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Abstract: This research aims to extract Cu from Cu—Co alloy with high efficiency and selectivity by employing binary
Mg—Pb melt. The optimal conditions for the extraction of Cu were determined. The results showed under optimal
conditions, 96.5% of Cu in the Cu—Co alloy could be selectively extracted after treatment at 800 °C for 1 h, with the
extraction rates of only 0.2% Fe, 0.6% Co, and 1.4% Si. The dissolution mechanism involved the counter diffusion of
Mg/Pb and Cu across the diffusion zone of the Cu—Co alloy, and Mg in the binary Mg—Pb melt played a major role in
the selective dissolution of Cu, especially at the dissolution forefront. The rate-controlling step of the extraction was

dominated by the interfacial reaction.
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1 Introduction

Cobalt is a strategic metal with a variety of
applications, such as rechargeable batteries [1],
catalysts [2], pigment [3], magnets [4], super-
alloys [5], and hard alloys [6]. Among them, the
rechargeable batteries industry consumed 58% of
the global cobalt in 2020 [7]. The future demand for
cobalt will likely increase intensively to meet the
great demand for electronic products and electric-
powered vehicles [8,9]. Cobalt is a common element
in nature, but its average content in the earth’s crust
is only about 17.3x107 (mass fraction) [10]. There
is no individual cobalt mineral, and most cobalt is
associated with Fe, Ni, and Cu [7]. The global
cobalt resource reserves remain at about 7x10°t, of
which the Democratic Republic of Congo (DRC)’s
cobalt resource reserve accounts for as much as
50% [11]. The cobalt mineralization in DRC is
mainly in the form of Cu—Co oxide ores. Cu—Co
alloy is produced by treating Cu—Co oxide ore with

electric furnace reduction smelting. It is one of the
primary Co-bearing materials for exportation
instead of ore [12].

At present, the extraction of metals from
Cu—Co alloy is principally by hydrometallurgical
means. Because of its characteristics of corrosion
resistance and high hardness, the dissolution
step of Cu—Co alloy into aqueous solutions is
challenging [13,14]. The dissolution methods of
Cu—Co alloy can be divided into acid leaching,
pressure leaching, and electrochemical dissolution.
Usually, a certain amount of oxidant is required
during the acid leaching process to increase the
leaching rate of valuable metals, such as chlorine
gas [15], H,O, [16], and hydrofluoric acid [12].
Electrochemical dissolution was also studied,
involving casting the Cu—Co alloy into an anode
and using Cu plate as the cathode [17,18]. Direct
acid leaching of Cu—Co alloy is difficult. Most
leaching methods require pretreatment such as ball
milling or spray granulation to reduce the particle
size of Cu—Co alloy for better leaching efficiency.
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This pretreatment step dramatically increases the
operating cost. The pyrometallurgical pretreatment
was also studied to de-siliconize the Cu—Co alloy
and destroy its refractory structure simultaneously,
which is beneficial to the subsequent leaching
process. JEONG et al [19] used calcium sulfate to
roast the Fe—Ni—Cu—Co alloy and added carbon as
a reducing agent. The alloy phase transformed
into the Fe—Ni—Cu—Co—S matte phase. REN
et al [20] used Mn3O4s—MgO as a desiliconization
medium and formed MnO—MgO-SiO, with the
enhancement of oxidation by introducing O,. This
method can remove 84 wt.% of the silicon from the
alloy.

Selective extraction of a metallic component
from alloy-based materials using liquid metal is
achieved by taking advantage of the solubility
difference of wvarious metal components in the
liquid metal, which has become an effective method
for alloy scrap recycling [21]. For example, the
valuable Nd can be selectively extracted by molten
Mg or Ag from Fe—Nd—B magnets [22], and Ni can
be selectively extracted by molten Zn or Mg from
nickel-based superalloys [23]. Aiming to address
the above mentioned issues associated with the
hydrometallurgical processing of Cu—Co alloy, we
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have recently reported an innovative method
for the selective extraction of Cu from Cu—Co
alloy by employing molten Mg as the extraction
medium [24]. Subsequent vacuum distillation of the
obtained molten Mg—Cu alloy realized the
separation of Cu from molten Mg, which can be
reused as the extraction medium. Although the
extraction degree of 98.9% for Cu was achieved,
molten Mg also exhibited specific solubility for Co,
resulting in the co-extraction rate of approximately
5 wt.% Co. Cobalt ended in the obtained Cu powder
after vacuum distillation, reducing its purity. In
addition to Mg, Pb also has certain solubility for Cu
according to the Pb—Cu phase diagram [25]. For
example, molten Pb can dissolve approximately
10 at.% of Cu at 800 °C. Moreover, based on the
binary Pb—Me phase diagrams (Me=Fe, Co, Si) [25],
Fe, Co, and Si are essentially insoluble in molten Pb,
indicating its excellent selectivity. Herein, we used
the binary Mg—Pb melt as the extraction medium
for synergetic and selective extraction of Cu from
Cu—Co alloy, by combining the characteristics of
the high selectivity of Pb and high capacity of Mg
for Cu dissolution. Figure 1 shows the liquidus
projection of the ternary Mg—Pb—Cu system, which
was calculated using the thermochemical software

