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Abstract: The thermodynamic equilibrium diagrams of CaMoO4−CaSO4−H2SO4−H2O, CaMoO4−HCl−H2O and 
CaSO4−CaCl2−HCl−H2O systems at 298 K were established. The calculation results demonstrated that HCl displays a 
much higher solubility of CaSO4 than H2SO4. The leaching mechanism of Mo from CaMoO4 calcine was systematically 
investigated from the perspective of the micro particle properties variation. HCl exhibits an excellent leaching 
performance for Mo from CaMoO4 calcine due to the elimination of surface coating and the dissolution of a mass of Mo 
embedded in CaSO4 matrix. Excellent Mo leaching efficiency of 99.7% was achieved under the optimal conditions of 
decomposing CaMoO4 calcine by 2.4 mol/L HCl with a liquid/solid ratio of 10:1 at 50 °C for 60 min. Based on the 
experimental results, a highly efficient and green cycle leaching process of molybdenum from molybdenite was 
proposed, which eliminated surface coating and physical entraining, and converted most of the calcium from CaMoO4 
calcine into high purity gypsum by-product. 
Key words: calcium molybdate; molybdenum; H2SO4 leaching; HCl leaching; thermodynamics  
                                                                                                             
 
 
1 Introduction 
 

Molybdenum (Mo) is a strategic metal element 
due to its critical application in the catalyst industry 
and the cemented carbide alloy tool which is called 
as the “tooth” of the industry [1]. In molybdenite 
ore, the only significant commercial molybdenum 
resource explored at present, Mo, majorly occurs as 
MoS2 and the content of Mo is 30%−40% [2,3]. On 
the other hand, the proportion of Mo recovered 
from secondary resources such as spent catalysts  
(in the form of MoS2) is going through a rapid 
growing [4−6]. MoS2 in these resources can hardly 
be decomposed by mineral acids under ordinary 

conditions. Therefore, in industrial practice oxidating 
roasting was proposed to break the mineral crystal 
structure of MoS2 for Mo leaching [7,8]. However, 
direct oxidating roasting with air or oxygen would 
generate huge amount of toxic SO2 gas. To 
eliminate the emission of SO2, the CaO roasting 
method which converts MoS2 to CaMoO4 and 
solidifies S as CaSO4 has been widely applied in 
Mo metallurgical industry. But issues of calcium 
sulphate coating and high loss of Mo in residue are 
still faced by the leaching of Mo from the 
molybdenite calcine (CaMoO4, calcium molybdate). 
Then, it is of critical importance to enhance the 
dissolution of CaMoO4 calcine in a green way. 

CaMoO4 can be decomposed by solutions of 
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Na2CO3, phosphates and mineral acids [9,10]. 
SONG et al [11] achieved a 99.7% decomposition 
efficiency of CaMoO4 by 12% Na2CO3 solution at 
80 °C for 2 h. XIA et al [12] reported that an 
increasing concentration of Na2CO3 promoted the 
decomposition of CaMoO4. PAN and ZHU [13] 
achieved a 94% leaching efficiency of Mo by 
pressed leaching with 100 g/L Na2CO3 at 180 °C 
for 1 h. However, for Na2CO3 leaching process, a 
complete decomposition requires much excessive 
Na2CO3 and elevated temperature, resulting in high 
concentration of free base in leach solutions and 
difficult downstream treatments. ZHANG et al [14] 
found that phosphates exhibited better performance 
than Na2CO3 for CaMoO4 decomposition, but a 
significant amount of phosphorus was introduced 
and difficult to be removed. The decomposition of 
CaMoO4 with alkaline and phosphate solutions did 
not break the abundant CaSO4 matrix and limited 
the effective diffusion of leachant and the generated 
ions. 

