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PREFACE

Karl A. GSCHNEIDNER, Jr., and LeRoy EYRING

These elements perplex us in our rearches [sic], baffie us in our speculations, and haunt
us in our very dreams. They stretch like an unknown sea before us — mocking, mystifying,
and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

The contributions to this volume focus on selected chemical aspects of rare-earth
materials. The topics covered range from a basic treatment of crystalline electric-
field effects and chemical interactions in organic solvents, to separation processes,
electrochemical behaviors which impact corrosion, oxidation resistance, chemical energy
storage and sensor technology, and to analytical procedures.

Underlying the most subtle chemical and optical properties of these elements and their
compounds in the condensed state are the crystal field effects. Garcia and Faucher discuss
this phenomenon in non-metallic compounds in Chapter 144,

Bautista begins the volume by reviewing important new solvent extraction procedures
as well as emerging alternative separation processes such as photochemical separation,
precipitation stripping, and supercritical extraction, in Chapter 139. Scientific and
industrial procedures are illustrated.

In order to satisfy the most demanding needs for rare earths either for direct use or
as components in advanced materials and devices it is necessary to obtain accurate trace
analysis. Bhagavathy, Prasada Rao and Damodaran (Chapter 146) examine eight major
analytical techniques and tabulate and assess the most effective procedures of each.

Environmental corrosion and degradation of metals and alloys impose enormous
losses in modern industrial societies. In Chapter 140 Hinton considers a wide variety
of methods using rare-carth solutions and salts to modify advantageously the costly
deterioration of metals and alloys. This topic is expanded by Ryan in Chapter 141,
giving particular attention to protection against high-temperature oxidation, sulfidization
and hot-salt corrosion.

The versatility of the rare earths in addressing current technical problems is reviewed
in Chapters 142 and 143. In the former the use of rare-earth intermetallics, principally
LaNis-based materials to provide the skyrocketing need for environmentally friendly,
usually portable, battery power is discussed by Sakai, Matsuoka and Iwakura. Adachi and
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Imanaka present, in the latter chapter, an account of the use of the rare earths to satisfy
the growing demand for chemical sensors for a wide variety of substances found in
our environment that require monitoring. These include oxygen, fluorine, sulfur dioxide,
carbon dioxide, moisture, alcohol, and nitric oxide.

Finally, in Chapter 145 Biinzli and Milicic-Tang review the solvation, interaction and
coordination of rare-earth salts in a variety of organic solvents including dimethylac-
etamide, dimethylsulfoxide, various alcohols, acetonitrile, and propylenecarbonate under
strict anhydrous conditions. They also contrast these interactions with those in which
water is present with organic solvents.
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SEPARATION CHEMISTRY

Renato G. BAUTISTA

Department of Chemical and Metallurgical Engineering, University of Nevada,
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2 R.G. BAUTISTA
1. Introduction

The separation chemistry and technology of rare earths have developed to a sufficiently
high degree of sophistication that very high purity products can generally be produced
when required. The mineralogy (Haskin and Paster 1979), beneficiation (Bautista and
Wong 1989, Gupta and Krisnamurthy 1992), and extraction (Bautista and Wong 1989,
Bautista 1992, Bautista and Jackson 1992, Gupta and Krisnamurthy 1992) of the
rare earths from resources such as monazite, bastnasite, xenotime, euxenite and as by-
products of other metal resources processing are equally well developed and efficient.
The rare earths present in these ores and other resources are readily leached into solution
as a nitrate, sulfate or chloride (Bril 1964, Bautista 1990, Gupta and Krisnamurthy
1992).

The primary separation technique used in the first half of this century involved mainly
fractional precipitation to obtain satisfactory intermediate grade concentrates (Krumholz
etal. 1958, Ryabchikov 1959, Healy and Kremers 1961, Topp 1965, Callow 1966, 1967).

The first successful ion-exchange separation of rare earths using 5% citric acid-
ammonium citrate eluant at low pH carried out on either H*-state or NHj-state resin beds
was reported in a collection of nine scientific papers in 1947 (Tompkins et al. 1947,
Spedding et al. 1947a—, Marinsky et al. 1947, Harris and Tompkins 1947, Ketelle and
Boyd 1947, Boyd et al. 1947, Tompkins and Mayer 1947). This technique, however, was
uneconomical for moderate- or large-scale rare earth separation.

Spedding et al. (1954a,b) reported the use of Fe** and Cu?* as the retaining ions to form
soluble ethylenediaminetetraacetic acid (EDTA) complexes, thus allowing redeposition of
the rare earths on the resin bed and the transport of the chelating agent off the column in
soluble form. The pilot plant for the ion-exchange separation of rare earths using EDTA
is described by Powell and Spedding (1959a,b). Powell (1979) reviewed the separation
chemistry of rare earths with primary emphasis on the ion-exchange process.

The chemistry of the rare earths is characterized by the similarity in the properties of the
trivalent ions and their compounds. Krumholz (1964) reviewed the structure, properties,
solubilities and coordination chemistry of rare earth ions in solution. Moeller (1961)
reviewed the electronic configurations, size relationships and various oxidation states of
rare earths. Carnall (1979) reviewed the literature on the absorption and fluorescence
spectra of rare earth ions in solution. The complexes formed by rare earth ions have been
reviewed by Thompson (1979).

The analytical chemistry of rare earths has been reviewed by Banks and Klingman
(1961), Loriers (1964), Ryabchikov (1959), and Ryabchikov and Ryabukhin (1964).
Fassel (1961) reviewed the analytical spectroscopy of rare earth elements. In volume 4
of this Handbook chapters can be found on the chemical spectrophotometric and
polarographic methods (O’Laughlin 1979), spark source mass spectrometry (Conzemius
1979, Taylor 1979), optical atomic emission and absorption (DeKalb and Fassel 1979), X-
ray excited optical luminescence (D’Silva and Fassel 1979), neutron activation (Boynton
1979), mass spectrometric stable isotope dilution analysis (Schuhmann and Philpotts
1979), and shift reagents and NMR (Reuben and Elgavish 1979).



