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ABSTRACT: Reduction—sulfurization smelting is an effective
method for treating solid hazardous waste and recovering valuable
components from them. In this work, a waste hydrogenation
catalyst (WHC), an automotive exhaust purifier waste catalyst
(AEPWC), a vulcanizer, and laterite nickel ore were mixed, and the
reduction smelting behavior of this solid waste was investigated.
XRD (X-ray diffractometry), TG-DSC (thermogravimetric/differ-
ential scanning calorimetry), SEM-EDS (scanning electron s sug
microscopy-energy dispersive spectroscopy), oM (optical micros-
copy), and ICP-OES (inductively coupled plasma-optical emission
spectrometry) methods were used to examine the chemical
composition, thermal stability, structure, and morphology, as well
as the metal content of the samples. Under the Al,0;-FeO-SiO,
ternary slag system, at a smelting temperature of 1450 °C, smelting time of 2 h, mass ratio of coke, pyrite, and CaO to waste catalysts
of 16, 25, and 0%, respectively, nickel (Ni) and molybdenum (Mo) recovery reached 91.1 and 92.9%, respectively, where average
PGMs (platinum group metals, platinum (Pt), palladium (Pd), thodium (Rh)) recovery reached 96%, although vanadium (V)
recovery was only 25.1%. The characterization of the slag shows that Al, Si, and Fe are mainly bound in the form of chemical
compounds, while V is intercalated with ferro- or aluminosilicate, which hinders the reduction and sulfurization of V. A series of tests
using reduction smelting without sulfurization were also conducted, after which the Ni, Mo, and V recovery reached 96.8, 96.6, and
89.7%, respectively, while PGMs (Pt, Pd, Rh) recovery ranges from 90.2 to 98.0%. The collaborative disposal of primary ore and
multisource solid waste has been achieved through two process paths: reducing smelting and reducing sulfurization smelting, which
provide reference for the collaborative smelting of multisource secondary resources.
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1. INTRODUCTION

80% of petroleum is processed through hydrogenation to
improve its combustion quality.' The hydrogenation catalyst
plays a vital role in this process, and the WHC usually contains

the high value and catalytic activity of these metal elements
make WHCs and catalytic converters highly valuable for
recycling. With the explosive growth of new energy industry,
the demand for key metals is increasing rapidly. Various types

a high value content of metals such as nickel, molybdenum,
vanadium, and cobalt, totaling about 10—30%.” Platinum
group metals (PGMs), in contrast, are widely used as active
components of catalytic converters for the automotive exhaust
purifiers. The catalytic converter was usually made from
cordierite coated with y-Al,O;, with over 80% of the catalytic
components being platinum, palladium, and rhodium.”™> The
function of the y-Al,O; carrier is to carry the active
components, increase the specific surface area of the catalyst,
and improve the reaction efficiency. The active components
are the core of the hydrogenation catalyst and the main
elements that can catalyze the hydrogenation reaction.
Commonly used elements include nickel (Ni), copper (Cu),
molybdenum (Mo), and cobalt (Co). It should be noted that
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of spent catalysts contain a variety of valuable metals, such as
molybdenum, nickel, vanadium, aluminum, rare precious
metals, etc., and have become an excellent secondary resource.

Laterite nickel ores are currently the major source of nickel.
Laterite nickel ores can be divided into two types: saprolitic
laterite and limonitic laterite.’ The pyrometallurgical process
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has become the mainstream smelting process for treating these
laterite nickel ores. In general, two methods are used:
reduction smelting of ferronickel and reduction—sulfurization
of nickel matte.”® The reduction smelting of ferronickel is the
most mature technology currently used in the industry.” This
typically uses a rotary kiln drying the prereduction electric
furnace smelting process (RKEF);'® however, the first
technology to realize industrial production of laterite was
reduction—sulfurization of nickel matte, where the laterite
nickel ore is crushed and screened to give a fine particle size
distribution. Then, a drying treatment is applied, after which
the laterite nickel ore is smelted with sulfiding and reducing
agents in a blast furnace or electric furnace at a temperature
above 1500 °C to obtain low-grade nickel matte. This is then
converted into high-grade nickel matte using a converter." "'
The amount of vulcanizer and reducing agent determines the
grade of the low-grade nickel matte. Sulfur, pyrite, and gypsum
are commonly used as sulfiding agents."”> With the continuous
increase in demand for ternary lithium battery materials (Nj,
Co, Mn oxides), the reduction—sulfurization smelting process
is attracting increasing attention.'* "¢

Usually, after pretreatment of spent catalysts, there are three
main methods to recover valuable metals as efficiently and
cleanly as possible: (1) hydrometallurgy, (2) pyrometallurgy,
and (3) pyro-hydrometallurgy. Razavian et al. obtained a high-
purity nickel hydroxide (>98%) from waste NiO/AlO;
catalyst by sulfuric acid leaching and explored the optimal
technological conditions for extracting nickel and aluminum
with a sulfuric acid leaching agent.'” For molybdenum and
vanadium in spent catalysts, they can be leached as metal
oxides using alkaline solutions, but the recovery of nickel and
iron is difficult.'” Laungsakulthai et al. carried out the
experiment of smelting and reducing iron filings, petroleum
coke, and spent nickel catalyst to produce nickel alloy and
ferronickel through a laboratory induction furnace.”” By
adjusting the content of SiO,/CaO in raw materials and
smelting at 1500—1550 °C, the recovery rate of Ni reached
over 98%, and FeNi40 was produced. It can be seen that it is
feasible to smelt nickel from spent nickel catalyst in an
induction furnace to produce nickel alloy. Pak et al. recovered
nickel, molybdenum, and vanadium from waste petroleum
catalysts in the form of Fe-V and Fe-Ni-Mo alloys by reduction
melting at 1800 °C.”° Tlhan et al. used a blank roasting of spent
HDS catalyst at 500 °C for 4 h.*" This not only removed the
sulfur-containing carbon and other organic matter from the
spent catalyst but also converted metal sulfides into metal
oxides, which were then leached by oxalic acid, and the
maximum leaching rate of molybdenum was 92%. Zhang et al.
recovered valuable metals from the spent catalyst by adjusting
the leaching pH in each section after the catalyst was roasted at
400 °C, and he recovered nickel, molybdenum, and vanadium
from the spent catalyst by three stages in different alkaline
solutions under optimal conditions, with recovery reaching
88.74, 97.92, and 97.13%, respectively.””

