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ABSTRACT

The accumulation of spent carbide (YG8), not only pollutes the environment but also causes waste of tungsten, cobalt and

other rare metal resources. To better address this issue, we proposed a combined electrochemical separation process of low-

temperature aqueous solution and high-temperature molten salt for tungsten and cobalt. H2WO4 was obtained from spent

carbide in an aqueous solution, and we calcined it to obtain WO3, which was used as a raw material to obtain tungsten

by using molten salt electrodeposition. The influence of the current efficiency and the electrochemical behavior of the dis-

charge precipitation of W(VI) were also studied. The calcination results showed that the morphology of WO3 was regular

and there were no other impurities. The maximum current efficiency of 82.91% was achieved in a series of electrodepo-

sition experiments. According to XRD and SEM analysis, the recovered product was high purity tungsten, which belongs

to the simple cubic crystal system. In the W(VI) reduction mechanism experiments, the electrochemical process of W(VI)

in NaCl-Na2WO4-WO3 molten salt was investigated using linear scanning voltammetry (LSV) and chronoamperometry in

a three-electrode system. The LSV showed that W(VI) was reduced at the cathode in two steps and the electrode reaction

was controlled by diffusion. The fitting results of chronoamperometry showed that the nucleation mechanism of W(VI) was

an instantaneous nucleation mode, and the diffusion coefficient was 7.379×10-10 cm2·s-1.

Keywords : NaCl-Na2WO4-WO3 molten salt, Tungsten recovery, Linear scanning voltammetry, Chronoamperometry, Dif-

fusion control
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1. Introduction

Tungsten and cobalt are widely used as strategic
resources in the military, aerospace, science and tech-
nology industries, as well as other industries [1].
Tungsten cobalt alloy is widely used in cemented car-
bide because of its high melting point, high hardness,
and good wear and corrosion resistance [2]. With the
development of society, the use of spent cemented
carbide (YG8) is increasing year by year, and it is dif-
ficult to achieve efficient recycling with the current
cemented carbide recycling technology [3]. There-
fore, developing a new recycling process for spent

carbide is of great significance to natural resources
and the rational development of mineral resources.

There are several methods of recycling spent
cemented carbides, including the zinc process, high-
temperature process, cold stream method and electro-
chemical method [4]. The electrochemical method is
favored because of its advantages, such as simple
equipment and easy process control. Electrochemis-
try involves two types of operation: molten salt elec-
trochemistry at high temperatures and aqueous
solution electrochemistry at low temperatures. Using
hydrochloric acid as the electrolyte, B. Huang [5]
effectively separated tungsten and cobalt from spent
carbide by electrodeposition, but the waste solution
was a serious environmental pollutant. X. Xi et al. [6]
successfully extracted tungsten from WC scrap and
investigated the electrochemical behavior of tungsten
ions in a NaCl-KCl melt at 1023 K. They demon-
strated the feasibility of tungsten recovery from spent
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carbide by molten salt electrodeposition, but the effi-
ciency of tungsten recovery was only 18%. X. Xiao
et al. [7] separated tungsten from spent carbide in a
NaF-KF molten salt and proposed the concept of short
process recovery of tungsten. However, the process
required considerable energy consumption, and the
electrochemical recovery of spent carbide was not
described. To reduce energy consumption and envi-
ronmental pollution in the recovery process and real-
ize the efficient recovery of tungsten resources, our
group proposed using the combined technology of
aqueous solution electrochemical separation and mol-
ten salt electrochemical deposition to recover cobalt
and tungsten [8]. The specific process route is shown
in Fig. 1. H. Kang [8] completed a preliminary study
of using spent cemented carbide (YG8) as the anode
in an acidic aqueous solution to recover cobalt and
H2WO4. Based on this study, WO3, a product of
H2WO4 calcination, was used as a tungsten source to
obtain high-quality tungsten by electrodeposition of
molten salt, and the effect of current density on cur-
rent efficiency during tungsten deposition and the
electrochemical precipitation discharge mechanism
of tungsten W(VI) was studied.

