
Rare Metal Materials and Engineering 

Volume 49, Issue 1, January 2020 
Available online at www.rmme.ac.cn 

 
 
Cite this article as: Rare Metal Materials and Engineering, 2020, 49(1): 0048-0058. 

 

               
Received date: January 17, 2019 

Foundation item: Shaanxi Science and Technology Coordination Innovation Project Plan (2015KTZDGY09-01); Shaanxi Provincial Department of Education Spe-

cial Scientific Research Project (17JK0439); Xi’an University of Architecture and Technology Youth Science and Technology Fund (QN1316) 

Corresponding Author: Yang Shuangping, Ph. D., Professor, School of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, P. 

R. China, Tel: 0086-29-82202923, E-mail: wmxauat@163.com 

Copyright © 2020, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved. 

ARTICLE 
 

Science Press 

 

Preparation of Low-sulphur Molybdenum Oxide by Micro-

wave-activated Pre-calcination of Molybdenite  

Wang Miao1,2,    Yang Shuangping1,2,    Guo Shuanquan1,    Cao Shuanwei1,    He Kai3 
 
1
 Xi’an University of Architecture and Technology, Xi’an 710055, China；2

 Research Center of Metallurgical Engineering and Technology 

of Shaanxi Province, Xi’an 710055, China；3
 Jinduicheng Molybdenum Co., Ltd, Xi’an 710077, China 

 

 

Abstract: Effect of microwave power, irradiation time and mass quantity on molybdenite activation desulfurization after 

microwave-activated pre-calcination treatment was studied; unreacted shrinkage nucleus model of gas-solid heterogeneous 

reaction was adopted to study reaction kinetics. Results show that molybdenite concentrate can absorb microwave well, and 

optimum desulfurization effect is obtained with 0.64 kW microwave irradiation of 30 g molybdenite for 6 min, and the relative 

sulphur content was reduced by 65.47% in contrast with traditional oxidizing roasting; the oxidation of molybdenite is a highly 

exothermic reaction with a faster oxidation rate at higher temperatures; the conversion rate is obviously increased at 

540~630 °C with interfacial chemical reaction as a rate controlling step. The effect of microwave activation prior to 

conventional oxidative roasting was tested and verified. As for industrial applications, a short-time activated calcination 

pretreatment can be used to assist conventional oxidative roasting.  

 

Key words: molybdenite; microwave activation; activated pre-calcination; low-sulphur molybdenum oxide; unreacted shrin-
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Molybdenum resources in China account for 25% of the 

world’s total reserves 
[1-3]

, of which about 99% exists as 

molybdenite 
[4]

. Traditional hydrometallurgy extraction 

process is constrained by leaching costs and equipment 

problems 
[5-16]

; pyrometallurgical process is usually pre-

ceded by oxidative roasting, desulfurization and conversion 

to molybdenum trioxide followed by ammonia leaching, 

while problems such as recovery rate, environmental pollu-

tion, and poor economic benefit of off-gas acid production 

exist 
[17-19]

. Residual sulphur content of molybdenum tri-

oxide (molybdenum calcine) is a key evaluation index that 

affects subsequent molybdenum yield and quality of various 

products 
[20]

. 

Conventional heating transfers heat from the hotter ex-

ternal region to the cooler internal region by radiation, 

conduction and convection. The heating rate between vari-

ous minerals is basically the same and temperature differ-

ence between each component is not obvious. Microwave 

heating depends on the direct absorption of electromagnetic 

energy by materials and heat is generated within it. Heat 

transfer takes place from the hotter core to the cooler sur-

faces 
[21]

. Due to the selective heating of microwaves and 

the effective generation of heat inside the material 
[22,23]

, 

different components can be effectively dissociated at lower 

temperatures and react faster at higher temperatures. 

Therefore, microwave heating finds applications in various 

fields due to its high heating rates, reduced processing time 

and significant energy saving, and has been widely used for 

auxiliary crushing, leaching, roasting, drying, heat reduc-

tion, and impurity removal 
[24-34]

. 

