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FOREWORD

The Beijing General Research Institute for Non Ferrous Metals (BGRINM) of China and the
Australian Nuclear Science and Technology Organisation (ANSTO) are cooperating in a study of
Mathematical Modelling / Simulation of Rare Earth Solvent Extraction for the separation of

gadolinium and terbium using ethylhexyl phosphinic acid mono-2-ethylhexyl ester (HEH(EHP))
in Shellsol D70.

'The collaboration involves exchange of scientists between the two organisations. This technical
report is the first part of the joint research project carried out at BGRINM from March 1993 to
December 1993. ANSTO scientist, Mr Clifford Quan, took part in task 5 of the project from
October 4, 1993 to November 5, 1993. The second part of the project was carried out at ANSTO
with a reciprocal visit of a BGRINM scientist.
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ABSTRACT

Equations were developed to model equilibrium in the binary rare earth solvent extraction
system; (Gd-Tb)Cl;-HCI-HEHEHP-Shellsol D70. The mathematical relationship described the
equilibrium rare earth concentration in the organic phase as a function of the total rare earth
concentration, acidity and mole fraction of one rare earth in the aqueous phase. The equations
were derived from step-by-step regression analysis of data from 36 equilibrium shake-out tests
in which variables were measured over the following feed solution ranges: total rare earth
concentration 0.2-1.0 M, acidity 0.05-0.80 M, mole fraction of Gd 0.005-0.995. All
experiments were carried out at an organic/aqueous phase ratio of 1 using 1.5 M ethylhexyl
phosphinic acid mono-2-ethylhexy! ester (HEH(EHP)) in Shellsol D70. The average difference
between the experimental and calculated values was < 4%. These models can be used to study
the extraction behaviour, and to simulate multi-stage extraction and separatioh of the rare earths.

To verify the model, a 14-stage counter-current extraction circuit was experimentally simulated
using separating funnels. Excellent agreement was found between the simulation and stage-wise
calculations using a computer program written by BGRINM which takes account of changes in
acidity that accompanying rare earth extraction and the organic concentration of rare earths as
predicted by the mathematical model.

Separation of gadolinium and terbium was also demonstrated in a small mixer-settlers circuit
comprising 10 extraction stages and 5 scrubbing stages. The feed solution contained 75% Gd
and 25% Tb. The mixer settler circuit was operated for 45 hours to ensure equilibrium was
established. The rare earth mass balances agreed within 3%. The product streams comprised a
raffinate containing 93.6% Gd and an organic containing 90.4% Tb. Both purities are slightly
lower than predicted by the stage-wise calculation and the simulation cXxperiments using
separation funnels. The discrepancies were mainly attributed to the fact that stage efficiencies
were less than 100%, and/or the fact that a different organic-phase diluent was used in the mixer
settler experiment.

The good agreement between the calculated and the experimental results (especially in the
separation funnel experiments where the stage efficiency was 100%) indicates that the model
accurately describes the equilibrium conditions over the wide range of concentrations and
acidities occurring within a counter-cutrent solvent extraction circuit.
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1. Introduction

The separation of pure rare earth elements (REE) is one of the most difficult challenges of
inorganic chemistry because of the extreme similarity in the properties of these elements. Solvent
extraction is generally used in industry for their separation and the process requires many stages.
The laboratory experiments to study the separation of pure REE require considerable resources
(both personnel and materials) to simulate in-series extraction conditions to obtain the optimum
process parameters. It is desirable, therefore, to adopt computer technology for replacing part of
the experimental and simulation procedures. The application of advanced computational
techniques requires development of mathematical relationships (models) to describe the inter-
relationship of variables in the extraction system. Since 1970, considerable research has been
carried out internationally in the area of mathematical models for rare earth extraction [1-12], but
no report was found for the system of (Gd-Th)Cl3-HCI-HEHEHP-Shellsol D70.

The purpose of this investigation was to study the equilibrium of the above system with the
primary objective of formulating two empirical mathematical models to describe the equilibrium
relationship of Gd or Tb concentration in the organic phase as a function of the total RE
concentration, acidity and mole fraction of Gd (or Tb) in the aqueous phase. The following

parameters were considered:

. total rare earth concentration 0.2-1.0 M,
. acidity 0.05-0.8 M,
. mole fraction of Gd 0.005-0.995.

The experimental conditions were determined using the orthogonal design method. A total of
36 shake-out experiments were then carried out for the equilibrium data, from which two
mathematical models were derived using step-by-step regression analysis of the data. These
models can be used to study the effect of aqueous total RE concentration, acidity and mole
fraction of Gd on the distribution coefficient and separation factor of RE in the system. The
models can also be applied in the simulation of a multi-stage solvent extraction process for the
separation of Gd and Tb.

