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The extraction equilibrium of molybdenum(VI) from nitric, hydrochloric and sulfuric acid solution with 2-
ethylhexyl phosphonic acid mono-2-ethylhexyl ester dissolved in //-heptane was examined at 303 K. It was clarified
that molybdenum(VI) was extracted with the extractant (HR) according to the following equation, in low
concentration range of the metal.

MoO^ +2(HR)2 ^=^MoO2R2 à"2HR+2H+

The extraction equilibrium constants were obtained. The experimental results were interpreted quantitatively by
taking account of the equilibrium concentration of a cationic species of molybdenum(VI)in aqueous solution.

Introd uction
Solvent extraction technology has become increas-
ingly important in the recovery of rare metals from
the viewpoint of the conservation of energy and
material resources. Rare metals which possess physi-
cally and chemically specific properties are applied in
many fields of advanced technology. Since rare metals
are considered to be increasingly in great demand for
the future, it is desired to study the selective sepa-
ration and concentration of these metals.
Molybdenum, which is used in alloys, as a catalyst
and so on, is mainly collected as molybdenite (MoS2),
a valuable by-product of copper mining, and thus the
separation of this metal from copper is of impor-
tance.^ Solvent extraction was recently applied to
industrial processes for the recovery of molybdenum
and tungsten.5'8'9)

Diverse molybdate species have been reported to
exist in aqueous solution.1'716'17) Generally, the

hexavalent form of molybdenumis the most stable in
aqueous solution, but since it tends-to be hydrolyzed
and to form polyhetero acids, identification is not
always possible. It is well known that in aqueous
solution a series of polymolybdate anions predo-
minate in the region of pH greater than 2 and that
molybdenumforms cationic species 'only at a low pH.
These facts make a quantitative treatment of the
extraction equilibrium very complicated. Most studies
of the extraction of molybdenumso far have been
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qualitative, using such extractants as high-molecular
weight tertiary alkylamines640'18) such as tri-n-

octylamine and Aliquat 336, di(2-ethylhexyl) phos-
phoric acid3i21) (henceforth referred to as D2EHPA),
tri-H-butyl phosphate,19) sulfoxides,2) /?-hydroxy-

oximes1 1} and 2-thenoyltrifluoroacetone.15)
In the present study, the extraction equilibrium of
molybdenum(VI) with 2-ethylhexyl phosphonic acid
mono-2-ethylhexyl ester (henceforth referred to as
PC-88A, its commercial name, abbreviated as HR)
was examined at 303K in nitric acid, hydrochloric
acid and sulfuric acid media and the extraction
equilibrium constant was determined for each acid
solution. The experimental results were interpreted
quantitatively by taking account of the chemical
species of molybdenum(VI) in aqueous solution. A
possible mechanismof the extraction was deduced
from the experimental results.
1. Experimental

PC-88A was used as delivered from Daihachi

Chemical Industry Co. Ltd., (Lot. No. B60502), since
its purity (95.5%) could not be improved significantly
by the usual method reported with respect to
D2EHPA.12'14)The organic solution was prepared by
dissolving PC-88A in w-heptane of commercial GR
grade. The aqueous solution was prepared by dissolv-
ing sodium molybdate dihydrate in deionized water
and adjusting pH with each acid mentioned above
with normality of 1000mol/m3 and 1000mol/m3 so-
dium hydroxide in the region of pH<2.5, or
100mol/m3 sodium hydroxide in the region of
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pH>2.5. The inorganic reagents used were com-

mercial GRgrade. The experimental conditions used
were as follows. The initial concentration of each
species was, for the molybdenum, CMo 0 =0.1-10mol/
m3; and for the extractant, C(HRh 0 =0.5-100mol/m3.

Aqueous and organic solutions of equal volumes
(20cm3) were mixed in a flask and shaken at 303K to
attain extraction equilibrium. After that, the two
phases were separated and each phase was removed
by pipette for analysis. Molybdenumconcentration in
the aqueous solution was determined by a Shimadzu
AA646 atomic absorption spectrophtometer with a
N2O/C2H2flame. The concentration of molybdenum
in the organic solution was determined from a mass
balance using the concentration of molybdenumin
the aqueous solution. The activity of hydrogen ion in
the aqueous solution before and after equilibration
was determined by a Hitachi-Horiba F-7 ss pH meter
or neutralization titration.

2. Results

To clarify the characteristics of extraction equilib-
rium of molybdenum with PC-88A diluted in n-
heptane, the effects of pH and concentrations of
molybdenum in aqueous solution and of PC-88A in
organic solution on the distribution ratio of molyb-
denumbetween the organic and aqueous solutions,
Z)Mo, were observed. DMois expressed as

£Mo = [Mo]org/[Mo]aq
where [Mo]org and [Mo]aq are the concentrations of
molybdenumin the organic and aqueous solutions in
equilibrium.

The effect of pH on DMois shown in Fig. 1. DMo
increases with pH in the low pH range, but decreases
with pH in the high pH range, showing a maximum
value around pH=2. These results are similar to
those obtained by Zelikman et al. using D2EHPAin
kerosene.21) In the range of low pH (pH<0.8), each
curve approaches the line of slope nearly equal to 2.