Recently, the decomposition of CaMoO4 with 
acids has also been considered as a promising 
alternative [15,16]. The leaching conditions for 
CaMoO4 decomposition with acids are much milder 
than those with alkali, generally at normal temperature 
and pressure [17−19]. ILHAN et al [20,21] 
decomposed CaMoO4 by oxalic acid and Mo was 
leached as soluble H2[(MoO3)2(C2O4)], but the 
surface coating of undissolved particles by the 
generated CaC2O4 retarded further decomposition 
of CaMoO4. SINGH et al [22] leached 99% of   
Mo using 1−2 mol/L H2SO4 by double-leaching 
CaMoO4 at 80−90 °C for 2 h. ZOU and ZHOU [23] 
leached 98.5% of Mo from CaMoO4 by using  
5 vol.% H2SO4 with a liquid/solid (L/S) ratio of 3:1 
at 90 °C for 2 h. However, in H2SO4 leaching, the 
undissolved CaSO4 matrix embedded with Mo and 
the coating caused by the generated CaSO4 results 
in a slow leaching kinetics, huge amount of leach 
residue and high loss of Mo in residue [24]. To 
solve these problems, a novel process including 
HCl leaching, Mo extraction with HEHEHP and 
HCl regeneration was proposed. In this process, a 
higher recovery of Mo can be anticipated since the 
passivation caused by CaSO4 is eliminated and the 
volume of solid waste is significantly reduced by 
transferring most CaSO4 into a useful by-product. 
However, the leaching of Mo from calcium 
molybdate (embedded with CaSO4) with HCl has 

rarely been reported, and whether the generated 
H2MoO4 led to an obvious passivation is still 
unknown. 

To enhance the decomposition of CaMoO4 
calcine and recover calcium as gypsum by-product, 
in this study, thermodynamic analysis on acid 
decomposition of CaMoO4 was investigated. Then, 
the effects of acid concentration, temperature, time, 
L/S ratio, and CaCl2 concentration on the leaching 
efficiency of Mo from CaMoO4 with HCl were 
studied. And the overall recovery of Mo in the 
process of HCl leaching—Mo extraction—HCl 
regeneration process was examined. 
 
2 Thermodynamic analysis 
 

The ionic compositions in CaMoO4−CaSO4− 
H2SO4−H2O and CaMoO4−HCl−H2O aqueous 
solution systems consist of 2

4MoO − , H2MoO4(aq), 
4HMoO− , 2

2MoO + , MoO2OH+, Ca2+, CaOH+, 
Ca(OH)2(aq), H2SO4, 4HSO− , 2

4SO − , HCl, Cl−, H+ 
and OH−, and the solid phases include H2MoO4(s), 
CaMoO4(s) and CaSO4(s). The equilibrium constants 
(lg K) of reactions were listed in Table 1. 

Thermodynamic analysis was conducted 
according to the data in Table 1. Generally, in 
metallurgical engineering, for solutions with a high 
concentration of metal ions, the concentration was 
used instead of the activity. The mathematical 
relationships of the species can be expressed as 
equations below: 

 
2 2 13.33

4[ ] [M ]H oO 10+ − −=                   (14) 
 

6.85 2 2
2 4(aq) 4[H MoO 10 [H ] [Mo] O ]+ −=         (15) 

 
5.01 2

4 4[HMoO ] 10 [H ][MoO ]− + −=             (16) 
 

2 8.33 4 2
2 4[MoO ] 10 [H ] MoO[ ]+ + −=            (17) 

 
7.88 3 2

2 4[MoO OH ] 10 [H ] Mo[ ]O+ + −=          (18) 
 

2 2 8.55
4[Ca ][MoO ] 10+ − −=                   (19) 

 
2 2 5.04

4[Ca ][SO ] 10+ − −=                     (20) 
 

2.77 2 2
2(aq)[Ca(OH) 10 Ca [O ]] [ ] H+ −=          (21) 

 
1.4 2[[CaOH ] 10 Ca [ H ]] O+ + −=               (22) 

 
3

2 4 4[H SO ] 10 [H ][HSO ]− + −=               (23) 
 

1.92 2
4 4[[HSO ] 10 H ]][SO− + −=                 (24) 
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Table 1 Equilibrium reactions and equilibrium constants (lg K) of CaMoO4−CaSO4−H2SO4−H2O and CaMoO4−HCl− 
H2O systems at 298 K 

