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"--- thermodynamics deals with differences, that the number of differences to k2
considered can be reduced greatly by the use of reference states, that the magnitude of
the differences can be reduced by the use of deviation functions, and that the choice
of reference states and deviation functions is entirely a2 matter of convenience, which

should not be allowed to reduce the accuracy of any calculation.—-"

George Scatchard(1950)
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ABSTRACT

This thesis is directed towards the study of the solvent extraction behaviour of
the lanthanides and aluminium, bismuth, calcium and zinc whose radii and/or charges
are similar to those of the REE. A brief review of the fundamentals and classification
of extraction systems and of extractants is presented in Chapter 1. Chapters 2 and 3
are reviews of the properties and uses of the lanthanides and solvent extraction using
phosphonate and sulphonate extractants, respectively. Chapter 4 deals with
experimental procedures, results, discussions and conclusions.

The extraction of zinc (II), calcium (), aluminium (III), bismuth (III) and
some lanthanide ions from aqueous perchlorate solutions into hexane solutions of
2-ethylhexyl phenylphosphonic acid, HEH®P, was studied. The mechanisms of
extraction are discussed on the basis of the results obtained by slope analysis.
Depending upon the size and charge of the ion, the extracted species contain varying
numbers of extractant molecules and phosphonate groups as ligands. Monomeric
complexes are formed in the presence of excess extractant. High loadings of the
extractant phase with the metal ion resulted in suppression of the extraction. Alkali
ions were not extracted but alkali perchlorate suppressed the extraction through the
effect of ionic strength on the metal ion activity.

To further investigate the mechanism of extraction, 3!P NMR of the organic
phase following extraction of lanthanum was studied. A polymeric
lanthanum-HEH®P complex which precipitates out in the organic phase is formed at
high (saturation) loading of this phase. A structure is proposed for this complex.

The thermodynamics of extraction of these ions from perchlorate solutions
into petroleum ether solutions of dinonylnaphthalene sulphonic acid, DNNSA, and

HEH®P were studied. In the case of DNNSA, extraction of the trivalent ions is
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dominated by the enthalpy of complexing. Electrostriction of large complex micelles

by the complexed ion is postulated in order to account for the entropy effect. For the
divalent ions, the enthalpy of dehydration of the ion is more important. A strategy for
improving the separation factors is proposed.

In the case of HEH®P, charge density of the cation has a major influence upon
the mechanism of the reaction and in turn upon the thermodynamic parameters. The
ionic strength of the aqueous phase influences the thermodynamic parameters in the
HEH®P and DNNSA systems. Amongst the REE, lanthanum shows a singular
behaviour.  The extractions have been compared with those that employ
dinonylnaphthalene sulphonic acid and factors that are responsible for the greater
selectivity of the phosphonate have been elucidated.

Development of an extraction chromatographic separation procedure for the
lanthanides with a view to separating them from other matrix elements and
fractionating them among themselves was studied. This was to be achieved by
employing an organic polar solvent in the later stages of column elution. However,
low recoveries were observed upon ashing the organic eluent and DCP
determinations. The presence of phosphate (as KH,PO, or H;PO,) was found to lead

to depression of analyte signal (concentration) in the DCP.



CHAPTER 1

GENERAL INTRODUCTION

With the advent in analytical chemistry of diverse selective methods and their
constant improvement, one would have logically predicted a decrease in the
importance of separation for analysis, but it appears such is not the case. The growth
of technology and natural processes produce complex mixtures and the chemist is
required to develop separation procedures for their analysis. In the case of complex
samples where detection limits are poor, separation is needed for preconcentration.