In order to solve the problems of difficulty in tempera-

ture control and sinterability, and poor oxidation perfor-

mance in molybdenite roasting by traditional multi-hearth 

furnaces, the emphasis of this study is the novel application 

of molybdenite microwave pretreatment. The effects of 

conventional oxidative roasting and microwave 
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pre-calcination for molybdenum desulphurization treatment 

were comparatively studied, and the “activation” effect was 

verified. 

1 Experiment 

Molybdenite used in the experiment was gray lead color 

and metallic luster (chemical composition is presented in 

Table 1). 

Molybdenum content was 52.21 wt% and sulphur content 

was 34.83 wt%, and gangue components were SiO2, CaO, 

MgO and Cu, Pb, etc. It can be seen from XRD pattern in 

Fig.1 that molybdenum mainly exists in the form of MoS2, 

and the crystal lattice is a standard layered structure
[35-37]

 

(SEM image and structural diagram in Fig.1) with complete 

dissociated surface, similar to the morphology of graphite 

which has distinct lamellar, scaly, and finely dispersed par-

ticles, and the particle size is in the range of tens to hun-

dreds of microns. 

Microwave activated roasting experiments were per-

formed in the equipment (MKX-R1C1C microwave chemi-

cal synthesizer, Fig.2). N2 was used as shielding gas. After 

activation pretreatment, the sample was roasted in a high 

temperature resistance furnace at 600 °C for 2 h with a 

heating rate from 10 K/min to 30 K/min. The inactivated 

route only adopts a high temperature resistance furnace as 

comparison, and the sample No. is M-0 in the following 

paper. STA409PC integrated thermal analyzer produced by 

German Chico was adopted for TG/DSC analysis. The cal-

cination effect was characterized by the residual sulphur 

content (measured by carbon-sulphur analyzer) and effec-

tive oxidation rate. 

For the reaction kinetic analysis, the dried molybdenite 

sample was heated from room temperature to 700 °C in air 

at heating rates of 5, 10, and 15 K/min. The effective oxi-

dation rate of molybdenite was described by the ratio of the 

molybdenum content in molybdenum calcine to the total 

molybdenum content in molybdenite. 

 

Table 1  Chemical composition of molybdenite (wt%) 

Mo S Cu Pb WO3 Bi C K Fe SiO2 CaO MgO 

52.21 34.83 0.11 0.09 0.10 0.05 0.40 0.09 0.33 5.20 1.70 4.89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD pattern and SEM image of molybdenite 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Schematic diagram of microwave activation equipment 

2 Results and Discussion 

2.1  Effect of microwave-activated pre-calcination  

2.1.1  Irradiation power 

The sulphur content of 30 g molybdenum calcine at 0, 

0.4, 0.48, 0.56, and 0.64 kW is plotted in Fig.3. It can be 

seen that the sulphur content gradually decreases with in-

creasing the microwave output power, and is far lower than 

that of sample M-0. Among them, the sulphur content of 

P-640 with microwave radiation power of 0.64 kW is 

0.135%, and that of M-0 is relatively decreased by 65.47%. 

Microwave heating has penetrability property. Energy 

absorbed by the material during the propagation of elec-

tromagnetic wave from the surface of the sample to the in-

terior can be expressed by Eq.(1) 
[38]

, 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Sulphur content of molybdenum calcine versus microwave 

irradiation power
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(1) 

where f, ε0, ε", tgδ, E and V represent the electromagnetic 

wave frequency, dielectric constant in vacuum, loss factor, 

tangent of dielectric loss, material internal electric field 

strength, and sample volume, respectively. 

As can be seen from Eq.(1), when the electromagnetic 

wave frequency and the material volume are fixed, the mi-

crowave electric field intensity increases as the microwave 

output power increases, which is the direct energy absorp-

tion of the microwave material. Therefore the effect of the 

microwave activation on the pretreatment of the molybde-

num calcine is even greater to significantly increase the 

reactivity and the oxidation degree of molybdenum in the 

subsequent oxidation roasting. The residual sulphur content 

of the molybdenum calcine sand can be reduced as a final 

result. 

