure 12C 3.464 4.734

PAX 10 1 × 10−4 M Figure 13A 2.737 3.570

PAX 10 1 × 10−4 M Figure 13B 2.846 3.723
PAX 10 1 × 10−4 M Figure 13C 2.792 3.655

Note: * Ra(Sa): arithmetic average of the absolute values of the surface height deviations. ** Rms(Sq): root mean square average of height
deviations taken from the mean image data plane.

The adsorption of metal xanthate with a low solubility and the oxidation of xanthate
into dixanthogen on a sulfide mineral surface in an aqueous solution, as summarized by
Leja [5] and Woods [6], are generally considered the main mechanisms for the increase in
hydrophobicity of sulfide minerals in flotation. Previous AFM studies with chalcopyrite
and pyrite [17–19] have shown that the adsorbed dixanthogen on sulfides in an aqueous
solution demonstrates patches with smooth and round edges, which fits well with the
fact that oily dixanthogen is generally insoluble in water and that the circular boundary
is the direct result of the high interfacial tension between hydrophobic dixanthogen and
water. In addition, under ambient conditions, i.e., room temperature and normal pressure,
dialkyl dixanthogen is usually in a liquid form with a low melting point. [25] During
an AFM scanning process, a minimal force must be applied because of the softness of
dixanthogen [17–19]. In this investigation, as shown in Figures 3–13, the adsorbate had
no smooth and round edges, and the morphology was completely different compared to
that observed for dixanthogen, which is shown in Figure 14. In addition, the adsorbate
on the bornite surface was not ‘soft,’ and its morphology was not disturbed, even under
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an elevated scan force. For example, as shown in Figures 7–11, a large scan force must be
applied to remove the adsorbate and open a ‘window’ in the center of the AFM image. In
addition, Figures 15 and 16 show that the adsorbate on the bornite in the xanthate solution
was rigid, with sharp “jump-in” and “jump-off” points on the force curves. Therefore, we
ruled out the possibility that observed adsorbate on the bornite was dixanthogen.

This finding, as obtained from the AFM imaging analysis results, is in line with
what has been previously reported. For example, Allison et al. [3] reported that xanthate
adsorbed on bornite in the form of metal xanthate with low solubility, i.e., CuX. It has been
suggested that the final adsorption products on sulfides are highly associated with the
semiconductor type of sulfide minerals. That is, dixanthogen is usually formed on n-type
minerals, while metal xanthate is observed on p-type minerals. Bornite is classified as a
p-type mineral [26], which favors the formation of metal xanthate.

According to Buckley et al. [9], the adsorption of xanthate on bornite is an electro-
chemical process depending on the potential. When the potential is above −0.35 v, bornite
is oxidized in water and yields an iron–free copper sulfide, the reaction of which is shown
as follows:

Cu5FeS4+3H2O=Cu5S4+Fe(OH)3+3H++3e (1)

Comparing Figures 1 and 2, the bornite surface that contacted the water was rougher
than the surface that contacted air. In the present investigation, the solution potential was
not controlled, and the potential value of DI water was higher than −0.35 V. These results
suggest that the bornite surface will undertake oxidation reaction to some extent when it
contacts water following the reaction, as shown by Equation (1).

Zachwieja et al. [10] also proposed that the adsorption of xanthate on bornite is due to
the following simplified anodic reaction simplified, introducing insoluble cuprous xanthate
on the bornite surface:

Cu5S4+nX−=nCuX+Cu5−nS4+ne− (2)

That is, xanthate adsorbs on bornite mainly in the form of insoluble cuprous xanthate
at a low solution potential. The production of dixanthogen on bornite occurs only when
the potential is above the rest potential of X/X2 couple. In the present study, the solution
potential was not controlled, and the value was generally below −0.1 V. In addition, as
mentioned before, no noticeable dixanthogen was observed from the obtained AFM images.
Therefore, the adsorbate, as shown in Figures 3–11, is mainly cuprous alkyl xanthate with a
low solubility.

In addition, the ATR-FTIR results of the adsorption of KEX on bornite show that
the main peaks on the obtained spectra were at 1195 cm−1 (C–O–C), 1126 cm−1 (C–O–C),
1049 cm−1 (S–C–S) and 1032 cm−1 (S–C–S) (Figure 16). The results are almost identical
to those that have been reported for the FTIR spectra of CuX by Poling [23] and Lep-
pinen et al. [24]. In addition, the fact that the characteristic peaks of ethyl xanthate dixan-
thogen (X2), namely those at 1020 cm−1 and 1260 cm−1, were not observed on the spectra
as obtained rules out the existence of X2 on the bornite surface. Therefore, the irregular
adsorbate, as shown in Figures 3–11, is basically insoluble cuprous xanthate (CuX). In this
sense, the adsorption behavior of xanthate on the bornite is very similar to the adsorption
behavior applicable for the case of chalcocite/xanthate systems [20].

4.2. Effect of the Hydrocarbon Chain of Xanthate

In froth flotation, the rank and concentration of a collector are two important parame-
ters in determining the collectivity and selectivity of the collector. In general, a xanthate
collector with a high rank has a high collectivity and, therefore, a low selectivity, and vice
versa. In the present work, the effect of the collector’s rank on the adsorption of xanthate
on bornite was studied using both KEX and PAX as collectors. Figures 3–11 show that,
when the collector’s concentration is constant, PAX adsorbs on the bornite surface with a
significantly higher surface coverage and a more uniform layer structure. This can be at-
tributed to the fact that the formation of cuprous amyl xanthate occurs at a lower surfactant
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concentration than that for cuprous ethyl xanthate because of the lower-solubility product
of cuprous amyl xanthate. For example, it has been reported that the solubility product
of cuprous amyl xanthate and cuprous ethyl xanthate is 8.0 × 10−22 and 5.2 × 10−20, re-
spectively. [27,28] Allison et al. [3] also reported that the percentage of reacted xanthate
increased by one-fold, with the carbon number of xanthate increasing from 2 to 5 at the
same surfactant concentration. Therefore, the fact that cuprous amyl xanthate forms a more
uniform layer than cuprous ethyl xanthate is due to the longer hydrocarbon chain of the
former and, therefore, an increased lateral hydrophobic attraction between hydrocarbon
chains. Therefore, the higher-rank xanthate, i.e., PAX, is more powerful than the lower
rank-xanthate, i.e., KEX, for adsorption on the bornite surface. Therefore, the higher-rank
xanthate provides a highly improved flotation collectivity.

Allison et al. [3] observed that “no product of reaction with the methyl and ethyl ho-
mologues could be detected, although both reacted very extensively with the surface.” They
further explained this by stating that “the reaction products are not detected because the lower
homologues of cuprous xanthate are extremely insoluble in CS2 and most other solvents and
consequently are not extracted from the surface.” As shown in Figures 3–7 obtained with the
present work, the KEX did adsorb on the bornite intensively, with the mineral surface being
fully covered. The binding of the adsorbate, i.e., cuprous ethyl xanthate, and bornite is very
strong, and the adsorbate was not removed even after applying a large scan force. In addition,
Figure 5 shows that the adsorbate was not extracted from the bornite surface by rinsing with
ethanol alcohol.

4.3. Effect of the Concentration of Xanthate

According to Equation (2), increasing the concentration of xanthate, i.e., the reactant,
makes the reaction moves in the normal direction, resulting in more reaction product, i.e.,
CuX, produced on mineral surface. This concentration effect of xanthate is clearly shown
in the AFM images obtained with the present work. For example, Figures 3, 4 and 6 clearly
show that the amount of adsorbate increases greatly in surface coverage and the height of
the adsorbate, when the concentration of KEX increases from 5 × 10−5 M to 5 × 10−4 M.
The same conclusion can also be drawn for the case of PAX. By comparing Figures 8–10,
one can see that when the concentration of PAX increases from 1 × 10−5 M to 1 × 10−4 M,
the amount of adsorbate increases at a same contacting time.

4.4. Effect of Adsorption Time

Figures 6, 7, 10 and 11 show that the height of the adsorbate and the surface coverage
increased when the adsorption time increased from 10 min to 20 min in the xanthate
solution at pH 6. In addition, as shown in Figure 12A–C and Figure 13A–C, the adsorption
increased when the adsorption time increased from 5 min to 10 min and further to 20 min
in the xanthate solution at pH 10. The trend was much more evident in the case of KEX.
All these images clearly show that the adsorption of the xanthate on bornite increased with
the adsorption time. The finding is in line with a common industrial practice of copper
ore beneficiation, which involves adding collectors in a mill to increase the adsorption
time, as well as the benefit from the adsorption of the collector on the freshly exposed
mineral surface.

4.5. Impact of Xanthate on Bornite Flotation

In froth flotation, specific chemicals, i.e., collectors or promoters, are added to the pulp
to increase the surface hydrophobicity of a target mineral. This results in the increase of
both the attractive hydrophobic force and the adhesion force between the mineral particles
and bubbles. The former can facilitate a particle/bubble attachment, and the latter can
retard a particle/bubble detachment, which are both beneficial for froth flotation.

According to Cassie’s equation [29]:

cosθ=f1cosθ1+f2cosθ2 (3)
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where θ1 is the contact angle for component 1 with a surface area fraction f 1, θ2 is the
contact angle for component 2 with surface area fraction f 2 and θ is the contact angle of the
composite material. In addition, f 1 + f 2 = 1 for the case of the adsorption of the collector on
the bornite surface, assuming that component 1 is the bare bornite and component 2 is the
adsorbate, i.e., CuX, θ2 should be larger than θ1. Therefore, increasing f 2 and/or θ2 will
increase θ, i.e., the hydrophobicity of bornite with adsorbate, resulting in a better flotation.

In the present study, as shown in the AFM images, it is clear that xanthate can
effectively adsorb on a bornite surface, as xanthate showed an almost full coverage at
a concentration above 1 × 10−5 M PAX. This suggests that the adsorption of cuprous
xanthate resulted in a large f 2, which is beneficial for a large θ. Increasing the dosage of
xanthate and adsorption time will increase the cuprous xanthate’s surface coverage, i.e., f 2,
and it is also beneficial for to increase the surface hydrophobicity.

The force measurement results show that the detach forces measured in the xanthate
solutions were larger than the force measured with water. In general, a large detach force
suggests a large adhesion between a probe and substrate through the media. Following the
Derjaguin approximation [30], it is predicted that a larger adhesion force will be achieved
when the probe/liquid/bornite interfacial tension increases. In the present investigation,
the Si3N4 AFM probe was inert in water, and it did not directly react with xanthate.
Therefore, the surface energy of the Si3N4 probe did not change. In addition, in the present
study, the surface tension of water media remained the same because the short-chain
xanthate surfactant was used at a very low concentration. Therefore, the increase in
the detachment force, as shown by the AFM force measurement, was mainly due to the
increase of the interfacial tension between bornite and water, suggesting an increase in the
hydrophobicity of bornite because of the adsorption of the cuprous xanthate on the mineral
surface. We also suggest carrying out an AFM “colloid force” measurement by directly
measuring the interaction force between a hydrophobic “colloid probe” and the adsorbate
on bornite surface. The results will help to better understand the interaction between a
bubble and a bornite particle in xanthate solutions in froth flotation. Such an investigation
of force measurement, which is beyond the scope of the present study, is recommended for
a future work.

5. Conclusions

AFM surface image measurements were applied to study the adsorption of xanthate
on bornite in an aqueous solution in situ. The AFM images showed that the xanthate ad-
sorbed on the mineral surface strongly when bornite contacted the KEX and PAX solution.
The ATR-FTIR result confirms that that the adsorbate was essentially cuprous xanthate.
Increasing the hydrocarbon chain length of xanthate increased the collectivity of the collec-
tor by increasing the surface coverage of the cuprous xanthate on the mineral surface at a
lower concentration. Both increasing the chemical dosage and increasing the adsorption
time will increase the surface coverage of CuX on mineral surface, which contributes to a
better flotation by increasing the surface hydrophobicity of bornite.
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Abstract: The purpose of this paper is to analyze a modern and unique technological system pro-
ducing common aggregates at the Imielin Dolomite Mine. The installation was built on the basis
of inventions of AGH UST and consists of an impact crusher, innovative screens WSR and WSL,
light fraction separator SEL and hard fraction separator SET, low-pressure hydrocyclone NHC and
infrastructure. The study was carried out on the crusher and screen on the example of production of
aggregates with grain size 8–16 mm from dolomite, granite, limestone, sandstone, and gravel. The
results showed that cubic aggregates with a low content of irregular grains of less than 1% can be
produced in this technological system.

Keywords: regular aggregate; innovative installation; separation

1. Introduction

Requirements for aggregate quality and minimization of energy consumption pose
increasing challenges for raw material processing plants. A demanding market may in
future require large quantities of products with narrow grain size distribution and specific
grain shapes. The physical and chemical properties of the material, such as density, hard-
ness, strength, and structure, depend on the place of exploitation (the origin of the raw
material), and therefore, are generally invariable in the processing operations in mineral
processing. On the other hand, specific particle size and shape or surface structure are
achievable depending on the processing methods used during their manufacture (espe-
cially crushing) and can directly affect other properties [1–3]. The most important rock
raw materials for civil engineering are fractured aggregates produced from magmatic,
sedimentary, and metamorphic rocks [4–6]. The protection of the earth’s natural resources
and the increased use of industrial wastes have resulted in parallel research on the use of
recycled and artificial aggregates [7]. Aggregates of the highest quality (e.g., basalt, mela-
phyre) are used in various branches of construction. The created precast elements that carry
enormous dynamic loads, are subject to direct abrasion and adverse weather conditions.
These structures should be made of aggregates with low abrasiveness, high strength, and
resistance to water and frost. In addition, these aggregates should be characterized by
particle shape close to spherical or cubic, sharp edges and rough fracture surfaces. All
types of aggregates are commonly used for road pavement layers and structural elements
of all types of concrete [8–12].

In the ongoing scientific research on the issues of mineral aggregate production [13,14],
it has been noted that the hardness of the raw rock affects its shape. In general, the more
compact the raw material, the more difficult it is to obtain cubic particles from it [15–18].
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Moreover, in the finer fractions of the crushing products, the largest number of elongated
and flat grains is obtained. Therefore, it is advisable to use impact crushers (e.g., with a
vertical shaft) at the final stages of crushing. As the crushing rate increases, the percentage
of irregular (especially in fine fractions) aggregates also increases, thus crushers should
be operated at a crushing rate that is not too high. However, all of these important
factors influence the necessity to expand and use multi-stage systems, which usually lead
to increasing both the investment and operating costs. There are many studies on the
influence of grain geometry on the parameters (such as grinding ability) and properties
of aggregates and materials made from them [19–22]. However, there is no data on how
to produce cubic aggregates with a proportion of up to 100% apart from publications
and patents by the author Gawenda et al. [14,23–26], and a few publications on how to
increase the proportion of regular grains [13,27,28], especially in the industrial utilization
of aggregate products in building industry [29–31].

Full-Scale Prototype of an Innovative Technological Circuit

In order to increase the quality of aggregates and reduce the number of crushing stages,
research was undertaken as part of the implementation of the NCBiR application project:
Action 4.1 of the Operational Programme Intelligent Development 2014–2020. HTS Gliwice
in cooperation with scientific and research units (AGH in Krakow, ICIMB Łukasiewicz
Research Network) built a full-scale prototype of an innovative technological system for
refining mineral aggregates. The tests were carried out in real conditions. The installation
of the technological system was placed in the Imielin Dolomite Mine and consisted of
crushing, enriching, and classifying machines, as shown in Figure 1.
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The process line includes:

I. Formator, which is an installation for the production of regular and irregular fractions
consisting of: Impact crusher, three-deck rotary specialized vibrating screen (WSR),
three-deck linear specialized vibrating screen (WSL), infrastructure (feeding and buffer
cages, control and power supply, belt conveyors, chutes, pumps);

II. Light contaminant separator (SEL);
III. Separator of difficult-to-separate fractions (SET);
IV. Low pressure hydrocyclone (NHC).

A schematic of the pilot plant used for process testing on an industrial scale is shown
in Figure 2. This is the unique plant in the world that includes the production of innovative
refined aggregates with regular grains in the range of 2–8 mm and 8–16 mm and a sand
fraction of 0.1–2 mm.
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Figure 2. A simplified flow diagram of the installation for the mineral aggregates refinement in the
Imielin Dolomite Mine.

The aim of this paper is to present the operation of the Formator technological system
that produces 8–16 mm class of shaped aggregates (regular particles = RP) from various rock
materials. The analyzed system consisting of an impact crusher and a WSR screen is marked
on the technological diagram with a dashed line (Figure 2). It was built in accordance with
the concept of the patent PL-231748B1. The assumption for the construction of this system
was the possibility of producing aggregates with a content of non-formed grains (irregular
particles = IP) below 3%, which is not possible in conventional technological systems.

Table 1 provides a brief comparison of an innovative device with a typical device.
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Table 1. Advantages and disadvantages of the innovative and ordinary screens in the technological
system for the production of regular aggregates.

Innovative Screen Machine Typical Screen Machine

Possibility of separation of regular aggregates with a low
content of irregular grains <3%.

Lack of possibility of separation of regular aggregates. To
achieve this effect, it would be necessary to build two screens

sited one behind the other and connected by chutes or conveyor
belts, which generates investment costs and the need for land

area for development (Gawenda T. 2019: Equipment layout for
production of molded aggregates Patent No. PL233689 B1, AGH
in Krakow). The first screen separates narrow grain classes and
the second screen on slot screens separates aggregates by shape.

The final (over-screen) products have a low content of sub-grain
up to 2%. Sub-grain content in products up to more than 10%.

The use of a screen in the crushing system eliminates one
crushing stage in the production of cubic aggregates due to the

screening of irregular grains, which can be re-grinded.

Need to divert all of the material to regrind to improve
aggregate cubicity.

The need to sow narrow fractions to separate them into regular
and irregular grains, which increases the number of beds, but

then there is the possibility of separation of the narrow fractions,
which stabilizes the uniform composition of the aggregate mix.

The fractions are not separated into regular and irregular grains,
but to separate more narrow fractions the number of decks also

needs to be increased.

Need for larger screening area (30% larger screen) or
reduced capacity. Higher efficiency.

Need to provide higher toss ratio (min. of 6 g) to eliminate
clogging of the screen mesh. Lower toss ratio.

2. Materials and Methods

Characteristics of the technological unit-Formator.

2.1. Impact Crusher

The KU 80/120 impact crusher used in the technological system (Figure 3) was selected
due to its advantages related to obtaining products with a lower content of irregular grains
and higher strength of aggregates in comparison with products obtained from cone and
jaw crushers [27]. Crushing occurs mainly due to the impact of material grains by the
rotating slats attached to the rotor and the impact of the material accelerated by the slats
on the stationary breaker plates. The adjustable gap between the rotor and plates allows
for the adjustment of the size of the obtained fractions to the needs of the user. Properly
selected materials, of which the slats and stationary plates are assembled, ensure their
high resistance to abrasion, thanks to the low operating costs that the user incurs. Table 2
presents the characteristics of the crusher.

Table 2. Characteristics of the KU 80/120 crusher.

Name Unit Value

Inlet Size [mm] 800 × 1170
Rotor diameter [mm] 1110

Rotor length [mm] 1150
Capacity (maximum) [t/h] 450
Feed grain size range [mm] 0–700
Hard feed grain size [mm] 0–400

Crusher weight [kg] 11,851
Rotor weight [kg] 4136

Crusher drive power (max.) [kW] 250
Rotor Speed I [rpm] 529
Rotor Speed II [rpm] 670
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2.2. Specialized Rotary Vibrating Screen (WSR)

Specialized rotary vibrating screen (WSR 3-2.0/6.0) (Figure 3) is a machine designed
for screening the excavated material with transversely tensioned screens. The aggregate
delivered to the screen deck is subjected to circular harmonic vibrations, where the material
is periodically lifted under the force of gravity and moves along the screen deck. The
elements causing the circular motion vibrations are rotating eccentric (shaft and inertial)
masses. The vibrating force is directed at an angle of 15◦ to the base of the screen. The
structure of the screen is shown in a schematic diagram in Figure 4. The technical char-
acteristics are provided in Table 3. The screen is built in accordance with the concept of
invention patented by AGH. It is an atypical screen (specialized) since it has three decks
and produces six fractions. Its characteristic feature is first screening the feed material into
fractions of 8–12 and 12–16 mm with the use of two decks equipped with square mesh
screens, and then separating the irregular grains from the regular ones with the use of slot
screens (rectangular mesh) (Figure 2). In the oversize-screen products, form aggregates are
obtained, which, when joined together, form the innovative 8–16 mm RP (regular particles)
products. In the undersize-screen products of these deposits, products with an increased
proportion of 8–16 mm IP irregular particles are obtained after merging. Moreover, this
screen separates the 0–8 mm fraction, which is fed to another specialized WSL screen, also
to obtain the shaped aggregates. The fraction above 16 mm is a typical commercial product.
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Table 3. Characteristics of the WSR 3-2.0/6.0 rotary screen.

Name Unit Value

Sieve dimensions [mm] 6000 × 2000
Working frequency [Hz] 16.6
Maximum stroke [mm] 9

Angle of screen inclination [◦] 15
Drive power of screening unit [kW] 30

Motor rotation [rpm] 980
Maximum efficiency [t/h] 350

Screen deck 1 [mm] half deck-16 × 16 mesh,
half a deck-blank screen

Screen deck 2 [mm] half deck-12 × 12 mesh
half deck-10 × (60) 75 gap

Screen deck 3 [mm] half a deck-8 × 8 mesh
half deck-8 × (50) 60 gap

3. Results and Discussion
3.1. Tests on Different Types of Raw Materials

The raw materials selected for testing were various in terms of lithology and grain size
distribution. Triassic dolomite, Triassic limestone, sandstone from the Carpathian flysch,
gravel of river origin, and granite from the Central Sudety region were used. The graph
(Figure 4) presents the particle size distribution curves of the feeds sent for crushing in the
impact crusher.

Analyzing the grain size composition of the feed material (Table 4), it should be
emphasized that the finest grain size range is the river gravel 0–63 mm and the largest
share of coarse grains by limestone is in the range 14–80 mm. The content of out-of-form
grains measured with a Schultz caliper in accordance with PN-EN 933-4:2008 [32] (SI shape
index) in the feed varied and ranged from about 18% for dolomite to 25% for sandstone.

Table 4. Characteristics of raw materials and operation of the crusher.

Raw Material
Feed Grain Size

[mm]

Shape Index SI [%] Comminution Degree
Crusher Throughput

[t/h]Feed Crusher
Product S90 S50

dolomite 20–80 17.8 14.9 2.8 6.7 80
sandstone 25–80 25.3 13.5 2.8 4.2 80

gravel 0–63 24.3 13.6 1.8 3.3 60
granite 14–80 20.0 15.7 2.2 3.9 100

limestone 14–80 18.6 13.7 3.4 6.0 100

The raw material was crushed using an impact crusher at a rotation speed of 529/min.
The outlet gaps between the strips and the impact plates were 20, 40, and 60 mm. The finest
grades (S50) obtained were highest for dolomite and limestone (about 6) and lowest for
gravel, which is related to the grain size of the feed. The particle size distribution curves of
the crusher products are shown in Figure 5.

Table 5 summarizes the content of irregular grains in different fractions of products
obtained from the impact crusher. The content of non-formed grains was measured using
slotted sieves in accordance with the PN-EN 933-3:2012 [33] standard (flakiness index
FI), with grains below 4 mm (outside the scope of the standard) included in the analysis
for the purposes of the project. The formed irregular grains in the crushing process
depend mainly on the physical and mechanical properties of the raw material (hardness,
flakiness, toughness, structure, texture), but also on the type of crusher and its technical and
technological parameters [34]. Therefore, it can be seen (Table 5) that the highest proportion
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of irregular grains (from 15–25%) was observed in the finest fractions of 2–8 mm. This is a
known phenomenon that aggregate producers have problems with, as the fine commercial
grades are the most difficult to meet the standard requirements. The objective of this project
was to reduce the content of unshaped grains to at least 3% in the Formator installation.
The proportion of irregular grains also depends on the comminution degree of the raw
material. It was observed that the highest content of irregular grains in the 2–8 mm class
(FI = 25% sandstone, FI = 24% dolomite) was obtained for high comminution degree S50
values 6.7 and 4.5, and the lowest values FI = 15% (gravel), FI = 17% (granite) for the lowest
comminution degree S50 values 3.3 and 3.9. Similar trends are found for the wider grain
fraction 2–16 mm where the highest FI ratios are found for dolomite 17.8%, sandstone
16.2%, and limestone 15.2%. Here, the raw materials were crushed at the highest values of
comminution degrees (Tables 4 and 5).
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Figure 5. Particle size distribution curves of five comminution products in an impact crusher directed
to the WSR screen.

Table 5. Contents of irregular grains in individual fractions obtained in an impact crusher.

Crusher Product
[mm]

Flakiness Index FI [%]

Dolomite Sandstone Gravel Granite Limestone

2–8 24.0 25.0 15.3 17.0 18.9
8–16 9.8 9.7 10.8 10.3 11.1
2–16 17.8 16.2 13.0 13.7 15.2

2–31.5 14.9 13.5 13.6 15.7 13.7

The products obtained after crushing in the impact crusher were transported by a
belt conveyor to the WSR screen, where they were sieved into fractions, 0–8, 8–12, 12–16,
and +16 mm. The 8–12 and 12–16 mm fractions were sifted on slot screens (longitudinal
rectangular mesh), from which regular and irregular grains are separated. These fractions
are then combined with respect to shape into fractions of 8–16 mm RP (with regular grains)
and 8–16 mm IP (with non-formed grains). Figures 6 and 7 present selected photographs of
the product received. Figure 8 presents examples of the samples for analysis.

All of the obtained grain composition curves for the 8–16 mm sieving products of
the upper-screening (RP) and bottom-screening (IP) are summarized in a graph (Figure 9).
From the analyses, it can be concluded that granite with irregular grains had the finest
grain size and dolomite with regular grains had the coarsest grain size. The 8–16 mm IP
granite had the highest content of sub-grain up to 22%, which was not completely screened
(outcrop of fractions below 8 mm). This is related to the higher throughput (about 100 t/h,
Table 3). Comparing the remaining diagrams with each other, it should be stated that all
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of the passing material, i.e., those containing irregular grains, are considerably finer than
the retained material on the screen surface, i.e., regular ones, as they contain about 10%
of undersize. On the other hand, the retained material with regular grains contains from
about 1 to 5% of undersize, which indicates the high quality of the aggregates. The content
of 5% of sub-grain was recorded for limestone and granite with the screening capacity of
about 100 t/h.
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Table 5 presents the content of irregular grains for the five final products (FI flakiness
index). The final products are the retained material of the WSR 8–16 mm RP screen, on
which regular grains retain. All of these products have flakiness indexes of less than 1.5%,
the intended goal has been achieved and this means that the content of regular grains
in these products exceeds 98%. The lowest contents were obtained for granite (0.2%),
limestone (0.3%), and sandstone (0.5%). For gravel, the highest value was 1.3%. The content
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of irregular grains for the product including under-screen (6.3–16 mm) was also calculated
and ranges from 8 to 17%. Moreover, Table 6 summarizes the content of irregular grains
that occurs in the screening product of the screen and comes from the process of sifting
these grains on a given screening deck (irregular grains screened on the screen fall through
its openings and accumulate in the screening product). In accordance with the idea of
the invention, these products can be crushed again or used as aggregates. The values
of the proportion of irregular grains are not high, as they range from 9% for granite to
17% for gravel. It can be concluded that these values have typical aggregates produced in
processing plants [13,14,28]. The partial shares (6.3–16 mm) reduce the content of irregular
grains by 1%, with the exception of limestone (increase by 0.4%).
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It is worth noting that the content of irregular grains in typical processing plants
reaches about a dozen or more percent in coarse products, and in fine grains they often
exceed 20%. For comparison, Table 7 summarizes the content of irregular grains for typical
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products obtained before refinement in the WSR specialized screen, i.e., these aggregates
would be obtained if a typical vibrating screen was used in the technological system. The
content of irregular grains would range from 10–11%. In addition, Table 8 summarizes
the flow balance of the 8–16 mm product (mass yield) with separation into fractions with
regular particles (RP) and irregular particles (IP).

Table 6. The flakiness index FI for the five final products of 8–16 mm of the Formator technological system.

Product [mm]
Irregular Particles Content [%]

Dolomite Sandstone Gravel Granite Limestone

8–16 RP upper-screen product 1.0 0.5 1.3 0.2 0.3
8–16 RP upper-screen product
with undersize grains (6.3–8) 1.0 0.5 1.3 0.2 0.3

8–16 IP bottom-screen product 10.3 16.1 17.4 9.1 11.8
8–16 IP bottom-screen product
with undersize grains (6.3–8) 9.8 15.2 16.5 8.2 12.2

Table 7. The flakiness index (FL) values of products received from conventional crushing and
screening of plants compared with those received from the innovative one.

Product [mm]
Irregular Particles Content [%]

Dolomite Sandstone Gravel Granite Limestone

8–16 RP
innovative 1.0 0.5 1.3 0.2 0.3

8–16 typical 9.8 9.7 10.8 10.3 11.1

Table 8. Mass balance with separation into fractions with regular particles (RP) and irregular particles (IP).

Product [mm]
Mass Yield of RP and IP in Products [t/h]

Dolomite Sandstone Gravel Granite Limestone

8–16 RP 16.41 22.93 15.53 18.14 25.49
8–16 IP 2.09 4.57 3.57 1.86 3.51

8–16 RP + IP 18.5 27.5 19.1 20.0 29.0

3.2. Optimization of Required Machine Parameters

As a result of the tests, the necessary operating parameters of the machines were
optimized for their proper functioning. The most important issues included the solution
of the problem of blocking of the mesh screens with difficult grains during the process
of screening regular and irregular grains in the WSR screen. Difficult grains are grains of
similar size to a given screen opening, which cause clogging of the sieves and a decrease of
the screening efficiency. Due to the specificity of the technological process, each narrow
fraction that is matched to the appropriate width of the slot contains 100% of grains difficult
to sift. Therefore, the first screening tests were characterized by too strong blocking of the
mesh with difficult grains, as shown in the photographs (Figure 10).

Factors affecting the efficiency of the screening process include [35–37]:

- Dynamic parameters of the screen deck;
- Layer thickness of the screened material;
- Type of screen deck;
- Properties of the material (such as surface moisture, hardness and compaction, grain

shape and range of grain size) to be screened.

Since the last three factors cannot be changed due to the nature of the process, the
solution had to be found in the dynamics of the screen. In vibrating screens, the movement
of grain on the screen is caused by inertia forces, which are the result of periodic movement
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of the screen. A value of vibration amplitude that is significantly low influences the
lowering of screening process effectiveness by blocking of sieves with grains at a given
output or lowering of screening output at assumed screening effectiveness. In screen
machines, the transport of the material on the surface of the screen is usually achieved
by means of vibrators causing harmonic vibrations or shafts with unbalanced masses,
which are directed at an angle to the surface of the screen, while the screen can also be
inclined to the horizontal. To parameterize the operation of the screen the dynamic index is
determined, which is the ratio of the maximum acceleration of the screen to the acceleration
of the earth. The dynamic index of the screen also informs the values of load of the screen
construction by inertia forces. Depending on the type of screen motion, we use the feed
rate (u1) (rectilinear screen motion) and toss index (u2) (circular, elliptical screen motion),
which is the ratio of maximum screen acceleration to the acceleration due to gravity.
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For screens with circular vibration trajectory the toss ratio u2 has the following
form [35]:

u2 =
rω2

g cos β
> 1 (1)

where r is the radius of vibration, mm; ω is the angular velocity, rad/s; g is acceleration
due to gravity, m/s2; and β is the angle of inclination of the sieve to the horizontal.

The pitch of the riddle is affected by unbalanced masses, which change the radius
of its oscillation. Therefore, this radius can be adjusted by adding or removing masses
on the eccentric shaft. Since the radius of vibration measured on the riddle was 4 mm,
which provided a toss ratio of more than 4.4, it was recommended to gradually increase
the unbalanced masses on the shaft and study the cleaning of the sieves (Figure 11). The
data are summarized in Table 9 along with the calculated toss ratio u2.

Table 9. Operating parameters of WSR screen.

Radius of Vibration
r, [mm]

Angular Velocity
ω, [rad/s]

Angle of Inclination of the
Sieve to the Horizontal, β [◦] Toss Index u2

4 102.6 15 4.4
5 102.6 15 5.5
6 102.6 15 6.6

The best effect of sieve cleaning of “difficult” grains was obtained for a vibration radius
of 6 mm, which raised the toss ratio to a value of 6.6 acceleration due to gravity. A photo of
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the conducted tests and the sieve cleaning effects are illustrated by the photographs shown
in Figure 12.
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4. Conclusions

• The installation produced at the Dolomite Mine in Imielin has innovative solutions
in terms of products and processes, in accordance with the Oslo handbook [38]. It is
a novelty that has not been used to date in the world due to its unique features and
functionality as compared with the solutions available on the domestic (Polish) and
foreign markets.

• By adjusting the appropriate dimensions of the screen (or screen decks), the capacity
of the technological crushing and screening system can be increased by at least 30%.
The increase in capacity depends on the content of regular grains, which can be taken
out of the system as a final product, since there is no need to further crush them in
other crushers.
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• Tests conducted on the crushing and production of molded aggregates in the inno-
vative WSR screen have shown that aggregates produced from five different rock
materials have very low FI flakiness indexes.

• The final products are the upper-screen products of the 8–16 mm RP deposits, on
which the regular grains remain. All of these products have flakiness indexes of less
than 1.5% (Table 6), this indicates that the content of regular grains in these products
exceeds 98%.

• The assumption for the construction of this system was the possibility of producing
aggregates with a content of non-formed grains below 3%. The lowest contents were
obtained for granite (0.2%), limestone (0.3%), and sandstone (0.5%). The highest value
of 1.3% was obtained for gravel.

• It should be highlighted that the obtained low values of irregular grains practically do
not occur in any mineral processing plants, thus they can be considered as innovative
high-cubic aggregates.

5. Patents

The following patent granted in Poland is related to this paper: Author: Gawenda T.:
Wibracyjny przesiewacz wielopokładowy, AGH w Krakowie. Patent No. PL 231748 B1
granted on 12 June 2018.

Author Contributions: Conceptualization, T.G.; methodology, T.G., A.S. (Agata Stempkowska) and
D.S.; validation, D.F. and A.K.; formal analysis, T.G., D.S. and D.F.; investigation, T.G., A.S. (Agata
Stempkowska), D.F., A.K. and A.S. (Agnieszka Surowiak); data curation, D.S. and D.F.; writing—
original draft preparation, T.G. and A.S. (Agata Stempkowska); writing—review and editing, T.G.
and D.S. All authors have read and agreed to the published version of the manuscript.

Funding: The paper is the effect of completing the NCBiR Project, contest no. 1 within the subaction
4.1.4 “Appliaction projects” POIR in 2017, entitled “Elaboration and construction of the set of proto-
type technological devices to construct an innovative technological system for aggregate beneficiation
along with tests conducted in conditions similar to real ones”. The Project is co-financed by the
European Union from sources of the European Fund of Regional Development within the Action 4.1
of the Operation Program Intelligent Development 2014–2020.
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the 2006 VI Konferencja, „Kruszywa Mineralne—Surowce—Rynek—Technologie—Jakość”, Szklarska Poręba, Poland, 26–28
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Abstract: A study of boron impurities deposited on a Si(100) surface in a SiHCl3-BCl3-H2 sys-
tem is reported in this paper, using periodic density functional theory with generalized gradient
approximation (GGA). The results show that the discrete distances of BCl3 and SiHCl3 from the
surface of the Si(100) unit cell are 1.873 Å and 2.340 Å, respectively, and the separation energies are
−35.2549 kcal/mol and −10.64 kcal/mol, respectively. BCl3 and SiHCl3 are mainly adsorbed on
the surface of the Si(100) unit cell in particular molecular orientations: the positive position and the
hydrogen bottom-two-front position from the analysis of the bond length change and adsorption
energy. The adsorption of SiHCl3 and BCl3 is accompanied by a charge transfer from the molecule to
the surface of the unit cell of 0.24 and 0.29 eV, respectively. BCl3 reacts more readily than SiHCl3 with
the Si(100) surface, resulting in the deposition of boron impurities on the polysilicon surface.

Keywords: electronic-grade polysilicon; boron impurities; chemical vapor deposition; density func-
tional theory; differential charge density

1. Introduction

With the rapid development of the electronic information industry, silicon is a very
important raw material for semiconductor manufacture, and electronic-grade polysilicon
materials play a pivotal role [1,2]. Polysilicon has a high mobility in semiconductor cir-
cuits, and consequently it is widely used in such industries as semiconductors, integrated
circuits and computer chips [3,4]. The polysilicon materials used in the semiconductor
and electronic information industries are electronic-grade polysilicon, and are generally
99.9999% pure Si [5]. For a long time, the production technology for electronic-grade
polysilicon has been monopolized by many countries. The demand for electronic-grade
polysilicon in China is almost entirely dependent on imports, which are highly dependent
on the international environment [6]. Because of my country’s insufficient research on
semiconductor materials, the purity of polysilicon has never reached the international level,
and the lack of sufficiently pure silicon has become a key factor that directly hinders the
development of my country’s semiconductor industry.

The main processes for the production of polysilicon include chemical vapor methods
and metallurgy [7]. The representative of the chemical vapor deposition methods are
the modified Siemens method [8], and the fluidized-bed [9], silane [10] and gas-liquid-
deposition methods [11]. The main metallurgical methods are the thermite reduction
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method and the regional hot-melt purification method, but the thermite reduction method
is only suitable for use in a laboratory [12,13]. Since the development of the improved
Siemens chemical vapor deposition method, no other method can produce the same purity
in the product and the process [14], and hence this is currently the method mainly used in
industry to produce polysilicon. However, there is an unavoidable problem in production
by the improved Siemens method: distilled trichlorosilane (SiHCl3) and a small amount
of boron trichloride (BCl3) enter the Siemens reduction furnace, causing a heterogeneous
reaction on the surface of the silicon rod, which results in the doping of boron into the
polysilicon [15]. However, research on boron impurities arising in the production of
polysilicon by the improved Siemens method is still relatively weak, and research on this
process is therefore of great significance.

The impurities in high-purity electronic-grade polysilicon come mainly from the boron
impurity in the acceptor, and the content of this needs to be controlled below 0.33 ppb [15].
To control the B doping of polysilicon in chemical vapor deposition, it is important to
reduce the content of impurity B in the product and improve its purity [16,17], and this
requires in-depth and systematic research on B-doping in the polysilicon deposition pro-
cess. To study the chemical vapor deposition rate, Jenkinson and Pollard experimented
to explore the deposition rate of boron in a BCl3-H2 system in a parallel flow reactor [18].
However, under these conditions, the boron deposition rate was limited by the transfer
process of BCl3. To describe the kinetics and reaction mechanism of the BCl3 hydrogenation
process more accurately, Sezgi designed a collision-jet chemical vapor deposition reac-
tor [19]. The role of the reactor was to minimize the impact of the transfer process on the
boron deposition rate. On this basis, Sezgi further studied the kinetics of the process of
boron chemical vapor deposition in the BCl3-H2 system and obtained a deposition rate
of B in the range of 75–1350 ◦C [20]. The Key Laboratory of Ultra-High Temperature
Structural Composites of Northwestern Polytechnical University studied the influence
of temperature on the kinetics of chemical vapor deposition during the preparation of
Si-B-C ceramics. The results showed that the process is controlled by chemical reaction
kinetics with an activation energy of 271 kJ/mol, the initial step of the deposition kinetics
being BCl3 (g) + H2 (g)→ HBCl2 (g) + HCl (g) [21]. That study also proved that this step
is one of the main reactions in the thermodynamic analysis of ZrB2 synthesized using the
ZrCl4-BCl3-H2 system [22].

The doping mechanism of B in polysilicon chemical vapor deposition has been studied
both domestically and abroad. To accurately and economically reflect the actual industrial
situation, this study uses the method of simulation by quantum chemistry calculation to
study the B-doping control mechanism in the process of polysilicon chemical gas deposition
in a vacuum environment. The properties of different atomic positions of BCl3 and SiHCl3
on the Si(100) surface are calculated and analyzed using the first-principles method, and the
most favorable state is determined by comparing the different adsorption energies. At the
same time, the optimal adsorption density of states is calculated and the adsorption reaction
mechanism is obtained.

2. Calculational Methods

On the basis of functional theory, the plane-wave method employing a supersoft pseu-
dopotential was adopted, and a GGA-BLYP functional (a Becke–Lee–Yang–Parr functional
incorporating the generalized gradient approximation) was used for the approximate cal-
culation [23]. The DMol3 module [24] in the Material Studio software package (Version 8.0,
Accelrys Company, San Diego, CA, America) was used for the calculation of the gas-phase
reaction, which includes the optimization of the SiHCl3, BCl3 and H2 molecules and the
calculation of the energy and frequency. The CASTEP (Cambridge Serial Total Energy
Package) module [25] was used to calculate the gas–solid reaction, involving mainly the
calculation of the relevant parameters of the adsorption reaction of the adsorbed molecules
on the surface of the basic model and a search for the transition state of the entire adsorption
reaction. For the Si(100) surface, a 7-layer structure was adopted, with the cutoff energy
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selected as 450 eV and the k-point grid set to 3 × 3 × 1 [26]. In the supersoft pseudopo-
tential method, the convergence criteria of the pseudopotential have to be selected [27].
The convergence criteria for energy, force and maximum displacement are selected at
the same time, with values chosen as energy (2 × 10−5 eV/atom), force (0.05 eV/Å) and
maximum displacement (2 × 10−3 Å). The internal stress between atoms must be less than
0.1 GPa [28]. The path of the Brillouin zone was set to GFQZG, the complete LST/QST
method was adopted for the transition state search, and a vacuum layer with a thickness
of 12 Å was selected to eliminate interaction between the layers. The error in the surface
energy was limited to 0.05 J/m2. The formula used to calculate the surface energy is shown
in Equation (1) [29]:

σ =
Eslab − nEbulk

2A
(1)

where Eslab is the total energy of the unit-cell of the model, Ebulk is the energy of a single
atom in the unit cell, n is the number of atoms in the unit cell, and A is the total surface
area of the unit cell.

The mechanism of SiHCl3 decomposition on the low index plane of the polycrystal
silicon is performed the same as silicon [30]. Therefore, the adsorption energy (the change
in the total energy before and after adsorption) of the SiHCl3 and BCl3 molecules on the
surface of the Si(100) unit cell is calculated using Equation (2) [31]:

Eadsorption = Esur f ace∗ − Esur f ace − Emolecules (2)

where Eadsorption represents the adsorption energy of BCl3 or SiHCl3 onto the surface of the
Si(100) unit cell, Esurface* represents the energy of the adsorption base surface, Esurface is the
energy of the surface without any interactions, and the total energy of the molecules before
adsorption is represented by Emolecules.

Figure 1a shows the geometric structure of the model Si(100) unit cell. Its surface
contains three types of Si atoms: top, bridge and acupoint Si atoms. To study the adsorption
of related molecules on the polysilicon (100) surface, a complete unit cell surface must first
be established. The thickness of the vacuum layer was set to 12 Å to avoid layer-to-layer
interactions. In the process of establishing the model, in order to satisfy the stability of
the model and the accuracy of the experiment at the same time, we did not impose any
restrictions on the upper three layers of atoms but fixed the lower four layers of atoms.
Simultaneously, to saturate the covalent bonds of each silicon atom in the bottom layer,
two H atoms were added to each Si atom in the bottom layer, adding hydrogen atom at
the bottom can increase the stability of the model, and the silica–hydrogen bond at the
bottom is conducive to the stable convergence of the model, and the surface and near-
surface layer atoms were fully relaxed. The supercell chemical formula for the entire unit
cell is Si83H9. After surface optimization, the optimization curve finally reached a stable
convergence state, as shown in Figure 1b, which proved that the surface structure met the
experimental requirements.
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Figure 1. Model geometry and optimization curve of Si(100) surface. (a) is the Si(100) model geometry;
(b) is the model optimization convergence curve.

3. Results and Discussion
3.1. Adsorption of BCl3 on the Surface of Polysilicon Si(100)

The molecular structure of BCl3 is a plane regular triangle. The structure of BCl3 ad-
sorbed on the Si(100) surface was obtained by placing BCl3 molecules on a super cell (3 × 3)
surface and fully relaxing it. The surface optimization of BCl3 with different structures was
performed as follows. A BCl3 molecule was used to establish stable adsorption models for
three orientations: the side position, lateral position and positive position of the molecule.
The changes in the distance before and after adsorption were compared and analyzed.
The results are shown in Figure 2.

Figure 2. Diagrams of the molecular structure and distance of BCl3 before and after adsorption on the
Si(100) surface. Diagrams (a–c) show the adsorption structure before reaction, (a’–c’) the adsorption
structure after the reaction, ((a,a’) show side position of the molecule, (b,b’), lateral position of the
molecule, and (c,c’) positive position of the molecule).
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Changes in the distance between the molecules and the surface before and after the
reaction for the three adsorption structures were observed. It was found that when BCl3
molecules are adsorbed on the Si(100) surface of the unit cell in the three possible structures,
the distance before and after the adsorption has changed correspondingly, and the distance
between the molecules and the surface of the unit cell in the three structural configurations
is correspondingly shortened. This shows that an adsorption reaction between the BCl3
molecule and the Si(100) surface occurs readily. The distances of the ortho-adsorbed BCl3
molecule before and after optimization were markedly different, at 2.971 Å and 1.873 Å,
respectively. The B atom in BCl3 forms a covalent bond with the Si(100) surface and one of
the B–Cl bonds is elongated, indicating that the Si atom has an attractive effect on Cl. Table 1
shows the change in distance before and after adsorption in each of the three positions.

Table 1. Distances before and after the adsorption of BCl3 on the Si(100) surface.

Adsorption Mode Distance before Optimization
(Å)

Optimized Distance
(Å)

Side position of the molecule 3.191 2.836
Lateral position of the molecule 3.139 2.447
Positive position of the molecule 2.917 1.873

The adsorption energies of the three adsorption structures were then calculated.
The smaller the adsorption energy, the easier it is to adsorb, and vice versa. The cal-
culated results for the adsorption energy of the side, lateral and positive positions of the
molecule are shown in Table 2.

Table 2. Adsorption energy of BCl3 after adsorption on Si(100) surface.

Adsorption Mode Eadsorption (kcal/mol)

Side position of the molecule −29.2613
Lateral position of the molecule −23.5846
Positive position of the molecule −35.3549

According to the data in Table 2, the adsorption energies of the three adsorption
modes on the Si(100) surface are all negative, indicating that BCl3 molecules are readily
adsorbed by the Si(100) surface and that the adsorption reaction occurs easily on the
surface. The relative adsorption energies of the three molecular orientations are as
follows: E (lateral position) > E (side position) > E (positive position). It can be seen that
the orientation in which BCl3 molecules are most easily adsorbed on the Si(100) surface
is the positive position. Thus, the change in the molecular adsorption distance after
adsorption was verified, and the most favorable orientation for adsorption was the
positive position.

Differential electron density analysis (Figure 3a) and calculation of the charge distri-
bution (Figure 3b) of BCl3 molecules adsorbed on the Si(100) surface were also carried
out. The color of the Si atoms depicted at the bridge sites on the Si(100) surface is denser,
indicating that a large amount of charge is transferred in this local area and that the charge
has migrated after the adsorption reaction has occurred. The B–Cl bond on the right side
is clearly elongated, and an electron cloud is formed between the Cl atom and the silicon
atom at the adjacent bridge site on the right, indicating that the silicon atom at the adjacent
bridge site on the right has an attractive effect on the Cl atom.
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Figure 3. Differential charge density (a) and charge distribution (b) of BCl3 adsorbed on the Si(100)
surface of the unit cell.

3.2. Adsorption of SiHCl3 Molecules on the Surface of Polysilicon Si(100)

The molecular structure of SiHCl3 is tetrahedral, and we discuss here the adsorption
process of optimized SiHCl3 on the Si(100) surface. Figure 4 shows six possible adsorption
positions on the surface, which can be described as the hydrogen top-one-positive position,
hydrogen bottom-one-front position, hydrogen top-two-front position, hydrogen side-one-
front position, hydrogen side-two-front position, and hydrogen bottom-two-front position.
After the optimization calculation, the distance between the molecule and the surface was
found to have been shortened, indicating that SiHCl3 is prone to react with the surface of
the Si(100) unit cell. This conclusion can also be drawn from the changes in the distance
before and after adsorption at the six adsorption sites listed in Table 3. When SiHCl3 is
adsorbed at the second bottom-front position of the hydrogen, its distance changes from
3.000 Å to 2.340 Å. The Si atom of SiHCl3 forms a covalent bond with the Si atom at the
bridging position, indicating that the SiHCl3 molecule has been adsorbed on the Si(100)
unit cell. Simultaneously, it is observed that the Si–Cl bond of the SiHCl3 molecule is
distinctly elongated, which indicates that the Cl atom is attracted by the Si atom adjacent to
the bridge site.

Figure 4. Diagram of molecular structures and distances of SiHCl3 before and after adsorption on
the Si(100) surface. Diagrams (a–f) show the adsorption structures before reaction, (a’–f’) those
after reaction ((a–f,a’–f’) show hydrogen in the top-one-positive, bottom-one-front, top-two-front,
side-one-front, side-two-front, and bottom-two-front positions, respectively).
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Table 3. Distances before and after the adsorption of SiHCl3 on the Si(100) surface.

Adsorption Mode Distance before
Optimization (Å) Optimized Distance (Å)

Hydrogen top-one-positive position 3.018 2.530
Hydrogen bottom-one-front position 3.041 2.602

Hydrogen top-two-front position 3.242 3.023
Hydrogen side-one-front position 3.476 3.009
Hydrogen side-two-front position 3.023 2.804

Hydrogen bottom-two-front position 3.000 2.340

Table 4 shows the calculated adsorption energy of SiHCl3 on the Si(100) surface.
The adsorption energies obtained for the six adsorption structures are all negative, indicat-
ing that SiHCl3 reacts readily with the Si(100) surface. The order of the adsorption energies
of the several positions is as follows: E(hydrogen side-two-front position) > E(hydrogen
top-two-front position) > E(hydrogen top-one-positive position) > E(hydrogen bottom-
one-front position) > E(hydrogen side-one-front position) > E(hydrogen bottom-two-front
position). The adsorption energy (E) of SiHCl3 is greatest when the adsorption structure
of the second hydrogen base is in the front position, indicating that adsorption is more
likely to occur in this orientation, at the front position of the hydrogen base 2. From the
calculated adsorption energies, it can be seen that the adsorption of SiHCl3 molecules in
the hydrogen bottom-two-front position corresponds to the most favorable orientation,
and the calculated adsorption distances confirm this conclusion.

Table 4. Adsorption energy of SiHCl3 after adsorption on the Si(100) surface.

Adsorption Mode Eadsorption (kcal/mol)

Hydrogen top-one-positive position −4.02
Hydrogen bottom-one-front position −6.07

Hydrogen top-two-front position −3.41
Hydrogen side-one-front position −8.92
Hydrogen side-two-front position −2.47

Hydrogen bottom-two-front position −10.64

To gain a deeper understanding of the charge distribution in the adsorption process
of SiHCl3, we can use the electronic levels to characterize the reaction. The differential
electron density and charge distribution of the SiHCl3 molecules adsorbed on the surface
of the Si(100) unit cell from the face center downward were calculated. The calculated
results are shown in Figure 5a,b. From the results shown in the figure, it can be seen that
the color representing the charge concentrated in the bond between the Si atoms on the
Si(100) surface and the Si atom in SiHCl3 is darker than that for other bonds. This not only
shows that electrons have been transferred after adsorption, but also shows that a large
amount of charge is transferred in this local area. Looking at the image of the adsorbed
SiHCl3 molecule, it is seen that the three Cl atoms and the bonding angles between the
H and Si atoms in the molecule have changed, and both the Cl and H atoms show an
upward posture. In addition, it can be seen that the silicon atoms on the surface and the
two Si atoms at the right and back of the bridge silicon atoms adjacent to the bonded Si
atoms and the corresponding Cl atoms form an electron cloud. This proves that the two
have an attractive effect.
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Figure 5. Differential charge density (a) and charge distribution (b) after SiHCl3 is adsorbed on the
Si(100) surface.

3.3. Co-Adsorption of BCl3 and SiHCl3 on the Surface of Polysilicon Si(100)

A BCl3 molecule and a SiHCl3 molecule were placed together on the surface of the
Si(100) supercell to investigate the adsorption reaction. Figure 6 shows the structural changes
before and after the co-adsorption of BCl3 and SiHCl3 on the Si(100) surface. Compared to
the structure before adsorption in Figure 6a, it can be concluded from the structure after
adsorption (Figure 6b) that the Si atom in the SiHCl3 molecule forms a covalent bond with the
B atom in BCl3. A Cl atom in each of the BCl3 and SiHCl3 molecules undergoes a dissociation
reaction and is adsorbed on the Si atom at the nearest bridge site on the Si(100) surface.
The bond lengths of the other Cl–B bonds in the BCl3 molecule are significantly elongated,
and the B atom is adsorbed on the Si(100) surface at the same time. These results indicate
that BCl3 and SiHCl3 molecules are placed on the Si(100) surface simultaneously. After the
adsorption reaction, it is evident that BCl3 is more easily adsorbed on the Si(100) surface
than is SiHCl3. When BCl3 and SiHCl3 coexist on the Si(100) surface, they are more likely to
have an effect than SiHCl3 alone on the surface. Moreover, their simultaneous presence there
will be accompanied by a dissociation process; in which each dissociates a Cl atom, and the
Cl atom in the BCl3 molecule is attracted by the Si(100) surface.

Figure 6. Structure changes before (a) and after (b) the co-adsorption of BCl3 and SiHCl3.
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A microscopic electronic analysis was also performed of the charge distribution and
differential electron density when BCl3 and SiHCl3 are present together on the surface
of polysilicon. The darker blue color between BCl3 and SiHCl3 in Figure 7b indicates
that there is a large amount of electron transfer, and it can be seen that the B–Cl bond in
the BCl3 molecule is distinctly elongated, and a dissociated Cl atom is adsorbed on the
Si(100) surface, indicating that it charge transfer has occurred during the adsorption process.
From the charge density results in Figure 7a, indicating charge transfer between the surface
and the molecules, we can also see where the electrons accumulate, which proves the
occurrence of the adsorption reaction.

Figure 7. Differential charge density (a) and charge distribution (b) before and after the co-adsorption
of BCl3 and SiHCl3 on the surface.

3.4. Electronic Structure Analysis

To further understand the bonding mechanism of the adsorption of BCl3 and SiHCl3 on
the Si(100) surface, the adsorption density of states, partial density of states, and Mulliken
charge distribution were calculated, and the results are shown in Figure 8 and Table 5.
It can be observed that the Si3s orbital lies far away in energy from the Fermi level on
the surface of the Si(100) unit cell. After the adsorption reaction, the electrons of the Si3s
orbital are not easily transferred. The valence band where electron transfer occurs is Si3p,
which constitutes the valence band on the left side of the Fermi level on the surface of
the Si(100) unit cell. Although it is theoretically impossible for the Si3s orbital to transfer
electrons, a very small amount of electron transfer does occur from the Si3s orbital after the
reaction. The valence state on the right side of the Fermi level is composed of Si3d orbitals,
and the bandgap between the top of the valence band and the bottom of the conduction
band is 1.502 eV. After the reaction, the bandgap is reduced to 0.087 eV. The narrowing
of the bandgap indicates that the Si is more likely to react, and its chemical properties
become more active, which in turn indicates that it is more likely to interact with BCl3 and
SiHCl3 molecules.
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Figure 8. State density changes of BCl3 and SiHCl3 molecules after the adsorption on the Si(100)
cell surface. (a) is the density of states of Si(100); (b) is the density of states for the BCl3 adsorption
model; (c) is the density of states for the SiHCl3 adsorption model; (d) is the density of states for the
co-adsorption of BCl3 and SiHCl3.

Table 5. Mulliken charge co-adsorption of BCl3 and SiHCl3 molecules on the surface of Si(100) unit cell.

Project Species S p d Total Charge
(eV)

Change
(eV)

Ideal BCl3

B 0 6.26 2.44 10.87 1.13

0
Cl1 1.96 5.33 0 7.28 −0.28
Cl2 1.96 5.33 0 7.28 −0.28
Cl3 1.96 5.32 0 7.28 −0.28

Ideal SiHCl3

Si 3.18 7.42 3.36 13.96 1.13

0
Cl1 2.08 6.12 0 8.20 −0.32
Cl2 2.08 6.12 0 8.20 −0.33
Cl3 2.08 6.12 0 8.20 −0.35
H 1.76 4.28 0 6.04 −0.30

Si(100) surface
adsorption BCl3

B 0 6.23 2.17 10.68 1.32

0.29
Cl1 1.95 5.36 0 7.34 −0.31
Cl2 1.95 5.32 0 7.27 −0.27
Cl3 1.95 5.33 0 7.28 −0.28

Si(100) surface
adsorption SiHCl3

Si 2.21 6.14 2.13 10.48 1.02

0.24
Cl1 1.95 5.39 0 7.34 −0.34
Cl2 1.95 5.39 0 7.24 −0.34
Cl3 1.95 5.33 0 7.29 −0.29
H 1.95 5.36 0 7.34 −0.31

By analyzing the electronic density of states of BCl3 and SiHCl3 molecules adsorbed
on the surface of the Si(100) unit cell in Figure 8, it is found that after the two molecules are
adsorbed on the surface of the unit cell, their band gaps are narrowed and the electrons
inside the molecules are transferred to the outermost electron layer and to the conduction
band, which is more reactive. Based on molecular chemical structure theory, we know that
the B atom in the BCl3 molecule has three coordination sites, and the electron configuration
of B is 1s22s22p1, showing that B is an electron deficient atom. Six electrons are provided
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by three Cl atoms, and each of the three Cl atoms also provides a filled 2p orbital that is
side-by-side with an empty p orbital of the B atom and is thus able to form a strong π bond.
The formation of bonds by sp2 hybridization can explain the three B–Cl bonds in BCl3.
Similarly, for the SiHCl3 molecule, electrons are transferred to the outermost electron layer.
The Si atom in the SiHCl3 molecule has four coordination sites and the outermost electron
configuration is 3s23p2, which is eventually completed by the four covalent bonds formed
with Si. This can explain the origin of the four covalent bonds, and it can be concluded that
the spatial configuration of SiHCl3 is a that of a regular tetrahedron.

