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In the solvent extraction system {R3N + NH4ReO4 + n-C7H16 + HCl + H2O}, the equilibrium molalities
of ReO4

- were measured at ionic strength from (0.1 to 2.0) mol ·kg-1 in the aqueous phase containing
NH4Cl as supporting electrolyte in the range of 278.15 K to 303.15 K. The standard extraction constants K0

at various temperatures were obtained by methods of Debye-Hückel extrapolation and Pitzer polynomial
approximation. Thermodynamic properties for the extraction process were calculated.

Introduction

Rhenium is a high melting point metal, which was broadly
applied in engine manufacture. One of the key reasons why
rhenium is so important today is that it has a rather unique
property. Rhenium has no known ductile to brittle transition
temperature unlike molybdenum and tungsten even after com-
plete recrystallization annealing. Products from rhenium can be
thermally cycled thousands of times with no ill effect. It can
be alloyed with tungsten or molybdenum and, near the solubility
limits, imparts improved ductility to those materials. High-
temperature strength, low friction, ductility, and other rather
unique properties make it the material of choice for many critical
applications. Solvent extraction is one of the main methods of
separation and enrichment of rhenium from non-ferrous metal
mine tailings.1-3 So, it is important to study the extraction
system in the theoretical field and industry.

As a continuation of our previous work,4 in this paper we
applied Pitzer’s equaiton to the solvent extraction system and
discussed the extraction process by the Pitzer electrolyte solution
theory. The standard extraction constants K0 are obtained by
methods of Debye-Hückel extrapolation and Pitzer equation
polynomial approximation.5,6

Trialkylamine (tertiary amine with 8 to 12 subchain carbons
which is abbreviated as R3N, average mole mass 355.8) is one
of the most widely used extractants with a lower cost in the
separation of rhenium. In the presence of excessive extractant
R3N, the extraction reaction is

where (aq) and (org) refer to the aqueous and organic phase,
respectively; R3N is the extractant; and NR3 ·H+ ·ReO4

- is the
extracted complex. The standard equilibrium constant K0 is given
by

where γ is the activity coefficient in the molality scale, and m
is the molality.

Experimental Section

The water used was doubly deionized, and its conductance
was 0.15 mS ·m-1. The ammonium chloride was of AR grade.
The n-C7H16 used as diluent was of AR grade (99.5 %). R3N
was purchased from Dalian dyestuff company (99 % mass
purity).

All initial solutions to be measured were freshly prepared.
The aqueous phase was prepared by dissolving NH4ReO4 (99.99
% mass purity) in an aqueous solution of HCl of constant
molality. The initial molality of the NH4ReO4 was a ) 0.001
mol ·kg-1, and the initial molality of the HCl was c ) 0.1
mol ·kg-1. The supporting electrolyte (NH4Cl) was used to adjust
the total ionic strength I of the aqueous solution to (0.1 to 2.0)
mol ·kg-1. The organic phase was prepared by dissolving R3N
in n-C7H16, the initial molality of R3N being kept constant
(b ) 0.02 mol ·kg-1).

A volume (10 cm3) of the organic phase was brought into
contact with the same volume of aqueous phase in an extraction
bottle, and the two-phase mixture was shaken mechanically for
15 min. The extraction bottles were kept at different tempera-
tures: (278.15, 283.15, 288.15, 293.15, 298.15, and 303.15) K,
within ( 0.05 K. After standing for 15 min, the two phases
were separated, and the molality of ReO4

- (m{ReO4
-}) in the

equilibrium aqueous phase was determined using a 722 spec-
trophotometer at λ ) 424 nm with uncertainty of ( 0.001.7

The data in the thermodynamic extraction equilibrium system
did not exist before.

The equilibrium molalities (m{i} for the species i) in the
organic phase were calculated from the initial molalities a, b,
and m{ ReO4

-} in the aqueous phase
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R3N(org) + H+(aq) + ReO4
-(aq) ) H+ ·NR3 ·ReO4

-(org)
(1)

log K0 ) log[m{H+ ·NR3 ·ReO4
-}] -

log[m{H+} ·m{ReO4
-} ·m{NR3}] +

log[γ{H+ ·NR3 ·ReO4
-}] -

log[γ{H+} ·γ{ReO4
-} ·γ{NR3}] (2)
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where F is the density of the organic phase.

Results and Discussion

The values of pH measured at the various temperatures (in
the range (278.15 to 303.15) K) for several total ionic strengths
in the range (0.1 to 2.0) mol ·kg-1 are listed in Table 1, where
each value of pH is the mean of three replicate measurements
with uncertainty of ( 0.01.