Collaborative use of industrial kilns is currently a main-
stream technology for the comprehensive utilization of solid
waste. Based on existing high-temperature industrial kilns, such
as cement kilns, high-temperature boilers, and iron-making
blast furnaces, solid waste can be codisposed with other
materials.”> Melendi et al. added several waste plastics and
lubricating oils to the iron-making process, with the results
showing that this did not reduce the quality of iron; instead, it
helped reduce fuel consumption.”* Guo et al. used two solid

wastes, scrap iron oxide desulfurizer and copper smelting slag,
as raw materials. Copper was effectively enriched in the dust
using the reduction—sulfurization process, and copper enrich-
ment reached 90.8%.” Li et al. used sulfur-containing waste
gypsum as a sulfurizing agent to synergistically smelt with
copper slag in a reducing atmosphere, thus enabling over 90%
of Cu and Co in the copper slag to be selectively recovered."”

Research on the recycling of these waste catalysts mentioned
above often focuses on only one type of waste catalyst.
However, there are many types of waste catalysts in the
industry with complex composition and uneven distribution.
Despite the problems of high energy consumption and high
cost, pyrometallurgy has strong adaptability to raw materials,
the technology is mature, and the coordinated disposal of
various spent catalysts can be achieved. In the meanwhile,
based on the trapping effect of copper, nickel, iron, and other
elements on rare and precious metals, a comprehensive
recovery of valuable metals in multisource spent catalysts can
be realized.

Smelting WHC and AEPWC together with laterite nickel
ore can help recover valuable components and effectively
reduce the ecological damage caused by the disposal of these
two types of hazardous waste.”® The main process of
collaborative reduction—sulfurization of multisource solid
wastes in this project uses pyrite as the vulcanizing agent
and coke as the reducing agent. Valuable metal oxides such as
nickel, molybdenum, vanadium, and some iron oxides are
reduced to their elemental state. The reduced elemental iron
can also reduce valuable metal oxides while also undergoing an
interactive vulcanizing reaction with pyrite, forming a low-
grade nickel matte that is composed of metal sulfides such as
iron sulfide and nickel sulfide. The matte can be easily
separated from the slag. Additionally, the matte also serves as a
trapping agent for precious metals including PGMs.

2. MATERIALS AND METHODS

2.1. Materials and Analysis. The WHC and AEPWC
were provided by two individual Chinese environmental
companies located in Langfang, Hebei Province, and Xuzhou,
Jiangsu Province, respectively. The laterite nickel ore, together
with the vulcanizing and reducing agents of pyrite and coke,
was provided by a nickel—cobalt mine on Sulawesi Island
(Indonesia). Other additives including CaO and SiO, were
analytically pure and purchased from Sinopharm Chemical
Reagent Co., Ltd. The phase composition of the samples was
investigated by X-ray diffractometry (XRD, D8 Advance,
Bruker, Germany). Metal content analysis was performed using
an inductively coupled plasma-optical emission spectrometer
(ICP-OES, 730, Agilent). Thermogravimetric analysis of the
waste catalysts was performed by using a thermogravimetric/
differential scanning calorimeter (TG-DSC, STA 449 FS,
Netzsch, Germany). It should be noted that in order to better
simulate the smelting atmosphere of the reduction test, the
thermogravimetric analysis uses an air atmosphere with a
heating rate of 10°/min. The chemical states of metal elements
were analyzed by X-ray energy dispersive spectroscopy (EDS,
Genesis 7000, EDAX). The morphologies of the samples were
examined using scanning electron microscopy (SEM, Axioplan
2, Zeiss, Germany).

2.2. Reduction—Sulfurization Smelting Process. Three
steps were involved with the reduction—sulfurization smelting
process: these steps are (1) Pretreatment: AEPWC, WHC,
laterite nickel ore, and pyrite were finely ground to pass 100
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mesh by a vibrating mill; (2) Mixing: Based on the lower
melting point zone of the Al,0;-FeO-SiO, ternary slag system,
40 g of roasted WHC, 40 g of AEPWC, 120 g of laterite nickel
ore, 64 g of SiO, as well as a set mass of coke, pyrite, and CaO
were mixed in a sealed bag and shook for S min to reach
uniform mixing; (3) Smelting: The mixed raw materials were
loaded into a corundum crucible, and then, the crucible was
put in the furnace at a set temperature for a predetermined
time according to the experimental plan. Pyrite, as a sulfurizer,
forms a matte body under high-temperature conditions. The
reduced valuable metal enters the matte phase due to its sulfur
affinity and the “washing” and precipitation of the matte
body.”” Due to the difference in density, the matte phase
settles at the bottom of the crucible and thus is separated from
the slag phase. At the end of the test, the crucible was naturally
cooled to room temperature and then the matte and slag were
sent for metal analysis. The flowsheet of the complete
reduction—sulfurization smelting process is shown in Figure 1.

Automotive
exhaust purifier
waste catalyst

Laterite
nickel ore

Roasted waste

hydrogenation catalyst Pyrite

|

Pre-treatment
(grinding,
screening)

l

Mixing
Evenly

l
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Si0,, Ca0 [~ Coke

Figure 1. Process flowsheet for the reduction—sulfurization smelting
process.

Metal recovery was calculated using eq 17’

M,xZ
r=|1-—2"% |%x100%
M;xCy

(1)

where r is the metal recovery in %, M; and M, represent the
weight of the raw materials and slag in grams (g), C, and Z,
refer to the metal content of raw materials and slag in weight
percent (wt %). the mass of the metal element in the solution
in grams (g), and Wy is the mass of the metal element in the
residue in grams (g). X presents Ni, Mo, V, Pt, Pd, and Rh.

