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Abstract: The effects of Ca-based additives on roasting properties of low-grade molybdenum concentrate were studied. The results
show that calcium-based additives can react with molybdenum concentrate to form CaSO, and CaMoO,. The initial oxidation
temperature of MoS,; is 450 °C, while the formation of CaMo0QO, and CaSO, occurs above 500 °C. The whole calcification reactions
are nearly completed between 600 and 650 °C. However, raising the temperature further helps for the formation of CaMoO, but is
disadvantageous to sulfur fixing rate and molybdenum retention rate. Calcification efficiency of Ca-based additives follows the
order: Ca(OH),>Ca0O>CaCOj;. With increasing the dosage of Ca(OH),, the molybdenum retention rate and sulfur-fixing rate rise, but
excessive dosages would consume more acid during leaching process. The appropriate mass ratio of Ca(OH), to molybdenum
concentrate is 1:1. When roasted at 650 °C for 90 min, the molybdenum retention rate and the sulfur-fixing rate of low-grade
molybdenum concentrate reach 100% and 92.92%, respectively, and the dissolution rate of molybdenum achieves 99.12% with
calcines being leached by sulphuric acid.
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1 Introduction

Molybdenum concentrate is commonly extracted
after MoS; is oxidized to high-valence molybdenum [1].
Two kinds of oxygenolysis processes for molybdenum
concentrates are usually applied. One is pyrometallurgy,
the other refers to hydrometallurgy which has been
developed since 1970s [2]. Pyrometallurgy includes the
process of oxidizing roasting, alkali fusing method and
additive roasting [3]. In China, oxidizing roasting
process is the most widely applied process, which
commonly roasts molybdenum concentrates in rotary
kiln, multiple hearth furnace, flash furnace etc. However,
for low-grade molybdenum concentrate with abundant
impurities such as calcium, magnesium, copper, iron and
lead, low-melting-point compounds can easily be
generated during oxidization roasting, which will lead to
agglomeration and even restrict the thorough oxidization
of MoS,. Meanwhile, molybdates that are indissolvable
in ammonia and further impede the recovery of

molybdenum are easy to form. In addition, the low SO,
concentration in roasting flue gas makes its recovery
costly and environmental pollution [4].
Hydrometallurgical processing refers to oxygen pressure
process [5—7], nitric acid decomposition [8,9], sodium
hypochlorite oxidation [10,11], electro-oxidation [12,13]
and  bioleaching  method  [14,15].  Although
hydrometallurgy has the advantage of solving SO,
emission problem, lacking low-cost oxidant makes it
difficult to solve the problem thoroughly. Meanwhile,
some impurities like metal compounds are easy to
dissolve, which increases the difficulties of the follow-up
purification. As a result, the high cost of leaching and
purification restricts the development of hydrometallurgy
to process low-grade molybdenum concentrates
mostly [16,17].

Consequently, the key point of low-grade
molybdenum concentrate utilization lies in improving the
oxidation efficiency of molybdenum and resolving SO,
pollution problem. Benefiting from the effects of
calcium-based additives during roasting, calcification

causes
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roasting is able to fix sulfur and inhibit the volatilization
of MoO; together with SO,, and the generated CaMoO,
can be fully dissolved in acid. This method is prospective
to solve current problems in oxidizing roasting and
hydrometallurgical processing. So, the selection of
additives for calcification roasting was investigated in
this work, and the mechanisms of sulfur fixing and MoS,
oxidization during calcification roasting were revealed,
based on which a novel method for effectively handling
low-grade molybdenum concentrate was provided.

2 Experimental

2.1 Materials

The chemical composition of molybdenum
concentrate is shown in Table 1. The molybdenum
content is 39.27%, which is lower than that of
standard-molybdenum concentrate with Mo content
above 45%. The impurity substances mainly consist of
Si0,, CaO, MgO, and iron-containing minerals.
According to the mineral compositions of molybdenum
concentrate (Table 2), the major component is
molybdenite, which takes up 65.4%, followed by sulfide
ores including copper pyrites, bornite and iron pyrite.
There are also iron oxides mainly consisting of limonite
and hematite, silicon gangue minerals composed of
aluminosilicate, magnesium-silicate and quartz, and
carbonates composed of calcite and dolomite.