Figures 2, 3 and 4 show the effects of the con-

centration of extractant on DMoin the range of low
pH. Under the experimental conditions, PC-88A
exists mostly as dimer in ^-heptane, as shown in

the previous paper in which the dimerization con-
stant was determined as KD = 3.0 [m3/mol].12)
For each acid solution, in the range of high con-
centration of PC-88A, the product of DMoand the
square of hydrogen ion activity, DMoa^, is propor-

tional to the square of the dimer concentration ofPC-
88A, C(HR)2. For sulfuric acid solution, in the range of
low concentration of PC-88A, DMoa^is nearly pro-
portional to the dimer concentration of PC-88A.
3. Discussion

Concerning the species of molybdate in aqueous
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Fig. 1. Effect of pH on distribution ratio of Mo, DMo
CMo=0.1 mol/m3; C(HR)2= 10.0mol/m3.

Fig. 2. Effect of extractant concentration on distribution
ratio of molybdenum 1000mol/m3 (nitric acid-sodium hy-
droxide aqueous solution).

Fig. 3. Effect of extractant concentration on distribution
ratio of molybdenum 1 000 mol/m3 (hydrochloric acid-sodium
hydroxide aqueous solution).
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Fig. 4. Effect of extractant concentration on distribution
ratio of molybdenum 500mol/m3 sulfuric acid-1000 mol/m3
sodium hydroxide aqueous solution.

solution, it is well known that molybdate ion in basic
aqueous solution exists in the form of MoO4~and
that a series of molybdenum species, e.q., Mo7O24~,
HMo7Of4-, H2Mo7O^4~, HMoO4~, H2MoO4 and

MoO2+increase in the above order as the acidity of
aqueous solution increases. In the range of pH<4,
the following equilibria of molybdate ions in aqueous

solution are considered:

MoOr+H+ ^=^HMoO4 Kx (1)

IMoOl-+8H+ ^=^ Mo7O^4-+4H2O K2 (2)

Mo7Of4" +H+ ^=^ HMo7O^4 K3 (3)

HMo7Oi4 +H+ ^=^ H2Mo7O^4 K4 (4)

MoOr+2H+ ^=^ H2MoO4 K5 (5)

MoOr+4H+ ^=^ MoO^+2H2O K6 (6)

The value of each equilibrium constant, except for
K6, was available in the literature as shown in Table 1.
The cationic species, MoO2+,which exists only at a
low pH, is extracted by the cation exchange extrac-

tant, PC-88A, as follows:

MoO2R2 à" xHRorg+2Ha+q: Xe;c (7)

where HRand (HR)2 denote monomerand dimer of
PC-88A, respectively, and Kex is the extraction

equilibrium constant.
Assuming that only the species MoO2R2-XHR

exists in the organic solution, and combining the

equilibrium relations shown by Eqs. (1) to (7), [Mo]org
VOL.20 NO.3 1987

Table 1. Equilibrium constants

Value

K, 1.24x lO1 [16]
K2 5.00x lO15 [16]

K3 2.10x lO1 [16]

KA 5.00 [16]

K5 3.98 x lO1 [15]
K6 3.50x lO~4

and [Mo]aq are expressed by the following equations:
[Mo]or^ ^JMoO22 + ]{C(HR)2}^ + ^2/a2H (8)

[Mo]aq= [MoO|+]{l +aH+iSH[MoO|+]6} (9)
where

+^/(^5%)+ l) (10)

pn = lK2K,KJ(Kla]?)( \l{K,KAa2n)
+ 1/(A^h)+1) (ll)

[MoO2/] is the concentration of MoO2,+ and aH is the
activity of hydrogen ion.
The distribution ratio of molybdenumis obtained
from Eqs. (8) and (9), as follows:

1 2+x
log£>Mo=log Kex+2log-+--log C(HR)2-log QaH 1

(12)
where

2= l +aH+/yMoO2+]6 (13)

By solving Eq. (9) numerically, [MoO2+]6 is ex-
pressed as a function of [Mo]aq and aH; that is, Q

depends on [Mo]aq and aH. From mass balance with
respect to molybdenum, [Mo]aq is expressed as
follows:

[Mo]aq- \ /y)[Mo]aq0 (14)
1 ' UUo\Korg/ KaqJ

where Forg and Faq are the volumes of the organic and
aqueous solutions, respectively, and [Mo]aq0 is the

initial concentration of molybdenumin the aqueous
solution. By using Eqs. (9) to (14), the relation
between DMoand the concentration of each species is
calculated numerically. In the range of pH<0.8 in

Fig. 1, Q is assumed nearly equal to 1.0, because a
slope of 2 indicates that the molybdenumspecies in
the aqueous solution exists as MoO2+,as anticipated
from Eq. (12), and so Eq. (12) is rewritten as follows:

2+x
log DMoa2H=log Kex+-lo« C(HRh (15)

