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Abstract: A direct alkaline leaching process was proposed to extract molybdenum and lead from low-grade wulfenite ore containing 
2.87% Mo and 9.39% Pb. The results show that increasing temperature and alkali concentration enhances the extraction of Mo and 
Pb, and more than 99.7% of Mo and 64.6% of Pb are extracted under conditions of 75 °C, L/S of 2:1, leaching time of 1.0 h, initial 
NaOH concentration of 80 g/L and stirring speed of 100 r/min. The alkaline leaching of molybdenum follows a chemical reaction 
control mechanism with activation energy of 46.3 kJ/mol. Lead in the residue is recovered by hydrochloric acid leaching. 99.8% of 
lead is leached under the conditions of 80 °C, [MnO2]/[Pb] molar ratio of 1.3:1, sodium chloride concentration of 40 g/L, and 
hydrochloric acid concentration of 3 mol/L, and a product of crystallized PbCl2 with purity higher than 99.5% is obtained after 
cooling. 
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1 Introduction 
 

Molybdenum is a strategic metal which has a broad 
range of applications and uses in the steel industry and 
chemical area [1−3]. Generally, molybdenum is produced 
from its high grade sulfide ore, molybdenite [4−9]. 
Besides molybdenite, wulfenite is one of the primary 
resources of molybdenum. Wulfenite, known as lead 
molybdate (PbMoO4), belongs to minerals occurring in 
the oxidation zones of lead−zinc deposits. Recently, 
researches on molybdenum extraction from wulfenite ore 
receive increasing concern owing to the growing market 
demand of molybdenum as well as the depletion of 
high-grade molybdenum resources. 

Wulfenite deposits have been found in several 
world famous mining areas, e.g., Pribram in Czech, 
Oudida in Morocco, Sidi Renman in Algeria, Broken Hill 
in New South Wales of Australia, San Francisco in 
Sonora and Ahumada in Chihuahua of Mexico, Red 
Cloud Mine and Purple Passion Mine in Arizona of the 
United States. Considerable reserves of wulfenite ores 
have been found in Hunan, Yunnan, Guizhou and Shanxi 
Provinces in China [10]. Wulfenite is a refractory ore 
because the molybdenum and lead minerals are quite fine 

and the metal and gangue minerals are intricately 
associated. For a long time, wulfenite had been used 
merely as an ore for the smelting of lead, and the much 
more valuable molybdenum was lost [11]. In recent years, 
beneficiation−metallurgy combination process has been 
employed to treat wulfenite ores [12−14]. Flotation or 
gravity concentration of these ores produces rough 
concentrates containing typically 5%−15% molybdenum, 
but production of these concentrates is often    
attended by significant losses [10]. Sodium sulfide was 
usually used to leach molybdenum from the rough 
concentrates [15−17]. Mo could be leached into solution 
while all of Pb remained in residue, realizing an efficient 
separation of Mo and Pb. However, Na2S leaching was 
commonly carried out at a high temperature (>90 °C), 
resulting in high energy consumption. In addition, it 
often caused harmful H2S pollution. 

This study aims to develop an integrated 
hydrometallurgical approach for direct treatment of 
low-grade raw wulfenite ore. From our previous 
mineralogy study [18], in the wulfenite ore, minerals 
were finely disseminated, and a lot of calcite was 
associated. Thus, alkaline leaching rather than acidic 
leaching was employed to treat the wulfenite ore. 
Sodium hydroxide, which appeared to be attractive for  
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decomposition of molybdenum ores such as Ni−Mo  
ore [19−22], was used as the lixiviant. Experiments were 
carried out to investigate the process parameters such as 
liquid-to-solid ratio, temperature and time, initial   
NaOH concentration and stirring speed, to get the  
highest leaching yield of molybdenum. The extraction of 
Pb from the residue was investigated thereafter.   
Details of the chemistry underlying the leaching were 
explored. 
 
2 Experimental 
 
2.1 Materials 

The wulfenite ore sample used in this study was 
obtained from a mine in Huayuan county, Hunan 
Province, China. The ore sample had well-cut tabular 
crystals of yellowish-orange color. The chemical 
composition of the wulfenite ore sample was determined 
by inductively coupled plasma-optical emission 
spectrometry (ICP-OES) and listed in Table 1. It 
contained 2.87% Mo and 9.39% Pb. Mineralogical 
analysis of molybdenum and lead in the sample was 
performed by chemical phase analysis method [18]. And 
the results (Table 2) show that 98.19% of Mo and 
60.17% of Pb existed in wulfenite. The main mineral 
phases are wulfenite (PbMoO4), calcite (CaCO3), barite 
(BaSO4), quartz (SiO2) and galena (PbS), as 
characterized by an X-ray diffractometer and shown in 
Fig. 1. 

