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Preparations of Mo,C or Mixture of Mo,C and Mo
by Silicon/Carbon Synergistic Reduction

of Molybdenum Concentrate

HE-QIANG CHANG and GUO-HUA ZHANG

Molybdenum is one of the most widely used refractory metals, and about 80 pct of molybdenum
is used in the iron and steel industries in the form of molybdenum additives. This work proposed
a novel green strategy to prepare molybdenum additives with low S and Si contents through Si/
C synergistic reduction of molybdenum concentrate, with the assistance of desulfurizer
composed of CaO and C. The reaction mechanism as well as the effects of C and Si additions on
reduction of molybdenum concentrate (which is one of the most important minerals for Mo
extraction) with the main component of MoS, was studied in detail. After the sample was
reacted at 1600 °C for 4 hours, a core—shell-structured product with molybdenum additive
wrapped by the desulfurizer layer was obtained. For the raw material with a MoS,:C:Si molar
ratio of 6:6:4 reacted at 1600 °C for 4 h, Mo,C with S and Si contents of 0.04 and 0.35 wt pct
can be prepared. When the MoS,:C:Si molar ratio was changed to 6:4:3.2, a mixture of Mo and
Mo,C can be prepared with C, S, and Si contents of 2.19, 0.13, and 0.23 wt pct, respectively.
This work provides a sulfur-free emission method for the industrial production of

carbon-containing molybdenum additives directly from molybdenum concentrate.
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I. INTRODUCTION

MOLYBDENUM is one of the most widely used
refractory metals.!""?) Because of its attractive physical
and chemical properties such as high melting point, high
elastic modulus, great high-temperature strength, supe-
rior thermal conductivity, excellent resistance to corro-
sion, and low coefficient of expansion, molybdenum and
its compounds are extensively utilized in iron and steel,
nuclear energy, catalysis, anti-corrosion, wear resistant,
agriculture, and other fields.®® In particular, the
application of molybdenum in the iron and steel
industries accounts for the vast majority, about 80
pet,”) since the addition of molybdenum to iron and
steel can improve their hardness, strength, toughness,
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creep resistance, thermal resistance, and corrosion
resistance.['%!!) Molybdenum is added to iron and steel
in the forms of molybdenum additives, including com-
pacted molybdenum powder, molybdenum bar, ferro-
molybdenum, molybdenum trioxide block, calcium
molybdate, carbon-reduced molybdenum, erc.'” The
mature production processes of these molybdenum
additives are shown in Figure 1. Among these molyb-
denum additives, compacted molybdenum powder and
molybdenum bar have the highest purity and are
suitable for steels with strict requirements on molybde-
num content and introduced impurities. However, the
preparation of molybdenum powder and molybdenum
bar requires a long process (Figure 1), resulting in the
highest cost. Ferromolybdenum is the most commonly
used molybdenum additive for alloying most steels and
cast irons. However, the chemical composition of
individual ferromolybdenum pieces in a single batch
may vary widely due to the liquation processes in the
melt.!"? Molybdenum trioxide block has the lowest price
but contains harmful impurities. The addition of
molybdenum trioxide will affect the production rhythm
of steelmaking process, and part of MoOj3 will volatiliza-
tion to lead to a low recovery rate. In order to avoid the
volatilization of MoQO;, calcium molybdate prepared by
roasting a mixture of roasted molybdenite and lime was
proposed as a molybdenum additive. In addition,
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Fig. 1-—Production process flow chart of main molybdenum additives.

carbon-reduced molybdenum is also an important
molybdenum additive, which can be produced by
carbothermal reduction of roasted molybdenite. How-
ever, in order to completely remove the oxygen, the
residual carbon content is relatively large. This additive
can be utilized for alloying cast iron (with the C and Si
contents between 1.6 to 4.0 and 0.6 to 2.6 wt pct,
respectively) and low alloy steels.

In China, molybdenite is the most important mineral
for extracting molybdenum, and molybdenum concen-
trates with MoS; content of 85 to 96 pct can be obtained
after crushing and flotation of molybdenite. As can be
seen from Figure 1, for the pyrometallurgical process
currently used in industrial production to extract Mo
from molybdenum concentrate, the roasting of molyb-
denum concentrate (reaction [1]) to produce MoO3 and
SO, is an inevitable step. In general, economical way for
the recovery of SO, in the form of H>,SO,4 requires a SO,
concentration of higher than 3 pct. However, in order to
ensure that Mo in MoS, is converted into MoQOs as
much as possible between 500 °C and 700 °C,!'¥ 13 it is
necessary to continuously introduce a large amount of
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air to guarantee sufficient oxygen supply, resulting in a
low SO, concentration (not higher than 2 pct, and the
reason will be explained in chapter 3.1 of this manu-
script) in the generated flue gas.'® In recent years, a
variety of methods have been developed for harmless
treatment of low-concentration SO, gas produced by
oxidation roasting of molybdenum concentrate, includ-
ing ammonia absorption method, wet lime and lime-
stone scrubbing method, citrate method, active carbon
absorption method, ezc.'”?!'! The ammonia absorption
method used liquid ammonia or ammonium bicarbon-
ate (NH4HCO;) as the adsorbent to absorb SO, to
generate ammonium sulfite ((NH4),SO;3), and the tail
gas produced can meet the emission standard.'”! The
wet lime and limestone scrubbing method used lime and
limestone as the adsorbent to react with SO, to produce
calcium sulfite (CaSOj3), and then oxidizes to form
calcium sulfate (CaSO,).'"™' During the citrate
method, SO, in flue gas was absorbed by aqueous
sodium citrate solution, and dissolved SO, was subse-
quently recovered from the solution by steam stripping
or other regenerative method, or the resulting absorbent
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solution reacted with H,S to obtain sulfur, which can be
separated by flotation.”” In addition, activated carbon
adsorption method utilized the ?orosity of activated
carbon to absorb SO, in flue gas.””"! Besides the above
methods, Jinduicheng Molybdenum Industry Co., Ltd.
mixed the flue gases produced by roasting pyrite and
molybdenum concentrate, respectively. The total con-
centration of SO, in the obtained mixed flue gas was
about 6 pct, which met the requirements for the
preparation of sulfuric acid.”?* Nevertheless, the harm-
less treatment of low-concentration SO, gas will increase
the production cost of molybdenum products. There-
fore, it is particularly urgent to develop a green
molybdenum extraction route without sulfur-containing
gas emission:

MOSz(S) + 3.502(g) = MOO3(S) + ZSOQ(g). [l]

Over the past few decades, in order to reduce
environment pollution caused by sulfur-containing gas
emissions in the molybdenum extract1on industry, many
routes have been proposed,'®* 37 such as vacuum
thermal decom]23051t1on of molybdenum concentrate
(redcuon [2]),>%%) roasting of molybdenum concentrate
in the presence of soda or lime (reactions [3] and [4 [ .27
direct reduction of molybdenum concentrate in the
presence of desulfurizer (lime-assistant hydrothermal
reduction, lime, or soda-assistant carbothermal reduc-
tion) (reaction [5]),** % and direct electrolytic reduction
of molybdenum sulfide.®*” Vacuum thermal decompo-
sition of MoS, seems to be the optimal molybdenum
extraction route among the above strategies, as the
temperature required for decomposition of MoS, to
yield Mo and S, can be lowered by reducing the vacuum
degree.[26’33] Nevertheless, condensation of sulfur vapor
in the low-temperature area will cause blockage of
pipelines of vacuum equipment and cause accidents.
Thus, there are still some problems to be overcome in
the direct decomposition of molybdenum concentrate to
prepare Mo powder. In addition, lime- or soda-assisted
roasting of molybdenum concentrate makes the Mo and
S eclements in MoS, transform to CaMoO,; or
Na,MoOQy, as well as CaSO4 or Na,SO,4. Subsequently,
Mo element in CaMoQO, can be selectively separated
into H,MoO, by hot sulfuric acid leaching, while Mo
element in Na,MoO, can be extracted in the form of
MoO; by hot water leaching followed by NH,4CI
solution leaching and calcination steps.*’**%! Besides
the above two strategies, direct reduction of molybde-
num concentrate in the presence of desulfurizer may be
an efficient molybdenum extraction strategy. The intro-
duction of CaO or Na,COj; can significantly reduce the
reaction temperature between reducing agents (C, CO,
CHy, or H,) and MoS,, because CaO or Na,CO; will
preferentially react with MoS, to form molhybdates
CaMoO, or Na,MoOy, (reactions [6] and (7)).[%:2%:32:3¢]
However, in this route, acid leaching or water leaching
treatment is required to remove the desulfurization
product CaS or Na,S, which releases harmful H,S gas.
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MoS,(s) = Mo(s) + S,(g), [2]

MoSs(s) + 3Ca(OH)y(s) + 4.504(g)
= CaMo04(s) + 2CaSO,(s) + 3H,0(g),

MOSQ(S) + 3N32CO3(S) + 4502(g)
= NayMoOy(s) + 2Na,S04(s) + 3CO,(g),  [4]

MoS;(s) + (CaO, Na,COs3)(s)
+(C, CO, CHy, Hy)(s or g) — (Mo0,C, Mo)(s)
+ (CaS, Na;S)(s) + (CO, CO,, H,0)(g), [5]

3MoS,(s) + 8CaO(s) = 2CaMoO,(s) + Mo(s) + 4CaS(s),

[6]

MoS,(s) + 3Na,CO;(s)
= Na;MoOu(s) + 2Na,S(s) + 2CO,(g) + CO(g).

[7]

In view of the above facts, Zhang® proposed a
sulfur-free emission strategy for molybdenum extraction
via carbothermal reduction of MoS,, that is, the mixture
of MoS, and C wrapped by a desulfurizer composed of
CaO and C reacted at high temperatures to generate
Mo,C or Mo. After the completion of the reaction, a
specimen with a core—shell structure can be obtained,
and the target molybdenum-containing product can be
collected by breaking the desulfurization product shell.
The CS, gas generated by carbothermal reduction MoS,
can be captured as CaS by the wrapped desulfurizer.
Besides C, Si is also an important reduction agent for
the reduction of MoS,. Our team studied the prepara-
tion of MoSi, by silicothermic reduction of MoS, and
found that the starting temperature for silicothermic
reduction of MoS, is about 900 °C."**! which is much
lower than the carbothermic reduction temperature of
M082 (about 1300 °C)."*! Therefore, the introduction of
Si is beneficial for lowering the reaction temperature.
However, the price of silicon is higher than that of
carbon, so the carbon should be dominant in the
reducing agent.

According to the previous study, the dominated
sulfur-containing gaseous product should be CS, during
carbothermal reduction of MoS,, and the molar ratio of
MoS,:C should be 1:1.5 to prepare Mo,C (reaction
[8]).°) In addition, it has been reported that the
sulfur-containing gaseous product is SiS during the
preparation of MoSi, by silicothermic reduction of
MoS, at 1000 to 1200 °C,B¥ that is, 2 mol of Si is

METALLURGICAL AND MATERIALS TRANSACTIONS B



required to remove S from 1 mol MoS,, and the molar
ratio of Mo0S,:Si should be 1:2 for the synthesis of Mo
by silicothermic reduction of MoS, (reaction [9]). In
view of the above results, assuming that MoS, in the
molybdenum concentrate with a proportion of x is
reduced by C to form Mo,C and CS,, and the remaining
part of 1-x is reduced by Si to generate Mo and SiS. The
overall reaction can be expressed as reaction [10].