0.5
Mass fraction

0.4

Fig. 1 Liquidus projection of ternary Mg—Pb—Cu system, calculated using FactSage 7.1 [26]
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FactSage 7.1 [26], with its FScopp database. This
figure demonstrates the extent of Cu dissolution by
the Pb—Mg alloy under different mass ratios of
Pb/Mg and temperatures. The three dotted lines in
the figure represent the Pb/Mg mass ratios of 1:3,
1:1, and 3:1, respectively. With the continuous
dissolution of Cu at a fixed Pb/Mg mass ratio, the
liquid composition follows the dotted line toward
the Cu corner with increasing Cu concentration.
When treated at a constant temperature, the
secondary phases (i.e., Mg>Cu, MgCus,, and Liquid)
begin to form when the dotted line intersects with
the corresponding isotherm. This demonstrates
the high capacity for Cu dissolution by the binary
Pb—Mg melt.

The proposed process for the selective
extraction of Cu from Cu—Co alloy by molten
Mg—Cu is illustrated in Fig. 2. The Cu—Co alloy is
firstly treated with molten Pb—Mg for the selective
extraction of Cu. After separating from the Fe—
Co—Si residue, the obtained Mg—Pb—Cu alloy can
be further subjected to vacuum distillation to obtain
Cu and Mg—Pb alloy according to the relatively
high vapor pressure of Mg and Pb [27], which is
recycled for re-use. In this work, the selective
extraction of Cu from Cu—Co alloy by the molten
Pb—Mg was experimentally studied, focusing on the
dissolution behavior of each element and the
transformation of various phases. The kinetic study
was also performed on the dissolution of Cu from
Cu—Co alloy into the liquid Pb—Mg.

Cu—Co alloy Mg Pb ~—

‘ Cu extraction by molten Mg—Pb |

| |

Fe—Co—Si residue Mg-Pb—Cu alloy

Re-use

| Vacuum distillation ‘

|

Cu

Mg-Pb —

Fig.2 Proposed process for extraction of Cu from
Cu—Co alloy with molten Mg—Pb

2 Experimental

2.1 Preparation of Cu—Co alloy
The Cu—Co alloy with a uniform composition

was prepared in the laboratory. High purity Cu, Co,
Fe, and Si powders were firstly mixed thoroughly at
a mass ratio of 3:3:3:1 before placing the mixed
powders into a corundum crucible. The crucible and
the metal powders inside were subsequently heated
using an electric tube furnace at 1600 °C for 4 h
with a continuous purging of 50 mL/min Ar gas
(5N). The Cu—Co alloy ingot was obtained after
cooling in the furnace. The alloy ingot was crushed
into particles and sieved to produce a size range of
0.9-2 mm, which was used for the experimental
study. Cuboids with dimensions of 5 mm x 5 mm X
10 mm were also prepared by cutting the Cu—Co
alloy ingot, which were used for the kinetic study of
the liquid metal extraction process. The chemical
composition of the Cu—Co alloy was analyzed
by inductively coupled plasma optical emission

spectrometry (ICP-OES, Spectro Blue SOP,
Germany). Morphological observations and
composition analyses were performed using

scanning electron microscopy (SEM, TESCAN
MIRA3, Czech Republic) coupled with energy
dispersive spectroscopy (EDS, Oxford XMAX20,
UK). The accelerating voltage was 20 kV.

2.2 Cu extraction by molten Mg—Pb

The Cu—Co alloy particles, Mg shots, and Pb
shots were mixed and put into a graphite crucible
(inner diameter 22 mm; height 35 mm). The total
mass of the sample was maintained at 12 g. The
sample was then placed in a vertical tube furnace
and heated at a heating rate of 15 °C/min to a
predetermined temperature in the range of
750-900 °C, and kept at the temperature for 0—2 h.
The experiment was carried out with the continuous
purge of Ar gas (5N pure) with a flow rate of
50 mL/min. The sample was allowed to cool in the
furnace to form an alloy ingot. The obtained alloy
ingot was residual Fe—Co—Si particles surrounded
by solidified Mg—Pb—Cu alloy. The alloy ingot was
cut into halves along the longitudinal direction, and
the cross-section of one-half was polished by
emery papers. The morphological observations and
composition analyses were performed using SEM
coupled with EDS.