2. Experimental

2.1 Experimental materials

All the reagents (Except WO3) included in the
paper were supplied by Sinopharm Chemical
Reagent Co., Ltd. The purity of the reagents is AR.

As a preparation for the experiment, NaCl, Na2WO4,

and WO3 were dehydrated for 24 h under vacuum at
473 K to ensure that the experimental reagents were
dry and without water.

The diameter of both graphite and tungsten rods is
8 mm, the platinum wire’s diameter is 2 mm, and

Fig. 1. Chart of process.

Fig. 2. Experimental device diagram of the melt system.

1- Heating resistance wire, 2- graphite crucible, 3- corundum

crucible, 4- firebrick pad, 5- molten salt, 6- cooling water

flange, 7- thermocouple, 8- platinum wire (tungsten rod), 9-

stainless steel plate, 10- graphite
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their purity is 99.99%. The area of the stainless-steel
plate (AISI 1045) is 6 cm2. To prepare the plates for
the experiment, they were sanded with sandpaper of
1000 grit. After polishing, they were cleaned with
alcohol for 10 min. And using deionized water to
wash the surface for 5 min, finally dried and vacuum
sealed.

2.2 Experimental process

An argon atmosphere was used for the next experi-
ments, and the temperature was kept at 1053 K. The
molar ratio of NaCl:Na2WO4:WO3 was 82:16:2 (100 g).

Investigating the effect of current density on cur-

rent efficiency in a two-electrode deposition. 8 is a
tungsten rod that serves as the anode. The cathode is
stainless steel, while the graphite electrode leaves the
surface of the liquid molten salt. Electrodeposition
was conducted for 3 h. Tungsten was obtained on the
cathode plate and the tungsten rod at the anode was
reduced.

A three-electrode system was used in the experi-
ments to study the reduction mechanism of W(VI).
Tests were performed on the Swiss Wantong electro-
chemical workstation. The working electrode and
counter electrode are stainless-steel plate and graph-
ite. 8 is a platinum wire, as the reference electrode.
Tungsten was obtained on the cathode plate and the
anode produced CO2.

3. Results and Discussion

3.1. Analysis of calcination products

The H2WO4 obtained by electrolysis of the aque-
ous solution has two parts [8], one from the anode
plate and the other from the breaker. The H2WO4

cannot be used directly for tungsten recovery by elec-
trodeposition, so we calcined it under a muffle fur-
nace, after which we characterized the calcination
products by XRD and SEM. After calcination of
tungstic acid, the following reactions occur [6]:

(1)H
Δ

2
WO

4
s( )

WO
3

s( )
H
2
O g( )+→Fig. 3. XRD characterization of calcined products.

Fig. 4. SEM characterization of calcined products.
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The XRD results show that both the anode clay in
the beaker and the anode clay adhered to the anode
have the same phase of WO3 at the same temperature.
Different temperature comparisons show that the
tungsten trioxide particles become larger as the tem-
perature increases, while the growth of tungsten tri-
oxide: gradually changes from one crystalline surface
to multiple crystalline surfaces.

The a–d in Fig. 4 corresponds to the a–d in Fig. 3.
The SEM results show that temperature has an effect
on the morphology and size of WO3, with increasing
temperature corresponding to a larger particle size of
the generated WO3. And magnification of the circled
region in Fig. 4(c,d) to 100,000 times shows clearly
that the region is flaky. The WO3 morphology
obtained at higher calcination temperature is more
regular. 

No other phases were detected in the results, and
the WO3 obtained by calcination at 1013 K was able
to be used as a raw material to provide tungsten ions
for molten salt electrodeposition.

3.2. Effect of current density on current efficiency

Current efficiency η is related to current density,
use of additives, the content of metals in electrolyte,
the temperature of electrolyte, etc. [9] Increasing the
temperature or the concentration of a certain ratio of
molten salt will sharply increase the pollution, so this
paper in the process study only discusses the influ-
ence of current density on the current efficiency of
tungsten recovery.