Table 1 Chemical composition of molybdenum concentrate
(mass fraction, %)

Mo S CaO SiO, MgO
39.27 29.73 5.23 9.77 4.29
TFe Cu Al,O4 K,O Na,O
3.04 0.66 0.24 0.10 0.47

Table 2 Mineral compositions of molybdenum concentrate

. Mass . Mass
Mineral . Mineral .
fraction/% fraction/%
. Iron oxides
Molybdenite 65.4 . . 4.2
(hematite, limonite)
Copper pyrites 94 Aluminosilicate 37
and bornite ' (mica, feldspar) '
. Magnesium—silicate
Pyrite 8.0 . 3.1
(chlorite, talc)
. Carbonate
Sphalerite 0.02 . . 8.4
(calcite, dolomite)
Galena 0.02 Quartz 3.7
Arsenopyrite 0.02 Others 1.04
The mineral dissemination characteristics of

molybdenum concentrate are investigated by optical
microscope, as can be seen in Fig. 1. Molybdenite

mainly appears as monomer particle with sizes of
0.02—0.20 mm, which are scale-like, slab-like, strip and
irregular particles. Few molybdenite particles are
interlocked by pyrites otherwise coated by large particles
of copper pyrites, which indicates that molybdenite and
other sulfide ores are embedded closely. Most of calcite,
quartz and silicate have been dissociated from
molybdenite.

Fig. 1 Dissemination characteristics of main minerals in
molybdenum concentrate (Mo — Molybdenite; Cu— Copper
pyrite; Bn—Bornite; Ca—Calcite; Q—Quartz; Fe—Pyrite;
Si— Silicate): (a) Molybdenite coated by copper pyrites;
(b) Molybdenite dissociated from quartz and silicate

2.2 Methods and evaluation indicators

The flow diagram of experiments, which simulated
the oxidation process of molybdenum concentrate, is
depicted in Fig. 2. The raw material was dried at 70 °C in
the oven till its mass remained unchanged. 50 g
molybdenum concentrates and moderate quantity of
calcium-based additives were weighed to be mixed at a
certain proportion. Calcium-based additives applied in
the experiments included CaCQO;, CaO and Ca(OH),,
which were analytical reagents.

Molybdenum concentrates and calcium-based
additives were mixed thoroughly, and then roasted in a
muffle furnace. After being roasted for a prescribed time,
the molybdenum calcine was cooled in inert atmosphere.
The phases and microstructures in roasted products were
studied by using the modern microcosmic detecting
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equipments such as X-ray diffraction (XRD) and
scanning  electronic  microscope (SEM). XRD
measurements were performed on the samples with a
powder diffractometer(Rigaku D/M4X 2500) using a
Cu K, radiation. The range of scanning angle (26) was
from 5° to 100° and the scanning speed was 0.2156 (°)/s.
SEM (JEOL JSM—5600) with energy dispersive X-ray
(EDX) was used to analyze particle morphology and
major chemical distribution in typical minerals.

Low-grade
molybdenite
concentrate

Ca-based
additives

!

Roasting

Molybdenum calcine

Dilute sulfuric acid
[
Leaching

Filtrating

! !

Leaching residue Mo-containing leachate

Fig. 2 Flow diagram of calcification roasting—acid leaching

Roasted products were ground into 0.074 mm with
mass fraction above 80%, and then samples were
obtained for examining the contents of molybdenum and
sulfur. Another 5 g calcine was added into flasks
containing dilute sulfuric acid for leaching molybdenum.
The acid leaching conditions were set up as follows:
sulfuric acid concentration of 70 g/L, temperature of
90 °C, time of 2 h, and liquid—solid ratio of 5:1. After
leaching, the suspended solution was filtrated using a
vacuum filter, and then the content of molybdenum in the
residue was analyzed.

The evaluation indicators of roasting—acid leaching
process mainly contain the leaching rate of molybdenum
(amo), the retention rate of molybdenum (7y,) and the
sulfur-fixing rate fBs, which can be calculated as follows:

Ay = x100% (1)
myw,
o = 222 %100% ©)
mw
B =215 4 100% 3)

where m;, m, and mj; stand for the mass of molybenite
concentrate, molybdenum calcine and leaching residue,
respectively, g; wy, w, and ws stand for the mass fractions

of molybdenum in molybenite concentrate, molybdenum
calcine and leaching residue, respectively, %; w4 and ws
stand for the mass fractions of sulfur in molybenite
concentrate and molybdenum calcine, respectively, %.

