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Thermodynamics of Solvent Extraction of Rhenium with Trioctyl Amine

Da-wei Fang,* Xue-jun Gu, Ying Xiong, Shuang Yue, Jun Li, and Shu-liang Zang

Research Institute of Rare and Scattered Elements College of Chemistry, Liaoning University, Shenyang, China, 110036

The equilibrium molalities of ReO,4~ in the system {TOA + (NH;)ReO, + n-C;H;s + HCI + H,0} were
measured at ionic strengths from (0.1 to 2.0) mol-kg™ in an aqueous phase containing NH,Cl as the supporting
electrolyte and at a constant initial molality of extractant in the organic phase, at temperatures from (278.15
to 303.15) K. The standard extraction constants K° at various temperatures were obtained by the methods
of Debye—Hiickel extrapolation and Pitzer polynomial approximation. Thermodynamic properties for the

extraction process were calculated.

Introduction

Rhenium has attracted importance in the chemical industry
because of its use as catalyzers and dystectic metals. Solvent
extraction is the main method of separation and enrichment of
rhenium from mine tailings.! Extraction equilibria and thermo-
dynamic properties are the basis of research on extraction
processes.?

As a continuation of our previous work,** we have measured
the concentration of rhenate in the aqueous phase at different
ionic strengths in a hydrochloric acid system. The standard
extraction constants K were obtained by methods of extrapola-
tion and polynomial approximation.>~" Thermodynamic proper-
ties for the extraction process were calculated.

In the presence of an excess of the extractant TOA (trioctyl
amine), the reaction for the extraction of rhenate is:

R;N(org) + H'(ag) + ReO, (aq) = H"*NR;ReO, (org)

@)
where (aq) and (org) refer to the aqueous and organic phase,
respectively, RsN is the extractant TOA, and NR3-H"-ReOQ4~

is the extraction complex. The standard equilibrium constant
KO is given by

log K® = log[m{H"NR;Re0O, }] —
log[m{H "}-m{Re0, }m{NR.}] +
log[y{H“NRzReO, }] — log[y{H }¥{Re0, }-»{NR;}]
)

where v is the activity coefficient in the molality scale and m
is the molality.

Experimental Section

The water used was doubly deionized with a conductivity of
1.5:107* Q~*m~L The HCI was of analytical reagent (AR)
grade (99 % mass pure), and the ammonium chloride was of
AR grade purity. The n-C;H;¢ used as the diluent was of AR
grade with a density of p = 0.68-10° kg-m~3.

All initial solutions to be measured were freshly prepared.
The aqueous phase was prepared by dissolving NH4ReO, in
an aqueous solution of HCI of constant molality. The initial

* Corresponding author. E-mail: davidfine@163.com.

molality of the NH;ReO, was a = 0.001 mol-kg™%, and the
initial molality of the HCI was ¢ = 0.1 mol-kg™%. The
supporting electrolyte (NH4CI) was used to adjust the total
ionic strength | of the aqueous solution to (0.1 to 2.0)
mol-kg~t. The organic phase was prepared by dissolving
TOA in n-C;He, with the initial molality of TOA kept
constant (b = 0.02 mol-kg™3).

A volume (10 cm®) 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 equilibrated molality of ReO4
(m{ReO,7}) in the aqueous phase was determined using a 722
spectrophotometer (Shanghai Jinghua Instrument Co. Ltd.) with
an uncertainty of + 0.001 for three replicate measurements. The
results are shown in Table 1 and Figure 1.

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

M{H"NR;ReO, } = [a — m{ReO, Joulp (3
M{NR;} = b — [a — m{ReO, Jloulo  (4)

where p is the density of the organic phase and p, is the density
of water.

Results and Discussion

The values of pH measured at the various temperatures (in
the range of (278.15 to 303.15) K) for several total ionic
strengths in the range (0.1 to 2.0) mol-kg™* are listed in Table
1, where each value of pH is the mean of three replicate
measurements with an uncertainty of 4+ 0.01.

