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Themassive accumulation of spent cemented carbide not only produces environmental pollution but alsowastes

resources such as tungsten and cobalt. To solve the problem, a low-temperature acid aqueous electrochemical

method was used; cobalt was recycled on a stainless steel cathode, and at the same time, tungstic acid was

enriched at a spent cemented carbide anode, achieving a high efficiency, low energy consumption, and low

pollution separation and recovering spent cemented carbide. The transient electrochemical test results show

the following: the reduction mechanism of cobalt is Co2+(aq) + 2e� / Co(s). The nucleation mechanism is close

to instantaneous nucleation. The electrodeposition is irreversible and controlled by the diffusion step. The

average diffusion coefficient of Co(II) is 2.16589 � 10�7 cm2 s�1. Electrodeposition experiments show that

cobalt enters the electrolyte in the form of Co(II) and is reduced to elemental cobalt on the stainless steel

electrode, and tungsten carbide (WC) is oxidized to tungstic acid (H2WO4) under the oxidizing atmosphere of

the anode and enriched in the anode area. The investigation provides favorable electrochemical conditions for

the recovery and separation of other valuable metals from spent alloys.
1 Introduction

The nonferrous metals tungsten and cobalt are important stra-
tegic resources that are oen used in the military, aerospace,
science and technology, and other industrial elds.1,2 Tungsten–
cobalt alloy is widely used in cemented carbide because of its high
melting point, high hardness, and good wear and corrosion
resistance.3With the increase in the use of cemented carbide in all
walks of life, a large amount of spent cemented carbide, which is
difficult to handle, has been generated, not only polluting the
environment but also wasting metal resources such as tungsten
and cobalt. Therefore, the efficient recovery of valuable metals in
waste alloys is of great signicance for promoting the develop-
ment of a global circular economy.

The methods for recycling spent cemented carbides mainly
include the zinc melting method, electrochemical analysis,
high-temperature treatment, and acid dissolution.4,5 Compared
with other methods, the electrochemical recovery method can
be used for many types of recovered metals, and the process is
easy to control.6 Electrochemical recovery are divided into high-
temperature molten salt electrochemistry and low-temperature
aqueous solution electrochemistry. Xiaoli Xi7,8 and Liwen
Zhang9 effectively separated tungsten and cobalt metals in
cemented carbide by the molten salt electrochemical method.
However, the purity of the metal recovered by the high-
sity of Science and Technology Liaoning,

hina. E-mail: kk20190710@163.com;

22042
temperature molten salt is not very high, a large amount of
energy is consumed, and the resultant pollution is signicant.
Xiaqi Liang10 and R. R. Srivastava11 described the ability to
recover WC and cobalt in spent cemented carbide by aqueous
solution electrochemistry. However, the purity of the WC ob-
tained at the anode is not high, and the electrochemical
conditions are difficult to control. To further develop the low-
consumption and high-efficiency recovery technology of tung-
sten and cobalt in spent cemented carbide, this paper uses low-
temperature aqueous solution electrochemical separation
technology. The process mechanism of cobalt recovery by
cathodic electrodeposition has successfully achieved a high-
efficiency short-ow recovery process, same time H2WO4

enrichment at the anode, and similar studies have rarely been
reported. At the same time, the relevant electrochemical
behavior rules can provide theoretical guidance for the recovery
and separation of other valuable metals from spent alloys.
2 Materials and methods

All the chemicals involved in the experiment were produced by
Sinopharm Chemical Reagent Co., Ltd. with the expected purity
(AR).

In the electrochemical experiment, CoCl2$6H2O with
a concentration of 0.05 mol L�1 was used as the electrolyte solu-
tion at a temperature of 298 K, and a three-electrode system was
employed to study the mechanism of the electrochemical reac-
tion. The working electrode was stainless-steel, and the electrode
surface area was 0.785 cm2. The reference electrode was
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Voltammetry curves of Co(II) at different scanning rates (298 K).
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a saturated calomel electrode. The counter electrode was plat-
inum, and the electrode surface area was 8 cm2. Before the
experiment, the stainless-steel plates were sanded until smooth
with different sizes of sandpaper. The alkaline solution was
degreased by an electrochemical method. The plates were cleaned
with alcohol (10 min) and deionized water (5 min) via an ultra-
sonic method and then dried (308 K, 4 h) for use.

