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The rapid development of lithium-ion batteries has led to a shortage of cobalt
and nickel resources. Recycling of nickel and cobalt slag can promote sus-
tainable development and environmental protection. In this study, a reductive
ammonia leaching method is proposed for the recovery of Ni and Co from
nickel and cobalt slag (NCS) with high Ni and Co contents. The NCS powder
was subjected to leaching reaction in NH3ÆH2O and (NH4)2SO3ÆH2O solutions.
The thermodynamic feasibility of Co and Ni ammonia leaching was analyzed
by E-pH diagrams, and Co and Ni could be leached as complexes [Ni(NH3)n]2+,
[Co(NH3)n]2+. XPS and XRD were used to explore the physical phases of the
materials and the chemical reactions occurring during the leaching process.
The results showed that the efficient leaching of Ni and Co was achieved
under the optimal experimental conditions, with 90.09% leaching rate of Ni
and 89.24% leaching rate of Co. Kinetic analysis showed that the leaching
process was controlled by diffusion. The complex leaching is selective and can
simplify the purification process. This study can provide ideas for the recycling
of nickel and cobalt solid waste resources such as spent batteries and slag.

INTRODUCTION

The development of sustainable energy sources
and the construction of a low-carbon society have
become the focus of social development as problems
such as the energy crisis and environmental pollu-
tion have become more prominent.1,2 Lithium-ion
batteries, with their long cycle life, good safety
performance, green environmental protection and
other characteristics, have a wide range of applica-
tions and great economic value in portable electronic
devices, electric vehicles, national defense and other
fields.3–5 Anode material is the key component that
limits the performance of lithium-ion batteries.6 At
present, the most common cathode materials are
LiMO2 (M = Ni, Co, Mn), LiMn2O4, LiFePO4 and
LiNixCoyMn1�x�yO2 (NCM).7 NCM cathode materi-
als with a layered structure have become one of the

mainstream cathode materials for lithium-ion bat-
teries due to their high energy density, good ther-
mal stability and excellent cycling performance.8,9

As use of lithium-ion batteries keeps growing, the
demand for Co and Ni is also increasing. However,
the resources of Co and Ni in the earth’s crust are
limited. There will be a serious shortage of Ni and
Co resources in the future, limiting the development
of lithium-ion batteries.10 On the other hand, the
under-utilization of mineral resources and the accu-
mulation of spent batteries generate a large amount
of nickel and cobalt solid wastes. Xinjiang is a
region with a significant copper-nickel ore resource
base. In the process of separating and purifying the
components of copper-nickel ore resources, the
NiOOH oxidized cobalt precipitation process is
employed to achieve the effect of cobalt removal

ðNiOOH þ Co2þ ¼ CoOOH þ Ni2þÞ. This is followed
by electrolysis, which generates pure Ni and Cu
products. The cobalt removal process generates a
large amount of nickel and cobalt slag, which
primarily comprises Ni, Co and a minor quantity
of Ca, Mg, Cu, Zn, Al and other impurities. The
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scarcity of surface water and the harsh natural
environment in the Xinjiang region make it difficult
to implement a complex and energy-intensive
resource recycling mode, which results in the dis-
carding of significant quantities of nickel and cobalt
slag materials. If these solid wastes are not properly
treated, it will lead to a waste of resources.11,12 At
the same time, it will seriously restrict the devel-
opment of the mining industry and cause serious
damage to the surrounding ecological environment.
Recycling of these solid wastes is one of the ways to
solve the problems of mineral resource scarcity and
environmental pollution.13,14 Therefore, effective
recycling methods must be established to ensure
the long-term sustainability of the lithium-ion bat-
tery supply chain.