The Mg—Pb—Cu alloy was obtained by cutting
off the part of the sample ingot which did not
contain Fe—Co—Si residue. And the Fe—Co—Si
residue was obtained by leaching the sample ingot
with 1 mol/L acetic acid to selectively dissolve the
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Mg—Pb—Cu phase. The chemical compositions of
the Mg—Pb— Cu alloy and Fe—Co—Si residue were
analyzed by ICP-OES. By analyzing the chemical
compositions of the Mg—Pb—Cu alloy and
Fe—Co—Si residue, the extraction rate of each
element can be calculated.

A method similar to the one used in our earlier
investigation [21] was adopted to calculate the
extraction rate of each element. The extraction rate
of each element M can be calculated using Eq. (1):

M=

M
Mytg—pb—Cu * WMg-Pb-Cu

x100%

M M
Myte_pb—cu * WMg—Pb-Cu T Mhresique * Wresidue

Q)
where nv represents the extraction rate of each
element M (M=Fe, Co, Si), mmg-pb-cu is the mass of
Mg—Pb—Cu alloy, wl\l\fg_Cu_Pb is the mass fraction
of element M in the Mg—Pb—Cu alloy, myesidque 1s the
mass of the alloy residue, and WEVI is the mass

esidue

fraction of element M in the alloy residue.

2.3 Dissolution mechanism and Kinetic study

The diffusion couple method was used to
investigate the dissolution mechanism and kinetics
of the liquid metal extraction process. The Cu—Co
alloy cuboids (dimensions: 5 mm X 5 mm X 10 mm;
mass: 1.8 g) and cubic Mg—Pb ingot (dimensions:
10 mm x 10 mm % 10 mm; mass: 4.5 g) were used.
The mass ratio of Pb to Mg in the Mg—Pb ingot was
3:1, and the mass ratio of Cu—Co alloy to Mg—Pb
ingot was 2:5. To ensure that only one surface of the
Cu—Co alloy cuboid gets in contact with the molten
Mg-Pb, the Cu—Co alloy was tightly fitted into a
U-shaped graphite block. Then, the graphite block,
the Cu—Co alloy and the Mg—Pb ingot were put into
a graphite crucible before placing them in the cold
zone of the electric furnace. After the furnace
reached the target temperature, the crucible and the
sample were pushed using a pushing rod into the
heating zone of the furnace to allow for instant
heating. After heating for a predetermined time, the
sample was pulled back to the cold zone using the
pushing rod. The push-and-pull mechanism ensured
the precise control of the extraction time, which is
critical in the kinetic study. A continuous flow of
50 mL/min Ar gas (5 N) was maintained throughout
the experiment. The obtained sample was vertically
cut, and the cross-section of the sample was polished
by emery papers. Morphological observations and

composition analyses were performed using SEM
coupled with EDS.

3 Results and discussion

3.1 Characterization of Cu—Co alloy

The chemical composition of the Cu—Co alloy
prepared in the laboratory is shown in Table 1.
Figure 3(a) shows the BSE image of the Cu—Co
alloy. It can be seen that the alloy contains two
major phases. Figures 3(b) and (c) show the EDS
spectra of Areas 1 and 2 in Fig. 3(a), respectively.
According to the EDS results, the lighter gray phase
is the Cu-rich phase, and the dark matrix is rich in
Fe, Co, and Si.

Table 1 Chemical composition of prepared Cu—Co alloy
(wt.%) [21]
Co Fe Cu Si
33.8 333 21.8 11.1

3.2 Extraction of Cu from Cu—Co alloy using

molten Mg—Pb
3.2.1 Effect of mass ratio of Pb to Mg

The influence of the mass ratio of Pb to Mg
(mpy:mmg) variation (1:0, 3:1, 1:1, 1:3, 0:1) was
firstly investigated. Other experimental parameters
maintained the same for a series of experiments,
which were as follows: Cu—Co alloy particle size
0.9—2 mm, maioy:mmg-p=1:5, processing temperature
850 °C, and processing time 1 h. Figure 4 shows the
effect of the mass ratio of Pb to Mg on the
extraction rates of Cu, Co, Fe, and Si. As seen,
when pure Pb was used as the extractant (i.e.,
mep:mivg=1:0), the extraction rate of Cu was only
4%, demonstrating its limited capacity for Cu
dissolution. At the mpy:mmg of 3:1, the extraction
rate of Cu increased rapidly to 94.4%. With the
further increase of the Mg content in the molten
Pb—Mg, the extraction rate of Cu increased slowly.
The extraction rate of Co was also influenced by
mpy:mMg. A substantial increase in the Co extraction
rate can be seen when mpp:myg reached 1:1,
suggesting its lower selectivity for Cu extraction.
Surprisingly, the extraction rate of Si was as high as
20.9% when using pure Pb (i.e., mpy:mne=1:0) since
the solubility of Si in liquid Pb is negligible at the
temperature of investigation, based on the Pb—Si
binary phase diagram [28].
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Fig. 3 BSE image of Cu—Co alloy (a) and EDS spectra and compositions of Area 1 (b) and Area 2 (¢) in (a)
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Fig. 4 Effect of mpp:my, on extraction rates of Cu, Fe, Co,
and Si into molten Pb—Mg

