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Abstract: For the accurate prediction of equilibrium distribution ratios of rare earth metals during solvent extraction under non-ideal
conditions, the extraction equilibria of yttrium (III) and europium (III) from the hydrochloric acid solutions with Psq; in Shellsol D70
were studied. A chemically-based model was established and the extraction equilibrium constants were determined by the nonlinear
least squares method. The proposed model involves the cation exchange reaction and the solvation extraction in the low and high
acidity regions, respectively. In the model, the nonideality of the aqueous phase and (HR), was corrected by considering the
complexation of the metals with CI' and by replacing [(HR),] with its effective concentration, respectively. This model was verified
by fair agreement between the calculated metal distribution ratios and those experimentally obtained in the single metal systems. The
feed concentrations for the systems are in wide ranges of the metal (up to 0.1 mol/L), hydrochloric acid (0.07—3.00 mol/L) and the
extractant (0.25—1.00 mol/L). The model enables the engineering prediction of the equilibrium distribution ratios with good accuracy
in a binary metal system.
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1 Introduction

Rare earth (RE) elements which possess physically
and chemically specific properties are applied in many
fields of advanced technology such as laser, nuclear
reactors and super conductors. The demand for rare
earths is increasing nowadays in the world. It is of
importance to recover rare earths from spent materials
such as yttrium and europium bearing fluorescent lamp
and color TV tubes. Solvent extraction is presently one
of the major techniques on industrial scale for the
separation and recovery of metals. This technique is
characterized by outstanding effectiveness for the mutual
separation of metals as well as easy and continuous
operation. Particularly, the extraction of RE with acidic
organophosphorus reagents is widely and increasingly
employed. A number of fundamental studies of RE
solvent extraction have been carried out under idealized
conditions. Namely, very low metal concentrations and a
constant ionic strength of the aqueous solution are kept
to avoid any changes in activity coefficients of the
chemical species [1—-6]. KUBOTA et al [1] measured the

extraction equilibria of rare earth metals in trace
concentrations with Psy;. The extraction equilibrium
constants of metals were obtained. IGLESIAS et al [6]
studied the solvent extraction of yttrium from nitrate
media at low metal concentration by Py4. They analyzed
the liquid-liquid distribution data and determined metal
organic species formed during the extraction. However,
practical metal extraction on a commercial scale is
usually conducted under highly nonideal conditions, but
few reports have been concerned with extraction
equilibrium analysis of RE metals in such cases [7-9].
HIRASHIMA et al [7] presented the distribution
equilibrium data for the extraction of lanthanides in
macro concentrations with 1 mol/L P,y in n-heptane, and
discussed the effect of some factors on the distribution
equilibria.

In the present study, the extraction equilibria of
yttrium and europium in the hydrochloric acid solutions
by 2-ethylhexyl phosphonic acid mono-2-ethylhexyl
ester (its commercial name is Psq;, abbreviated as HR)
were examined at 298 K under the practical operating
conditions. The distribution data of each metal between
the aqueous and organic phases were measured at
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different feed concentrations of the hydrogen ion and the
extractant. Based on the analysis of the observed data, an
appropriate chemically-based mathematical model was
established and the corresponding equilibrium constants
were determined. Such a model is useful for the
multistage extraction simulation to find the optimum
operating conditions. The validity of the model was
verified by comparing the calculated data with the
observed ones. Its applicability was evaluated for the
single component systems and the binary system in
different feed concentrations of the metals.

2 Experimental

2.1 Reagents and solutions

Ps¢7 (Daihachi Chemicals) and Shellsol D70 (Shell
Chemicals) were used as the extractant and organic
diluent, respectively, without further purification.
Working solutions having a given Psy; concentration
were prepared by adding the diluent to Psy;. The
extractant concentration varied from 0.25 to 1.00 mol/L,
which was determined by the nonaqueous neutralization
titration. Unless otherwise noted, all Psy; concentrations
were reported on a monomer basis.

Aqueous RECI; stock solutions were prepared by
dissolving the appropriate RE,O; (Wako, 99.99% purity,
RE=Y or Eu) in excess reagent grade HCI solution,
removing the surplus acid by heating on a hot plate, and
then dissolving the product with 0.1 mol/L HCI solution.
The RE concentrations of the stock solutions were
standardized by titration with 0.01 mol/L EDTA solution
at pH 5.1-5.6 using xylenol orange (XO) as the indicator,
and the hydrogen ion concentrations by neutralization
titration against a standardized NaOH solution, both
using an AUT-501 auto-titrator (TOA). Working
solutions were made up by diluting the stock solution
with the HCI solution in appropriate concentrations for
the feed concentrations of RECIl; from 0.005 to 0.500
mol/L and HCI from 0.07 to 3.00 mol/L. All other
chemicals employed were of reagent grade purity.

