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Abstract: Selective solvent extraction of molybdenum over rhenium from molybdenite (MoS2)
flue dust leaching solution was studied. In the present work, thermodynamic calculations of
the chemical equilibria in aqueous solution were first performed, and the potential–pH diagram
for the Mo–Re–SO2−

4 –H2O system was constructed. With the gained insight on the system,
2-ethylhexyl phosphonic acid mono-(2-ethylhexyl)-ester (PC88A) diluted in kerosene was used
as the extractant agent. Keeping constant the reaction temperature and aqueous-to-organic phase ratio
(1:1), organic phase concentration and pH were the studied experimental variables. It was observed
that by increasing the acidity of the solution and extractant concentration, selectivity towards Mo
extraction increased, while the opposite was true for Re extraction. Selective Mo removal (+95%)
from leach solution containing ca. 9 g/L Mo and 0.5 g/L Re was achieved when using an organic
phase of 5% PC88A at pH = 0. No rhenium was coextracted during 10 min of extraction time at
room temperature. Density functional theory (DFT) calculations were performed in order to study
the interactions of organic extractants with Mo and Re ions, permitting a direct comparison of
calculation results with the experimental data to estimate selectivity factors in Mo–Re separation.
For this aim, PC88A and D2EHPA (di-(2-ethylhexyl) phosphoric acid) were simulated. The interaction
energies of D2EHPA were shown to be higher than those of PC88A, which could be due to its
stronger capability for complex formation. Besides, it was found that the interaction energies of both
extractants follow this trend considering Mo species: MoO2+

2 > MoO2−
4 . It was also demonstrated

through DFT calculations that the interaction energies of D2EHPA and PC88A with species are based
on these trends, respectively: MoO2+

2 > MoO2−
4 > ReO−4 and MoO2+

2 > ReO−4 > MoO2−
4 , in qualitative

agreement with the experimental findings.

Keywords: rhenium; molybdenum; solvent extraction; separation; hydrometallurgy

1. Introduction

Molybdenum (Mo) is a strategic metal that has an extensive demand in different branches of the
industry. Rhenium (Re) is also a strategic metal, although less common with wide applications in
the oil industry (e.g., production of reforming catalyst) and in heat-resistant alloys (e.g., aerospace).
Typically, in Mo sulphide concentrates (molybdenite, MoS2), Re coexisting with varying concentrations
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ranging from 0.001% to 0.1% is identified [1]. Upon roasting, molybdenite transforms into
technical-grade Mo oxide, while Re content escapes the reactor in the form of Re2O7, which partly
deposits in the filters alongside the flue dust. Scrubbing the flue gases and leaching flue dusts are
effective methods to recover Re values. Such solutions typically have 5–10 g/L Mo and 0.4–0.9 g/L Re.
Due to similar chemical properties, Mo–Re separation is a challenge, and a number of studies have
been devoted to introducing ad hoc technologies in this regard. Ion exchange and solvent extraction
are the most used separation methods [2]. However, the separation of Mo and Re from liquors obtained
from leaching molybdenite roasting flue dust is an essential step in order to produce high-purity final
products, such as ammonium perrhenate and ammonium (para) molybdate. The following hydrolysis
and acidic reactions illustrate the reactants/products involved in the leaching of flue dust [3,4]:

MoO3 (s) + H2O (l) 
 H2MoO4 (aq) ∆rG◦ = −31.9 kJ/mol (1)

H2MoO4 (aq) + 2H+ (aq) 
 MoO2+
2 (aq) + 2H2O (l) ∆rG◦ = −2.79 kJ/mol (2)

Re2O7 (s) + H2O (l) 
 2ReO−4 (aq) + 2H+ (aq) ∆rG◦ = −64.4 kJ/mol (3)

ReO−4 (aq) + H+ (aq)
 HReO4 (aq) ∆rG◦ = −1465.8 kJ/mol (4)

At high acid concentration, the anionic oxyspecies of rhenium (i.e., perrhenate ion (ReO−4 )) is highly
stable, and other possible short-life species readily hydrolyse to it. On the other hand, molybdenum
forms cationic oxyspecies (MoO2+

2 ) at high acid concentration, evolving into neutral and anionic
species with increasing pH [5].

Many attempts have been made on Mo and Re separation. Solvating extractant TBP
(tributyl phosphate) is used for Re removal in near-zero pH, followed by Mo removal employing
commercial extractant LIX984N [6]. Stepwise removal of Mo with TBP was conducted at pH
near 2, and afterwards, Re was removed at pH lower than 0 [7]. Similarly, the coextraction of
molybdenum and rhenium by N235 (tri-octyl amine) and their separation from stripping solution
by using D201 ion-exchange resin (containing quaternary ammonium group [N-(CH3)2C2H4OH])
has been reported [8]. Selective extraction of rhenium over molybdenum from alkaline solutions has
also been studied by employing an organic phase composed of 20% N235 and 30% TBP diluted in
kerosene [9]. An organic phase composed of 5 vol% N235 (in kerosene) was found to selectively recover
Re over Mo at equilibrium pH 0.0 [10]. Table 1 lists recent attempts to separate Re and Mo from their
aqueous mother liquor.

