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Abstract: Using ferric chloride as an oxidant, here, we investigated the leaching effect of low-nickel
matte in a flow field produced by mechanical agitation. The factors affecting a leaching reaction, such
as stirring speed, leaching time, low-nickel matte particle size, and inert abrasive quartz sand, were
studied. X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), a laser particle size analyzer,
optical microscopy (OM), a scanning electron microscopy (SEM) with an energy dispersive X-ray
detector (EDS), and a Raman spectrometer were used to characterize the materials before and after
the leaching reaction. The contents of the main metal ions such as Ni, Cu, and Co in the leaching
solution were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Using the control variable method, the optimal experimental conditions were as follows: 2 mol/L
FeCl3—0.5 mol/L HCI-H,O system with low-nickel matte and quartz sand (mass ratio is 1:5) and
leaching at 90 °C for 8 h. The results showed that the blocking effect of the solid product sulfur layer
was effectively removed and continuous leaching was realized. The leaching efficiencies of Ni, Cu,
and Co were 98.9%, 99.3%, and 98.1%, respectively.

Keywords: low-nickel matte; interfacial reaction; barrier layer; inert abrasive; FeCl3-HCI-H,O solution

1. Introduction

Nickel is an important strategic base material which has been widely used in the fields
of superalloys, stainless steel, electroplating, batteries, catalytic materials, and magnetic
materials due to its excellent properties [1]. Currently, industrial-scale nickel production
is mainly based on the raw material of sulfide ore and has adopted the process route of
combining pyrometallurgy and hydrometallurgy [2-4]. As an intermediate product of the
pyrometallurgical nickel metallurgy process, low-nickel matte is a mixed sulfide system
containing nickel, copper, cobalt, and iron, which is obtained by removing most gangue
from nickel sulfide concentrate by flash furnace or electric furnace smelting [5]. Usually,
low-nickel matte needs further oxygen-enriched blowing in a converter to remove the iron
element in low-nickel matte and to obtain high nickel matte [6]. After grinding, flotation,
separation, and the electrolytic refining process, finally, metal nickel is obtained [7-9].
However, at the same time as iron is removed during the oxygen-enriched blowing in
the converter, nearly 50% of the cobalt element enters the converter slag, due to the
similar chemical properties of cobalt and iron, which makes it difficult to recycle cobalt,
resulting in a huge waste of resources and a reduction in the economic benefits of the nickel
metallurgy process [10,11]. Currently, some studies have attempted to take low-nickel
matte as the terminal product of nickel pyrometallurgy and have used it directly in the
hydrometallurgical process, which can effectively reduce the loss of valuable elements
such as cobalt, copper, and nickel caused by oxygen-enriched blowing and can reduce the
environmental pollution caused by the emission of SO, [12-14].
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The hydrometallurgical process of low-nickel matte is mainly divided into pressure
oxidation leaching and atmospheric oxidation leaching. Park et al. conducted an experi-
mental discussion on the oxygen pressure acid leaching and oxygen pressure ammonia
leaching of synthetic complex sulfide and found that both ammonia leaching and acid
leaching could efficiently recover the relevant valuable metals, but acid leaching had a
higher leaching efficiency [15-17]. Although oxygen pressure acid leaching can effectively
recover valuable metals, its application is limited to a certain extent due to significant
equipment requirements, and therefore, high investment costs. E. Muzenda et al. con-
ducted an experimental study on oxidized ammonia leaching of nickel-copper matte
under atmospheric pressure, and the leaching efficiencies of nickel and copper were less
than 50% [18]. G. Chen et al. carried out FeCl3-HCI leaching experiments on low-nickel
matte. The leaching efficiencies of metal elements reached Ni (98.4%), Cu (98.9%), and Co
(97.3%) [19]; however, a description of the interface reaction product of the leaching process
was lacking. As compared with atmospheric ammonia leaching and atmospheric acid
leaching, the FeCl3-HCI-H,O leaching process has attracted more and more attention due
to its simple operation and mild reaction conditions, and it is often used in sulfide leach-
ing [20,21]. High efficiency oxidation leaching of copper, nickel, cobalt, and other target
metals in metal sulfides (including CuFeS;, FeS,, (Fe,Ni)9Sg, NisSy, etc.) can be achieved by
using the oxidation property of Fe?* in solution [22-26]. Atmospheric pressure oxidation
leaching can transform sulfur elements in sulfide ore into elemental sulfur that enters the
leaching residue. After a subsequent separation process, sulfur elements can be recycled
synchronously. However, the elemental sulfur exists in a solid form in an atmospheric
acid solution, which may form a barrier layer on the surface of unreacted low-nickel matte,
resulting in a decrease in metal leaching efficiency and incomplete leaching of valuable
metal elements. An experimental study on the mineral interface reaction, the composition,
and the microstructure of the interface products during oxidation leaching of low-nickel
matte at atmospheric pressure is significant for understanding the dissolution process and
influencing factors of low-nickel matte, and for developing the technology to enhance
leaching efficiency.