2.1.2  Material mass 

The sulfur mass of 30, 50, 70, and 100 g molybdenite ir-

radiated by 0.56 kW microwave power are plotted in Fig.4. 

It can be seen that the sulphur content gradually increases 

with increasing the mass, and is far lower than that of sam-

ple M-0. Among them, the sulphur content of G-30 sample 

with a mass of 30 g is 0.192%, decreased by 50.8% com-

pared to that of M-0. 

In microwave field, the relationship between the material 

temperature increase rate and its mass is as follows 
[39]

: 

2

0

P P

2πd

d

fε ε ET P
= =

τ ρVc mc


                     (2) 

where P and cp represent the power obtained by absorbing 

materials per unit volume and specific heat capacity, re-

spectively. 

The material continuously absorbs microwave energy and 

then converts it into heat, which gradually attenuates the 

energy carried by the microwave. The penetration depth Dp 

of microwave in material is defined as the distance where 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Sulphur content of molybdenum calcine versus sulphur  

mass 

the energy is the 1/e times of the original value to the sur-

face after the microwave enters the material, which can be 

expressed by Eq.(3): 

1

2

0 eff
p 1 1

2 2
D

 





  
    

    
               (3) 

where λ0 is the electromagnetic wavelength in vacuum. 

From Eq.(2, 3), it can be seen that the material volume 

increases with increasing mass, so does the attenuation of 

energy penetrating in microwave field, thereby weakening 

the microwave activation effect and temperature increase 

rate, and leading to an increase in residual sulphur, as 

shown in Fig.4. 

2.1.3  Irradiation time 

The sulfur mass of 30 g molybdenite irradiated by mi-

crowave power of 0.56 kW for 0, 3, 6, 9 and 12 min are 

plotted in Fig.5. 

It can be seen that the sulphur content gradually de-

creases with prolonging the irradiation time, and is far 

lower than that of sample M-0. Among them, the sulphur 

content of sample T-12 after microwave-activated 

pre-calcination for 9 min is 0.156%, which is relatively 

decreased by 55.2% compared to inactivated sample M-0. 

This is because when the microwave output power and 

the material volume are fixed, the energy absorbed by the 

material is increased with the microwave radiation time,  

and the effect of microwave activation is enhanced, 

which leads to an increase in residual sulphur, as shown 

in Fig.5. 

2.1.4  Structure and morphology change by micro-

wave-activated pre-calcination 

Specific surface area change versus microwave activation 

time and enlarged SEM images are shown in Fig.6 and 

Fig.7, respectively. 

As can be seen from Fig.6 and Fig.7, the specific surface area 

of molybdenum calcine gradually increases with prolonging 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Sulphur content of molybdenum calcine versus microwave  

irradiation time 
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Fig.6  Effect of microwave activation time on specific surface 

area and surface morphologies of molybdenum calcine 

 

the microwave-activated calcination time, and surface 

morphology of microwave activated molybdenum calcine 

becomes loose and porous and particle size changes ob-

viously. In microwave field, MoS2, as the main component 

of molybdenite, has a strong wave absorbing ability, which 

leads to a significant heating effect with high temperature 

rising rate (demonstrated further in the following part 

shown in Fig.9), while gangue components such as SiO2 

and CaO hardly absorb microwaves. Each component of 

molybdenite can be heated in a short time with different 

heating rates. Therefore, thermal stress between the internal 

components of molybdenite will be caused and when it 

reaches a certain level, interfacial cracks will appear be-

tween different components 
[40]

, and further crack propaga-

tion will promote the monomer dissociation of MoS2, the-

reby increasing the specific surface area of molybdenite. As 

can be seen from Fig.6, the specific surface area of T-12 

molybdenum calcine treated by microwave-activated 

pre-calcination for 12 min treated higher than that of M-0, 

with increase of 14.2 times. The lamellar structure of mo-

lybdenite is dissociated and more small-sized debris appear 

without external forces in microwave field. This means that 

microwave activation can improve the dynamic conditions 

of molybdenite oxidation roasting process. 