The use of appropriate solvents is a challenging problem. The commercially available extractant
Cyanex 923 has been shown to be an appropriate choice for the purpose of rhenium recovery [11].
The lower solubility of Cyanex 923 in water compared with that of TBP (0.05 to 0.4 g/L at 25 ◦C,
respectively) and its complete miscibility with diluents at low temperature are mentioned as some
of its advantages over other solvents such as TOPO (trioctylphosphine oxide) and Aliquat 336.
Pathak et al. [12] studied the extraction behaviour of molybdenum from acidic radioactive wastes
using PC88A. They found that by increasing HNO3 concentration in the aqueous phase, Mo extraction
decreases, while increasing the organic concentration until 0.15 M causes an increase in metal extraction.

In the present work, the application of PC88A (2(ethylhexyl)phosphonic acid
mono-2(ethylhexyl)-ester) extractant was studied on Mo–Re separation in solutions obtained from
leaching molybdenite flue dust under various conditions of organic concentration and aqueous
solution acidity. Next, the performance of PC88A was compared with that of D2EHPA using both
experimentation and density functional theory simulations.
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Table 1. Literature on Mo and Re solvent extraction.

Extractant/Diluent Acidity Selectivity Ref.

N235 + TBP/kerosene pH = 9
Re over Mo

15 g/L Mo + 0.1 g/L Re
97.6%: 1.6%

[9]

N235/kerosene pH = 0 Re over Mo [10]

Cyanex 923/kerosene pH = 0
HCl Re [11]

N235 +
isooctanol/kerosene

pH = 0
HNO3

Re over Mo [13]

LIX 63/kerosene pH = 2–6
H2SO4

Mo over W [14]

D2EHPA/kerosene pH = 3–4
H2SO4

Mo over W [15]

TBP/kerosene
pH = 2
pH = 0
H2SO4

Mo over ReRe over Mo [7]

TBP/kerosene pH = 0
<3.0 M HCl

Re over Mo and V
Re and Mo over V [16]

TBP/kerosene
pH = 1.5

pH = −0.3
H2SO4

Mo over Re
Re over Mo [1]

Alamine
304-1/Anysol-150

pH = 2–3
H2SO4

Re over Mo
260–280 mg/L Re + 80–90

mg/L Mo
[17]

PC88A/n-dodecane 0.1–4.0 M
HNO3

Mo
0.01 mol/L [12]

PC88A/Sulfonated
kerosene

pH = −0.2 ~ 0.5
HCl Mo [18]

N235 = tri-octyl amine, TBP = tributyl phosphate, Cyanex 923 = trialkylphosphine oxide,
LIX 63 = 5,8-diethyl-7-hydroxy-6-dodecanone oxime, D2EHPA = di-(2-ethylhexyl)phosphoric acid,
Alamine 304-1 = tri-n-dodecyl amine, PC88A = 2(ethylhexyl)phosphonic acid mono-2(ethylhexyl)-ester.

2. Experimentation

2.1. Materials and Reagents

Babakan Ferromolybdenum Co. (Kerman, Iran) kindly provided molybdenite flue dust. Table 2
lists the main chemical composition of the flue dust sample. Deionised water (industrial grade) was
used as the leaching agent. D2EHPA and PC88A extractants were analytical-grade products kindly
provided by Farapoyan Isatis Co., Yazd, Iran. Kerosene (Tehran Refinery, Tehran, Iran) was used as
diluent, and sulphuric acid and sodium hydroxide (Merck) were the pH-adjusting agents used in our
protocols. An iron-rich copper solvent extraction raffinate sample (NICICO, Tehran, Iran) was also
used to investigate the possibility of selective separation of Mo from present metal impurities.

Table 2. Composition of flue dust before leaching (ppm).

Component As Ca Cu Fe Mg Mo Na Pb Re S Se Zn

Content 785 3670 3450 1720 775 36.6% 2380 1260 3980 25.2% 6650 242
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2.2. Flue Dust Leaching

Molybdenite flue dust leaching was carried out in a 5 L glass reactor equipped with a mechanical
agitation system (600 rpm) and a water jacket. The pulp density and reaction temperature were 20 wt.%
and 80 ◦C, respectively. A mixture of water and alcohols (e.g., ethyl or methyl alcohol) was found to
help in the selective leaching of rhenium over molybdenum [19]. Selective leaching has the advantage
of separation of desired values from the very first steps of hydrometallurgical treatment [20]. However,
for the sake of simplicity in the current work, only deionised water of industrial quality was used to
eliminate the probable effect of additives on the solvent extraction step. It is worth noting that the
application of acidic medium for leaching is unfavourable due to excessive introduction of Mo and other
impurities, such as Fe, into the solution [21]. The leach liquor samples (5 mL without compensation)
were withdrawn at predetermined intervals and immediately filtered through a medium quantitative
filter paper to be analysed for Re and Mo content after required dilution with deionised water. The pH
was monitored over the filtered samples in order to understand its variations during the leaching
process (Figure 1a). After 360 min of contact, the remaining hot solution was filtered under gentle
vacuum and cooled down to room temperature in order to obtain the stock solution. The solution
underwent a series of colour changes in the course of leaching (Appendix A, Figure A1). It first became
pale yellow, then turned into green, and finally dark blue. Metal recovery and pH variation profiles are
presented in Figure 1b. Stock solution composition is listed in Table 3.
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Figure 1. Dissolution of metal oxides from flue dust: (a) pH variations and (b) metal recovery over
time. T = 85 ◦C, t = 360 min, 600 rpm.

