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Abstract: To extract molybdenum and nickel from the roasted Ni—Mo ore, a process of hydrochloric acid leaching, sulphation
roasting and water leaching was investigated. The results showed that this process could get a high leaching rate of Mo and Ni. Under
the optimum conditions of hydrochloric acid leaching (roasted Ni-Mo ore leached with 0.219 mL/g hydrochloric acid addition at
65 °C for 30 min with a L/S ratio of 3 mL/g), sulphation roasting (51.9% sulfuric acid addition, roasting temperature 240 °C for 1 h),
followed by leaching with the first stage hydrochloric acid leaching solution at 95 °C for 2 h, the leaching rates of Mo and Ni reached

95.8% and 91.3%, respectively.
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1 Introduction

Molybdenum and nickel have strategic and
industrial importance due to their applications in ferrous
metallurgy, nonferrous metal metallurgy, chemical
industry and other technological fields [1]. In China,
Ni—Mo ore is an important molybdenum and nickel
source, and the contents of nickel and molybdenum vary
in the range of 0.17%—7.03% and 0.35%—8.17%,
respectively [2,3].

Several mineral processing treatments have been
tested on Ni—Mo ore, such as flotation separation or
gravity separation combined with flotation [4]. However,
due to low metals extraction, the application of mineral
dressing does not suit the separation and extraction of
molybdenum and nickel from the ore.

The traditional process for molybdenum and nickel
extraction from Ni—Mo ore is oxidizing roasting and
melting reduction, and the product was high impurity
Ni—Mo—Fe alloy [5]. This technology has two main
problems, low recovery of molybdenum (<80%) and
production of low value Ni-Mo—Fe alloy. In recent
years, several other processes have been proposed to
recover molybdenum from Ni—Mo ore, such as direct
leaching with NaOH and NaClO [6], oxygen pressure

NaOH leaching [7,8], roasting followed by NaOH and
Na,CO; leaching [9], leaching molybdenum by air
oxidation in alkali solution [10,11] and sodium
hypochlorite leaching under mechanical activation [12].
The molybdenum leaching rate in these methods is high
in all cases, but nickel cannot be extracted.

To extract both of molybdenum and nickel from
Ni—Mo ore, pressure acid leaching technology and HCI
leaching of Ni—Mo ore with sodium chlorate were
developed [13,14]. The Ni leaching rates of the two
technologies are both more than 92%; however, the
leaching rate of molybdenum is below 80%. For further
recovery molybdenum, a alkali leaching process must be
followed after acid leaching.

In Ni-Mo ore, the molybdenum mainly occurs in
the form of MoS, and nickel mainly occurs as NiS,,
NizSy and NiS [15]. And therefore, no matter acid
leaching or alkali leaching, an oxidation process was
needed. Oxidizing roasting is one of the commonly used
ways of oxidation. After roasting, powellite and trevorite
were generated. They can be decomposed by sulphation
roasting; however, other phases hindered the contact of
sulfuric acid with them, which caused the molybdenum
and nickel leaching rates not be to further improved [16].
And therefore, hydrochloric acid leaching, sulphation
roasting and water leaching were proposed. In the first
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step, hydrochloric acid leaching makes some impurities
and molybdenum go into the solution, and then
sulphation roasting and water leaching promote the
leaching of nickel and molybdenum. Because the process
of sulphation roasting has been studied in detail [17], the
hydrochloric acid leaching process as well as the
effect of hydrochloric acid leaching and sulphation
roasting on total leaching of Mo and Ni was the focus in
this work.

