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Abstract

Molybdenum distribution between TBP dissolved in kerosene and aqueous sulfuric acid media
is investigated. The influential parameters are temperature, molarity of sulfuric acid and concentra-
tion of TBP. The results show that the extraction reaction is exothermic. Increasing the TBP
concentration at sulfuric acid molarities greater than 4 M does not change the distribution factor of
molybdenum. The distribution factor of molybdenum in sulfuric acid media with TBP has a
maximum at 0.03 molrl of H SO and a minimum near 0.2 molrl of H SO . The stoichiometric2 4 2 4

reaction indicates neutralization of 2 mol of Hq with 1 mol of MoO2y and solvating a neutral4

molecule with 3 mol of TBP. At the lower acidity, the complex structure may be 3TBPP
Ž .H Mo O SO . q 2000 Elsevier Science B.V. All rights reserved.2 2 5 4 2

Keywords: TBP; MoO2y; Sulfuric acid4

1. Introduction

The conventional method for extraction of molybdenum involves roasting of molyb-
denite concentrate, containing molybdenum sulfide, into molybdenum oxides. Molybde-
num dioxide sublimes with other volatile materials such as Re O and SeO . The2 7 2
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w xvaluable compounds can then be recovered by cleaning and scrubbing of the gas 1,2 .
These compounds accompanied by SO and excess oxygen can be dissolved in water.2

The scrubbing solution contains MoO2y, ReOy and SeO2y dissolved in sulfuric acid4 4 4
w xwith a pH less than 2 2 . Solvent extraction is a commercial method for production of

pure materials such as molybdenum, rhenium, selenium and their compounds from
multi-component scrubber solution. Many organic extractants have the ability to selec-
tively extract the ions dissolved in a dilute acid solution. Determination of distribution
factors of the ions present in the solution is, therefore, an important parameter in
selection of the appropriate extractant.

Many investigations have so far been made on the solvent extraction of molybdenum
w x w xfrom aqueous media containing sulfuric acid 2–11 , hydrochloric acid 11–15 and

w xnitric acid 5,11,16–20 . The published data include those using different organic
w x w x w xreagents such as TBP 12,13,15,20–26 , D2EHPA 10,26–33 , Aliquat 336 19,34,35 ,

w x w xAlamine 336 4,5,19,27,36–38 and Alamine 310 21–23,39 . These papers provide
useful insight into the extraction of molybdenum from solutions containing U, W, Re, V,
Al, Co, Ni and Fe.

There are, however, no quantitative details on effect of temperature, TBP concentra-
tion and sulfuric acid molarity on distribution factors given in the literature. Thermody-
namic properties such as enthalpy, entropy and equilibrium constant of extraction
reaction are, however, required for detailed scientific studies and industrial applications.
These properties can conveniently be utilized for estimation of the distribution factor
prevailing under practical extraction conditions. Extensive research has been carried out
during the past few years in our laboratory to evaluate these properties. Sample results
corresponding to extraction of MoO2y from sulfuric acid media with TBP are given in4

this paper.

2. Chemical equilibria

The extraction reaction has the following general form:

w xsS qmM qaA s A M PsS 1Ž .org .Žorg .. Žaq .. Žaq .. a m

Ž .where S is the extractant, M is the ion being extracted anion or cation and A is any
counter ion or other species that may be present in the aqueous phase. The equilibrium
constant of reaction 1 may be written as:

a gw x w xA M PsS A M PsSw A M P sS x wA M P sS xorg . org .a m a ma m org . a m org .
Ks s s Q 2Ž .s m a s m as m a s m aa a a g g gw x w x w x w x w x w xS M A S M AS M A S M A

where Q is the quotient of the activity coefficients and square brackets indicate the
molar concentrations. The distribution factor of species M may be written as:

w xS M org .
D s . 3Ž .M w xS M aq .
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Ž . Ž .By substituting Eq. 3 into Eq. 2 and considering that solubilities of aqueousrorganic
phases in each other are negligible, thus:

K DMXsK s . 4Ž .s aQ w x w xS A

Re-arranging and taking logarithms yields:
X w x w xln D s ln K qsln S qaln A . 5Ž .M

X Ž .Since ln K is a function of temperature, Eq. 5 can be written as:

D H8 DS8
w x w xln D sy q qsln S qaln A 6Ž .M RT R

where D H8 and DS8 are called the apparent standard changes of enthalpy and entropy of
w xthe reaction 1, respectively 40 . By measuring the distribution factor of an ion, one can

determine the relationship between the stoichiometric coefficients and the apparent
standard enthalpy and entropy of the reaction.