Figure 5 shows the BSE images and elemental
mapping micrographs of the boundary between
Cu—Co alloy residue and the solidified Pb—Mg
alloy with varying mpy:mwmg ratio. The region on the
left of each micrograph is the solidified melt, and
the region on the right is the residual Cu—Co alloy.
At the mpp:mme of 1:0, a reaction layer formed
between the alloy and melt. As evidenced by the
elemental mapping of the micrograph, the reaction
layer comprised two sub-layers: one contained Co,
Fe, and Pb, the other was rich in Si. The Si content
in the second sub-layer layer was higher than that in
the residual alloy, suggesting an outward migration
of Si from the interior of the Cu—Co alloy.
Micro-grains of the Si-bearing phase were highly
dispersed in the Pb melt, which coincides with the
high Si extraction rate, as shown in Fig. 4. It is
surprising because Si is essentially insoluble in
liquid Pb at the temperature of investigation
based on the Pb—Si binary phase diagram [28]. This
is tentatively suggested as the result of the presence

of residual oxygen (Refer to the Pb—O phase
diagram [29]) in the starting Pb. At 850 °C, the
dissolved O in liquid Pb likely reacted preferentially
with Si that migrated out from the Cu—Co alloy,
because the affinity of Si to O is stronger than that
of Pb, Fe, Co, and Cu to O. The reaction can
be represented by Reaction (2). The formed SiO»
dispersed in the Pb melt, as seen in the elemental
mapping of Si in Fig. 5(a). The oxidization of Si
and the dissolution of Cu in liquid Pb resulted in the
splintering of the Cu—Co alloy and formed the
reaction layer. Comparatively, Si was not observed
in the melt region with the presence of Mg in the
melt (Figs. 5(b—e)). Because the affinity of Mg to O
is stronger than that of Si to O, the dissolved O in
the molten Pb preferentially reacted with Mg to
form MgO when the extractant contained Mg,
thereby preventing the oxidation of Si.

[O]pp+Si=Si0 (2)

In the presence of Mg in the melt, no reaction
layer was formed, and the Cu—Co alloys were
entirely penetrated by the extractant, as shown in
Figs. 5(b—e). Based on the elemental mapping of
Cu, most Cu resided in the melt region in the
presence of Mg, conforming with the high Cu
extraction rates as shown in Fig. 4.

Based on the above analysis, when pure Pb
was used as the extractant, the selective dissolution
of Cu was slow, and a certain amount of Si could be
oxidized by the dissolved O in liquid Pb, forming
SiO; particles which dispersed in the molten Pb.
When pure Mg was used as the extractant, the
dissolution was efficient, and a high extraction
rate of Cu could be obtained, but a small amount
of Co was also extracted by molten Mg. Excellent
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Fig. 5 BSE images and elemental mapping micrographs of boundaries between Cu—Co alloy residue and solidified
Pb—Mg alloy after liquid metal extraction using molten Mg—Pb with varying mpy:mwg ratios: (a) 1:0; (b) 3:1; (c) 1:1;

(d) 1:3; (e) 0:1

selectivity could be achieved using a mpy:mm, of 3:1.
The presence of Mg realized the effective
dissolution of Cu and prevented the oxidation of Si,
and the presence of Pb minimized the dissolution of
Co. Therefore, mpp:mmg=3:1 was chosen as the best
mass ratio of Pb to Mg.
3.2.2 Effect of temperature

The influence of temperature was studied
in the range of 750-950 °C. Other experimental
parameters remained the same as follows: Cu—Co
alloy particle size 0.9-2 mm, maioy:Mme—rv=1:5,
mpp:mme=3:1 and processing time 1h. Figure 6
shows the effect of the processing temperature on
the extraction rates of Cu, Fe, Co, and Si. As seen,
the processing temperature exhibits a limited effect
on the extraction rates of Fe, Co, and Si. When the
processing temperature changed from 750 to 800 °C,
the extraction rate of Cu rose from 84.3% to 96.5%.
The extraction rate of Cu, as well as Fe, Co, and Si
remained unchanged with the further increase of
temperature.

