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ABSTRACT KEYWORDS

Solvent extraction of trivalent lanthanides from chloride solution using a novel lonic liquid; Cyphos IL 104;
ionic liquid Cyphos IL 104 (trihexyl(tetradecyl)phosphonium bis-2,4,4-(tri- Cyphos IL 101; Cyanex 272;
methylpentyl) phosphinate or [R4PA]) has been investigated, while comparing lanthanides

the results with that of its precursors trihexyl(tetradecyl)phosphonium chloride

[R4PCl or Cyphos IL 101], Cyanex 272 [HA] and their equimolar mixture. The

results also indicate very high extractability of Cyphos IL 104 toward trivalent

lanthanides. Unlike the conventional acidic extractants, extraction of trivalent

lanthanides with Cyphos IL 104 increases the equilibrium pH of the aqueous

phase due to the preferential extraction of acid over the lanthanide ions.

Extraction mechanism has been established by studying the extraction of

neodymium(lll) with the ionic liquid as a function of the concentrations of

Cyphos IL 104 and chloride ions. Separation studies of trivalent lanthanides

from a mixed solution containing 1 x 10~*M each of La, Nd, Gd, and Lu with

Cyphos IL 104 or Cyanex 272 indicate that Cyphos IL 104 is a better extractant

in terms of extraction coefficient, but Cyanex 272 exhibits better selectivity

toward heavier lanthanides. The prospects of stripping and regeneration of

ionic liquid (Cyphos IL 104) have also been discussed in the present study.

Introduction

Solvent extraction (SX) is one of the hydrometallurgical techniques used for separating desired metal
ions from the aqueous solutions of mixed metal ions. However, numerous stages are required for
their separation from each other to achieve the desired purity, especially in the case of rare earth
metals (REMs). REMs or the lanthanides are important ingredients for the modern technological
growth, as they are widely used in electric vehicle batteries, electronics, powerful magnets of devices
and wind turbines, phosphors of fluorescent lamps, catalysts of petroleum refining industries, etc.'"’
All these applications often require pure/specific REMs. But, in nature, due to similar physical and
chemical properties, all the lanthanide elements occur as a single chemical entity, and are difficult to
separate from each other.’”) To achieve efficient separation of lanthanide ions, various types of
extractants (e.g., cationic, anionic, and solvating) have been investigated.*~'?!

Among the extractants, acidic (cationic) extractants generally exhibit better extraction effi-
ciency and selectivity."*! As such, many acidic extractants such as D2EHPA, PC88A, Cyanex 272,
Cyanex 301 etc. have been investigated for the separation of different pairs of trivalent lanthanide
ions."*"'81 However, extraction of metal ions with the acidic extractants is associated with the
release of H" ions into the aqueous phase, which adversely affects the extraction efficiency. In
order to prevent this problem, acidic extractants saponified with sodium hydroxide or ammonia
solution are generally used for the extraction of trivalent lanthanides and other metals. Although
better extraction efficiencies and selectivity have been reported with saponified extractants,'*!]
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certain drawbacks are associated with the process: (1) saponified extractant loses its saponifica-
tion value after first contact with aqueous phase, which hinders the similar extraction behavior in
further steps;'*?) (2) higher degree of saponification results in emulsification and third-phase
formation during extraction;'** (3) a large amount of ammonium or sodium ions releases to the
aqueous phase during extraction, which increases the salt concentration of the effluent.?3-2¢

Literature survey also indicates the use of various primary (RNH,), secondary (R,NH), and
tertiary (R3N) amines, and the quaternary ammonium salts (R;N™) for the separation of
lanthanides.!”?”"?*) The usefulness of amines as extractants depends on the ability of the metal
ions to form anionic species in the aqueous phase, which are extracted by amines in an anion
exchange process. Among the neutral organophosphorous extractants, tri-n-butyl phosphate
(TBP),') tri-n-octyl phosphine oxide (TOPOQ), tributyl phosphine oxide (TBPO),”} Cyanex
923,59 etc., have been used for the separation of trivalent lanthanides. But during the extraction
with TBP, it entraps water in the organic phase due to its solubility in the aqueous phase.”*"
Therefore, newer reagents are worth investigating to explore the possibility of obviating the afore-
mentioned drawbacks.

