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Abstract: Calcium molybdate (CaMoO,) is the main component of powellite and is a predominant intermediate in the
pyrometallurgical and hydrometallurgical process of molybdenum. The extraction of Mo from CaMoO, by a combination of
phosphoric acid and hydrochloric acid was investigated. For further understanding of the leaching mechanism, the effects of five key
factors were studied to describe the leaching kinetics. The results indicated that the dissolution rate of CaMoO,4 was independent of
the stirring speed. Mo extraction significantly increased with increasing HCl concentration and temperature, but decreased with
increasing particle size. A shrinking core model with surface chemical reaction was found to withstand the dissolution of CaMoO,.
The apparent activation energy was calculated to be 70.879 kJ/mol, and a semi-empirical equation was derived for the rate of

reaction.
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1 Introduction

CaMoQy is the main component of powellite, which
is considered as a primary Mo resource. In general,
powellite occurs in the oxidation zone of molybdenite
deposits or co-exists with tungsten minerals as
isomorphic impurities in nature [1,2]. Furthermore,
CaMoO, appears naturally as an important intermediate,
generated in pyrometallurgical and hydrometallurgical
processes of extracting Mo: (1) roasting molybdenite or
Ni—Mo ore in the presence of lime [3,4]; (2) extracting
Mo from the alkaline leachate [5]; (3) recycling Mo from
scraps and spent catalysts [6,7]; (4) treating waste liquors
containing Mo with calcium salts [8].

SINGH et al [9] obtained CaMoO, by roasting
low-grade MoS, with limestone to protect the
environment against SO, pollution. WANG et al [10]
processed a low-grade Ni-Mo ore by pyrometallurgical
pretreatment, in which all Mo-bearing compounds were
converted to CaMoQO,. DOUGLAS et al [11] patented a
process to recover Mo, W and V from alloy scraps, in
which a mixed solid comprising CaMoO,4, CaWO, and

Ca0-nV,0s5 was produced. Experimental studies by
WANG et al [12] showed that a CaMoO, product of
99.2% purity was prepared through the decomposition of
leaching residue of Ni—Mo ore in sodium hydroxide
medium, followed by the addition of CaCl, in leaching
liquor. NGUYEN and LEE [13] obtained CaMoO,
powders with uniform morphology by recovering Mo
from spent hydrodesulphurization catalysts.

The CaMoO, obtained from the above processes is
usually treated by a hydrometallurgical process to
produce molybdate compounds. The leaching of
CaMoO, is a subject attracting great attentions, and
various reagents have been adopted in CaMoO,
decomposition. According to the study of ILHAN
et al [14], the leaching reaction of CaMoQ, in H,C,0,
solution was processed in two steps. SINGH et al [9]
extracted Mo from a low grade molybdenite concentrate
by roasting with slaked lime, ensued leaching of the
calcine (CaMoQ,) with dilute sulfuric acid, recovering
99% of Mo. ZHANG et al [15] reported a process for
leaching a mixed solid of CaMoQO, and CaWO, in HCI
solution containing H,0,, with the extraction of Mo
and W reaching 97.7% and 99.4%, respectively. XIA
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et al [16] studied the thermodynamics of decomposition
of CaMoO, by sodium carbonate [16], and PAN et al [17]
investigated the alkaline pressure leaching of powellite.
Generally, the alkaline leaching process was usually
conducted at elevated temperature and comparatively
large amounts of reagents to obtain high yields. By
contrast, the acid leaching process can be carried out at
atmosphere pressure and demonstrate more advantages
with the development of a direct Mo extraction process
under acidic conditions.

During acid decomposition, Mo can form the
soluble heteropoly acid with impurities phosphorous,
arsenic and silicon, having a 1:6—1:12 molar ratio of
impurities to Mo [18], such that part of molybdenum
enters into solution while the rest is left as solid in the
residue. Furthermore, molybdenum in solution exists in
two forms: cation and heteropoly acid anion, influencing
the subsequent extraction effect. However, this implies
that if adding a small amount of phosphorous, CaMoO,
might be completely leached. Actually, there is no doubt
about that. So far, many leaching studies have been
conducted to understand the decomposition behavior and
mechanism of CaWO, under acid leaching conditions in
the presence of phosphorous [19—21]. Considering the
isomorphous structure of CaMoO, with CaWOy,, it can
be inferred that the leaching of Mo resembles that of
tungsten. Nevertheless, few studies have reported on the
Mo leaching from synthetic CaMoQO4 or powellite using
acid medium with phosphorous. The objective of this
study is to determine the reaction kinetics for CaMoOy
dissolution in HCI solution with H;PO, as a chelating
agent. Leaching experiments were conducted with
different stirring speeds, leaching temperatures, HCI
concentrations, H;PO,4 concentrations and particle sizes.
Results from experiments are used to clarify the
dissolution mechanism of CaMoO;, in the mixed acid and
a mathematical model of the leaching kinetics is also
established. Furthermore, a novel process for Mo
recovery from different resources is proposed.

