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Abstract: A clean and efficient process for the direct extraction of valuable metals from low-grade nickel sulfide ore
through oxidative leaching with (NH4),S,0s under atmosphere pressure was proposed to address the growing demand
for nickel and cobalt in the new energy industry. The effects of four key parameters on the metal leaching rates were
systematically investigated. Characterization techniques, including XRD, SEM and EDS, were employed to analyze
phase transformations during the leaching process. Under optimized conditions, approximately 96.5% of nickel, 95.5%
of cobalt and 65.2% of copper were successfully extracted. The kinetics of the leaching process was explored to identify
the controlling mechanisms of nickel, cobalt and copper dissolution, establishing activation energies and kinetic
equations for each metal. The cleanliness and efficiency of this method were confirmed through comparisons with other
extraction processes for nickel sulfide ore.
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sulfide ores due to their high gangue content [3, 4].
To address this, researchers have explored various
hydrometallurgical methods, including atmospheric

1 Introduction

In recent years, the rapid development of
science and technology has significantly expanded
the application of nickel across sectors such as
national defense, aerospace, catalysis, and new energy
industry. As the primary source of nickel production,
high-grade nickel sulfide ores are gradually being
depleted, low-grade nickel sulfide ores have
become the dominant resource for mining [1,2].
However, the traditional pyrometallurgical
processes are unsuitable for low-grade nickel

acid leaching [5,6], high pressure acid leaching [7],
ammonia leaching [8], bioleaching [9], and heap
leaching [10]. Unfortunately, acid leaching requires
large volumes of acid, leading to increased
equipment corrosion and maintenance. High-
pressure processes demand rigorous equipment
specifications, and bioleaching requires prolonged
reaction time [11]. Thus, there is an urgent need to
develop cleaner, more energy-efficient, and eco-
friendly processes for treating nickel sulfide ores.
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Oxidative leaching is an efficient hydro-
metallurgical process. While achieving a high metal
recovery, it avoids the release of pollutants such as
SO, and H>S from sulfide minerals, thereby
eliminating the need for an acid recovery system
and reducing equipment costs. Moreover, the use of
non-gaseous oxidants enables operation under
normal pressure, further lowering costs. Common
oxidants used in atmospheric oxidative leaching
include H,0,, Fe** salts, HNOs, O, hypochlorite,
persulfate, and air [12,13]. For instance, H,O, in
HCI system achieved 33% Cu recovery from
chalcopyrite [14]. Sodium chlorite, as an oxidant in
nitric—sulfuric acid solutions, effectively leached
Ni—Cu sulfide tailings, with recoveries of 91.5% Ni,
85.0% Cu and 54.6% Co [15]. Oxidative leaching
using Fe** ions in sulfuric acid recovered 95.61%
of tellurium from Dashuigou tellurium ore [16],
while a CuSOs—NaCl-H,SO4—[Bmim][PFs] mixture
extracted over 92.65% Cu from waste mobile
phones [17]. Additionally, ammonium persulfate
((NH4)2S,05) extracted 81.07% Ni, 93.81% Cu, and
71.74% Co from low nickel matte in an
atmospheric ammonia leaching system [18].
Although the metal recovery rates are relatively
high, oxidative leaching agents are typically used in
combination with other leaching agents, while
reports on the use of oxidants alone in sulfide
mineral leaching are rare.

Ammonium persulfate, with a standard redox
potential of £9=2.01V, exhibits a higher oxidative
capacity compared to other common oxidants such
as H,0, (E®=1.78 V), O, (E®=0.40 V), NaClO;
(E®=1.45V) and Fe*'/Fe** (E®=0.77 V) [18-21].
Moreover, compared with nitric acid, ammonium
persulfate is a safer oxidant. Unlike chloride-
containing oxidants, it does not introduce corrosive
chloride ions and cause less damage to equipment.
These advantages highlight the potential of
ammonium persulfate as a standalone oxidant for
the oxidative leaching of sulfide minerals. In this
work, a novel and efficient process was proposed
for extracting valuable metals from low-grade
nickel sulfide ore through direct oxidative leaching
with (NH4)2S,0s under atmospheric pressure. The
effects of key parameters, including ore particle
size, the mass ratio of (NH4).S,0s to ore, leaching
time and temperature on metal extraction were
systematically  investigated. = Mineral = phase
transformations and the oxidative leaching

mechanism were analyzed using X-ray diffraction
(XRD), scanning electron microscope (SEM), and
energy disperse  spectroscopy (EDS). The
cleanliness and efficiency of this process were
further wvalidated by comparison with other
extraction processes for nickel sulfide minerals.