Currently, hydrometallurgy and pyrometallurgy
are the two main technologies for recovering valu-
able metals from solid waste resources.15 Pyromet-
allurgy consumes large amounts of energy and
emits harmful gases, causing serious environmental
problems.16 Compared with pyrometallurgy,
hydrometallurgy plays an increasingly important
role in resource recycling due to its advantages of
low environmental pollution, low energy consump-
tion and low requirements for equipment. The
traditional utilization mode of hydrometallurgy is
pre-treatment of solid waste, leaching and separa-
tion of each metal ion using solvent extraction,
chemical precipitation, electrolysis and other meth-
ods. Leaching is a critical step in this process.17,18

Inorganic acids such as H2SO4,19 HCl,20 HNO3,21

H3PO4
22 and organic acids such as citric acid and

oxalic acid23 have been widely used for the leaching
of Ni and Co from spent batteries. However, the
dissolution of nickel and cobalt requires a large
amount of strong acid, resulting in equipment
corrosion and high recovery costs, and the acidic
leach solution with low pH has a greater impact on
the environment and higher wastewater treatment
costs.24 In addition, most of the metal ions can be
dissolved in acidic solution, and it is necessary to
carry out a series of complicated in-depth decon-
tamination processes such as copper removal, iron
removal, magnesium removal, calcium removal,
etc., and then a series of complicated processes such
as pH regulation, extraction and separation, chem-
ical precipitation, etc., repeatedly to obtain the
leach solution with low impurity content.25

Ammonia leaching is also a commonly utilized
technique in hydrometallurgy. Compared to the acid
leaching method, ammonia leaching exhibits
reduced leaching efficiency and a longer reaction
time. Additionally, ammonia is a volatile substance,
and the volatile ammonia gas has an irritating odor,
which increases the absorption load of ambient gas
and the requirements for equipment.26,27 However,
ammonia is considered a green leaching agent
because of its low toxicity, low cost, recoverability
and recyclability.28 Ammonia leaching has also
received much attention for its selectivity. Ni, Co,

Cu, etc., can form complexes with ammonia and be
leached selectively. Unwanted metals (such as Al,
Ca and Fe) are hardly leached because of their poor
ability to complex with ammonia. This can signifi-
cantly reduce the process of removing impurities
from the leach solution.29 Ammonia leaching has
been applied to extract and recover valuable metals
from both ores and spent batteries.30,31 Zheng
et al.32 employed ammonia, ammonium sulfate
and sodium sulfite as leaching agents to recover
valuable metals from lithium-ion waste batteries.
This approach enabled the selective leaching of Li,
Ni and Co, while Mn was precipitated and separated
as (NH4)2Mn(SO3)2-H2O. Yang et al.33 employed an
ammonia leaching process in the (NH4)2CO3-NH3-
O2 system to selectively extract approximately 98%
of Ni and Co from spent batteries. The researchers
then proceeded to achieve Ni and Co separation by
solvent extraction. Ammonia can be evaporated and
reused, reducing costs and avoiding the generation
of high-salt wastewater. Tian et al.34 applied ammo-
nia leaching to selectively leach cobalt from high
silica, low-grade cobalt ores in Africa, with a cobalt
leaching rate of 95.61%. This process suppressed the
leaching of other impurities and simplified the
decontamination process. Moreover, among the
many methods reported for the preparation of
NCM cathode materials, hydroxide co-precipitation
has been widely used in industrial production
because of the advantages of homogeneous mixing,
high crystallinity of the product and the fact that
the morphology and size distribution of the precur-
sor do not change significantly during the roasting
process.35,36 With alkaline leaching and alkaline co-
precipitation, the two processes can be better com-
bined with each other. It can realize the material-
ization of solid waste, shorten the process flow and
reduce the discharge of saline wastewater.

In this study, a nickel and cobalt slag from a
smelter was used to recover Ni and Co. An ammonia
leaching method for recovering valuable metals
from nickel and cobalt solid wastes was demon-
strated, which provides an idea for the recovery and
materialization of nickel and cobalt solid waste
resources. The ammonia leaching system consists of
NH3ÆH2O-(NH4)2SO3. NH3ÆH2O and NH4

+ work
together to increase free NH3. They form a rela-
tively stable buffer system to maintain the stability
of the pH of the leaching system. The introduction of
the reducing agent SO3

2� can reduce the high-
valent ions, which is conducive to enhancing the
leaching of metals. This study investigated the
factors that influence the leaching process, includ-
ing the composition of the leaching solution, the
concentration of each component, the liquid–solid
ratio, time and temperature. The study also ana-
lyzed the leaching thermodynamics and kinetics of
each metal to understand the feasibility of leaching,
apparent activation energy of the leaching behavior

Dai, Tang, Zhang, and Ma



and control steps. This analysis provides a founda-
tion for further enhancing leaching and optimizing
the process.

