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Mechanochemical effects on the molybdenite roasting kinetics
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Abstract

The kinetics of molybdenite roasting was studied by non-isothermal TGA-DTA with heating rate 10°Cmin~!. Mechanical activation of
molybdenite was accomplished via milling in a planetary mill under air atmosphere. Mechanical activation decreased the ignition temperature of
reaction from 470 to 180 °C after 36 h of milling. The model-fitting kinetic approach has been applied to TGA data. The reaction mechanism for
non-activated molybdenite was determined to be chemically controlled with E = 34.25 kcal mol~' and A =2 x 10% s~!. In the activated molybdenite
the reaction mechanism changed to diffusion control with E=60.55kcalmol~' and A=6 x 10" s~
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1. Introduction
1.1. Mechanical activation

Mechanical activation of solid substances is one of the com-
ponents of modern scientific disciplines of mechanochemistry.
At present, mechanochemistry appears to be a science with a
sound theoretical foundation which exhibits a wide range of
potential application [1]. The process involves prolonged milling
to produce finely ground particles with increase in lattice strain
and lattice defects that increase the molar Gibbs free energy of
milled particles and exhibit enhanced reaction rates [2].

The literature on the subject is quite extensive and several
review articles have appeared summarizing the earlier studies.
Fox [3] has given historical overview of this subject. In another
review Lin and Nadiv [4] discussed the mechonochemical phe-
nomena in polymorphic phase transformation and synthesis
of inorganic solids and alloys. Butyagin [5] has given a brief
review in the foundation of mechanochemistry as an indepen-
dent branch of chemical science.

In the field of extractive metallurgy many works have been
carried out on the sulfidic concentrates [1]. Hu et al. [6] inves-
tigated the effect of mechanical activation of molybdenite by
studying the structural changes of non-activated and mechani-
cally activated molybdenite. In this study the effect of mechan-
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ical activation on the temperature and kinetics of molybdenite
oxidation was studied.

1.2. Molybdenite oxidation

The starting material for all pyro-processes of Molybdenum
is the molybdenite concentrate. Almost all molybdenite con-
centrate are first Subjected to roasting to yield technical grade
molybdic oxide which forms the basic raw material for all
commercially used products of molybdenum. The roasting of
molybdenite concentrate involves a number of chemical reac-
tions [7]. In the main reaction molybdenite reacts rapidly and
exothermically with oxygen and yields molybdenum trioxide

MoS; 4 3.502 = MoOs3 4250, (1)

The change in the standard free energy of the oxidized roasting
of molybdenite is given by the following equation [8]

AG® (calmol™") = —256870 4 14.67T log T — 5.4 x 10737
+0.62 x 107°7% + 13.8T

Equilibrium constant of the reaction at 400 and 600 °C are
1.18 x 1072 and 6.21 x 10°2, respectively. It is observed that the
equilibrium constant is very large and the reaction of the oxi-
dized roasting of molybdenite is considered in practice to be an
irreversible one and takes place even at very low concentration
of oxygen. There is another reaction that leads to the formation
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Nomenclature

A pre-exponential factor (s~ 1)
E, activation energy (kcal mol~')
fla) differential reaction model

g() integral reaction model
k(T)  rate constant (s~1)

p(x) exponential integral

r radius of particle (cm)

R gas constant (1.987 cal mol~ ! K1)
T temperature

T mean experimental temperature

t time (s)

Greek letters

o extent of reaction

B heating rate (K min~1)

of molybdenum dioxide
MoS; 4+ 30, - MoO; + 250, 2)

Since molybdenum dioxide is practically insoluble in ammonia
water, in order to decrease the MoQ; fraction and avoid sinter-
ing it is necessary to carry out roasting at low temperature. The
mechanical activation of minerals makes it possible to reduce
their decomposition temperature or causes such a degree of dis-
ordering that the thermal activation may be omitted entirely. In
this process the complex influence of surface and bulk proper-
ties occur. The mineral activation leads to a positive influence
on the reaction kinetics. At present it is not known whether the
kinetics of heterogeneous reaction is determined by the contact
area, the structure of mineral or both. The required modification
of the structure can be achieved by mechanical activation of the
mineral, typically by intensive grinding. The breaking of bonds
in the crystalline lattice of the mineral brings about a decrease
in activation energy and an increase in the rate of reaction.

1.3. Rate law and kinetics analysis

The kinetics of molybdenite oxidation can be studied by ther-
mogravimetry method. In most of the reported TGA studies the
temperature of sample was linearly increased.