3. Experimental

3.1. Materials and reagents

Ž .Stock of molybdenum ion 5 grl solution was prepared by dissolving analytical
Ž .grade sodium molybdate Na MoO PH O produced by Merck in distilled water. In2 4 2

order to avoid the reduction of metal ions, 5 M sulfuric acid was prepared by diluting
analytical grade sulfuric acid from Baran Chemical of Iran in distilled water. Acidic
solutions of molybdenum were prepared by diluting 5 grl aliquot solution with 5 M
sulfuric acid to produce the required final concentrations. Corresponding quantities of
analytical grade TBP were dissolved in aromatic kerosene, both obtained from Fluka,
Switzerland.

3.2. Experimental procedure

Ž .Batch experiments were carried out in a flask containing equal volumes 20 ml of
aqueous and organic phases. The mixture was agitated at a constant temperature with a
mechanical shaker. The experiments were allowed to run for 1 h, even though

w xequilibrium could be obtained within 15 min 41 . The samples were retained for three
more hours to allow complete separation of phases and the two phases were then
removed with a separation funnel. Equilibrium was attained at different temperatures
Ž .25, 40 and 60"0.58C .

The initial concentration of molybdenum in the aqueous phase in all experiments was
1 grl. Molybdenum content of the aqueous phase was analyzed with the thiocyanate
spectrophotometric adsorption method. Chemical composition of the organic phase was
determined through mass balance calculations. Spectrophotometric measurements were
done with a Unicam 8700 series UVrVIS spectrophotometer.
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4. Result and discussion

4.1. Effect of temperature

The effect of temperature on the extraction of molybdenum was determined by
changing temperature between 258C and 608C at a constant TBP concentration. It can be
seen from Fig. 1 that D increases with decreasing temperature. Similar effect isMo

observed at all acid and TBP concentrations. The values of the slopes for different TBP
concentrations and acid molarities are given in Table 1. These values are 9023, 8922,
9098, 9320 and 9125 for 20%, 30%, 40%, 60% and 80% TBP, respectively. The average
of the slopes is 9130. The apparent standard enthalpy of the extraction reaction 1 is,
therefore, y75.90 kJrmol. So the extraction of molybdenum from sulfuric aqueous
media with TBP is an exothermic reaction.

4.2. Effect of extractant concentration

Ž .Eq. 6 shows that at a constant temperature and acid molarity, the distribution factor
of molybdenum is proportional to the concentration of TBP. This effect is shown in Fig.
2, for 258C, and is summarized, for other temperatures, in Table 2 at TBP concentrations

Ž .ranging from 0.365 to 2.923 M 10 to 80 vol.% . The results indicate a constant slope at
different temperatures and acid molarities. At acid molarities greater than 0.3 M,
however, the slope tends asymptotically to zero. This result shows that at molarities
greater than 0.3, changing TBP concentration, does not significantly influence the
amount of extraction. The average slopes at 258C, 408C and 608C are all 2.9. The

Fig. 1. Effect of temperature and molarity of sulfuric acid on molybdenum distribution factor with 20 vol.%
TBP in kerosene.
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Table 1
Values of the slopes of ln D vs. 1rT evaluated at different TBP concentrations and acid molaritiesMo

Ž . Ž .Acid molarity molrl TBP concentration %

20 30 40 60 80

0.004 – – 8154 10232 9570
0.008 – 8818 9264 9014 9337
0.010 – 8341 9282 9372 9051
0.012 7657 8794 8010 9476 8862
0.016 80956 8587 7964 8874 8490
0.020 9304 9512 9191 8877 9410
0.030 9487 9551 9808 8987 9415
0.040 10244 9004 9045 9162 9597
0.050 9239 8902 8995 8603 9908
0.080 8777 9096 9528 9804 9512
0.100 9384 9526 10282 9504 9414
0.120 – 9162 9845 8910 9115
0.160 – 7769 8296 9696 8582
0.200 – – 9096 9736 9563
0.300 – – 9714 9548 7042
Mean 9023 8922 9098 9320 9125

Ž .stoichiometric constant of the extractant s value in Eq. 1 is an integer number. We
assume this value to be 3.

w x wŽ . x wŽ . xHanson and Patel 42 have shown that the TBP PH SO , TBP PH SO and3 2 4 2 2 4
w xTBPPH SO are the complexes formed in the extraction system containing TBP at2 4

sulfuric acid with molarities of less than 4, equal to 6 and between 8 and 9, respectively.