Recently, ionic liquids (ILs) have emerged as a new class of extractants comprising bulky organic
cations and the organic/inorganic anions. The advantages of ILs are that these are liquids over a wide
range of temperature and are strongly hydrophobic, thereby partitioning the extracted metal com-
plexes efficiently into the organic phase. As they are nonvolatile in nature, they may be considered as
“a green solvent.” Besides the scope of preparing a variety of ILs of specific properties by combining
different sets of cations and anions, they may not release H" ions into the raffinate unlike conven-
tional acidic extractants. So the steps such as the neutralization of released acid or the saponification
of extractant can be avoided.**>"

The initial investigation on the use of ionic liquids as diluents has focused on the imidazole-
based compounds with anions like NTf, ~ (bis(trifluoromethylsulfonyl)imide) or PFs~ (hexafluor-
ophosphate) for the extraction of different metals, including lanthanides.***”! Use of ILs as
diluents require the use of the additional extractant in the ionic liquid phase to facilitate the
extraction process.***!! By contrast, use of ILs as diluents makes the organic phase highly
viscous, which leads to problems in phase separation and metal recovery. During the extraction,
loss of imidazolium cation, such as [Cgmim]™, to the aqueous phase was found to be a major
drawback, making the imidazole-based ILs unsuitable for an environment-friendly process.'**
Efforts were made to control the loss of imidazolium cations by adding complexing agents or
replacing them with a new kind of ILs.*>*"**) The fluorinated ILs such as 1-butyl-3-methyli-
midazolium hexafluoro-phosphate, [Cymim][PF¢], and 1-butyl-3-methylimidazolium bis-(trifluor-
omethylsulfonyl) imide, [Cymim][Tf,N] have shown good extraction efficiency for lanthanides
and actinides, but the fluorinated anions are not suited for economic and environmental reasons.-
[43] Therefore, recently, ionic liquids of combination of quaternary ammonium or phosphonium
cations and nonfluorinated anions have been put forward for the investigation of IL as extractant
in molecular diluents in SX process.*¢~*7]

Although a few studies are reported using ionic liquids as extractants for separating the lantha-
nides and other metals,??~***’-*!] the underlying processes and mechanism of extraction with ILs
are not well understood. Earlier a phosphonium-based ionic liquid, Cyphos IL 104, Trihexyl
(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl) phosphinate) was applied for the extraction of
lactic acid.”?! Separation studies of some metals such as Pd(II), Ni(II), Co(II), and Cu(II) were also
reported in the literature by using Cyphos IL 104.1%**~>*] However, no systematic studies have been
reported on the extraction and separation of trivalent lanthanides using Cyphos IL 104. Therefore,
the aim of present study is to investigate the extraction behavior and mechanism using Cyphos IL
104 as an extractant for the separation of light (La(III) and Nd(III)), middle (Gd(III)), and the heavy
(Lu(I1I)) lanthanides from a chloride solution.
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Experimental

Stock solutions of La(III), Nd(III), GA(III), and Lu(III) were prepared by dissolving their respective
oxides in a minimum amount of concentrated hydrochloric acid and diluting it with distilled water
to the required volume. Initial lanthanide concentration was maintained at 1 x 10™* M for all the
extraction studies. Chloride concentration in the aqueous phase was maintained by adding the
required amount of sodium chloride. The extractants, Cyphos IL 104 (trihexyl(tetradecyl)phospho-
nium bis-2,4,4-(trimethylpentyl) phosphinate) or [R4P*][A7] and Cyphos IL 101 (trihexyl(tetradecyl)
phosphonium chloride), were procured from Sigma-Aldrich. Cyanex 272 (2,4,4-(trimethylpentyl)
phosphinic acid) was kindly provided by Cytec, Canada. The chemical structure and properties of
solvent extraction reagents used in the present investigation are given in Fig. 1 and Table 1. All the
organic-phase solutions were prepared by dissolving a weighed amount of required extractant in
commercial-grade kerosene. All other chemicals were of analytical-grade reagents.