The wulfenite ore sample was crushed and finely 
ground for the leaching tests. The particle size of the 
ground wulfenite ore sample was measured by a Malvern 

Mastersizer analyzer and the particle size distribution is 
displayed in Fig. 2. It can be seen that large amounts of 
wulfenite ore samples are in the range of 0.88−27.27 μm 
and the mean particle diameter is 6.87 μm. 

Sodium hydroxide was of analytical reagent grade 
and used directly as received. All other chemicals used in 
the experiments were of analytical grade. 

 
2.2 Experimental procedures and analysis 

The wulfenite was leached using sodium hydroxide 
solution in a 0.5 L glass beaker. Prescribed amount of ore 
sample and a desired volume of sodium hydroxide 
solution were mixed in the beaker and then located in a 
thermostat water bath, where the temperature was 
controlled and displayed with a digital multi-meter with 
a precision of ±0.1 °C. The slurry was agitated with a 
two blade impeller driven by a variable speed motor. The 
stirring speed was set as required in leaching 
experiments. The time was recorded at the moment the 
machine started to run. At the end of each leaching 
experiment, the slurry was filtered. The resulting filter 
cake was thoroughly washed with hot water. The solid 
residues were dried to constant mass in an oven at 60 °C. 
Atomic absorption spectrophotometry (AAS) and 
inductively coupled plasma-optical emission 
spectrometry (ICP-OES) were used to analyze metal 
contents in the liquor and solid residues. The mineral 
phases of the residues were examined using electron 
microscopy and chemical phase analysis. From the 
leached residue, remained lead was recovered by 
leaching using hydrochloric acid under the similar 
procedures as described above. 

 
Table 1 Chemical composition of wulfenite ore sample (wt.%) 

Mo Pb Ca Fe Zn Ba Al Cu Mn In Ni S 

2.87 9.39 15.56 7.05 3.37 3.12 2.66 <0.05 0.087 <0.0005 <0.05 1.05 

Ti V Mg As Be Bi Cr Co Cd Re Au Ag 

0.15 0.054 0.73 0.026 <0.05 <0.05 <0.05 <0.05 <0.05 <0.0005 0.25* 2.24* 

*g/t 

 

Table 2 Phase constitution and distribution of molybdenum and lead 

Analysis item 
Mineralogy of Mo 

Total
Wufenite Molybdate Others 

Content/wt.% 2.818 0.021 0.031 2.87 

Ratio/% 98.19 0.73 1.08 100 

Analysis item 
Mineralogy of Pb 

Total
Wulfenite Galena Descloizite Cerussite Anglesite Others 

Content/wt.% 5.65 2.02 0.87 0.74 0.04 0.07 9.39 

Ratio/% 60.17 21.51 9.27 7.88 0.43 0.75 100 
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Fig. 1 X-ray diffraction pattern of wulfenite ore sample 

 

 
Fig. 2 Particle size distribution of ground wulfenite ore sample 

 
3 Results and discussion 
 
3.1 Effect of liquid-to-solid mass ratio 

The effect of liquid-to-solid mass ratio (L/S) on the 
leaching of Mo and Pb is shown in Fig. 3. The NaOH 
amount is fixed at 12 g per 100 g ore. It can be seen from 
Fig. 3 that the leaching yields of Mo and Pb gradually 
increase with an increase of L/S from 1:1 to 2:1 where 
they reach peak values. It can be interpreted that a higher 
L/S means a larger liquor volume, which is favorable to 
diffusion process such as lixiviant NaOH transferring 
from solution to the surface of wulfenite and Mo and Pb 
from wulfenite to solution, making the leaching reaction 
proceed in a more throughout way. The predominated 
chemical reactions [23] of the leaching were assumed to 
occur: 
 
PbMoO4+2OH−= 2

4MoO  +Pb(OH)2                  (1) 
Pb(OH)2+OH−= 3Pb(OH)                       (2) 
 

According to the above equations, Mo and Pb 
present in the wulfenite react with hydroxyl (OH−) to 
form molybdate ions 2

4(MoO )  and lead-hydroxyl 
complexes (mainly 3Pb(OH) ), respectively, and were 

leached into solution. A higher L/S improves contact 
between alkali and wulfenite particles and facilitates the 
dissolution of Mo and Pb. 
 