Equilibrium reaction Equilibrium constant, lg K Equation No. Reference 
H2MoO4(s)=2H++ 2

4MoO −  −13.33 (1) [25] 
H2MoO4(aq)=2H++ 2

4MoO −  −6.85 (2) [25] 

4HMoO− =H++ 2
4MoO −  −5.01 (3) [25] 

2
2MoO + +2H2O=4H++ 2

4MoO −  −8.33 (4) [25] 
MoO2OH++H2O=3H++ 2

4MoO −  −7.88 (5) [25] 
CaMoO4(s)=Ca2++ 2

4MoO −  −8.53 (6) [14] 
CaSO4(s)=Ca2++ 2

4SO −  −5.04 (7) [26] 
Ca2++2OH−=CaOH2(aq) 2.77 (8) [26] 

Ca2++OH−=CaOH+ 1.4 (9) [26] 
H2SO4=H++ 4HSO−  3 (10) [26] 

4HSO− =H++ 2
4SO −  −1.92 (11) [26] 

HCl=H++Cl− 8.0 (12) [26] 
H2O=H++OH+ −14.0 (13) [26] 

 
[HCl]=10−8[H+][Cl−]                           (25) 

 
[H+][OH−]=10−14                             (26) 

 
The total concentrations of Ca, Mo, S and Cl 

in aqueous solution were calculated according to 
Eqs. (27)−(30), separately:  

2
T 2(aq)[Ca] [Ca ] [CaOH ] [Ca(OH) ]+ += + +      (27) 
 

2
T 4 2 4(aq) 4[Mo] [MoO ] [H MoO ] [HMoO ]− −= + + +  

2
2 2[MoO ] [MoO OH ]+ ++               (28) 

 
2

T 4 4 2 4[S] [SO ] [HSO ] [H SO ]− −= + +             (29) 
 

[Cl]T=[Cl−]+[HCl]                       (30) 
 
According to the equations above, the 

thermodynamic analysis on CaMoO4−H2SO4−H2O 
and CaMoO4−HCl−H2O systems was carried out to 
demonstrate the feasibility on decomposition of 
calcium molybdate using the sulfuric and 
hydrochloric acids. 

In the aqueous solution system of CaSO4− 
CaCl2−HCl−H2O, sulphur presents in forms of 

2 4H SO , 4HSO−  and 2
4SO − . Their concentration 

depends on the degree of the ionization process of 
CaSO4(s). Then, the dissolution concentration of 
CaSO4(s) in solution can be expressed as Eq. (31):  

2
4 D 2 4 4 4[CaSO ] [H SO ] [HSO ] [SO ]− −= + +        (31) 

 
In addition, the equilibrium of charge in 

CaSO4−CaCl2−HCl−H2O system can be expressed 

as Eq. (32):  
22[Ca ] 2[H ] [CaOH ]+ + ++ + =  
 

2
4 42[SO ] [HSO ] [OH ] [Cl ]− − − −+ + +        (32) 

 
Based on Eqs. (31) and (32), the thermo- 

dynamic study with the system of CaSO4− 
CaCl2−HCl−H2O was conducted to investigate the 
effects of CaCl2 and HCl concentrations on the 
solubility of CaSO4. 
 
2.1 Thermodynamic analysis of CaMoO4− 

CaSO4−H2SO4−H2O and CaMoO4−HCl− 
H2O systems 

The lg c−pH diagrams of CaMoO4−CaSO4− 
H2SO4−H2O and CaMoO4−HCl−H2O systems at 
equilibrium are drawn in Fig. 1. As shown in 
Fig. 1(a), the total Ca2+ concentration maintained at 
a low level in the whole pH range, indicating that 
only small amount of calcium can be leached in the 
case of CaMoO4 decomposition with H2SO4. The 
molar ratios of CaSO4(s) to CaMoO4(s) and H2MoO4(s) 
to CaMoO4(s) were 1.142 (52.16/45.66) and 1.136 
(51.86/45.66), respectively, indicating that the 
surface of CaMoO4(s) could be easily wrapped by 
CaSO4(s) and H2MoO4(s) during the decomposition 
process, resulting in incomplete decomposition   
of CaMoO4(s) by H2SO4. Data in Fig. 1(b) 
demonstrated that the Ca2+ solubility in HCl was 
100 times higher than that in H2SO4. 
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Fig. 1 lg c−pH diagrams of CaMoO4−CaSO4−H2SO4− 
H2O (a) and CaMoO4−HCl−H2O (b) systems at 298 K 
 

