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Abstract

In this work, an experimental study was carried out to find the best-operating
conditions for the study of the extraction percentage (%E) and the separation
factor (SF) of La(III) and Ce(III) complexes. To carry out this study, a varia-
tion of B-diketone concentrations was used, keeping the concentration of
tri-octyl phosphine oxide (TOPO) continuous at 0.05 M. The ratio of organic
phase to the aqueous phase (O/A) was also studied. The %E and SF were
analyzed and compared in the 1,1,1-trifluoro-2,4-pentanedione (TFA) with
TOPO, and 1,1,1,5,5,5-Hexafluoro-2,4-pentanedione (HFAc) with TOPO in
Ionic Liquid (IL) and Kerosene. The one-stage extraction efficiency in IL of
La(IIT) and Ce(III) complexes was 42.13% and 77.48% for the TFA-TOPO
system and La(III) and Ce(III) complexes were 94.33% and 97.67% for the
HFAc-TOPO system. While the SF between Ce(III) and La(III) complexes
was 4.91 for TFA-TOPO and 2.64 for HFAc-TOPO. On the other hand, the
one-stage extraction efficiency in Kerosene of La(III) and Ce(III) complexes
was 27.57% and 63.70% in the TFA-TOPO system. The one-stage extraction
efficiency of La(III) and Ce(III) complexes were 99.87% and 99.73% for the
HFAc-TOPO system in Kerosene while the SF between Ce(IIl) and La(III)
complexes was 4.62 for TFA-TOPO and 0.49 for HFAc-TOPO. The main
conclusion was that using two extractants (S-diketone and TOPO) produced
a synergistic effect improving the extraction capacity and SF of La(III) and
Ce(III) complexes for both systems in IL and Kerosene.
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1. Introduction

Lanthanide elements (Lns: La-Lu; 57 - 71) belong to the rare earth series. They
are critical in many high-tech industries, such as hybrid cars, wind turbines,
flat-screen televisions, mobile phones, and defense technologies [1]. Their prop-
erties change gradually across the Lns series. Their ionic size and the coordina-
tion number decrease while the surface charge density increases. Selective sepa-
ration of a Lanthanide(III) among the Lns series is challenging [2] [3]. Separat-
ing two adjacent Ln(III) such as Cerium(III) (Ce(III)) and Lanthanum(III)
(La(III)) is a great challenge for this study.

The numerous technologies employed for the separation and purification of
the Lns(III), synergistic solvent extraction (SSX), offer a competitive alternative.
SSX of Ln(III) ions with two kinds of extractants, is one of the most efficient
methods for separation technology because of its speed, simplicity, and im-
provement of the extraction efficiency and the selectivity [4]. An example has
been S-diketone with other extractants for Lns(III) separations [5].

The Ln(III)- f-diketone complexes have been for various applications. In trace
analysis of lanthanide ions, organic and biomolecular compounds, visualization
luminescence of latent fingerprints, chemical sensors, and volatile complexes,
among others [6]. Many different S-diketones are commercially available, and
the synthesis of the corresponding Lns(III) complexes is relatively easy. The
pF-diketones exhibit a significant tendency towards cationic selectivity between
Lns(III) [7] [8].

The synergistic extractability and the separation factor (SF) can be ascribed to
the adduct formation of Ln(III)-S-diketones with neutral ligands in the organic
phase and lowered with an increase in the atomic number of Ln(III) in the
f-diketone-TOPO [9] [10]. Also, Okamura et al., found that the SF between La
and Ce, Pr and Nd, Sm and Eu, and Eu and Gd with Htta and TOPO in
[C,mim][Tf,N] is higher than that with D2EHPA or PC-88A in isooctane [9].
Additionally, the separation of Ln(III) varied with the acidity of the f-diketones
used as the extractants. The SF between Eu(III) and Lu(III) in the synergistic
system using benzoylacetone (Hba) with a higher pKa is significantly larger than
those with other S-diketones [11]. Furthermore, it is usually necessary to use an
auxiliary ligand, such as TOPO, to saturate the remaining sites in the lanthanide
coordination sphere and exclude water [12] [13]. Therefore, the S-diketones
have been used in various synergistic combinations to achieve high Lns(III).