MoS;(s) + 1.5C(s) = 0.5Mo0,C(s) + CS,(g), [8]

MoS;,(s) + 2Si(s) = Mo(s) + 2SiS(g), 9]

MoS,(s) + 1.5xC(s) + 2(1 - x)Si(s) = 0.5xMo,C(s)
+xCSy(g) + (1 - x)Mo(s) + 2(1 - x)SiS(g).
[10]

Hence, the aim of this work is to prepare molybde-
num additives with low S and Si contents via sili-
con/carbon synergistic reduction of molybdenum
concentrate, while achieving the goal of sulfur-free
emission. In addition, the reaction mechanism as well
as the effects of carbon and silicon additions on the Si/C
synergistic reduction of molybdenum concentrate was
studied in detail.

II. MATERIALS AND METHODS

A. Raw Materials

High-purity molybdenum concentrate (MoS,, 95.96
pct purity, Jinduicheng Molybdenum Industry Co.,
Ltd.) was utilized as the molybdenum source, and its
main elemental composition is shown in Table I. Carbon
black powder (C, 99 pct purity, Mitsubishi Chemical
Corporation) and silicon powder (Si, 99 pct purity,
Sinopharm Chemical Reagent Co., Ltd) were used as
reductant. The microscopic morphologies of the raw
materials are shown in Figure 2. It can be found that the
used molybdenum concentrate (MoS,) shows a layered
structure with a lateral size of tens of microns (Fig-
ure 2(a)); the Si particles with a diameter of several
microns are composed of a large amount of ultrafine Si
grains (Figure 2(b)); and the particle size of spherical
carbon black is about 50 nm (Figure 2(c)). Additionally,
a mixture of lime (CaO, 97 pct purity, Sinopharm
Chemical Reagent Co., Ltd) and carbon black was used
as a desulfurizer.

Table I. Main Elemental Composition of Molybdenum
Concentrate

Element Mo Si Cu Ca Fe
Content, wt pct 57.35 0.91 0.023 0.17 0.47
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B. The Synthesis of Molybdenum Additives

Firstly, the initial powders with different molar ratios
of molybdenum concentrate, carbon black and Si were
mixed uniformly thoroughly in an agate mortar for
about 30 min, with 5 wt pct stearic acid as a binder
(according to reaction [10]. Subsequently, 100 g of the
mixed raw materials was pressed into a cylinder (diam-
eter 36 mm and height 45 mm) under a uniaxial pressure
of 300 MPa. Then, the cylinder was placed in a graphite
crucible and wrapped with 100 g desulfurizer (consisting
of CaO and C in a molar ratio of 2:1, according to
reactions [11] and [12]). After that, the samples were put
into the constant temperature zone of a vertical
high-temperature furnace (with a diameter of 60 mm)
and reacted at various temperatures for 4 h under an Ar
(with a purity and flow rate of 99.99 pct and 300 ml/
min, respectively) atmosphere. Finally, the desulfuriza-
tion products and internal products were separated for
further characterization.

2Ca0O(s) + C(s) + CS,(g) = 2CaS(s) + 2CO(g),
(1]

3Ca0(s) + 2SiS(g) = 2CaS(s) + Si(s) + CaSiOs(s).
[12]

C. Physical Characterizations

The phase compositions of the as-prepared desulfu-
rization products and internal products were determined
by X-ray diffraction (XRD) (SMARTLAB(9), Rigaku
Corporation, Akishima City, Japan). The carbon and
residual sulfur contents of the synthesized samples were
assessed by infrared carbon and sulfur analyzer
(EMIA-920V2, HORIBA, Kyoto, Japan). The Si con-
tent of the products was measured by inductively
coupled plasma atomic emission spectrometer
(ICP-AES) (Plasma 2000, NSC, Beijing, China). Addi-
tionally, thermodynamic calculations in this work were
performed by FactSage 8.2.

III. THERMODYNAMIC CALCULATION

A. The Equilibrium Relationship Between SO, and O,
During the Roasting of Molybdenum Concentrate

As far as we know, there is no article explaining why
the SO, concentration is lower than 2 pct during the
roasting of molybdenum concentrate. This will be
explained from a thermodynamic point of view.

According to reaction [1], the number of moles of gas
decreases during oxidative roasting. Therefore, accord-
ing to the ideal gas state equation, the sum of the volume
fractions of O, and SO, in the roasting process should
be slightly less than the volume fraction of O» in the air
(21 pct). Considering the continuous supply of air, the
sum of the volume fractions of O, and SO, in the
oxidation roasting system should be close to 21 pct. The
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Fig. 2—The microscopic morphology of the raw materials of (¢) molybdenum concentrate, (b) Si reagent, and (c) carbon black reagent.
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Fig. 3—Mo-S-O predominance area diagram plots at (a) 500 °C and (b) 700 °C.

Kellogg diagram of Mo-S—-O system at 500 °C and
700 °C is shown in Figures 3(a) and (b), respectively. In
Figures 3(a) and (b), there are three isobars of Po, +
Pso,, which are 1 atm, 0.3 atm, and 0.2 atm. When the
temperature is 500 °C, the equilibrium Pso, in the
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system should be between 0.000001 (corresponding to

Po, + Pso,

0.2)

and 0.0031

(corresponding to

Po, + Pso, = 0.3), and thus, the SO, concentration
should be between 0.0001 pct and 0.31 pct (Figures 3(al)
and (a2)). When the temperature rises to 700 °C, the
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Fig. 4—(a) Equilibrium curves of the decomposition reaction of MoS, (reactions [13] and [14]); (b) temperature dependences of the standard
Gibbs free energy changes of reactions [15] and [16]; (¢) equilibrium curve of reaction [17]; () temperature dependences of the standard Gibbs
free energy changes of reaction [18]; and temperature dependences of the standard reaction Gibbs free energy changes under various Pcs, of (e)
reaction [8] and (f) reaction [19].

equilibrium Pso, in the system should be between 0.01 (Figures 3(bl) and (b2)). Due to the sum of the volume
(corresponding to Po, + Pso, = 0.2) and 0.0398 (cor- fractions of O, and SO, in the oxidation roasting system
responding to Po, + Pso, = 0.3), and thus, the SO, that should be close to 21 pct, the equilibrium Pso, in
concentration should be between 1 pct and 3.98 pct the system should be close to 1 pct. The above
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thermodynamic results explain why the concentration of
SO, produced during the oxidation roasting of molyb-
denum concentrate is not higher than 2 pct.

