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Abstract: A direct hydrometallurgical route for nickel and molybdenum extraction from a nickel-molybdenum (Ni—Mo) ore using
pressure acid leaching was studied. The nickel and molybdenum were extracted by acid leaching under oxygen pressure. Compared
with traditional roasting methods, this hydrometallurgical method eliminates SO, and As,O; emission (the Ni-Mo ore containing
15%—25% S). Compared with existing alkali leaching recovery of molybdenum process, almost all the nickel and considerable
molybdenum were extracted in the acid leaching process. Under oxygen pressure conditions, almost all the nickel and a substantial
part of the molybdenum were dissolved into the acid leaching liquor and the other part of the molybdenum was left in the acid leach
residue. The acid leach residue was further leached under alkaline (NaOH) conditions. Under optimal experimental conditions, the
extraction rates nickel and molybdenum reached 97% and 96%, respectively.
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1 Introduction

In southern China, the Ni-Mo ore as a sediment-
hosted ore layer of the lower Cambrian black shale has
been known to local geologists for at least 40 years [1,2].
A partial evaluation of the Ni—-Mo ore deposits and their
genesis has been attempted in past decades. In general,
the Ni—Mo ore enriches in nickel, molybdenum and
vanadium and is used for extracting nickel and
molybdenum raw materials with a gross reserve of 9.37
million tons [1,3].

For the Ni—Mo ore, the classical process for nickel
and molybdenum recovery is roasting, melting and
concentration to produce a high impurity nickel—
molybdenum alloy. In the process, sulfur dioxide (SO,)
and arsenic trioxide (As,0;) release may cause serious
environmental pollution. Mineral processing routes have
been proposed for the Ni-Mo ore [4,5]; however, it is
inefficient to enrich nickel and molybdenum through
ore-dressing owing to the ore’s complex mineralogical

characteristics. Research has therefore been initiated into
treating Ni—Mo ores by direct metallurgical processes.

Several processes have been proposed to recover
molybdenum from the Ni—Mo ore, such as roasting,
NaOH/Na,CO; leaching under active oxygen conditions
[6,7], direct leaching with NaOH+Na,CO3/NaClO; [8,9],
direct NaOH leaching under active oxygen conditions
[10] and direct leaching with H,SO, for nickel recovery
only [11]. Moreover, direct bioleaching of molybdenum
and nickel from the Ni—Mo ore has been investigated
using a molybdenum-resistant thermophilic bacterium
sulfolobus metallicus, but the leaching rate is not very
high and it requires further research [12].

Although an increasing number of articles have
dealt with the Ni-Mo ore, few studies report the leaching
of both molybdenum and nickel by direct metallurgical
processes. In this work, the extraction behavior of nickel
and molybdenum from the Ni—Mo ore is studied during
the oxygen pressure leaching process, characterized by
no sulfuric acid. Various characteristics of the
Ni—Mo ore are used beneficially and partial sulfur is
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transformed into sulfuric acid under oxygen pressure.
The effects of parameters including leaching time,
leaching temperature, liquid-to-solid ratio and initial
sulfuric acid concentration on leaching efficiency are
investigated. After oxygen pressure leaching, the acid
leach residue is further leached by the alkaline solution
for molybdenum recovery. Optimal time, temperature,
liquid-to-solid ratio and initial sulfuric acid concentration
are determined for the extraction of nickel and
molybdenum to examine the economic viability of the
process.

2 Experimental

2.1 Materials

The Ni—Mo ore was collected from Guizhou
Province in China. Analytical grade reagents, including
sulfuric acid, were purchased from Chengdu Union
Institute Chemical & Reagent and commercial pure
oxygen was from Messer Company (Kunming, Yunnan).
All aqueous solutions were prepared using distilled
water.

2.2 Experimental procedure

The samples were crushed and ball milled to 85%
<0.074 mm and dried at 75 °C in an oven for 24 h.
Leaching experiments were conducted at an oxygen
partial pressure of 1.2 MPa in an autoclave (1 L titanium
alloy cylinder reactor with thermometer and stainless
steel tube for injection of industrial oxygen by industrial
compressor). The heated with a
thermostatically controlled disc-type electric heater and
liquid samples were withdrawn during the experiment.
For each experiment (excluding those that sulfuric acid
was added), 400 mL of distilled water and 200 g of
sample were poured into the reactor, industrial oxygen
was injected and the contents were heated to the desired
temperature under magnetic stirring (500 r/min) and
well-agitated for the desired reaction time by a
diaphragm pump. The acid residue was separated from
the liquid phase by filtration, washed twice with water,
dried at 75 °C and the nickel and molybdenum contents
were analyzed.