EXPERIMENTAL

Materials

NCS was provided by a smelter in Xinjiang,
China. Its main metal elements are Ni, Co and a
small amount of Mn, Mg, Ca, Cu, etc. NCS was
dissolved with concentrated hydrochloric acid, and
its elemental composition and content were mea-
sured as shown in Table I. In this study, HCl,
NH3ÆH2O and (NH4)2SO3ÆH2O were purchased from
Sinopharm Group Co., Ltd, China. All chemicals
used were analytically pure and solutions and the
solutions used were made up of deionized water.

Leaching Experiments

The brief recycling of Ni and Co from NCS was
presented in Fig. 1. NCS was ground in a mortar,
sieved through a 100-mesh sieve and then used for
leaching experiments. The ammonia leaching exper-
iments for NCS were carried out in 100-mL round-
bottom flasks placed in an oil bath equipped with a
magnetic stirrer and temperature controller. The
mouth of the flask was sealed with a glass stopper to
avoid evaporation of the solution. The solution used
as a leaching agent consists of NH3ÆH2O,
(NH4)2SO3ÆH2O and deionized water. The optimal
process conditions, including NH3ÆH2O concentra-
tion, (NH4)2SO3ÆH2O concentration, L/S ratio, tem-
perature and time, were determined through single
trial experiments. The concentration of each metal
ion in the leach solution was measured using ICP-
AES. The leaching efficiency of each metal ion was
calculated by Eq. 1:

xi ¼ ci�v
m�xi

� 100% ð1Þ

where xi and ci (g/L) are the leaching rate and the
concentration of element ‘‘i,’’ respectively, V(L) is
the volume of leachate, m(g) is the mass of NCS, and
xi is the mass content of element ‘‘i’’ in the raw
material.

Characterization

The elemental composition and content of the
leach solution were measured by ICP-OES (Perki-
nElmerAvio500, Singapore). The physical structure
of the solid samples was analyzed by XRD (Bruker
D8 Advance, Germany). The valence states and
their changes before and after NCS leaching were

studied by XPS (Thermofisher K-Alpha, USA), and
the spectral data were corrected according to the
binding energy of C1s (284.8 eV). Thermodynamic
analyses were carried out using E-pH diagrams.

RESULTS AND DISCUSSION

Thermodynamic Analysis

E-pH diagram is a thermodynamic equilibrium
diagram used to show the tendency of a reaction or
the range of stable phases present. It can provide a
theoretical basis for leaching processes.37 Therefore,
the distribution of Ni, Co species in ammoniacal
solutions was analyzed using E-pH diagrams to
investigate the thermodynamic feasibility of using
ammonia to leach Ni, Co.

Under standard conditions (298.15 K, 101.3 KPa),
the possible species and equilibrium reactions in the
system were determined, and the equilibrium line
was calculated according to Eqs. 2 and 3. E-pH
diagrams were plotted for the Ni-NH3-H2O and Co-
NH3-H2O systems, respectively. The relevant data
are shown in Tables II and III. Figure 2 illustrates
that the hydrolysis pH of Ni and Co increases in the
ammonia solution because of the formation of
[Ni(NH3)n]2+ and [Co(NH3)n]2+. This greatly
expands the stabilization zone of Ni and Co in the
solution, which facilitates their leaching.

DrG
h
m ¼ RDfG

h Reactantsð Þ � RDf G
h Productsð Þ ð2Þ

DrG
h
m ¼ �nEhF ¼ RTlnK ð3Þ

where Dr Gm
h is standard Gibbs energy change; R is

ideal gas constant (8.314 J/K mol); T is temperature
(K); K is equilibrium constant; Df G

h is the standard
generation Gibbs free energy.

