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1. Introduction

The rare earth elements (REE) con-
stitute the group of lanthanides (atomic
number between 51 and 71) in addition to
the elements Y and Sc, and can be found
widely distributed throughout the earth’s
crust (Gupta, 2004). These elements have
great economic importance due to the large
number of applications in high-technology
industries (Lapido-Loureiro, 2011). But to
obtain oxides of these individual elements,

In order to increase the selectivity of
the separation of these elements, modifica-
tions in the purification processes by SX
have been studied. Among the modifica-
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it is necessary to determine the best means
to achieve their separation.

Solvent extraction (SX) or liquid-
liquid extraction using liquid organic
extractants is currently one of the main
techniques for industrial-scale separation,
purification and concentration of metals,
including REE. Because of the similarity
between the chemical properties of these
elements, the separation and purification

M+ xH A

() 27 72(0)

- MHZX-3A2X(0)+ 3H(a)

tions are saponification of the extractant,
such as 2-ethylhexyl phosphonic acid
2-ethylhexyl ester (P507), with commercial
bases such as sodium hydroxide, ammo-

of their mixtures is a complicated task.
There are well-known separation routes
for REE through this technique (Ritcey,
2006). However, new research is needed
to find other separation routes by solvent
extraction that are more efficient and
have less impact on the environment. The
extraction reaction of a metal with an or-
ganophosphorus acid extractant is denoted
by the general Equation 1:

M

nium hydroxide and ammonium carbon-
ate, as well as alternative basic compounds
like Mg(HCO,),, a solution produced from
dolomite and magnesium chloride (Lee et
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al., 2005; Feng et al., 2012).

The saponification of the organic
acid extractant causes the acidity of the
spent aqueous liquor (raffinate) to decrease
less dramatically during extraction of the
metals from the aqueous phase, which not
only increases the total extraction, but also
increases selectivity. However, the use of
saponified extracts generates an aqueous
effluent with a high content of ammonium,
sodium, calcium or magnesium (depend-
ing on the agent used for saponification).
These effluents must be treated before
being disposed of in the environment (Al-
Marzooqi et al., 2014). As an alternative to
the saponification process, the condition-
ing of the feed with complexing agents is

2. Material and methods

considered a promising option because
it is environmentally friendly and these
agents improve the separation of REE just
as saponification does (Sun et al., 2006).
The improvement of the separation, when
complexants such as lactic acid (HLa) are
used, is due to the buffering effect exerted
by the acid in the aqueous phase, which
avoids the decrease of pH in the aqueous
phase and favors the extraction of REE
(Yin et al., 2010). The effect of lactic
acid on the separation efficiency of light
rare earth elements, praseodymium and
lanthanum, was also observed by Gomes
etal. (2017).

The objective of this study was to
evaluate the efficiency of gadolinium and

2.1 Solvent extraction condition assays

Experimental factorial planning
was applied with three levels and two
variables; the total number of experi-
ments being equal to 9 (3?) plus 3 ex-
periments at the central point, for a
total of 12 extraction tests.

In the tests without modification,
the two variables evaluated were the
extractant concentration and pH of the
feed. The organic extractant used was
2-ethylhexyl phosphonic acid 2-ethyl-
hexyl ester, at concentrations of 0.28
mol L (10% v/v), 0.43 mol L (15%
v/v) and 0.57 mol L (20% v/v), in all
cases diluted with isoparaffin.

The pH values evaluated were
2.5, 3.0 and 3.5. In the extraction as-
says with the saponified extractant, the
two variables evaluated were the degree

of extractant saponification and the
feed pH. The values of the extractor
saponification grades evaluated were
10%, 20% and 30% (with extract-
ant concentration of approximately
0.43 mol L).

In the extraction tests with ad-
dition of lactic acid, the two variables
evaluated were the lactic acid concen-
tration and feed pH. The lactic acid
concentrations investigated were 0.10,
0.15 and 0.20 mol L (with extractant
at 0.43 mol L!). The response variables
considered were the gadolinium extrac-
tion and the Gd/Eu separation factor.

For the extraction tests, a syn-
thetic solution containing Gd and Eu
was used with concentrations simulat-
ing these elements in real liquor from

2.2 Extraction isotherms for extraction of gadolinium

To prepare the isotherms, extrac-
tion was done in the same way as in
solvent extraction condition assays, but
varying the ratio between the volumes

of aqueous and organic phases (A/O)
with and without lactic acid. The A/O
ratios used were 0.083, 0.100, 0.125,
0.25,0.50, 1, 2, 4, 8, 10 and 12. The

2.3 Continuous counter-current extraction tests

Continuous extraction experi-
ments using mixer-settler extractors
were conducted. The volumes of the
mixing and settling chambers were 242
and 372 mL, respectively.