In the electrodeposition experiment, the spent cemented
carbide was the anode, the stainless-steel was the cathode, and the
actual working areas of both electrodes were equal to 6 cm2.
CoCl2$6H2O and H3BO3 at concentrations of 0.25 mol L�1 and
0.30 mol L�1, respectively, were used as electrolyte solutions.
Electrodeposition occurred when two electrodes were placed
opposite to each other. High-purity cobalt was obtained on the
surface of the stainless-steel cathode, and high-purity tungstic acid
was gathered in the region of the anode. The experimental process
and mechanism are given in Fig. 1 and eqn (1)–(5).

The experimental mechanism is as follows:
Anode:

Co(s) � 2e� / Co2+(aq) (1)

M(s) � ne� / Mn+
(aq) (2)

WC(s) + 6H2O � 6e� / CO2(g) + H2WO4(s) + 10H+
(aq) (3)

Cathode:

2H+ + 2e� / H2(g) (4)

Co2+ + 2e� / Co(s) (5)
Fig. 1 Experimental process.

This journal is © The Royal Society of Chemistry 2020
3 Results and discussion
3.1 Voltammetry analysis

The cobalt in spent cemented carbides, the deposition potential
and the deposition current in deionized water, and the reduc-
tion process on the cathode surface were studied with linear
sweep voltammetry testing.12,13 The temperature was 298 K. The
linear sweep voltage range was�0.15 to�1.70 V. The scan range
was 100–115 mV s�1. The test results are shown in Fig. 2.

Fig. 2 shows that when the scan rate is 120 mV s�1, there are
only two reduction peaks in the range of �1.0–0.6 V, corre-
sponding to the reduction potential of cobalt and hydrogen,
RSC Adv., 2020, 10, 22036–22042 | 22037
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Fig. 3 (a) Chronopotentiometric curves of Co(II) at different current intensities; (b) the relationship between the current intensity I(t) and the
negative square root of the transition time (s�1/2) obtained via chronopotentiometry (298 K).
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View Article Online
while there is only one oxidation peak corresponding to the
oxidation of cobalt. On the basis of cyclic voltammetry, linear
sweep voltammetry was carried out to study the reduction
mechanism on the working electrode surface. The experiment
began at �0.15 V and stopped at �1.70 V. Two reduction
plateaus of cobalt and hydrogen appear in the curve. Although
the deposition potential of cobalt is more negative than that of
hydrogen, the values are very close. According to the Nernst
equation,14 in a single-metal ion solution, the concentration
increases 100 times every time the low ion potential increases by
0.06 V. An increase in the concentration of Co(II) can make the
deposition potential of cobalt more positive than that of
hydrogen. From �0.35 to �0.70 V, the plateau facilitates the
reduction precipitation of Co(II) via a two-electron one-step
reduction process. Aer �1.2 V, a hydrogen evolution plateau
occurs. It can be concluded from Fig. 2 that the reduction of
Co(II) to cobalt on the surface of the stainless-steel cathode is an
irreversible process.15–17
Fig. 4 (a) Chronoamperometric curve of Co(II) at different electric pot
negative square root of the transition time (s�1/2) obtained via chronoam

22038 | RSC Adv., 2020, 10, 22036–22042
3.2 Chronopotentiometric analysis

The diffusion coefficient DCo(II) was studied by chro-
nopotentiometry in an acidic aqueous solution. The tempera-
ture was 298 K. The current intensity was 0.04–0.10 mA. The test
results are shown in Fig. 3.

Fig. 3(a) shows that the electrode potential rst decreases,
then increases, and nally remains stable, and the 0.10 mA
curve is given as an example. During the period of 0.5–1.5 s, the
system suddenly applies a constant current, causing ohmic
polarization of the solution on the cathode surface. This
polarization greatly changes the electrode potential of the
system, and the cathode potential decreases rapidly. From 1.5–
1.7 s, electroactive Co(II) on the surface of the stainless-steel
deposits at a constant rate because of the polarization of the
current. From 1.7–3 s, the cobalt content of the working elec-
trode surface increases as the electrolysis time increases. The
reduction process on the electrode surface is controlled by
concentration polarization. The electrode potential begins to
change dramatically again and is accompanied by the
entials; (b) the relationship between the current intensity I(t) and the
perometry (298 K).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The relationship of IðtÞ-t12 and IðtÞ-t32 (0.85 V).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
8:

51
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
occurrence of the HER. Aer 3 s, the electroactive Co(II)
concentration drops to 0 on the surface of the stainless-steel
working electrode, and the HER occurs completely, therefore,
the electrode potential remains stable. The reaction potential of
cobalt is gradually reduced from �0.58 V to �0.70 V as the
current intensity increases. Co(II) undergoes a one-step two-
electron irreversible reduction process on the surface of the
stainless-steel. This reduction potential is very close to the Co(II)
reduction potential in Fig. 1.