2 Experimental

2.1 Materials

The roasted Ni—Mo ore used in this work was taken
from Fengyun Mining Co., Ltd., Hunan province of
China, which was obtained under the condition of
oxidation roasting Ni—Mo ore at 650—700 °C for 4 h in
rotary kiln. After being ground, the particle size of
roasted Ni—Mo ore is less than 0.089 mm accounting for
80%. X-ray fluorescene (XRF) was used for chemical
analysis of the sample. The results showed that the
roasted Ni—Mo ore mainly consisted of Si, Fe, Ca, S and
O (see Table 1). All the reagents used in leaching,
sulphation roasting and chemical analysis, including
hydrochloric acid (12 mol/L), sulfuric acid, sodium
hydroxide, etc, were of analytical grade.

The content of Mo in both roasted Ni-Mo ore and
leaching residue was measured by a thiocyanate
colorimetric method [18]. The analyses of nickel were
carried out by atomic absorption spectrometry. X-ray
diffraction (XRD) patterns were recorded by a Rigaku
D/max2550VB+18 kW diffractometer with Cu K, X-ray
radiation at 40 kV and 50 mA. Figure 1 shows the XRD
pattern of the roasted Ni—Mo ore.

It can be seen from Fig. 1 that the mineral
compositions of the roasted Ni-Mo ore are quartz (SiO,),
trevorite (NiFe,O,), hematite (Fe,O3), anhydrite (CaSOy)
and powellite (CaMoQ,).

2.2 Procedure

80 g roasted Ni-Mo ore and a predetermined
volume of hydrochloric acid solution were charged for
leaching in a 500 mL agitated flask heated by an electric
hot jacket. In hydrochloric acid leaching process, the
liquid to solid (L/S) ratio refers to the ratio of the total
volume of water and 12 mol/L hydrochloric acid to solid
quality. After the required time, the mixture consisting of
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Fig. 1 XRD pattern of roasted Ni—Mo ore

leaching solution and leaching residue was filtered. The
leaching residue cake was further used to extract nickel
and molybdenum by sulphation roasting.

In sulphation roasting process, the leaching residue
cake was mixed with a desired 98% sulfuric acid in an
alumina crucible, and then the crucible with the sample
was heated in a muffle furnace. After roasting, the
roasted product was leached with water in an agitated
flask while being heated by an electric hot jacket for a
designed amount of time. The supernatant was vacuum-
filtered and the leach residue cake was submitted to
successive rinsing with water (lasting up to 10 min),
before it was dried and analyzed for molybdenum and
nickel contents testing.

3 Results and discussion

3.1 Single sulphation
experiment

As a comparison, the extraction of Mo and Ni from
roasted Ni-Mo ore by single sulphation roasting and
water leaching was studied. The effect of sulfuric acid
addition on Mo and Ni leaching was studied under the
conditions of mixing the ore with predetermined mass of
sulfuric acid solution, and then roasting the mixture at
240 °C for 1 h. After roasting, the roasted product was
leached by water at 95 °C for 2 h with a L/S ratio of
2 mL/g and the results are shown in Fig. 2.

As can be seen, the leaching rate of Ni increased
rapidly with the addition of sulfuric acid. Nevertheless,
the same increase was not so clear for Mo extraction.

roasting—water leaching

Table 1 XRF elemental analysis results of roasted Ni—Mo ore (mass fraction, %)

Sample o Si Fe Ca S

Al Ni As K P Mg Ba \%

Roasted Ni-Mo ore  34.81 16.05 1333 7.83 6.84
HCl leaching residue ~ 35.57 22.58 17.26 5.48 5.28
Final leaching residue 42.12 31.85 4.37 6.52 7.89

4.07 356 241 195 183 146 0.70 0.69 0.38
1.18 322 247 078 176 037 025
032 207 042 056 0.79 0.18 0.06

0.93 -
0.37 -
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Fig. 2 Effect of sulfuric acid addition on leaching of Mo and Ni

When the addition of sulfuric acid was 65%, the leaching
rates of Mo and Ni can be achieved as 89.8% and 84.6%,
respectively. Further increase of sulfuric acid resulted in
insignificant increase in the leaching rates of Mo and Ni.

