
Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier.com/locate/jelechem

Direct electrolytic separation of tungsten and cobalt from waste cemented
carbide and electrochemical behavior of tungsten and cobalt ions in NaF–KF
molten salts
Ming Lia,b, Xiaoli Xia,b,⁎, Qingqing Liub, Zuoren Niea,b, Liwen Maa,b
aNational Engineering Laboratory for Industrial Big-data Application Technology, Beijing University of Technology, Beijing 100124, PR China
b College of Material Science and Engineering, Key Laboratory of Advanced Functional Materials, Education Ministry of China, Beijing University of Technology, Beijing
100124, PR China

A R T I C L E I N F O

Keywords:
WC–10Co scrap
Electrolytic separation
Electrochemical behavior
NaF–KF melts

A B S T R A C T

In this study, WC–10Co cemented carbide scrap was used as a consumable anode to separate and prepare
tungsten and cobalt powders in NaF–KF melts at 1073 K. The feasibility of direct electrochemical dissolution of
WC main phase to produce metallic tungsten was analyzed by thermodynamic calculations and experimental
verifications. Furthermore, a series of electrolysis experiments were performed under constant cell voltage for
selective preparation of tungsten and cobalt powders. The results show that metal cobalt powder was obtained at
≤0.6 V whereas metal tungsten powder was produced between 0.6 V and 1.2 V. The analysis of cathode pro-
ducts using scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) show that tungsten and cobalt powders can be prepared in NaF–KF melts. Finally, linear sweep voltam-
metry (LSV) and electrochemical impedance spectroscopy (EIS) were used to investigate the dissolution of
WC–10Co anode. The electrochemical properties of tungsten and cobalt ions in NaF–KF melts were studied by
cyclic voltammetry (CV) and square wave voltammetry (SWV). The results show that WC–10Co anode could be
used to produce tungsten and cobalt powders and the electroreduction of tungsten and cobalt ions in NaF–KF
melts was achieved through a one-step reaction involving the transfer of two electrons.

1. Introduction

Cemented carbide is a composite material and usually composed of
tungsten monocarbide (WC) embedded within a Co binder. Cemented
carbides have characteristic high strength and hardness with a mod-
erate toughness, thus providing an optimal solution as tool and com-
ponent for metal cutting, rock drilling and wear resistance applications
[1]. They are widely used in the manufacturing, mining, construction,
oil and gas sectors. Cemented carbide, typically containing 40–95%
tungsten, is the most hard and important metal in the carbides [2].
Cemented carbides found to have superior qualities than other hard
materials in certain high-tech tooling and engineering applications. All
the super hard materials such as diamond, the hardest of all, cubic
boron nitride (CBN), polycrystalline diamond (PCD), and ceramics
(Al2O3, SiC etc.) have very low toughness, hence they are prone to form
brittle fracture [3]. On the other hand, cemented carbides have a un-
ique combination of high hardness, good toughness. Thus, they

constitute the most versatile group of hard materials for engineering
and tooling applications [4].

Tungsten has excellent physicochemical properties such as high
melting point, high density, and good corrosion resistance [5,6].
Therefore, tungsten found to have a large number of diverse applica-
tions in aerospace, electronics, automobiles, and atomic energy in-
dustries [7]. It also plays an important role in China's national
economy. There are limited global resources for tungsten, but its usage
continued to increase annually. Since 80% of tungsten powder is used
to prepare cemented carbide [8], an alternative way to overcome the
shortage of tungsten resources would be recycling of waste cemented
carbide. The tungsten content in spent cemented carbide ranges from
74% to 91% [9], allowing a facile recovery and an access to cheaper
tungsten sources compared to ore products [10]. Additionally, it also
alleviates the over exploitation of tungsten ore and solves the pollution
problem from mining of tungsten ore, promoting the sustainable de-
velopment and utilization of tungsten ore in China.
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Currently, various methods are available to recycle and recover
waste cemented carbide. Mechanical crushing is a method that does not
change the proportion of elements in the original cemented carbide
[11]. In this method, the waste carbide was mechanically scrapped and
then ball milled to obtain the same mixture as the waste carbide.
Methods that can produce cobalt and tungsten carbide powders include
acid leaching [12–14], zinc dissolution [15,16], high temperature
treatment, and selective electrochemical dissolution [17,18]. These
methods are based on characteristic properties of binder metal of ce-
mented carbide such as low melting point and better chemical re-
activity as compared to tungsten carbide. After dissolving cobalt of
cemented carbide, cobalt powder is prepared through hydrometallurgy,
the remaining tungsten carbide skeleton is mechanically crushed and
ball milled to obtain the tungsten carbide powder. In general, nitrate
stone melting and redox methods are used to produce cobalt and
tungsten powders [19–21]. However, the saltpeter melting method in-
volves the reaction of tungsten and sodium to produce sodium tungstate
at high temperature, thus providing tungsten powder using tungsten
smelting technology. On the other hand, the redox method involves
oxidation of cemented carbide to corresponding oxides of tungsten
carbide and cobalt, followed by crushing and ball milling, and finally,
reduction of carbide provides both tungsten and cobalt powders [22].