From Fig.7, it can be seen that the microwave activation 

does not change the layered structure of the molybdenite 

itself, because of the hexagonal plate shape and extremely 

complete dissociation surface structure of molybdenite 

which enable the surface sliding when it is subjected to ex-

ternal forces 
[41]

. Further changes of structure rarely happen 

because the connection between the layers is very strong 

Van der Waals forces rather than chemical bond. As a result, 

the size of lamellar structure of molybdenum calcine de-

creases when it is exposed to microwave radiation, and 

more scaly structure appears on the surface without minor 

appearance change but dynamic condition is improved. 

The comparison of the (002) and (008) crystal surface 

peaks of the molybdenum calcine of microwave activated 

and inactivated samples is shown in Fig.8. The lattice con-

stant, average grain size and microscopic strain of samples 

are shown in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Enlarged SEM image of microwave activated molybdenum calcine for 0 min (a), 3 min (b), 6 min (c), and 9 min (d) 
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Fig.8  XRD patters of (002) (a) and (008) (b) crystal plane of samples with different irradiation time  

 

Table 2  Lattice constant, average grain size and microscopic strain of molybdenum ore before and after microwave activation  

Irradiation time/min a=b/nm c/nm α=β/(°) γ/(°) Lattice volume/nm
3
 D/nm ε/% 

0 0.31659 1.23142 90 120 0.10689 86.9 0 

3 0.31646 1.23156 90 120 0.10681 79.1 0.104 

6 0.31644 1.23055 90 120 0.10672 74.0 0.119 

9 0.31640 1.22947 90 120 0.10662 72.4 0.148 

 

As can be seen from Fig.8, with the extension of the mi-

crowave activation time, the area surrounded by the (002) 

crystal plane peak and the (008) crystal plane peak of the 

molybdenite gradually decreases. Moreover, the intense 

energy released by microwave radiation impacts molybde-

nite in a short time, and it results in a lattice distortion of 

MoS2, which is the main component of molybdenite. From 

Table 2, it can be seen that the values of a, b, and c of MoS2 

slightly decrease, the corresponding unit cell volume and 

crystallite size decrease, and the microscopic strain slightly 

increases with prolonging the microwave activation time. 

The dissociation effect and activation effect of microwave 

on molybdenite are illustrated. 

2.2  Temperature rising characteristic of molybde-

nite in microwave field 

The temperature rise characteristic of 40 g molybdenite 

in a microwave field of 0.56 kW is shown in Fig.9. The 

whole process can be divided into four stages according to 

the change of the heating rate shown in Table 3. 

It can be seen that molybdenite has a rapid heating rate in 

the microwave field compared with in conventional heating 

equipment, and the temperature of the material increases 

significantly with prolonging the radiation time. 

As for molybdenite, where MoS2 exists as a main com-

ponent, since the anion S
2-

 has a large ionic radius, it is eas-

ily polarized by other cations. When combined with other 

metal cations to form a mineral, they are easily polarized 

and thus the minerals and compounds containing Mo
4+

 have 

a faster heating rate 
[42]

. Macroscopically, the microwave 

absorbing ability of MoS2 is much stronger than that of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Temperature rise characteristic in microwave field 

 

gangue, so local temperature difference and thermal stress 

will appear under microwave irradiation conditions, which 

will be beneficial for the dissociation of minerals and fur-

ther increase the reaction area of MoS2 involved in the oxi-

dation reaction. In addition, the dissociation of minerals and 

the occurrence of cracks are beneficial to the escape of the 

product SO2, which improves the oxidation effect and re-

duces the residual sulfur content of the final molybdenum 

oxide product. 

