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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.
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Molybdenum resources in China account for 25% of the
world’s total reserves % of which about 99% exists as
molybdenite ™. Traditional hydrometallurgy extraction
process is constrained by leaching costs and equipment
problems ) 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 "% Residual sulphur content of molybdenum tri-
oxide (molybdenum calcine) is a key evaluation index that
affects subsequent molybdenum yield and quality of various
products !,

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
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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 . Due to the selective heating of microwaves and
the effective generation of heat inside the material >,
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 2434,

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 SiO,, CaO,
MgO and Cu, Pb, etc. It can be seen from XRD pattern in
Fig.1 that molybdenum mainly exists in the form of MoS,,
and the crystal lattice is a standard layered structure®*="!
(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). N, 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%o)

Mo S Cu Pb WO3 Bi

C K Fe SiO; 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
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Fig.1 XRD pattern and SEM image of molybdenite
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Fig.2 Schematic diagram of microwave activation equipment

2 Results and Discussion

2.1 Effect of microwave-activated pre-calcination
2.1.1 lrradiation 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) %,
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Fig.3 Sulphur content of molybdenum calcine versus microwave
irradiation power
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where f, &, &", tgo, 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 %
dT _ P _ 2nfee'E’ @)
dr  pVc, mc,

where P and ¢, 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 D,
of microwave in material is defined as the distance where
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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
g” 2

Dp :%ﬁ{ 1+(?ﬁfj —l:| (3)
where 4, 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
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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, MoS,, 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 SiO,
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 ““!, and further crack propaga-
tion will promote the monomer dissociation of MoS,, 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 Y. 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 a=pI(9 yI(9 Lattice volume/nm?® D/nm el%
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 o
molybdenite gradually decreases. Moreover, the intense 800+ IV .__~°'°O'°'°' 854"C
energy released by microwave radiation impacts molybde- o il o o 7 T8L°C
nite in a short time, and it results in a lattice distortion of s 600F 260 °C
MoS,, which is the main component of molybdenite. From % I J
Table 2, it can be seen that the values of a, b, and ¢ of MoS, é 400+ I ./
slightly decrease, the corresponding unit cell volume and s |
crystallite size decrease, and the microscopic strain slightly 200 ;’,,7.116 o
increases with prolonging the microwave activation time. 0 - ‘ ‘ ‘

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 MoS, exists as a main com-
ponent, since the anion S* 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** have
a faster heating rate “?. Macroscopically, the microwave
absorbing ability of MoS, is much stronger than that of

0 10 20 30 40 50 60 70
Holding Time/min

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 MoS, 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 SO,, 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

Table 4 Standard Gibbs free energy and reaction equilibrium

. Temperature  Heating ) o constant for molar reaction of molybdenite oxidation
age range/ T rate/C min’ Major feature description roasting
Material drying and T AG/kJ mol ™ K
I RT~116 12.1 L
dissociation 300 -950.67 4.64>10%
Dramatic temperature increase 350 —939.16 5.57x10"®
reaches the oxidation reaction 400 _927.63 1.00%1072
I ~560 59.2 temperature and emitting heat: 450 _016.00 1545405
2Mo0S;(s)+70;
=2M0Os(s)+4S05(g)+995.1J 500 —904.51 133-40"
m 761 10.0 Stable temperature rise and 550 —892.97 4.76><lozz
continuous oxidation stage 600 -881.39 5.48x10
I\ ~850 3.1 Stable heat preservation stage 650 -869.86 1.69%10%
Microwave iradiation e of different chemical bonds in the molecule when the mi-
100 - aoq0en crowave causes vibration of the molecule, thereby increas-
ol ing the reactivity!**"]. After the activation pretreatment, the
. specific surface area and the microscopic strain of the mo-
S 96| MoS:+7/20,=M00,+250, lybdenum calcine increase, the average grain size decreases,
% and the surface morphology becomes looser, which effec-
§ 94r tively increases the reaction area with oxygen and improves
9l o the reaction Kinetics, so the reaction rate and the desulfuri-
8 zation effect are significantly improved as a final result.

90 L L L H
0 100 200 300 400 500 600 7O
Temperature/°C

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 Il 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., MoS, is continuous-
ly converted into MoO; 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

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.

MoS, (s)+3.50, (g) — MoO, (s)+2S0, (g) 4)

0 —256870+14.67T IgT —5.4x10°T?
ArG? =4.18x (5)
+0.62x10°T* +13.87T
ArG? =—RT InK (6)
K =—AMHs ¢ @)

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 InK versus 1/T, as
shown in Fig.11, and linear regression is performed using
the least-squares method.
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The AH,, 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 0 t
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Fig.11 Relationship between InK and 1/T of molybdenite
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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 O, and SO,, 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* that oxide product will cover the
molybdenite at reaction temperatures, hindering the diffu-
sion of reactant O, and the escape of product SO,. 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
SO,; (d) product SO, 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 <T (e), and 630 T (f)

Film of MoO;

Film of MoO;

Reaction
interface

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)"? (9)
F(x)=kt=1+2(1—x) —3(1—x)*? (10)
F(x)=kt=x+(1—x)In(1—x) (172)

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 <T 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 <€ 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
Eqg.(9) at 350~500 <C and 540~630 <C, respectively. The

0.35} = R’=0.96503 2
e R’=0.97310
0.30F a R%=0.99256
05| Y R=098388
__020f
=
t015r Ea(9)
0.10+
%
005y M
Eq.(10)
000 n 1 1 1 1
15 30 45 60 75 920
0.7F = R2=0.97367 ab
2_
o6l * R2—0.99474
4 R%=0.98476
05r v R2=0.98238
04}
3
L o3t Eq.(11)
0.2+
0.1}
0.0

t/min

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

E
Ink=——2+InA
RT (12)

where k, E,, T and A represent the apparent reaction rate
constant, apparent reaction activation energy, absolute
temperature, and pre-factor, respectively.

The Ink 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.

t/min

Fig.16 Relationship between F(x) in EQ.(10) and time t at
350~500 T
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Fig.17 Relationship between F(x) in EQ.(9) and time t at

540~630 T
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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 Kk at different temperatures

TI<T k/>10™* min T/ T k/><10" 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
70+ =
_75 L
-80}F
85 R?=0.95948
L8
fo
= 9.0}
95}
-10.0} -

_105 1 1 1 1 1 L L
125 1.30 1.35 1.40 1.45 150 155 1.60 1.65
TYx10°K*

Fig.18 Arrhenius plot at 350~500 C

R°=0.97494

_60 L L L L L L
1.10 1.12 114 116 118 120 1.22 1.24
TYX10°K*

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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