SEPARATION CHEMISTRY 3

Table 1
The rare earths: chronology, atomic number and ionic radii
Year Element Symbol Atomic Ionic radius Discoverer
number [R** ion, CN=6]
A
1794 Yitrium Y 39 0.900 Gadolin
1814 Cerium Ce 58 1,010 Berzelius
1839 Lanthanum La 57 1.045 Mosander
1843 Erbium Er 68 0.890 Mosander
1878 Terbium Tb 65 0.923 Mosander
1878 Ytterbium Yb 70 0.868 Marignac
1879 Samarium Sm 62 0.958 de Boisbaudran
1879 Scandium Sc 21 0.745 Nilson
1879 Holmium Ho 67 0.901 Cleve
1879 Thulium Tm 69 0.88 Cleve
1880 Gadolinium Gd 64 0.938 Marignac
1885 Praseodymium Pr 59 0.997 Auer von Welsbach
1885 Neodymium Nd 60 0.983 Auer von Welsbach
1886 Dysprosium Dy 66 0.912 de Boisbaudran
1896 Europium Eu 63 0.947 Demargay
1907 Lutetium ' Lu 71 0.861 Urbain
1945 Promethium Pm 61 0.97 Glendenin/Marinsky

Rare earths have been known for over two hundred years since the discovery of yttrium
in 1794 by Gadolin (Weeks 1956, Szabadvary 1980). Table 1 lists the chronology of their
discovery (Habashi 1990), their atomic number and ionic radii (Gschneidner 1993).

2. Solvent extraction

The earlier work on the solvent extraction of rare earths has been reviewed by Peppard
(1961, 1964) and Weaver (1964, 1968, 1974).

The conventional separation scheme is to leach the primary ore or concentrates and use
the resulting solution containing the rare earth mixtures as the feedstock to the solvent
extraction plant. Solvent extraction of the rare earth mixture in the leached solution
separates them into bulk concentrates of light (La, Ce, Pr, Nd, etc.), middle (Sm, Eu, Gd,
etc.) and heavy (Tb, Dy, Ho, Er, Tm, Yb, Lu, Y) rare earths. A typical solvent extraction
of rare earths in a HCI medium is with di-2-ethylhexyl phosphoric acid, HDEHP, in a
kerosene diluent. The individual rare earth is separated from the bulk light, middle, and
heavy rare earth solution mixtures by additional individual rare earth solvent extraction
streams. The number of stages for solvent extraction cascades or batteries increases
with the increase in purity of each individual rare earth produced. Further purification
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of individual rare earths into the high ninety-nines purity are usually carried out by
ion exchange and/or chromatographic techniques. The concentrated, stripped rare earth
solution from the extraction is precipitated as an oxalate from which the rare earth oxide
is produced after calcination.

The primary industrial extractants in use for the separation of rare earths by solvent
extraction are di-2-ethylhexyl phosphoric acid (HDEHP), tributyl phosphate (TBP),
carboxylic acids, and amines. Many other extractants have been examined and reported
in the literature in the search for improving the extraction and separation of individual
rare ecarths. This chapter discusses several of these extractants for their interesting
chemistry and potential future development, in addition to the available industrial
extractants now in use and proposed for the separation of rare earths.

The solvent extraction reaction chemistry in specific medium, extractants, pH, diluents,
and in synergistic systems are discussed in relation to the transfer of the rare earth
extractable complex from the aqueous phase to the organic phase.

2.1. Carboxylic acids

Carboxylic acids are commercially available and are relatively inexpensive. Naphthenic
acids have the general formula RCOOH, where R is a radical derived predominantly from
cyclopentane or a homolog of cyclopentane.

Bauer and Lindstrém (1964) reported moderate success in the use of naphthenic acid
as an extractant for rare earth sulfates with diethylether or n-hexanol as a diluent. The
extraction required 6 mols of naphthenic acid to 1mol of rare earth oxide at pH = 7.6,
Rare earth extraction was dependent on pH, naphthenic acid concentration, and the mol
ratio of naphthenic acid to rare earth.

Addition of an aqueous phase chelating reagent such as EDTA enhanced the separation
factors to 2.2 for adjacent yttrium group elements. Addition of DTPA enhanced the
separation factor to 3.5 for adjacent cerium group elements.

Preston (1985) described the solvent extraction behavior of a large number of metal
cations including rare earth nitrates in solutions of Versatic 10 (2-ethyl-2-methylheptanoic
acid), naphthenic, 2-bromodecanoic and 3, 5-diisopropylsalicylic acids in xylene. The last
two acids extract metal cations under more acidic conditions, pH ~ 1-2. For Versatic 10
the order of extraction of yttrium and lanthanides is La<Ce<Nd<Gd <Y <Ho<Yb
and for naphthenic acids it is La < Ce <Y <Nd < Gd = Ho = Yb. The lanthanides tend to
form complexes of predominantly ionic nature. In the case of Versatic 10, the stability of
the complexes increases uniformly with atomic number due to the increase in electrostatic
energy as a result of the decrease in ionic radius. The primary branched naphthenic acid
allows the formation of complexes with high coordination number, nine for La to Nd,
eight and eventually six as the metal ionic radius decreases. In general, the extraction of
a metal ion M™ by a carboxylic acid HyA; can be represented by the reaction

[M™] At [3m2HAs) o

& [MAL(HA)prlore + [1H'] o -
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A fundamental study of the extraction of trivalent lanthanides and yttrium nitrates by
carboxylic acids in xylene diluent was reported by duPreez and Preston (1992). The steric
parameter £ of the substituent alkyl group, representing the steric bulk of the carboxylic
acid molecule, shows a definite relationship to the extractabilities of the lanthanides
defined by their atomic numbers. The extraction reaction of a trivalent lanthanide Ln**
by a carboxylic acid dimer is

[J Ll‘l3+] AQ + [)Cj (HZAZ)IORG &= [(LH-A3 (HA)(Z\E-J))}']ORG + [3f H+] AQ’?

where j is the degree of oligomerization of the extracted complex and x is the number
of carboxylic ligands per metal ion extracted.