2 Experimental

2.1 Materials

The low-grade nickel sulfide ore used in this
study was provided by the Jinchuan Group, China.
The ore was crushed and ground to a particle size
range of 90—900 um for leaching experiments. The
chemical composition of the ore was determined by
X-ray fluorescence spectrometry (XRF, S8 TIGER
II, Germany). As shown in Table 1, the ore contains
3.18% nickel, 1.84% copper and 0.08% cobalt, with
impurities such as iron and magnesium present at
21.41% and 8.73%, respectively.

Table 1 Chemical composition of low-grade nickel
sulfide ore (wt.%)

Ni Cu Co Mg Fe S O Si
3.18 1.84 0.08 8.73 21.41 12.05 44.54 8.17

The mineral composition of the ore was
analyzed using XRD (Rigaku-Smartlab, Japan),
with the results presented in Fig. 1(a). The results
indicate that nickel primarily exists as pentlandite
((Fe,Ni)sSs), copper mainly presents as chalcopyrite
(CuFeS;), and magnesium is primarily found in
lizardite (Mg3Si205(OH)4), talc (Mg3SisO19(OH)»)
and magnesium spinel (MgFe;O4). Iron coexists
with nickel, copper and magnesium, and also exists
in the form of pyrite (FeS,), pyrrhotite (Fe;Ss) and
magnetite (Fe;O4). The micromorphology and
element distribution of the ore were analyzed using
a ZEISS-Sigma scanning electron microscope
(SEM, Germany) equipped with energy dispersive
spectroscopy (EDS). The result presented in
Fig. 1(b) reveals that the particles of the ore after
crushing and grinding have a blocky structure and
irregular particle sizes. As shown in Fig. 1(c),
elements such as sulfur, oxygen, iron, copper,
magnesium, silicon, cobalt and nickel are uniformly
distributed in the ore. All reagents used in the
experiments were of analytical grade, and deionized
water was used throughout the study.
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Fig. 1 XRD patterns of low-grade nickel sulfide ore (a), SEM image of nickel sulfide ore (b), and corresponding EDS

surface mapping (c)

2.2 Oxidative leaching procedure

The dried ore powder was mixed with
(NH4)2S:05 solution at a liquid-to-solid ratio of
20:1, and transferred into a three-neck round-
bottom flask. Then, the mixture was heated to
50-90 °C in a digital thermostatic water bath with a
temperature control accuracy of +1 °C, and leached
for 1-4 h under a predetermined stirring speed.
Upon completing the leaching process, the slurry
was filtered to separate the leaching solution from
the residue. The concentrations of valuable metals
in the leaching solution were determined using an

atomic  absorption  spectrophotometer (AAS,

AA7000, Shimadzu, Japan), and the metal

extractions were calculated using Eq. (1) [22].

x =Sl 1000 (1)
w,,m

where xm stands for the extraction of metal (%), ¢m
represents the concentration of metal ion in the
leaching solution (g/L), Vm denotes the volume of
leaching solution (L), m represents the mass of the
ore (g), and wn is the mass fraction of metal
elements in the ore (%). Here, m represents metal
elements (Ni, Cu, Co, Fe, and Mg).

2.3 Kinetics experiment

A kinetics experiment was conducted to
identify the rate-controlling step of the oxidative
leaching process. A 5 mL sample was collected
every 15min throughout the entire leaching
procedure. To minimize the impact of sampling on
the system, an initial leaching solution volume of

1000 mL was used [23]. Each sample was filtered
through a funnel to obtain a clear leaching solution,
and the metal concentration was subsequently
measured using AAS. The metal extraction at
various reaction time was calculated using Eq. (1).