4.3. Effect of sulfuric acid concentration

Plotting the molybdenum distribution factor at constant temperature and TBP concen-
Ž .tration vs. acid molarity, gives a straight line with a constant slope equal to a Eq. 6 .

The effect of the concentration of sulfuric acid on the extraction of molybdenum anion
has been investigated between 0.002 and 4 M, keeping the extraction temperature
constant at 258C, 408C or 608C and using TBP concentrations ranging from 10% to
80%. Based on the experimental results, shown in Fig. 3, an increase in acid concentra-
tion of the aqueous phase affects the extraction of molybdenum at every temperature and
TBP concentration according to the following four regimes.

Regime one — increasing acid concentration from 0.002 to 0.03 M has an increasing
effect on the distribution factor.

Regime two — increasing acid concentration from 0.03 to 0.2 M decreases the
distribution factor.

Regime three — increasing acid molarity from 0.2 to 0.4 M and TBP concentration
from 10% to 40% has a positive effect on the slope of the distribution factor. Changing
TBP concentration from 60% to 80% results in variation of the slope of the distribution
factor from a slightly positive to a negative value.
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Fig. 2. Effect of molarity of TBP on the distribution factor of molybdenum at 258C for aqueous sulfuric acid
Ž . Ž .media. a 0.002 to 0.030 M, b 0.04 to 0.30 M.

Regime four — increasing the acid molarity does not significantly affect the
extraction of molybdenum and thus the distribution factor.

In some special cases of practical importance, the complex formed has multiplicative
dissolving behavior in organic andror aqueous media. For these cases ln D dependsMo

on such parameters as acid molarities, TBP concentration and organic andror aqueous
Ž . Ž .volume change. So the assumptions for re-writing Eqs. 3 and 4 are not precise.

Hence, the molybdenum distribution factor vs. acid molarity relationship does not
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Table 2
w xValues of the slopes ln D vs. ln TBP evaluated at different temperatures and acid molaritiesMo

Ž .Acid molarity molrl Temperature 8C

25 40 60

0.002 3.1 – –
0.004 2.7 2.6 –
0.008 3.0 2.7 2.9
0.010 3.1 3.0 3.1
0.012 3.2 3.1 3.1
0.016 3.1 3.1 3.1
0.020 2.9 3.0 3.1
0.030 2.9 3.0 3.0
0.040 2.7 2.9 3.0
0.050 2.9 2.9 2.9
0.080 2.8 2.9 2.6
0.100 2.9 2.7 2.7
0.120 2.9 2.6 2.6
0.160 2.6 – –
0.200 3.0 – –
0.300 2.5 – –
Mean 2.9 2.9 2.9

Ž .exactly obey Eq. 6 . A better correlation is derived in Section 4.4 for prediction of the
molybdenum distribution factor under practical conditions of interest.

4.4. Approximate equation for computation of the distribution factor

Ž . Ž .We can compute constants of Eq. 6 excluding a. We re-write Eq. 6 as:

9130 DS
qw x w xln D s q qaln H q2.9ln TBP . 7Ž .M T R

w xPruett 40 proposes that in systems which show a maximum in the extraction curve,
Žw x . Žw x .a free TBP term TBP can be used instead of the initial TBP term TBP . Thus wef 0

have:

w xTBP s TBP y Acid yd X 8Ž .f 0

w x w xwhere d is a constant, Acid is acid concentration in the organic phase and X is the
concentration of metal in the organic phase. Under conditions of our experiments, the

Ž .third term in Eq. 8 is negligible; the acid term is, however, large enough to affect
w x w xTBP 40 . With a theoretical andror semi empirical analysis, it can be shown that withf

w xinitial TBP concentration of TBP and equilibrated aqueous acid concentration of0
w xequilibrium w xH SO , we have 40 :2 4 aq.