The extraction of trivalent rare earths by sterically hindered carboxylic acids, —E; > 2,
such as 2-ethylhexanoic, 1-methyl-cyclohexanecarboxylic, 2, 2 ,3-trimethylbutanoic, Ver-
satic 10 and 2-butyl-2-ethylhexanoic can be represented by the reaction

[Ln*] pq + [BH2A2]org = [LnAs(HA) Jorg + [3H'] g

The pH values at which 50% extraction occurs, pHy 5, decrease from lanthanum through to
lutetium, in the same order as the decrease in ionic radii with increase in atomic number.
Yttrium behaves more like the middle lanthanides, such as gadolinium or terbium.

With the straight-chain and less sterically hindered carboxylic acids, —£7 < 1, such as
n-hexanoic, n-octanoic, 3-cyclohexylpropanoic, iso-nonanoic and cyclohexanecarboxylic
acids, the pHy s values go from lanthanum through a minimum to the middle rare earths
and then gradually increase through to lutetium. The yttrium behavior in this case is more
similar to the lighter lanthanides such as cerium and praseodymium.

The extraction of the light and middle rare earths by the straight-chain and less
sterically hindered carboxylic acid, ~E. < 1, may be represented by the reaction

[2Ln**] ,, + [6H2A2]opg = [(LnA3(HA))]opg + [6H'] 5 -
For the heaviest rare earths, the extraction reaction may be represented by

[2Ln™"] o + [SH2Aszlorg = [(LnAs(HA))2)ogg + [6H'] -

2.2. Tri-n-butyl phosphate

Warf (1949) was the first to report the use of tributyl phosphate (TBP) as an extractant
for the preferential extraction of Ce(IV) with respect to La(IIl) in 810 F HNO;. The
extractability of rare earths from an aqueous HCI phase and from an aqueous phase
8 to 15.6 M HNOs by diluted and pure TBP was studied by Peppard et al. (1953, 1957)
and was shown to increase with increasing atomic number.

Hesford et al. (1959) determined the dependence of the distribution ratio K for nine
different trivalent lanthanides in 15.6 M HNQO; vs. TBP diluted with 1-5% kerosene. On



6 R.G. BAUTISTA

the basis of the slope of log K vs. log % TBP, the extractable species was determined
to be M(NO;)3(TBP). The TBP concentration vs. log K was found to be independent of
the acidity. The mechanism of extraction of a trivalent rare earth was represented by the
extraction reaction

[M*] 5 + [3NO3] . + [3TBPlorg = [M(NO3)s(TBP)slogc -

Yoshida (1964) investigated the solvent extraction behavior of lanthanides in the system
M?**—HCIO4—TBP and reported the distribution ratio of the lanthanides to be third-power
dependent upon the concentration of perchlorate ions in the aqueous phase and sixth-
power dependent upon the concentration of TBP in the organic phase. The lanthanide
extraction reaction can be represented by

[M*]  +3 [CIO3]  + 6 [TBPlorg = [M(CI04)s(TBP)s]org -

The lanthanide distribution ratio was observed to increase with atomic number.

The nature of the solvent-solute complex formation in NdANO;-TBP-H,O was
reported by Bostian and Smutz (1964) using infrared spectra of the organic phase data
composition and weight measurements made from equilibrium extraction experiments. It
was determined that the complexing takes place at the P=0 bond on the solvent molecules.
The dependence of the extraction on the solvent structure variation suggests that the
complex is formed by weak intermolecular attractions depending on dipole effects. The
complex formation reaction over the entire concentration range can be represented by

[Nd(NO3)3]zq + [3TBP - HyOJppg = [Nd(NO3)3 - 3TBP]gpg + [3H20]4q -

The temperature effect on the extraction of lanthanides in the TBP-HNO; system
was measured by Fidelis (1970) at 10, 17, 25 and 40°C. The separation factors for
adjacent lanthanides and their enthalpy, relative free energy, and entropy associated with
the extraction process, were calculated.

The extraction of mineral acids such as HCl, HNO;, H,804, HCIO4 and HF from
aqueous solutions by concentrated and diluted TBP has been reported by Hesford and
McKay (1960). HCIO4 was found to be a strong electrolyte in TBP. The first ionization
constants of HC1, HNO; and H,SO4 were all determined to be equal to about 9x 1073,
The monosolvates HCI-TBP, HNO,-TBP, H,80,-TBP, and HCIO4-TBP were formed with
HCIOQ, also yielding higher solvates. With the exception of HNO3, the water content of
the TBP phase increased with acid concentration.

A critical examination of the large amount of data on the extraction of mineral acids
from aqueous solutions by TBP has been made by Davis et al. (1966) and Hardy (1970).
The activities of TBP in equilibrium with water, with aqueous nitric acid and with
hydrochloric acid have been calculated by means of the Gibbs—Duhem equation and
compared to the distribution data for the TBP-HNO3;~H,0 and TBP-H,0O systems and
the TBP~HCI-H; 0 and TBP-H,0 systems. The activity of TBP decreases more sharply
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at high HNO3 concentration than at high HCI concentration in the equilibrated TBP phase.
This is due to HNO; being more strongly extracted by TBP and displacing water from
the TBP phase (strong bond between TBP and HNOs), whereas HCI and H,O are co-
extracted by TBP (TBP weakly bonded to hydrated HCI).