In chronopotentiometry, the electrochemical behavior of
Co(II) can be further studied according to the relationship
between I(t) and s�1/2.18 This relationship is shown in Fig. 3(b).

Fig. 3(b) shows that I(t) and s�1/2 have a good linear rela-
tionship. The results further indicate that the electrochemical
reduction process is controlled by the diffusion step of Co(II) on
the surface of the cathode in the spent cemented carbide. In an
irreversible system, the diffusion coefficient DCo(II) of Co(II) can
be calculated according to the Sand equation.19

Is
1
2 ¼ nFC0S

�
pDCoðIIÞ

�1
2

2
(6)

S-working electrode surface area/cm2; DCo(II)-diffusion coefficient/
cm2 s�1; C0-concentration of Co(II)/mol cm�3; s-transition time/s;
F ¼ 96 485/C mol�1; p ¼ 3.14; and n-electron transfer number.

According to eqn (6), when S ¼ 0.785 cm2, Is1/2 ¼ 0.588 mA s,
F ¼ 96 485 C mol�1, C0 ¼ 0.05 mol cm�3, n ¼ 2, and p ¼ 3.14,
and it can be calculated that DCo(II) ¼ 0.76776 � 10�8 cm2 s�1.
3.3 Chronoamperometric analysis

The nucleation process during electrodeposition in an aqueous
acidic solution was studied by chronoamperometry. The
temperature was 298 K. The electric potential was �0.85 to
�1.05 V. The test results are shown in Fig. 4(a).

Fig. 4(a) shows that the current intensities rst increase, then
decrease, and nally stabilize. For example, in the �1.05 V curve,
in the beginning, the current rapidly increases to the maximum
because of the charging of the electrical double layer on the
electrode surface. Additionally, Co(II) is quickly reduced, and the
cobalt content of the working electrode surface increases as the
electrolysis time increases. The amount of Co(II) in the active
This journal is © The Royal Society of Chemistry 2020
nucleation sites cannot meet the formation rate of cobalt nuclei,
and the reduction process of the electrode surface is controlled by
concentration polarization. These factors cause the current to
gradually decrease until it reaches a stable state. Aerwards, a new
cobalt nucleus does not form; instead, the growth process of the
nucleus on the surface of the cathode takes place. The stable
current value is close to the current value caused by Co(II) at the
corresponding voltage in linear scanning voltammetry. The elec-
trochemical reduction process of Co(II) is controlled by the diffu-
sion step on the surface of the cathode, as revealed by comparing
the chronoamperometric curves at different potentials.

In chronoamperometry, the electrochemical behavior of
Co(II) can also be further studied on the basis of the relationship
between I(t) and s�1/2. This relationship is shown in Fig. 4(b).

Fig. 4(b) shows that I(t) has a good linear relationship with s�1/

2. The results further indicate that the electrochemical reduction
process of Co(II) is controlled by the diffusion step on the surface
of the stainless-steel working electrode in the spent cemented
carbide. This nding is consistent with the conclusions obtained
above. In an irreversible system, the diffusion coefficient DCo(II) of
Co(II) can be calculated according to the Sand equation. According
to eqn (6), when S ¼ 0.785 cm2, Is1/2 ¼ 4.377 mA s, F ¼ 96 485 C
mol�1, C0 ¼ 0.05 mol cm�3, n ¼ 2, and p ¼ 3.14, the calculated
result is DCo(II) ¼ 4.25500 � 10�7 cm2 s�1. The diffusion coeffi-
cients obtained according to the two different curves are different.
This difference occurred because as the electrodeposition time
increases, cobalt is adsorbed on the surface of the working elec-
trode, and the surface area of the working electrode continuously
increases. However, when using the known working electrode
surface area for the calculation, the value of the diffusion coeffi-
cient increases, leading to a deviation. To reduce the deviation in
the experiments, the average value was calculated. The average
diffusion coefficient of Co(II) was 2.16589 � 10�7 cm2 s�1.

The process by which cobalt is reduced to form a cobalt
nucleus can be clearly obtained from the chronoamperometric
curves at different potentials, and the nucleation mechanism of
Co(II) can be obtained according to this process. By taking 4
different points randomly from the rising portion of the chro-
noamperometric curve at different electric potentials in Fig. 4, the
Co(II) nucleation mechanism could be calculated from the equa-
tions of instantaneous nucleation and continuous nucleation.20
RSC Adv., 2020, 10, 22036–22042 | 22039
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Fig. 6 Characterization of Co by XRD and SEM.