Although Co3+ can form ammonium complexes in
ammoniacal solutions where dissolution is thermo-
dynamically possible, the dissolution kinetics are
slow.38 To facilitate the reaction, the addition of a
reducing agent is required. Furthermore, Fig. 3

Table I. Element composition and concentration in NCS

Element Ni Co Mn Ca Mg Cu Ba Fe Zn Al

Content (%) 26.02 2.16 0.18 3.18 1.54 0.16 0.014 0.015 0.018 0.016

Fig. 1. Brief flowchart of recycling Ni and Co from NCS.
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shows that the presence of ammonia alone results in
a high pH, which is unfavorable for the stable exis-
tence of metal-ammonia complexes. However, the
introduction of (NH4)2SO3 significantly reduces the
pH of the system, making it favorable for the
leaching of Ni and Co. (NH4)2SO3 also inhibits the
dissociation of ammonia into NH4

+ and OH�,
thereby increasing the concentration of free NH3.

Thus, the ideal leaching system should comprise
NH3ÆH2O, NH4

+ and a reducing agent.
In conclusion, the presence of ammonia solution

enables the conversion of nickel and cobalt into
complexes with ammonia, thus facilitating their
leaching. (NH4)2SO3 and NH3ÆH2O provide free NH3

and form a buffer solution to maintain the pH
stability of the system, thereby ensuring that the

Table II. Df Gm
h of substances of the Ni-NH3-H2O and Co-NH3-H2O system

Substance State Df Gm
h(kJ/mol) Substance State Df Gm

h(kJ/mol)

H2O l � 237.1 [Ni(NH3)2]2+ aq � 126.0
NH3 l � 26.5 [Ni(NH3)3]2+ aq � 164.1
H+ l 0 [Ni(NH3)4]2+ aq � 197.3
Ni s 0 [Ni(NH3)5]2+ aq � 228.2
Ni2+ aq � 45.63 [Ni(NH3)6]2+ aq � 255.7
Ni(OH)2 s � 458.9 [Co(NH3)]2+ aq � 93.09
Co s 0 [Co(NH3)2]2+ aq � 138.84
Co2+ aq � 54.51 [Co(NH3)3]2+ aq � 161.87
Co(OH)2 s � 454.4 [Co(NH3)4]2+ aq � 192.84
Co(OH)3 s � 596.61 [Co(NH3)5]2+ aq � 220.8
[Ni(NH3)]2+ aq � 85.9 [Co(NH3)6]2+ aq � 243.99

Table III. Equilibrium constants for the complexation reaction of the Ni-NH3-H2O and Co-NH3-H2O system

Chemical reaction Log k Chemical reaction Log k

Ni2þ þ NH3 ¼ Ni NHð Þ3

� �2þ 2.8 Co2þ þ 4NH3 ¼ Co NH3ð Þ4

� �2þ 5.55

Ni2þ þ 2NH3 ¼ Ni NH3ð Þ2

� �2þ 5.04 Co2þ þ 5NH3 ¼ Co NH3ð Þ5

� �2+ 5.73

Ni2þ þ 3NH3 ¼ Ni NH3ð Þ3

� �2þ 6.77 Co2þ þ 6NH3 ¼ Co NH3ð Þ6

� �2þ 5.11

Ni2þ þ 4NH3 ¼ Ni NH3ð Þ4

� �2þ 7.96 Co3þ þ NH3 ¼ Co NHð Þ3

� �3þ 6.70

Ni2þ þ 5NH3 ¼ Ni NH3ð Þ5

� �2þ 8.71 Co3þ þ 2NH3 ¼ Co NH3ð Þ2

� �3þ 14.00

Ni2þ þ 6NH3 ¼ Ni NH3ð Þ6

� �2þ 8.74 Co3þ þ 3NH3 ¼ Co NH3ð Þ3

� �3þ 20.10

Co2þ þ NH3 ¼ Co NHð Þ3

� �2þ 2.11 Co3þ þ 4NH3 ¼ Co NH3ð Þ4

� �5þ 25.70

Co2þ þ 2NH3 ¼ Co NH3ð Þ2

� �2þ 3.74 Co3þ þ 5NH3 ¼ Co NH3ð Þ5

� �3+ 30.80

Co2þ þ 3NH3 ¼ Co NH3ð Þ3

� �2þ 4.79 Co3þ þ 6NH3 ¼ Co NH3ð Þ6

� �3þ 35.20

Fig. 2. E-pH diagram: (a) Ni-NH3-H2O system; (b) Co-NH3-H2O system (25�C, [NH3] = 4 mol/L, [Ni2+] = 1 mol/L, [Co2+] = 0.1 mol/L).
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pH of the system falls within the range where
[Ni(NH3)n]2+ and [Co(NH3)n]2+ are present.
(NH4)2SO3 reduces Ni3+ and Co3+ and enhances
the leaching efficiency. The leaching system
described in this study is thermodynamically
feasible.

