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Molybdenite (MoS3) is the most commonly used mineral for molybdenum
extraction. In this work, molybdenum (Mo) powder was directly synthesized
via CaO-assisted carbothermic reduction of MoSs. The experimental results
showed that MoS, first reacted with CaO to form CaMoO,, Mo and CaS, and
then carbon black reduced the CaMoOy to yield Mo. Almost all the sulfur as
MoS, was fixed in CaS, and the main gaseous product was CO. In addition, it
was observed that MoS, can be almost fully converted to Mo at a M0S,:Ca0:C
molar ratio of 1:4:1.7 after reacting at 1200°C for 60 min. After removing by-
product CaS, the prepared Mo powder has a carbon content of 0.18% and a

sulfur content of 0.46%.

INTRODUCTION

It is well known that molybdenite is the most
commonly used mineral for extracting molybde-
num.! The industrial route for extracting molybde-
num from molybdenite consists of multiple steps,
such as oxidation roasting of molybdenite, chemical
purification of the industrial molybdenum oxide,
and the reduction of MoOs; by Hy to fabricate
molybdenum metal powder.>? Even if this indus-
trial route has been well established, it has two
shortcomings. First, due to the numerous steps
involved, the resource utilization rate of Mo will be
decreased. In the step of the oxidation roasting of
molybdenite, the recovery rate of molybdenum is
about 98.5%. In the step of chemical purification of
the industrial molybdenum oxide by ammonia
leaching, the recovery rate of molybdenum is about
94%. However, the loss of molybdenum in the step of
hydrogen reduction of MoOjs to prepare molybde-
num powder can be negligible. Thus, the overall
recovery rate of Mo is about 92.6%. Secondly, the
step of oxidation roasting of molybdenite emitting a
lot of SOy is a very polluting process. To shorten the
extraction process and to reduce environmental
pollution, many strategies for directly treating
molybdenite have been proposed, such as pressure
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oxidative leaching,*® lime roasting,® chlorination
roasting,” sodium chlorate extraction,® vacuum
decomposition,® ' and acidic leaching.'? In the
1970s, the strategy of the direct reduction of sulfide
minerals (molybdenite, cuprous sulfide, cupric sul-
fide, etc.) with a desulfurizer was first proposed by
Habashi and Dugdale.'® They reported that CaO as
the desulfurizer can greatly facilitate the reduction
of molybdenite by Ho. However, after a reaction at
800°C for 1 h, the desulfurization rate was only
about 40% in the presence of a stoichiometric
amount of CaO. Since then, many scholars have
conducted detailed studies on the lime-assisted
reduction of MoS, with H,,'*!7 CcOQ,*1819 ¢ 2021
and CH4.?*?? Rao and Prasad'® prepared molybde-
num carbide (MosC) by reducing molybdenite with
CO in the presence of CaO, and their results
demonstrated that CaO can improve the conversion
rate of MoSy to CaS by over 20 times relative to that
without CaO. Moreover, Rao and Prasad'* have
published detailed information on the lime-scav-
enged reduction of MoS,; with Hs, CO, and C. It has
been reported that H, is a better reducing agent
because the purity of the product achieved by H,
reduction is higher than that acquired by carboth-
ermal reduction. However, it has also been reported
that sulfur-containing gas is generated when the
reducing agent is Hy or CO. Therefore, C seems to
be an ideal reducing agent from the perspective of a
sulfur-free gaseous product. To explore the mecha-
nism of CaO-assisted C reduction of MoS,, both
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Padilla et al. 2° and Tripathy et al.?! have studied
the reduction of molybdenite with carbon (activated
carbon or graphite) in the presence of CaO. How-
ever, the reaction mechanism has not been fully
revealed. Additionally, it has been reported that the
formation of Mo powder is inevitably accompanied
by the formation of MoyC.

Many studies'®>2® have shown that lime has the
potential to be an effective desulfurizer for molyb-
denum extraction from molybdenite. In addition,
among the reductants of Hy, CO, CH,4, and C, since
the reduction of MoS; by CO or CH4 will result in
the formation of MogC,'*1%1922:23 H, and C can be
considered as the promising reducing agents for the
synthesis of Mo from MoS,. Moreover, compared to
H,, C has obvious advantages because of its low
cost, good safety, and easy operation. However,
there are still some key issues that need to be
resolved for CaO-assisted carbothermic reduction of
MoS, to product Mo powder.