3. RESULTS AND DISCUSSION

3.1. Materials Characterization. 3.7.7. WHC. The
chemical composition of WHC is shown in Table 1.

After fine grinding, the weight loss of the WHC after heating
was analyzed by thermogravimetric analysis over the temper-

ature range of 25—1000 °C. The TG curve is shown in Figure
2a.

It can be seen from Figure 2a that as the temperature
increases, the catalyst undergoes significant weight loss, which
can be divided into two stages: the first stage is at 25—320 °C,
with a weight loss of 11.8 wt %. It is inferred that the oily
substances on the surface of the WHC are decomposed and
volatilized by heat. The second stage is from 320 to 840 °C
with a weight loss rate of 32.8%. The weight loss rate (%/°C)
is the fastest within the range of 320—430 °C. After 840 °C,
the TG curve tends to flatten, and the weight of the spent
hydrogenation catalyst remains unchanged.

To have a better control of slag volume and avoidance of
excessive feeding, the catalyst was roasted at 750 °C for 2 h
before any smelting test. The weight loss rate is 46.8%/°C,
which is in agreement with the thermogravimetric analysis.
The main chemical composition of the catalyst after roasting
(wt %) is shown in Table 2.

The XRD patterns of the raw and roasted catalyst are shown
in Figure 3a,b. After roasting, the materials in the WHC are all
oxides, with the main constituent being Al,O;. A small amount
of Fe exists in the form of Fe;0,. Ni and Mo were oxidized and
formed nickel molybdate (NiMoO,), and V was oxidized to
V,0;.

3.1.2. AEPWC. The chemical composition of AEPWC is
given in Table 3.

A thermogravimetric analysis over the temperature range of
25—1000 °C was also performed on the catalyst, and the
results are shown in Figure 2b.

Figure 2b shows that the spent automotive catalyst is
relatively stable at high temperatures, and as the temperature
increases, the mass change is insignificant, resulting in only a
net 1.27% weight loss. The thermogravimetric curve can be
divided into two stages: within the range of 25—540 °C, the
weight loss rate of the sample is 1.63%, and as the temperature
gradually increases, the weight loss rate tends to slow down.
The initial faster loss rate may be due to the volatilization of
carbon and other substances contained in the sample; within
the range of 540—1000 °C, the mass of the sample slowly
increases with the increase of temperature, indicating that
some substances have undergone oxidation reactions that have
increased their weight. Based on these data, the catalyst was
used as is.

The XRD pattern of the catalyst is shown in Figure 3c. The
main diffraction peaks are from cordierite (Mg,ALSi;Og).
Other compounds do not show obvious diffraction peaks due
to either low content or being amorphous. Cordierite is quite
stable and is not easily changed by heating. y- Al,O; coats the
entire surface and at high temperatures, y-Al,O; transforms
into a-Al,O;, and PGMs are stably encapsulated on the
catalyst surface in the form of fine particles.

3.1.3. Laterite Nickel Ore. The chemical composition of
laterite nickel ore is given in Table 4.

It can be seen from Table 4 that this type of nickel ore has a
typical characteristic of high Fe, low Ni, Si, and Mg. The XRD
pattern of the ore is shown in Figure 3d. The main minerals in
the ore are goethite (FeO(OH)) and hematite (Fe,O5), which

Table 1. Chemical Composition of the WHC

element Ni Mo A% Co
content (wt %) 3.44 3.99 3.16 0.05

ALO, Sio, MgO Ca0 C S
33.65 1.09 0.13 042 23.76 7.12
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Figure 2. TG curves of (a) WHC and (b) AEPWC.
Table 2. Chemical Composition of the WHC after Roasting
element Ni Mo A% Co Fe AlLO, SiO, CaO C S
content (wt %) 6.41 7.15 5.26 0.18 1.76 61.75 1.52 0.63 0.03 0.32
1-Al,0.
05 2Y3
2-Fe,0,
1 1 3-NiMoO,,
. 4V,0,
2 1 2
(7] 7]
c 1 e
e 2
£ £
10 20 30 40 50 60 70 80 90 o #» » H N0 8O N B
20r
(@) (b)
1 —
1-Cordierite 3 1-Quartz
2-Hematite
3-Goethite
4-Gibbsite
2
£ g
- £
10 20 30 40 50 60 70 80 90 T e T T T
20/° 20/°

(c)

(d)

Figure 3. XRD patterns of (a) raw WHC, (b) WHC after roasting, (c) spent automotive catalyst, and (d) limonitic laterite ore.
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Table 3. Chemical Composition of the AEPWC

element ALO; SiO, Fe,0, CaO MgO Ce Zr La Pt Pd Rh
content (wt %) 38.09 37.2 0.3 0.43 10.28 2.5 3.24 0.29 13.70 g/t 131.79 g/t 10.00 g/t
Table 4. Chemical Composition of the Laterite Nickel Ore
element AL O; SiO, CaO MgO Fe Ni Co Cr
content (wt %) 6.18 3.83 0.04 0.22 52.99 1.05 0.06 1.09
Table S. Main Compositions of Pyrite
element Fe Zn Al Ca Mg P S Si
content (wt %) 34.80 9.78 041 0.42 0.13 0.55 41.78 1.73

account for 95.8% of the total content. The content of gibbsite
(AI(OH);) and quartz (SiO,) is low, where only one peak for
each was detected in the XRD pattern. Iron mainly occurs in
goethite and hematite.

3.1.4. Pyrite and Coke. As a high-quality reducing agent,
coke used in this project had a high fixed carbon content of
83.49 wt %, with ash and volatile contents of 15.54 and 1.97 wt
%, respectively. The main compositions of pyrite are given in
Table S. Pyrite is mainly composed of Fe and S, with contents
of 34.80 and 41.78%, respectively. It also contains 9.78% Zn.