Ionic liquids (ILs) have been considered as alternative solvents for solvent ex-

traction processes because of their properties such as low volatility, low vapor
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pressure, excellent chemical stability, adjustable miscibility, and polarity, making
ILs attractive replacements for current organic solvents.

(VOCs) [14]. Some studies have used ILs as solvent of extraction of Ln(III). In
the researches, highly selective synergism for the removal of lanthanoid(III) Ions
with B-diketones and TOPO in an Ionic Liquid [9] [15]. Synergistic of the ex-
traction and separation efficiencies of lanthanoid(III) Ions by forming charged
adducts in an ionic liquid [9]. The cation and anion exchange mechanisms are
specific to ILs extraction systems, often leading to improved extraction capacity
and separability of Ln(III) and achieving competitive advantage results in VOCs
[16] challenging goal in Lns(III) separation is to develop an effective process to
improve separation and minimize environmental contamination. The desired sol-
vent should be non-volatile, non-flammable, low toxicity, high efficiency, high
stability, low cost, weak acid, and base. These characteristics are fundamental to
the extraction of Lns(III). In recent years, as a green solvent, ionic liquids gained
considerable attention. They showed tremendous potential for an eco-friendly
Lns(III) separation.

The work aims to perform synergistic extraction using an organic phase con-
taining a solvent medium with a p-diketone (HFAc or TFA) and TOPO. The
solvent medium used was ionic liquid or kerosene, the aqueous phase containing
Ce(III) and La(III). The challenge of this study is to achieve the best operational
conditions to carry out a high SF of Ce(III)/La(III) complexes. The extraction
percentage (%E) and the Separation Factor (SF) of Lns complexes will be ob-
tained and analyzed for La(III) and Ce(III) complexes. Additionally, the O/A ra-

tio will be studied and evaluated in the first extraction stage.

2. Materials and Reagents

The ionic liquid used in this study was 1-Butyl-3-methylimidazoliumbis-(triflu-
oromethylsulfonyl)-imide([Bmim][Tf,N]) which was supplied by I0-LI-TEC
(Heilbronn, Germany) with a 99% purity. Kerosene was provided by Shellsol
D70. The chosen extractants were the S-diketone 1,1,1-trifluoro-2, 4-pentanedione
98% (TFA), and 1,1,1,5,5,5-Hexaf-luoro-2,4-pentanedione (HFAc) by Sigma-
Aldrich” (Darmstadt, Germany). The tri-n-octylphosphine (TOPO), Lantha-
num nitrate hexahydrate (La(NO,);-6H,0) and Cerium nitrate hexahydrate
(Ce (NO,);-6H,0) were supplied by Sigma Aldrich’ (Darmstadt, Germany).
Synthetic solution containing La (1 g/L) and Ce (1 g/L) were prepared in deio-
nized water (18.2 mQ). The pH level was determined with a pH meter (Crison’,
model pH25) calibrated Check pH/ORP meter, electrode of the 52 XX series,
with buffer solutions of pH 4.0, 7.0 and 10.0 with a precision of 1072 calibrated.
All samples in the aqueous phase were quantifies by Plasma-Atomic Emission
Spectrometer (Agilent Technologies®, model 4210 MP-AES) (see Table 1).

3. Synergistic Extraction Procedure

The organic phase was prepared by dissolving a S-diketone (TFA or HFAc) with
0.05 M TOPO in [Bmim][Tf,N] or Kerosene. The initial concentration of TFA
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Table 1. Name and structural formula of compounds used in this work.

Compound Abbreviation Structure
4\
‘i : N{_N Op o N 20
1-butyl-3-methylimidazolium A 3 S
Bmim][Tf,N z 1 CF,
bis(trifluoromethylsulfonyl)imide [Bmim][TEN] F,C 6 o
Cation Anion
O O
1,1,1-Trifluoro-2,4-pentanedione TFA
P F3CJ\/U\CHS
O O
1,1,1,5,5,5-Hexafluoro-2,4-pentanedione HFAc
b c A,
. . 1]
Tri-n-octylphosphine TOPO CH,(CH,),CH, —P—CH,(CH,),CH,
CH,(CH,),CH,

and HFAc in [Bmim][Tf,N] were ranged from 0.05 M to 0.4 M in order to find
the minimal concentration quantity of extractant for a feasible extraction. The
aqueous solution was prepared by dissolving the La(III) and Ce(III) of nitrate
hexahydrate in deionized water. The final concentration of the aqueous phase
was 1g/L of La(III) and 1 g/L of Ce(III). The initial pH of this solution was stu-
died at pH 5.