Solvent extraction experiments were carried out by shaking equal volumes of aqueous and organic
phases of known concentrations for 30 min in a glass-stoppered vial with the help of a rotospin shaker
(Revotek, India) at 303 K and 30 rpm. All the experiments were performed in duplicate and uncertainties
with error bar are included in each figure. Preliminary experiments show that the extraction equilibrium
was attained within 5 min. The solutions after equilibration were transferred to a separating funnel and
allowed to settle for phase separation. The metal concentration in the aqueous phase was analyzed by ICP-
OES (Varian, Vista-MPX). The concentration of the metal in the organic phase was then obtained by
material balance. These concentrations were used to determine the distribution ratios (D) and the

o o
F H,C—(=CH,-HC—CH, 0
29H14C\ /C6H13 CH, \P/',/
/ CH, /N,
13HC CeHis H3C—?—CH2—(;H—CH2
CH;, CH;
a. Cyphos IL 104 or R4PA
oo,
+ H3C—?—CH2-HC—CH2 o
29H14C\ /C6H|3 CH; \p(/
P Cl- (EHS / OH
H,C—C—CH,—CH—CH
n? N\ CH,, TG TERT 2
13776 CH3 CH3
b. Cyphos IL 101 or R4PCl c. Cyanex 272 or HA

Figure 1. Chemical structure of Cyphos IL 104 (R4PA), Cyphos IL 101 (R4PCl), and Cyanex 272 (HA).

Table 1. Properties of solvent extraction reagents.>”

Properties Cyphos IL104 Cyphos IL 101 Cyanex 272
IUPAC name Trihexyl(tetradecyl) Trihexyl(tetradecyl)phosphonium  Bis(2,4,4-trimethylpentyl)
phosphonium bis chloride phosphinic acid

(2,4,4-trimethylpentyl)
phosphinate

Appearance Pale yellow liquid Colorless to yellow liquid Colorless to light amber liquid
Molecular weight 773.27 g/mol 519.31 g/mol 290.42 g/mol
Density 0.895 g/mL 0.8819 g/ml 0.92 g/mL

Viscosity 806 mPa.S at 25°C 1824 mPa.S at 25°C 142 mPa.S at 25°C
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percentage extraction. The percentage extraction (%E), distribution ratio (D), and separation factor ()
were determined by using the following equation:

C—C
%E = —— 7« 100 (1)
Ci
C—C
D= 2
C (2)
D,
_D 3
D, (3)

where C; and Cy are the concentrations of metal ions in the aqueous phase before (I = initial) and
after (f = final) extraction, respectively. D; and D, are the distribution ratios of the metal ions M,
and M,, respectively.

Results and discussion

In order to examine the extraction behavior of Cyphos IL 104 toward trivalent lanthanides, solvent
extraction of neodymium(III) from an aqueous solution containing 1 x 10™*M Nd(I11) at different initial
pH (1 to 5) with 0.003M Cyphos IL 104 in kerosene at a phase ratio O/A = 1:1 was investigated; results are
depicted in Fig. 2. For comparison, solvent extraction of neodymium(IIT) was also carried out with Cyphos
IL 101 and Cyanex 272, being the precursors of Cyphos IL 104, using their 0.003M concentrations
including their equimolar mixture (0.003M each) under similar conditions (Fig. 2). It was observed that
extraction of neodymium(III) with Cyphos IL 104 increased with the increase in initial pH of the aqueous
phase. However, with Cyphos IL 101, Cyanex 272 or their equimolar mixture extraction of neodymium(III)
was negligible in the entire range of pH studied. The difference in extraction efficiency may be due to

100

== Cyphos IL 104
=== Cyphos IL 101
80 [—e—Cyanex 272

—a—Cyphos IL 101+ Cygfiex 272

60 |

40}

% Extraction

20

1 2 3 4 5
Initial pH
Figure 2. Effect of initial pH on the extraction of neodymium(lll) by Cyphos IL 104, Cyphos IL 101, Cyanex 272 and equimolar

mixture of Cyphos IL 101 and Cyanex 272. Aqueous phase: 1 x 10~ M Nd(lll), 0.1M CI~, Organic phase: 0.003M respective
extractant, equilibrium time = 30 min.
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Table 2. Equilibrium pH of the aqueous phase after extraction of neodymium(lll) with Cyphos IL 104 and its different constituents.

Equilibrium pH
Initial pH Cyphos IL 104 Cyphos IL 101 Cyanex 272 Cyphos IL 101+ Cyanex 272
13 13 13 13 13
25 3.8 25 23 2.3
3.0 4.2 3.0 29 29
33 4.6 34 3.1 3.1
4.0 5.0 4.0 3.9 39
5.0 55 4.9 4.9 4.8

variation in the equilibrium pH of the aqueous phases in these cases. The values of equilibrium pH of the
aqueous phase are given in Table 2.