3.2. Thermodynamic Analysis. Thermodynamic analysis
can be used to study the possibility and limit of reactions in the
smelting process as well as to study the influence of parameters
such as temperature and pressure on the reaction, thereby
exploring whether pyrometallurgical reactions can happen
under given conditions. HSC Chemistry 9.0 and Origin
software were used to draw the AG’—T relationships for
reactions 1—30.

Figure 4a,b gives the relationship of AG’—T of FeO/Fe and
FeS produced by reductive vulcanization of metal oxides and
carbon, respectively.

It can be seen from Figure 4a,b that the standard Gibbs free
energy of all reactions decreases with an increasing temper-
ature. All reactions can occur below 600 °C. At approximately
200 °C, NiO and MoO; begin to react. However, NiO, MoOj,
and V,0Oq require a higher temperature for the reduction—
vulcanization reaction to occur. Therefore, the order in which
valuable metal oxides are reduced and sulfurized by pyrite and
C is MoOj; > NiO > V, 0. Iron oxides can also be reduced and
sulfurized by FeS, and C at temperatures exceeding 400 °C.
To produce FeS, and compared to FeO, the higher the
temperature, the easier the reduction and sulfurization of
Fe,0; become.

It should be noted that based on Boudouard reactions, as the
temperature increases, the concentration of CO in the gas
phase increases. The reaction of C and CO, into CO is most
pronounced at 700—900 °C, and when the temperature
exceeds 1000 °C, the CO concentration approaches 100%.
Figure 4c,d gives the relationship of AG’—T of FeO/Fe and
FeS produced by reductive vulcanization of metal oxides and
CO, respectively.

It can be seen from Figure 4c that NiO, MoO;, and V,04
can be reduced and sulfurized by FeS, and CO to produce
FeO or Fe and other metal sulfides. As AG for all reactions is
less than zero, and the change in standard Gibbs free energy
for MoO; and V,0; shows a similar trend, and as the
temperature increases, it forms a “V-shaped” pattern for AG?
vs T. However, for NiO, AG’ constantly decreases, and at a
temperature above 600 °C, AG’ decreases at a faster rate. The
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lowest AG? for MoO; and V,0O5 occurs at 800 and 700 °C,
respectively. The V,Oq reaction is more difficult to carry out
because of its higher AG’. Figure 4d shows that all reactions
can occur spontaneously, and AG’ gradually decreases as the
temperature increases. In the high-temperature range (above
1000 °C), the NiO reaction has the lowest AG?, under which
conditions it is most likely to be reduced and sulfurized.
Similarly, FeO is the most difficult to reduce and sulfurize.

It can be concluded that NiO, MoO;, V,0s, Fe, 05, and FeO
are more likely to undergo reductive vulcanization with C and
FeS, at temperatures above 800 °C. Overall, the order in which
various metal oxides are reduced and sulfurized by carbon and
FeS, is NiO > MoO; > V,0; > Fe,05 > FeO. Ni, Mo, and V
sulfides as well as FeS are more easily generated within the
entire system, as their reaction AGY is lower.

Figure 4e shows the relationship of AG’—T of the cross-
vulcanization of valuable metal oxides with FeS, or FeS.

As shown above, Ni has sulfur affinity significantly stronger
than that of Mo and V. As the temperature increases, the
change of AG? for various metal oxides reacting with FeS, is
greater when compared with the AGY of reactions with FeS.
NiO and MoOj; undergo an interactive vulcanization reaction
with FeS, before V,0s, and the reaction begins at about 700
°C. V,0s can only react with FeS, at temperatures above 1000
°C and cannot spontaneously undergo interactive vulcan-
ization with FeS within the experimental temperature range
(0—1500 °C). The interactive vulcanization reaction between
MoO; and FeS also has difficulty taking place within the same
temperature range.

The main slagging components contained in both catalysts
are Al,O; and SiO,. Due to the lower melting point of the
matte, to present the matte phase becoming embedded in the
slag phase due to the high melting temperature, an Al,O;-FeO-
SiO, slag with a lower melting temperature was selected for
further investigation. This was supplemented by a high iron
content provided by nickel laterite ore for slag formation.

3.3. Reduction—Sulfurization Smelting Process. For
the smelting process investigation, 40 g of roasted WHC, 40 g
of spent automotive catalyst, 120 g of laterite nickel ore, and 64
g of SiO, were used for each test. The effect of operating
parameters, including coke addition, pyrite addition, smelting
temperature, smelting time, and CaO addition, on the valuable
metal recovery was investigated. The values of each parameter
were chosen as follows: Coke addition ranges from 12 to 20%;
pyrite addition ranges from 15 to 35%; smelting temperature
ranges from 1375 to 1475 °C; smelting times range from 1.0 to
2.5 h; and CaO addition ranges from 0 to 25%. It should be
noted that coke, pyrite, and CaO addition is the weight ratio of
the ingredient to both catalysts (80 g).
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Figure S. Effect of coke addition on (a) Ni/Mo/V recovery, (b) PGMs recovery, and (c) content of Ni/Mo/V in the slag.

The main chemical reactions that can occur during the

. o ) . 30,31
reduction—sulfurization smelting process include

3NiO + FeS, + 2C = Ni$, + FeO + 2CO(g)

MoO; + FeS, + 2C = MoS, + FeO + 2CO(g)

2)
©)

V05 + 1.5FeS, + 3.5C = V,S; + 1.5FeO + 3.5CO(g)

4)
3NiO + FeS, + 3C = Ni;S, + Fe + 3CO(g) (3)
MoO; + FeS, + 3C = MoS, + Fe + 3CO(g) (6)
V,0, + 1.5FeS, + SC = S, + L.5Fe + 5CO(g)  (7)
Fe, 0, + 2FeS, + 3C = 4FeS + 3CO(g) (8)
FeO + FeS, + C = 2FeS + CO(g) )
3NiO + 2FeS, + 3C = Ni;S, + 2FeS + 3CO(g)  (10)
MoO, + 2FeS, + 3C = MoS, + 2FeS + 3CO(g)  (11)
V,0; + 3FeS, + SC = VS, + 3FeS + 5CO(g) (12)

