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The separation of rare earth elements (REEs) using solvent extraction adding complexing agents
appears to be an alternative to saponification of the extractant. We evaluated the effect of lactic
acid concentration on didymium (praseodymium and neodymium) and lanthanum extraction
with 2-ethylhexyl phosphonic acid mono-2-ethyl hexyl ester [HEH(EHP)] as extractant. First,
we investigated in batch experiments the separation of lanthanum (La) and didymium (Pr and
Nd) using McCabe–Thiele diagrams to estimate the number of extraction stages when the feed
solution was or was not conditioned with lactic acid. Additionally, we conducted continuous
liquid–liquid extraction experiments and evaluated the influence of lactic acid concentration on
the REE extraction and separation. The tests showed that the extraction percentage of REEs
and the separation factor Pr/La increased when the lactic acid concentration increased, but the
didymium purity decreased. Lanthanum, praseodymium, and neodymium extraction rate were
23.0, 89.7, and 99.2 pct, respectively, with 1:1 aqueous/organic volume flow rate and feed
solution doped with 0.52 mol L�1 lactic acid. The highest didymium purity reached was 92.0 pct
with 0.26 mol L�1 lactic acid concentration.
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I. INTRODUCTION

RARE earth is a term used to designate the lan-
thanides (series of chemical elements from lanthanum
through lutetium), scandium and yttrium. There are a
variety of rare earth minerals known, but the main
minerals that are mined are monazite, bastnaesite, and
xenotime. In Brazil, monazite is the most abundant
mineral and consists mainly of light rare earth elements
(LREEs). This group of LREEs comprises lanthanum,
cerium, praseodymium, and neodymium. Separating
this ensemble into individual elements is challenging
because of the similarity of their chemical properties.
Cerium (Ce) can be recovered by oxidation and selective
precipitation with potassium permanganate and sodium
carbonate while solvent extraction can be used to

separate lanthanum (La) from both praseodymium
(Pr) and neodymium (Nd).[1,2]

The rare earths have high demand in Brazil for use as
constituents in several strategic materials, such as
catalysts and magnets. The motivation of this study is
to establish parameters for the development of more
efficient processes for the separation of lanthanum and
didymium (Pr and Nd). This is an issue that has been
considered a priority in Brazil since 2010, when there
was a large rise in export prices of Chinese rare earths.
Organophosphorus acid extractants, such as 2-ethyl-

hexyl phosphonic acid mono-2-ethyl hexyl ester
(HEH(EHP)) and di-2-ethylhexyl phosphoric acid
(D2EHPA), are used to separate rare earth elements.[3]

The hydrogen ions liberated during the solvent extraction
is not beneficial formetal extraction. Bases such asNaOH
andNH4OH are used to saponify the extract to overcome
this problem and improve the extraction. Even though the
saponification of the extractant improves the separation
of REEs, this practice produces wastewater containing
ammonia and/or sodium, both of which need be removed
before discharge in the environment.[4,5]

The addition of complexing agents in the aqueous
phase has been studied as a more sustainable alternative
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to improve the solvent extraction technique and facil-
itate the separation of REEs. Lactic, citric, and acetic
acids are weak carboxylic acids that, when present in the
aqueous feed solution, enhance the extraction of
REEs.[6,7] Ying et al.[6] observed higher separation
factors between light rare earth elements when lactic
acid was present in the feed solution than when it was
not, with the other conditions the same. Additionally, it
was possible to recover the lactic acid from raffinate
with tributyl phosphate (TBP) as extracting reagent.
Recycled lactic acid can be used again in the extraction
circuit, avoiding water contamination with organic
matter. The conjugated base of hydroxy carboxylic
acids acts as a pH buffer of the aqueous solution,
avoiding drastic reduction of pH, and favoring extrac-
tion and separation of the REEs.[7]

Scal et al.[8] reported the effect of lactic acid addition as
well as the feed solution pH variation alongwith the effect
of aqueous/organic volume flow ratio on didymium
separation from lanthanum by continuous liquid–liquid
extraction experiments employing the extractant
[HEH(EHP)]. When the lactic acid concentration and
pH in the feed solution increased, the LREE extraction
also increased. Their experiments also revealed that
LREE extraction diminished when the A/O ratio
increased. Yin et al.[9] studied the use of lactic acid and
citric acid on the separation of adjacent rare earths such as
cerium andpraseodymium. The distribution coefficient of
Ce and Pr and the Pr/Ce separation factor increased with
the equilibrium pH and citric acid/lactic acid concentra-
tion ratio, with a maximum value of 5.78. The effect of
acetic acid on separation of light rare earths was also
studied by Chang et al.[7] The results showed that the
separation factor of the LREEs and the extraction
capacity increased with rising acetic acid concentration.
When the feed pH value was 2.0, the REE/acetic acid
concentration ratio was 1:1 and rare earth concentration
was 0.35 mol L�1, while in the DEHPA–HCl–acetic acid
system, the highest separation factors reached were bCe/
La = 4.09, bPr/Ce = 1.96, and bNd/Pr = 1.53.