The molten salt electrolysis technology has always been considered
as an effective method for the preparation and recovery of metals with
high melting points and corresponding alloys. Our group has in-
novatively combined molten salt electrolysis technology and waste

cemented carbide recovery technology to recover waste cemented
carbide via a novel process called the molten salt electrochemical re-
covery method. In this method, the waste cemented carbide as a con-
sumable anode and the chloride molten salt medium as an electrolyte
are used. The different components of the cemented carbide are selec-
tively dissolved by electrolysis in controlled conditions, and the cathode
deposition is different. Compared to other conventional approaches,
this method has several benefits such as simple and short recovery
process, high purity, environmental benign, and regeneration of dif-
ferent metal components of waste cemented carbide. Xiaoli Xi and
Guanhao Si [23,24] have successfully extracted tungsten fromWC scrap
via electrochemical extraction and investigated the electrochemical
behavior of tungsten ion in blank NaCl–KCl melt at 1023 K. However,
the recovery efficiency of tungsten powder is only 18%. Xiangjun Xiao
et al. [25] successfully obtained tungsten and cobalt powders using
molten salt electrolysis method and recovered waste cemented carbide
in blank NaCl–KCl melt, thus leading to a short-process of regeneration
of waste cemented carbide. However, electrochemical recovery of ce-
mented carbide using NaF–KF has not been reported. NaF–KF has a
relatively wide electrochemical window compared to NaCl–KCl. On the
other hand, compared to the chloride molten salts, Hironori Nakajima
et al. [26] reported that tungsten ions may form fluoro-tungsten com-
plex ions in fluoride molten salts to promote the deposition of tungsten
ions at the cathode.

In this study, waste WC–10Co cemented carbide was used as con-
sumable anode to separate metallic tungsten and cobalt in NaF–KF
molten salts at 1073 K. Based on the thermodynamic analysis, a series
of electrolysis experiments were designed under constant cell voltage to
prepare tungsten and cobalt powders in NaF–KF melts. XRD, SEM, and
XPS were used to characterize the resulting cathode product. Several
electrochemical techniques, such as linear sweep voltammetry, elec-
trochemical impedance spectroscopy, cyclic voltammetry, and square
wave voltammetry were used to investigate the electrochemical dis-
solution of waste WC–10Co cemented carbide and electrochemical

Fig. 1. Schematic diagram of electrolysis cell.

Table 1
The theoretical decomposition voltages of WC, NaF, and KF at 1073 K.

Reaction equation ∆G1073K
θ (KJ/mol) E1073Kθ (V)

2NaF(l) = 2Na(l) + F2(g) 929.813 4.804
2KF(l) = 2 K(l) + F2(g) 919.908 4.763
WC(s) = W(s) + C(s) 35.699 0.185
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behavior of the metal ions dissolved from the WC-10Co waste cemented
carbide in the cathode.