The pH of these solutions was measured before and after extraction using a
pH meter. Previous studies have revealed that a high acidity in the aqueous solu-
tion results in an obvious decrease in the extraction efficiency of Lns(III) [9] [17]

The removal extraction of La(III) and Ce(III) from the aqueous solutions was
carried out by means of the same procedure reported in our previous work [18]
[19]. The solvent extraction experiments were conducted by contacting 1 mL of
aqueous solution with 1 mL of organic phase, where the phases were mixed in
magnetic stirrers (SBS” model ANS-001) at 140 rpm for 40 minutes at room tem-
perature. Then, the phase separation was achieved by centrifugation (Eppendorf
Centrifuge model 5418R) at 1000 rpm for 40 minutes. Once these phases were
completely separated the concentration of metals in the aqueous phase, before
and after distribution, was measure spectrophotometrically (MP-AES) and metal
contents in the organic phase were determined by mass balance. All the experi-
ments were realized with duplicate samples.

The percentage of extraction (%E) was calculated dividing amount of extracted
in the organic phase ([Ln3+ ]0 ) by its initial amount of metal in the aqueous so-
lution ( [Ln3+ lqi ), which is defined by Equation (1):

[Ln +]" x100 (1)

[ ],

The distribution ratio (DLH3+ ) for the extraction of Ln*" of two lanthanide

%E =

ions, Ln, and Ln,, are defined in the following Equation (2):
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+ _ 3+
D , = M (2)
Ln I:Ln?]

where Ln’* and Ln}" represent the initial and final concentrations of Ln** in
the aqueous phase. The valuesf D _,, were measure in duplicated.
The separation factor (SF) was calculated from the value of distribution coef-

ficients of Ce(III) and La(III) and shown as Equation (3).

D
SF=—< ©)
DLa
From the results previously reported in literature [10], it has been verified that
the extraction of Ln(III) from an aqueous phase using 2-thenoyltrifluoroacetone
(HTTA) and TOPO in the IL is governed by the following extraction reaction

Equation (4).

Ln(,,, +2Htta ) +3TOPO ) +C,mim TE,N,, W
<> Ln(tta), (TOPO), Tf,N,, + C,mim/, \ +2H/,,

On the other hand, the synergistic extraction equilibrium with HTTA and a
co-extractant S in organic solvents is reported [20] to be represented by Equa-
tion (5). Where, (aq) and (o) denote the aqueous and organic phases, respec-
tively.

Ln3+

+3HTTA_ +nS
(aq) o

< M(TTA), S, +3H(, (5)

() ()

4. Results and Discussion

The choice of extractants and solvents is vital for the success in the extraction
and selectivity of lanthanides. This choice can be made based on synergistic ex-
traction studies. There is available literature on extractants and their application
on lanthanide recovery [4] [20] [21] [22] [23].

Extractants, such as f-diketone and TOPO have been used in synergistic ex-
traction studies of lanthanides [9] [10] [11] [15].

In the present investigation, these extractants were tried with 0.05 M p-dike-
tone with and without 0.05 M TOPO. The efficiency of the extraction system was
measured in terms of percentage extraction (%E), and separation factor (SF).
Table 2 shows the experimental results obtained when extractions of lanthanum
and cerium complexes were made using S-diketone (HFAc and TFA) without
TOPO. In the extraction with the absence of TOPO, the amount of water mole-
cules still present in the first coordination sphere of the metal-organic complex
decreases the extraction percentages, both in the IL and in kerosene. When using
[S-diketone-TOPO (Table 3), the extraction percentage has a remarkable syner-
gistic effect, since TOPO displaces water molecules and generates a more hy-
drophobic complex it has a greater affinity with the organic phase.

In the results obtained, in Table 2 and Table 3, it is observed that the %E of
Ce(III) is higher than the %E of La(IIl) in the HFAc-TOPO system, in both IL
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Table 2. Percentage extraction of La and Ce for solvent extraction (phase ratio = 1, T = 298 2K, agitation speed = 40 min).