The smaller pKa value of the lactic acid (3.86) in
comparison with the pKa value of the acetic acid (4.76)
justified the use of the former in this study. The lower
the pKa is, the higher the conjugated base concentration
is, at a certain solution pH. The presence of conjugated
base is necessary to form a buffer solution which must
have an acid/base conjugate pair.

Most of the studies published on separation of REEs
in the presence of complexing agents involve preliminary
bench tests and do not include experiments in contin-
uous regime. In the present study, we first investigated
the extraction of REEs in batch tests and through the
construction of a McCabe–Thiele diagram we defined
the operation line and estimated the number of stages
required in continuous liquid–liquid extraction of light
rare earth elements. Additionally, continuous coun-
ter-current extraction experiments with HEH(EHP) as
the extracting reagent were performed. The aim was to
evaluate the influence of the lactic acid concentration
variation on light rare earth element separation by
continuous solvent extraction.

II. EXPERIMENTAL

A. Reagents

The extractant used to separate lanthanum from
didymium was 2-ethylhexyl phosphonic acid
mono-2-ethylhexyl ester (HEH(EHP)), provided by
Aodachem (China). The diluent used was commercial
kerosene (isoparaffin), provided by Ypiranga (Brazil).
The aqueous feed solution used in the extraction tests

was a synthetic solution of La, Pr, and Nd with similar
characteristics to a Brazilian monazite leachate
(20.3 g L�1 of La2O3, 4.7 g L�1 of Pr6O11, 16.3 g L�1

of Nd2O3),
[10] and the oxides (99.9 pct purity) were

provided byPacific IndustrialDevelopmentCorporation.
The total molar concentration of rare earth elements in
the feed solution was 0.249 mol L�1. All other chemicals
had analytical grade.

B. Batch Test (McCabe–Thiele Diagram)

HEH(EHP) at 0.6 mol L�1 was used in all extraction
experiments. The pH of the aqueous phase was 3.5 and
the lactic acid concentration was 0.52 mol L�1.[11]

The extractant and the feed solution were placed in
contact during 15 minutes (initial experiments showed
that equilibrium was achieved within 5 minutes). After
mixing the phases, they were separated in a separatory
funnel and the concentrations of rare earth metals in the
aqueous phase were determined. The extraction experi-
ments were performed at room temperature and in
triplicate. The standard deviations of all variables were
calculated.
The aqueous and organic volume ratio (A/O) varied

from 1/12 to 4/1.

C. Continuous Counter-Current Extraction

After the definition of the number of extraction stages
and the operation line, we conducted continuous extrac-
tion experiments in ten counter-current stages using
mixer-settler extractors. The volumes of the mixing and
settling chambers were 242 and 372 mL, respectively.
We did not perform a scrubbing stage of the organic
load. The concentration of lactic acid varied between 0
and 0.52 mol L�1. The organic and aqueous phases were
the same used in batch experiments. All the experiments
were conducted at room temperature and with feed
solution at pH of 3.5. The aqueous and organic
volumetric flow rates were both 30 mL min�1. The
residence time in each stage at A/O 1:1 was
10.2 minutes.
We collected aqueous samples from each extraction

cell for analysis. The pH level and REE concentration in
the aqueous phase were measured. The samples were
collected at three different intervals and standard
deviations of all variables were calculated.

D. Chemical Analysis

We determined the Pr and Nd concentrations in
aqueous phase by UV-Vis spectrophotometry (HACH
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DR 6000 spectrophotometer) (Limit of Quantification
for Pr = 0.16 g L�1 and Nd = 0.15 g L�1) . The total
REE concentration by complexometric titration with
EDTA and xylenol orange as indicator. The La con-
centration was calculated by the difference between the
total concentration of REEs and Pr+Nd
concentrations.

E. Parameter Equations

We calculated the accumulated extraction (pct EM) of
the REEs from Eq. [1], as well as the metal concentra-
tions in the loaded organic phase (Eq. [2]). The total
REE concentration in the organic phase is the sum of
individual metal concentrations (Eq. [3]). The distribu-
tion ratio of each element (D) is the ratio of the
concentration of metal in the organic phase and aqueous
phase at equilibrium (Eq. [4]). The separation factor (b)
indicates the degree of separation of two elements and
was calculated from the distribution coefficient of two
different metals (Eq. [5]). Finally, the didymium purity
in the loaded organic phase and mass flow rate of each
element were determined by Eqs. [6] and [7],
respectively.