From the Mulliken charge distribution of the two molecules shown in Table 5, it can
be observed that when SiHCl3 is adsorbed on the surface of the Si(100) unit cell, charge
transfer occurs, and there are two charge transfer paths. The first is the transfer of 1.30 eV
of charge from the Si atom of the SiHCl3 molecule to the surface of the unit cell. The second
is charge transfer from the surface of the unit cell to the three Cl atoms and the H atom of
the SiHCl3 molecule, a charge transfer of 1.06 eV. After fitting and offsetting, it is found
that during the entire adsorption reaction of SiHCl3 on the surface of the Si(100) unit cell,
the Si atom in the SiHCl3 has transferred a net 0.24 eV of charge to the surface of the
Si(100) unit cell. When BCl3 is adsorbed on the surface of the Si(100) unit cell, significant
charge transfer also occurs, and there are two charge transfer paths. The first is a transfer of
1.52 eV from the B atom in BCl3 to the surface of the unit cell. The second is a transfer of
1.23 eV from the surface of the unit cell to the three Cl atoms and one H atom in the BCl3
molecule. After fitting and offsetting, during the entire adsorption reaction of BCl3 on the
surface of the Si(100) unit cell, the B atom in BCl3 is seen to have transferred 0.29 eV of
charge to the surface of the Si(100) unit cell.

According to the results for transfer of electrons between SiHCl3, BCl3, and the surface
of polysilicon during the adsorption process, both molecules transfer charge to the surface
of the unit cell during adsorption, with BCl3 transferring 0.05 eV more charge to the
surface of the Si(100) unit cell than SiHCl3 does. It can be shown that the surface of the
Si(100) unit cell has a definite adsorption effect on BCl3 and SiHCl3 molecules, and that
the B atoms in BCl3 are more easily adsorbed on the Si(100) surface, which means that B
and polysilicon will be deposited on the silicon rod together during the production process.
The above results also explain the phenomenon that when BCl3 and SiHCl3 molecules are
co-adsorbed on the surface of the Si(100) unit cell, the Si atoms in the SiHCl3 molecules first
form a covalent bond with the B atoms in BCl3.

The B impurities may deposit on the surface of the silicon rod competing with polysil-
icon and the trace B-compound impurities may be enriched by the influence of transport
phenomena. The above two phenomena are the main reasons causing the high-impurity B
in the silicon production. It is obvious that the adsorption of BCl3 on silicon to cause the
deposition of B on silicon surface. Therefore, transport phenomenon investigation may
be effective method to reduce boron impurity inside poly-silicon, such as increasing mole
fraction of H2 and temperature.

4. Conclusions

(1) BCl3 and SiHCl3 are mainly adsorbed on the surface of the Si(100) unit cell in the posi-
tive position and the hydrogen bottom-two-front position of the molecule, respectively.
The discrete distances of BCl3 and SiHCl3 from the surface of the Si(100) unit cell are
1.873 Å and 2.340 Å, respectively, and the separation energies are −35.2549 kcal/mol
and −10.64 kcal/mol, respectively.

(2) Compared with SiHCl3, BCl3 reacts more easily with the Si(100) surface, and when
BCl3 and SiHCl3 coexist, BCl3 reacts more readily than SiHCl3 with the Si(100) surface.
When BCl3 and SiHCl3 are present simultaneously, the gas phase reaction is accompa-
nied by a dissociation process, in which each molecule dissociates a Cl atom that is
adsorbed on the Si(100) surface. At the same time, a distinctly elongated B–Cl bond
shows that the Si(100) surface also has an attractive effect on Cl atoms.
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(3) After the adsorption of SiHCl3 and BCl3, 0.24 and 0.29 eV of charge, respectively,
are found to have been transferred from the molecule to the surface of the unit cell.
Both BCl3 and SiHCl3 are readily adsorbed on the surface of the Si(100) unit cell,
but BCl3 is more easily adsorbed. These results confirm that the B atom in BCl3 in
the adsorption model forms a covalent bond with the Si atom on the Si(100) unit
cell surface, and the Si atom in the SiHCl3 molecule forms a covalent bond with the
B atom in BCl3.
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Abstract: A large amount of arsenic-containing solid waste is produced in the metallurgical process
of heavy nonferrous metals (copper, lead, and zinc). The landfill disposal of these arsenic-containing
solid waste will cause serious environmental problems and endanger people’s health. An electro-
chemical advanced oxidation experiment was carried out with the cathode modified by adding
carbon black and polytetrafluoroethylene (PTFE) emulsion. The removal rate of arsenic using ad-
vanced electrochemical oxidation with the modified cathode in 75 g/L NaOH at 25 ◦C for 90 min
reached 98.4%, which was significantly higher than 80.69% of the alkaline leaching arsenic removal
process. The use of electrochemical advanced oxidation technology can efficiently deal with the
problem of arsenic-containing toxic solid waste, considered as a cleaner and efficient method.

Keywords: arsenic; copper smelting dust; electrochemical advanced oxidation technology; iron-free
Fenton-like reaction

1. Introduction

The output of nonferrous metals is increasing by the year, and most of the heavy
nonferrous metal concentrates contain arsenic. The arsenic in these heavy nonferrous metal
minerals is mainly combined with copper, lead, zinc, and sulfur [1,2]. In the nonferrous
metal metallurgical process, arsenic usually enters smoke, smelting residues, and acid in
the form of waste slag, wastewater, and exhaust gas, respectively [3]. Compared with
elemental arsenic, arsenic compounds are more toxic. Arsenic can enter the human body
through air, water, and other ways, causing great harm to the human skin, digestive, and
respiratory system [4]. Long-term exposure to arsenic substances can cause skin cancer,
lung cancer, bladder cancer, and kidney cancer [5]. Tumor tissue analyses confirmed that
it is one of the human carcinogens. Arsenic-containing copper smelting dust (ARCD) is
a solid hazardous waste formed through processes such as copper smelting, converting,
and anode slime smelting [6]. Arsenic mainly forms compounds with copper and sulfur
in copper sulfide concentrates. During the copper smelting process, part of the arsenic
will enter the copper smelting dust. If copper smelting dust is recycled directly to copper
smelting without arsenic removal, arsenic will accumulate, reducing the main metallurgy
production efficiency and affecting the entire smelting process [7]. Further, if the ARCD is
not appropriately treated, it will have a more significant impact on the environment and
human health.

The main methods for removing arsenic from arsenic-containing solid waste include
alkaline leaching, acid leaching, and roasting. The alkaline leaching process mainly con-
verts arsenic from solid waste residue to the liquid phase by alkali to realize the separation
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of arsenic from other metals [8–10]. The acid leaching process usually uses sulfuric acid
and hydrochloric acid to leach the arsenic-containing material and then separates the
arsenic from the arsenic-containing material through solid–liquid separation [11]. The
roasting method mainly includes oxidation roasting, reduction roasting, and solidification
calcination. The roasting arsenic removal process is used mainly to volatilize the arsenic
in the form of arsenic trioxide at high temperatures to separate it from other valuable
metals [12,13]. The As(III) in the solid waste is converted to As(V) into the liquid phase
and then removed by precipitation, adsorption, or other methods [14–17]. Most of the
arsenic in ARCD exists as As(III). Converting As(III) to As(V) can reduce its toxicity. The
standard methods for oxidizing As(III) to As(V) include H2O2 oxidation, O3 oxidation,
and others [18–21]. However, the oxidation of these oxidants may lead to the formation of
toxic by-products, and the cost is relatively high. The electrochemical advanced oxidation
technology is characterized by the generation of H2O2, hydroxyl radicals, active chlorine
species with strong oxidizing ability, etc. [22]. The use of electrochemical advanced oxida-
tion technology can be even more efficient and convenient for the oxidation of As(III) to
As(V) [23–25].

The electrochemical advanced oxidation method mainly generates H2O2 in situ;
namely, when the oxygen passes into the cathode, the H2O2 is in-situ generated through
the two-electron oxygen reduction reaction (ORR) [26]. The H2O2 generated in situ at the
cathode can reduce the transportation and storage costs of H2O2 during the reaction pro-
cess, and the oxidation efficiency may increase [26]. Advanced electrochemical oxidation
has the advantages of high efficiency, green environmental protection, and controllable
process of oxidation method. This approach uses different electrode materials to generate
oxidants. Compared with oxidation methods such as ozone oxidation, ultraviolet oxidation,
and microwave oxidation catalysis, the electrochemical advanced oxidation method has
the advantages of rapid reaction and simple operation and can generate active oxygen
groups in situ for material oxidation. At present, the most widely used cathode materials
are carbonaceous due to their high stability, corrosion resistance, and high conductivity.
Carbonaceous materials mainly use graphite, carbon nanotubes, and carbon felt (CF).
The carbon felt electrode has a porous structure conducive to the transmission of oxygen,
causing higher in situ generation of H2O2 [27,28].

The modification of carbon felt can increase the electrochemical activity of the elec-
trode and promote the generation of H2O2 by introducing active oxygen-containing groups
on the surface. Treated with KOH firstly, then calcined at a high temperature, the oxygen-
containing functional groups, the specific surface area, and the microporous structure of
the carbon felt will be increased [29]. The surface of carbon felt is doped with nonmetallic
elements, and the electrochemical performance of the electrode can be enhanced by doping
with nonmetallic elements such as N, P, and S. After doping these nonmetal elements,
the number of H2O2 produced can be increased, the secondary pollution in the electro-
chemical reaction can be reduced, and the pH range of electrochemical experiments can
be expanded [30,31]. Metal materials have a strong electrical conductivity and catalytic
activity, so the electrical conductivity and electrochemical performance of the electrode
are enhanced by introducing metal ions. By introducing Fe, Cu, and other elements, the
electrode gains higher electrochemical performance [32].

The carbon felt is modified by carbon black and PTFE [2]. Under the action of carbon
black, the conductivity of the carbon felt electrode, the active sites of the reaction, and the
electrochemical performance of the carbon felt cathode would be improved. The carbon felt
electrode was characterized and analyzed using a scanning electron microscope, nitrogen
adsorption–desorption test, and water contact angle. The modified carbon felt electrode
was used to remove arsenic from the ARCD by electrochemical advanced oxidation method.
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2. Experimental Procedures
2.1. Materials

The ARCD collected from Western Mining Group Co., Ltd. (Xining, China) was dried
at 60 ◦C for 24 h, then it was crushed, ground, and sieved. The particle size of −74~+48 µm
was selected as the experimental material. All chemicals used in this experiment were of
analytical grade. The experimental water had high purity. The experimental carbon felt of
Inner Mongolia Wanxing Carbon Co., Ltd., the carbon black of the US CABOT Cabot Black
VXC-72, and the PTFE of Daikin Fluorochemicals (China) Co., Ltd. (Changshu, China)
were used in the experiment.

2.2. Methods

The carbon felt was ultrasonically cleaned in a mixed solution of acetone, ethanol, and
ultrapure water for 30 min and then dried in a vacuum drying oven at 60 ◦C for 24 h. The
carbon felt sample was labeled as the original carbon felt. A certain proportion of PTFE
emulsion (60%) and carbon black was mixed with 30 mL of ultrapure water and 1 mL of
n-butanol and then ultrasonically mixed for 10 min. The carbon felt was immersed in the
mixture and ultrasonicated for 30 min. The ultrasonic carbon felt was dried in a vacuum
for 24 h. The dried carbon felt was calcined at 360 ◦C for 1 h. The calcined carbon felt was
labeled as modified carbon felt.

The experiment was carried out in a 250 mL undivided three-electrode cell at 25 ◦C,
and the temperature was controlled by an electrochemical workstation (PARSTAT 4000A).
The original carbon felt and the modified carbon felt were used as the working electrode,
the platinum sheet was used as the counter electrode, and the mercury-oxide mercury
electrode was used as the reference electrode. The electrolyte was the NaOH solution with
a concentration of 75 g/L. Before electrochemical experiments, oxygen was pumped into
the solution for 30 min to saturate the oxygen in the electrolyte. The ARCD was added
to the electrolyte at a concentration of 500 mg/L. The arsenic removal experiment was
conducted at the condition of original carbon felt and modified carbon felt.

The arsenic in the leaching solution was removed by calcium salt, and Ca(OH)2 was
added to an exact amount of 100 mL arsenic leaching solution. The mixed solution was
placed in a constant temperature water bath at 65 ◦C for 2 h with the rotation speed of
300 r/min and then filtered by a water circulating vacuum pump. The filtrate was added
0.075 mol/L aluminum chloride as a flocculant in a constant temperature water bath for
further arsenic removal [33,34]. The filtrate was stirred at a speed of 120 r/min for 5 min
and then stirred at a speed of 80 r/min for 15 min. After the mixture was complete, the
filtering operation was performed. Finally, the obtained final filtrate can be recycled for the
leaching process after adjusting the concentration, and the final residue can be recycled for
the copper smelting process.

2.3. Characterization and Analysis

The phases of ARCD were determined by X-ray diffraction (XRD, PANalytical Empyrean,
Almelo, The Netherlands), and the chemical composition was determined by inductively
coupled optical emission spectrometry (ICP-OES, PerkinElmer Optima 7300 V, Richmond,
CA, USA). The carbon felt and modified carbon felt were characterized by a scanning
electron microscope (SEM, FEI Quanta 250, Hillsboro, OH, USA) equipped with energy
dispersive X-ray spectrometry (EDS, EDAX Genesis, Richmond, CA, USA). Further, its
microscopic morphology, the specific surface area, and pore size distribution were mea-
sured by the BET with N2 adsorption and desorption analyzer. The hydrophilicity and
hydrophobicity of the electrode surface were measured by a contact angle meter (Theta,
Biolin, Espoo, Finland), and the pH value of the electrolyte was obtained using a pH meter.

The concentration of H2O2 generated in the electrolyte was measured with a double-
beam UV-visible spectrophotometer using a potassium titanium oxalate developer. Electron
spin resonance spectroscopy (ESR, Bruker EMX12, Karlsruhe, Germany) was used to
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measure the ·OH content in the electrolyte, and DMPO was added as a quencher for OH
for comparison experiments.

The leaching efficiencies of the target metal were obtained as follows:

η =
CAs(solution)·V
CAs(solid)·M

× 100% (1)

where CAs(solution) represents the As content in the solution, V represents the electrolyte
volume, CAs(solid) corresponds to the arsenic content in the ARCD, and M is the content of
the ARCD in the electrolyte.

3. Results and Discussion
3.1. Characterization of the Spent Catalyst of the ARCD

The ARCD contains a variety of metal elements. As shown in Table 1, the content
of As2O3 reaches 8.78%, and the content of CuO, ZnO, PbO, and Bi2O3 is 15.31%, 1.95%,
17.7%, and 6.62%, respectively. The XRD shows that the main phases in the smelting dust
are As2O5, As2O3, and CuAsS. The XPS analysis shows that the primary forms of arsenic
in the material are As(III) and As(V). The contents of As(V) and As(III) in the ARCD are
59% and 41%, respectively. As shown in Figure 1d, the copper in the ARCD mainly exists
in Cu(I) and Cu(II). The ARCD was analyzed by SEM-EDS, which shows that As coexisted
with Cu, Pb, and Zn.

Table 1. The main compositions of the ARCD (* Data from XRF and other data from ICP, wt.%).

Element As2O3 CuO ZnO PbO Bi2O3 Fe2O3 * SO3 Others

Content 8.78 15.31 1.95 17.7 6.62 1.63 20.73 27.38
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3.2. Alkaline Leaching Mechanisms

The arsenic in the ARCD was converted to arsenate by the NaOH leaching process
and entered the liquid phase. The leaching process was mainly conducted according to
the following (2)–(4) reactions. The thermodynamic analysis of the reaction shows that the
reaction can be carried out at 10–100 ◦C. As can be seen from Figure 2, reactions (2)–(4) can
be carried out under the experimental conditions.

As2O3 + 2NaOH = 2NaAsO2 + H2O (2)

As2O3 + 6NaOH + O2 = 2Na3AsO4 + 3H2O (3)

As2O5 + 6NaOH = 2Na3AsO4 + 3H2O (4)
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The Eh-pH diagram was used to analyze the thermodynamics of the elements in the
leaching process of ARCD. Figure 3 shows the Eh—pH diagrams of As, Pb, Zn, and Cu,
respectively. Arsenic exists in the form of As(s), HAsO2(aq), H2AsO3

−, HasO4
2−, and

AsO4
3− under alkaline conditions. At higher pH and higher potential, H2AsO3

− oxidized
to AsO4

3− which shows that the As in the ARCD will enter the solution. Pb exists in the
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form of Pb2+, PbOH+, HPbO2
−, and PbO(s) under alkaline conditions. Under higher pH

conditions, Pb mainly exists in the form of HPbO2
−, which means Pb can dissolve in the

alkaline solution. With the change of pH, Zn varies in the form of Zn(OH)2, HZnO2
−, and

ZnO2
2−, and Zn could dissolve in the solution when the alkaline strength increases.
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3.3. The Alkaline Leaching Process of the ARCD

The alkaline leaching process was optimized to increase the leaching rate of arsenic.
The leaching rate of arsenic was optimized via varying the temperature, NaOH concen-
tration, and time to finally obtain the optimum conditions, as can be seen from Figure 4;
NaOH of 75 g/L, the temperature of 70 ◦C, and leaching time of 90 min. The arsenic
removal rate from ARCD of 94% was obtained.

After alkaline leaching, the leaching residue was analyzed by XRD and XPS. Figure 5a,b
shows that as the NaOH concentration increases, the peak intensity of arsenic decreases
until it finally disappears. At the same time, Cu(OH)2 phase was found in the slag, which
indicates that Cu(OH)2 is formed after NaOH leaching and remains in the slag. The
XPS shows that the arsenic in the ARCD exists in the form of trivalent and pentavalent.
Figure 5d indicates that, after alkaline leaching, arsenic exists in the trivalent form in the
leaching residue. This means that this part of trivalent arsenic needs to be removed by the
oxidation leaching process.
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3.4. Electrochemical Advanced Oxidation Treatment of ARCD
3.4.1. Characteristics of the Cf and Modified Carbon Felt

The morphologies of carbon felt and modified carbon felt were obtained by SEM
analysis. Figure 6a,b shows that the fibers on the surface of the original carbon felt (RCF)
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are smooth, and the surface of the pretreated carbon felt has no adhesion and impurities.
As shown in Figure 6c,d, there are many particles on the surface of the carbon felt modified
by carbon black and PTFE. The interconnection of these particles dramatically changes the
surface structure of the carbon felt electrode, increasing the surface area of the electrode
and the gas—liquid contact interface of the carbon felt electrode [2]. The modified carbon
felt may enhance the generation of H2O2 when used as a cathode. As shown in Figure 6c,d,
after modification, the contact angle increased from 109.64◦ to 122.33◦, and the cathode
overflow reduced [2].

Figure 6g,h shows the N2 adsorption/desorption isotherm and pore size distribution
of the original carbon felt and the modified carbon felt, respectively. Compared with
the original carbon felt, the modified carbon felt shows a larger specific surface area.
The specific surface areas of the modified carbon felt CF—1:1, CF—1:3, and CF—1:5 are
2.3978 m2/g, 3.7009 m2/g, and 6.9583 m2/g, respectively. As shown in Figure 6g,h, the total
pore volume is 0.015595 cm3/g, 0.066591 cm3/g, and 0.135 cm3/g, respectively. According
to the pore size distribution, the modified carbon felt has a smaller pore size, and the
nanopore structure on the electrode surface is increased.

3.4.2. Performance of the Modified CF Electrode

The cyclic voltammetry (CV) curves of the original carbon felt and modified carbon
felt is shown in Figure 7. After the CV test, it can be seen that an oxygen reduction peak
appears at −0.5 V, indicating an oxygen reduction reaction in Figure 7a. Compared with
the original carbon felt, the modified carbon felt has a greater peak current density. With
the increase of the scanning speed, the oxidation peak moves in the direction of positive
voltage, and the reduction peak moves in the direction of negative voltage (Figure 7b).
The oxygen reduction peak current of the modified carbon felt electrode was significantly
improved, meaning the improved electrochemical performance.
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3.4.3. Influencing Factors of Hydrogen Peroxide Generation

The carbon felt cathode was modified by adjusting CB:PTFE ratio. The influence
of the electrodes on the generation of H2O2 was carried out through different modified
electrodes. As the addition amount continued to increase, the oxygen reduction current
and the current density both gradually increased, resulting in the increase in generated
H2O2 content. The content of H2O2 generated at CB:PTFE of 1:5 reached 148.048 mg/L. As
shown in Figure 8a, the amount of H2O2 produced by CF—1:5 is almost 2.6 times that of
unmodified carbon felt.
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The increasing trend of H2O2 production was carried out by adjusting the oxygen
flow rate, and the results were given in Figure 8b. As the oxygen flow rate increases from
0.2 L/min to 0.6 L/min, the generated H2O2 also increases, and 0.4 L/min was selected as
the optimized oxygen flow rate.

3.4.4. Performance of the Modified Electrode in Detoxification of ARCD

A two—electrode system is adopted in the detoxification experiments; a carbon felt
electrode, a modified electrode (working electrode), and a graphite rod electrode (counter
electrode). The electrochemical oxidation experiment was carried out at the voltage of 1 V.
The experimental conditions were as follows: 150 mL of 75 g/L NaOH, solid to liquid ratio
of 500 mg/L, experiment temperature of 25 ◦C, experiment time of 90 min, and the oxygen
flow rate of 0.4 L/min. After 90 min of the electrolysis experiment, the removal rate of
arsenic reached 98.04%. By comparing pretreated carbon felt and modified carbon felt, the
removal rate of arsenic increased from 84.5% to 98.04% at CF of 1:5 (shown in Figure 8c).

3.5. Electrochemical Oxidation Leaching Mechanisms

The ESR tests were applied in the electrochemical oxidation leaching process to detect
the reactive oxygen species, and DMPO was used as a trapping reagent. As shown in
Figure 9, when 0.02 mol/L DMPO was added to the electrolyte, significant active ·OH
signals were detected under the condition of the oxygen flow rate of 0.4 L/min. Due to the
presence of OH, the leaching rate of arsenic can be further improved with respect to alkaline
leaching. Furthermore, the arsenic leaching process can be considered as an advanced
oxidation process (AOPs). When oxygen is not supplied, the generation of ·OH cannot be
detected, further showing that only the transition metals can catalyze the conversion of
HO2

− into ·OH.

114



Minerals 2021, 11, 1311

Minerals 2021, 11, x FOR PEER REVIEW 11 of 14 
 

 

presence of OH, the leaching rate of arsenic can be further improved with respect to al-
kaline leaching. Furthermore, the arsenic leaching process can be considered as an ad-
vanced oxidation process (AOPs). When oxygen is not supplied, the generation of ·OH 
cannot be detected, further showing that only the transition metals can catalyze the 
conversion of HO2- into ·OH. 

Figure 10 shows the schematic diagram of the experimental setup and arsenic oxi-
dation by reactive oxygen species. A large amount of HO2− with oxidizing properties was 
in situ generated in the alkaline solution system through the oxidation reaction (5) at the 
cathode [35–37]. In addition, Cu(Ⅰ) was oxidized by HO2− to Cu(Ⅱ), triggering the pro-
duction of ·OH, followed by Cu(Ⅱ) conversion into copper hydroxide by OH− into the 
final residue, also detected by XRD (Figure 5), and no Cu(Ⅰ) was detected in the final 
residue. Therefore, the electrochemical AOPs can be considered an iron-free Fenton-like 
reaction and can be described by reaction (6) [38,39]. The OH species have very high ac-
tivity and can oxidize As(Ⅲ) through reaction (7). The arsenic in the ACRD is oxidized 
into the liquid phase, and the removal rate of arsenic is further improved compared with 
alkaline leaching; 

- - -
2 2 2O +H O+2e HO +OH→  (5)

+ 2+
2Cu +HO Cu OH− → + ⋅  (6)

3- 3-
3 4 2AsO + OH AsO +H O⋅ →  (7)

 
Figure 9. ESR tests of ·OH during the electrochemical oxidation leaching process. 

3460 3480 3500 3520 3540 3560

In
te

ns
ity

 (C
PS

)

Magnetic field (mT)

 0 O2 Flow rate
 0.4 L/min O2 Flow rate

Figure 9. ESR tests of ·OH during the electrochemical oxidation leaching process.

Figure 10 shows the schematic diagram of the experimental setup and arsenic oxi-
dation by reactive oxygen species. A large amount of HO2

− with oxidizing properties
was in situ generated in the alkaline solution system through the oxidation reaction (5)
at the cathode [35–37]. In addition, Cu(I) was oxidized by HO2

− to Cu(II), triggering the
production of ·OH, followed by Cu(II) conversion into copper hydroxide by OH− into
the final residue, also detected by XRD (Figure 5), and no Cu(I) was detected in the final
residue. Therefore, the electrochemical AOPs can be considered an iron-free Fenton-like
reaction and can be described by reaction (6) [38,39]. The OH species have very high
activity and can oxidize As(III) through reaction (7). The arsenic in the ACRD is oxidized
into the liquid phase, and the removal rate of arsenic is further improved compared with
alkaline leaching;

O2+H2O + 2e− → HO2
−+OH− (5)

Cu++HO2
− → Cu2+ + ·OH (6)

AsO3
3− + ·OH→ AsO4

3−+H2O (7)
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3.6. The Difference between Alkaline Leaching Process and Electrochemical Advanced Oxidation
Leaching Process

The purpose of alkaline leaching of arsenic-containing waste is to transfer arsenic from
solid waste to the leachate. However, the alkaline leaching process has disadvantages such
as a large amount of waste liquid, easy generation of H2S gas, and low arsenic leaching
efficiency. The oxidation treatment of the waste residue containing low valent arsenic
is beneficial to transforming the arsenic from a stable form to an unstable form (e.g., a
water-soluble state, an exchange state, and a carbonate bond state), thereby increasing the
leaching rate of arsenic. The electrochemical advanced oxidation method uses reactive
oxygen groups with strong oxidation properties generated in situ to oxidize low arsenic
in the ARCD to the leaching solution, which improves the removal rate of arsenic. The
alkaline leaching process has the problem of incomplete removal of arsenic. The use of
an electrochemical advanced oxidation process can increase the removal rate of arsenic
without secondary pollution. The alkaline leaching process cannot oxidize the As(III). The
advanced oxidation technology is used to oxidize the low valence arsenic in the solid waste
and transfer it into the leaching solution, increasing the arsenic removal rate. As shown
in Figure 8d, the removal rate of arsenic is only 80.69%, but it reaches 98.04% through
advanced electrochemical oxidation.

4. Conclusions

The use of an electrochemical advanced oxidation leaching process can effectively
remove arsenic from arsenic-containing solid waste. By adding carbon black and PTFE
to improve the electrochemical performance of the carbon felt, the specific surface area
of the carbon felt, the electrochemical performance, and the content of in suit generated
H2O2 are all increased. The arsenic in the ARCD can be transferred to the solution by the
electrochemical AOPs; therefore, the high-efficiency detoxification of the ARCD is realized.
Under the condition of the voltage of 1.0 V, the electrolysis duration of 90 min, the oxygen
flow rate of 0.4 L/min, and the CF of 1:5, the removal rate of arsenic reaches 98.4%. In
addition, the electrochemical oxidation leaching method avoids secondary pollution and
can be considered a clean and efficient arsenic removal method.

Author Contributions: Data curation, B.L.; writing—original draft preparation, M.L.; writing—
review and editing, J.Y.; supervision, D.D. and H.D.; project administration, Y.C.; funding acquisition,
G.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by [the National Natural Science Foundation of China] (Grant
No. 52004252), [the National Key Research and Development Program of China] (Grant No.
2018YFC1901601), [the Postdoctoral Research Grant in Henan Province] (Grant No. 201902016),
[Henan Province Key R&D and Promotion Special (Scientific and Technical) Project] (Grant No.
212102310600) and [the Key Research Project of Henan Province Colleges and Universities] (Grant
No. 20A440011).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was financially supported by the National Natural Science Foun-
dation of China (Grant No. 52004252), the National Key Research and Development Program of
China (Grant No. 2018YFC1901601), the Postdoctoral Research Grant in Henan Province (Grant No.
201902016), Henan Province Key R&D and Promotion Special (Scientific and Technical) Project (Grant
No. 212102310600) and the Key Research Project of Henan Province Colleges and Universities (Grant
No. 20A440011).

Conflicts of Interest: The authors declare no conflict of interest.

116



Minerals 2021, 11, 1311

References
1. Yang, B.; Zhang, G.L.; Deng, W.; Ma, J. Review of arsenic pollution and treatment progress in nonferrous metallurgy industry.

Adv. Mater. Res. 2013, 634–638, 3239–3243. [CrossRef]
2. Yu, F.; Zhou, M.; Yu, X. Cost-effective electro-Fenton using modified graphite felt that dramatically enhanced on H2O2 electro-

generation without external aeration. Electrochim. Acta 2015, 163, 182–189. [CrossRef]
3. Liu, D.G.; Min, X.B.; Ke, Y.; Chai, L.Y.; Liang, Y.J.; Li, Y.C.; Yao, L.W.; Wang, Z.B. Co-treatment of flotation waste, neutralization

sludge, and arsenic-containing gypsum sludge from copper smelting: Solidification/stabilization of arsenic and heavy metals
with minimal cement clinker. Environ. Sci. Pollut. Res. 2018, 25, 7600–7607. [CrossRef]

4. Chung, J.Y.; Yu, S.D.; Hong, Y.S. Environmental source of arsenic exposure. J. Prev. Med. Public Health 2014, 47, 253. [CrossRef]
[PubMed]

5. Choong, T.; Chuah, T.G.; Robiah, Y.; Koay, F.; Azni, I. Arsenic toxicity, health hazards and removal techniques from water: An
overview. Desalination 2007, 217, 139–166. [CrossRef]

6. Xu, B.; Ma, Y.; Gao, W.; Yang, J.; Jiang, T. A review of the comprehensive recovery of valuable elements from copper smelting
open-circuit dust and arsenic treatment. JOM 2020, 72, 3860–3875. [CrossRef]

7. Jaroíková, A.; Ettler, V.; Mihaljevi, M.; Drahota, P.; Culka, A.; Racek, M. Characterization and pH-dependent environmental
stability of arsenic trioxide-containing copper smelter flue dust. J. Environ. Manag. 2018, 209, 71–80. [CrossRef] [PubMed]

8. Guo, X.Y.; Yi, Y.; Shi, J.; Tian, Q.H. Leaching behavior of metals from high-arsenic dust by NaOH–Na2S alkaline leaching. Trans.
Nonferrous Met. Soc. China 2016, 26, 575–580. [CrossRef]

9. Liu, W.; Han, J.; Ou, Z.; Wu, D.; Qin, W. Arsenic and antimony extraction from high arsenic smelter ash with alkaline pressure
oxidative leaching followed by Na2S leaching. Sep. Purif. Technol. 2019, 222, 53–59.

10. Chen, Y.; Liao, T.; Li, G.; Chen, B.; Shi, X. Recovery of bismuth and arsenic from copper smelter flue dusts after copper and zinc
extraction. Miner. Eng. 2012, 39, 23–28. [CrossRef]

11. Wang, Y.; Fang, X.; Deng, P.; Rong, Z.; Cao, S. Study on thermodynamic model of arsenic removal from oxidative acid leaching.
J. Mater. Res. Technol. 2020, 9, 3208–3218. [CrossRef]

12. Zhong, D.P.; Li, L.; Tan, C. Separation of arsenic from the antimony-bearing dust through selective oxidation using CuO. Metall.
Mater. Trans. B 2017, 48, 1308–1314. [CrossRef]

13. Zhong, D.P.; Lei, L.I. Separation of arsenic from arsenic—Antimony-bearing dust through selective oxidation—Sulfidation
roasting with CuS. Trans. Nonferrous Met. Soc. China 2020, 30, 223–235. [CrossRef]

14. Shan, C.; Tong, M. Efficient removal of trace arsenite through oxidation and adsorption by magnetic nanoparticles modified with
Fe-Mn binary oxide. Water Res. 2013, 47, 3411–3421. [CrossRef]

15. Hu, C.Y.; Lo, S.L.; Kuan, W.H. High concentration of arsenate removal by electrocoagulation with calcium. Sep. Purif. Technol.
2014, 126, 7–14. [CrossRef]

16. Jin, Y.; Fei, L.; Tong, M.; Hou, Y. Removal of arsenate by cetyltrimethylammonium bromide modified magnetic nanoparticles.
J. Hazard. Mater. 2012, 227–228, 461–468. [CrossRef]

17. Bui, T.H.; Kim, C.; Hong, S.P.; Yoon, J. Effective adsorbent for arsenic removal: Core/shell structural nano zero-valent
iron/manganese oxide. Environ. Sci. Pollut. Res. 2017, 24, 24235–24242. [CrossRef] [PubMed]

18. Li, W.; Han, J.; Liu, W.; Qin, W.; Cai, L. Arsenic removal from lead-zinc smelter ash by NaOH-H2O2 leaching. Sep. Purif. Technol.
2019, 209, 128–135. [CrossRef]

19. Zhao, Y.; Qiu, W. Arsenic oxidation and removal from flue gas using H2O2/Na2S2O8 solution. Fuel Process. Technol. 2017,
167, 355–362. [CrossRef]
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Abstract: Generally, the linear correlation coefficient is one of the most significant criteria to appraise
the kinetic parameters computed from different reaction models. Actually, the optimal kinetic
triplet should meet the following two requirements: first, it can be used to reproduce the original
kinetic process; second, it can be applied to predict the other kinetic process. The aim of this
paper is to attempt to prove that the common criteria are insufficient for meeting the above two
purposes simultaneously. In this paper, the explicit Euler method and Taylor expansion are presented
to numerically predict the kinetic process of linear heating reactions. The mean square error is
introduced to assess the prediction results. The kinetic processes of hematite reduced to iron at
different heating rates (8, 10 and 18 K/min) are utilized for validation and evaluation. The predicted
results of the reduction of Fe2O3 → Fe3O4 indicated that the inferior linear correlation coefficient
did provide better kinetic predicted curves. In conclusion, to satisfy the above two requirements
of reproduction and prediction, the correlation coefficient is an insufficient criterion. In order to
overcome this drawback, two kinds of numerical prediction methods are introduced, and the mean
square error of the prediction is suggested as a superior criterion for evaluation.

Keywords: correlation coefficient; kinetic parameters; criterion; hematite; reduction

1. Introduction

Overall, to elucidate the reaction mechanisms and describe the kinetic process of the
experimental data, the kinetic triplet (i.e., the activation energy, E; the pre-exponential
factor, A; the reaction model, f (α)) needs to be evaluated using kinetic analysis methods.
In the practical application, the kinetic triplet is a momentous parameter for the resource
recovery process of waste ore in mineral engineering and metallurgical engineering [1–6].
The kinetic analysis methods can be classified into the following two categories: one is
isothermal kinetics and the other is nonisothermal kinetics. Prior to isothermal kinetic
studies, thermogravimetric analyses are widely applied to characterize various materials,
due to some advantages presented by many researchers [7,8]. The model-fitting method
was widely used to investigate the reaction mechanism in quantities of literature from
thermal-stimulated experimental data, based on a constant heating temperature program
(TGA, DSC, DTA, etc.) [9–11]. Model-fitting approaches allow for the use of various reaction
models (f (α)) to fit experimental data, and then each reaction model produces a single
pair of E and A [12]. Because of the physical interpretation of activation energy, its values
derived from different models are usually proved to be in a rational range, with the same
order of magnitudes. Identifying the optimal kinetic triplet from the above-produced
kinetic parameters is thorny and strenuous work. Commonly, the kinetic parameters
chosen by the linear correlation coefficient can accurately reproduce the original kinetic
curves, whereas, for the practical application, the kinetic parameters should successfully
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predict the other kinetic curves with the same mechanism. Therefore, is it reasonable to
select the kinetic parameters according to the correlation coefficient only? This question
is seldom presented, but is a real problem for the application of nonisothermal analysis.
Actually, the most persuasive criterion to choose kinetic parameters is satisfaction to the
experimental and predicted data. However, the kinetic parameters obtained using the
model-fitting method are rarely applied to predict the nonisothermal kinetic process.

The reduction reaction of hematite is one of the most widely investigated reactions in
history [13–17]. In general, there are two kinds of reaction mechanisms for the hematite
reduction reaction, which depends on the reaction temperature. The first mechanism is
that hematite converts to magnetite and then directly to iron below 576 ◦C. Nevertheless,
the reaction mechanism will experience Fe2O3 → Fe3O4 → FexO→ Fe above 576 ◦C [18].
In this paper, we take the low-temperature (below 576 ◦C) reduction of hematite as an
example to clarify that the correlation coefficient is an insufficient criterion to assess the
kinetic triplet.

2. Theoretical Models
2.1. Nonisothermal Kinetics

Before the instruments for nonisothermal measurements (TGA, DSC, DTA, etc.) were
invented, the concepts of solid-state kinetics had already been established [19–21]. Nearly
all kinetics analysis methods are based on the following equation [22,23]:

dα

dt
= k(T) f (α) (1)

where α denotes the extent of the conversion, t [min] is the reaction time, k(T) [min−1] is
the reaction constant, expressed by the Arrhenius equation, and f (α) denotes the reaction
model. Some of the most common reaction models are presented in Table 1 [22].

Table 1. Reaction models of solid-state kinetics.

Reaction Model Code f(α) g(α)

1 Power law p4 4α3/4 α1/4

2 Power law P3 3α2/3 α1/3

3 Power law P2 2α1/2 α1/2

4 Power law P2/3 2/3α−1/2 α3/2

5 One-dimensional
diffusion D1 1/2α-l α2

6 Mampel (first order) F1 1 − α −ln(1 − α)
7 Awrami-Erofeev A4 4(1 − α)[−ln(1 − α)]3/4 [−ln(1 − α)]1/4

8 Avrami-Erofeev A3 3(1 − α)[−ln(1 − α)]2/3 [−ln(1 − α)]1/3

9 Avrami-Erofeev A2 2(1 − α)[−ln(1 − α)]1/2 [−ln(1 − α)]1/2

10 Three-dimensional
diffusion D3 3/2(1 − α)2/3[1 − (1 − α)1/3]−1 [1 − (1 − α)1/3]2

11 Contracting sphere R3 3(1 − α)2/3 1 − (1 − α)1/3

12 Contracting cylinder R2 2(1 − α)1/2 1 − (1 − α)1/2

13 Two-dimensional
diffusion D2 [−ln(1 − α)]−1 (1 − α)ln(1 − α) + α

The temperature dependence can be presented through the Arrhenius equation, as
follows:

k(T) = Aexp
(−E

RT

)
(2)

where A [min−1] is the pre-exponential factor, E [J/mol] is the activation energy of the
reaction, R is the gas constant, and T [K] is the reaction temperature.
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Combining Equations (1) and (2) yields Equation (3), as follows:

dα

dt
= Aexp

(−E
RT

)
f (α) (3)

For nonisothermal conditions, a constant heating rate β is usually adopted, thus the
following equation is applied:

β =
dT
dt

(4)

where β [K/min] is the linear heating rate. Combining Equations (3) and (4) means that the
explicit temporal dependence in Equation (3) is eliminated through the following trivial
transformation:

dα

dT
=

A
β

exp (−E/RT) f (α) (5)

Taking the natural logarithm of Equation (3) leads to the following:

ln
(

dα/dt
f (α)

)
= ln A− E

RT
(6)

Using the Sharp–Wentworth method [24], a plot of ln
(

dα/dt
f (α)

)
against 1

T should result
in a straight line, with the slope of –E/R and the intercept of lnA, then the activation energy
and pre-exponential factor can be calculated. The reaction is regularly regarded as the first
order or other apparent reaction orders gained from the Freeman–Carroll [8] method.

The integral of Equation (5) yields the following:

g(α) =
α∫

0

dα

f (α)
=

A
β

T∫

T0

exp(−E/RT)dT (7)

where g(α) is the integral form of the 1/f (α) (shown in Table 1), and T0 is the initial reac-
tion temperature. The right-hand expression of Equation (5) has no analytical solution,
and many researchers [7,25,26] have approached the analytical solutions with some math-
ematical simplifications. One of the most popular mathematical simplifications is the
Coats–Redfern equation [7], which is as follows:

ln
g(α)
T2 = ln

(
AR
βE

[
1− 2RTm

E

])
− E

RT
(8)

where Tm is the mean experimental temperature, and the Arrhenius parameters (E and A)
can be derived from the plot of ln g(α)

T2 against 1
RT .

2.2. The Criterion of Determination

Regular kinetic analysis has the following two major purposes: one is theoretical
and the other is practical. Theoretically, each member of the kinetic triplet (A, E, and
f (α)) represents a different physical concept [27]. A is associated with the frequency of
the vibrations of the activated complex and E represents the energy barrier [28]. f (α) or
g(α) is regarded as the reaction mechanism [29]. Practically, the kinetic triplet needed to
provide a mathematical description of the kinetic process. Based on the mathematical
description, not only the original kinetics data can be reproduced, but the other kinetic
processes could also be numerically predicted [27]. When adopting the Sharp–Wentworth
or Coats–Redfern methods to deal with experimental data, a set of kinetic triplets can
be derived in different reaction models. Because of the existence of the “compensation
effect”, there is a strong linear correlation between the values E and ln A computed from
the corresponding reaction model f (α) [30]; most of the kinetic triplets can satisfactorily
reproduce the original experimental data [12]. However, not all kinetic triplets can make a
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satisfying prediction. Therefore, how to choose optimal kinetic parameters is a significant
problem.

For a same reaction, various fitting models will produce different coefficients of linear
correlation, r. In many papers [31–33], the linear correlation, r, is usually estimated as a
criterion for selection. A single pair of A and E is then commonly chosen, corresponding
to a reaction model that gives the maximum absolute value of the correlation coefficient,
|rmax| [12]. Actually, the maximum value of |r| does not necessarily represent the most
probable model in statistics [12,34–36]. Vyazovkin suggested combining the linear correla-
tion, r, and the result of the isothermal kinetics prediction, based on nonisothermal kinetics
parameters, to pick the kinetic triplet [12]. The prediction formula is as follows:

tα =
g(α)

A exp(−E/RT 0)
(9)

where T0 is the constant temperature (isothermal condition) and tα is the time to reach
the extent of conversion at the temperature T0. Nevertheless, sometimes the method will
be invalid. Whether the nonisothermal kinetic triplet can be applied to the isothermal
condition is controversial [12,37]. Hence, a new idea that uses nonisothermal kinetics
parameters to predict the nonisothermal kinetics process may be more reliable. Two
numerical methods are introduced to evaluate the criterion, explained below.

2.3. Explicit Euler Method

When the activation energy, reaction order, and the pre-exponential factor are de-
termined, the results of the numerical prediction can be obtained by using the explicit
Euler method.

Combining Equations (3) and (4), we can obtain the following equation:

dα

dt
= fk = A exp

( −E
R(T0 + tkβ)

)
f (α) (10)

Based on the explicit Euler formula, the numerical prediction formula can be obtained
as follows: 




αk+1 = αk + h fk
α0 = α(t0)
h = b/m

(k = 0, 1, 2 · ··, m− 1) (11)

where k denotes the node of the Euler formula, fk [min−1] denotes the slope of function α(t)
at time tk,[min], h [min] is the step length of the Euler formula, m is the number of nodes,
and b [min] denotes the total reaction time. Regularly, α0 equals zero.

2.4. Taylor Expansion Method

Supposing the activation energy, reaction order, and the pre-exponential factor are
given, the numerical solution of Equation (7) can be calculated using the Taylor expansion
method, which is as follows:

g(T) =
A
β

T∫

T0

exp(−E/RT)dT (12)

where g(T) is the original function of the above temperature integral. Equation (13) is
deduced by second-order Taylor expansion of the original function, g(T), as follows:

g(T0 + ∆T) ≈ g(T0) + g′(T0)∆T +
1
2!

g′′ (T0)∆T2 (13)
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where the following applies:

g′(T) =
A
β

exp(−E/RT) (14)

g′′ (T) =
AE exp(−E/RT)

βRT2 (15)

2.5. Mean Square Error

In order to appraise the deviation between the experimental value and the predicted
value, the mean square error is defined as Equation (16), which is as follows:

MSE =
1
N

N

∑
t=1

(
yexp − ypre

)2

(16)

where MSE denotes the mean square error, N denotes the number of nodes, yexp is the
conversion rate of the experiment, and ypre is the predicted conversion rate by the explicit
Euler or Taylor expansion methods.

It is worth emphasizing that the predicted data are simulated from the kinetic parame-
ters derived from the other experimental data. For the same reaction, the smaller the mean
square error is, the more accurate the prediction is.

3. Experimental Procedure

In order to validate the numerical prediction model, nonisothermal experiments are
conducted and a differential thermal analyzer of STA 409 from NETZSCH (manufactured
by NETZSCH-Gerätebau GmbH, Germany) is used as apparatus. The arrangement of the
gas tube, Al2O3 crucible (sample carrier), gas monitor, thermal analyzer, and other auxiliary
equipment is shown in Figure 1.
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Figure 1. Experimental apparatus. 

Chemical pure hematite powder with a purity of 99.0 wt.% (from Sinopharm Chem-
ical Reagent Co., Ltd., Shanghai, China) was used as raw material. The powder was placed 
in the Al2O3 crucible, then it was appropriately placed on the weight sensor of the ana-
lyzer, and all the gas tubes were well sealed. Before being linearly heated, furnace atmos-
phere was cleansed from air with high-pure Ar gas, which was then substituted with pure 
CO at a flowrate of 30 mL/min. Consequently, the raw materials with masses of 370, 823, 
610 and 335 mg were heated at heating rates of 3, 8, 10 and 18 K/min, respectively. When 

Figure 1. Experimental apparatus.

Chemical pure hematite powder with a purity of 99.0 wt.% (from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) was used as raw material. The powder was placed in
the Al2O3 crucible, then it was appropriately placed on the weight sensor of the analyzer,
and all the gas tubes were well sealed. Before being linearly heated, furnace atmosphere
was cleansed from air with high-pure Ar gas, which was then substituted with pure CO at
a flowrate of 30 mL/min. Consequently, the raw materials with masses of 370, 823, 610 and
335 mg were heated at heating rates of 3, 8, 10 and 18 K/min, respectively. When the
reaction temperature was heated to 576 ◦C, the material was cooled to room temperature in
an inert Ar atmosphere.
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4. Results and Discussion
4.1. Fitting Results

Based on the principle of thermodynamics, when the reaction temperature is below
576 ◦C [38], the reduction of hematite can be divided into two steps. Firstly, hematite is
reduced to magnetite, then magnetite is reduced to iron.

3Fe2O3(s) + CO(g) = 2Fe3O4(s) + CO2(g) ∆Gθ = −42.227− 0.048T(K) (17)

1
4

Fe3O4(s) + CO(g) =
3
4

Fe(s) + CO2(g) ∆Gθ = −7.960 + 0.010T(K) (18)

The Gibbs energies of the reduction reactions of hematite to magnetite and magnetite
to iron are negative under experimental conditions. Therefore, the above two reactions
can occur in the experimental temperature range. The predominance area diagram of iron
oxide reduction reactions is shown in Figure 2 [38].
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As shown in Figure 2, the reduction products of hematite are determined by reaction
temperature and partial pressure of reduction gas. Point A and point A’ in Figure 2 are
three-line intersections of the reactions reduced by CO and H2, respectively. Figure 2 can be
divided into three parts by point A. On the upper left part of point A, the expected reduction
product is Fe; on the right part of point A, FexO is thermodynamically stable. Below the
point A, Fe3O4 is thermodynamically predominant. As a result, the low-temperature
reduction of hematite includes two processes, i.e., Fe2O3 → Fe3O4 and Fe3O4 → Fe.

The TG curves and DTG curves of the experimental data are shown in Figure 3.
According to the appearance of the DTG curve for the 3 K/min heating rate, we

can observe that there are two troughs (329.1 ◦C and 438.0 ◦C), a peak (349.0 ◦C), and
a significant inflection point (530.0 ◦C). The above phenomenon indicates that there are
three reactions occurring. The first reaction began at 253.0 ◦C, and then the reaction rate
reached the maximum at 329.1 ◦C. From 329.1 ◦C to 438.0 ◦C, the reaction rate gradually
decreases until it reaches zero. The mass loss of the first reaction is 4.78%, which is larger
than the theoretical mass loss of Fe2O3 reduced to Fe3O4 (3.33%). Practically, because of
the non-stoichiometry of magnetite, the actual mass loss of Fe2O3 → Fe3O4 is 4.7% [18].
Therefore, the first reaction is hematite reduced to magnetite. The change from 329.1 ◦C to
438.0 ◦C denotes that the reaction of Fe3O4 reduced to Fe is proceeding. When the reaction
temperature reaches about 530 ◦C, the shape of the DTG curve changes, which alludes to a
new reaction. The new reaction may be the carbon deposition reaction (2CO→ C + CO2) or
the carburization reaction (Fe3O4 + 6C→ Fe3C + 5CO). Therefore, we chose the temperature
range of 329.1 ◦C to 520.0 ◦C to investigate the reaction of Fe3O4 reduced to Fe. The shapes
of the DTG curves for 8, 10, 18 K/min are similar to the shape of the DTG curve for 3 K/min,
which indicates there are two reactions occurring (Fe2O3 → Fe3O4 and then Fe3O4 → Fe)
during heating at 8, 10, 18 K/min. The selected temperature ranges of the above two
reactions in each heating rate are shown in Table 2.
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Table 2. The selected temperature ranges of the two reactions.

Heating Rate/(K/min) Fe2O3 → Fe3O4 (◦C) Fe3O4 → Fe (◦C)

3 253.0–329.1 329.1–520.0
8 261.0–387.6 387.6–520.0
10 261.1–394.7 394.7–520.0
18 274.1–412.3 412.3–520.0

The kinetic parameters of the hematite reduction reaction and the corresponding correla-
tion coefficients at 3, 8, 10 and 18 K/min heating rates are displayed in Tables 3 and 4.

Table 3. The kinetic parameters of the reaction of Fe2O3 → Fe3O4 based on the optimal correlation
coefficient.

Sharp–Wentworth Coats–Redfern

β/(K/min) E
(J/mol)

Reaction
Order

ln
(A/min) r2 E

(J/mol)
Reaction
Order

ln
(A/min) r2

3 246,385 First 47.68 0.9992 176,498 First 33.28 0.9857
8 179,333 First 35.25 0.9994 144,763 First 26.37 0.9875

10 179,316 First 35.35 0.9989 147,216 First 26.78 0.9906
18 171,360 First 34.15 0.9981 132,533 First 23.81 0.9796
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Table 4. The kinetic parameters of the reaction of Fe3O4 → Fe based on the optimal correlation
coefficient.

Sharp–Wentworth Coats–Redfern

β/(K/min) E
(J/mol)

Reaction
Order

ln
(A/min) r2 E

(J/mol)
Reaction
Order

ln
(A/min) r2

3 72,576 First 9.28 0.9994 81,382 First 10.57 0.9984
8 56,040 First 6.48 0.9969 142,386 Third 21.39 0.9908

10 58,440 First 7.32 0.9919 147,765 Third 22.38 0.9917
18 63,649 First 8.44 0.9941 171,202 Third 26.53 0.9933

4.2. Results from Explicit Euler Method

When the activation energy, reaction mechanism, and pre-exponential factor of a group
of thermogravimetric data have been obtained in advance, the dependence of α on t can be
calculated using Equations (10) and (11) for an arbitrary heating rate experiment.

Figure 4 shows comparisons between the experimental data and the predicted results,
using different kinetics parameters of Fe2O3 reduced to Fe3O4 by the explicit Euler method.
In the sub-image of Figure 4, the reaction mechanisms are both first orders, and the
kinetics parameters are achieved from the experimental data with the heating rate of
3 K/min; the pre-exponential factor and activation energy for the Sharp–Wentworth models
are 5.12 × 10 20 min−1 and 246.39 kJ/mol, and for the Coats–Redfern models they are
2.85 × 10 14 min−1 and 176.50 kJ/mol, respectively.
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Figure 5 shows comparisons between the experimental data and the predicted re-
sults for the reaction of magnetite reduced to iron. The predicted results are based on
kinetic parameters of the heating rate of 3 K/min. The reaction mechanisms of magnetite
reduced to iron for the Sharp–Wentworth and Coats–Redfern methods are both first orders.
The kinetic parameters used for the prediction are as follows: Sharp–Wentworth’s pre-
exponential factor and activation energy are 10,708 min−1 and 72.58 kJ/mol, respectively,
and the pre-exponential factor and activation energy of Coats–Redfern are 38,901 min−1

and 81.38 kJ/mol, respectively.
For the reaction of hematite reduced to magnetite, according to Figure 4, the results

of the Coats–Redfern prediction are closer to the experimental values. The mean square
errors of the Sharp–Wentworth and Coats–Redfern methods are calculated by Equation (18).
Based on the formula of the mean square error, the number of nodes with heating rates of
8, 10 and 18 K/min are 70, 65 and 53, respectively.
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of Fe3O4 → Fe by explicit Euler method.

According to the results of the mean square error in Table 5, for the same heating
rate, the mean square value of the Coats–Redfern method is lower than that of the Sharp–
Wentworth method. Therefore, when the heating rate is 3 K/min, the kinetic parameters of
hematite reduced to magnetite obtained by Coats–Redfern are superior to those obtained
by the Sharp–Wentworth method.

Table 5. The mean square errors of the reaction of Fe2O3 → Fe3O4 for the explicit Euler method.

Sharp–Wentworth Coats–Redfern

β 8 K/min 10 K/min 18 K/min 8 K/min 10 K/min 18 K/min
N 70 65 53 70 65 53

MSE 0.0463 0.0563 0.0720 0.0171 0.0174 0.0191

As for the reaction of magnetite reduced to iron, according to the mean square error
formula, the number of nodes with heating rates of 3, 8 and 18 K/min are 83, 88 and 66,
respectively.

The mean square errors of the Sharp–Wentworth method are smaller than those of
the Coats–Redfern method in Table 6. Consequently, the kinetic parameters of magnetite
reduced to iron, with a 3 K/min heating rate, calculated by the Sharp–Wentworth method,
are more preferable than those by the Coats–Redfern method. Significantly, whether the
data of the Sharp–Wentworth method or the Coats–Redfern method are used, the predicted
results of 18 K/min are much different from the experimental data. This may be a result of
the high heating rate or the speedy reduction process, which leads to a significant influence
of inner diffusion on the dominant chemical reduction process.

Table 6. The mean square errors of the reaction of Fe3O4 → Fe for the explicit Euler method.

Sharp–Wentworth Coats–Redfern

β 8 K/min 10 K/min 18 K/min 8 K/min 10 K/min 18 K/min
N 83 88 66 83 88 66

MSE 0.0003 0.0013 0.0185 0.0019 0.0054 0.0262

4.3. Results from Taylor Expansion Method

For a group of experimental data, the activation energy, reaction order, and the
pre-exponential factor are gained in advance, since the left-hand side of Equation (7)
can be integrated and the right-hand can be solved by using the recursive method, as
Equations (13)–(15) demonstrated. With the help of a computer program, the calculated
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values of the reacted ratio α against time t can be found. Finally, the kinetic processes of
those experiments with other heating rates could also be numerically predicted.

Figure 6 depicts the predicted results for the reaction of hematite reduced to magnetite
by using different kinetic triplets. The Taylor expansion method adopts the same parameters
as the explicit Euler method.
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of Fe2O3 → Fe3O4 using the explicit Euler method.

According to Figure 6 and Table 7, the same conclusion can be drawn, which is that
the kinetic parameters of hematite reduced to magnetite, with a heating rate of 3 K/min,
obtained by the Coats–Redfern method, are superior to those obtained by the Sharp–
Wentworth method.

Table 7. The mean square errors of the reaction of Fe2O3→Fe3O4 for Taylor expansion.

Sharp–Wentworth Coats–Redfern

β 8 K/min 10 K/min 18 K/min 8 K/min 10 K/min 18 K/min
N 70 65 53 70 65 53

MSE 0.0531 0.0618 0.0873 0.0200 0.0213 0.0264

Figure 7 shows comparisons between the experimental and predicted data for the
reaction of magnetite reduced to iron with the Taylor expansion method. In order to
compare with the explicit Euler method, the same nodes are selected to calculate the mean
square errors.
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Based on the data of the mean square errors in Table 8, the result predicted by using
the Sharp–Wentworth method is better than that predicted by the Coats–Redfern method.
Consequently, the kinetic parameters of magnetite to iron with a 3 K/min heating rate,
obtained by Sharp–Wentworth, are superior. When the heating rate is 18 K/min, the
predicted results are still negative.

Table 8. The mean square errors of the reaction of Fe3O4 → Fe for Taylor expansion.

Sharp–Wentworth Coats–Redfern

β 8 K/min 10 K/min 18 K/min 8 K/min 10 K/min 18 K/min
N 70 65 53 70 65 53

MSE 0.0003 0.0010 0.0166 0.0016 0.0047 0.0238

5. Conclusions

Model-fitting approaches are extensively used to obtain kinetics parameters in various
fields. Normally, the correlation coefficient becomes the primary criterion to evaluate the
kinetic parameters of different reaction models. One takes for granted that the kinetic
parameters selected by the criterion are optimal. However, when the kinetic predicted
results are taken into account, the actual situation may be unexpected. In this paper, the
low-temperature reduction reaction of hematite was conducted in four different heating rate
conditions (3, 8, 10 and 18 K/min). In order to evaluate the prediction ability of the kinetics
parameters, the kinetics parameter of 3 K/min heating rate is adopted to predict the kinetic
curves of 8, 10 and 18 K/min heating rates. For the reduction step of Fe2O3 → Fe3O4,
the prediction using the kinetics parameters of the Coats–Redfern (r = 0.9857) method
should have been inferior to that of the Sharp–Wentworth (r = 0.9992) method, according
to the correlation coefficient criterion. However, exactly the opposite is true for the sake
of practical prediction. The kinetic parameters of Coats–Redfern (r = 0.9857) provide a
better prediction result. In conclusion, although the correlation coefficient is widely used
as the decisive criterion to assess kinetics parameters, it is shown to be insufficient when
the capability of the practical prediction of kinetics parameters is taken into account.
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Abbreviations

α Conversion rate -
β Linear heating rate K/min
b Total reaction time min
f Slope min−1

m Number of nodes -
t Reaction time min
h Step length min
f(α) Reaction model -
g(α) The integral form of f(α) -
k(T) Reaction constant min−1

A Pre-exponential factor min−1
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E Activation energy J/mol
N Mean squared number of nodesnodes -
T Reaction temperature K
MSE Mean square error -
TGA Thermal gravimetric analyzer -
DSC Differential scanning calorimetry -
DTA Differential thermal analysis -
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Abstract: Kambara Reactor (KR) desulfurization slag used as slag-making material for converter
smelting can promote early slag melting in the initial stage and improve the efficiency of dephos-
phorization. However, its direct utilization as a slagging material can increase the sulfur content in
molten steel since KR desulfurization slag contains 1~2.5% sulfur. Therefore, this research focuses on
the effect of basicity on the precipitation behavior and occurrence state of sulfur in KR desulfurization
slag in order to provide an academic reference for the subsequent removal of sulfur from slag through
an oxidizing atmosphere. The solidification process of slag was simulated by the Factsage8.0. The
slag samples were analyzed by X-ray diffraction (XRD) and scanning electron microscope (SEM),
and the amount of CaS grains was analyzed using Image-ProPlus6.0 software. The thermodynamic
calculation showed that the crystallization temperature of CaS in the molten slag gradually decreased
with the increase in basicity, and the CaS crystals in the molten slag mainly existed in the matrix
phase and at the silicate grain boundaries. A large number of CaS grains were precipitated along the
silicate grain boundary in low-basicity (R = 2.5 and 3.0) slags and fewer CaS grains were precipitated
along the silicate grain boundary, while the CaS grain density in the matrix phase was higher in the
high-basicity (R = 3.5, 4.0, 4.5) slag. With the increase in basicity, the number of CaS grains gradually
decreased, and the CaS grain sizes in slag sample increased gradually. The sulfur in the synthetic
slag was in the form of CaS crystals and the amorphous phase, and the content of amorphous sulfur
gradually increased with increasing basicity.