Extrapolation to Determine the Value of K°. There were four
ionic species (H™, NH;", ReO,™, and CI7) in the equilibrated
aqueous phase. Their molalities and activity coefficients are
m{H*}, m{NH;*}, m{ReO,}, and m{CI"} and y{H'},
y{NH;"}, y{Re0,7}, and y{CI~}, respectively. The effective
ionic strength 1” in the equilibrated aqueous phase can then be
calculated as:
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I'=1/2) mz? = 1/2(m{Re0, } + m{NH,"} +
m{CI'} + m{H'})  (5)
where
m{NH,"} = m{NH,CI} + a (6)
m{CI"} = m{NH,CI} + ¢ )

and the activity of H* was obtained from the pH values. The
calculated values of 1" are listed in Table 1. Then eq 2 could be
expressed as:

Table 1. Values of pH, m{ReO,}, and Effective lonic Strength | at
Temperatures in the Range (278.15 to 303.15) K

TIK 27815 28315 28815 293.15 20815 303.15
=01
X 0124 0081 0085 0079 0078 0092
ReO,(-107%) 0.06209 0.7450 09934 2670 3725 4.718
pH 101 150 142 154 160 132
=02
|' 0223 0182 0189 0184 0184 0186
ReO, (+10°%) 01242 09340 1242 2794 4222 7.326
pH 105 152 139 147 152 144
I =04
|' 0383 0379 0385 0394 0399  0.399
ReO, (+10°% 05588 1490 2.359 3166 4594  8.444
pH 152 16l 150 136 132 131
I =05
I 0481 0493 0486 0491 0499 0513
ReO, (+10% 1118 105 2421 3787 5215 7.947
pH 159 139 149 142 133 119
| =06
X 0582 0585 0586 0596  0.602 0.611
ReO,(-10%) 1490 1552 3104 3601 6333 8878
pH 158 152 151 136 132 122
=08
|' 0782 0779 0785 0793  0.808  0.833
ReO, (+10°% 1987 2421 4160 4905 6705 8.506
pH 159 166 153 142 127 108
I =10
|' 0976 0981 0985 1000 1018 1024
ReO, (+10°% 2608 2794 4160 5277 6519 10.74
pH 173 162 155 135 120 115
=12
I 1173 1185 1185 1198 1211 1243
ReO, (+10°% 2173 2918 4036 5960 8381 9.375
pH 183 157 156 138 127 105
=14
X 1376 1386 1385 1393 1413 1421
ReO,(-107%) 2235 3415 5588  7.699 9437 13.66
pH 176 156 158 146 126 119
=15
|' 1476 1484 1484 1503 1515 1519
ReO, (+10°% 2421 3911 6.022 6333 1049 1453
pH 178 159 160 134 124 121
=16
¥ 1576 1587 1582 1605 1626 1655
ReO, (+10°% 2297 3539 6581 6581  9.685 11.67
pH 176 154 163 133 117 101
=18
I 1776 1790 1.782 1801 1820 1830
ReO, (+10% 2794 3849 8195 8381 1086 15.46
pH 177 151 165 138 122 115
| =20
X 1977 1986 1981 1999 1992  2.062
ReO,(-10%) 3291 4408 9002 9127 1142 1130
pH 175 157 167 140 120  0.99
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m[H"NR,ReO, ]
g -
m[ReO, J'M[NR;]
y[H"NR;ReO,]
og -
7[ReO, ]7[NRq]
y[H"NR;ReO,]
7[NR;]

logk® = lo — log(a[H™]) +

log K, + pH + log

log 7[ReO, ]
(®)

and Ky, is the equilibrium concentration product, defined as

Kn = M{H"NRyReO, }/[m{ReO, }M{NR}] (9)
Because the molalities of the extraction complex and the
extractant in the equilibrium organic phase are small, in
Debye—Hiickel theory it can be assumed that y{H* -NR3+-ReO, }/
Y{NR3} ~ 1. As y{ReO,"} in the equilibrated aqueous phase
might be proportional to the effective ionic strength, it can be
expressed by the extended Debye—Hiickel equation, and the
working equation to determine K° by extrapolation is

log K' = log K., + pH + A(I'p/c)Y4/{1 +

Ba’(1p/c”)?} = log K® + bI'  (10)
where log K’ is an extrapolation function, which can be
calculated from experimental results, & is the ion-size parameter,
b is an empirical parameter, A and B are the Debye—Hyuickel
parameters, and c® = 1 mol-dm?. Using a least-squares method,
a linear regression of log K’ versus 1 yielded values of log K°.
These are given in Table 2 as log K°(D-H) (see Figure 2).