The development of gas and high-performance liquid chromatography and
ton-exchange have generated methods in which separation of mixtures, identification
and determination of the amounts of components form the part of a whole, not
isolated stages. These methods and liquid-liquid (solvent) extraction involve phase
distribution as a principle. Although liquid-liquid extraction has not yet reached the
degree of automation achieved by the other methods, it enjoys a favoured position
among them because of its speed, versatility, simplicity, seléctivity, and relatively
small contamination hazards and the ease with which the analyst can vary conditions
(usually pH) to optimize separability. By the use of extremely simple and inexpensive
equipment - usually separatory funnels and beakers - the above merits are achieved
both for trace and macro levels of analyte. Many liquid-liquid extraction systems
result in separation, concentration and colour development all in one step, thus
providing an extremely sensitive analytical method. This can be of great advantage in
the use of automated methods of analysis both in the laboratory and in the plant.
Many flow-injection methods, for example, are based on this principle. Even where
coloured complexes are not formed, very sensitive analytical methods can be
developed by the use of liquid-liquid extraction together with techniques such as

atomic absorption spectrometry. For example, cadmium can be extracted from



seawater by the use of either sodium diethyldithiocarbamate or ammonium
pyrrolidine dithiocarbamate as chelating agents where a detection limit of ca 103g of
cadmium per . liter of seawater can be achieved in an analysis using
elccﬁothennalﬁ@mization techniques [1].

The advent of atomic energy programmes in many countries during and after
World War II resulted in the use of liquid-liquid extraction on a large scale for the
production of inorganic materials. The production of carrier-free tracers of high
specific activity in radiochemistry is simplified considerably by the neat separation
possible with liquid-liquid extraction {2]. Liquid-liquid extraction has, however, over
the years extended from the nuclear industry to hydrometallurgy, pollution control
and treatment and metal waste recovery. There is no doubt that liquid-liquid
extraction continues to be popular with analytical chemists.

A knowledge of the principles governing the extractive behaviour of inorganic
compounds and the mechanism of the extraction process itself will therefore increase

the usefulness and specificity of liquid-liquid extraction.

FUNDAMENTAL PRINCIPLES

The partition law

Liquid-liquid extraction is the process of distributing a solute between two
contactihg liquids that are practically immiscible. In inorganic separations, as in our
present work, the sample is dissolved in an aqueous phase and the other phase is a
suitable organic solvent. The latter may comprise an organic reagent (extractant)
dissolved in a snitable diluent.

Liquid-liquid extraction as defined above is a two-phase ternary system; it

therefore follows from Gibb’s phase rule, namely:



P+F=C+2 1
where P is the number of phases, F the number of degrees of freedom, and C the
number of components, that at constant temperature and pressure, a three component
system has only one degree of freedom. Thus, if the concentration of the solute in
one phase is constant, the concentration of the solute in the other phase is also fixed,
according to the distribution law proposed by Berthelot and Jungfleisch {3] and
developed by Nernst [4]. This law states that a solute is distributed between two
immiscible solvents in such a way that at equilibrium the ratio of the concentrations
of the solute in the two phases is constant at a given temperature, provided the solute
has :he same molecular weight in each phase. This may be expressed mathematically
as,

Kg = Co/Cy 2
where K is the partition (distribution) coefficient (constant), Cy the concentration of
the solute in the organic phase and C, the concentration of the solute in the aqueous
phase.

Frequently, experimental results fail to confirm the constancy of X, due,
firstly, to the fact that equation 2 is not strictly thermodynamically correct and
secondly, the distributing species may be involved in chemical reactions such as
association, polymerization andfor dissociation in either phase. Nemst [4] derived
this law thermodynamically as follows: at equilibrium and constant temperature and

pressure, the chemical potential (partial molal free energy) of the solute is the same in

each phase. Thatis,
Ho = Ua 3
Substituting p = p° + RTlna

where p° is the chemical potential in the standard state (usually taken as an



hypothetically ideal one molal solution) and g is the activity of the solute at the actual
concentration, equation 3 then becomes,

K% + RTInCg + RTlnyg = p°4 + RTInC, + RTlny, 4
where Yo and v, are the molal activity coefficients in the organic and aqueous phases,

respectively. Rearranging equation 4,

_Co _ va exp{ln®a-1%]) 5
Ky Cy, Yo RT

If the presence of the solute does not significantly affect the mutual solubility
of the two phases, 1%, and K4 can be assumed constant and equation 5 simplifies to
the form