Table 3. Chemical composition of stock solution.

Element Mo Re Cu Se Fe

Concentration (ppm) 9150 455 2.5 6.2 2000

2.3. Experimental Procedure

Different concentrations of PC88A diluted in kerosene (i.e., 5, 15, and 30 vol%) were
used to test the influence of the extractant concentration on Re–Mo extraction and separation.
Likewise, various pH classes of stock solution (i.e., −1, 1, 0, 3, 7, and 9) were prepared using
sulphuric acid and sodium hydroxide. All the solvent extraction experiments were performed
at room temperature. For all extraction experiments, an organic-to-aqueous ratio of 1:1 (25 mL for
each) was imposed. Good contacting between phases was achieved during 10 min of mixing under
magnetic stirring (600 rpm) with a cross-shaped magnet (3 cm in diameter) in 250 mL capacity beakers.
Agitated mixtures were then transferred to a separation funnel and retained there for another 10 min
before aqueous phase separation and chemical analysis. However, the phase separation time was



Metals 2020, 10, 1423 5 of 19

measured to be in the order of 20 to 30 s. It is worth noting that for the case of pH values of 7 and 9,
the solution was filtered before the experiment to separate formed iron precipitates.

2.4. Chemical Analysis

An inductively coupled plasma optical emission spectrometer (ICP-OES) was used to determine
the Re and Mo concentrations in all aqueous solutions. The Cu and Fe contents were measured by
atomic absorption spectrometry (AAS) where necessary. The samples were treated prior to analysis by
the addition of appropriate amounts of nitric acid, followed by dilutions to a predetermined volume.

2.5. Thermodynamic Analysis of Equilibria in Aqueous Solution

Thermodynamic calculations were performed in order to identify the equilibrium aqueous species
in the leaching stock solutions. According to Table 3, the total contents of molybdenum and rhenium
in the solution are equal to ~9 g/L (9.4 × 10−2 mol/L) and ~0.5 g/L (2.7 × 10−3 mol/L), respectively.
The calculations were performed at pH values of 2, 1, 0, and −1, which correspond to the total content
of sulphuric acid ranging from 6.5 × 10−3 to 10.09 mol/L. The concentrations of different dissociation
products of sulphuric acid were calculated as presented in Appendix B and used to calculate the ionic
strength of the solutions.

The activity coefficients of both ReO−4 and MoO2+
2 ions were calculated from the extended

Debye–Hückel theory [22]. The values of the effective radii of the ions and the values for water
dielectric constant were taken from references [23,24], respectively. The calculation details are
presented in Appendix B. As can be seen, the average activities of molybdenum species are ~0.01 mol/L,
and those of rhenium species are ~0.001 mol/L. The activities of sulphur species have no effect on the
chemical equilibria.

The chemical and electrochemical equilibria in the leaching stock solutions were presented in the
form of convenient potential–pH diagrams. The diagrams for molybdenum [4] and sulphur [25] were
constructed earlier. The thermodynamic characteristics of the reactions for rhenium were calculated
using data from [26].

The potential–pH diagram for the Mo–Re–SO2−
4 –H2O system is plotted at 25 ◦C, air pressure of

1 bar and the activities of the molybdenum species 0.01 mol/L, the activities of the rhenium species
0.001 mol/L, and the activities of the sulphur species 0.1 mol/L, and presented in Figure 2.
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and 0.1 mol/L, respectively.

2.6. DFT Computational Details

Density functional theory (DFT)-based simulations were conducted using Dmol3 module
implemented in Material Studio 2016 software package. The structures of nonsolvated and
water-solvated forms of MoO2−

4 , MoO2+
2 , and ReO−4 were optimised in the aqueous pregnant solution.

For the interactions in the organic phase, only the optimised structures of MoO2−
4 , MoO2+

2 , and ReO−4 ,
deprived of their inner-sphere water molecules, were considered [26]. Similarly, the structures of
PC88A and D2EHPA were optimised in the organic phase. The complexation (or interaction) energies
in the aqueous (EC/w) and organic (EC/o) phases of the complex species were determined as follows [27]:

EC/w = ESpecies + Reagent/w − ESpecies/w − EReagent/o (5)

EC/o = ESpecies + Reagent/o − ESpecies/o − EReagent/o (6)

where ESpecies+Reagent/w is the total energy after complex formation in the aqueous phase between
water-solvated species aqua-complexes and two reagent (PC88A and D2EHPA) species; ESpecies+Reagent/o
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is the total energy after complex formation between species and two reagent (PC88A and D2EHPA)
species in the organic phase; ESpecies/w is the energy of optimised solvated MoO2−

4 , MoO2+
2 , and ReO−4

aqua-complexes; ESpecies/o is the energy of optimised MoO2−
4 , MoO2+

2 , and ReO−4 species in the organic
phase; and Ereagent/o is the energy of solvated PC88A and D2EHPA optimised in the organic phase.
Note the “w” and “o” index solvent parameterizations in Equations (5) and (6) for the conductor-like
screening model (COSMO) used as an implicit solvation model to account for the aqueous, interfacial,
and organic environments of the simulated structures. In this regard, dielectric constant was considered
to be 78.54 (water) [24] and 1.8 (kerosene) for simulations in the aqueous phase and the organic
phase, respectively.