Equilibration of neodymium(III) solutions with Cyphos IL 101 did not exhibit any change in pH. As
can be seen (Fig. 2), extraction of neodymium(III) with Cyphos IL 101 was also negligible. This is
because Cyphos IL 101 extracts metal ions by anion exchange mechanism °****7) and neodymium
(IIT) does not form any anionic species under the studied experimental conditions. When neodymium
(III) was extracted with Cyanex 272 or equimolar mixture of Cyphos IL 101 and Cyanex 272, the
equilibrium pH decreased due to the release of H ions from Cyanex 272. The decrease in pH actually
reduced the extraction efficiency of Cyanex 272. Under the pH range (initial pH 1 to 5) studied, a
maximum of 5% Nd(III) was extracted with Cyanex 272 alone and with the equimolar mixture of
Cyphos IL 101 and Cyanex 272. In the case of extraction of neodymium(III) with Cyphos IL 104, the
equilibrium pH increased significantly. The increase in equilibrium pH, as mentioned in our previous
publication,”> is because of the preferential extraction of H* ions over neodymium(III) by Cyphos IL
104. The affinity of ammonium- and phosphonium-based ionic liquids to capture protons from
aqueous solutions causing abrupt increase in pH of the aqueous solution and decrease in the available
ionic liquid for extraction of metal ions have been reported by many researchers.!*”*®! Cieszynska and
Wisniewski,** while extracting palladium(IT) from hydrochloric acid with Cyphos IL 104, have
confirmed the formation of dimer of bis(2,4,4-trimethylpentyl)phosphinic acid in the organic phase
by *'P NMR studies of the extracted complex by extracting the H" ions with the phosphinate part of the
ionic liquid. However, the extent of affinity of ionic liquid for acid is not reported anywhere.

In order to understand the relation between increase in equilibrium pH and neodymium(III)
extraction, a plot of concentration of H" ions in the organic phase (after acid extraction) along with
extraction of neodymium(III) with 0.003M Cyphos IL 104 at different initial pH is presented in
Fig. 3. The concentration of H" ions in the organic phase was calculated from the difference in initial
and equilibrium pH of the extraction system. Hydrochloric acid extraction by Cyphos IL 104, which
dissociates Cyphos IL 104 into Cyphos IL 101 and Cyanex 272, can be represented as'*”!

R4PAorg +H,, + Cl,y & RyPClorg + HAgyg 4)
CyphosIL104 CyphosIL101 ~ Cyanex272

Conjugate acid of phosphinate ion (A7), that is, bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272
or HA), being a weak acid (pK, = 6.37)°% and hydrophobic in nature (Partition constant, K,; = 53),°%!
H" ions present in the aqueous phase are first extracted by Cyphos IL 104. After acid extraction,
neodymium(III) starts getting extracted by the remaining Cyphos IL 104. The numbers in parentheses
(Fig. 3) indicate the concentration of unutilized Cyphos IL 104 after acid extraction. Up to the initial
pH of 2.5 (=0.003M H"), Cyphos IL 104 (0.003M) was completely utilized for the extraction of HC,
and no neodymium(III) extraction was detected. Above the initial pH of 2.5 (<0.003M H"), Cyphos IL
104 was not completely utilized for the extraction of H" ions. And the unutilized Cyphos IL 104
extracted neodymium(III) into the organic phase. Therefore, as the initial pH increased, the availability
of Cyphos IL 104 for neodymium extraction also increased. Thus, in the initial pH range of 2.7 to 5.0,
neodymium(III) extraction increased from 8% to 90%.
The mechanism for extraction of neodymium(III) with Cyphos IL 104 may be represented as



Downloaded by [National Metallurgical Laboratory] at 04:33 11 August 2017

474 A. KUMARI ET AL.

0.003 —A—A—rAA—A 100
(Nil)

0.0025 | { 50
S
0.002 | =)
= 160 3T
o (0.0012) z
2 0.0015f 3
S g
= —A—[H+]org 4 40 £
0.001 F—e—Nd Extraction (0.002) £
»
(0.0024) . =

0.0005 | 0.0026)
(0.0029) ¢ ho3)
0 P . . - o\ 0

1 2 3 4 5
Initial pH

Figure 3. Effect of initial pH on HCl and neodymium(lll) extraction. Aqueous phase: 1 x 10~ M Nd(lll), 0.1M CI~, Organic phase:
0.003M Cyphos IL 104, equilibration time = 30 min.