Hoh and Wang (1980) reported the rate of extraction of nitrate (denitration) by a
solution of 75% tributyl phosphate diluted with kerosene and the rate of stripping of
nitrate (acid recovery) from nitrate-loaded TBP with water. The experiments carried out in
a mixing vessel indicate an optimum rpm for extraction. Their experimental observations
can be explained by the results of Sheka and Kriss (1959) where HNO;-TBP predominates
at nitric acid concentration up to 4 M and 3HNO;-TBP is the dominant species up to 9 M
nitric acid concentration. The first extraction period is the rate controlling step.

2.3. Di-2-ethylhexyl phosphoric acid

2.3.1. Chloride medium

Peppard et al. (1958) proposed the extraction mechanism for lanthanides by HDEHP based
on tracer concentration studies as

[M*] o + BHG)2lorg = [M(HG2)3]org + [3H'] 5
where (HG), is the dimeric form of the HDEHP in the organic phase and M*
is the trivalent lanthanide ion. This reaction indicates that the extraction is strongly
pH dependent.

Lenz and Smutz (1966) confirmed that three H* ions are liberated to the aqueous
phase for every rare earth ion extracted into the organic phase for concentrated lanthanide
solutions. Dimerized HDEHP is a more efficient extractant than monomerized HDEHP
up to 1M SmCl;.

Harada et al. (1971) defined the conditions under which rare earth polymers of HDEHP
are formed to be a function of the initial HDEHP concentration, final acidity, and final
aqueous concentration of the metal. When the initial HDEHP concentration is less than
1.5M, the polymers form at a ratio of HDEHP to metal concentration of less than 6.5. The
minimum HDEHP concentration for polymer formation is different for each lanthanide at
aqueous lanthanide concentrations of more than 0.2 M. The degree of polymerization n for
Y, Ho, etc. is 4000, 600 for La and Yb, and 3 for Fe(IIl). The polymer is soluble in a
mixture of benzene and cyclohexane, but decomposes in concentrated HCI, HNO;, and
H;80, at room temperature and in 2M HCI at its boiling point.

Sato (1989) investigated the extraction of all the rare earths by HDEHP in kerosene.
The extraction efficiency increases with increase in atomic number in the order
of La<Ce<Pr<Nd<Sm<Eu<Gd<Tb<Dy (=Y)<Ho<Er<Tm<Yb<Lu. The
distribution coefficients of rare earths decrease with increasing temperature, with the
effect greater for the heavy rare earths than for the light rare earths. The separation factors
of rare earths in 0.1 mol dm= HCI with 0.05 mol dm™ HDEHP in kerosene are listed in
table 2. The HDEHP selectivity is best for the separation of light from heavy rare earths.
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Table 2
Separation factor® of rare-earth elements in the extraction systems Ln(II[)-HCI-HDEHP

Ln, Ln,

Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
La 2.14 228 243 11.8 263 446 71.1 101 125 212 319 414 425
Ce 1.07 114 52 123 209 333 472 58.4 99.1 149 193 199
Pr 1.06 5.16 115 195 3.1 41.1 54.7 927 139 181 186
Nd 486 108 183 292 415 51.3 87.1 131 170 175
Sm 223 375 6.02 855 106 17.9 27.0 35.1 36.0
Eu 1.69 270 3.83 4.74 8.04 12,0 15.7 16.2
Gd 1.60 226 2.80 4.75 7.15 9.30 9.55
Th 1.42 1.76 2.98 4.48 5.83 5.90
Dy 1.24 2.10 3.16 4,11 4.22
Ho 1.70 2.55 331 3.41
Er 1.50 1.90 2.01
Tm 1.30 1.34
Yb 1.03

» a=EY(Ln,)EY(Ln,); EY(Ln,) and EJ(Ln,) represent the distribution coefficients of Ln, and Ln,, respectively,

in the extraction from 0.1 moldm™ hydrochloric acid solution with 0.2 moldm= DEHPA in kerosene.

2.3.2. Nitrate medium

The complex formations and reaction stoichiometry of the equilibrium extraction of
lanthanum nitrate by purified-water equilibrated HDEHP was reported by Kosinski and
Bostian (1969). The transfer of water molecules from the lanthanum-enriched organic
phase to the aqueous phase was verified, indicating that it should be included in the
extraction mechanism. The three predominant extraction mechanisms involving pure
lanthanum ions and partially nitrated lanthanum ions are

[La’"] ,, + [3 [(HDEHP); - H;0]lopg = [La [HHDEHP);] o,
+ [3H;0l 50 + [3H'] 1 »

[LaNO%*]AQ +[2 [((HDEHP),H,0]] o = [La(NOs) [H(HDEHPY,],] .

[La(NO; )g]AQ + [(HDEHP),H,0] g = [La(NO; ), H(HDEHP): ]z

+ [HZO]AQ + [H+] AQ -

+[2H,0]pq + [2H'] 5o,

The lanthanum ion replaces the hydrogen ions and interacts with the P=0O structure of
the solvent. The dimer structure is maintained throughout the extraction since only one
hydrogen molecule and one water molecule are displaced per dimer consumed.
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Fidelis (1971) measured the distribution coefficients and separation factors of selected
lanthanides in the HDEHP-HNO; system over the temperature range 10-50°C. The
distribution coefficients decreased with increase in temperature.

2.3.3. Sulfate medium
The extraction of Ce(IV) from sulfuric acid solution by HDEHP dissolved in kerosene
as a function of sulfate and HDEHP concentration and pH was determined by Tedesco
et al. (1967). The first extraction reaction represents tracer concentration and the second
represents saturation concentration:

[Ce*] 1o + [4(HX)2lorg 2 [CeHaXslopg + [4H'] s
[nCe‘”]AQ + [2n(HX)2]org 2 [(CeXa)nlorg + [4nH+]AQ.