2.2 Extraction procedure

Equal volumes (15 mL) of the aqueous and organic
working solutions were placed in 50 mL-stoppered
conical flasks, shaken for 3 h in a thermostated water
bath maintained at (298+0.1) K to achieve equilibrium.
The mixture was centrifuged and separated, and the
aqueous and organic phases were separately pipetted.
The hydrogen ion concentrations of the aqueous phase
were measured by neutralization titration. The extracted
species were recovered from the organic phase by
back-extracting with 6 mol/L HCI. The equilibrium RE
concentrations of both the aqueous and organic phases
were determined by titration with 0.01 mol/L EDTA

solution and by an SPS4000 plasma spectrometer
(ICP-AES, Seiko) when they were relatively high and
low, respectively. The distribution ratio was calculated,
which was defined as the ratio of the RE concentration in
the organic phase to that in the aqueous phase.

3 Results and discussion

3.1 RE extraction equilibria

The mechanism involved in the extraction of the
trivalent RE elements by P,y and Psy; was first described
by PEPPARD et al [10—11] at low loading ratio and low
acid concentration of aqueous phase. The stoichiometry
of extraction, later confirmed by others [6, 9, 12—15], can
be represented by a cation exchange reaction.

Assuming Psy; exists as a dimer in Shellsol D70
because of a great dimerization constant K,, of 2.2x10*
L/mol determined in Ref. [16], the reaction for the
extraction is written as:

M** +3(HR), ==MR; - (HR); +3H" (1)
with the apparent equilibrium constant K;
Ky =[MR;-(HR);][H" T’ /[(HR), '[M**] 2)

where M, bar superscripts and bracket denote the RE, the
organic species and the concentration, respectively.

If M** and MR, -(HR); are the only species of
RE in the aqueous and organic phases, respectively, the
distribution ratio of RE, D, is described as:

lg D =1g K| —3Ig[H" ]+ 31g[(HR),] 3)

According to Eq. (3), the relationship between the
values of 1lgD-31g[(HR),] and —1g[H*] can be shown
in Fig. 1 using the observed equilibrium data of the YCl;
and EuCl; systems in the feed concentration of 0.05
mol/L Y*" and 0.005 mol/L Eu*', respectively, where
2[(HR)2]=[ﬁ]f —6[MR;-(HR);]. For both the
systems, straight lines with a slope of 3 in the low acidity
region for each [HR]; are obtained, which indicates
that the extraction of RE follows Eq. (1). However, the
plotted points deviate upwards from the lines with an
increase in the acidity. This deviation may be interpreted
as a solvation extraction of RE expressed by Eq. (4),
which becomes appreciable with increasing the acid
concentration. Such a tendency was also observed in the
extraction of Y(III) and La(Ill) from the hydrochloric
acid solutions with Py [17—18].

M** 4+ 3CI™ + n(HR), = MCI; - 2nHR 4)

where 7 is the salvation number.
Also, according to Eq. (3), D is dependent upon the
third power of [(HR),]. However, on the plots of
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Fig. 1 lg D-3lg[(HR),] vs hydrogen ion concentration for

extraction of RE with Psp; (Open marks: YCls, [Y*1=0.05

mol/L; Closed marks: EuCly, [Eu®']; =0.005 mol/L. [H')

=0.07-3.00 mol/L)

lgD+3lg[H"] vs lg[m] in the low acidity region
([H'Jf < 1 mol/L) for the same systems, as shown in
Fig. 2, the experimental points lie on a straight line with
a slope less than 3 for each acid concentration. These
downward deviations from the third-power dependency
would be attributed to the nonideality of (HR), . This is
caused by an increase in solute-solute interaction with
raising the extractant concentration [19—20], where the
interacting solute species is the Psp; dimer. This
nonideality can be corrected by the effective
concentration of Psy; dimer, a((HR),), expressed as:

a((HR),) = y((HR),)[(HR), ] (5)

