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Abstract: The preparation process of sodium molybdate has the disadvantages of high energy consumption, low thermal efficiency, and
high raw material requirement of molybdenum trioxide, in order to realize the green and efficient development of molybdenum concen-
trate resources, this paper proposes a new process for efficient recovery of molybdenum from molybdenum concentrate and preparation of
sodium molybdate  by microwave-enhanced roasting and alkali  leaching.  Thermodynamic analysis  indicated the  feasibility  of  oxidation
roasting of molybdenum concentrate. The effects of roasting temperature, holding time, and power-to-mass ratio on the oxidation product
and leaching product sodium molybdate (Na2MoO4·2H2O) were investigated. Under the optimal process conditions: roasting temperature
of 700°C, holding time of 110 min, and power-to-mass ratio of 110 W/g, the molybdenum state of existence was converted from MoS2 to
MoO3. The process of preparing sodium molybdate by alkali leaching of molybdenum calcine was investigated, the optimal leaching con-
ditions include a solution concentration of 2.5 mol/L, a liquid-to-solid ratio of 2 mL/g, a leaching temperature of 60°C, and leaching solu-
tion termination at pH 8. The optimum conditions result in a leaching rate of sodium molybdate of 96.24%. Meanwhile, the content of so-
dium molybdate reaches 94.08wt% after leaching and removing impurities. Iron and aluminum impurities can be effectively separated by
adjusting the pH of the leaching solution with sodium carbonate solution. This research avoids the shortcomings of the traditional process
and utilizes the advantages of microwave metallurgy to prepare high-quality sodium molybdate, which provides a new idea for the high-
value utilization of molybdenum concentrate.

Keywords: molybdenum metallurgy; microwave oxidation roasting; removing impurities; sodium hydroxide leaching

 

 1. Introduction

China  has  an  abundance  of  molybdenum  resources,  ac-
counting for more than 40% of global molybdenum produc-
tion [1]. Molybdenum is widely employed for a variety of ap-
plications in petroleum, the chemical industry, medicine, bio-
logy,  agriculture,  electronics,  electrical,  and  other  fields
[2–7].  Sodium  molybdate,  a  molybdenum  derivative,  also
plays a crucial role in different fields, including corrosion in-
hibitors and inhibitors for steel [8–11], catalysts for pharma-
ceuticals [12], sewage treatment agents [13], and the manu-
facture of dyes, inks, and fertilizers. With rising demand for
sodium molybdate  in  a  variety  of  industries,  domestic  pro-
duction could exceed 4000 tons per year. The domestic pro-
duction of sodium molybdate is currently mature. However,
the  process  route  encounters  the  following  issues:  environ-
mental unfriendliness, serious pollution, and quality failure to
meet  market  demand.  The  international  production  process
utilizes mostly pure molybdenum trioxide or industrial-grade

molybdenum  trioxide  as  the  major  raw  material.  Thus,  ex-
ploring  and  optimizing  the  production  process  and  condi-
tions of sodium molybdate is necessary to improve the recov-
ery rate of molybdenum, the purity of sodium molybdate, and
environmental benignity.

The  current  manufacturing  technologies  of  sodium  mo-
lybdate include the ammonium molybdate liquid alkali meth-
od,  the  molybdenum oxide  soda  method,  the  roasted  liquid
alkali  method,  the  soda  nitrate  sintering  method,  the  alkali
wet method, the acid wet method, and the soda pressurized
leaching method. Alkali and acid wet methods require strong
oxidants  and  acids,  respectively,  which  release  toxic  gases;
thus, dealing with toxic gases will raise the cost. The soda ash
pressurized leaching method has high requirements for auto-
clave  equipment.  Ammonium  molybdate  liquid  alkali  and
molybdenum oxide soda ash processes are most commonly
practiced  due  to  their  simplicity  and  ease  of  operation.
However,  the  raw materials  are  ammonium molybdate  and
molybdenum  trioxide.  This  process  has  strict  requirements
on  raw  materials  and  high  costs.  The  roasting  liquid  alkali 
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method  utilizes  molybdenum  concentrate  and  sodium  hy-
droxide as raw materials. First, the molybdenum concentrate
is  oxidized  and  roasted  to  obtain  molybdenum  calcine  and
molybdenum trioxide crystals.  The molybdenum trioxide is
then dissolved in a sodium hydroxide solution to form sodi-
um molybdate after the removal of impurities, filtration, and
evaporation crystallization.  Rotary cellars [14] and multiple
hearth  furnaces  [15–16]  are  the  traditional  roasting  equip-
ment for the oxidation roasting of molybdenum concentrate.
The rotary cellar is a continuously rotating reactor that facil-
itates rapid and uniform heating of the material, successfully
eliminating sulfur. Multiple hearth furnaces offer superior in-
terfacial  contact,  thereby  facilitating  the  completion  of  the
oxidation reaction. However, these roasting methods are in-
compatible  with  the  development  policy  of  green  environ-
mental  protection,  energy  savings,  and  emission  reduction.
By contrast, as a new heating method, microwave offers fast
and uniform heating of the material and is consistent with the
concept of green environmental protection.

“Carbon neutrality” has become a popular topic in society
in recent years, which requires innovation in energy savings
and emission reduction. Metallurgical industries must be in-
novative  to  respond  to “carbon  neutrality.” In  microwave
heating,  the microwave energy is  absorbed by the material.
This phenomenon facilitates the collision of polar molecules
within the material with the microwave electromagnetic field,
thus  converting  microwave  energy  into  heat  energy  and
transferring the heat energy directionally to the molecular or
atomic  reaction  through  the  dielectric  consumption  of  the
material itself [17]. Compared with the conventional heating
method, microwave heating is characterized by its fast heat-
ing  speed  [18–19]  and  uniform heating.  Without  any  inter-
mediary medium conduction, the material can be heated by
the  high-frequency  vibration  of  atoms  or  molecules  in  the
material under the action of microwave radiation, which fur-
ther boosts the heating rate. The microwave heating material
was evenly heated. The traditional heating method heats from
the outside to the inside, resulting in a temperature gradient
within the material and uneven heating. Microwave heating
generates  friction  between  nearby  molecules  through  high-
frequency  vibration  of  the  material’s  internal  molecules,
heating it from outside to the inside; therefore, the material is
heated  evenly,  and the  reaction  is  adequate  [20–21].  Tradi-
tional  heating  generates  industrial  waste,  soot,  and  toxic
gases,  thereby  polluting  the  environment,  whereas  mi-
crowave heating is green and environmentally friendly. As a
new heating method, microwaves are widely used in metal-
lurgy [22–24]. Zhu et al. [25] proposed using microwave sin-
tering  of  ferronickel  slag  to  prepare  insulating  materials.
They  found  that  microwave  heating  was  beneficial  to  the
formation of magnesium iron chromate and magnesium iron
aluminate  spinel.  Furthermore,  compared  to  conventional
sintering, microwave sintering could significantly reduce the
sintering temperature and shorten the sintering duration. This
study provided a new method for the clean recycling of solid
waste resources. Parhi and Misra [26–27] explored a variety
of  methods  to  recover  molybdenum  from  waste  catalysts.
One of these methods entailed using microwave-assisted di-