The generalised gradient approximation (GGA) with Perdew-Burke-Ernzerhof
exchange-correlation density functional (PBEsol) was used to describe the exchange correlation
interactions. The double numerical plus polarization (DNP) basis was selected. The self-consistent
field (SCF) convergence was fixed to 2 × 10−6 (0.005 kJ/mol), and the convergence criteria for the
energy, maximum force, and maximum displacement were set to 2 × 10−5 Ha (0.05 kJ/mol), 0.05 Ha/Å,
and 0.002 Å, respectively. No special treatment of core electrons was considered, and all the electrons
were included in the calculations. In addition, a smearing value was fixed at 5 × 10−3 through
calculation. In the spin-unrestricted condition, the calculation was performed by the use of various
orbitals for different spins. Besides, the initial value for the number of unpaired electrons for each
atom was taken from the formal spin introduced for each atom. In this situation, the starting value can
be subsequently optimised throughout the calculations. Maximum SCF interactions and calculation
interactions were set at 2000 and 1000, respectively, and calculation of the interactions step was set to
0.3 Å. It is worth mentioning that different initial positions were considered for all cases during DFT
simulations, and only the most stable configuration and results have been reported. Besides, it is
worthy to mention that similar studies in rhenium/ molybdenum solvent extraction have not been
conducted based on the authors’ best of knowledge.

3. Results and Discussion

3.1. Effects of pH and Organic Phase Concentration

A potential–pH equilibrium diagram for the Mo–Re–SO2−
4 –H2O system is presented in Figure 2.

It can be inferred that soluble perrhenate (ReO−4 ) ion is the dominant species over the whole pH range.
However, for the case of Mo, several cationic and anionic species may be present depending on the
solution pH. In a neutral to alkaline region, MoO2−

4 is the predominant species, while moving towards
the acidic region, complex anionic species will form.

The precipitation of molybdenum oxide MoO3 in the acidic media was not experimentally observed
because of the formation of complex compounds of molybdenum (VI) with sulphate anions [28,29].

Variation of oxidation states of Mo over pH could simply be presented as follows [30]:

MoO2−
4

pH < 6
→ Mo7O6−

24
pH < 5
→ Mo8O4−

26
pH < 1
→

pH < 1
→ Mo2O5(SO4)

2−
2

c (H2SO4) > 0.3M
→ MoO2+

2

(7)

These complexes of molybdenum (VI) with sulphate were not included in the thermodynamic
calculations due to lack of information on their stability constants.

PC88A, a close analog of D2EHPA, is an acidic organophosphorus extractant that is typically
present as a dimer with a noticeable potential to extract cationic molybdenum species through ion
exchange. The highly hydrophobic organic anion forms an organic neutral complex with the metal
ions that are present in the aqueous phase:

Men+ (aq) + m (HX)2 (org) → Me(HX)2m−n (org) + n H+ (aq) (8)
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where (HX)2 represents the dimeric form of PC88A. Due to the formation of several oxidation states
in the aqueous phase, molybdenum chemistry is rather complicated. Depending on the acidity of
the aqueous solution, the size and type of molybdenum ion change [31]. However, the cationic
molybdenum may form at a low pH range that describes the high Mo extraction values in Figure 3a.
Conversely, little amounts of Re are extracted at the same low pH range, which is correlated to the
existence of Re in its ReO−4 form that is not extractable by PC88A (Figure 3b). It can be inferred from
Figure 3a,b that by keeping the concentration of PC88A constant and changing proton concentration,
selectivity increases towards Mo extraction over Re.
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Figure 3. Metal extraction profiles as a function of pH and organic phase concentration: (a) Re, (b) Mo,
(c) Fe, and (d) Cu.

Likewise, the effect of PC88A concentration on the extraction of Mo and Re was studied.
However, for the case of Fe and Cu extraction, this effect was not studied (one-time test using 30%
PC88A). It is clear that in the pH range of 1 to 3, increasing extractant concentrations does effectively
change the Mo–Re extraction help in a better separation, notably near pH = 1.

3.2. Effect of Extractant

The organophosphoric acid reagents PC88A and D2EHPA are close analogs. Metal extraction at
pH = 1, 3, and 7 was performed using an organic phase composed of 15% D2EHPA diluted in kerosene
to be compared with PC88A. Experimental results show that PC88A is highly selective in the extraction
of Mo over Re at pH = 1, while D2EHPA is more capable of providing a noticeable separation at neural
pH (Table 4).
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Table 4. Comparison of PC88A and D2EHPA capability of separation between Re and Mo.

Extractant pH Org. Conc. Mo Recovery (%) Re Recovery (%)

PC88A 1 15 95.48 3.19
D2EHPA 1 15 81.51 15.35
PC88A 3 15 45.32 22.45

D2EHPA 3 15 57.23 4.3
PC88A 7 15 25.94 27

D2EHPA 7 15 90.08 14.1

Such observed behaviours could be attributed to the Re and Mo species properties and the
properties of the extractants (PC88A and D2EHPA) over the entire range of studied pH. To disclose the
effects of these parameters on the separation of Mo over Re, first, the properties of the two extractants
were studied via DFT calculations. Figures 4 and 5 display the converged structures of the two
extractants along with the distributions of their highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs).
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Figure 5. (a) Optimised structure of PC88A, (b) distribution of highest occupied molecular orbitals
(HOMOs) of PC88A, and (c) distribution of lowest unoccupied molecular orbitals (LUMOs) of PC88A.