40719

The C—O system inevitably undergoes continuous reactions
with temperature changes. With the gradual increase of
temperature and under the control of the Boudouard reaction,
the reduction atmosphere in the furnace is gradually
dominated by CO, and the main reactions that can occur
between metal oxide and pyrite and CO include®**

3NiO + FeS, + 2CO(g) = Ni;S, + FeO + 2CO,(g)

(13)
MoO; + FeS, + 2CO(g) = MoS, + FeO + 2CO,(g)

(14)
V,0, + L.5FeS, + 3.5CO(g)

= V,S, + L.5FeO + 3.5CO,(g) (15)

3NiO + FeS, + 3CO(g) = Nj;S, + Fe + 3CO,(g)

(16)
MoO; + FeS, + 3CO(g) = MoS, + Fe + 3CO,(g)

(17)
V,0; + L.SFeS, + SCO(g) = V,S; + 1.5Fe + SCO,(g)

(18)
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Figure 6. Effect of pyrite addition on (a) Ni/Mo/V recovery, (b) PGMs recovery, and (c) content of Ni/Mo/V in the slag.

Fe,0; + 2FeS, + 3CO(g) = 4FeS + 3CO,(g) (19)
FeO + FeS, + CO(g) = 2FeS + CO,(g) (20)
3NiO + 2FeS, + 3CO(g) = Ni,S, + 2FeS + 3CO,(g)
(21)
MoO; + 2FeS, + 3CO(g) = MoS, + 2FeS + 3CO,(g)
(22)
V,0; + 3FeS, + SCO(g) = V,S; + 3FeS + SCO,(g)
(23)

When oxygen is not sufficient, high-valent sulfides are prone
to decomposition reactions™”

FeS, = FeS + 0.55,(g) (24)
3NiS = Nj;S, + 0.55,(g) (25)

Low-valent sulfides are more stable at high temperatures and
have lower melting points. They are sulfides that form covalent
bonds between metal atoms and sulfur atoms, and they are
mutually soluble to form corresponding nickel matte (Ni;S,-
FeS) in the molten state.>

It should be noted that due to the oxygen affinity of Fe and
the sulfur affinity of metal elements such as Ni, direct

interactive sulfidation reactions that may occur between

valuable metal oxides and FeS, or Fe$S include®” 383740
3NiO + 3FeS, = Ni;S, + 3FeO + 25,(g) (26)
MoO, + 3FeS, = MoS, + 3FeO + 25,(g) (27)
V,0; + SFeS, = ;S + SFeO + 3.55,(g) (28)
6NiO + 6FeS = 2Nj,S, + 6FeO + S,(g) (29)
2MoO; + 6FeS = 2MoS, + 6FeO + S,(g) (30)
V,0; + SFeS = V,S; + SFeO + S,(g) (31)

3.3.1. Effect of Coke Addition. The coke addition ratio
ranged from 12 to 20%, while the smelting temperature was
1400 °C, smelting time was 1.5 h; pyrite addition of 20%, and
CaO addition of 0. It should be noted that CaO can help
increase the fluidity of slag; however, the selection of 0 CaO
assumes good viscosity of the Al,O;-FeO-SiO, ternary slag as
well as avoiding the Al,0;-FeO-SiO,-CaO quaternary slag if
unnecessary. The effect of coke addition on the recovery of
Ni/Mo/V and PGMs, as well as the content of Ni/Mo/V in
the slag during the smelting process, was examined. The test
results are listed in Figure 5.
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Figure Sa shows that as the amount of coke gradually
increases, the recovery of Ni, Mo, and V also gradually
increases. As the number of coke increases from 12 to 20%, the
recovery rates of Ni, Mo, and V increase from 64.7, 73.3, and
10.7% to 86.0, 86.5, and 19.8%, respectively. However, the
recovery of V is much lower than that of Ni and Mo. This is
because Ni and Mo are preferentially reduced compared to V.
The sulfur affinity of V is also much lower than that of Ni and
Mo.

Figure Sb shows that when the amount of coke increased
from 12 to 16%, the recovery of Pt, Pd, and Rh rapidly
increased from 74.7, 73.1, and 73.8% to 86.6, 85.5, and 85.2%,
respectively. However, with the continued increase in the
amount of coke, a large amount of Fe in the material was
reduced into the mat, causing a decrease in FeO/SiO, in the
slag, thus, also bringing an increase in slag viscosity. This
resulted in a decrease in the separation between the matte and
the slag phase. This, in turn, affects the enrichment of the
PGMs.

Figure Sc shows that as the coke gradually increases, the Ni
and Mo contents in the slag gradually decrease. The Ni and
Mo contents in the slag decreased from 0.60 and 0.35 to 0.27
and 0.19%, respectively. However, the V content in the slag
remains relatively unchanged, further indicating that changes in
reducing agents have a poor impact on the recovery rate of V.

Thus, based on the above information, coke addition was set at
16%.

3.3.2. Effect of Pyrite Addition. The test conditions were set
as follows: smelting temperature of 1400 °C; smelting time of
1.5 h; coke addition of 16%; and CaO addition of 0. The pyrite
addition ranged from 15% up to 35%, with an increase of 5%
for each test. The effect of pyrite addition on the recovery of
Ni/Mo/V, PGMs, as well as the content of Ni/Mo/V in the
slag are shown in Figure 6.