Leaching Conditions

Effect of NH3ÆH2O Concentration

The effect of the NH3ÆH2O concentration (1, 2, 3,
4, 5, 6 mol/L) on the leaching rate of nickel and
cobalt has been studied under the following condi-
tions: temperature of 60�C, L/S ratio of 10 mL/g, 250
g/L (NH4)2SO3ÆH2O and leaching time of 90 min.
The result is shown in Fig. 4a. As the concentration
of NH3ÆH2O increases, the leaching rate of Ni and
Co also increases. However, when the NH3ÆH2O
concentration exceeds 4 mol/L, the leaching rate
increases at a slower rate and eventually stabilizes.
The increase in ammonia concentration also leads to
an increase in the pH value and vapor pressure of
the solution, resulting in higher leaching costs and
reduced stability of the leaching system. Based on
the given factors, it was determined that the
optimal ammonia concentration for the leaching
system is 4 mol/L.

Effect of (NH4)2SO3ÆH2O Concentration

Under the leaching conditions of 60�C, L/S ratio of
10 mL/g, NH3ÆH2O concentration of 4 mol/L and
leaching time of 90 min, the effects of different
(NH4)2SO3ÆH2O concentrations on the leaching rate
of Ni and Co were investigated. As shown in the
Fig. 4b, the leaching efficiency of Ni and Co was
significantly improved by the addition of (NH4)2SO3Æ
H2O. This is due to the buffer system formed by
(NH4)2SO3Æ H2O and NH3ÆH2O, which helps main-
tain the pH stability of the system. The pH of the

solution can be calculated using Eq. 5. (NH4)2SO3Æ
H2O can inhibit the dissociation of NH3ÆH2O (Eq. 4)
and increase the concentration of free NH3 in
solution. This, in turn, can increase the possibility
of metal ions complexing with NH3 in solution. On
the other hand, the introduction of the reducing
agent SO3

2� can reduce the trivalent Ni, Co in the
slag material and strengthen the leaching of metals.
When the concentration of (NH4)2SO3Æ H2O
exceeded 225 g/L, the leaching efficiency basically
remained stable. This is because SO3

2� is in the
state of excess, and when the complexation ability of
NH3 with metal ions reaches saturation, continuing
to increase the concentration of (NH4)2SO3Æ H2O has
little effect on improving the leaching rate. The
concentration of (NH4)2SO3Æ H2O was set at 225 g/L.

NH3 � H2O � NHþ
4 þ OH� ð4Þ

pH ¼ pKa þ log NH3½ �=NHþ
4

� �
ð5Þ

Effect of L/S Ratio

The effect of the L/S ratio on the leaching
efficiency can be seen in Fig. 4c. As the L/S ratio
increases from 2 mL/g to 5 mL/g, the leaching rate
increases rapidly. This is due to the increase in
solution volume, which facilitates the diffusion of
metal in the powder. Additionally, the contact area
between the solid particles and the liquid also
increases, promoting the leaching of the metal.
The leaching rate remains stable when the L/S ratio
exceeds 5 mL/g. Therefore, the leaching L/S ratio is
set at 5 mL/g.

Effect of Time and Temperature

Under the experimental conditions described
above, the effect of time and temperature on the
leaching rate of Ni and Co was investigated. The
results indicate that an increase in temperature and
time had a positive effect on the leaching process of
both Ni and Co, as illustrated in the Fig. 4d and e.
Appropriate warming can speed up leachate filtra-
tion. This is because higher temperatures decrease
the viscosity of the solution, reducing resistance to
filtration and increasing the filtration rate. How-
ever, it is important to note that ammonia is
volatile, and its volatility increases with tempera-
ture. The volatilization of ammonia results in the
loss of ammonia and increases the load of ambient
gas absorption, which is not favorable for industrial
production. When the leaching time exceeds 45 min
and the temperature exceeds 55�C, the leaching
rate of Ni and Co basically tends to stabilize,
indicating that the leaching system is basically
reacted completely under these conditions.