Extrapolation to Determine the Value of K0. There were four
ionic species (H+, NH4

+, ReO4
-, and Cl-) in the equilibrium

aqueous phase. Their molalities and activity coefficients are
m{H+}, m{NH4

+}, m{ReO4
-}, and m{Cl-} and γ{H+},

γ{NH4
+}, γ{ReO4

-}, and γ{Cl-}, respectively. The effective
ionic strength I′ in the equilibrium aqueous phase can then be
calculated as

The calculated values of I′ are listed in Table 1. Then eq 2 could
be expressed as

and Km is the equilibrium concentration product, defined as

Because the molalities of the extraction complex and the
extractant in the equilibrium organic phase are very small, it
can be assumed that γ{H+ ·NR3 ·ReO4

-}/γ{NR3} ≈ 1. As
γ{ReO4

-} in the equilibrium aqueous phase might be propor-
tional to the effective ionic strength, it can be expressed by the
extended Debye-Hückel equation, and the working equation
to determine K0 by extrapolation is

Table 1. Values of pH and Effective Ionic Strength I′ at Temperatures in the Range (278.15 to 303.15) Ka

T/K 278.15 283.15 288.15 293.15 298.15 303.15

I′/mol ·kg-1 0.1013 0.0950 0.0896 0.0887 0.0877 0.0863
mδ ( ·10-6) 0.1614 0.1242 0.1366 0.9685 0.9313 1.987
pH 0.67 0.56 0.56 1.05 1.03 1.06
I′/mol ·kg-1 0.2025 0.1971 0.1904 0.1892 0.1890 0.1876
mδ ( ·10-6) 0.2856 0.1738 0.2980 0.329 1.043 1.987
pH 0.65 0.58 0.62 1.04 1.02 0.94
I′/mol ·kg-1 0.4041 0.3988 0.3923 0.3908 0.3902 0.3881
mδ ( ·10-6) 0.5277 0.4843 0.4843 1.875 1.565 2.856
pH 0.68 0.86 0.65 1.03 0.99 0.93
I′/mol ·kg-1 0.5045 0.5015 0.4936 0.4919 0.4910 0.4884
mδ ( ·10-6) 0.8071 0.5091 0.6954 7.326 2.558 3.725
pH 0.69 0.88 0.70 1.01 0.99 0.92
I′/mol ·kg-1 0.6056 0.6017 0.5962 0.5922 0.5916 0.5888
mδ ( ·10-6) 1.180 0.6084 0.8071 1.701 2.434 3.415
pH 1.01 0.89 0.76 1.03 1.01 0.87
I′/mol ·kg-1 0.8068 0.8024 0.7978 0.7926 0.7928 0.7891
mδ ( ·10-6) 1.242 1.055 1.378 1.925 3.601 5.960
pH 1.12 1.07 0.93 0.99 0.97 0.98
I′/mol ·kg-1 1.0085 1.0031 0.9985 0.9937 0.9934 0.9898
mδ ( ·10-6) 1.304 1.974 1.540 2.285 3.725 4.967
pH 1.10 1.19 0.92 0.97 0.95 0.92
I′/mol ·kg-1 1.2087 1.2041 1.1988 1.1952 1.1941 1.1906
mδ ( ·10-6) 1.391 2.483 2.260 1.527 2.943 6.022
pH 1.09 1.25 1.06 0.98 0.90 0.88
I′/mol ·kg-1 1.4098 1.4053 1.4007 1.3975 1.3948 1.3913
mδ ( ·10-6) 1.428 1.987 2.396 3.365 3.688 6.146
pH 1.05 1.10 1.02 0.96 0.92 0.85
I′/mol ·kg-1 1.5112 1.5058 1.5013 1.4979 1.4959 1.4921
mδ ( ·10-6) 2.049 2.049 2.483 4.371 4.222 7.388
pH 1.15 1.10 1.01 0.90 0.91 0.96
log Km 4.8880 4.8882 4.8044 4.5580 4.5732 4.3286
I′/mol ·kg-1 1.6153 1.6063 1.6016 1.6009 1.5978 1.5929
mδ ( ·10-6) 2.608 2.111 2.918 2.434 4.594 6.891
pH 1.16 1.06 1.00 0.89 0.89 0.79
I′/mol ·kg-1 1.8181 1.8079 1.8031 1.8021 1.8003 1.7937
mδ ( ·10-6) 3.353 2.111 3.464 3.638 5.203 7.388
pH 1.15 0.99 1.02 0.87 0.85 0.82
I′/mol ·kg-1 2.0200 2.0089 2.0037 2.0034 2.0014 1.9955
mδ ( ·10-6) 3.911 2.856 3.924 3.855 5.290 7.636
pH 1.14 1.10 1.04 0.86 0.83 0.80

a δ ) ReO4
-. Unit of mδ: mol · kg-1.

