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bstract

The influence of periodical oscillations of the temperature on extraction and stripping processes in the extraction systems is studied.
hree extraction systems with tri-n-butyl phosphate (TBP) were investigated: No. 1, 6 M NaNO3–Nd(NO3)3–Pr(NO3)3–TBP–kerosene; No. 2,
Nd(NO3)3·3TBP]–[Pr(NO3)3·3TBP]–kerosene–0.1 M HNO3; No. 3, NaNO3–Nd(NO3)3–Pr(NO3)3–TBP–kerosene–0.1 M HNO3. Mathematical
odel of the non-stationary membrane extraction is enhanced including the dependence of extraction rate constants on temperature. The values

f activation energy for direct and reverse reactions of extraction and stripping reactions of Pr and Nd were calculated. The mathematical model
escribes experimental data adequately. The optimal conditions of separation by liquid membrane were found.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Separation of similar elements in none steady state conditions
re a prospective method to increase elements separation fac-
or. Realisation of the process in non-stationary non-equilibrium
onditions using phenomena of oscillating extraction allows the
xploitation of differences in kinetics of ion complexation and
xtraction rates, using their transport through the boundary area
n both directions for elements separation [1]. One of the possi-
le procedures to deviate extraction system from equilibrium is
scillatory changing of the temperature of the extractors. How-
ver, the influence of oscillatory temperature changing in the
xtractor(s) is not described in the literature.

. Experimental

The setup flow sheet (Fig. 1) is described as follows: the emulsion is pumped
rom thermostatic extractors 16 and 17 to centrifugal separators 5 and 6 through
he turbidimeters 11 and 12 by peristaltic pump 10. After separation from the
eparator 5, the organic phase flows to the extractor 17 and from the separa-

or 6 the organic phase flows to spectrophotometer 8 for analysis and it flows
o the extractor 16, passing through both aqueous phases organic phase forms
ulk liquid membrane. After spectrophotometers 7 and 9 the aqueous phases
ome back to their corresponding extractors. Data acquisition of pH, red/ox
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otential of the aqua phase, temperature and emulsion turbidity are performed
ith frequency above 1 Hz using the DAQ board in computer 18 and specially
esigned software. Diode-array spectrophotometers are used to obtain spec-
ra every 6–15 s. By deconvolution of each spectrum, using specially designed
oftware concentration of several elements can be obtained.

. Mathematical model

As the basis of mathematical model of non-equilibrium
xtraction of actinides and lanthanides the skeletal mechanism
f Field-Kõrös-Noyes (FKN) is used, known as Oregonator [2].
o use the classical model FKN to describe the metal extraction,
e added the reactions R1–R10 to the model. It is supposed the
rst order reaction for all extraction rate constants:

e4+ + 4(NO3
−) + 2TBP � Ce(NO3)4·2TBP (R1–R2)

e3+ + 3(NO3
−) + 3TBP � Ce(NO3)3·3TBP (R3–R4)

d3+ + 3(NO3
−) + 3TBP � Nd(NO3)3·3TBP (R5–R6)

r3+ + 3(NO3
−) + 3TBP � Pr(NO3)3·3TBP (R7–R8)

O2
2+ + 2(NO3

−) + 2TBP � UO2(NO3)2·2TBP
(R9–R10)

xisting equation system of mathematical model was extended
ith dependence of extraction rate constant on temperature-
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Fig. 1. Experimental setup: 1–3 and 18, computers; 4 and 19, thermostats; 5
and 6, centrifugal separators EC-33 NIKIMT; 7–9, spectrophotometers SF 2000
OKB Spectrum; 10, peristaltic pump; 11 and 12, turbidimeters; 13, pH-meter;
14 and 15, potentiometers; 16 and 17, extractors; 20 and 21, magnetic stirrers.
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Fig. 2. Experimental data and mathematical simulation of extraction
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rrhenius equation k = k0 e−Ea/RT or modified Arrhenius
quation k = BTn e−Ea/RT .

. Results and discussion

Dependence of rate constants of extraction on temperature
ccording to Arrhenius equation has been included into existing
athematical model of none stationary membrane extraction.
he values of activation energy and Arrhenius pre-exponential

actor for the rate constants of extraction and stripping reac-
ions of Pr and Nd were calculated from experimental temporal
ependencies of metal concentration and temperature by solving
everse kinetics problem using proposed mathematical model
nd software package. The difference between the activation
nergy of extraction and the activation energy of stripping of Pr,
nd Nd from 6 mol/l NaNO3 by TBP in the temperature range
f 293–308 K were −25 ± 3 and −30 ± 3 kJ/mol, respectively.
he rate constants of Pr and Nd extraction and stripping in 6 M
aNO3 and 0.1 M HNO3 were also calculated.
The series of experiments with influence of periodical oscil-
ations of the temperature on the extraction system for separation
f rare earth elements using bulk liquid membrane between two
xtractors are performed. The mathematical model describes
xperimental data adequately (Fig. 2).

system behaviour under periodical temperature oscillations.
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The parameters of modified Arrhenius equation for
he system Nd(NO3)3–Pr(NO3)3–6 M NaNO3–H2O–0.7 M
BP–kerosene were estimated by solving reverse kinetics prob-

em from the temporal dependence of the metal concentrations
n aqueous and organic phases at temperature T = 293, 298, 303,
nd 308 K:

�kPr

�kPr

= 1.88 × 10−7T 9.03×10−1
e−25 kJ/RT ,

�kNd

�kNd

= 4.45 × 10−6T 4.83×10−2
e−30 kJ/RT

he following rate constants of Pr and Nd extraction in
he system 0.1 M HNO3–H2O–0.7 M TBP–Nd(NO3)3·3TBP–
r(NO3)3·3TBP were estimated by solving reverse kinetics
roblem from the temporal dependence of the metal concen-
rations in aqueous and organic phases at constant temperature
= 293.15 K:

�kPr = (2.5 ± 0.3) × 10−5 M−1 s−1,

� −4 −1 −1
kPr = (1.8 ± 0.2) × 10 M s ,

�kNd = (2.2 ± 0.2) × 10−5 M−1 s−1,

�kNd = (2.0 ± 0.2) × 10−4 M−1 s−1
ompounds 444–445 (2007) 554–556

n the basis of the extraction and stripping rate constants
nd corresponding activation energies, the optimization of the
xtraction process of separation of rare earth elements by liquid
embrane under the influence of periodical oscillation of the

emperature is carried out. The optimal conditions of separation
y liquid membrane were found: frequency and amplitude of
hermal oscillations, effective boundary area and liquid mem-
rane flow rate.
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