3.2 Single hydrochloric acid leaching

The effects of hydrochloric acid addition on Mo and
Ni leaching were studied while the leaching temperature,
the leaching time and the L/S ratio were kept constant as
65 °C, 30 min and 3 mL/g, respectively. The results are
shown in Fig. 3.
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Fig. 3 Effect of hydrochloric acid addition on leaching of Mo
and Ni

According to the results illustrated in Fig. 3, the
leaching rate of Mo and Ni increased quickly to 78.7%
and 24.9%, respectively, with the addition of 12 mol/L
hydrochloric acid at 0.219 mL/g. Further addition of
hydrochloric acid resulted in insignificant increase in the
leaching rates of Mo and Ni. It is obvious by comparison
between Figs. 2 and 3 that when the total addition of H"
was same as 1.04 mol, the addition of sulfuric acid
and hydrochloric acid was 65% and 1.0813 mL/g,
respectively, the nickel leaching rate of single sulphation

roasting—water leaching is much higher than that of
single hydrochloric acid leaching. That is to say, single
hydrochloric acid leaching cannot obtain high nickel
leaching rate.

3.3 Hydrochloric acid leaching, sulphation roasting

and water leaching
3.3.1 Effect of hydrochloric acid addition

It can be seen from Fig. 2 that, the sulfuric acid
addition of 65% is optimal in single sulphation
roasting—water leaching experiment. That is to say, 80 g
roasted Ni—-Mo ore needs 52 g sulfuric acid, which
amounts to 1.04 mol H'. To obtain the optimum
conditions of hydrochloric acid leaching and sulphation
roasting, in the subsequent experiment process, the
addition of total H" was kept as 1.04 mol which was
adjusted by changing the addition of hydrochloric acid
and sulfuric acid. The change relationship between the
addition of hydrochloric acid and sulfuric acid is given in
Table 2 and the total leaching rates of Mo and Ni are
shown in Fig. 4. The experiment conditions of sulphation
roasting and water leaching are roasting at 240 °C for 1 h
and water leaching at 95 °C for 2 h with the L/S ratio of
2 mL/g. The total leaching rate was the sum of
hydrochloric acid leaching ratio and sulphation roasting—
water leaching ratio.

Table 2 Addition of hydrochloric acid and sulfuric acid in 80 g
roasted Ni-Mo ore

Hydrochloric acid Sulfuric acid  Total addition of

addition/(mL-g ") addition/% H"/mol
0 65 1.04
0.0625 61.3 1.04
0.219 51.9 1.04
0.375 425 1.04
1.0813 0 1.04
100
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Fig. 4 Effect of hydrochloric acid addition on total leaching
rates of Mo and Ni
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It can be seen form Fig. 4 that the total leaching
rates of both Mo and Ni increased with the increase of
hydrochloric acid addition from 0 to 0.219 mL/g. Above
0.219 mL/g, the Mo leaching rates almost maintained the
same while the total Ni leaching rates decreased rapidly.
For subsequent experiments, the addition of hydrochloric
acid in the leaching process and the addition of sulfuric
acid in the sulphation roasting process were kept as
0.219 mL/g and 51.9%, respectively. Under these
experimental conditions, the leaching rates of Mo and Ni
can be achieved as 95.3% and 89.3%, respectively. It is
indicated by comparison of Fig. 4 and Fig. 2 that, the
leaching rates of Mo and Ni of the hydrochloric acid
leaching followed by sulphation roasting and water
leaching process are both higher than those of single
sulphation roasting—water leaching process.