2. Experimental

2.1. Electrochemical apparatus

Fig. 1 shows the apparatus used in the experiment. The apparatus is
divided into four parts: a tubular resistance furnace, a temperature

control system, a cooling system, and an electrochemical measurement
system. The temperature was controlled using a Pt-Rh thermocouple
with an accuracy of± 2 K. The circulating cooling system provides a
stable temperature range for the electrolysis experiment, and the elec-
trochemical measurement system was used to control and detect the
electrochemical reaction.

2.2. Preparation and purification of the melts

The electrolytic bath consisted in a mixture of NaF:KF (Aladdin 98%
and 99.5%, respectively) with the eutectic composition
(NaF:KF = 39.7%:60.3%), which was introduced into a graphite cru-
cible. The crucible was loaded into a furnace. After sealing the furnace,
the temperature of the furnace was raised to 473 K for 2 h under va-
cuum and maintained at 473 K under vacuum for additional 24 h to
remove the moisture. Subsequently, the mixture was heated to melt at
1073 K, where high purity argon gas (99.9%) was injected into the
vessel to maintain an inert atmosphere.

2.3. Electrochemical test and characterization of cathode products

A two-electrode electrolysis system was employed for electrolysis of
cemented carbide to obtain cobalt and tungsten powders. WC–10Co
(4 × 4× 10 mm) was used as a consumable anode and the total mass
was 6.8 g, whereas nickel plate (8 × 20 mm) was used as a cathode.
The cathode products obtained under different constant cell voltages
were sonicated, washed with water, and dried at 40 °C for 24 h.
Subsequently, the cathode products were characterized using X-ray
diffraction (XRD, SHIMADZU, XRD-7000), field emission scanning

Fig. 2. (a) Theoretical decomposition voltages of NaF and KF versus temperature. (b) Theoretical decomposition voltages of WC versus temperature. (c) Theoretical
decomposition voltage of NaF, KF, and WC at 1073 K. (d) Current density–time curve at 0.6 V and 1073 K for 4 h (area of WC electrode = 1.12 cm2, inserted pictures:
the photos of WC anode before and after electrolysis). (e) XRD pattern of cathode product at 0.6 V and 1073 K for 4 h.

Fig. 3. The relationship between the mass of anode dissolution, rate of anode
dissolution, and electrolysis voltages (inserted photos: the photographs of the
anode after electrolysis at 0.4 V, 1.0 V, and 1.6 V).
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electron microscopy (FESEM, JEOL, SU-8020) and X-ray photoelectron
spectroscopy (XPS).

All electrochemical analysis was carried out on a PARSTAT 4000
electrochemical workstation with the Versa Studio software package
(Advanced Measurement Technology, Inc., USA). A three-electrode
system containing a platinum wire (φ0.5 mm), a graphite rod (φ1 mm),
nd waste WC–10Co was used as a working electrode. A platinum wire
(φ0.5 mm) as a reference electrode, and a nickel rod (φ3 mm) as a
counter electrode were used to investigate the electrochemical dis-
solution of waste WC–10Co cemented carbide. The lower end of the
working electrode was thoroughly polished with SiC paper and then
cleaned with ethanol in an ultrasonic bath. The active electrode surface
was determined after each experiment by measuring the immersion
depth of the electrode in the molten salt. The electrochemical behavior
of metal ions dissolved from waste WC–10Co cemented carbide in the
cathode was studied by linear sweep voltammetry, electrochemical
impedance spectroscopy, cyclic voltammetry, and square wave vol-
tammetry.

3. Results and discussion

3.1. Thermodynamic analysis and experimental verification of
electrochemical dissolution of WC anode

Cemented carbide is a composite material prepared by sintering
hard phase tungsten carbide and a small amount of binder phase metal
cobalt. However, the electrochemical dissolution of the main phase
tungsten carbide is the key step for electrochemical separation and
preparation of metal tungsten and metal cobalt from the waste ce-
mented carbide. Therefore, a thermodynamic calculation was used to
analyze the direct electrochemical dissolution of WC main phase to give
metallic tungsten. The electrochemical dissolution of the WC anode is a
complex process, but the proposed strategy simplifies the entire elec-
trochemical process by considering the three chemical reactions pre-
sented in Table 1. Theoretical decomposition voltages of WC, NaF, and
KF occurred during the electrolysis process were calculated according
to HSC Chemistry 6.0 and the results are shown in Fig. 2. The theore-
tical decomposition potential was calculated using Eq. (1):