It can be seen from Figure 6a that with the gradual increase
in pyrite content, the recovery of Ni, Mo, and V increases in
the beginning and reaches a maximum with a 30% pyrite
addition, and then the recovery decreases. The maximum
recovery of Ni, Mo, and V is 89.2, 89.9, and 22.4% respectively.
The recycling effect of V is still not ideal compared to Ni and
Mo. Figure 6b shows that as the pyrite addition increases, the
recovery of Pt, Pd, and Rh first increases and then decreases.
With an increase in pyrite from 15 to 25%, the Pt recovery rate
increases from 80.2 to 93.3%, the Pd recovery increases from
79.8 to 91.7%, and the Rh recovery increases from 81.4 to
92.0%. It can be seen that the effect of pyrite addition on the
recovery of PGMs is more significant than that of coke.
However, when the pyrite content exceeds 25%, the PGMs’
recovery begins to decrease slightly. Figure 6¢ shows that when
the pyrite addition is gradually increased from 15 to 30%, the
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contents of Ni, Mo, and V in the slag gradually decrease. When
the pyrite content exceeds 30%, the content of all three metals
in the slag slightly increases. This is because the FeS matte,
generated from pyrite in the high-temperature smelting
process, will react with Ni, Mo, V, and other valuable metals
to form their sulfides. At the same time, the slag will be

40722

“washed” and “diluted” during the aggregation process to bring
the valuable metals into nickel matte. Therefore, for valuable
metals such as Ni, Mo, and V, pyrite behaves as a solvent. An
increase in the pyrite content also increases the solubility of the
valuable metal elements, and thus the content of valuable
metals in the slag gradually decreases. It should be noted that
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Table 6. Recovery of Valuable Metals for Validation Tests

no. Ni (%) Mo (%) V(%) Pt(%) Pd(%) Rh (%)
1 91.2 93.1 25.2 99.2 96.4 97.6
2 90.9 92.8 25.1 98.8 96.0 97.2
3 91.2 92.9 25.1 98.9 96.3 97.5
average 91.1 92.9 25.1 99.0 96.2 97.4

an excess of pyrite will lead to very high FeO content in the
slag, which will reduce the interfacial tension between slag and
matte, hindering the aggregation and sedimentation of valuable
metal particles, thereby affecting their recovery. Thus, based on
the above information, the pyrite addition was selected to be
25%.

3.3.3. Effect of Smelting Temperature. The test conditions
were as follows: smelting time of 1.5 h; coke addition of 16%;
pyrite addition of 25%; and CaO addition of 0. The smelting
temperature ranged from 1375 to 1475 °C with 25 °C
increments for each test. The results are shown in Figure 7.

As seen in Figure 7, an increase in the smelting temperature
produces an increase in the recovery of Ni, Mo, and V (Figure
7a). When the smelting temperature increases from 1375 °C,
which is close to the melting point temperature of the slag, to
1400 °C, the recovery of Ni, Mo, and V rapidly increases from
60.4, 62.6, and 10.1% to 86.2, 86.5, and 19.4%, respectively.
Continuing to heat up to 1450 °C, the recovery of all three
metals increased by more than 3%. Continuing to increase the
temperature to 1475 °C, the recovery of Ni, Mo, and V
showed very little change. The recovery of PGMs also
increases with an increase in the temperature (Figure 7b),
and the recovery is also the lowest at a smelting temperature of
1375 °C. This indicates that at this temperature, the viscosity
of the slag is relatively high and is not therefore conducive to
the separation of valuable metals from the slag. As the smelting
temperature is gradually increased from 1400 to 1475 °C, the
rate of increase in PGMs recovery also decreases and tends to
flatten out after reaching 1450 °C. When the smelting
temperature increases from 1375 to 1400 °C, the Ni and Mo
contents in the slag drop sharply from 0.72 and 0.53% to 0.25
and 0.19%, respectively (Figure 7c). The change in V content
is relatively small but it also decreases from 0.93 to 0.84%. As
the temperature continues to increase, the content of Ni, Mo,
and V in the slag gradually decreases, and the rate of change
gradually decreases. Based on the above analysis, a smelting
temperature of 1450 °C was selected.

3.3.4. Effect of Smelting Time. Smelting times of 1.0 1.5,
2.0, and 2.5 h were tested. The test conditions were as follows:
smelting temperature of 1450 °C; coke addition of 16%; pyrite
addition of 25%; CaO addition of 0. The results are shown in
Figure 8.

As the smelting time increases, the recovery of Ni, Mo, and
V gradually increases. When the smelting time was 2 h, the
recovery rates of Ni, Mo, and V reached 82.9, 85.2, and 14.8%,
respectively. With a further increase in smelting time from 2 to
2.5 h, the recovery of the three metals is only marginally
increased. Under the same conditions, by increasing the
smelting time from 1 to 2.5 h, the recovery of Pt, Pd, and Rh

L 1-cristobalite
2-spinel
3-mullite

B 4-olivine

Intensity/Counts

20 40 60 80
20/°

Figure 10. X-ray diffraction (XRD) analysis of the smelting slag.

increased from 90.5, 87.9, and 89.7% to 99.0, 96.0, and 97.4%,
respectively. When the smelting time is 1 h, the sulfurization
reduction reaction is not complete, which leads to incomplete
capture of PGMs by the matte. The decrease in temperature
increases the viscosity of the slag, resulting in relatively fewer
PGMs entering the matte.

An increase in the smelting time also gradually reduces the
content of Ni/Mo/V in the slag, with Ni, Mo, and V contents
in the slag decreasing from 0.32, 0.21, and 0.90% to 0.16, 0.09,
and 0.79%, respectively. Based on the above information, a
smelting time of 2 h was selected.

3.3.5. Effect of CaO Addition. CaO can reduce the viscosity
and density of the slag, improving its fluidity; thus, it may
promote the recovery of valuable metals in the matte. The test
conditions were as follows: smelting temperature 1450 of °C;
smelting time of 2 h, coke addition of 16%; and pyrite addition
of 25%. CaO additions of 0, 6.25, 12.5, 18.75, and 25% were
tested. The effect of the CaO addition on the recovery of Ni/
Mo/V as well as their content in the slag is shown in Figure 9.