Extraction without lactic acid had 15

stages, while with lactic acid (0.2 mol L)
there were 10 stages. These conditions were
defined in previous batch tests.

The organic and aqueous phases
were the same used in the extraction iso-
therm experiments. All the experiments

2.4 Rare earths elements’ chemical analysis

The chemical analysis of euro-
pium in the aqueous solutions before
and after extraction was performed
by UV-Vis spectrometry and the ab-
sorbance was read at 394 nm. The

total concentration of the REE was
determined by complexometric titra-
tion using ethylenediamine tetraacetic
acid (EDTA) as titrant and xylenol
orange as indicator (Kinnunen and
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europium separation by the solvent extrac-
tion technique when two modifications
were made to the extraction system. The
first modification was saponification of the
organophosphorus acid P507 extractant
and the second was conditioning of the
feed with lactic acid. The two modifica-
tions were compared with the separation
process not including extractant saponi-
fication or conditioning of the lactic acid
feed. In addition, the McCabe-Thiele
method was used to plot isotherms, to
guide the extraction plant operation by
providing important parameters such as
number of stages and A/O ratio. Solvent
extraction circuits were run with and
without lactic acid.

monazite leaching. The REE liquor was
prepared from the digestion of the ox-
ides of these elements with concentrated
HCI (12 mol L). The concentrations
of the two REE in the feed liquor ex-
pressed as oxide were 18.12 g L' Gd, 0,
and 4.86 g L' Eu,0,.

Saponification of the extracts
was performed by adding a suitable
amount of a 10 mol L* NaOH solution
to neutralize the desired amount of
the extractant.

For extraction, equal volumes of
the aqueous and organic phase (0.020
L) were placed in a capped flask and
stirred for 30 min. Then the mixture
was allowed to settle for 30 minutes.
All the experiments were conducted at
room temperature.

extractant concentration was 0.43 mol
L' (15% v/v) and pH of the feed solu-
tion was 3.0. All the experiments were
conducted at room temperature.

were conducted at room temperature
and with feed solution at pH of 3.0. The
aqueous and organic volumetric flow rates
were respectively of 15 and 30 mL min™.
The residence time in each stage at A/O
1:2 was 10.2 minutes.

Wennerstrand, 1957). The gadolinium
concentration was determined from
the difference between the total con-
centration of REE and the concentra-
tion of europium.
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3. Results and discussion
The effects (as indicated by Pareto  the Gd/Eu separation factor in the non-  extractant concentration and the feed pH,

diagrams with 95% confidence) and the  saponified P507 extraction tests, without  are depicted respectively in the Figures 1,
response surfaces for Gd extraction and  addition of lactic acid, as a function of the 2, 3 and 4.

Pareto Chart of Standardized Effects; Variable: % E (Gd)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=.4927059
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Figure 1 - Pareto diagram of the effects of extractant concentration and feed pH on the extraction of Gd.
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2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=.8046809
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Figure 2 - Pareto diagram of the effects of extractant concentration and feed pH on the Gd/Eu pair separation factor.
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Figure 3 - Response surface forGd extraction as a functionof extractant concentration and feed pH.
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(SIS

Fitted Surface; Variable: B (Gd/Eu)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=.8046809
DV: B (Gd/Eu)

7
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Figure 4 - Response surface for the Gd/Eu pair separation factor as a function of extractant concentration and feed pH.

From the analysis, it can be stated
that the concentration of the extract-
ant and the feed pH had the greatest
effects on the extraction of the heavier
element, Gd (Figure 1). The positive in-
fluence of pH and concentration on the
gadolinium extraction was confirmed
by the surface response curve because
it showed that the highest extractions
of gadolinium were obtained with
the highest pH value and extractant
concentration (Figure 3). Regarding
the separation factor, only the pH had
a statistically significant effect, which

(1)% Saponification(L)

% Saponification(Q) “-,352667

(2)pH(L)

1Qby2Q

1Lby2Q
1Lby2L ‘.0801293

1Qby2L

one was positive (Figure 2). This fact
is confirmed by the response surface
curve because it shows that the largest
separation factor was obtained at the
highest pH value (Figure 4).