lute sulfuric acid leaching to recover molybdenum from spent
catalysts  to  produce molybdenum trioxide.  They reported a
significant increase in heating rate as well as an increase in
molybdenum  recovery  from  53.35%  to  over  99%  via  mi-
crowave  heating,  facilitating  the  production  of  high-purity
molybdenum trioxide.  The study showed the advantages of
microwave  applications  in  the  field  of  hydrometallurgy  by
demonstrating the rising use of microwaves for leaching.

As an important intermediate product in the preparation of
sodium molybdate, molybdenum trioxide plays an important
part in the recovery of molybdenum. Kan et al. [28] investig-
ated the effect of different roasting equipment (chamber fur-
nace, rotary kiln) on the production of molybdenum trioxide
from molybdenum concentrate. The sulfur content of the up-
per  and  lower  parts  of  the  roasting  product  in  the  chamber
furnace at a large sample height was 1.19% and 7.27%, re-
spectively,  rendering  it  unsuitable  for  commercial  molyb-
denum trioxide production. In the rotary kiln, it was possible
to  prepare  molybdenum  trioxide  with  a  sulfur  content  of
0.61% by enabling the material  to  be in  uniform and suffi-
cient contact with air. Roasting molybdenum concentrate in
box-type furnaces produces a considerable amount of sulfur
dioxide, which is difficult to recover and treat, making it en-
vironmentally  hazardous.  The  disadvantages  of  the  rotary
kiln are slow heating, high power consumption, and uneven
temperatures in the furnace. By contrast, the rotary kiln pro-
duces substantially higher-quality molybdenum trioxide than
the box furnace. However, generating large amounts of dust
and  polluting  the  environment  is  easy  during  the  working
process. By contrast, microwave heating can circumvent all
the disadvantages due to its green, environmentally friendly,
and energy-efficient  properties.  Microwave roasting of  mo-
lybdenum concentrate can improve the molybdenum volatil-
ization rate  and the  product  quality  due  to  the  superior  mi-
crowave  absorption  properties  of  the  molybdenum  concen-
trate.  Jiang et  al. [29]  explored  the  microwave  absorption
properties  of  molybdenum  concentrate  through  dielectric
properties using the cavity perturbation method. Roasting ex-
periments yielded high-purity α-MoO3 in a microwave field
at 800°C, proving the feasibility of microwave roasting mo-
lybdenum  concentrate.  Pervaiz et  al. [30]  studied  the  mi-
crowave-assisted  extraction  of  molybdenum  from  molyb-
denum concentrate to produce ammonium molybdate. First,
the molybdenum concentrate is  microwave-roasted by mix-
ing with a sodium agent. The molybdenum was extracted in
the form of sodium molybdate after roasting, and a crude so-
dium  molybdate  solution  was  produced  by  water  leaching.
Calcium molybdate was then obtained by removing impurit-
ies  and  adding  calcium  chloride.  Dried  calcium  molybdate
was refluxed with ammonia for 2 h to obtain ammonium mo-
lybdate.  This  method  yielded  31.2%  molybdenum  with  an
extraction rate of 83%. Zhang et al. [31] explored a new pro-
cess  for  the  extraction  of  molybdenum  from  molybdenum
concentrate by microwave roasting and the subsequent pre-
paration of ammonium molybdate.  Compared with conven-
tional roasting, microwave roasting of molybdenum concen-
trate yields ammonium molybdate of high-purity and superi-
or quality.

92 Int. J. Miner. Metall. Mater. , Vol. 31 , No. 1 , Jan. 2024



This study attempts to harness the high efficiency and en-
vironmental  friendliness  of  microwave  roasting  for  molyb-
denum  concentrate  roasting.  This  experiment  proposes  a
short,  simple,  and  low-cost  method  for  extracting  molyb-
denum from molybdenum concentrate by microwave roast-
ing and preparing sodium molybdate. Under the influence of
microwave roasting,  the  molybdenum concentrate  was  util-
ized  as  a  raw  material  to  prepare  high-purity  molybdenum
trioxide.  After  alkali  leaching  and  purification,  the  molyb-
denum trioxide was then converted to sodium molybdate for
high  molybdenum  recovery.  Compared  with  the  traditional
method,  this  method  has  the  advantages  of  a  short  process
flow  and  environmental  protection,  and  the  SO2 produced
during the roasting process can be directly purified, render-
ing it clean and environmentally benign.

 2. Experimental

 2.1. Materials

The molybdenum concentrate used in this experiment was
received from Jinduicheng, China, and all reagents used were
of analytical grade and contained sodium hydroxide (≥96%,
AR) and sodium carbonate (≥99.8%, AR). The aqueous solu-
tions used in the experiments were all deionized water, which
was prepared by a laboratory water purification system (Me-
diu-1600).

 2.2. Preparation of sodium molybdate

The method is divided into three major steps: microwave
oxidation roasting of  molybdenum concentrate,  sodium hy-
droxide  leaching,  and  impurity  removal  by  adjusting  the
solution termination pH.
 2.2.1. Microwave  oxidation  roasting  of  molybdenum  con-
centrate

Microwave  oxidation  roasting  of  molybdenum  concen-
trate was conducted in a microwave tube furnace. A total of
20  g  of  molybdenum  concentrate  was  accurately  weighed,
naturally and evenly distributed on the inner wall of a quartz
boat (120 mm × 45 mm × 22 mm) and then placed in the tu-
bular microwave oven for oxidation roasting with air as the
oxidant.  The target  roasting temperature,  roasting time,  and
roasting power were then set. The samples were ground for 3
min  after  completion  of  microwave  oxidation  roasting  to
achieve  uniform mixing  of  molybdenum calcine.  This  pro-
cess produces sulfur dioxide, which is treated by absorption
with a sodium hydroxide solution.
 2.2.2. Sodium hydroxide leaching

A total of 10 g of molybdenum calcine was combined with
20 mL of 2.5 mol/L NaOH solution in a beaker at a liquid-to-
solid ratio of 2 mL/g. The beaker was then placed in a con-
stant  temperature  water  bath  at  60°C,  sealed,  and  agitated
with a magnetic stirrer for 60 min before leaching. Solid–li-
quid separation was performed after leaching, and the separ-
ated filtrate was used for subsequent experiments.