The above two reactions represent the mechanism of extraction of Ce(IV) at pH=~ 1.0 or
lower. At higher pH, the reactions are

[(CeOY*'] o + [2(HX)2)opg 7 [CeOH: X4lorg + [2H'] 4y »
[n(Ce0)**] po + [1HX)2lopg = [(CeOXa)lorg + [2nH'] g -

The above reactions are dominant at pH= 1.7 or higher.

The presence of sulfate and bisulfate ions in the extraction of europium by HDEHP
results in the formation of complexes of europium in the aqueous phase. Cassidy and
Burkin (1971) quantitatively analyzed the extraction of Eu(Il) from sulfate—perchlorate
solutions by correcting for the value of [Eu®*]xq, or of its activity in the equilibrium
constant.

2.4. Amines

Amines extract rare earths in reversed order compared to organophosphates. Aliphatic
amines form salts with acids in aqueous solution and precipitate the hydroxides of
metals. The solubility of amines in water decreases with increase in molecular weight.
Primary amines extract from sulfate solutions while the tertiary amines extract from
nitrate solutions. The lighter rare earths are preferentially extracted by amines and when
used with aqueous soluble aminocarboxylic acid, chelating reagents preferentially extract
the heavy rare earths.

Coleman (1963) reviewed the application of amines as an extractant in the separation of
metals, with particular attention to amine extraction mechanism, separation and recovery.
Amines extract metals by an anion exchange mechanism, given by the reaction

[MRyNH"X ] 56+ [MXGtin] sq & [RaNH)mMXinim | g + X Taq s
or by adduct formation:
[mRaNHTX] o + [IMXalag 2 [(RINH)WMXmim | o -

where R is an alkyl group, M is a lanthanide ion and X is an inorganic anion,
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The separation of light rare earths (cerium group) sulfates obtained from bastnasite
by primary amine with or without an aqueous phase chelating reagent was studied by
Bauer et al. (1968). Kerosene was used as the diluent. The pH of the lanthanide-amine
system affects the molecular species present in both the aqueous and organic phases. The
extraction of rare earths at high acid concentrations is inhibited due to the formation of
stable amine bisulfate

[(RNH3);804]prg + [H2804]5q & [2RNH3;HSO4]opg -

The lanthanides at high pH values form nonextractable hydrolysis products with amine
salt reverting to free-base form

[(RNH3),804] g + [20H 15 = [2RNH,]ogg + [so:]m +[2H;0],q.

The lanthanides are extracted in the intermediate pH range by formation of an
extractable neutral salt

[(RNH3)2804]org + [M2(SO4)3] 5o & [2RNH3M(SOu)2]opg »

where R is an alkyl group and M is the lanthanide ion. A pH value greater than 2
was required for the aqueous phase in the presence of aminocarboxylic acid chelating
reagents. Diethylenetriaminepentaacetic acid (DTPA) enhanced the separation factors to
values greater than 2. Ethylenediaminetetraacetic acid (EDTA) was not as effective.

Gruzensky and Engel (1959) reported the separation of yttrium and rare earth nitrates
with a tertiary amine, 10% by volume of tri-n-butylamine diluted in a ketone, 3-methyl-
2-butanone. The maximum extraction was obtained when sufficient amine was present to
neutralize the aqueous phase to the point of precipitation. Extraction increased with metal
concentration and the separation factors were found to be affected by the concentration
of amine.

Bauer (1966) studied the extraction of lanthanides in tertiary amines with the addition
of aqueous-phase chelating reagents. EDTA and DTPA were used as the chelating
reagents. Certain aqueous-phase chelate compounds solubility-limited the range of the
lanthanide concentrations to between 15 and 45 gm/1. The salting out effect for lanthanide
nitrate was enhanced with the addition of lithium nitrate. Alamine 336, a mixture of 8- and
10- carbon straight chain tertiary amines, was dissolved in an inert organic diluent. Nitric
acid was equilibrated with the organic phase to minimize pH changes during extraction.
Rapid phase disengagement was obtained with 33% amine concentration at pH between
3 and 4. Stripping of the lanthanides from the organic phase was carried out with 1.2M
ammonium chloride solution.

The quaternary ammonium compounds which have amine-type structure in the
presence of a chelating reagent were successfully used by Bauer and Lindstrom (1968,
1971) to separate La—Pr, Pr-Nd, and Nd-Sm. Aliquat 336, tricaprylyl monomethyl
ammonium chloride diluted with Socal 355L and containing the chelating reagent DTPA,
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was found to effectively separate the light rare earth group. Optimum separation
was obtained by closely controlling pH, nitrate ion concentration and extractant
concentration.

With all the rare earths chelated with DTPA, a rare earth displacement method for
releasing one rare earth from the DTPA was used. Copper, which is not extractable by
the quaternary ammonium compound and which has a high stability constant with DTPA
relative to the light rare earth-DTPA stability constants, was used as the displacement
metal.

High purity separation of Pr and Nd (99.9%) was carried out by Hsu et al. (1980)
using quaternary alkylammonium nitrate R3CH3;N™NO5 (0.65M) in xylene as diluent.
The extraction reaction was determined to be

[M"'*]AQ +[BL7Tpq + [2RANTL )] o & [ML - 3R,N"L] ——

where M>* represents the trivalent rare earth ions, L~ the nitrate ion, (R4N*L™), the
quaternary ammonium nitrate, and ML-3R4N*L~ the extractable species.

Efficient extraction of light rare earths by tertiary amines and quaternary amine
compounds can be carried out only at high inorganic nitrate concentration. The practical
supporting electrolyte used is ammonium nitrate, which is less efficient than lithium
nitrate. Formation of undissociated lanthanide nitrates which can form extractable
complexes requires the presence of a high concentration of NOj ions. Cerna et al. (1992)
reported the enhanced extraction of light rare earths by Aliquat 336 in aromatic and
aliphatic diluents by increasing the NH4NO3 concentration to 4 or 8 M.