m{H+ ·NR3 ·ReO4
-} ) [a - m{ReO4

-}]/F (3)

m{NR3} ) b - [a - m{ReO4
-}]/F (4)

I′ ) 1/2∑miZi
2 (5)

log K0 ) log Km + pH + log[γ{H+ ·NR3 ·ReO4
-}] -

log[γ{NR3}] - log γ[ReO4
-] (6)

Km ) m{H+ ·NR3 ·ReO4
-}/[m{ReO4

-} ·m{NR3}]
(7)
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where log K′ is an extrapolation function, which can be
calculated from experimental results; a0 is the ion-size param-
eter; b is an empirical parameter; and A and B are the
Debye-Hückel parameters. Using a least-squares method, a
linear regression of log K′ vs I′ yielded values of log K0. These
are given in Table 2 as log K0(D-H) together with the standard
deviations.

Polynomial Approximation to Determine K0. Equation 2
could be expressed as

The activity coefficients γ{H+} and γ{ReO4
-} in eq 9 can

be estimated using Pitzer’s equations. According to Pitzer’s
theory, the activity coefficients γM and γX of the cation M
and the anion X in a multicomponent electrolyte solution
are given by8

where

where the subscripts “c” and “a” represent cations and anions,
respectively; z is the charge of the ion (m0 ) 1 mol ·kg-1); AP is
the Debye-Hückel coefficient of the osmotic function (this is given
by Bradley and Pitzer9,10 for a wide range of temperatures and
pressures); Bca and Cca are the second and third virial coefficients
for the electrolyte; Bca′ is the first derivative of Bca with respect to
I/m0; Φij is the second virial coefficient representing the difference
between the averaged interactions between unlike ions with charges
of the same sign and between like ions; Φij′ is the derivative of
Φij with respect to I/m0 and is the third virial coefficient similarly
defined but for three ions with charges not all of the same sign.
According to Pitzer and Kim11

where �ca
(0) and �ca

(1) are characteristic parameters of the electrolyte;
and y1 and y2 are defined as

In using Pitzer’s equations to determine K0, it is assumed
that: (1) the effective ionic strength is regarded as the total ionic
strength in the aqueous phase; (2) interactions between ions can
be regarded as those between Tl+, H+, and the ions of the
supporting electrolyte; (3) following the advice of Pitzer and
Mayorga,12,13 ψMca is considered to be independent of ionic
strength. In estimating γ{ReO4

-} and γ{H+}, all the mixed
parameters (Φij, Φij′, andΨijk) are neglected, so that the pertinent
combination of activity coefficients may be written as

Table 2. Values of log K0 over the Temperature Range 278.15 K to 303.15 K Obtained Using the Two Methods

T/K log K0(D-H) a0/A log K0( P) �NH4 ·ReO4
(0) y1�NH4ReO4

(1) 1/2 ·ZCNH4ReO4

303.15 6.4308 0.9 4.4472 -150.73 -5.9945 431.86
298.15 6.5790 0.9 4.7581 -72.534 -7.0394 207.80
293.15 6.5914 0.7 4.6679 696.77 -3.8351 -2001.2
288.15 6.6376 0.8 5.3461 -239.80 -7.9186 687.48
283.15 6.7331 0.9 5.4965 -1743.1 -8.2667 5002.3
278.15 6.8082 0.8 5.2749 -160.03 -6.7637 458.27

log K′ ) log Km + pH + A√I′F
1 + Ba0√I′F

) log K0 + bI′

(8)

log K0 ) log[m{H+ ·NR3 ·ReO4
-}] -

log[m{H+} ·m{ReO4
-} ·m{NR3}] -

log[γ{H+} ·γ{ReO4
-}] (9)

ln γM ) zM
2F + ∑

a

(ma/m
0)(2BMa + ZCMa) +

∑
c

(mc/m
0)(2ΦMc + ∑

a

(ma/m
0)ΨMca)

+ ∑
a

∑
a′

(ma/m
0)(ma′/m

0)ΨMaa′ +

|ZM| ∑
c

∑
a

(mc/m
0)(ma/m

0)Cca

(10)

ln γM ) zX
2F + ∑

c

(mc/m
0)(2BCX + ZCcX) +

∑
a

(ma/m
0)(2ΦMa + ∑

c

(mc/m
0)ΨcXa)

+ ∑
c

∑
c′

(mc/m
0)(mc′/m

0)Ψcc′X +

|ZX| ∑
c

∑
a

(mc/m
0)(ma/m

0)Cca

(11)