This work aims to explore the appropriate condi-
tions to prepare Mo rather than the mixture of Mo
and Mo,C. Here, the CaO-assisted reduction of
MoS,; by carbon black was studied in detail by
changing the Mo0S,:Ca0:C molar ratio in order to
illustrate the reaction mechanism and determine
the optimal conditions. By adjusting the addition
amounts of CaO and C to avoid the generation of
MoyC, Mo powder can be directly synthesized via
CaO0-assisted carbothermic reduction of MoS, at a
MoS,:Ca0:C molar ratio of 1:4:1.7 after reacting at
1200°C for 1 h. More importantly, the reaction
mechanisms in the MoS,-CaO binary system and
the MoS2-CaO-C ternary system were studied in
detail.

EXPERIMENTAL PROCEDURES
Materials

Molybdenum disulfide (MoS,, 98.5 wt.% purity;
Sinopharm Chemical Reagent, China) was used as
the molybdenum source. CaO powder was prepared
by roasting calcium carbonate (CaCOs, 99 wt.%
purity; Sinopharm Chemical Reagent) at 1000°C
for 10 h. Carbon black (C, 99 wt.% purity; Mit-
subishi Chemical, Japan) was used as the reducing
agent. The micrographs of the raw materials, MoS,
and CaO, are shown in Fig. S1. MoS, has a typical
two-dimensional structure with a lateral size of
several microns, while CaO particles are composed
of small grains with the size of about 500 nm.

Synthesis of Mo Powder

The isothermal experiments were conducted in a
horizontal resistance furnace under argon flow. In
each experiment, an approximately 5 g sample was
placed in an alumina crucible. Subsequently, the
crucible was placed into a quartz tube and argon gas
(100 ml/min) was introduced to exclude air. When
the furnace was heated to a desired temperature

(800°C, 1000°C, or 1200°C), the quartz tube was
placed inside and maintained at this temperature
for a period of time. After the reaction was com-
pleted, the quartz tube was taken out to cool the
sample to ambient temperature. Thereafter, the
sample was leached in a hydrochloric acid solution.
Finally, the leached residue was washed several
times with deionized water and dried for subse-
quent testing. A schematic of the synthesis process
of Mo powder is shown in Fig. 1.

Characterization

The phase composition of the prepared specimens
was evaluated by x-ray diffraction [XRD; TTR III;
Rigaku, Japan; x-ray wavelength, 1.5418 A (Cu-
Ka)]. The morphology of the prepared samples was
characterized by a field emission scanning electron
microscope (FE-SEM; ZEISS SUPRA 55; Oberko-
chen, Germany) and a transmission electron micro-
scope (TEM; Tecnai-G2-F20; FEI, USA). The carbon
and sulfur contents of the prepared samples after
the leaching treatment were analyzed by using an
infrared carbon-sulfur analyzer (EMIA-920V2;
HORIBA, Japan). Additionally, the fractions of CO
and CO, generated during the reduction process
were monitored by an infrared gas analyzer (XLZ-
1090; XILINZI, China).

RESULTS

Figure 2 depicts the XRD patterns of the products
obtained at different temperatures at a MoS5:CaO:C
molar ratio of 1:4:1.7, from which it can be seen
that, when the mixed samples were annealed at
800°C, 900°C, 1000°C, and 1100°C for 2 h, there are
still distinct diffraction peaks of MoS,. In addition,
the peaks of CaS, CaMoO,, and Mo were identified.
When the reaction temperature rose from 800°C to
1200°C, the diffraction peak intensity of MoS,
gradually reduced and eventually disappeared.
Additionally, with the increasing reaction tempera-
ture, the diffraction peak of CaMoO, first increased
and then decreased until it disappeared, indicating
that CaMoO, exists as an intermediate phase.
Moreover, the diffraction peak intensity of Mo
gradually increased. More importantly, it can be
seen from Fig. 2 that, when the temperature was
increased to 1200°C, the molybdenum-containing
phase was only Mo, and the sulfur contained in
MoS, was fixed in CaS. Consequently, a high
temperature is favorable for the formation of Mo,
and thus the temperature for the preparation of Mo
powder was set to 1200°C in the following
experiments.