A 0.5 mol/L Na2CO3 solution was added to the filtrate to
modify the termination pH of the solution. Na2CO3 solution

was added drop by drop during the adjustment process and
the pH of solution was determined using a pH meter (pHS-
3E, Leici, China) until a pH of 8.

After  the  completion  of  the  pH  adjustment,  the  mixture
was placed in a  collector-type constant  temperature heating
magnetic  stirrer  (DF-101S,  Henan  Yuhua,  China)  at  80°C
and stirred for 20 min. The mixture was left to stand until the
top liquid became clear and transparent. Following the com-
pletion of precipitation, the solution was filtered with a circu-
lating  water  vacuum  pump  (SHZ-D(Ⅲ),  Gongyi  Yuhua,
China)  to  remove  the  impurities.  The  resulting  filtrate  was
distilled  by  a  rotary  evaporator  (RE-52AA,  Shanghai
Yarong, China) to obtain Na2MoO4·2H2O.

 2.3. Characteristic

The  chemical  composition  and  elemental  content  of  the
samples  were  analyzed  using  X-ray  fluorescence  spectro-
metry  (XRF,  EDX-800  ROHS-ASSY,  Shimadzu  Corpora-
tion,  Japan).  The  phase  compositions  of  the  molybdenum
concentrate,  molybdenum  calcine,  and  leach  samples  were
determined  using  an  X-ray  diffractometer  (Bruker  D8  AD-
VANCE  A25X,  German).  Scanning  electron  microscopy
(SEM, NOVA NANOSEM-450,  FEI,  USA) equipped with
an  energy  dispersive  spectrometer  (Octane  Pro,  USA)  was
used to examine the materials for microscopic morphology,
elemental  composition,  and  distribution.  Fourier  transform
infrared spectroscopy (FTIR, NICOLET IS10 Thermo Fish-
er Scientific, USA) was used to analyze the structure of func-
tional  groups  and  bond  vibrations  in  the  samples.  The  ele-
mental valence states in the samples were identified using X-
ray electron spectroscopy (XPS,  Thermo K-Alpha,  Thermo
Fisher  Scientific,  USA).  The  elemental  content  of  the
samples was determined using an inductively coupled plasma
emission  spectrometer  (ICP-OES,  Agilent  ICP-OES  730,
USA).

 3. Results and discussion
 3.1. Analysis of raw material

 3.1.1. Experimental material
The molybdenum concentrate used in this study was ana-

lyzed  by  X-ray  fluorescence  spectroscopy  (XRF)  for  its
chemical  composition  and  the  content  of  each  element.  As
shown  in Fig.  1(a),  the  main  elements  in  the  molybdenum
concentrate were Mo, S, Fe, Si, Al, Cu, and Ca, with the mass
percentage of Mo element being 62.17wt%. The XRD phys-
ical phase analysis of the molybdenum concentrate is shown
in Fig. 1(b). The analysis shows that the element Mo in the
molybdenum  concentrate  exists  in  the  forms  of  MoS2 and
MoO3, and the main form is MoS2, which is accompanied by
a small amount of SiO2 impurities.

Fig.  1(c)  and  (d)  shows  the  SEM analysis  results  of  the
molybdenum concentrate.  The  results  indicate  that  the  mo-
lybdenum concentrate has an overall morphology of irregu-
larly  shaped  and  unevenly  sized  lumps.  Holes  and  cracks
were observed on the ore surface, which are conducive to the
oxidation reaction. Fig. 1(e) shows the EDS characterization

F.J. Zhang et al., Preparation of sodium molybdate from molybdenum concentrate by microwave roasting and alkali ... 93



results  of  the  molybdenum  concentrate.  When  combined
with the XRD (Fig. 1(b)) analysis, the results show that MoS2

is  the  primary  component  of  the  molybdenum  concentrate,
with SiO2 and other minerals,  including elements of Fe,  Si,
Al, Cu, and Ca as impurities.
 3.1.2. Analysis of thermodynamic characteristics

Temperature is a crucial factor in thermodynamics. Ana-
lyzing the thermodynamic properties of the oxidation roast-
ing  of  molybdenum  concentrate  can  provide  a  theoretical
basis because temperature directly affects the quality of the
oxidation roast. Therefore, examining the standard Gibbs free
energy of the reaction and the dominant interval of each sub-
stance is essential.

Table  1 shows the  main  chemical  reactions  of  oxidation
roasting  of  molybdenum  concentrate.  The  standard  Gibbs

free energy for each reaction of oxidation roasting in the tem-
perature  range  of  0–1000°C is  negative  [31–32],  indicating
that  oxidation roasting is  thermodynamically  feasible  under
standard conditions. The oxidation roasting of molybdenum
concentrate mainly proceeds with the equation (1). Fig. 2(a)
shows that the standard Gibbs free energy of reaction (1) is
less than that of reactions (2), (4), (6), and (7) but larger than
that  of  reactions (3),  (5),  and (8).  This  finding supports  the
theory  that  reaction  (1)  reacts  more  than  reactions  (2),  (4),
(6),  and (7).  When the roasting environment is  low in oxy-
gen, reactions (3) and (5) tends to occur more than reaction
(1).  Therefore,  adequate  oxygen  should  be  maintained  dur-
ing the oxidation roasting process to ensure the occurrence of
reaction  (1)  and  inhibit  the  occurrence  of  reactions  (3)  and
(5).  The  temperature  required  for  the  oxidation  of  MoS2 is
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Fig. 1.    Molybdenum concentrate characterization: (a) XRF analysis; (b) XRD map; (c–e) SEM–EDS images.
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reached when the temperature exceeds 500°C, and the oxida-
tion  decomposition  of  the  molybdenum  concentrate  occurs
[18].  MoO3 has a melting point  of  795°C. Thus,  the oxida-
tion  roasting  range  for  this  experiment  was  550–750°C  to
achieve as much Mo content in the molybdenum calcine as
possible.