Using the smallest slope is more rational than the smallest
standard deviation in the linear regression. In the extrapolation,
several possible values of the ion-size parameter a° were used,
and the best value of a° was chosen. The extrapolated lines with
the smallest slope are almost parallel with the 1”. On the basis
of this method, the most suitable values of & at different
temperatures were chosen and are shown in Table 2.

Polynomial Approximation to Determine K°. Equation 2
could be expressed as:

log K® = log[m{H"NR;Re0O, }] —
log[m{H "}m{Re0, }M{NRS}] — log[y{H }»{ReO, }]

(11)
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Figure 1. Molalities of {ReO,"} at different temperatures. (M, 278.15 K;
@, 283.15K; A, 288.15 K; v, 293.15 K; @, 298.15 K; left-pointing triangle,
303.15 K).
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The activity coefficients y{H*} and y{ReO, } in eq 11 can be
estimated using Pitzer’s equations. According to Pitzer’s theory,
the activity coefficients yy and yx of the cation M and the anion
X in a multicomponent electrolyte solution are given by:®

2,2F + Z(ma/m )(2B,,, + ZCy) +
; (/) 2Dy, + 2 (M) Pee) +
§ Z (M /) )y +
1Zul 2 2 (m/m’)m/m’)C,,  (12)

Inyy =

Inyy = 23F + Y (m/m")(2Bgy + ZCy) +
g (m/m) 2Py, + Z (M/)pexa) +
; Z (M) (/i) yey +
12l 2 2 (my/m)mynf)C,,
where o
F=f+ Y Y (m/m)(m/nd)B,+

2, 2 () /)t 3 D (my/m)(my /)@
(14)

1= =AML + 1.20/m")M + (2/1.2)In[1 +
1.2(1/m)"?]  (15)

2<ma/m°)|m (16)

Cj = Cj/2(1z3])"* (17)

where the subscripts ¢ and a represent cations and anions,
respectively, z is the charge of the ion (M’ = 1 mol-kg™), As is
the Debye—Hiickel coefficient of the osmotic function (this is given
by Bradley and Pitzer®® for a wide range of temperatures and
pressures), Be, and C, are the second and third virial coefficients
for the electrolyte, B'g, is the first derivative of B, with respect to
/P, ®j; 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, and @’; is the derivative
of @;; with respect to I/mP and is the third virial coefficient similarly
defined but for three ions with charges of not all the same sign.
According to Pitzer and Kim,*

z= (m/m)z| =

By, =AY + BV (18)
B = %Y (19)

where BQ and % are characteristic parameters of the electrolyte
and y; and y, are defined as:

y; = 2[1 — (1 + aft/m’}) exp(—afl/m’}*3)/(a{1/m"})
(20)

Y, =2[-1+ (1 + o{l/m} +

2 0 0 1/2 2 02

o {1/m}H2) exp(—o{I/M} )/ (a{I/m}) (21)
In using Pitzer’s equations to determine K°, the following is
assumed: (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 among ReQ,~, H™, and the ions of the
supporting electrolyte; and (3) following the advice of Pitzer and
Mayorga,***® e is considered to be independent of ionic
strength. In estimating y{ReO,~} and y{H*}, all of the mixed

parameters (®j, ®’;, and Wi are neglected so that the pertinent
combination of activity coefficients may be written as

In yux = 12y F + (vM/zz)Erna[ZBMa + G, +

2oyl ) Dy] + (UX/U)Z M [2Bc, + ZCq, +
2(vpm/v) Py + 2 z mcrnayil[ZUMZMCCa t o¥mea T

UPeax] T Z 2 MMy (U / V)P eex +

c<c’
2, 2 MMyt + 2 M + il
a<a’
(22)
Then, substitution of eq 22 into eq 11 yields a working equation
log K, — log m{H"} — In[y{H"}-»{Re0, }}
y{ReO, }]/In 10

= log K° + 2/In 10:my,, Bl geo, + 2/In 10-

Y1y, N reo, T 2/In10-Zmy, C

logK' =

NH,ReO,
(23)

Using a least-squares method, regression of the extrapolation
function (log K”) calculated from the experimental results against
B, -re0, Y18 HRre0,, aNd 1/2+ ZCyp,reo, Yielded the value of log
K° which are here denoted by log K°(P), and all of these data
are given in Table 2.