Two computer programs were written in Basic Language for an IBM compatible PC. The first
program was for the establishment of mathematical models (either in polynomial or exponential
expression) using step-by step multiple regression analysis. The second program was for the
stage-by-stage calculation of material balances,
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2. EXPERIMENTAL

2.1 Chemical Reagents and Analyses

Gadolinium oxide (Gd,03) and terbium oxide (Tb4O7) having purity greater than 99.99 were
supplied by the RE separation group of Jiu-Jiang Non Ferrous Metals Co. in China. Industrial
grade organic extractant P507, or 2-ethylhexyl-phosphonic acid mono-2-ethylhexyl ester
(HEHEHP) containing >93% monomer of P507 was a product of Jiang Tze Chemical Co. of
China. The diluent, Shellsol D70, having specific gravity 0.796 was obtained from Shell
Chemicals, Australia. Reagent grade hydrochloric acid and ammonia were supplied from the
Beijing Chemicals Co.

Total rare earth concentrations were measured by volumetric titration with EDTA or by
gravimetry. RE composition was determined by X-ray fluorescence. Aqueous phase acidity was
determined by titration with a standard NaOH solution using a mixed indicator (an alcohol
solution of 0.1% methylene blue and 0.1% methyl red). The concentration (purity) of the
HEHEHP was also determined by titration with a standard NaOH solution after diluting with
ethanol solution.

2.2 Preparation of Solutions

Rare earth feed solution:

The rare earth solutions were prepared by dissolving the individual oxides of gadolinium and
terbium in concentrated HC] and by evaporating the excess acid carefully in a hot plate until
PH 3-4. The final solution was filtered through a fine filter paper to remove any precipitates of
impurities. The rare earth concentration was analysed and the solution stored for later use. The
two RE mixed solution was prepared by combining the two single RE solutions in the required
proportions.

Organic solvent:

The P507 organic extractant was mixed with Shellsol D70 diluent to form a 1.5 M of P507 on a
monomeric basis. '

Scrub solution:

The scrub solution was prepared by diluting a concentrated HC! solution to the required acidity
of 1.3 M with deionised water.

Strip solution:

The strip solution was prepared by diluting a concentrated HCI solution to 6 M with deionised
water.
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2.3 Experimental Procedures

2.3.1 Single Stage Experiment

A known volume of aqueous feed solution (having known concentration and acidity) was
equilibrated with an equal volume of the organic solvent in a separating funnel by shaking the
two phases vigorously on a shaking table for 10 min, allowing the phases to separate for
10 min, and then repeating the shaking and separation procedures twice more. The phases were
then separated and filtered. The aqueous phase total RE concentration and acidity were
determined from samples of the aqueous filtrates, The extracted RE was also recovered from the
organic phase by back-extracting four times using 6 M of HCI at an organic solvent to acid
volume ratio of 5:1. All the stripped solutions were combined in a volumetric flask and made up
to volume with deionised water for RE analysis.

2.3.2 Multi-Stage Solvent Extraction Simulation

A fourteen stage, counter-current liquid-liquid extraction circuit was simulated in the laboratory
using separating funnels. The procedure is illustrated in Figure 1. A series of separating
funnels were numbered and arranged to represent the total number of stages. Each separating
funnel represented one theoretical stage: S1 to S5 referred to the scrubbing section and S6 to S14
corresponded to the extraction section in which S6 was the feed stage. The test began from the
feed stage funnel where solutions of the RE feed, organic solvent and scrub acid were placed
into the funnel in proportion to the desired phases ratio. After shaking for 10 min and standing,
the two phases were separated and transferred to the respective adjacent funnels in opposite
directions. The aqueous phase, A6, was transferred to S7 and the organic phase, 06, to S5,
According to the required phase ratio, known volumes of both scrub solution and organic
solvent were then put in S5 and S7. After shaking and standing, the aqueous phases of S5 and
S7 were transferred to S6 and S8 respectively, and their organic phases were transferred to S4
and S6, respectively. The procedure continued by adding scrub solution and organic solvent to
both S4 and S8, and feed solution to S6.

In the next separation, the aqueous phases of S4, 86 and S8 were transferred to 83, 87 and S9,
respectively, and the organic phases were transferred to 3, S5 and S7, respectively, and so on,
After a series of separation, the aqueous phase of S14 and the organic phase of S1 exited out of
the circuit. They were collected or discarded as appropriate. The row count began when the
transfer of phases had been completed for the total number of stages (see Figure 1), The -

shaking and separation procedures continued until the extraction system reached equilibriom. -

The two phases flowed counter-currently. The aqueous phase flowed from S1 to S14, and the
organic phase flowed from S14 to S1. During the experiment, samples were taking from both
the exit aqueous and exit organic phases for RE concentration analyses. Material balances were
carried out from these analytical results to determine the approach to steady-state equilibrium.

From experience, the extraction system approaches stcady-state when the number of
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rows in operation is 3 to 4 times the total number of stages. At equilibrium, samples of the two
phases were taken at each stage. The organic phase sarﬁples were stripped four times with 6 M
HCI. The equilibrium RE concentration of the aqueous phases and the organic back-extract was
then analysed, and the aqueous phase equilibrium acidity was determined by titration.