In order to investigate the reaction process and
determine the optimal reaction time, experiments at
1200°C for 10 min, 20 min, 30 min, and 60 min were
conducted, and the corresponding XRD patterns of
the samples are shown in Fig. 3a, which shows that
the diffraction peaks of MoS, disappeared even if
the sample was only reacted for 10 min, revealing
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Fig. 1. (a) Schematic of the experimental apparatus. (b) Flow diagram of the synthesis process of Mo powder.
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Fig. 2. XRD patterns of the products acquired with a MoS,:CaO:C
molar ratio of 1:4:1.7 at different temperatures.

that a high temperature can greatly facilitate the
reaction rate. It must be noted that the Mo,C phase
was identified when the sample was reacted for 10
min. In addition, CaMoO, presented when the
reaction time was 10 min and 20 min, but disap-
peared when the reaction time was further pro-
longed to 30 min and 60 min. To quantitatively
analyze the purity of the prepared Mo powder, the
residual sulfur and carbon contents of the synthe-
sized Mo powder were evaluated, as shown in
Fig. 3b, which it can be seen that both the carbon
content and the residual sulfur content decreased
with the increase of reaction time. From 10 min to
30 min, the S content decreased from 1.24% to 0.5%,
while the C content dropped from 1.53% to 0.25%.
However, the C and S contents were almost

unchanged when the reaction time was further
extended from 30 min to 60 min. Therefore, in order
to ensure a high purity of the synthesized Mo
powder, the reaction time was set to 60 min.

When carbon was used as the reducing agent, the
gaseous product contained both CO and CO..
Therefore, the amount of required carbon black
should be between the theoretical values corre-
sponding to the generation of COy and CO. In
addition, to study the effect of the addition amount
of carbon black, 2 times the theoretical value of CaO
were added, and the molar ratios of MoS,:CaO:C
were set to 1:4:1, 1:4:1.5,1:4:1.6, 1:4:1.7, 1:4:1.8, and
1:4:2, respectively. The XRD patterns of the samples
obtained with different amounts of carbon black are
shown in Fig. 3¢, and indicate that the MoS, has
completely disappeared. With the increase of carbon
black content, the diffraction peak intensity of
CaMoQy4 gradually decreased, and entirely disap-
peared when the MoS,:Ca0:C molar ratio was
1:4:1.6. However, the diffraction peak of MoyC
appeared when the molar ratio of M0S,:Ca0:C was
1:4:1.8, and its peak intensity increased when the
molar ratio of Mo0S,:Ca0:C was increased to 1:4:2,
which indicated that part of the Mo has been
carbonized to Mo,C by the excess carbon black.
Additionally, almost no COy will be formed at
1200°C according to the Boudouard equilibrium
(Fig. S2). However, it must be pointed out that the
samples were gradually heated to 1200°C, which
makes it possible to generate COs during the
heating process, especially in the low-temperature
stage. Therefore, it is reasonable to choose a M0S5:C
molar ratio of less than 2 according to the law of
mass balance.
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Fig. 3. (a) XRD patterns of the products obtained at 1200°C for different reaction times with a MoS,:CaO:C molar ratio of 1:4:1.7. (b) Carbon and
sulfur contents of the samples in (a). (c) XRD patterns of the products acquired at 1200°C for 60 min by adding different amounts of carbon black.
(d) Carbon and sulfur contents for the samples obtained at different carbon additions. (e) XRD patterns of the products obtained at 1200°C for 60
min by adding different amounts of CaO. (f) Carbon and sulfur contents of the samples acquired at different CaO additions.
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The residual sulfur and carbon contents of the
products acquired at different MoS5:CaO:C (1:4:1.6,
1:4:1.7, and 1:4:1.8) molar ratios are shown in
Fig. 3d. It can be seen that the residual sulfur
content is about 0.48%, which decreased slightly
with the increase of carbon addition, indicating that
the amount of carbon black was not a limiting factor
affecting the conversion of MoS,; in the current
range. In addition, the lowest carbon content is
about 0.18% when the molar ratio of M0oS,:CaO:C is
equal to 1:4:1.7, while the carbon content sharply
increased to 0.91% as the molar ratio of MoSs:-
CaO:C increased to 1:4:1.8. Consequently, the opti-
mal MoS5:Ca0:C molar ratio under the current
experimental conditions is 1:4:1.7.