equilibriumw xTBP s TBP qc H SO TBP 9Ž .aq .2 4f 0 0
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Ž .where c is a constant. So Eq. 9 can be re-written as:

equilibriumw xTBP s TBP 1qc H SO 10Ž .ž /aq .2 4f 0

or

equilibriumw xln TBP s ln TBP q ln 1qc H SO . 11Ž .ž /aq .2 4f 0

Using Taylor’s approximation:

x 2 x 3 x 4

ln 1qx sxy q y q . . . y1-xF1. 12Ž . Ž .
2 3 4

Ž .When sulfuric acid concentration is much less than 1, Eq. 11 can be re-written as
follows:

c2
2equilibrium equilibriumw x w xln TBP s ln TBP qc H SO y H SO½ 5aq . aq .2 4 2 4f 0 2

c3 c4
3 4equilibrium equilibriumw x w xq H SO y H SO q . . . 13Ž .½ 5 ½ 5aq . aq .2 4 2 43 4

At very low sulfuric acid concentrations, those terms having large powers tend to zero.
w x Ž . Ž .Hence, with replacement of TBP from Eq. 13 in Eq. 6 we have:f

D H DS equilibriumqw x w xln D sy q qaln H qsln TBP qd H SO aq .Mo 2 40RT R
2 3equilibrium equilibriumw x w xqe H SO y f H SO½ 5 ½ 5aq . aq .2 4 2 4

4equilibriumw xqg H SO . 14Ž .½ 5aq .2 4

Ž .In order to determine the coefficients of Eq. 14 , we have collected a data bank with
acid molarities of less than 0.4 M. We have then analyzed the data through application
of SPSS for windows V 8.0. The results are shown in Table 3. From these data, the
equation for molybdenum distribution factor would become:

9790
qw x w x w xln D sy25.55q q2.00 ln H q2.90ln TBP y64.26 H SO0Mo 2 4T

2 3w x w xq146.46 H SO y120.72 H SO . 15Ž .2 4 2 4

The values measured for molybdenum distribution factor are compared with the
calculated ones in Fig. 4. These data confirm the estimated equation for computation of
the distribution factor of the aqueous media with molarities less than 0.4 M.

Ž .Fig. 3. Effect of sulfuric acid molarity on molybdenum distribution factor with TBP in kerosene at a 258C,
Ž . Ž . Žb 408C and c 608C. Note that the points show the experimental data, while the lines plotted based on Eq.
.15 indicate the estimated values. Horizontal lines demonstrate the P values.RM oO4
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Table 3
Coefficients calculated for determination of distribution factor of molybdenum with TBP diluted in kerosene
and sulfuric acid aqueous media at different temperatures

Value Computed coefficient Standard error

1rT 9790 105
qw xln H 2.00 0.05

w xln TBP 2.90 0.020
w xH SO y64.26 3.152 4

2w xH SO 146.46 20.222 4
3w xH SO y120.72 40.482 4

Equation constant y25.55 0.39

Ž . Ž .Comparing Eqs. 14 and 15 indicates that the apparent standard molar enthalpy of
extraction of molybdenum anions is y75.90 kJrmol and the apparent standard entropy
of molybdenum extraction with TBP from sulfuric acid aqueous media is-0.21 kJrmol.

The apparent standard Gibbs free energy of extraction of molybdenum from the
solution is, therefore:

DG8sD H8yTDS8sy75.90q0.21T kJrmol. 16Ž .
The equilibrium constant of the extraction reaction can be calculated from:

DG8sD H8yTDS8syRT ln K 17Ž .p

Ž .Based on Eq. 16 , the apparent equilibrium constant at 258C, 408C and 608C is,
therefore, 162.6, 37.5 and 6.5, respectively.

Fig. 4. Comparison of the measured and the calculated values for molybdenum distribution factor for TBP in
kerosene in aqueous sulfuric acid media with molarities less than 0.4 at different temperatures.
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4.5. Organic complex partition factor

w xCox and Flett 43 have shown that at equilibrium between organic and aqueous
Ž .phase an organic substance RX is present in both phases:

RXsRX. 18Ž .
One can define an organic partition factor such as:

RX
P s . 19Ž .RX w xRX

After the extraction of the metal, an organic complex RMe is formed at equilibrium
between the two phases:

RMesRMe. 20Ž .
Define an organic complex partition factor, P , as follows:RMe

RMe
P s . 21Ž .RMe w xRMe

If solubility of the complex formed in the aqueous media is large, the distribution factor
of the metal ion is, therefore, given by:

RMe
D s . 22Ž .Me w x w xRMe q Me

Hence, we assume that the extracted complex can be produced through the combination
of a molybdenum anion MoO2y, and a complex organic agent and then is ionized4

according to the following ionization reaction:

RMoO sR2qqMoO2y. 23Ž .4 4

Ž .The equilibrium constant of Eq. 12 is:

2q 2yw xR MoO4
K s 24Ž .D RMoO4

hence:

RMoO RMoO4 4
D s sMo 2y 2yw xRMoO q MoO MoO4 4 4w xRMoO 1q4 ž /w xRMoO4

1
sP . 25Ž .RMO4 K D

1q 2qw xR
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Taking logarithms yields:

w xK D
ln D s ln P y ln 1q . 26Ž .Mo RMoO 2q4 ½ 5w xR

The value of log P can be calculated by plotting the changes of log D vs.RMoO Mo4

logarithm of the acid molarity and characterization of the horizontal part of the obtained
curve. So the values of P at temperatures 258C and 408C are 0.318 and 0.053,RMoO4

respectively. These values indicate that the complex formed at the higher acid concentra-
tion would have higher solubility in water. This phenomenon depends on the nature of
complex and the solubility of water in the complex.

4.6. Estimation of the extraction stoichiometric equation

The structure of molybdenum ions depends on pH and molarity of the acid in
w xaqueous media 44–48 . The change of ionic structure of molybdenum is defined by:

q q q qH H H H2y2y 6y 4y 2qMoO l Mo O l Mo O l Mo O SO l MoO .Ž .4 7 24 8 26 2 5 4 22
pH 5–9 pH 1–5 pH -1 H SO )0.3 M2 4

27Ž .
Ž .In the upper acidity range H SO )0.3 M the stable molybdenum cation is2 4

MoO2q. So in the present test, which is carried out in sulfuric acid media, the2

molybdenum ion complex is MoO SO with TBP and the extraction molecules may2 4

have a structure such as 3TBPPMoO SO . The stoichiometric equation for the extrac-2 4

tion reaction may, therefore, be:
2q 2y w x3TBP qMoO qSO ™ 3TBPPMoO SO . 28Ž .org .org . 2 aq . 4 aq . 2 4

Ž .Regression analysis of the data given in Table 3 shows that the constant a is equal
Ž .to 2, so at the lower acidity, the complex structure may be 3TBPPH Mo O SO and2 2 5 4 2

the extraction stoichiometric equation may be written as:
2y q3TBP q Mo O SO q2H ™ 3TBPPH Mo O SO . 29Ž . Ž . Ž .org . 2 5 4 aq . aq . 2 2 5 4 org .2 2

Based on the experimental data and the above discussion, it may be said that for
Ž .sulfuric acid molarities greater than 0.002 pH approximately 2.4 the stable molybde-

w Ž . x2ynum ion is Mo O SO .2 5 4 2

5. Conclusions

Based on the data presented in this paper, one can deduce that the molybdenum
extraction reaction with TBP is an exothermic reaction. The apparent standard molar
enthalpy for extraction of molybdenum anions is y75.90 kJrmol and the apparent
standard entropy of molybdenum extraction with TBP from sulfuric acid aqueous media
is y0.21 kJrmol K. So the apparent standard Gibbs free energy of extraction of
molybdenum from the solution presented in this paper is:

DG8sD H8yTDS8sy75.90q0.21T kJrmol.
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The apparent equilibrium constant of extraction reaction at 258C, 408C and 608C is
162.6, 37.5 and 6.5, respectively. The investigation of extraction of molybdenum for
acid concentration with molarities less than 0.4 M at constant temperature and TBP
concentration indicates that neutralization of every mole of molybdenum anion needs 2
mol of Hq cations. At these molarities, the molecules formed react with 3 mol of TBP

Ž .and the complex formed may be 3TBPPH Mo O SO . Results of this study show2 2 5 4 2

that by increasing the acid molarity above 0.4 M, the molybdenum extraction factor,
D , does not significantly change. Under these circumstances, the extraction moleculesMo

may have a structure such as 3TBPPMoO SO and the values of the organic complex2 4
Ž .partition factor P are 0.317 and 0.053 at temperatures 258C and 408C, respec-RMoO4

tively. Based on the regression analysis of the data, the following equation is obtained
for prediction of the distribution factor of molybdenum:

9790
qw x w x w xln D sy25.55q q2.00ln H q2.90ln TBP y64.26 H SO0Mo 2 4T

2 3w x w xq146.46 H SO y120.72 H SO .2 4 2 4

Acknowledgements

The authors wish to thank Mrs. Z. Moshefi Shabesteri from Amirkabir University of
Technology for her useful consultance on the method of analysis of materials.