The main components of low-nickel matte include pentlandite (FesNisSg), bornite
(CusFeSy), magnetite (Fe3O4), and NisFe alloy. Among them, Fe;0,4 and NizFe can easily
be dissolved and leached into an acidic medium; the dissolution behaviors of pentlandite
and bornite are the main factors affecting the leaching efficiency of low-nickel matte. In this
study, we investigated the interfacial reaction products that formed a barrier layer during
leaching on the surface of low-nickel matte in an FeCl3-HCI-H,O system. At the same
time, the effective removal of the barrier layer on the surface of low-nickel matte with
inert abrasive was also studied. The effects of leaching time, particle size of reactants,
and the relative movement of the flow field on the composition and microstructure of
the interfacial reaction products of low-nickel matte in an FeCl3-HCI-H,O system were
carried out by means of optical microscopy (OM), a laser particle size analyzer, scanning
electron microscopy (SEM) equipped with an energy dispersive X-ray detector (EDX),
and inductively coupled plasma atomic emission spectroscopy (ICP-AES). This study will
deepen the understanding of oxidation leaching products of sulfide minerals in low-nickel
matte in an FeCl3-HCI-H,O system and provide an alternative path for enhancing oxidation
leaching of low-nickel matte under atmospheric pressure.

2. Materials and Methods
2.1. Materials and Chemical Measurements

In this study, the low-nickel matte raw material was from Jinchuan Group Co. Ltd.,
China (Jinchuan, China). The chemical reagents used in the experiment were all analytical
reagent (AR) grade. The low-nickel matte samples were put into a drying oven at 100 °C
for 24 h. After drying, the samples were set into a ball mill in batches to grind into
different particle sizes (~200 mesh, ~100 mesh, ~50 mesh, and ~10 mesh). The elemental
composition of the samples was determined by X-ray fluorescence spectroscopy (XRE),
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and the phases of the samples were analyzed by X-ray diffraction (XRD). The low-nickel
matte samples were embedded in resin and the exposed low-nickel matte surface was
polished. FeCl;-6HyO and 36~38% HCI (mass fraction) hydrochloric acid were used to
prepare the 2 mol/L FeCls—0.5 mol/L HCI-H,O system with an Fe(IlI) concentration of
2.0 mol/L. The leaching experiment was carried out in a 500 mL flask connected with
an electric mechanical stirrer and rubber plug, and the temperature was controlled by a
water bath. According to the liquid/solid ratio of 20 mL:1 g, 10 g weight low-nickel matte
samples and 200 mL volume of the prepared leaching system solution were taken. When
the water bath temperature reached the set value of 90 °C, the low-nickel matte samples
and leaching system solution were added into the flask at the same time. The stirring
speed was adjusted to 200, 350, and 500 revolutions per minute for full stirring and the
timing began. After reaching the predetermined leaching time, 2 mL volume of supernatant
solution in the flask was taken and diluted 100 times, and the contents of nickel, copper,
and cobalt metal ions in the leaching solution were detected by ICP. In order to reduce
experimental errors, the above operations were repeated three times, and then the average
value of the data for three times was used to calculate the leaching efficiencies of nickel,
copper, and cobalt. Solid-liquid separation was realized by vacuum pump pumping and
filtration. The leaching residue was cleaned with deionized water three times, and then
put into a 100 °C drying oven for 12 h. The calculation formula of the leaching efficiency
was as follows in Formula (1):