As seen, HOMOs and LUMOs are mostly located around their P = O and P − O groups, which are
considered polar electron donor groups in the structure of these extractants. Furthermore, a Hirshfeld
charge analysis was performed to assess the electronic charge of O atoms in P = O and P − O groups as
presented in Table 5.



Metals 2020, 10, 1423 10 of 19

Table 5. Charge properties of PC88A and D2EHPA.

Extractants Active Group Charge (e) Average Charge (e)

D2EHPA
P = O −0.551

−0.552P − O −0.553

PC88A
P = O −0.54

−0.545P − O −0.53

As illustrated in the Table 5, more electronic charges accumulate in both polar groups of D2EHPA,
which are responsible for the complex formation through solvent extraction. This means that D2EHPA
can be considered a stronger extractant, while PC88A has a potential for being a more selective reagent
through solvent extraction. Such behaviour of these two extractants has already been reported in the
literature [32]. Considering that the pKa of D2EHPA and that of PC88A are around 3.01 and 4.21,
respectively [33], this implies that these extractants will lie in their molecular forms for pH ≤ pKa and
will be dissociated into their ionic forms outside this pH range. In addition to extractant properties,
Re and Mo species and properties are varied at studied pH as demonstrated in Figure 2. Variations in
pH should play a critical role through complex formations in the present solvent extraction system.
In this regard, as seen in Figure 2, while ReO−4 can be considered a dominated Re species over the entire
range of studied pH, MoO2+

2 at pH = 1, Mo7O6−
24 and Mo8O4−

26 at pH = 3, and MoO2−
4 at natural pH are

regarded as dominated Mo species. Water-solvated forms of ReO−4 , MoO2−
4 , and MoO2+

2 were studied
by DFT calculations (Figure 6) to disclose more details about these Re and Mo species. It was found
that ReO−4 , MoO2−

4 , and MoO2+
2 are solvated with five, four, and seven water molecules, respectively.

It was also realised that bond lengths of water-ReO−4 are less than others (Table 6), indicating stronger
interactions between water molecules and ReO−4 as compared with those involved with the Mo species.
Besides, Hirshfeld charge analysis was performed to compare charges of Re and Mo in these three
species after solvation. It was realised that changes in the charge of Re are higher compared with those
of Mo after solvation (water) of these three species as presented in Table 6, indicating higher interaction
between water molecules and ReO−4 as already established through bond length assessments.
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Table 6. Charge analysis and bond length of solvated Re and Mo species in the aqueous phase.

Species
Charge e (Re or Mo) Charge e (Re or Mo)

Changes (e) Water Bond
Length (Å)Nonsolvated Solvated

MoO2−
4

0.83 0.61 0.22 2.3

MoO2+
2

0.89 0.6 0.29 2.3

ReO−4 0.74 0.4 0.34 2.2

As seen in Table 4, PC88A performance in Mo extraction decreased once pH increased. At pH
= 1, PC88A is in molecular form, but positively charged Mo species, MoO2+

2 , with relatively low



Metals 2020, 10, 1423 11 of 19

interaction with water molecule is the prevailing species. Therefore, making bond between PC88A and
MoO2+

2 occurred. On the other hand, at pH = 3, relatively bulky species of Mo, including Mo7O6−
24

and Mo8O4−
26 , are predicted to be the dominant forms in the solution, while the extractant is in its

molecular form. It may be speculated that hindrance effects prevent bond formations between Mo
species and PC88A, thus the declining recovery of Mo. Finally, at pH = 7, negatively charged MoO2−

4
forms along with PC88A dissociated into its ionic moieties. In this situation, it is suggested that
electrostatic repulsions hinder the bond formation. Such effect can be more pronounced when it is
noticed that PC88A is not a strong extractant based on DFT calculations. However, the case of Re is
different as its recovery increased with increasing pH. Over the entire range of studied pH, Re is in the
form of ReO−4 , showcasing strong interactions with water molecules. PC88A dissociates in its ionic
constituents with a potential for bond formation only at pH 7. Hence, it can be speculated that at pH
7, PC88A was more likely to create bonds with the Re species. Even in this situation, it is worthy to
mention that PC88A is not a strong extractant based on DFT calculations; thus, although enhancement
in Re recovery occurred through pH evolution, generally, its recovery is relatively lower than that of
Mo in all ranges of pH. This could be due to the strength degree of PC88A in bond formation and
the stability of ReO−4 in interaction with water molecules. In the case of D2EHPA, hindrance effect
at pH = 3 and repulsion at pH = 7 are less pronounced through Mo separation due to its stronger
capability in complex formation (according to DFT calculations).