From the experimental results in the range of high
concentration of PC-88A, shown in Figs. 2 to 4, x was
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found to be 2 and so Kex is obtained as 1.36x 103,
0.81 x 103 and 0.74x 103 in nitric acid, hydrochloric
acid and sulfuric acid solution, respectively. It is
considered that the Kex value is affected by complex
formation of molybdenumwith each anionic species
in aqueous solution such as MoO2Cl2 and
MoO2(NO3)^n. 13'20)

In the case of sulfuric acid medium, in the range of
low concentration of PC-88A the value of x is
changed to zero and Kex=2J2 x 103mol/m3 was ob-
tained. In the range of low concentration of PC-88A
in the cases of hydrochloric and nitric acid solutions,
it is anticipated that the same tendency for x to
change as obtained in sulfuric acid solution can be
observed, though it was not confirmed due to limi-
tation for detection of molybdenumby atomic ab-
sorption spectrophotometer.
From using the experimental results for each acid
solution and Eqs. (9) to (14), the value of K6 was
determined to be K6=3.50 x 10~4 [(mol/m3)"4].
The solid lines in Fig. 1 were calculated from Eqs.
(9) to (14) by using the equilibrium constants shown
in Tables 1 and 2. Figure 5 shows the relations
between the mole fraction of each species and pH,
which are obtained from the equilibrium equations (1)
to (6), showing that the cationic species MoO24"is the
predominant species in the range of pH <0.8, that is,
2=1.0.

Figure 6 shows a comparison between the calcu-
lated and observed distribution ratios. Close agree-
ment was obtained.

C onclu sion
The extraction equilibrium of molybdenum(VI)

from nitric, hydrochloric and sulfuric acid aqueous
solutions with PC-88A in ^-heptane was examined at
303 K. The extraction equilibrium constant, Kex, was
obtained for each acid solution, and the Kex value
became greater in the order HNO3 > HC1> H2SO4.

The effect of pH on the distribution ratio of

molybdenum, Z>Mo,was interpreted by taking account
of the equilibrium concentration of a cationic species
of molybdenum in the aqueous solution. From all
experimental results, the value of K6 was obtained by
the nonlinear least square method.

No menclature

an = activity of hydrogen ion [mol/m3]
C(HR)2 = dimer concentration of PC-88A [mol/m3]
DMo =distribution ratio [-]
Kex = extraction equilibrium constant [-]
Kx = equilibrium constant defined

by Eq. (l) - [(mol/m3)-1]
K2 = equilibrium constant defined

by Eq. (2) [(mol/m3)-14]
K3 = equilibrium constant defined

by Eq. (3) [(mol/m3)-1]
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Table 2. Extraction equilibrium constants

HNO3 1.36 x lO3 [-]
HC1 0.81 x 103 [-]

H2SO4 0.74 x 103 [-] in high C(HR)2
2.72 x 103 [mol/m3] in low C(HR)2

Fig, 5. Profile of abundance (log fraction) of each Mo(VI)
species along the pH range (CMo=0.1 mol/m3).

Fig. 6. Comparison of experimental results with calculated
results of distribution ratio.

K4 = equilibrium constant defined
by Eq. (4) [(mol/m3)"1]

K5 = equilibrium constant defined
by Eq. (5) [(mol/m3)"2]

K6 = equilibrium constant defined
by Eq. (6) [(mol/m3)"4]

Q = constant denned by Eq. (13) [-]
Vj = volume O=aq, org) [m3]
x = number of additional molecules of extractant

in extracted species [-]

aH = constant denned by Eq. (10) [-]
PH = constant defined by Eq. (ll) [(mol/m3)"6]
[ ] = concentration [mol/m3]
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Introduction

Slurry bubble columns have been widely applied to
such industrial processes as coal liquefaction, Fischer-
Tropsch synthesis, biological waste water treatment
and fermentation. In these processes, the rate of gas-
liquid mass transfer, which is characterized by the
volumetric mass transfer coefficient kta, maybe con-
trolling to the overall rate. To explain further the gas-
liquid mass transfer phenomena in a slurry bubble
column, it is very important to study the behavior of
kl9 the liquid-phase mass transfer coefficient, and a,
the specific gas-liquid inter facial area, independently.
Little information, however, is available about a and
kl in a slurry bubble column.

From the experimental data on kta, gas holdup and
volume-surface mean bubble diameter in our previous
works345'16) the values ofa and kl in a slurry bubble
column were separately evaluated and their behavior
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was investigated and correlated in the present paper.
1. Specific Gas-Liquid Interfacial Area, a

The value ofa can be evaluated from the mean (or
cross-sectionally averaged) gas holdup, eg, and the

volume-surface mean bubble diameter, dvs9 as follows.
a = 6sg/dvs (1)

Our previous study16) showed that the data on*^

were expressed by the correlation of Koide et al?) for
heterogeneous flow in the range where the meansolid
holdup, es, was less than 0.4. It was also shown that
the data on dvs was expressed well by the following
equation.3)

dvs = Q. 59( VD/8g)2/g (2)

where g is the gravitational acceleration and VD is the
drift flux of gas defined as follows.14)

VD= Ug(\ -sg)- Ulsg(l -sg)/sl (3)

Figures 1 and 2 show the variation of a evaluated
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