It was evident that the laboratory simulation experiment was both time consuming and labour
intensive involving tedious operating procedures. In the above experiment, a total of 41 shake-
outs and transfers was required to reach a first row of the simulation experiment. Subsequently
14 shake-out tests were required for each second, third, fourth efc. rows of the experiment. At
steady-state, a total of 50 rows of experiment consisting 727 phase transfers were carried out.
As the number of stage in the extraction circuit increases, the number of shake-out experiments
become larger and the experiment can take weeks to complete. Therefore this laboratory
simulation technique is seldomly used for a multi-stage extraction process.

2.4 Design of Experimental Points

An orthogonal design was adopted for the number of shake-out tests to be carried out to
obtain equilibrium data. As shown in Table 1, a total of 36 shake-out experiments were carried
out to cover the following ranges of RE feed: total rare earth concentration 0.2-1.0 M,
acidity 0.05-0.80 M, mole fraction (M.F.) of Gd 0.005-0.995.

TABLE 1
The Orthogonal Collocation Design of Equilibrium Data

M.F. of || Expt. No Acidity | M. F. of
ad mole/L mole/L d

1 0.005 19 0.65 0.800 | 0.050
2 0.20 0450 | 0.100 20 0.65 0.050 | 0.100
3 0.20 0.600 | 0.250 21 0.65 0.150 | 0250
4 0.20 0.800 | 0.500 22 0.65 0.300 | 0.500
5 0.20 0.050 | 0.750 23 0.65 0450 | 0.750
6 0.20 0.150 | 0.995 24 0.65 0.600 | 0.995
7 0.35 0450 | 0.005 25 0.80 0050 | 0.005
8 0.35 0.600 | 0.100 26 0.80 0.150 | 0.100
9 0.35 0.800 | 0.250 27 0.80 0.300 | 0.250
10 0.35 0.050 | 0.500 28 0.80 0450 | 0.500
11 0.35 0.150 | 0.750 29 0.80 0.600 | 0.750
12 0.35 0300 | 0.995 30 0.80 0.800 | 0.995
13 0.50 0.600 | 0.005 31 1.00 0.150 | 0.050
14 0.50 0.800 | 0.100 32 1.00 0.300 | 0.100
15 0.50 0.050 | 0.250 33 1.00 0.450

16 0.50 0.150 | 0.500 34 1.00 0.600

17 | 050 0.300 | 0.750 15 1.00 0.800

18 0.50 0.450 | 0.995 36 1.00 0.050

—-CONFIDENTIAL-



2.5 Mathematical Modelling

In the (Gd-Tb)Cl3-HCI-1.5 M HEHEHP/Shellsol D70 extraction System, the organic RE
concentration (Ygg or Y1) at equilibrium was described as a function of:

(1) total RE concentration in the aqueous phase,
(ii) the aqueous phase acidity; and

(iii) mole fraction of Gd.

The step-by-step regression technique was used to correlate the relationship of these variables,
These empirical regression models describe a mathematical relationship between dependent and
independent variables but do not imply any physical meaning. In this study the mathematical
models were developed using the computer language Basic to perform the stepwise regression

calculations.

2.6 Mathematical Simulation and Calculation of a Multi-Stage Solvent

Extraction Process

A stage-by-stage calculation procedure was used for the simulation of multi-stage counter-
current extraction process. This numerical procedure is generally applicable whenever
distribution coefficients are defined (for example by a mathematical relationship) and the phases
leaving an extraction stage are in equilibrium. A second Basic language computer program was
written for the calculation of steady-state equilibria and mass balance of RE and acidity for
individual stages. The calculation was based on the initial RE feed concentration, acidity, percent
content of one RE in the feed, flow ratios, total number of stages, and the number of stages in
the scrub section. Using the mathematical models, the organic phase composition can be
determined if the aqueous phase composition is specified. This type of calculation, combined
with material balances of RE and acidity at steady-state, permits stage-to-stage calculations from
one end to the other end of the counter-current cascade.

3. RESULTS AND DISCUSSION

3.1 Equilibrium Data

The experimental results of the equilibrium data are summarised in Table 2. They show that in

the following experimental range:

. equilibrium aqueous RE concentration 0.10-0.96 M;
. equilibrium aqueous acidity 0.32-0.90 M;
. mole fraction of Gd 0.006-0.996,

the separation factor, 3, between Gd and Tb varies slightly and is within the range of 4,77-5.83

The average separation factor is 5.55.
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3.2 Mathematical Models

On the basis of the above 36 sets of equilibrium data, two mathematical models for Gd and Tb
respectively were derived and represented as:

Yca = Exp (a; + X LnX + a3Xo VX5 + a4 X2LnXy + asX3X 3 + ag VX7 LnXs +
a7 v X3LnX; + agl.nX;0LnX;,)
Ym = Exp(a; +a2X;VX; + 33XoXs + Xy VX3 + asX3 VX3 +agVX; vXj + a7V X;LnX;

+ aglnX7l.nX3)

In these exponential expressions Ygq and Y, are the concentrations of Gd and Th in the Organic
phases; X1, X3 and X3 are the total aqueous phase RE concentration, acidity and mole fraction
of Gd respectively; a; to ag are coefficients of the models which are different for Gd and Tb. The
values for the coefficients are given in Table 3. The experimental and calculated results (from

the models) are presented in Tables 4 and 5. The average relative errors are <4% and the
correlation coetficient is 0.9997.