Ndﬂ + 3C1;q + 3R4PAyg 3R4PC101’% + NdA3°rg ©)
INdA;],,,,[RPCI],
KNd = " £ 5 g3 (6)
[Ndaq ] [Claq} [R4PA} org
D - [RyPCI},
Kg = fi (7)
(oL PR
NdA
where D = %
Na2y]
logD = logKngq + 3 {log[R‘lPAorg} + log[ClL,;| ~log[RyPClory] } ®

In order to establish the aforementioned extraction mechanism, solvent extraction of neodymium(III) with
Cyphos IL 104 in kerosene as a function of Cyphos IL 104 concentration and chloride ion concentration
was studied. Extraction of neodymium(III) from 0.1M CI solution containing 1 x 10™*M Nd(III) at initial
pH 5.0 increased with increase in Cyphos IL 104 concentration in the range 0.0025-0.007M (Fig. 4).
Similarly, the extraction of neodymium(III) at initial pH 5.0 with constant initial Cyphos IL 104 concen-
tration (0.003M) increased with increase in chloride ions concentration in the aqueous phase in the range
0.0003-0.001M (Fig. 5). It may be noted here that when 0.003M Cyphos IL 104 was contacted with the
sodium chloride solutions (0.0003-0.1M) in absence of a trivalent lanthanide, extraction of chloride or
sodium ion into the organic phase was not observed. Taking into consideration the acid extraction (Eq. 4)
as well as that of neodymium(III) extraction (Eq. 5), equilibrium concentrations of Cyphos IL 104, Cl*, and
Cyphos IL 101(R4PClI) were calculated and plots of log D vs. {log[R4PA],s + log[Cl ]oq — log[R4PCl] e}
were drawn for both the extractant and the chloride variation experiments. When Cyphos IL 104
concentration was varied (0.0025-0.007M), plot of log D vs. {log[R4PA]og + log[Cl ].q — log[R4PCl] e}
had slope of ~3 (Fig. 6). For chloride variation experiments, plot of log D vs. {log[R4PA],, + log[Cl ],q —
log[R4PCl],,s} also had a slope of ~3 (Fig. 7), but with negative sign. Negative sign of the slope is because as
the extraction of neodymium(IIl) increases with increase in chloride ion concentration, equilibrium
concentration of R4PCl increases and at the same time equilibrium concentration of R,PA decreases,
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Figure 4. Effect of Cyphos IL 104 concentration on the extraction of neodymium(lll). Aqueous phase: 1 x 10™* M Nd(ll), 0.1M CI7,
Initial pH = 5.0 £ 0.05, t = 30 min.

05
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-1 L L L
-3.6 -34 -3.2 -3 -2.8

1og[Cl it

Figure 5. Effect of initial chloride ion concentration on the extraction of neodymium(lll). Aqueous phase: 1 x 1074 M Nd(III),
Organic phase: 0.003M Cyphos IL 104 in kerosene, Initial pH = 5.0 + 0.05, t = 30 min.

which results in overall decrease of {log[R4PA]yg + log[Cl ].q — log[R4PCl]g} with increase in the chloride
ion concentration. Slope values of ~3 for the plots of log D vs. {log[R4PA]g +10g[Cl ], — log[R4PCl]g} in
case of both Cyphos IL 104 concentration and chloride ion concentration variation experiments confirm
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Figure 6. Effect of equilibrium concentrations of R4PA, CI™ and R4PCl on the extraction of neodymium(lll) while varying initial
concentration of Cyphos IL 104 (R4PA). Aqueous phase: 1 x 10~ M Nd(lll), 0.1M CI, Initial pH = 5.0 % 0.05, t = 30 min.
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Figure 7. Effect of equilibrium concentrations of R4PA, CI~ and R4PCl on the extraction of neodymium(lll) while varying initial

concentration of chloride ion in the aqueous phase. Aqueous phase: 1 x 10~ M Nd(lll), Organic phase: 0.003M Cyphos IL 104 in
kerosene, Initial pH = 5.0 + 0.05, t = 30 min.
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the extraction mechanism as expressed in Eq. (5). Equilibrium constant (Kyqg) value for neodymium(III)
extraction with Cyphos IL 104 was calculated to be 5.7.