e = W&i;\;% x 100% §
where x is a metallic element, such as Ni, Cu, or Co; M and m are the mass of adding
low-nickel matte and the mass of leaching residue after drying, g, respectively; W, and
wy are the mass fraction of x in low-nickel matte and leaching residue, %, respectively.
The leaching residue was embedded in the resin, and then was sanded to expose the edges
and polished. Then, 50 g weight of quartz sand (the main ingredient is SiO,) (25~50 mesh)
was added to the leaching system as an inert abrasive; different leaching times (1-8 h)
were used for leaching the low-nickel matte with different particle sizes (~200, ~100, ~50,
and ~10 mesh). The experimental setup and the assembly of the rotating cylinder and the
embedded low-nickel matte samples are shown in Figure 1. The conversion between the
stirring rotation speed of the motor and the relative speed of the interface of the rotating
cylinder follows as Formula (2):

v=27mn X r 2)

where v is the relative velocity, n is the revolutions per minute, and r is the radius of the
rotating cylinder. The relative movement velocity between the low-nickel matte and the
leaching solution is calculated here, and other weak flows of the leaching solution caused
by agitation are ignored. The calculation results are shown in Table 1.

2.2. Characterization

The low-nickel matte samples were characterized by X-ray diffraction (XRD, Bruker-
AXS D8 Advance, Billerica, MA, USA) using a monochromatic Cu K« radiation at a
scan rate of 6 °/min, target voltage of 40 kV, and tube current of 40 mA; X-ray fluores-
cence spectroscopy (XRF-1800, Shimadzu, Kyoto, Japan); optical microscopy (OM, Leica,
DM4000M, Leica Camera AG, Wizlar, Germany); a laser particle size analyzer (Mastersizer
3000, Malvern Panalytical Ltd, Malvern, UK); a scanning electron microscopy (SEM, FEI
Nova Nano 450, FEI, Hillsboro, OR, USA) equipped with an energy dispersive X-ray
detector (EDX, Oxford INCA EDS system, Oxford Instruments, Abingdon, UK), and in-
ductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin-Elmer 7300 DV,
PerkinElmer, Waltham, MA, USA). The Raman spectra of the surfaces were recorded using
a DILOR XY multichannel spectrometer with Ar* ion laser excitation in an Olympus mi-
croscope (Ar* laser with 532 nm excitation line and irradiation density of 0.04 mW-cm~2,
20 s x 20 accumulations at ambient temperature) (Olympus, Shinjuku/Tokyo, Japan).
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Figure 1. (a) The schematic diagram of the experimental setup; (b) the schematic diagram of the low-nickel matte sample

setup; (c) the schematic diagram of the rotating cylinder.

Table 1. Values of rotational speed and relative speed.

Revolutions per Minute (RPM)/n (t/min) Relative Velocity/v (m/s)
200 0.52
350 0.84
500 1.31

3. Results and Discussion
3.1. Characterization of the Low-Nickel Matte

The typical XRD pattern of the low-nickel matte is shown in Figure 2. The elemental
composition of the samples was determined by XREF. The results are shown in Table 2.

It is found that the matte is composed of pentlandite (FesNisSg) and bornite (CusFeSy),
as the two major phases, and magnetite (Fe30,) and ferronickel (NizFe) as the minor
phases. The four phases can all be detected, as shown in Figure 3a, which is the OM
image of the low-nickel matte with EDS analyses and Raman spectroscopies for the chosen
sites. According to the iron, nickel, and sulfur atomic ratio from the EDS analysis and
typical Raman spectroscopic peak (170, 458, and 531 cm~!) due to bornite [27-30], the gray
island-like particles dispersed within the light-yellow matrix should be bornite. The atomic
ratio of Fe, Ni, and S is about 5:4:8, and the typical peaks located at 180, 417, and 533 cm 1
are assigned to pentlandite for the chosen site (Area I) as the matrix. It can be concluded
that the matrix is composed of pentlandite (Fe;NiySg) [30-33], which exists as a continuous
phase due to its low melting point. The small particles of ferronickel (NizFe) and magnetite
(Fe30y4) can also be detected in the matrix according to EDS analyses, which are shown in
Figure 3b. According to the chemical compositions in Table 2 and the EDS analysis from
Figure 3b, the chemical compositions of the main minerals in the low-nickel matte can be
calculated, as shown in Table 3.