The effect of L/S ratio on the decomposition of 
CaMoO4 with HCl was simulated and displayed in 
Fig. 2. The terminal pH of decomposition reduced 
from 2.90 to 2.60 with the decrease in L/S ratio 
from 10:1 to 2:1 when the initial pH is kept 
constant. This could be attributed to the increase of 
Ca2+ concentration in leach solutions that retarded 
further decomposition of CaMoO4(s) since surface 
coating caused by the generated H2MoO4(s) occurred 
on some of CaMoO4 particles. But fortunately, the 
H2MoO4 solubility can be significantly increased by 
increasing the HCl concentration (as shown in  
Table 2), then reduced the resistance of mass 
transfer and increased the decomposition efficiency 
of CaMoO4(s). 
 
2.2 Thermodynamic analysis of CaSO4−CaCl2− 

HCl−H2O system 
As the curves in Fig. 3 demonstrated, the 

solubility of CaSO4 increased with the increase of 
acidity since the increased acidity ([H+]) dissolved 
CaSO4 by forming 4HSO−  and released Ca2+ [27,28]. 
However, the increase of CaCl2 concentration  

 

 
Fig. 2 Effect of L/S ratio on decomposition of CaMoO4 
with HCl  
 
Table 2 Solubility of molybdate in HCl solution 

HCl concentration/
(g·L−1) 

Solubility of H2MoO4/(g·L−1) 

20 °C 50 °C 70 °C 

40 3.8 2.46 4.6 

80 10.9 6.48 13 

130 29.2 18.6 42.6 

200 101.5 124.5 135.9 

270 192.6 270.5 265 

400 440 551.3 535.6 

 

 
Fig. 3 Effects of HCl and CaCl2 concentrations on 
solubility of CaSO4 in CaSO4−CaCl2−HCl−H2O system 
 
obviously reduced the solubility of CaSO4. For 
example, the solubility of CaSO4 decreased    
from 2.64 to 0.185 g/L with the increase in   
CaCl2 concentration from 0.05 to 1.0 mol/L    
with 1.77 mol/L HCl. According to the solubility 
constant of CaSO4, the increase in Ca2+ 
concentration results in the decrease of 2

4SO −
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concentration, and therefore the decrease of CaSO4 
solubility. 
 
3 Experimental 
 
3.1 Materials 

A sample of molybdenite containing 41 wt.% 
Mo was provided by a native plant in China and all 
other chemicals used in this study were of chemical 
grade, provided by Beijing Chemical Reagent Co., 
Ltd., and Xilong Chemical Co., Ltd. After roasting 
with Ca(OH)2 at CaO/MoS2 molar ratio of 3:1 and 
650 °C for 2 h, the CaMoO4 calcine was obtained  
as raw material for acid leaching tests. The 
oxidation (retention) of molybdenum reached  
99.3% with the sulphur fixation of 98.2%. The 
composition of the CaMoO4 calcine is shown in 
Table 3 and the XRD patterns before and after 
roasting of molybdenite with lime are presented in 
Figs. 4(a) and (b). It is noted that only two macro 
phases, CaMoO4 and CaSO4, are found in the 

calcine. The occurrence of CaMoO4 and CaSO4 in 
calcine is simply characterized by SEM−EDS 
(Figs. 4(c, d)), indicating that these two phases are 
deeply embedded in each other. 