(2)

(3)

(4)

Where m1 is the actually received mass of tungsten
(g), m2 is the theoretical mass of tungsten (g), C is the
electrochemical equivalent (1.143 g·A-1·h-1), I is the
electron current (A), t is electrolysis time (3 h), J is
the current density (mA·cm-2), and S is the area of the
stainless-steel plate (6 cm2).

It can be known from the formation and growth of
crystal nuclei [10] that the energy required for tung-
sten nucleation is much greater than the energy
required for the growth of tungsten nuclei, when the
current density does not reach a critical value, crystal

nuclei able to grow continuously, and they grew with
the increase in current density; when the current den-
sity exceeded the critical value, the increase in cur-
rent density resulted in concentration polarization,
and excessive current density produced burnt matter,
affecting the precipitation of metal ions, and crystal
nuclei decrease with the increase of current density. 

Fig. 5 shows that the current efficiency increases first
and then decreases with increasing current density.
When the current density is lower than 80 mA·cm-2, the
crystal nucleus of tungsten will increase gradually
with increasing current density, so the current efficiency
will increase gradually. When the current density was
80 mA·cm-2, the current efficiency reached a maximum
of 82.91%. When the current density exceeds 80 mA·cm-2,
the crystal nucleus of tungsten gradually decreases
with the increase of current density, so the current
efficiency decreases [11]. Apart from that, in high-
temperature molten salt, minimal tungsten does not
bond well with stainless steel, so it is easily impacted
into molten salt by ion migration and the flow of mol-
ten salt, and then the current efficiency is reduced
[12].

The tungsten on the surface of the cathode was
obtained under different current densities, washed
with deionized water, and then characterized by XRD
after drying. The results are shown in Fig. 6. 

Fig. 6 shows that when the current density is low as
well as high, less tungsten is deposited on the cathode
plate. This trend is the same as that in Fig. 5. The lat-
tice constants calculated by Jade software are

η
m
1

m
2

------ 100%×=

m
2

C I× t×=

I J S× 1000×=

Fig. 5. Relationship between current density and current

efficiency (1053 K).
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a=b=c=3.163 Å and α=β=γ=90o, which belong to
the cubic crystal system. The cubic crystal system

corresponds to a braffey lattice (a=b=c=3.165 Å,
α=β=γ=90o).

The coated plate at a current density of 80 mA·cm-2

was characterized by SEM and the results are shown
in Fig. 7. It shows that the distribution of tungsten is
evenly granular when it is enlarged to 100X; when it
is enlarged to 1.0kX, it can be seen that the structure
of tungsten has sponge-like features.

3.3. Mechanism of the electrode reaction

3.3.1. Linear sweep voltammetry analysis (LSV)
The discharge mechanism of W(VI) was studied

with LSV. The temperature was 1053 K. The scan-
ning direction changed from positive to negative. The
scan range was 11~14 mV·s-1. The test results are
shown in Fig. 8.

In this experiment, 14 mV·s-1 is taken as an exam-
ple. It shows that when the scan rate is 14 mV·s-1,
there are three reduction peaks in the range of (a) -
1~1.2 V, (b) -1.75~1.8 V, and (c) -1.9~-2.1 V, corre-
sponding to the reduction of W(VI). According to the
relationship between electrochemistry and thermody-
namics [6]: 

(5)

where T = 1053 K, = -909250 kJ·mol-1, n = 6,
and F = 96485 C·mol-1. So, the theoretical decompo-
sition voltage of WO3 is 1.570 V. In the actual exper-
iment, there exists an overvoltage, so the theoretical
decomposition voltage is close to peak (b) and peak
(c) in the linear sweep voltammetry testing [6]. In
order to further investigate the reduction mechanism,

ET

θ GT

θ
Δ

nF
----------–=

GT

θ
Δ

Fig. 6. Characterization of W obtained by electrodeposition at

different current densities by XRD.