References

w x1 P. Blazy, E.A. Jdid, A. Floreancig, B. Mottet, Selective recovery of rhenium from gas-scrubbing solutions
Ž .of molybdenite roasting using direct precipitation and separation on resins, Sep. Sci. Technol. 11r12 28

Ž .1993 2073–2096.
w x2 P.E. Churchward, J.B. Rosenbaum, Recovery of rhenium by solvent extraction and electro-deposition, in:

Ž .M.E. Wadworth, T.D. Davis Eds. , Unit Process in Hydrometallurgy, Proceeding of International
Symposium on Unit Processes in Hydrometallurgy, Gordon & Breach, 1965, pp. 441–450.

w x Ž .3 P. Zhang, K. Inoue, K. Yoshizuka, H. Tsuyama, Extraction and selective stripping of molybdenum VI
Ž . Ž . Ž . Ž .and vanadium VI from sulfuric acid solution containing aluminum III , cobalt II , nickel II , and

Ž . Ž . Ž .iron III by LIX 63 in Exxsol D80, Hydrometallurgy 1 41 1996 45–53.
w x4 J. Duarte-Neto, Solvent extraction of uranium and molybdenum in sulfuric medium, MSc These, Dept. de

Engenharia Nuclear, Minas Gerais Univ., Belo Horizonte, MG, Brazil, Mar 1980, 126 pp.
w x5 R. Shanker, K.S. Venkateswarlu, Solvent extraction of molybdenum and technetium with Alamine 336

Ž . Ž .from acid solutions, Sep. Sci. 6 11 1976 591–596.
w x Ž .6 T. Hirato, K. Koyama, Y. Awakura, H. Majima, Concentration of Mo VI from aqueous sulfuric acid

Ž . Ž .solution by an emulsion-type liquid membrane process, Mater. Trans., JIM 3 31 1990 213–218.
w x7 Y.G. Frolov, A.F. Morgunov, G.I. Nasonova, Study of the extraction of molybdenum by mixture of

Ž . Ž .bis 2-ethylhexyl hydrogen phosphate with neutral extractants, Deposited Doc. VINITI 1981 3840–3878.
w x8 E. Oezensoy, A.R. Burkin, Separation of tungsten and molybdenum by solvent extraction, U.S. Patent

Ž .4,275,039 1981 .
w x9 T. Sato, H. Watanabe, H. Suzuki, Liquid–liquid extraction of molybdenum from aqueous acid solution by

Ž . Ž .high-molecular weight amines, Solvent Extr. Ion Exch. 5 4 1986 987–998.



( )E.K. Alamdari, S.K. SadrnezhaadrHydrometallurgy 55 2000 327–341340

w x10 C. Brassier Lecarme, P. Baron, J.I. Chevalier, C. Madic, Acidic organo-phosphorus solvent extraction
process for purification of molybdenum in tailings from uranium ore treatment, Hydrometallurgy 47
Ž .1997 57–67.

w x11 G.M. Ritcey, G. Pouskouleli, Non-nuclear hydrometallurgical applications of TBP. TBP applications, in:
Ž .W.W. Schulz, J.D. Navratil, T. Bess Eds. , Science and Technology of Tributyl Phosphate: Vol. 2.

Selected Technical and Industrial Uses: Part A 127 CRC Press, Boca Raton, FL, 1987, pp. 65–121.
w x12 I. Komasawa, H. Hosoba, T. Otake, Solvent extraction process for separation and purification of

Ž . Ž .molybdenum and vanadium by tri-n-butyl phosphate in xylene, Chem. Eng. Jpn. 2 20 1987 183–185.
w x13 I. Komasawa, H. Hosoba, N. Kurokawa, T. Otake, Extraction of molybdenum and vanadium from

Ž . Ž .hydrochloric acid by tri-n-butyl phosphate TBP in various diluent solutions, J. Chem. Eng. Jpn. 2 20
Ž .1987 176–182.

w x Ž .14 M.A. Chaudry, B. Ahmed, Supported liquid membrane extraction study of molybdate 2y ions using
Ž . Ž .tri-n-octylamine as carrier, Sep. Sci. Technol. 8r9 27 1992 1125–1136.

w x Ž .15 T. Sato, H. Watanabe, H. Suzuki, Liquid–liquid extraction of molybdenum VI from aqueous acid
Ž . Ž .solutions by TBP and TOPO, Hydrometallurgy 2–3 23 1990 297–308.

w x16 F.R. Valenzuela, J.P. Andrade, J. Sapag, C. Tapia, C. Basualto, The solvent extraction separation of
molybdenum and copper from acid leach residual solution of Chilean molybdenite concentrate, Miner.