 
3.2 Experimental operations 

For each test of leaching, a sample of 20 g 
CaMoO4 calcine was taken and placed in a 500 mL 
beaker immersed in a water bath. The mixed 
solution of concentrate HCl and water was then 
added into the beaker and mixed with a stirring 
speed of 300 r/min at 25 °C for 1 h, or stated 
otherwise. After filtration, the leach residue was 
dried and analyzed, while the filtrate was treated for 
the determination of ionic concentrations. 
 
Table 3 Composition of CaMoO4 calcine from roasting 
molybdenite with lime (wt.%) 

MoO3 CaO SO2 SiO2 Al2O3 Fe2O3 

26.4 35.8 25.4 6.17 4.27 3.26 

 

 
Fig. 4 XRD patterns of molybdenite before (a) and after (b) roasting, and SEM image (c) and EDS elemental map (d) of 
CaMoO4 calcine 
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3.3 Sample characterization 
The determination of metal concentrations in 

calcine and residue was conducted by ICP-OES 
(Inductively Coupled Plasma Optical Emission 
Spectrometer, Agilent 5100, USA) via acid 
dissolution. The distribution of elements in micro 
area of calcine and residue was mapped by means 
of SEM−EDS with polished sample solidified in 
epoxy resin. 
 
3.4 Data processing 

For the leaching of CaMoO4, Mo4+ is insoluble 
but Mo6+ is soluble in acidic solutions. Therefore, 
the oxidation ratio of Mo can be determined by 
leaching the calcined CaMoO4 with much excessive 
HCl (L/S>10:1) for more than 2 h at ~50 °C, then 
the Mo in leach solution and residue (dissolving 
0.2 g of the residue sample by 5 mL aqua regia and 
5 mL perchloric acid at a boiling temperature) can 
be determined by ICP-OES. The retention ratio of 
Mo is the ratio of Mo content in the calcined 
CaMoO4 to the Mo content in raw molybdenite. 
And E is defined as the leaching efficiency of Mo 
and the calculation equation is shown as follows:  

Mo

0 0
100%C VE

w m
×

= ×
×

                    (33) 
 

where CMo represents the Mo concentration in leach 
solution (g/L), V is volume of leach solution (L), w0 
is the Mo content in the calcined CaMoO4 (%), and 
m0 is the mass of the calcined CaMoO4 (g). 
 
4 Results and discussion 
 
4.1 Effect of H+ concentration 

As shown in Fig. 5, the leaching efficiency of 
Mo increased with increasing concentration of H+ 
for both acids. But the leaching efficiency of Mo 
with HCl reached up to 99% while that with H2SO4 
only 78% under the same H+ concentration of 
2.4 mol/L. This can be attributed to the low 
dissolution ratio of CaMoO4 embedded in CaSO4 
matrix and the surface coating caused by the 
generated CaSO4 in the case of H2SO4 leaching, 
which has also been proved by the low Ca2+ 
concentration in H2SO4 leach solution, 2 g/L, 
regardless the H+ concentration. In accord with the 
thermodynamic calculation results (Figs. 1(a) and 
(b)), the concentration of Ca2+ in HCl leach solution 
(8.5−11.9 g/L) was much higher than that in H2SO4 

leach solution (~2 g/L) due to the low solubility of 
CaSO4 in H2SO4 and the common ion effect caused 
by 2

4SO − . On the other hand, the residue ratio with 
HCl leaching was only 37%−55% but ~92% in the 
case of H2SO4 leaching, saving large amount of 
washing water and residue treatment cost. 
Therefore, HCl is considered as a better leachant for 
Mo leaching from CaMoO4 calcine. And the 
optimal H+ concentration was 2.4 mol/L. 
 