Figure 7 shows the BSE images and elemental
mapping micrographs of the Cu—Co alloy residue

100
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Fig. 6 Influence of temperature on extraction rates of Cu,
Fe, Co, and Si

obtained from the Cu—Co alloys treated with molten
Mg—Pb at 750, 800, 850, and 900 °C. It can be seen
from Fig. 7(a) that after treating at 750 °C, the alloy
residue still contained a Cu-rich phase (outlined by
a blue dotted ellipse), which was disseminated in
the Fe—Co—Si matrix. This indicated the dissolution
of Cu from the Cu—Co alloy by the molten Mg—Pb
was still far from completion, which conforms with
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7

Fig. 7 BSE images and elemental mapping micrographs of Cu—Co alloy residue after liquid metal extraction using
molten Mg—Pb at 750 °C (a), 800 °C (b), 850 °C (c), and 900 °C (d)
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the relatively low Cu extraction rate, as shown in
Fig. 6. The influencing mechanism of temperature
on the extraction can be a combination of two main
aspects, i.e., the solubility of Cu in molten Mg—Pb
(thermodynamics), and the Cu diffusion rate in
Cu—Co alloy as well as in the molten Mg—Pb
(kinetics). According to the liquidus projection of
the Mg—Pb—Cu system as shown in Fig. 1, at
750 °C and with a mpy:mmg ratio of 3:1, continuous
dissolution of Cu results in the formation of a
secondary liquid phase (denoted as Liquid) after
reaching approximately 30 wt.% Cu in Mg—Pb—Cau,
suggesting a high solubility of Cu. Theoretically,
2.5g Mg and 7.5 g Pb, which were used in this
experiment, could dissolve all Cu present in the 2 g
Cu—Co alloy. Therefore, it can be inferred that the
limited Cu diffusion rate was the main reason for
restricted extraction, rather than the solubility of Cu
in the Mg—Pb melt.

Low processing temperature of 750 °C would
likely result in a slower diffusion rate of Cu from
Cu—Co alloy into the molten Mg—Pb, leading to the
presence of Cu-rich phase in the Cu—Co alloy
residue and the incomplete extraction of Cu within
60 min. It can be seen from Figs. 7(b—d) that the
Cu-rich phase was not observed when the
processing temperature was no less than 800 °C,
indicating that the extraction was close to
completion. Figure 6 suggests the extraction rate of
Cu plateaued at around 96%. As seen from the BSE
images of the alloy residue and the corresponding
elemental mapping micrographs (Figs. 7(b—d)), the
Cu present in the Cu—Co alloy residue was mainly
in the form of an Mg—Pb—Cu alloy phase. The
likely-molten Mg—Pb—Cu alloy phase exhibited an
inter-connected network structure within the Cu—Co
alloy residue, accounting for an accelerated mass
transport within the solid alloy residue. After the
diffusion and dissolution reached equilibrium, the
concentration of Cu in the Mg—Pb melt, which
penetrated into the alloy residue, would be
consistent with the concentration of Cu in the
Mg-Pb melt outside the alloy residue. The
Mg—Pb—Cu phase remained in the alloy residue
upon solidification, accounting for the 4 wt.% Cu
that was not extracted (Fig. 6). Therefore, 800 °C
was chosen as the optimal temperature for the
selective extraction of Cu from Cu—Co alloy by
Mg—Pb melt.

3.2.3 Effect of mass ratio of Cu—Co alloy to Mg—Pb
melt

The influence of the varying mass ratio of
Cu—Co alloy to Mg—Pb melt maiioy:mmg—rb ratio (1:2,
1:5, 1:7, 1:9) on the selective extraction of Cu
from Cu—Co alloy was studied by fixing other
experimental parameters as follows: Cu—Co alloy
particle size 0.9—2 mm, mpy:mne=3:1, temperature
800 °C, and time 1 h. Figure 8 shows the effect of
Malloy:MMg-pb ON the extraction rates of Cu, Fe, Co,
and Si. It can be seen that there is an apparent
increase in the Cu extraction rate in the presence of
more Mg—Pb. The extraction rates of Co and Si also
exhibit a slightly increasing trend, while the
extraction rate of Fe remains at about 0%.
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Fig. 8 Influence of maiioy:mmg-pp ON extraction rates of Cu,

Fe, Co, and Si

Figure 9 shows the BSE images and elemental
mapping micrographs of the obtained products at
different manoy:mmg—py ratios. As seen from Fig. 9(a),
the Cu-rich phase can be observed in the residual
alloy (highlighted with a red circle), which
contained about 92 wt.% Cu based on EDS analysis.
Due to the presence of smaller amounts of Mg—Pb
(i.e., larger maioy:mmg-py ratio), the obtained Mg—
Pb—Cu melt would contain higher concentration of
Cu. Upon solidification, the Mg—Pb—Cu melt
formed a Pb-rich phase (bright region) and a
eutectic (light grey region) containing about
19 wt.% Cu, which took place in the melt pool as
well as inside the residual alloy. The presence of
Cu-rich phase (highlighted with a red circle in
Fig. 9(a)) and Cu-bearing eutectic (highlighted with
a blue circle) in the alloy residue resulted in a
relatively low Cu extraction rate (i.e., 88.9 wt.%) at
Malloy:MMg-pp Tatio of 1:2.
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Fig. 9 BSE images of boundary between Cu—Co alloy residue and solidified Mg—Pb—Cu melt, enlarged BSE

micrographs of alloy residue, and corresponding elemental mappings of Cu at different maioy:mmg-py ratios: (a) 1:2;