Fig. 2(b)–(f) shows the regional dominance diagram of the
Mo–O–S system at 550–750°C. The software HSC 6.0 was
used to generate the zone dominance plot. The graph reveals
that the area of stability interval of MoO3 increases and then
decreases  with  increasing  temperature  at  fixed  oxygen  par-
tial pressure P(O2) and sulfur dioxide partial pressure P(SO2).
By contrast, the amount of oxygen required for the oxidation
of  MoS2 to  produce  MoO3 gradually  increases  with  rising
temperature. The required partial pressure of oxygen is only
approximately 1.01 × 10−10.5 kPa at a temperature of 550°C
and increases to approximately 1.01 × 10−6.5 kPa at a temper-
ature of 750°C. Moreover, increasing the temperature is fa-
vorable to the formation of MoO3 based on the change in the
stable  interval  region  of  MoS2,  and  adequate  oxygen  is  re-
quired to maximize the conversion of MoS2 to MoO3.

 3.2. Effect  of  oxidation  roasting  on  the  preparation  of
Na2MoO4·2H2O by alkali leaching

 3.2.1. Influence of roasting temperature
Experiments  were  conducted  at  temperatures  ranging

from 550 to 750°C to examine the effect of different roasting
temperatures on the preparation of Na2MoO4·2H2O. The mo-
lybdenum  calcine  was  leached  at  room  temperature  for  60
min  using  2.5  mol/L  sodium hydroxide  in  a  liquid-to-solid
ratio of 2 mL/g.

Fig. 3(a) shows that the roasting temperature has a strong
influence  on  the  crystallization  ratio  of  MoO3 and  the  Mo
content in the molybdenum calcine. The crystallization ratio
of MoO3 and the Mo content in the molybdenum calcine in-
creased with the increase of temperature from 550 to 750°C.
This  trend  can  be  attributed  to  the  increase  in  MoO3 vapor
pressure  with  rising  temperatures  [33],  breaking  the  oxide
film and volatilizing MoO3.  The volatilized MoO3 exits  the
primary heat source and enters the nucleation zone, where it
condenses and crystallizes at  a maximum crystallization ra-
tio at  700°C. Simultaneously,  with an increase in temperat-
ure, the reaction rate would increase the conversion of addi-
tional MoS2, raising the Mo content in the molybdenum cal-
cine. At 750°C, owing to the high localized temperature, the
sintering of molybdenum concentrate at the bottom limits the
diffusion  of  oxygen  inside  the  sample,  resulting  in  insuffi-
cient oxidation roasting and a reduction in the Mo content of
the molybdenum calcine [34]. By contrast, when the roasting
temperature  was  750°C,  fewer  MoO3 needle-like  crystals
were  observed in  the  center  of  the  roasted  product  because
crystal formation starts when MoO3 leaves the molybdenum
concentrate.  As  MoO3 leaves  the  heat  source,  it  will  con-
dense into MoO3 crystals at the nucleation position due to the
low temperature [33]. When the temperature is too high, the
temperature at the nucleation position of MoO3 may not real-
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Table 1.    Main chemical reaction equations for the oxidation
roasting of molybdenum concentrate

No. Reaction
(1) MoS2 + 3.5O2(g) = MoO3 + 2SO2(g)
(2) MoS2 + 3O2(g) = MoO2 + 2SO2(g)
(3) MoS2 + 6MoO3(g) = 7MoO2 + 2SO2(g)
(4) MoO2 + 0.5O2(g) = MoO3

(5) MoS2 +27MoO3(g) = 7Mo4O11 + 2SO2(g)
(6) Mo4O11 + 0.5O2(g) = 4MoO3

(7) 2MoS2 +O2(g) = Mo2S3 + SO2(g)
(8) Mo2S3 + 5O2(g) = 2MoO2 + 3SO2(g)
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ize  the  condensation  condition,  resulting  in  a  slow  MoO3

crystallization ratio.
Fig.  3(b)  shows  the  XRD  spectrum  of  Na2MoO4·2H2O,

which demonstrates that the peak of Na2MoO4·2H2O gradu-
ally intensifies from 550 to 700°C. This observation is due to
the  higher  MoO2 content  in  molybdenum  calcine  at  low
roasting  temperatures  than  at  high  roasting  temperatures,
with  the  highest  MoO3 content  at  700°C.  When  combined
with Fig.  3(a),  the  oxidation  reaction  of  molybdenum  con-
centrate  at  a  roasting  temperature  of  700°C  is  highly  ad-
equate.  The  tendency  for  NaOH  alkali  leaching  improves
when the MoO3 content is high [35]. The amount of MoO3 in
molybdenum calcine reduces at 750°C due to insufficient ox-
idation  roasting,  which  resulted  in  poor  NaOH  leaching.
Therefore,  the  diffraction  peak  of  Na2MoO4·2H2O  slightly
weakens.  The  optimal  oxidation  roasting  temperature  was
determined to be 700°C based on the analysis.
 3.2.2. Influence of holding time

Different holding time have a substantial effect on the pre-
paration of Na2MoO4·2H2O. The effect  of different  holding
time  ranging  from  30  to  130  min  on  the  formation  of
Na2MoO4·2H2O was investigated by controlling the roasting
temperature  of  700°C  and  the  power-to-mass  ratio  of
110 W/g.

As  shown in Fig.  4(a),  the  crystallization  ratio  of  MoO3

and the Mo content in the molybdenum calcine steadily rise

with  the  holding  time  increasing  until  the  ideal  duration  of
110 min. Due to the excessively short holding time, a large
amount of MoS2 at the bottom of the sample does not react
completely. With the increase of holding time, enough oxy-
gen gradually enters the bottom of the sample,  the MoS2 is
fully oxidized.  The content  of  MoO3 was high at  a  holding
time of 110 min. The production of MoO2 in the sample may
open  the  structures,  increasing  the  rate  of  MoO3 volatiliza-
tion and crystallization in the nucleation sites. Therefore, the
crystallization ratio of MoO3 and the Mo content in the mo-
lybdenum calcine increased with the rising of holding time,
peaking at 110 min. The escaping of MoO3 vapor through the
cracks is responsible for the reduction in crystallization ratio
and Mo content at temperatures above 110°C.