The coefficient, y((HR),), was determined by the
analysis on the extraction equilibrium data for the
Y(NOs3); system at [H']; of 0.05 mol/L in the previous
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Fig. 2 Ig D+31g[H'] vs Ig[(HR), ] for extraction of RE with Ps;

in lower-acidity region (Open marks: YCls, [Y**]¢=0.05 mol/L;

Closed marks: EuCl;, [Eu’]; =0.005 mol/L. [HR], =

0.25-1.00 mol/L)

work [16], as shown by Eq. (6):

y((HR),) =1-0.735[(HR),] ([(HR),]<0.625 mol/L)

(6)

In addition, the line connecting the experimental
points at each [H']; level in Fig. 2 is located in slightly
different positions from one another for both the
systems; that is, the lg D+3Ig[H"] values decrease with
increasing [H'];. This would be due to the formation of
complexes of RE with ClI" in the aqueous phase. We
assumed the formation of the first order complexes under
the present experimental conditions, as defined by

Eq. (7):
M** +Clm=MCI* @)
The value of stability constants, f;, was taken as
0.891 L/mol from the literature for both YCI** and
EuCI*" [21].
Based on all the above analysis, the distribution
ratio can be calculated as follows:

D =[M],/[M], ={K,[(HR), I’ »* (HR),)[H" ]~ +

KH[CIUPI(HR),]"y" (HR))}(A+ AICITD) (8)

where [H]t and [M]; denote the total RE concentration
in the organic and aqueous phases, respectively; K,
denotes the apparent equilibrium constant of Eq. (4).

The total concentration of the extractant, that is, the
feed concentration of the monomeric extractant can be
expressed as:

[HR]; = 2[(HR), ]+ 6[MR - (HR); ]+ 2n[MCI, - 2nHR ] =

2[(HR), ]+ 6K [M*" ][(HR), T’ »* (HR),)[H*]™ +

2nK,[M*" ][CI" P[(HR), 1" »" ((HR),) )

For each value of n (=1/2, 1, 3/2, 2, -**), the most
suitable combinations of the values of K, and K, were
obtained by fitting these equations together with those of
the electric charge balance in the aqueous phase and the
mass balance of RE and Cl to the experimental data by
the nonlinear least squares method to minimize the
standard deviations in terms of D, g, expressed by:

N 1/2
G:{N12[(Dcalc_Dexpt)/Dexpt]z} (10)
i=1

where Dy and Dey,, denote the calculated and observed
distribution ratios of RE, respectively, and N represents
the number of the experimental points. It was found that
the calculated o values were smaller when #=3 and n=1/2
than the others for YCl; and EuCl; systems, respectively.
Thus, the most likely values of the constants were
determined in this case, and are summarized in Table 1.
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Table 1 Determined equilibrium constants and standard

deviations

System  K;  Ky/(mol/L)©®™” n B/(L-moll) o(D)
YCI; 35.180 2.97x107 3 (0.891) 0.115
EuCl; 0.436 1.00x10"* 172  (0.891) 0.309

The constants in parentheses were obtained before this analysis.

With these constants and the feed concentrations of
RE, H" and HR , the distribution ratios and the
equilibrium hydrogen ion concentration of the aqueous
phase were calculated by the iterative method using the
above equations. The observed distribution ratios are
plotted against the hydrogen ion concentration of the
aqueous phase shown in Fig. 3 and Fig. 4 for the YCl;
and EuCl; systems, respectively, and are compared with
the calculated values shown by curves. The agreement of
the lg D values between the experiment and the
prediction is well for both the systems. This indicates
that the proposed model can reproduce the experimental
data with good accuracy over a wide range of acidity of
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Fig. 3 Effect of equilibrium hydrogen ion concentration on
distribution ratio of Y ([Y*"]=0.05 mol/L, [H']=0.07-3.00
mol/L)
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Fig. 4 Effect of equilibrium hydrogen ion concentration on
distribution ratio of Eu ([Eu®]; = 0.05 mol/L, [H']=0.07-3.00
mol/L)

the aqueous phase ([H']=0.07-3.00 mol/L).

In this modeling, the changes in the activity
coefficients of aqueous RE and hydrogen ions were not
fully considered. Although these points can be overcome
by employing an estimation method of the activity
coefficients, the parameters required for the estimation
are often unavailable. This will lead to a very complex
model. In the present work, therefore, we have avoided
such an approach for the engineering purpose. In this
viewpoint, the constants given in Table 1 are specific and
should be used in caution.