Minerals 2021, 11, 1219

5o0f 14

Intensity / a.u.

<

A
Gov® VV vy

—— Fe,Ni,S,, PDF#08-0090
—— CugFeS,, PDF#24-0050
—— Fe,0,, PDF#26-1136
—— Ni,Fe, PDF#38-0419

V¥ Fe,Ni,Sg
¢ CugFeS,

[ ]
A

Fe,O,
Ni;Fe

11
30 40

50 60 70 80 90
20 / degree
Figure 2. XRD pattern of the low-nickel matte.
(b) 1027
29.41 24.38
N
V. Area IV px
» & Arealll g m0
§ Fe
: s
2 " Ni
g
Air hole = uCu
Area II <«
42.83
Area Area I1 Area II1 Area IV
FesNi,Sg CusFeS, Fe,0, Ni,Fe
c d
© 0.04 mW cm? @ Fe 0.04 mW cm?
-
2 o s
< w (=3
) o
= @
3 |e 3
& |= g
g g
173 173
= =
2 2
= =
Ll L
L il L il W L L L L
200 300 400 500 600 200 300 400 500 600

Figure 3. (a) OM image of the fresh surface of the low-nickel matte; (b) EDS analyses for the selective areas from (a) and
(c) Raman spectrum of the CusFeS, regions at the fresh surface; (d) Raman spectrum of the FesNiySg region at the

fresh surface.

Raman Shift (cm™)

Raman Shift (cm™)



Minerals 2021, 11, 1219

6 of 14

Table 2. Chemical compositions (wt%) of the main minerals in the low-nickel matte.

Component Mass Fraction/%
Ni 25.51
Cu 14.02
Fe 29.67
Co 1.39
S 27.84
Others 1.57

Table 3. Mineralogical composition (Wt%) of the low-nickel matte.

Mineral % by Weight
Pentlandite (Fe5NiySg) 63.96
Bornite (CusFeSy) 23.85
Magnetite (Fe3Oy) 3.29
Ferronickel (NizFe) 6.83
Others 2.07

3.2. Chemical Feasibility of the Leaching Process

According to the characterization analysis of the low-nickel matte, in order to com-
prehensively extract Ni, Cu, and Co from the low-nickel matte, the metal sulfide and
ferronickel need to be dissolved by oxidation. Fe3* in an acidic solution has a strong oxi-
dizing property and is often used for oxidation leaching of metal sulfides [34]. In addition,
considering the high solubility of metal chloride generated in the leaching of metal sulfide
in the chloride system, and the porous and loose form of the elemental S° generated by
the reaction [35], it has little hindrance to the diffusion and mass transfer of the reactant
at the initial stage of the reaction, which is conducive to the leaching of metal elements.
In summary, FeCl; was selected as an oxidant in this study, hydrochloric acid solution
was added to inhibit the hydrolysis of Fe3*, and valuable metal elements in low-nickel
matte were comprehensively leached in an FeClz;-HCI-H,O solution. The main reactions
are shown in the following Equations (3)—(7):

Fe5Ni4SS(S) + 18F8C13(aq) = 23FeC12(aq) + 4NiC12(aq) + 850(5) (3)
CU5FeS4(S) + 12F6C13(aq) = SCUCIZ(aq) + 13F6C12(aq) + 450(5) (4)
FeNi3(s) + 8FeC13(aq) = 9FeC12(aq) + 3NiC12(aq) (5)
FeNi3(s) + SHCI(aq) = FeClz(aq) + 3NiC12(aq) + 4H2(g) (6)
Fe304(s) + SHCI(aq) = FeClz(aq) + 2FeC13(aq) + 4H20(aq) (7)

According to the above equations, the target metals Ni and Cu enter the solution in
the form of chloride with the dissolution of FesNiySg, CusFeSy, and FeNis, and the Co
associated with Fe5NiySg and Fe3;O4 enter the solution in the form of CoCl, with their
dissolution. Thus, high efficiency leaching of Ni, Cu, and Co can be realized.