The rate of a solid state reaction can be generally described
by

da

i k(T) f () 3)

Integration of the above equation gives the integral rate law
g(a) = kt “

Several reaction models [9] using flor) or g(«) are listed in
Table 1. The explicit temperature dependence of the rate con-
stant is introduced by replacing k(7) with the Arrhenius equation

which gives

da _a —E, 5
3 - Aer (RT) Sf() Q)
And

=A —Ea 6
gla) = eXP<RT>l (6)

where A (the pre-exponential factor) and E (activation energy)
are the Arrhenius parameters. The Arrhenius parameters
together with the reaction model are sometimes called the kinet-
ics triplet. Under non-isothermal conditions in which a sample
heated at a constant rate, the explicit temporal in Eq. (5) is elim-
inated through the trivial transformation

da A —E,
— = —exp
a7~ B RT

) fle) (N
Upon integration Eq. (7) gives
A T
gl@) == / el /KD a7 ®)
B Jo

If E,/RT is replaced by x and integration limits transformed Eq.
(8) becomes,

AE, [*e™*
gle) = 2T /)C §ey dx ©)
Eq. (9) can be written as

AE,
gla) = RT p(x) (10)

The p(x) has no analytical solution but has many approximations
[10]. Kinetics parameters can be obtained from non-isothermal
rate laws by both model-fitting and isoconversional (model-free)
methods [11,12]. Model-fitting methods involve fitting different
models to a-temperature curves and simultaneously determining
the activation energy (E) and frequency factor (A). There are
several non-isothermal model-fitting methods. One of the most
popular being the Coats and Redfern method [13]. This method
utilizes the asymptotic series expansion for approximating the
exponential integral in Eq. (10) giving

1ng(°‘)=1n{AR (1—2RT>}—EZ‘ (11)
T2 BE, E, RT

Plotting the left hand side of Eq. (11), which includes the model
g(a) versus 1/T gives E, and A from the slope and intercept,
respectively. The model that gives the best linear fit is selected
as the chosen model.

2. Experimental

This research was carried out with molybdenite samples from
the Sarcheshmeh Copper industries in Iran with 0.99 m? g~!
specific surface area and particle size in the range of 60—80 pm.
The chemical composition of the studied molybdenite is Mo:
55.9%, Cu: 1.1%, S: 39%

Mechanical activation was accomplished via milling in a FP2
planetary mill under air atmosphere using a 20:1 charge ratio
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Table 1
Solid state reaction rate models
Reaction model fla) 8(e)
Nucleation models

1. Power law 403 ol

2. Power law 3?3 ol

3. Power law 2a172 al”?

4. Avrami-Erofeev 4(1 — a)[—In(1 — )P [—In(1 — a)]¥4

5. Avrami-Erofeev 3(1 — a)[—In(1 — a)]*? [~In(1 — )]

6. Avrami—Erofeev 2(1 — o)[—In(1 — a)]'? [—In(1 — e)]¥2
Diffusion models

7. One-dimensional diffusion 1/2)e ! o?

8. Diffusion control (janders) 20 —a)?P1—(1—a)'P1—1 [1—(1—a)P)?

9. Diffusion control (crank) G —a)~ B 177! 1— Q2R3 —(1—a)
Reaction order and geometrical contraction models

10. Mampel (first order) l—«a —In(1 — )

11. Second order (1—w)? (1—a) =1

12. Contracting cylinder 2(1 —a)'? 1—(1—-a)'?

13. Contracting sphere 3(1 —a)?? 1—-(1—-w)'A

(the mass of grinding media to mass of concentrate) and a filling
factor of 0.3 (volume of charge/volume of mill). The milling
media used was stainless steel vial and balls of 20 mm diameter.
The grinding times up to 36 h examined. The specific surface
area was measured by BET method by using a Micromeritics
Gemini instrument.

A Mettler Tuledu Star System was used for simultane-
ous TGA-DTA studies. Experiments were performed under
non-isothermal condition at programmed linear heating rate of
10°Cmin~". The initial weight of samples was 36 mg. Oxygen
flowing was used for molybdenite oxidation and flow rate was
maintained at 50 ml min~!.

The starting material and products were analyzed by employ-
ing Philips X-pert X-ray diffractometer with PW 2273 tube and
Cu Ka radiation with scan rate 0.04°s~!. A LEO scanning
electron microscope was used to study the shape and size of
particles.

3. Results and discussion

Fig. 1 shows XRD patterns of unmilled (as received) and
activated concentrate in different times. Mechanical activa-
tion causes the decrease in intensity of diffraction lines, the
shift in diffraction lines and the diffraction line broadening.
The decrease in intensity of diffraction lines is the result of
decrease in crystalline phase. The shift in diffraction lines
is due to uniform strain. The X-ray diffraction line profile
obtained in a diffractometer is broadened due to instrumen-
tal and physical (crystallite size and lattice strain) factors.
The intensity of (00/) (I=2, 6, 8, 10) planes show more
change with mechanical activation. This indicated that the flaky
structure of molybdenite distorted during mechanical activa-
tion.