Metal ion

Kerosene
%La(III) 7.82 £3.26
%Ce(III) 10.06 + 4.39

0.05 M HFAc 0.05 M TFA
[Bmim][TF2N] Kerosene [Bmim][TEF2N]
3.68 +0.47 10.67 £1.99 9.01 +2.01
12.22 £ 1.80 1583 +1.11 16.46 + 0.41

Table 3. Percentage extraction of La and Ce for solvent extraction and Separation Factor between Ce/La (phase ratio = 1, T = 298

2K, agitation speed = 40 min).

0.05 M HFAc + 0.05 M TOPO 0.05 M TFA + 0.05 M TOPO
Metal ion
Kerosene SF [Bmim][TF2N] SF Kerosene SF [Bmim][TEF2N] SF
%La(I1I) 70.02 £ 1.17 63.39 £ 1.26 14.49 £ 1.76 33.40 £0.19
1.45 £ 0.01 4.96 = 0.05 3.54 £0.42 4.23+£0.12
%Ce(III) 76.36 + 0.85 89.57 £ 0.59 37.55+£0.58 67.96 £ 0.43

and Kerosene. The same extraction trend is observed in the TFA-TOPO system
in IL and Kerosene. This behavior can be explained by the ionic radius of Ce
(0.103 nm) which is smaller than the La (0.106 nm). Since the electrostatic inte-
raction between the cation and the ligand should be proportional to the reci-
procal of the cationic radius, the stabilities of ionic complexes would be expected
to increase through the trivalent lanthanum to lutecium series which may result
in an increase in the extraction percentage with a decreasing ionic radius. Such
an increase is often observed only in the lighter lanthanides [10] [24]. So, the ex-
traction percentages obtained in our experiments, from both La(III) and Ce(III)
complexes, are correct. An important aspect of the La(III) and Ce(III) extraction
with Ionic Liquids is the considerably higher atomic and ionic radii compared to
the rare earths, and significantly different chemical properties. The Lns(III) are
related through the lanthanide contraction. This property of similar size includes
yttrium, which bear a close chemical resemblance, are often grouped together as
the Lns(III) [25]. However, its high size makes them very difficult to extract
from the liquid solution by forming a complex with the extractant, compared to
the rest of the Lns(III).

The choice of f-diketone type extractants is because they have more affinity
with ionic liquids, which prevents them from dissolving in the aqueous phase,
decreasing the number of anions available in the S-diketone for extraction [19].

Furthermore, we want to know how the extraction percentage and the separa-
tion factor of the S-diketonates complexes changes by replacing the methyl
group (—CH,;) of TFA with the fluorinated group (—CF;) of HFAc. The results in
Table 3, show that the highest %E of La and Ce are achieved in the HFAc-TOPO
systems, due to the difference in acidity that the S-diketones possess. The ten-
dency to form hydrated complexes is strong for fluorinated ligands, given the
great Lewis acidity that these ligands present [6].

The study of hydrophobic ILs has been studied as new solvents for replacing
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VOC:s in the extraction processes. ILs can act as ion exchangers (Equation (4)) in
solvent extraction. The separability of metal ions in the IL extraction system dif-
fers from systems with organic solvents (Equation (5)).

When comparing the La(III) and Ce(III) complexes extraction system using
TFA-TOPO to IL and Kerosene (Table 3), the results allow us to conclude the
following; when using IL as a solvent the best %E of La(III) and Ce(III) com-
plexes are obtained. This trend has been experimentally demonstrated in the ex-
traction of molybdenum(IV), showing that the use of more hydrophobic IL in-
creases the extractions [26]. In the HFAc-TOPO system, Table 3 shows a high %E
of La(III) and Ce(III), in IL and kerosene as solvents, yielding a slight difference
in the %E of La(III) and Ce(III) complexes, between the IL and kerosene.