3.3. Leaching Results of the Low-Nickel Matte Particles

Figure 4 shows the SEM and EDS images of the low-nickel matte (~10 mesh) after
mechanical agitation leaching for 1, 2, and 3 h. It can be seen from Figure 4a,c,e that with
an increase in leaching time, more and more interface reaction product S layers are formed
on the surface of the low-nickel matte. Figure 4g is a local magnification of Figure 4c.
It can be seen from Figure 4g that the main component of the product layer is porous
elemental sulfur, and its pore distribution is maze-like. Few through-holes are formed
between the solid sulfur product layer and the interface of unreacted low-nickel matte.
Generally, solid elemental sulfur is hydrophobic, and the sulfur layer of the product will
hinder the diffusion of the leaching solution to the low-nickel matte interface, making it
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difficult to continue the leaching reaction, resulting in the semi-passivation phenomenon
of the reaction interface [36].

In order to further quantify the leaching effect of the low-nickel matte, the interfacial
leaching experiments of the low-nickel matte embedded in resin at different rotational
speeds were carried out. Figure 5a—i show a cross-section of the low-nickel matte sample
without the addition of quartz sand at stirring speeds of 200, 350, and 500 RPM, respectively.
It can be seen from Figure 5a—i that with an increase in leaching time, the product layer
gradually thickens. Figure 6 is the SEM and EDS images of low-nickel matte without quartz
sand leaching at 200 RPM for 3 h. In combination with Figures 5c and 6a, the product layer
is mainly elemental sulfur, and its macroscopic morphology does not change significantly
in the leaching process. When the rotational speed is set at 350 RPM, it can be seen from
Figure 5d—f that the macroscopic flatness of the product layer changes slightly. When
the rotational speed is increased to 500 RPM, it can be seen from Figure 5g—i that the
sulfur layer of the interface reaction product has some irregular spalling. As compared
with the initial position of the interface product layer, the separation of the sulfur layer is
not obvious.

(b)

800 puny . “Y800 pm

800 pm
— 500y 00 oy

L mm

1 mm

(f)

1 mm 1mm

I mm

2 2
200 um 200 um

200 pm &
—— s ; 200 m

Figure 4. (a,c,e) SEM images of the low-nickel matte after 1, 2, and 3 h mechanical agitation leaching,
respectively; (b,d,f) EDS analyses for the selective areas from (a,c,e), respectively; (g) local enlarged
SEM image of (c); (h) EDS analyses for the selective areas from (g).
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Figure 5. (a—c) OM images of the low-nickel matte at 200 RPM after 1, 2, and 3 h leaching, respectively;
(d—f) OM images of the low-nickel matte at 350 RPM after 1, 2, and 3 h leaching, respectively; (g-i) OM
images of the low-nickel matte at 500 RPM after 1, 2, and 3 h leaching, respectively.
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Figure 6. (a) SEM image of the low-nickel matte without the addition of quartz sand at 200 RPM for
3 h leaching; (b) EDS analyses for the selective areas from (a).



Minerals 2021, 11, 1219

9of 14

3.4. Leaching Results of the Low-Nickel Matte Interface with Quartz Sand

The leaching effect can be enhanced by reducing the coating effect of the solid product
layer produced by the interface reaction. By adding an inert abrasive (quartz sand) to break
the coating of the sulfur layer of the product, the fresh surface of the low-nickel matte
is continuously in contact with the leaching solution; therefore, leaching can continue.
Figure 7a,c are the SEM images of a section of low-nickel matte (about 10 mesh) after
leaching for 1 and 2 h after adding quartz sand, respectively. Figure 7b,d are the EDS
diagrams corresponding to Figure 7a,c. By comparing Figures 4 and 5, it can be seen that
the flow field directly generated by the agitator is difficult to peel off the generated product
sulfur layer. After the addition of quartz sand, due to the interaction between quartz sand
and small solid particles of low-nickel matte under the action of the agitator, the sulfur
layer of the leaching product of low-nickel matte is spalling, exposing the new surface
of low-nickel matte to contact with the leaching solution and continuing the interface
reaction. Moreover, the longer the leaching time of adding quartz sand, the more obvious
the spalling phenomenon of the product layer on the surface of the low-nickel matte. This
shows that increasing the agitation leaching time of quartz sand and low-nickel matte
particles is more conducive to leaching.