(b) 1:5; (c) 1:7; (d) 1:9

With the increasing addition of Mg—Pb to
Malloy:MMg-pb OF 1:5, more extractant was provided
for the dissolution of Cu from the Cu—Co alloy. As
seen from Fig. 9(b), the Cu concentration in the

Mg—Pb melt was effectively reduced, and there was
no Cu-rich phase in the alloy residue. But the
presence of solidified Mg—Pb—Cu melt in the
alloy residue still contained a small amount of Cu.
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With a further increase of Mg—Pb addition (i.e.,
Maloy:Mmg-pb=1:7 and 1:9), the amount of Cu in the
residual alloy was reduced, resulting in a rise in Cu
extraction rate to 97.6% and 99%, respectively.
However, a higher amount of Mg—Pb melt also
facilitated the dissolution of Co and the oxidation of
Si. At maiey:mmg-py Of 1:7, the extraction rates of Co
and Si were 1.9% and 2.4%, respectively. They
further increased to 2.7% and 3.1%, respectively, at
Malloy:MMg-pb Of 1:9. Therefore, a high amount of
Mg—Pb reduced the selectivity. In comparison, the
extraction rates of Co and Si were only 0.5% and
1.4%, respectively, and the Cu extraction rate
reached 96.5% at manoy:mmg-py 0of 1:5. Therefore,
Malloy:MMg-pb Of 1:5 was chosen as the optimized
ratio and was used for the subsequent experiments.
3.2.4 Effect of extraction time

The effect of extraction time was evaluated
after applying the experimental parameters that
have been optimized, i.e., Cu—Co alloy particle
size 0.9—2 mm, mpp:mmg=3:1, Maioy:Mmg-rp=1:5, and
processing temperature 800 °C. Figure 10 shows
the effect of the extraction time on the extraction
rates of Cu, Fe, Co, and Si. It can be seen that the
extraction time had little influence on the extraction
rates of Fe, Co, and Si, which remained close to
zero. With increasing extraction time, the extraction
rate of Cu exhibited a sharp increase in the early
stage and reached a plateau of about 96% when the
extraction time exceeded 60 min. Therefore, the
optimum treatment time for the selective extraction
of Cu from Cu—Co alloy by molten Mg—Pb was
60 min.
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Fig. 10 Influence of time on extraction rates of Cu, Fe,
Co, and Si

3.3 Dissolution mechanism and Kinetic analysis

The diffusion couple of “Cu—Co alloy/Mg—Pb
alloy” was used to investigate the dissolution
mechanism and Kkinetics. After extraction, the
obtained Cu—Co alloy cuboids were cut
longitudinally, and the BSE images of the
cross-sections are shown in Fig. 11. The left edge of
each BSE image is the contact surface between the
Cu—Co alloy and Mg—Pb melt. It can be observed
that a diffusion zone was formed with varying
thicknesses, initiating from the contact surface. This
diffusion zone was characterized by the presence of
the Pb—Mg phase (bright appearance). The right of
the diffusion zone was the unreacted zone that was
not yet corroded by the Mg—Pb melt. As seen, the
thickness of the diffusion zone increased with
the increase of extraction time and extraction
temperature.

Closer observation on the phase and elemental
distribution across the diffusion couple interface
could help reveal the dissolution mechanism.
Figure 12 shows the BSE images of the interface
between the Cu—Co alloy and the Mg—Pb melt after
reaction for 60, 90, and 120 min at 900 °C, which
were superimposed with the concentration profiles
of each element. The concentrations of Fe, Co, and
Si in the unreacted and diffusion zones remained
relatively unchanged, and their concentrations in
the Mg—Pb zone were essentially zero. This
demonstrated the high selectivity of Mg—Pb melt
that minimized the dissolution of Fe, Co, and Si. A
sharp decrease in the concentrations of Mg and Pb
could be observed across the interface. Their
concentrations gradually decreased inside the
diffusion zone when moving away from the
interface and finally reached zero after approaching
the unreacted zone. An opposite concentration
gradient can be observed for Cu across the diffusion
zone. The concentration gradients across the
diffusion zone within the Cu—Co alloy strongly
suggest the mechanism involving the counter
diffusion of Mg/Pb and Cu, allowing the Cu
dissolution into the Mg—Pb pool outside the Cu—Co
alloy. The volume reduction of the Cu—Co alloy
resulting from the Cu dissolution created
voids/channels for the inward penetration of the
Mg-Pb melt, which resulted in the formation of
interconnected networks of the Mg—Pb—(Cu) melt
in the diffusion zone (as seen in Figs. 7, 9 and 12).
The formation of the melt network in the diffusion
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800 °C