After oxygen pressure leaching, the acid residue
was leached under alkaline (NaOH) conditions in an
agitated flask, heated by an electric jacket. The
supernatant was filtered and the acid residue cake was
washed twice with water for 20 min, dried at 75 °C and
the molybdenum content was analyzed.

reactor was

2.3 Analytical methods

The metal contents of the sample and leaching
determined by absorption
spectrometry (Shanghai Morning Field Equipment Co.,

residue  were atomic

Ltd) and X-ray diffraction (XRD), and the pH value of
the leaching liquor was measured using a PHS-3C digital
pH meter from Shanghai Hongyi Instrument Co., Ltd.

3 Results and discussion

3.1 Characterization of Ni—-Mo ore

The compositions of the Ni-Mo ore are listed in
Table 1. The XRD pattern of the raw ore shown in Fig. 1
confirms that the Ni-Mo ore consists of crystalline pyrite,
quartz, muscovite, millerite and elemental sulfur, but
molybdenum (6.89%) was not detected, which occurs
mainly in the form of amorphous sulfide (MoS,) and
co-exists with clay, quartz [13—15]. Nickel occurs mainly
as vaesite (NiS,) and millerite (NiS) [13,16,17].

Table 1 Chemical compositions of Ni-Mo ore (mass fraction,
%)
Mo Ni v Fe S C SiO, ALO;
6.89 473 0.17 15.85 2586 9.7 13.5 286

CaO MgO P F Cu Zn Ti Pb
852 082 082 0.08 024 038 021 <0.05
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Fig. 1 XRD pattern of Ni—-Mo ore

3.2 Effect of initial sulfuric acid concentration on

extraction of nickel and molybdenum

To investigate the effect of sulfuric acid
concentration on the extraction of molybdenum and
nickel, a series of experiments were carried out under the
following conditions: initial H,SO,4 concentration of 0—
100 g/L, leaching time of 5 h, leaching temperature of
150 °C, oxygen partial pressure of 1.2 MPa and liquid-
to-solid ratio of 2.0 mL/g. As shown in Fig. 2, over 97%
of nickel and 76% of molybdenum were leached when
the initial sulfuric acid concentration was 25 g/L. The
increase in nickel extraction was insignificant and
molybdenum extraction decreased slightly with an
increase  in sulfuric acid concentration.
Furthermore, sulfuric acid consumption increased and

initial
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more impurities were produced. Compared with the
experiment that no sulfuric acid was added, the results
revealed that the initial sulfuric acid concentration has
little impact on the leaching of nickel and molybdenum
from the Ni-Mo ore. Therefore, water leaching of the
Ni—Mo ore was optimal under these conditions.
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Fig. 2 Effect of initial sulfuric acid concentration on extraction
rates of nickel and molybdenum

3.3 Effect of leaching time on extraction of nickel and
molybdenum

To study the role of leaching time on the extraction
of molybdenum and nickel, the reaction time was varied
between 3 and 9 h. As shown in Fig. 3, the extraction of
nickel increases strongly with the increase in leaching
time from 3 to 5 h at 150 °C under the condition of a
liquid to solid (L/S) ratio of 2.0 mL/g, without sulfuric
acid and oxygen partial pressure of 1.2 MPa. 97% nickel
extraction was obtained in 5 h. This is probably because
the nickel sulfide oxidizes to NiSO,, which dissolves
easily into the acid solution under such conditions.
Therefore, 5 h is sufficient for nickel extraction. While
the extraction of molybdenum increases gradually
with an increase in leaching time from 3 to 5 h and a
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Fig. 3 Effect of leaching time on extraction rates of nickel and
molybdenum

maximum extraction of 76% is reached at 5 h. Therefore,
to obtain high nickel and molybdenum recoveries, in

subsequent experiments, the leaching time was chosen to
be 5 h.