500 pm 500 pm

500 i m

500 jm

500 pm iy SN
.. e s G 500 ym

Figure 7. (a,c) SEM images of low-nickel matte after 1 and 2 h leaching, respectively; (b,d) EDS
analyses for the selective areas from (a,c), respectively.

Figure 8a—i show a cross-section of the low-nickel matte samples with the addition
of quartz sand at the stirring speeds of 200, 350, and 500 RPM, respectively. It can be
seen from Figure 8a,b,d,e,g h that with an increase in leaching time, the product layer
gradually thickens. As can be seen from Figure 8a—c, elemental sulfur is the main product
layer of the interface reaction, and its macroscopic morphology changes significantly in
the leaching process. When the rotation speed of the motor is adjusted to 350 RPM, it can
be seen from Figure 8d—f that the surface flatness of the product sulfur layer changes
significantly. Particularly, as shown in Figure 8f, the continuously generated sulfur layer
is continuously scoured by the quartz sand and the surface of the product layer is peeled
off, which is significantly contrasted with the labeled initial reaction interface. When the
stirring speed is further increased to 500 RPM, the sulfur layer produced by the interface
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reaction is randomly impacted by the quartz sand under the action of the high-speed
flow field, making its surface more irregular. Figure 8i shows a deeper pit than Figure 8f,
due to an increase in the relative velocity of the low-nickel matte surface to the quartz
sand. This shows that increasing the rotational speed is more conducive to stripping sulfur
coating and can further promote the leaching of low-nickel matte, thus improving the
leaching effect.

200pm

00Z=INdd () (q) (®)

Initial'interface;

~_
=
N’
_~
(g
-
_~
-
-’
~
E

Initial interface

0se

Rioa Low nickel matte

o

00S = INdd () (W) (3)

200pm

Figure 8. (a-c) OM images of the low-nickel matte with the addition of quartz sand at 200 RPM after
1, 2, and 3 h leaching, respectively; (d—f) OM images of the low-nickel matte with the addition of
quartz sand at 350 RPM after 1, 2, and 3 h leaching, respectively; (g—i) OM images of the low-nickel
matte with the addition of quartz sand at 500 RPM after 1, 2, and 3 h leaching, respectively.
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3.5. Leaching Efficiency of Low-Nickel Matte with Different Particle Sizes

According to the comparison of experimental results of the three rotating speeds (200,
350, and 500 RPM), the best leaching condition is 500 r/min. Under the condition of 500 RPM,
the experiments were carried out on the low-nickel matte with different particle sizes; the ICP
test was carried out on the diluted leaching solution, in order to calculate the leaching
efficiencies of Ni, Cu, and Co metal ions in the low-nickel matte. Figure 9a-d showed the
experimental results of the leaching experiment of the low-nickel matte with particle sizes
of 1700 pum (~10 mesh), 270 pm (~50 mesh), 150 pm (~100 mesh), and 75 um (~200 mesh),
respectively. As shown in Figure 9a—d, the larger the particle size of low-nickel matte,
the higher the leaching efficiencies of Ni, Cu, and Co with an increase in leaching time. With
a decrease in the particle size of the low-nickel matte, the final leaching efficiencies of Ni,
Cu, and Co metal ions increase gradually. This is due to the same mass of low-nickel matte
sample; if its particle size is larger, the number of particles is less, so its specific surface area
is smaller. This will lead to a decrease in the total area of contact with the leaching solution
during the leaching process, and it is easier to form the coating of the product sulfur layer;
therefore, the fresh surface of the low-nickel matte cannot be exposed in time to react with the
leaching solution, thus, reducing the leaching efficiencies of metal ions.
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Figure 9. Leaching efficiency of the low-nickel matte with different particle sizes: (a) Leaching efficiency of Ni, Cu, and
Co from the low-nickel matte with particle size of around 1700 um (~10 mesh); (b) leaching efficiency of Ni, Cu, and Co
from the low-nickel matte with particle size of around 270 um (~50 mesh); (c) leaching efficiency of Ni, Cu, and Co from
the low-nickel matte with particle size of around 150 pm (~100 mesh); (d) leaching efficiency of Ni, Cu, and Co from the