 
Fig. 5 Effect of H+ concentration on dissolution of 
CaMoO4 with sulfuric and hydrochloric acids (L/S=10:1, 
25 °C, 1 h, 300 r/min) 
 

To investigate the Mo leaching mechanism 
with HCl and H2SO4, the raw CaMoO4 and leach 
residue particles were inserted into the 
polyacrylamide organic resin and polished for 
SEM−EDS test. As shown in Figs. 6(a) and (b), 
CaMoO4 and CaSO4 in the raw material particles 
are deeply embedded each other, for which the 
leaching of Mo requires a pre-decomposition of the 
CaSO4 matrix. In the case of H2SO4 leaching, 
considerable amount of undissolved Mo that closely 
disseminated with Ca and S was found, furthermore, 
Ca2+ concentration in leach solution (~2 g/L) was 
low but the residue ratio was high (~92%), 
indicating that the undissolved CaSO4 matrix 
hindered the release of Mo from CaMoO4 calcine. 
In the case of HCl leaching, the Mo and S were 
rarely found in residue, moreover, a high Ca2+ in 
leach solution (>8.5 g/L) and a low residue ratio 
(<50%) were achieved at the same time. In  
addition, the particle size of residue with HCl 
leaching was smaller than that with H2SO4 leaching 
(Fig. 6(c)), and the residue ratio with HCl leaching 
was only half of that with H2SO4 leaching (Fig. 5). 
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Fig. 6 SEM images and elemental maps of leaching 
residue from CaMoO4 by H2SO4 (a) and HCl (b) 
solutions, and particle size distribution of raw CaMoO4, 
HCl and H2SO4 leaching residues (c) ([H+]=1.5 mol/L, 
L/S=10:1, 1 h, 300 r/min, 25 °C) 
 
4.2 Effect of leaching time 

The effect of leaching time on the 
decomposition of CaMoO4 with HCl and H2SO4 is 
shown in Fig. 7(a). The leaching efficiency of Mo 
with HCl reached 98.6% in 45 min, indicating a fast 
leaching kinetics. However, in the case of H2SO4 
leaching, only 85% of Mo leaching efficiency was 
obtained in 120 min. Figure 7(b) demonstrated that 
the concentration of Ca2+ in the leach solution with 
H2SO4 leaching slightly decreased with the increase 
of time and maintained stable around 2 g/L, while 
that with HCl leaching reached 12 g/L after 30 min, 
indicating that HCl significantly alleviated the 
surface wrapping of CaMoO4 particles. 

In conclusion, the leaching of CaMoO4 with 
HCl exhibited a much better recovery of Mo and 
faster leaching kinetics than that with H2SO4. 
Therefore, the leaching system with HCl was 
selected for subsequent experiment. 

 

 

Fig. 7 Effect of leaching time on Mo leaching efficiency 
with H2SO4 and HCl (a), and [Ca2+] in leaching solution 
versus leaching time (b) ([H+]=2.4 mol/L, L/S=10:1, 
25 °C, 300 r/min) 
 
4.3 Effect of temperature, L/S ratio, stirring 

speed and particle size 
Some other conditional experiment results are 

plotted in Fig. 8. It was found that the leaching 
efficiency of Mo was all above 98% in the whole 
tested temperature range and reached the maximum 
value of 99.7% at 50 °C (Fig. 8(a)). For industrial 
operation, the highest leaching efficiency of Mo can 
be reached by self-heating of calcine in a sealed 
reactor without energy applying (at 50 °C). From 
the perspective of energy saving, room temperature 
was considered as the optimal initial leaching 
temperature. 

Figure 8(b) demonstrated that the leaching 
efficiency of Mo increased from 83% to 97.5% with 
the increase in L/S ratio from 3:1 to 5:1, which can 
be attributed to the enhancement of both H2MoO4 
and CaSO4 dissolution. In fact, it is better to 
maintain HCl concentration at a relatively low level 
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Fig. 8 Effect of temperature (L/S=5:1, 300 r/min, 74 μm) (a), L/S ratio (50 °C, 300 r/min, 74 μm) (b), stirring speed 
(L/S=5:1, 50 °C, 74 μm) (c), and particle size (L/S=5:1, 300 r/min, 50 °C) (d) on leaching efficiency of Mo from 
CaMoO4 with 2.4 mol/L HCl for 1 h 
 
(<3 mol/L) to reduce the volatilization of HCl and 
to regenerate HCl. Then, L/S ratio of 10:1 was 
adopted. 