3 Results and discussion

3.1 Oxidative leaching process
3.1.1 Effect of ore particle size

Based on our previous study [24], the effect of
ore particle size on metal extraction efficiency was
investigated under the following conditions: mass
ratio of (NH4)2S,0s to ore of 4.5:1, liquid-to-solid
ratio of 20:1, leaching time of 4 h, and leaching
temperature of 80 °C. As shown in Fig. 2(a),
particle size of ore has a significant impact on the
extraction of nickel, copper, cobalt and iron. As
particle size decreases, the extractions of these
metals initially increase, reaching their maximum
values respectively at particle sizes of 105—125 um,
and then decrease as the particle size further reduces.
The maximum extractions were 96.50% for nickel,
95.50% for cobalt, 65.20% for copper, and 74.30%
for iron. The reason why the metal extraction
increases with the decrease of particle size is
attributed to the large specific surface area, which
enhances the interfacial reaction between the
leaching agent and the mineral [25]. However,
excessively fine particle sizes increase both
grinding energy consumption and costs, while also
raising the effective viscosity of the leaching
solution [26], thereby hindering the diffusion of the
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Fig. 2 Effects of leaching parameters on metal extraction: (a) Particle size of ore; (b) Mass ratio of (NH4)>S,Os to ore;

(c) Leaching temperature; (d) Leaching time

leaching agent. In contrast, magnesium extraction is
less affected by particle size, fluctuating between
66.7% and 73.3%. To balance grinding energy
consumption and metal extraction rates, a particle
size range of 300-900 um is recommended,
achieving extractions of 88.79% for nickel, 91.35%
for cobalt, 54.51% for copper, 62.65% for iron, and
66.77% for magnesium. However, for maximizing
metal extractions, the optimal particle size is chosen
as 105—125 um. These particle size ranges are
larger than those reported in previous studies
[6,24,27], suggesting that this oxidative leaching
process effectively reduces the energy consumption
associated with grinding.
3.1.2 Effect of mass ratio of (NH4)>S,Og to ore

The effect of the mass ratio of (NH4)2S:0s to
ore, ranging from 3:1 to 6:1, on metal extraction
was investigated, with the results presented in
Fig. 2(b). The results indicate that the mass ratio
has minimal effect on magnesium extraction but
significantly impacts the extraction of nickel,

copper, cobalt and iron. As the mass ratio increases
from 3:1 to 4.5:1, the extractions of nickel, copper,
cobalt and iron increase from 79.8%, 50.7%, 79.0%
and 67.9% to 96.5%, 65.2%, 95.5% and 74.3%,
respectively. However, when the mass ratio exceeds
4.5:1, its further increase does not lead to
significant improvements in metal extractions. This
suggests that, the ammonium persulfate dosage is
insufficient to fully react with the valuable metals in
the ore when the mass ratio is below 4.5:1.
Conversely, when the mass ratio exceeds 4.5:1,
excess ammonium persulfate contributes little to
further extraction, leading to inefficient use of the
leaching agent. Considering both extraction efficiency
and cost, the optimal mass ratio of (NH4).S,03 to
ore is determined to be 4.5:1, which achieves high
metal recovery without requiring additional acid or
ammonia leaching solutions [15,18].
3.1.3 Effect of leaching temperature

As illustrated in Fig. 2(c), the extractions of
nickel, cobalt, copper, iron and magnesium exhibit
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a similar trend with increasing temperature from 50
to 90 °C, initially rising before reaching a plateau.
Notably, between 50 and 60 °C, no significant
improvement in metal extraction is observed.
However, is can be observed that the extractions of
all metals increase significantly and their maximum
values are achieved at 80°C. Beyond this
temperature, a slight decrease in extraction is
observed, likely due to the hydrolysis of ammonium
persulfate. Therefore, 80 °C is selected as the
optimal leaching temperature for subsequent
experiments.
3.1.4 Effect of leaching time

The effect of leaching time on the
completeness of metal reactions was investigated,
as shown in Fig. 2(d). As leaching time increases,
metal extraction rises initially before stabilizing.
Maximum extractions are reached at 3 h, with their
extractions of 96.5% for Ni, 95.5% for Co, 65.2%
for Cu, 74.3% for Fe, and 73.3% for Mg. This
indicates that longer leaching time enhances
chemical reactions and improves metal recovery.
However, beyond 3 h, further extension of leaching
time does not significantly increase extractions,
likely due to the completion of the reactions.
Therefore, a leaching time of 3 h is recommended
for maximizing metal extractions.