3.3.2 Effect of hydrochloric acid leaching temperature

Figure 5 shows the effect of hydrochloric acid
leaching temperature on the leaching rates of Mo and Ni.
As can be seen, the leaching rates of Mo and Ni in
hydrochloric acid leaching process both increased with
the increase in the leaching temperature. The leaching
temperature in hydrochloric acid leaching process had no
obvious effect on the leaching rate of total Mo. However,
the leaching rate of total Ni increased with the leaching
temperature from 25 to 65 °C, and after that, it did not
increase  significantly. Therefore, for subsequent
experiments, the hydrochloric acid leaching temperature
was kept as 65 °C.
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Fig. 5 Effect of leaching temperature on Mo and Ni leaching

3.3.3 Effect of hydrochloric acid leaching time

The effect of hydrochloric acid leaching time on the
leaching of Mo and Ni is shown in Fig. 6. It can be seen
from Fig. 6 that the leaching rate of Mo and Ni in the
hydrochloric acid leaching process and the total leaching
rate both increased with the leaching time increasing
from 10 to 30 min, and almost maintained constant after
30 min. Therefore, the hydrochloric acid leaching time
was chosen as 30 min.

3.3.4 Effect of liquid to solid ratio (L/S)

Figure 7 shows the relationship between liquid to
solid ratio (L/S) and leaching rates of Mo and Ni. As can
be seen, the leaching rates of Mo and Ni in the
hydrochloric acid leaching process both increased with
the L/S ratio increasing from 2 to 3 mL/g, and then
decreased gradually. However, the effect of L/S ratio
on the total leaching rates of Mo and Ni was

insignificant.
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Fig. 6 Effect of leaching time on Mo and Ni leaching

100
..-—-—-—'_'—: —
80
§ ’/\\\‘
2 60 . - .
8 = — Ni hydrochloric acid leaching
= * — Mo hydrochloric acid leaching
= 4 — Total Ni leaching
5 401 v — Total Mo leaching
-
20l /\.
0L— .

20 25 30 35 40 45 05
Liquid to solid ratio/(mL-g ")
Fig. 7 Effect of liquid to solid ratio on Mo and Ni leaching

3.4 Comparison of hydrochloric acid leaching and
sulfuric acid leaching in first stage

As a comparison, sulfuric acid was also used as the
first stage leaching reagent, and then followed by
sulphation roasting and water leaching. The results of
total leaching rates of Mo and Ni are shown in Fig. 8.

It was obvious by comparing hydrochloric acid
leaching and sulfuric acid leaching in the first stage that
when the addition of H" was less than 0.4 mol, the Mo
leaching rate is almost the same; however, the leaching
rate of Ni by hydrochloric acid leaching is higher than
that of sulfuric acid leaching. That is to say, the effect of
hydrochloric acid as the first stage leaching reagent is
better than that of sulfuric acid.
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3.5 Optimization of leaching condition of
molybdenum and nickel
To improve the utilization of acid, the hydrochloric
acid in the first stage leaching was used as the leaching
solution of the calcine obtained by sulphation roasting.
Figure 9 shows the process for molybdenum and nickel
extraction.

Roasted Ni-Mo ore

Hydrochloric acid Leaching

Filtration

Leaching solution

Water

I

Sulfuric acid — Residue

!

| Sulphation roasting l

f

Leaching

Filtration

Final residue Leaching solution

Extraction of
Mo and Ni

Fig. 9 Schematic procedure for extraction of molybdenum and

Discarding after
harmless treatment

nickel from roasted Ni—Mo ore

Based on the above experiment, in hydrochloric
acid leaching process, the optimum conditions would
be: roasted Ni—Mo ore leached with 0.219 mL/g
hydrochloric acid addition at 65 °C for 30 min with a L/S
ratio of 3 mL/g. In sulphation roasting and leaching
process, the optimum conditions would be: 51.9%
sulfuric acid addition, roasting temperature of 240 °C for
1 h followed by leaching with hydrochloric acid leaching
solution at 95 °C for 2 h. Under the optimum conditions,

the leaching rates of Mo and Ni reached 95.8% and
91.3%, respectively (average of the three results). The
molybdenum in leaching solution can be extracted by
oxime extractant HBL101 [19]. After removing impurity,
nickel can be separated and extracted by ion exchange
resin Dowex M4195 [20]. In removing impurity process
by adding calcium salt, sulfate radical in leaching
solution can be removed in the form of calcium sulfate.
Under the action of salting-out effect, chloridion can be
removed in the form of sodium chloride by adding
hydrochloric acid [21]. After that, waste water can be
recycled.