Fig. 7. SEM characterization of W when the current

density is 80 mA·cm-2 (1053 K).

Fig. 8. Voltammetry curves (1053 K), in which the scans

are from 11~14 mV·s-1.
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the number of transferred electrons in the linear vol-
tammetry curve was calculated in this experiment.

Adjacent points are taken at the right of the reduc-
tion peak (a), and then make the E-lg((Ip-I)/I) rela-
tionship curve as shown in Fig. 9.

According to the electron transfer number formula
[13]:

(6)

(7)

E-Potential (V); Ip-peak current; k-slope of straight
line; n-number of electrons transferred; F=96500
C·mol-1; T=1053 K; and R=8.314 J·(mol·K)-1

Fig. 9 shows that E has a good linear relationship
with log10[(Ip-I)/I] and that the slope of the fitting line
is k=1.365. Through the above formula (7), the trans-
fer electron number of W(VI) can be obtained by the
following calculation:

From the calculation and the theoretical decompo-
sition voltage, no electron transfer occurs, and the
decomposition reaction of W2O7

2- may occur at peak
(a) [14]: 

(8)

W2O7
2- is from WO3 entering the molten salt to be

dissolved, after which it diffuses toward the cathode
due to the concentration difference [15]. The dissolu-
tion mechanism is as follows: (9)

E Y
2.3RTlog

10
Ip I–( ) I⁄[ ]

nF
--------------------------------------------------------+=

k
2.3RT

nF
---------------=

n
2.3 8.314× 1053×

96500 1.365×
--------------------------------------------- 0.153 0≈= =

W
2
O
7

2 –
WO

4

2 –
W VI( ) 3O

2 –
+ +→

WO
3

WO
4

2 –
+ W

2
O
7

2 –
→

Table 1. Table 3 Data related to peak (a)

E (V) I (mA) Ip (mA) lg((Ip-I)/I)

-1.172 -8.800 -9.416 -1.155

-1.175 -8.802 -9.416 -1.157

-1.177 -8.804 -9.416 -1.158

-1.180 -8.806 -9.416 -1.160

-1.182 -8.809 -9.416 -1.162

-1.185 -8.812 -9.416 -1.164

-1.187 -8.814 -9.416 -1.165

-1.189 -8.816 -9.416 -1.167

-1.192 -8.819 -9.416 -1.169

Fig. 9. The relationship of E-log10[(Ip-I)/I] of the peak (a).

Fig. 10. The relationship of E-log10[(Ip-I)/I] on the right

side of the peak (b).
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Adjacent points are taken at the right of the reduc-
tion peak (b), and then make the E- log10[(Ip-I)/I]
relationship curve as shown in Fig. 10.

Fig. 10 shows the slope of the fitting line is
k=0.139. Through the formula (7), the transfer elec-
tron number of W(VI) can be obtained by the follow-
ing calculation:

It is proven that the electron transfer number at
peak (b) is 2. The principle is as follows: 

(10)

Adjacent points are taken at the right of the reduc-
tion peak (c), and then make the E- log10[(Ip-I)/I] rela-
tionship curve as shown in Fig. 11.

Fig. 11 shows the slope of the fitting line is

k=0.054. Through formula (7), the transfer electron
number of W(VI) can be obtained by the following

n
2.3 8.314× 1053×

96500 0.139×
--------------------------------------------- 1.501 2≈= =

W VI( ) 2e
–

+ W IV( )=

Table 2. Table 3 Data related to peak (b)

E (V) I (mA) Ip (mA) lg((Ip-I)/I)

-1.785 -9.368 -9.416 -2.294

-1.788 -9.371 -9.416 -2.320

-1.790 -9.373 -9.416 -2.338

-1.792 -9.375 -9.416 -2.357

-1.795 -9.375 -9.416 -2.364

-1.797 -9.377 -9.416 -2.387

-1.800 -9.379 -9.416 -2.405

-1.802 -9.380 -9.416 -2.416

-1.805 -9.381 -9.416 -2.435

Fig. 11. The relationship of E- log10[(Ip-I)/I] on the right

side of the peak (c).