 

Fig. 3 Effect of liquid-to-solid mass ratio on leaching of 

wulfenite under conditions of NaOH amount of 12 g per 100 g 

ore, leaching temperature of 65 °C, stirring speed of 300 r/min, 

and leaching time of 1 h 

 
However, a higher L/S under constant NaOH 

amount also means a lower NaOH concentration, which 
decreases the extraction of Mo and Pb. From Fig. 3, the 
leaching yield of Mo decreases from 99.01% to 84.14% 
and the leaching yield of Pb decreases from 59.62% to 
47.44% when the L/S increased from 2:1 to 5:1. 
Additionally, a higher L/S reduces the Mo and Pb 
concentrations in the resultant leach liquor. Thus, there is 
a tradeoff between liquor volume and lixiviant NaOH 
concentration and the optimal L/S is observed to be 2:1. 
 

3.2 Effect of leaching temperature and time 
The temperature variation studies were carried out 

from 15 °C to elevated temperature (95 °C) with initial 
NaOH concentration of 60 g/L, L/S of 2:1 and stirring 
speed of 300 r/min. Figure 4(a) shows that the leaching 
yields of Mo and Pb increase with temperature in the 
range of 15−75 °C with a fixed leaching time of 1 h. 
71.28% of Mo and 48.32% of Pb are leached at 15 °C 
while 99.66% of Mo and 59.30% of Pb are leached at 
75 °C. Compared to Pb, Mo is more readily impacted by 
the leaching temperature. Further increase in temperature 
to 95 °C has no significant effect on the leaching of Mo 
but results in a decrement of approximate 8% in Pb 
leaching yield. The decrease in Pb leaching yield is 
possibly attributed to the instability of Pb-hydroxyl 
complexes and precipitation of Pb at a higher 
temperature above 80 °C or so. 

The extraction of Mo is highly sensitive to 
temperature and the leaching efficiency of Mo is greatly 
enhanced at a higher temperature, as also shown in   
Fig. 4(b). The leaching yield of Mo is only 69.94% in a 
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leaching time of 0.5 h and 73.69% in 3 h at 15 °C, 
whereas the leaching yield of Mo is more than 99.7% in 
a leaching time of 0.5 h and holds almost constant 
thereafter at a temperature above 75 °C. This indicates 
that the reaction is fast and 30 min is sufficient to 
achieve the maximum reaction at a temperature above 
75 °C. 
 

 

Fig. 4 Effect of temperature (a) and time (b) on leaching of 

wulfenite under conditions of initial NaOH solution 

concentration of 60 g/L, liquid-to-solid mass ratio of 2:1, and 

stirring speed of 300 r/min 

 
The kinetics of leaching of Mo from wulfenite was 

assessed on the basis of shrinking core models. The 
experiment data were analyzed and fitted to different rate 
equations for these models [24,25], and the leaching of 
Mo was found to follow linear kinetics: 
 
1−(1−η) 1/3=kst                                (3) 
 
where ks is the reaction rate constant (h−1), t is reaction 
time elapsed (h), and η is the fraction of molybdenum 
dissolved. 

The plots of 1−(1−η)1/3 versus leaching time at 
different temperatures (15, 45 and 55 °C) for leaching 
molybdenum are presented in Fig. 5. It can be seen from 
Fig. 5 that all of them give good linear fit with 
coefficient R2 values higher than 0.98, suggesting that the 
reaction of alkaline leaching of Mo from wulfenite is 

surface chemically controlled. 
Using the rate constants determined from these 

curves, an Arrhenius plot, which illustrates the 
dependence of rate constant upon temperature, is given 
in Fig. 6. From Fig. 6, an Arrhenius activation energy of 
46.3 kJ/ mol is calculated for the alkaline leaching of Mo 
from wulfenite ore. The activation energy is more than 
40 kJ/mol, confirming a chemical reaction control 
mechanism as the rate-controlling step. 
 