The observed decrease in separation factor with increased extractant loading was
attributed to three different extraction reaction mechanisms as a result of the presence
of three extractable complexes in the organic phase.

At small lanthanide concentrations, the equilibrium extraction reaction between the
quaternary ammonium salt and Ln(NOs); is

[HR;CH;NNO},]ORG + [LH(NO3 )3]4\(} = [R3 CH3 NN03 ),1 5 LI'I(NO3 )3]0RG %

The stoichiometric coefficient n was found to decrease with extractant loading, and
complexes with a low amine to metal ratio were formed in the region of high lanthanide
concentrations.

The formation of the anionic species Ln(NO;); is given by the reaction

Ln** +4NO; & Ln(NOs);.

The cation of the dissociated amine nitrate in the aqueous phase reacts with Ln(NO;);.
The resulting complex is transferred into the organic phase according to the extraction
reaction

[RsCH;N*NO3 ] o + [Ln(NOs); ] @ [RsCH3N"L(NO3)g] o+ |

NO; | A
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Further reaction of this 1:1 complex formed by the above anion exchange reaction
with another molecule of Ln(NO,); results in the formation of the 1:2 amine to metal
complex:

[RyCH3N*L(NO3)3 ] o6 + [LN(NO3)315q & [R3CH3N*Ln(NO3);Ln(NOs)s] -
The Ln(NOs); in the above reactions is in equilibrium with Ln* and NO; ions:
Ln’" + NO; 2 Ln(NOs)s.

The supporting electrolyte, NH4NO3, increases the NO; concentration by the equilibrium
reaction

4+ NO3 & NH4NO;,
and shifts all the equilibrium reactions to the right.
2.5. Hydroxyoximes

The equilibrium extraction of Ce(IIT) and La(IlI) from sodium chloride solutions by the
commercial extractant SME 529, 2-hydroxy-5-nonyl-acetophenone oxime, in #-heptane
diluent was found by Urbanski et al. (1992) to be highly dependent on the pH and
extractant concentration. SME 529 contains mainly the anti-form (>99%) which is a
much better extractant than the syn-isomer. The equilibration time was around 2 minutes
and the disengagement time was found to depend on the extractant concentration and
pH. Phase disengagement is very slow and lanthanum hydroxide precipitate appears
at the interface at pH values where extraction and precipitation occur simultaneously.
Precipitation generally occurs above pH = 6.5. The extraction of cerium is more efficient
below pH~ 6.5 compared to lanthanum and thus less cerium is precipitated.
The cerium extraction reaction into SME 529 solution in n-heptane is
[ce?

Hydrolyzed lanthanum species is extracted according to the reaction
[La*] o + [2HR]org + [H20]aq = [LaR2OH]ogg + [3H'] -

The extraction of La(Ill) and Ce(Ill) from aqueous NaCl solutions with LIX70 in
kerosene or n-heptane diluent have been reported by Abbruzzese et al. (1992). LIX 70
is 2-hydroxy-3-chloro-5-nonylbenzophenone oxime with an anti- to syn-isomer ratio of
about 7.3 and contains about 40% of a hydrocarbon diluent and about 1% v/v of LIX 63.
The equilibration time is about 2 minutes and no lanthanum hydroxide precipitates are
formed at pH above 6.5. Both Ce and La can be extracted quantitatively with LIX 70,
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with Ce more extractable at lower pH. The extraction of both metals depends on pH
and extractant concentration. Ce and La complexes with LIX 70 in the organic phase are
formed according to the extraction reaction

[Ln3+]AQ +[BHR]org = [LnR3]org + [3H+]m,

with the extractant HR as a monomeric species.

2.6. Synergic extractants

Cox and Davis (1973) studied the extraction of Dy, Ho, Tm and Cm with thenoyltri-
fluoroacetone (HTTA)/TBP/dilute HNOj/kerosene. One molecule of TBP was found to
associate with one molecule of HTTA-H,O to form a metal complex, M**(TTA),(NO;)-
(TBP),. Their experimental data indicate only two HTTA molecules are valence bonded
to the metal ion, since one ion of H" is released to the aqueous phase from each HTTA
molecule thus bonded. This also indicates that one NO; group is present in the complex
to balance the charge on the trivalent metal ion. Additional work by Hayden et al, (1974)
on Dy indicates that dysprosium is present as Dy(NO;)} in the aqueous phase, further
supporting the conclusion that the extractable complex in the organic phase is of the form
Dy(NO;)(TTA)(TBP),.

Synergistic extraction of Sm and Gd using a mixture of tributyl phosphate and
Aliquat 336 and the influence of diluents, salting out agents and acidity was studied by
Huang and Bautista (1983). This is one of the best systems for the separation of Sm and
Gd, with a separation factor greater than 3. NH4;NO; was extracted by pure TBP or pure
Aliquat 336, but was not extracted by a mixture of TBP and Aliquat 336.