In order to investigate the effect of CaO addition
on the desulfurization efficiency, the experiments
with Mo0S,:CaO:C molar ratios of 1:2:1.7, 1:3:1.7,
1:4:1.7, and 1:6:1.7 (1, 1.5, 2, and 4 times, respec-
tively, of the theoretical amount of CaO) at 1200°C
for 60 min were conducted. Figure 3e shows the
XRD patterns of the different products from which
it can be seen that most of the MoSy, was trans-
formed to Mo, with the main co-product of CaS.
Additionally, there was still a distinct diffraction
peak of MoS; when the Mo0S,:Ca0:C molar ratio was
1:2:1.7. However, when the MoS,:CaO:C molar
ratios were 1:3:1.7, 1:4:1.7, and 1:6:1.7, the diffrac-
tion peak of MoS, disappeared, showing that almost
all the MoS, was fully reacted. Moreover, the C and
S contents of the synthesized samples at different
CaO additions after leaching treatment were mea-
sured, with the results shown in Fig. 3f, from which
it can be seen that there was a high residual sulfur
content (about 3.98%) when the theoretical amount
of CaO was added, and that the residual sulfur
content decreased as the addition amount of CaO
increased. In addition, there was no obvious change
in the residual sulfur content (about 0.46%) when
the amount of CaO is larger than 2 times the
theoretical value. Consequently, the increase in
amount of CaO is beneficial for the conversion of
MoS,, and 2 times the theoretical value is necessary
for desulfurization.

The morphology of the prepared Mo powder after
leaching treatment was further investigated by FE-
SEM, as shown in Fig. 4a, b, c, d, e, and f. It can be
seen from Fig. 4 that the prepared Mo particles have
an ellipsoidal structure with s particle size of 0.5-2
um, and that there is no obvious change in mor-
phology and particle size of the Mo powder obtained
after reacting at 1200°C for 60 min when changing
the addition amounts of carbon black. Figure 4g
shows the typical TEM image of the prepared Mo
powder, and the morphology and particle size agree
well with that in Fig 4d. The corresponding selected
area electron diffraction (SAED) pattern for the
obtained Mo is shown in Fig. 4h, and the perfect
diffraction spots reveal that the prepared Mo par-
ticle has a single-crystal structure.

Chang, Zhang, and Chou

DISCUSSION

In order to investigate the reaction mechanism,
extra experiments were conducted. The samples
with a Mo0S,:CaO molar ratio of 1:4 was annealed in
an argon atmosphere at 800°C, 1000°C, and 1200°C
for 30 min, respectively. The corresponding XRD
patterns of the samples acquired at different tem-
peratures are shown in Fig. 5. It can be seen that,
when the samples were reacted at 800°C and
1000°C for 60 min, there were still distinct diffrac-
tion peaks of MoS,. Meanwhile, the peaks of CaS,
CaMoO,4, and Mo were identified. When the tem-
perature rose to 1200°C, the diffraction peaks of
MoS, disappeared, indicating that all the MoSs had
been completely reacted. Additionally, it must be
noted that CaMoO, was generated as the unique
molybdenum-containing phase during the reaction.
The overall reaction can be represented by Eq. 1.