 
Fig. 5 Plots of 1−(1−η)1/3 vs leaching time at different 

temperatures for Mo leaching under conditions of initial NaOH 

solution concentration of 60 g/L, liquid-to-solid mass ratio of 

2:1, and stirring speed of 300 r/min 

 

 
Fig. 6 Arrhenius plot for alkaline leaching of Mo from 

wulfenite ore 

 
3.3 Effect of initial NaOH concentration 

The effect of the initial concentration of NaOH 
solution on the leaching of Mo and Pb was studied by 
varying NaOH concentrations over the 30−100 g/L  
range. Figure 7 shows that the leaching yields of Mo and 
Pb increase significantly with the initial concentration of 
NaOH when the initial NaOH concentration is less than 
60 g/L. 50.41% of Mo is leached together with 25.82% 
of Pb for [NaOH]=30 g/L while 99.66% of Mo is leached 
together with 59.30% of Pb for [NaOH]=60 g/L. A 
higher NaOH concentration correspondingly increases 
the alkaline amount and leads to a higher leaching rate. 
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However, the leaching yield of Mo changes little and the 
leaching yield of Pb increases slowly when the initial 
concentration of sodium hydroxide is above 60 g/L. 
99.78% of Mo and 61.55% of Pb are leached when the 
initial concentration of NaOH is 80 g/L. The behavior of 
Pb may be an effect of the formation and solubility of 
Pb-hydroxyl complexes in sodium hydroxide solutions. 
65.74% of Pb is leached when the initial concentration of 
NaOH is increased to 100 g/L. Further increasing the 
NaOH concentration to 100 g/L is unfavorable because 
of higher alkaline consumption and more acid 
requirement in the subsequent neutralization step. 
 

 
Fig. 7 Effect of initial NaOH concentration on leaching of 

wulfenite under conditions of leaching temperature of 75 °C, 

liquid-to-solid mass ratio of 2:1, stirring speed of 300 r/min, 

and leaching time of 1 h 

 
3.4 Effect of stirring speed 

Experiments with stirring speeds of 50−350 r/min 
were carried out under conditions of leaching 
temperature of 30 °C, L/S of 2:1, initial NaOH 
concentration of 80 g/L and leaching time of 1.0 h. The 
results are concluded in Fig. 8. It is found that the 
leaching yield of Mo and Pb has little dependence on the 
stirring speed. The leaching yields of Mo and Pb are 
more than 99.7% and 63.2%, respectively, and      
hold almost constant when a stirring speed larger than  

100 r/min is employed. And the test results agree with 
the characteristics of chemical controlled leaching 
process well. 
 

 
Fig. 8 Effect of stirring speed on leaching of wulfenite under 

conditions of leaching temperature of 75 °C, liquid-to-solid 

mass ratio of 2:1, leaching time of 0.5 h, and initial NaOH 

concentration of 80 g/L 

 

3.5 Characterization of leach liquor and leach residue 
The chemical compositions of the leach liquor and 

residue after leaching (under conditions of leaching 
temperature of 75 °C, L/S of 2:1, leaching time of 1.0 h, 
initial NaOH concentration of 80 g/L and stirring speed 
of 100 r/min) are shown in Table 3 and Table 4, 
respectively. 99.7% of Mo and 64.6% of Pb in the 
wulfenite ore are extracted and a solution containing 
13.32 g/L Mo and 30.42 g/L Pb is obtained. Pb in the 
leachate can be recovered by precipitation with NaHS 
and pH adjustment with sulfuric acid. After precipitation 
of Pb, Mo can be separated by solvent extraction and 
precipitated as ammonium molybdate [26]. 

The leach residue is composed of 3.78% Pb, which 
exists mainly as galena and slightly as descloizite, as 
detected by electron microscopy and illustrated in Fig. 9. 
Chemical phase analysis further reveals that 96.33% of 
Pb exists in galena whereas 2.71% of Pb in descloizite. 

 
Table 3 Chemical composition of leach liquor (g/L) 

Mo Pb Ca Fe Zn Ba Al Cu Mn Li Ni 

13.32 30.42 <0.05 <0.05 1.86 <0.05 0.74 <0.05 <0.05 <0.05 <0.05 

Ti V Mg As Be Bi Cr Co Cd Sb Sn 

<0.05 <0.05 <0.05 0.079 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

 
Table 4 Chemical composition of residue after alkaline leaching (wt.%) 

Mo Pb Ca Fe Zn Ba Ni Cu Mn Al S 

0.009 3.78 17.62 8.02 3.61 3.54 <0.005 0.013 0.09 2.84 1.19 

Ti V Mg As Be Bi Cr Co Cd Li Sb 

0.16 0.05 0.93 <0.005 <0.05 0.041 0.012 <0.005 <0.05 <0.013 <0.005 
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The sizes of galena and descloizite are 5−30 μm 
generally, mainly in the form of monomers, a small 
amount of which is associated with gangue. Gangue 
minerals in the leach residue are mainly calcite, followed 
by barite and quartz. 
 