Keywords: KR desulfurization slag; basicity; CaS; precipitation; occurrence

1. Introduction

Sulfur is a detrimental impurity in molten steel that can easily form long strips or
flake-shaped sulfide inclusions, causing a decrease in the transverse compressive strength
and plasticity of steel [1]. In addition, the FeS formed in molten steel easily shapes a
low-temperature eutectic at the grain boundary of ferrite and austenite, which reduces
the hot workability of steel [2]. Lv et al. [3] conducted a study about the effect of sulfur
on the properties of high-manganese austenitic steel and discovered that an increase in
sulfur content leads to a decrease in the ductility and plasticity temperature range of
high-manganese austenitic steel. To reduce the effect of sulfur on the performance of
steel, metallurgical enterprises often pretreat blast furnace hot metal for desulfurization
outside the furnace. At present, the commonly used domestic hot metal desulfurization
pretreatment processes outside the furnace mainly include the KR desulfurization process
and the injection desulfurization process [4,5]. The KR desulfurization process involves
inserting the poured cross-shaped refractory stirring head into the molten iron to a certain
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depth, and then driving it at a certain speed to rotate in the molten iron to produce a vortex.
Then, the desulfurizer and the molten iron are fully contacted to achieve a desulfurization
effect [6]. In the injection desulfurization process, inert gas and desulfurizer are injected
into the molten iron at the same time by a spray gun, and the inert gas plays the main
role of carrying the desulfurizer and stirring the molten iron [7,8]. Due to the superior
dynamic conditions and high desulfurization efficiency of the KR mechanical stirring
desulfurization process, it has gradually replaced the injection desulfurization process
and has become the most widely used hot metal pretreatment desulfurization process in
China [9]. However, the widespread use of the KR desulfurization process in China is
leading to an increase in the output of KR desulfurization slag, causing the accumulation
of KR desulfurization slag, occupying a large amount of land resources, and polluting
the surrounding waters and atmospheric environment of enterprises. It can be concluded
that improving the comprehensive utilization rate of KR desulfurization slag is extremely
important for environmentally friendly production within enterprises.

The composition of KR desulfurization slag comprises CaO, SiO2, MgO, Al2O3, CaF2,
CaS and MFe, and the sulfur content is 1.0~2.5% [10]. At present, the treatments of KR
desulfurization slag in domestic and foreign enterprises mainly include recovering MFe
from the slag and reusing the tailing as sintering ingredients, building materials etc. [11–14].
Han et al. [11] used the combined process of grinding classification–gravity, separation–
magnetic and separation to extract iron from desulfurization slag of Angang, and the
TFe grade of the iron concentrate reached 86.32%, the S grade decreased to 0.21%, and
an iron recovery rate of 78.48% in the slag was achieved. Sheng et al. [12] studied the
comprehensive utilization of KR desulfurization slag in neutralizing acid mine wastewater
and found that KR desulfurization slag can effectively neutralize acid mine wastewater,
although there is little f-CaO in the slag. Fujino et al. [14] reported that the application of KR
desulfurization slag in sintering production can reduce coking coal consumption, increase
the melt, and reduce CO2 emission in the sintering process. However, if the use of KR
desulfurization slag exceeds 15%, the permeability of the sintering bed will be decreased.
In addition, Nakai et al. [15] showed that adding 70% KR desulfurization slag for hot
metal pretreatment desulfurization has the same desulfurization capacity as using pure
desulfurizer (CaO-5%CaF2) and can save 40% desulfurizer consumption. In summary, the
above research has promoted the technical development of the comprehensive utilization
of KR desulfurization slag to varying degrees, but the above process does not consider
the removal of sulfur in slag to improve the value of the comprehensive utilization of KR
desulfurization slag. Furthermore, the economic benefit of the above processes for the
utilization of KR desulfurization slag is low. CaF2 and CaS in the slag easily produce the
toxic gases HF and H2S due to reacting with the moisture in air, resulting in secondary
pollution. Therefore, developing new techniques for the comprehensive utilization of KR
desulfurization slag is of great significance to the long-term development of enterprises.

The main component of KR desulfurization slag is CaO, which is mostly contained in
the form of silicate (2CaO·SiO2, 3CaO·SiO2) and f-CaO in KR slag [16]. If KR desulfurization
slag replaces the reactive lime for converter slag making, it can promote early slag melting
in the initial stage of converter smelting and can improve the efficiency of converter
dephosphorization. Relevant researchers [17–19] have reported that C2S can form a stable
solid solution C2S-C3P (2CaO·SiO2-3CaO·P2O5) with C3P (3CaO·P2O5) to improve the
stability of phosphorus in the molten slag. To this end, the reuse of KR desulfurization slag
in converter smelting process has been studied. Jiang et al. [20] concluded that the average
sulfur content is 0.0136% higher than in the normal converter smelting process. It can
be seen that reusing KR desulfurization slag for converter smelting directly increases the
sulfur content and reduces the quality of molten steel. Therefore, in order to compensate for
the shortcomings of the current smelting process, the thermodynamic database Factsage8.0
was used herein to simulate the solidification process of slag, as well as XRD and SEM-
EDS were used to analyze and detect the mineral phase and microstructure of slag to
investigate the effect of basicity on the sulfur precipitation behavior and occurrence state
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of KR desulfurization slag in the form of synthetic slag to provide a theoretical basis
for the subsequent removal of sulfur in KR desulfurization slag through an oxidizing
atmosphere and realize the comprehensive utilization of KR desulfurization slag in the
converter smelting process.

2. Experimental Procedure
2.1. Synthetic Slag Composition

According to the existing conclusions and the desulfurization principle of the KR
desulfurization process, it can be determined that sulfur in slag mainly exists in the form of
a CaS phase [21]. Therefore, the sulfur in synthetic slag was added in the form of CaS, and
the mass fraction was 3.38% (1.5% S). CaO, SiO2, Al2O3, MgO and CaF2 were all analytical
pure chemical reagents. According to industrial KR desulfurization slag, the basicity of
synthetic slag was set to 2.5, 3.0, 3.5, 4.0, and 4.5. The mass fractions of Al2O3 and MgO
in the synthetic slag were controlled to be 6.00% and 3.00%, respectively. The CaO and
SiO2 contents in the synthetic slag were added according to binary basicity. The mass ratio
of CaF2 and CaO in the slag was 1:9. The chemical compositions of synthetic slags with
different basicities in the CaO-SiO2-CaF2-CaS-based system are shown in Table 1.

Table 1. Chemical composition of molten slag, wt.%.

Sample CaO SiO2 Al2O3 MgO CaS CaF2 CaO%/SiO2%

S1 59.23 23.69 6.00 3.00 3.38 6.58 2.50
S2 61.96 20.65 6.00 3.00 3.38 6.88 3.00
S3 64.07 18.31 6.00 3.00 3.38 7.12 3.50
S4 65.76 16.44 6.00 3.00 3.38 7.31 4.00
S5 67.13 14.92 6.00 3.00 3.38 7.46 4.50

2.2. Preparation Process of Synthetic Slag

The laboratory preparation of synthetic slag mainly includes the laboratory prepara-
tion of CaS and synthetic slag samples with different basicities in Table 1.

In the beginning, CaS added into synthetic slag was prepared through high-temperature
carbothermal reduction in the laboratory because CaS is apt for oxidization. The raw
materials for preparing CaS are carbon powder (purity > 99.85%) and CaSO4·2H2O
(purity > 99.95%). CaSO4·2H2O was first heated at 200 ◦C for 2 h to dehydrate and form
CaSO4, and then the dehydrated CaSO4 was mixed with carbon powder in a molar ratio of
1:2 and loaded into the corundum crucible. Then, the corundum crucible was placed in
the constant temperature zone of the carbon-tube furnace with nitrogen atmosphere at a
flow rate of 1L/min. The heating rate was set to 10 ◦C/min, and the reaction temperature
was set to 1100 ◦C. Finally, after holding at 1100 ◦C for 2 h, the sample was cooled to room
temperature in a nitrogen atmosphere and the CaS purity was calculated. The principle of
CaS preparation in the laboratory are shown in Equations (1) and (2).

CaSO4·2H2O = CaSO4 + 2H2O (1)

CaSO4 + 2C = CaS + 2CO2 (2)

Second, the quality of the synthetic slag sample was determined to be 100 g, and the
analytical pure chemical reagents were precisely weighed according to the different slag
compositions shown in Table 1. Furthermore, the chemical reagents were fully stirred and
evenly screened twice with 35 mesh and 200 mesh standard screens. The mixed synthetic
slag was placed into the corundum crucible, and the corundum crucible was placed in
the constant temperature zone of the carbon-tube furnace. The nitrogen flow rate of the
carbon-tube furnace was set to 1 L/min, the reaction temperature was set to 1600 ◦C, and
the heating rate was 15 ◦C/min. The slag sample was extracted by a quartz glass tube
when the holding times reached 15 min.
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2.3. Analysis Method

In order to clarify the evolution process of mineral composition and slag microstruc-
ture with basicity in different slag samples. The samples S1–S5 were detected by X-ray
diffraction analyzer (XRD, Rigaku/SmartLab SE, Tokushima, Tokyo, Japan). The detection
data of the X-ray diffractometer were analyzed by Search-Match software, and the data
were plotted by Origin2019. Moreover, the microstructure of different slag samples was
analyzed by SEM-X spectrometry (SEM-EDS; ThermoFisher/Apreo S HiVac, Wyman Street,
Waltham, MA, USA). Finally, the amount of CaS grains in different slag samples were
analyzed by Image-ProPlus 6.0 (IPP6.0, Media Cybernetics, Bethesda, MD, USA).

3. Thermodynamic Calculation of Synthetic Slag Solidification

The Equlib module of the thermodynamic database FactSage (FactSage 8.0, GTT,
Germany) was used to simulate the equilibrium solidification process of the S3 sample with
FToxid and FTsalt. In the software, the pure liquids and pure solids of the compound species
of the production were chosen. The simulation temperature range was 1100~1600 ◦C, and
the calculation step was set as 10 ◦C/min. The results are shown in Figure 1. When the
temperature was 1600 ◦C, two phases coexisted in the molten slag, namely, the liquid
phase and the MeO#1 phase (CaO solid solution). When the temperature decreased to
1420 ◦C, the C2S phase began to precipitate from the liquid phase; when the temperature
was lower than 1340 ◦C, the sulfur in the residual liquid began to precipitate in the form of
CaS; when the temperature was lower than 1320 ◦C, the MeO#2 phase (MgO solid solution)
and the 12CaO·7Al2O3·CaF2 phase began to precipitate from liquid phase; when the
temperature decreased to 1275 ◦C, the precipitation content of MeO#1 and C2S increased
simultaneously. When the temperature decreased to 1150 ◦C, all phases in the synthetic
slag were completely precipitated. It can be seen from Figure 1 that the MeO#2 phase and
CaS were mainly precipitated in the form of pure substance during solidification, and no
chemical reaction occurred with the other components in the molten slag, while the sulfur
in the slag completely precipitated into the CaS phase. Moreover, Al2O3 reacted with CaF2
and CaO in the slag to form the low-melting point compound 12CaO·7Al2O3·CaF2.
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Second, the amount of precipitation of each phase vs. basicity is plotted in Figure 2, indi-
cating that the amount of precipitation amount of the CaS, MeO#2 and 12CaO·7Al2O3·CaF2
phases in the molten slag remained the same quality with an increase in basicity. This is
because the contents of MgO and CaS in the different synthetic slags were 3.00 and 3.38 g,
respectively, and the sulfur and magnesium in the slag were able to completely precipitate.
According to the thermodynamic calculation in Figure 1, MgO and CaS did not react with
the other components in the slag during solidification, and they could completely precipi-
tate into MeO#2 phase (MgO solid solution) and CaS during solidification. Additionally,
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the complete precipitation of 12CaO·7Al2O3·CaF2 in slag was unaffected by the change
in basicity, mainly due to CaO being the main composition in the synthetic slag, in the
molten state, Al2O3 in slags with different basicities completely reacted with CaO and CaF2
to form 12CaO·7Al2O3·CaF2. Moreover, when the basicity increased from 2.5 to 4.5, the
C2S phase decreased from 72.62% to 48.05%, and the amount of precipitation of MeO#1
phase increased from 10.25% to 34.82% in the solid slag. The amount of precipitation of
C2S phase in the slag was negatively correlated with the increase in basicity, while the
amount of precipitation of the MeO#1 phase was positively correlated.
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Figure 2. Relationship between the total amount of precipitation of each phase in the solid slag and
the basicity.

Since the slag samples were prepared in the laboratory at 1600 ◦C, the thermodynamic
analysis of the molten slag phase at 1600 ◦C was calculated to provide a reference for the
mineral structure in molten slags with different basicities; the calculation result is shown in
Figure 3. It was observed that all slag samples were composed of MeO#1 and liquid phases
at 1600 ◦C. With the increase in basicity from 2.5 to 4.5, the liquid phase content in the
molten slag decreased from 96.26% to 73.63%, while the MeO#1 phase content increased
from 3.74% to 26.37%. It can be concluded that the supersaturation of MeO#1 phase in
molten slag increased with the increase in basicity at 1600 ◦C.

Moreover, the process of sulfur precipitation in molten slag is related to the crystalliza-
tion temperature of its sulfur; thus, the thermodynamic calculation of the crystallization
temperature of sulfur in slag can provide thermodynamic a theory for the analysis of
sulfur precipitation behavior in molten slag. The crystallization temperature of CaS in
different basicities slag was calculated as shown in Figure 4. When the basicity was 2.5,
the highest crystallization temperature of CaS was 1340 ◦C. When the basicity was 4.5, the
crystallization temperature of CaS was 1305 ◦C. Thus, it can be seen that the crystallization
temperature of CaS was a strong function of basicity. The increase in basicity tended to
promote a lower crystallization temperature, and the temperature decreased from 1340 to
1305 ◦C.
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CaS in molten slag.

Based on the above solidification simulation analysis of each phase in the molten slag,
the sulfur in the slag was precipitated in the form of CaS minerals, and the basic phases
in the molten slag were C2S, MeO#1, MeO#2, 12CaO·7Al2O3·CaF2 and CaS. Two phases
coexisted in the molten slag at 1600 ◦C, and the particle concentration of the MeO#1 phase
increased with the increase of basicity. During the equilibrium solidification process, the
sulfur in the slag completely precipitated in the form of a CaS phase, and the crystallization
temperature of CaS in the slag gradually decreased with the increase in basicity.

4. Results
4.1. Analysis of Synthetic Slag

Figure 5 presents the XRD analysis results of the synthetic slag samples with different
basicities. The corresponding phase was C3S at diffraction angles of 32.3◦, 32.7◦, 34.4◦,
41.5◦, 51.9◦ and 62.4◦. The corresponding phase was C2S at diffraction angles of 32.3,
32.7and 41.5◦. The corresponding phase was CaS at diffraction angles of 31.5◦, 45.2◦ and
60.2◦, and MeO#2 at diffraction angles of 36.3◦, 43.4◦ and 62.5◦. When a slag basicity of
R ≤ 3.5, the characteristic peak of the MeO#1 phase didn’t appear in the solid slag. When
the basicity increased to 4.0, the characteristic peak of the MeO#1 phase began to appear at
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2θ of 32.5◦, 37.2◦, and 54.5 ◦, and the intensity of the characteristic peak of the MeO#1 phase
gradually enhanced with the increase in basicity. This was mainly because the basicity of
the slag was less than or equal to 3.5, the CaO in the slag was in an unsaturated state in
the actual melting process, and CaO completely reacted with the other components in the
slag to form silicate in the heat preservation process. Furthermore, when the basicity was
greater than or equal to 4.0, the MeO#1 phase in the slag gradually increased due to the
basicity being greater than or equal to 4.0, the supersaturation of the CaO content in the
slag gradually increased, which caused the content of the MeO#1 phase that precipitated
in the slag during solidification to gradually increase. Based on the above analysis, it can
be concluded that the basic mineral phases of the solid slag were the silicate phase (C2S
and C3S), the MeO#2 phase and the CaS phase, when the basicity was 2.5, 3.0 or 3.5; the
basic mineral phases of the solid slag included the silicate phase (C2S and C3S), the MeO#1
phase (CaO solid solution), the MeO#2 phase (MgO solid solution) and the CaS phase,
when the basicity was 4.0 or 4.5.
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In addition, the thermodynamic calculations in Figures 1 and 2 show that the main
phase in solid slag was the C2S phase, but the experimental results conclude that the silicate
phase were C2S and C3S in solid slag. The main reason for the phenomenon is that the
Equilib module of the thermodynamic database Factsage8.0 lacks C3S data. Therefore, the
thermodynamic calculation results showed that the slag contained only C2S phase.

4.2. Microstructure of the Slag Samples

Figure 6 shows the synthetic slag samples with different basicities prepared at 1600 ◦C
and 1 L/min nitrogen for 15 min. According to the results of EDS, C2S, C3S, matrix,
MeO#1, MeO#2 phase and CaS phases were determined in solid slag samples, a-C3S, b-C2S,
c-matrix, d-MeO#2, e-CaS and f-MeO#1 phase. When the basicity was 2.5, the solid slag
mainly contained long-strip C3S phase and small particle C2S-phase, while the CaS and
black MeO#2 phase dispersed in the silicate grain boundary and matrix phase. When the
basicity was 3.0, the C2S phase in the molten slag was round structure and the content
was more than that in S1, while the content of the C3S phase was less than that in S1. The
MeO#2 phase in slag sample S2 was mainly distributed at the grain boundary of the C2S
phase or C3S phase. In addition, the CaS grains in S2 were mainly distributed at the grain
boundaries of the round cake-like C2S phase, and the CaS grains were larger than those in
S1. When the basicity of the molten slag was 3.5, the C3S phase was mainly distributed
in the slag with a large area of block structures, and a small amount of dispersion was
distributed in the matrix phase, while there was no obvious single C2S phase in the solid
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slag. Furthermore, the MeO#2 phase began to grow up in the black block structure, and the
larger dimensional CaS grains began to increase. When the basicity of the slag was 4.0 and
4.5, the content of the C3S phase in the slag was more than that of S3, the grain area of the
MeO#2 phase was larger than that in S3, while the white CaS phase was distributed at the
grain boundary of the C3S phase in strip and particle shapes. Moreover, the porous oval
MeO#1 phase began to appear in S4 slag samples, the number of MeO#1 phase grains in S5
was higher than that in the S4. XRD analysis results showed that the slag with different
basicity contained C2S phase, but EDS analysis of slag only S1, S2 contained a large number
of C2S phase. S3, S4, S5 did not contain C2S phase due to the main silicate product of S3,
S4 and S5 slag samples with high basicity being C3S in the heat preservation process.
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Figure 6. Micro analysis chart of slag samples with different basicity. a, C3S; b, C2S; c, matrix phase;
d, MeO#2 phase; e, CaS phase; f, MeO#1 phase. S1—with bacisity of 2.5, S2—with bacisity of 3.0,
S3—with bacisity of 3.5, S4—with bacisity of 4.0, S5—with bacisity of 4.5.

Moreover, by comparing and analyzing the mineral structure of S1–S5 slag samples, it
was found that the number of CaS grains that precipitated along the silicate grain boundary
in the S1 and S2 slag samples gradually decreased, while the CaS grains that precipitated
in the matrix phase of S3–S5 slag samples were higher than S1 and S2 slag samples. The
grain size of CaS increased gradually in the slag with the increase in basicity. The matrix
phase in the solid slag was mainly distributed along the precipitated phase, and the
distribution of the matrix phase in molten slag was mainly controlled by the precipitated
phase. In addition, the number of CaS grains in the slag was statistically analyzed by
image-ProPlus6.0, and the results are shown in Figure 7. When the slag basicity was 2.5, the
number of CaS grains in the slag was 246, and when the slag basicity was 4.5, the number
of CaS grains in the slag was 99. Thus, it can be seen that the number of CaS grains in
molten slag gradually increased with the increase in basicity.
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5. Discussion
5.1. Effect of Basicity on the Sulfur Precipitation Behavior

When the basicity of the slag was 2.5–3.0, the slag contained separate C2S and C3S
phases. This is mainly because the silicate formed by the slag reaction was in the C2S and
C3S zones of CaO-SiO2 phase diagram. When the slag basicity was equal to 3.5, 4.0 or 4.5,
the silicate phase in the slag comprised a large area of massive the C3S phase. This was
mainly because the silicate product in the slag was completely located in the C3S area in
the CaO-SiO2 phase diagram; the silicate product in the slag was mainly the C3S phase at
1600 ◦C. Moreover, the CaS grain size increased gradually with the increase in basicity due
to the complex silicate network structure of slag decreased with the increase in basicity,
which decreased the viscosity of slag, and promoted the growth of CaS grain in the slag.
Certain scholars [22,23] have reported that an increase of CaO content in the slag led to
the decrease of bridge oxygen content, which makes silicate network structure become
simpler and decreases the viscosity of slag. Herein, the number of CaS grains in the slag
samples decreased gradually with the increase in basicity due to the initial crystallization
temperature of CaS decreased with the increase in basicity in the molten slag (Figure 4),
which led to a decrease of the supercooling zone of CaS crystallization in the molten slag,
leading to an increase of critical nucleation of CaS, and resulting in a gradual decrease in
the nucleation rate of CaS crystals.

In addition, the precipitation behavior of the sulfur in the molten slags with different
basicities was related to the nucleation mode of sulfur during solidification. The precipita-
tion process of the sulfur in the molten slag included homogeneous and heterogeneous
nucleation. Based on the above analysis of the microstructure of slags with different basic-
ities, the sulfur in the solid slag was mainly distributed in the form of CaS in the matrix
phase and grew along the grain boundary of the silicate. The CaS grains in the slags
with low basicities (R = 2.5 and 3.0) mainly grew along the silicate grain boundary due
to a large number of silicate solid particles existed in the matrix phase, which provided
favorable conditions for the heterogeneous nucleation of sulfur in the matrix phase during
precipitation. Jiang et al. [24] concluded that the existence of solid-phase ZrO2 particles
in CaO-Al2O3 slag causes heterogeneous nucleation of slag during solidification. Further-
more, the matrix phase of high-basicity slags (R = 3.5, 4.0 and 4.5) contained an amount
of CaS grains, and several CaS grains grew along the silicate grain boundaries. This was
mainly because the area of single silicate grains in the high-basicity slags was larger than
that in the low-basicity slags, which reduced the contact area between the matrix phase
and silicate solid particles, resulting in the precipitation process of CaS in high-basicity
slags being mainly homogeneous nucleation. This implied that the precipitation of sulfur
in the matrix phase of the low-basicity slags was mainly heterogeneous nucleation, while
the CaS in high-basicity slags was mainly homogeneous nucleation.
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5.2. Effect of Basicity on the Occurrence State of Sulfur in Slag

The micro-area distribution of the sulfur in the S1 and S3 slag samples in Figure 8
were analyzed by scanning electron microscopy (SEM-EDS), as shown. Through the
surface scanning analysis data, it was found that the matrix phase around the CaS grains
contained dispersed sulfur elements; thus, it can be determined that the slag matrix phase
in the solidification process contained unprecipitated amorphous sulfur. The sulfur of the
synthetic slag existed in two different states, namely, CaS crystal and amorphous sulfur.
The sulfur elements distributed in the aggregated state of the molten slag were CaS crystals,
while the sulfur elements distributed in the dispersed state occurred in the matrix phase
as an amorphous structure. Comparing the microzone distribution of the sulfur elements
in Figure 8a,b, it can be discovered that the amorphous structure density of the sulfur
elements in the S3 slag sample was higher than that in the S1 slag sample, and the content
of amorphous sulfur in the slag increased with an increase in basicity. The key reason of
such a phenomenon was that the crystallization temperature of the CaS in the molten slag
decreased with the increase in basicity and the supercooling zone of the CaS crystallization
decreased during solidification in the same cooling system (air cooling), which reduced
the amount of precipitation of the CaS phase and increased the amorphous sulfur content
in matrix phase. Moreover, the thermodynamic calculation of sulfur precipitation during
solidification in Figure 2 indicated that the sulfur in the slag was completely precipitated
in the form of CaS, but the surface scanning distribution analytical results showed that
the amorphous sulfur content of matrix phase increased with the increase in basicity. This
was mainly because the kinetic condition of S2− diffusion in the matrix phase deteriorated
with the decrease in slag temperature during solidification, while certain S2− in the matrix
phase failed to diffuse to the surface of the CaS crystal nucleus to form CaS crystals and
occurred in the form of an amorphous structure in matrix phase.
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Based on the above, research status of KR desulfurization slag and the experimental re-
sults are discussed. At present, the comprehensive utilization process of KR desulfurization
slag in China is not considered to remove sulfur from KR desulfurization slag and to reuse it
in converter smelting processes. Therefore, the results are beneficial to provide a theoretical
basis for the subsequent removal of sulfur from slag through oxidizing atmosphere.

6. Conclusions

(1) According to the calculated results of molten slag solidification process based on ther-
modynamic database FactSage8.1, it was concluded that sulfur in KR desulfurization
slag was mainly precipitated in the form of CaS, and the crystallization temperature
of CaS in slag decreased with the increase of basicity;

(2) CaS grains mainly precipitated along silicate grain boundaries in low-basicity (R = 2.5
and 3.0) slags, and the precipitation behavior of CaS was mainly heterogeneous
nucleation. There were fewer CaS grains precipitated along silicate grain boundaries
in molten slags with high basicity (R = 3.5, 4.0 and 4.5), and the precipitation behavior
of sulfur in matrix phase was mainly homogeneous nucleation;

(3) The number and the size of CaS grains decreased and increased respectively with the
increase of the slag basicity.
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Abstract: The use of untreated recycled water has negative effects in the flotation of zinc sulfide ores
due to the presence of dissolved species, such as magnesium and calcium. Although it has been
found that magnesium is a more potent depressant than calcium, it has not been investigated in this
role or for the effect of adding sodium carbonate. The results of an investigation to evaluate the effect
of magnesium on the hydrophobicity of Cu-activated sphalerite conditioned with Sodium Isopropyl
Xanthate (SIPX) are presented. Zeta potential of natural and Cu-activated sphalerite as a function of
the conditioning pH and Cu(II) concentration, respectively, was first evaluated. Later, the effect of
pH and presence of magnesium on the contact angle of Cu-activated sphalerite conditioned with
SIPX was studied; it was also evaluated the effect of sodium carbonate to counteract the effect of
magnesium. Cu-activation enhances the zeta potential of sphalerite up to a concentration of 5 mg/L.
Contact angle tests, thermodynamic simulation, and surface analysis showed that magnesium
hydroxide precipitates on the sphalerite surface at pH 9.6, decreasing its hydrophobicity. Addition
of sodium carbonate as alkalinizing agent precipitates the magnesium in the form of a species that
remained dispersed in the bulk solution, favoring the contact angle of Cu-activated sphalerite and,
consequently, its hydrophobicity. It is concluded that the use of sodium carbonate as alkalinizing
agent favors the precipitation of magnesium as hydromagnesite (Mg5(OH)2(CO3)4·4H2O) instead of
hydroxide allowing the recovery of sphalerite.

Keywords: sphalerite; hydrophobicity; water chemistry; contact angle; magnesium

1. Introduction

The management of water resources has become an important issue in sulfide con-
centrators due to the increasing requirements to use high proportions of recycle water
from tailings dams, thickener overflows, dewatering, and filter products. Further, the
extraction and transportation of fresh water are usually expensive. As a result, the mineral
processing industries have adopted water recycling as a common practice in most of the
countries, even in those where water scarcity does not represent a current problem. Ac-
cordingly, recent studies have focused on the treatment and effects of using recycled water
to concentrate sulfide ores [1–5].

Recycled water may contain chemical species that contribute to the already complex
chemistry of the flotation process. The ions found in the recycled water interact with the
mineral surface causing inadvertent activation of undesirable minerals or depression of
valuable ones, affecting the recovery and selectivity of mineral concentration [2,6]. The
species commonly present in such water are colloidal material (e.g., silicates, clays, metal
hydroxides, gypsum, etc.), base metal ions, hydroxo-complexes, sulfate, sulfite, thiosalts,
chloride, magnesium, calcium, sodium, and potassium; as well as traces of organic-based
substances as frothers, collectors, and depressants [7].

The role of calcium and magnesium in the flotation of sphalerite have been already
studied since both are nearly always present. Calcium has received more attention and
although important advances have been made, there are still phenomena to elucidate.
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Levay et al. [2] evaluated the role of several water chemistry parameters (e.g., chemical
composition, pH, dissolved oxygen, redox potential, and microbiological factors) on the
flotation performance of an industrial operation. The authors associate the presence of
calcium, magnesium, and iron salts with the precipitation of compounds that adversely
affects the recovery of valuable sulfides. The researchers delved into the nature of the
calcium precipitates, but did not investigate the magnesium ones.

El-Ammouri et al. [8] conducted a study making use of settling and turbidity tech-
niques to determine the effect of magnesium (50 mg/L) and pH on the aggregation be-
havior of sphalerite and chalcopyrite samples as well as industrial slurries. According to
the authors, adsorption of magnesium hydroxo-complex (i.e., MgOH+) and magnesium
hydroxide (i.e., Mg(OH)2) at pH above 9 causes aggregation of the particles by an elec-
trostatic bridging mechanism and when the particles become fully covered by abstracted
magnesium hydroxide (between pH 10 and 11) repulsive forces appear between them and
aggregation diminishes.

Lascelles et al. [9] studied the effect of magnesium (50 mg/L) on the flotation behavior
of Cu-activated sphalerite in the range of pH from 8 to 13 and compared it with the effect
of calcium (500 mg/L). The authors found that the flotation of Cu-activated sphalerite with
ethyl xanthate was depressed by magnesium at pH above 10. Since copper adsorption and
xanthate uptake were not substantially affected by the presence of magnesium, depres-
sion was attributed to the adsorption of magnesium species, particularly the precipitated
hydroxide; this phenomenon was confirmed by XPS. The authors concluded that magne-
sium is a more potent depressant than calcium since the later did not show a significant
contribution to depression at pH below 12.

This work was aimed to study the effect of magnesium on the hydrophobicity of Cu-
activated sphalerite conditioned with Sodium Isopropyl Xanthate (SIPX). Although some
studies have been carried out to determine the pH range in which magnesium affect the
floatability of Cu-activated sphalerite, it is necessary to delve into the contact angle behavior
and thermodynamics of the responsible magnesium species. The effect of adding sodium
carbonate as alkalinizing agent has not been evaluated and neither has the mechanism by
which it counteracts the negative effect of magnesium. For this purpose, the zeta potential
of natural sphalerite as a function of the conditioning pH and Cu-activated sphalerite at
pH 9 as a function of Cu(II) concentration was first evaluated; at this stage, sphalerite
surface analysis by Scanning Electron Microscopy and Energy-Dispersive Spectrometry
(SEM-EDS) to evaluate the adsorption of Cu(OH)2 was carried out. Later, the effect of
pH and presence of magnesium on the contact angle of Cu-activated sphalerite further
conditioned with SIPX was studied; it was also evaluated the effect of adding sodium
carbonate (Na2CO3) to counteract the effect of magnesium. Contact angle results were
complemented with thermodynamic simulation of the Mg-H2O and Mg-CO3-H2O systems
and characterization by Schottky Field Emission ultra-high-resolution Scanning Electron
Microscopy Energy Dispersive X-ray Spectrometry (Schottky FE-SEM-EDXS) to identify
the nature of the formed precipitates and evaluate their texture.

2. Materials and Methods
2.1. Materials and Reagents

Sphalerite specimens used are high-pure samples collected from the mining district of
Bismark mine (Ascensión, Chihuahua, Mexico). Elemental analysis (wt.%) of the specimens
obtained by Atomic Absorption Spectroscopy (AAS, PerkinElmer AAnalyst 200) and
Inductively Coupled Plasma (ICP, Perkin Elmer Optima 8300) are as follows: 59.07% Zn,
29.09% S, 0.03% Cu, 5.71% Fe, 0.012% Pb, and 6% insoluble species. X-ray diffraction
(Philips X-Pert) analysis revealed that the only major mineral species present in the sample
is sphalerite.

The presence of magnesium and its concentration range was noted after a sampling
campaign to determine the process water quality of four lead-zinc sulfide ores flotation
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plants. Chemical species were determined by AAS and ICP and the results were useful to
determine the magnesium concentration to evaluate its effect on sphalerite hydrophobicity.

Magnesium was added as magnesium nitrate (Mg(NO3)2) while copper used to
activate sphalerite was copper sulphate (CuSO4), both reagent grade. Purified sodium
isopropyl xanthate (SIPX) was used as collector. In all the experiments deionized and
deoxygenated water of a constant ionic strength of 10−2 mol/L NaNO3 (reagent grade)
were used. The pH was regulated by adding 0.01 mol/L solutions of sodium hydroxide
(NaOH) and hydrochloric acid (HCl), as required. Sodium carbonate (Na2CO3) added as
alternative alkalinizing agent was also reagent grade.

To properly study the effect of magnesium on the hydrophobicity of sphalerite the
contribution of factors such as particle size, mineral composition, and water chemistry
were kept constant.

2.2. Zeta Potential

Zeta potential measurements were carried out using a Pen Kem zeta potential analyzer
(Lazer Zee Meter 501), which allows the direct reading of the zeta potential calculated from
the electrophoretic mobility of the particles in suspension and the Smoluchowski equation.
The zeta potential of natural and Cu-activated sphalerite was measured from a suspension
of 1 g/L of ground mineral (ionic strength of 10−3 mol/L NaNO3) as a function of pH and
Cu(II) concentration, respectively. The suspensions were conditioned for 15 min under
nitrogen bubbling in a stoppered Erlenmeyer flask under constant magnetic stirring. To
minimize mineral oxidation and atmospheric oxygen absorption, sphalerite was ground
prior to each measurement and the flask was equipped with a vent which allows nitrogen
exhaust. The pH of the suspension was regulated by adding 0.1 mol/L NaOH or HCl,
as required.

The measurements were carried out in triplicate so that the average zeta potential
obtained and the error bars defining the 95% confidence interval of a student’s t-distribution
is reposted.

2.3. Contact Angle

The captive bubble technique is the most used method to measure the contact angle of
minerals concentrated by froth flotation. It has some advantages, for example, it requires
few square millimeters of mineral surface and a small volume of liquid [10]. This tech-
nique has been described in detail in previously published research [11,12]. In general,
the technique consists in grinding the sample using deionized and deoxygenated water.
Followed by conditioning the polished sample under the chemical environment of interest.
Subsequently, the sample surface, which is immersed in the aqueous solution, is contacted
with an air bubble of about 1 mm diameter. The resulting contact angle is measured with
the help of image analysis software. Three chemical environments were evaluated, which
are described below.

1. The sphalerite sample was activated with 50 mg/L of Cu(II) at pH 5.4 for 15 min. The
sample was then decanted and further conditioned during 5 min with 10−4 mol/L
SIPX at the pH of interest (i.e., from 5 to 11) and the contact angle was measured in
the latter solution.

2. After copper activation as in previous experiment, the sample was conditioned during
5 min in the presence of both SIPX and magnesium (50 mg/L) at the pH of interest
(8 to 11.5). Then, the contact angle was measured.

3. After copper activation as in previous cases, the sample was conditioned during
5 min in the presence of SIPX, magnesium, and sodium carbonate (2 g/L). The pH
was adjusted at 10.5 and 11 because in previous tests high mineral depression was
observed at these values. Then, the contact angle was recorded and measured in a
10−3 mol/L NaNO3 solution of the same pH values (i.e., 10.5 and 11) to avoid the
optical interference caused by the precipitates.
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The generic term Cu(II) is used to refer to both the cation Cu2+, which is the predomi-
nant copper species at pH below 6, and to the solid Cu(OH)2, which predominates at pH
above 6.

The experiments were carried out in triplicate so that the mean of the measured
contact angle error bars defining the 99% confidence interval of a student’s t-distribution
are reported.

2.4. Thermodynamic Simulation, Surface Analysis, and Characterization

The thermodynamic analysis of the Mg-H2O and Mg-CO3-H2O systems was per-
formed making use of HSC Chemistry v.6 software. In the case of Mg-CO3-H2O, the
computation conducted consisted in adding an accumulation amount of sodium carbonate
from 0 to 2 g to 1 L of water of pH 7 containing 50 mg of magnesium (added as Mg(NO3)2)
at 25 ◦C and 1 atm. The conditions used in the thermodynamic simulation are similar to
those encountered in industrial operations, in the sense that not enough time is allowed
for the aqueous system to reach equilibrium with the atmospheric CO2 (0.035% by vol-
ume). This fact was simulated by considering a relatively small volume of atmosphere
per liter solution (e.g., 22.4 L). The amount of sodium carbonate added in the contact
angle measurements and the thermodynamic simulation is similar to that used in the
industrial concentrators.

Characterization techniques were employed to complement the experimental results
and thermodynamic simulation. In the case of the evaluation of the zeta potential of Cu-
activated sphalerite, the mineral surface was analyzed by Scanning Electron Microscopy
coupled with Energy-Dispersive Spectrometry (Philips XL30-ESEM) to evaluate the ad-
sorption of Cu(OH)2. The contact angle measurements were also complemented by surface
analysis of the Cu-activated sphalerite (SIPX + Mg and SIPX + Mg + Na2CO3) by Schottky
Field Emission ultra-high-resolution Scanning Electron Microscopy coupled with Energy
Dispersive X-ray Spectrometry microanalysis system (JEOL JSM-7800F Prime) to evaluate
the texture of the precipitates and chemical composition.

Sample preparation of surface characterization was performed under similar con-
ditions to those used in the experimental tests (i.e., zeta potential and contact angle).
First, a sphalerite crystal was activated with Cu(II) and, second, it was conditioned with
SIPX/Mg/Na2CO3 depending the case. The samples were removed from the aqueous
solution and left to dry at room temperature in a dissector with the purpose of evaporating
the water present on the mineral surface; then a gold coating was applied to the surface
by sputtering. The samples were characterized by SEM-EDS and FE ultra-high-resolution
SEM-EDXS.

3. Results and Discussion
3.1. Process Water Chemical Charaterization

To carry out this investigation the process water of four lead-zinc sulfide ores concen-
trators was chemically characterized to determine the proper magnesium concentration,
the results are shown in Table 1.

Table 1. Main metals and sulphate ions concentrations present in the process water of four lead-zinc sulfide ores flota-
tion plants.

Plant Fe (mg/L) Pb (mg/L) Zn (mg/L) Cu (mg/L) Ca (mg/L) Mg (mg/L) SO4 (mg/L)

1 0.54 2.15 112 0.35 587 471 4127
2 0.36 0.44 0.158 – 566 124.7 1809
3 0.003 0.014 0.398 0.573 665 11.2 1910
4 1.59 0.07 1.03 0.011 270 37.2 –

It is generally accepted that the chemical species listed in the Table 1 have an adverse
impact on the mineral recovery and selectivity. As can be seen, magnesium concentration
varies from 11 to 471 mg/L but, since very high concentrations would make very difficult
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the experimentation, 50 mg/L was chosen as a proper value. This value is in accordance
with previous research [8,9]. It is also observed the presence of chemical species as iron,
lead, zinc, copper, calcium, and sulfate; these species are derived from the mineral species
contained in the ore like copper sulfides (e.g., chalcopyrite and bornite), pyrite, and non-
sulfide gangue.

The process water reported in Table 1 is used in the grinding and flotation circuits,
and it is made up of different sources as thickeners overflow, tailings dam, and fresh water.
Several potentially detrimental chemical species were detected. However, only magnesium
was considered to elucidate its effect on the hydrophobicity of sphalerite.

3.2. Zeta Potential of Sphalerite

The isoelectric point of sphalerite (i.e., IEP) depends on the pH of the preconditioning
stage, degree of oxidation of the mineral surface, and iron content [13–17]; IEP values
between 2 and 7 are common. Zeta potentials of natural sphalerite as a function of the
conditioning pH and Cu-activated sphalerite at pH 9 as a function of Cu(II) concentration
were evaluated. It can be observed in Figure 1 that sphalerite develops negative charge
along the pH range from 5 to 10. The potential determining ions in absence of oxidation
products are those of water, that is hydrogen and hydroxyl ions. It appears that proton
adsorption onto sulfur sites is favored in acid solutions, giving rise to a slightly positively
charged surface. Under neutral or alkaline conditions, adsorption of hydroxyl ions onto
the zinc sites is favored, resulting in a negatively charged surface.
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Figure 1. Zeta potential of sphalerite as a function of conditioning pH and Cu-activated sphalerite at
pH 9 as a function of Cu(II) concentration (constant ionic strength of 10−3 mol/L NaNO3).

It can also be observed in Figure 1 the effect of Cu(II) concentration on the zeta
potential of sphalerite at pH 9. Zeta potential increases as the Cu(II) concentration is varied
from 0 to 5 mg/L. This behavior is due to the adsorption of copper hydroxide species
onto the sphalerite surface and the exchange of Zn2+ of the crystal lattice by Cu2+. Then,
cupric ions react with the nearby sulfides oxidizing them, leading to the formation of a
new surface consisting of cuprous sulfide (Cu2S) and polysulfides (e.g., Sn2−, or cuprous
disulfide (Cu2S2)), allowing the formation of copper xanthate and a greater zeta potential.
This replacement mechanism also gives rise to the precipitation of Zn2+ from the sphalerite
lattice as zinc hydroxide, which slowly dissolves and disperses exposing the hydrophobic
surface previously formed [16,18].
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At concentrations above 5 mg/L Cu(II) the electric charge of sphalerite decreases from
positive to negative values (see Figure 1). When Cu(II) concentration is varied from 5 to
15 mg/L, the zeta potential drops from 4.6 to −12.8 mV to later remain practically constant
at around −13.8 mV from 15 to 50 mg/L Cu(II). This behavior describes the detrimental
effect of adding Cu(II) in excess and it is attributed to the precipitation and accumulation
of copper hydroxide onto the sphalerite surface.

The formation of copper xanthate on the surface of sphalerite enhances its hydropho-
bicity, but this mechanism only occurs until 5 mg/L Cu(II). In Figure 2 can be seen the
copper hydroxide adsorption/precipitation on the sphalerite surface when the mineral is
conditioned at pH 9 and 50 mg/L Cu(II). The copper hydroxide does not cover the entire
surface, but it begins to accumulate. The patches labeled as “1” corresponds to copper
hydroxide and the zones labeled as “2” are uncovered sphalerite where no copper content
was detected.
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Figure 2. SEM micrograph and microprobe analysis showing Cu(OH)2 adsorption/precipitation onto the sphalerite surface
conditioned at pH 9 with 50 mg/L of Cu(II).

It can be seen in Figure 3 that as the concentration of Cu(II) increases from 50 to
200 mg/L, the extent of copper hydroxide patches on the sphalerite surface become bigger
and eventually would cover practically the whole surface. This would result in lower
recoveries since copper hydroxide is a hydrophilic species. Copper hydroxide adsorp-
tion/precipitation on the sphalerite surface can be observed as patches (labeled as “1”);
they practically cover the whole sphalerite surface. The zones labeled as “2” are uncovered
sphalerite where no copper content was detected. The copper hydroxide patches are dark,
and their morphology is flaky.
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3.3. Effect of Magnesium on the Contact Angle of Cu-Activated Sphalerite

It has been suggested that adsorption of magnesium species (e.g., MgOH+ and
Mg(OH)2) onto the sphalerite will be favored by a negatively charged mineral surface,
which is precisely the case for pH values from 8 to 10. Mirnezami et al. [19] have shown
that MgOH+ adsorbs onto sphalerite at pH below 10, while at more alkaline conditions,
precipitation and coagulation of Mg(OH)2 also occurs. Thus, decreasing the number of
available sites for xanthate adsorption [9]. Magnesium hydroxide (Mg(OH)2) is slightly
positively charged at pH from 9.5 to 10, values at which precipitation begins [20]. This will
enhance the electrostatic interaction with the negatively charged sphalerite. Copper attrac-
tion will result in less adsorption of magnesium hydroxide complexes onto the activated
sphalerite as its surface charge would be less negative.

Figure 4 shows the effect of pH on the contact angle of Cu-activated sphalerite condi-
tioned with SIPX (dashed line), Cu-activated sphalerite conditioned with SIPX in presence
of magnesium, and Cu-activated sphalerite conditioned with SIPX in presence of magne-
sium and sodium carbonate.

It can be observed in Figure 4 (dashed line) that the contact angle of Cu-activated
sphalerite in absence of magnesium and sodium carbonate increases as the pH of the SIPX
conditioning stage is varied from 5 to 9, reaching a maximum of 62◦. From to pH 9 to 11
this tendency is reversed to end at approximately 48◦. This is because at more alkaline
solutions, the Cu(OH)2 patches originated during copper activation (see Figures 2 and 3)
slightly hinders the hydrophobicity caused by xanthate adsorption.

Magnesium has a negative effect on the contact angle of Cu-activated sphalerite
conditioned with SIPX as a function of pH, as can be seen in Figure 4. At pH from 8 to 9 the
effect on the contact angle is not significant, compared with the behavior of Cu-activated
sphalerite in absence of magnesium. At these conditions, the interaction between the
mineral surface and MgOH+ is negligible since the mineral charge is almost zero and the
concentration of MgOH+ is about 10−5 mol/L, as revealed by the Mg-H2O distribution
diagram of Figure 5a. Otherwise, at pH above 9 the contact angle drop sharply from 55◦ to
20◦ as a consequence of the adsorption and precipitation of Mg(OH)2 onto the sphalerite
surface. This is supported by the distribution diagram of Figure 5a where is clearly shown
that Mg(OH)2 predominates at pH 10 but begins to precipitate at 9.6.
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Figure 4. Effect of pH and magnesium (50 mg/L), on the contact angle of Cu-activated (50 mg/L,
15 min) sphalerite further conditioned with SIPX (10−4 mol/L, 5 min) at 25 ◦C. It is also shown the
effect of sodium carbonate, added during xanthate conditioning (2 g/L), to counteract the detrimental
effect of magnesium.

Sodium carbonate has been used in industrial operations to reduce the concentration
of calcium in flotation water since it dissolves gypsum precipitated and heterocoagulated
onto the galena and sphalerite particles; it also avoids further gypsum precipitation [21,22].
Calcium and magnesium have chemical similarities, which suggest that magnesium may
also precipitate in the form carbonate as calcium does, hence the use of soda ash as
alkalinizing agent was tested.

It can be seen in Figure 4 that the use of sodium carbonate has a positive effect on the
contact angle of Cu-activated sphalerite conditioned with SIPX in presence of 50 mg/L Mg.
For pH values of 10.5 and 11 the contact angles are 45◦ and 42◦, respectively. Thus, the
depressing effect of magnesium hydroxide is avoided by employing soda ash as alkalin-
izing agent since, according with Figure 5b, magnesium precipitates as hydromagnesite
(Mg5(OH)2(CO3)4·4H2O) rather than hydroxide. It can be seen in the distribution diagram
of the Mg-CO3-H2O system of Figure 5b that at pH 9.4 hydromagnesite starts to precipitate
and it will keep precipitating while increasing the pH. Apparently, the basic carbonate does
not substantially affect sphalerite hydrophobicity since it remains dispersed in the bulk
solution as calcium carbonate does in the case of calcium removal from the solution by
soda ash addition [22].

Sodium carbonate can be employed in the sphalerite flotation circuit as an opera-
tional strategy to avoid the detrimental effect of magnesium on the hydrophobicity of
sphalerite. Other option will be to maintain a flotation pH below 10 to avoid precipitation
of magnesium hydroxide.
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of Mg at 25 ◦C. The latter diagram stands for the cumulative addition of 2 g/L of Na2CO3 to 1 L of
solution. Hydromagnesite starts to precipitate when 0.05 g/L of soda ash has been added.

To complement and support the findings made by experimental techniques and
thermodynamic simulation, the surface of a Cu-activated sphalerite conditioned with SIPX
in presence of: (1) 50 mg/L of Mg and (2) 50 mg/L + 2 g/L Na2CO3 was characterized by
Schottky field emission SME-EDSX. The results can be seen in Figures 6 and 7.
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The elemental X-ray maps and high-resolution SEM micrograph in Figure 6 clearly
shows the magnesium hydroxide precipitated on the surface of Cu-activated sphalerite
conditioned with SIPX. The elemental mapping of Figure 6a shows that the elements that
composes the surface are those of sphalerite but, as represented in dark areas, magnesium
hydroxide precipitates. The elemental mapping of Figure 5b,c shows that the species
precipitated is composed of magnesium and oxygen, supporting the results presented in
Figures 4 and 5a. High-resolution SEM micrograph of Figure 6d shows the morphology
of the magnesium hydroxide which could cover the entire sphalerite surface affecting the
recovery of sphalerite.

The elemental X-ray maps in Figure 7a,b clearly shows that the presence of sodium
carbonate avoids the precipitation of magnesium hydroxide on the surface of Cu-activated
sphalerite conditioned with SIPX. The elemental composition of the surface corresponds to
that of sphalerite although it was conditioned in the presence of 50 mg/L of magnesium.
Magnesium hydroxide precipitation/adsorption onto the mineral surface was not detected.
These findings support the results of the contact angle experiments and thermodynamic
simulation. The addition of sodium carbonate as alkalinizing agent enhances the hydropho-
bicity of sphalerite in presence of magnesium by preventing or dissolving the precipitated
magnesium hydroxide. In the high-resolution SEM micrograph of Figure 7c can be seen
the morphology of the dispersed precipitated magnesium compound, which avoids the
detrimental effect on the hydrophobicity of sphalerite. According to a EDX microprobe
analysis, the magnesium species corresponds to hydromagnesite (Mg5(OH)2(CO3)4·4H2O)
as indicated by the thermodynamic simulation presented in Figure 5b. The microprobe
analysis was carried out in the area indicated in the dotted box of Figure 7c; magnesium,
oxygen, and carbon were detected.

4. Conclusions

The experimental and thermodynamic study, in conjunction with surface characteriza-
tion, to elucidate the effect of magnesium on the hydrophobicity of sphalerite has shown
the following:

1. Cu-activation of sphalerite enhance its zeta potential up to a concentration of 5 mg/L;
at concentrations greater than 5 mg/L, copper hydroxide will adsorb/precipitate onto
the sphalerite surface decreasing its zeta potential because Cu(OH)2 is hydrophilic in
nature.

2. Magnesium has a detrimental effect on the contact angle of Cu-activated sphalerite
conditioned with SIPX beginning at pH of approximately 10 due to the precipitation
of magnesium hydroxide onto its surface. The precipitation of this species starts at
pH 9.6 and rapidly becomes a predominant species as pH increases. If the process
pH is not rigorously controlled to keep it below 10, it will cover the whole sphalerite
surface diminishing its recovery.

3. The use of sodium carbonate as alkalinizing agent avoids the sodium hydroxide
precipitation onto the surface of Cu-activated sphalerite conditioned with SIPX. When
sodium carbonate is present, hydromagnesite (Mg5(OH)2(CO3)4·4H2O) begins to
precipitate at pH 9.3 and it will keep precipitating at greater pH values, allowing the
recovery of sphalerite.

In summary, magnesium has a negative effect on the contact angle of sphalerite, and it
could be considered more detrimental than calcium since magnesium hydroxide begins to
precipitate at pH 9.6. An operational strategy most be considered since magnesium species
are common in the process water, increasingly with a higher proportion of recycled water.
A pH lower than 10 must be keep avoiding the precipitation of magnesium hydroxide or
sodium carbonate must be added aiming to precipitate the magnesium as hydromagnesite
(Mg5(OH)2(CO3)4·4H2O) instead of hydroxide.
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Abstract: Sodium metabisulfite (MBS) was used in this study for selective flotation of chalcopyrite
and molybdenite. Microflotation tests of single and mixed minerals were performed to assess the
floatability of chalcopyrite and molybdenite. The results of microflotation of single minerals showed
that MBS treatment significantly depressed the floatability of chalcopyrite and slightly reduced
the floatability of molybdenite. The results of microflotation of mixed minerals demonstrated that
the MBS treatment could be used as a selective chalcopyrite depressant in the selective flotation of
chalcopyrite and molybdenite. Furthermore, the addition of diesel oil or kerosene could significantly
improve the separation efficiency of selective flotation of chalcopyrite and molybdenite using MBS
treatment. A mechanism based on X-ray photoelectron spectroscopy analysis results is proposed
in this study to explain the selective depressing effect of MBS on the flotation of chalcopyrite
and molybdenite.

Keywords: chalcopyrite; molybdenite; sodium metabisulfite; diesel oil; kerosene; selective flotation

1. Introduction

Molybdenum minerals are often associated with copper sulfide minerals [1]. It is
estimated that about 50% of the world’s molybdenum production comes from copper
and molybdenum (Cu-Mo) ores as a by-product [2,3]. Both copper and molybdenum
are important materials in various fields; therefore, the separation of both copper and
molybdenum minerals is important. Furthermore, molybdenum minerals play a very
important role in making the Cu-Mo processing plant economically viable [4].

Separation of copper and molybdenum sulfide minerals is often carried out in the
selective flotation stage by adding a copper depressant (i.e., sodium hydrosulfide (NaHS),
sodium sulfide (Na2S), sodium thiopropionate (HSCH2CH2COONa), sodium thioglycollate
(HSCH2COONa), or Nokes reagent (P2S5+NaOH)) [2,5–10]. Other reagents have been
developed to replace these toxic and dangerous copper depressants, for instance, by using
chitosan [11], lignosulphonate [12], dithiouracil [13], and rhodamine-3-acetic acid [14]
as copper depressants in the selective flotation of Cu-Mo sulfide minerals. In addition,
various oxidation treatments using plasma pre-treatment, ozone, electrolysis, hydrogen
peroxide, and Fenton-like reagent have been applied as selective chalcopyrite depressants
in the previous studies [15–19]. However, the effectiveness of these reagents in the Cu-Mo
flotation plant has not been reported.

Sulfoxy reagents (i.e., sulfite (SO3
2−), bisulfite (HSO3

−), metabisulfite (S2O5
2−), or sul-

fur dioxide (SO2)) have been used as depressants for various minerals [20–27]. These
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reagents have been commonly used in flotation plants. For instance, sodium sulfite
(Na2SO3) and sodium metabisulfite (Na2S2O5) are the most widely used compounds for
the depression of pyrite during the flotation of copper complex ores [2,21,28,29]. However,
these studies did not report the depression of copper minerals. The selective depressing
effect of Na2SO3 on the floatability of chalcopyrite has been investigated by Miki et al. [25]
for selective Cu-Mo flotation and by Suyantara et al. [30] for separation of chalcopyrite
and enargite using flotation. However, Miki et al. [25] showed that the depression of
chalcopyrite in the selective Cu-Mo flotation required a high concentration of Na2SO3
(i.e., 0.1 M) at pH 10.8, making this reagent practically and economically unattractive.

On the other hand, Castro et al. [31] showed that sodium metabisulfite has been used to
replace lime as a pyrite depressant in the rougher flotation stage of Cu-Mo-Fe ores in Chile.
Therefore, it might be more efficient to use sodium metabisulfite for the selective Cu-Mo
flotation stage. Chen et al. [32] studied the effect of sodium metabisulfite on the floatability
of molybdenite in fresh water and seawater. They reported that sodium metabisulfite
exhibited a depressing effect on the recovery of molybdenite in fresh water. However, the
effect of sodium metabisulfite on the depression of chalcopyrite in the selective Cu-Mo
flotation has been not reported.

The main objective of this study is to investigate the effect of sodium metabisulfite
(MBS) on the floatability of chalcopyrite and molybdenite. Furthermore, this work investi-
gated the possibility of using MBS for selective flotation of chalcopyrite and molybdenite.
In addition, X-ray photoelectron spectroscopy analysis was performed to assess the effect
of MBS on the chemical state on the surface of chalcopyrite and molybdenite.

2. Materials and Methods
2.1. Materials

A high-purity crystal sample of chalcopyrite (Acari Mine, Arequipa, Peru) and molyb-
denite powder sample supplied by Sumitomo Metal Mining Co., Ltd. (Tokyo, Japan) were
used in this study. The chalcopyrite sample was crushed and then hand sorted to minimize
the impurity. The chalcopyrite was ground using an agate mortar and pestle, and then dry
screened (passing 38 µm screener) prior to all tests. The mean particle sizes of chalcopyrite
and molybdenite were 16.1 µm and 10.6 µm, respectively. The chemical and mineralogical
compositions of chalcopyrite and molybdenite were measured using X-ray fluorescence
(XRF, ZSX Primus 2, Rigaku, Tokyo, Japan) and X-ray diffraction (XRD, Ultima 4, Rigaku,
Tokyo, Japan). The chemical and mineralogical analysis results of chalcopyrite and molyb-
denite are presented in Table 1 and Figure 1, respectively.

Analytical grade sodium metabisulfite (MBS) was employed as a copper depressant
in this study. Analytical grade potassium hydroxide (KOH) and hydrochloric acid (HCl)
were used as pH modifiers. Industrial grade kerosene and diesel oil were used as collectors.
Industrial grade pine oil was used as a frother. All employed reagents were supplied
by Wako Chemical Industries, Ltd. (Tokyo, Japan), except for the diesel oil, which was
provided by a gas station (ENEOS Co., Ltd., Tokyo, Japan). Millipore (Direct-Q, Merck,
Tokyo, Japan) ultra-pure water with a resistivity of 18.2 MΩ.cm was used in all experiments.