Table 3. Data related to peak (c)

E (V) I (mA) Ip (mA) lg((Ip-I)/I)

-1.946 -9.393 -9.416 -9.393

-1.949 -9.394 -9.416 -9.394

-1.951 -9.396 -9.416 -9.396

-1.954 -9.398 -9.416 -9.398

-1.956 -9.400 -9.416 -9.399

-1.958 -9.401 -9.416 -9.401

-1.961 -9.402 -9.416 -9.402

-1.963 -9.404 -9.416 -9.404

-1.966 -9.406 -9.416 -9.406
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calculation:

It is proven that the electron transfer number at
peak (c) is 4. The principle is as follows: 

(11)

In summary, the principle is as follows:
Cathode:

(12)

(13)

Anode: 

(14)

Afterward, whether the reduction process of W(VI)
in tungsten trioxide is reversible and controlled by
diffusion steps are studied. Table 4 presents the rele-
vant data.

The relationship between the peak potential and
scanning rate is studied to determine whether the
reduction process is reversible [16,17]. According to
the analysis in Fig. 12(a), the relationship between
the Ep and the lnv is linear, so it can be judged that the
process of W(VI) reducing to tungsten metal on the
stainless-steel cathode is an irreversible process.

According to the analysis in Fig. 12(b), the Ip is lin-
early related to the v1/2, it conforms to the Randles-
Sevcik equation [18], which indicates that the elec-
trochemical reduction process of reduced metals is
controlled by diffusion steps.

3.3.2. Chronoamperometric analysis
The nucleation process of WO3 was studied by

Chronoamperometry in the electrochemical deposi-
tion. The temperature was 1053 K and the potential
ranged from -2.00 V to -2.15 V. The test results and
the relationship between I(t) and the negative square
root of the transition time can be seen in Fig. 13(a,b).

Fig. 13(a) indicates that the electron current (in
absolute value) is first increased, and then stabilizes.
For example, in the curve (-2.00 V), the current
quickly rises to its maximum as the electrical double

n
2.3 8.314× 1053×

96500 0.054×
--------------------------------------------- 3.865 4≈= =

W VI( ) 4e
–

+ W IV( )→

W VI( ) 2e
–

+ W IV( )→

W IV( ) 4e
–

+ W S( )→

C 2O
2 –

4e
–

–+ CO
2

→

Table 4. Corresponding parameters of the linear scan voltammetry curve at different scans

v (mV·s-1) ln v (ln(mV·s-1)) v1/2 (mV·s-1)1/2 Ep (V) Ip (mA)

11 2. 398 3. 317 -1. 934 -9.403

12 2. 485 3. 464 -1. 958 -9.408

13 2. 565 3. 606 -1. 973 -9.414

14 2. 639 3. 742 -1. 995 -9.418

Fig. 12. (a) Relationship between peak potential and scanning rate; (b) Relationship between peak current and scanning

rate.
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layer is charged on the surface of the electrode [8]. In
addition, W(VI) is rapidly decreased, and with
increasing electrolysis time, the amount of tungsten
on the working electrode surface increases. The
quantities of W(VI) in the active nucleus can’t meet
the velocity of W formation, and it is controlled by
concentration polarization. These factors contribute
to the change in current. After that, no new tungsten
nucleus is formed; instead, the nucleus grows on the
cathode surface. As can be seen from the comparison
of the chronoamperometric curves at different poten-
tials, the electrochemical reduction of W(VI) is con-
trolled by the diffusion step on the cathode surface.

As shown in Fig. 13(b), I(t) exhibit a good linear rela-
tionship with τ-1/2. As a result, the electrochemical
reduction of W(VI) is controlled by the diffusion step.