2.3  Mass loss characteristics of molybdenite in mi-

crowave field 

TG curve of molybdenite of microwave activated and 

inactivated sample with a heating rate of 5 °C/min and an 

oxygen concentration of 20% is shown in Fig.10. 
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Table 3  Temperature rise stage of molybdenite 

Stage 
Temperature 

range/°C 

Heating 

rate/°C ·min
-1

 
Major feature description 

Ⅰ RT~116 12.1 
Material drying and  

dissociation 

Ⅱ ~560 59.2 

Dramatic temperature increase 

reaches the oxidation reaction 

temperature and emitting heat: 

2MoS2(s)+7O2 

=2MoO3(s)+4SO2(g)+995.1J 

Ⅲ ~761 10.0 
Stable temperature rise and 

continuous oxidation stage 

Ⅳ ~850 3.1 Stable heat preservation stage 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  TG curves of molybdenite 

 

It can be seen that the peak temperature of the TG curve 

is almost unaffected by microwave-activated 

pre-calcination, and is lower than 450 °C, and four curves 

with different microwave activation time are basically 

overlapped; when oxidation reaction begins especially after 

heating up to the rapid oxidation stage (stage II in Fig.9 and 

Table 3), the microwave-activated effect is evident, and ob-

vious differences of mass loss can be seen in Fig.10. When 

the temperature exceeds 500 °C, the mass loss rate of mo-

lybdenite and slope of TG curve increase with prolonging 

the microwave pretreatment time (i.e., MoS2 is continuous-

ly converted into MoO3 during this stage), which indicates 

that the reaction speed of microwave activated molybdenum 

calcine roasting is significantly faster than that of conven-

tional roasting. 

In microwave field, the phenomenon of molecular pola-

rization causes free energy exchange between microwave 

radiation energy absorbed by the molecule and its average 

kinetic energy, which results in a decrease in the activation 

energy of the reaction and a faster reaction rate; at the same 

time, the microwave has a higher vibration frequency, and it 

is likely to be close to the natural vibration frequency of the 

heating body molecule or the inherent vibration frequency 

of the chemical bond, which may cause the breaking  

Table 4  Standard Gibbs free energy and reaction equilibrium 

constant for molar reaction of molybdenite oxidation 

roasting 

T/°C ΔG/kJ·mol
-1

 K 

300 950.67 4.64×10
86

 

350 939.16 5.57×10
78

 

400 927.63 1.00×10
72

 

450 916.09 1.54×10
66

 

500 904.51 1.33×10
61

 

550 892.97 4.76×10
56

 

600 881.39 5.48×10
52

 

650 869.86 1.69×10
49

 

 

of different chemical bonds in the molecule when the mi-

crowave causes vibration of the molecule, thereby increas-

ing the reactivity
[43-47]

. After the activation pretreatment, the 

specific surface area and the microscopic strain of the mo-

lybdenum calcine increase, the average grain size decreases, 

and the surface morphology becomes looser, which effec-

tively increases the reaction area with oxygen and improves 

the reaction kinetics, so the reaction rate and the desulfuri-

zation effect are significantly improved as a final result. 

3 Thermodynamic and Reaction Kinetic 

Analysis 

3.1  Roasting thermodynamic analysis 

The reaction of microwave oxidation roasting of molyb-

denite, standard Gibbs free energy and chemical reaction 

equilibrium constant (K) can be described by Eq.(4~7). The 

standard molar reaction Gibbs free energy and chemical 

reaction equilibrium constant of the reaction at 300~650 °C 

can be calculated and are shown in Table 4. 

       2 2 3 2MoS s +3.5O g MoO s +2SO g               (4) 
3 2

0

T 6 3

256870 14.67 lg 5.4 10
4.18

0.62 10 13.87

T T T
rG

T T





    
        

    (5) 

0

T lnrG RT K                                  (6) 

mln
rH

K C
RT


                                 (7) 

where R is the molar gas constant. 

The chemical reaction equilibrium constant (K) of mo-

lybdenite oxidation roasting is large, and this reaction can 

be regarded as an irreversible reaction according to Table 4. 