In order to confirm these explanations for the solvent extraction system, the interaction energy of
the extractants with the Re and Mo species were obtained and are reported in Table 7. Interactions
in both the organic and aqueous phases were taken into consideration since complexations could
occur in both environments. In the case of aqueous phase calculations, the water-solvated forms of
the species were considered. As seen in Table 7, the interaction energies of D2EHPA are higher than
those of PC88A, which could be due to its stronger capability for complex formation. Besides, it can
be seen that the interaction energies of both extractants follow this trend considering the Mo species:
MoO2+

2 > MoO2−
4 . This trend is in line with the observation in Table 4. Besides, the interaction energies

of D2EHPA and PC88A with the species are based on these trends, respectively: MoO2+
2 > MoO2−

4
> ReO−4 and MoO2+

2 > ReO−4 > MoO2−
4 . These are also in line with observed recovery at different

pH values.

Table 7. Interaction energy (kJ/mol) species with extractants in the organic and aqueous phases.

Species
PC88A D2EHPA

Organic Aqueous Organic Aqueous

MoO2−
4

−178.1 −138.1 −321.3 −237.5

MoO2+
2

−411.4 −321.1 −372.1 −221.8

ReO−4 −189.1 −155.3 −195.3 −157.1

4. Conclusions

PC88A was found to be a suitable solvent extraction candidate for selectively removing Mo over
Re from molybdenite flue dust leach solutions. Acidifying the leach solution with H2SO4 at pH = 0–1
and employing an organic phase composed of 10–15% PC88A diluted in kerosene led to an ultimate
separation between Mo and Re, transferring ca. 97% of Mo to the organic phase and leaving ca. 98% of
Re in the leach solution. DFT simulations also indicated that the interaction energies of metals with
D2EHPA were stronger than those with PC88A, thus explaining a different capability for complex
formation. Besides, considering the Mo species, it was found that the interaction energies of both
extractants followed the trend MoO2+

2 > MoO2−
4 in line with the experimental observations. It was also

confirmed via DFT simulations that the interaction energies of D2EHPA and PC88A with the metal
oxyspecies follow the trends MoO2+

2 > MoO2−
4 > ReO−4 and MoO2+

2 > ReO−4 > MoO2−
4 , respectively.

These are also in line with observed recoveries at different pH values.
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Appendix B Details of the Thermodynamic Calculations

In order to construct the potential–pH diagram (Figure 2), the thermodynamic activities of ionic
species in the solution should be calculated. To do it, the composition of the leaching solution should
be estimated first. The leaching reactions of molybdenite flue dust are described by Equations (1)–(4).
According to them, the primary aqueous species for Mo and Re are MoO2+

2 and ReO−4 , respectively.
Sulphuric acid is used to maintain the desired pH value. However, it is dibasic; it does not dissociate
completely and may form sulphate and hydrosulphate ions and undissociated H2SO4 in the solution
according to the following equations:

H2SO4 (aq) 
 HSO−4 (aq) + H+ (aq), K1 (A1)

HSO−4 (aq) (aq) 
 SO2−
4 (aq) + H+ (aq), K2 (A2)

The dissociation constants are presented in Table A1.

Table A1. Dissociation constants of sulphuric acid at 25 ◦C.

Step i Ki, mol/L Reference

1 1000 [34]
2 0.012 [35]

Let co
H2SO4

be the initial concentration of sulphuric acid and cH2SO4 , cHSO−4
, and cSO2−

4
the equilibrium

concentrations of different species. Then the following equations for the equilibrium constants may be
written:

K2 =
cSO2−

4
· cH+

cHSO−4

(A3)

K1 =
cHSO−4

· cH+

cH2SO4

(A4)
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co
H2SO4

= cH2SO4 + cHSO−4
+ cSO2−

4
(A5)

Rearranging Equations (A3) and (A4) and substituting them into Equation (A5) yields

cHSO−4
=

cSO2−
4
· cH+

K2
(A6)

cH2SO4 =
cHSO−4

· cH+

K1
=

cSO2−
4
·cH+

K2
· cH+

K1
=

cSO2−
4
· c2

H+

K1 ·K2
(A7)

co
H2SO4

=
cSO2−

4
· c2

H+

K1 ·K2
+

cSO2−
4
· cH+

K2
+ cSO2−

4
(A8)

Rearranging Equation (A8) gives

co
H2SO4

= cSO2−
4
·

 c2
H+

K1 ·K2
+

cH+

K2
+ 1

 (A9)

co
H2SO4

= cSO2−
4
·

 c2
H+

K1 ·K2
+

K1 · cH+

K1 ·K2
+

K1 ·K2

K1 ·K2

 (A10)

co
H2SO4

= cSO2−
4
·

c2
H+ + K1 · cH+ + K1 ·K2

K1 ·K2
(A11)

K1 ·K2 · co
H2SO4

= cSO2−
4
·

(
c2

H+ + K1 · cH+ + K1 ·K2
)

(A12)

cSO2−
4

=
K1 ·K2 · co

H2SO4

c2
H+ + K1 · cH+ + K1 ·K2

(A13)