Table 1. Chemical compositions of chalcopyrite and molybdenite measured by XRF (%).

Elements Chalcopyrite Molybdenite

Al 0.12 0.07
Si 5.74 0.17
S 24.19 41.90

Fe 25.90 0.16
Cu 31.59 -
Zn - 0.18
Mo - 51.56
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Figure 1. X-ray diffraction patterns of chalcopyrite (A) and molybdenite (B).

2.2. Microflotation Test

The flotation tests were carried out using single and mixed minerals of chalcopyrite
and molybdenite. The mixing ratio was 50% chalcopyrite and 50% molybdenite. The
mineral powders (0.6 g) were added to 180 mL of ultra-pure water. The solution pH
was controlled at pH 9 for 2 min, and MBS treatment was carried out by adding MBS
powder into the suspension. The MBS treatment was performed for 5 min. The MBS
concentration varied from 0 mM to 5 mM. Pine oil (0.13 mM) was added to the suspension.
The conditioning time for the pine oil was 2 min. To improve the flotation selectivity, a
certain amount of emulsified diesel oil or kerosene was employed as collectors. These
collectors were added before the addition of MBS powder. The diesel oil or kerosene was
emulsified in a homogenizer (HG-200 Homogenizer, AS ONE, Tokyo, Japan) at 20,000 rpm
for 30 s. The conditioning time for diesel oil or kerosene was 3 min. The suspension pH was
controlled at pH 9 throughout the conditioning process by the addition of KOH or HCl.

The flotation tests were performed by transferring the suspension solution to a
Partridge–Smith microflotation device [18]. Flotation was conducted by injecting nitrogen
gas through a glass frit at a flow rate of 20 mL/min for 6 min. The float and tailing fractions
were collected separately. These fractions were dried in an oven at 110 ◦C for 12 h and then
weighed. The flotation tests were repeated twice, and the average value of recovery of each
mineral is reported in this work.

The recovery of the mineral in the flotation of a single mineral system was calculated
using Equation (1), where mfloat and msink are the mass of the mineral in the float and sink
fractions, respectively. Meanwhile, the recovery of chalcopyrite and molybdenite in the
flotation of mixed minerals system was calculated based on the assumption that copper
and molybdenum belong to chalcopyrite and molybdenite, respectively. The froth and
tailing fractions were analyzed by XRF, and the analysis results were used to calculate the
recovery of each mineral using Equation (1). Newton efficiency (η) was calculated using
Equation (2), where Rc is the recovery of molybdenite in the froth and Rt is the recovery of
chalcopyrite in the tailing.

Recovery (%) =
mfloat

mfloat + msink
×100 (1)

η (%) = Rc − (1− R t) (2)
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2.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopic analysis was performed to characterize the mineral
surface before and after the treatment. The mineral powders (0.1 g) were suspended in
30 mL ultra-pure water. The pH was then adjusted to pH 9. Afterward, the suspension
was treated with or without 5 mM MBS for 5 min at pH 9. After the treatment, the
mineral sample was filtered, freeze-dried, and stored under a vacuum bag to minimize
oxidation. XPS analysis was then carried out using an AXIS-ULTRA (Shimadzu-Kratos
Co., Ltd., Manchester, UK) with an Al Kα X-ray source operated at 5 mA and 15 kV.
The charge neutralizer was enabled during the analysis. The pressure in the analyzer
chamber was 3.1 × 10−7 torr. A survey scan and elemental region scan were performed to
extract information on the oxidation states of chemical species on the mineral surface. The
collected spectra were analyzed using Casa XPS software (Ver. 2.3.16). Shirley background
corrections [33] were used throughout the analyses for carbon (C) 1s, oxygen (O) 1s, iron
(Fe) 2p, sulfur (S) 2p, copper (Cu) 2p, and molybdenum (Mo) 3d spectra. The Gaussian–
Lorentzian (GL) function was used to deconvolute the spectra. The binding energy was
calibrated based on C 1s at a binding energy of 284.6 eV [15,25].

3. Results and Discussion
3.1. Microflotation of Single Mineral

Effects of MBS treatment on the flotation recovery of chalcopyrite and molybdenite
in the single mineral system are presented in Figure 2. It should be noted that the mi-
croflotation tests were performed in the absence of a collector. The recovery of chalcopyrite
significantly decreased from 65% in the absence of MBS to 15% after being treated in
0.5 mM MBS. The recovery of chalcopyrite gradually decreased with increasing concentra-
tion of MBS. The recovery of chalcopyrite was 5% after being treated in 5 mM MBS. These
microflotation results indicate that the MBS treatment exhibited a strong depressing effect
on the floatability of chalcopyrite.

Figure 2. Effects of sodium metabisulfite (MBS) on the recovery of chalcopyrite and molybdenite in
the absence of a collector at pH 9.

On the other hand, the addition of 0.5 mM MBS had an insignificant effect on the
recovery of molybdenite. However, the addition of a higher concentration of MBS could
reduce the recovery of molybdenite. For instance, the recovery of molybdenite slightly
decreased from 67% to 55% after being treated in 5 mM MBS. A similar depressing effect of
MBS on the floatability of molybdenite in deionized (DI) water has been reported by Chen
et al. [32]. Although these microflotation results indicate that MBS treatment slightly de-
pressed the floatability of molybdenite, the depressing effect was less significant compared
to that on the floatability of chalcopyrite. In addition, the microflotation results presented
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in Figure 2 show that MBS treatment has potential as a selective copper depressant in the
selective flotation of Cu-Mo.

3.2. XPS Analysis

XPS analysis was performed to explain the flotation results presented in Figure 2
by evaluating the oxidation states of chemical species on the surface of chalcopyrite and
molybdenite before and after the MBS treatment. Figure 3 shows the X-ray photoelectron
spectra of Cu 2p, S 2p, Fe 2p, and O 1s of chalcopyrite.
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Figure 3. Cu 2p (A), Fe 2p (B), S 2p (C), O 1s (D) spectra of chalcopyrite without and with 5 mM MBS treatment at pH 9.

Two Gaussian–Lorentzian (GL) functions could best fit the Cu 2p spectrum of chal-
copyrite at pH 9 (Figure 3A). The first GL function shows a peak centered at ca. 931.8 eV,
which is in agreement with the Cu(I) of chalcopyrite [34]. The second GL function shows a
peak centered at higher binding energy (i.e., 934.2 eV). This peak is attributed to the Cu(II)
of Cu(OH)2 [35]. The presence of Cu(II) is confirmed by the formation of a weak satellite
peak located at binding energy 940–945 eV. The presence of Cu(II) on the chalcopyrite
surface indicates that the chalcopyrite surface was slightly oxidized at pH 9 in the absence
of MBS. In addition, the surface oxidation of chalcopyrite at pH 9 is confirmed by the Fe 2p
spectrum. The deconvolution of Fe 2p spectrum of chalcopyrite at pH 9 shown in Figure 3B
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indicates that in addition to the Fe of chalcopyrite located at 707.4 eV [36], the chalcopyrite
surface was covered by FeOOH and Fe2O3, as indicated by the peaks located at 710.6 eV
and 711.0 eV, respectively [37]. The deconvolution of S 2p spectrum of chalcopyrite at
pH 9 (Figure 3C) indicates various peaks located at ca. 160.7 eV, 162.0 eV, and 163.8 eV.
These peaks are attributed to chalcopyrite, disulfide (S2

2−), and polysulfide (Sn
2−), respec-

tively [36]. The presence of oxide and hydroxide on the chalcopyrite surface is confirmed
by the peak located at 529.9 eV [37] and 531.5 eV [38] in the O 1s spectrum of chalcopyrite
at pH 9 (Figure 3D). In addition, there is an indication of the presence of adsorbed water
on the surface of chalcopyrite, as shown by the peak located at 533.4 eV [39] in Figure 3D.

The MBS treatment reduced the Cu(II) to Cu(I) on the chalcopyrite surface, as indicated
by the absence of Cu(II) species in the Cu 2p spectrum of chalcopyrite (Figure 3A). Only the
Cu 2p peak of chalcopyrite was observed after the surface was treated in 5 mM MBS. The
Fe 2p spectrum in Figure 3B shows that the MBS treatment significantly improved the peak
intensity of FeOOH and formed a new peak located at 713.1 eV. This new peak is attributed
to Fe2(SO4)3 [37]. The formation of sulfate species is confirmed by the appearance of a
new peak located at 167.9 eV in the S 2p spectrum in Figure 3C and a new peak located at
532.2 eV in the O 1s spectrum in Figure 3D [36,37]. This sulfate species might be formed
as a result of the reaction between MBS and dissolved oxygen in the water, as shown by
Equations (3) and (4).

Na2S2O5 + H2O→ 2Na++ 2HSO−3 (3)

2HSO−3 + O2 → 2SO2−
4 + 2H+ (4)

Figure 4 presents the X-ray photoelectron spectra of Mo 3d, S 2p, and O 1s of molyb-
denite. The Mo 3d spectra of the molybdenite surface (Figure 4A) were best fitted with
three GL functions. The 3d5/2 peaks located at ca. 229.5 eV, 229.7 eV, and 232.2 eV are
attributed to molybdenum bulk (Mo(IV)) of molybdenite [40], Mo (IV) of molybdenum
dioxide (MoO2) [41], and Mo(VI) of molybdenum trioxide (MoO3) [42], respectively. The
S 2p spectrum of molybdenite shown in Figure 4B indicates a doublet peak with S 2p3/2
peaks located at 162.3 eV, which is attributed to the monosulfide of molybdenite [19,43].
Figure 4C shows the O 1s spectra of molybdenite. The presence of molybdenum diox-
ide and molybdenum trioxide is confirmed by the O 1s peaks located at 530.3 eV [44]
and 531.4 eV [45], respectively. In addition, there are other peaks located at 532.3 eV
and 533.7 eV, which are attributed to the hydroxide of the organic contaminants [30] and
adsorbed water (H2O) [39], respectively.

Similar spectra of Mo 3d, S 2p, and O 1s of molybdenite were obtained after the
molybdenite was treated in 5 mM MBS at pH 9. In addition, unlike the formation of sulfate
species on the S 2p of chalcopyrite after being treated in 5 mM MBS at pH 9, there was no
sulfate formation in the S 2p spectra of molybdenite.

3.3. Proposed Mechanism

Based on the XPS analysis results, a mechanism can be proposed to explain the
depressing effect of MBS on the floatability of chalcopyrite. The MBS treatment mainly
produces sulfate species as a reaction product when in contact with the dissolved oxygen in
water (Equations (3) and (4)). This sulfate species covered the chalcopyrite surface, forming
hydrophilic Fe2(SO4)3 species on the surface. Furthermore, the MBS treatment improved
the intensity of hydrophilic FeOOH and Fe2O3 species on the chalcopyrite surface. The
presence of these various hydrophilic species on the surface depresses the floatability
of chalcopyrite.
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Figure 4. Mo 3d (A), S 2p (B), O 1s (C) spectra of chalcopyrite without and with 5 mM MBS treatment at pH 9.

The XPS results of molybdenite indicate that the MBS had an insignificant effect on the
binding energy of chemical species on the surface of molybdenite. However, the flotation
results indicate that MBS treatment exhibited a slightly depressing effect on the floatability
of molybdenite. This difference in XPS and flotation results could be caused by the crystal
structure of molybdenite. The crystal structure of molybdenite shows two types of surfaces:
(1) non-polar faces formed by the scission of S–S bonds and (2) polar edges generated by
the rupture of strong covalent Mo–S bonds. Based on these bonding types, the faces are
hydrophobic and the edges are hydrophilic [46]. These edges might be vulnerable to the
MBS treatment than the faces as shown by Chen et al. [32]. They reported that the MBS
treatment showed an insignificant effect in the spectra of molybdenite faces, however, it
formed sulfate and sulfite species in the S 2p spectra of molybdenite edges after being
treated in 1 mM MBS in DI water.

In this study, the molybdenite fine powder was used for flotation tests and XPS
analysis, which has a higher edges-to-faces ratio, thus the depressing effect of MBS on
the floatability of molybdenite became more apparent. Furthermore, the molybdenite
powder used for XPS analysis in this study was not differentiated between the faces and
edges of molybdenite, thus the XPS analysis could not identify the effect of MBS treatment
on the molybdenite edges. However, the presence of sulfate and sulfite species on the
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molybdenite edges, as reported by Chen et al. [32], could explain the slightly depressing
effect of MBS on the floatability of molybdenite presented in this study.

3.4. Microflotation of Mixed Minerals

The microflotation results of a single mineral, presented in Figure 2, show the pos-
sibility of using MBS treatment for selective separation of molybdenite and chalcopyrite.
Therefore, the microflotation tests were performed using mixed chalcopyrite and molyb-
denite. Figure 5 shows the effects of MBS treatment on the recovery of chalcopyrite and
molybdenite in the mixed minerals system.

Figure 5. Effect of sodium metabisulfite (MBS) on the recovery of mixed chalcopyrite and molybdenite
(1:1 ratio) in the absence of a collector at pH 9.

As expected, the microflotation results of mixed chalcopyrite and molybdenite show
a similar trend as shown in the microflotation of a single mineral (Figure 2). The MBS
treatment exhibited a strong depressing effect on the recovery of chalcopyrite and slightly
reduced the recovery of molybdenite. Furthermore, the depressing effect increased with an
increase in the concentration of MBS.

The Newton efficiency is presented in Figure 5 to assess the selectivity of the MBS
treatment on the separation of chalcopyrite and molybdenite using flotation. The Newton
efficiency increased from 25% before the MBS treatment to 43% after the addition of 0.5 mM
MBS. The Newton efficiency reached a maximum value (48%) after the addition of 1 mM
MBS and then slightly decreased to 46% after the addition of 5 mM MBS owing to the
decreasing recovery of molybdenite. These Newton efficiency results demonstrate that
the MBS treatment could be used as a selective depressant of chalcopyrite in the selective
flotation of chalcopyrite and molybdenite.

Emulsified kerosene and diesel oil were used as collectors to improve the separation
selectivity of chalcopyrite and molybdenite in the flotation of mixed minerals using MBS
treatment. These non-polar oil collectors were selected because they are known as selec-
tive collectors for molybdenite, owing to a higher affinity on the molybdenite non-polar
faces [2,47–50]. In these flotation tests, the concentration of MBS was fixed at 1 mM. This
concentration was selected based on the maximum Newton efficiency shown in Figure 5.

Figure 6 shows the effect of emulsified diesel oil and kerosene on the recovery of
mixed chalcopyrite and molybdenite after being treated in 1 mM MBS at pH 9. The
addition of various concentrations of emulsified diesel oil and kerosene significantly
improved the recovery of molybdenite compared to that of chalcopyrite. For instance,
the recovery of molybdenite significantly increased from 52% to 82% after the addition of
100 mg/L diesel oil, while the recovery of chalcopyrite slightly increased from 7% to 13%
under a similar condition. These results can be attributed to the selective adsorption of
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diesel oil and kerosene on the molybdenite surface, which was less affected by the MBS
treatment than the chalcopyrite surface, as shown by the XPS analysis and flotation results.
In addition, Suyantara et al. [48,51] showed that the molybdenite surface became more
hydrophobic after the addition of emulsified kerosene, thus molybdenite became more
floatable compared to that of chalcopyrite.

Figure 6. Effect of emulsified diesel oil (A) and kerosene (B) on the recovery of mixed chalcopyrite and molybdenite after
being treated in 1 mM MBS at pH 9.

Figure 6 demonstrates that emulsified diesel oil was more effective to improve the
recovery of molybdenite compared to that of emulsified kerosene. For instance, the recov-
ery of molybdenite improved from 52% to 82% after the addition of 100 mg/L emulsified
diesel oil, while the recovery of molybdenite increased from 52% to 73% after the addi-
tion of 100 mg/L emulsified kerosene. Diesel oil has a better dispersion capability in
water (i.e., forming finer and homogeneous emulsion) than kerosene [52]; thus, it is more
effectively adsorbed on the molybdenite surface.

Figure 6A indicates that the recovery of molybdenite reached an optimum condition
after the addition of 100 mg/L emulsified diesel oil. The addition of a higher concentration
(i.e., 200 mg/L) of emulsified diesel oil slightly reduced the recovery of molybdenite. One
of the possible reasons for this phenomenon is the addition of excess emulsified diesel oil
caused excessive agglomeration of molybdenite particles, causing the molybdenite particle
to become too heavy to be carried by the nitrogen bubbles to the froth zone. On the other
hand, this phenomenon was not observed if emulsified kerosene was used as a collector
(Figure 6B). The maximum recovery of molybdenite was observed after the addition of
200 mg/L emulsified kerosene.

The recovery of chalcopyrite slightly increased with an increase in the concentration
of emulsified diesel oil and kerosene (Figure 6). This phenomenon can be caused by
the physical adsorption of diesel oil and kerosene on the surface of chalcopyrite, owing
to the presence of sulfur species on the slightly oxidized chalcopyrite, as shown from
the XPS results. A similar phenomenon has been reported in previous studies [48,53].
In addition, this phenomenon might be caused by the interaction between molybdenite
and chalcopyrite (i.e., heterocoagulation and entrapment of chalcopyrite), which requires
further investigation. Indeed, Hornn et al. [54] showed that emulsified kerosene can
be used to agglomerate the fine particle chalcopyrite, improving its floatability in the
agglomeration-flotation.

Table 2 confirms the effectiveness of MBS treatment as a selective depressant of
chalcopyrite in the selective flotation of chalcopyrite and molybdenite with the addition of
diesel oil and kerosene. In the absence of MBS treatment, the recoveries of chalcopyrite
were 30.8% and 43.3% with the addition of 100 mg/L diesel oil and 200 mg/L kerosene,
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respectively. Meanwhile, the addition of diesel oil and kerosene significantly improved
the recoveries of molybdenite, from 61.1% in the absence of collector to 88.0% and 89.5%
with the addition of 100 mg/L diesel oil and 200 mg/L kerosene, respectively. With the
addition of 1 mM MBS, the recovery of chalcopyrite significantly depressed to 13.7% and
19.1% under similar conditions. On the other hand, the recovery of molybdenite slightly
decreased after the MBS treatment.

Table 2. Recovery of chalcopyrite (Cu) and molybdenite (Mo) and Newton efficiency (η) under the
optimal condition of diesel oil and kerosene.

No Collector Condition MBS Concentration
Recovery, %

η, %
Cu Mo

1 Without collector 0 mM MBS 35.9 61.1 25.2
2 100 mg/L diesel 0 mM MBS 30.8 88.0 57.3
3 100 mg/L diesel 1 mM MBS 13.7 84.2 70.5
4 200 mg/L kerosene 0 mM MBS 43.3 89.5 46.2
5 200 mg/L kerosene 1 mM MBS 19.1 81.7 62.6

Figure 7 shows the Newton efficiency of flotation of mixed chalcopyrite and molyb-
denite after being treated in various concentrations of emulsified diesel oil and kerosene
in 1 mM MBS at pH 9. The Newton efficiency gradually increased with an increase in
the concentration of emulsified diesel oil and kerosene. The Newton efficiency reached a
maximum value of 70% after the addition of 100 mg/L diesel oil in 1 mM MBS at pH 9.
Under a similar concentration, the addition of emulsified kerosene results in lower Newton
efficiency (i.e., 60%). Meanwhile, the Newton efficiency reached a maximum value of 62%
after the addition of 200 mg/L emulsified kerosene in 1 mM MBS at pH 9. This result
indicates that emulsified diesel oil is more effective in improving the selectivity of flotation
of chalcopyrite and molybdenite compared to kerosene. As discussed previously, diesel
has a higher effectivity owing to it having a better dispersion capability in water than
kerosene. Nevertheless, both emulsified diesel oil and kerosene could significantly improve
the separation selectivity of selective flotation of chalcopyrite and molybdenite using MBS
treatment.

Figure 7. Effects of diesel oil and kerosene addition on the Newton efficiency of selective flotation of
chalcopyrite and molybdenite in 1 mM MBS at pH 9.

4. Conclusions

In this study, the effects of MBS treatment on the floatability of chalcopyrite and
molybdenite were investigated. The microflotation results of a single mineral show that
MBS treatment exhibited a strong depressing effect on the floatability of chalcopyrite and
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slightly depressed the floatability of molybdenite. The XPS analysis results indicated that
the strong depressing effect of MBS on the floatability of chalcopyrite is caused by the
formation of hydrophilic species (i.e., sulfate, Fe2(SO4)3, FeOOH, and Fe2O3) on the surface.
On the other hand, MBS treatment showed an insignificant effect on the chemical species
on the molybdenite surface.

The microflotation of mixed minerals showed that MBS treatment could be used
as a selective depressant of chalcopyrite in the selective flotation of chalcopyrite and
molybdenite. Furthermore, the addition of diesel oil or kerosene as a molybdenite collector
could significantly improve the separation selectivity (i.e., Newton efficiency) of flotation
of chalcopyrite and molybdenite using MBS treatment. The addition of diesel oil could
effectively improve the Newton efficiency compared to that of kerosene.
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Abstract: High-chromium vanadium slag (HCVS) is an important by-product generated during
the smelting process of high-chromium-vanadium-titanium-magnetite. Direct acid leaching and
calcium-roasting acid leaching technology were applied to recover vanadium and chromium from
HCVS. The effects of experimental parameters on the leaching process, including concentration of
H2SO4, reaction temperature, reaction time, and liquid-to-solid ratio, were investigated. The XRD
and UV-Vis DRS results showed that vanadium and chromium existed in low valence with a spinel
structure in the HCVS. The Cr-spinel was too stable to leach out; no more than 8% of the chromium
could be leached out both in the direct acid leaching process and calcium-roasting acid-leaching
process. Most low valence vanadium could be oxidized to high valence with calcium-roasting
technology, and the leaching efficiency could be increased from 33.89% to 89.12% at the selected
reaction conditions: concentration of H2SO4 at 40 vt.%, reaction temperature of 90 ◦C, reaction time
of 3 h, liquid-to-solid ratio of 4:1 mL/g, and stirring rate of 500 rpm. The kinetics analysis indicated
that the leaching behavior of vanadium followed the shrinking core model well, and the leaching
process was controlled by the surface chemical reaction, with an Ea of 58.95 kJ/mol and 62.98 kJ/mol
for direct acid leaching and roasting acid leaching, respectively.

Keywords: vanadium; calcium roasting; leaching efficiency

1. Introduction

Vanadium and chromium are strategic transition elements that have been widely
used in some fields such as steel-making, energy-storage, catalysts, the petrochemical
industry, and green chemistry owing to their excellence hardness, high corrosion resis-
tance, and other excellent physicochemical properties [1–5]. High-chromium vanadium
slag (HCVS) is a by-product generated during the smelting process of high-chromium-
vanadium-titanium-magnetite, and it is an important vanadium source in China [6–10].
During the smelting process, the vanadium and chromium are reduced into the molten
enriched in the spinel, which is hard to destroy directly and restricted the large-scale
utilization of HCVS [11]. Thus, some enhancement technologies were needed to recover
vanadium and chromium efficiently.

To date, the basic recovery technology for vanadium has been sodium-roasting leach-
ing technology, which was first proposed by Birck in 1912 and is widely used in the Chinese
industries since the 1980s [12–14]. The vanadium-containing ores are mixed with the
sodium salts (sodium carbonate (800–1000 ◦C), sodium sulfate (1200–1250 ◦C), sodium
chloride (750–850 ◦C), and sodium hydroxide (400–800 ◦C)) at determined mole ratios and
then roasted in a vertical kiln under a high temperature atmosphere with O2 [13,15,16].
The structure of vanadium-containing ores is destroyed in the high temperature and low-
valence vanadium is exposed and oxidized to a high valence. The high-valence vanadium
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is formed as sodium vanadate and can be easily leached out with acid, alkaline, or water-
leaching [17–20]. However, some environmental hazards (sulfur dioxide, chlorine, and
hydrogen chloride) and large amount of wastewater have limited continuous large-scale
industrial application with the high environmental standards of today. To overcome the
above problems, a roasting technology called calcium-roasting technology was developed,
in which the sodium salts are replaced by calcium salts [21–25]. The roasting process is
similar to the sodium-roasting process; the vanadium-containing ores are mixed with lime,
limestone, and calcium salts at fixed mole ratios and then roasted at high temperatures,
which are higher than with sodium roasting. During the roasting process, the vanadium
spinel is decomposed and reacted with calcium salts to form different kinds of calcium-
vanadate, which are determined by the mole ratio of the vanadium to calcium salts [26–30].
Usually, some leaching enhancing processes or multiple roasting processes accompany this
process to achieve high recovery [16,31–34].

In this paper, direct acid leaching and calcium-roasting acid leaching technology
were applied to leach out chromium and vanadium. The effects of experimental param-
eters including reaction time, liquid-to-solid ratio, reaction temperature, and concentra-
tion of H2SO4 on the leaching process were investigated. The leaching kinetics were
also investigated.

2. Materials and Methods
2.1. Materials

The HCVS was collected from Pangang Group Co. Ltd., Panzhihua City, Sichuan
Province, China. It was dried and ground to below 75 µm for further experiments. The
elemental composition of HCVS was measured by XRF. The results displayed in Table 1
indicate that the vanadium and chromium were about 5.43 wt.% and 6.84 wt.%, respectively.

Table 1. Elemental accounts of the HCVS (wt.%).

Element V2O5 Cr2O3 FeO CaO MgO

Percentages (%) 9.7 10.2 24.7 2.8 13.8
Element SiO2 Al2O3 MnO TiO2

Percentages (%) 25.7 10.3 1.6 2.7

2.2. Experimental Procedure

The batch experiments were conducted in a 300 mL glass beaker placed in a thermo-
static mixing water bath. Firstly, the water bath was heated to a determined temperature.
Then, a predetermined concentration of H2SO4 solution and a predetermined amount
of HCVS or roasting HCVS were added to the beaker. Then, the beaker was placed in
the water bath. Finally, the filtrate was collected by vacuum filtration after the required
reaction time.

2.3. Analytical Methods

The concentrations of chromium and vanadium in the filtrate were measured by induc-
tively coupled plasma-optical mission spectrometry (ICP-OES, PerkinElmer Optima 6300DV,
Kyoto, Japan.) and the leaching efficiency was calculated following Equations (1) and (2):

ηV =
V ·CV

m ·ωV
× 100% (1)

ηCr =
V ·CCr

m ·ωCr
× 100% (2)

where CV and CCr, are the concentration of chromium and vanadium in the filtrate in g/L;
V, is the volume of the filtrate in liters;ωV, andωCr, are the percentages of chromium and
vanadium in the HCVS; and m, is the mass of the HCVS used in the batch experiments
in grams.
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2.4. Characterization

The element percentages of HCVS were measured by XRF (Shimadzu Lab Center
XRF-1800, Kyoto, Japan) and the main phases were measured by XRD (Shimadzu Lab
Center XRD-6000, Kyoto, Japan). The valences of the vanadium and chromium in the HCVS
were detected by UV-Vis DRS (Shimadzu Lab Center, Kyoto, Japan) and XPS (ESCALAB-
250Xi, Thermo Fisher Scientific, New York, NY, USA). The thermo-gravimetric analysis
was conducted by TG-DSC (Shimadzu Lab Center DSC-60H, Kyoto, Japan) with a heating
rate of 10 ◦C/min from 0 ◦C to 900 ◦C.

3. Results
3.1. Characterization of HCVS

The XRD pattern showed in Figure 1a shows that the main crystal structures in the
HCVS were Fe2O3, FeCr2O4, MgFe2O4, Fe2VO4 and Fe2SiO4 [27,28,30]. The vanadium and
chromium mainly existed as spinel structures (FeCr2O4 and Fe2VO4), which are hard to
destroy. Therefore, the leaching efficiency of vanadium and chromium may not be high
and some enhancing technologies are needed in the further experiments.
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Figure 1. Characterization of HCVS. (a) XRD pattern of HCVS; (b) UV-Vis DRS of HCVS; (c) XPS of
vanadium; (d) XPS of chromium.

The UV-Vis DRS of HCVS was conducted to help understanding the composition of
HCVS; the result is displayed in Figure 1b. The original spectrum signal was analyzed and
the peaks were fitted to four main peaks: 280 nm, 380 nm, 482 nm, and 542 nm. The peak at
280 nm was assigned to Fe (III) and confirmed the existence of Fe2O3 and MgFe2O4 [35,36].
The peak at 380 nm was assigned to Cr (III) [37], which corresponds to the FeCr2O4 phase.
The peak at 482 nm was assigned to V=O stretching, which confirmed the existence of V
(IV) and V (V) [38,39].
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The XPS results showed that most vanadium existed as V(III) and V(IV) (515.7 eV and
516.4 eV), and the Cr (III) accounted for about 82.84% of the HCVS (576.1 eV, 577.3 eV and
586.3 eV), while there were no V (III) and V (V) phases in the XRD pattern. According to
our previous study, V(III), V(IV), and V(V) co-exist in HCVS, which means that some V(III)
and V(V) compounds in the HCVS exist amorphously and could not detected by XRD [28].

3.2. Direct-Acid-Leaching Process

The direct acid leaching process was conducted to leach out vanadium and chromium
from the HCVS. Figure 2 summarizes the effects of the liquid-to-solid ratio, reaction time,
concentration of H2SO4, and reaction temperature on the leaching process. The leaching
efficiencies of vanadium and chromium were relatively low (<35% for vanadium and 8%
for chromium), which is consistent with the results of XRD.
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Figure 2. Effect of parameters on leaching efficiency of vanadium and chromium: (a) concentration
of H2SO4; (b) reaction temperature; (c) reaction time; (d) liquid-to-solid ratio.

Figure 2a shows that the leaching efficiency of vanadium increased with the increase
of the concentration of H2SO4. During the leaching process, the H+ attacks the spinel and
destroys the spinel structure to release vanadium and chromium. With an increasing of
concentration of H2SO4, the corrosion process of the spinel by the highly concentrated
H+ was intensified and the leaching efficiency of vanadium was increased from 17.87% to
33.90%, as the concentration of H2SO4 increased from 10 vt.% to 50 vt.%. As the chromium
spinel was more stable than the vanadium spinel, the chromium was harder to leach out,
with a leaching efficiency below 8%. Otherwise, the leaching efficiency showed no obvious
increase when the concentration of H2SO4 increased from 40 vt.% to 50 vt.%, and high
concentrations bring high impurities [40]; thus, the concentration of 40 vt.% was selected
as optimal for further experiments.
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The results showed in Figure 2b indicate that only 10.40% vanadium and 2.18%
chromium can be leached out at 30 ◦C. Higher temperatures enhances the activity of
vanadium and chromium ions and further favors the reaction intensity [41]. The leaching
efficiency increased to 33.89% for vanadium and 7.56% for chromium at 90 ◦C. In other
words, high reaction temperature was beneficial to the leaching process.

Usually, in order to produce more products, long reaction times are utilized. Figure 2c
shows that the leaching efficiency of vanadium and chromium increased with the reaction
time, but the increase amplitude was slow. Longer reaction times may not make any
contribution to the leaching process; thus, the reaction time of 3 h was selected in the
following experiments.

During the leaching process, the HCVS particles was ground fine enough for good
contact with the concentrated H2SO4 solution. The leaching process was most controlled
by parameters such as the reaction temperature and concentration of H2SO4, but less by
the liquid-to-solid ratio, as the liquid-to-solid ratio had no obvious effect on the leaching
efficiency (seen in Figure 2d).

As the spinel structure was hard to destroy directly, the leaching efficiencies of vana-
dium and chromium were 33.89% and 7.56%, respectively, at the selected optimum con-
ditions: reaction time of 3 h, liquid-to-solid ratio of 4: 1 mL/g, concentration of H2SO4 of
40 vt.%, reaction temperature of 90 ◦C, and stirring rate of 500 rpm.

3.3. Characterization of Roasting HCVS

In order to achieve efficient leaching performance of HCVS, calcium-roasting tech-
nology was applied to oxidize the low valence compounds. The obtained TG-DSC curves
shown in Figure 3a indicate that there was a dehydration step, with weight loss of 1.23%
from 0 ◦C to 400 ◦C, and an obvious exothermic peak of the DSC curve at 400 ◦C was
observed, which corresponds to the decomposition of the spinel structure. After the tem-
perature increased to 620 ◦C, a dramatic mass gain of 6.46% was obtained due to the
oxidative decomposition of the vanadium spinel phase. This means that the oxidative
roasting of vanadium spinel should be conducted above 620 ◦C. Thus, the calcium-roasting
process was conducted at 650–850 ◦C and the HCVS was mixed with CaO at a mole ratio of
n(CaO)/n(V2O5) = 1.1

The XRD pattern was used to analyze the phase changes during the calcium-roasting
process. The results showed in Figure 3b indicate that some new peaks appeared, corre-
sponding to the new phases of Ca2V2O5, CaFe (Si2O6), and Ca2V2O7. These three new
phases appeared at 650 ◦C, and the crystal structures became more stable as the roasting
temperature increased from 650 ◦C to 850 ◦C. During the calcium-roasting process, the
Fe2VO4 decomposed (seen in Equation (3)) to form V2O4 at nearly 400 ◦C according to
DG-TSC results, and then reacted with CaO to form Ca2V2O5. With the increasing roasting
temperature, partial Ca2V2O5 was further oxidized to Ca2V2O7, which means that in the
calcium roasting of HCVS, the V(IV) and V(V) co-existed.

After roasting, some V(III) and V(IV) were oxidized to V(V). The XPS results indicate
that only 9.55% V(III) was retained in the roasted HCVS, while Cr(III) still accounted for
about 80.32%. As the Cr spinel was more stable than the V spinel [13], the Cr was not
oxidized and still existed in FeCr2O4, according to the XRD results. It was concluded that
the chromium was still hard to leach out.

2Fe2VO4 → 4FeO + V2O4 (3)

V2O4 +CaO → CaV2O5 (4)

2CaV2O5 + O2 + 2CaO → 2Ca2V2O7 (5)
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3.4. Acid Leaching for Roasting HCVS

The acid-leaching experiments with calcium roasting of HCVS were conducted to
investigate the effect of calcium roasting on the leaching process under the same reaction
conditions as the direct acid leaching process described above. As the Cr spinel was still
stable under the roasting temperature, the leaching efficiency of chromium showed no
obvious increase compared with the direct acid leaching process; therefore, the leaching
behavior of chromium is not discussed in this part.

Figure 4a shows that the calcium roasting made a great contribution to the leaching
process. The leaching efficiency of vanadium was increased by nearly 40 percentage
(up to 57.54%) after roasting, compared with the direct acidic leaching process (at the
concentration of 10 vt.% H2SO4). During the roasting process, most V(III) and V(IV) were
oxidized to V(V), making a contribution to the great leaching performance of roasting
HCVS. The leaching efficiency increased quickly at the beginning and then smoothly with
the increase of H2SO4 concentration. The highest leaching efficiency was up to 90.12% at
a concentration of 50 vt.%, which showed nearly a 58% improvement compared to the
direct acid leaching process. Compared to our previous study, the leaching efficiency
might be increased more with some enhancing technologies, such as oxidative leaching and
electro-oxidative leaching [28]. Otherwise, the formation of the by-product CaSO4, which
is a villous particle, might adsorb on the surface of leaching residue and have negative
effects on the leaching process [40]; thus, a too high concentration of H2SO4 is not suitable
for leaching while calcium roasting HCVS. Meanwhile, the leaching efficiency showed little
increase as the concentration increased from 40 vt.% to 50 vt.%; thus, a concentration of
H2SO4 of 40 vt.% was selected for further experiments.
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The same phenomenon can also be observed in Figure 4b. The leaching process was
greatly enhanced by calcium roasting; the leaching efficiency was increased from 10.4% to
89.12% as the reaction temperature increased from 30 ◦C to 90 ◦C. Usually, metal ions have
high solubility at high temperatures, accompanied by high activity; thus, 90 ◦C was chose
in further experiments.

The results displayed in Figure 4c,d indicate that the liquid-to-solid ratio and reaction
time showed similar effects on the leaching process, and a suitable liquid-to-solid ratio and
a long reaction time could achieve high leaching efficiency. As can be seen, the calcium-
roasting process can oxidize low valence vanadium to high valence vanadium and enhance
the leaching process to achieve high leaching efficiency of vanadium, but has no influence
on the change trend of leaching efficiency affected by the experimental parameters.

To summarize, low valence vanadium in V spinel was decomposed and oxidized to
V(V) during the calcium-roasting process, but Cr spinel was too stable to decompose. For
vanadium, 89.12% was leached out under the optimal reaction conditions: reaction time
of 3 h, reaction temperature of 90 ◦C, liquid-to-solid ratio at 4:1 mL/g, concentration of
H2SO4 at 40 vt.%, and stirring rate at 500 rpm. Most chromium existing as FeCr2O4 was
hard to leach out and was retained in the leaching residue.

3.5. Leaching Kinetics

In order to understand the reaction mechanism, the leaching kinetics of vanadium
were analyzed (leaching out chromium was very difficult; thus, it is not analyzed here).
Usually, the leaching kinetics followed the shrinking core model described in Equation (6),
which was used to describe the liquid-solid reaction [40,42–45]:

[(1− η)−1/3 − 1] + 1/3 · Ln(1− η) = k · t (6)
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where η is the leaching efficiency of vanadium, in percentage.
The experimental data was fitted to Equation (6) and the results are shown in Figure 5.

Based on the fitting results, the Ea for vanadium leached out was calculated following the
Arrhenius equations (Equation (7)). Figure 6 shows that the Ea for vanadium leached out
was 58.95 kJ/mol for the direct acid leaching process and 62.98 kJ/mol for the calcium-
roasting acid leaching process, which indicates that the controlling step for vanadium leach-
ing is the surface chemical reaction [40,43–45]. Compared with the references [40,43,45,46],
the Ea was much larger, indicating that the vanadium in the HCVS was hard to leach out
by both direct acid leaching technology and calcium-roasting acid leaching technology.
In order to improve the leaching efficiency and enhance the leaching process, some more
efficient pre-treatment technologies are needed.

Lnk = LnA− Ea/(RT) (7)

where Ea is the apparent activation energy, A is the pre-exponential factor, and R is the
mole gas constant.
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4. Conclusions

A direct acid leaching process and a calcium-roasting acid leaching process on HCVS
were conducted. The following conclusions were obtained:

(1) The chromium and vanadium existed as spinel structure in the HCVS, which are too
stable to destroy directly; only 33.89% of vanadium and 7.56% of chromium could be
leached out at the selected conditions during the direct acid leaching process: reaction
time of 3 h, liquid-to-solid ratio at 4:1 mL/g, concentration of H2SO4 at 40 vt.%,
reaction temperature of 90 ◦C, and stirring rate at 500 rpm. The Ea of the vanadium
leached out was 62.98 kJ/mol, which indicates that the vanadium was hard to leach
out directly;

(2) Most low valence vanadium could be oxidized to high valence during the calcium-
roasting process, and the leaching efficiency could achieve 89.12% under the optimal
conditions: reaction time of 3 h, liquid-to-solid ratio at 4:1 mL/g, reaction temperature
of 90 ◦C, concentration of H2SO4 at 40 vt.%, and stirring rate at 500 rpm. The leaching
behavior followed the shrinking core model well, and the controlling step was the
surface chemical reaction, with an Ea of 58.95 kJ/mol for the calcium-roasting acid
leaching process.

(3) Chromium was hard to leach out both in the direct acid leaching process and the
calcium-roasting acid leaching process; the leaching efficiency was below 8%. Higher
roasting temperatures and new additive agents will be needed for efficient chromium
recovery in our future works.
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Abstract: Potassium, which is included in certain contents in the structure of K-feldspar minerals, has
a very important function in the growth of plants. Turkey hosts the largest feldspar reserves in the
world and is by far the leader in feldspar mining. The production of potassium salts from local natural
sources can provide great contributions both socially and economically in the agriculture industry
along with glass production, cleaning materials, paint, bleaching powders, and general laboratory
purposes. In this study, potassium extraction from K-feldspar ore with an 8.42% K2O content
was studied using chloridizing (CaCl2) roasting followed by water leaching. Initially, to produce
wollastonite and calcite concentrates, froth flotation tests were conducted on wollastonite-calcite ore
after comminution. Thus, wollastonite and calcite concentrates with purities of 99.4% and 91.96%
were successfully produced. Then, a calcite concentrate was combined with hydrochloric acid (HCl)
under optimal conditions of a 1 mol/L HCl acid concentration, a 60 ◦C leaching temperature, and a
10 min leaching time to produce CaCl2. To bring out the importance of roasting before the dissolution
process, different parameters such as roasting temperature, duration, and feldspar—CaCl2 ratios
were tested. Under optimal conditions (a 900 ◦C roasting temperature, a 60 min duration, and a
1:1.5 feldspar—CaCl2 ratio), 98.6% of the potassium was successfully extracted by the water leaching
process described in this article.

Keywords: potassium; calcium chloride; K-feldspar; wollastonite; roasting–leaching

1. Introduction

Potassium is an element that occupies an important place in human life and is widely
used in different industries as a component of potash. Potassium fertilizer is an essential
nutrient, particularly for fruit formation and development. It accelerates plant growth and
increases crop yields. In addition to the fertilizer industry, large amounts of potassium
salts are used annually to produce glass, cleaning materials, paint, and bleaching powders
and for general laboratory purposes [1]. The consumption and cost of potassium salts
vary annually and are between 25 and 30 million tons and USD 300 and 500, respectively.
In Turkey, potassium salts (potassium chloride (KCl) and potassium sulfate (K2SO4)), which
are needed by the chemical and fertilizer industries are provided by imports.

Water-soluble potash is used to produce potassium salts; however, the increase in the
need for potassium salts and the decrease in water-soluble potash sources have led the
producers to find an alternative source such as K-feldspars. Feldspars constitute more than
60% of the earth’s crust and contain microcline, albite, and aluminum silicate with varying
concentrations (5–12%) of potassium oxide (K2O) [2–4]. Turkey has approximately 14%
of the world’s high-quality feldspar reserves. While the most valuable sodium feldspar
deposits are located in Western Anatolia (Çine, Milas, Yatağan, and Bozdoğan regions), the
majority of K-feldspar deposits are found in the Kırşehir massive [5,6]. In addition to large
K-feldspar reserves, there is also a significant amount of wollastonite-calcite deposits in the
Kırşehir–Buzlukdağı region. About 4 million tonnes of potash are imported for agricultural
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and industrial activities each year in Turkey. KCl and CaCl2 salts, which are the main
raw materials of the fertilizer industry, can be obtained from feldspar and wollastonite
minerals, respectively. Obtaining these high value-added products from different industrial
raw materials in the same geographical region significantly increases resource use and
efficiency while reducing costs.

Wollastonite and calcite minerals, which are used in ceramics, plastics, metallurgy,
paint, and other industries are usually found in the same deposits. The most common
method for separating these two industrial minerals is flotation. As wollastonite has a
needle-like structure, the flotation process can be performed in the presence of collectors
such as amines or fatty acids. In a study by Kangal et al., the best result was obtained
at pH 6 and 1500 g/t K-oleate dosage. Under these conditions, a calcite concentrate
assaying 55.89% CaO, 0.35% SiO2, 0.03% Fe2O3, and 42.30% loss on ignition (LOI) was pro-
duced. At the same time, a wollastonite concentrate containing 52.71% SiO2, 44.65% CaO,
0.44% Fe2O3, and 0.60% LOI was obtained [7]. Several investigations have been carried
out to separate wollastonite from calcite-rich wollastonite ore [8–10]. Çinku and co-authors
indicated that a marketable wollastonite concentrate could be produced by flotation fol-
lowing magnetic separation from wollastonite ore containing 40% CaO and 48% SiO2. As a
result of the flotation tests at pH 9, the optimal flotation conditions were determined as
1000 g/t of collector dosage, 1.7 kg/t of sodium silicate, and 500 g/t of caustic soda. Using
oleic acid, a concentrate containing 54.43% SiO2, 41.44% CaO, 0.59% Fe2O3, and 0.97% loss
on ignition was obtained. In addition, when oleic acid is used, a concentrate assaying
57.10% SiO2, 40.88% CaO, 0.30% Fe2O3, and 0.13% loss on ignition was produced [9]. In an-
other important study by Ravi et al., a 97% purity wollastonite concentrate was obtained
from low-content wollastonite ore through the flotation and magnetic separation methods.
In the flotation experiments, a particle size of 100 µm and a sodium oleate concentration of
1 kg/t were found to be optimal, and a wollastonite concentrate (about 95% purity) with
2.64% iron content and 0.4% ignition loss was produced [9]. In the study by Bulut and
co-authors, a wollastonite (about 87.9% purity) concentrate containing 0.44% Fe2O3 and
52.71% SiO2 with 0.60% loss on ignition was obtained using 1500 g/t of potassium oleate.
In addition, a calcite concentrate containing 99.8% CaCO3 was recovered as a by-product
with 85.4% recovery [10].

CaCl2 is an essential component for obtaining potassium salts from feldspar. Although
it is not conventional to treat wollastonite with acid to produce CaCl2, acidic digestion
of wollastonite can be used as a step in the carbonation pathway for CO2 sequestration.
Zhang et al. [11] studied the leaching of wollastonite at various hydrochloric acid (HCl)
concentrations and temperatures. It was reported that 81.9% and 96.1% of calcium were
dissolved using 1 and 4 mol/L HCl, respectively. By maintaining a 4 mol/L HCl con-
centration, constant leaching tests were performed at different temperatures (40, 60, 80,
and 90 ◦C) and the calcium dissolutions values were achieved as 91%, 96.9%, 97.1%, and
97.5%, respectively.

In the literature, many studies have been carried out to produce KCl from run-of-the-
mine feldspar ore using pure CaCl2 salt. Using K-feldspar ore and pure CaCl2, roasting tests
were carried out in a high-temperature furnace at various temperatures for 1 h. After the
roasting was completed, the leaching process was performed under the constant conditions
of a 10% solid-in-pulp ratio, a temperature of 60 ◦C, and a 500 rpm mixing speed [12].
As a result, a 98.3% potassium extraction was obtained with the dissolution process after
roasting at 850 ◦C. In another study by Kangal et al. [13], a 90% dissolution efficiency was
achieved at a 15% solid-in-pulp ratio and at a 40 ◦C temperature.

Yuan et al. [14] reported a 91% potassium dissolution (under the leaching condition
of 70 ◦C, 30 min, and a solid–liquid ratio of 1:50) from a 50–75 µm potassium feldspar
fraction with a 13.25% K2O content by roasting at 900 ◦C for 40 min with a 1:1.15 CaCl2–
potassium feldspar ratio. Serdengeçti et al. [15] investigated the production of KCl from
a potassium feldspar ore containing 9.69% K2O and succeeded in dissolving 99.8% of
potassium through water leaching (a 60 ◦C temperature and a 120 min leaching time)
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following the roasting process (1:1.5 potassium feldspar—CaCl2 ratio, 850 ◦C of temper-
ature, and 60 min of roasting time). Samantray et al. [16] investigated the effects of the
CaCl2 amount, roasting temperature, leaching time, and temperature on KCl production
from feldspar ore containing 11.64% K2O. After roasting at 900 ◦C and with a ratio of
1:1 CaCl2—feldspar, more than 80% of potassium was dissolved after 30 min. Tanvar and
Dhawan [17] investigated the effects of additives, roasting temperature, and time on the
recovery of potash from feldspar containing 9.67% K2O. Roasting experiments were carried
out at 950 ◦C for 60 min, and CaCl2 was used as the slag material. At the end of citric
acid leaching at room temperature, a 1:10 solid–liquid ratio, and 60 min, a 95% potassium
dissolution efficiency was achieved. Samantray et al. [18] investigated the extraction of
potassium from feldspar ore containing 11.64% K2O using eggshell powder as a calcium
source. Feldspar and eggshells were ground together below 45 µm and roasted at 900 ◦C
for 30 min with a 1:1.8 eggshell—feldspar ratio. Then, this mixture was leached with HCl
for 30 min at room temperature and a 99% potassium recovery was obtained.

Today, the main approach of beneficiation and production is based on a circular
economy and environment. In this study, potassium recovery from K-feldspar ore was
achieved using CaCl2 produced from wollastonite-calcite ore in the same region. In the
first part of this study, wollastonite-calcite ore was subjected to flotation tests to produce
wollastonite and calcite concentrates. High-grade CaCl2 was produced through a HCl acid
treatment using a calcite concentrate obtained as a result of flotation. Second, roasting
followed by the water leaching process was applied to K-feldspar with CaCl2. With this
original and innovative work, the extraction of potassium using wollastonite—calcite and
K-feldspar ores located in a similar mineralization zone will be possible, and these local
natural resources can be brought into the economy.

2. Materials and Methods
2.1. Material and Characterization

The wollastonite-calcite and potassium feldspar ores were obtained from the Bu-
zlukdagi Region, Kırşehir, Turkey. The representative ore samples were crushed below
2 mm using jaw, cone, and roller crushers, and wet sieving was performed to determine
the particle size distribution. According to the results, the d80 size of wollastonite and
feldspar samples were found to be 1.2 and 0.5 mm, respectively. The BSE (Back-Scattered
Electron) images of samples are given in Figure 1. The chemical contents of the samples
(Table 1) were determined by inductively coupled plasma (ICP) at Activation Laboratories
Ltd., Hamilton, ON, Canada. To determine the loss on ignition of the samples, the samples
were placed in crucibles and weighed. After, they were kept in an oven at 100 ◦C overnight
to remove moisture. Then, the temperature was raised to 550 ◦C, and the organic materials
were completely removed after 4 h. The carbonate structure turned into oxides at 1000 ◦C
after 2 h, and the ratio of the initial and final weight difference to the feed represented the
ignition loss.
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Figure 1. BSE images of wollastonite-calcite and feldspar samples.
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Table 1. Chemical analyses of the representative samples.

Compound
Content, %

Wollastonite-Calcite K-Feldspar

SiO2 28.00 62.30
Al2O3 1.91 18.70
Fe2O3 0.45 1.89
TiO2 0.04 0.20
Na2O 0.47 4.32
K2O 0.40 8.40
CaO 48.20 2.16
MgO 1.15 0.26
P2O5 0.03 0.09
SrO 0.04 0.14

MnO 0.03 0.06
LOI 20.80 1.83

LOI: Loss on ignition.

An X-ray diffraction (XRD) analysis was conducted with a copper X-ray-sourced
Panalytical X’Pert Pro diffractometer (Malvern Panalytical Ltd., Malvern, UK). PDF-
4/Minerals International Centre of Diffraction Data (ICDD) software (PDF-4/Minerals,
ICDD, Delaware County, PA, USA) was used for mineral characterization. The crys-
tals’ mineral phase ratio was determined through the Rietveld method. XRD patterns
of wollastonite-calcite and feldspar samples are shown in Figures 2 and 3, respectively.
According to the results, the secondary mineral was calcite in the wollastonite-calcite
sample and the feldspar sample mostly consisted of potassium feldspar.

Minerals 2021, 11, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 1. BSE images of wollastonite-calcite and feldspar samples. 

Table 1. Chemical analyses of the representative samples. 

Compound 
Content, % 

Wollastonite-Calcite K-Feldspar 
SiO2 28.00 62.30 

Al2O3 1.91 18.70 
Fe2O3 0.45 1.89 
TiO2 0.04 0.20 
Na2O 0.47 4.32 
K2O 0.40 8.40 
CaO 48.20 2.16 
MgO 1.15 0.26 
P2O5 0.03 0.09 
SrO 0.04 0.14 

MnO 0.03 0.06 
LOI 20.80 1.83 

LOI: Loss on ignition. 

 
Figure 2. X-ray diffraction patterns of the wollastonite-calcite sample. 

0

500

1000

1500

2000

2500

3000

3500

0 10 20 30 40 50 60 70 80

C
ou

nt
s

Position [°2Theta] (Copper(Cu))

C
W

C
W

WW
WC

W
C
W

C
WW

W - Wollastonite
C - Calcite

W

Garnet 

Wollastonite 

Rutile 

K-Feldspar 

Figure 2. X-ray diffraction patterns of the wollastonite-calcite sample.

The chemical and mineralogical properties of samples were defined with a differen-
tial thermal analysis (DTA) and the thermogravimetric analysis (TGA) equipment’s STA
449 F3 Jupiter® thermal analyzer (NETZSCH, Selb, Germany). DTA and TGA curves of
wollastonite-calcite, calcite concentrate (from flotation), and feldspar samples are illustrated
in Figures 4–6, respectively.
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As can be seen in Figure 4, a loss of 21% of weight occurs in the wollastonite ore as
the temperature rises from 700 ◦C to 950 ◦C. The main reason for this loss is calcite, which
constitutes more than 50% of the structure of the ore. The DTA and TGA results shown in
Figure 5 indicate that a significant amount of structural deterioration occurred at 900 ◦C.
Only 0.6% of weight loss was determined in the feldspar ore sample between 400 and
800 ◦C (Figure 6). Partial structural deterioration was encountered at 700–750 ◦C. This
small loss might be explained by probable carbonate components in the ore.
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2.2. Methods

Calcite must be treated with hydrochloric acid to produce CaCl2. Calcite reacts with
HCl to form CaCl2 and releases CO2 and H2O as by-products (Equation (1)) [19].

CaCO3 + 2HCl→ CaCl2 + CO2 + H2O (1)

The potassium dissolution process can be finished by mixing the CaCl2 obtained in
the first equation with K-feldspar ore in certain proportions and by subjecting them to
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roasting and leaching processes. The mixture of feldspar and CaCl2, which is exposed to
a temperature higher than the decomposition temperature during the roasting process,
reacts to form KCl salt. On the other hand, quartz and anorthite minerals are produced as
by-products (Equation (2)) [14].

Since the KCl salt obtained as a result of this process is easily soluble, it can be taken
into a solution by leaching with water.

CaCl2 + 2KAlSi3O8 → CaAl2Si2O8 + 4SiO2 + 2KCl (2)

In the first step, wollastonite-calcite ore was subjected to comminution (below 75 µm)
and then froth flotation was used to separate calcite and wollastonite. An amount of 300 gr
of wollastonite-calcite ore was subjected to self-aerated Denver flotation equipment with a
1.5 L cell volume and a 1200 rpm mixing rate. The conditions of the flotation tests are given
in Table 2. While calcite particles were floated with the help of a collector, wollastonite
particles were not activated and taken as the sinking product. Afterward, the calcite
concentrate was subjected to HCl acid leaching (Figure 7). Different HCl concentrations
(0.25, 0.5, 2, 3, 4, and 6 mol/L), temperatures (25, 40, 60, and 80 ◦C), and leaching times
(5, 10, 15, 30, 60, 90, and 120 min) were investigated to determine the optimal treatment
conditions with a constant 1:2 solid–liquid ratio. After obtaining the pregnant solution,
CaCl2 was precipitated by evaporation. Second, the CaCl2 sample obtained from the
calcite concentrate was ground and mixed in an agate mortar with potassium feldspar in
a 1:1.5 feldspar–CaCl2 ratio until it had a homogeneous appearance. Afterward, 7.5 g of
the mixture was spread in a thin layer on four porcelain crucibles (diameter: 8 cm) and
the roasting tests were performed in a Protherm brand PLF 130/6 furnace at elevated
temperatures of 800, 850, 900, and 950 ◦C for 1 h. After roasting, water leaching was
performed for 2 h under constant conditions, namely a 10% solid-in-pulp ratio, a 60 ◦C
temperature, and a 500 rpm mixing speed.

Table 2. The conditions of the flotation experiment.

Particle Size −74 µm

pH 6.0
KOl Dosage 300 + 300 + 300 + 300 + 300 g/t

Conditioning Time 10 + 5 + 5 + 5 + 5 min
Flotation Time 2 + 2 + 1 + 1 + 1 min

After acid leaching, titration was used to determine HCl consumption. A 0.01 mol/L
NaOH solution was prepared and transferred into a 10 mL burette. A beaker containing
30 mL of the test solution was placed under the burette. Four drops of phenolphthalein
(a color-change indicator) were added to the solution, and the burette faucet was opened
enough to allow a single droplet to pass. A 0.01 mol/L NaOH solution was mixed into the
solution until it turned pink, at which point the faucet was closed, and the spent NaOH
was detected. Lab-scale vacuum equipment with fine filter paper (Sartorius brand 391 code,
blue label) was used for liquid–solid separation and the filtered cake was dried at 70 ◦C
for approximately 24 h. The elemental analysis of the liquid was provided by the atomic
absorption spectrometer (Varian brand AA240FS, Palo Alto, CA, USA).
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3. Results and Discussion
3.1. Flotation of Wollastonite-Calcite Ore

To produce CaCl2 for the roasting and leaching experiments, previously, wollastonite-
calcite ore was subjected to flotation experiments after comminution, and a calcite concen-
trate with low iron content was obtained in the first two flotation stages. In the following
steps, the augite mineral was activated and started to float. On the other hand, wollastonite
was not activated and remained in the cell despite the increasing potassium oleate concen-
tration. As seen in Table 3, Float-1 and Float-2 products contained high grades of CaCO3,
91.55% and 92.77%, respectively. Float-3, Float-4, and Float-5 were characterized as tailings,
since their Fe2O3 contents were high. A marketable wollastonite concentrate having a
99.4% purity was produced with 0.44% Fe2O3, 0.95% CaCO3, and 49.70% SiO2 contents
using a 1500 g/t potassium oleate. Calcite concentrates obtained in the first two flotation
stages were combined and a final calcite concentrate (91.96% CaCO3) with 0.11% Fe2O3
and 2.14% SiO2 was produced.
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Table 3. Results of flotation tests.

Products Weight (%)
Fe2O3 SiO2 Loss on Ignition Calcite Wollastonite

C D C D C D P D P D

Float-1 * 31.1 0.09 6.2 1.55 1.8 40.28 59.3 91.55 59.3 3.10 1.8
Float-2 * 15.8 0.15 5.3 3.30 2.0 40.82 30.6 92.77 30.6 6.60 2.0
Float-3 2.9 1.31 8.5 24.20 2.7 36.47 5.1 82.89 5.1 48.40 2.7
Float-4 3.3 2.17 16.0 40.80 5.2 17.52 2.8 39.82 2.8 81.60 5.2
Float-5 3.1 3.09 21.4 45.60 5.4 8.83 1.3 20.07 1.3 91.20 5.4

Sink 43.8 0.44 42.6 49.70 82.9 0.42 0.9 0.95 0.9 99.40 82.9
Total 100.0 0.45 100.0 26.24 100.0 21.08 100.0 47.90 100.0 52.47 100.0

C: Content; D: Distribution; P: Purity. * Combined flotation products.