B. Carbothermic reduction of MoS,

Many reports have demonstrated that the decompo-
sition reaction of MoS, involves two steps.***% MoS, is
first decomposed into Mo,S; and S, (reaction [13]).
Then, Mo,S5 is further decomposed into Mo and S,
(reaction [14]). The equilibrium curves of reactions [13]
and [14] are plotted in Figure 4(a). Apparently, the
decomposition reaction temperatures of MoS, and
Mo,S; are affected by the partial pressure of S, (Ps,).
Furthermore, under the same Ps,, the decomposition of
Mo,S; requires a higher temperature than MoS,. In
addition, besides MoS, and Mo0,S;, Mo-S compounds

also contain MoS; and Mos;S,.[3*40-41
MoSa(s) = 0.5Mo,Ss(s) + 0.258,(2),  [13]
0.5Mo0,S3(s) = Mo(s) + 0.75S5(g). [14]

When C is added to Mo-S system, the formed S, may
react with C according to reactions [15] and [16], and the
corresponding changes of standard Gibbs free energy
are shown in Figure 4(b). It can be clearly found that the
standard Gibbs free energy of reaction [16] is negative in
the temperature range of 1000 °C to 1800 °C, while it is
positive for reaction [15], indicating that reaction [16] is
thermodynamically feasible but reaction [15] is not in
this temperature range under the standard condition.
Therefore, it is difficult for S, to coexist with C from a
thermodynamic point of view. Furthermore, CS, is
prepared industrially using superheated sulfur vapor
and charcoal at high temperature (700 °C to 900 °C)
according to reaction [15]. Nevertheless, both CS, and
CS may exist, as represented by reaction [17]. Assuming
that there are only two gases, CS and CS,, in the system,
the equilibrium curve of reaction [17] is plotted in
Figure 4(c). Obviously, temperature will affect the
equilibrium Pcs and Pcs,, and when the reaction
temperature is lower than 1600 °C, the equilibrium Pcs
is pretty low (less than 2 wt pct). Therefore, CS, will be
the main gaseous product.

C(s) + Sy(g) = CSy(2), [15]
2C(s) + Sy(2) = 2CS(y), [16]
C(s) + CSy(g) = 2CS(g). [17]

In addition to the reaction between C and S,, C will
also react with Mo, MoS,, or Mo0,S;. The Mo-C
compounds contaln three phases, Mo,C, MoC, and
MoC;. [42.431 11y view of the fact that only Mo,C but no
MoC and MoC;. 1 is generated in the carbothermal
reduction of MoS,," only the related reactions involved
Mo,C are studied here. The change of standard Gibbs
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free energy of reaction [18] is shown in Figure 4(d),
suggesting that Mo and C will react to form Mo,C
thermodynamically in the temperature range of 600 °C
to 1600 °C. The changes of standard Gibbs free energy
of reactions [8] and [19] under various Pcs, are shown in
Figures 4(e) and (f) respectively, from which it can be
clearly seen that the critical reaction temperatures are
affected by the Pcs,. In addition, for reactions [8] and
[19], a lower Pcs, is beneficial to reduce the critical
reaction temperature. The above thermodynamic results
show that both low Ps, and Pcs, will promote the
reaction of MoS,.

Mo(s) + C(s) = Mo,C(s), [18]

Mo,S;(s) + 2.5C(s) = Mo,C(s) + 1.5CSy(g). [19]

C. Comparison of the Reducibility of Si and C

The temperature dependences of the standard Gibbs
free energy changes for the sulfurization reactions of C,
Si, and Mo (reactions [15], [16,] and [20] through [23])
are plotted in Figure 5. Obviously, Si is easier to reduce
MoS, or M0,S; to Mo than C, which is consistent with
the experimental results in References 5 and 38 that the
temperature required for the reduction of MoS, by Si is
below C.

50
2c+sz=2cs\

or C+8,=CS,

AG’=RTInPs, (KJ mol S,)

-450 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature,’C

Fig. 5—Temperature dependences of the standard Gibbs free energy
changes for the sulfurization reactions of C, Si, and Mo (reactions
[15], [16] and [20] through [23]).
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Si + S, = SiS,, 20]

2Si + S, = 2SS, 21]
Mo + S, = Mo$,, [22]
2/3Mo + S, = 2/3Mo,Ss. 23]

IV. RESULTS AND DISCUSSION

The images of the raw materials and the typical
product are shown in Figure 6. Clearly, after wrapping
the sample with desulfurizer and reacting at 1600 °C for
4 h, a core-shell-structured target products can be
obtained, and the target product (core) can be acquired
after removing the desulfurization product (shell). In
addition, the obtained Mo-containing product and
desulfurized product were sintered under high-temper-
ature conditions, resulting in sample shrinkage. After
the reduction reaction, there is an obvious gap between
desulfurization product and the core, which may be
caused by the difference in mass change between core
and desulfurization product layer before and after the
reaction. For example, for 100 g of the mixed raw
material with a MoS,:C:Si molar ratio of 4:4:3.2, the
mass of the core obtained after the reaction is only
53.06 g, while the mass of the shell increases from 100 to
128.88 g after the reaction. The differences in mass
changes and the sintering of two parts at high reaction
temperature make gap between core and shell.