Fig. 4(b) shows that XRD diffraction peaks of Na2MoO4·
2H2O  increase  and  strengthen  with  the  increase  in  holding
time from 30 to 110 min. This phenomenon could be attrib-
uted to the inadequate oxygen in the air, and MoS2 will react
with  O2 and  MoO3 to  generate  the  intermediate  product
MoO2 [33]. As the holding time increases, MoO2 will further
react  with  O2 to  generate  MoO3.  However,  alkali  leaching
prefers  the  presence  of  MoO3 over  MoO2.  NaOH preferen-
tially leaches MoO3 when MoO3 and MoO2 are present in the
molybdenum  calcine.  The  leaching  efficiency  of  NaOH  is
low when the MoO2 content is high [35]. The XRD diffrac-
tion peaks of Na2MoO4·2H2O weaken when the holding time
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increases to 130 min. Therefore, 110 min was chosen as the
optimal holding time.
 3.2.3. Influence of power-to-mass ratio

The effect of the power-to-mass ratio was assessed in the
range of 70 to 120 W/g to optimize the effect of this ratio on
the  preparation  of  Na2MoO4·2H2O. Fig.  5(a)  shows  that  in
the power-to-mass range of 70 to 80 W/g, the crystallization
ratio of  MoO3,  and the Mo content  in molybdenum calcine
decrease,  which can be attributed to the variance in the ex-
periment.  The  graph  shows  that  in  the  range  of  80  to  100
W/g,  with  the  microwave power increasing,  the  crystalliza-
tion ratio of MoO3 and the Mo content in the molybdenum
calcine generally increase, reaching a maximum at 100 W/g.
This  trend  demonstrates  that  oxidation  roasting  is  superior
when microwave power increases for a given mass. Molyb-
denum  concentrate  has  strong  dielectric  properties  and  can
effectively  absorb  microwave  energy.  The  strength  of  the
electric field increases with microwave power. The absorbed
microwave  power  per  unit  volume  is  proportional  to  the
square of the electric field strength. Therefore, the amount of
heat  generated  per  unit  volume  and  time  will  increase.  In-
creased  heating  encourages  oxidation  roasting,  raising  the
Mo content and the crystallization ratio of MoO3. However,
exceeding the optimal microwave power will  trigger sinter-
ing in the product. This phenomenon could be explained by
an increase in the heat absorbed by the molybdenum concen-
trate, which causes local overheating and sintering as well as
a reduction in the MoO3 content, lowering the crystallization
ratio of MoO3 and the Mo content of the molybdenum cal-
cine [36].

Fig. 5(b) shows the XRD diffraction pattern of Na2MoO4·
2H2O as influenced by different power-to-mass ratios. Com-
bined with the analysis in Fig. 5(a), as the microwave power
increases,  when  the  microwave  energy  passes  through  the
material,  the heat  generated due to dielectric loss increases,
the  molybdenum  concentrate  is  fully  oxidized  and  roasted,
and a high MoO3 content is generated by the reaction. There-
fore,  with the increase in  microwave power,  the Na2MoO4·
2H2O XRD peak gradually enhanced, with the highest peak
observed  at  100  W/g,  indicating  the  presence  of  the  most
fully  oxidized  molybdenum  concentrate  at  this  time.  The

XRD peak of leaching to produce Na2MoO4·2H2O weakens
as the microwave power continued to increase. Therefore, the
optimal power-to-mass ratio is 100 W/g.
 3.2.4. Discussion  of  the  effect  of  oxidation  roasting  on  the
preparation of Na2MoO4·2H2O by alkali leaching

The experimental analysis shows that the optimum roast-
ing conditions for the microwave oxidation roasting stage are
as  follows:  roasting  temperature  of  700°C,  holding  time  of
110 min, and power-to-mass ratio of 100 W/g.

Fig. 6 depicts XRD and SEM analyses of the roasted mo-
lybdenum calcine. Fig. 6(a) and (b) shows the XRD and EDS
analyses of molybdenum calcine, respectively, which prove
the complete conversion of MoS2 to MoO3. However, a few
impurities,  such  as  Fe2(MoO4)3,  SiO2,  and  other  impurities
containing  aluminum  elements,  are  observed  in  molyb-
denum calcine [37–38]. The formation of Fe2(MoO4)3 may be
due to the MoO3 generated at the bottom of the molybdenum
concentrate during roasting due to the excessively thick ma-
terial layer for crystal formation. Therefore, a small amount
of Fe2(MoO4)3 is  generated by reaction of MoO3 with iron-
containing  impurities  near  the  bottom  of  the  material. Fig.
6(c) and (d) shows the SEM morphologies of molybdenum
calcine at different magnifications. Fig. 6(c) reveals that mo-
lybdenum calcine has a loose and porous structure with sev-
eral plate-like MoO3 crystals and flake crystals attached to the
surface. The formation of flake crystals may be attributed to
the internal release of gaseous SO2 generated during the reac-
tion  of  the  molybdenum  concentrate.  The  large  amount  of
MoO3 on the surface of molybdenum calcine, as well as its
loose and porous structure, accelerates the reaction with sodi-
um hydroxide solution during the alkali leaching stage [39]
and allow sodium hydroxide to penetrate the interior of mo-
lybdenum  calcine,  increasing  and  promoting  contact.  The
surface scan results in Fig. 6(e)–(j) further demonstrate that
the main substance in the roasted product molybdenum cal-
cine is MoO3, which is uniformly distributed on the surface
of the molybdenum calcine. Impurities include Fe2(MoO4)3,
SiO2,  and  aluminum  element.  The  aluminum  elements  and
silicon elements are uniformly dispersed on the surface of the
fragments, while the iron elements are scattered sporadically
on the edge part of the fragments.
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 3.3. Effect  of  leaching parameters on the preparation of
Na2MoO4·2H2O

The leaching of  molybdenum calcine  using NaOH solu-
tion is a typical liquid–solid reaction. Therefore, the leaching
solution  concentration,  liquid-to-solid  ratio,  and  leaching
temperature are all key factors influencing the leaching reac-
tion [1]. The alkali leaching experiments were all performed
with  molybdenum calcine  produced  at  a  roasting  temperat-
ure  of  700°C,  a  holding  time  of  110  min,  and  a  power-to-
mass ratio of 100 W/g as raw material.
 3.3.1. Influence of NaOH concentration

The  effect  of  different  concentrations  of  NaOH solution
ranged from 2 to 4 mol/L on the leaching of Na2MoO4·2H2O,
with the other parameters remaining constant at a liquid-to-
solid ratio of 2 mL/g, a leaching temperature of 60°C, and a
solution termination pH of 9.

In this leaching experiment, NaOH concentration is one of
the  key  factors  affecting  the  leaching  experiment  [40].
Fig.  7(a)  shows  that  the  XRD  diffraction  peaks  of
Na2MoO4·2H2O were  the  highest  when  the  NaOH concen-
tration  was  2.5  mol/L.  The  XRD  diffraction  peaks  of
Na2MoO4·2H2O  gradually  decreased  when  the  NaOH  con-
centration increased from 2.5 to 4 mol/L. This phenomenon
is attributed to an increase in reaction rate as well as the mass
transfer  rate  with  increasing  concentration,  which  contrib-
utes to an increase in Mo recovery, represented in increased
Na2MoO4·2H2O [41]. However, as the NaOH concentration

continues  to  increase,  the  XRD  diffraction  peaks  of
Na2MoO4·2H2O  weaken  and  decrease,  indicating  that  the
leaching  activity  of  molybdenum  decreases  at  high  NaOH
concentrations [42]. This finding may also be due to the stoi-
chiometric limitation and the reaction of the high NaOH con-
centration with other metal impurities in the solution, result-
ing in a decrease in Mo content.