3.2. CaCl2 Production by Acid Leaching

The final calcite concentrate obtained after the flotation process was treated with HCl
to produce CaCl2. The effects of the concentration, temperature, and time on acid leaching
were investigated. After the determination of the most suitable condition, CaCl2 was mixed
with potassium feldspar in certain proportions, the roasting and dissolution processes were
completed, and finally, potassium was successfully extracted.

3.2.1. Effect of HCl Concentration

Based on the formula in Equation (1), the acid treatment was applied to the calcite
concentrate. HCl was used as a solvent to investigate the effect of various acid concentra-
tions (0.25, 0.5, 1, 2, 3, 4, and 6 mol/L) on CaCl2 production. The leaching temperature and
time were chosen as 60 ◦C and 10 min, respectively. The HCl-Calcite ratio was adjusted to
2:1 by weight. Calcium dissolution efficiencies versus acid concentration are illustrated in
Figure 8.
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Figure 8 clearly shows that 2 mol/L HCl provides an optimal calcium extraction rate
of 93.7%. The 2 mol/L HCl concentration was kept constant in the following experiments,
as there was no more than a 3% increase in dissolution efficiency at higher acid concentra-
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tions. Similar results were obtained in the study of Zhang et al. [11], who performed the
dissolution experiments to produce CaCl2. The highest calcium dissolution rate (96.1%)
was obtained at a 4 mol/L HCl concentration, while 1 mol/L HCl led to only 81.9% cal-
cium dissolution. To determine the amount of HCl consumption for our case, the titration
method was chosen and the acid consumption was found to be 165 kg/ton for this study.

3.2.2. Effect of Temperature

After a suitable acid concentration was obtained, the effect of temperature on calcium
dissolution efficiency was investigated at different temperatures (25, 40, 60, and 80 ◦C). The
HCl–Calcite ratio was kept constant at 2:1, and tests were performed with a 10 min leaching
time, a mixing speed of 350 rpm, and 2 different HCl concentrations (1 and 2 mol/L). The
calcium dissolution efficiencies are presented in Figure 9.

The results in Figure 9 indicated that the leaching temperature had a considerable
effect on the dissolution of calcium. Especially, no significant change was observed after
the 2 mol/L HCl concentration at 40 ◦C. On the other hand, calcium dissolution yields
increased continuously with increasing temperature while the dissolution of calcium started
to stabilized after the 1 mol/L HCl concentration at 60 ◦C. Considering the gelation problem
caused by the use of a vacuum after the experiment using a 2 mol/L HCl concentration,
a 1 mol/L HCl concentration, and a 60 ◦C temperature were found to be more suitable
for the dissolution process. Zhang et al. [11] indicated the importance of temperature on
leaching in their study. After 20 min of dissolution at a 4 mol/L HCl concentration, 91.0%,
96.9%, 97.1%, and 97.5% calcium dissolution efficiencies were achieved at 40, 60, 80, and
90 ◦C, respectively.
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3.2.3. Effect of Leaching Time

The effect of leaching time on the calcium dissolution was investigated using various
durations (5, 10, 15, 30, 60, 90, and 120 min). The HCl-Calcite ratio was kept constant
at 2:1, and tests were performed at a 1 mol/L HCl concentration, a 60 ◦C temperature,
and a mixing speed of 350 rpm. The results are shown in Figure 10. As seen in Figure 10,
although there is not much change in recovery, the recovery decreases as the leaching time
increases. A 5 min leaching time is not considered sufficient for the system to balance;
therefore, a 10 min leaching time was preferred.
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3.3. The Roasting Followed by Leaching

Roasting followed by water leaching was investigated by adopting Equation (2). CaCl2
produced in the previous process was treated with K-feldspar. The aim was to replace
calcium ions with potassium at temperatures above the melting point of the feldspar
sample. The feldspar—CaCl2 ratio was kept constant at 1:1.5, and the mixture was roasted
at different roasting temperatures (800, 850, 900, and 950 ◦C) for an hour. Water was used
as a solvent to dissolve the potassium from the roasted sample. Under constant conditions,
a pregnant solution containing potassium ions was obtained. Table 4 shows the results of
the roasting process followed by leaching.

Table 4. Potassium dissolution recoveries after roasting with calcium chloride.

Roasting Temperature, ◦C Potassium Recovery, %

800 97.1
850 97.1
900 98.6
950 97.3

According to the results, the highest potassium extraction was achieved at a 900 ◦C
roasting time. Since CaCl2 is an expensive additive, producing CaCl2 from local reserves
can be helpful in improving both the usage of natural resources and in producing high-
value-added products. In light of the data obtained in this study, it is possible to design a
process that allows for the recovery of potassium from wollastonite-calcite and K-feldspar
ores in the same region.

4. Conclusions

As it is known, mineral processing is very significant in terms of both technological
and economic evaluation of raw materials before chemical beneficiation. In this study,
using K-feldspar and CaCl2 roasting followed by leaching tests were performed to extract
potassium from the natural resources that were located in the same district. For that
purpose, the comminuted wollastonite-calcite ore was subjected to flotation tests, and a
marketable wollastonite concentrate and a high purity CaCO3 were produced. Calcite
concentrate from the flotation test was treated with HCl to produce CaCl2. Under the
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optimal conditions of a 1 mol/L HCl acid concentration, a 60 ◦C leaching temperature,
and a 10 min leaching time, 92.7% of calcium was extracted. The CaCl2 produced by the
evaporation method was mixed with K-feldspar in certain proportions and then subjected
to roasting experiments followed by dissolving experiments. The optimal feldspar–CaCl2
ratio was found to be 1:1.5, and 98.6% of the potassium was successfully extracted from
the potassium feldspar ore. It is inevitable for economic development to produce KCl,
which is very important for the fertilizer industry, from wollastonite-calcite and K-feldspar
ores in the same region. Obtaining high-value-added products from different industrial
raw materials increases the added value of the raw material considerably and will enable
Turkey to use its natural resources more efficiently.
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Briančin, J. Hydrometallurgical

Treatment of Converter Dust from

Secondary Copper Production: A

Study of the Lead Cementation from

Acetate Solution. Minerals 2021, 11,

1326. https://doi.org/10.3390/

min11121326

Academic Editors: Shuai Wang,

Xingjie Wang and Jia Yang

Received: 31 October 2021

Accepted: 23 November 2021

Published: 27 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Materials, Metallurgy and Recycling, Technical University of Košice, 042 00 Košice, Slovakia;
alexandra.kollova@tuke.sk (A.K.); jarmila.trpcevska@tuke.sk (J.T.); beatrice.plesingerova@tuke.sk (B.P.)

2 Institute of Geotechnics SAS, Slovak Academy of Sciences, Watsonova 45, 040 01 Košice, Slovakia;
briancin@saske.sk

* Correspondence: martina.laubertova@tuke.sk

Abstract: The subject of interest in this study was lead cementation with zinc from solution after
conventional agitate acidic leaching of converter dust from secondary copper production. The
kinetics of lead cementation from an acid solution of lead acetate using zinc powder was studied.
The optimal cementation conditions for removing lead from the solution were determined to have
a stirring intensity of 300 rpm, a zinc particle size distribution <0.125–0.4> mm and an ambient
temperature. Under these conditions, an almost 90% efficiency in removing lead from solution was
achieved. The cementation precipitate contains Pb, and a certain amount of Cu. Lead is present in
the cementation precipitate in the PbO, Pb5O8 and Pb(Cu2O2) phases. The solution after cementation
was also refined from copper. The solution can be used for further processing in order to obtain a
marketable Zn-based product. The resulting cementation precipitate can be further processed and
modified to obtain a lead-based product. A kinetic study of the process of lead cementation from
solution was also carried out. Based on experimental measurements, the value of apparent activation
energy (Ea) which was found to be ~18.66 kJ·mol−1, indicates that this process is diffusion controlled
in the temperature range 293–333 K.

Keywords: hydrometallurgy; converter dust; secondary copper; cementation; lead

1. Introduction

After iron and aluminium, copper is the third most-used industrial metal [1]. Due to
its excellent properties such as ductility, malleability, conductivity of electricity or heat and
corrosion resistance, copper is currently irreplaceable in the field of electronics. Moreover,
in recent years there has been worldwide growth in sales of electric cars, which entails
increased consumption of copper in this branch as well. In 2020 the production of refined
copper reached 20.1 million tons [2–4].

Primary copper derived from mining activity is produced mainly (around 84% of total
copper production) via the pyrometallurgical route. Alternatively, via the hydrometallur-
gical route copper is extracted through leaching (solvent extraction) and electrowinning
(SX-EW process).

Two of the largest copper producers in 2020 were: Corporación Nacional del Cobre
(Codelco), Chile (1,727,000 t Cu) and Glencore, Switzerland (1,258,000 t Cu) [5]. The sole
producer of technical grade copper in Slovakia is Kovohuty in Krompachy [6].

Primary copper production consumes much more energy and generates a lot more
emissions than the secondary copper recovery processes. Secondary raw materials used for
producing copper contain heavy metals such as zinc, tin and lead, which are released from
melts in smelting furnaces and converters in the form of dust. The waste from secondary
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copper production consists of various types of dust: shaft furnace dust, converter dust
and anode furnace dust, which are extracted by ventilators and captured in filtering
units before they can escape up a chimney. Direct return of these dusts into the copper
production process is precluded by their high content of metals such as Zn, Pb, Cd, Sb
and Sn. These metals would cause considerable technical problems if the dusts were used
in direct processing. They intrude into the production cycle in any case, mostly through
the processing of copper scrap from e-waste (discarded electrical and electronic devices)
or copper alloys (brasses and bronzes) [7–9]. In 2019 the amount of dust generated in
secondary copper production in Slovakia totalled 2370.27 t [10]. Copper smelting flue
dusts are defined as “hazardous materials” according to the current European Waste
Catalogue and Hazardous Waste List (10 06 03 flue-gas dust & 10 06 06 solid wastes from
gas treatment). This classification of the dusts is mainly due to their high content of
compounds with the presence of arsenic and lead [11–13].

The potential for dust recycling lies in its hydrometallurgical processing with the aim
of recovering commercial products based on Zn, Pb and Sn [14,15]. From the physical point
of view, converter dust from secondary copper production consists of a grey-coloured
powder particles with principal components of ZnO, Pb2OCl2, PbO and some other metal
oxides. The lead contained in converter dust from secondary copper production needs to
be removed before any further processing of the dust [16].

The authors of individual articles cited here have dealt with hydrometallurgical process-
ing of various types of metal-bearing waste containing lead, for instance dusts [15,17–19],
lead paste from batteries [20,21], waste from zinc production [22–24] and residual lead in
slags [25,26]. In some cases, mechanical preparation of material was required prior to hy-
drometallurgical processing. Authors used in mechanical treatment of sample the Falcon
gravity concentrator and Knelson gravity concentrator [17]. Mechanical pretreatment was
also used on the slag where was ground to less than 1 mm and the samples of the copper
smelting dust were dried, ground and sieved, which ensured them to have a size of grains less
than 200-mesh [27,28]. The samples were air-dried for 30 days, lightly pulverized with agate
mortar and pestle, and dry-sieved to obtain sample with particles passing 106 µm fraction
and also the sample was dried and pulverized to—100 mesh (150 µm) [24,29]. The basis
for each hydrometallurgical process is leaching. It has been established that the degree of
porosity in solid particles influences the rate of diffusion, which in turn affects the efficiency
of leaching of prepared material [17]. Hydrometallurgical processing of the types of waste
in the above-mentioned studies involved the use either of alkali leaching or acid leaching.
The leaching of copper dust was provided in solution of 1–4 M NaOH at temperature of
20–80 ◦C and the solid to liquid ratio 20. The results obtained were confirmed to exclude
Pb in the solution; with the highest extraction 60% Pb at 2 M NaOH after 15 min at 80 ◦C.
Zn extraction 58% was achieved at 4 M NaOH in 15 min at 80 ◦C [19]. Dust was leached
with an alkaline solution ((NH4)2CO3 and NH4OH) to solubilize ZnO and Zn metal where
copper, lead, tin and most of the zinc were dissolved in the leach step. Copper, lead and
tin were recovered in the cement product [30]. Lead was recovered by cementation from
industrial lead sludge solutions of urea acetate using different types of metallic iron [21]
and the influence of temperature, sulphuric acid concentration and weight of sample were
investigated to recovery zinc and copper from shaft furnace dust [31].

Leaching of lead and zinc from copper shaft furnace dust in NaOH solution is de-
scribed by following Equations (1)–(3) [19].

PbO + NaOH = Na+ + HPbO−
2 (1)

PbSO4 + 2Na+ + 3OH− = HPbO−
2 + Na2SO4 + H2O (2)

ZnO + 2NaOH = ZnO2−
2 + 2Na+ + H2O (3)
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Following Equations (4) and (5) occur simultaneously and describes leaching reaction
of oxidised copper and lead from slag produced from flash smelting copper concentrates
in citric acid solution [27].

CuO + C6H8O7 = Cu2+ + C6H6O2−
7 + H2O (4)

PbO + C6H8O7 = Cu2+ + C6H6O2−
7 + H2O (5)

Leaching efficiency may be increased through the application of intensification methods
during the leaching process, such as using oxidizing agents (hydrogen peroxide H2O2 [28],
ozone O3 [32]) or microwave radiation [33,34]. The highest efficiency achieved in leaching
lead out of dusts in a citric acid medium was 84.67% [27] and in alkali leaching the highest
lead extraction (92.84%) was reached after 30 min using microwave energy for leaching EAF
dust in NaOH solution [34]. Leaching is followed by extraction processes involving various
methods including electrolysis, cementation, removal of compounds with low solubility
(precipitation with chemical agents), salts crystallization, ion exchange, liquids extraction or
adsorption [7]. One of the extraction methods with very high efficiency of recovering lead
from solution is cementation. Cementation is the process of extracting the metals from solution
based on the electrochemical reaction between the cementing metal (zinc, iron) and the ion of
the precipitated metal (lead). The electrode potential of the displacing metal must be more
negative than that of the displaced one. Cementation is a simple and easy method that has
been used for centuries in hydrometallurgy. The method is used for purification of leaching
solutions and for recovery of valuable metals as well [20–22,24,25,35–40]. Various factors have
been observed influencing the process and efficiency of cementation. In order to achieve high
levels of recovery it is necessary to use from two to four times the stoichiometric amount of
cementing metal, high temperature (up to 105 ◦C) or ambient temperature, intensive stirring
(110 up to 6000 rpm) or shaking (e.g., 4 cm amplitude, 120 shakes/min frequency). Process
thermodynamics are influenced by pH value and redox potential. Modification of pH before
cementation can be performed for instance by adding NaOH [41] or H2SO4 [37,39,42]. The
metals used for cementing in hydrometallurgical processing of waste materials are typically
aluminium [22–25,29,41], zinc [37,39,40,43] and iron [35,36], but in one study the researchers
used a copper alloy, namely brass [42]. Cementing with iron presents several advantages:
removal of heavy metals, simplicity and high speed of the process, the recovery of metals in
the form of pure metal.

The general equation of lead cementation with aluminium is described by the Equation (6) [22].

3Pb2+ + 2Al = 2Al3+ + 3Pb (6)

The cementation of lead with aluminium from a chloride medium is described by the
Equation (7) [25].

3PbCl2 + 2Al = 2AlCl3 + 3Pb (7)

The cementation of cadmium and lead by zinc in a sulphate medium is described by
Equations (8) and (9) [40].

CdSO4 + Zn = ZnSO4 + Cd (8)

PbSO4 + Zn = ZnSO4 + Pb (9)

The cementation of copper in the form of CuSO4 by iron is described by the Equation (10) [36].

CuSO4 + Fe = FeSO4 + Cu (10)

The most negative standard potential of those three metals has aluminium, but its
impact on process kinetics has been observed [22]. Many studies have focused on the
application of various metals in copper cementation, and the consensus seems to be that
zinc is a more efficient cementer than aluminium or iron. Although aluminium has lower
redox potential than zinc, the protective oxidation layer which forms on the surface of
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aluminium during cementation slows the process down, thus reducing the amount of target
metal recovered [37,39,44]. On the other hand, this passivation layer may be removed
by controlling the acidity of the surrounding solution [41]. The selection of cementer
metal also depends on the processed material, and if the waste does not contain the
given metal, then cementation would lead to contamination and reduced quality of the
prepared material. For example, aluminium, zinc or iron can be used for cementation of
silver or lead from salt solution, but it has been established that the cementation process
runs more slowly with zinc and iron, whereas with aluminium it proceeds faster. Thus,
aluminium has been found to be an efficient as well as accessible cementer, and, moreover,
less of it is consumed in the process compared with the other two metals [25,29]. The
influence of amount and surface morphology of the cementer metal has been observed
with regard to the process and result of lead extraction, and the optimal form was found to
be powder with micropores [21]. Cementation efficiency is also affected by the presence
of specific ions in the solution. For example, cementation of copper using iron proceeded
faster in sulphate electrolyte, whereas in iodate solutions the process did not function
at all [35]. Regarding results of cementation, almost 100% extraction has been achieved
with lead [20,22,29,39,40], copper [36,37,39,42] and iron [37]. Studies of process kinetics
have found that in the cementation of copper using zinc [37], lead using aluminium [22]
and lead using iron [38], diffusion-controlled phases occurred within certain temperature
intervals (22 to 50 ◦C [37], 50 to 70 ◦C [22] and 25 to 80 ◦C [38]). Cementation of lead using
aluminium is highly sensitive to temperature change between 40–50 ◦C, and in this case the
process is controlled by the speed of chemical reaction itself [22]. Generally speaking, lead
is cemented not only in the form Pb0, but also PbO [23,24]. In lead cementation moreover,
several metals may pass into the precipitate together; for example, in cementing lead using
aluminium the precipitate was found to contain aluminium, iron and zinc as well [22].
After processing waste material from zinc production using two-stage leaching in NaOH
followed by cementation using powdered zinc, the resulting product contained more than
99% Pb, but silver was also found concentrated within it [23]. The kinetics of cementation
processes is generally described as a reaction of the first order, and the step determining
the speed of the process is the diffusion-controlled cathode reaction [38,43]. Cementation
of copper using zinc is a first-order reaction, and it proceeds with subsequent surface
reaction and diffusion-controlled phases [44]. Cementation of copper using aluminium is a
first-order reaction as well, and the step determining its speed is the diffusion phase [41].

The insights presented in this theoretical section were applied in the following ex-
perimental investigations. The leaching medium used for leaching converter dusts was
an acetic acid solution, it was found more effective for metal recovery from the dust. The
extraction method selected for extracting lead was cementation, and zinc in metal pow-
der form was used as the cementer. Zinc was chosen as the optimal cementer, since it is
contained in the solution after the acid leaching of dusts. The following parameters were
monitored for their impact on the speed of the lead cementation process: temperature of
the medium, stirring rate and cementer particle size. The aim was to establish the optimal
conditions for lead cementation in order to achieve the highest efficiency. The lead was
cemented out in the precipitate, and a purified solution was acquired containing zinc for
further processing.

2. Materials and Methods

In these experiments we used a representative sample of converter dust from sec-
ondary copper production. The chemical composition of the dust (see Table 1) was deter-
mined using the atomic absorption spectrometry (AAS) method and a Varian Spectropho-
tometer AA20+ device (Varian, Belrose, Australia). The contents of zinc 29.9 wt.% and lead
9.33 wt.% made them the principal representatives among the metals in the dust.
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Table 1. Chemical analysis of converter dust.

Element Pb Zn Fe Cu Ca Si

Content (wt.%) 9.33 29.90 0.52 7.05 0.23 <LoD 1

1 Note: LoD, limit of detection.

Figure 1 presents the distribution of particle sizes in the converter dust. The graphic
shows that the particle distribution was bimodal. The predominant portion of the dust
occupied the particle size range below 10 µm. Small particle size is in fact advantageous in
hydrometallurgical processing. The average unit weight of converter dust is 3.4165 g·cm−3

with a standard deviation of 0.0071 g·cm−3 [8].
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Figure 1. Distribution of particle sizes in our converter dust.

The morphology of the particles under 100× magnifications using a Dino-Lite Pro
AM4113T optical stereo microscope (AnMo Electronics Corporation, Hsinch, Taiwan) is
presented in Figure 2a. The sample was composed of two fractions: coarse and fine spheri-
cal grains, and the larger-size grains were covered in the smaller ones. X-ray diffraction
phase analysis (XRD) (PANanalytical, Malvern, UK) produced results shown in Figure 2b,
and it was found that zinc was present in the dust in the form of zincite (ZnO). Lead was
found in the dust in the mainly form of oxides. Results of leachability testing indicated
that this converter dust should be stored only in a hazardous waste dump [8]. Figure 2c,d
document the results of SEM and EDX analyses of particles in the dust sample. The EDX
analysis shows that the elements predominately represented were Zn, O, Pb, Cu and Cl.

Our thermodynamic calculations applying Van’t Hoff’s reaction isobar indicated that
chemical reactions (11) and (12) had the highest probability of successful course. Figure 3a,b
shows the potential–pH diagrams (Pourbaix diagrams) for the systems Pb-C-H2O and Zn-C-
H2O at 298 K, and it can be seen that lead appears in ion form (Pb2+) in the zone of water
stability around 298 K at pH 0 to 2 and 0.0 V to 1.3 V, and in a narrower zone at pH 0 to 4.8 and
0.0 V to 0.2 V. Zinc also appears in ion form (Zn2+) in the water stability zone at temperature
298 K, pH value 0 to 3.4 and 0 V to 1.2V, and in a narrower zone at pH 3.4 to 5.6 and 0 to 0.2 V.
PbO dissolves chemically in acetic acid according to Equation (11).

2CH3COOH(a) + PbO = Pb(CH3COO)2(a) + H2O ∆G0
293K = −19 kJ·mol−1 (11)

2CH3COOH(a) + ZnO = Zn(CH3COO)2(a) + H2O ∆G0
293K = −17.5 kJ·mol−1 (12)
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Figure 3. E-pH diagrams of systems (a) Pb-C-H2O and (b) Zn-C-H2O at 298 K, created with HSC Chemistry software, ver. 6
(Outotec, Espoo, Finland).

For ZnO the dissolution zones in the E-pH diagram apply between 0 and 5.7 pH.
The aim of leaching was to transfer lead into the solution under optimal conditions, and
from the thermodynamic point of view it may be stated that oxides of Pb and Zn will
dissolve chemically at temperature 298 K in an acid medium. It is not necessary to raise the
temperature further.

In the first phase of the experiments, we carried out leaching of the converter dust
in an acetic acid solution under ambient temperature conditions (293 K). The stirring rate
was set on the electric stirrer at 400 rpm. Acidity of the medium was measured during the
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experiments with a hand-held pH meter. We started by pouring 500 mL 0.4 M solution of
acetic acid (C2H4O2) into a glass vessel, and then added a weighed amount of 12.5 g of
converter dust, producing a liquid/solid phase ratio of 40:1. At the following time intervals:
5, 10, 15, 30 and 60 min, we drew off 5 mL samples of the solution for chemical analysis
to determine the Pb and Zn contents using the atomic absorption spectrometry (AAS)
method on a Varian Spectrophotometer AA20+ type device. At the end of the leaching the
resulting sediment was recovered by filtering, and subsequently another 10 mL sample of
the solution was taken for final chemical analysis to determine Pb, Zn, Cu and Fe contents
by means of AAS method. The solid remnant from filtration was rinsed with 200 mL
distilled water, and then dried and weighed. The remaining solution obtained from the
leaching process was later re-used in the second phase of our experiments for studying lead
cementation. The results of our analyses are summarized in Table 3 (a). During cementation
on zinc of lead and copper obtained from leaching in acid solution, the following Equations
take place (13) and (14):

Zn(s) + Pb(CH3CO2)2(aq) = Zn(CH3COO)2(aq)Pb(s) ∆G0
293K = −143.155 kJ·mol−1 (13)

Zn(s)Cu(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Cu(s) ∆G0
293K = −211.878 kJ·mol−1 (14)

The electrode potential of redox vapour Zn2+/Zn0 is less than that of redox vapours
Pb2+/Pb0 (15) and Cu2+/Cu0 (16), which is in fact a condition for lead and copper cemen-
tation using zinc.

E0
Zn2+/Zn0 < E0

Pb2+/Pb0 −0.763 V < −0.126 V (15)

E0
Zn2+/Zn0 < E0

Cu2+/Cu0 −0.763 V < +0.337 V (16)

The thermodynamic conditions for cementation of lead and copper using powder zinc
in the temperature range 293 to 353 K are described in Equations (13) and (14) presented in
Table 2.

Table 2. Thermodynamic conditions for cementing lead and copper using powder zinc.

Zn(s) + Pb(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Pb(s)

T (K) ∆G (kJ)

293 −143.155
313 −142.094
333 −141.950
353 −142.578

Zn(s) + Cu(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Cu(s)

T (K) ∆G (kJ)

293 −211.878
313 −212.397
333 −212.903
353 −213.399

In our cementation experiments we focused on investigating the influence of stir-
ring intensity (100, 300 and 400 rpm), solution temperature (293, 313, 333 and 353 K)
and cementer particle size on the speed of lead cementation. We used powder zinc as
cementer with two particle size distribution: <0.125–0.4> mm and <0.08–0.125> mm. For
the purposes of comparing the influence of particulate cementer. We also performed an
experiment using a zinc-coated plate with dimensions (20 mm × 35 mm × 1 mm). The
cementation procedure was as follows. First, we poured 100 mL of solution resulting from
leaching into a glass vessel. Then, we added a stoichiometrically-calculated amount of
0.3 g Zn0(s) in powder form, representing the excess of the calculated amount of zinc over
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the amount of lead determined in the solution after leaching. We drew off 5 mL samples
for measuring Pb and Cu contents after 5, 10, 15, 30 and 60 min of cementation, or after 0,
5, 10, 15 30 min, if the cementation procedure lasted only 30 min. Once cementation was
completed, the precipitate formed in the solution was recovered by filtering, and then dried,
and a representative sample was taken for subsequent analysis. The results were processed
using standard mathematical and statistical methods with the aid of generally available
computer software: Microsoft Office Excel 2007, (Microsoft Corporation, Redmond, WA,
USA), and SigmaPlot 10.0 (Systat Software, Erkrath, Germany). The converter dust and
the resulting cementation precipitate were analyzed using combinations of these methods:
X-ray diffraction phase analysis (XRD) PANanalytical, Malvern, UK), scanning electron
microscopy (SEM) (TESCAN, Brno, Czech Republic) and energy-dispersive X-ray analysis
(EDX) (Oxford Instruments, Oxford, UK). A MIRA3 FE-SEM scanning electron microscope
(TESCAN, USA) was used for investigating particle morphology. EDX provided semi-
quantitative element analysis. For qualitative phase analysis we used an X-PANalytical
X’Pert PRO MRD (Co-Kα) diffractometer (PANanalytical, Malvern, UK). Particle morphol-
ogy was examined under 100 × magnifications with a Dino-Lite ProAM413T optical stereo
microscope device (AnMo Electronics Corporation, Hsinch, Taiwan).

3. Results and Discussion
3.1. Influence of Stirring Intensity

Experiments started by studying the influence of this variable, maintaining the tem-
perature of the cementation solution containing powder zinc at 293 K. It has been tried
three different stirring rates in separate experiments, namely 100, 300 and 400 revolutions
per min (rpm). The solution obtained after converter dust leaching by acetic acid was ana-
lyzed using the AAS method. The solution contained 1.570 g·dm−3 Pb and 8.756 g·dm−3

Zn. The dependence on time of lead concentration in the solution is shown in Figure 4a,
while Figure 4b presents a graphical comparison of lead concentrations after 30 min of
cementation using powder zinc when the three different stirring rates were applied.
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Figure 4. (a) Time dependence of Pb concentration in solution after cementation using zinc at different stirring rates at
constant temperature; (b) Comparison of Pb concentrations in solution after cementation using zinc at different stirring
rates at constant temperature.

The graph in Figure 4a suggests that the optimal stirring rate for obtaining the lowest
lead concentration in the solution is 300 rpm, given a cementation period of 30 min, and this
is confirmed by the results of comparison of the three different stirring rates presented in
Figure 4b. The zinc content in the solution after cementation using powder zinc remained
unchanged. At the higher stirring rate of 400 rpm, retroactive leaching of lead was observed,
while lower revolutions produced lower lead concentration in the final medium. Optimal
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stirring speed ensured removal of layers of metal deposits (Pb and Cu) from the surface of
the cementer (Zn), thus enabling constant contact between the solution (Pb(CH3CO2)2(aq);
Cu(CH3COO)2(aq)) and cementer (Zn(s)). Our further experiments were therefore carried
out using the optimal stirring intensity of 300 rpm.

3.2. Influence of Temperature

The influence of temperature was investigated at a constant stirring rate of 300 rpm
stirring rate. The initial solution volume was 100 mL, to which we added 0.3 g of powder
zinc. Total duration of each experiment was maintained at 30 min. After the end of
cementation, a 10 mL sample of solution was drawn off for determination of Pb, Zn and
Cu contents. Individual experiments were performed at temperatures of 293 K, 313 K,
333 K and 353 K. Figure 5a is a graphical representation of the influence of temperature
on lead content in the solution expressed in percentages, and Figure 5b shows the results
of comparing lead concentration after five minutes of cementation at temperatures 293,
313, 333 and 353 K. The graph in Figure 5c shows the changes in concentrations of Pb, Zn
and Cu in the solution during cementation using zinc at 293 K. A graphical comparison
of cementation efficiency for lead and copper at 293 K is given in Figure 5d, where the
efficiency for Cu is seen to be 100%, while that for Pb is 87.13. The reaction occurring during
cementation of Cu using Zn (Equation (14)) has more negative value for Gibbs energy than
the reaction during cementation of Pb using Zn (Equation (13)) within the temperature
range applied in these experiments 293–353 K. It follows from this that cementation of Cu
on Zn is more likely to happen than cementation of Pb on Zn, and this is the reason why
the efficiency of Cu cementation is higher than that for Pb (see also Figure 5d below).
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The morphology of cementation precipitate particles under 100 × magnification using
a Dino-Lite ProAM413T optical stereomicroscope is presented in Figure 6a. The image
clearly shows the variety of shapes and sizes of particles ranging from 1 to 1.5 mm. XRD
analysis (see image in Figure 6b revealed that lead was contained in the precipitate in
phases PbO, Pb5O8 and Pb (Cu2O2), and copper in the forms Cu, Cu(OH)2 and Cu4Zn.
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Figure 6. (a) Image showing morphology of cementation precipitate particles; (b) XRD analysis of
precipitate; (c) SEM image of precipitate particle morphology; (d) EDX analysis after cementation
using powder zinc.

Figure 6c,d presents the results of SEM and EDX examinations of particles in the analysed
sample of cementation precipitate. It follows from our EDX analysis that Cu, Pb and Zn
were present in the precipitate, predominantly Cu (≈33.8 wt.%) and Pb (≈16.89 wt.%). The
precipitate also contained unreacted zinc (≈5.25 wt.%). Table 3 (b) summarizes the results of
the chemical analysis of the solution after the cementation process using powder zinc. This
analysis demonstrates that the cementation succeeded in removing Cu as well as Pb from the
solution. The increased amount of Zn in the solution after cementation was caused by the
presence of more than the stoichiometric amount of zinc used as the cementer.

Table 3. Chemical analysis of solution (a) before and (b) after cementation.

Concentration [g/L] Pb Zn Fe Cu

(a) Before cementation 1.5706 8.756 0.0104 1.7138
(b) After cementation 0.0012 10.28 <LoD 1 0.005

1 Note: <LoD2 below limit of detection.

3.3. Influence of Zinc Surface Dimensions

The influence of powder zinc particle size was investigated under ambient temper-
ature conditions (293 K) and stirring rate 300 rpm. For cementation we used weighed
amounts of 0.3 g powder zinc with two particle size distribution, namely <0.125–0.4> mm
and <0.08–0.125> mm. In both cases the initial and final pH values were the same at 4.2
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and 4.4, respectively. We also tried using a zinc-coated plate (20 mm × 35 mm × 1 mm)
as cementer under the same experimental conditions as for powder zinc, apart from the
stirring rate, which was set at 50 rpm. If more intensive stirring had been applied, excessive
swirling would have occurred in the solution, which would not have been conducive to
cementation or to the successful technical course of the experiment. The zinc plate was
degreased with ethanol and rinsed with distilled water prior to the experiment. A 20 mm
length of the plate was submerged in the solution. This form of cementation using a zinc
plate proceeded rapidly, and within the first minute a layer of black cementation precipitate
started covering the plate. The thickness of the precipitate layer increased with time, and
later it began peeling off the plate. After 20 min we observed red particles appearing in
the precipitate, which we assumed to be cemented out copper. The graph in Figure 7a
shows the influence of powder Zn particle size on the concentration of lead in the solu-
tion during cementation at constant temperature 293 K. The most suitable of the particle
sizes investigated appeared to be that with distribution <0.125–0.4> mm. After 30 min of
cementation using powder zinc with this particle size, the Pb concentration in the solution
reached its lowest value compared with the other particle size investigated. The steeper
gradient of the curve for cementation using powder zinc with particle size distribution
<0.125–0.4> mm compared with the curve produced by using the zinc plate indicates a
higher rate of Pb cementation. Figure 7b presents a graphical comparison of the efficiency
of Pb cementation after five minutes of cementation using powder zinc with different
particle sizes at constant temperature 293 K. The highest efficiency after five minutes of
cementation was achieved using powder zinc with particle size <0.08–0.125> mm. At this
time point we also measured the lowest Pb concentration in the solution using powder
zinc with particle size <0.08–0.125> mm, whereas after 15 min the Pb concentration in the
solution was increased. This was probably caused by the zinc particles tending to cluster
together (at around 10 min), so that later (at around 15 min) some retro-leaching of the
lead started.
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3.4. Investigation of Kinetics of Lead Cementation Process in Acid Medium

The average chemical reaction rate (13) and in ion form (15) is expressed through
Relation (17),

Zn(s) + Pb(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Pb(s) ∆G293K = −143.155 kJ (17)

Zn0 + Pb2+ = Zn2+ + Pb0 (18)
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v = −∆cPb2+

∆t

[
mol·dm−3·s−1

]
(19)

whereby a negative value represents the change in concentration of lead-based ions over
time. The calculated values of chemical reaction rate are given in Figure 8a.
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Figure 8. (a) Lead cementation rate at different temperatures of solution. (b) The Arrhenius equation expresses the
interdependence of temperature and rate constant in chemical reactions.

Applying Arrhenius’ equation in logarithmic form (17),

lnk = lnA − Ea

RT
(20)

where k = rate constant, A = frequency factor, T = temperature in Kelvin (K) and R = universal
gas constant, we calculated the value of apparent activation energy as Ea = 18.66 kJ·mol−1,
which according to Zelikman et al., 1983 [45] indicates that the process of lead cementation
in acetic acid solution proceeds in the diffusion zone in the temperature interval from 293
to 333 K. The course of linear dependence lnk on 1000/T presented in Figure 8b suggests
similarly that the mechanism of lead cementation does not change within the temperature
interval used here. The apparent activation energy Ea determined using the linear regression
method and Equation (20) is given in Figure 8b.

4. Conclusions

Secondary copper production using the pyrometallurgical route generates dust. Due
to its heavy metals content and the fineness of its particles, this dust may represent a
threat to the environment and to human health, so it is categorized as hazardous waste.
According to the results of leachability testing in line with European standard EN 12457-1:
2002 [46], such dust may be stored only in hazardous waste dumps. On the other hand,
because of its not inconsiderable non-ferrous metals content, such dust can be seen as a
valuable secondary raw material. Research into dust processing currently focuses on use of
the hydrometallurgical route for metals recovery.

This study focused on the experimental investigation of lead removal from acid
solution after leaching of converter dust. The first step involved leaching of the dust in
an acetic acid medium under ambient temperature conditions. Subsequently the process
of lead cementation using zinc was studied, the aim of cementation being to remove the
lead from the solution. The variables investigated for their influence on the efficiency of
the cementation process were temperature of the medium, intensity of stirring and particle
size of the powder zinc cementer. The kinetics of the process of lead cementation using
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powder zinc in acid medium was also studied. The main results of this experimental study
are as follows:

(1) The highest efficiency of lead removal from the solution was achieved at ambient
temperature (293 K) with stirring rate 300 rpm and zinc particle size <0.08–0.125> mm
after five minutes. Under these conditions almost 90% efficiency of lead removal from the
solution was achieved. The cementation precipitate was found to contain copper as well as
lead, which means that copper was also removed from the solution. Lead was represented
in the precipitate in the phases PbO, Pb5O8 and Pb(Cu2O2). Figure 9 presents suggested
flowsheet for lead convert dust recycle process.
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19. Pirošková, J.; Laubertová, M.; Miškufová, A.; Oráč, D. Hydrometallurgical treatment of copper shaft furnace dust for lead

recovery. World Metall. - ERZMETALL 2018, 71, 37–42.
20. Ghica, V.G.; Buzatu, T. Cemention with iron in solutions of lead acetate in a two-step process. Rev. Chim. 2013, 64, 580–583.
21. Volpe, M.; Oliveri, D.; Ferrara, G.; Salvaggio, M.; Piazza, S.; Italiano, S.; Sunseri, C. Metallic lead recovery from lead-acid battery

paste by urea acetate dissolution and cementation on iron. Hydrometallurgy 2009, 96, 123–131. [CrossRef]
22. Farahmand, F.; Moradkhani, D.; Sadegh Safarzadeh, M.; Rashchi, F. Optimization and kinetics of the cementation of lead with

aluminum powder. Hydrometallurgy 2009, 98, 81–85. [CrossRef]
23. Siegmund, A.; Shibata, E.; Alam, S.; Grogan, J.; Kerney, U. PbZn 2020: 9th International Symposium on Lead and Zinc Processing;

Springer Nature: Cham, Switzerland, 2020; Volume 53, ISBN 9788578110796.
24. Silwamba, M.; Ito, M.; Hiroyoshi, N.; Tabelin, C.B. Recovery of Lead and Zinc from Zinc Plant Leach Residues by Concurrent

Dissolution-Cementation. Metals 2020, 10, 531. [CrossRef]
25. Abdollahi, P.; Yoozbashizadeh, H.; Moradkhani, D.; Behnian, D. A Study on Cementation Process of Lead from Brine Leaching

Solution by Aluminum Powder. OALib 2015, 2, 1–6. [CrossRef]
26. Forte, F.; Horckmans, L.; Broos, K.; Kim, E.; Kukurugya, F.; Binnemans, K. Closed-loop solvometallurgical process for recovery of

lead from iron-rich secondary lead smelter residues. RSC Adv. 2017, 7, 49999–50005. [CrossRef]
27. Gargul, K.; Boryczko, B.; Bukowska, A.; Jarosz, P.; Małecki, S. Leaching of lead and copper from flash smelting slag by citric acid.

Arch. Civ. Mech. Eng. 2019, 19, 648–656. [CrossRef]

210



Minerals 2021, 11, 1326

28. Liu, W.F.; Fu, X.X.; Yang, T.Z.; Zhang, D.C.; Chen, L. Oxidation leaching of copper smelting dust by controlling potential. Trans.
Nonferrous Met. Soc. China Engl. Ed. 2018, 28, 1854–1861. [CrossRef]

29. Raghavan, R.; Mohanan, P.K.; Patnaik, S.C. Innovative processing technique to produce zinc concentrate from zinc leach residue
with simultaneous recovery of lead and silver. Hydrometallurgy 1998, 48, 225–237. [CrossRef]

30. Gabler, R.C.; Jones, J.R. Metal Recovery from Secondary Copper Converter Dust by Ammoniacal Carbonate Leaching; Bureau of Mines:
Washington, DC, USA, 1988; p. 8.
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Abstract: Chalcocite is the most abundant secondary copper sulfide globally, with the highest
copper content, and is easily treated by conventional hydrometallurgical processes, making it a very
profitable mineral for extraction. Among the various leaching processes to treat chalcocite, chloride
media show better results and have a greater industrial boom. Chalcocite dissolution is a two-stage
process, the second being much slower than the first. During the second stage, in the first instance,
it is possible to oxidize the covellite in a wide range of chloride concentrations or redox potentials
(up to 75% extraction of Cu). Subsequently, CuS2 is formed, which is to be oxidized. It is necessary
to work at high concentrations of chloride (>2.5 mol/L) and/or increase the temperature to reach a
redox potential of over 650 mV, which in turn decreases the thickness of the elemental sulfur layer
on the mineral surface, facilitating chloride ions to generate a better porosity of this. Finally, it is
concluded that the most optimal way to extract copper from chalcocite is, during the first stage,
to work with high concentrations of chloride (50–100 g/L) and low concentrations of sulfuric acid
(0.5 mol/L) at a temperature environment, as other variables become irrelevant during this stage if
the concentration of chloride ions in the system is high. While in the second stage, it is necessary to
increase the temperature of the system (moderate temperatures) or incorporate a high concentration
of some oxidizing agent to avoid the passivation of the mineral.

Keywords: Cu2S; CuS; dissolution; chloride

1. Introduction

Most of copper minerals correspond to sulfide minerals and a minor part to oxidized
minerals. Chalcopyrite is the most abundant among the sulfide copper minerals [1–4].
However, this mineral is refractory to conventional leaching processes due to forming a
passivating layer that prevents contact between the mineral and the leaching solution [5–7].
Positive results have only been achieved for this mineral when working at medium-high
temperatures (over 60 ◦C); therefore, it has not been possible to implement it on a large
scale in industrial heap leaching processes [8].

In the natural mineral, chalcopyrite is commonly associated with secondary sulfides
that include chalcocite (Cu2S), digenite (Cu1.8S), and covellite (CuS) [9]. Chalcocite is the
most abundant secondary copper sulfide, with the highest copper content, and is easily
treated by hydrometallurgical processes, which makes it a very profitable mineral for
its extraction [10–14]. Chalcocite has a dark gray color and belongs to the copper-rich
mineral family ranging from CuS to Cu2S (see Table 1), commonly found in the enriched
supergenic environment below the oxidized zone of copper porphyry deposits [15–19].
This is formed by oxidation, reduction, dissemination, and migration of primary sulfides
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such as chalcopyrite [20–22], being also the main component of the tufts of copper and
white metal [23–25].

Table 1. Composition, structure, and stability of minerals CuxS (Data from [19,26]).

Mineral Composition System Stability

Chalcocite (low T) Cu1.99–2S Monoclinic T < 105 ◦C
Chalcocite (high T) Cu1.98–2S Hexagonal ~105 ◦C < T < ~425 ◦C

Chalcocite (high P and T) Cu2S Tetragonal 1 kbar < P, T < 500 ◦C
Djurleite Cu1.93–1.96S Monoclinic T < 93 ◦C

Digenite (low T) Cu1.75–1.8S Cubic Metastable
Digenite (high T) Cu1.73–2S Cubic 83 ◦C < T

Anilite Cu1.75S Orthorhombic T < 72 ◦C

Due to the fact that hydrometallurgical processes are more economical and friendly
to the environment than pyrometallurgical processes [27], and that it is relatively easy
to dissolve copper from chalcocite, several investigations for the leaching of this mineral
with the use of multiple additives and in different media have been carried out, such
as those that include bioleaching [22,28–36], ferric sulfate solution [12,37–40], chloride
medium [13,24,41–45], MnO2 as an oxidizing agent [46], pressure leaching [47,48], cyanide
medium [49,50], ethylenediaminetetraacetic acid (EDTA) [51,52], and synthetic chalcocite
(white metal) [23,53,54].

Among the different leaching media to treat secondary copper sulfides, chloride
media has had the greatest growth at an industrial level. This is not only due to the good
results presented by chloride media in heap leaching processes but also due to freshwater
shortage. This is due to three aspects. (i) Chlorinated media have a higher dissolution
rate than traditional sulfated systems. This is due to the ability of the chloride ion to
stabilize cuprous through the formation of CuCl2−

3 [8,13,43,46]. Furthermore, the addition
of chloride ions makes it possible to overcome passivation due to the formation of the
sulfur layer. The chloride ions increase the redox potential, generating a thinner layer and
making it easier for the chloride ions to cause porosity [55]. Figure 1 shows the effect of
chloride ions in a heap leaching process at an industrial level (Chilean mine company).
For an acid medium without the addition of chloride, extractions of 35% Cu are obtained,
while when working at 20 and 50 g/L of chloride, extractions of 50% and 55% Cu are
obtained, respectively (for 90 days) [56]. (ii) It is an economic system since the chloride
present in seawater (20 g/L Cl−) or wastewater from desalination plants (~40 g/L Cl−)
can be used. (iii) Government restrictions on the use of aquifer water in large-scale mining
projects. Although mining consumes much less water in its processes than other industries
such as agriculture, mining deposits are generally found in arid areas where freshwater
is scarce. Therefore, the use of seawater becomes practically a necessity. For example, in
Chile (the largest copper producer in the world), it is projected that by 2030 seawater will
represent almost 50% of the consumption of water in mining [57].
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Figure 1. Extraction of copper from sulfide ores in a heap leach using H2SO4 and chloride (modified from: [56]).
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A bibliographic review based on scientific publications in recent years on chalcocite
leaching in chloride media is carried out in the present manuscript. The objective of this
work is to evaluate the different operational parameters that influence the dissolution of
chalcocite, comparing the impact that each one has on the extraction of copper from it.

2. Fundamentals

The oxidative dissolution of chalcocite by Fe3+, O2, or Cu2+, either in a sulfate or
chloride system, occurs in two stages (reactions 1 and 2), where the chalcocite dissolves, a
progressive transformation occurs of this copper sulfide, passing through different stages
called polysulfides (digenite Cu1.8S; geerite Cu1.6S; spionkopite Cu1.4S; yarrowite Cu1.1S),
until reaching the covellite CuS [31,39,58]. The formation of said intermediate polysulfides
in the transformation of chalcocite to covellite during the first stage of leaching generates a
passivating layer in the mineral particle, which can be seen in Figure 2, where said layers
formed are represented. Between 10% to 20% extraction, a thin layer of covellite covers the
surface of the mineral, and in the same way, but toward the interior, an intermediate layer
is formed with a decreasing proportion of Cu/S. In the second leaching stage, when 49%
to 55% of copper has already been extracted, the chalcocite has already been converted
to covellite, and a mixture of polysulfide and sulfur is generated on the surface, while in
the interior, it remains covellite and as measured. As the leaching progresses, the covellite
progressively converts into sulfur and polysulfide (CuSn) with a decreasing Cu/S ratio [42].

Cu2S + 2 Fe3+ = Cu2+ + 2Fe2+ + CuS (1)

CuS + 2 Fe3+ = Cu2+ + 2Fe2+ + S0 (2)
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Figure 2. Graphic representation of the dissolution of the two stages of chalcocite leaching (modified
from: [42]).

According to Niu et al. [39], in Equation (1) a rapid leaching occurs from chalcocite to
covellite due to the low activation energy required (4–25 kJ/mol) in the kinetic model of the
unreacted nucleus, being a reaction controlled by the diffusion of the oxidant on the surface
of the mineral. Meanwhile, Equation (2) shows leaching is slower and can accelerate as
a function of temperature [13]. The researchers Ruan et al. [59] and Miki et al. [38] have
concluded that this is because this reaction is controlled by chemical and/or electrochemical
reactions under the kinetic model of the unreacted nucleus, requiring an activation energy
of around 71.5–72 kJ/mol for the transformation of covellite to dissolved copper. Nicol and
Basson [60] suggest that in the oxidation of covellite, an intermediate stage occurs in which
it is transformed to a polysulfide CuS2.

Cu2S2 = CuS2 + Cu2+ + 2e− (3)

CuS2 = Cu2+ + 2S0 + 2e− (4)
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Covellite can be oxidized over a wide range of chloride concentrations or potentials to
CuS2 polysulfide (Equation (4)). Still, the oxidation of CuS2 (Equation (5)) can only occur
under conditions of high chloride concentrations or high potentials (chloride concentrations
greater than 2.5 mol/L or potentials greater than 650 mV) [60].

For the dissolution of chalcocite in a sulfated–chloride medium, various investigations
have been carried out using different additives and operational conditions (Table 2). There
is a consensus in all the investigations regarding the positive effect on the dissolution
kinetics of Cu2S when adding chloride, either synthetic or using seawater. This is because
chloride ions promote the formation of long crystals that allow the reagent to penetrate
through the passivating layer [43].

Table 2. Comparison of previous investigations for the leaching of chalcocite in a chloride medium.

Investigation Leaching Agent Parameters Evaluated Temperature
(◦C) Reference

Max Cu
Extraction

(%)

The kinetics of leaching chalcocite
(synthetic) in acidic oxygenated

sulfate–chloride solutions

NaCl, H2SO4, HCl,
HNO3, and Fe3+

Oxygen flow, stirring speed,
temperature, acid concentration,
ferric ion concentration, chloride
concentration, and particle size

65–94 [24] 97

Leaching kinetics of digenite
concentrate in oxygenated chloride

media at ambient pressure
CuCl2, HCl, and NaCl

Effect of stirring speed, oxygen flow,
cupric ion concentration, chloride
concentration, acid concentration,

and temperature effect

50–100 [61] 95

Leaching of sulfide copper ore in a
NaCl–H2SO4–O2 media with acid

pre-treatment
NaCl and H2SO4

Chloride concentration, effect of
agitation with compressed air,

percentage of solids, and particle size
20 [62] 78

The kinetics of dissolution of
synthetic covellite, chalcocite, and

digenite in dilute chloride solutions at
ambient temperatures

HCl, Cu2+, and Fe3+

Potential redox effect, chloride
concentration, acid concentration,

temperature, dissolved oxygen, and
pyrite effect

35 [38] 98

Leaching of pure chalcocite in a
chloride media using seawater

and wastewater

NaCl, H2SO4, and Cl−
from seawater

and wastewater
Chloride and acid concentration 25 [13] 68

Modeling the kinetics of chalcocite
leaching in acidified cupric chloride

media under fully controlled pH
and potential

HCl, CuCl2, NaCl, KCl,
CaCl2, and MgCl2

Chloride concentration, cupric
concentration, particle size,

and temperature
25–65 [63] 98

Leaching of pure chalcocite in a
chloride medium using wastewater at

high temperature

H2SO4 and Cl−
from wastewater Temperature effect 65–95 [43] 97

The response of the sulfur chemical
state to different leaching conditions

in chloride leaching of chalcocite
FeCl3, CuCl2, and HCl Chloride concentration, temperature,

and potential redox effect. 35–55 [42] 88

Leaching of pure chalcocite with
reject brine and MnO2 from

manganese nodules

H2SO4, MnO2, and Cl−
from seawater

and wastewater
MnO2, chloride, and
acid concentration 25 [46] 71

In a Cu2S leaching process, adding O2 to the system at ambient pressure, with H2SO4
being the leaching agent, the leaching agents generated during leaching in a Cu2+/Cl−

system are Cu2+, CuCl+, CuCl−2 , and CuCl3−. The general reaction being the following:

2Cu2S + O2 + 4H+ + 8Cl− = 4CuCl−2 + 2H2O + 2S0 (5)

Although chalcocite leaching reactions occur in two stages, guiding us to Equation (5),
where the following occurs:

4Cu2S + O2 + 4H+ + 8Cl− = 4CuCl−2 + 2H2O + 4CuS (6)

4CuS + O2 + 4H+ + 8Cl− = 4CuCl−2 + 2H2O + 4S0 (7)

By leaching Cu2S, the expected resulting products should be soluble copper such
as CuCl−2 and a solid residue of elemental sulfur (S0) with covellite residues or copper
polysulfides (CuS2) that still contain valuable metals.
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CuCl−2 is the predominant soluble species due to the complexation of Cu (I) with Cl−

at room temperature in a system with high chloride concentrations (greater than 1 mol/L).
This CuCl−2 is stable in a potential range between 0–500 mV and pH < 6–7 (depending on
the chloride concentration in the system).

For a sulfated–chloride system where MnO2 is incorporated as an oxidizing agent, the
following reactions are proposed:

2Cu2S + MnO2 + 4H+ + 4Cl− = 2CuCl−2 + Mn2+ + 2CuS + 2H2O (8)

2CuS + MnO2 + 4H+ + 4Cl− = 2CuCl−2 + Mn2+ + 2S0 + 2H2O (9)

During the first leaching stage (Equation (8)), the chalcocite becomes covellite; this
reaction being thermodynamically possible with a Gibbs free energy value of −138.59 kJ.
The second reaction (Equation (9)) is slower and is also thermodynamically possible
(∆G0 = −84.512 kJ).

3. Operational Variables
3.1. Effect on Chloride Concentration

Several authors point out that chalcocite leaching in a chloride medium is the best
way to dissolve this copper sulfide [8,13,24,38,41,63]. Even if chloride ions are added to a
chalcocite leaching with H2SO4 or HNO3, the kinetics increases considerably. As explained
by Cheng and Lawson [24], this occurs because in leaching with only sulfate or nitrate
ions, a layer of elemental sulfur is formed on the surface of the particles. In this way, an
impermeable particle is generated, that is, contact between the particle with the leaching
agent is prevented. This implies that the kinetics decrease in the first leaching stage and
prevent the reaction in the second stage. However, when chloride ions are found, either
alone or associated with sulfate or nitrate, dissolution kinetics increase along with copper
extraction, as shown in Figure 3.
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Several studies have shown that working at high chloride concentrations favors the
leaching kinetics of secondary sulfides [24,38,44,64]. Chloride ions pass through the sulfur
layer and generate a porous layer instead of an amorphous layer formed in the sulfate
and nitrate system. The porous layer allows the entry of the leaching solution through
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said pores, thus allowing contact with the particle, thus accelerating the leaching kinetics
in the first stage and making possible the dissolution reaction in the second stage of
leaching [24,65,66]. In the study carried out by Toro et al. [13], leaching tests were carried
out in stirred reactors for a pure mineral of chalcocite in an acid medium, comparing
different concentrations of chloride in the system (20, 40, and 100 g/L). In their results, the
authors indicate that the highest Cu extractions are obtained when working at the highest
chloride concentrations (see Figure 4). Furthermore, in other studies [43,46] involving the
use of seawater (20 g/L Cl−) and wastewater from desalination plants (~40 g/L Cl−) for
the dissolution of Cu2S in an acid medium, the researchers point out that better results
are obtained when working with wastewater compared to seawater due to its higher
concentration of chloride. Additionally, it is highlighted that the waste generated when
working with wastewater is stable (such as elemental sulfur) and non-polluting.
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Figure 4. Effect of the chloride concentration in Cu2S solution (T = 25 ◦C, H2SO4 = 0.5 mol/L)
(Modified from: [13]).

The high dissolution rate in the chloride system relative to the sulfated system is
attributed to the ability of the chloride ion to stabilize the cuprous ion through the formation
of CuCl2−3 . In the chloride system, copper can be extracted directly from the chalcocite
without causing the oxidation of Cu+ to Cu2+. On the other hand, in the sulfated system,
Cu+ must be oxidized to Cu2+ on the surface of the particles before copper is released
into the solution [8,13,41,64]. The addition of chloride ions allows breaking the passivated
sulfur layer since an increase in the concentration of chloride ions implies an increase in
the redox potential [42], and a higher redox potential generates a thinner layer that makes
it easier for chloride ions to generate porosity [13].

3.2. Effect on Stirring Speed

The agitation speed in a reactor leaching system decreases the thickness of the bound-
ary layer and maximizes the gas–liquid interface area [67]. This variable is not very signifi-
cant in copper extraction for tests of the dissolution of Cu2S in an acid–chloride medium.
There is a consensus on the part of different authors in previous research [24,38,61,62,68]
where it is stated that it is only necessary to stir at a sufficient speed to keep all the chal-
cocite particles in suspension within the reactor. Additionally, it is important to note that
of the various agitation systems used in these investigations it is advisable to work with
mechanical agitation since with other systems anomalous results are obtained, for example,
in the study carried out by Herreros and Viñals [62] the authors indicate that in their air
agitation tests the results were superior under the same operational conditions compared
to mechanical agitation tests. This occurred because the air increased the extraction of
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copper. After all, the oxygen reacted with the CuCl (solid) formed during the leaching
process, favoring the formation of CuCl+. On the other hand, Velásquez-Yévenes [68], in
his study, mentions that when working with the use of magnetic agitation the mineral is
reduced in size due to the abrasion that is generated when it passes under the rotating
magnet, generating an increase in the dissolution of chalcocite.

3.3. Effect on Acid Concentration

Regarding the acid concentration in a sulfate–chloride system, the findings presented by
Dutrizac [69], Cheng and Lawson [24], Senanayake [45], Toro et al. [13], Saldaña et al. [44], and
Torres et al. [46] confirm that the concentration of chloride ions in the system is the variable
that most influences the kinetics of the dissolution of chalcocite at room temperature, making
other operational variables, such as acid concentration, particle size, stirring speed, etc., less
relevant. These same results were obtained for other copper sulfides such as covellite [64] and
chalcopyrite [70].

Toro et al. [13] performed statistical analysis (ANOVA) for the dissolution of Cu2S in a
chloride medium in stirred reactors. For this, the copper extraction was evaluated through
the effect of the independent variables with the response surface optimization method
(See Table 3). In their results, the researchers indicate that, although sulfuric acid helps to
improve the dissolution kinetics of the mineral, the chloride concentration in the system has
much more impact on copper extraction, as shown in Figure 5. These results are consistent
with those presented by Cheng and Lawson [24], where the researchers mention that a low
concentration of H2SO4 (0.02 mol/L) is sufficient to dissolve chalcocite and later phases of
it such as djurleite and digenite. However, it is essential to maintain a high concentration
of chloride ions since in its absence the dissolution kinetics considerably decrease (first
stage) and later the covellite is not dissolved (second stage). On the other hand, a recent
study by Torres et al. [46] worked with wastewater at different concentrations of sulfuric
acid to dissolve a pure chalcocite mineral. The authors mention that the same results were
obtained in their results, even in short periods of time at H2SO4 concentration ranges
between 0.1 and 1 mol/L (see Figure 6).

Table 3. Experimental parameters used in statistical analysis [13].