As shown in Fig. 8(c), the leaching efficiency 
of Mo increased obviously when the stirring speed 
was less than 100 r/min, indicating a diffusion 
controlled process. Further increase in stirring 
speed to 300 r/min increased the leaching efficiency 
of Mo to 98.5% and 300 r/min was then selected as 
optimum stirring speed. Known from (Fig. 8(d)), 
150−180 μm (80−100 mesh) particle size was 
considered as the optimum values. Then, an 
excellent leaching efficiency of Mo, up to 99.7%, 
was achieved under the optimal conditions of 
leaching CaMoO4 calcine with an L/S ratio of 10:1 
by 2.4 mol/L HCl at a stirring speed of 300 r/min 
and 50 °C for 1 h, while the residue ratio was only 
45%. 
 
4.4 Effect of Ca2+ concentration 

As shown in Fig. 3, an increasing 
concentration of Ca2+ in CaCl2 solution significantly 

decreased the solubility of CaSO4. To investigate 
the effect of Ca2+ concentration on the leaching 
efficiency of Mo, CaCl2 was added into the leachant. 
The experimental results (Table 4) demonstrated 
that the increase of Ca2+ concentration decreased 
the leaching efficiency of Mo in a small quantity. 
According to the thermodynamic analysis of 
CaSO4−CaCl2−HCl−H2O system, the increase of 
Ca2+ concentration reduced the solubility of CaSO4, 
leading to an increase of undissolved CaMoO4 
covered by CaSO4. But under other proper leaching 
conditions, most of the uncovered CaMoO4 was 
dissolved, leaving a small amount of the inclusive 
CaMoO4 in CaSO4 particle bodies. Then, an 
increase concentration resulted in a decrease 
dissolution of CaSO4 and retarded the leaching of 
the CaMoO4 entrained in the CaSO4 particles. 
 
4.5 Cycle leaching of Mo from molybdenite with 

HCl 
Based on investigations above, combined with 

our previous studies on the direct solvent extraction 
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Table 4 Effect of Ca2+ concentration on Mo leaching with HCl (2.4 mol/L HCl, L/S=10:1, 25 °C, 1 h, 300 r/min) 
Ca2+ addition/ 

(g·L−1) 
Residue 
mass/g 

Mo content 
in residue/wt.% 

Leaching efficiency
of Mo/% 

Ca2+ concentration 
 in leachate/(g·L−1) 

SO4
2− concentration 

in leachate/(g·L−1) 
0 7.5 0.79 98.3 12.3 13.6 

5.41 9.2 0.75 98 14.9 8.44 

9.01 10.8 0.65 98 15.9 2.37 

18.02 10.9 0.71 97.8 24.8 2.16 

 
of Mo from HCl leach solutions [17], a cycle 
leaching process of Mo from CaMoO4 with    
HCl was proposed (Fig. 9). The whole process 
includes initial leaching, solvent extraction, HCl 
regeneration from raffinate and the cycle leaching 
of Mo from molybdenite by the regenerated HCl 
solution. 
 

 
Fig. 9 Proposed flowsheet of recovering Mo from 
CaMoO4 

 
In this process, molybdenite is firstly roasted 

with lime following by HCl leaching. Then, Mo in 
leach solution is directly extracted by 2-ethylhexyl 
phosphonic acid mono-2-ethylhexyl ester (P507 or 
HEHEHP) via 4-stage counter current extraction 
and stripped by ammonia. The obtained 
(NH4)2MoO4 solution is evaporated and crystallized 
to produce pure ammonium molybdate. The 
raffinate, CaCl2 solution, is regenerated by H2SO4 
to recycle the leaching agent (HCl) and to generate 
a by-product of pure calcium sulphate dihydrate. 