Regarding the SF, in the HFAc-TOPO system, when Kerosene was used, a SF
of 1.45 + 0.01 was achieved. When IL was used, a SF of 4.96 + 0.05 was obtained.
In contrast, with the TFA-TOPO system, when Kerosene was used, a SF of 3.54
+ 0.42 was attained. When IL was used, a SF of 4.23 + 0.12 was obtained. These
figures confirm what previous studies have stated; that using IL increases the se-
lectivity of lanthanides [27]. It is worth mentioning that the solvents used in the
mining industry, such as Kerosene, have a low polarity and have no place in the
chemical reaction. Therefore, they do not participate in the metal extraction
process [1] [3] [28], unlike ionic liquids that have been extensively proven to
participate in metal extraction by anion exchange [9] [10]. Thus, the choice of
solvent is very important not only for synergistic enhancement but also for the
effective separation of metals.

Values vary between 0.05 M to 0.4 M of f-diketones and 0.05 M TOPO were
chosen to carry out the further optimization experiments. Larger concentrations
of p-diketones and TOPO could do not be obtained because it was not possible

to solubilize them in the mix.

5. Solvent Extraction of La(III) and Ce(III) Complexes

The synergistic extraction of La(III) and Ce(III) complexes using S-diketone
(TFA or HFAc) and 0.05 M TOPO in the organic phase was researched.

Figure 1 shows the percentage extraction of (%E) La(III) and Ce(III) com-
plexes in [Bmim][TF2N] resulting from an aqueous solution. Figure 1(a) shows
a mixture of TFA with 0.05 M TOPO and Figure 1(b) a combination of HFAc
with 0.05 M TOPO. As shown in Figure 1, the percentage of extraction of the
Ce(III) complex was relatively higher than the La(III) complex.

The maximum extraction percentage for the TFA-TOPO system was 42.13%
and 77.48% for the La and Ce complexes when 0.4 M TFA and 0.05 M TOPO
were used.

The maximum percentage extraction for the HFAc-TOPO system was 94.33%
and 97.67% for La and Ce complexes when 0.2 M HFAc and 0.05 M TOPO were
used.

Regarding the SF (Ce/La) in the TFA-TOPO system (Figure 1(a)), the highest
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SF was 4.91 + 0.12, with 0.4 M TFA and 0.05 M TOPO. In the HFAc-TOPO sys-
tem (Figure 1(b)), the topmost SF was 4.96 + 0.05 with 0.05 M HFAc and 0.05
M TOPO. The HFAc-TOPO system tends to be is highly extractive but not se-
lective. The tendency to form hydrated complexes with fluorinated ligands, giv-
en the high Lewis acidity that these ligands present [6].

Figure 2 shows the %E of La(III) and Ce(III) complexes in Kerosene result-
ing from an aqueous solution. Figure 2(a) displays a mixture of TFA with 0.05
M TOPO and Figure 2(b), a combination of HFAc with 0.05 M TOPO. As
shown in Figure 2(a), the %E of Ce complex was higher than La(III) complex.
Figure 2(b), the %E of La and Ce complexes were more elevated than 90% in
all cases.

The maximum %E for the TFA-TOPO system was 27.57% and 63.70% for the
La(III) and Ce(III) complexes when 0.3 M TFA and 0.05 M TOPO were used.

The maximum %E for the HFAc-TOPO system was 99.87% and 99.73% for
La(III) and Ce(III) complexes when 0.3 M HFAc and 0.05 M TOPO were used.

—A— %E La(lll)
—A— %E Ce(lll)
—%—S (CellLa)
100 -6

90

0\050—
40 H
30
20
10 H

A
80 % -5
70 * +
60 ¥
w
A
A

A

@ ~
SF (CelLa)

L2

100
90
80
70
60
50

% E

40
30
20
10

0

e ;\+_‘ y

%
L

T T T 1

T T
005 010 015 020 025 030 035 040 045

[TFA (M)]

(a) Variation TFA

—A— %E La(lll)
—A— %E Ce(lll)
—%— S (CelLa)

T
I

SF (CelLa)

1

0.00

T T T T T T
005 010 015 020 025 030 035 040 045

[HFAc (M)]
(b) Variation HFAc

Figure 1. Variation of S-diketone concentration versus percentage
extraction (% E) with 0.05 M TOPO in [Bmim][TF,N].
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Figure 2. Variation of S-diketone concentration versus percentage
extraction (% E) with 0.05 M TOPO in Kerosene.