3 Results and discussion

3.1 Thermodynamics of calcification roasting process
During the of molybdenum
concentrate, the reactions of MoS, oxidation, calcium
molybdate generation and sulfur-fixing reaction occur
potentially. And the oxidation of MoS, is shown as:
(2/T)MoS, + 05(g) = (2/7)Mo0; + (4/7)S0, (g), AGY =
—300.83 + 0.057 (kJ/mol). When the temperature is
lower than 6000 K, MoS, oxidation reaction is
spontaneous  because of AGy <0. As calcium-based
additives were mixed with molybdenum concentrate,
calcium-based additives can react with the oxidative
products of MoS, like MoO; and SO,. The
thermodynamic conditions of the formation reactions of
molybdate and the sulfation reactions are shown in Fig. 3.
If the temperature is below 798 K, the easy tendencies of
different calcium-based additives reacting with MoO;
and SO, to generate CaMoQO, and CaSO, can be ranked
as Ca0>Ca(OH),> CaCOs;. While at the temperature of

roasting process
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above 798 K, the order changes to be Ca(OH),>
CaO>CaCO;. As can be observed from the
thermodynamic curves, CaO, MgO, FeO and CuO react
with SO, below 1150 K, and the products are CaSQ,,
MgSO,, FeSO4 and CuSQ,, respectively. However, the
reaction tendency decreases successively. CuSO, is
resolved into CuO and SO, above 1150 K, and FeSO,
will be decomposed above 1300 K. But CaSO, and
MgSO, are only decomposed at high temperatures,
which proves that sulfur-fixing reactions are qualified to
proceed during the calcification roasting process.
Although there are differences in reactive ability of
calcium-based additives, the formation of
molybdate and the sulfation reaction occur
spontaneously in the temperature range of 400—1300 K.
Therefore, the oxidation and calcification reactions are

three

carried out simultaneously according to thermodynamic
analysis.

3.2 Effects of calcium-based additives on roasting

As adding calcium-based additives with their
theoretical quantities (theoretical amount means that
molybdenum and sulfur convert to CaMoO,4 and CaSOy,
completely, and theoretical amounts of CaO, Ca(OH),
and CaCO; are the mass ratios of 0.64:1, 0.84:1 and
1.13:1 compared with molybdenum concentrate), the
effects of roasting temperature on the roasting—leaching
process of molybdenum concentrate at the roasting time
of 90 min are given in Fig. 4. With temperature rising,
the retention rate of molybdenum decreases gradually.
Especially when the temperature increases to above
750 °C, the retention rate of molybdenum is observed to
decrease apparently. The reason is that MoS; is oxidized
to MoO; rapidly and part of MoO; volatilized before
reacting with calcium-based additives at high
temperatures. The loss of molybdenum is relatively small
below 700 °C. Using Ca(OH), achieves the highest
retention rate of molybdenum, which nearly reaches
100% at 650 °C. Differences in the sulfur-fixing rate of
these additives are studied, adsorption efficiency firstly
increases and then decreases with the temperature rising.
According to its effects, the sulfur-fixing rate of different
additives can be ranked as Ca(OH),>CaO>CaCO;, and
the sulfur-fixing rate achieves the maximum at
650—700 °C. However, the sulfur-fixing rate is lower
when using theoretic dosage of additives. During the
experiments of leaching molybdenite by acid, the
leaching rate increases with the rise of roasting
temperature, but then the leaching rate increases at a
slower pace above 700 °C. Taking the effects of three
additives on retention rate of molybdenum, sulfur-fixing
rate and leaching rate of molybdenum into consideration,
650 °C is suitable for roasting.
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Fig. 4 Effects of roasting temperature on calcification roasting

and acid leaching

Figure 4 shows that the sulfur-fixing rate stays at a
low level when using the theoretic dosage of additives,
thus it is necessary to add more additives. When roasting
molybdenum concentrate at 650 °C for 90 min, the
effects of different additives on roasting—leaching rate
are studied, and the results are shown in Table 3. On one
hand, with increasing the dosage of Ca(OH), or CaO, the
retention rate and the leaching rate of molybdenum and
the sulfur-fixing rate tend to increase; on the other hand,
increasing the dosage of CaCO; improves both the
retention rate of molybdenum and the sulfur-fixing rate,
while the leaching rate of molybdenum increases firstly
and then decreases for the reason that excessive CaCQOs;
consumes more acid, which leads to lower leaching rate
of molybdenum.