Separation of trivalent lanthanides with Cyphos IL 104

In order to study the mutual separation, solvent extraction of trivalent lanthanides from 0.1M chloride
solution at different initial pH (in the range 1.0-5.0) containing 1 x 10™*M each of La(III), Nd(III), GA(III),
and Lu(Ill) with 0.003M Cyphos IL 104 was investigated. As stated earlier, due to the preferred H"
extraction, equilibrium pH of the aqueous phase increased (Table 3). Extraction of trivalent lanthanides
with respect to varying equilibrium pH is depicted in Fig. 8. It is evident from these data that the order of
solvent extraction of trivalent lanthanides with Cyphos IL 104 followed the order of their ionic radii (LullI)
> Gd(III) > Nd(III) > La(IIT)). At the initial pH 5.0 (with the Eq. pH 5.5), logD values for Lu(III), GA(III),
Nd(III), and La(III) have been found to be 2.4, 2.2, 0.9, and -0.5, respectively corresponding to the
extraction of 99.9% Lu(IIl), 99.9% Gd(III), 90% Nd(III), and 22% La(III). Separation factors obtained
between different pairs of trivalent lanthanides from their mixed solutions by using Cyphos IL 104 at
different equilibrium pH are given in Table 3 up to two significant figures.

Table 3. Separation factors of different pair of lanthanides from a mixed solution at varying pH with Cyphos IL 104.

Separation factor (B)

Initial pH Eq. pH Lu/Gd Lu/Nd Lu/La Gd/Nd Gd/La Nd/La
2.5 3.8 25 40 40 2 2 1
2.7 4.0 10 20 70 2 7 3
3.0 4.2 85 470 1500 6 18 3
35 4.8 1 120 900 120 900 8
4.0 5.0 1 40 500 40 500 10
45 53 1 13 350 10 350 25
5.0 55 1 30 900 20 600 30

3
N Iy
T
\J
2 } =
1F
iy
0 L
-1
——Lu —e-Gd
—=-Nd —e—La
_2 2 2 2 2
35 4 4.5 5 55 6

Eq. pH

Figure 8. Effect of equilibrium pH on extraction of La(lll), Nd(lll), Gd(lll), and Lu(lll) from their mixed solution with Cyphos IL 104.
Aqueous phase: 1 x 10™* M Ln(lll), 0.1M CI~, Organic phase: 0.003M Cyphos IL 104, t = 30 min.
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Eq. pH

Figure 9. Effect of equilibrium pH on extraction of La(lll), Nd(lll), Gd(lll), and Lu(lll) from their mixed solution with Cyanex 272.
Aqueous phase: 1 x 107 M Ln(lll), 0.1M CI~, Organic phase: 0.003M Cyanex 272, t = 30 min.

Being the anionic precursor of Cyphos IL 104, 0.003M Cyanex 272 was also examined to extract
trivalent lanthanides from 0.1M chloride solutions of different initial pH (1.0 to 5.0) containing 1 X
10~*M each of La(III), Nd(IIT), GA(III), and Lu(III). Extraction of the lanthanides with respect to the
equilibrium pH of aqueous phase is depicted in Fig. 9. At the initial pH of 5.0 (Eq. pH 3.5) with
0.003M Cyanex 272, logD values of 1.7, —0.9, —1.5, and —2.0 were obtained for Lu(III), GA(III), Nd
(III), and La(III), respectively, corresponding to the extraction of 98% Lu, 10% Gd(III), 2.7% Nd(III),
and 0.9% La(IIT). When compared (Figs. 8 and 9), the extraction efficiency of Cyphos IL 104 for
trivalent lanthanides was found to be better than that of Cyanex 272. However, selectivity for heavier
lanthanides was found to be better with Cyanex 272 than with Cyphos IL 104. This may be attributed
to the difference in extraction mechanism of the two extractants. As explained earlier, in the case of
Cyphos IL 104, the increase in initial pH increases the availability of the free Cyphos IL 104,
resulting in the increased extraction of trivalent lanthanides. By contrast, equilibrium pH of the
aqueous phase decreases in case of Cyanex 272, which suppresses the extraction of lighter lantha-
nides, and heavier lanthanides (lutetium (III) in this case) are selectively extracted. The separation
factors calculated for different pairs of trivalent lanthanides from their mixed solutions by using
Cyanex 272 as extractant at different equilibrium pH are given in Table 4. With Cyanex 272,
separation factors obtained between lutetium and lighter lanthanides were found to be much higher

Table 4. Separation factors of different pair of lanthanides from a mixed solution at varying pH with Cyanex 272.