A very large equilibrium constant ensures that this reaction 

proceeds smoothly with a small partial pressure of oxygen. 

According to Van’t Hoff’s isostatic equation shown in 

Eq.(7), the enthalpy change in the oxidation reaction of 

molybdenite can be calculated. Equilibrium constants at 

different temperatures are plotted as lnK versus 1/T, as 

shown in Fig.11, and linear regression is performed using 

the least-squares method. 
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The ΔHm of the oxidation reaction calculated from the 

slope of the straight line in the figure is 1048.5 kJ/mol, 

indicating that the oxidation of molybdenite is a strongly 

exothermic process. 

3.2  Roasting reaction kinetic analysis 

3.2.1  Effect of temperature on the oxidation rate 

The molybdenite was calcined at temperatures of 350, 

400, 450, 500, 540, 580, 600, and 630 °C. The changes in 

the effective oxidation rates of molybdenite at different 

temperatures and time are shown in Fig.12. 

It can be seen that the effective oxidation rate increases 

significantly with increasing the calcination temperature 

and calcination time, and its average increasing rate is 7% 

from 350 °C to 540 °C; when the calcination temperature is 

increased from 540 °C to 580 °C, the effective oxidation 

rate increases significantly. Taking roasting for 20 min as an 

example, the effective oxidation rate increases from 30% to 

62% at temperature ranging from 540 °C to 580 °C, and the 

increase rate of the effective oxidation rate is kept at 100% 

when continuously prolonging the calcination time; when 

the calcination temperature is increased from 600 °C to 

630 °C, the increase rate of the effective oxidation rate does 

n o t 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Relationship between lnK and 1/T of molybdenite    

oxidation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Effect of temperature and time on molybdenite oxidation 

efficiency  

change much, from 62% to 65%, basically kept in a level of 

roasting for 20 min; after roasting for 50 min, the oxidation 

rate is 82%~92%, and with longer roasting time, the effec-

tive oxidation rate remains stable. In addition, it can also be 

seen from the figure that the effective oxidation rate 

changes significantly from 20 min to 80 min at each tem-

perature, while the effective oxidation rate does not in 

crease significantly after 90 min and the effective oxidation 

rate of molybdenite at 350 °C to 500 °C is lower than at 

higher temperatures. The effective oxidation rate of mo-

lybdenite is only 44% when calcined at 500 °C for 120 min, 

while that is 91% and 92% when calcined at 580 °C for 120 

min and 630 °C for 120 min, respectively. 

Cross-sectional SEM images of the oxide film of the 

molybdenite calcine at different temperatures are shown in 

Fig.13. 

It can be seen that at lower reaction temperature (350, 

400, 450, and 500 °C), a dense oxidation products is ob-

served on the molybdenum surface, which seriously im-

pedes the diffusion of O2 and SO2, the effective oxidation 

and the final amount of residual sulphur. Morphology of 

oxidation product changes significantly to a slender and 

disperse form at temperature higher than 500 °C, which is 

conducive to the improvement of the kinetics of the 

gas-solid reaction process, and the ultimate oxidation rate, 

and final effective oxidation rate increases. The SEM re-

sults are in good agreement with the results of the calcina-

tion experiment and consistent with the results in the 

Ref.[5]. 

3.2.2  Kinetic analysis of oxidation of molybdenite 

Oxidized calcination can be regarded as a gas-solid reac-

tion between solid molybdenite and oxygen. According to 

the unreacted nuclear model of gas-solid reaction shown in 

Fig.14, it can be seen
 [48]

 that oxide product will cover the 

molybdenite at reaction temperatures, hindering the diffu-

sion of reactant O2 and the escape of product SO2. The oxi-

dation process of molybdenite can be described as the fol-

lowing stages: (a) the mass transfer of oxygen to the surface 

of molybdenite to provide oxygen for the oxidation process; 

(b) the oxygen transfer under the molybdenite atomic force 

field and diffusion to the reaction interface by internal dif-

fusion; (c) an interfacial chemical reaction of the adsorbed 

oxygen with molybdenite to form molybdenum oxide and 

SO2; (d) product SO2 transfer through the reaction interface 

and the solid phase product layer to the outside space by in-

ternal diffusion, external diffusion and mass transfer. The 

slowest stages of the above will be the rate controlling step 

of molybdenite oxidation process. 