According to the retention rates and the leaching
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rates of molybdenum, it can be concluded that all of the
calcium-based additives can react with MoOj; to generate
CaMoO,, and the reaction ability can be ranked as
Ca(OH),>Ca0>CaCO;. From the sulfur-fixing rate, it is
believed that the sulfur-fixing efficiencies of Ca(OH),
and CaO are better than that of CaCO;, and the
sulfur-fixing efficiencies of Ca(OH), are better than that
of CaO. The sulfur-fixing rate with the addition of
CaCQ; is only 41.67% even though the dosage of CaCO;
is 1.4 times of molybdenum concentrate, which indicates
that the sulfur-fixing efficiency of CaCO; is inferior to
that of other additives. When the mass ratio of Ca(OH),
to MoO; is 1:1, the retention rate of molybdenum
reaches 100%, the sulfur-fixing rate attains 92.92%, and
the leaching rate of molybdenum is 99.12%.

Table 3 Effects of dosages of calcium-based additives on
calcification roasting and acid leaching

Mass ratio Retention Leaching
.\ Sulfur-
.. ofadditive to rate of . rate of
Additive fixing
molybdenum molybdenum/ molybdenum/
rate/%
concentrate % %
0.60:1 98.61 54.73 89.09
0.64:1* 98.76 56.67 92.63
CaO
0.80:1 99.89 68.15 93.54
1.00:1 100.00 88.48 95.53
0.80:1 98.97 86.17 89.32
0.84:1* 99.99 87.90 95.58
Ca(OH),
1.00:1 100.00 91.49 99.12
1.20:1 100.00 93.57 99.18
1.00:1 96.09 34.89 80.98
1.13:1* 96.25 36.50 85.11
CaCoO;,
1.20:1 97.14 37.99 71.20
1.40:1 97.38 41.67 52.16

* Theoretical values for molybdenum transforming to calcium molybdate

3.3 Phase evolution during -calcification roasting

process

In order to study the effects of additives on the
particle morphology of calcine and the formation of
products, energy dispersive X-ray spectrometric
microanalyzer (EDS) with SEM is employed and the
scanning pictures are shown in Fig. 5. In this study, the
roasting process of molybdenum concentrate is
performed under conditions of adding additives at
theoretic ratios and roasting at 650 °C for 90 min. With
the addition of CaCOs;, the original particle morphology
is not changed after roasting, but some new phases
appear on the surface and a few particles bond mildly.
With the addition of CaO, crystalline transformation is
observed mainly to be needle-like and granular, and
other morphology of the complex interwoven structure is

formed after sintering. With the addition of Ca(OH),,
two kinds of particles with different crystalline forms
appear, one is developed from aggregated particles, and
the other is small monomer bean shaped particles.

00 KV 10 00C

Fig. 5 SEM images of roasted products with different calcium-
based additives: (a) Ca(OH),; (b) CaO; (c) CaCOj3

For revealing the types of products after roasting,
the energy spectrum analyses of different zones in the
calcine are applied, and the results are shown in Fig. 6.
With the addition of Ca(OH),, well-crystallized CaSO,
and CaMoO, appear in Zones 4 and B in (Fig. 6(a)).
With the addition of CaO, the sulfur-fixing rate
is evaluated to be lower. According to the analyses of
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Fig. 6 SEM—EDAX patterns of different zones in Fig. 5 in calcine: (a) Zone 4; (b) Zone B; (c¢) Zone C; (d) Zone D; (e) Zone E;

(f) Zone F

Zones C and D in Fig. 5(b), the main component is
CaMoO, and there are still a few of CaSO, and CaO.
With the addition of CaCO;, CaSO, and CaMoO, in
roasted product are detected in Zones E and F, whose
content of CaSQ, is less than that with the addition of
CaO. Illustrated by the results of SEM, reactions run
smoothly and well-crystallized particles of CaMoO, and
CaSOQ, are formed with the addition of Ca(OH),. In
addition, the generation of CaMoO, becomes relatively
difficult and the sulfur-fixing rate decreases obviously

during the roasting process with the addition of CaCO,
or CaO.