TABLE 3
Coefficients for the Models

Model Coefficients

dy a9 a3 a4 ag dg a7 ag

-4.333270 {-0.732220 |-1.132279 | +0.2818873 | +0.2916799 +1.167995 | -2.910207 |-1.068527

0426715 | -2.275521 | +5.842902 | -8.942314 | -1.018605 +3.36458 | +1.65254 | -0.0463482
. o N S skt Bivnadieg S

- 3.3 Study of the Extraction Behaviour of Rare Earths using the
Equilibrium Models

ved mathematical models can be used to study the extraction behaviour of Gd and Tb in
1 of (Gd-Tb)Cl3-HCI-1.5 M HEH(EHP)/Shellsol D70. In this study, the equilibrium
N relationship of rare earths in the two phases, the effect of aqueous phase total RE
R, acidity and mole fraction of Gd on the distribution coefficients and separation
esented and described. The results are graphically shown in Figures 2 to 6.

queous acidity (0.3, 0.45, 0.6, 0.75 and 0.9 M HCI), and 0.65 mole fraction -of
tion of RE in the two phases is shown in Figure 2. The results obtained were a
allel curves. In the aqueous RE concentration range, [REl,q = 0.1-0.9 M, at
> concentration in the organic phase, [RE],, increased with increasing aqueous
PParent reaching a maximum at 0.5 M aqueous RE concentration. Further
218 RE concentration had very little effect on the organic RE concentration.

-—CONFIDENTIAL-




For the same aqueous RE concentration, the organic RE concentration decreased as the aqueous
acidity increased.

The effect of aqueous RE concentration on the distribution coefficient, D, is shown in
Figure 3. At constant aqueous acidity, the distribution coefficient of RE increased with
decreasing aqueous RE concentration. The trend was more obvious when the aqueous RE
concentration was less than 0.4 M and at low aqueous acidity.

The effect of changing aqueous RE concentration on the distribution coefficients and the
separation factor, f, between Tb and Gd is shown in Figures 4(a) and 4(b). The graphs
represent the result at 0.5 M HC, 0.65 mole fraction of Gd and the aqueous RE concentration
varying from 0.1 to 0.9 M. The separation factor was almost constant and appeared as a near
parallel straight line to the abscissa. The result demonstrated that the RE concentration in the
range studied had little effect on the separation factor of the two RE. The trends of total and

single distribution coefficients of the RE (Dga. Ty, and Dgg or D1y) were similar to the results
shown in Figure 3.

The effect of aqueous phase acidity on the distribution coefficient is shown in Figures 5(a)
and S(b). In the organo-phosphorus acidic extractant system, the acidity plays an important role
for RE extraction. Under the following conditions: aqueous RE concentration 0.4 M, Gd mole
fraction 0.65, aqueous acidity 0.3-0.9 M, the distribution coefficients of Gd, Tb and both
increased rapidly as the aqueous phase acidity decreased. The change was very significant in the

acidity range less than 0.6 M HCL. The separation factor between Tb and Gd varied slightly in
the range of 5.4-6.2.

The effect of Gd mole fraction on the distribution coefficient of the RE is shown in
Figures 6(a) and 6(b). At a aqueous RE concentration of 0.4 M and acidity of 0.5 M, the
distribution coefficient of Gd and Tb increased with increasing mole fraction of Gd, however,
the total distribution coefficient decreased. The effect was attributed to the increasing quantity of
the less extracted component of Gd in the system so that its extraction became more dominant.
Also because the distribution of Dggq is smaller than Dy, the total distribution coefficient of
Dgg+Tb decreased with increase Gd concentration. The separation factor between Th and Gd
varied slightly in the range of 5.4-6.0 for Gd mole fraction ranging 0.1-0.99.
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TABLE 4
Comparison Resulis for the Empirical Mathematical Model of Gd
—
Experimental | Experimental { Calculated Absolute %
No Value, ¥ {Value, Y cal. Error Eiror
i 1.5745E-04 | 1.4747E-04 | 9.9781E-06 6.34
2 1.8037E-03 | 1.BOO8E-03 | 2.8752E-06 0.16
3 3.3691E-03 | 3.4438E-03 | -7.4625E-05 -2.21
4 3.8398E-03 | 3.8847E-03 | -4.4908E-03 -1.17
5 5.7688E-02 | 5.8951E-02 | -1.2633E-03 -2.19
6 7.3637E-02 | 74222E-02 | -5.8527E-04 -0.79
7 1.0949E-04 | 1.1492E-04 | -5.4293E-06 -4.96
8 1.3473E-03 | 1.3470E-03 | 3.2422E-07 0.02
9 2.1773E-03 | 2.0579E-03 | 1.1946E-04 5.49
10 27148E-02 | 2.8121E-02 | -9.7296E-04 -3.58
11 4.4956E-02 | 4.7301E-02 | -2.3451E-03 -5.21
12 5.6170E-02 | 5.5103E-02 | 1.0667E-03 1.9
13 6.4840E-05 | 6.86395-05 | -3.7995E-06 |  -5.86
14 9.2293E-04 | 9.5206E-04 | -2.9121E-05 -3.16
15 G.8239E-03 | 9.4015E-03 | 4.2237E-04 430
16 2.0956E-02 | 2.1721E-02 | -71.6537E-04 -3.65
17 3.0664E-(02 | 3.2422F-02 | -1.7587E-03 -5.74
18 3.8620E-02 | 3.8121E-02 | 4.9899E-04 1.29
19 5.0272E-05 | 4.3887E-05 | 6.3842E-06 12.7¢
20 32729E-03 | 2.8799E-03 | 3.9307E-04 12.01
21 7.9274E-03 | 7.7969E-03 | 1.3055E-04 1.65
22 14675E-02 | 1.5567E-02 | -8.9214E-04 -6.08
23 2.0789E-02 | 2.0843E-02 | -5.4317E-05 -0.26
24 25172E-02 | 2.4673E-02 | 4.9904E-04 1.98
25 1.5468E-04 | 1.6396E-04 | -9.2837E-06 -6.00
26 2.6396E-03 | 2.5365E-03 | 1.0314E-04 391
27 5.8195E-03 | 5.7104E-03 | 1.0909E-04 1.87
28 1.O428E-02 | 1.0730E-02 | -3.0264E-04 -2.90
29 1.3935E-02 | 1.3718E-02 | 2.1700E-04 1.56
30 1.2515E-02 | 1.2571E-02 | -5.5488E-05 -0.44
31 1.1867E-04 | 1.3362E-04 | -1.4949E-05 -12.60
32 1.9555E-03 1.9835E-03 | -2.8055E-05 -1.43
33 4 1745E-03 | 4.2524E-03 | -7.7877E-05 -1.87
34 726906-03 | 7.0953E-03 | 1.7362E-04 2.39
35 74390E-03 | 7.4005E-03 | 3.8557E-05 0.52
36 9.3657E-02 | 8.6511E-02 | 7.1458E-03 7.63