The effect of milling time on the specific surface of molyb-
denite is represented in Fig. 2. In this case the specific adsorption
surface reaches the maximum at 5 h milling and afterwards its
value decreases to a constant value. This decrease is due to for-
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Fig. 1. XRD patterns of unmilled (as received) and activated concentrate in
different times.

mation of Agglomerates. Similar trend of the specific adsorption
surface was reported for chalcopyrite [14].

Figs. 3 and 4 show TGA and DTA curves for oxidation of
molybdenite concentrate unmilled and milled at different times.

—_— e e e
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Fig. 2. Specific adsorption surface of molybdenite concentrate vs. milling time.
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Fig. 3. TGA curves for non-isothermal oxidation of molybdenite concentrate
unmilled and milled at different times.

As seen from these curves the oxidation of molybdenite is char-
acterized by exothermic peak in the DTA curves. Mechanical
activation shifts the peak temperature at 470 to 308 °C and
180 °C after 5 and 36 h milling, respectively. The corresponding
TGA curves in Fig. 3 also show a shift in onset temperature of
the process accompanied by a high mass decrease. The TGA
curves show a mass increase at the end stage of oxidation. This
increase is due to oxidation of MoO; to MoOs3. So we have
some MoO, formation during molybdenite oxidation. Accord-
ing to stoichiometric reactions the percent of mass decrease for
complete oxidation of MoS, to MoO3 and/or MoO> is 10% and
20%, respectively. If we consider the mass of sample at igni-
tion temperature as wo, the percent of mass decrease in different
samples will be 11-12%. This indicates that most of MoS; has
been oxidized to MoOs3. Fig. 5 shows the XRD pattern of TGA
product at the end stage of mass decreasing and represent that
almost all product is MoOs.

Using the TGA data the extent of reaction was calculated by
the following equation

o= 20T (12)
Bwyg
2
i
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Fig. 4. DTA curves for non-isothermal oxidation of molybdenite concentrate
unmilled and milled at different times.
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Fig. 5. XRD pattern of TGA product at the end stage of mass decreasing.

where wo and w, are the masses of the sample initially and
at time ¢, respectively, and B is the fraction of weight loss for
complete oxidation of MoS;. In this study the weight of TGA
sample at 470 °C (for unmilled sample) and at 308 and 180 °C
(for milled samples) is considered as wq. Fig. 6 illustrates the
variation of « versus time after ignition of reaction for milled
and unmilled samples.

It seems that milling of sample for 5 h changed the mechanism
and reaction rate but prolongation of milling time after 5 h has not
reasonable effect on the kinetics of oxidation. Also prolongation
of milling time decreases the ignition temperature of reaction.

By inserting various g(«) into Eq. (11) Arrhenius parameters
were determined from the plot In g(cr)/T? against 7!,

The set of Arrhenius parameters for molybdenite oxidation
in the unmilled and 5 h milled samples are shown in Table 2.

From the view point of pre-exponential factors for the solid
state reactions the theoretical values are 100-10'8 s—1, [15].

In Table 2 all nucleation models (1-6) have very small pre-
exponential factors indicating that these models cannot explain
the reaction mechanism.

For the remaining models the goodness of fit is customar-
ily estimated by a coefficient of linear correlation, r. A single
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Fig. 6. Variation of extent of oxidation vs. time after ignition of reaction for
milled and unmilled samples.
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Table 2

Arrhenius parameters for non-isothermal oxidation of molybdenite for unmilled and 5 h milled samples

69

Model Unmilled sample 5h milled sample
E (kcal mol~!) A —r E (kcal mol~!) A —r
1 8 425 0.9235 3.34 0.0411 0.8768
2 9.2 17.5 0.9145 5.1 1.08 0.9194
3 15.7 1.75 0.9015 9.08 4.88 0.9271
4 6.48 2.81 0.9264 11.5 141 0.9321
5 9.56 23.73 0.9084 14.07 583 0.9605
6 15.73 1.68 x 103 0.9321 22.23 8.9 x 10° 0.9916
7 70.3 3.05 % 1018 0.9421 43.49 3.62 x 1013 0.9480
8 74 4% 10" 0.9361 60.55 6 x 10Y 0.9862
9 70 5.6 x 1017 0.9325 61.52 3.49 x 10 0.9761
10 37 4.1 x 10" 0.9994 46.97 2.03 x 1015 0.9925
11 35.39 1.03 x 10° 0.9993 93.9 1.03 x 1022 0.9124
12 35.7 4x108 0.9993 31.33 9.68 x 108 0.9783
13 34.25 2x 108 0.9994 35.96 3.98 x 1010 0.9853