3.2 Kinetics of leaching process
3.2.1 Shrinking unreacted core model

The leaching process of low-grade nickel
concentrate is a solid—liquid reaction, characterized
by the formation of a solid product. This process
can be effectively described using the shrinking
unreacted core model. In this model, the reaction
proceeds through three distinct steps: (1) diffusion
of the leaching agent ((NHa4)>S,0Os) or soluble metal
sulfates generated by the reaction across the liquid
boundary layer (external diffusion); (2) diffusion of
the leaching agent or metal sulfates through the
solid sulfur layer formed on the particle surfaces
(internal  diffusion); (3) interfacial chemical
reactions between the leaching agent and the solid
particles (interfacial chemical reaction).

The rate equations for the shrinking unreacted
core model, controlled by interfacial chemical
reaction, internal diffusion, and external diffusion,
are expressed as follows: 1—(1-x)"*=kt, 1-2/3x—
(1-x)*P=kqt and 1—(1-x)* =kt [28,29], where x
denotes the extraction of the components, ¢

represents the reaction time, and 4, kq and 4y are the
apparent rate constants corresponding to each of the
control conditions.

According to the Arrhenius equation
(k=A-exp|—E«/(RT)]), the relationship between the
apparent rate constant (k) and thermodynamic
temperature (7) can be expressed as Ink=
In A—E./(RT), where A is the frequency factor, E,
denotes the activation energy (J/mol), and R is the
molar gas constant. For most leaching process, E,
exceeds 30 kJ/mol when the rate is controlled by
interfacial chemical reactions, whereas it is less
than 30 kJ/mol when internal diffusion governs the
rate [30,31].

3.2.2 Control steps in metal leaching

The relationship between metal extraction (Ni,
Cu, Co, Fe and Mg) and time at different
temperatures is illustrated in Fig. 3. As shown, the
extraction curves for Ni, Co, Mg and Fe exhibit
significant changes from 0 to 60 min, followed by a
plateau between 75 and 180 min. Consequently, the
leaching processes of Ni, Co, Mg and Fe were
analyzed in two stages, divided at 60 min, to
identify the kinetic control step for each metal. The
experimental data presented in Figs. 3(a—d) were
analyzed using the three kinetic models previously
discussed, with the corresponding linear fitting data
provided in Tables S1 and S2 of Supplementary
Materials (SM). The results show that the
extractions of Ni, Co, Mg and Fe exhibit the highest
linear correlation with the interfacial chemical
reaction control model during the 0—60 min interval
and with the internal diffusion control model during
the 75—180 min interval. In contrast, the extraction
curve for Cu increases steadily and uniformly over
the entire 0—180 min period. Therefore, the three
kinetic models were applied to the full dataset
for Cu, as illustrated in Fig. 3(e), with the fitting
results shown in Table S3 of SM. The results
indicate that the extraction of Cu best corresponds
to the internal diffusion control model over the
0—180 min period.

Using the In 4 and In kg values from Tables
S1-S3 of SM, plots of In . versus 1/T and Inkq
versus 1/T are generated, as shown in Fig. 4. The E,
is then calculated using the Arrhenius equation. For
the 0—60 min period, the calculated £, values are
33.64 kJ/mol for Ni, 30.72kJ/mol for Co,
40.93 kJ/mol for Fe, and 32.13 kJ/mol for Mg,
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Fig. 3 Relationship between metal extraction and time at various temperatures
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stage for Cu

indicating that the leaching process for these metals
are controlled by interfacial chemical reactions
during this time frame. In contrast, the £, values for
Ni, Co, Fe and Mg in the 75—180 min period are
28.31, 29.63, 27.36 and 23.79 kJ/mol, respectively,
suggesting that the leaching process during this
period are governed by internal diffusion. The E,
value for Cu over the entire 0—180 min period is
29.85 kJ/mol, further confirming that the leaching
of Cu is controlled by internal diffusion throughout
this time. The rate constants for metal leaching
were derived from the intercepts of the fitted lines:
323.76 min! for Ni, 113.30min"' for Co,
3102.61 min! for Fe and 204.38 min! for Mg
during the 0-60 min period; 8.41 min™' for Ni,
1230 min! for Co, 229min' for Fe and
0.64 min™! for Mg during the 75—180 min period;
and 4.48 min! for Cu over the entire 0—180 min
period.