F ) f r + ∑
a

∑
c

(ma/m
0)(mc/m

0)Bca′ +

∑
c

∑
c′

(mc/m
0)(mc′/m

0)Φ′cc′

+ ∑
a

∑
a′

(ma/m
0)(ma′/m

0)Φ′aa′

(12)

f r ) -AP[(I/m0)1/2/[1 + 1.2(I/m0)1/2] +

(2/1.2)ln[1 + 1.2(I/m0)1/2] (13)

Z ) ∑
c

(mc/m
0)|Zc| ) ∑

a

(ma/m
0)|Za| (14)

Cij
P ) Cij

P/2(|zizj|)
1/2 (15)

Bca ) �cs
(0) + �ca

(1)y1 (16)

Bca′ ) �ca
(1)y2 (17)

y1 ) 2[1 - (1 + R{I/m0}1/2) exp(-R{I/m0}1/2)]/(R2{I/m0})
(18)

y2 ) 2[-1 + (1 + R{I/m0}1/2 + R2{I/m0}/2) ·

exp(-R{I/m0}1/2)]/(R2{I/m0}2) (19)
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Then, substitution of eq 20 into eq 9 yields a working equation

Using a least-squares method, regression of the extrapolation function
(log K′) calculated from the experimental results against �NH4 ·ReO4

(0) ,
y1�NH4ReO4

(1) , and 1/2 ·ZCNH4ReO4 yielded the values of log K0 which are
here denoted by log K0(P) and are given in Table 2.

From Table 2, we could see that the log K0(D-H) stepwisely
increased with the decrease of temperature, but the log K0(P)
showed no orderliness. Also, the a0 in the Debye-Hückel equation
changed from (0.7 to 0.9) A, which denotes the constant of the
parameter, but the parameters of the Pitzer equation showed a large
variety. So, we can confirm that the Debye-Hückel equation is
more suitable for this extraction system.

Thermodynamic Properties for the Extraction Process. The
values of log K0 obtained at various temperatures obtained were
fitted to the following equation.14-16

The values of parameters Ai are: A1 ) 15.74, A2 ) -745.5,
and A3 ) -0.02252.

The standard molar thermodynamic properties ∆rGm
0 , ∆rHm

0 ,
∆rSm

0 , and ∆rCP,m
0 for the extraction process are simply related

to the parameters in eq 22

where R is the gas constant. The thermodynamic quantities
calculated from eqs 23 to 26 are listed in Table 3.

Conclusions

The extractant has a satisfactory extraction effect at various
temperatures of the experiment. ∆rG0 and K0 increase with a
decrease of experimental temperatures, which indicates low
temperature benefits extraction. The negative experimental
association Gibbs energy, ∆Gm

0 < 0, means that the ionic
association reaction can occur spontaneously under the
conditions of constant temperature and pressure, and the
enthalpy is the dominant thermodynamic factor.12-14
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Table 3. Standard Molar Thermodynamic Properties for the
Extraction Process in the Temperature Range (278.15 to 303.15) K

T ∆rGm
0 ∆rHm

0 ∆rSm
0 ∆rCP,m

0

K kJ ·mol-1 kJ ·mol-1 J · (K ·mol)-1 J · (K ·mol)-1

303.15 -37.5 -25.4 39.9 -261.5
298.15 -37.3 -24.1 44.3 -257.2
293.15 -37.0 -22.8 48.6 -252.8
288.15 -36.7 -21.5 52.9 -248.5
283.15 -36.5 -20.3 57.2 -244.2
278.15 -36.2 -19.1 61.5 -239.9

ln γMX ) |zMzX|F + (VM/V) ∑
a

ma · [2BMa + ZCMa +

2(VX/V)ΦXa] + (VX/V) ∑
c

mc[2BCx + ZCCx

+ 2(VM/V)ΦMc] + ∑
c

∑
a

mcmaV
-1 ·

[2VMZMCCa + VMψMca + VXψCaX]

+ ∑
c<c′

∑ mcmc′(VX/V)ψcc′X + ∑
a<a′

∑ mama′ ·

(VM/V)ψMa′ + 2 ∑
n

mn(VMλnm + VXλnX)/V

(20)

log K′ ) log Km - log m{H+} - ln[γ{H+} ·

γ{ReO4
-}]/ln 10

) log K0 + 2/ln 10 ·mNH4
�NH4 ·ReO4

(0) + 2/ln 10 ·

y1mNH4
�NH4ReO4

(1) + 2/ln 10 ·ZmNH4
CNH4ReO4

(21)

log K0 ) (A1 + A2/T + A3T) (22)

∆rGm
0 ) -(R ln 10)(A1T + A2 + A3T

2) (23)

∆rHm
0 ) (R ln 10)(A3T

2 - A2) (24)

∆rSm
0 ) (R ln 10)(A1 + 2A3T) (25)

∆rCP,m
0 ) (R ln 10)(2A3T) (26)
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