2 Experimental

2.1 Materials

CaMoO, was prepared by sedimentation of sodium
molybdate and calcium chloride in the aqueous solution.
Since the product after drying is a fine powder, it was
subjected to melting at 1823 K to obtain a dense solid.
The mass was finely ground and sieved to different size
fractions (106—180, 75—106, 48—75 and 38—48 pum). The
phase composition was determined using XRD with
Cu K, as source. The XRD pattern (Fig. 1) showed that
peaks of the sample were in perfect agreement with
CaMoOQ, peaks given in the PDF card 07-0212.
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Fig. 1 XRD pattern of prepared sample

In the present investigation, all the aqueous solution
was prepared using analytical reagents and de-ionized
water.

2.2 Procedure

The leaching experiments were carried out using a
500 mL round-bottom flask in thermostatic water bath.
The reactor was loaded with 250 mL of acid solution
with a desired concentration. When the temperature of
the acid solution met the target operating temperature,
1 g of sample was added into the reaction vessel with a
certain stirring speed. 1 mL of solution was periodically
withdrawn for analysis. For keeping the volume of the
solution constant, 1 mL of fresh lixiviant was re-added
after each sampling. The concentration of Mo was
analyzed by using the ICP-AES instrument, and then the
leaching rate was calculated.

3 Result and discussion

3.1 Leaching chemistry of molybdenum in solution

To improve understanding of the chemical reaction
during the leaching process of CaMoO,, a
thermodynamic analysis with the aid of Ig ¢—pH
diagrams was carried out. The predominance area and
species distribution diagrams were calculated with the
data collected from relevant references under the
conditions of [CaMoOy(s)]r = 0.1 mol/L and [P]t=
0.1 mol/L, as shown in Fig. 2 [22—24]. In the diagram,
CaMoOQy(s) was observed in the pH range from 2.7 to 7.8.
At 0<pH<2.7, there was no solid phase. In this region,
CaMoOy(s) was completely dissolved, and the thermo-
dynamic calculation indicated that heteropoly compound
species Mo,4P,0%, and MoO3" became predominant
with the decrease in pH value, while H,MosP,05;
predominates with the increasing pH value in turn. This
indicated that the reaction was fundamentally different
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Fig. 2 lg C—pH (a, b) and Mo soluble species distribution (c, d) diagrams of Ca—Mo—P—H,O system ([CaMo0O,(s)]r=0.1 mol/L and

[P};=0.1 mol/L)

from the leaching without phosphorus. When the pH
value was greater than 5.7, CaMoOy(s) started to be
decomposed and Cas(PO4);OH(s) was formed. Further-
more, as the pH value was increased to 7.8, CaMoQOy(s)
was completely transformed into Cas(PO,);OH(s).
Thermodynamic analysis confirmed that CaMo0QO4(s) can
be decomposed with the solution containing phosphorus,
as the solution pH value is a key factor.

3.2 Effect of parameters

According to the general rules of the fluid—solid
heterogeneous temperature, HCI
concentration, H3;PO, concentration, stirring speed, and
particle size are key factors influencing the dissolution
process. Thus, these five parameters were selected to be
investigated in this study, as shown in Fig. 3. While the
effect of one factor was studied, the other factors were
kept constant.

The effect of stirring speed on the dissolution of
CaMoO, was studied in the range of 200—400 r/min.
Figure 3(a) shows that leaching rate was practically
independent of stirring speed. The phenomenon indicates
that the mass transfer was not significantly affected by
the fluid film around the solid particles and the leaching
of Mo was under chemical reaction control. Hence, an

reaction Kkinetics,

intermediate rate of 300 r/min was applied for all the
subsequent experiments to avoid film diffusion as a
control mechanism and assure independence of this
variable.

Figure 3(b) illustrates the change in Mo extraction
as a function of temperature in the range of 313343 K.
It is illustrated that the extraction of Mo gradually
increases with rising leaching temperature. Mo extraction
after 20 min dissolution increases from 20.94% to
92.66%, as the leaching temperature increases from 313
to 343 K. This increase is due to the increase in the
reaction velocity constant k& with the development of
reaction temperature.