3.2 Applicability of model to different metal
concentrations

The extraction of RE was studied with extending
the feed concentrations of RE from 0.01 to 0.5 mol/L as
a function of the initial aqueous acidity at [HR];=0.5
mol/L in order to evaluate the applicability of the
proposed model to different metal concentrations. The
observed distribution ratios were consistent with the
respective calculated curves obtained by the iterative
method for [M**]=0.01 and 0.1 mol/L as shown in Fig. 5,
but deviate upwards from those for [Y*"]=0.5 mol/L in
Fig. 6. These results indicate that the model is applicable
for the RE feed concentrations at least up to 0.1 mol/L.
The evident difference of the prediction from the
observed data at high [M**];, corresponding to a high
loading ratio, may be explained in terms of the formation
of polymeric species [6, 22—23]:

mM* +(3m/2)(HR), == (MRj),, +3mH" (11)

where m denotes the degree of polymerization.

3.3 Extraction of binary metal system

The proposed model with the extraction of the
single metal systems was extended to the binary metal
Y-Eu system to examine its applicability. Assuming the
interaction between the two metals is negligible [9], the

4.0
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Fig. 5 Distribution ratio of RE vs hydrogen ion concentration

for different [M*']; ([HR]; =0.5 mol/L; Open marks: YCls;

Closed marks: EuCls. [H'];=0.07—3.00 mol/L)
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Fig. 6 Distribution ratio of RE vs hydrogen ion concentration in
RECI; systems for [RE*]=0.5 mol/L ([HR], =0.5 mol/L,
[H']#0.07-3.00 mol/L)

following equations of the mass balance for the binary
metal extraction are expressed.
For the chloride ion,

2
[CI ]y =3) (M, 1 +[H" ],
=
2
=[CIT+[CI 1Y Ay M 1+
=

2 -
3[CITPY K, [ [M;7I(HR), ]V »" (HR),) (12)
J=1
where (j=1, 2) represents the items for Y and Eu,
respectively.
For the extractant,

[HR]; =2[(HR),]+

- o 2
6[(HR), 'y (HR),)[H' T D K, [ [M,* ]+
j=1

2
2ACUT Y n, Ky M NHR), 1Yy (HR)y)  (13)
Jj=1
With the obtained equilibrium constants and the
feed concentrations of all the solutes, the distribution
ratios of RE as a function of the hydrogen ion
concentration of the aqueous phase were calculated by
the iterative method using the above equations together
with those of the electric charge balance in the aqueous
phase and the mass balance of the metals. The
experimental data obtained under the conditions that
[Y**1=0.05 mol/L and [Eu*"]=0.005 mol/L as a function
of [ﬁ]f (0.25 to 1 mol/L) and [H']¢ (0.07 to 3 mol/L)
are plotted in Fig. 7 and Fig. 8. They are compared with
the calculated values shown by the curves in the figures,
which show a fair agreement between both of them. This
indicates that the model obtained with the single metal
systems is applicable to the extraction prediction of the
binary metal system over a wide range of acidity.
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Fig. 7 Effect of hydrogen ion concentration on distribution ratio

of Y in binary system ([Y>*]=0.05 mol/L, [Eu**]=0.005 mol/L,

[H']=0.07-3.00 mol/L)
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Fig. 8 Effect of hydrogen ion concentration on distribution ratio
of Eu in binary system ([Y>']=0.05 mol/L, [Eu*']=0.005
mol/L, [H"]=0.07-3.00 mol/L)

4 Conclusions

1) A chemical equilibrium model was established by
analyzing the distribution data of the single metal
systems ([Y>']=0.05 mol/L or [Eu*"]=0.005 mol/L) over
wide feed concentration ranges of hydrochloric acid
(0.07-3.00 mol/L) and the extractant (0.25—1.00 mol/L).
The extraction equilibrium constants were determined by
fitting the model to the experimental data using the
nonlinear least squares method. The extraction equilibria
involve the cation exchange reaction in the low acidity
region and the solvation extraction in the high acidity
region. Also, the nonideality of the aqueous phase and
(HR), was corrected by considering the complexation
of RE with ClI' and by replacing [(HR),] with its
effective concentration, respectively.

2) The model enables the experimental data
reproduction with good accuracy in the binary metal
Y-Eu system over a wide range of acidity, as well as in
the single metal systems for the feed concentrations of
RE up to 0.1 mol/L.
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