Regarding the SF (Ce/La) in the TFA-TOPO system (Figure 2(a)), the highest
SF was 5.39 + 0.01, with 0.4 M TFA and 0.05 M TOPO. In the HFAc-TOPO sys-
tem (Figure 2(b)), the upmost SF was 1.45 + 0.05 with 0.01 M HFAc and 0.05 M
TOPO.

The results of Figure 1 and Figure 2 allowed us to obtain the optimal molar
concentration of S-diketone to achieve maximum SF for TFA-TOPO, HFAc-
TOPO systems in IL, and Kerosene.

Effect of organic/aqueous (O/A) phase ratio on the Separation Factor of
La(III) and Ce(III) complexes

Once the best or most economical concentration of extractant was found to
improve the synergistic extraction, the effect of organic/aqueous (O/A) phase ra-
tio was modified in order to assess its effect on the synergistic extraction per-
formance. In the TFA-TOPO system 0.4 M TFA and 0.05 M TOPO were used in
the organic phase. In the HFAc-TOPO system 0.05 M HFAc and 0.05 M TOPO
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were used in the organic phase. The effect of O/A phase ratio was of 0.2 to 2.0
with a contact time of 40 min.

These concentrations were optimal to achieve the best Ce/La SF in the varia-
tion of f-diketone concentration versus the percentage extraction with 0.05 M
TOPO in IL and Kerosene (Figure 1 and Figure 2). Figure 3 shows the results
of the effect of O/A phase ratio on the TFA-TOPO (a) and HFAc-TOPO (b)
systems in [Bmim][TF,N]. Figure 3(a) shows that the maximum extraction
percentage for the TFA-TOPO system was 82.06% + 0.02% and 94.91% =+ 0.06%
for the La(III) and Ce(III) complexes when the O/A phase ratio was 2. A varia-
tion of the O/A phase ratio from 0.2 to 1 increases the SF of Ce/La from 3.97 to
4.97. However, when the O/A phase ratio increases from 1.5 to 2, the SF of Ce/La
decreases from 4.63 to 4.08. Figure 3(b) shows that the maximum extraction
percentage for the HFAc-TOPO system was 91.51% =+ 0.14% and 97.59% + 0.03%
for the La(III) and Ce(III) complexes. The SF was of 3.75 + 0.02 when the O/A
phase ratio was 2. Furthermore, a variation of the O/A phase ratio from 0.2 to 1
the SF of Ce/La increases from 1.09 to 4.96. However, when the O/A phase ratio
increases from 1.5 to 2, the SF of Ce/La decreases to 3.75 £ 0.02.

Figure 4 shows the effect of O/A phase ratio on the TFA-TOPO (a) and
HFAc-TOPO (b) systems in Kerosene. Figure 4(a) shows that the maximum
extraction percentage for the TFA-TOPO system was 42.02% * 0.58% and
79.21% + 0.57% for the La(IIT) and Ce(III) complexes when the O/A phase ratio
was 2. A variation of the O/A phase ratio from 0.2 to 1.5 increases the SF of
Ce/La from 3.69 to 5.47. However, when the O/A phase ratio increases to 2, the
SF of Ce/La decreases to 5.26. Figure 4(b) shows that the maximum extraction
percentage for the HFAc-TOPO system was 96.83% + 0.03% and 97.26% + 0.02%
for the La(III) and Ce(III) complexes when the SF was of 1.16 + 0.01 with the
O/A phase ratio of 2. Furthermore, a variation of the O/A phase ratio from 0.2 to
1 the SF of Ce/La increases from 1.12 + 0.06 to 1.45 + 0.01.Nevertherless, when
the O/A phase ratio increases from 1.5 to 2, the SF of Ce/La decreases from 1.32
+0.01to 1.16 = 0.01.
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Figure 3. Effect of O/A phase ratio on Ce(III) and La(III) complexes using
[F-diketone and 0.05 M TOPO in [Bmim][TF,N].
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Figure 4. Effect of phase ratio of Ce and La complex using f-diketone and 0.05
M TOPO in Kerosene.
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Synergistic extraction operating with a volumetric O/A ratio equal to 2 for the
TFA-TOPO and HFAc-TOPO system, showed the best extraction percentage for
the Ce(III) and La(III) complexes in IL. However, when the volumetric O/A ra-
tio was equal to 1, it achieved the best SF for the TFA-TOPO system. For the
HFAc-TOPO system, the best SF was 0.2.