Fig. 7 Characterization of anode mud by XRD and SEM.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
8:

51
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Instantaneous nucleation:

IðtÞ ¼ ZFNp
�
2DCoðIIÞC0

�3
2M

1
2r�

1
2t

1
2 (7)

Continuous nucleation:

IðtÞ ¼ 2

3
ZFKnNp

�
2DCoðIIÞC0

�3
2M

1
2r�

1
2t

3
2 (8)

I(t)-current intensity corresponding to time/mA; Z-valence; F ¼
96 485 C mol�1; N-number density of crystal nucleus/cm�2;
DCo(II)-diffusion coefficient/cm2 s�1; C0-concentration of Co(II)/
22040 | RSC Adv., 2020, 10, 22036–22042
mol cm�3; M-molar mass/g mol�1; r-density/g cm�3; Kn-nucle-
ation rate constant/cm�2 s�1; t-time/s; and p ¼ 3.14.

Eqn (7) and (8) can be expressed as follows:
Instantaneous nucleation:

IðtÞ ¼ k1t
1
2 þ b1 (9)

Continuous nucleation:

IðtÞ ¼ k2t
3
2 þ b2 (10)
This journal is © The Royal Society of Chemistry 2020
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The relationship between IðtÞ-t12 and IðtÞ-t32 was plotted,
according to which the nucleation mechanism of Co(II) was
estimated. Different points (from the 3rd to the 6th points) from
the rising portion of the chronoamperometric curve at 0.85 V

were taken. The relationship of IðtÞ-t12 and IðtÞ-t32 is shown in
Fig. 5.

Fig. 5 shows that both tted lines have a certain deviation.
This deviation occurs because cobalt is reduced but adheres to
the stainless-steel working electrode surface, which causes the
actual working surface area of the electrode to increase rapidly,
resulting in uctuations in the current intensity on the working
electrode surface. The goodness of t suggests that the nucle-
ation mechanism is closer to instantaneous nucleation on the
working electrode surface. The tting equations are shown in
eqn (11) and (12).

Instantaneous nucleation:

IðtÞ ¼ 2:825t
1
2 � 3:327

�
R2 ¼ 0:981

�
(11)

Continuous nucleation:

IðtÞ ¼ 0:987t
3
2 � 1:489

�
R2 ¼ 0:976

�
(12)
3.4 Test results analysis

To further verify that cobalt can be extracted and recovered from
spent cemented carbide by electrodeposition in an acidic
solution, deposition products were collected on the surface of
the working electrode. The electrode was washed, dried, and
then characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The characterization results are
shown in Fig. 6.

Fig. 6 shows that the cobalt obtained in this experiment is
dominated by diffraction of the (101) surface. Among the
surfaces represented by the diffraction peaks, this surface has
the highest cobalt content and is the preferred orientation. The
characterizations of Co by XRD and SEM show that the cathode
product is cobalt.

To verify that this cobalt resulted from the skeleton metal of
the spent cemented carbide, the anode mud was analyzed by
XRD and SEM aer being recovered, washed, ltered, dried, and
ground. The anode mud was divided into two parts in the
electrodeposition process: one part oxidized and fell into solu-
tion due to the anodizing atmosphere, and the other part
adhered to the spent cemented carbide anode. The character-
ization results are shown in Fig. 7.

Fig. 7 shows that there is no cobalt phase in the anode mud
characterized by XRD. The cobalt enters the solution under elec-
trodeposition conditions and is then reduced on the surface of the
stainless-steel cathode. Comparison of Fig. 7(a) and (b) shows only
the tungstic acid (H2WO4) phase of the anode mud is present in
solution, while a small amount of theWCphase of the anodemud
adheres to the spent cemented carbide. This distribution occurs
because a small amount of WC is carried by the anode slime
attached to the spent carbide during the scraping process.
This journal is © The Royal Society of Chemistry 2020
4 Conclusions

(1) On the stainless-steel electrode, the reduction mechanism of
cobalt is Co2+ + 2e�/ Co(s). The nucleation mechanism is close
to instantaneous nucleation. The electrodeposition is
controlled by the diffusion step and is irreversible. The average
diffusion coefficient of Co(II) is 2.16589 � 10�7 cm2 s�1.

(2) The cathode product obtained by electrodeposition in an
acidic solution at 298 K was characterized by XRD. The results
show that the cobalt in the cathode product comes from the
skeleton metal of spent cemented carbide.

(3) Electrodeposition experiments under the guidance of
transient electrochemical tests show that WC is oxidized to
tungstic acid enrichment at the anode, and cobalt adheres to
the cathode as a pure element.
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