The relationship between metal extraction (Ni,
Cu, Co, Fe and Mg) and time at wvarious
concentrations of (NH4),S,0s is illustrated in Fig. 5.
The fitting results for the three kinetic control
models applied to the experimental data are
presented in Tables S4—S6 of SM. As shown in
Table S4 of SM, the linear correlation coefficients
for the interfacial chemical reaction model exceed
0.99 for Ni, Co, Fe and Mg during the 0—60 min
period, indicating a strong fit between this model
and the leaching reactions of these metals. Table S5
of SM reveals that the linear correlation coefficients
for the internal diffusion model are higher than
those for the other two kinetic control models,
suggesting that this model best describes the
leaching of Ni, Co, Fe and Mg during the
75—180 min period. Table S6 of SM confirms that
the leaching of Cu over the 0—180 min period is
controlled by internal diffusion.
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Using the In k; values from Tables S4-S6 of
SM, plots of Ink versus Incam, ,s,0, and Inkq
versus In cawn,) ,s,0, are generated, as shown in
Fig. 6. The slopes of the linear plots, representing
the influence index of the initial (NH4)>S,0Os
concentration, are determined to be 1.70 for Ni,

4259
2.62 for Co, 2.24 for Fe and 0.49 for Mg within
0—60 min, and 2.19 for Ni, 2.04 for Co, 2.79 for Fe
and 1.08 for Mg within 75—180 min. For Cu, the
slope is found to be 2.29 over the entire 0—180 min.

In summary, the kinetic equations for the leaching
of metals are presented in Table 2.
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Table 2 Kinetic equations for metal leaching

Element 0—60 min 75—180 min
Ni 1=(-0'"" =323.76- (i, 5,0, Xp(33640] 1-2/3x—(1-x)*" =8.41-cXi, 5.0, expizgilo}
Co 1=(1=2)"" = 11330 5.0, exp(3 j 1-2/3x=(1-x)*" =12.30- (i, 5,0, exp(29;3ojt
Fe  1-(1-x)" =3102.61-c{q1,) 5,0, €XP j 1-2/30-(1-2%° =229-3% 5.0 exp(mim}
Mg 1=(=9" =20838-0% ¢, xp(@j 12030 =06 s exp(zs;%}
Cu

29850
23 229
1_2/3x_(1_x) - 4'48.C(NH4)ZS208 exp(Tjt
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3.3 Mechanism of leaching process

Compared to the XRD pattern of the low-grade
nickel sulfide ore in Fig. 1(a), the XRD patterns of
the leaching residue in Fig. 7 show the presence of
sulfur phases, indicating that sulfur within the
sulfide minerals is converted to solid sulfur during
oxidative leaching. Additionally, the diffraction
peaks corresponding to sulfur at temperatures
below 60 °C are weaker than those observed at
higher temperatures. This suggests that lower
temperatures are less conducive to solid sulfur
formation, further confirming that the chemical
reaction remains incomplete when the leaching
temperature is below 60 °C, leading to fewer
reaction products. Moreover, at higher temperatures,
the diffraction peaks of nickel sulfide, copper
sulfide, magnesium sulfide and iron sulfide are
significantly diminished, indicating that elevated
temperatures promote the dissolution of metals
from the mineral phase into the leaching solution.