The equilibrium concentrations of hydrosulphate ions and undissociated sulphuric acid might be
obtained by substituting Equation (A13) into Equations (A6) and (A7):

cHSO−4
=

cSO2−
4
· cH+

K2
=

K1·K2·co
H2SO4

c2
H++K1·cH++K1·K2

· cH+

K2
=

K1 · cH+ · co
H2SO4

c2
H+ + K1 · cH+ + K1 ·K2

(A14)

cH2SO4 =
cSO2−

4
· c2

H+

K1 ·K2
==

K1·K2·co
H2SO4

c2
H++K1·cH++K1·K2

· c2
H+

K1 ·K2
=

c2
H+ · co

H2SO4

c2
H+ + K1 · cH+ + K1 ·K2

(A15)

Let us introduce the mole fractions of the three species in the solution:

xSO2−
4

=
nSO2−

4

nH2SO4 + nHSO−4
+ nSO2−

4

V = const
=

cSO2−
4

cH2SO4 + cHSO−4
+ cSO2−

4

=
cSO2−

4

co
H2SO4

(A16)

xHSO−4
=

nHSO−4

nH2SO4 + nHSO−4
+ nSO2−

4

V = const
=

cHSO−4

cH2SO4 + cHSO−4
+ cSO2−

4

=
cHSO−4

co
H2SO4

(A17)

xH2SO4 =
nH2SO4

nH2SO4 + nHSO−4
+ nSO2−

4

V = const
=

cH2SO4

cH2SO4 + cHSO−4
+ cSO2−

4

=
cH2SO4

co
H2SO4

(A18)
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Consequently,

xSO2−
4

=
cSO2−

4

co
H2SO4

=

K1·K2·co
H2SO4

c2
H++K1·cH++K1·K2

co
H2SO4

=
K1 ·K2

c2
H+ + K1 · cH+ + K1 ·K2

(A19)

xHSO−4
=

cHSO−4

co
H2SO4

=

K1·cH+ ·co
H2SO4

c2
H++K1·cH++K1·K2

co
H2SO4

=
K1 · cH+

c2
H+ + K1 · cH+ + K1 ·K2

(A20)

xH2SO4 =
cH2SO4

co
H2SO4

=

c2
H+ ·c

o
H2SO4

c2
H++K1·cH++K1·K2

co
H2SO4

=
c2

H+

c2
H+ + K1 · cH+ + K1 ·K2

(A21)

It is worth noting that
xH2SO4 + xHSO−4

+ xSO2−
4

= 1 (A22)

If the pH value is predetermined and the values of the equilibrium constants K1 and K2 (see
Equations (A3) and (A4)), are known, the mole fractions of the three species in the solution might be
unambiguously calculated. The dependency of the mole fractions of the species on pH value is called
the speciation diagram. The speciation diagram for the sulphuric acid is presented in Figure A2.Metals 2020, 10, x FOR PEER REVIEW 15 of 20 
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Figure A2. The speciation diagram for the sulphuric acid in the pH range from −1 to 2. (1)—SO2−
4 (aq),

(2)—HSO−4 (aq), (3)—H2SO4 (aq).

Because pH is not an independent variable and is determined by the addition of sulphuric acid,
one needs to estimate the relationship between the total content of sulphuric acid in the solution and
the pH value. To do it, the material balance equations should be considered.

In the first dissociation step (Equation (A1)), let the initial concentration of sulphuric acid
be co

H2SO4
. Let x moles of free acid per litre of solution dissociate to hydrosulphate ions.

Consequently, the equilibrium concentration of the hydrosulphate ions is equal to x. From the
reaction stoichiometry, it follows that the equilibrium concentration of hydrogen ions according to that
dissociation step is also equal to x.

In the second dissociation step (Equation (A2)), let y moles of hydrosulphate ions per litre of
solution dissociate further to sulphate ions. Consequently, the equilibrium concentration of the sulphate
ions is equal to y. From the reaction stoichiometry, it follows that the equilibrium concentration of
hydrogen ions according to that dissociation step is also equal to y.
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Considering both dissociation steps, one might notice that the equilibrium concentration of
hydrogen ions according to both dissociation steps equals x + y, the equilibrium concentration of
hydrosulphate ions equals x − y, and the equilibrium concentration of free acid equals co

H2SO4
− x

(see Table A2).

Table A2. Material balance of sulphuric acid dissociation.

H2SO4 (aq) 
 HSO−4 (aq) + H+ (aq)

Initial state co
H2SO4

0 0

Equilibrium state co
H2SO4

− x x x

HSO−4 (aq) 
 SO2−
4 (aq) + H+ (aq)

Initial state x 0 x

Equilibrium state x − y y x + y

If the pH value is known, the ratio of equilibrium concentrations of sulphate and hydrosulphate
ions is constant. The following system of equations may be written:

cH+ = 10−pH = x + y (A23)

cHSO−4

cSO2−
4

=
x− y

y
(A24)

Rearranging Equation (A24) yields

x− y
y

=
x
y
− 1 =

cHSO−4

cSO2−
4

(A25)

x
y
=

cHSO−4

cSO2−
4

+ 1 (A26)

x = y ·

cHSO−4

cSO2−
4

+ 1

 (A27)

cH+ = x + y = y ·

cHSO−4

cSO2−
4

+ 1

+ y = y ·

cHSO−4

cSO2−
4

+ 2

 (A28)

y =
cH+

cHSO−4
cSO2−

4

+ 2
(A29)