Fig. 7(b) shows that the highest leaching rate of Na2MoO4·
2H2O  was  83.1%  at  a  NaOH  concentration  of  2.5  mol/L.
Combined with Fig. 7(a), the optimal NaOH concentration is
2.5 mol/L.
 3.3.2. Influence of liquid-to-solid ratio

The  effect  of  a  liquid-to-solid  ratio  ranging  from  1  to
4  mL/g  on  the  leaching  of  Na2MoO4·2H2O  was  assessed
while maintaining the NaOH concentration at 2.5 mol/L, the
leaching  temperature  at  60°C,  and  the  solution  termination
pH at 9.

The results in Fig. 8(a) show that with the increase in the
liquid-to-solid  ratio,  the  XRD  diffraction  peaks  of
Na2MoO4·2H2O are the most and strongest  at  the liquid-to-
solid ratio of 2 mL/g, while the diffraction peaks weaken as
the liquid-to-solid ratio increases further. This finding is due
to the increase in the number of ions reacting with MoO3 in
the system and the large amount of solution surrounding the
surface of the solid particles when the liquid-to-solid ratio in-
creases, and the mass transfer area of liquid-solid phases in-
creases, which facilitates the diffusion of the reaction medi-
um and raise the leaching rate of Mo [43–45]. The aforemen-

 

(a) (b)

−1000

0

1000

2000

3000

4000

5000
In

te
ns

ity
 / 

co
un

ts

In
te

ns
ity

 / 
co

un
ts

♣—MoO3
♪ —MoO3(H2O)2
♠ —Fe2(MoO4)3
♦ —SiO2

♣

♣
♣

♣

♣

♪
♦♠♠ ♠

10 20 30 40 50 60 70 80
2θ / (°)

0 2 4 6 8 10
0

500

1000

1500

2000

2500

Energy / keV

Mo

Mo
Au

SiO

C
Mo Fe AuFe

Al

100 µm

(c) (e)(d)

200 µm 10 µm 50 µm 50 µm

50 µm50 µm50 µm50 µm

(f) Mo

(g) O (h) Si (i) Fe (j) Al

Fig. 6.    Characterization of molybdenum calcine: (a) XRD analysis; (b–d) SEM–EDS images of molybdenum calcine; (e–j) surface
scan analysis of molybdenum calcine.

98 Int. J. Miner. Metall. Mater. , Vol. 31 , No. 1 , Jan. 2024



tioned phenomenon also enhances the penetration of solution
into the interior of the solid particles [46–48] and increases
the  solubility  of  Mo  [35],  reaching  equilibrium  at  2  mL/g,
which is enough to dissolve the molybdenum in the molyb-
denum  calcine  [49].  The  XRD  diffraction  peaks  of
Na2MoO4·2H2O tended to  decrease  with  the  continuous  in-
crease in the liquid-to-solid ratio. Thus, increasing the liquid-
to-solid ratio might lead to the leaching of other metal ions
from the solution. Excess NaOH will react with other metal
ions in the solution, resulting in reduced Mo content.

Fig. 8(b) shows that the leaching rate of Na2MoO4·2H2O
increased with the rising of liquid-to-solid ratio from 1 to 2
mL/g. The leaching rate of Na2MoO4·2H2O was the highest
at a liquid-to-solid ratio of 2 mL/g, and continuously increas-
ing the liquid-to-solid ratio was unfavorable for the prepara-
tion of Na2MoO4·2H2O. Combined with Fig. 8(a), the results
further demonstrated that the liquid-to-solid ratio of 2 mL/g
has the highest leaching efficiency and is the most favorable
for  the  preparation  of  Na2MoO4·2H2O  by  leaching.  There-
fore,  the  optimal  condition  for  the  liquid-to-solid  ratio  is
2 mL/g.
 3.3.3. Influence of leaching temperature

The  effects  of  different  leaching  temperatures  ranging
from 20 to 80°C on the leaching of Na2MoO4·2H2O were in-
vestigated.  The NaOH concentration was  2.5  mol/L,  the  li-
quid-to-solid ratio was 2 mL/g, and the solution termination
pH was 9.

For chemical reactions, the reaction temperature has a re-
markably  strong  influence  on  how  completely  the  reaction
proceeds,  and  the  reaction  is  typically  expected  to  proceed
fully as the reaction temperature increases [50]. For this ex-
periment, as the leaching temperature increases, the percent-
age of dissolved solid particles increases, and low temperat-
ure  conditions  may  not  complete  the  efficient  leaching  of
molybdenum. Fig.  9(a)  shows  an  increase  in  the  XRD dif-
fraction  peak  of  Na2MoO4·2H2O  with  an  increase  in  the
leaching temperature until 60°C. On the one hand, the reac-
tion  equilibrium constant  is  affected  by  temperature,  which
increases with the reaction temperature.  Thus,  the chemical
reaction  proceeds  forward,  and  the  solubility  of  solid
particles increases. On the other hand, high temperatures are
conducive to mass transfer [51], and more molecules in solu-
tions with higher translational energy than activation energy
prompt an increase in reaction rate. The decrease of diffrac-
tion peak of Na2MoO4·2H2O at 80°C could be attributed to
the  substitution  reaction  of  OH− in  NaOH  solution  to  pro-
duce alcohol and acid due to the high temperature.

Fig.  9(b)  further  demonstrates  that  with  an  increase  in
leaching  temperature,  the  reaction  between  NaOH  solution
and MoO3 can be promoted. Consequently, the leaching rate
of Na2MoO4·2H2O increases and reaches its maximum value
at 60°C. Therefore, the optimal leaching temperature is 60°C.
 3.3.4. Influence of solution pH

In this experiment, adjusting the solution termination pH

 

10 20 30 40 50 60

0

1000

2000

3000

4000

5000

6000

7000

8000(a)

In
te

n
si

ty
 /

 c
o
u
n
ts

▼
▼ ▼ ▼▼ ▼ 2.0 mol/L

2.5 mol/L

3.0 mol/L

3.5 mol/L

4.0 mol/L

PDF#34-0076 

▼

▼

▼

▼

▼ ▼ ▼▼▼

▼ ▼ ▼▼▼

▼ ▼▼▼▼

▼ ▼ ▼▼▼

2.0

72.49

83.10

74.04

61.64

34.53

2.5 3.0 3.5 4.0

20

40

60

80

NaOH concentration / (mol·L−1)

L
ea

ch
in

g
 r

at
e 

/ 
%

2θ / (°)

(b)
▼ — Na2MoO4·2H2O

Fig. 7.    Effect of sodium hydroxide concentration on the preparation of Na2MoO4·2H2O: (a) XRD spectra of Na2MoO4·2H2O; (b) so-
dium molybdate leaching rate.