Assuming that molybdenite is a spherical particle with 

uniform particle size and surface activity, the size of the 

solid sample is hardly changed during the reaction. Ac-

cording to the gas-solid unreacted shrinkage nuclear model, 

when reaction is controlled by mass transfer (transfer of 
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Fig.13  Morphologies of oxidation products of molybdenite at 450 °C (a), 500 °C (b), 540 °C (c), 580 °C (d), 600 °C (e), and 630 °C (f) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14  Schematic diagram of unreacted nuclear model of mo-

lybdenum oxidation process under microwave irradiation 

 

gaseous reactants or products), interfacial chemical reac-

tions, internal diffusion and out-diffusion, the effective 

oxidation rate and the oxidation time should satisfy the li-

near function of the characteristics shown in Eq.(8~11). So, 

the relationship of measured data and the linear function 

can be examined to tell the rate controlling step. 

The effective oxidation rates of molybdenite at different 

temperatures were substituted into above four equations and 

plotted versus time, and the linear regression analysis was 

performed using the least squares method. Taking 450 and 

540 °C as examples, the results are shown in Fig.15 and 

Fig.16, respectively. 

F(x)=kt=x                                    (8) 

F(x)=kt=1－(1－x)
1/3

                           (9) 

F(x)=kt=1+2(1－x)－3(1－x)
2/3

                 (10) 

F(x)=kt=x+(1－x)ln(1－x)                     (11) 

From Fig.15a, the linear correlation coefficient between 

the characteristic function Eq.(10) and time t is the largest 

at 450 °C, indicating that the oxidation process of molyb-

denite is controlled by internal diffusion at 450 °C. From 

Fig.15b, the linear correlation coefficient between the cha-

racteristic function Eq.(9) and time t at 540 °C is the largest, 
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which indicates that the molybdenite oxidation process is 

controlled by the interface chemical reaction at 540 °C. 

Similarly, the correlation coefficient of each characte-

ristic equation at different temperatures can be obtained. 

The linear correlation coefficient of the characteristic 

function Eq.(10) is bigger than that of Eq.(8, 9, 11) at 

350 °C to 500 °C, which indicates that the oxidation 

process of molybdenite at this stage is controlled by in-

ternal diffusion; the linear correlation coefficient of the 

characteristic function Eq.(9) is bigger than that of Eq.(8, 

10, 11) at 540~630 °C, which indicates that the oxidation 

process of molybdenite at this stage is controlled by the 

interface chemical reaction. 

In order to obtain the kinetic parameters of molybdenite 

oxidation and to analyze the mechanism of oxidation reac-

tion, the effective oxidation rate of molybdenite at 

350~500 °C was substituted into the characteristic function 

Eq.(10) of the diffusion control model, and the effective 

oxidation rate of molybdenum at 540~630 °C was substi-

tuted into the characteristic function Eq.(9) of the interface 

chemical reaction control model. Results are shown in 

Fig.16 and Fig.17 by plotting characteristic function F(x) 

against time t and the linear regression analysis of the cha-

racteristic function against time by the least square method. 

From Fig.16 and Fig.17, it can be seen that the effective 

oxidation rate of molybdenite coincides with the calcination 

time in line and the linear relationship shown in Eq.(10) and 

Eq.(9) at 350~500 °C and 540~630 °C, respectively. The 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig.15  Relationship between F(x) and t at 450 °C (a) 540 °C (b) 

apparent reaction rate constant k at different temperatures 

can be easily obtained from the slope of the straight line, as 

shown in Table 5. According to Table 5, the apparent reac-

tion rate constant at 540~630 °C is ten times greater than 

that at 350~500 °C, which means that with the increase of 

temperature, the mechanism of oxidation reaction of mo-

lybdenite is changed under the conditions of present study. 