A. Phase Evolution Analysis

First, the temperature dependence of the phase
evolution of Si/C synergistic reduced product was
investigated when the MoS,:C:Si molar ratio was 6:6:4
(x in reaction [10] is equal to 4/6). Figure 7 plots the

1

he mixture of MoS,, C and Si)

e e m e, ———————

Desulfurizer (the mixture
\ of CaO and C)

_________________

XRD patterns of samples prepared after reacting for 4 h
at 800, 1000, 1200, 1400, 1500, and 1600 °C. Obviously,
when the temperature is 800 °C, little to no reaction is
observed since only the diffraction peaks of MoS, and Si
can be identified. The absence of C diffraction peaks is
due to the amorphous state of carbon black. When the
temperature rises to 1000 °C, the diffraction peak
intensity of MoS, decreases; the characteristic diffrac-
tion peaks of Si disappear, but the characteristic
diffraction peaks of MoSi, appear. The reaction between
MoS; and Si can be represented by reaction [24]. This
result is consistent with the previous studies, that is, Si
can comgﬁ)letely react with MoS, at 1000 °C to form
MoSi,.P¥! In addition, MoSi, disappears and Mo,C
appears when the temperature increases from 1000 °C to
1200 °C, and the overall reaction can be represented by
reaction [25]. Figure 8 plots the equilibrium curve of
reaction (25), where the abscissa and ordinate are
temperature and partial pressure of SiS (Ps;s), respec-
tively. Clearly, from a thermodynamic perspective, the
reaction temperature of reaction [25] should be above
1280 °C when Pg;g is 1 atm. Nevertheless, due to the
presence of the desulfurization layer, Ps;s should be far
below 1 atm during the actual reaction, resulting in a
lower critical reaction temperature. For example, the
reaction temperature is 1200 °C when Pg;g is 0.326 atm.
Furthermore, only Mo,C can be identified in the
products when the temperature is higher than 1400 °C,
which indicates that almost all Mo in MoS, had reacted
with C to produce Mo,C.

MoS,(s) + 4Si(s) = MoSiy(s) + 2SiS(g),  [24]

MoS;,(s) + MoSi,(s) + C(s) = Mo,C(s) + 2SiS(g).
[25]

The C and residual S contents of the samples prepared
after reacting at 1400, 1500, and 1600 °C for 4 h are
shown in Figure 9, which are 5.46, 5.36, and 5.33 wt pct,
as well as 2.48, 0.16, and 0.04 wt pct, respectively, and
the corresponding contents of Mo,C are calculated to be
92.82 wt pct, 91.12 wt pet, and 90.61 wt pct, respectively.

_______________________

U
’

’t
[ 1l /II/IIII HHUI
2 4 o
b, Sample wrapped with
:‘ # : # desulfurizer and reacted y
P / at1600°Cfor4 hours /
giversity o = s % /,A

_________________________

Fig. 6—Schematic diagram of the current process.
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Fig. 7—XRD patterns of specimens obtained at 800 to 1600 °C with
a MoS,:C:Si molar ratio of 6:6:4.

1.0
- = MoS,(s)+MoSiy(s)+C(s)=Mo,C(s)+SiS(2) /4
T=1280°C
0.8 - PSiS=]g'atm
£ 06 MoS,(s)+MoSi,(s)+C(s) ]
= :
172
P04t s
Mo,C(s)
ozl ,.1.(:12000‘3
o Psis=0.326 atm
- |
0.0 - . m --l-l’.'.-‘. 1 N 1 N
900 1000 1100 1200 1300
Temperature,’C

Fig. 8 —Equilibrium curve of reaction [24].

Obviously, temperature is an important factor affecting
the residual S content in the products. Additionally, the
Si content of the sample prepared at 1600 °C was
measured and is 0.35 pct. According to Chinese national
standard (GB/T 3649-2008), the residual S content in
commercial ferromolybdenum is generally not higher
than 0.15 wt pct. In order to ensure that the residual S
content in the product fulfill the standard, the experi-
mental temperature is set to 1600 °C.
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Fig. 9—Carbon and residual sulfur contents of samples prepared
with a MoS,:C:Si molar ratio of 6:6:4 at 1400, 1500, and 1600 °C.

From Figure 7, it can be found that only Mo,C can
be identified when the reaction temperature is above
1400 °C, which is inconsistent with the assumption in
reaction [10]. This is probably due to the fact that the
S-containing product produced by silicothermic reduc-
tion of MoS, under current conditions is a mixture of
SiS and SiS, instead of just SiS. In order to further test
whether this hypothesis (reaction [10]) is correct, five
additional experiments (x in reaction [10] was set to 1/6,
3/6, 4/6, and 5/6, respectively) were performed at
1600 °C for 4 h, and the XRD patterns are shown in
Figure 10. As can be seen from Figure 10, when x in
reaction [l10] is 1/6 and 2/6 (corresponding to
MoS,:C:Si, the molar ratios of 6:7.5:2 and 6:6:4,
respectively), only Mo,C can be obtained.