Average Relative Error = 3.78%, and Correlation Coefficient = 0.9997
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TABLE 5

Comparison Results for the Empiricai Mathematical Model of Th

Experimental | Experimental | Calculated Absolute o
No Value, Y Value, Y cal. Error Error
1 8.4723E-02 | 8.2123E-02 | 2.5996E-03 3.07
2 6.2106E-02 | 6.0951E-02 | 1.1549E-03 1.86
3 42441502 | 4.2143E-02 | 2.9781E-04 0.70
4 1.8250E-62 | 1.9349E-02 | -1.0989E-03 -6.02
5 3.9632E-02 | 4.1836E-02 | -2,2036E-03 -5.56
6 9.3347E-04 | 9.3490E-04 | -1.4292E-06 -0.15
7 7.5771E-02 | 7.3352E-02 | 2.4189E-03 3.19
8 5.5763E-02 | 5.5355E-02 | 4.0770E-04 0.73
3.0533E-02 | 3.0651E-02 | -1.1792E-04 -0.39
10 9.2452E-02 | 9.2990E-02 | -5.3865E-04 -0.58
1 477814E-02 | 4.7406E-02 | 4.0836E-04 0.85
12 1.0100E-03 | 9.5970E-04 | 5.0329E-05 4.98
13 6.2825E-02 | 6.2901E-02 | -7.5604E-05 -0.12
14 4.3207E-02 | 4.0837E-02 | 2.3696E-03 548
15 1.2228E-01 | 1.2531E-01 { -3.0295E-03 -2.48
16 8.4944B-02 | 8.4759E-02 | 1.8525E-04 0.22
17 4.3356E-02 | 4.2630E-02 | 7.2605E-04 1.67
18 1.2705E-03 | 1.2162E-03 | 5.4290E-05 4.27
19 4.0590E-02 | 4.5400E-02 | -4.8102E-03 -11.85
20 1.3193E-01 | 1.3493E-01 | -3.0018E-03 -2.28
21 1.0657E-01 | 1.0971E-01 | -3.1380E-03 -2.95 II
22 6.9273E-02 | 6.7595E-02 | 1.6775E-03 242
23 3.2391E-02 | 3.3075E-02 | -6.8384E-(04 -2.11
24 6.7758E-04 | 6.9334E-04 | -1.5760E-05 -2.33
25 1.3625E-01 | 1.3906E-01 | -2.8135E-03 -2.07
26 1.1436E-01 | 1.1683E-01 | -2.4712E-03 -2.16
27 8.5701B-02 | 8.3475E-02 | 2.2253E-03 2.60
28 5.2402B-02 | 4.9714E-02 | 2.6881E-03 5.13
29 24325802 | 2.4018E-02 | 3.0706E-04 1.26
30 4.2470E-04 | 4.3427E-04 | -9.5661E-06 -2.25
31 1.1498E-01 | 1.1685E-01 | -1.8671E-03 -1.62
32 9.0185E-02 | 8.8790E-02 | 1.3948E-03 1.55
i3 6.4935E-02 | 6.1912E-02 | 3.0239E-03 4.66
34 38411E-02 | 3.5502E-02 | 2.9086E-03 7.57
35 1.3261E-02 | 1.4218E-02 { -9.5719E-04 -7.22
36 2.2627B-03 | 2.3248E-03 | -6.2106E-05 275