The roasted products, which come from the
molybdenum concentrate that is roasted at 650 °C for
90 min with theoretic quantities of additives, are
investigated by means of XRD and the patterns are
shown in Fig. 7, from which it can be seen that the
common phases of the calcines are CaMoQO,, CaSO, and
Mg;(Si4040)(OH),. The intensities of the CaSO,
diffraction peaks with different additives can be ranked
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as Ca(OH),>Ca0>CaCOs3, which indicates that calcium-
based additives are convinced to have the function on
sulfur fixation. This agrees with the thermodynamic
results.

o

v (a) i I i ’I o D.Iv DED ‘hIﬁ. D:DOI ) e
o= CHM004
o— CaS0O,
v — Mg;(51,0,0)(0H),

1020 30 40 50 60 70
20/(°)

Fig. 7 XRD patterns of roasted products with different

additives: (a) CaCOs; (b) CaO; (c) Ca(OH),

The retention rates of molybdenum are 98.76%,
99.99% and 96.25% with the addition of CaO, Ca(OH),
and CaCO;, respectively (Table 3). High retention rate of
molybdenum indicates that the solid—solid reactions or
gas—solid reactions between MoO; or MoO; (g) and
additives can run smoothly. The sulfur-fixing rates being
56.67%, 87.90% and 36.50% respectively indicate that
reactions between Ca(OH), and SO, are able to proceed
more sufficiently. The leaching rates of Mo in calcine are
92.63%, 95.58% and 85.11%, respectively. The phase
analyses also sustain the fact that a large amount of
calcium molybdate, which can be dissolved in acid,
generates under the roasting temperature. Therefore, the
most suitable calcium-based additive is Ca(OH)s.

Ca(OH), is the product of CaO hydration. Ca(OH),
colloid particles are formed in the process of hydration,
which makes larger specific surface area of Ca(OH),
than that of CaO. Therefore, reactions are easily to
proceed on the kinetics because of the larger contact area
with molybdenum concentrate. Whereas, compared with
CaCQ;, thermodynamics trend of reaction between
Ca(OH), and MoQO;, SO, is larger. Moreover, the
decomposition temperature of CaCOjis high, it starts to
decompose at 530 °C and decompose acutely at 900 °C
to form CaO. As a consequence, the calcification
efficiency of adding Ca(OH), to roast molybdenum
concentrate is the best.

Molybdenum concentrates with equivalent mass of
Ca(OH), are roasted for 90 min at different temperatures,
the phase compositions of the products are analyzed, and
the patterns are shown in Fig. 8.

The molybdenum phase is mainly composed of
MoS, at about 400 °C, where the oxidation reaction does

not start yet. When the temperature increases to 450 °C,
the product of MoOj; appears through the oxidization of
MoS,, and Ca(OH), begins to decompose where the
diffraction peak of CaO appears. The height diffraction
peaks of MoS, and MoO; drop significantly while the
diffraction peaks of CaMoO, and CaSO, appear at
500 °C. It can be known that MoO; and SO,, which
derive from the oxidization of MoS,, begin to react with
CaO. When the temperature is above 600 °C, the main
diffraction peaks are those of CaMoQO, and CaSQO,, and
MoS, is completely transformed into CaMo0O,.

v * 2 I E_? o %ot e '0700 °C
o2 8 e %o eet o oH00°C
v VE « ped % 500 °C
450 °C
vy vy v * 4 * L
»—MoS, v — Mg3(Si,0,)(OH),
v— MoS, + — CaMoO,
«—Ca0 o — CaSO,
400 °C

0 10 200 30 40 50 60 70
260/(°)
Fig. 8 XRD patterns of roasted products at different
temperatures

The reaction process between molybdenum
concentrate and Ca(OH), is further proved by thermal
gravity analysis. According to the TG—DSC curves
(Fig. 9), the evaporation of moisture and the
volatilization of something volatile go on before 400 °C.
When the temperature ranges from 400 to 470 °C, the
oxidization of sulfide and the decomposition of Ca(OH),
occur. When the temperature surpasses 470 °C, three
exothermic peaks appear at 530.5, 574.4 and 640.9 °C,
respectively, where the reaction speed of MoO;

110

— —_
(= =
(=] h

D
h
Heat flow/(W-g ™)

Residual mass fraction/%

el
(=]
T

1-1

5 : . ‘ . -2
0 200 400 600 800 1000
Temperature/°C

Fig. 9 Thermogravimetric curves of molybdenite concentrate
and Ca(OH), in air
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oxidation and the generation speed of CaMoO, and
CaSO, are the fastest. As it has been introduced in
Figs. 8 and 9, the transformation process is as follows:
Ca(OH), decomposition—MoS, oxidation—molybdate
and sulfate generation.