The XRF (X-ray fluorescene) analysis of the HCl
leaching residue and final leaching residue is given in
Table 1. It can be seen from Table 1 that after
hydrochloric acid leaching, most of Mo, As, P, Mg and V
were leached into solution, and part of Ca was also
leached. After sulphation roasting, most of Ni and Fe
were leached into solution, and Mo also was further
leached.

3.6 Phase changes during Mo and Ni extraction

To understand the process of hydrochloric leaching
and sulphation roasting, XRD analysis of the
hydrochloric acid leaching residue, sulphation roasted
product and final residue was conducted, and the result is
shown in Fig. 10.
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Fig. 10 XRD patterns of hydrochloric acid leaching residue (a),
sulphation roasted product (b), and final residue (c)

It can be seen from Fig. 10(a) that the crystal
mineral phases in hydrochloric acid leaching residue
were quartz (Si0,), hematite (Fe,03), anhydrite (CaSOy,),
powellite (CaMo00Q,) and trevorite (NiFe,O,4), which were
the same as the roasted Ni—Mo ore (Fig. 1). That is to say,
hydrochloric acid leaching is not able to completely
destroy the crystal structure of nickel and molybdenum
mineral phases. Figure 10(b) shows that the powellite
(CaMo0,) and trevorite (NiFe,O4) phases disappeared
after the sulphation roasting. By comparing Figs. 10(b)
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Fig. 11 SEM images of Ni-Mo ore: (a) Raw roasted Ni-Mo ore

(d) Final residue

and (a), it was found that two new phases rhomboclase
(FeH(SO,4),(H,0)4) and aluminum hydrogen sulfate
hydrate (AIH(SO,4),H,0O) formed during sulphating
roasting. As can be seen form Fig. 10(c) that the peaks of
rhomboclase and aluminum hydrogen sulfate hydrate
disappeared due to their dissolution during the leaching
process. In the final residue, there were only three
crystalline mineral phases, namely, quartz (SiO,),
anhydrite (CaSO,) and hematite (Fe,O;). From Table 1
and Fig. 10, it can be seen that for nickel extraction, it is
important to destroy the crystal structure of trevorite
(NiFe,Oy,), which can only be decomposed by sulphation
roasting.

3.7 Surface morphology changes

Figure 11 shows the morphologies of the raw
roasted Ni—Mo ore, hydrochloric acid leach residue,
sulphation roasted product and final residue. As can be
seen from Fig. 11(b), after hydrochloric acid leaching,
the particles became finer, and the leaching residue
accounted for 76.4% of the roasted Ni—Mo ore. After
sulphation roasting, the particles aggregated and bonded
together. Finally, the bonded particles became loose
again after water leaching. It was obvious by comparing
Figs. 11(a) and (d) that, the particles of final residue
became finer and smaller. The final residue accounted for
50.3% of the roasted Ni—Mo ore.

) Sulphation roasted product;

4 Conclusions

1) The technique of hydrochloric acid leaching—
sulphation roasting followed by leaching with the first
stage hydrochloric acid leaching solution can get higher
leaching rates of Mo and Ni than single sulphation
roasting—water leaching.

2) Under the optimum conditions of hydrochloric
acid leaching (roasted Ni—Mo ore leached with
0.219 mL/g hydrochloric acid addition at 65 °C for
30 min with a L/S ratio of 3 mL/g), sulphation roasting
(51.9% sulfuric acid addition, roasting temperature
240 °C for 1 h), followed by leaching with the first stage
hydrochloric acid leaching solution at 95 °C for 2 h, the
leaching rates of Mo and Ni reached 95.8% and 91.3%,
respectively.
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