Separation factor (B)

Initial pH Eq. pH Lu/Gd Lu/Nd Lu/La Gd/Nd Gd/La Nd/La
1.0 1.0 30 300 1400 10 50 5
1.5 1.5 50 350 1600 8 35 5
2.0 2.0 90 500 2300 6 25 4
2.6 25 300 650 1400 2 5 2
37 33 1100 2000 3600 2 3 2
4.5 34 680 2400 5600 3 8 2
5.0 3.5 400 1700 5200 4 12 3
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in comparison to Cyphos IL 104. Therefore, it can be concluded that Cyphos IL 104 has higher
extraction efficiency, but its precursor Cyanex 272 has better selectivity toward heavier lanthanides.

Separation factor values obtained for different pairs of the lanthanides with Cyphos IL 104 and
Cyanex 272 can be compared with those of commonly used commercial extractants such as D2EHPA,
EHEHPA, and Cyanex 923 (Table 5).°°? Data clearly show that Cyphos IL 104 exhibits better
extraction efficiency toward lanthanides as compared to the conventionally used extractants. It is also
important to note that separation of the heavier lanthanide, Lu(III) from the light/middle lanthanides (La
(III), Nd(III), GA(III)) can be better achieved with Cyphos IL 104 as compared to the other reagents such
as D2EHPA and EHEHPA. However, selectivity of heavier lanthanides was found to be better with
Cyanex 272 than that of Cyphos IL 104. Separation factor between the lighter lanthanides such as Nd(III)
and La(III) is substantially higher with the Cyphos IL 104 (Table 5) as compared to all other reagents.
Thus, by using Cyphos IL 104, heavier lanthanides can be separated as a group from the lighter
lanthanides; this can also be used for achieving better separation efficiency among the lighter lanthanides.

Loading capacity of Cyphos IL 104 for Lu(lll), Gd(Ill), Nd(lll), and La(lll)

The loading capacity of Cyphos IL 104 (0.003M) was determined by contacting the organic phase
repeatedly with the fresh aqueous solutions containing 13.2 mg/L La(III), 10.7 mg/L Nd(III), 13.8
mg/L Gd(III), and 17 mg/L Lu(III) at a phase ratio (O/A) of 1 and initial aqueous phase pH 5.0 +
0.05. After nine contacts, Cyphos IL 104 was found to be loaded with 3.50 mg/L La(III), 14.42 mg/L
Nd(III), 25.16 mg/L Gd(III), and 76.63 mg/L Lu(III). As can be seen in Fig. 10, 0.003 M Cyphos IL
104 was saturated with Gd(III), Nd(III), or La(IIl) in only two contacts, whereas saturation of
Cyphos IL 104 with Lu(III) was not achieved even in nine contacts. The higher loading capacity of
Cyphos IL 104 for Lu(III) clearly indicates preference of this solvent for Lu(III) with a prospect of its
selective extraction from other trivalent lanthanides present in the aqueous solution. Thus, Cyphos
IL 104 can be effectively used for the separation of heavy lanthanides from other lanthanides.

Stripping of trivalent lanthanides from the loaded Cyphos IL 104

Stripping of lanthanides from the loaded Cyphos IL 104 obtained from loading capacity experiment
was performed by varying the concentration of HCl in the range 0.5-2.5 M (Fig. 11). It was observed
that stripping of trivalent lanthanides increased with increase in the hydrochloric acid concentration.
When the loaded organic containing 3.5 mg/L La(III), 14.4 mg/L Nd(III), 25.2 mg/L Gd(III), and
76.6 mg/L Lu(III) was contacted with 0.5 M hydrochloric acid, 89% La(III), 43% Nd(III), 32% Gd
(III), and 21% Lu(III) were stripped from the organic phase. The stripping of the trivalent lantha-
nides follows the order La(III) > Nd(III) > Gd(III) > Lu(III). The stripping order further confirms
the strong interaction between the heavy lanthanides and Cyphos IL 104. When hydrochloric acid
concentration was increased to 2.5 M, all the extracted lanthanides were stripped from the organic
phase without any selectivity.

Table 5. Comparison of separation factor of Cyphos IL 104 from some conventional extractants.