Average Relative Error = 2.98%, and Correlation Coefficient = 0.9997
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Figure 4(a) Effect of Total RE in the Aqueous Phase on Distribution
Coefficient ((HClla = 0.5 mole/I,, M.F. of Gd = 0.65)
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Figure 4(b) Effect of Total RE in the Aqueous Phase on Separation Factor
([HCl]la = 0.5 mole/L, M.F. of Gd = 0.65)
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Figure 5(a)
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Figure 6(a) Effect of Mole Fraction of Gd on the Distribution Coefficient

(IREla = 0.4 mole/L, [HCl]a = 0.5 mole/L)
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Figure 6(b) Effect of Mole Fraction of Gd on the Separation Factor

(IREJa = 0.4 mole/L, [HCl]a = 0.5 mole/L)
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3.4 Multi-stage Extraction, Prediction and Experimental Results

The separation of Gd-Tb was simulated using stagewise calculations on a PC for a 14- and

16-stage circuit. The following process conditions were used:

Feed solution:  [RE3"] = 0.5051 M, acidity [H+] = 0.04905 M, composition 74.6%

(Gd-25.4% Tb;
Organic phase: HEHEHP-Shellsol D70, and HEHEHP = 1.5129 M;
Flow ratios: organic: feed: scrub=2:1:0.5.

No. of stages:  (otal 14 stages, 9 stages for extraction section and 5 stages for scrub
section.
total 16 stages, 10 stages for extraction section and 6 stages for scrub
section.

The results of the calculations are summarised in Tables 6 and 7. The calculated scrub solution

acidities were 1.3157 and 1.3083 M, respectively for the circuit of 14 and 16 stages.

Calculated results of the aqueous phase (X) and the organic phase (Y) are given in both
summary tables. The distribution coefficient, D, the separation factor Bry/G4, and the extraction
factor E are also shown for each stage at equilibrium. The extraction factor E is defined as the
ratio of the total mass of a RE in the organic phase to that in the aqueous phase. In both tables
the extraction factor of Gd is always less than 1. The average extraction factor for Gd is 0.484
and 0.492 for the 14 and the 16 stage circuit, respectively. On the other hand the extraction
factor of Tb is greater than 1 in most of the stages with the exception of the last 3 or 4 stages.
The average extraction factor for Tb in the circuit is 2.784 and 2.863 respectively. The result
illustrates that the separation is quite efficient. After going through 14 or 16 stages of extraction
and separation, the yield of Gd product of 97.83% or 98.37% purity in the aqueous phase is
99.52%. The yields of Tb product are 93.88% and 95.68% respectively for the 14 and 16-stage
circuit, and the purity obtained are 98.83% and 99.71% respectively. As expected, the
separation efficiency is increased by increasing the number of stages, and both the purity and
yield of the product are also higher.

On the basis of the calculated results, a 14-stage counter-current solvent extraction experiment
was simulated in the laboratory using separating funnels. The experiment was carried out under
similar conditions to those used in the calculations. The acidity of the actual prepared scrub
solution was 1.322 M instead of 1.316 M as used in the calculations. The experimental
procedure was quite labour intensive and time consuming (as described in Section 2.3.2). The
experimental results from analyses of both the aqueous and organic phases are shown in
Table 8. The comparison of the experimental and calculated results for the purity and yield of
RE is shown in Table 9 and graphically presented in Figures 7, 8 and 9.
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TABLE 8

Experimental Results of 14-Stage Simulation using Separating Funnels

No. of stages: 14 Feed stage: stage 6
Extraction section: stages 6-14 Scrubbing section: stages 1-5
Acidity of scrub solution: 1.322 M HCl
Feed concentration: 05051 M
Feed acidity: 0.0491 M HCI
Feed composition (mole fraction): Gd 74.6%; Tb 25.4%
Organic phase: 1.5 M HEH(EHP)-Shellsol D70, and
Phase ratio: organic/feed/scrub = 2/1/0.5
Stage No | RE Conc.} Acidity | MF.Gd | MF. Tb | RE Conc.] MF.Gd | MF. Tb | Separation
mole/L mole/L mole/L. Factor
i 0.205 0.688 0.144 0.856 0.065 0.030 0.970 5.40
3 0.325 0.374 0.542 0.458 0.134 0.176 0.824 5.54
5 0.359 0.287 0.797 0.203 0.147 0415 0.585 5.54
7 0.376 0.356 0.876 0.124 0.111 0.564 0.436 547
9 0.341 0.460 0.928 0.072 0.071 0.702 0.298 5.45
i1 0.319 0.528 0.956 0.044 0.053 0.801 0.200 5.43
13 0.288 0.603 0.975 0.025 0.035 0.875 0.125 5.64
14 0.261 0.699 0.981 0.019 - - - -
TABLE 9
Purity and Yield of Rare Earth Products
= — ==
Gadolinium Terbium I
Purity, % Yield, % Purity, % Yield, % I
Experimental 98.13 99.46 96.98 92.78
Calculated 97.83 98.37 98.83 93.88

The fairly good agreement between the calculated and the experimental results of the aqueous
phase RE concentration, acidity, mole fraction of Gd, the organic phase RE concentration, mole
fraction of Tb , the yield and purity of Gd and Tb in the products indicates that the steady-state
equilibrium mathematical models have accurately described the relationship of variables in the

system.
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3.5 Multistage Experiment using a Small Mixer-Settler Circuit

A 15-stage small mixer-settler system was set-up and operated to compare the simulation results
with actual performance of a continuous multi-stage circuit.