3.4 Effect of leaching temperature on extraction of

nickel and molybdenum

The effect of temperature on molybdenum and
nickel extraction was investigated from 105 to 165 °C
with distilled water, under an oxygen partial pressure of
1.2 MPa, without sulfuric acid and a liquid-to-solid (L/S)
ratio of 2.0 mL/g for 5 h. It can be seen from Fig. 4 that
nickel extraction increased with the increase in leaching
temperature from 105 to 150 °C. Beyond 155 °C, the
extraction rate of nickel increased slowly with an
increase in temperature. Molybdenum extraction rate
increased with increasing temperature and increased only
slightly beyond 150 °C. Therefore, in subsequent
experiments, the leaching temperature was chosen to be
150 °C.
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Fig. 4 Effect of leaching temperature on extraction rates of
nickel and molybdenum

3.5 Effect of liquid-to-solid ratio on extraction of

nickel and molybdenum

The effect of liquid-to-solid ratio on molybdenum
and nickel extraction was examined at an oxygen partial
pressure of 1.2 MPa, without sulfuric acid and
temperature of 150 °C for 5 h. A series of experiments
were carried out by varying the liquid-to-solid ratio in
the range of 1.5-6.0 mL/g. It can be seen from Fig. 5 that
nickel extraction rate decreased slightly from 98% to
96% with increasing liquid-to-solid ratio from 1.5 to 3.0
mL/g and decreased sharply with increase in
liquid-to-solid ratio from 3.0 to 6.0 mL/g. Molybdenum
extraction rate decreased slowly from 76% to 75% with
increase in liquid-to-solid ratio from 1.5 to 2.5 mL/g and
also decreased sharply with increase in liquid-to-solid
ratio from 3.0 to 6.0 mL/g. The extraction rates of
molybdenum and nickel decreased sharply with increase
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in liquid-to-solid ratio from 3.0 to 6.0 mL/g.

Considering various other factors such as agitation
and pipe-line delivery in industrial plants, in subsequent
experiments, the leaching liquid to solid (L/S) ratio was
chosen to be 2.0 mL/g.
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Fig. 5 Effect of liquid-to-solid ratio on extraction rates of
nickel and molybdenum

3.6 Characterization of acid leach residue

The acid leach residue used in this study
(composition in Table 2) was obtained after oxygen
pressure leaching. Almost all nickel and a substantial
part of the molybdenum were leached. The X-ray
diffraction pattern of the acid leach residue shown in Fig.
6 indicates that the amorphous phase molybdenum
disulfide (MoS;) in the Ni—Mo ore changed into
crystalline phase MoO;H,O in the pressure leaching
process.

Table 2 Chemical compositions of acid leach residue (mass
fraction, %)
Mo Ni \Y Fe S C Si0, ALO;
3.67 045 0.024 521 105 132 2091 1.83
Ca0  MgO P Cu Zn TiO, Pb
1246  0.13 1.14  0.044 0.055 0.38 0.24
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Fig. 6 XRD pattern of acid leach residue

3.7 Alkaline leaching of acid leach residue

After pressure leaching under optimum conditions,
based on the fact that the oxidized molybdenum leaches
easily under alkaline conditions [7,8], experiments of
alkaline (NaOH) leaching of the acid leach residue under
conditions close to hydrometallurgical practice also
showed good results. The data presented in Table 3
illustrate that nearly 85% Mo extraction can be achieved
by alkaline leaching. Coupled with 76% Mo extraction
rate in the pressure oxidation leaching process, the total
molybdenum extraction rate was 96%.

Table 3 Experimental data of alkaline leaching

No. concl:ii(t)riion / Time/ Tempoerature S(Ii;gllrlzu(itio / Extraction
(mol-Lfl) h /°C (mL-gfl) rate/%

1 1.0 1 25 3.0 7

2 1.0 2 50 3.0 10

3 1.0 3 75 3.0 11

4 2.0 3 75 3.0 69

5 2.0 4 75 3.0 71

6 2.5 3 75 3.0 85

7 2.5 4 75 3.0 85

8 3.0 3 75 3.0 85

3.8 Phase changes during oxygen pressure leaching

XRD analysis was conducted to understand the
mechanism of pressure leaching. Figure 1 shows the
XRD pattern of the acid leaching residue, which reveals
that there are four crystalline mineral phases: quartz
(810,), anhydrite (CaSOy,), pyrite (FeS,) and MoO;-H,0.
Comparing Fig. 6 with Fig. 1 shows that the crystalline
millerite (NiS), muscovite (CaCO;) and elemental sulfur
(S) phases all disappeared after leaching. The main
chemical reactions can be expressed by the following
equations:

MoS,(s)+4.50,(g)+3H,0(1)=

MoO5 H,O(s)+4H "+ 28073~ (1)
S(s)+H,0(1)+1.504,(g) =2H'+S03" )
NiS(s)+20,(g)=Ni*"+S03" (3)
CaCO;(s)+2H"=Ca*>"+CO,(g)+H,0(1) 4)

Based on the previous work [18], the monomeric
molybdate ions transform to the molybdenum cations
when the leach solution pH is reduced to less than 1.0.
Therefore, in the pressure leaching process, the leach
liquor pH was 0.5 and the molybdenum dissolution
process can be expressed by the following equation:

MoO;-H,O(s)+2H "= MoO3* +2H,0(1) (5)
After pressure leaching, the acid leach residue was

alkaline leached for molybdenum recovery, with the
chemical reaction expressed by the following equation:

MoO;-H,0(s)+20H = MoO3~ +2H,0(1) (6)
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Thus, the leaching process can be summarized as
follows: 1) in the oxygen pressure process, oxidation of
the sulfide forms sulfuric acid and the molybdenum (IV)
is oxidized to molybdenum (VI) (Egs. (1) and 2)); 2) the
increase in generated sulfuric acid enhances further
dissolution of crystalline NiS, MoS,, CaCO; (Egs. (3), (4)
and (5)); 3) the molybdenum in the acid leach residue
further dissolves in the alkaline leach process (Eq. (6)).

3.9 Comprehensive experimental analysis of Ni-Mo

ore

The Ni—Mo ore was investigated by single factor,
and then verification experiment was carried out under
the optimum conditions, and the results are shown in
Table 4. At the oxygen pressure acid leaching stage, the
leaching rates of nickel, molybdenum, sulfur, and arsenic
achieved respectively 97%, 75%, 80% and 45%, and in
the process, most of sulfide was oxidized to sulfate,
whereas arsenic oxidation for arsenate portioned into the
acid leaching solution. The acid leach residue was further
alkaline leached. In alkaline leaching process, the
leaching rates of molybdenum, sulfur, and arsenic
achieved 86%, 80% and 70%, respectively. The
component analyses of acid leaching solution and
alkaline leaching solution are shown in Table 5. The
arsenic contents of acid leaching and alkaline leaching
solution were 2.95 g/L and 1.18 g/L, respectively, and
85% arsenic was leached in the leaching process. The
arsenic in leaching solution is removed through
regulation of pH using magnesium salt precipitation
method [19]. The results showed that this
hydrometallurgical method can replace traditional
roasting methods and can avoid environmental pollution
caused by As. The acid waste solution with pH=0.5 was
neutralized with alkali waste solution, and the
neutralized solution can be used for leaching.

Table 4 Chemical compositions of leach residues
w(Ni)/% w(Mo)/% w(S)/% w(As)/%
Ni—Mo ore 4.73 6.89

Sample

25.86 1.85
Acid leach residue 0.45 3.18 11 1.67
Alkaline leach residue  0.52 0.8 1.72 1.72

Table 5 Chemical composition of leaching liquid
p(ND/ p(Mo)  p(S)/

p(As)/

Solution 4 . - 3
(gL) (gL ) (gL) (gL )

Acid leach solution 20.76 1551 51.71 2.95
Alkaline leach solution 0.51 12.36  30.10 1.18

4 Conclusions

1) The oxygen pressure leaching of the Ni—-Mo ore

was studied. The optimum parameters were: without
sulfuric acid, leaching time of 5 h, leaching temperature
of 150 °C, liquid-to-solid ratio of 2.0 mL/g, oxygen
partial pressure of 1.2 MPa and stirring rate of 500 r/min.
Under these conditions, the extraction rate of nickel was
97% and molybdenum 76%. The acid leach residue was
further leached for molybdenum recovery under alkaline
conditions and the results indicated that the molybdenum
recovery reached 85% during the leaching process within
3 h. Under the condition of 75 °C, atmospheric pressure,
liquid-to-solid ratio of 3.0 mL/g and NaOH of 2.5 g/L,
the total extraction rate of molybdenum was 96%. The
treatment of the Ni—Mo ore by oxygen pressure
leaching-alkaline leaching process is reasonable and
feasible.

2) Furthermore, 80% sulfur in the Ni-Mo ore was
transformed into H,SO,, yielding a leach liquor of pH
0.5. This provided sufficient acid for the leaching of
nickel and molybdenum.
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