Fig. 4. SEM image and EDS analysis of WC–10Co cemented carbide after electrolysis (a) at 0.4 V, (b) at 0.8 V, (c) at 1.2 V, (d) at 1.6 V, (e) Histogram between the
mass percentage of element and electrolysis voltage on the surface of WC–10Co cemented carbide.
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=E G
nFT

T
(1)

The variables were defined as following: △ETθ is the theoretical
decomposition voltage, ∆GT

θ is the standard Gibbs free energy, n is the
number of electrons transferred, and F is the Faraday constant, which is
96,485 C/mol.

Fig. 2(a) and (b) shows the theoretical decomposition voltages at
different temperatures. Notably, the theoretical decomposition voltages
of NaF, KF, and WC gradually decreased as the temperature increased.
Additionally, the electrolysis temperature for our experiment was
1073 K. Table 1 and Fig. 2(c) show the specific theoretical decom-
position voltage value ETθ obtained at 1073 K. The theoretical decom-
position voltages of WC and NaF were determined to be 0.185 V and
4.804 V at 1073 K, respectively, whereas the theoretical decomposition
voltage of KF was found to be 4.763 V, which is less than that of NaF.
Therefore, the theoretical range of the voltages from 0.185 V to 4.763 V
was used during the electrolysis of WC anode. Further, the electrolytes
NaF and KF are stable in this voltage range. Thermodynamically, the
direct preparation of metallic tungsten from WC by molten salt elec-
trolysis process is feasible in NaF–KF molten salts by controlling the cell
voltage.

To verify the feasibility of direct electrochemical dissolution of WC
main phase to produce metallic tungsten, an electrolysis experiment
was carried out with 0.6 V at 1073 K for 4 h using tungsten carbide and
nickel plate as anode and cathode, respectively. The current–time curve

and XRD pattern of the cathode product are shown in Fig. 2(d) and (e).
As shown in Fig. 2(d), the current sharply increases to a peak level i.e.
~160 mA/cm2 and then decreases to the background level in the re-
maining period of electrolysis. The inserted pictures in Fig. 2(d) re-
present the anode before and after electrolysis, indicating a visible
change in the shape during the electrolysis in NaF–KF melts at 1073 K.
Fig. 2(e) shows the XRD pattern of cathode product, which has similar
pattern as the body-centered cubic structure of standard tungsten, in-
dicating electrochemical dissolution of WC main phase to produce
metallic tungsten.

3.2. Electrolysis of WC–10Co cemented carbide anode

To explore the effect of electrolysis voltage on the anode dissolution
and the cathode product formation, spent WC–10Co cemented carbide
was selected as a consumable anode and a series of electrolysis ex-
periments were designed with constant cell voltages. Different elec-
trolysis voltages (0.4 V, 0.6 V, 0.8 V, 1.0 V, 1.2 V, and 1.4 V) were used
for electrolysis. The inserted photographs in Fig. 3(a) show the anode
after electrolysis with 0.4 V, 1.0 V, and 1.6 V, indicating a visible
change in the shape with an increase in electrolysis voltages. This fur-
ther supports that the anode is electrolyzed in NaF–KF melts at 1073 K.
Furthermore, the anode plate was weighed before and after electrolysis
to calculate the anode weight and volume loss and the rate of electro-
chemical dissolution is determined and calculated using the following
equation (Eq. (2)) [27]:

× =r g h W
t

( )1
(2)

where r is the rate of dissolution (g × h−1); △W is the change in
weight of the anode before and after electrolysis (g); t is the duration of
electrolysis (h).