Some studies on the extraction of Cerium(III) and Lanthanum(III) have been
performed with HDEHP in kerosene from a hydrochloric acid medium showing
a SF of 0.46. Moreover, the SF between Ce-La with Aliquat 336 in xylene from a
sodium nitrate medium was 0.60. Besides, the SF between Ce-La with HDEHP in
toluene from a medium of sodium nitrate was 2.70. The SF between Ce-La with
Versatic 911 in Shellsol of a nitrate or chloride medium was 3.00. Reaching low
SF values shows that the available Ce(III) and La(III) separation methods are not
very selective [29].

Other investigations have used a mixture of extractants to develop a synergistic
extraction for the separation of Lns(III). For example, 2-thenoyltrifluoroacetone
(Htta) with TOPO in n-dodecane [10], 2-thenoyltrifluoroacetone (Htta), 2-
naphthoyltrifluoroacetone, and benzoylacetate were investigated in the presence
of TOPO [13]. Okamura et al found that the SF between La and Ce, Pr and Nd,
Sm and Eu, and Eu and Gd with Htta and TOPO in [C,mim] [Tf,N] is higher
than that with D2EHPA or PC-88A in isooctane [9]. Additionally, it was found
that the separation of Lns(III) varied with the acidity of the S-diketones, for ex-
ample, the SF between Eu(III) and Lu(III) in the synergistic system using ben-
zoylacetone (Hba) with a higher pKa is significantly larger than those with the
other pB-diketones [11]. Therefore, the S-diketones have been used in various
synergistic combinations to achieve high Lns(III) SF.

The TFA-TOPO system achieved a better SF in IL when using low concentra-
tions of TFA than in Kerosene. In the HFAc-TOPO system, the best SF was
completed when IL was used as the solvent. Ionic liquid confers selectivity by
increasing the SF. This allows the search for new ionic liquids and S-diketones,

increasing the SF of adjacent elements such as La(III) and Ce(III) complexes.

6. Conclusions

This present study investigated the percentage extraction and separation factor
of Lanthanum(III) and Cerium(III) complexes using a combination of S-diketone
(TFA or HFAc) with 0.05M TOPO.

The results indicated that when only S-diketone was used in a solvent, the
percentage of extraction of La(III) and Ce(III) was lower than when S-diketone-
TOPO were used together. The addition of TOPO improved extraction efficien-
cy of the La(III) and Ce(III) complexes in IL and Kerosene. These results were
similar to those found in the bibliography.

The use of f-diketones with fluorinated groups (HFAc) achieved a high per-
centage of lanthanide extraction, with only 0.05 M HFAC and 0.05 M TOPO.

However, the factor of separation between adjacent lanthanides was low. The
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TFA-TOPO system achieved good extraction percentages and separation factors.
The synergistic extraction demonstrated that we could achieve an excellent re-
moval of La(III) and Ce(III) complexes with IL and Kerosene. Tests using IL
showed that the TFA-TOPO system made the best a percentage extraction com-
pared to the use of Kerosene. Also, IL achieved a lower SF than Kerosene.

On the other hand, the HFAc-TOPO system in IL and Kerosene achieved
good levels of extraction. Nevertheless, the best SF was obtained using IL as a
solvent. It is necessary to continue designing cations and anions to form hydro-
phobic ionic liquids that confer higher separation factors.

Regarding the O/A ratio effect, the best ratio was 1, obtaining a SF of 4.91 for
TFA-TOPO in IL. For HFAc-TOPO, the best result was 1, acquiring a SF of 4.96
in IL. For TFA-TOPO the best result was 1, obtained with a SF of 5.39 in Kero-
sene, and for HFAc-TOPO the best result was 1, gotten with a SF of 1.45 in Ke-
rosene.

In future works, the extraction percentage and the separation factor could be
studied with a lower HFAc concentration than that researched in the present
study. Also, an alternative to TOPO could be sought, in order to obtain better
separation factors.

The knowledge obtained in this study can lead to further progress in the de-
velopment of Lns(III) distribution systems in IL and in Kerosene.
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