60 min 30 min

90 min

¢—=Co—Si phase

120 min

Cu-rich phase

850 °C

900 °C

Fig. 11 BSE images of cross-sections of obtained Cu—Co alloy cuboids after extraction at different temperatures for
different time (The left edge of each image is the contact surface between the Cu—Co alloy and the Mg—Pb melt. The
bright dotted phase is the Mg—Pb phase, the lighter gray phase is the Cu-rich phase, and the dark gray matrix phase is

the Fe—Co—Si phase)

zone allowed the enhanced counter diffusion of
Mg/Pb and Cu, accounting for the fast dissolution
kinetics. It can also be observed that the Cu
concentrations on both sides of the interface
generally became equal after treatment for 60 min.
Further increase in treatment time to 90 and
120 min resulted in a higher local Cu concentration
on the Mg—Pb side adjacent to the interface
than that on the Cu—Co alloy side. This
demonstrates the strong thermodynamic driving
force for the Cu dissolution by Mg—Pb melt from
the Cu—Co alloy.

The continuous counter diffusion of Mg/Pb
and Cu across the diffusion zone accompanied the
phase evolution. Figures 13(a—d) show the higher
magnification BSE images of Regions (4—D) in
Fig. 12(b), respectively. And the EDS results are
shown in Table 2. As shown in Fig. 13, the
phase transformation mainly involved Mg/Pb/Cu-
bearing phases. According to the phase diagram of
Mg—Cu [30], intermetallic compounds MgCu, and
Mg,Cu could be possibly formed during cooling
and solidification. The molar ratio of Mg to Cu is
close to 1:2 at Point 1 (see Table 2). Therefore, the

phase of Point 1 in Fig. 13(a) is identified as MgCus,.
The regions represented by Points 2, 3, and 4 are
characteristic of a eutectic structure composed of
two alternating phases. According to the molar
ratios of Mg, Pb, and Cu as shown in Table 2 and
the phase equilibria of the Mg—Cu—Pb system [31],
it can be deduced that the eutectic is binary
Mg,Cu—Mg,Pb. The molar ratio of Mg to Pb of the
bright phase represented by Points 5 and 6 is close
to 2:1, indicating that this phase is Mg,Pb. The
dominant presence of MgCu, in Fig. 13(a),
Mg,Cu—Mg,Pb eutectic in Figs. 13(b, c), and
Mg,Pb in Fig. 13(d), and taking into consideration
of their relative locations in the diffusion zone
(Fig. 12(b)), the following phase evolution within
the diffusion zone became obvious when moving
away from the diffusion couple interface: Mg,Pb —
Mg,Cu—Mg,Pb eutectic — MgCus. This suggested
that Mg in the binary Mg—Pb melt played a major
role in the selective dissolution of Cu, especially at
the forefront of dissolution (i.e., close to the
boundary between the diffusion zone and the
unreacted zone, Region 4 in Fig. 12(b) for
example).
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alloy and Mg—Pb melt after reaction for 60 min (a),
90min (b), and 120 min (c¢) at 900°C, and
corresponding concentration profiles of elements across
boundary

Kinetic analysis was performed using the same
approach employed in our earlier study [21] by
quantifying the average thickness of the diffusion
zone. The average thickness /. of the diffusion zone

of sample x shown in Fig. 11 was calculated based
on Eq. (3):

I,=A/W, 3)

Fig. 13 Cross-sectional BSE images of Regions 4 (a),
B (b), C (c), and D (d) in Fig. 12(b)

Table 2 EDS chemical compositions of points marked in
Fig. 13

Point Content/at.%
- Phase
No. Cu Co Fe Si Pb Mg
1 6296 2.15 141 198 0.05 31.45 MgCu
MgZCu—
2 20.58 1.28 1.12 0.34 13.51 63.18 MgPb
eutectic
Mg,Cu—
3 2078 1.77 1.37 0.18 13.75 62.14 MgPb
eutectic
MgZCu—
4 2120 0.65 0.49 0.29 14.88 62.49 Mg,Pb
eutectic
5 057 079 1.70 1.79 33.81 61.34 Mg,Pb
6 029 096 0.77 0.48 34.03 63.47 Mg,Pb

where W, represents the width of the Cu—Co alloy,
which is 5 mm, and A, is the area of the diffusion
zone on the cross-section of the sample, measured
using the image processing software Imagel] [32].
The calculated results are shown in Table 3 and
Fig. 14. As seen, the thickness of the diffusion zone
increased with increasing both the reaction time and
temperature. The thickness / is a function of time ¢,
expressed as Eq. (4) [33]:

I =k(t/ty)" 4)

where ¢ represents the reaction time, # represents
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the unit time, 1s, to obtain a normalized
dimensionless time, k represents the rate constant,
and n represents the reaction exponent. The value of
reaction exponent # indicates the type of the rate-
controlling step. When n=0.5, the rate is diffusion-
controlled, while n value of 1 represents that the
rate is interfacial reaction-controlled [34,35]. The
obtained n values are 1.238, 0.952, and 0.892, for
temperatures of 800, 850, and 900 °C, respectively.
This indicates that the rate-controlling step of the
extraction reaction was dominated by interfacial
reaction at the three temperatures of investigation.
By referring to the dissolution mechanism which
was discussed above, Cu dissolution into the
Mg-rich melt, taking place at the forefront of
dissolution (i.e., close to the boundary between the
diffusion zone and the unreacted zone, Region 4

Table 3 Thicknesses of samples calculated using Eq. (3)

7/°C t/min I/um
30 182.2
60 344.2
800
90 720.2
120 968.2
30 399.8
60 938.6
850
90 1193
120 1381.8
30 643.2
60 1057.6
900
90 1564.4
120 22754
A
. o
= A
5 ) - ®
E o} £} S =
ER =
= e
[ »
] [ ]
§ /‘/__,,,
& s ~ 4900 °C, n=0.892, k&=1.470 um
= T -850 °C, n=0.952, ~=1.371 um
&= . ~#- 800 °C, n=1.238, k=0.484 pm
10 | 1 1 1
30 60 90 120

Reaction time/min

Fig. 14 Thickness of diffusion zone versus reaction time
at 800, 850 and 900 °C

in Fig. 12(b) for example), was likely the rate-
controlling step.

The associated apparent activation energy E,
can be calculated by applying the Arrhenius
equation (Eq. (5)) [33], which expresses the
relationship between the rate constant £ and the
activation energy E,:

k = kyexp[ ~ E, /(RT)] )

where ko is the pre-exponential factor, and R is the
molar gas constant. Figure 15 shows plots of In k&
versus the reciprocal temperature. The activation
energy can be calculated from the slope of the
linear fitting, and an E, value of 117.7 kJ/mol was
obtained.

—134F .0\
-13.6 N
-13.8F "

-14.0

In(k/m)

-142} S

-144 "

E,=117.7 kJ/mol AN
-14.6 N

0.850 0.875 0.900 0.925 0.950
T71/103K™!
Fig. 15 Plot of In k versus 1/T

4 Conclusions

(1) The role of Mg and Pb in the Mg—Pb
binary melt was synergetic toward the selective
extraction of Cu from the Cu—Co alloy. The
presence of Mg in the melt ensured a high Cu
extraction rate because of its high capacity for Cu
dissolution in the temperature range of investigation.
The presence of residual O in the starting Pb
resulted in a relatively high Si extraction rate (i.e.,
20.9% at 850 °C) through oxidation, if the unary Pb
melt was used. The use of binary Mg—Pb melt
prevented the possible oxidation of Si, thereby
minimizing the extraction of Si. Pb in the binary
melt helped suppress the dissolution of Co, thus
improving the selectivity.

(2) The optimal experimental conditions are
mpy:mMe=3:1, extraction temperature of 800 °C,
Malloy:MMg-pb=1:5, and extraction time of 1 h. Under
these conditions, the extraction rate of Cu reached
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96.5%. And the extraction rates of Fe, Co, and Si
were only 0.2%, 0.6%, and 1.4%, respectively. This
shows the high effectiveness and selectivity for Cu
extraction from the Cu—Co alloy by employing
molten Mg—Pb.

(3) Volume reduction of the Cu—Co alloy
resulting from the Cu dissolution created voids/
channels that allowed the inward penetration of the
Mg—Pb melt, which resulted in the formation of
interconnected networks of the Mg—Pb—(Cu) melt
in the diffusion zone. The counter diffusion of
Mg/Pb and Cu across the diffusion zone of the
Cu—Co alloy resulted in the Cu dissolution into
the Mg—Pb pool outside the Cu—Co alloy. The
following phase evolution within the diffusion zone
can be observed: Mg,Pb — Mg,Cu—Mg,Pb eutectic
— MgCu,, suggesting that Mg in the binary
Mg—Pb melt played a major role in the selective
dissolution of Cu, especially at the forefront of
dissolution.

(4) In the temperature range of 800—950 °C,
the rate-controlling step of the extraction was
dominated by the interfacial reaction. The apparent
activation energy of the selective Cu dissolution
from Cu—Co alloy by molten Mg—Pb was estimated
to be 117.7 kJ/mol.
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