Fig. 3(a) shows the relationship between mass of anode dissolution,
rate of anode dissolution, and electrolysis voltages. Evidently, the mass
and rate of anode dissolution increase gradually at 0.4 V and 0.8 V,
indicating only a small amount from the surface of the binder phase
metallic cobalt of cemented carbide is dissolved and most of the main
phase tungsten carbide remains undissolved. However, the mass and
rate of anode dissolution rapidly increased at electrolysis voltages be-
tween 1.0 V and 1.6 V, indicating a large amount of the main phase
tungsten carbide is dissolved.

In order to further investigate the WC–10Co anode dissolution, SEM
and EDS were used to characterize the element distribution on the
anode surface after electrolyzed with 0.4 V, 0.8 V, 1.2 V, and 1.8 V.
Fig. 4 shows the micromorphology of WC–10Co anode surface after
electrolysis. The compact surface of WC-10Co anode is broken into
pieces and the change in micromorphology is small with the increase in

Fig. 5. XRD patterns of cathode products obtained at different electrolysis po-
tentials at 1073 K for 7 h.

Fig. 6. (a) Current density–time curve at 0.4 V and 1073 K (area of WC–10Co electrode = 1.12 cm2). (b) XRD pattern of the cathode product obtained at 0.4 V and
1073 K for 7 h. (c) XPS spectra of cathode product obtained at 0.4 V and 1073 K for 7 h. (d) SEM image of cathode product obtained at 0.4 V and 1073 K for 7 h.
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electrolysis cell voltages. EDS was employed to investigate the influence
of cell voltages on the different element dissolution of the anode sur-
face. As shown in Fig. 4(e), the mass percentage of tungsten and cobalt
gradually decreased and the mass of carbon increased, indicating
tungsten carbide and binder cobalt are dissolved with the increase in
electrolysis cell voltages. Compared with the dissolution of tungsten
carbide, the binder phase cobalt on the surface of cemented carbide was
completely dissolved at 1.6 V.

Additionally, the cathode products obtained at different electrolysis
voltages were analyzed using XRD (Fig. 5). As shown in Fig. 5, the
cathode product is metallic cobalt when electrolysis voltage is 0.4 V,
whereas it is metallic tungsten between 0.6 V–1.4 V. When the elec-
trolysis voltage is> 1.4 V, WC and W2C appeared in the cathode pro-
duct. These results indicate that the binder cobalt is first dissolved as
cobalt ion and then cobalt ions are reduced to metal cobalt at low
voltage. Further, tungsten carbide main phase also begins to dissolve
with increasing electrolysis voltage. In the molten salt, both tungsten
and cobalt ions are present. Since the amount of binder cobalt in ce-
mented carbide is low, the concentration of the dissolved cobalt ions is
also significantly low. Therefore, the precipitation of cobalt ions at the
cathode is also low as compared to tungsten ions. On the other hand,
potassium fluoride was favorable for tungsten ion deposition in the
cathode [26]. Further, metallic tungsten can be obtained at high vol-
tage. At high voltage, tungsten ions concentrate near the cathode and
react with the carbon at the anode to form WC/W2C.

Based on the results of cathode products at different electrolysis

voltages, the optimal conditions for obtaining cobalt powder is 0.4 V for
7 h. Fig. 6(a) shows the curve of electrolysis current over time. When
the electrolysis voltage is 0.4 V, the current intensity rapidly decreases
and stabilizes at about 40 mA/cm2 in a short time, which is attributed
to a fact that the dissolution of binder metallic cobalt is slow at low
current intensity. Fig. 6(b) represents the XRD analysis of the cathode
product obtained at 0.4 V and 1073 K for 7 h. Notably, the diffraction
peak of the product corresponds exactly to that of standard peak of
metallic cobalt. Fig. 6(c) shows the XPS spectra of the cathode product
formed at 0.4 V, the peaks of 2p 3/2 and 2p 1/2 at 778.3 eV and
793.3 eV, respectively, correspond to the peaks of metallic Co (0) [28].
Fig. 6(d) shows the SEM analysis of the obtained cobalt powder. The
particle size of the cobalt powder was estimated to be ~1 μm with more

Fig. 7. (a) Current density–time curve at 1.0 V and 1073 K (area of WC–10Co electrode = 1.12 cm2). (b) XRD pattern of the cathode product obtained at 1.0 V and
1073 K for 7 h. (c) SEM image of cathode product obtained at 1.0 V and 1073 K for 7 h. (d) EDS spectra of cathode product obtained at 1.0 V and 1073 K for 7 h.