According to the analysis above, the optimal
leaching process conditions were as follows:

Fig. 3. pH of different leaching systems.
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NH3ÆH2O concentration of 4 mol/L, (NH4)2SO3Æ H2O
concentration of 225 g/L, L/S ratio of 5 mL/g,
leaching time of 45 min and temperature of 55�C.
Table IV presents the elemental composition and
content of the leach solution. The types and contents
of impurity ions were reduced, and the leaching
system exhibited selectivity for Ni and Co. The leach
solution is a Ni-Co-NH3-H2O system, which is
consistent with the system used for the preparation
of NCM ternary precursors by co-precipitation.
Therefore, the leachate can be subsequently used
for the synthesis of NCM ternary precursors.

Kinetics Analysis

Under the optimal experimental conditions, the
variation of the leaching rate of Ni and Co with time
was monitored at different temperatures (45–60�C)
to analyze the reaction kinetics of the leaching
process. The results are shown in Fig. 5.

The reductive ammonia leaching of NCS is a
liquid-solid reaction that occurs between the solid
and fluid phases. The common model used to
simulate multiple liquid-solid reactions is unreacted

shrinking core model (USCM). It can be expressed
as (a) surface chemical reaction control model and
(b) diffusion control model.39,40 During the leaching
process, the concentration of the leaching agent
changes over time. NCS contains various metals
such as Ni, Co, Mg, Ca, Cu and Zn, making the
leaching behavior complex. Additionally, the leach-
ing process involves redox reactions. To accurately
describe the leaching process of NCS, (c) logarithmic
model is used.41 The empirical model is frequently
used to describe the study of chemical reaction
kinetics.

að Þ : 1 � 1 � Xð Þ1=3 ¼ k1t ð6Þ

bð Þ : 1 � 2X=3 � 1 � Xð Þ
2
3¼ k2t ð7Þ

cð Þ : �ln 1 � Xð Þð Þ2 ¼ k3t ð8Þ

where k is the reaction rate constant (min�1), x is
the leaching efficiency (%) of different metals, and t
is the reaction time (min). The fitting results are

Fig. 4. Effects of (a) NH3ÆH2O concentration, (b) (NH4)2SO3 ÆH2O concentration, (c) L/S ratio, (d) time, (e) temperature on leaching efficiency.

Table IV. Element composition and concentration in leaching solution

Element Ni Co Mn Ca Mg Cu

Concentration (g/L) 48.45 4.01 0.2 0.031 0.01 0.16
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shown in Fig. 6. The results show that (� ln(1�x))2

has a better linear relationship with time compared
to the shrinkage unresponsive model. Accordingly,
the logarithmic law model (Eq. 8) was employed to
describe the leaching behavior of Ni and Co.

To determine the control steps of the leaching
process and the apparent activation energy, Arrhe-
nius Eqs. 9 and 10. were used to express the
relationship between k and T:

K ¼ Ae�Ea=RT ð9Þ

lnK ¼ lnA� Ea=RT ð10Þ

The Arrhenius plots were fitted using 1000/T as
the horizontal coordinate and ln k as the vertical
coordinate. The results of the fitting are shown in
Fig. 7. The slopes of the Arrhenius plots for Ni and
Co were � 2.4289 and � 2.6456, respectively. This
allowed for the calculation of the apparent activa-
tion energies of Ni and Co, which were found to be
20.19 kJ/mol and 22.00 kJ/mol, respectively. As
described in the relevant literature, the reaction is
controlled by diffusion when the apparent activation

energy is< 30 kJ/mol.42 Therefore, under the anal-
ysis of the logarithmic law model, the activation
energies for the leaching of Ni and Co were 20.19
kJ/mol and 22.00 kJ/mol, respectively. The leaching
reaction was found to be diffusion controlled. In
accordance with the characteristics of a diffusion-
controlled reaction, the effect of temperature on the
leaching efficiency was found to be minimal, which
is consistent with the experimental results. Accord-
ing to the characteristics of a diffusion-controlled
reaction, the effect of temperature on the leaching
efficiency was found to be minimal, which is consis-
tent with the experimental results.