From the apparent rate constants at different tempera-

tures shown above, and according to the Arrhenius equation 

Eq.(12), the apparent reaction activation energy of the mo-

lybdenite oxidation reaction controlled by internal diffusion 

and interface chemical reaction can be calculated. 

aln ln
E

k A
RT

                              (12) 

where k, Ea, T and A represent the apparent reaction rate 

constant, apparent reaction activation energy, absolute 

temperature, and pre-factor, respectively. 

The lnk against 1/T at different temperatures was plotted, 

and linear regression was performed using the least squares 

method. The analysis results are shown in Fig.18 and 

Fig.19.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16  Relationship between F(x) in Eq.(10) and time t at 

350~500 °C 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig.17  Relationship between F(x) in Eq.(9) and time t at 

540~630 °C 
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According to the slope of the straight line in Fig.18 and 

Fig.19, the activation energy at 350~500 and 540~630 °C 

can be calculated to be 80.14 and 90.42 kJ/mol, respectively, 

which indicates the differences of reaction mechanism at 

the two temperature range. 

 

Table 5  Reaction rate constants k at different temperatures 

T/°C k/×10
-4 

min T/ °C k/×10
-3 

min 

350 0.422 540 3.040 

400 2.03 580 5.510 

450 5.42 600 8.170 

500 9.14 630 11.22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.18  Arrhenius plot at 350~500 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.19  Arrhenius plot at 540~630 °C 

 

4 Conclusions 

1) The microwave-activated pre-calcination treatment of 

molybdenite before conventional oxidative roasting is ex-

perimentally realized and verified. The optimal desulfuriza-

tion effect can be obtained with microwave power of 0.64 

kW irradiation on 30 g molybdenite for 6 min. The sulphur 

content is decreased by 65.47% relatively. 

2) Microwave activation does not change the layered 

structure of the molybdenite itself but enhances the dissoci-

ation effect, which improves the dynamic conditions of 

molybdenite oxidation roasting process. 

3) Microwave irradiation promotes the deep oxidation 

process at temperatures above 500 °C for oxidative roasting, 

accelerating the mass loss rate and reaction rate at this 

stage. 

4) The molybdenite oxidation roasting is an irreversible 

strong exothermic reaction, so the higher the temperature, 

the faster the oxidation rate; the rate controlling factor for 

the roasting reaction at 350~500 °C is internal diffusion, 

and it is the chemical reaction rate at 540~630 °C. 
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微波活化焙烧辉钼矿生产低硫氧化钼 

 

王  苗 1,2，杨双平 1,2，郭栓全 1，曹栓伟 1，何 凯 3
 

(1. 西安建筑科技大学，陕西 西安 710055) 

(2. 陕西省冶金工程技术研究中心，陕西 西安 710055) 

(3. 金堆城钼业股份有限公司，陕西 西安 710077) 

 

摘  要：对比研究了微波功率、作用时间及物料质量对辉钼矿预活化焙烧后的脱硫效果的影响，并采用气-固多相反应的未反应收

缩核模型研究了辉钼矿氧化焙烧的动力学。结果表明，辉钼矿的吸波性能良好，在微波功率0.64 kW、物料质量30 g、微波作用6 min

的条件下，微波可比常规处理方式显著降低硫含量0.256%；辉钼矿氧化焙烧是强放热反应，温度越高，辉钼矿氧化速率越快；540~ 

630 ℃时转化率明显增高，界面化学反应是控制性环节。微波对于辉钼矿在常规氧化焙烧之前的活化作用已得到试验验证，若应

用于工业生产，可采用短时间活化焙烧预处理来辅助常规的氧化焙烧。  

关键词：辉钼矿；微波活化；预活化焙烧；低硫氧化钼；未反应核模型 
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