The mixer-settler used in this experiment was continuous, horizontal, box-like, and multistage.
It was designed and constructed by BGRINM in 10-stage box-lype transparent units with
adjacent stages having common walls. The mixer dimension is 4.5x4x4.5 cm, and the settler is
11x4x5.5 cm. They are made entirely of Plexiglas and can withstand the HCI-HEHEHP
environment. The pump-mixers (impellers) are also made of Plexiglas and driven simultaneously
by a pulley system. The interface level is controlled by a screw-type interface adjustment rod.
The overall flow through mixer-settler is counter-current while the flow within each stage is
co-current. The flows of feed, scrub and organic solution are introduced to the circuit via

peristaltic pumps. The following experimental conditions were used:

Feed solution: [RECl3] 0.4994 M; composition 74.62% Gd-25.38% Tb; [H+]
0.01519 M

Organic phase: BEHEHP-Kerosine, HEHEHP 1.5199 M

Scrub solution: {HCl] 1.3361 M

Flow ratio, mL min -1:  organic/feed/scrub = 6.4/3.2/1.0

No of stages: 15 stages, 10 stages for exiraction and 5 stages for scrabbing

The mixer-settler circuit was operated for 45 h after filling all the stages. The circuit was stopped
and both organic and aqueous samples were taken from each stage for analysis. The resulis are
summarised Table 10. The aqueous phase mole fraction of Gd in the product (stage 15) is
93.56%, and the organic phase mole fraction of Tb (purity of Tb) in stage 1 is 90.36%. These
results and the stage-wise separation factors of Tb with respect to Gd are generally lower than
those obtained from the simulation test using separating funnels. The lower separation efficiency
(as compared to the model prediction) can be attributed to:

(1) the use of kerosene instead of Shellsol D70 in the mixer-settler experiment, and

(ii) the mixer-settler circuit has a lower stage efficiency than the separating funnel.

A rare earth mass balance was carried out based on samples collected from the last 7 h, and is
shown in Table 11. The yield of rare earth is only 97.04%. The small discrepancy can be
attributed to experimental errors in operation and measurement. Some leakage can also contribute
to the error in the RE mass balance.
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TABLE 10
Experimental Results of 15 Stages Mixer-Settlers for Gd-Th Separation
Stage Aqueous Phase Organic Phase TotalD| D Separat'n
No | Acidity [Total [RE][Total (RE]|MF (Gd)|Total [RE]| Total RE |MF (Tb){(Gd+Tb)| Gd Th Factor
M M g/l M gfl, B (Th/Gd)
1 [09070] 0.1373 2546 {02596 | 0.0505 9.64 0.9036 | 0.3681 [ 0.371 | 1.220 ] 3.286
2 [0.8422% 0.2401 44.%0 - 0.0830 15.45 - 0.3457 - -
3 1075421 0.3048 56.30 1§ 0.5000 | 0.1097 20.50 ] 0.7727 1 0.3599 {0455 | 1.545 | 3.400
4 11.0144| 03577 65.46 - 0.1194 22.85 - 0.3338 - -
5 109635] 0.3769 68.68 0.7295 | 0.1355 2509 105893 03595 |0563 (2,179 3.870
6 |0.8048 | 04160 76.30 | 0.7800 | 0.1347 26.33 0.5245 | 03238 [ 0.610 |1 2.384 {1 3.910
7 09328 0.3850 7050 {0.8127 | 0.1081 20.01 0.4907 | 0.2808 1 0.627 1 2.620 | 4.180
8 |0.8658 | 0.3636 66,20 - 0.0876 16.21 - 0.2409 - -
9 109233 0.3494 63.26 (.86 0.0713 13.17 104146 | 0.2042 | 0.678 | 3.031 | 4.470
10 | 0.8865] 0.3351 60.90 - 0.0598 11.06 - 0.1786 - -
11 | 0.8856 1 0.3225 58.32 0.89 0.0497 2.23 0.3416 | 0.1540 | 0.738 [ 3.180 | 4.310
12 1093591 031238 56.24 - 0.0424 8.29 - 0.1356 - -
13 109159 0.2994 54.04 0.92 0.0349 6.40 0.2846 § 0.1165 | 0.781 | 3.379 | 4.325
14 {09131 0.2840 51.30 - 0.0260 4.717 - 0.0915 - -
15 [0.9548 | 0.2618 47.34 0.94 0.0148 2.71 0.2051 | 0.0567 | 0.850 | 3.183 | 3.746
TABLE 11
Material Balance of Total Rare Earths for the Mixer-Settler Circuit at
Equilibrium
INPUT OUTPUT
Feed Solution Aqueous Phase Organic Phase YIELD

Conc. Volume Total Conc, | Volume Total Conc. | Volume Total

mole/L. mL m.mole | mole/L mlL m.mole | mole/L ml m.mole %

0.4994 1350 674.19 | 0.2618 1980 518.36 | 0.0505 2690 132.85 97.0
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CONCLUSION

The following major conclusions are drawn from the study:

1.