The synergistic extraction of Am(III), Cm(IIl), Eu(IIl), Ce(Ill), and Pm(IIl) from an
aqueous acetate buffer system at pH~4.8 into thenoyltrifluoroacetone (HTTA)/4, 13-
didecyl-1, 7, 10, 16-tetraoxa-4, 13-diazacyclooctadecane (K22DD)/chloroform phase was
reported by Ensor et al. (1988). The extraction reaction for trivalent metal ions by HTTA
alone is

[M*] q + [BHTTAlorg = [M(TTA)slogg + [3H"] 5o
In the presence of a synergistic agent, the overall extraction reaction is
[M**] o + BHTTA]org + [K22DD]ogg = [M(TTA);K22DD]ggg + [3H] -

The synergism between HTTA and K22DD significantly increased the distribution
coefficients of these metal ions by factors of 10°-~10°, compared to no extraction using
HTTA alone. The extraction increased rapidly with increasing K22DD concentration
before it levels off at the highest concentration used. Comparison of the organic phase
stability constants with other macrocyclic agents showed the importance of the nitrogen
donor groups in the synergistic activity. There was no significant effect of the cavity size
on the extractability.
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The synergistic extraction of curopium from acetate media with didodecylmonothio-
phosphoric acid (DDTPA) and 1, 10-phenanthroline (PHEN) in a toluene diluent was
compared to that of dibutylmonothiophosphoric acid (DBTPA) and PHEN by Kondo et al.
(1992). The extraction reaction of ionic Eu by DDTPA (HR) and PHEN can be represented
by

[Bu**] o * [3HRIogg + [PHEN]opg 7 [EuRs - PHENIogg + [3H'] g

NS
The synergistic effect of the DBTPA system was found to be superior to that of the
DDTPA system.

An extensive study of the synergistic enhancement by TBP of the extraction of
lanthanides by trioctylmethylammonium nitrate (Aliquat 336) was reported by Majdan
and Kolarik (1993). The assessment of the separation potential of this synergistic system
was carried out with the extraction of nine Ln(III) and Y(IIl). Extraction of adjacent
Ln(II0), effect of diluents, a wider range of extractant concentrations, compositions of
the extracted complexes, absence or presence of TBP and the effect on the separation
factors were among the variables taken into account in the experimental work.

The synergistic effect was found to be dependent on the diluent. It is pronounced
with a mixed dodecane/xylene diluent, and is weak with mixed heptane/xylene, hex-
ane/xylene, and pure xylene diluents. The organic phase was found to contain simulta-
neously two or three synergistic complexes, with the compositions (A*)}(Ln(NO;)4-2B"),
(ATWLn(NO3)4-3B7), and (A*),(In(NO3)5-B?"), where Ln is a lanthanide (IIT), A* is a
trioctylmethylammonium cation and B is a tributyl phosphate molecule. The synergistic
complex stability was found to decrease with increase in atomic number. Increasing the
tributyl phosphate concentration gradually suppressed the separation factors for Pr-Nd
and Eu-Gd pairs.

Kubota et al. (1993) compared the extraction equilibria and extraction mechanism of
the lanthanides with 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A) in
n-heptane diluent and HDEHP and in the presence of diethylenetriamine-~pentaacetic acid
(DTPA). The extraction equilibrium of PC-88A in n-heptane can be expressed as

[M**] , + BEHR)lorg 2 [MRs - 3HR]ogg + [3H]

where HR is PC-88A. The separation factors for adjacent lanthanides were the same for
PC-88A and HDEHP. The presence of DTPA in the aqueous phase at high pH (pH > 1.5)
decreases the distribution coefficient of each lanthanide. The separation factors between
Y and Ho and Er are increased by the addition of DTPA.

2.7. Macrocyclic extractants
The results of using a crown ether carboxylic acid (sym-dibenzo-16-crown-5-oxyacetic

acid) as the extractant in the solvent extraction of lanthanides was reported by Tang
and Wai (1986). High extraction efficiencies and significant selectivities were observed.
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Crown ether carboxylic acid was dissolved in a 80:20 chloroform-heptanol mixture
and was contacted with the aqueous solution of the lanthanides. The selubility of
sym-dibenzo-16-crown-5-oxyacetic acid in water at different pH was measured by its
ultraviolet absorption.

The solvent extraction of '7"Lu®* in the pH range 6-7 is quantitative. Only several
minutes of shaking is required to obtain 98% extraction without addition of a counterion.
T7Lu3* can be back extracted into water at pH below 3 after a few minutes of shaking. The
presence of chloride, nitrate, sulfate and acetate (1x 1072 M) did not decrease extraction
efficiency. The extraction of 1x 107> M lanthanides (La**, P, Sm**, Eu**, Tb**, Er**,
and Yb**) with an excess of the chelating agent (3x 107> M) are also nearly quantitative
(>98%) around pH == 6.5. The stoichiometry of the extracted lanthanide—sym-dibenzo-
16-crown-5-oxyacetate complex is 1:2 with a net charge of + 1. The lanthanide cations
are found to fit the cavity of the crown ether carboxylate without any problem.

The nature of the extractable species in the solvent extraction of aqueous complexes of
La(T11), Eu(1Il) and Lu(Ill} with macrocyclic ligands 1, 7-diaza-4, 10, 13-trioxacyclopenta-
decane-N, N’-diacetic acid (DAPDA) and 1, 10-diaza-4, 7, 13, 1 6-tetraoxacyclooctadecane-
N, N’-diacetic acid (DACDA) using thenoyltrifluoroacetone (HTTA) as the extractant in
chloroform, nitrobenzene and benzene, has been compared by Manchanda et al. (1988).
The extraction reaction is

[Ln*'] o + [3HAlorg & [LnAs]org + [3H'] g »
where HA is protonated HTTA and [HAJorg is the concentration of HTTA in
the organic phase at equilibrium. The highest extraction equilibrium constant is ob-
tained with nitrobenzene and the extraction for both ligands is in the order of
nitrobenzene > benzene > chloroform. The favored extractable complexes in the high
dielectric constant diluent nitrobenzene are ternary species ion pairs of the type
[Lu(DAPDA) TTA ] which are not readily formed in nonpolar benzene.