pair of E and A is then commonly chosen as that correspond-
ing to a reaction model that gives rise to the maximum absolute
value of the correlation coefficient, |rpax| [16—19]. As seen from
Table 2 all reaction models for oxidation of unmilled and milled
molybdenite have correlation coefficient greater than 0.9. This
popular routine ignores the fact that the correlation coefficient
is subject to random fluctuations, and its uncertainty must be
taken into account in the form of confidence limits. Within these
limits, all models are equally probable. Thus, we use the Arrhe-
nius parameters listed in Table 2 to predict variation of o versus
time using models 7-13 in non-isothermal condition and com-
pare these data with experimental data. Fig. 7 shows prediction
of non-isothermal oxidation kinetics of unmilled molybdenite
with experimental data obtained from TGA curve. The resulting
values of « in Fig. 6 and experimental o allows the contracting
sphere model (number 13) to be identified as the best descrip-
tion for non-isothermal oxidation of molybdenite for reaction
extent less than 0.6. The corresponding Arrhenius parameters are
E=34.25kcalmol~! and A =2 x 108 s~!. This value is equal to
Abdel-Rehim work [10] in the isothermal oxidation of molyb-
denite at 450 °C.
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Fig. 7. Modeling of non-isothermal oxidation kinetics of unmilled molybdenite
with experimental data obtained from TGA curve.
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Fig. 8. SEM micrograph of unmilled molybdenite concentrate at 480 °C.

For « greater than 0.6 a mixed control mechanism of models
12 and 13 has the best fit with experimental data. Both of
these models are chemically controlled mechanism for two
different shapes of particles. Figs. 8 and 9 show micrograph

Fig. 9. SEM micrograph of TGA product at 480 °C.
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Fig. 10. Modeling of non-isothermal oxidation kinetics of 5 h milled molybden-
ite with experimental data obtained from TGA curve.

of unmilled molybdenite concentrate and TGA product at
480°C, respectively. As seen from these micrographs, by
increasing in the temperature molybdic oxide crystallizes
to polyhedral and acicular shapes that growth directionally.
This phenomenon changes the particles shape. Directional
crystallization of MoOj3 could remove oxide layer from the
surface of MoS; particles, thus by increasing in the reaction
extent the mechanism of oxidation do not change to diffusion
control.

Fig. 10 shows modeling of non-isothermal oxidation kinetics
of 5h milled molybdenite with experimental data obtained
from TGA curve. The resulting values of « in Fig. 10 and
experimental o allows the diffusion control model (number
8) to be identified as the best description for non-isothermal
oxidation of activated molybdenite for the reaction extent
less than 0.6. The corresponding Arrhenius parameters are
E=60.55kcalmol~! and A=6 x 10'°s~!. The reason for the
existence of this mechanism at the beginning stage of oxidation
is that during milling of molybdenite concentrate a thin and
condensed film of molybdenum oxide forms on the surface

Fig. 11. SEM micrograph of TGA product at 350 °C (36 h milled molybdenite).

of molybdenite particles. Thus in the next oxidation process
oxygen must diffuse through this oxide layer and react with
MoS;. Increasing the reaction extent and temperature, and
directional crystallization of MoO3 causes porosity and cracks
formation in the particles. Thus a dense oxide layer will be
changed to a porous layer and this affects the reaction mecha-
nism. Fig. 11 shows crystallization and delaminating of oxide
layer and formation of porosity in TGA product of 36 h milled
molybdenite. In activated samples for extent of reaction greater
than 0.6 the reaction mechanism changed. It seems that at the
reaction extent greater than 0.7 a mixed mechanism of diffusion
(model 8) and chemical control (model 13) has the best fit with
experimental data. It can be seen that in the activated samples
both the activation energy and pre-exponential factor increased
and the reaction rate is faster than unmilled sample. The reason
for the increase in the reaction rate is that in the heterogeneous
reactions, when the reaction is chemically controlled, the rate is
proportional to 7~! and when the reaction mechanism is diffu-
sion control the rate is proportional to 7~2. The primary effect
of mechanical activation is comminution of particles which
reduces the r and increases the reaction surface and reaction
rate.

4. Conclusion

Mechanical activation of molybdenite causes the decrease
in intensity of diffraction lines, the shift in diffraction lines
and the diffraction line broadening. Mechanical activation
decreases the ignition temperature of reaction from 470 to
180 °C after 36 h milling. The model-fitting kinetic approach of
TGA data showed that the reaction mechanism for non-activated
molybdenite is chemical control with E=34.25 kcalmol~! and
A=2 x 108 s~!In the activated molybdenite the reaction mech-
anism changed to diffusion control with E=60.55 kcal mol~!
and A=6x 10"9s71,
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