The test results showed that as the CaO content gradually
increases from 6.25 to 25.0%, the recovery of Ni, Mo, and V
gradually increases. This is mainly because an increase in the
CaO content reduces the viscosity and surface tension of the
slag. When the CaO content is 25%, the recovery of Ni, Mo,
and V is 79.3, 849, and 20.7%, respectively. However,
compared with the results with no CaO addition, the recovery
of all three metals is reduced. It can also be seen that the
content of Ni, Mo, and V in the slag rapidly increases after the
addition of 6.25% CaO, followed by a decrease with a further
increase in the CaO content. When the CaO content was
6.25%, the Fe content in the slag was 23.1%, which is higher
than 21.4% Fe for no CaO addition. This may be because the
addition of CaO causes changes in the slag composition and
the melting point of the slag system, thereby resulting in
changes in the degree of reduction and sulfurization of metals,

Table 7. Chemical Composition of the Slag and Matte

element MgO ALO; SiO, Fe S
slag (wt %) 0.30 21.44 42.18 21.53 0.42
matte (wt %) 61.35 8.89

Ni Mo v Pt (g/t) Pd (g/t) Rh (g/t)
0.17 0.10 0.80 0.03 1.03 0.05
12.48 9.53 1.90 19.45 181.89 13.97
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Figure 11. Elemental mapping of smelting slag.

such as Fe and Ni. With a further increase in the CaO content,
the Fe content in the slag decreases at a faster rate compared
with the Ni, Mo, and V contents. This suggests that an increase
in CaO prioritizes the reaction of Fe into the matte phase,
thereby consuming more reducing agents and hindering the
reduction and sulfurization of the targeting metals. The Ca
content in the slag continuously increases with CaO addition
from 0.14 to 6.89% for a CaO content of 25%. The smelting
slag is an Al,O3-FeO-SiO,-CaO quaternary slag. Based on the
above information, no CaO is added to the system for test
validation. Since no CaO was needed as an additive, the PGMs
were not tested; meanwhile, with the increase of CaO, the Fe
content in the slag decreases more significantly compared to
Ni, Mo, and V content, indicating that the increase of CaO
prioritizes the reaction of Fe into the matte phase, thereby
consuming more reducing agents and hindering the reduction
and sulfurization of the target valuable metal.

3.3.6. Test Validation. Based on the tests performed, the
selected operating conditions are smelting temperature of 1450
°C; smelting time of 2 h, coke addition of 16%; pyrite addition
of 25%; and no CaO added. Three tests were performed under
these conditions. The results are given in Table 6.

The average recoveries of Ni and Mo are 91.1 and 92.9%,
respectively. However, the recovery of V is much lower, i.e.,
25.1%. The recoveries of PGMs average 99.0, 96.2, and 97.4%
for Pt, Pd, and Rh, respectively. The main elemental
compositions of the slag and matte are shown in Table 7

The main components of the slag are Al,O3, SiO,, and FeO,
with an approximate ratio of 23:46:31 for Al,0;/SiO,/FeO,
located near the 1300 °C melting point of the Al,0;-FeO-SiO,
ternary slag system.

The phases in the slag were also identified by XRD and are
shown in Figure 10. The main mineral phases of the slag are
cristobalite, spinel, mullite, and olivine. Spinel is the main
constituent, while cristobalite is a minor phase, indicating that
Al, Si, and Fe are mainly bound together in the form of
chemical compounds, while Fe can also exist in spinel and
olivine through isomorphic substitution.

Elemental mapping of the smelting slag was also performed
using SEM and is shown in Figure 11. It can be seen that O, Al
and Si form aluminosilicate compounds. Fe is clustered and
embedded in the compounds, and occasionally, it replaces Al
and combines with O and Si. Ni and S are less distributed in
the slag. Mo is evenly distributed. V and Pt are uniformly
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Ni / 0.40 /
Mo / / /
Vv 0.94 1.50 6.19
Pt 2.09 241 272
Pd / / /
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Figure 12. SEM analyses and EDS results for smelting slag: (a) SEM image of the selected area, (b) element composition and content analysis

through EDS, and (c) corresponding spectrograms.

Table 8. Chemical Composition of Garnierite

element ALO; SiO, CaO
content (wt %) 2.65 38.33 0.53

MgO Fe Ni Co Cr
20.21 15.63 1.58 0.04 0.74

embedded in the slag. The amounts of Pd and Rh are relatively
small and dispersed.

SEM analyses and EDS results for the smelting slag are listed
in Figure 12. O, Al, Fe, and Si are the main constituent
elements of the slag, while V and Pt are embedded in olivine.
This would affect their recovery efficiency. In some locations,
V partially replaces Fe. Ni and Mo are rarely embedded in
ferro- or aluminosilicate, and cannot be detected by EDS. Nij,
Mo, and Fe form compounds without binding to Al

As concluded from the above, three stages are involved
during the formation of the matte: (1) Under high temper-
atures, the formed liquid phase (Fe-Ni-Mo-V-PGMs-S) fills the
pores of the sample. As the liquid phase flows, the particles
(Fe-Mo, Fe-Ni, Fe/Al/Ni/Mo-PGMs, and V-S/O) slide,
rotate, and rearrange, leading to rapid densification to the
body. The liquid phase simultaneously infiltrates and dissolves
along the grain boundaries within the particles, washing
individual particles into smaller particles; however, V, may be
wrapped by the ferro- or aluminosilicate that cannot be
dissolved into matte. (2) The grain boundary at the neck of the
large particle sweeps toward the direction of small particles, the
edges and corners of large particles, microconvex, and fine

particles are dissolved in the liquid phase, and the liquid film at
the grain boundary migrates. When the concentration of the
solid phase in the liquid exceeds the saturation concentration,
it reprecipitates on the surface of large particles. (3) With
further growth of the neck of particles, the grain grows and the
pores coarsen at the same time. It should be noted that the
vanadium composition in three different areas varies; this is
mainly due to the fact that the analyzed sample is a smelting
slag powder with a low vanadium content; it is easy to obtain
uneven distribution or segregation in areas with different
shapes during the dotting process.