Experimental Parameters Low Medium High

Time (h) 4 8 12
Cl− concentration (g/L) 20 50 100

H2SO4 (mol/L) 0.5 1 2
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3.4. Particle Size Effect

The effect of particle size on chalcocite leaching has been studied by different authors;
however, these studies have been carried out with relatively small particle sizes: 25 to
4 mm [71]; 4 mm to 12 µm [62]; 4 to 0.054 mm [12]; 11 to 63 µm [24]; 150 to 75 µm [63];
150 to 106 µm [72]. These authors agree that a smaller particle size implies an increase in
the dissolution kinetics and the extraction rate in the first leaching stage. But the effect
decreases significantly in the second stage. Naderi et al. [71] reported that for fine particle
sizes the first stage is controlled by diffusion through the liquid film. In the second stage,
the accumulation of the elemental sulfur layer in the solid product, accompanied by a
jarosite precipitate, transformed the control mechanism into solid diffusion. Phyo et al. [12]
studied the effect on the dissolution kinetics of Cu2S in stirred reactors using an acid
medium. In their results, as can be seen in Figure 7a, a significant effect of the particle
size is observed in the dissolution of copper, especially in the size of −0.074 + 0.054 mm,
which in 2.5 h had already reached 45% recovery compared to the almost 17 hours it took to
achieve the same recovery with −4 + 2 mm particles. In Figure 7b, the researchers observed
a turning point of around 75% copper dissolution at different times depending on the
granulometry and divided the second stage into two sub-stages, indicating that the first
sub-stage has a dissolution speed 20 times faster than the second sub-stage.
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3.5. Effect of Temperature

It is known that temperature is the operational variable that most influences the
dissolution of copper sulfide minerals [43,73,74]. For the specific case of chalcocite, it
becomes a critical parameter during the second stage, being much slower, and can be
accelerated with temperature, which indicates that the process is controlled by chemical
and/or electrochemical reactions [43,59]. Miki et al. [38] pointed out that the dissolution
rate of CuS is largely independent of the concentration of chloride and HCl in the ranges
of 0.2 to 2.5 mol/L and 0.1 to 1 mol/L, reporting activation energy values of 71.5 kJ/mol.
Therefore, it can be concluded that the process is controlled by a chemical or electrochemical
reaction on the surface of the mineral.

In the results presented by Pérez et al. [43] for the dissolution of a pure chalcocite
mineral in a chloride medium in a stirred reactor at different temperatures, the authors
point out that at temperatures above 65 ◦C extractions of copper were close to 40% in short
periods of time (15 min) (see Figure 7), which, the researchers concluded, is due to the phase
change that governs the first stage of leaching from chalcocite to covellite, which requires
low activation energy. More energy is necessary for the second stage to become a copper
polysulfide, which requires more demanding conditions to achieve its complete dissolution.
In addition, Pérez et al. [43] mentioned that there is good synergy between the chloride
concentration in the system and the temperature, since, in their research, they achieved
copper extractions of 97% in 3 hours under the conditions operations that are presented in
Figure 8. The research carried out by Ruiz et al. [54] investigated the dissolution of white
metal (chalcocite and djurleite) working under similar operational conditions. Without
chloride in the system, 55% extractions were obtained in a time of 5 hours at a temperature
of 105 ◦C.
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3.6. Effect of Redox Potential

Miki et al. [38] studied the effect of the redox potential in a Cu2S solution (synthetic)
with the use of a 0.2 M HCl solution, 0.2 g/L of Cu (II), and 2 g/L of Fe (III)/Fe (II) at a
temperature of 35 ◦C. The researchers, in their findings, reported that the dissolution of
Cu2S occurs rapidly at a potential of 500 mV but then stops when 45% copper is removed
(end of the first stage). For potentials of 550 mV, there is then an increase in the dissolution
until reaching 50% extraction of copper. Subsequently, the copper mineral present is mainly
covering, which requires potentials of at least 600 mV to be able to dissolve. However, Niu
et al. [39] point out that these results were not determined in a range of industrial redox
potentials. In their experiments for the dissolution of Cu2S, Niu et al. [39] worked in mini
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glass columns (30 cm long and 6 cm in diameter), adding Fe2(SO4)3 as a leaching agent.
In their results, the researchers note that the dissolution rate of the second stage of Cu2S
leaching was insensitive to the redox potential at moderate temperatures (30–40 ◦C) in the
industrial range of 650–800 mV. In the study conducted by Hashemzadeh et al. [63], the
researchers modeled the dissolution kinetics of Cu2S in chloride media using leaching data
obtained under fully controlled temperature, pH, and solution potential. In their results,
the researchers mentioned that an increase in the chloride concentration and temperature
generated an increase in the redox potential, increasing from 680 to 830 mV with the
addition of 0.1 chlorides and 3 mol/L of NaCl, respectively, and consequently higher
dissolution kinetics, mainly in the second leaching stage.

The results obtained from the aforementioned studies are directly related to the
formation of a layer of elemental sulfur on the surface of the covellite in the second stage,
which decreases with the increase in the potential of the solution; however, the layer in
the solid surface is a mixture of sulfur and polysulfides (CuSn) [42], where these could be
responsible for a slow reaction during this stage.

3.7. Effect of Oxidizing Agents
3.7.1. Air

In another study carried out by Cheng and Lawson [24], the effect of aeration on
the leaching of chalcocite was seen, but in this case, agitating leaching was carried out,
showing that there is no greater contribution. Moreover, by adding a greater flow of air to
the system slightly lower recoveries are obtained. This is because the particles adhere to
the bubbles generated and are dragged toward the walls of the reactor. On the other hand,
in the research carried out by Liu and Granata [75], the effect of aeration was studied by
analyzing historical data in two leaching piles of chalcocite as the main mineral present,
one with and the other without aeration. In the results, they observed that in leaching in
an aerated heap, better results were obtained, but there was only a comparative change
after 200 days of leaching with respect to the non-aerated heap. For the aerated pile, from
200 days onward, there was no significant change in copper recovery. This is because
aeration is no longer beneficial at this point. After all, we are in the second stage of the
dissolution of chalcocite, which is a controlled chemical reaction. Furthermore, the authors
mentioned that the total acid consumption per ton of ore processed was higher in the case
of the aerated pile, but the net acid consumption per ton of copper produced was the same
in both cases.

3.7.2. Ferric Ions

The effect of the concentration of ferric ions in the leaching of chalcocite has also been
studied. For the first reaction stage, there is a positive effect on the leaching kinetics with
an increase in the concentration of ferric ions. When the concentration is lowered, the
leaching rate of chalcocite is considerably lower. For the second stage, the ferric ions are
not as noticeable as in the first stage. Still, better reaction rates are obtained by increasing
their concentration because of the increase generated in the redox potential of the leaching
solution [24,65,72].

3.7.3. MnO2

The use of MnO2 as an oxidizing agent in chloride media has recently been studied for
secondary and primary sulfides [46,70,76–78] where positive results have been obtained in
the dissolution of copper. For example, for a mineral refractory to conventional processes
such as chalcopyrite, in the study carried out by Toro et al. [70] it was possible to extract
77% of copper at room temperature when working at high concentrations of MnO2 (4/1
and 5/1) and chloride (~40 g/L), which allowed maintaining of the redox potential values
between 580 and 650 mV. For the specific case of chalcocite, Torres et al. [46] worked
under the same operational conditions as Toro et al. [13] (see Table 4). In their results,
Torres et al. (2020a) showed that incorporating MnO2 at low concentrations significantly
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improves the dissolution of chalcocite in short periods, which is important in continuous
leaching operations.

Table 4. Comparison between studies for the dissolution of chalcocite in chloride media, with and
without the addition of MnO2.

Experimental Conditions and Results [13] [46]

Temperature (◦C) 25 25
Particle size of Cu2S (µm) −147 + 104 −147 + 104

H2SO4 concentration (mol/L) 0.5 0.5
MnO2/Cu2S ratio (w/w) - 0.25/1

Dissolution in seawater after 4 h (%) 32.8 35.6
Dissolution in reject brine after 4 h (%) 36 40
Dissolution in seawater after 48 h (%) 63.4 64.7

Dissolution in reject brine after 48 h (%) 64.6 66.2

4. Conclusions

Among the various leaching processes to treat chalcocite, chloride media show better
results and have greater industrial relevance. This is because of the positive results in
copper extraction, low cost, and the possibility of working with seawater. However, chal-
cocite leaching is a process that occurs in two stages, which must be evaluated individually
according to the different operational parameters that can be tested in the process.

In general:
Working in chloride media favors the dissolution of Cu2S, accelerating the leaching

kinetics in the first stage and making possible the dissolution reaction in the second stage.
This is mainly due to two reasons: (i) the chloride ions in the system allow the cuprous
ions to be stabilized through the formation of CuCl32−, allowing the copper to be extracted
directly from Cu2S without prior oxidation of Cu+ to Cu2+; (ii) the chloride ions promote the
formation of long crystals that allow the penetration of the reagent through the passivating
layer. Furthermore, the concentration of chloride ions is the variable that most influences
the dissolution kinetics of Cu2S at room temperature, making other operational variables,
such as acid concentration, particle size, stirring rate, and addition of other oxidizing agents
(air, ferric ions, etc.), less relevant.

Evaluating by stage:
The first stage of leaching occurs quickly, requiring low activation energy (4–25 kJ/mol) in

the unreacted core model, via a controlled reaction by diffusion of the oxidant on the mineral
surface, while reaction 2 is much slower and requires higher activation energy (71.5–72 kJ/mol),
being a stage controlled by chemical reaction. During the second stage, in the first instance,
it is possible to oxidize the covellite in a wide range of chloride concentrations or redox
potentials (up to 75% extraction of Cu). Subsequently, CuS2 is formed, which to be oxidized
it is necessary to work at high concentrations of chloride (>2.5 mol/L) and/or increase the
system’s temperature. This is because to dissolve covellite it is necessary to increase the redox
potential of the system (>650 mV), which in turn decreases the thickness of the elemental
sulfur layer on the mineral surface, facilitating chloride ions to generate a better porosity of
this. Furthermore, it is important to note good synergy between the chloride concentration in
the system and the temperature. The operational parameters impact differently in each of the
stages, as can be seen below in Table 5:
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Table 5. Impact of the different operational parameters on the dissolution of Cu2S.

Parameters First Stage Second Stage

Chloride concentration Increases dissolution kinetics Help prevent passivation

Stirring rate It is not relevant It is not relevant

Acid concentration
A low concentration of H2SO4 (0.02 mol/L) is

sufficient to dissolve the mineral. Increases dissolution kinetics
The same results are obtained between 0.1 and

1 mol/L of H2SO4.

Particle size Increase in dissolution kinetics. Slight increase in dissolution kinetics

Temperature Significantly accelerates dissolution
Significantly accelerates dissolution

Helps prevent passivation

Redox potential Low redox potential is required (≥500 mV) High redox potential values are required (>650 mV)

Oxidizing agents (air, Fe3+, MnO2) Increases dissolution kinetics by adding
low concentrations

Increases dissolution kinetics, but only at
high concentrations

Finally, it is concluded that the most optimal way to extract copper from chalcocite
is, during the first stage, to work at high concentrations of chloride (50–100 g/L) and low
concentrations of sulfuric acid (0.5 mol/L) at a temperature environment. Other variables
become irrelevant during this stage if the concentration of chloride ions in the system
is high. In the second stage, it is necessary to increase the temperature of the system
(moderate temperatures) or incorporate a high concentration of some oxidizing agent to
avoid the passivation of the mineral.
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Abstract: Rare earths dissolved in carbonate solutions exhibit a metastable state. During the period of
metastability, rare earths dissolve stably without precipitation. In this paper, neodymium was chosen
as a representative rare earth element. The effects of additional NaCl and CO2 on the metastable
state were investigated. The metastable state can be controlled by adding NaCl to the Na2CO3

solution. Molecular dynamics studies indicated that the Cl− provided by the additional NaCl
partially occupied the coordination layer of Nd3+, causing the delayed formation of neodymium
carbonate precipitation. In addition, the additional NaCl decreased the concentration of free carbonate
in the solution, thereby reducing the behavior of free contact between carbonate and Nd, as well as
resulting in the delay of Nd precipitate formation. Consequently, the period of the metastable state
was prolonged in the case of introduction of NaCl. However, changing the solution environment
by introducing CO2 can destroy the metastable state rapidly. Introduction of CO2 gas significantly
decreased the CO3

2− content in the solution and increased its activity, resulting in an increase of
the free CO3

2− concentration of the solution in the opposite direction. As a result, the precipitation
process was accelerated and the metastable state was destroyed. It was possible to obtain a large
amount of rare earth carbonate precipitation in a short term by introducing CO2 into the solution
with dissolved rare earths in the metastable state to achieve rapid separation of rare earths without
introducing other precipitants during the process.

Keywords: neodymium; metastable state; maintenance; induced precipitation

1. Introduction

Rare earths are strategic metal resources that are used in a wide range of industries.
For example, they can be found in the development of high-tech advanced materials for
permanent magnets, luminescence, catalysis and hydrogen storage, as well as in basic
industries such as metallurgy, machinery and petrochemicals in general [1–5].

Rare earth carbonate is a barely soluble substance, with a solubility in water of
only 10−5–10−7 mol·L−1 [6,7]. However, when rare earth ions are added to a higher
concentration of alkali metal carbonate solution, there occurs the phenomenon of rare
earth dissolution in the carbonate solution. The amount of rare earth dissolution increases
with increased carbonate concentration. As early as 1963, Taketatsu [8,9] found that when
a certain amount of rare earth chloride solution was gradually added to a concentrated
K2CO3 solution, sediment of the rare earth carbonate was generated first and then dissolved
again with the passage of reaction time. The dissolution amount of rare earth increased
with the increase of CO3

2− concentration and the atomic number of the rare earth (except
for Ce and Y). Restricted by the situation of the industry at that time, rare earth resources
were not as scarce as nowadays, but comparatively abundant. Therefore, the discovery of
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the regularity of dissolution of rare earths in carbonate solution did not attract the attention
of the rare earth separation industry.

Vasconcellos et al. [10] carried out a feasibility study on selective dissolution, sep-
aration and enrichment of a rare earth in carbonate solution based on Taketatsu’s reg-
ularity [8,9]. Low-Ce rare earth carbonate concentrates were selectively dissolved and
successfully enriched with yttrium by using NH4HCO3/(NH4)2CO3 solution as a carrier.
The grade of yttrium increased from 2.4% to 81.0%. In addition, it was also found that the
concentration of NH4

+ influenced the dissolution behavior of rare earth in the solution
system in that a higher concentration of NH4

+ could enhance the solubility of rare earths.
Reference to research on the equilibrium hydrochemical behavior of neodymium in a
Na+-Cl−-CO3

2−-HCO3
− solution system [11], shows that there is a relationship between

the solubility of rare earth in a carbonate solution and the concentration of the NaCl salt as
an impurity, and the dissolved amount of rare earth increases with increasing concentration
of NaCl in the solution. High concentration of NaCl results in high ionic strength of the
solution. In addition, according to research data on rare earth adsorption in a water-bearing
sand layer [12], at higher ionic strength of the solution, the more significant was the rare
earth adsorption in the sand layer. In other words, a greater amount of rare earth loss was
caused by dissolution. Thus, when the concentration of NH4

+ in the solution increased,
this resulted in a greater amount of dissolved rare earths, as observed by Vasconcellos [10],
which can be attributed to the influence of the ionic strength of the solution [13].

Nowadays, a number of techniques have been developed for the separation of rare
earths, such as solvent extraction [14], ion exchange, membrane separation and ionic
liquids [15], as well as other methods. Among them, the most widely used is the traditional
solvent extraction technique. The other methods are less used because of high cost. The core
component of solvent extraction is the extractant. Currently, a number of high-performance
extractants have been developed [16], but toxicity and loss of extractants are always the key
weaknesses limiting the development of the technology. In addition, due to the increasingly
stringent requirements of environmental protection, the high salt wastewater generated
during the separation of rare earths remains a problem [17], and is also a bottleneck in
the solvent extraction separation process [18]. For the healthy development of the rare
earth industry, it is necessary and urgent to develop a new type of highly efficient and
environmentally friendly separation technology.

A good and feasible green method to separate rare earths is by using the metastable
state of the carbonate solution which dissolves them. In our previous study [19], a series of
experiments on metastable states was carried out by choosing neodymium as an example
of rare earth elements. Our results indicated that neodymium dissolved in a sodium
carbonate solution exhibited some metastable properties. Among them, the most important
one was that there is a limit to the dissolution of neodymium in a certain concentration of
sodium carbonate solution, after which there is instantaneous saturated solubility. When
the dissolved neodymium in the solution does not exceed its solubility, it is stable in the
solution for a period (metastable period) without precipitating neodymium carbonate. Our
previous study was not very comprehensive and limited by the length of the paper, so a
follow-up study of metastable solution-induced precipitation was not carried out.

Now, combined with the idea of the solid-liquid separation of rare earths, we are
continuing to consider the potential value of the metastable state. Rare earths are dissolved
and enriched in the metastable period and precipitated and separated after exceeding this
period. No other impurities are introduced in this process. In addition, the carbonate
solution can be recycled. Therefore, this may be a potential method for green separation of
rare earths. Hence, how to manually control the metastable state and the precipitation of
rare earth carbonate is the core content of the present study.

In this study, the artificial control of metastable states is discussed in detail. Neodymium
was chosen as a representative of rare earth elements. The effect of changing the solution
environment, such as ion concentration, on the metastable state was studied, and the effective
conditions for maintaining and destroying the metastable state were discovered.
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2. Experiment
2.1. Raw Materials and Equipment

The rare earth material used in the experiment was a 10 g·L−1 dilute NdCl3 solu-
tion obtained by diluting high purity NdCl3 solution with deionized water. The high
purity NdCl3 solution was purchased from the rare earth smelting & separating plant in
Longnan, Jiangxi Province, and its distribution is shown in Table 1. Solutions of Na2CO3,
Na2CO3/NaCl with different concentration gradients and dilute hydrochloric acid for
acidification were obtained by dissolving AR-grade Na2CO3, solid NaCl and HCl solution
with deionized water.

Table 1. Content of the high purity solution of NdCl3.

Concentration of Nd3+ (mol·L−1) Concentration of H+ (mol·L−1) Specific Gravity (g·mL−1)

1.3568 <0.10 1.326

Non-rare earths impurities (µg·mL−1)

Fe2O3 SiO2 CaO
<0.50 2.49 7.3

Rare Earth Impurities/REO (µg·mL−1)

La2O3 CeO2 Pr6O11 Sm2O3 Eu2O3 Gd2O3 Tb2O3
<100 <100 500 <100 <100 <100 <100

Dy2O3 Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 Y2O3
<100 <100 <100 <100 <100 <100 <100

An experiment in which CO2 gas was used to induce precipitation of a metastable
state solution was carried out by using an autoclave with a CO2 high-pressure cylinder, as
shown in Figure 1. Other equipment used in experiments is shown in Table 2.
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Table 2. Information of equipment.

Equipment Model Manufacturers

High-speed centrifuge TGL16MS Yancheng Anxin Experimental Instrument
Co., Ltd. (Yancheng, China)

Computing server
IBM

System
X3850 X5

International Business Machines Corporation
(Armonk, NY, USA)

UV-Visible Spectrophotometer
(UV-vis)

UV-
5500PC

Shanghai yoke instrument Co., Ltd.
(Shanghai, China)

Fourier transform infrared
spectrometer (FTIR) ALPHA Bruker Corporation (Billerica, MA, USA)

inductively coupled plasma-optical
emission spectroscopy (ICP-OES) ULTIMA2 HORIBA Jobin Yvon (Newark, NJ, USA)

Kang’s oscillator KS Changzhou Putian Instrument Manufacturing
Company (Changzhou, China)

2.2. Maintenance and Mechanism of Metastable State of the Neodymium Dissolved in
Na2CO3 Solution
2.2.1. Maintaining Metastable State by NaCl

Following on from our previous research [19], the effect of additional NaCl on the
maintenance of the metastable state of a solution of dissolved Nd3+ was investigated. The
neodymium concentration in 2 mol·L−1 Na2CO3 solution was controlled at 2.621 g·L−1.
The ionic strength of the solution was controlled by adding NaCl to Na2CO3 solution to
create a mixed electrolyte NaCl/Na2CO3 solution. The concentration of the additional
NaCl ranged from 0 to 0.5 mol·L−1. During the experiment, the volume of the Na2CO3
(or mixed electrolyte NaCl/Na2CO3) solution was fixed at 25 mL, and the NdCl3 solution
was added to it drop by drop with oscillation. The time was set from 0 to 480 min. When
the experiment finished, the solution containing precipitates was further centrifuged at
6000 rpm for 5 min. After that, the obtained supernatant was split into two parts; one
was selected as aqueous sample for the further testing, and the another was completely
acidulated by using dilute hydrochloric acid, after which complexometric titration was
used to determine the concentration of Nd3+.

2.2.2. Effect of NaCl on Neodymium Coordination and Solid Phase Precipitates

The metastable state solution in each representative stationary period was scanned
by ultraviolet-visible light (UV-vis) full-wavelength scanning. In order to provide an
experimental comparison, a blank solution (Na2CO3 and NdCl3 solution only addition
with water) was also scanned by UV-vis full wavelength. The precipitates were collected
as solid samples and detected by Fourier transform infrared spectroscopy (FTIR). Because
drying could cause the sample to decompose [20], producing errors in the results, the
samples were all stored in deionized water. Before determination, the water was filtered,
the samples dried with filter paper, and the analysis carried out immediately.

2.2.3. Mechanism of Maintaining the Metastable State by NaCl

In order to find the maintenance mechanism of the additional NaCl on the metastable
state, a molecular dynamics (MD) calculation was carried out using Materials Studio 8.0 [21]
software. The solution model was established by using an Amorphous Cell module, and
the model was geometry optimized using a Forcite module. Finally, MD calculation and
radial distribution function (RDF) analysis [22] were carried out to reveal the relationship
between the RDF and the coordination number of each component in the solution. The
average coordination number of each component was calculated by Equation (1).

N(L) =
∫ L

0
g(r) ρ 4πr2dr (1)
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where N(L) refers to the number of coordination atoms(molecules) in the 0−L spheri-
cal shell around the target atom, ρ refers to the number density of coordination atoms
(molecules), where the value is the ratio of the number of atoms (molecules) to the volume
of space, g(r) refers to the RDF value, and indicates the probability of the occurrence of
coordination atoms(molecules) within a certain distance, and r refers to the cutoff radius.

2.3. Induced Precipitation of Neodymium Carbonates in Metastable State Solution

The precipitation process of neodymium carbonates by introducing CO2 gas into
the metastable state solution was studied. The procedure of the dissolution of Nd3+

in the solution was as previously described. Further, the dissolved Nd3+ solution was
transferred to an autoclave for introducing CO2 gas. The solution contained a large amount
of halogen Cl−, so a corrosion-resistant polytetrafluoroethylene tank was selected as
the inner tank of the autoclave. During the experiment, the input pressure of CO2 was
uniformly controlled at 0.2 Mpa. The time was set from 0–60 min. When the set time was
reached, the solution containing precipitate was centrifuged at 6000 r·min−1 for 5 min, then
the supernatant obtained after centrifugation was split in two parts. One was acidified,
and the concentration of neodymium in the supernatant was determined by inductively
coupled plasma emission spectrometer (ICP-OES). The other was analyzed by CO3

2− and
HCO3

− acid-base titration to determine the concentration of CO3
2− and HCO3

−.

3. Results and Discussion
3.1. Maintenance and Mechanism of the Metastable State of Neodymium Dissolved in
Na2CO3 Solution
3.1.1. Maintaining Metastable State by NaCl

The metastable period of the solution with the addition of NaCl was greater than that
of the solution without NaCl due to neodymium being dissolved stably in solution for a
longer time. As shown in Figure 2a, the metastable period was sustained only for about
120 min without the addition of NaCl. However, the metastable period reached 240 min
when the concentration of the additional NaCl was 0.2 mol·L−1. Moreover, the amount of
dissolved neodymium in the solution reached 2.578 g·L−1, which was only 1.64% lower
than the initial amount of 2.621 g·L−1. Surprisingly, when the additional concentration of
sodium chloride in the solution reached 0.5 mol·L−1, the metastable period was extended
to 480 min, i.e., twice as long as before.
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The molar concentration in the above solution was converted into mass molar concen-
tration according to Equation (2). Then, the ionic strength of each solution was calculated
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by using Equation (3). The results are shown in Figure 2b which shows that the addition of
NaCl effectively improved the ionic strength of the solution.

C = bB·ρ (2)

I =
1
2 ∑ CibB2

i (3)

bB refers to the molar concentration, ρ refers to the density of the solution, and I refers to
the ionic strength of the solution.

In the case of the equivalent concentration of Na2CO3, the addition of NaCl resulted
in neodymium dissolving stably in Na2CO3 solution for a longer time. The higher the
concentration of NaCl in solution, and the stronger the ionic strength, resulting in a longer
metastable period of the solution. Hence, the additional NaCl maintained the metastable
state effectively.

3.1.2. Effect of NaCl on Neodymium Coordination and Solid Phase Precipitates

To confirm whether the coordination reaction between Nd3+ and CO3
2− still occurred in

the mixed electrolyte solution of NaCl/Na2CO3, the aqueous samples in each period of the
above experiments were collected and scanned by UV-vis with full wavelength. As shown
in Figure 3, the characteristic peak of neodymium was not found in the UV-vis spectra of
the sample of the blank NaCl/Na2CO3 mixed electrolyte solution with only added water.
Characteristic peaks of neodymium at the 340–370 nm and 500–620 nm wavebands [23] were
observed in the spectra of the blank NdCl3 solution with added water only.
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As shown in Figure 3, characteristic peaks of neodymium were obtained at 349 and
357 nm wavelengths in the spectra of the NaCl/Na2CO3 mixed electrolyte solution with
dissolved neodymium. Compared with the blank neodymium solution spectrum, it is worth
noting that the characteristic peaks of neodymium obtained from the NaCl/Na2CO3 solu-
tions with dissolved neodymium were slightly red-shifted from the initial 347 and 354 nm
wavelengths due to the high alkalinity of the NaCl/Na2CO3 mixed electrolyte solution.

There were also neodymium characteristic peaks at 524 and 575 nm wavelengths in the
UV-vis spectrum of the neodymium-dissolving solution, as in our previously results [19].
In addition, a new peak with higher intensity was observed at 583 nm. This indicates that
neodymium could still coordinate with CO3

2− in the Na2CO3 solution with the addition of
NaCl. The precipitate sample generated from the solution after 480 min was collected and
analyzed by FTIR. The results shown in Figure 4.
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Figure 4. FTIR pattern of the neodymium precipitate, red line refers to the precipitate obtained in the
presence of 0.5 mol NaCl, and blue line refers to the Comparison sample.

Figure 4 shows that the characteristic infrared peak position of the precipitate gener-
ated from the NaCl/Na2CO3 solution with dissolved neodymium was consistent with that
of the blank sample NaNd(CO3)2 solid phase. This was consistent with results reported
in previous studies [11,24]. These reports and our results confirm that in the presence of
additional NaCl in a highly concentrated CO3

2− solution, the insoluble rare earth existed
only in the form of an NaNd(CO3)2 double salt, while Nd2(CO3)3 was almost non-existent.

3.1.3. Mechanism of Maintaining the Metastable State by NaCl

In order to investigate the mechanism of the maintenance of the metastable state by the
additional NaCl, molecular dynamic (MD) calculations were carried out. The construction
and optimization of the solution components were consistent with our previous study [19].
The model of the solution with the addition of 0.5 mol·L−1 NaCl (with the better metastable
condition), and the corresponding blank solution (Na2CO3/NaCl solution with the only
additional water) was also established by using the Amorphous Cell module. After that,
geometry optimization and the MD calculation were carried out. The components in the
model and calculation parameters are shown in Table 3. The energy changed during the
geometry optimization process is presented in Figure 5a.

Table 3. Modeling parameters of the solutions.

Components

The Metastable State Solution Corresponding Blank Solution

ρ: 1.164 g·L−1 ρ: 1.148 g·L−1

Number Mass Fraction (%) Number Mass Fraction (%)

H2O 10,590 84.7 10,590 85.0
Na+ 630 6.4 630 6.5

CO2−
3 280 7.5 280 7.5

Nd3+ 3 0.2 0 0.0
Cl− 79 1.2 70 1.1
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As shown in Figure 5a, the overall energy decreased gradually with increase in the
number of optimization steps without large energy disturbances. At the end of optimiza-
tion, the energy tended to be relatively minimized and achieved convergence. Change of
the temperature is presented in Figure 5b, which shows that the temperature of the models
decreased gradually with the increase of simulation time. At the end of the calculation, it
was stable at about 298 K ± 10% and there was no significant disturbance. This result is
very reliable. The optimized models are presented in Figure 5c, which shows that after the
geometry optimization step, the Na+, CO3

2−, Nd3+, Cl− ions in each solution model were
randomly and uniformly distributed in the model box, and no agglomeration existed.

The models after the MD calculation are presented in Figure 5d, which shows that the
solution was generally homogeneous. However, in the local region, the components of
the solution model had different degrees of agglomeration due to the interaction between
ions (or molecules). Among them, the CO3

2− distribution exhibited local agglomeration. A
large number of Na+ ions were distributed around the CO3

2−. This can be attributed to the
incomplete dissociation of Na+ and CO3

2− at the high concentration of the NaCl/Na2CO3
mixed electrolyte solution. We speculate that the concentration of carbonate that could
move freely (called free CO3

2−) in the solution was limited and at a low level.
Moreover, Nd3+ was also almost surrounded by CO3

2− in that Nd3+ was coordinated
with about three CO3

2−. This shows that Nd3+ can coordinate with carbonate despite the
addition of NaCl to Na2CO3 solution. In addition, all kinds of complex ions in the form of
Ndn(CO3)m

3n−2m (m ≥ 2) existed, but in different proportions. As shown in Figure 6a, there
was a specific Cl− ion around some Nd3+ ions, indicating that, unlike in previous studies,
Cl− might also coordinate with Nd3+. Previous studies of steady-state dissolution of rare
earths in CO3

2− solution [11,24], showed that the coordination between Cl− and Nd3+

could almost be ignored under the condition of steady-state solution equilibrium because
of weak Cl− coordination ability, which does not agree with our study. The difference could
be ascribed to the difference between metastable and steady states. Besides, it is reasonable
to speculate that Cl− occupied the coordination layer of Nd3+, delaying the formation of
carbonate precipitation. Therefore, the addition of NaCl maintained the metastable state.
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2− (a). RDF of the ion pairs Nd3+-CO3
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2− and

their coordination number (b–d), respectively.

In order to further quantify the interaction from the microscopic level, the main ion
pairs of Nd3+-CO3

2−, Na+-CO3
2− and Nd3+-Cl− in the solution were analyzed by radial

distribution function (RDF), and their coordination numbers were calculated. Figure 6b
shows that the RDF peak position of Nd3+ and CO3

2− in the NaCl/Na2CO3 mixed elec-
trolyte solution was almost the same as that in the single Na2CO3 solution in the chemical
bond range (r < 2.6 Å) [25]. This directly proves that Nd3+ can coordinate with CO3

2−

even in the presence of NaCl. At the same time, the RDF peak intensity of Nd3+-CO3
2−

in the presence of NaCl was slightly lower than that in the single Na2CO3 solution. The
difference of RDF peak intensity indicated that the additional NaCl had an influence on the
interaction between Nd3+ and CO3

2−. From the point of view of coordination number, with
the presence of the additional NaCl the average coordination number around Nd3+ was
about 1.83 CO3

2−, which was lower than the average coordination number of 2.50 in the
single Na2CO3 solution. The reason for the decrease of coordination number may be that
part of Cl− occupied the coordination layer of Nd3+ in the metastable period, causing the
decrease in the average coordination number between Nd3+ and CO3

2−. This is consistent
with Figure 6a.

To quantitatively explain the coordination between Nd3+ and Cl− in the mixed electrolyte,
the RDF and the coordination number were further analyzed and calculated. Figure 6c
shows that the RDF peak at 2.275 Å within the range of chemical bond (<2.6 Å) was clearly
observed from the spectrum of the Nd3+-Cl− ion pair in the mixed electrolyte solution of
NaCl/Na2CO3. One Nd3+ was coordinated with about one Cl−. In contrast to the single
Na2CO3 solution, there was insignificant evidence of an interaction existing between Cl−

and Nd3+. Hence, it was proved that that Cl− could coordinate with Nd3+ in the presence
of NaCl during the metastable period.

It is worth noting that the RDF peak position of Nd3+-CO3
2− was earlier than that

of Nd3+-Cl−. The result indicates that CO3
2− tends to occupy the coordination layer of

Nd3+ and reacted with it first, then Cl− entered the coordination layer of Nd3+, although,
previous studies [11,24] showed that in an environment of high concentration of CO3

2−

solution, Cl− did not coordinate with Nd3+ in a steady state. However, our result does not
conflict with these previous studies because of the difference between metastable and steady
states. In addition, when the placement time exceeded the metastable period, the precipitate
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was still consistent with that obtained in the steady state. Therefore, there is sufficient
reason to speculate that in the metastable state, Cl− participated in the coordination reaction
and temporarily occupied the coordination layer of Nd3+, and then was re-released into
the solution with the passage of time. When the metastable period ended, the Cl− in
the coordination layer of Nd3+ had been exhausted. A diagram of Nd3+, Cl− and CO3

2−

coordination in the metastable state is shown in Figure 7.
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The concentration of free CO3
2− in solution was another key factor affecting the existence

of metastable states. To explore the interaction between Na+ and CO3
2− in the solution in the

presence of additional NaCl, the RDF of the Na+-CO3
2− ion pair and its average coordination

number were also analyzed and calculated. The results in Figure 6d show that there was
interaction between Na+ and CO3

2− in the mixed electrolyte solution, and the position of the
RDF peak was basically the same as that in single Na2CO3 solution. The average coordination
number was about 1.14 CO3

2− around a Na+ ion in the solution with additional NaCl, which
was not much different from the corresponding blank solution number of 1.17. However, the
value was lower than the value of 1.30 in a single Na2CO3 solution.

The existence of this difference does not mean that the degree of dissociation of Na+-
CO3

2− ion pairs in the mixed electrolyte solution was higher because of the introduction of
Na+ via the addition of NaCl. The introduced Na+ would also tend to interact with CO3

2−,
reducing the average coordination number. In this regard, the conversion calculation of the
number of Na+ ions around the CO3

2− is a better illustration of the problem, as listed in
Table 4.

Table 4. Distribution of Na+ around CO3
2− in the solution.

r (Å)
Average Coordination Number (Cn)

NaCl/Na2CO3 Mixed Electrolyte Solution Single Na2CO3 Solution

2.225 1.29 1.28
2.275 1.51 1.50
2.325 1.64 1.67
2.375 1.79 1.82
2.425 1.99 2.02
2.475 2.24 2.26
2.525 2.44 2.46
2.575 2.57 2.57
2.625 2.63 2.63
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Table 4 shows that the distribution of Na+ around CO3
2− in mixed electrolyte and

single Na2CO3 solutions was the same at a cutoff distance of 2.575 Å (within chemical
bond range), which was 2.57 Na+ around CO3

2−. The total number of Na+ was 630 in the
mixed electrolyte, higher than that of 580 in a single Na2CO3 solution, due to the existence
of additional NaCl. Even so, the distribution of Na+ around CO3

2− was almost the same.
This means that the dissociation degree of the Na+-CO3

2− ion pairs with the additional
NaCl should be much lower than that in the single Na2CO3 solution. Therefore, the
additional NaCl could also affect the interaction of Na+-CO3

2− ion pairs, further reducing
the concentration of free CO3

2−. Thus, the delayed the formation of neodymium carbonates
was delayed and the metastable period was extended.

3.2. Induced Precipitation of Neodymium Carbonates in Metastable State Solution

In theory, if the system dominated by CO3
2− in the solution could be rapidly trans-

formed into the coexistence of HCO3
− and CO3

2−, a rapid destruction of metastable state
could be achieved and most of the dissolved neodymium could be separated from the
solution via a self-precipitation. Theoretically, introduction of acidic CO2 gas into the
solution, as shown in Equation (4), would neutralize the original alkaline Na2CO3 solution
so that the induction of neodymium carbonate from the metastable solution might be more
quickly achieved.

Na2CO3(aq) + CO2(g) + H2O(l) = 2NaHCO3(aq) (4)

The specific experimental results in Figure 8a show that the metastable state was
rapidly terminated after the introduction of CO2 gas. The concentration of dissolved Nd3+

in the solution fell rapidly, and neodymium carbonate precipitate were generated and
separated from the solution. After gassing with CO2 for only 5 min, the Nd3+ concentration
in the solution decreased from 2.621 to 1.793 g·L−1, and the precipitation rate reached
31.60%. When the ventilation time was extended to 30 min, only 0.239 g·L−1 was left in
the solution, and the precipitation rate of Nd3+ reached 90.87%. When the ventilation
time reached 60 min, the neodymium concentration in the solution further decreased from
0.239 g·L−1 at 30 min to 0.138 g·L−1, and the precipitation rate slowly increased from
90.78% to almost 95%. The results indicate that Nd3+ in the solution entered the insoluble
solid phase and was separated from the solution via self-precipitation.
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Acid-base titration analysis was carried out to determine the concentration of CO3
2−

and HCO3
− in the solution after CO2 was injected. Figure 8b shows that the concentration of

CO3
2− in the solution decreased with increasing CO2 introduction time. The concentration of

HCO3
− showed an upward trend during the introduction of CO2, and the system gradually

changed from a single CO3
2−-dominated to a CO3

2− and HCO3
−-dominated system.
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When the CO2 introduction time reached 5 min, the concentration of HCO3
− in the

solution approached 0.286 mol·L−1 and the corresponding concentration of CO3
2− was

1.331 mol·L−1, which was much lower than the initial value of 2 mol·L−1. After 60 min,
the concentration of HCO3

− in the solution increased than several times and reached
about 0.816 mol·L−1. Besides, the corresponding concentration of CO3

2− was reduced to
1.018 mol·L−1, and the solution system could no longer be considered to be dominated
by single CO3

2−, but both CO3
2− and HCO3

−. The reason was that the solution of
NaCl/Na2CO3 mixed electrolyte with higher basicity spontaneously absorbed acidic CO2
gas, resulting in the conversion of CO3

2− to HCO3
− in a short time.

After introducing CO2, the concentration of CO3
2− in the solution decreased, but the

solution volume was almost unchanged. In other words, it was equivalent to diluting
the solution. It is well known that ion pairs dissociate more completely in dilute solution.
Thus, there is no doubt that the concentration of free CO3

2− in the solution was increased,
and it is important that CO2 could induce the precipitation of neodymium carbonate in
the metastable state solution. In addition, the concentration of CO3

2− decreased as CO2
introduction time and the precipitation rate of neodymium carbonate increased. Therefore,
the introduction of carbon dioxide into metastable solutions is a new potential method
for the separation of rare earths. This is because carbon dioxide is nonpolluting and
does not introduce other ion impurities as with the use of precipitants (e.g., ammonium
carbon, which is commonly used in industry, introduces ammonium ions). In addition, the
separation is achieved by the rapid production of rare earth precipitation in a short time
after its entry into the solution.

4. Conclusions

We chose neodymium as an example of a rare earth element and studied the mainte-
nance of the metamorphic state of Na2CO3 solution with dissolved Nd3+. The results show
that the metastable state can be successfully prolonged by adding sodium chloride. In
addition, the introduction of carbon dioxide is an effective way to terminate the metastable
state and generate neodymium carbonate.

The main conclusions are as follows. (1) The higher the additional NaCl concentration,
the longer the metastable period, because the additional NaCl affects the interaction of Na+-
CO3

2−-ion pairs and influences the concentration of free CO3
2− in the solution. (2) The

Cl− introduced by the high concentration of NaCl can occupy the coordination layer of
Nd3+ temporarily and delay the formation of rare earth carbonate precipitation. (3) After
introduction of CO2 gas, the existing environment of the solution directly changes in a
short time from a single CO3

2−-dominated system to a predominantly CO3
2− and HCO3−-

dominated system. As a result, the metamorphic state of the solution is quickly terminated
and the precipitation of Nd carbonate is advanced.
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Abstract: A TiB2 wettable cathode coating was deposited on a graphite carbon cathode material
via atmospheric plasma spraying (APS). The microstructure and phase composition of the TiB2

coating were analyzed via scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDS). The wettability and corrosion resistance of the coating were
studied in a molten-aluminum electrolytic system. The results showed that the surface of the TiB2

coating prepared via plasma spraying was flat and that the main phase of the coating was TiB2. The
wettability between the TiB2 coating and liquid aluminum was better than that between graphite
cathode carbon block and liquid aluminum. The abilities of the TiB2 coating and graphite cathode
carbon block to resist sodium (Na) penetration and prevent molten salt corrosion were compared
through a corrosion test. The TiB2 coating was found to have better resistance to Na penetration and
better refractory cryolite corrosion resistance than graphite cathode carbon block.

Keywords: plasma spraying; TiB2 wettable cathode coating; wettability; corrosion resistance

1. Introduction

Currently, cryolite molten salt electrolysis is the only method for smelting aluminum [1].
During the electrolysis of molten cryolite, the cathode carbon block exhibits some corrosion
properties; especially, sodium (Na) permeates into the cathode carbon block and causes
the expansion of the carbon block, which is the main cause of the cathode damage and
failure [2].

Many studies on cathodic carbon blocks have focused on wettable cathodes, among
which TiB2 has become a research hotspot, because it is characterized by good wettability
to liquid aluminum, low resolution, resistance to electrolyte erosion, and good electrical
conductivity [3]. At present, many domestic and foreign studies on TiB2 and its composites
mainly focus on TiB2 ceramic cathodes [4,5], TiB2-carbon adhesive coating [6–8], TiB2
layer prepared by plating in molten salt [9–11], TiB2 non-carbon adhesive coating [12],
TiB2 coating prepared via chemical vapor deposition [13], TiB2 coating prepared via self-
spreading high-temperature synthesis TiB2 coating [14], and TiB2 coating prepared via
plasma spraying [15].

In recent years, our research group has conducted numerous studies on the TiB2
coating preparation via atmospheric plasma spraying (APS) and has achieved certain
results. Through several orthogonal experiments on spraying parameters, the best process
conditions for the coating preparation have been obtained [16]. The influence of mechanical
properties has been studied [17]. The current study mainly investigates the microstructure
of TiB2 coating prepared via APS under optimal process conditions and the wettability and
corrosion resistance of TiB2 coating in a molten-salt electrolytic aluminum system.
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2. Materials and Methods
2.1. Materials

The TiB2 powder used in the experiment was obtained from a certain chemical industry
research institute in Shenyang (TiB2 ≥ 98.5%), with a particle size of −325–+400 mesh (38–45
µm). For aluminum electrolysis, a graphite cathode carbon block was adopted as the matrix
(the specification was 100 mm × 100 mm × 30 mm); it was provided by an aluminum
factory in Yunnan and needed to be polished and sandblasted in advance.

2.2. Preparation of Plasma-Sprayed TiB2 Coating

During the TiB2 coating preparation, first, the carbon block and TiB2 powder were
placed into the drying box and heated up to 100 ◦C for 4 h to remove the moisture, improve
the TiB2 powder fluidity, and improve the bonding strength between the carbon block
and TiB2 coating. Furthermore, TiB2 powder was deposited on the graphite cathode
carbon block using the DH-2080 plasma spray gun(Shanghai Ruifa Spraying Machinery
Co., Ltd., Shanghai, China), with argon as the main gas, hydrogen as the secondary gas,
and argon and hydrogen as the powder carrier gases. Before the preparation of the TiB2
wettable cathode coating via spraying, the DH-2080 plasma spray gun was used to preheat
the surface of the roughened and clean carbon block. The preheating temperature was
maintained between 100 ◦C and 200 ◦C to shorten the temperature difference between
the substrate and the TiB2 powder and reduce the residual stress between the coating and
the carbon block substrate. After the preheating, the plasma-spraying process parameters
(Table 1) were adjusted, and the TiB2 coating was sprayed on the carbon block substrate to
obtain a TiB2 coating with ~1000 µm thickness.

Table 1. Parameters of TiB2 coating prepared via atmospheric plasma spraying (APS).

Name Voltage Current Distance Main Air Flow Powder Feeding Rate Ar Air Flow Particle
Diameter

Spray Gun
Moving Speed

Parameter 72 V 550 A 90 mm 1800 L·h−1 27.34 g·min−1 120 L·h−1 (d50) ≤ 37.4 µm 100 mm·s−1

2.3. TiB2 Coating Characterization

The TiB2 coating prepared via plasma spraying was peeled off from the base carbon
block and then ground. The phase composition of the prepared TiB2 coating powder
was analyzed using the X’pert 3 powder-type diffractometer produced by PANalytical
(Malvern, UK). The parameters were as follows: Cu target, acceleration voltage of 40 kV,
current of 40 mA, and sweep speed of 8◦ min−1. After the TiB2 cathode coating subjected to
different treatments was polished with sandpaper, the coating surface was observed under
a QUANTA600 scanning electron microscope to detect the microscopic internal structure
of the coating. Moreover, energy spectrum analysis was performed using the NORAN
SYSTEM SIX energy spectrometer (SelectScience, Bath, UK).

2.4. Method for Wettability Measurement

In this study, the wetting angle between the plasma-sprayed TiB2 inert cathode coating
and molten aluminum was not directly measured; only the wettability between the TiB2
inert cathode coating and molten aluminum was qualitatively characterized. First, an
appropriate number of aluminum ingots were placed in the silicon carbide crucible, and
the silicon carbide crucible was placed in a resistance furnace, model RF-15-10, produced
by Changsha Gongtai Experimental Electric Furnace Co., Ltd (Changsha, China), and the
heating system was set to 750 ◦C. When the aluminum ingot in the silicon carbide cru-
cible became molten, the plasma-sprayed TiB2 cathode coating sample and the aluminum
electrolytic cathode carbon block preheated at the same temperature were simultaneously
immersed in the molten aluminum; the immersion time was 5 s. Subsequently, the sample
was taken out from the molten aluminum and placed on a steel plate at 45 ◦C with the
horizontal ground. After the molten aluminum on the surface of the sample was cooled,
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aluminum was found to occur on the TiB2 inert cathode coating and the carbon block. The
spreading situations on the cathode and the wettability of the TiB2 coating and carbon
block were qualitatively evaluated.

2.5. Corrosion Resistance Test Method

Determination of the dissolution loss of TiB2 coating in molten aluminum: The TiB2
coating sample was soaked in high-temperature liquid aluminum at 960 ◦C for 48 h. After
the molten aluminum sample was cooled, the change in the Ti content in the molten
aluminum was analyzed, and then the dissolution loss of the TiB2 coating in the molten
aluminum was evaluated. The ARL841OX XRF was used to determine the titanium content
in the liquid aluminum.

Static molten salt corrosion test of TiB2 coating: The TiB2 coating sample was placed
on the bottom of a 0.5 L graphite crucible, and the prepared electrolyte (including Na3AlF6,
NaF, Al2O3, and CaF2 in mass percentages of 71.5%, 14.5%, 9.0%, and 5.0%, respectively)
was added into a graphite crucible. The crucible was placed into a 960 ◦C atmosphere
furnace and kept for 100 h. After the corrosion was over, the crucible was cooled to room
temperature. Then, the TiB2 coating sample at the bottom of the electrolytic cell was
removed, and the residual electrolyte on the surface was cleaned. The sample was then cut
along the central axis. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were used to characterize the TiB2 coating after static corrosion.

Static molten salt corrosion test of TiB2 coating: The TiB2 coating sample was placed
on the bottom of a 0.5 L graphite crucible, and the prepared electrolyte (including Na3AlF6,
NaF, Al2O3, and CaF2 in mass percentages of 71.5%, 14.5%, 9.0%, and 5.0%, respectively)
was added into the graphite crucible. The crucible was then placed into a 980 ◦C pit furnace.
The graphite anode embedded in cast iron was inserted into the electrolytic cell. The area
of the graphite anode was 28 cm2. After the electrolyte was melted, the current density was
kept at 0.7 A·cm−2, and electrolysis was conducted for 4 h. The electrolyte was added to
the electrolytic cell every 15 min. The subsequent treatment after electrolysis was the same
as that in the static test.

3. Results and Discussion
3.1. TiB2 Coating Microstructure

Figure 1a,b are the SEM images of the TiB2 coating surface prepared via APS at two
different magnifications. Figure 1a shows that the coating internal structure was relatively
dense and uniformly distributed. The coating mainly showed two colors of dark gray and
white. Moreover, small cracks occurred in the coating. The formation of such microcracks
depends on the melting of TiB2, the volume shrinkage of the particles, and the TiB2 coating
cooling process. Figure 1b shows that after the TiB2 powder was remelted and recrystallized,
the particle size of the coating was not uniform. The distribution of such particles led to
the generation of pores in the coating, and the increase in porosity will reduce the coating
hardness and the bonding strength between the coating and the substrate; moreover, it will
destroy the conductive network of the TiB2 coating and increase the coating resistivity.

Figure 2a,b are the cross-sectional topography images of the TiB2 coating under two
different magnifications. The figure shows a clear boundary between the substrate and the
coating. The gray area is the TiB2 coating, and the black area is the carbon block substrate.
The coating was formed by injecting TiB2 powder into a high-temperature plasma jet and
then transporting it to the substrate. The temperature at the center of the plasma flame
was as high as 32,000 K, and the temperature at the nozzle outlet was still up to 20,000 K.
The TiB2 powder particles were instantly heated to a molten or semi-melted state in the
high-temperature plasma jet. When the particles hit the carbon block substrate surface, they
spread into a flat liquid covering and clung to the concave and convex points on the surface
of the carbon block substrate. It shrank and bit the anchor point during condensation.
Therefore, the combination of the TiB2 coating and the carbon block substrate was mainly
mechanical embedded-type. Because the TiB2 coating was formed by solidifying a single
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particle as a unit to the substrate surface in a layered accumulation, the difference in particle
size between the droplets resulted in some voids in the coating. Moreover, it can be seen
from the cross section of the coating that the substrate and the coating. The bonding
interface of the layer was clear, smooth, and tortuous, which shows that the coating was
tightly bonded.
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Figure 2. TiB2 coatings sectional SEM micrographs. (a) SEM of coating under 600 times, (b) SEM of
coating under 1000 times.

3.2. X-ray Diffraction Pattern of TiB2 Coating

Figure 3 is the X-ray diffraction (XRD) analysis result of the TiB2 coating prepared via
APS. The figure shows that the coating was mainly composed of TiB2, TiO2, and a small
amount of B2O3, indicating that TiB2 was oxidized during the spraying process. This was
mainly due to the air involved in the plasma jet and the molten TiB2 particles during the
plasma-spraying process. Contact causes TiB2 particles to be oxidized to form oxidation
products such as TiO2 and B2O3.
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Figure 3. X-ray diffraction (XRD) patterns of plasma-sprayed TiB2 coating.

3.3. Wettability of TiB2 Coating

Figure 4 compares the peeling of molten aluminum from two samples. Figure 4c
shows that the liquid aluminum spreading on the surface of the carbon block cathode was
easily peeled off from the substrate and will not peel off with the carbon block material.
Figure 4d shows that it is desired to spread the It is very difficult for the liquid aluminum
on the surface of the layer to peel off from the TiB2 substrate. The adhesion of the liquid
aluminum to the coating is strong, and during the peeling of the coating, part of the coating
materials peel off with the substrate; this also shows that the coating prepared by TiB2 inert
cathode in this study has good wettability.
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Figure 4. Characterization of wettability of TiB2 coating prepared using cathode carbon block and
plasma spraying to liquid aluminum. (a) SEM image wetting effect diagram of cathode carbon block
on molten aluminum, (b) SEM image wetting effect diagram of TiB2 coating on molten aluminum,
and comparative characterization of wettability of liquid aluminum after peeling, (c) SEM image of
the peeling of the molten aluminum from the cathode carbon block, (d) liquid aluminum peeling
from TiB2 coating.
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3.4. Corrosion Resistance of TiB2 Coating Analysis of Solubility Loss of TiB2 Coating in
Molten Aluminum

Figure 5 depicts the change curve of the TiB2 coating prepared via plasma spraying
in molten aluminum. The figure shows that the quality of the TiB2 coating remained
unchanged and basically stable within 48 h of corrosion in high-temperature molten
aluminum, demonstrating a good resistance to corrosion by molten aluminum. This
is mainly because the TiB2 material had good wettability to liquid aluminum and low
solubility in liquid aluminum. Moreover, the TiB2 coating prepared via plasma spraying
was uniform and dense, demonstrating the good resistance of the TiB2 material to liquid
aluminum erosion.
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Figure 5. Variation curve of TiB2 coating quality with erosion time after aluminum alloy erosion.

According to the XRD analysis, after the TiB2 coating was corroded in high-temperature
liquid aluminum (960 ◦C) for 120 min, no Ti component was detected, and the main com-
ponent in the liquid aluminum was Al (Figure 6). The TiB2 coating prepared via plasma
spraying could be well wetted by molten aluminum and had excellent corrosion resistance
to molten aluminum. Moreover, the elemental analysis method was used to detect the Ti
content in the molten aluminum. The Ti content of the molten aluminum was 0.0042%,
which was only 0.0016% higher than that of the original aluminum (0.0026%). It was found
that the titanium content in the original aluminum was 0.0026% (mass percent), and after
the TiB2 coating was immersed in the aluminum solution for 48 h, the titanium content in
the analyzed aluminum was 0.0042% (mass percent), which was only 0.0016% higher than
the original aluminum content of 0.0026%. According to this calculation, the industrial tank
was coated with 1 mm. The service life of thick pure TiB2 coating should be over four years.

3.5. Analysis of Static Corrosion Results of TiB2 Coating

Resistance to Na penetration is an important indicator of wettable cathode materials.
Figure 7a is a low-power-SEM image of the surface of the sample after the static corrosion of
the carbon block, and Figure 7b is a low-power-SEM image of the TiB2 coating surface after
static corrosion. The figure shows that after cryolite corrosion under the same conditions,
the surface of the carbon block cathode was loose and porous, the area of the carbon block
was significantly reduced, and the electrolyte was more likely to penetrate into the carbon
block. Figure 8a is the surface micro-topography image of the TiB2 coating after corrosion,
and Figure 8b is the cross-sectional micro-topography image of the TiB2 coating after
corrosion. Figure 8a shows that after the coating surface was corroded, the TiB2 particles
still maintained the original crystal structure state and were not corroded by cryolite melt.
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Figure 8b shows that the TiB2 coating cross section also maintained the original complete
structure; the coating structure was still dense. After 100 h of static corrosion, the TiB2
coating internal structure was dense, and the corrosion resistance was good. Figure 9
shows the EDS spectrum of the TiB2 coating after corrosion. The figure shows that the main
component element in the coating was Ti, and the metal Na+ ions did not penetrate into
the coating.
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Figure 7. Charcoal surface and the coating surface after etching contrast. (a) Low magnification SEM
image of sample surface after carbon block static corrosion, and (b) low magnification SEM image of
TiB2 coating surface after static corrosion.
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Figure 9. Energy-dispersive X-ray spectroscopy (EDS) analysis after corrosion of TiB2 coating surface.

3.6. Analysis of Dynamic Corrosion Results of TiB2 Coating

Figure 10 is a cross-sectional view of the TiB2 coating after dynamic corrosion, and
Figure 11 is the cross section of the TiB2 coating after the dynamic corrosion experiment
and the EDS energy spectrum of points taken near the TiB2 coating surface.
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Figure 10a shows that the TiB2 coating after electrolysis maintained a compact structure.
Figure 10b shows that the bonding surfaces of the TiB2 coating and the carbon block
substrate were in good contact, without peeling or porosity of the coating. The TiB2 coating
had good bonding strength with the carbon block substrate. From the analysis of the EDS
results, a small amount of cryolite components such as F, Na, Al, and Ca occurred in this
area. The main component of the coating was Ti; this indicates that a small amount of
cryolite penetrated the coating surface after the electrolysis experiment; the penetration
depth was not deep, indicating that the TiB2 coating obtained via plasma spraying has
improved resistance to cryolite corrosion. The TiB2 wettable cathode coating prepared
through plasma spraying technology does not contain carbon elements, which avoids the
defect that the TiB2/C carbon glue coating is easily corroded by the electrolyte due to
carbon elements.

4. Conclusions

In this study, under optimal parameters and the optimal particle size, a TiB2 coating
was prepared on a carbon cathode surface using plasma-spraying equipment, and the phase
and microstructure of the coating were analyzed via SEM, XRD, and other characterization
methods. After the analysis, the wettability and corrosion resistance of the coating were
measured, and the following conclusions were drawn:

The TiB2 coating prepared via APS had a smooth surface free of peeling and cracking.
The TiB2 coating internal structure was dense and uniform. The large particles were in
a semi-melted state, forming a disc-shaped structure embedded in the coating, and the
small particles were completely melted; they connected the large particles to fill the pores
between the large particles. In the plasma-spraying process, the air drawn into the plasma
jet contacted the molten TiB2 particles, causing the TiB2 particles to be oxidized and form
oxidation products such as TiO2 and B2O3. TiB2 is still the most important phase component
in the coating.

The wettability between the TiB2 wettable cathode coating and molten aluminum
was significantly better than that between graphite cathode carbon block and molten
aluminum. Through static corrosion experiments, the abilities of the TiB2 coating and
graphite cathode carbon block to resist Na penetration and to prevent molten cryolite
corrosion were compared. The TiB2 coating resistance to Na penetration and corrosion
resistance to molten cryolite were better than those of the graphite cathode carbon block.
Moreover, after the TiB2 coating was dynamically corroded for 4 h, only a small amount
of F, Na, and Al penetrated into the TiB2 coating inner surface. Given the results, the TiB2
coating prepared via plasma spraying has good liquid aluminum wetting ability and good
resistance to Na penetration.

5. Future Prospective

The oxidation behavior of TiB2 in the plasma spraying process is very complex, the
process is very much influenced by the transfer (momentum transfer, heat transfer and mass
transfer), especially the transfer phenomenon of gas phase B2O3 under high temperature
conditions determines the TiB2 oxidation behavior, and the plasma spraying TiB2 coating
is carried out under high temperature conditions, and metallurgical bonding is observed
through experiments, however, the bonding mechanism and the effect on TiB2 coating
properties are still unclear; finally the introduction of multi-component TiB2 base can
further improve the properties of the coating such as corrosion resistance and wettability.
Therefore, on the basis of this thesis study, the following studies are proposed to be carried
out in the future:

(1) Study the momentum transfer, heat transfer and mass transfer behaviors of TiB2
during the movement to the surface of carbon block during the spraying process,
analyze the time-varying laws of flow field and temperature field, and reveal the
oxidation behavior of TiB2 and the symmetry mechanism of multi-physical field;
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and study in depth the mechanism of pore formation of TiB2 coating under high
temperature conditions and study the transfer phenomenon of gas phase B2O3.

(2) To study the metallurgical bonding behavior of TiB2 coating process for electrolytic
aluminum by plasma spraying, to study the generation of new substances and forma-
tion of new chemical bonds by quantum chemical methods, and to reveal the possible
chemical reactions by searching for transition states, and to propose the mechanism
of the influence of metallurgical bonding on the performance of TiB2 coating through
the study.