EM ¼
M½ �feed� M½ �NðaÞ

M½ �feed
� 100 ½1�

½M�loadedðoÞ ¼
A

O
M½ �feed� M½ �raffinate

� �
½2�

½M�totalðoÞ ¼
X

½M�loadedðoÞ ½3�

D ¼
½M�loadedðoÞ
½M�raffinate

½4�

bM1=M2 ¼
DM1

DM2
½5�

Didymium purity ðpctÞ ¼
½Pr]loadedðoÞ + [Nd]loadedðoÞ

½M�totalðoÞ
� 100

½6�

mi
: ¼ ½M�loadedðoÞ �O: ½7�

In these equations, [M]feed represents the REE
concentration in the feed solution, [M]raffinate is the
REE concentration in the output aqueous solution,
[M]loaded(o) is the REE concentration in the loaded
organic solution, [M]N(a) is the aqueous phase REE
concentration in the Nth—cell, and [M]total(o) is total
REE concentration in the organic phase. Also, A/O is

the aqueous and organic phase’s volumetric flow ratio
and mi

:
is the REE mass flow rate.

III. RESULTS AND DISCUSSION

A. Batch Experiments (McCabe–Thiele Diagram)

The McCabe–Thiele diagrams for the counter-current
extraction of Pr and Nd from an aqueous solution of
LREEs at pH 3.5 without adding lactic acid are shown
in Figures 1 and 2. In the ten counter-current stages,
raffinate was obtained containing 20.1 g L�1 La, 3.67
Pr g L�1, and 11.41 g L�1 Nd using an A/O ratio of 1:1
(Figure 3). The corresponding La, Pr, and Nd percent-
ages of extraction were 1, 22, and 30 pct, respectively.
The McCabe–Thiele diagrams for the counter-current

extraction of Pr and Nd from aqueous LREE solution
containing lactic acid 0.52 mol L�1 are shown in
Figures 4 and 5. The graphs show that ten counter-cur-
rent stages are required to obtain raffinate containing
16.0 g L�1 La, 0.4 g L�1 Pr, and 0.7 g L�1 Nd using an
A/O ratio of 1:1 (Figure 6). The corresponding La, Pr,
and Nd percentages of extraction were 22, 92, and
96 pct, respectively. The presence of lactic acid greatly

Fig. 1—McCabe–Thiele plot for Pr extraction with HEH(EHP) 0.6
M from LREE solution at pH 3.5.

Fig. 2—McCabe–Thiele plot for Nd extraction with HEH(EHP) 0.6
M from LREE solution at pH 3.5.
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increased the extraction compared to the case without
this acid.

B. Continuous Counter-Current Extraction Circuit

We investigated the influence of lactic acid concen-
tration on the extraction and separation of didymium/
lanthanum when the A/O ratio was 1:1. The preference
for REE extractions was Nd>Pr>La and the accu-
mulative extraction of the lanthanides increased when
the lactic acid concentration rose. For example, the
accumulative Nd extraction increased from 29.5 to
99.2 pct when the lactic acid concentration increased
from 0 to 0.52 mol L�1 (Figure 7).

Lactic acid (HLa) is a weak acid that ionizes partially
in water, and its pKa value is 3.86. At the pH of the feed
solution (pH 3.5), lactic acid is 33 pct ionized and in the
form of lactate ions (La�) (Eq. [8]). The organophos-
phorus acid extractant (H2A2) exchanged hydrogen ions
with REE ions present in the aqueous phase (Eq. [9]). In
the aqueous solution, the lactate ions combined with
hydrogen ions released by the organic extractant
(Eq. [10]). Thus, the lactate ions prevented acidity
increase of the aqueous solution, improving the extrac-
tion and separation.

HLaðaÞ ¼ La�ðaÞ þHþ
ðaÞ ½8�

REE3þ
ðaÞ þ 3H2A2ðoÞ ¼ REEðHA2Þ3 oð Þ þ 3Hþ

ðaÞ ½9�

Hþ
ðaÞ þ La�ðaÞ ¼ HLaðaÞ: ½10�

Increasing concentration of lactic acid augmented the
values of bPr/La, bNd/Pr, REE concentration in the loaded
organic, and mass flow rate (Table I). Nevertheless, the
didymium purity declined. The increase in the extraction
with rising lactic acid concentration is associated with
higher equilibrium pH values of the aqueous solution.
Lanthanum, praseodymium, and neodymium extraction
rates were 23.0, 89.7, and 99.2 pct, respectively, with 1:1
aqueous/organic volume flow rate and 0.52 mol L�1

lactic acid. The highest didymium purity reached was
92.0 pct with 0.26 mol L�1 lactic acid concentration.
After the extraction step, a scrubbing of the loaded

organic must be carried out with the purpose of
removing the La element from the organic loaded. The
loaded organic phase can be scrubbed again aiming the
Pr and Nd separation using Nd acid solution as a
scrubbing solution. The Nd contained in the scrubbing
solution is exchanged with the Pr present in the loaded
organic phase, resulting in an organic phase containing
only Nd and a raffinate solution containing only Pr.
The scrubbing of lactic acid is not necessary because

the lactic acid does not affect the didymium oxide purity
(the final product). After the didymium chloride solu-
tion is obtained, the didymium oxalate is produced by
the reaction between sodium oxalate and didymium
chloride. Finally, the didymium oxide is obtained by
calcination of didymium oxalate. In calcination process

Fig. 3—Simulation studies of ten counter-current extraction stages using HEH(EHP) as extractant and aqueous feed without lactic acid.