In our previous studies,*¥ it was found that MoSi,
can be prepared by silicothermic reduction of MoS,
when the temperature was above 900 °C, and SiS, was
preferentially formed under low temperature conditions.
As the temperature rose, SiS, reacted with Si to form
SiS. Furthermore, SiS gas can directly reduce MoS, to
form MoSi, and SiS,, and MosSis as well as Mo3Si can
be prepared after reacting at 1500 °C with the MoS,:Si
molar ratio of 1:1.7 and 1:2.33, respectively. Combining
the results shown in Figure 7 and previous studies,*¥ it
can be concluded that reactions [24], [26], and [27] can
occur during silicothermic reduction of MoS,."*" Fig-
ure 11(a) plots the equilibrium curves of reactions [24],
[26], and [27] when the molar ratio of Si/MoS, is less
than 3 (corresponding to reaction [28]. It can be seen
that these three reactions are affected by the reaction
temperature and Pg;s. In addition, Figure 11(a) can be
divided into four thermodynamically stable regions, and
the corresponding thermodynamically stable phase com-
positions from region I to region IV are MoS, + Si,
MoSi, + SiS; + MoS,, MoSi, + SiS, + SiS +
MoS,, and MoSi, + SiS + MoS,, respectively. More-
over, from the viewpoint of thermodynamics, SiS, is
more stable than SiS in region II (the overall reaction in
region Il can be expressed by reaction [28], while in
region III, the thermodynamically stability of SiS, and
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SiS is opposite to that in region II. For a sample with a the content of Mo,C in the products prepared with a
Si/MoS, molar ratio of 4, when the temperature is above MoS,:C:Si molar ratio of 6:7.5:2, 6:6:4 was higher than
1039 °C, the SiS, generated at low-temperature stage expected.
will react with Si to form SiS (the overall reaction can be

represented by reaction [24]). However, the molar ratio

of Si/MoS, under current condition is 2 (the part of

MoS, that is assumed to react with C according to

reaction [8] is not considered). This determines that the MoS;,(s) + 6SiS(g) = MoSi,(s) + 4SiS,(s), [27]
partially SiS, formed by silicothermic reduction of MoS,

cannot converted into SiS with increasing temperature

due to insufficient Si in the raw material. Therefore, the S : :

amount of MoS, reduced by C will be reduced, making MoSs(s) + 35i(s) = MoSiy(s) + SiSy(g)- 28]

2SiS(g) = SiSa(s) + Si(s), 26]

As further increasing x to 3/6, 4/6, and 5/6, MosSi3
appears and gradually increases, while diffraction peak

1600°C, 4h 1-Mo,C 2-Mo,Si, intensity of Mo,C decreases. The formation of MosSi;
can be expressed by reaction [29]. As can be seen from

MoS,:C:Si 1 Figure 7, MoSi, is preferentially formed during Si/C
—6:15:10 | 22 {21% 1 ool g syner%1stlc reduction of molybdequm concentrate at

2 1000 °C, and then MoSi, reacts with MoS, and C to

MoS.CSi prpduce Mpo. The; S-containing product produged by

%’ _ 6~3~28 w , 1 IR silicothermic reduction of MoS, is a mixture of SiS and
= 22 12BR A 22 L ! SiS, instead of just SiS, which leads to more MoSi, can
E oS CSl 1 be prepared than c?xpected at 1000 °C (reaction [32]).
o |2 | 1 . L According to reaction [10], as x decreases, the propor-
& =6:4.56 | 2 4 oB22 Sl tion of Si in the raw material increases, and thus, the
= : amount of MoS, reduced by C decreases. Assuming that
& |MoS,:C:Si - ! 1 the ratio of SiS to SiS, in the product remains constant,
=6:6:4 A ) i J 1 ;{,1\ 11 when x decreases, the amount of MoSi, in the product
will increase, and thereby, the molar ratio of the

| generated MoSi, to the MoS, reduced by C will

MoS,:C:Si . | L inprease. According to reaqtion ‘[29], MoSi, can react
—6:7.5:2 L 1 }L lli} 11 Wltl.l.M.OSZ to form M05313. Figure 11(b) shows the

T I I I I i I equilibrium curves of reactions [29] through [31] when

10 20 30 “ 50 60 70 80 %0 the molar ratio of Si/MoS, is less than 2 (corresponding
20/(°) to reaction [9]). Obviously, both reaction temperature

and the molar ratio of Si/MoS, will affect the product

Fig. 10—XRD patterns of specimens obtained at 1600 °C with phase composition. The thermodynamic results in Fig-
;filﬂ;).li% MoS,:C:Si molar ratio of 6:7.5:2, 6:6:4, 6:4.5:6, 6:3:8, and ure 11(b) also show that MosSiy can be prepared by

increasing the molar ratio of MoSi, to MoS,.
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Fig. 11—Equilibrium curves of (a) reactions [24], [26], and [27] when the molar ratio of Si/MoS; is less than 3; (b) reactions [29] through [31]
when the molar ratio of Si/MoS, is less than 2.
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Fig. 12—Carbon and residual sulfur contents of the samples
prepared with various MoS,:C:Si molar ratios of 6:7.5:2, 6:6:4,
6:4.5:6, 6:3:8, and 6:1.5:10 at 1600 °C.

The C and residual S contents of those samples are
shown in Figure 12. The C contents reduce with the
decrease of C addition, and the residual S contents are
all below 0.1 pct.

MoSix(s) + 7/13MoS,(s) = 4/13MosSis(s) + 14/13SiS(g),
[29]

MoSis(s) + 5/7MoS,(s) = 4/7Mo;Si(s) + 10/7SiS(g),
(30]

MoSis(s) + MoS,(s) = 2Mo(s) + 2SiS(g),  [31]

MoSa(s) + ¥Si(s) — MoSia(s) + SiS(g) + SiS,(g) 3 <y<4).
[32]

V. EFFECTS OF C AND SI ADDITIONS ON SI/C
SYNERGISTIC REDUCTION OF MOLYBDENUM
CONCENTRATES

From Figure 10, it can be concluded that the Si/C
synergistic reduction of MoS, is not as expected from
reaction [10]. In order to select the appropriate raw
materials ratio to synthesize the target product, it is
necessary to investigate the influences of addition
amounts of C and Si in the raw materials on the
product. First, the effect of adding various amounts of C
on the Si/C synergistic reduction of MoS, was explored
with a fixed MoS,:Si molar ratio of 6:4, and the molar
ratios of MoS,:C:Si were set to 6:5.4:4, 6:4.8:4, 6:4.2:4,
6:4:4, 6:3.6:4, 6:3.2:4, and 6:2.8:4, respectively.
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Fig. 13—XRD patterns of specimens obtained after reacting at
1600 °C for 4 h with various MoS,:C:Si molar ratios of 6:5.4:4,
6:4.8:4, 6:4.2:4, 6:4:4, 6:3.6:4, 6:3.2:4, and 6:2.8:4.