(3) On the basis of TiB2 coating research, we study multi-component TiB2 based coating
materials for aluminum electrolysis, add rare earth group elements to TiB2 raw materi-
als, study the mechanism of its addition on the performance of coating materials, and
explore new high-performance TiB2-based coating materials for aluminum electrolysis.
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Abstract: Electrodeposited antimony can be treated with sulfuration–volatilization technology, which
causes antimony to volatilize in the form of antimony sulfide. During this process, gold is enriched
in the residue, thereby realizing the value-added use of antimony and the recovery of gold. In
this study, the thermodynamic conditions of antimony sulfide were analyzed by the Clausius–
Clapeyron equation. Moreover, the volatilization behavior of antimony sulfide and the enrichment
law of gold were studied by heat volatilization experiments. The effects of the sulfide temperature
and volatilization pressure on the separation efficiency of antimony and gold enrichment were
investigated. The results demonstrate that the sulfuration rate was the highest, namely 96.06%, when
the molar ratio of sulfur to antimony was 3:1, the sulfur source temperature was 400 ◦C, the antimony
source temperature was 550 ◦C, and the sulfuration time was 30 min. Antimony sulfide prepared
under these conditions was volatilized at 800 ◦C over 2 h at an evaporation pressure of 0.2 atm, and
the volatilization rate was the highest, namely 92.81%. Antimony sulfide with a stibnite structure
obtained from the sulfuration–volatilization treatment of electrodeposited antimony meets the ideal
stoichiometric ratio of sulfur and antimony in Sb2S3 (3:2), and gold is enriched in the residue.

Keywords: electrodeposited antimony; sulfuration–volatilization; antimony sulfide; enriched gold

1. Introduction

Antimony is a rare metal, and its average abundance in the earth’s crust is only
0.2–0.5% [1]. In 2014, the European Union classified antimony as a key raw material [2].
The conductivity of antimony is between conductor and insulator, it is not easily oxidized at
room temperature, and it has corrosion resistance. In addition, antimony compounds also
have the excellent characteristics of high heat resistance and low resistance, and are often
used to manufacture laser-guided bombs, various missile seekers, and friction materials. Sb
and its compounds were first only used in fireworks, firewood, and other daily life fields.
With the rapid development of science and technology, antimony and its compounds have
become widely used in the nuclear industry, batteries, semiconductors, catalysis, enamel,
and alloys, as well as in the medical and pharmaceutical fields, the military, etc. Antimony
is also characterized by low substitution and high military demand, and a single supply
source mainly obtained via primary mining [3–5].

Antimony is a traditionally dominant mineral resource in China. According to sur-
vey data released by the United States Geological Survey (USGS), China’s antimony ore
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resource reserves account for 25% of the world’s total reserves, with antimony ore reserves
ranking first in the world. Moreover, China’s antimony ore mining accounted for 52% of
the world’s antimony mining in 2020, with extraction of antimony ores also ranking first
in the world [6]. With the increasing development of mining technology, the production
process of antimony mineral resources, mainly jamesonite and stibnite, has become increas-
ingly mature. At present, the research on antimony production in China has gradually
shifted to investigations of complex polymetallic symbiotic ores, represented by antimony–
gold deposits [7]. The traditional treatment method of antimony minerals is the smoke
method [8,9]; this is because antimony–gold ore contains gold and other minerals, and gold
is often associated with sulfides, such as pyrite, antimonite, and arsenopyrite. In addition
to natural gold and continuous gold, which represent the free existence of raw gold, most
gold is embedded in sulfide and oxide minerals, which belong to the category of refractory
gold mines [10–14]. Considering the enrichment and extraction of precious metals, sodium
sulfide leaching–sodium thioantimonate solution electrodeposition is a commonly used
technology for the treatment of antimony–gold ore.

Antimony–gold ore can be treated by a sodium sulfide leaching–sodium thioanti-
monate solution electrowinning process. However, during this treatment, up to 10.3%
of the gold in the ore will be dissolved into the leaching solution, and this gold will be
precipitated during electrowinning before the antimony in the leaching solution is reduced;
the antimony produced in this solution system contains not only a large amount of sodium
salt, but also gold [15–18]. Therefore, there is an urgent need to explore processes that
can simultaneously purify electrodeposited antimony and achieve gold enrichment. The
recovery and value-added use of valuable metals from metallurgical by-products can be
achieved by sulfidation [19] and vacuum distillation [20,21]. Zhang [22] purified electrode-
posited antimony by vacuum distillation and enriched gold in the residue. The present
research is based on the problem that electrodeposited antimony contains precious gold, the
smelting product of antimony–gold ore. By using the basic principle whereby the saturated
vapor pressure difference between Sb, Sb2S3, and Au is significant, a two-stage process
of sulfuration–volatilization is used to directly sulfurate the electrodeposited antimony.
Antimony sulfide can be produced and purified by distillation via a novel process for the
treatment of electrodeposited antimony. In this process, antimony is volatilized in the form
of sulfide antimony, while gold is enriched in the residue, thereby realizing the value-added
use of the main metal antimony and the recovery of gold.

2. Materials and Methods
2.1. Materials and Device

The experimental raw materials used in this study were electrodeposited antimony
produced by Shandong Hengbang Group (Yantai, China) and sulfur powder produced
by Tianjin Fengchuan Chemical Reagent Technology Co., Ltd. (Tianjin, China). Chemical
analysis and gravimetric methods were used to quantitatively determine the chemical com-
position of the electrodeposited antimony and sulfur powder. The chemical composition
of antimony electrodeposited from raw materials was obtained via chemical analysis and
X-ray fluorescence, and the results are reported in Table 1.

Table 1. Chemical composition of electrodeposited antimony.

Element Na Fe As Se Sb Au 1

Content/wt% 0.400 0.170 0.044 0.033 93.690 38
1 The unit of Au content was g/t.

In this experiment, to fully react the electrodeposited antimony, excess sulfur powder
was needed; thus, the molar ratio of S: Sb was set to 3:1. The tube furnace was filled with
argon. One of the dual-temperature-zone tube furnaces was the sulfuration temperature
zone with an antimony crucible, the other was the sulfur volatilization temperature zone
with a sulfur crucible, and the temperature of the sulfuration temperature zone was set
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to 400–650 ◦C. The temperature gradient was set to 50 ◦C, and the heating rate was
10 ◦C·min−1. The volatilization system was set to 400 ◦C, the heating rate was 8 ◦C·min−1,
the pressure was 1 atm, and the temperature was maintained for 30 min. A furnace box of
the tube furnace was used for the volatilization test, and graphite paper was placed at both
ends to collect volatiles. The samples obtained under optimal vulcanization conditions were
volatilized at 800 ◦C. The atmospheric pressure in the volatilization zone was respectively
set to 0.2, 0.4, 0.6, 0.8, and 1.0 atm, and the temperature was maintained for 120 min.

Reactions in the system:
2Sb + 3S→ Sb2S3 (1)

The reaction flowchart is presented in Figure 1.
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Figure 1. Process flow chart of electrodeposited antimony sulfide volatilization and enrichment
of gold.

The experimental device was a dual-temperature-zone tube furnace, produced by
Shanghai Yifeng Electric Furnace Co., Ltd. (Shanghai, China), as shown in Figure 2. The
shell of the tube furnace was welded with a thin steel plate at the edge, and the furnace
lining was made of refractory fiber material. The spiral heating element was made of
an iron-chromium-aluminum alloy electric heating wire and inserted into the furnace
lining. The tube furnace was equipped with a temperature controller and an Ni-Cr-Ni-
Si thermocouple, which could measure, indicate, and automatically control the furnace
temperature. Thermocouples for temperature measurement and control were inserted
through the thermocouple holes, and the gaps between the holes and thermocouples were
filled with cotton fiber.
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2.2. Methods

Scanning electron microscopy (SEM, VEGA3 TESCAN, Brno, Czech Republic) was em-
ployed to observe the microscopic morphology of antimony sulfide. Raman spectroscopy
was performed with a Renishaw (London, England). Raman microscope equipped with
a 514 nm laser, integrated switchable gratings with 600 or 1800 lines/mm, and a CCD
detector. An electron probe micro-analyzer (EPMA-1720H, Shimadzu, Shimane, Japan) was
used to scan the elemental distributions of the samples. Energy-dispersive spectroscopy
(TM3030Plus, HITACHI, Tokyo, Japan) was employed for the elemental analysis of the
micro-samples. X-ray photoelectron spectroscopy (XPS, PHI5000 Versaprobe-II, ULVAC-
PHI, Chigasaki, Japan) was carried out to measure the binding energy of the electrons to
identify the chemical properties and composition of the volatiles.

The sulfuration rate of electrodeposited antimony was calculated by the following formula:

Sulfuration rate = (m1 −m0)/m, (2)

where m0 is the mass (g) of the empty crucible before the experiment; m1 is the total mass of
the crucible containing the electrodeposited antimony after the reaction; and m is calculated
by the chemical reaction equation of the reaction between elemental sulfur and elemental
antimony.

The volatilization rate of samples after vulcanization was calculated by the following formula:

Volatilization rate = (m2 −m3)/m2, (3)

where m2 is the mass of the sample prepared under the optimal vulcanization conditions
before volatilization in the crucible, and m3 is the mass of the residue in the crucible
after volatilization.

3. Theoretical Calculation

The theoretical basis for vacuum metallurgical separation, purification, and refining is
based on the different saturated vapor pressures of various substances. The relationship
between pressure and temperature when a pure substance reaches two-phase equilibrium
can be expressed by the Clausius–Clapeyron equation:

dp/dT = H/T(Vg − Vl) (4)
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In the process of substance sublimation and evaporation, p represents the saturated
vapor pressure of the substance at temperature T, Pa; T represents temperature, K; H
represents the latent heat of vaporization of the substance, J/mol; Vg represents the molar
volume of the substance in the gas phase volume, m3/mol; and Vl indicates the molar
volume of the substance in the liquid phase, m3/mol.

For gas–liquid equilibrium, the equilibrium pressure was the vapor pressure of the
liquid phase. Since the molar volume Vg when the substance was in the gas phase was
much larger than the molar volume Vl when the substance was in the liquid phase, Vl can
be ignored, namely:

Vg − Vl = Vg (5)

Therefore, the Formula (4) was simplified to:

dp/dT = Hl/T Vg (6)

The liquid phase has a low saturated vapor pressure and can be treated as an ideal
gas. The gas phase follows the ideal gas law:

p Vg = R T (7)

Substituting Formula (7) into Formula (6), we can get:

dp/dT = Hl p/R T2 (8)

Owing to dp/p = p lnp, Formula (8) becomes:

dp/dT = Hl p/R T2 (9)

When the temperature changes, the change in latent heat of evaporation cannot be
ignored, then:

Hl = H0 + aT + bT2 + cT3 + . . . . . . (10)

Substituting Formula (10) into Formula (9), we can get:

ln p = −L0/RT + a/R lnT + b/R T + . . . . . . + c (11)

To further simplify:
lg p = AT−1 + B lgT + CT + D (12)

From Equation (12), it can be seen that the image is a curve, representing a non-
linear relationship.

The constants A, B, C, and D in Formula (12) are evaporation constants, which can be
obtained by consulting related thermodynamic manuals.

From the literature [23,24]:
For metal Sb:

lg p = 8.00 − 6060/T T ≤ 1573 ◦C (13)

lg p = 9.15 − 7880/T T > 1573 ◦C (14)

For Sb2S3:
lg p = 14.67 − 11,200/T 673 ◦C ≤ T < 773 ◦C (15)

lg p = 9.92 − 7068/T 773 ◦C ≤ T < 1223 ◦C (16)

For Au:
lg p = (14.50 − 19,280/T) − 1.01 × lgT (17)

Therefore, the relationship between saturated vapor pressure and temperature can be
obtained as shown in Table 2 and Figure 3:
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Table 2. Saturated vapor pressure of Sb2S3 and Au.

Substance
Saturation Vapour Pressure/Pa

773 K 873 K 973 K 1073 K 1173 K

Sb 1.45 11.44 59.13 225.05 674.15
Sb2S3 5.98 66.65 447.58 2127.46 7752.19

Au 4.38 × 10−14 2.79 × 10−11 4.65 × 10−9 2.96 × 10−7 9.19 × 10−6
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Table 2 and Figure 3 show that in the temperature range of 400 ◦C to 900 ◦C, the saturated
vapor pressure of Au was much less than that of Sb and Sb2S3, while the saturated vapor
pressure of Sb was much lower than that of Sb2S3, and varied with increasing temperature.
The difference in saturated vapor pressure between Sb and Sb2S3 also gradually increases.

In summary, the saturated vapor pressures of Sb2S3 and Sb were much greater than
that of Au, and the saturated vapor pressure of Sb2S3 was much greater than that of Sb,
indicating that Au was less volatile and Sb2S3 was more volatile than Sb. In this experiment,
sulfur vapor was first used to vulcanize Sb to produce Sb2S3, and then to volatilize the
vulcanized Sb2S3. Recovery of antimony sulfide from electrodeposited antimony and
enrichment of gold.

4. Experimental Analysis
4.1. Sulfuration Reaction
4.1.1. Sulfuration Rate Calculation

During the sulfuration process, a small portion of the generated antimony sulfide
will volatilize. The volatile Sb2S3 was condensed in the non-heating zone and adhered
to the wall of the quartz tube. A portion of the antimony sulfide generated during the
sulfuration process was volatilized, resulting in the calculated sulfuration rate being lower
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than the actual sulfuration rate. At 400 and 450 ◦C, the electrodeposited antimony was not
fully vulcanized, and the sulfuration rates were only 79.57% and 79.21%, respectively. The
sulfuration rate reached 89.78% at 500 ◦C. A good sulfuration rate of 96.06% was achieved
at 550 ◦C. However, the calculated sulfuration rates at 600 and 650 ◦C were only 88.89%
and 89.78%, respectively. The reason for this is that a portion of the antimony will be in the
melting–recrystallization zone, as shown in Figure 4.
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4.1.2. SEM Analysis

Figure 5 displays the SEM images of the samples after sulfuration at constant at-
mospheric pressure and a constant holding time. The SEM images (Figure 5a, b) reveal
that a large number of bright particles inside the electrodeposited antimony were not
vulcanized at 400 and 450 ◦C. At 500 ◦C, the sulfuration rate increased to 89.78%, and the
unsulfurated electrodeposited antimony particles were relatively reduced as compared to
those at 400 and 450 ◦C; however, there remained a considerable amount of unsulfurated
electrodeposited antimony. At 550 ◦C, the number of bright electrodeposited antimony
particles in the visible field of view was very small, and they had been vulcanized to form
Sb2S3. At 600 and 650 ◦C, the number of brightly electrodeposited antimony particles
in the electron microscopic view decreased significantly as compared with that in the
low-temperature reaction.
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Figure 5. SEM images of antimony sulfide synthesized by electrodeposited antimony sulfide and
electrodeposited antimony at different temperatures: (a) 400 ◦C, (b) 450 ◦C, (c) 500 ◦C, (d) 550 ◦C,
(e) 600 ◦C, and (f) 650 ◦C.

4.1.3. EPMA Analysis

When a certain temperature was reached, the sulfuration rate decreased with the
increase of the sulfuration temperature; this issue was further investigated. After reacting
at 600 and 650 ◦C, melting and recrystallized regions of antimony appeared in the crucible
(Figure 4). The samples sulfurized at 650 ◦C were analyzed by electron probe microanalysis
(EPMA). Figure 6 presents the surface scanning images of the antimony sulfide area at
650 ◦C. The images of elemental Sb and elemental S reveal that their distributions were
basically consistent. However, as indicated in the image of elemental Sb, there were some
areas where the Sb content was very low, but in the image of elemental Na, the area of
concentrated Na was the empty area in the image of elemental Sb.
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Figure 6. EPMA scanning maps of vulcanized sample at 650 ◦C.

Figure 7 presents the surface scanning images of the melting–recrystallization zone of
antimony at 650 ◦C (the area circled in Figure 4). The figure reveals that the recrystallization
zone was mainly unsulfurated metal Sb, resulting in a decrease in the vulcanization rate,
and some areas were enriched with Na.
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In comprehensive consideration of the images of the sulfide samples presented in
Figure 4 and the EPMA results, the main reasons for the occurrence of the melting–
recrystallization zone at 600 and 650 ◦C are the following. (1) The sulfur source temperature
remained constant at 400 ◦C, so the sulfur partial pressure remained certain. With the
increase of the antimony source temperature, the amount of sulfur vapor diffused to the
antimony end gradually decreased, and the collision between sulfur and antimony at the
upper end of the antimony source decreased, resulting in the decrease of the vulcanization
rate. (2) With the increase of the reaction temperature, the pressure of the reaction system
increases, and the sulfur pressure in the antimony reaction zone becomes higher than that in
the low-temperature zone; thus, the gas moves to the sulfur end. (3) When the pressure of
the reaction system is high, the gas reaction proceeds in the direction of volume shrinkage,
and the gaseous sulfur particles collide with each other to form macromolecular liquid
sulfur, resulting in the reduction of sulfur involved in the vulcanization reaction.

4.1.4. EDS Analysis

The chemical formula of antimony sulfide is expressed as Sb2S3, the S/Sb ratio of
which is 1.5. At 400 and 450 ◦C, the highest S/Sb ratio calculated by the obtained EDS
data was about 1.32, indicating that the vulcanization at 400 and 450 ◦C was insufficient.
At 500 ◦C, the S/Sb ratio was higher than those at 400 and 450 ◦C, and the calculated
value was 1.45, which was close to the ideal value of 1.50. However, there remained an
unsulfurated area, indicating that the vulcanization effect at 500 ◦C was still not ideal. At
600 and 650 ◦C, the obtained S/Sb values were distributed in the range of 0.9–1.3. However,
as reported in Section 4.1.1, the melting–recrystallization zone of metal antimony appeared
at 600 and 650 ◦C, which led directly to a reduction in the vulcanization rate and ultimately
caused the vulcanization effect to be less than ideal. At 550 ◦C, an S/Sb ratio of 1.46 was
obtained, and the sample was well vulcanized; compared with the S/Sb value under other
temperature conditions, this was the optimal value. The EDS data also confirm that the
best vulcanization effect was achieved at 550 ◦C.

4.1.5. Raman Spectroscopy Analysis

The experimental results revealed that strong Raman peaks appeared at 71, 99, 135,
178, 241, and 290 cm−1; according to the existing literature [25–28], these are characteristic
peaks of antimony sulfide (Figure 8). Figure 8 also shows that at 550 ◦C, the characteristic
peaks of Sb2S3 corresponding to 135, 178, and 241 cm−1 changed from broad and scattered
peaks to narrow and sharp peaks, indicating a better degree of crystallinity of the sulfide
formed at this reaction temperature.
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In summary, the sulfuration effect was the best under conditions of standard atmo-
spheric pressure, a temperature of 550 ◦C, and a holding time of 30 min. The number of
bright electrodeposited antimony particles in the SEM scanning field of sulfide at 550 ◦C
was very small, and these particles had been basically vulcanized to form Sb2S3 with a
sulfuration rate of 96.06%. As determined by the EDS data, the best S/Sb ratio of 1.46 was
achieved at 550 ◦C, and was the closest to the theoretical value of S/Sb = 1.5.

4.2. Volatilization Reaction
4.2.1. XPS Analysis

The optimal sulfuration conditions of standard atmospheric pressure, a temperature of
550 ◦C, and a heat preservation time of 30 min were adopted to prepare sulfuration samples
as the raw material for the volatilization experiment. In the experiment, the holding time
was set to 2 h, the volatilization temperature zone was set to 800 ◦C, the volatilization
pressure gradient was set to 0.2 atm, and the pressure values were 0.2, 0.4, 0.6, 0.8, and
1.0 atm, respectively.

According to the experimental and calculation results, the volatilization rate of anti-
mony sulfide at 0.2 atm was 92.81%, and the contents of Na, Fe, and Se were lower than
those under other pressure conditions. To characterize the chemical state of the product,
XPS analysis was performed on the volatiles and residues under the conditions of 0.2 atm,
800 ◦C, and 2 h. The results are presented in Figures 9 and 10, which respectively display
the representative XPS spectra of the volatiles and residues. The binding energy of C 1s
was designated as the standard value of 284.8 eV [29], and a correction was carried out; the
corrected values of charge displacement were respectively 2.50 and 2.40 eV.
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The high-resolution XPS spectrum of S 2p is presented in Figure 9a, while the high-
resolution XPS spectrum of Sb 3d is exhibited in Figure 9c. The double peaks of Sb 3d5/2 and
Sb 3d3/2 related to the Sb-S bond were observed around 529.80 and 539.05 eV, respectively;
these peaks are both characteristic of the Sb3+ state. The S 2p peak was observed near
161.50 eV. The peak positions of Sb and S were similar to those reported in the existing
literature [30–33], indicating that the phase representing the volatile was Sb2S3.

The high-resolution XPS spectrum of S 2p is presented in Figure 10a, and the S 2p
peak was observed near 160.90 eV. The high-resolution XPS spectrum of Sb 3d is presented
in Figure 10c, and the double peaks of Sb 3d5/2 and Sb 3d3/2 related to the Sb-S bond were
observed around 529.00 and 538.40 eV, respectively; these peaks are both characteristic
of the Sb3+ state. The peak positions of Sb and S were similar to those reported in the
existing literature [25–28], indicating that the phase of the residue was Sb2S3. The Na 1s
peak was clearly observed near 1071.32 eV, and the binding energy of Na 1s in the sodium
compounds was found to be between 1071.00 and 1071.50 eV based on a database [34].
However, no obvious Na was observed in the XPS spectra of the volatiles; there was no
obvious Na 1s peak, indicating that most of the elemental Na remained in the residue.

4.2.2. Chemical Composition Analysis

The chemical compositions of the volatiles and residues under the optimal conditions
of a temperature of 800 ◦C, a pressure of 0.2 atm, and a holding time of 2 h were analyzed.
As reported in Table 3, the Na and Fe elements were well separated; compared with
their contents in the raw materials, their contents in the volatiles were reduced by about
7.4 and 58.6 times, respectively. Elemental Au was not detected in the volatile species,
and it was enriched in the residue by about 1.6 times. These findings demonstrate that
this experimental method can realize the enrichment of all the Au in the electrodeposited
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antimony in the residue, volatilization to obtain the antimony sulfide, and the effective
removal of the Na and Fe elements in the antimony sulfide volatiles. Excluding As and Se,
other impurities are basically concentrated in the residue. The experimental results reveal
that 0.2 atm was the best volatilization pressure within the experimental pressure range.
Under this condition, the gold in the electrodeposited antimony was effectively enriched
and antimony sulfide was formed simultaneously.

Table 3. Chemical composition of volatiles and residues at 800 ◦C and 0.2 atm.

Type
Content/wt%

Na Fe As Se Sb Au 1

Volatile 0.054 0.003 0.037 0.017 73.180 0
Remains 2.500 0.150 0.000 0.018 68.950 60

1 The unit of Au content was g/t.

5. Conclusions

In this study, an electrodeposited antimony sulfuration–volatilization method was
proposed to prepare antimony sulfide while enriching gold. The feasibility of the process
was demonstrated on a laboratory scale, thereby providing theoretical guidance for the
value-added use of the electrodeposited antimony obtained via the alkaline leaching of
antimony–gold ore. In the experimental temperature range, as the temperature gradually
increased, the S/Sb value of the vulcanized sample was also found to gradually increase.
The best S/Sb ratio of 1.46 achieved at 550 ◦C was close to the theoretical S/Sb ratio of
1.50 at 550 ◦C. The results of SEM and Raman analyses proved that the reaction conditions
were the best curing conditions in the experimental range. Under these conditions, the
sulfuration rate was the best, namely 96.06%. Moreover, as compared to those under the
other pressure conditions, the S/Sb value of the volatile substance under the condition of
0.2 atm was closer to the theoretical value of S/Sb = 1.5. Compared with their contents in
the raw materials, the contents of Na and Fe in the volatile matter were reduced by about
7.4 and 58.6 times, respectively. Elemental Au was not detected in the volatile species,
and it was enriched in the residue by about 1.6 times. In summary, all the Au in the
electrodeposited antimony was basically enriched in the residue, and the effective removal
of the Na and Fe elements in the antimony sulfide volatiles was simultaneously realized.
The best volatilization pressure within the experimental pressure range was found to be
0.2 atm, and the best volatilization conditions were found to be a pressure of 0.2 atm, a
temperature of 800 ◦C, and a heat preservation time of 2 h. Electrodeposited antimony was
found to enrich the gold in the residue via sulfuration–volatilization treatment and generate
antimony sulfide, which effectively increased the added value of these products. Antimony
sulfide has good volatility and high commercial value. This method increases the product
value and reduces the energy consumption of the reaction. Furthermore, this technology
has no toxic and harmful by-products, which can reduce environmental pollution and
realize clean and effective metallurgy.
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Abstract: Polymetallic manganese nodules (PMN), cobalt-rich manganese crusts (CRC) and seafloor
massive sulfides (SMS) have been identified as important resources of economically valuable metals
and critical raw materials. The currently proposed mineral processing operations are based on
metallurgical approaches applied for land resources. Thus far, significant endeavors have been
carried out to describe the extraction of metals from PMN; however, to the best of the authors’
knowledge, it lacks a thorough review on recent developments in processing of CRC and SMS. This
paper begins with an overview of each marine mineral. It is followed by a systematic review of
common methods used for extraction of metals from marine mineral deposits. In this review, we
update the information published so far in peer-reviewed and technical literature, and briefly provide
the future perspectives for processing of marine mineral deposits.

Keywords: deep-sea mining; marine minerals; seafloor massive sulfides; polymetallic nodules;
cobalt-rich crusts; mineral processing; hydrometallurgy; pyrometallurgy; metals; extraction

1. Introduction

The discovery of deep-sea concretions, later known as polymetallic nodules (PMN),
in the 1870s, during the HMS Challenger expedition [1], opened a perspective for new,
alternative-to-terrestrial, rich resources of many valuable metals (Cu, Ni, Co, Mn, Ag, REE,
etc.). The results from the HMS Challenger expedition initiated numerous investigations
aiming at the acquisition of mineral deposits on the seafloor, and subsequent recovery of
metals. At present, three main types of marine mineral deposits have been discovered:
polymetallic manganese nodules (PMN), cobalt-rich manganese crusts (CRC) and seafloor
massive sulfides (SMS). These mineral deposits have gained increasing attention due to the
significant content of economically valuable metals and critical raw materials (CRM) [2].
Although the accurate assessment of the total amounts of metals and CRM in the marine
mineral deposits is difficult, the estimated hypothetical and speculative abundance is of
the order of a million tons, compared to the identified terrestrial deposits [3].

A major challenge for scientists has been to develop a technology for deep sea-floor
exploration and extraction, enabling the collection of mineralized material from the seabed,
followed by the efficient extraction of metals. Currently, mining technologies are just
emerging to exploit and extract these mineral deposits. Based on this rough characteristic,
different research projects have started aiming for implementation of various concepts,
including solutions known from terrestrial applications. However, until now, with an
enormous number of research projects, with access to modern and high-tech equipment,
there is no full-scale operation [4]. The technological problems, probably caused by the
great diversity of the sea-bed materials, or difficulties with the beneficiation of marine
mineral deposits, are not the only ones. A lot of discussion held so far concerns the
legitimacy of taking such a strong interference in the environment [5–7]. The main concern
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arises from the fact that large quantities of very fine sediments from the ocean floor can
be discharged into the surface water, together with cold, nutrient-rich seawater during
dredging operations. Furthermore, the potential effects on the ecology of oceans are
unpredictable and will depend on the type of mining systems used for future large-scale
production [8]. One of the most important and least understood threats is the sediment
plume that is expected to travel in the ocean column away from the mine site [9].

Each of the marine mineral deposits exhibits unique properties such as mineralogical
assemblage, bulk chemical composition, density, porosity, surface area and hardness, each
of which are crucial for the development of a beneficiation process ending in an effective
recovery of metals. Based on numerous investigations dedicated to defining mineralogy of
the marine deposits, it is known that PMN and CRC share similar mineralogical composi-
tions (the valuable metals are mostly found incorporated in either oxide or oxyhydroxide
forms), whereas the SMS group includes sulfide minerals containing the metals [10]. Addi-
tionally, the chemical composition of numerous samples enabled us to determine the main
metallic content in each type of marine deposit. PMN are the main source of Mn and Fe,
together with Cu, Ni and Co. CRC are rich in cobalt, but also contain variable amounts
of vanadium, titanium, tantalum, tungsten, and REEs. SMS contain predominantly iron,
copper, zinc, and many minor elements. Moreover, some elements such as manganese,
cobalt, tellurium, and yttrium are more abundant in the marine deposits in comparison to
land resources.

Currently proposed mineral processing operations are based on metallurgical ap-
proaches applied to terrestrial (land) deposits; however, development of marine minerals
processing technology is underway. Recent extensive reviews on processing of PMN can
be found elsewhere [11]; however, to the best of the authors’ knowledge, there is a lack
of thorough review on advancements in processing of CRC and SMS. It should also be
noted that the number of publications on PMN processing is quite impressive, compared
to the manuscripts that describe the methods for CRC and SMS (Figure 1). We also point
out that in this review we focus only on articles on the physicochemical and metallurgical
processing of marine minerals, discarding those relating to either technical, ecological, or
economic issues.
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In this paper, we respond to the increasing interest in the processing of marine mineral
deposits by collecting information from peer-reviewed and other technical literature on
historical and recent developments in processing of PMN, CRC, and SMS. We update the
information published so far and provide future perspectives for the recovery of valuable
metals from the marine deposits.

2. Brief Characteristics of Marine Resources

Mineral deposits in the world oceans can be divided into marine mineral deposits and
deep-marine mineral deposits [2]. Figure 2 shows the distribution of the different types
and their geological settings. The first type is found on the continental shelf and comprises
deposits accumulated from weathered terrestrial rocks transported and deposited in the
ocean through alluvial processes. The latter comprises deposits formed at or in the deep-
ocean floor. There are three main types of deep-marine mineral resources currently known
from the world’s oceans [1]. These are typically referred to as polymetallic manganese
nodules (PMN), cobalt-rich manganese crust (CRC), and sea-floor massive sulfides (SMS).
They occur in different geological settings on the sea floor and their formation differs
significantly. A short overview of each of the three types is given in the following sections.
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2.1. Polymetallic Manganese Nodules (PMN)

Three main types of polymetallic manganese nodules (PMN) have been described
and summarized elsewhere [1,10]. These are (i) hydrogenetic nodules formed by the direct
deposition of manganese and cobalt, nickel, and copper from seawater; (ii) diagenetic
nodules formed as a result of remobilization of manganese in the sediment column; (iii) hy-
drothermal nodules formed as a result of massive discharge of hydrothermal fluids at the
seafloor at hotspots and divergent plate margins [1].

The deposition of PMN starts precipitation of metals from the ambient sea water onto
some sort of nuclei. This nuclei is typically an older nodule fragment, shark tooth, plankton
shell, or rock fragments [10].

The abundance of PMN on the seafloor is mainly controlled by the sedimentation
rate [1]. PMN occur mainly on the great abyssal plains at depths ranging from 3000 m to
6000 m and can typically be 1 cm to 12 cm diameter. The most common size in the Clarion–
Clipperton Zone (CCZ) is the range 1–5 mm. The growth rate of PMN is controlled by the
deposition environment but is generally less than 10 mm/million year for hydrogenetic
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nodules and more than a 100 mm/million years for diagenetic nodules. A greater diagenetic
component of the nodules results in a faster growth rate [13]. However, a combination of
the two growth mechanisms is typical, and hence also the average growth rate.

PMN differ significantly in physical properties and mineralogical composition from
the known terrestrial deposits. A unique characteristic of PMN compared to the terrestrial
resources is the presence of multiple elements in one deposit. A polymetallic manganese
nodule contains a range of valuable metals, i.e., Mn, Fe, Cu, Zn, Ni, Co, Mo, and also minor
amounts of 22 other elements, including rare earth elements (REE) [14,15]. According to
Hein et al. [15], PMN from CCZ might contain a greater tonnage of Mn, Ni, Co, Tl, and
Y, and a similar tonnage of As, as the entire “global terrestrial reserve base”. It should,
however, be noted that numbers from the CCZ do not represent a reserve base but rather a
compilation of data from projects in various stages of resource classifications, none of these
classified as mineral reserves. The average chemical and mineralogical composition of
PMN are given in Tables 1 and 2. Figures 3 and 4 represent PMN samples and their growth
structures, respectively. The chemical and mineralogical composition of PMN depends
mainly on the processes controlling the deposition of nodules as well as the geographic
location for their formation. The most common manganese minerals detected in nodules
are todorokite, birnessite, and delta manganese dioxide. Goethite has been determined
to be the most common iron-bearing mineral. Nodules are built up of nanometer- scale
manganese oxides and iron oxyhydroxides. Fe/Mn ratios typically vary similarly with the
type of nodules [16].

Table 1. Average composition of PMN [10,14,15,17].

Cu Mn Fe Ni Co Mo Al Moisture

(wt%)

0.74 26.0 8.9 1.0 0.19 0.05 2.0 13.8

Table 2. Average mineralogical composition of PMN [18,19].

Mn Minerals

(1) Todorokite: oxides of manganese, magnesium, calcium,
sodium, and potassium which may be chemically stated as

(Ca, Na, Mn2+, K) (Mn4+, Mn2+, Mg)6O12·3H2O
(2) Buserite or 10 Å manganite: a sodium manganese oxide

hydrate Na4Mn14O27 · 21H2O
(3) Birnessite or 7 Å manganite: (Na7Ca3)Mn7O140·28H2O
(4) Vernadite (Mn4+,Fe3+,Ca,Na)(O,OH)2 · nH2O or MnO

Fe Minerals Goethite α-FeOOH
Feroxyhyte δ-Fe3+O(OH)
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2.2. Cobalt-Rich Manganese Crusts (CRC)

There are still not enough geochemical data, and little is known about the abundance
of cobalt-rich manganese crusts (CRC) in most areas of the ocean. There are two main
types of manganese crusts according to [1]; (i) cobalt-rich manganese crust, which is
a hydrogenous manganese crust with more than 1% (wt%) Co, and (ii) hydrothermal
manganese crust, which is the least abundant manganese deposit in the world’s oceans.
The cobalt-rich manganese crusts are the ones of interest from an economic perspective.
CRC occur on sea mounds in any part of the world’s oceans, but are typically restricted to
ancient seamounts in relatively large depths and are seen to be more frequent in the Pacific
Ocean [1]. Criteria for the formation of CRC is that bottom conditions have resulted in
minimal sedimentation and provided the substrate, i.e., the host rock or the original rock
of the sea mound, free from sediments. Crusts are only formed on sediment-free surfaces.
The formation of crusts typically takes place at depths between 400 m and 4000 m, and the
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most prospective, cobalt-rich manganese crusts are found on large seamounts at less than
1000 m to 1500 m water depth and older than 20 million years [21].

Hydrogenous CRC exhibit strong similarities with hydrogenetic nodules [13], and
thus have been attracting investment in exploration for higher concentrations of vari-
ous metals. The average chemical and mineralogical composition of CRC are given in
Tables 3 and 4. The main metals of economic interest are nickel, copper, cobalt, and pos-
sibly manganese and titanium [10]. There are also traces of other valuable metals, such
as molybdenum, REE, and lithium. The characteristic properties of CRC are very high
porosity (60%), high surface area (300 m2/cm3 of crust), and extremely slow rates of growth
(1–6 mm/Ma) [22]. The CRC consist of a very fine-grained mixture of ferruginous verna-
dite (mainly δ-MnO2 × H2O), X-ray amorphous Fe-oxyhydroxide, aluminosilicate phases,
carbonate-fluorapatite (secondary in the older crust generation), minor admixtures of fine-
grained, detrital quartz, and feldspar as well as residual biogenetic phases. Figure 5A,B
represent CRC samples and their growth structures, respectively.

Table 3. Average content of some main metals in CRC from the mid-Pacific mountains [1].

Mn Fe Co Ni Cu Pt

(wt%) (ppm)

28.4 14.3 1.18 0.5 0.03 0.5

Table 4. Typical mineralogy of CRC [13].

Mn-Minerals: Vernadite (Mn4+,Fe3+,Ca,Na)(O,OH)2 · nH2O

Fe-Minerals: Amorphous Fe-oxyhydroxides; Ferroxyhyte δ-Fe3+O(OH);
Ferrihydrite (Fe3+)2O3·0.5H2O; Goethite α-FeO(OH)

Others: Quartz SiO2; Feldspars (KAlSi3O8-NaAlSi3O8-CaAl2Si2O8);
Phosphates; Carbonates
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2.3. Seafloor Massive Sulfides (SMS)

Seafloor massive sulfides (SMS) are derived from the fluid/rock interaction within
the oceanic crust [25]. See Figure 6 for a schematic overview of the processes leading
to the formation of SMS. Oceanic water penetrates the crust along fractures and cracks
and a heat source provides heating of fluids towards the depth. The heat also mobilizes
fluids trapped in the crust and the circulating water leaches metals from the host rocks.
At a point towards depth, circulating waters reach the point where the water starts to
rise along fractures in the feeder system to the black smoker system. The rising fluids
bring metals to the feeder zone and ultimately release them to the cold ambient water
near the seafloor, where the dissolved metals start to precipitate and create a plume.
Precipitation is forced by the cold temperatures in the water on the seafloor as well as
by reduced pressure as the fluids travel upwards. The SMS deposits typically occur at
water depths down to 4000 m [26], and they are found in a variety of tectonic settings,
mainly located to plate boundaries, at the modern seafloor including mid-ocean ridges,

back-arc rifts, and seamounts [27]. The composition of hydrothermal sulfide deposits
can vary significantly according to the geodynamic environment, the nature of basement
rocks affected by hydrothermal circulation, the water depth, the phase separation processes,
and the maturity of deposits. SMS share some mineralogical and chemical characteristics
with classic volcanogenic massive sulfides (VMS). The major minerals forming SMS de-
posits include iron sulfides, such as pyrite and marcasite, as well as the minerals of the most
economic interest—chalcopyrite, isocubanite (being copper sulfides) and sphalerite (zinc
sulfide). All other minerals of SMS deposits are considered as minor (by-product) ones. The
precious metals gold and silver mainly occur in native form, and their Au and Ag grades in
SMS deposits are significantly higher than in PMN and CRC deposits. Tables 5 and 6 show
the chemical and mineralogical compositions of SMS samples. Figures 7 and 8 represent
SMS samples and their growth structures, respectively.

Table 5. Average metal concentration in SMS deposits as related to their tectonic settings. “N” =
number of deposits included in the calculations. Concentrations in wt%, except Au and Ag reported
in parts per million. Data from [10].

Setting N Cu Zn Pb Fe Au Ag
(wt%) (ppm)

Sediment-free MOR 51 4.5 8.3 0.2 27 1.3 94
Ultramafic-hosted MOR 12 13.4 7.2 <0.1 24.8 6.9 69
Sediment-hosted MOR 3 0.8 2.7 0.4 18.6 0.4 64
Intraoceanic back arc 36 2.7 17 0.7 15.5 4.9 202
Transitional back-arcs 13 6.8 17.5 1.5 8.8 13.2 326
Intracontinental rifted arc 5 2.8 14.6 9.7 5.5 4.1 1260
Volcanic arcs 17 4.5 9.5 2 9.2 10.2 197

Among the physical properties of SMS, important from a metallurgical point of view,
are their density, water content, and grain size. The bulk density of black and white smoker
samples ranged between 1.9 and 3.0, the porosity between 19.4% and 38.8% and it changed
with the maturation stage of SMS deposits [28]. The observed trend showed that less
mature sulfide samples (the ones closer to the surface) are more porous.
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Figure 8. Backscattered electron (BSE) and element distribution maps of SMS from the Loki’s Castle
hydrothermal vent on the Mohn’s Ridge [30].

Table 6. Typical mineralogy of SMS [30,31].

Value Minerals: Chalcopyrite CuFeS2; Isocubanite CuFe2S3; Sphalerite ZnS; Wurtzite
(Zn,Fe)S; Chalcocite Cu2S

Gangue Minerals:
Pyrite/marcasite FeS2; Pyrrhotite Fe1−xS (x = 0 to 0.2)

Baryte BaSO4; Anhydrite CaSO4; Quartz SiO2; Aragonite/calcite CaCO3

2.4. Comparison of Different Ore Types

The in situ estimated tonnages of discovered nodules and crusts of the CCZ and PPCZ
(Table 7) are significant, but apart from Mn, the total tonnages are not more than required
to be regarded as a supplement to the land-based reserve base [13]. However, especially
CRC deposits are known in the deep oceans also in the Atlantic Ocean, e.g., within the
Norwegian Exclusive Economic Zone (EEZ) [32] and within Japanese EEZ [33]. Hence, the
tonnages for CRC in Table 7 may be upgraded, but too little is yet known.
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Table 7. Comparison of in situ-discovered nodules and crusts in the Clarion–Clipperton Zone (CCZ)
and the Prime Pacific Crust Zone (PPCZ), respectively. Table modified after [13], and references
therein. * REO = rare earth oxides.

CCZ Global Land-Based Reserves PPCZ

106 metric tons

Mn 5929 5200 1718
Cu 224 1300 7.4
Ti 59 900 87
Zn 29 480 5
REO * 17 150 20
Ni 278 150 32
Zr 6 57 4.1
Mo 12 19 3.5
Li 2.7 14 0.02
Co 42 13 50
W 1.3 6.3 0.67
Nb 0.4 3.0 0.4
Bi – 0.68 0.32
Y 1.9 0.48 1.7
Te 0.07 0.05 (0.022) 0.45

When it comes to SMS deposits compared to the land-based reserve base, the amount
of work performed on SMS seems not yet to have focused on the available tonnage estimates
for different metals. However, several authors have estimated the size of single deposits
and their typical grades. For example, Hannington et al. [34], estimated the around 600 Mt
of massive sulfides along 89,000 km of Mid-Ocean Ridges with 5% combined Cu + Zn + Pb.
These numbers suggest something in the range just higher than what is estimated for
the PPCZ.

3. Processing of Marine Minerals

Processing involves separating an ore from a waste and transforming it into a product
(e.g., metal). The number and type of steps involved in a particular process may vary signif-
icantly depending on the physical, chemical, and mineralogical properties of the processed
ore. For terrestrial (land) ores, the processing takes place on land and includes a wide
range of techniques. Marine minerals (PMN, CRC, SMS), however, due to their complex
mineralogy, high porosity and water content, differ significantly from the land resources,
and thus their processing will be different as well. Recovery of metals from the marine
minerals might take place either on land or the seabed; however, the processing routes have
not been elaborated yet. The currently applied extraction techniques of marine minerals are
based on the terrestrial ore practices and can mainly be divided into three major categories:
(i) conventional mineral processing, (ii) hydrometallurgical, and (iii) pyrometallurgical
treatment. In mineral processing, several technique—from relatively straightforward me-
chanical operations to complex physicochemical procedures, are employed to prepare a
material for further processing and/or to separate the ore from the waste.

The hydrometallurgical treatment mainly includes leaching with various lixiviants and
reducing agents, while pyrometallurgy involves smelting, chlorination, and segregation
processes. Tables 8–10 summarize the main routes applied so far in the processing of
marine minerals, which are discussed in this section.
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3.1. Polymetallic Manganese Nodules (PMN)

To obtain high recoveries of valuable metals from PMN, it is necessary to release them
by breaking the crystal lattices of the manganese oxides. Therefore, most of the research
works propose the reduction of tetravalent manganese to a divalent state [19,84]. This
can be accomplished either pyrometallurgically by smelting with gaseous, liquid, or solid
reducing agents, or with hydrometallurgy, where the reduction is carried out either before
or during a leaching operation, or by a combination of both (Figure 9).
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Regardless of the approach used for metals recovery, the most common method of
PMN pretreatment used to be air drying followed by crushing and grinding to reduce the
size of nodules. Usually, the powdered nodules size fractions are less than 100 µm [45,49,55].
When samples are processed pyrometallurgically at high temperatures, the powder is
mixed with the flux and reducing agents, and in the case of hydrometallurgical processing,
the ground nodules are sieved and leached under specified conditions.

PMN are relatively easy to grind with the Bond-index of about 7 kilowatt hours per
ton [84]. The size mineral phases in PMN ranges from below 1 to ca. 5 µm. Due to the high
surface area (ca. 200 m2/g) and porosity (60%) nodules were considered for their use as
adsorbents or catalysts [85–89]. In a few works, due to the high concentrations of MnO2,
PMN served as an oxidizing agent [90–92]. High porosities, with pore size diameters in
the range 0.01 µm to 0.1 µm, result in a high moisture content (30–40%). This is a major
disadvantage in high-temperature metallurgical treatment because it forces the use of
a drying operation, and thus it is energetically inefficient. The complex oxidic mineral
composition of PMN (a very fine-grained admixture) makes the application of methods of
physical beneficiation such as gravity, electrostatic and magnetic separation or flotation to
produce concentrates of the valuable metals economically inefficient; instead, either hydro-
or pyrometallurgical processing has to be used. Physical separation techniques might be
applied in screening for removal of such debris as bones, sharks’ teeth, etc. [11].

Pyrometallurgy aims at the reduction of metals in PMN to metallic forms, which can
be further recovered. A lot of research works have been dedicated to finding the most
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effective reducing agent. Many inorganic and organic compounds were tested in this role.
The hydrometallurgical treatment has been described in several process options, among
which the most popular is either acidic or ammonia leaching under either atmospheric
or elevated pressures, with an addition of various kinds of additives such as reductants,
surfactants, or microorganisms (biohydrometallurgy) (Figure 9).

The most important metals of economic interest, found in manganese nodules, are
Cu, Ni, Co, and Mn and their recovery might be based on the classical smelting processes,
dedicated for the copper and nickel metallurgy, known from the terrestrial applications.
The most applied pyrometallurgical methods are listed in Table 8. At first, nodules are ei-
ther dried or calcined at various conditions, then ground, and introduced into a furnace for
reduction (at temperatures from 130 ◦C to over 1400 ◦C) [15,20,37,40,41,43,85]. The reduc-
tion process with various reducing agents, such as hydrogen chloride, ferrous ion, sulfur
dioxide, carbon, and many organic compounds [18,36,42,89,93], leads to a manganese-rich
slag and an iron-nickel-copper-cobalt alloy. The alloy is then subjected to a converting
operation where during oxidation most of the remaining Mn and Fe are removed. In the
next step, the obtained Ni-Cu-Co matte might be treated by several methods. The Mn-Fe
slag phase can be fed to a furnace to produce the ferro-silico-manganese alloy. A simpli-
fied pyrometallurgical route for manganese nodules treatment, created based on the data
provided elsewhere [94], is presented in Figure 10.
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Two approaches have been known for the manganese recovery from the slag. It can
be recovered as either silicomanganese or ferromanganese. Both are marketable products
with some limitations to the contents of Mn, Si, C, or S, specified by the American Society
for Testing and Materials (ASTM) [46,76], Active Standard A99 and A483/A483M-ASTM.
A typical Mn recovery exceeds 95%, but slags still contain a small amount of Cu, Co, and Ni.
Sommerfeld et al. proposed two-step reductive smelting of polymetallic nodules resulting
in a “zero-waste” process [38]. Their concept was based on the well-known INCO process
described elsewhere [94]. Briefly, the idea was to use fluxes (Al2O3, TiO2, FeO, Na2B4O7,
and SiO2) in an additional smelting step, designed for the slag phase obtained in the first
one to increase the Mn recovery in the form of high carbon ferromanganese (HC FeMn).
The optimal conditions were: smelting at 1400 ◦C with 9.4% SiO2, yielding over 90% and up
to 100% for Cu, Co, Mo, and Ni. The final slag contained 97% of Mn and low concentrations
of Cr, Cu, V, and Ni.

Most of the research works dedicated to the treatment of PMN relate to the application
of a leaching operation. These works can be generally grouped into two categories based
on either the leaching type (acidic/basic or atmospheric/pressure) or leaching mechanism
(electroleaching, electrobioleaching, galvanic, or surfactant mediated). Table 8 and Figure 11
summarize the applied methods for the hydrometallurgical treatment of PMN. Hydromet-
allurgical processing very often is conducted on a previously reduced feed, i.e., under a
reducing atmosphere of H2, CO [46], or SO2, or by mixing nodules with solid reductants
such as coal [45,87]. Another option is to apply reduction leaching, where manganese is
reduced to Mn (II) by various reagents, such as SO2, [61] CO, HCl [20], FeSO4 [52], aromatic
amines [53], phenols [54], glucose [66,70], or surfactants [49]. Then, the only pretreatment
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operation is the comminution of nodules. Some of the most commonly used techniques are
shortly described here.
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Among all applied techniques, the Cuprion process developed by Kennecott Copper
Corporation (KCC), and further improved by several researchers, has been found as the
most promising method for recovery of metals from PMN. The process involves a reductive
ammonia–ammonium carbonate leach in the presence of the reducing gas containing
carbon monoxide, hydrogen, and small amounts of carbon dioxide, oxygen, and nitrogen.
The most important step is the reduction of manganese, which helps in breaking the
manganese matrix; thus the rest of metals such as copper, nickel, cobalt can easily react
with a leaching agent. The carbon monoxide reduces cupric ion to the cuprous state,
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which is stabilized by the ammonia–ammonium carbonate solution composition. Then,
the cuprous ion reacts with manganese dioxide to form the manganous ion, which rapidly
precipitates as manganese carbonate. Nickel, copper and cobalt contained in PMN are
leached into the solution as the manganese dioxide is converted to manganese carbonate.
The manganese dioxide converted to manganese carbonate and iron are rejected as a residue.
The main advantages of this process are its mild operating conditions, that is, low energy
consumption, low toxicity, acceptable environmental impact, and most importantly high
selectivity. However, low cobalt recovery, low pulp density, the use of carbon monoxide
as a reducing agent, as well as the removal of manganese are the main disadvantages of
the process.

Other methods applied for recovery of metals from PMN are combined pyro- and
hydrometallurgical processes. Special attention has been paid to the International Nickel
Company (INCO) process described in detail elsewhere [94]. It requires drying the nodules,
and thus substantial energy input. Dried PMN are crushed and ground, and then reduced
and subjected to smelting in an electric furnace to produce an alloy containing copper,
nickel and cobalt, and residual Fe and Mn, as well as the manganese and iron-rich slag.
The slag is then treated to produce ferro-manganese. However, the alloy is sulfurized to
produce a matte containing copper, nickel, and cobalt, and the residual iron and manganese
are removed as an oxide slag. Then, the matte is leached with sulfuric acid, and the leach
liquor is processed by solvent extraction and electrowinning for copper, and the raffinate
from this process is again processed for nickel recovery. Finally, cobalt is reduced from the
solution with hydrogen to produce cobalt powder.

Another option for extraction of metals from PMN is bioleaching utilizing anaerobic
Mn-reducing bacteria such as Thiobacillus ferrooxidans [63–65], Thiobacillus thiooxidans [64,68],
Aspergillus niger [72], or Acidianus brierleyi [64].

Abramovski et al. [97] made a comparative economic analysis of three technologies
proposed in the literature: (i) pyrometallurgical treatment with the use of SO2 as the
reductant; (ii) a combined pyro–hydro method, and (iii) hydrometallurgical treatment
based on high-pressure acid leaching. The evaluation of scaling up selected lab-test
solutions to a pilot-plant level was based on the extraction efficiency, supported by the
possibilities for performance, the actual prices of metals, environmental pollution, and
other factors. Although authors made no final statement defining the best technology, it
can be seen from their analysis that smelting is rather ineffective, due to significant losses
of valuable metals (i.e., Co, Ni, V, REE, etc.) to a slag phase.

It seems that the most popular and the most sensible method of ocean nodules treat-
ment is to combine pyro- and hydro-methods. Metals that form either alloys or slag phases
after roasting can be extracted with different leaching agents. In this context, different
mineral acids, bases, or organic acid solutions were investigated.

3.2. Cobalt-Rich Manganese Crusts (CRC)

Future scenarios for the extraction of CRC from the seabed may cause the substrate or
upper layer to stick to the mined crust. Hence, conventional mineral processing operations
such as comminution and separation (i.e., gravity, magnetic, flotation) are necessary to
remove the substrate before the metallurgical treatment. Among the available literature,
the work from 1991 on the flotation of Co-rich crusts [98] deserves attention. This research
describes the experiments aiming the beneficiation, i.e., separation of crusts from the metal-
barren substrate by the froth flotation technique. Other investigators tried to beneficiate
crust samples by using Jig concentrators, allowing for further gravity separation of particles
within the ore body [99]. In this case, crust samples were crushed to obtain various particle
fractions. In the end, the flowsheet was proposed showing that fractions from 0.5 to 4 mm
could be concentrated by Jig separation, while the finer fractions by froth flotation.

In 1991, other researchers presented their study on the leaching of metals from CRC
in the H2SO4-H2O2 media [76]. Crust samples were air dried and beneficiated before the
leaching operation. The advantages of their method were leaching at ambient temperatures
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and that water and oxygen were only used. For the beneficiation, froth flotation (collectors:
diesel fuel or kerosene with fatty acids and a lesser amount of sulfonate), and magnetic
separation were proposed. For metals recovery from leach solution, authors applied three-
step precipitation: first, iron was precipitated with CaO, then Co and Ni were removed as
mixed sulfides by the precipitation with H2S under pressure, and finally, Mn was recovered
by carbonation at neutral pH, as MnCO3.

Since that time, the literature on the recovery of metals from CRC has been limited. Ex-
cept for a few propositions aiming at leaching of crusts samples in HCl [74] and H2SO4 [75],
there have been no works on that subject. Even if the title indicates the interest in metals
recovery from the crust material, in the majority of works it is a rather general consid-
eration of pros and cons. Since CRC, similarly to PMN, exhibit complex oxidic mineral
composition, it might be assumed the respective ore processing techniques of crusts will be
very similar to nodule extraction discussed in the previous subchapter and summarized in
Table 8 and Figure 11.

3.3. Seafloor Massive Sulfides (SMS)

Similarly to CRC, the literature on the processing of seafloor massive sulfides is quite
poor—only a few research works concern the extraction of metals from this type of marine
deposit. This is due to the limited number of mined samples to be tested.

The Solwara 1 project (the first deep-sea mining project at the international level
was approved but failed before the extraction phase) planned to mine mineral-rich hy-
drothermal vents in the Bismark Sea [83]. However, so far, no commercial extraction and
processing has been performed. From 1998 to 2012, several tests on the characterization of
samples and processing were performed. The first reported processing test was conducted
in 1998 on two samples with different compositions: rich in zinc and poor in copper, and
rich in copper and poorer in zinc. High recovery of copper and zinc was obtained. The
authors of the presented report claimed that it was similar to terrestrial mining operations,
but no flotation conditions were provided. It has to be noted that for all Solwara processing
tests, the flotation conditions were not provided. The next reported test was conducted
on the chimney sample in 2005, and the tests resulted in high recoveries of copper, silver,
gold, lead, and zinc. The final concentrate contained over 26% of copper, however the con-
centration of metals in the feed was not provided. In 2008 the grindability and floatability
tests were performed. The flotation concentrates with a copper grade of 28% and recovery
of 90% were produced. In 2012 the final processing tests were performed, achieving the
concentrate enriched in gold and degraded in copper. Since then, no other enrichment tests
for the Solwara 1 project have been reported.

The idea of direct application of conventional mineral processing technologies to
seafloor mineral processing was discussed in work [81]. The presented concept was to
implement ball mill grinding and column flotation directly on the seabed before lifting
the ores. Before experiments, the ore samples were ground into particles with the size of
88 to 106 µm. Both water-filled grinding and column flotation under elevated pressure
had almost comparable performance to wet grinding and flotation at the atmospheric
pressure. Moreover, the measurement by Laser-Induced Breakdown Spectroscopy (LIBS)
was proposed to apply to the in situ measurement of a metal grade of ore particles.

Recently, Aikawa et al. (2021) [82] presented results on flotation of SMS samples,
which were chemically pretreated using ethylene diamine tetra acetic acid (EDTA) to
remove anglesite. The authors claimed that application of surface cleaning before flotation
and depression of Pb-activated sphalerite could achieve the highest separation efficiencies
of chalcopyrite and sphalerite.

Kowalczuk et al. [77] studied the extraction of copper and zinc from SMS rock samples
from Loki’s Castle hydrothermal vent on the Mohn’s Ridge. The mineralogical analysis
revealed that SMS samples are totally different than massive sulfides occurring on land.
Sphalerite, chalcopyrite and isocubanite showed complex intergrowth texture on the
nano scale. Chalcopyrite occurs as 1-micron lamellas in the structure of isocubanite and
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sphalerite. Sphalerite contained app. 20% of iron. This complex mineralogy provideed
challenges to conventional mineral processing methods such as liberation by comminution
and upgrading by flotation. The high iron content in sphalerite was a challenge to upgrade
a sulfide concentrate by removing pyrite. Thus, nitric acid was proposed as an appropriate
leaching agent. The authors found that leaching with HNO3, at an elevated temperature
yielded more than 90% extraction of Cu, Zn, and Fe.

An alternative method was proposed in experiments aiming at copper and silver re-
covery [78], conducted at the material of the same chemical and mineralogical composition
(silica, barite, quartz, galena, pyrite, and marcasite were identified as gangue minerals).
The silver phases were not detected due to their low content (15 ppm), thus it was assumed
that Ag can occur as an admixture in the crystallographic lattice of sulfides or as micro
inclusions. Here, the SMS sample was leached in MnO2-H2SO4-NaCl media, providing the
galvanic mechanism of the leaching reactions. It is well known that galvanic effects occur
when two sulfide minerals, differing in rest potentials, are coupled together in a solution
that acts as an electrolyte [100–103].

In the mentioned study, it was found that copper and silver only started to dissolve in
the presence of MnO2, thus confirming the galvanic interactions between Cu and Ag-phases
and MnO2. The probable galvanic couples formed between primary sulfide minerals of
the SMS ore (chalcopyrite, isocubanite, sphalerite, pyrite/marcasite), and MnO2, acting
as a cathode and anode, respectively. The observed leaching rates were dependent on
the addition and dosage of MnO2, but reached only 80 and 35% after 24h, for Cu and
Ag, respectively.

Another idea of Kowalczuk’s team was presented in the work [79], aiming at simul-
taneous leaching of massive sulfides and polymetallic nodules. Leaching was performed
with the use of H2SO4 and NaCl, at 80 ◦C, and different PMN/SMS ratios. The PMN
sample was used as a potential source of MnO2 (27 wt% of Mn)—an oxidant for metals
leaching from the SMS sample. The results indicated that leaching of the two types of
marine resources enabled high dissolution rates of metals; copper, manganese, and nickel
were almost completely extracted, whereas zinc extraction yielded around 85% after 48 h of
leaching. In addition to that, the authors showed a few concepts for utilization of leaching
residue, i.e., in ceramic production, oil and gas drilling, or metal adsorbents.