3.4 Calcification roasting—acid leaching process

The quality flow chart of calcium-based roasting
and acid-leaching process is shown in Fig. 10. According
to the analysis of the calcine and the leaching residue,
which is roasted from the molybdenum concentrates with
addition of equivalent mass of Ca(OH), at the roasting
temperature of 650 °C for 90 min, the leaching
conditions are set up as follows: concentration of sulfuric
acid of 70 g/L, leaching at 90 °C for 120 min, ratio of
liquid to solid 5:1. It can be concluded that molybdenum
is hard to be lost or volatilized during the roasting
process. The sulfur-fixing rate is 91.49%, which
indicates that little sulfur is volatilized into the smoke as
SO,, and it can be absorbed by alkali. After acid
leaching, the surplus grade of molybdenum attains 0.2%,
the leaching rate of molybdenum reaches 99.12%, and
the total loss is only 0.88% in the whole process.

The phase compositions of calcine and the leaching
residue are studied by XRD analysis as shown in Fig. 11.

Mixture (molybdenum
concentrate and Ca(OH),)

Mass ratio 1:1

Oxidizing|roasting =—Air

1

Maolybdenum content: 18.28%

it Sulfur content: 12.66%
Smoke “ Mo_lybm Molybdenum recovery: 100%
(Lye washing) Sulfur recovery: 91.49%

Sulfuric acid|leaching
! 1

Leachate

. Molybdenum content: 0.20%
Residue Sulfur content: 27.87%
Molybdenum loss rate: 0.88%

Fig. 10 Quality flow chart of of calcium-based roasting and
acid leaching process
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Fig. 11 XRD patterns of leaching residue obtained with acid
leaching

MoS, disappears after roasting, and the main phases of
calcine are CaMoO, and CaSO,. The characteristic peaks
of CaMoO, disappear, and the peaks of CaSO, are
markedly strengthened after acid leaching, indicating that
calcium molybdate is completely dissolved. The main
components of the leaching residue are CaSO,4, gypsum
(CaS0O4-2H,0) and talc (Mgs(Si;O19)(OH),). As a
conclusion, molybdenum in low-grade molybdenum
concentrate can be recycled completely by calcification
roasting—acid leaching process.

4 Conclusions

1) During the roasting process of molybdenum
concentrate with calcium-based additives, additives are
able to react with MoOs; and SO, to form CaMoQO, and
CaSO,. Adding Ca(OH), can achieve the best roasting
effects and sulfur-fixing rate, which is followed by CaO,
and then CaCO;. The microstructure of calcine shows
that the intact grains of CaMoO, and CaSO, are formed
with the addition of Ca(OH),, while adding CaO or
CaCOs 1s unable to achieve the above effect.

2) Higher roasting temperature contributes to the
formation of CaMoQO, while it causes the decrease of
both sulfur-fixing rate and retention rate of molybdenum.
The phase evolution indicates that MoS, starts to be
oxidized at 450 °C, while CaMoO, and CaSO, start to
form at 500 °C, and the main phase compositions of
calcine are CaMoO, and CaSO, at temperatures of
600—650 °C, at which the calcification reaction is nearly
completed.

3) With increasing the dosage of Ca(OH),, the
retention rate of molybdenum and the sulfur-fixing rate
tend to grow with more acid consumed. The appropriate
mass ratio of Ca(OH), to molybdenum concentrate is 1:1.
By roasting the molybdenum concentrate at 650 °C for
90 min with appropriate dosage of Ca(OH),, the
retention rate of molybdenum during the roasting process
achieves 100%, the sulfur-fixing rate attains 92.92%, and
the leaching rate of molybdenum achieves 99.12%.
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of molybdenum from tungstate
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