MOSz+§CaO = %CaMoO4+%M0 +2CaS (1)

Padilla et al.?® investigated the reaction mecha-
nism of the samples with a MoS,:CaO molar ratio of
1:2 in an Ny atmosphere at different temperatures,
and the detailed reaction mechanism was described
by Eqs. 2 and 3. However, in the current study,
MoO, did not appear. The changes of Gibbs free
energy of Egs. 1, 2, and 3 are shown in Fig. S3, from
which it can be clearly seen that the changes of
Gibbs free energy are all negative in the tempera-
ture range of 280-1200°C, indicating that these
reactions are all thermodynamically feasible. In Ref.
20, when the CaO/MoSy molar ratio was 2, there
were still strong diffraction peaks of MoSy, MoO,,
and CaMoO, for the samples obtained at 800°C and
1000°C, while no CaO was identified. Therefore,
Egs. 2 and 3 occurred at the same time. When all
the S in MoS, is fixed in the form of CaS, and all the
intermediate phase MoQO; is reacted with CaO to
generate CaMoQOy, the theoretical CaO/MoS,; molar
ratio should be 8/3 according to Eq. 1. As can be seen
in Fig. 5, when the molar ratio of CaO/MoSs is equal
to 4 (greater than 8/3), strong diffraction peaks of
MoS, were still identified when the samples were
prepared at 800°C and 1000°C, indicating that,
when the temperature is less than or equal to
1000°C, even if the CaO is excessive, the Eq. 2
cannot proceed completely due to the slow reaction
kinetics. However, there is no MoO; for the sample
obtained at 800°C, which demonstrates that all the
intermediate phase MoOs has been reacted accord-
ing to Eq. 3. Therefore, when the temperature is
higher than 800°C and the CaO is sufficient, MoO,
cannot exist in the MoS,-CaO binary system. This
proves that the existence of MoOy in Ref. 20 is
caused by the insufficient addition of CaO.

MoS; + 2Ca0 = MoOg + 2CaS (2)
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Fig. 4. FE-SEM images of samples prepared at 1200°C for 60 min at different MoS,:CaO:C molar ratios after the leaching treatment of (a) 1:4:1,
(b) 1:4:1.5, (c) 1:4:1.6, (d) 1:4:1.7, (e) 1:4:1.8, and () 1:4:2. (g) TEM image and (h) SAED pattern of the sample acquired at 1200°C for 60 min at

the M0S,:CaO:C molar ratio of 1:4:1.7.
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Fig. 5. XRD patterns of the products acquired at 800°C, 1000°C, and
1200°C for 60 min with a MoS,:CaO molar ratio of 1:4.

MoOergCaO = gCaMoOpL%MO (3)

Additionally, another experiment was conducted
at 1200°C for 30 min at a MoS,-CaO molar ratio of
1:2, and the XRD results after the reaction are
shown in Fig. S4(b). The results are consistent with
those in the Ref. 20 (Fig. S4(a)). In Fig. S4(a), the *
indicates the unidentified compound, and these
diffraction peaks can match well with CaMogSg
(PDF card. 85-1269), which also shows that the CaO
is insufficient to fix the S in the form of CaS under
the current conditions. Thus, relative to the current
study, the existence of MoOg in the investigation of
Padilla et al. may be due to the insufficient quantity
of Ca0.%° Additionally, as can be seen from Ref. 20,
the MoO, disappeared when the temperature was
raised from 1000°C to 1200°C. Consequently, the
temperature and the molar ratio of MoS;:CaO are
important factors affecting the generation of MoO,.
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Fig. 6. The binary phase diagrams of CaMoO,-C system under different total pressures. (a) P =1 atm, (b) P = 0.1 atm.
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Fig. 7. Changes of volume fractions of CO and CO, with reaction
time.

Since CaMoO, was generated as a molybdenum-
containing intermediate phase, the reaction mech-
anism of the CaO-assisted reduction of MoS,; by
carbon black can be simplified to the reaction
between C and CaMo00O,. The binary phase diagrams
of CaMo00,-C system under 1 atm and 0.1 atm were
calculated by Factsage 7.0, and are shown in Fig. 6.
It can be seen that Mo,C and Mo are the possible
stable phase when the molar ratio of C:CaMoQy, is in
the range of 1-3. In addition, the thermodynami-
cally stable molybdenum-containing phases are
Moy,C and CaMoO, when the temperature is below
1240°C (at 1 atm) or 1080°C (at 0.1 atm). When the
temperature is higher than 1240°C or 1080°C, the
thermodynamically stable molybdenum-containing
phase changes from CaMoO4 + Mo to Mo and then
to Mo + MosC as the of the molar ratio of C:CaMoQOy4
increases.