For the system of (Gd-Tb)Cl3-HCI-1.5 mole L-! HEHEHP-Shellsol D70, an orthogonal
design was used to obtain 36 sets of equilibrium data. From the results, the distribution
coefficients and separation factors of Gd, Tb and total rare earth were calculated. Within

the experimental range the variation of separation factor was small and the average
separation factor was 5.55.

In the following experimental range:

(1) equilibrium aqueous total RE concentration, X; = 0.1-0.96 M:
(i)  equilibrium aqueous acidity X5 = 0.32-0.90 M; and
(i) the mole fraction of Gd, X3 = 0.006-0.996,

the step-by-step multiple regression method was used to mathematically correlate the RE
concentration in the organic phase as a function of aqueous phase total RE concentration ,
acidity and the mole fraction of one RE. The empirical mathematical models are:

Yoq = Exp (a; +apXLnX; + a3Xp VX3 + aXslnX | + asX3X3 + ag VX5 LnXs +
a7y XslnX; + agl.nX7L.nX,)

Y = Exp (a +a2X1 VX7 + a3XoX3 + a4 X VX3 + asX3VXs+agVX| vXqo 4
a7y XoLnXs + agLnXsL.nX3)

The average relative error of the models is less than 4% with a correlation coefficient
of 0.9996.

- The derived models were used to study the equilibrium distribution of RE in both phases

of the system, and to understand the effect of RE concentration, acidity and mole fraction
of Gd on distribution coefficients and separation factors. At constant acidity and RE
concentration of 0.1-0.90 M, the RE concentration in the organic phase increases with
increasing aqueous RE concentration. The increase is more apparent at lower aqueous
acidities and reaches a maximum at the aqueous RE concentration of about 0.5 M. The

organic phase RE concentration is fairly constant with further increasing of aqueous RE
concentration,

At constant aqueous RE concentration, the organic phase RE concentration is lower at
higher aqueous acidity. The distribution coefficient of RE increases with decreasing
aqueous RE concentration, and decreases with increasing aqueous acidity. The distribution
coefficient of Gd and Tb increases with increasing mole fraction of Gd, but the distributicn
coefficient for total RE decreases. The effect is due to the fact that Dgq < Dy,
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The stage-by-stage calculation method was used to simulate a counter-current extraction
process of 14- and 16- stages for the separation of Gd-Tb. The process conditions were:
RECl; feed solution 0.5051 M having a composition of 74.62% Gd - 25.38% Tb; acidity
[H+] 0.04905 mole L-!; organic solvent 1.5129 M HEHEHP-Shellsol D70; and flow ratio
of organic : feed : scrub = 2 : 1 : 0.5. The separation results for the two respective
processes are: 97.83% and 98.37% of Gd with yield of 99.52%; 98.83 and 99.71% of Tb
with yield of 93.88% and 95.68% respectively. The calculated HCI scrub acidity should
be 1.316 and 1.308 M respectively.

A 14-stage counter-current extraction simulation using separating funnels was also carried
out in the laboratory. The process conditions were the same as those used in the above
stage-by-stage calculation. The experimental results with respect to product purity and
yields, RE concentration of each stage, aqueous acidity and composition are in good
agreement with the calculated results. This means that the derived mathematical models
have accurately predicted the relationship between the variables of the system. The
practical implication of these models is that they can be used not only for the calculation for
Gd-Tb separation, but also for the estimation of Gd-Tb group separation. All elements
preceding (Gd in the lanthanide series can be represented by Gd, and Tb is used for
representing those elements after Tb. The models are purely empirical and their application

cannot be extended beyond the experimental range used in this study.

Two computer programs were written in Basic language for an IBM compatible PC. The
first program was used to determine the mathematical models (either polynominal or
exponential) to describe equilibrium in the mixed Gd/Tb system using step-by-step
multiple regression procedures, and the second program was for the stage-by-stage
calculation of RE and acidity material balances in multi-stage circuits.

A continuous, 15-stage counter-current extraction experiment was carried out in a small
mixer-settler circuit. In the experiment ail other conditions were the same as those used in
the separating funnels simulation experiment except that the organic phase Shellsol D70
diluent was replaced with a Chinese kerosene, and an additional stage was added to the
extraction section of the circuit. The final products at equilibrium were GdyO5 of 93.56%
and Tb4O7 of 90.36%. Both purities were lower than the results obtained from the
simulation experiment using separating funnels. Some of the distribution coefficients and
separation factors for individual stage are also generally lower than the separating funnel
experiment. The discrepancies of results can be due to different diluents for the same
organic extractant (P507) in the two experiments, and the lower stage efficiency of the

mixer-settler as compared to the separating funnels.
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