(15)

Based on the Cottrell equation [19], the diffusion
coefficient of W(VI) can be calculated in an irrevers-
ible system. According to the equation (15), where A
is the working electrode surface area (cm2); DW(VI) is
the diffusion coefficient (cm2·s-1); C0 is the W(VI)
concentration (mol·L-1); τ is the transition time; π
=3.14; F =96500 C·mol-1; and n is the number of
electrons transferred.
when A=6 cm2, τ1/2=0.023 mA·s, C0=0.432×10-3

mol·L - 1 ,  n=6, the calculated result  is  DW ( VI )

=7.379×10-10 cm2·s-1.
In Fig. 13(a), different points can be randomly

selected from the rising portion of the chronoampero-
metric curve at different electric potentials, the
W(VI) nucleation mechanism could be obtained from
the equations of instantaneous nucleation and contin-
uous nucleation [20,21]. The equations (16) and (18)
can be simplified as shown in Equations (17) and
(19) , respectively.

Instantaneous nucleation:

(16)

(17)

Continuous nucleation:

(18)

(19)

In the above equations, I(t)-electron current corre-
sponding to time (mA); Z-valence; F=96500 C·mol-1; N-

I
nFADW VI( )

1

2
---

C
0

πτ( )

1

2
---

-----------------------------------=

I t( ) ZFNπ 2DW VI( )C0
( )

3

2
---

M

1

2
---

ρ

1

2
---–

t

3

2
---

=

I t( ) kt

1

2
---

b
1

+=

I t( )
2

3
---ZFKnNπ 2DW VI( )C0

( )

3

2
---

M

1

2
---

ρ

1

2
---–

t

3

2
---

=

I t( ) kt

3

2
---

b
2

+=

Fig. 13. (a) Chronoamperometric current curve for W(VI) at different potentials (1053 K); (b) The relationship between I(t)

and the negative square root of the transition (τ-1/2).

Table 5. The degree of fit in the relationship between

current and time in the chronoamperometric analysis at

different potentials

E (V)
I(t)-t1/2 degree of 

fitting

I(t)-t3/2 degree of 

fitting

-2.00 0.940 0.937

-2.05 0.982 0.981

-2.10 0.954 0.952

-2.15 0.982 0.980
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the nucleation number density (cm-2); DW(VI)-diffusion
coefficient (cm2·s-1); C0-concentration of W(VI) (mol·L-1);
M-molar mass (g·mol-1); ρ-density (g·cm-3); Kn-nucle-
ation rate constant (cm-2·s-1); t-time (s); and π=3.14.

Table 5 shows that the fitting degree of I(t)-t1/2 is
better than the fitting degree of I(t)-t3/2 at any poten-
tial. The average fitting degree of I(t)-t1/2 was 0.965
and that of I(t)-t3/2 was 0.963. By comparison [22],
the nucleation mechanism of W(VI) in molten salt
agrees with instantaneous nucleation.

4. Conclusions

By optimizing the recovery process of tungsten
from waste cemented carbide, when the current den-
sity is 80 mA·cm-2, the electrolytic temperature is
1053 K and the molar ratio of NaCl:Na2WO4:WO3

was 82:16:2 (100 g), the maximum current efficiency
is 82.91%. The reduction mechanism of tungsten was
investigated using a three-electrode system, and elec-
trochemical tests of LSV and Chronoamperometry
were performed. The LSV results show that W(VI) is
reduced in the first step at a potential of -1.75~-1.8 V.
The number of electrons transferred is 2, and the
reaction occurs W(VI)+2e−→W(IV). At a potential
of -1.9~-2.1 V, the second reduction step occurs, and
the number of electrons transferred is 4. The reaction
occurs W(IV)+4e-→W(S). The relation between the
natural logarithm of sweep speed and peak potential
shows that the reduction of W(VI) is an irreversible pro-
cess, and the relation between the power of sweep speed
and peak current shows that the reduction process of
W(VI) is controlled by the diffusion process. The diffu-
sion coefficient of W(VI) is DW(VI)=7.379×10-10 cm2·s-1

by Chronoamperometric parameters. According to the
nucleation formula and linear fitting, the W(VI) nucle-
ation mode is closer to instantaneous nucleation.
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