To examine the recovery of Mo in each 
operation in the cycle leaching process, seven 
cycles were conducted and the obtained data    
are shown in Fig. 10 and Table 5. It was found that  

 
Fig. 10 Cycle leaching of Mo from CaMoO4 with HCl 
(Leaching: 2.4 mol/L HCl, L/S=10:1, 50 °C, 1 h, 
300 r/min; Solvent extraction: 30% P507, A/O=2.86:1, 
25 °C, 7 min, 250 r/min; HCl regeneration: 12 mol/L 

H2SO4, n(H2SO4)/n(Ca)=0.80:1, 25 °C, 2 h, 180 r/min) 
 
excellent leaching efficiency of Mo about 99%, 
high extraction efficiency of Mo above 95% and 
good regeneration efficiency of HCl ranging in 
95%−98% (except the initial one) were achieved. 

Furthermore, in the cycle leaching process, the 
separation coefficient of Mo to impurities ranged 
from 103.90 to 105.92, producing a high pure 
ammonium molybdate product which meets the 
Chinese National Standard of the second-grade 
MSA [29]. The obtained by-product, CaSO4∙2H2O 
(XRD pattern shown in Fig. 11), with a purity 
ranging from 99.0% to 99.3% and whiteness more 
than 91° can be directly used as the raw material for 
building materials [30]. 

Compared with the traditional H2SO4 leaching 
process of CaMoO4 calcine, the passivation of 
undissolved CaMoO4 calcine particles is eliminated 
and then the Mo recovery is significantly increased, 
the mass of waste leach residue is significantly 
reduced and the sulphur is converted as the 
by-product of pure CaSO4·2H2O (gypsum). The 
proposed process is considered as a green and high 
efficient process. 
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Table 5 Co-extraction efficiency of Ca and loss of Mo in 
CaSO4·2H2O by-product 

Cycle No. Co-extraction  
efficiency of Ca/% Loss of Mo/% 

1 0.73 0.001 

2 0.61 0.002 

3 0.63 0.001 

4 0.43 0.003 

5 0.1 0.002 

6 0.63 0.002 

7 0.33 0.002 

 

 
Fig. 11 XRD pattern of by-product of calcium sulphate 
dehydrate 
 
5 Conclusions 
 

(1) The thermodynamic equilibrium diagrams 
of CaMoO4−CaSO4−H2SO4−H2O, CaMoO4−HCl− 
H2O and CaSO4−CaCl2−HCl−H2O solution systems 
at 298 K were established for the direction of the 
development of Mo leaching process from CaMoO4 
calcine. 

(2) HCl showed a superior leaching 
performance than H2SO4 on the decomposition of 
CaMoO4 due to the elimination of the passivation 
caused by CaSO4 and H2MoO4. High Mo leaching 
efficiency of 99.7% was achieved by decomposing 
CaMoO4 calcine with 2.4 mol/L HCl at L/S ratio of 
10:1 and 50 °C for 60 min. 

(3) HCl cycle leaching process simultaneously 
recovering both Mo and Ca from the CaMoO4 
calcine was developed, and the 7 cycles leaching 
results showed an excellent overall recovery of Mo. 
The proposed process possessed a good industrial 
application prospect due to its excellent 
performance, water recycling and residue reduction. 
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摘  要：建立 298 K 下 CaMoO4−CaSO4−H2SO4−H2O，CaMoO4−HCl−H2O 和 CaSO4−CaCl2−HCl−H2O 体系的热力

学平衡图。计算结果表明，硫酸钙在盐酸中的溶解度远大于在硫酸中的溶解度。从微观颗粒性质变化的角度探讨

钼酸钙焙砂中钼的浸出机理。研究发现，盐酸对钼酸钙焙砂中的钼具有良好的浸出效果，这是因为盐酸能消除钼

的表面包覆，并溶解嵌入硫酸钙基体中的钼。条件优化结果显示，采用 2.4 mol/L 盐酸，在液固比为 10:1 及 50 ℃

条件下浸出 60 min，钼的浸出率达到 99.7%。基于此，提出一种从辉钼矿中高效绿色循环浸出钼的新工艺，消除

钼的表面包覆和物理夹带, 并将钼酸钙焙砂中大部分钙转化为高纯石膏副产品。 

关键词：钼酸钙；钼；硫酸浸出；盐酸浸出；热力学  
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