Figure 13 shows the XRD patterns of the above seven
samples after reacting at 1600 °C for 4 h. It can be
found that the diffraction peak intensity of Mo,C
decreases with the reduce of C addition, and there are
distinct diffraction peaks of MoS, when the molar ratios
of MoS,:C:Si is 6:3.2:4 and 6:2.8:4. When the molar
ratio of MoS,:C:Si is between 6:3.6:4 and 6:5.4:4, the
diffraction peak intensity of Mo3Si increases with the
addition of C. In addition, it can be seen from Figure 13
that C exists only in the form of Mo,C in the product.
Assuming that all C only reacts with MoS, to form
Mo,C and CS, (reaction [8]), then the molar ratio of Si/
MoS, (where the amount of MoS, is the total amount of
MoS, minus the part of MoS, that reacts with C)
decreases from 1.67 (corresponding to the MoS,:C:Si
molar ratio of 6:5.4:4) to 0.97 (corresponding to the
MoS,:C:Si molar ratio of 6:2.8:4) with decreasing
carbon addition. As can be seen from Figure 11(b),
when the molar ratio value of Si/MoS, is less 2, the
reaction between MoSi, and MoS, is affected by the
reaction temperature and Pg;s. In addition, the reaction
between MoSi, and MoS, in the actual reaction process
is also affected by the molar ratio of Si/MoS,, and the
phase transition with the decrease of Si/MoS, is
MoSi, — MosSi; — Mo03Si — Mo, which is basically
consistent with the results shown in Figures 10 and 13.
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The C and residual S contents of samples prepared
with various C additions are plotted in Figure 14, and it
is obvious that the C content reduces with the decrease
of C addition. Additionally, C addition also affects the
residual S content, which increases from 0.11 wt pct to
1.77 wt pct when the molar ratio of MoS,:C:Si changes
from 6:3.6:4 to 6:3.2:4.

Based on the MoS,:C:Si molar ratio of 6:4:4, the
effect of Si addition amount on the Si/C synergistic
reduction of MoS, was studied by adjusting the addition
amount of Si. Since the product prepared after reacting
at 1600 °C for 4 h with a Mo0S,:C:Si molar ratio of 6:4:4
contains Mo3Si (Figure 13), it is necessary to reduce the
amount of Si addition. Therefore, in this part of the
experiments, the MoS,:C:Si molar ratios were set to
6:4:3.6, 6:4:3.2, 6:4:2.8 and 6:4:2.4, respectively. The
XRD patterns of samples prepared after reacting at
1600 °C for 4 h with various Si additions are shown in
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Fig. 14—Carbon and residual sulfur contents of the samples
prepared at 1600 °C for 4 h with various MoS,:C:Si molar ratios of
6:5.4:4, 6:4.8:4, 6:4.2:4, 6:4:4, 6:3.6:4, 6:3.2:4, and 6:2.8:4.
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Fig. 15—XRD patterns of specimens obtained after reacting at
1600 °C for 4 h with various MoS,:C:Si molar ratios of 6:4:3.6,
6:4:3.2, 6:4:2.8, and 6:4:2.4.
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Figure 15. When the molar ratio of MoS,:C:Si changes
from 6:4:4 to 6:4:3.6 and then to 6:4:3.2, the diffraction
peak intensity of Mo;Si decreases and disappears, while
that of Mo increases gradually. However, as further
decreasing the amount of Si addition to 6:4:2.8 and
6:4:2.4, obvious MoS, diffraction peaks can be
observed, suggesting that the amount of reducing agent
is insufficient at this time.

The C and residual S contents of the samples prepared
after reacting at 1600 °C for 4 h with various MoS,:C:Si
molar ratios of 6:4:3.6, 6:4:3.2, and 6:4:2.8 are plotted in
Figure 16. For the product prepared with a MoS,:C:Si
molar ratio of 6:4:3.6, the C and residual S contents are
2.43 wt pct and 0.09 wt pct, respectively. In contrast, the
C and residual S contents of the product prepared with a
MoS,:C:Si molar ratio of 6:4:3.2 are 2.19 wt pct and
0.13 wt pct, respectively. Furthermore, the Si contents of
samples with MoS,:C:Si molar ratios of 6:4:4, 6:4:3.6,
and 6:4:3.2 are 2.04 wt pct, 0.67 wt pct, and 0.21 wt pct,
respectively. Although the residual S content of the
product prepared with a MoS,:C:Si molar ratio of
6:4:3.2 is slightly higher than that of the product
prepared with a MoS,:C:Si molar ratio of 6:4:3.6, the
C and Si contents are lower. Moreover, the former
requires less Si addition than the latter. Therefore,
considering the high price of Si and the residual S
content in the product is already extremely low, the
appropriate MoS,:C:Si molar ratio for the preparation
of molybdenum additive is 6:4:3.2.

From the above results, it can be seen that Mo,C as
well as mixture of Mo,C and Mo with low S and Si
contents can be prepared, which can be used as
molybdenum additives for alloying cast iron low alloy
steels.

A. Desulfurization Analysis

As can be seen from Figure 6, after wrapping the
sample with desulfurizer and reacting at 1600 °C for 4 h,
a core—shell-structured product with molybdenum addi-
tive wrapped by the desulfurizer layer can be obtained.
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Fig. 16—Carbon and residual sulfur contents of the samples
prepared at 1600 °C for 4 h with various MoS,:C:Si molar ratios of
6:4:3.6, 6:4:3.2, 6:4:2.8, and 6:4:2.4.
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Fig. 17—XRD patterns of the desulfurization products
corresponding to positions A and B in Figure 6.