Ž . Ž .Eng. 8 8 1995 893–904.
w x17 E.W. Daugherty, et al., Extraction of molybdenum and rhenium values from molybdenite, US Patent

Ž .Number 3,739,057 1973 .
w x18 K. Naito, T. Matsui, Y. Tanaka, Recovery of noble metals from insoluble residue of spent fuel, J. Nucl.

Ž . Ž . Ž .Sci. Technol. Japan 6 23 1986 540–549.
w x Ž .19 P. Navarro, F.J. Alguacil, Extraction of Mo VI solutions in nitric media by Alamine 336 or Aliquat 336,

Ž . Ž . Ž .Rev. Metal. Madrid 6 31 1995 379–385.
w x Ž . Ž .20 P. Behera, S. Mishra, I. Mohanty, V. Chakravortty, Liquid–liquid extraction of Mo VI and U VI by

Alamine 310 and its binary mixtures with TBP, DPSO, and Cyanex 301 from H SO acid medium,2 4
Ž . Ž .Radiochim. Acta 4 65 1994 233–237.

w x Ž . Ž .21 P. Behera, R. Mishra, V. Chakravortty, Extraction of Mo VI and U VI by Alamine 310 and its mixtures
Ž . Ž .from HCl solution, Radiochim. Acta 3 62 1993 153–157.

w x Ž . Ž .22 P. Behera, R. Mishra, V. Chakravortty, Solvent extraction of uranium VI and molybdenum VI by
Ž . Ž .Alamine 310 and its mixtures from aqueous H PO solution, J. Radioanal. Nucl. Chem. 1 173 19933 4

161–169.
w x23 W. Huang, B. Gong, Q. Zhang, Separation of molybdenum from tungsten by solvent extraction in

Ž .pilot-plant scale, J. Cent.-South Inst. Min. Metall. 24 1994 50–55.
w x24 B. Gong, W. Huang, Q. Zhang, The study on counter current cascade extraction process of separation of

Ž .molybdenum from tungsten with N263, J. Cent.-South Inst. Min. Metall. 24 1994 45–49.
w x25 A.A. Ivakin, K.Sh. Akhmetova, pH-Study of extracts of the MoO –H SO –H O–TBP system, Zh.3 2 4 2

Ž . Ž .Neorg. Khim. 6 37 1992 1432–1438.
w x26 Y. Zhao, J. Chen, Extraction of phosphorus, arsenic andror silica from sodium tungstate and molybdate

solutions with primary amine and tributyl phosphate as solvents: II. Mechanism of extraction of
Ž . Ž .phosphorus, arsenic andror silica from tungstate and molybdate solutions, Hydrometallurgy 3 42 1996

325–335.
w x27 M. Sano, J. Shibata, S. Nishimura, Solvent extraction of molybdenum and tungsten, in: International

Symposium on Processing of Rare Metals, Kitakyushu, Japan, Organizing Committee of International
Symposium on Processing of Rare Metals, Japan, 1991, pp. 121–124.

w x28 J.H. Baes, Bivariate drop distribution measurements for dispersed phase mixing studies on cobalt
Ž . Ž .extraction by di- 2-ethylhexyl phosphoric acid in a continuous flow reactor, Diss. Abstr. Int. 12 49

Ž .1989 292.
w x29 M. Sano, J. Shibata, M. Harada, S. Nishimura, Extraction of molybdenum and tungsten with D2EHPA

Ž .and LIX63, J. Min. Metall. Inst. Jpn. 104 1988 475–479.
w x30 M. Pajak, J. Kowalczyk, J. Piotrowicz, Extraction and re-extraction of rare earth elements from sulphate

Ž . Ž .solutions by D2EHPA solutions, Rudy Met. Niezelaz. 8 33 1988 290–294.
w x31 M. Kamitani, J. Shibata, M. Sano, S. Nishimura, Extraction of metal ions with D2EHPA from mixed

Ž . Ž .aqueous organic media, Solvent Extr. Ion Exch. 4 6 1988 605–619.