The solvent extraction of trivalent lanthanides (La, Nd, Eu, Er, and Yb) in three
calixarene-type cyclophanes was described by Ludwig et al. (1993). Calixarenes are (1, n)-
cyclophanes with a cavity formed by bridged phenyl units and various derivatives are
formed with the introduction of substituents onto the skeleton. The three calixarenes
studied are p-tert-butylcalix/6/arene hexacarboxylic acid (L1), p-tert-butylcalix/4/arene
tetracarboxylic acid (L2) and [3, 1, 3, 1]-cyclophane (L3). L1, L2 and L3 have different
cavity sizes and contain carboxylic acid groups at the “lower” rim to achieve a high
coordination number for Ln** and to prevent the phase transfer of counter anions,

The extractability of the lanthanides from the aqueous phase at pH~2-3.5 with
L1 into chloroform is Nd, Eu>Lla>Er>Yb. A cation exchange mechanism with a
1:2 metal:ligand complex is indicated. With an excess of Na™ in the aqueous phase,
the extractability of the lanthanides decreases and the lanthanides are extracted as
1:1 complexes at low extractant concentration.

The smaller cavity in L2 dissolved in chloroform or toluene resulted in lower distri-
bution coefficients compared to L1. The order of extraction of the 1:2 metal:extractant
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complexes for the water—toluene system is Eu>Nd > Yb > Er > La. Extractability and
selectivity increased with addition of excess Na*.

Heavy lanthanides were better extracted than the light and medium ones by the third
cyclophane, L3, with a cavity size similar to L1 containing four carboxylic acid groups.
The order of extractability is Yb> Er, Eu>Nd >La at pH ~3.0.

2.8. Other extractants

Freiser (1988) summarized the results of a systematic investigation of the equilibrium
extraction behavior of selected trivalent lanthanides with various chelating reagent
families. For a monomeric weak acid extractant, HL, the formation of both simple (a=0)
and self adduct (a > 0) chelates are given by the reaction

[Ln**] o + [ + @)HL]gpg = [LnLs - aHL]opg + [3H'] o -

The following reaction applies in the presence of a neutral auxiliary ligand, or
adductant, B:

[Ln**) g+ (3 + @HLIorg + [BBlogg = [LnLs - aHL - bBlogg + [3H7] &
The reaction system involving ion pair extraction of anionic chelates is given by
[Ln**] 5o+ [(4 + @)HLIogg + [Q", X ], @ [Q'LnLs - aHLY |
+ [4HT) ao T X ag-
where Q', X™ is the ion pair.
The formation of a cationic intermediate chelate, either coordinated or ion paired with
thiocyanate is represented by

[Ln**] .o + [2HLIopg + [CNS Taq 2 [LnL; - CNSlogg + [2H'] o

The extraction reaction for the acidic phosphorus ligands which exist predominantly
as dimers in the organic phase is

[Ln**] o + BHL)lorg = Ln(HLo)slogg + [3H'] -
In the presence of an adductant this becomes
[Ln*] o + [2(HL)2)org + [Blorg # [Ln(HL2)Lz - Blogg + [3H7] g -
The extraction of the lanthanide chlorides by 2-ethylhexyl-2-ethylhexylphosphonic acid

(EHEHPA) in kerosene has been reported by Sato (1989). The extraction efficiency in
EHEHPA also increases with atomic number, but lower in comparison with HDEHP
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Table 3
Separation factor® of rare-earth elements in the extraction systems Ln(II1)-HCI-EHEHPA

Ln, Ln,
Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

La 130 142 167 333 652 952 225 364 939 117 156 175 199

Ce 1.09 128 257 502 736 173 280 723 90.5 120 135 152
Pr 1.17 235 459 672 I58 642 66.0 827 110 123 140
Nd 200 394 574 135 218 56.3 70.5 937 105 119
Sm 196 287 674 109 28.2 353 46.8 52.6 59.5
Eu 146 345 639 144 18.0 240 26.9 304
Gd 235 3.81 982 123 16.3 18.3 20.7
Tb 1.62 4,18 5.23 6.95 7.81 8.83
Dy 2.58 3.23 4.29 4.82 5.45
Ho 1.25 1.66 1.87 2.11
Er 1.33 1.49 1.69
Tm 1.12 1.26
Yb 1.13

* g=FE%Ln)/EY(Ln,); £2(Ln,) and E2(Ln,) represent the distribution coefficients of Ln, and Ln,, respectively,
in the extraction from 0.1 mol dm™ hydrochloric acid solution with 0.2 moldm™ EHEHPA in kerosene,

under the same conditions. The separation factors for the extraction of rare earths from
0.1 mol/dm?® hydrochloric acid solution with 0.2 mol/dm® EHEHPA in the Ln(ITII)-HCI-
EHEHPA-kerosene system are given in table 3. EHEHPA is more selective for the
separation of heavy rare earths from light rare earths in this system.

The extraction mechanisms of Nd(SCN);, Nd(ClO4); and Nd(NO;); with di(1-methyl-
heptyl) methyl phosphonate (P-350) in kerosene or hexane have been characterized by

Huang et al. (1989). The extraction reactions for the salting out agents can be represented
by

[Nd"*] At [3A7]aq + [1(RO);CH;3PO] g = [NdA; - n(RO),CH3PO] g -

where A~ represents SCN, CIO; or NO;. In this extraction system, the M3* and the
anion A~ are extracted simultancously into the organic phase to form the extracted
complex such as MA;nL, where L is the extractant. In the aqueous phase, hydration
water of the metal ion, M?*, or anion, A™, is removed.

The extraction equilibrium of Ce(IIl) and La(III} in NaCl solutions with 7-(4-ethyl-1-
methyloctyl)-8-hydroxyquinoline (KELEX 100) in #n-heptane with the addition of 10% v/v
n-decanol has been reported by Urbanski et al. (1990) to be dependent on the pH as
well as on the extractant, metal and chloride concentrations. The lanthanide-KELEX
complex, LnR, is formed in the organic phase by the cation exchange reaction

[Ln3+]AQ + [3HR]org & [LnR;]opg + [3H'] g