In all of the above-discussed works, the common procedure on the material preparation
before leaching operation was drying at room temperature (for the SMS sample) or 60 ◦C
(for the PMN sample), and crushing followed by sieving, to obtain the particle size fraction
<50 µm. Such a procedure enables the liberation of sulfides from mineral intergrowths.

Other available research works on leaching of SMS deposits are rather scarce. The
investigation presented in [80] simulates natural leaching of fine particulate SMS materials
suspended in the seawater, during in situ mining, at the stage of returning the material
to the ocean after ship-board processing. In this study, the SMS sample from the Trans-
Atlantic Geotraverse (TAG) active mound was leached in artificial seawater at 12 ◦C, to
find the effect of copper, iron, and lead leachability. The main mineral phases indicated
were: pyrite/marcasite, chalcopyrite, covellite, Fe oxides/oxyhydroxides, and quartz.
Before leaching, the sample was crushed and sieved to receive fractions below 45 µm. The
concentrations of Cu and Pb in the leachate were at ppb levels, and leached Fe underwent
the hydrolysis and formed Fe oxyhydroxides. Additionally, it was stated that the factors
that control the leaching process are mineralogy and/or galvanic interactions formed
between mineral phases in a seawater environment.

The pyrometallurgical approach to recovery of metals from SMS deposits was pre-
sented in [104]. In this work, investigators proposed a two-stage process involving smelting
operation and further converting of the produced matte phase. Both operations were run
at the temperature of 1350 ◦C. The SMS sample used in this study had mineralogy typical
for seafloor sulfides (bornite, chalcopyrite, chalcocite, marcasite, pyrite, sphalerite) and
contained around 39 wt% and 21 wt% of Cu and Fe, respectively. The produced converting
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matte phase contained ca. 99 wt% of Cu, and the overall copper recovery for both process
steps was ca. 96%.

4. Downstream Processing

Many of the hydrometallurgical methods proposed so far concentrate on the extraction
of all metals from polymetallic nodules, and only a few are concerned with the selective re-
moval of impurities [18,50,51]. This is an important step because the presence of impurities
complicates the process of recovering metals in a pure form.

The common impurity in pregnant leach solutions (PLS), posing a huge problem
in metallurgical circuits, is iron. Its extraction is typically between 30% and 90%, some-
times ending in complete dissolution [56,60,72,94]. It is especially frequent when Fe salts
are introduced as reducing agents or in bioleaching methods. However, the latter can
also effectively reject iron [70], but usually, it is compensated by long extraction times
(i.e., 90 days) or low recovery of coexisting metals.

In [44] authors compared the efficiency, operating, and capital costs of five selected
processes described in the literature: (a) reduction and ammoniacal leaching, (b) CUPRION
ammoniacal leaching, (c) high-temperature and high-pressure sulfuric acid leaching, (d) re-
duction and hydrochloric acid leaching, and (e) smelting and sulfuric acid leaching. In gen-
eral, pyrometallurgical processes were found to be less beneficial than hydrometallurgical
processes, due to high energy consumption (due to high moisture content). However,
the smelting process can be advantageous, because valuable metals could be effectively
concentrated in the alloy phase and separated from the impurities, which remain in the slag
phase. It also turned out that it was better to combine smelting with leaching in HCl acid
instead of H2SO4 because the former allows higher recoveries and recycling of chlorine gas
and sulfur.

The great challenge arising in the processing of seafloor materials is the handling of
multi-component pregnant leach solutions. Usually, downstream processing uses either
precipitation or solvent extraction (SX) and electrowinning (EW) technology (Table 11).
Precipitation is mainly destined for iron and manganese removal from PLS before extraction
of valuable metals, commonly with aid of basic compounds or by purging with air. In many
cases, Co and Ni are precipitated and recovered in the form of mixed sulfides, which after
redissolving can be directed to the SX stage. Solvent extraction is useful in the separation
of the valuable metals from impurities and accompanying metals present in PLS. The
selectivity is usually ensured either by the selection of proper extractant or by applying
specified conditions (pH, temperature) for selective stripping. Clean solutions of metallic
compounds obtained in the SX step are directed to electrowinning to recover pure metal.

Table 11. Downstream processing methods for marine deposits—examples.

Method Conditions Results/Main Conclusions Ref.

Ammonia leaching with SO2 →
precipitation of Mn(aq), recovery and

recycle of ammonia→ Cu SXandEW→
precipitation of Ni, Co sulfides from Cu

raffinate→ dissolution of Ni(Co) sulfides
in H2SO4, O2 → Ni, Co SXandEW

Cu SX with LIX 84I,
Ni SX with D2EHPA Co SX with PC-88A

Medium scale demonstration
plant 500 kg/day
Metals recoveries:

Cu: 85%
Ni: 90%
Co: 80%

[61]

Leaching with 50% H2SO4 → precipitation
of Fe and Mn at pH 4.5→ co-extraction of
Cu and Ni→ selectie stripping of Ni and

Cu

Leaching at 80–90 ◦C;
SX: Organic phase:

LIX 984N + kerosene
Acorga M5640 + kerosene, 5 min., A/O = 1

Quantitative and selective
stripping of Cu and Ni;

Co in raffinate
[105]

Leach liquor→ precipitation of Fe→ SX of
REE

Fe precipit. with Ca(OH)2, at pH = 3.95
SX: 0,1M sols of D2EHPA, PC88A and

Cyanex 272, 5 min, A/O = 1;
Stripping with 2M HCl

Highly selective extraction of
REE with D2EHPA, in the

presence of base metals (Cu,
Ni, Co, Mn)

[106]
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Table 11. Cont.

Method Conditions Results/Main Conclusions Ref.

PMN leach liqor→ Fe precipitation→ Cu
SX→ Zn SX→Mn SX, Co scrubbing from

loaded organic→ Ni SX

Fe(II) oxidation with 0.5% H2O2, precipit.
With Ca(OH)2;

Cu SX: 10% LIX84I + kerosene, A/O = 6/1;
Zn SX: 0.02 MD2EHPA + kerosene,

A/O = 1
Mn SX: 1M NaD2EHPA + kerosene

Ni SX: 0.15 M NaD2EHPA + kerosene
30oC, A/O = 1, 5 min; stripping with

H2SO4

Metals recoveries:
Cu: ~100%

Zn(II): 99.6%
Mn(II): 99.9%
Ni(II): 99.3%

[107]

Synthetic solution (equivalent to sea
nodule leach liquor)→Mo SX→

crystallization→ thermal decomposition

Mo SX: 10% v/v Alamine 304–1 + kerosene,
5 min., 25 ◦C, stripping with NH4OH +

(NH4)2CO3;
Crystallization of (NH4)4Mo2O6;

decomposition at 400 ◦C to MoO3

purity of (NH4)4Mo2O6 and
MoO3—99.9% [108]

PMN leaching liquor→ Precipitation of Fe
→ * precipitation of Co, Ni sulfides→

dissolution in H2SO4 → Co, Ni SX
→ Co precipitation→ roasting→ Co2O3

→ Ni recovery→ NiSO4·7H2O
precipitation of Mn from *→ dissolution in

0.5 M H2SO4 and crystallization of
MnSO4·H2O

Impurities (Mn, Fe, Cu, Zn) SX: 15%
D2EHPA + kerosene

Co, Ni SX: 25% P507 (neutralized) kerosene,
27 ◦C,

Co precipitation with oxalic acid and
ammonium oxalate at 65 ◦C;
Roasting at 700 ◦C→ Co2O3

Fe precipitates as jarosite
Metals recoveries:

Mn: 85%;
Co: 75%;
Ni: 78%

[109]

PMN leach liquor→ Cu SX→
Co, Ni SX from Cu raffinate→ Co SX and

stripping
→ Ni SX and stripping

1st stage: Cu SX: 0.3 M Cyanex 923;
2nd stage: Co SX: 0.6 M Cyanex 923;
3rd stage: Ni SX: 0.1M Cyanex 301

Metals recoveries:
Co(II), Cu(II), Ni(II): 90% [58]

PMN leach liquor→Co-extraction of Cu
and Ni→ selective stripping of Ni→ Ni

SX-EW

Cu,Ni SX: LIX 64N + kerosene, A/O = 1;
scrubbing with ammonia, Ni stripping in 6

stages, Ni EW 12h, 61 ◦C

Purity of electrocrystallized
Ni: 99.82%

The effect of organic phase
deletorious for the quality of

electrowinning product

[110]

* Mn precipitation from the filtrate after the Co, Ni sulfides precipitation.

Mittal and Sen [61] demonstrated the medium scale plant for processing PMN
(500 kg/day) by reductive pressure leaching with ammonia and SO2, combined with
SX-EW sections for Cu, Co, and Ni separation. In the leaching stage, Cu, Co, Ni, and Mn
are dissolved. Manganese is precipitated and separated as MnO2 and free ammonia is
recovered in a stripper and recycled to the autoclave. Then, Cu is selectively removed
from PLS by SX-EW and the raffinate containing Co and Ni is subjected to sulfide precip-
itation. Precipitated sulfides of Co, Ni, and minor impurities (Cu, Zn, Fe) are dissolved
in dilute sulfuric acid. The obtained leach solution is directed to Co-Ni separation by SX,
after removal of dissolved impurities. Similar to copper, pure Co and Ni are produced
through electro-winning. The recoveries of Cu, Ni, and Co were respectively equal to
85, 90, and 80%.

Solvent extraction of Cu, Co, and Ni from acidic PLS was described in [105]. First,
nodules were leached in the mixture of sulfuric acid and activated charcoal at 80–90 ◦C. Iron
and manganese present in the leachate were precipitated before extraction. Commercial
acidic extractants (LIX 984, ACORGA M5640) were used for the co-extraction of Cu and
Ni. Cobalt remained in raffinate, and the selective recovery of Cu and Ni from the organic
phase was based on sequential stripping with an appropriate sulfuric acid solution.

Extraction of Cu, Co, and Ni from HCl leach solution of PMN was studied in [58],
together with their mutual separation and separation from accompanying metal ions, such
as Ti(IV), Al(III), Fe(III), Mn(II), and Zn(II). The tested extractant compounds (Cyanex 923
and Cyanex 301) were able to efficiently (>90%) extract Cu(II), Co(II), and Ni(II) from highly
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acidic media (4M). Yet, the residual organic phases still contain some undefined amount of
co-existing ions.

Except for primary metals, rare earth elements are often found in seafloor materi-
als [111,112], enhancing their economic value. However, it is critical to separate REE from
base metals, and this might be achieved by SX. In [106], the authors used organophosphorus
acids to extract REE from a solution after PMN leaching. The main impurity—iron—was
precipitated before extraction, leaving in the solution the remaining metals, i.e., Cu, Ni,
Co, and Mn. The application of D2EHPA (di -2-Ethylhexyl phosphoric acid) resulted in
selective REE extraction with an overall efficiency of around 97%.

5. Conclusions and Future Perspectives

Oceans are known to have particularly rich deposits of various types of minerals
(polymetallic nodules, crusts, sulfides). The SMS deposits can be compared to land-based
ore deposits and appear to be typically smaller but slightly higher-grade than most sulfide
deposits mined today. More similarities may be seen with the volcanogenic massive
sulfides (VMS). Additionally, many critical raw materials (CRM) from global crusts and
nodule deposits will most likely be relevant as a supplement to land-based mining, rather
than a substitute.

A huge effort has been made for exploitation and extraction of polymetallic nodules;
however, for other types of marine minerals both mining and processing operations are at
very low levels of readiness. Currently, there is no elaborated plan for the processing of SMS
and CRC, which is caused by the limited geochemical data and number of mined samples
to be tested. In this paper we collected information from peer-reviewed and other technical
literature on historical and recent developments in the processing of marine minerals,
particularly polymetallic nodules (PMN), polymetallic crusts (CRC), and seafloor massive
sulfides (SMS). The proposed processing operations are based on metallurgical approaches
applied to terrestrial deposits. However, marine minerals differ significantly from the
land resources, and thus the processing will be different as well. Successful methods must
consider the characteristics of marine minerals; that is chemistry, mineralogy, porosity, and
water content.

Due to the complex mineralogy of polymetallic nodules and polymetallic crusts,
separation and enrichment of metals of interest from the other components by physical
beneficiation methods would tend to be energy intensive in comparison with the terrestrial
resources. Thus, PMN and CRC would be treated either hydrometallurgically or pyromet-
allurgically, or a combination of both. Currently, the most effective method of polymetallic
marine minerals treatment is a combination of pyro- and hydrometallurgical methods.
However, the development of new and green methods for metallurgical processing of PMN
and CRC is necessary.

The choice of processing routes for seafloor massive sulfides will strongly depend on
the metal content and mineralogy, and thus economic causes. Three metallurgical concepts
for processing for high-grade, medium-grade and low-grade SMS might be suggested.
Rich samples with high concentrations of copper, zinc, and minor elements would be
directly processed by pyrometallurgy. The medium-grade ore, which does not meet the
pyrometallurgical requirements, would first be enriched by conventional processing, and
then either pyro- or hydro- metallurgically treated. Due to complex mineralogy, rapid
oxidation of sulfide minerals, and porosity, new flotation reagents would have to be
applied here. Finally, a low-grade ore with a complex mineralogy will be directed to
hydrometallurgical treatment.

The current processing tests have been performed on the land. However, future
preprocessing such as pre-grinding (e.g., comminution) and preconcentration (e.g., sensor-
based sorting) might take place on the seabed, disposing of non-toxic associated waste
rocks, and only concentrated material could be lifted to the vessel. Such pre-processing
might reduce the quantity of waste material lifted from the ocean bed and then reported to
the next processing stage. Such a vessel would either transport the ore to the production
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plant on land or the green production would take place on the vessel. Enrichment by
pre-concentration on the seabed and processing on the vessel would significantly decrease
the operational costs. The choice of processing plant will strongly depend on economic
and technological considerations.
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Abstract: Blast furnace slag (BFS) is usually regarded as a by-product of the steel industry, which
can be utilized as raw material for preparing BFS-based zeolite (BFSZ). In this study, BFSZ was
successfully prepared from BFS using alkaline fusion-hydrothermal synthesis. Via the analyses by
XRD, SEM, EDX, XRF, FT-IR, elemental mapping and BET/BJH methods, BFSZ crystallization was
almost complete at 6 h. With a further increase of crystallization time to 8 h, no significant effect on
the formation of crystalline phase was found. Meanwhile, the zeolite content Si/Al (Na/Al) molar
ratio was highly affected by crystallization time. The main component of BFSZ prepared at 6 h is
cubic crystal with developed surface, with particle size around 2 µm. Moreover, further increasing
the crystallization time will not significantly influence the size and morphology of BFSZ product.

Keywords: blast furnace slag; conversion; zeolite; characterization; crystallization time

1. Introduction

According to the data of the National Bureau of Statistics, in 2020, the cumulative
output of crude steel in China reached 105.30 million tons, with a cumulative growth of
5.2%. Blast furnace slag (BFS) is usually regarded as a by-product of the steel industry. It
is estimated that each ton of iron produced will produce 290 kg BFS [1,2]. There is still a
large amount of BFS landfilled in China, because we cannot fully utilize BFS at present [3].
Hence, the landfilled BFS has attracted great attention as regards the pollution of heavy
metals and particles in groundwater. Considering this, we urgently need a new way to
convert BFS into products of high value-added to meet the requirements of sustainable
development in the iron and steel industry.

Recently, the preparation of zeolite from minerals and wastes rich in silicon and alu-
minum has received great attention, such as ash (fly ash, putty and shell ash) [4–8], clay
and slag [9–12] and natural zeolite rock [13,14]. Meanwhile, BFS is rich in silicon and
aluminum, which is very suitable for the preparation of zeolite. The zeolite preparation
is a heterogeneous reactive crystallization process, and liquid and solid phases generally
both exist in the reaction system. The parameters that have the greatest influence on the
properties of blast furnace slag-based zeolite (BFSZ) are generally crystallization temper-
ature, crystallization time, initial Si/Al ratio and pressure, etc. In our previous studies,
we systematically studied the parameters including crystallization temperature and initial
Si/Al ratio in the reaction system on the structure and properties of the BFSZ products.
However, further work is needed to clarify all factors controlling the crystal phase and
formation of BFSZ. In addition, the crystallization time is known to have a significant
effect on the generated crystalline phase and the total crystallinity. Hence, the study of the
influence of crystallization time on the synthesis process is very important to clarify and
improve the synthesis of BFSZ.
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The purpose of this study is to analyze the most effective synthetic route of BFSZ
and then to obtain the highest product quality. In order to characterize the synthesized
BFSZ, X-ray (powder) diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray fluorescence (XRF), Fourier transform infrared
spectroscopy (FT-IR), elemental mapping and the Brunauer–Emmett–Teller/Barrett–Joyner–
Halenda (BET/BJH) methods were utilized to test the BFSZ obtained at different crystal-
lization time.

2. Materials and Methods
2.1. Materials

The BFS samples are collected from multiple positions of a storage yard located in
Nanjing, Jiangsu province, China, and then mixed evenly before use. Meanwhile, the same
batch of BFS was used to conduct all experiments described in this research. The BFS
powder was obtained by passing a 50-mesh sieve after crushing, drying and screening.
Table 1 lists XRF analysis results of the BFS used in this study. From Table 1, the main
components in the slag were CaO, Al2O3, and SiO2.

Table 1. Determination of chemical composition of blast furnace slag (BFS) and activated BFS (ABFS).

Component BFS/wt % a ABFS/wt % a

CaO 47.08 0.24
SiO2 29.13 58.59

Al2O3 20.59 41.56
MgO 1.11 0.14
Fe2O3 1.58 0.58
Na2O 0.27 0.11
Total 99.76 b 99.25 b

a Measured by X-ray fluorescence (XRF).b Sulfur oxides may be present in the remaining components.

2.2. Synthesis of Blast Furnace Slag-Based Zeolite (BFSZ)

Before preparing zeolite, BFS was first activated with nitric acid to obtain activated
BFS (ABFS). Namely, 10.0 g of BFS was dissolved in 2.0 mol·L−1 HNO3 solution (100 mL)
in a Teflon beaker. After dissolving at 80 ◦C for 2.0 h, the slurry was filtered to obtain the
ABFS (see Table 1 for the chemical components of ABFS). An alkaline fusion-hydrothermal
synthesis method was adopted to prepare BFSZ. In a typical program, 1:1.3 (wt %/wt %)
ABFS and NaOH was first evenly mixed, after that baked in a muffle furnace at 600 ◦C
for 90 min. Then, 5.0 g of baked products was stirred into 25 mL 1.0 mol/L NaOH (aq)
until they were mixed evenly, and 50 mL of aqueous solution containing a certain amount
of sodium aluminate or sodium silicate was added to adjust the Si/Al molar ratio to 1:1.
The resulting mixture was then transferred to a thermostatic water-bath, stirred at 100 ◦C
for 2 h, and crystallized at the same temperature for a certain crystallization time. Finally,
the mixture was filtered, washed with distilled water until neutral and dried for further
characterization. To further analyse the impact of crystallization time on the BFSZ synthesis,
multiple BFSZ products were produced at different crystallization times.

2.3. Characterization

The XRD pattern of the sample was obtained by D8 discover X-ray diffractometer
using Cu Kα radiation in a 5~90◦ 2θ scan range at 0.02/min scanning rate and operated at
40 mA and 40 kV (D8 discover, Bruker, Berlin, Germany). The samples were chemically
analyzed by XRF spectroscopy (Axios, Panalytical, Eindhoven, Holland). The morphologi-
cal structure of the samples were studied by field-emission scanning electron microscopy
(FE-SEM) (SU 8220, Hitachi, Tokyo, Japan) under the following analytical conditions:
HV = 20.00 kV, WD = 11.9 mm, HFW = 14.9 µm, mode: SE. ASAP2020 (Micromeritics,
Norcross, GA, USA) using N2 adsorption method was used at 77 K to obtain specific
surface area (SSA) through the BET equation. Thermo Scientific Nicolet 6700 FT-IR spec-
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trophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to perform Fourier
transform infrared spectroscopy (using a KBr method) in the 4000–400 cm−1 region.

3. Results and Discussion
3.1. Crystalline Characteristics

In this paper, we have systematically investigated the effect of crystallization time
on the crystalline characteristics of obtained samples. The XRD patterns of BFSZ samples
obtained at various crystallization time are listed in Figure 1. From Figure 1, after 4 h
crystallization, NaA zeolite (JCPDS cards number: 71-0784) and ZK-14 zeolite (JCPDS
cards number: 84-0698) is present in the products (see Figure 1a), although the diffraction
peak intensity is a little weak, indicating incomplete crystallization. As the crystallization
time increased to 6 h, the diffraction intensity and crystallinity increased gradually (see
Figure 1b). However, as the crystallization time was further increased to 8 h, the diffraction
peak was not further strengthened, indicating that the zeolite crystallization was almost
completed within 6 h (see Figure 1c). Moreover, the crystallization products obtained at
6 h of crystallization clearly showed some diffraction peaks at 7.19◦, 10.18◦, 12.47◦, 14.41◦,
16.13◦, 20.43◦, 21.69◦, 24.01◦, 27.14◦, 29.97◦, 30.86◦, 32.58◦, 34.22◦, 52.66◦, 57.60◦ and 69.22◦,
which matched well with the characteristic peaks of NaA zeolite (JCPDS cards number:
71-0784) [15–17]. That is to say, the BFSZ obtained at 6 h is mainly composed of NaA
zeolite (see Figure 1b). The results showed that NaA zeolite with good crystallinity was
successfully formed.
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3.2. Chemical Analysis

The changes of chemical composition and Si/Al (Na/Al) molar ratio are shown
in Table 2. Comparing the 0.11% of Na2O content in ABFS, the Na2O content in the
BFSZ obtained at various crystallization times were significantly increased. Due to the
mechanisms of zeolite growth, the SiO4 tetrahedron can be replaced by Al atoms to form
AlO4 tetrahedron. However, the Al atom is trivalent, and the electricity price of one oxygen

301



Minerals 2021, 11, 1314

atom is not neutralized in the AlO4 tetrahedron, resulting in charge imbalance, which
makes the whole AlO4 tetrahedron negatively charged. In order to remain neutral, there
must be positively charged ions to offset, which are generally compensated for by alkali
metal and alkaline earth metal ions, such as Na. Hence, the Na2O content in BFSZ is
changed dramatically. In addition, the great change of Na2O content is also regarded
as other evidence of the successful transformation of BFSZ material [18,19]. The zeolite
contents in BFSZ were determined to be 90.90%, 95.53% and 97.41% at crystallization time
of 4 h, 6 h and 8 h, respectively. The significant increase on zeolite content of BFSZ samples
generally clarify that longer crystallization time is favorable for zeolite formation in the
reaction system. On the other hand, Si/Al and Na/Al molar ratio both increases with the
increase of crystallization time. Namely, under longer crystallization time, more Si and Na
ions are involved in the synthesis of BFSZ. Meanwhile, according to the BFSZ preparation
process, Si and Al ions content in the filter liquor recovered after BFSZ preparation at 6 h
was determined by ICP (Optima 5300DV, Perkin-Elmer, Waltham, MA, USA). The results
show that Al ions concentration in the filter liquor was negligible and Si ions concentration
in the filter liquor was 248.68 mg/L. Namely, abundant water-soluble silicates ions are
not involved in BFSZ synthesis, while almost all Al ions are involved and consumed in
BFSZ synthesis. This phenomenon can be attributed to the fact that during the process of
zeolite synthesis, Al acts as the controlling substance and the consumption rate of Al is
much higher than that of Si in the reaction. Moreover, there was little change in the relevant
data such as chemical component, zeolite content and Si/Al (Na/Al) molar ratio of the
BFSZ products prepared at 6 or 8 h. Taking the above results into account, an appropriate
crystallization time should be controlled at about 6 h.

Table 2. Chemical components and Si/Al (Na/Al) molar ratio of the obtained BFSZ.

Crystallization Time (h)
Chemical Component a/wt % Molar Ratio Zeolite Content b

/wt %CaO SiO2 Al2O3 Na2O Fe2O3 MgO Si/Al Na/Al

4 0.34 35.42 35.66 19.82 0.65 0.17 0.84 0.90 90.90
6 0.43 38.16 36.76 20.61 0.32 0.09 0.88 0.92 95.53
8 0.36 38.72 36.42 22.27 0.38 0.13 0.90 1.01 97.41

a Measured by XRF.b Defined by (SiO2 + Al2O3 + Na2O)/ (total weight).

3.3. Fourier Transform Infrared (FT-IR) Analysis

The FT-IR spectroscopy of the BFSZ products obtained are displayed in Figure 2.
The band at approximately 544 cm−1 was attributed to the external vibration of double
four-rings (D4R), which is a feature of NaA zeolite [20–22]. The bands at 440 cm−1 and
1030 cm−1 are attributed to the vibrations of T–O bending and the TO4 asymmetric stretch
(T = Si or Al), respectively. The bands at 3336 cm−1 and 1646 cm−1 were respectively due
to intermolecular hydrogen bond and bonding water [23]. The bands at 711 and 764 cm−1

were due to the symmetrical stretching of T–O–T, and a band at 958 cm−1 was attributed to
the asymmetrical stretching of T–O–T. The results of FT-IR for the BFSZ products obtained
were consistent with the interpretation of XRD results.
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3.4. Microstructural Characteristics

The BET/BJH test was carried out to analyze specific surface area (SSA), pore volume
and average pore diameter of the BFSZ obtained under various crystallization times.
BET/BJH measurements of nitrogen adsorption isotherm and pore size distribution are,
respectively, displayed in Figures 3 and 4. Seen from Figure 3, the broad hysteresis loop
ranging in 0.2 < P/P0 < 0.8 and steep elevation in the range of P/P0 > 0.8 indicate the
existence of mesoporous and microporous structure [24,25]. Moreover, the pore size
distribution in Figure 4 again proves that BFSZ has mesoporous and macropore size pores.
Meanwhile, the SSA, pore volume and average pore diameter of the BFSZ are demonstrated
in Table 3. Results show that the SSA of the BFSZ became greater with the increase of
reaction time. The SSA value for the BFSZ obtained at 6 h or 8 h remain largely unchanged.
This again shows that the crystallization time of 6 h is sufficient to prepare BFSZ using
the alkaline fusion-hydrothermal method. In addition, the average pore size is usually
inversely proportional to the SSA value of BFSZ. This may be because relatively small
pores can establish a hierarchical connection system of pores in BFSZ, which may lead to
the obtained BFSZ samples having high SSA values.
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Table 3. Microstructural characteristics results of the BFSZ prepared at various crystallization times.

Crystallization Time (h) SSA (m2/g) a Pore Volume (cm3/g) b Average Pore Diameter
(nm) b

4 37.16 0.14 10.95
6 49.64 0.11 7.62
8 49.96 0.11 7.78

a Brunauer-Emmett-Teller (BET) surface area. b Determined by Barrett-Joyner-Halenda (BJH) desorption data.
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3.5. Morphology Analysis

SEM images show that crystallization time has a significant effect on the size and
morphology of BFSZ. After 4 h of crystallization, a large number of loosely packed crystals
with irregular shapes were discovered, indicating incomplete crystallization. In addition,
the morphology listed in Figure 5A again reflected weak peaks displayed in the XRD
patterns. As the crystallization time reached up to 6 h, the main component of the product
was a much larger cubic crystal with developed surface, and its particle size was about
2 µm (Figure 5B). Moreover, when the crystallization time was further increased to 8 h, all
the obtained BFSZ samples were well shaped. In addition, the crystallization time will not
significantly affect the crystal size and morphology of the BFSZ (Figure 5C). Moreover, as
seen from morphological analyses of BFSZ in Figure 5, the cubic particles with a chamfered
shape, along with a small fraction of round crystals can be observed. The cubic and round
crystals corresponded to zeolite A and zeolite ZK-14, respectively based on morphology.
Moreover, it is worth noting that no aggregates were observed in the SEM pictures which
indicate that this shape transformation can provide large surface area with tiny pores.
That is to say, 6 h is enough to complete the crystallization process. In addition, with the
increase of crystallization time, the surface of BFSZ particles obtained changes from crude
to smooth.
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Figure 5. Scanning electron microscope (SEM) images of BFSZ synthesized at crystallization times of (A) 4 h (B) 6 h and
(C) 8 h.

3.6. Elemental Mapping Analysis

Elemental mapping analysis was conducted to compare and study the regional (or
phase) distribution characteristics of elements in the BFSZ sample obtained under vari-
ous crystallization times. As seen in Figure 6, the BFSZ sample obtained under various
crystallization time contains all BFS-derived metals. As shown in Figure 6A, Si, Al, O and
Na-rich phase was formed and the Si, Al and Na were distributed in the same distribution
area. From the morphological point of view, this is considered to be zeolite, which once
again proves the successful preparation of BFSZ. At the same time, some components such
as iron, calcium and magnesium also appear in the mapping image. However, no related
crystal structure on iron, calcium and magnesium was discovered in the XRD pattern (see
Figure 1). It is likely that those secondary metal ions either cannot form a crystalline phase
or may be incorporated into the BFSZ.
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Figure 6. Elemental mapping of BFSZ synthesized at crystallization times of (A) 4 h (B) 6 h and (C) 8 h. 
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Figure 6. Elemental mapping of BFSZ synthesized at crystallization times of (A) 4 h (B) 6 h and (C) 8 h.

4. Conclusions

The effects of crystallization time on the alkaline fusion-hydrothermal synthesis of
BFSZ were investigated. The BFSZ obtained under different crystallization times was
measured by XRD, FT-IR, BET/BJH, XRF, FE-SEM and elemental mapping analysis. It
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was found that BFSZ crystallization was almost complete for 6 h. A further increase of
crystallization time did not have a significant effect on the phase formation. Under 6 h
aging, the main phases in BFSZ were NaA zeolite with the average SSA of 49.64 m2 g−1.
Additionally, the cubic crystal with a developed surface in BFSZ crystals with particle size
of about 2 µm could be clearly observed. Elemental mapping analysis showed that a Si,
Al, O and Na-rich phase was formed and the Si, Al and Na were distributed in the same
distribution area. Hence, it can be concluded that the optimal crystallization time for the
synthesis of BFSZ using alkaline fusion-hydrothermal treatment is around 6 h. Research on
the properties of the obtained BFSZ needs to be conducted through further studies.
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Abstract: For several decades, the metallurgical industry and the research community worldwide
have been challenged to develop energy-efficient and low-cost titanium production processes. The
expensive and energy-consuming Kroll process produces titanium metal commercially, which is
highly matured and optimized. Titanium’s strong affinity for oxygen implies that conventional
Ti metal production processes are energy-intensive. Over the past several decades, research and
development have been focusing on new processes to replace the Kroll process. Two fundamental
groups are categorized for these methods: thermochemical and electrochemical. This literature
review gives an insight into the titanium industry, including the titanium resources and processes
of production. It focuses on ilmenite as a major source of titanium and some effective methods
for producing titanium through extractive metallurgy processes and presents a critical view of the
opportunities and challenges.

Keywords: titanium; titanium alloys; ilmenite; extractive metallurgy; TiO2; calciothermic reduction

1. Introduction

Titanium is a transition metal that is used more in the production of high-strength,
corrosion-resistant, and thermally stable metal alloys for the aerospace and shielding
industries. The titanium production cost has so far hindered the growth in the use of this
metal relative to other base metals on the market, even though titanium is the fourth most
abundant structural metal in the earth’s crust with 0.6%. It comes after iron, magnesium,
and aluminum, but remains exotic due to its prohibitive cost [1,2], which prevents the metal
from reaching its full potential in marine and automotive industry applications. Older
production technology, high energy losses, and loss of material or metal are some of the
problems associated with the production of titanium metal [3]. Further, all base metals are
inferior to titanium in terms of specific mechanical and chemical properties, but titanium
has not yet been fully exploited [1,2,4]. Titanium exhibits unique properties, some of which
are proprietary, which could help it replace common metals and alloys such as steel and
aluminum in many applications [5].

The current commercial method of titanium production is the Kroll process, marketed
by DuPont Germany in 1948 [4]. It is a discontinuous, energy-, and labor-intensive process
whose strict conditions make it expensive; therefore, researchers around the world are
investigating new methods for extracting titanium from its precursors. Titanium is mainly
produced from minerals such as ilmenite FeTiO3 and rutile (TiO2) while smaller quantities
are produced from perovskite (CaTiO3) and titanite or sphene (CaTiSiO5) [6]. The main
ilmenite deposits are located in Australia, China, Norway, Canada, Madagascar, India,
South Africa, and Vietnam, while rutile deposits are found in Sierra Leone, the United
States, India, and South Africa [7].

Ilmenite is a significant mineral [8], which contains between 40% and 65% titanium
dioxide. The other elements are either ferrous oxide or ferric oxide and sometimes small
amounts of vanadium, magnesium, and/or manganese. Ilmenite’s main sources are the
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heavy mineral sands (alluvial deposits) but are also commonly distributed in hard rock [9].
Currently, ilmenite accounts for 92% of the world’s titanium mineral production. Rutile
(TiO2) has a titanium dioxide content of 93–96% but is difficult to find in natural ilmenite
deposits [7]. Thereby, the present review focuses on the alluvial deposit, more precisely the
ilmenite, and the extraction of titanium from it.

Titanium metal production consumes a small proportion of total titanium reserves
per year [7]. Low density and high tensile strength make titanium attractive for industrial
applications, and give titanium-containing alloys the highest strength-to-weight ratio, an
important property for metals in the steel industry. In addition, titanium is a valuable
metal and can resist corrosion of both seawater and acids. As an alloyed metal, it can also
resist corrosion better than copper and nickel alloys and has a low modulus of elasticity
that is half that of steel and nickel alloys. The most common titanium alloy is Ti6A-4V
(6% aluminum, 4% vanadium, 90% titanium) and is typically used in medical applications
such as knee replacement implants. Metal is also one of the main elements in the aerospace
industry, architecture, chemical, and automotive applications [10].

The traditional methods of manufacturing Ti follow the same general procedures as
steel, including the primary metal production, the melting and casting of alloy ingots,
forging and rolling to produce rolling products, and the manufacture of components or
structures from rolling products [11]. Many powder production processes are at various
stages of development. There are two general approaches for Ti metal production: electro-
chemical and thermochemical methods. The well-known example of the electrochemical
methods is the Fray, Farthing, and Chen (FFC) or Cambridge process [12], which is based
on the electrolysis reduction of titanium oxide. The Kroll process [13], is an example
of the thermochemical way that is a commercially suitable process for primary Ti metal
production today.

This review provides an overview of titanium resources, of which ilmenite is the main
source, as well as it focuses on some effective methods for producing titanium powder
through extractive metallurgy processes, and highlights a comprehensive view of the
opportunities and challenges.

2. Titanium Usage and Market

Titanium, and particularly titanium alloys, have become economically accessible
following a drop of nearly 30% in the price of commercially pure titanium over the last
five years [14]. Titanium alloys have many physical (lightness, good mechanical properties,
resistance to cryogenic temperatures) and chemical (resistance to electrochemical corrosion,
biocompatibility) advantages [15,16], which make them an indispensable material for civil
and military applications in fields as vast as in energy, transport, medical (MRI magnet for
observing the human body), water treatment, and the transport of corrosive liquids and
gases (Figure 1) [14].

The uses of titanium have expanded based on its inherent properties as well as the
development of new alloys. The main use is still in aerospace and aeronautics applications,
such as engines, airframes, missiles, and spacecraft [16]. Aerospace applications are based
on the low density (Table 1) and high strength-to-weight ratio of titanium alloyed at high
temperatures. Titanium’s corrosion resistance makes it a natural material for seawater,
marine, and naval applications. In addition, titanium is largely used in seawater-cooled
power plant capacitors [16].
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Figure 1. Titanium applications of the Western world by market sector, 2017 [17] (Reprinted with permission from Elsevier,
Copyright, (2020)).

Table 1. Some properties of pure titanium [15,16].

Parameter Value

Atomic number 22
Atomic radius (Å) 1.47

Atomic weight 47.9
Boiling point (K) 3273
Chemical valence 2, 3, 4

Electrical resistivity 42.06 × 10−6

Ion radius (Å) Ti+2 0.9
Ion radius (Å) Ti+4 0.68
Melting point (K) 2073
Density (g/cm3) 4.51

Specific heat (J/kg–K) 519
Traction modulus × 103 (MPa) 101

Modulus of elasticity × 103 (MPa) 103
Hardness (1500 kg load) (HB) 65

Fatigue resistance 0.5–0.6

Titanium can also be utilized in petroleum refineries, paper, and pulp bleaching opera-
tions, nitric acid plants, and some organic synthesis production [4]. Moreover, Titanium has
found its use in the medical field. In particular, depending on clinical needs, titanium and
a multitude of its alloys offer high axial flexibility, good expansion behavior, radio-opacity,
and hemocompatibility. Even of its sophisticated bio-applications, the main use of titanium
in biomedicine is as a structural prosthesis [1,2,18].

3. Resources

Titanium deposits are huge, with current estimates assuming a global reserve of
650 billion metric tons of titanium oxide. The minable deposits are found in South Africa at
Namaqualand and Richards Bay, Australia, Canada, Norway, and Ukraine (Figure 2) [1,7].
The two main minerals being considered for use are ilmenite and rutile and although these
are the minerals available for economic mining, TiO2 is part of almost every mineral, sand,
and rock [4].
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Figure 2. Distribution of the titanium ore reserves in the world [1,4].

The common titanium minerals are anatase, brookite, leucoxene, perovskite, titanite,
rutile, and ilmenite. However, only ilmenite, leucoxene, and rutile have crucial commercial
value. Ilmenite and rutile are the two main titanium minerals used in industrial applica-
tions, mainly for titanium metal production and pigment-grade titanium dioxide [19].

4. Mineral Ilmenite

In 1827, Adolph Theodor Kupffer discovered Ilmenite (titanoferrite) in the Ilmen
Mountains of Russia. FeTiO3 is the typical chemical formula of ilmenite, while its chemical
composition is (40–65 wt.%) TiO2 and (35–60 wt.%) Fe2O3 [20]. Table 2 shows the properties
of pure ilmenite.

Table 2. Basic properties of pure ilmenite (FeTiO3) [21].

Property Value

Chemical classification Oxide
Color Black
Luster Metallic, sub-metallic

Mohs hardness 5–6
Specific weight 4.7–4.8 g/cm3

Crystalline structure Hexagonal
Cleavage Absent
Unit cell a = b = 508.854 Å, c = 14.0924 Å

Ilmenite is an economically important mineral, mainly because of its role in the
production of titanium oxide pigments. Its magnetic properties and those of ilmenite-
hematite solid solutions (Fe2O3;) are particularly important in commercial extraction by
magnetic separation. The dependence of the ilmenite structure on temperature, pressure,
and composition is strongly related to its electronic, magnetic, and optical properties [22].
Due to the coexistence of ilmenite with geikielite (MgTiO3) and pyrophanite (MnTiO3) in
these rocks, the typical chemical formula of this mineral in magmatic rocks is (Fe, Mn, Mg)
TiO3 [21]. Ilmenite is often confused with other iron-bearing minerals such as hematite and
magnetite because of its high magnetic susceptibility (Figure 3). Ilmenite has a hexagonal
crystal structure that is similar to corundum (Al2O3) and different from other iron minerals
and has lower magnetism compared to hematite and magnetite. The crystal presents an
octahedral structure alternating and coordinated with iron and titanium layers [22,23].
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Figure 3. Ilmenite sand (left) and grinded material (right) from the Metchib company, Quebec, Canada.

The Tellnes (Norway) mines produce 550,000 tons of ilmenite per year [24]. The largest
Ti producers in the world are China, Australia, and South Africa (Figure 4). China produces
ilmenite in significant quantities, while Australia and South Africa have the world’s largest
natural reserves for ilmenite and rutile [7,21].

Figure 4. Ilmenite mine production in different countries in 2020 [7].

5. Metallurgical Extraction of Titanium from Its Concentrates

Many methods are used for the production of Ti metal powder. Ti powder is, there-
fore, the product of extraction processes that produce primary metal by using titanium
tetrachloride (TiCl4) or titanium dioxide (TiO2) as feed material [25,26]. Processes for the
manufacture of titanium powder directly as extractive metallurgical products include the
manufacture of Ti from TiCl4, purified TiO2, and/or improved titanium slag (UGS) with a
TiO2 content greater than 90%. Upgraded titanium slag (UGS) is one of the fundamental
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products of the carbothermal reduction of titanium ore such as ilmenite. Natural rutile
and synthetic rutile are also included in this raw material category. These processes can be
categorized: (1) thermochemical methods and (2) electrochemical methods [11].

5.1. Thermochemical Processes
5.1.1. Kroll Process

The commercial production of primary Ti metal is generally made either by Kroll [13]
or Hunter processes [27]. The standard process against which new technologies are com-
pared is the Kroll process (Figure 5).

Figure 5. Scheme and reactions of the Kroll process of titanium sponge production [28] (Reprinted with permission from
Springer Nature, Copyright, (2020)).

In the process, magnesium metal (the reducing agent) is injected into a retort filled
with argon and heated to 800–900 ◦C. However, the oxides impurity contained in the Ti
slag is also chlorinated, so refined TiCl4 has been produced by purifying the crude TiCl4
before the Mg reduction [13,29]. Although most of the by-product MgCl2, and excess
magnesium, is drained during reduction, the product sponge contains residual magnesium
and MgCl2 in its porosity [30]. Magnesium and MgCl2 are separated by vacuum distillation
or helium sweeping followed by leaching. Part of the sponge must be decommissioned
due to contamination of the autoclave wall [13,29].

According to one estimate, 70% of the total energy consumption is considered for the
distillation to produce the sponge metal. It shows that the cost of metal purification is one
of the major cost drivers, in addition to the cost of the precursor and reductant [30].

5.1.2. Hunter Process

The popular process established on TiCl4 reduction using Na is the Hunter process.
The Hunter and Kroll processes are quite similar in that they are considered as thermo-
chemical processes based on the reduction of TiCl4 to produce Ti [27]. Economically, the
Hunter process is considered non-competitive with the Kroll process. The main difficulty
is that to produce one mole of Ti by reducing TiCl4 requires four moles of Na, whereas only
two moles of Mg are needed for 1 mole of Ti [11]. In addition, producing Na by electrolysis
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is at least as expensive as that of Mg. These problems make the processing of Na more
expensive than the use of Mg. However, the Hunter process can also produce Ti powder
instead of Ti sponge [31].

In the Hunter process, TiCl4 and Na are gradually introduced into the reactor. The
process is generally performed over 800 ◦C [28,32]. Ti is formed at the surface of the
molten bath, where the gas TiCl4 is exposed to the Na. Ti crystals then form and are
set at the bottom of the liquid bath. According to the operating parameters, some Ti
particles can form Ti sponge, while others are deposited as Ti powder. The purity of the
powder produced by the Hunter process is often higher (99%) [11,29]. Table 3 provides a
comparison between Kroll and Hunter processes.

Table 3. Comparison between Kroll and Hunter processes [31] (Reprinted with permission from John Wiley and Sons,
Copyrright, (2013)).

Kroll Hunter

Batch Does not last forever
15–50% excess magnesium A small excess of TiCl4

Few fines Up to 10% fines
Difficult to rectify Easy to rectify

Heavy iron contamination from the walls of the autoclave Little iron contamination from retort walls.
Sponge washed or vacuum distilled Sponge leached

Retort contains mostly titanium Retort contains 4 moles of NaCl for each mole of titanium

5.1.3. Armstrong Process

The Armstrong process is considered the most advanced process. It uses the same
reactions as the Hunter process [33].

Therefore, the crucial advantage of the Armstrong process [34] is the continuity of
the operation, pumping molten sodium in the reactor to react continuously with TiCl4 gas
(Table 4). Ti powder and the resulting NaCl are collected from the reactor by the sodium
stream. Once the unreacted liquid Na is removed by filtration, as well as Ti powder is
purified by washing out the salt. The Armstrong product can be described as mini sponges,
i.e., microporous particles [35]. Figure 6 shows the Armstrong process aspects.

Figure 6. The Armstrong flow diagram [36].
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5.1.4. TiRO Process

This process was developed by CSIRO (Commonwealth Scientific and Industrial
Research Organization) in Australia and used the same reactions as the Kroll process but
in a fluidized bed reactor in which gas–solid fluidization takes place, which considerably
increases the reaction rate and reduces both operating and capital costs [37].

The TiRO process consists of two main steps (Figure 7): reduction of TiCl4 in a
fluidized bed with Mg powder and vacuum distillation to remove the by-products MgCl2
and Mg [38].

Figure 7. Diagram of the process TiRO™ [39].

According to the information mentioned above, TiCl4 can be reduced by sodium or
magnesium. The main characteristics of the powder are well detailed in Table 4 below.

All these processes below use TiO2 as raw material to produce titanium powder with
high purity.
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5.1.5. Metal Hydride Reduction (MHR) Process

The MHR process was first introduced in 1945, and the most remarkable work was
reported by Borok [44], in 1965 and Froes et al. in 1998 [45]. Calcium hydride was used to
directly reduce TiO2. In Russia, a commercial operation has been reported that uses the
same procedure [46].

5.1.6. Electronically Mediated Reduction (EMR) Process

EMR process uses calcium as a reducing agent to produce titanium. The TiO2 reduction
is made with no direct contact with the reducing Ca-Ni alloy, and hence the contamination
of titanium can be successfully avoided by using EMR. This approach can be exploited to
develop another process to produce titanium powder continuously [47].

5.1.7. Process for Reducing Preforms

Okabe et al. [48] have developed this process where TiO2 is mixed with either CaO or
CaCl2 and sintered in the air. Calcium vapor reduces TiO2 at temperatures between 800
and 1000 ◦C, with the calcium oxide dissolving in calcium chloride. A hydrochloric acid
solution has been used for leaching the product [46]. Again, these experiments were only
conducted in the laboratory [49].

5.1.8. Hydrogen-Assisted Magnesium Reduction (HAMR) Process

The HAMR process is developed to produce a Ti powder with a very low oxygen
content, by using a hydrogen atmosphere, molten salt, and deoxygenation step to guar-
antee that the oxygen amount in titanium powder is sufficiently low (less than 0.15% by
weight) [50,51]. Table 5 shows a comparison between the characteristics of these processes
based on TiO2 reduction.

Table 5. Comparison between characteristics of TiO2 reduction-based processes (reprinted from [11] Taylor and Francis, an
open-access journal).

Process
Identifier

Raw
Material

Reducing
Agent

Product Size
and

Morphology

Reported Chemical
Product and
Composition

Salt Temperature
(◦C) Ref

MHR TiO2 CaH2
Irregular,
sponge

O: 0.19 wt.%, H:
0.34 wt.%, C:
0.03 wt.%, N:

0.06 wt.%

No salt 1100–1200 [52,53]

Calciothermal
reduction TiO2 Ca Irregular,

sponge
O: <0.2 wt.%, Ca:

>0.1 wt.% CaCl2 900–1200 [54]

Process for
reducing
preforms

TiO2 Ca Irregular,
sponge O: 0.2–0.3 wt.% CaCl2 >900 [48]

EMR TiO2 Ca Irregular,
sponge O: 0.15–0.2 wt.% CaCl2 or CaCl2

+ CaO >900 [47,55]

Combustion
synthesis TiO2 Mg + Ca Irregular,

sponge O: 0.2–0.3 wt.% Ca(OH)2 850–1000 [56,57]

HAMR UGS Mg + Ca
Dense,

globular
powder

O: <0.15 wt.% MgCl2 or
MgCl2-KCl <800 [50,58]

There have been several reports and trials to perform continuous processes based on
the same chemistry as the above processes. Lu et al. [59] produced a fine titanium powder
from a titanium sponge by the shuttle: the disproportionation reaction and its reverse
reaction (proportioning reaction) of titanium ions in molten NaCl-KCl at 750 ◦C. Moreover,
some experiments were performed to synthesize TiH2 from the reaction between CaH2
and TiCl4 in the presence of Ni [60].
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In another study, porous titanium was obtained in mixtures of molten CaO-CaCl2
salts dissolved in Ca by self-sintering with the exothermic reaction between porous CaTiO3
and calcium vapor at 1000 ◦C for 6 h under vacuum [61]. Development of a new method
based on deoxidation of dissolved O from Ti. The process leads to the formation of YOCl
using Mg as a deoxidizer at 1027 ◦C [62].

Daniel Spreitzer et al. [63] have used a laboratory fluidized bed reactor to cut down
the hematite kinetic reaction to produce Fe by hydrogen around 600–800 ◦C by measuring
the change in weight of the sample portion during reduction. Moreover, with combining
magnesiothermal reduction of TiO2 and a leaching purification process, titanium metal
powder was obtained with only 2.98% of O [64]. The synthesis of a cermet based on Fe-TiC
by carbothermal reduction of ilmenite was successfully produced [65]. This method was
done in an atmosphere containing argon in a scope of 850–1350 ◦C. Another study has led to
developing an environmentally friendly pre-treatment process to recycle titanium turning
waste and ferrotitanium ingots with low levels of gaseous impurities [66]. The number
of gaseous impurities in the titanium scrap before the removal of machining oils from
the surface reached 2% [66]. Similarly, Nersisyan et al. [67] have developed a combustion
synthesis route for single-phase titanium-based compounds (e.g., FeTi, TiC, TiB2, and
TiFeSi2) from the precursor mixture FeTiO3 (natural ilmenite)-αMg-C (B, Si)-kNaCl. The
method allows the process temperature and the phase composition to be controlled by
changing the number of moles of Mg and NaCl [67]. Furthermore, new research has been
developed to study the effect of the degree of ilmenite reduction on the chemical and phase
characteristics of ferrotitanium and slag produced by the SHS aluminothermic process,
which is a highly exothermic thermite reaction [68]. Increasing reduction not only reduces
the consumption of aluminum and the amount of slag produced in the preparation of
ferrotitanium but also reduces the oxygen content and improves the titanium and iron
qualities [68]. Further, the Panzhihua ilmenite carbothermal reduction with activated
carbon has been studied by using isothermal trials between 1200 ◦C and 1500 ◦C [69]. By
decreasing the pressure and increasing the temperature, the impurities (Mg, Mn) in the
product have been removed [69]. The carbothermal reduction behavior of ilmenite at high
temperatures was studied by thermodynamic calculations [70]. FeTi formation is generated
at 1650 ◦C. By increasing the temperature, a clear increase of TiC is observed, which can
also encourage the further reduction of ilmenite slag at high temperatures [70].

Otherwise, for patents published in this sense, Mu et al. [71] invented a method that
aimed to improve the metallic titanium production with a low-energy titanium-containing
material by a molten salt electrolysis process (Table 6).

Similarly, in 2016, Fang et al. [51] presented a research procedure for producing a
titanium powder or sponge. For instance, the method may include obtaining a TiO2-rich
material, reducing impurities to produce purified TiO2, reducing the purified TiO2, using
a metallic reducer at the same temperature and pressure to produce a TiH2 product [51].
RMI (now part of Arconic) has patented a process that carries out above 900 ◦C to reduce
oxygen in Ti-6Al-4V powder [72].
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5.2. Electrochemical Processes
5.2.1. Cambridge FFC Method

For several decades, it was considered difficult to synthesize titanium with a low
amount of oxygen. However, in 2000, a new method was introduced [80], which showed
that it is possible to reduce TiO2, completely in the solid-state, to the metal in molten
calcium chloride, which is a cheap and non-toxic product. This technique is known as the
Cambridge FFC process (Figure 8). It operates in a molten saline environment, typically
in the scope of 800 ◦C to 1100 ◦C. CaCl2 is used as a salt since CaCl2 can dissolve and
transport oxygen ions. The TiO2 reduction during the FFC process has been reached by the
ionization of oxygen from the titanium-containing cathode, which diffuses to the anode
and is discharged [46].

Figure 8. A schematic illustration of the CTF’s Cambridge process [81] (Reprinted with permission from Taylor & Francis,
Copyright, (2015)).

5.2.2. Ono and Suzuki Process

The (OS) process invented by Ono and Suzuki et al. [54,82,83] is based on a reduction
of TiO2 by Ca. Ca is generated by electrolysis of CaO in molten salt CaCl2. A layer of
calcium oxide that inhibits any further reaction was generated by the simple reaction
of calcium with titanium dioxide generated (Figure 9); however, the ability of calcium
chloride to dissolve significant amounts of calcium oxide may be effective in overcoming
this problem [49].
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Figure 9. Diagram of the cell used in the OS process [83] (Reprinted with permission from Elsevier, Copyright, (2015)).

5.2.3. Quebec Iron and Titane (QIT) Process

The QIT process, patented by François Cardarelli in 2009 [84], is a process for the
electrolytic extraction of Ti metal from compounds containing TiO2 in a liquid state. Specif-
ically, this process uses a molten compound containing TiO2 as the cathode on the bottom
and a consumable carbon as the anode. A layer of electrolyte, such as molten salts (e.g.,
CaF2) or a solid-state ion conductor is used as the O−2 ion carrier in the middle. The
temperature ranges between 1700 ◦C and 1900 ◦C in this process [76].

There have been several reports on the development of continuous processes based on
the same chemistry as the above processes. A new process was presented, which integrates
carbochlorination and electrolyzation to elaborate metallic titanium in molten NaCl-CaCl2
electrolyte [82]. This experiment was made at 577 ◦C using some specific precursors like
carbon-doped TiO2. Likewise, a pre-treatment is performed to partially reduce TiO2 to
titanium sub-oxides with lower valence. The compacted pre-treated mass is electrolyzed at
a temperature of 1000 ◦C in a molten CaCl2 bath for 1–5 h [85].

An investigation of the CaCl2 effect on the calcium vapor reduction process of Ti2O3
has been performed [86]. The compound CaCl2 plays a crucial role in the calciothermic
reduction process of Ti2O3 to prepare porous titanium [86]. Likewise, the generation of a
low oxygen Ti powder was carried out by electrolytic reduction of CaTiO3 in a CaCl2-CaO
melt. By using different sizes of raw oxide particles, the concentration of residual oxygen
in the cathode imposes a reduction mechanism using calcium from the cast iron [87].
Another method was introduced for the preparation of titanium metal by reduction of
TiCl4 in NaCl-KCl-NaF eutectic melts [88]. A new method for manufacturing porous
titanium by in situ calcium vapor reduction of titanium sesquioxide was presented by Yang
et al. [89]. By calcium vapor, Ti2O3 and CaCl2 powders have been reduced. The product
was leached with hydrochloric acid and deionized water and the porous structure of Ti
was obtained [89]. Furthermore, LiCl-KCl molten salt was used as an electrolyte due to
its relatively low melting point to produce metallic titanium. The oxygen content in the
titanium crystal is 1200 ppm [90].
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Commercial TiO2 has been reduced by Mg in a hydrogen atmosphere [91]. A manda-
tory deoxygenation process was added to ensure that the purity met standard specifications
for titanium. The magnesium reduction and deoxygenation combination process is a holis-
tic approach that produces Ti powders meeting ASTM specifications [91].

Otherwise, for patents published in this sense, Zhu et al. [92] invented a method
for the electrowinning of titanium metal from a soluble anode molten salt containing
titanium and concerns the technical field of non-ferrous metal metallurgy. In 2009, François
Cardarelli [84] also invented a process for the electrowinning of Ti metal from compounds
containing a liquid TiO2 (Table 7). This process uses a molten compound containing TiO2
as the cathode in the bottom. The anode can be a consumable carbon, a stable inert anode,
or a gas diffusion anode powered by a combustible gas (e.g., H2, CO, etc.). The temperature
reaches 1700 ◦C to 1900 ◦C for this process [76].

As shown above, there are many methods and newly developed technologies to
produce titanium powder. Kroll process the most utilized one can produce titanium
with less oxygen content and metallic impurities, but its productivity is still very low,
magnesium as a reductant has a high cost compared to other metals such as calcium and
aluminum, and it is a labor-intensive batch process. Furthermore, the hunter process
produces titanium powder purer than Kroll’s powder but uses an expensive sodium
reductant and heterogeneous exothermic reactions. For other processes, they present
advantages at the production level but they are still at the laboratory scale and require
more time to be developed in the industry. It is possible to develop a method to directly
reduce oxides to efficiently produce Ti with low oxygen amount in the next few years. In
principle, the production of high purity metallic Ti by direct reduction of Ti precursors
is possible; hence, a method that relies on the melting of these oxides and is based on
the principles of the Kroll process should be developed as a new approach to establish a
low-cost Ti reduction process.

On the other hand, new technologies are developed as an alternative to the Kroll pro-
cess. The electrochemical road is the best choice for many industries. The FCC Cambridge
provides a product with almost 0.3 mass% oxygen, and it is a semi-continuous operation.
However, this method exhibits many drawbacks: low current efficiency (20–40%), slow
oxygen diffusion, difficult separation of metal/salt, and is costly for the TiO2 pellet feed.
On the other hand, the OS process can produce titanium directly from TiO2 reduction in
molten salt, but it still has some problem contamination because of the presence of carbon.
Furthermore, many electrochemical procedures have been performed recently. They dictate
a good enhancement in the cost and production issues, but they are difficult to scale up for
the difficulty in facilitating a homogeneous reaction.
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6. Conclusions

Titanium has remained an essential metal because of its wide use in different fields.
Its demand in the industry has prompted unprecedented technical progress. Natural
ilmenite is the most abundant titanium-bearing mineral in the earth’s crust. The mineral
ilmenite has been significantly grown since his discovery. Nowadays, it is the most crucial
ore of titanium. The presented review shows the presence of enormous techniques for
manufacturing titanium powder and titanium metal. Many of these processes are at
various stages of development. The incentive for the development of new processes is often
firmly rooted in the ambition to achieve a low-cost alternative to the Kroll process for the
production of primary Ti metal. Marketed chloride-based thermochemical processes, such
as the Kroll and Hunter processes, are batch operations and require high-quality natural
rutile or improved synthetic slag, such as feeding and using cost-sensitive chlorination
and thermochlorination steps. Many improvements have been made to thermochemical
processes, but they offer few opportunities for cost reduction beyond current technology.
Several development methods have generated considerable interest and scale-up efforts,
including the Armstrong process and the FFC Cambridge process. The former is an
example of using a continuous process for the reduction of TiCl4 with Na or Mg while
the latter is an example of the various electrochemical methods that convert TiO2 into Ti
metal in molten salt. A recently developed method, named the HAMR process, is based on
destabilizing the Ti-O system by using hydrogen as a temporary alloying element during
the magnesium thermal reduction of TiO2. However, compared with the Kroll, these
producers are expanding their production to meet the unprecedented demand for titanium.
Overall, it is expected that it will take several years before any new process will be in
commercial production and compete with the Kroll process.
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