The influence of the HCI concentration on Mo
extraction is presented in Fig. 3(c). Dissolution curves
show that the Mo extraction is strongly dependent on the
HCI concentration. Moreover, the leaching rate increases
with increasing HCI concentration, as the Mo extraction
at 75 min improves from 54.34% to 91.56% when the
HCI concentration increases from 1 to 3 mol/L.

Similar experiments were performed to investigate
the effect of H;PO,4 concentration in the range of 0.1—
0.5 mol/L. Results in Fig. 3(d) show that the variations in
H;PO, concentration have a moderate effect on Mo
extraction in the investigated range.
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Fig. 3 Effect of different parameters on Mo extraction: (a) Stirring speed (temperature 343 K, particle size 48—75 um, C(HCl)=
2.0 mol/L, C(H3PO4)=0.1 mol/L); (b) Leaching temperature (particle size 106—180 um, C(HCI)=2.0 mol/L, C(H;PO4)=0.1 mol/L);
(c) HCI concentration (temperature 323 K, particle size 106—180 um, C(H;PO4)=0.1 mol/L); (d) H;PO, concentration (temperature
323 K, particle size 106—180 um, C(HCI)=3.0 mol/L); (e) Particle size (temperature 323 K, C(HC1)=2.0 mol/L, C(H;PO4)=

0.1 mol/L)

Figure 3(e) depicts the influence of particle size on
CaMoOQ, dissolution, and a significant enhancing effect
with decrease in particle size is observed. The Mo
extraction at 55 min reaches 63.39% for 106—180 um
particles and 85.94% for 38—48 um particles, respectively.
The results also indicate that tinier particle size has a
significant accelerative effect on the dissolution rate, due
to the increase in specific solid surface area and
particle—solution contact with decreasing particle size.

3.3 Kinetic analysis
In a fluid—solid heterogeneous reaction system, the
reaction rate may be controlled by the chemical reaction

at the surface of the solid particles, diffusion through the
fluid film and/or diffusion through the product layer. As
mentioned in Fig. 3(a), the diffusion through the liquid
film fails to behave as the rate-controlling step under a
string speed of 200 r/min or higher. Furthermore, no
solid product is obtained in this leaching system and all
the particles are dissolved at the end. Therefore, no solid
layer wraps the unreacted core as the reaction progresses.
Consequently, the leaching process is assumed to be
controlled by the surface chemical reaction. Assuming
that the sample particles have spherical geometry and
gradually shrink during leaching (shown in Fig. 4), the
core-shrinking model can be used to describe the kinetics
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of the leaching process [25,26]. The kinetic parameters
were determined and a quantitative measurement of the
leaching mechanism was established by analyzing the
Mo extraction and further calculation against the
shrinking core model.
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Fig. 4 SEM images of raw material (a), residues after leaching
for 10 min (b) and for 25 min (c) (temperature 333 K, particle
size 106—180 um, C(HCI1)=2.0 mol/L, C(H3PO,)=0.1 mol/L)

In a leaching system under surface chemical
reaction, the reacted fraction at any time can be obtained
from Eq. (1):

n
1-(1-x)"3 =k (1)
P
where k is the apparent rate constant, k; is the surface
chemical reaction rate constant, 7, is the initial radius of
particle, C is the concentration of the reactant, » is the
empirical reaction order, p is the density of the solid, and
t is the reaction time.

According to Eq. (1), plots of 1-(1-x)"* versus
reaction time are depicted in Fig. 5, and values of the
correlation coefficient (R?) are illustrated in Table 1.
There is a good fit between the experimental data and
Eq. (1), suggesting that the leaching kinetics can be
exactly described by the shrinking core model with
chemical control. Moreover, the apparent rate constant k
is calculated as the slope of the straight line.

The influence of the leaching temperature on the
kinetics can be characterized by the activation energy.
Generally, an activation energy of greater than 40 kJ/mol
indicates that the chemical reaction controls the leaching
rate, while that lower than 20 kJ/mol implies a
diffusion-controlled process. Using the apparent rate
constants obtained in Fig. 5(a), the Arrhenius plot of In k£
vs 1/T is illustrated in Fig. 6(a). According to the
Arrhenius equation (Eq. (2)), the activation energy for
the leaching reaction is calculated to be 70.879 kJ/mol
(>40 kJ/mol), which clearly confirms that the chemical
reaction is most likely to be the controlled step in this
leaching process.