 

−1000

0

1000

2000

3000

4000

5000

6000

In
te

n
si

ty
 /

 c
o
u
n
ts

▼

▼

▼

1 mL/g

PDF#34-0076 

2 mL/g

3 mL/g

4 mL/g

▼ ▼ ▼▼
▼▼

▼

▼ ▼ ▼▼▼

▼

▼

▼

▼

▼▼▼

▼▼▼

1 2 3 4
0

20

40

60

80

Liquid-to-solid ratio / (mL·g−1)

So
di

um
 m

ol
yb

da
te

 le
ac

hi
ng

 ra
te

 /
 %

10 20 30 40 50 60

(a)

2θ / (°)

75.02
83.1

69.3 68.52

(b)
▼ — Na2MoO4·2H2O

Fig. 8.    Effect of liquid-to-solid ratio on the preparation of Na2MoO4·2H2O: (a) XRD spectra of Na2MoO4·2H2O; (b) sodium molyb-
date leaching rate.

F.J. Zhang et al., Preparation of sodium molybdate from molybdenum concentrate by microwave roasting and alkali ... 99



is a crucial step for the preparation of Na2MoO4·2H2O. The
effects of different solution pH ranging from 8 to 11 on the
leaching  of  Na2MoO4·2H2O  were  assessed,  with  the  other
parameters  remaining  at  the  NaOH  concentration  of  2.5
mol/L,  the liquid-to-solid ratio of  2 mL/g,  and the leaching
temperature of 60°C.

The pH of the solution affects the leaching of sodium mo-
lybdate. The solution contains a significant proportion of iron
elements, and the iron element impurities can simply be re-
moved by altering the solution pH to an alkaline condition.
The solution also contains some aluminum element impurit-
ies. Therefore, Na2CO3 was chosen to adjust the solution pH,
and the ionic reactions (9) and (10) show the reaction mech-
anism.
2Fe3++3CO2−

3 +3H2O = 2Fe(OH)3 ↓ +3CO2(g) (9)

2Al3++3CO2−
3 +3H2O = 2Al(OH)3 ↓ +3CO2(g) (10)

Fig.  10(a)  shows  impurities  in  the  unpurified  Na2MoO4·
2H2O under the same experimental  conditions.  The diffrac-
tion peaks of XRD are extremely weak, and many diffraction
peaks of Na2MoO4·2H2O do not appear obviously. After ad-
justing  the  pH,  pure  Na2MoO4·2H2O could  be  obtained,  as
evidenced by the strong XRD diffraction peaks. With the in-
crease  in  solution  pH,  the  XRD  diffraction  peaks  of
Na2MoO4·2H2O  gradually  weakened.  The  XRD  diffraction
peaks of Na2MoO4·2H2O at pH 8 were the strongest and most
numerous.

Fig. 10(b) shows a maximum leaching rate of 96.24% in

Na2MoO4·2H2O when the solution termination pH is 8. This
finding further proves that the increase in solution pH is not
conducive  to  the  purification  of  Na2MoO4·2H2O. This  phe-
nomenon  may  be  due  to  the  enhanced  leaching  of  other
metal  impurities  with  the  increase  in  solution  alkalinity.
Therefore, the optimal pH for solution leaching is 8.
 3.3.5. Content of sodium molybdate

Under optimal experimental conditions, the mass fraction
of  molybdenum  and  sodium  elements  in  the  samples  was
tested  by  ICP-OES.  The  content  of  sodium molybdate  was
calculated using the following formula:

ω1 = ω2+ω3+

(
m×ω2

M2
×6

)
M3+

(
m×ω2

M2
×4

)
M4 (11)

ω1 ω2

ω3

M2

M3

M4

m

where  is the mass fraction of sodium molybdate,  is the
mass  fraction  of  the  molybdenum  element,  is  the  mass
fraction of sodium element,  is the relative atomic mass of
the molybdenum element,  is the relative atomic mass of
the oxygen element,  is the relative atomic mass of the hy-
drogen element, and  is the mass of sodium molybdate. Un-
der  optimal  conditions,  the content  of  sodium molybdate  is
94.08wt% from formula (11).

 3.4. Characterization

 3.4.1. Scanning electron microscope analysis
Fig. 11 shows SEM results of Na2MoO4·2H2O. It reveals

that Na2MoO4·2H2O is irregularly shaped and unevenly sized
with  smooth  surfaces  and  loosely  packed  together  to  form
fragments. The EDS and surface scan results are in accord-
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ance with  the  expectation,  containing only  Mo,  O,  and Na,
and the elements are densely and uniformly dispersed on the
entire fragment surface.

Fig.  12 shows  the  SEM–EDS analysis  results  of  impure
Na2MoO4·2H2O. Fig.  12(a)  reveals  that  the  impure
Na2MoO4·2H2O is a particle with an uneven and rough sur-
face. The particles are loosely stacked together by flakes and
strips of crystals of different sizes. This morphology provides
favorable conditions for alkali leaching to remove impurities
because the uneven surface can increase the contact area with
the  Na2CO3 solution,  favoring  enhanced  leaching  rate.  The
EDS results shown in Fig. 12(c) indicate that the contained
elements are mainly Mo, O, and Na, and the remaining small
amounts  of  Al  and Fe elements  are  impurities.  The surface
scan results further prove that the unpurified Na2MoO4·2H2O
is accompanied by impurities of Al and Fe elements. The dis-
tribution of elements Mo, O, and Na is  uniform and dense,
and impurities of Al and Fe elements are also uniformly dis-
tributed on the surface of the particles.