Fig. 8. Linear sweep voltammetry curves of WC–10Co, WC, and graphite
electrodes.

Fig. 9. (a) Complex impedance spectra of WC–10Co electrode in NaF–KF melt
in the frequency range of 0.1–10 KHz at 1073 K. The applied potential was
0.4 V vs Pt. (b) Fitted data in the high-frequency region. (c) Corresponding
equivalent circuit.

M. Li et al. Journal of Electroanalytical Chemistry 833 (2019) 480–489

485



separated and uniform distribution of the crystallized particles. The
conditions for obtaining tungsten powder are 1.0 V for 7 h. Fig. 7(a)
shows the curve of electrolysis current intensity with time and the
electrolysis voltage is 1.0 V, which indicates that the electrolysis pro-
cess is not stable because of the dissolution of large amount of tungsten
carbide main phase. Fig. 7(b) displays the XRD analysis of the product
obtained under the electrolysis conditions. The diffraction peak of the
product corresponds to the standard peak of metallic tungsten. Fig. 7(c)
shows the SEM analysis of the product, revealing irregular shape of
tungsten powder particles with a diameter of 200 nm. The EDS pre-
sented in Fig. 7(d), the cathode products were essentially composed of
tungsten metals, confirming the formation of pure tungsten at the
cathode.

3.3. Electrochemical analysis of WC–10Co anode dissolution

To investigate the dissolution potential of WC–10Co anode in
NaF–KF molten salt, the polarization curves of WC–10Co, WC, and
carbon rod were obtained with a scanning rate of 50 mV s−1 (Fig. 8). As
shown in Fig. 8, the polarization curves of WC–10Co scrap, WC plate,
and graphite rod rapidly increase at −0.2 V, 0.6 V, and 1.7 V, in-
dicating the initial electrochemical dissolution potential of WC–10Co
plate, WC plate, and graphite rod are −0.2 V, 0.6 V, and 1.7 V, re-
spectively. It is obvious from comparison of the initial electrochemical
dissolution potentials that WC–10Co anode is prone to electrochemical
dissolution as compared to other anodes.

To understand the electrochemical oxidation resistance of WC–10Co
cemented carbide, an electrochemical impedance spectroscopy (EIS)
was used. Typically, three replicates of Nyquist plots were recorded for

WC–10Co anode in NaF–KF molten salt at a potential of 0.4 V (vs Pt) in
the frequency range of 0.1 Hz to 10 KHz at 1073 K (Fig. 9(a)). A high-
frequency semicircle was first observed followed by a straight line in
the low-frequency region, indicating that the electrochemical dissolu-
tion process of the WC–10Co anode was controlled by combined charge
transfer and diffusion phenomena in the solution. The high-frequency
semicircle was attributed to the time constant of the charge transfer and
double layer capacitance at the electrode–electrolyte interface. The
intersections of semicircles with real axis give an estimate value of the
resistance of solution (Rs) enclosed between the working and counter
electrodes. The low-frequency liner portion is associated with Warburg
type impedance related to the diffusion of soluble cobalt ions from the
electrode to the bulk solution.

The complex impendence data were fitted according to the suitable
equivalent circuits using the Zview fitting software and the results were
presented in Fig. 9(c). In the circuit, Rs is the solution resistance, Rct is
the charge transfer resistance, and CPE is the constant phase element
used to establish a more accurate fit due to the presence of capacitive
loop that generates an irregular semicircle [29]. The dashed line in
Fig. 9(b) represents the best fit of the data, estimating the average
charge transfer resistance (Rct) of WC–10Co and found to be 53.73 Ω.