The completeness of the oxidative leaching
reaction can also be assessed from the SEM images
in Fig. 8. The surface corrosion of the mineral after
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Fig. 7 XRD patterns of leaching residue at different
temperatures

oxidative leaching at 50 °C (Fig. 8(a)) is relatively
minor. However, when the leaching temperature is
increased to 80 °C, the surface erosion becomes
more pronounced, with deeper and larger erosion
pits visible in Fig. 8(b), indicating a more complete

1
|
-

Element wt.% at.% Spot1
(0] 26.12  46.54
Mg 0.60  0.70
Si 1.43 1.45
S 38.69 34.40
Fe 32.58 16.63
Co 0.00  0.00
Ni 024 0.11
Cu 0.35 0.16
Fe
A i\]i Cu
5 10

Fig. 8 SEM images of leaching residue at different leaching temperatures: (a) 50 °C; (b) 80 °C; (c) EDS analysis of area
in (b); (d) Solid sulfur product layer; (¢) EDS analysis of Spot 1
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oxidative leaching reaction. Furthermore, the
element distribution in Fig. 8(c) reveals that only
trace amounts of nickel and cobalt remain in the
residue, confirming that nearly all the nickel and
cobalt have been converted into metal sulfates and
dissolved into the leaching solution. Figure 8(d)
shows a distinct product layer on the mineral
surface, with a non-uniform distribution resulting
from the porous morphology of the leaching residue.
Figure 8(e) highlights a substantial sulfur presence
at Spot 1, and atomic ratio analysis confirms the
presence of free sulfur. Together with the XRD
results, this free sulfur is identified as solid sulfur,
with an estimated content of approximately 32%.
The chemical reactions involved in the
oxidative leaching process are illustrated in Fig. 9.
Initially, the sulfide mineral acts as the anode,
where sulfur bond to nickel, copper and iron is
oxidized to solid sulfur, releasing electrons.
Simultaneously, valuable metals such as nickel,
copper and iron dissolve into the solution as Ni**,
Cu?" and Fe*' ions, respectively. At the cathode,
S,0; ™ accepts the released electrons and is reduced
to SO; [32]. Additionally, some magnesium
present in metallic oxides is sulfated by SO;,
forming soluble magnesium sulfate. However, due
to the continuous formation of solid sulfur and the
passivation layer with a unique structure on the
surface of chalcopyrite [33], the remaining
chalcopyrite becomes tightly encapsulated by
insoluble products and a passivation film. As a
result, copper extraction is low due to the control of
internal diffusion throughout the copper leaching
process. To enhance copper extraction, the leaching
residue was roasted at 400 °C for 1 h, followed by a
secondary leaching with ammonium persulfate,

S,0% I
(“) L
2+
S0 1 Cu
4 L SN2
2+ —
am | M Fe*

reaction:

which increases copper extraction from 65.2% to
91.52%.

3.4 Assessment of leaching process

The process parameters for treating nickel
sulfide ore in this study are compared with those of
other methods, and the results are summarized in
Table 3. The findings indicate that this study
achieves efficient recovery of nickel and cobalt
using a single leaching agent to extract nickel from
ore with complex mineral phases. This contrasts
with the process that employs ammonium persulfate
as an oxidant in a sulfuric acid system to leach low
nickel matte [24]. However, the low copper
extraction observed here is primarily due to
chalcopyrite, the dominant copper-bearing mineral
in the ore, being more resistant to leaching
compared to bornite. In contrast, the two-stage
roasting followed by leaching to recover nickel and
copper from low-grade nickel sulfide ore is more
complex, and its nickel extraction is lower than that
achieved in this study [4]. EKSTEEN et al [34]
reported recovering 83.5% Ni and 76.3% Co from a
low-grade, serpentine-rich sulfide ore using an
alkaline glycine lixiviant system at pH 10 and room
temperature. Although the metal recovery is
acceptable, the leaching rate is very slow, requiring
672 h. YANG et al [35] proposed a mixed shake
flask leaching process for treating low-grade
nickel-copper-cobalt sulfide ore at 35 °C, involving
acid pre-leaching for 18 d (pH was controlled at
0.8—1.6 with H,SOy), followed by bioleaching for
50d. This process achieved recoveries of
approximately 94% nickel, 62% cobalt and 70%
copper, but the leaching duration was excessively
long.

| Ni,S,—xNi*"+yS"+2xe

I
) _}1 Fe,S,—aFe’'+bS"+3ae :
I

| CuFeS,—Cu*"+Fe*"+28%+5¢

____________ ~

(IIT) == | SOZ+Mg*' —MgSO, |

Ni, S, +x8,05 —xNi* +y8"+2xS0;”

Total ' 2FeSy+3aS,05 —2aFe’ +2bS"+6aS0;