low-nickel matte with particle size of around 75 um (~200 mesh). (The illustration is a partial magnification and * represents
adding quartz sand).
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3.6. Characterization of Quartz Sand

In this experiment, a certain proportion of inert abrasive quartz sand was added during
the leaching process in order to more easily break the barrier effect of the product elemental
sulfur layer and strengthen the leaching of the low nickel matte. As an external additive,
it is necessary to consider whether the quartz sand itself will be partially dissolved during
the leaching process to introduce impurity ions. Figure 10a shows the dissolution efficiency
of quartz sand in the low-nickel matte with particle sizes of 10 mesh and 50 mesh. With an
increase in leaching time, the dissolution of silicon ions increases slowly until it is stable.
The maximum dissolution efficiency of silicon is less than one-thousandth of the dissolution
efficiency of the main leaching elements such as Ni, Cu, and Co; therefore, it shows that
the influence of adding quartz sand on the introduction of low-nickel matte to leaching
impurity ions is negligible. Metallographic and digital photos of quartz sand before and
after leaching reaction are shown in Figure 10b. It can be seen from the digital photos that
the quartz sand is slightly yellow after the leaching reaction. This is caused by constant
contact with the brown-yellow solution of ferric chloride during the dynamic leaching
process. According to the metallographic photos, it can be seen that, after the leaching
process, the quartz sand particle morphology has not changed significantly, and its edges
and corners are still very clear, indicating that the quartz sand particles have very little
impact on the low-nickel matte leaching process and can be reused. Figure 10c,d shows
the particle size statistics of quartz sand before and after the leaching process, respectively.
According to the comparison between Figure 10c,d, it can be found that the particle size
of quartz sand before and after leaching does not change slightly. In combination with
Figure 10b, it is shown that quartz sand is a reliable material to promote the leaching of
low-nickel matte.

(b)

Dissolution efficiency of SiO, in solution
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Figure 10. Characterization of quartz sand: (a) Dissolution efficiency of quartz sand in the low-nickel matte leaching process;
(b) metallographic and digital photographs of quartz sand before and after the leaching process; (c¢,d) particle size statistics
of quartz sand before and after the leaching process, respectively.
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4. Conclusions

The solid product of low-nickel matte oxidation leaching in an FeCls-HCl-H,O leach-
ing system is elemental sulfur. The solid product layer is porous and loose, and the pores
are a labyrinth. The elemental sulfur covered the surface of the unreacted nickel matte,
which hindered further oxidation leaching of the low-nickel matte. In the condition of
stirring and adding inert abrasive quartz sand, the coating of the solid product layer can
be effectively removed. The optimal conditions of the experiment were to add quartz
sand to the leaching system of 2 mol/L FeCl3—0.5 mol /L HCI-HO at 90 °C (the mass
ratio of low-nickel matte (~200 mesh) to quartz sand (25~50 mesh) is 1:5), and to carry out
the leaching reaction at 500 r/min for 8 h. Under these conditions, it was found that the
solid product layer elemental sulfur could be stripped from the surface of the low-nickel
matte, which effectively reduced the physical barrier of solid sulfur to the reaction interface
of the low-nickel matte and accelerated the oxidation leaching process of the low-nickel
matte. The leaching efficiencies of Ni, Cu, and Co reached 98.9%, 99.3%, and 98.1%, respec-
tively. The inert abrasive added to the leaching system hardly dissolved in the leaching
process, and the morphology was almost unchanged, therefore, it can be reused to increase
economic benefit.
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