In order to determine the phase composition of the
desulfurization product and whether all S in the raw
material have been captured by desulfurizer, the desul-
furization products corresponding to positions A and B
in Figure 6 were collected for XRD testing, and the
results are plotted in Figure 17. At position B, diffrac-
tion peaks of CaS, CaSiO;, and Si can be identified,
while the absence of CaO diffraction peaks suggests that
all the CaO is involved in the desulfurization reaction. In
addition, it can be concluded from the above analyses
that CS,, SiS, and SiS, will be generated during the Si/C
synergistic reduction of molybdenum concentrate.
Therefore, the desulfurization reaction may be expressed
by reactions [11], [12], and [33]. At position A, only the
diffraction peaks of CaO can be observed, revealing that
all S in the forms of CS,, SiS, and SiS, have been
completely captured by the desulfurization layer close to
the sample. In addition, the thermodynamic calculation
results in Figure 18 also show that the desulfurization
reactions (reactions [11], [12], and [33]) are thermody-
namically feasible between 600 °C to 1600 °C. To sum
up, in the current process, the mixture of CaO and C can
be utilized as an effective desulfurizer.

3Ca0(s) + SiS,(s) = CaS(s) + CaSiO;(s),  [33]

In our previous work,*”! the recovery of S in the
desulfurization product was studied. In Reference 45, in
order to separate sulfur-containing compounds from the
desulfurization product (consisting of CaS, CaO,
Ca,SiOy4, and a small amount of Si) by an environmen-
tally friendly way, a pyrometallurgical process for
extracting and separating S was proposed, that is, the
CaS in the desulfurization product was reacted with
FeO to form FeS. In addition, the melting point of the
reaction system was lowered by forming a low-basicity
slag (mass ratio of CaO to SiO, was 0.6). After reacting
at 1600 °C for 1 h in an Ar atmosphere, the sulfuriza-
tion product and the low-basicity slag can be separated
automatically due to density difference. The contents of
FeS and Fe in the obtained sulfurization product were
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Fig. 18—Temperature dependences of the standard Gibbs free
energy changes of desulfurization reactions of reactions [11], [12] and
[33].

about 90 wt pct and 10 wt pct, respectively. Besides, S
content of the obtained low-basicity slag was about 0.17
wt pct, revealing that most of the sulfur had been
concentrated into the sulfurization product. The
obtained sulfurization product FeS and Fe can be used
as a vulcanizing agent for high-sulfur steel, and the
low-basicity slag can be used for cement production. In
this work, the desulfurization products consisted of CaS,
CaSiO3, CaO, and a small amount of Si, which were
basically consistent with the composition of the desul-
furization residue in Reference 45. Therefore, the
harmlessness of desulfurization products and the
resource utilization of S can also be realized with the
same method.

S mass balance in the entire reaction system was
evaluated. For the raw material with a MoS,:C:Si molar
ratio of 6:4:3.2, the mass of molybdenum concentrate in
100 g mixed raw material is 83.62 g, and the total mass
of S is 32.09 g. After the reaction is completed, about
41.56 g unreacted desulfurizer (with the S content of
about 0.001 wt pct) and 87.32 g desulfurization product
(with the S content of 36.42 wt pct) can be obtained, and
thus, the mass of S captured by desulfurizer is about
31.80 g. Additionally, the S content in the obtained
Mo-containing product (53.06 g) is about 0.13 wt pct;
thus, the mass of S in the acquired Mo-containing
product is about 0.07 g. The total mass of S in
desulfurization product and Mo-containing product is
about 31.87 g, which is basically consistent with the
total mass of S in raw materials. Consequently, no S in
the sample is emitted into the environment.

VI. CONCLUSIONS

In this manuscript, a novel sulfur-free emission
strategy to prepare molybdenum additives Mo,C or
mixture of Mo and Mo»C by Si/C synergistic reduction
of molybdenum concentrate was proposed. The reaction
mechanism as well as the effects of C and Si addition on
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the Si/C synergistic reduction of molybdenum concen-
trate was studied in detail. The following conclusions
can be drawn:

1. The route of Si/C synergistic reduction of molybde-
num concentrate can be used to produce molybde-
num additives Mo,C or mixture of Mo,C and Mo
with low S and Si contents. However, pure Mo was
hard to be prepared.

2. With the increase of reaction temperature, when the
molar ratio of Si/MoS, is less than 2, MoSi, is
preferentially formed during Si/C synergistic reduc-
tion of molybdenum concentrate, and then MoSi,
reacts with MoS, to produce MosSiz;, Mo3Si, or Mo.
At the same time, C will participate in the reaction to
generate Mo,C or Mo. In addition, when the molar
ratio of Si/MoS, is less 4, the S-containing product
produced by silicothermic reduction of MoS, is a
mixture of SiS and SiS, instead of just SiS.

3. The mixture of CaO and C can be used as an effective
desulfurizer in this route and the sulfur-containing
species CS,, SiS, and SiS, produced by Si/C co-re-
duction of MoS; can be completely captured by the
desulfurizer in the forms of CaS, CaSiOs, and Si. In
addition, S mass balance in the entire reaction system
suggests that no S in the sample was emitted into the
environment.

4. Mo,C was acquired for the sample with a MoS,:C:Si
molar ratio of 6:6:4 after reacting at 1600 °C for 4 h,
with C, S, and Si contents of 5.33 wt pct, 0.04 wt pct,
and 0.35 wt pct, respectively. The mixture of Mo and
Mo,C can be prepared with a MoS,:C:Si molar ratio
of 6:4:3.2 after reacting at 1600 °C for 4 h, with C, S,
and Si contents of 2.19 wt pct, 0.13 wt pct, and 0.23
wt pct, respectively.
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