The increase in the pH and con-
centration of the extractant favored the
extraction reaction, since by decreas-
ing the concentration of H+ ions in
the aqueous phase and increasing the
concentration of extractant, the reac-
tion moved towards the formation of
a compound between the element and
the extractant (see Equation 1). The

Pareto Chart of Standardized Effects; Variable: % E (Gd)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=3.833431
DV: % E (Gd)

increase in P507 concentration did not
result in higher selectivity because no
preferential extraction occurred. As
such, only pH had a significant effect
on selectivity.

The effects (indicated by Pareto
diagrams with 95% confidence) and the
response surfaces related to the extrac-
tion of Gd and the separation factor
of the Gd/Eu in the extraction tests
with saponified P507, as a function of
the degree of saponification and pH of
the feed, are shown respectively in the
Figures 5, 6, 7 and 8.

1.624937

1.50183

PH(Q) 7103399

‘-.255249

0690118

p=.05
ized Effect

(Absolute Value)

Figure 5 - Pareto diagram of the effects of saponification degree and feed pH on Gd extraction.
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Pareto Chart of Standardized Effects; Variable: % E (Gd)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=3.833431
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Figure 6 - Pareto diagram of the effects of the saponification degree and feed pH on the Gd/Eu pair separation factor.

Fitted Surface; Variable: % E (Gd)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=3.833431
DV: % E (Gd)
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Figure 7 - Response surface for the extraction of Gd as a function of the saponification degree and feed pH.

Fitted Surface; Variable: B (Gd/Eu)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=.0094786
DV: B (Gd/Eu)
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Figure 8 - Response surface for the Gd/Eu pair separation factor as a function of the saponification degree and feed pH.

It can be seen that the saponification  surface curve, which shows thatatthe high-  of the separation factor, the variable that
of the extractant had the strongest positive  est saponification (30%), the extraction  had the greatest (positive) influence was
influence on the extraction of Gd (Figure  values were high regardless of the initial pH ~ pH. The saponification degree negatively
5). This is also observed in the response  value of the solution (Figure 7). In the case  influenced the Gd/Eu separation (Figure 6).
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The response surface curve confirms these
results, since the best separations were
obtained at higher pH and the increase in
the saponification degree caused a decrease
in selectivity (Figure 8).

The partial neutralization of the

extractant and the increase of the initial
pH cause a lesser reduction of the final
pH, which increases the extraction of rare
earth elements.

The effects (indicated by Pareto dia-
grams with 95% confidence) and the re-

Pareto Chart of Standardized Effects; Variable: % E (Gd)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=3.881929
DV: % E (Gd)

sponse surfaces for Gd extraction and the
Gd/Eu separation factor in the PS07 extrac-
tion tests with the addition of lactic acid to
the aqueous phase, as a function of the lactic
acid concentration and feed pH, are shown in
respectively in the Figures 9, 10, 11 and 12.

(1)IHLal(L)
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19
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-.680625
5253639

1.4502
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‘-.065723

p=.05
Standardized Effect Estimate (Absolute Value)

Figure 9 - Pareto diagram of the effects of lactic acid concentration and feed pH on Gd extraction.

(1)[HLa](L)

(2)pH(L)

1Qby2L

[HLa)(Q)

1Lby2L

PH(Q)

1Lby2Q

1Qby2Q

Pareto Chart of Standardized Effects; Variable: B (Gd/Eu)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=.0701594
DV: B (Gd/Eu)
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-1.41352

-1.12603
7‘ 8605893

:.359932

-.320328

‘.0349625
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Figure 10 - Pareto diagram of the effects of lactic acid concentration and feed pH on the Gd/Eu pair separation factor.

WP\ A%

Fitted Surface; Variable: % E (Gd)
2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=3.881929
DV: % E (Gd)
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Figure 11 - Response surface for Gd extraction as a function of lactic acid concentration and feed pH.
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2 3-level factors, 1 Blocks, 12 Runs; MS Pure Error=.0701594
DV: B (Gd/Eu)
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Figure 12 - Response surface for the Gd/Eu pair separation factor as a function of lactic acid concentration and feed pH.

As can be seen, the concentration of
lactic acid had the strongest effects on the
extraction of Gd (Figure 9). This factis also
shown in the response surface curve, which
indicates that the highest extractions were
obtained at the highest concentration of
lactic acid (0.2 mol L!) and at the highest
pH (3.5) (Figure 11). The concentration

of lactic acid was the variable that most
positively influenced the Gd/Eu separation
factor (Figure 10), which is in agreement
with the response surface (Figure 12).

The lactic acid in the extraction
system exerts a pH buffering role during
extraction, reducing the pH drop and shift-
ing the equilibrium to the right [1].