Ea
k—AoeXP[ RT) 2
where k is the apparent rate constant, A4, is the
pre-exponential factor, £, is the apparent activation
energy, R is the universal gas constant and 7 is the
absolute temperature.

The results indicate that CaMoO, dissolution is
positively affected by HCI concentration and moderately
affected by H;PO, concentration. To determine the order
of reaction with respect to HCI and H3PO, concentration,
the data from Fig. 3(c) and Fig. 3(d) were applied to this
kinetic model. The k values for each acid concentration
were determined from the slopes of the straight lines
presented in Fig. 5(b) and Fig. 5(c). From the % values
and acid concentrations, plots of In k£ versus In C(HCI)
and In C(H;PO,) were obtained. As seen in Fig. 6(b) and
Fig. 6(c), the empirical reaction orders for the
concentration of HCI and H;PO, are 0.861 and 0.113.

From the variation in the kinetics model at various
particle sizes, the values of apparent rate constant were
determined. A plot of In £ as a function In r according to
Eq. (1) yields a linear relationship in Fig. 6(d) with a
correlation coefficient of 0.983, supporting the proposed
shrinking-sphere chemical controlled mechanism.

Calculations show that activation energy and the
respect to HCI
concentration, H3;PO,4 concentration and particle size
validate the shrinking core model as a chemical reaction
process. Thus, the apparent rate constant can be clearly
presented by Eq. (3):

order of reaction values with
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Table 1 Parameters of 1—(1—x)"* versus time for all experimental data

—5.1 2 C(HCLY/ -5.1 2 C(H;PO,)/ -5.~1 2 —5.—1 2
T/K k/10°s R (mol~L71) k/10°s R (mol-Lfl) k/10°s R ro/pm k/10°s R
313 3.979 0.996 0.5 4.662 0.994 0.1 1.200 0.997 | 106—180 8.232 0.997
323 7.809 0.998 1.0 8.063 0.990 0.2 1.277 0.997 75-106 1.051 0.995
333 1.488 0.996 2.0 9.917 0.993 0.4 1.394 0.997 4875 1.324 0.996
343 4.576 0.998 3.0 1.227 0.994 0.5 1.437 0.998 38—48 1.793 0.998
~ —70879 . —70879
k — AC(HC1)0861C(H3P04)0113r 0.669 exp o C(H3P04)04113r 0.669 eXp i 7 (5)
0 RT 0 RT
3)
3.4 Proposed process for molybdenum values

According to Fig. 5(a), the Arrhenius equation is
as follows:

k =2.413x10° em(%) — AC(HCIYS

“)

C(H,PO, )13 r0—0.669 exp ( —70879J

RT

Substituting C(HCI) of 2.0 mol/L, C(H;PO,) of
0.1 mol/L and ry of 143 pm, gives 4 amount of
4.768x10%. Consequently, the kinetics expression used
to describe the leaching process of CaMoQO, in
HCI-H;3PO, solution can be presented as

1-(1-x)""% = 4.768x108C(HCI)***! .

recovering

CaMoQy is obtained from pyrometallurgical and/or
hydrometallurgical processes of various molybdenum
values, such as Ni—-Mo ore, molybdenite, spent catalysts
and powellite. The results of the present work
demonstrated that the extraction of Mo from CaMoO,
with HCI-H;PO, solution was feasible on the bench
scale. The kinetics analysis revealed the reaction
mechanism of CaMoQO, in the mixed acid and also
contributed to industrialized design. Based on the results
and previous researches, a simplified flowsheet for
recovery Mo from different Mo-bearing resources is
proposed (Fig. 7).
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4 Conclusions

(1) CaMoO, can be effectively decomposed in the
form of heteropoly compound through leaching with HCI
solutions in the presence of phosphorus at room
temperature, because the solid H,MoQ, is not produced.
Results from the experiments conform well to
thermodynamic analysis.

(2) Under conditions where the Mo dissolution
reaction was unlimited by mass transfer, the measured
rate was not a function of stirring speed, but it was
considerably ~ dependent on  temperature, HCI
concentration, H;PO, concentration and particle size.

(3) The experimental data accurately agreed with
the shrinking core model, with surface chemical reaction
as the rate-controlling step. The activation energy for the
temperature range of 313—343 K was calculated to be
70.879 kJ/mol and the following kinetic equation was
established as

1-(1-x)"% = 4.768x108C(HCI)*8¢! -
—70879Jt

0.113 . ~0.669
C(H;PO,) r exp( RT
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