In Table 2, it is shown that the correlation coefficient of the
Debye—Hiickel equation regressions were not satisfied owing
to the determination of &°, but the standard deviation and
correlation coefficient of Pitzer equation were both reasonable.
So we thought the log K° by Pitzer equation are the final results.

Thermodynamic Properties for the Extraction Process. The
values of log K° obtained at various temperatures obtained by
Pitzer’s equation were fitted to the following equation (see
Figure 3).*4716

log K® = (A, + AJT + A,/T) (24)

The values of parameters A; are: A; = —631.01 + 1.26, A,
= 95164 + 182, and A; = 1.0598 4+ 0.0022 with a standard
deviation of s = 0.189.

Table 2. Values of log K® and Other Parameters over the Temperature Range of (278.15 to 303.15) K Obtained Using the Two Methods

TIK log K°(D-H) a’A R s log K°(P) R s B, -reo, V1B reo, 1/2+ZCyp,reo,
303.15 6.6087 1.90 —0.063 0.016 4.0377 0.993 0.057 233.42315 —5.60259 —1082.14163
298.15 6.7889 1.60 —0.038 0.031 4.2155 0.999 0.023 202.60796 —4.95949 —940.16723
293.15 6.8335 1.80 0.370 0.015 4.3570 0.998 0.029 —193.07156 —4.25313 892.23843
288.15 7.0731 1.60 0.021 0.043 4.7637 0.996 0.056 112.87538 —6.49685 —524.31732
283.15 7.2173 1.50 —0.096 0.022 4.9162 0.995 0.060 94.285 —5.96502 —438.31245
278.15 7.4211 1.30 —0.008 0.159 5.9344 0.990 0.107 —7.38883 —14.7927 37.62043
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Figure 2. log K” at various | by the Debye—Hiickel method (black square,
278.15 K; red square, 283.15 K; green square, 288.15 K; dark blue square,
293.15 K; light blue square, 298.15 K; pink square, 303.15 K).
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Figure 3. log K’ at various | by Pitzer method (M, 278.15 K; @, 283.15 K;
A, 288.15 K; v, 293.15 K; 4, 298.15 K; left-pointing triangle, 303.15 K).

The standard molar thermodynamic properties A,Gy°, AHwC,
ASW°, and A,Cp \° for the extraction process are simply related
to the parameters in eq 24:

AG, = —(RIN10)(AT + A, + AT (25)

AH,’ = (RIn10)(AT> — A)) (26)
AS, = (RIn10)(A, + 2A,T) (27)
ACon’ = (RIN10)(2A;T) (28)

where R is the gas constant. The thermodynamic quantities
calculated from eqs 25 to 28 are listed in Table 3. It is shown that
the Gibbs energy, the enthalpy, and the entropy decrease with an
increase of temperature, while the thermal capacity increases. It
indicates the benefit of a low temperature extraction reaction. The
reaction will be spontaneous above a temperature of 298.15 K.

Conclusions

The extractant has a high efficiency of extraction at various
temperatures in the experiment because the extraction efficiency
is almost 99 %, calculated from the data in Table 1 using eqs
3 and 4, which also indicates that the extraction reaction
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Table 3. Standard Molar Thermodynamic Properties for the
Extraction Process in the Temperature Range of (278.15 to 303.15) K

T AGy° AHW ASS ACo

K kJ-mol* kJ-mol* J-(K-mol)™* J+(K-mol)™*
303.15 —24.28 42,73 221 12301
298.15 —23.68 —18.27 18.2 12098
293.15 —24.10 —78.25 —185 11895
288.15 —25.53 —137.2 —388 11692
283.15 —27.98 —195.2 —590 11489
278.15 —31.44 —252.1 —793 11286

progresses to completion. Furthermore, molalities of ReO4™ in
the aqueous phase are lower at lower temperatures and lower
ionic strengths, which indicates that the extraction action has
its best effect in these conditions. A,G° and KO increase with a
decrease of temperature, which indicates the benefits of low
temperature extraction. The negative Gibbs energy, AGy° < 0,
indicates that the ionic association reaction can occur spontane-
ously under the conditions of constant temperature and pressure.
The enthalpy is the dominant thermodynamic factor.
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