3.6 Extraction of lead from residue by hydrochloric 
acid leaching 
Hydrochloric acid was used to leach Pb from the 

leaching residue. Manganese dioxide was employed as 
oxidant and sodium chloride was used as a source of 
chloride ions [27,28]. The main reactions involved in the 
leaching are as follows [29−31]:  
PbS+MnO2+4HCl=PbCl2+MnCl2+S+2H2O        (4)  
S+3MnO2+4HCl=MnSO4+2MnCl2+2H2O         (5)  
PbCl2+2Cl−=[PbCl4]

2−                         (6)  
Galena, manganese dioxide and hydrochloric acid 

react to form manganese salts, lead chloride and sulfur. 

Sulfur may be further oxidized to sulfate in depth, while 
lead chloride and chloride ions form soluble complexes 
[PbCl4]

2− at high temperature. 99.8% of lead is leached 
under the conditions of leaching temperature of 80 °C, 
L/S of 10:1, leaching time of 1.0 h, [MnO2]/[Pb] molar 
ratio of 1.3:1, sodium chloride concentration of 40 g/L, 
hydrochloric acid concentration of 3 mol/L and stirring 
speed of 300 r/min. After filtration, the soluble 
complexes [PbCl4]

2− in the solution are transformed into 
PbCl2 crystals after cooling [29]. As a result, lead can be 
recovered as precipitated lead dichloride crystals at low 
temperature. More than 82% of PbCl2 are crystallized 
when the temperature is decreased to 15 °C and held for 
3 h. A product of crystallized PbCl2 with purity higher 
than 99.5% is obtained after washing with cold deionized 
water and drying. 

The simplified process flowsheet, which includes 
the above mentioned optimum conditions, is given in  
Fig. 10. 

 

 
Fig. 9 Electron microscopy images of leach residue: (a) Galena disseminating as monomer form; (b) Descloizite and galena 
disseminating as monomer form 

 

 
Fig. 10 Simplified process flowsheet 
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4 Conclusions 
 

(1) The alkaline leaching of wulfenite ore provides a 
relatively simple, clean approach to extract molybdenum 
and lead directly from the associated gangue minerals. 
Dissolution behaviors of molybdenum and lead from 
wulfenite ore leaching are dependent on initial NaOH 
concentration, temperature and the liquid-to-solid mass 
ratio. 

(2) The alkaline leaching of molybdenum from 
wulfenite ore follows chemical reaction control kinetics 
with activation energy of 46.3 kJ/mol. Increasing pH and 
temperature enhances the extraction of molybdenum and 
lead. The alkaline leaching of Mo and Pb is achieved 
rapidly (<1.0 h) over a temperature range of 75−95 °C. 
Almost all of Mo and 64.6% of Pb in the wulfenite are 
extracted under conditions of leaching temperature of 
75 °C, L/S of 2:1, leaching time of 1.0 h, initial NaOH 
concentration of 80 g/L and stirring speed of 100 r/min. 

(3) The remained Pb in the leach residue exists 
mainly as galena and slightly as descloizite, which can 
be completely leached by hydrochloric acid with addition 
of manganese dioxide and recovered as PbCl2 crystals. 
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摘  要：以含钼 2.87%、铅 9.39%的低品位彩钼铅矿为对象，采用直接碱浸工艺提取钼和铅。结果表明，升高温

度或碱浓度有利于钼和铅的浸出，在浸出温度 75 °C、液固比 2:1、浸出时间 1.0 h、NaOH 初始浓度 80 g/L、搅拌

速度 100 r/min 的条件下，钼和铅的浸出率分别大于 99.7%和 64.6%。钼的碱浸受化学反应控制，反应活化能为   

46.3 kJ/mol。进一步采用盐酸浸出回收碱浸渣中的铅，在浸出温度 80 °C、MnO2/Pb 摩尔比 1.3:1、氯化钠浓度 40 g/L、

盐酸浓度 3 mol/L 的条件下，铅的浸出率达到 99.8%；含铅的浸出液冷却后得到氯化铅结晶，纯度可达 99.5%以上。 

关键词：彩钼铅矿；钼；铅；浸出；动力学 
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