( )E.K. Alamdari, S.K. SadrnezhaadrHydrometallurgy 55 2000 327–341 341

w x32 J. Shibata, H. Sawai, M. Sano, S. Nishimura, Extraction of metal ions from ammoniacal solution with
Ž . Ž .various extractants, J. Jpn. Inst. Met. 8 51 1987 743–748.

w x33 X. Meng, J. Zha, Z. Xu, Mathematical model for extraction of rare earths with D2EHPA, in: ISEC ’86
International Solvent Extraction Conference. Preprints: Vol. II. Munich, 11–16 Sept., 1986, pp. 223–230.

w x34 L. Karagiozov, Ch. Vasilev, Extraction of molybdenum from weak acid rhenium-containing, Hydrometal-
Ž . Ž .lurgy 1 12 1984 111–116.

w x35 K.M. Rohal, D.M. VanSeggen, J.F. Clark, M.K. McClure, Solvent extraction of pertechnetate and
Ž . Ž .perrhenate ions from nitrate-rich acidic and alkaline solutions, Solvent Extr. Ion Exch. 3 14 1996

401–416.
w x36 J. Coca, F.V. Diez, M.A. Moris, Solvent extraction of molybdenum and tungsten by Alamine 336 and

Ž . Ž .DEHPA, Hydrometallurgy 2 25 1990 125–135.
w x37 S. Singh, M. Mohapatra, R.N. Mohanty, V. Chakravortty, K.C. Dash, LIX 84 as an extractant for thorium

Ž . Ž . Ž . Ž . Ž .IV , uranium VI and molybdenum VI , J. Radioanal. Nucl. Chem. 2 132 1989 359–367.
w x38 Y.C. Hoh, W.Y. Chuang, W.K. Wang, Interfacial tension studies on the extraction of lanthanum by

Ž . Ž .D2EHPA, Hydrometallurgy 3 15 1986 381–390.
w x Ž .39 P. Behera, V. Chakravortty, Extraction of molybdenum VI by Alamine 310, Cyanex 301 and their

Ž . Ž .mixtures from HClO acid solution, Indian J. Chem., Sect. A: Inorg., Phys., Theor. Anal. 9 32 19934

825–826.
w x40 D.J. Pruett, Solvent extraction of heptavalent technetium and rhenium by tributyl phosphate, Consolidated

Fuel Reprocessing Program and Basic Energy Sciences Programs, Oak Ridge National Lab, TN, USA,
1984, Dec., 97 pp.

w x41 P.A. Lanin, E.I. Chibrikina, A.A. Pushkov, G.I. Kuznetsov, Yu.M. Nikolaev, A.V. Savin, A.K.
Zhalimbetov, A.K. Tulekbaeva, Rhenium processing with centrifugal extractors, in: D.H. Logsdail, M.J.

Ž .Slater Eds. , Solvent Extraction in Process Industries, Elsevier Applied Science, 1993, pp. 218–224,
Published for SCI.

w x42 C. Hanson, A.N. Patel, Distribution of sulfuric acid between tributyl phosphate and water, J. Appl. Chem.
Ž .19 1969 20.

w x Ž .43 M. Cox, D.S. Flett, Metal extraction chemistry, in: T.C. Lo, M.H.I. Barid, C. Hanson Eds. , Hand Book
of Solvent Extraction, Wiley, 1983.

w x44 A.G. Kholmogorov, O.N. Kononova, S.V. Kachin, S.N. Ilychev, V.V. Kryuchkov, O.P. Kalayakina, G.L.
Pashkov, Ion exchange recovery and concentration of rhenium from salt solutions. Hydrometallurgy, 51
Ž .1999 19–35.

w x Ž .45 L.S. Nikitina, Razlochenie molibdenitovykh productov azotnoy kislotoy, Zwet. Met. 4 1983 63–67.
w x46 L.V. Borisova, A.N. Ermakov, Analiticheskya Chimiya, Nayka, Moscow, 1974, 348 pp.
w x47 M.S. Pop, in: Geteropoli-I isopolioxometallaty, Nauka, Novosibirsk, 1990, 132 pp.
w x48 M.V. Mokhosoev, N.A. Shevzova, Sostoyanie Ionov Molibdena I Volframa v Vodnykh Rastvorakh,

Nauka, Ulan Ude, 1997, 168 pp.