The test of normality of the residuals
was carried out and in all the cases, the
residuals had normal distribution.

Figures 13 and 14 show the compari-
son between the three tests in the working
pH range. In these tests, the concentration
of the extractant P5S07 was always the
same, 0.43 mol L.

---8--- 15% P507
——A—-HLa 020 M

........... - 30% Saponification

%E Gd

100%
90%
80%
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60%
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3.0
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Figure 13 - Values of Gd extraction percentage versus feed pH for the 3 types of tests.
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Figure 14 - Values of separation factor versus feed pH for the 3 types of tests.
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Both the saponification (30% sa-
ponification) and the addition of lactic
acid (0.2 mol L), together with the
increase in pH, improved the extraction
of the heavier element (Gd) and also the
separation of the Gd/Eu pair when com-
pared to the extractant without saponi-
fication and without adding lactic acid.
The best results were obtained when
lactic acid was added, but at some points
the results were statistically the same
as those obtained in the tests where
the saponified extractant was used.

Gd (g/L) org

That is, the magnitudes of the effects
obtained with saponification and with
the addition of lactic acid were similar.
The buffering effect of lactic acid in the
aqueous phase, which avoids a drastic
decrease in pH during extraction and
partial neutralization of the saponified
extractant, favored the separation of
the elements in a similar manner at the
levels analyzed.

Despite the better Eu/Gd separa-
tion at pH 3.5 (Figure 14), extraction
isotherms were obtained at pH 3.0 due

10.0

9.0
8.0
7.0
6.0
5.0
4.0
3.0 /
2.0
10

10.0
Gd (g/L) aq

15.0

to precipitation of Gd and Eu lactate
complexes at pH 3.5, which precipitated
in very few hours, making it difficult to
operate a continuous solvent extraction.

The extraction isotherms plotted
using the McCabe-Thiele method are
shown in Figures 15 and 16 for the
heaviest element Gd. The difference
between them is the use of lactic acid.
The total molar concentration of rare
earth elements in the feed solution was
0.13 mol L, the pH was 3.0, and the
A/O ratio was 0.5 for both isotherms.

20.0

Figure 15 - McCabe-Thiele plot for Gd extraction with
P507 at 0.43 mol L' from Eu and Gd solution containing lactic acid 0.2 mol L' at pH 3.0.

Gd (g/L) org

10.0

9.0
8.0

7.0

6.0

5.0

4.0

3.0 /
2.0

10 s

10.0 15.0

Gd (g/L) aq

20.0

Figure 16 - McCabe-Thiele plot for Gd extraction

with P507 at 0.43 mol L' from Eu and Gd solution at pH 3.0.

The McCabe-Thiele diagram for
the counter-current circuit using 0.2
mol L of lactic acid at pH 3.0 and A/O
ratio of 1:2 from an aqueous solution of
REE shows that ten stages are required
to obtain raffinate with 0.16 g L' of Gd
and 99% extraction percentage.

66

The McCabe-Thiele diagram for
the counter-current circuit without
lactic acid at pH 3.0 and A/O ratio of
1:2 from an aqueous solution of REE
led to a 15-stage circuit, which pro-
vided raffinate with 2.55 g L of Gd
and extraction percentage of 84%. This

REM, Int. Eng. J., Ouro Preto, 73(1), 59-68, jan. mar. | 2020

demonstrates that the presence of lactic
acid improved the extraction.

Figure 17 shows the extraction
results for Gd and Eu in continuous cir-
cuits with and without lactic acid, using
conditions defined before in McCabe-
Thiele diagrams (Figures 15 and 16).
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Figure 17 - Accumulated extraction values of Gd and Eu per cell in the tests
performed in the semi-pilot circuit with lactic acid (on the left) and without lactic acid (on the right).

It can be observed that with the use
of lactic acid, higher extraction values were
obtained for both gadolinium and euro-
pium than when lactic acid was not used.
Europium and gadolinium extraction
rates were 83.8 and 94.1%, respectively,
with a 1:2 aqueous/organic volume flow
rate and containing 0.2 mol L* of lactic
acid. Moreover, raffinate was obtained
containing 0.66 g L' of Euand 0.96 g L1
of Gd, and the organic load compositions

4. Conclusion

It can be concluded that both
saponifying the extractant and adding
lactic acid to the aqueous feed not only
increase the Gd extraction but also
improve the separation of the Gd/Eu
pair when using P507 as extractant.

Based on the McCabe-Thiele
diagrams, a counter-current simula-
tion study was defined to determine
the number of theoretical stages for
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