In the actual reaction process, both CO and CO,
were produced. The changes of the volume fractions
of the CO and CO, generated were monitored by an
infrared gas analyzer, and the results are shown in
Fig. 7. It can be seen that the main gaseous product
is CO. From Fig. 3a, it can be seen that the MoyC
phase was identified when the sample reacted at
1200°C for 10 min at a Mo0S5:Ca0:C molar ratio of
1:4:1.7. Additionally, it can be seen from Fig. 3a that
Mo,C disappeared as the reaction time increased,
which may be due to the reaction between CaMoO,
and Mo,C. This possible reaction can be represented
by Eq. 6. Consequently, the main reaction between
C and CaMoO, can be simplify described by
Egs. 4-6.

CaMoO4 + 3C = Mo + CaO + 3CO 4)

CaMoOy4 + %C = %MozC +Ca0+3CO (5)

%CaMoO;; + %MOQC = Mo + %CaO + gCO (6)

The changes of Gibbs free energy of Eqs. 4-6
under different partial pressures of CO (Pgo) are
shown in Fig. S5. It can be seen from Fig. S5(a) that
MosC can be generated when the temperature is
below 1255°C at 1 atm. In this study, argon gas was
used as the carrier gas, which greatly decreased the
Pco. For instance, if the partial pressure of CO is
equal to 0.1 atm, as can be seen in Fig. S5(b), the
critical temperature for generating Mo,C is
decreased to 1080°C. Therefore, Moy,C is unsta-
ble under the current experimental conditions
(T = 1200°C, C:CaMoOy4 = 2.55), leading to a low
carbon content in the prepared Mo powder, as
shown in Fig. 3a and b.
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Fig. 8. XRD patterns of the product acquired with a lid on the
alumina crucible at 1200°C for 60 min at a MoS,:Ca0:C molar ratio
of 1:4:1.7.

According to the experimental results, the main
gaseous product is CO. In order to explore the role of
CO during the reaction, an extra experiment was
performed at 1200°C for 60 min at a MoS5:CaO:C
molar ratio of 1:4:1.7. The only difference with the
above experiment is that the alumina crucible was
covered with an alumina lid to ensure a high partial
pressure of CO in the crucible. The XRD result of
the sample obtained is shown in Fig. 8. It can be
found that the diffraction peak of Mo,C was iden-
tified, which illustrates that CO could react with
CaMoQOy4, and the reaction can be represent by
reactions 7 and 8. However, in the experiments
without alumina lid covered on alumina crucible, it
was hard for the generated CO to react with
CaMoOy due to the presence of the carrier gas.

CaMoOy + 3CO = Mo + CaO +3C0y  (7)

CaMoO, +4CO = %MOQC + CaO + ;COQ (8)

From the above results, it can be found that CaO
can be used as an efficient desulfurizer for the
molybdenum extraction from molybdenite, and
almost all sulfur in MoS,; can be fixed as CaS.
Furthermore, a mixture of Mo and CaS can be
obtained by adjusting the addition amount of CaO
and carbon black, and Mo powder can be acquired
after leaching treatment. Additionally, the as-re-
duced Mo powder is not pure enough for making Mo
and its alloys. However, it is possible to use this
kind of Mo powder as the molybdenum containing
steelmaking additive.

CONCLUSIONS

In this work, the molybdenum powder was syn-
thesized via CaO-assisted carbon reduction of MoS,.
The following conclusions can be drawn:

(1) During the reaction, MoS, first reacted with
CaO to form CaMoO,, Mo and CaS firstly, and
then CaMoO4 was reduced by carbon to gen-
erate Mo.

(2) CaO can be used as an efficient desulfurizer
for the molybdenum extraction from molyb-
denite. The addition amount of CaO affects the
conversion of MoS,, and the optimal CaO
addition is 2 times of the theoretical value.

(8) The main gaseous product is CO, and after
reaction almost all sulfur contained in MoSy
can be fixed as CaS.

(4) MoS; can be almost completely converted to
Mo at a MoS,:Ca0O:C molar ratio of 1:4:1.7
after reacting at 1200°C for 60 minutes. After
leaching treatment, the Mo powder with a
carbon content of 0.18% and a sulfur content of
0.46% can be acquired.
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