2CuFeS,+58,0 —2Cu*"+2Fe*+48°+10S02”
SO +Mg*—MgS0,

* Unreacted ore

MgSO,

Solid product layer

Leaching agent

Fig. 9 Leaching reaction mechanism of low-grade nickel sulfide ore
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Table 3 Comparison of process parameters and metal extraction efficiency by various nickel sulfide ore processing

methods
. Extraction/%
Process Condition
Ni Co Cu Fe Mg
. m((NH4)2S,05):m(ore)=4.5:1, 80 °C, 3 h, particle size 105—125 pm,
Leaching liquid—solid ratio 20:1 mL/g (This study) 965 955 652 743 733
. 12.5 g matte, m((NH4)2S,03):m(ore)=4.5:1, 80 °C, 4 h, 0.25 mol/L H>SOs4, B
Leaching particle size 96—106 pm, liquid—solid ratio 20:1 mL/g [24] 1.8 96.6 96.1 66.9
Roasting— Roasting conditions: m(ore):m(AICl3)=1.5:1, 450 °C, 3 h,
1eaching particle size 96—80 um; water leaching conditions: 70 °C, 2 h, 916 - 885 284 164
J liquid—solid ratio 4:1 mL/g [4]
. m(glycine):m(total metals)=8:1, B B
Leaching 672 h, pH 10.0, 40% solids, and room temperature [34] 835 76.3 237
68 d of flask leaching: 35 °C, 10% w/v pulp density, 180 r/min,
Leaching 18 d of acid pre-leaching (pH 0.8—1.6 with H,SO4 control) 940 62.0 70.0 - -

and 50 d of bioleaching [35]

The environmental impact factors of various
extraction processes, based on the treatment of 1 kg
of nickel sulfide ore, were compared and analyzed,
with the results shown in Fig. 10. The findings
indicate that the process in this study does not
involve the use of acids or alkalis, operates at a
lower temperature, and requires a shorter extraction
time. As a result, this process exhibits high
production efficiency, low energy consumption, and
a simplified process flow, in line with low-carbon
economy objectives. Furthermore, the sulfur in the
nickel sulfide ore remains in the leaching residue as

: Facig
SN
4 1600 o)
)¢
P 1200 “
O o
i 800 e
2 Z
3 400 2
= o |

Temperature/°c,
—A— Ref. [34]
Ref. [24] Ref. [35]
—0—Ref. [4] —&— This study

Fig. 10 Schemic of dosage of acid, alkali and reagent,
processing temperature, processing time and waste liquid
generation for extraction of 1 kg of sulfide minerals

solid sulfur, preventing the emission of SO, gas.
Waste liquid statistics are based on the volume of
leachate used in each process.

4 Conclusions

(1) A clean and efficient process for extracting
valuable metals from low-grade nickel sulfide ore
by (NH4).S;0s direct oxidative leaching under
atmosphere pressure was proposed. The optimal
leaching conditions were as follows: particle size of
105—125 pm, mass ratio of (NH4),S,0s to ore at
4.5:1, leaching time of 3h, and leaching
temperature of 80 °C. Under these conditions, the
extractions for nickel, cobalt, copper, iron and
magnesium were 96.5%, 95.5%, 65.2%, 74.3% and
73.3%, respectively.

(2) The leaching kinetics revealed that the
leaching of nickel and cobalt was initially
controlled by chemical reactions and later by
internal diffusion. The entire copper leaching
process was governed by internal diffusion. The
general kinetic equations for the conversion of Ni
and Co can be expressed as 1—(1-x)"=
A-exp[—EJ/(RT)]-t for the first 0—60 min, and
1-2/3x—(1-x)**=A4-exp[-E/(RT)]'t from 75 to
180 min. For copper conversion, the Kkinetic
equation can be expressed as 1-2/3x—(1-x)**=
A-exp[—Ea/(RT)] -t over the entire 0—180 min period.

(3) Compared to other metal extraction
processes for nickel sulfide ores, this oxidative
leaching process was both competitive and
eco-friendly. Its advantages include the absence
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of acids and alkalis, the eclimination of sulfur
dioxide and hydrogen sulfide gas emissions, as
well as short leaching time and low leaching
temperature.
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