Obviously, the ratio of equilibrium concentrations of sulphate and hydrosulphate ions is equal to
the ratio of their mole fractions:

cHSO−4

cSO2−
4

=
xHSO−4

xSO2−
4

=
K1 · cH+

c2
H+ + K1 · cH+ + K1 ·K2

:
K1 ·K2

c2
H+ + K1 · cH+ + K1 ·K2

=
K1 · cH+

K1 ·K2
=

cH+

K2
. (A30)

Substituting Equation (A30) into Equation (A29) gives

y = cSO2−
4

=
cH+

cHSO−4
cSO2−

4

+ 2
=

cH+

cH+

K2
+ 2

=
K2 · cH+

cH+ + 2 ·K2
(A31)
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Substituting Equation (A31) into Equations (A6) and (A7) yields

cHSO−4
=

cSO2−
4
· cH+

K2
=

K2·cH+

cH++2·K2
· cH+

K2
=

c2
H+

cH+ + 2 ·K2
(A32)

cH2SO4 =
cSO2−

4
· c2

H+

K1 ·K2
=

K2·cH+

cH++2·K2
· c2

H+

K1 ·K2
=

c3
H+

cH+ ·K1 + 2 ·K1 ·K2
(A33)

Therefore, by using Equations (A5) and (A31)–(A33), the equilibrium concentrations of
different species and the total content of sulphuric acid at the given pH value might be calculated
straightforwardly. The calculated concentrations for pH values equal to 2, 1, 0, and −1 are presented in
Table A3.

Table A3. Equilibrium concentrations of various aqueous sulphuric acid species and total concentration
of sulphuric acid at different pH values.

PH cH2SO4 , mol/L cHSO−4
, mol/L cSO2−

4
, mol/L co

H2SO4
, mol/L

2 2.94 × 10−8 0.00294 0.00353 0.00647
1 8.06 × 10−6 0.0806 0.00968 0.0903
0 0.000977 0.977 0.0117 0.989
−1 0.0998 9.976 0.0119 10.088

The leaching reactions of molybdenite flue dust are given by reactions (1) through (4).
According to them, the aqueous species to molybdenum and rhenium in the leaching liquor are MoO2+

2
and ReO−4 , respectively. According to Table 3, the total content of molybdenum in a solution equals:

c[Mo] = 9
g
L

: 95.94
g

mol
= 0.094

mol
L

(A34)

The total content of rhenium equals:

c[Re] = 0.5
g
L

: 186.207
g

mol
= 0.0027

mol
L

(A35)

The parameters of the extended Debye–Hückel equation are:

T = 298.15 K (A36)

ε = 87.74− 0.4008 · (T− 273.15)+
+ 9.398 · 10−4

· (T− 273.15)2 + 1.41 · 10−6
· (T− 273.15)3 = 78.3294

(A37)

A =
1.825 · 106

(ε · T)
3
2

=
1.825 · 106

(78.3294 · 298.15)
3
2

= 0.5114
L

1
2

mol
1
2

(A38)

B =
5.029 · 1011

(ε · T)
1
2

=
5.029 · 1011

(78.3294 · 298.15)
1
2

= 3.291 · 109 L
1
2

m ·mol
1
2

. (A39)

The electrostatic radii of the individual ions are presented in Table A4.

Table A4. Electrostatic radii of individual ions.

Ion ai, Å

ReO−4 4.5

MoO2+
2

4.5
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The ionic strength of the solution is calculated as follows:

I =
CReO−4

· z2
ReO−4

+ CMoO2+
2
· z2

MoO2+
2

+ CSO2−
4
· z2

SO2−
4
+ CHSO−4

· z2
HSO−4

+ CH+ · z2
H+

2
(A40)

The activity coefficients of molybdenum and rhenium ions in a solution are calculated according to
the extended Debye–Hückel equation. The thermodynamic activities are calculated straightforwardly:

lg γReO−4
= −A · z2

ReO−4
·

√
I

1 + B · aReO−4
·
√

I
(A41)

aReO−4
= c[Re] · 10

γReO−4 (A42)

lg γMoO2+
2

= −A · z2
MoO2+

2
·

√
I

1 + B · aMoO2+
2
·
√

I
(A43)

aMoO2+
2

= c[Mo] · 10
γ

MoO2+
2 (A44)

The calculated values are presented in Table A5.

Table A5. Activity coefficients and thermodynamic activities of molybdenum and rhenium species in
leaching stock solution at different pH values.

pH I, mol/L lg γReO−4
aReO−4

, mol/L lg γMoO2+
2

aMoO2+
2

, mol/L

2 0.20288 −0.138 0.00196 −0.553 0.0263
1 0.299 −0.155 0.00189 −0.618 0.0226
0 1.096 −0.214 0.00165 −0.855 0.0131
−1 10.201 −0.285 0.00140 −1.140 0.0068

As can be seen, the average activities of the molybdenum species are ~0.01 mol/L, and those of
the rhenium species are ~0.001 mol/L. The activities of the sulphur species have no influence on the
position of the lines on the diagram.

The potential–pH diagram for the Mo–Re–SO2−
4 system (Figure 2) is plotted at 25 ◦C, air pressure

of 1 bar and the activities of the molybdenum species 0.01 mol/L, the activities of the rhenium species
0.001 mol/L, and the activities of the sulphur species 0.1 mol/L.
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