Characterization Analysis

XRDs were carried out on the NCS used in the
experiments, and it can be seen from Fig. 8a that
the NCS contains NiSO4, Ni(OH)2 and some impu-
rities such as Ca , Al and Mg. The XRD profile peaks
of NCS are complex. This is due to the large variety
of impurities in this raw material and the poor
crystallinity of the sample after washing and
mechanical mixing steps in the preparation process,
making the components more difficult to

Fig. 5. Leaching efficiency of Ni and Co for different temperatures.

Fig. 6. Fitting plots of different models at 60�C.
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distinguish. However, NCS is a precipitate pro-
duced by the oxidation of precipitated Co2+ by
NiOOH, and the chemical equation for the reaction
is shown in Eq. 11. Theoretically, NCS should
contain NiOOH, CoOOH, Ni2+, Co2+ and other
impurity ions. Figure 7b presents the XRD pattern
of the leaching residue (NCS-L), which is dominated
by impurities such as Al, Ca, etc., indicating that Ni
and Co are leached out of solution, while Ca, Al, etc.,

are unable to complex with ammonia and remain in
the residue.

NiOOH þ Co2þ ¼ CoOOH þ Ni2þ ð11Þ

The valence states of Ni and Co in NCS and NCS-
L were analyzed by XPS. The XPS spectrum of Ni 2p
is shown in Fig. 9a. In NCS, the Ni 2p3/2 peak has
two split peaks located at 855.74 eV and 857.85 eV,
corresponding to Ni2+ and Ni3+, respectively.43,44

Fig. 7. (a) Ni, (b) Co based on (� ln(1�x))2 kinetic fitting results; Arrhenius plot of lnk-1000/T for (c) Ni, (d) Co based on the log rate law model.

Fig. 8. XRD patterns of (a) NCS (b) NCS-L.
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For NCS-L, there was a significant increase in the
Ni2+/Ni3+, which could be attributed to the reduction
of Ni3+ to Ni2+ in the presence of (NH4)2SO3.
Figure 9b shows the XPS spectrum of Co 2p. In
the NCS, the Co 2p3/2 orbitals are mainly composed
of 779.41 eV and 781.37 eV peaks, corresponding to
Co3+ and Co2+, respectively.12,45,46 After leaching,
the Co content in NCS-L was less, the Co2+ frac-
tional peak at 781.37 eV disappeared, and the Co3+

content also decreased. Based on the above analy-
ses, Ni and Co were present in both 2- and 3-valent
states in NCS, while Ni3+ and Co3+ were reduced in
NCS-L. It was postulated that the following reac-
tions occurred during the leaching process (Me =
Ni, Co):

2MeOOH þ SO2�
3 ¼ 2MeO þ SO2�

4 þ H2O

MeO þ nNH3 þ H2O ¼ Me NH3ð Þ2þ
n þ 2OH�

Me OHð Þ2 þ nNH3 þ 2Hþ ¼ Me NH3ð Þ2þ
n þ 2H2O

Me2þ þ nNH3 ¼ Me NH3ð Þ2þ
n

CONCLUSION

This study presents a reductive ammonia leach-
ing method for extracting Ni and Co from nickel-
cobalt solid waste. The leaching process is described
in detail, and the results indicate that a reducing
agent is necessary because of the presence of Ni3+

and Co3+. (NH4)2SO3 can effectively reduce and
enhance the leaching process. Additionally, we
conducted a systematic investigation into the
impact of leaching parameter conditions on metal
leaching efficiency. Under the optimized conditions
of ammonia concentration of 4 mol/L, (NH3)2SO3

concentration of 225 g/L, liquid-solid ratio of 5 mL/g,
time of 45 min and temperature of 60�C, the
leaching efficiency of nickel and cobalt reached
90.09% and 89.24%, respectively. The types and
contents of impurities in the leach solution were
significantly reduced. The method is selective and
can simplify the subsequent decontamination pro-
cess. The kinetic results indicate that the leaching
process is diffusion controlled, and the activation
energies for the leaching of Ni and Co were 20.19
kJ/mol and 22.00 kJ/mol, respectively. This paper
proposes the wet leaching method for simultaneous
leaching of Ni and Co from nickel and cobalt slag
material. The resulting Ni and Co in the leach
solution can be separated to prepare products or
directly materialized to prepare high value-added
products such as NCM.
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