3.4. Cyclic voltammetry (CV) of cobalt and tungsten ions in NaF–KF melts

The electrochemical behavior of dissolved tungsten and cobalt ions
from WC–10Co anode was studied using cyclic voltammetry and the
cyclic voltammograms are presented in Fig. 10. According to the results
of the cathode product with different cell voltages, cobalt ions were
dissolved from binder metallic cobalt at 0.4 V for 7 h. Fig. 10(a) shows

Fig. 10. (a) Cyclic voltammograms in the blank NaF–KF melt (dashed line: Pt electrode with 0.06 cm2) and after completion of the WC–10Co cemented carbide
electrolysis at 0.4 V (red line: Pt electrode with 0.06 cm2). (b) Cyclic voltammograms in the blank NaF–KF melt (dash line: Pt electrode with 0.06 cm2) and after
completion of the WC–10Co cemented carbide electrolysis at 1.2 V (red line: Pt electrode with 0.06 cm2). (c) Cyclic voltammograms obtained at various scan rates on
a Pt electrode after electrolysis of WC–10Co cemented carbide in NaF–KF melt at 1073 K and 1.2 V (working electrode area: 0.06 cm2). (d) Linear relationship of
reduction peak potential versus square root of scan rate after electrolysis at 1.0 V. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the cyclic voltammogram in the blank NaF–KF eutectic melt before and
after the WC–10Co electrolysis at 0.4 V and observed a sharp cathodic
peak with cathodic return peak at −0.42 V and − 0.13 V vs Pt, re-
spectively. These redox waves correspond to the reduction of cobalt
ions and dissolution of the deposited cobalt metal. The electroreduction
of the cobalt ions proceeded with a one-step electrolysis process.
Fig. 10(b) shows the cyclic voltammogram in the blank NaF–KF eutectic
melt before and after the WC–10Co electrolysis at 1.0 V for 7 h and
resulted a red curve with two pairs of redox peaks, a reduction peak
potential of R1 at −0.38 V vs Pt and an oxidation peak potential O1 at
−0.13 V vs Pt. Therefore, the reduction peak R1 and oxidation peak O1
on the left side in Fig. 10(b) correspond to the deposition and dis-
solution of cobalt metal, respectively. On the other hand, the reduction
peak R2 and oxidation peak O2 on the right side in Fig. 10(b) represent
deposition and dissolution of tungsten metal, respectively. Conse-
quently, the precipitation of cobalt and tungsten ions are one-step re-
duction reactions.

Fig. 10(c) shows the cyclic voltammetry curves at different scanning
rates of the cemented carbide electrolysis at 1073 K and 1.0 V for 7 h.
Fig. 10(d) shows the relationship between the reduction peak potential
and the square root of scan rate. In Fig. 10(c), significant reduction
peaks at −0.38 V and 0.23 V correspond to the reduction peaks of
cobalt and tungsten ions, respectively. As the scanning rate increases,
the reduction peak current density also increases, whereas the poten-
tials of reduction peak R1 and R2 do not have significant shift.
Fig. 10(d) also shows that the potentials of reduction peak R1 and R2
remained nearly constant at −0.31 V vs Pt and 0.23 V vs Pt regardless
of scan rates, indicating the reversibility of the reduction of cobalt and
tungsten ions.

3.5. Square wave voltammetry (SWV) of cobalt and tungsten ions in
NaF–KF melts

Square wave voltammetry was used to understand the electro-
reduction behavior of cobalt and tungsten ions on the Pt wire electrode.
Fig. 11(a) shows the square wave voltammetry curves at different fre-
quencies during the electrolysis of WC–10Co cemented carbide at
1073 K and 0.4 V for 7 h, which presents a typical cobalt ion reduction
wave recorded on a Pt wire at a potential of −0.42 V vs Pt.

The average number of exchanged electrons during the electro-
chemical reduction of cobalt ion can be calculated from the half width
of the peak W1 2

, using Gaussian fit equation (Eq. (3)) [30]:

=W RT
nF

3.52
1 2 (3)

where n is the number of exchanged electrons, R is the ideal gas con-
stant, T is the absolute temperature, and F is the Faraday constant.

The average number of electrons transferred was estimated at dif-
ferent frequencies of the square wave signal (Table 2). This indicates
that the number of electrons transferred was close to 2, confirming that
the reduction of cobalt ion occurred through a one-step, two-electron
transfer reaction.