After the reaction temperature exceeds 1000 °C, controlled
by the Boudouard reaction, the reduction atmosphere in the
furnace is mainly dominated by CO, and according to the
AG—T diagrams of eqs 13—23, it can be seen that with FeS, in
the CO atmosphere, no matter whether to produce FeO or
FeS, the AG of the oxides of V is obviously higher than that of
other metals, which indicates that the V reaction is more
difficult to be carried out under the same conditions, and this is
also consistent with the fact that the vanadium recovery is
lower. According to the AG—T diagrams of eqs 26—31, the
AG of eq 28 is always greater than 0 with increasing
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Figure 13. Schematic of the smelting process.

Table 9. Recovery of Valuable Metals Using Garnierite

no. Ni (%) Mo (%) V(%) Pt(%) Pd(%) Rh (%)
1 96.6 96.2 88.3 89.7 98.2 96.6
2 96.8 97.0 90.9 90.2 97.7 92.9
3 97.0 96.8 89.9 90.7 98.1 95.0
average 96.8 96.7 89.7 90.2 98.0 94.9

temperature, while the thermodynamic AG of eq 31 is also
higher than that of eqs 29 and 30 at the same temperature, and
it is only possible to react above 1000 °C, indicating that the
vanadium oxides are also more difficult to react directly with
iron sulfides in an interactive manner, whereas the reactions of
Ni, Mo, and Fe sulfides are easier to carry out under the same
conditions.

3.4. Smelting without Sulfurization. Since the laterite
nickel ore contains a very high Fe content, the resulting Al,O;-
FeO-SiO, ternary slag system has resulted in a very low V
recovery. Thus, another type of nickel ore (garnierite)
containing much less Fe and higher MgO was tested, which
could help form the Al,0;-MgO-SiO, ternary slag system. The
main composition of garnierite is given in Table 8.

A schematic of the smelting process is shown in Figure 13.

As compared with Figure 1, it can be seen that no pyrite and
coke was added to the catalysts; through smelting tests, the
operating conditions could be listed as follows: smelting
temperature of 1525 °C, smelting time of 2 h, garnierite to
catalyst ratio of 1.5, and CaO addition of 7.5%. It should be
noted that this type of slag has a high content of silicon and
magnesium, resulting in a higher viscosity and density for the
slag. The addition of CaO can reduce the viscosity and density
of the slag, optimize the fluidity of the slag, and promote ferro-

or nickel silicate dissociates into simple oxides. Thus, it was
added to this process. Three parallel tests were performed, and
the results are shown in Table 9.

The main elemental compositions of the slag and matte are
shown in Table 10

It can be seen that Al,O; MgO, and SiO, are the main
components of the slag, with an approximate conversion ratio
of AlO;/MgO/SiO, of 25:29:46, which means that it is
located in the lower melting point region of the ternary Al,O,-
MgO-SiO, slag system. The Ni, Mo, and V content in the slag
is less than 0.1%. The difference between the V recovery in
Sections 3.4 and 3.5 could be explained that initially, V has a
high melting temperature (1890 °C) due to a smaller atomic
radius (1.92 A), bringing a stronger electrostatic interaction
between metal cations and free electrons, thus bringing a high
temperature to break its stronger metallic bonding. For Mo
and Nij, their valence electrons are not easy to lose, and they
have weak affinity with oxygen and sulfur, they have affinity to
iron, and they are easy to be concentrated into the Fe-Ni core,
as shown in both Sections 3.4 and 3.5 that the matte contains a
high concentration of iron; different from Mo, Ni, and PGMs,
V atom has an out layer with eight electrons, which could form
a stable ionic bond compound with oxygen and easy to melt in
silicate melt, whereas satisfying conditions in Section 3.4 are
not guaranteed due to much higher concentration of sulfur; in
addition, the melting temperature selected in Section 3.5 is
1525 °C, higher than the temperature selected in Section 3.4
(1450 °C); this is due to the fact that the ALO;MgO-SiO,
slag system has a higher melting point liquidus than the Al,O5-
FeO-S§i0, slag, thus bringing a higher energy as well as lower
viscosity for V to be captured by matte.

4. CONCLUSIONS

Combined reduction—sulfurization smelting treatment of
WHCs, spent automotive catalysts, and laterite nickel ore has
been explored. At a melting temperature of 1450 °C, melting
time of 2 h, and mass ratio of coke, pyrite, and CaO to waste
catalysts of 16, 25, and 0%, recovery of the valuable metals,
including nickel, molybdenum, and PGMs (Pt, Pd, Rh),
reached 91.1, 92.9, and 96%, respectively, although vanadium
recovery was only 25.1%. In general, with an increase in
melting temperature, melting time, and mass ratio of coke, the
recovery rates of Ni, Mo, V, and PGMs gradually increase.
However, the impact of the mass ratio of pyrite is different.
However, an increase in Ni, Mo, V, and PGMs recovery can be
seen in the initialing, and the recovery then decreases as the
mass ratio of pyrite further increases. This is due to the
increased pyrite content that results in a very high FeO content
in the slag. To explore the possibility of increasing V recovery,
the Al,0;-FeO-S§iO, slag system was changed into an Al,O;-
MgO-SiO, slag system by replacing the laterite nickel ore with
a low-Fe and high-Mg garnierite without any pyrite or coke
addition. The results showed that at a melting temperature of
1525 °C, smelting time of 2 h, garnierite to catalysts ratio of
1.5, and CaO addition of 7.5%, Ni, Mo, V, and PGM:s average
recovery reached 96.82, 96.66, 89.69, and 94.3%, respectively.

Table 10. Chemical Composition of the Slag and Matte

element MgO AL O, SiO, CaO Fe
slag (wt %) 2147 25.06 4032 491 0.86
matte (wt %) 4.96 1.53 67.59
40726

Ni Mo v Pt (g/t) Pd (g/t) Rh (g/t)
0.07 0.04 0.09 0.40 0.91 <0.1
11.90 5.82 435 18.54 193.17 14.50
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The major difference in V recovery between reduction—
sulfurization smelting and reduction smelting process lies in
V’s specific valence and bonding characteristics and difference
in melting temperatures resulting from different slag types.
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