Separation factor (B)

Extractant Experimental conditions Lu/Gd Lu/Nd Lu/La Gd/Nd Gd/La Nd/La  Reference

Cyphos IL 104 107*M Ln3*, 0.003M Cyphos IL 104, 0.1M CI~, 1 30 900 20 600 30 Present study
Initial pH = 5.0 (Eq. pH = 5.5)

Cyanex 272 107*M Ln®*, 0.003M Cyanex 272, 0.1M (I, 400 1700 5200 4 12 3 Present study
Initial pH = 5.0 (Eq. pH = 3.5)

D2EHPA 19 dm™3 Ln®*, 0.05M D2EHPA, 0.1M HCl 955 175 425 183 446 243 f6o1

EHEHPA 1gm dm™ Ln**, 0.2M EHEHPA, 0.1M HCI 207 119 199 574 952 167 6ol

Cyanex 923 107*M Ln**, 0.5M Cyanex 923, 0.001M HCl - - 13 16 12 (o1l
Cyanex 272 0.1g/L Ln**, 0.5M Cyanex 272, Eq. pH =175 81 730 1900 9 23 2 1621
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Figure 10. Cumulative loading of 0.003 M Cyphos IL 104 in 9 contacts. Aqueous phase: 13.2 mg/L La>*,10.7 mg/L Nd**, 13.8 mg/L
Gd** and 17 mg/L Lu**, 0.1M CI7, Initial pH = 5.0, t = 30 min.
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Figure 11. Effect of hydrochloric acid concentration on the stripping of Lu(lll), Gd(lll), Nd(lll), and La(lll) from IL. Cyphos IL 104
(mg/L): 3.5 La(lll), 14.4 Nd(lll), 25.2 Gd(lll), and 76.6 Lu(lll); O/A = 1.
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Regeneration of Cyphos IL 104 and prospects of recycling

For economic and environmental reasons, the extractants used in the solvent extraction processes
must be regenerated and reused for further extraction. In order to investigate the regeneration
ability, 0.003M Cyphos IL 104 was contacted with 1 x 10™* M Nd(III) at pH 5.0 to extract
neodymium(III) into the organic phase. The loaded Cyphos IL 104 was completely stripped with
0.1 M HCIl. However, when the stripped organic phase was used again for the extraction of
neodymium(IIl) from 1 x 107* M Nd(III) solution at pH 5.0, extraction efficiency decreased
substantially. The decrease in extraction efficiency may be accounted for the protonation of the
ionic liquid (Cyphos IL 104) during the stripping process. The stripping of Nd(III) from the loaded
Cyphos IL 104 with HCl may be represented as

RyPClyyg + NdAspy + HClag = RyPCloyg + HA g + NdCls,, 9)

Therefore, after stripping with 0.1 M HCI, the organic phase was neutralized with 0.1 M NaOH
solution. The regenerated Cyphos IL 104 exhibited the same extraction efficiency as that of the virgin
Cyphos IL 104. This neutralization stage can be shown as

R4PClyyg + HA g + NaOHyg > RyPA g + NaClog + H>Oyq (10)

The process of extraction-stripping-regeneration was repeated five times. Each time the regenerated
Cyphos IL 104 exhibited comparable extraction efficiency with Cyphos IL 104. Thus, Cyphos IL 104
can be considered as a stable system for solvent extraction of trivalent lanthanides from the chloride
solutions.

Conclusions

The extraction of trivalent lanthanides from their chloride solutions using Cyphos IL 104 as an
extractant is accompanied by the increase in equilibrium pH of the raffinate, reflecting the affinity of
the extractant toward H" ions. After acid extraction, the unutilized Cyphos IL 104 participates in the
extraction of the trivalent lanthanides. The mechanism for the extraction of trivalent lanthanides
with Cyphos IL 104 has been evaluated by slope analysis method. Cyphos IL 104 shows better
extraction efficiency in comparison to its precursors Cyphos IL 101, Cyanex 272, or their equimolar
mixture. Interestingly, during the extraction of trivalent lanthanides from a mixed solution contain-
ing La(III), Nd(III), Gd(III), and Lu(III) with Cyphos IL 104 or Cyanex 272, the higher extraction
efficiency is exhibited by Cyphos IL 104, although its precursor Cyanex 272 exhibits better selectivity
toward heavier lanthanides. Cyphos IL 104 can, however, be applied for the separation of lighter
lanthanides with that of the heavier lanthanides. From the stripping studies, it is found that trivalent
lanthanides loaded in the Cyphos IL 104 phase can be easily stripped with dilute HCL But stripping
with HCl leads to protonation of Cyphos IL 104, forming Cyphos IL 101 and Cyanex 272. Therefore,
Cyphos IL 104 can be regenerated with the same extraction efficiency by washing the stripped
organic phase with a dilute sodium hydroxide solution.
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