As shown in Fig. 11(b), Oster young and Barker [30,31] reported a
relationship between height of the peak and square root of the fre-
quency. The reversibility can be understood by plotting the maximum
current densities of the current peak versus the square root of frequency
of the square wave signal. A straight line was obtained, indicating the
reduction of Co (II)/Co (0) is a diffusion-controlled process. Since the
cathodic peak remained constant over a specific frequency range, the

Fig. 11. (a) Square wave voltammograms of cobalt ion on a Pt electrode in NaF–KF melt at 1073 K after electrolysis at 0.4 V (Pt electrode with 0.06 cm2). (b) Linear
relationship of the cathodic peak current (black line) and reduction peak potential (red line) versus square root of frequency after electrolysis at 0.4 V. (c) Square
wave voltammograms of cobalt and tungsten ions on a Pt electrode in NaF–KF melt at 1073 K after electrolysis at 1.0 V (Pt electrode with 0.06 cm2). (d) Linear
relationship of the cathodic peak current R1 (black line) and reduction peak potential (red line) versus square root of frequency after electrolysis at 1.0 V. (e) Linear
relationship of the cathodic peak current R2 (black line) and reduction peak potential (red line) versus square root of frequency after electrolysis at 1.0 V. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reduction of cobalt ion is a reversible process (Fig. 11(b)), consistent
with the results of the cyclic voltammetry.

Additionally, Fig. 11(c) shows the square voltammetry curves at
different frequencies after the electrolysis of WC–10Co cemented car-
bide at 1073 K and 1.0 V for 7 h, two cathodic peaks appeared at
−0.38 V vs Pt and −0.23 V vs Pt in the negative potential scan. The
peaks of R1 and R2 correspond to the reduction peaks of cobalt and
tungsten ions, respectively. Eq. (3) was used to calculate the average
number of electrons exchanged during the electrochemical reduction of
the cobalt and tungsten ions. It is evident from Tables 3 and 4, that two
electrons were transferred in both cobalt and tungsten ions during the
electroreduction process. Therefore, the reaction of cobalt at the anode
and cathode is expressed by the following equations:

= ++Co Co eAnode: 22

=+Co Co eCathode: 22

whereas the reaction of tungsten at the anode and cathode is expressed
by the following equations:

= + ++WC W e CAnode: 22

=+W W eCathode: 22

Fig. 11(d) and (e) indicates the relationship between maximum
current densities of the current peak R1 and R2 versus the frequency
square root of the square wave signal. The resulting straight lines
confirm that the reductions of W (II)/W (0) and Co (II)/Co (0) were a
diffusion-controlled process. Since the cathodic peaks R1 and R2 re-
mained constant over a specific frequency range, the reduction of cobalt
and tungsten ions is a reversible process. These results were also con-
sistent with the cyclic voltammetry results.

4. Conclusions

Direct electrolytic separation of tungsten and cobalt from waste
WC–10Co cemented carbide and the electrochemical behavior of
tungsten and cobalt ions in NaF–KF molten salts at 1073 K were in-
vestigated. The electrochemical dissolution of WC main phase to pro-
duce metallic tungsten was validated by thermodynamic calculations
and experimental verifications. Based on the thermodynamic analysis
and electrolysis experiments of WC main phase, a series of constant cell
voltage electrolysis experiments were performed to investigate selective
preparation of tungsten and cobalt powders from waste WC–10Co ce-
ment carbide. It is evident from the results that cobalt powder with a
diameter of 1 μm at ≤0.6 V and tungsten powder with a diameter of
200 nm at 1.0 V were obtained. Furthermore, the results of linear sweep
voltammetry and electrochemical impedance spectroscopy confirm that
waste WC–10Co cemented carbide can be used as a consumable anode
for selective preparation of cobalt and tungsten powders. The cyclic
voltammetry and square wave voltammetry show that electroreduction
of the cobalt and tungsten ions occurred through a one-step process
involving the two-electron transfer. The reduction process of these two
ions was reversible and controlled by the diffusion in the melts.
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