Fig. 4—McCabe–Thiele plot for Pr extraction with HEH(EHP) 0.6
M from LREE solution containing lactic acid 0.52 M at pH 3.5.

Fig. 5—McCabe–Thiele plot for Nd extraction with HEH(EHP) 0.6
M from LREE solution containing lactic acid 0.52 M at pH 3.5.
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Fig. 6—Simulation studies of ten counter-current extraction stages using HEH(EHP) as extractant and aqueous feed doped with lactic acid
0.52 mol L�1.

Table I. Effect of Lactic Acid Concentration on the Extraction of REEs in Continuous Extraction Experiments When A/O = 1:1

[Lactic Acid] (mol L�1) Extraction (pct) bPr/La bNd/Pr Didymium Purity (pct) Mass Flow Rate (mg min�1)

0.00 La = 2.6 ± 0.2 10.7 ± 1.3 1.5 ± 0.1 92.8 ± 3.6 La = 16.8 ± 1.4
Pr = 22.3 ± 0.9 Pr = 32.4 ± 1.3
Nd = 29.5 ± 1.6 Nd = 142.4 ± 7.7
Total = 14.4 ± 0.5 Total = 191.6 ± 8.5

0.26 La = 6.5 ± 1.3 29.9 ± 1.5 2.4 ± 0.1 91.4 ± 1.1 La = 39.9 ± 3.0
Pr = 62.2 ± 1.1 Pr = 77.1 ± 1.4
Nd = 79.8 ± 1.4 Nd = 383.2 ± 6.8
Total = 40.4 ± 0.0 Total = 500.2 ± 0.3

0.43 La = 15.8 ± 6.5 34.3 ± 0.4 4.1 ± 0.1 84.4 ± 6.3 La = 102.9 ± 42.5
Pr = 73.4 ± 10.7 Pr = 100.0 ± 14.6
Nd = 92.4 ± 5.2 Nd = 476.9 ± 26.3
Total = 51.3 ± 0.5 Total = 679.8 ± 1.1

0.52 La = 23.0 ± 2.9 39.0 ± 4.9 13.0 ± 0.6 78.7 ± 2.1 La = 158.8 ± 20.1
Pr = 89.7 ± 0.7 Pr = 118.7 ± 0.9
Nd = 99.2 ± 0.1 Nd = 485.5 ± 0.5
Total = 57.4 ± 1.7 Total = 763.0 ± 21.6

Fig. 7—Accumulative rare earth element extraction in the extraction circuit when the feed was conditioned with different lactic acid concentra-
tions and A/O ratio 1:1. LA lactic acid concentration.
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all the organic compounds are transformed in volatile
compounds, i.e., carbon dioxide and water.

The equilibrium pH values of aqueous solution in the
extraction cells were higher when the lactic acid con-
centration was greater. This behavior can be attributed
to the buffer effect of the lactic acid, which keeps the
acidity from rising (Figure 8). When the lactic acid
concentration increased, the buffer capacity also did.

IV. CONCLUSION

Based on the extraction isotherm, we defined an
effective counter-current simulation study to determine
the number of theoretical stages for lan-
thanum–didymium separation using HEH(EHP) as
extractant and lactic acid as buffer. The results of this
study indicate that lactic acid added in the aqueous feed
at pH 3.5 greatly increases the extraction of LREEs (La,
Pr, and Nd). When the A/O ratio was 1:1, extractions of
92 pct Pr and 96 pct Nd were achieved in ten theoretical
stages of extraction.

The continuous liquid–liquid extraction experiments
revealed that increasing the lactic acid concentration in
the feed solution improved the overall extraction of

LREEs and the separation factors between Pr and La
and between Nd and Pr, but the didymium purity in the
loaded organic phase first increased when the lactic acid
concentration was between 0 and 0.26 mol L�1 and
diminished when the lactic acid concentration exceeded
0.26 mol L�1. The presence of lactic acid caused a less
pronounced reduction of pH of the aqueous phase,
enhancing the extraction and separation of light rare
earth elements. These experiments demonstrated that
the use of lactic acid can be a viable alternative to the
practice of saponification used in REE separation
through solvent extraction techniques.
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