Fig. 13 shows the SEM–EDS analysis results of the alkali-
leached slag and impurity slag. Fig. 13(a) shows the alkali-
leached slag. Na2MoO4·2H2O crystals were found on the sur-
face of alkali-leached slag,  which was consistent  with EDS
results.  EDS  results  show  that  the  alkali-leached  slag  con-
tains many Na2MoO4·2H2O and SiO2, as well as some Fe, Al,
Cu, and Ca elements, which are consistent with the results of
XRF and EDS (Fig. 1) analyses of the molybdenum concen-
trate. SEM results show the rough and irregular morphology
of alkali-leached slag, suggesting that molybdenum calcine is
dissolved during leaching [52]. NaOH solution can remove a
large amount of SiO2 impurities from molybdenum calcine.
SiO2 dissolves  in  a  hot  concentrated  strong  alkali  solution,
and impurities in SiO2 can be successfully eliminated by con-
trolling  the  concentration  of  NaOH  solution  and  leaching
temperature.  Elements such as Fe,  Al,  Cu,  and Ca can also
form precipitates that remain in the alkali-leached slag dur-
ing the alkali leaching process.

Fig. 13(b) shows the SEM–EDS analysis of the impurity

slag, which has a lumpy structure with a smooth surface and
a small amount of Na2MoO4·2H2O. The EDS results reveal
that the impurity slag contains elements Mo, O, Na, Fe, and
Al.  This  finding  proves  that  sodium  carbonate  can  effect-
ively  remove  impurities  such  as  Fe  and  Al  elements.  This
phenomenon is due to the reaction with sodium carbonate to
form  Fe(OH)3 and  Al(OH)3 precipitation,  which  are  separ-
ated from the Na2MoO4·2H2O solution in the form of precip-
itate and left in the impurity slag.
 3.4.2. FTIR analysis

2−
4

Fig.  14 shows  the  FTIR  spectroscopy  results  of
Na2MoO4·2H2O  used  to  determine  the  molecular  structure
and  chemical  composition  of  the  substances. Fig.  14(a)  re-
veals the FTIR spectrum of Na2MoO4·2H2O. The presence of
sodium is demonstrated by the characteristic peak at 1364.66
cm−1.  The  very  strong  stretching  and  weak  bending  vibra-
tions of Mo–O in MoO  are at 831.81–899.54 and 546.35–
642.47 cm−1,  respectively.  The O–H bond in the water mo-
lecules  is  responsible  for  the  characteristic  peak at  3304.73
cm−1 in the high wave number region [31,53–54]. Fig. 14(b)
shows the FTIR spectrum of impure Na2MoO4·2H2O, which
reveals  the  presence  of  the  sodium  characteristic  peak,
demonstrating  a  faint  Mo–O  bond  stretching  vibration  at
832.18  cm−1.  The  absence  of  the  impurity  Fe  characteristic
peak in the spectrum is most likely due to its low content. In
addition to the characteristic absorption peaks of sodium and
Mo–O. Fig. 14(c) shows the FTIR spectrum of alkali-leached
slag and the presence of overtone bands of Fe–O at 1067.57
cm−1,  where  the  peaks at  796.53 and 466.55 cm−1 are  sym-
metric  stretching and bending vibrations  of  the  Si–O bond,
respectively. Fig. 14(d) shows the FTIR spectrum of impur-
ity slag, which proves the characteristic absorption peaks of
Fe–OH bonds in Fe(OH)3 at 1387.35 and 468.46 cm−1 [55].
This finding shows that pH adjustment by sodium carbonate
can effectively remove iron impurities.
 3.4.3. XPS analysis

XPS  techniques  were  used  to  investigate  the  elemental
composition and elemental valence of Na2MoO4·2H2O. The
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data  were  fitted  using  Avantage,  and  the  fitting  results  are
shown in Fig. 15. In Fig. 15(a), the full spectrum shows all
peaks of Mo, O, Na, and C. With the exception of C, all three
elements (Mo, O, and Na) are derived from sodium molybd-
ate,  demonstrating  its  presence. Fig.  15(b)  shows  the  spec-
trum of Mo 3d, from which the fitted peaks of Mo 3d3/2 and

Mo 3d5/2 correspond to binding energies of 235.3 and 232.2
eV, respectively, indicating that the molybdenum in sodium
molybdate is Mo6+. Fig.  15(c) shows the spectrum of O 1s,
which was fitted to two different peaks corresponding to oxy-
gen vacancy (OV) and lattice oxygen (OL) [56]. In addition,
the OV and OL correspond to binding energies of 531.9 and
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530.2 eV, respectively. Only one sodium component (Na 1s)
was fitted with a binding energy of 1070.8 eV. The XPS res-

ults show that the leached product is Na2MoO4·2H2O, which
is consistent with the predicted and other analytical results.
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 4. Conclusions

As an environmentally  friendly  and economical  process,
the present work introduces a microwave-based clean pyro-
metallurgical  hydrometallurgical  process  for  the  production
of  sodium  molybdate  through  three  main  processes:  mi-
crowave  roasting  of  the  molybdenum concentrate,  leaching
with  sodium  hydroxide,  and  decontamination  with  sodium
carbonate solution. The main findings are as follows.

(1)  Thermodynamic  analysis  shows that  oxidation  roast-
ing  is  thermodynamically  feasible,  demonstrating  a  domin-
ant reaction of MoS2 + 3.5O2(g) = MoO3 + 2SO2(g). The map
of the dominant  region of  the Mo–O–S system reveals  that
the temperature increase favors the formation of MoO3, while
sufficient oxygen should be ensured to drive the MoS2 reac-
tion to completion.

(2)  The  optimal  conditions  for  molybdenum  recovery
from  molybdenum  concentrate  using  microwave  oxidation
roasting  of  molybdenum  concentrate  included  a  roasting
temperature  of  700°C,  a  holding  time  of  110  min,  and  a
power-to-mass ratio of 110 W/g.

(3)  The  optimal  alkali  leaching  conditions  were  determ-
ined to be a NaOH concentration of 2.5 mol/L, a liquid-to-
solid ratio of 2 mL/g, a leaching temperature of 60°C, and a
terminated solution at pH 8. Under these conditions, the Na-
OH  solution  penetrates  through  the  pores  of  the  molyb-
denum calcine, completing the liquid–solid reaction and res-
ulting the leaching rate of sodium molybdate of 96.24% and
the content of 94.08wt%.

(4) Impurities such as iron and aluminum elements were
efficiently eliminated via precipitation by adjusting the pH of
the  solution  using  sodium carbonate.  The  solution  pH of  8
was  found  to  remove  impurities  effectively  based  on  the
characterization  of  the  sodium  molybdate,  alkali-leached
slag, and impurity slag.

This  study  used  microwave  metallurgy  to  overcome  the
shortcomings of traditional metallurgical processes and gen-
erate high-purity sodium molybdate,  harnessing the advant-
ages of microwave metallurgy and providing new ideas for
the future of metallurgy and sodium molybdate production.
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