Ka = Kva/%0 6

where K is a constant for a given system. The value of K is the limiting value of K
at infinite dilution when Yafto — 1 which can be determined by extrapolating from
measurements at low concentrations. From equation 6, it follows that if the aqueous
phase activity coefficient can be determined independently, knowledge of the
partition coefficient will yield the activity coefficient in the organic phase. The
validity of the Nemst distribution law therefore depends on the constancy of the ratio
of the activity coefficients. In very dilute solutions, activity coefficients are equal to
unity, so the distribution constant is independent of the solute concentration. In
solutions of higher concentrations, the distribution law will be followed only if the
activity coefficients change in the same direction in both phases and this is practically
unlikely.

Other approaches to extraction equilibrium relate extractive properties to the
properties of the individual components of the ternary system. These include the
electrostatic approach [5,6], the application of the findings of studies on the solubility

of gases in liquids to two phase ternary systems [7,8], and the Hildebrand theory of



regular solutions [9].

The above equations for Ky hold only when the molecularity of the solute is
in the same form in both phases, e.g., it must not dimerize in one phase while existing
as a monomer in the other. Such chemical interactions in either phase do not lead to
failure of the law but rather, they add complexity to the distribution expression, which
can be properly accounted for by using appropriate equilibrium expressions [10 -15].
In this situation, the analyst is concerned with the analytical concentrations of the
solute in both phases, and therefore speaks of a distribution ratio, D, which is the total
concentration of the solute in all chemical forms in the organic phase divided by the
total concentration of the solute in all chemical forms in the aqueous phase. His
expectation is to make this high for the wanted solute and low for the unwanted or
interfering component(s) of the mixture. Even more important to the analyst is the
ratio of the distribution constants or ratio of equilibrium constants of two metal ions,

called the separation factor.

Extraction process

Metal fons would not be expected to be extracted from the aqueous phase into
the organic phase because of the large loss in electrostatic energy accompanying the
process. This can be rationalized by using the Born charging equation [16] to
calculate the electrostatic energy, AGt, of ansfering a bare ion of radius, r, and

charge, Ze from water (dielectric constant €,) to an organic solvent of dielectric

constant, €,, i.e.,

2r w
Normally, ¢, < €, so that AGy is positive. Considering the so calculated value of

Z2%2( 1
AGy = —{?o--l-} 7

AGr and the association (ion-pairing) energy calculated from the theory of Bjerrum



[17] and Fuoss-Kraus {18], a necessary condition for the extraction of an ionic species
would be the lowering of the electrostatic energy of transfer by either partial or
complete neutralization of its charge and loss of all or some of its water of hydration,
increase in the size of the neutral species formed and increase in the hydrophobicity
of the neutral species.

Liquid-liquid extraction can e considered as consisting of two steps; complex
formation with the dissolved extractant in the aqueous phase and the transfer of the
complex from the aqueous into the organic phase. Selectivity will therefore depend,
for similar ions, on complex formation in the aqueous phase and for dissimilar ions on

the partition of the complex formed between the two phases.

CLASSIFICATION OF EXTRACTION SYSTEMS

To assign all extraction systems to sharply defined classes is difficult and
almost impossible. However, three mechanisms for extraction of inorganic cations
can be distinguished, namely, extraction of uncharged compounds, of ion-pairs and of
coordinatively solvated salts. This classification is based primarily on the type of
compound extracted into the organic phase, but the distinction between some types of
extraction is sometimes rather arbitrary. A given reagent may function in different
ways depending on the conditions of extraction or on the metal ion. Some reagents
can at the same time be chelating and solvating in their action. The discussion that
follows emphasizes acidic reagents which in the main involve compound formation

while the other two classes will be described briefly.

Extraction systems involving compound formation

This comprises a large and important group such as extraction with chelating




agents; for example, oxine, cupferron, dithizone, thenoyltrifluoroacetone,
diethyldithiocarbamate, dimethylglyoxime, etc. and extraction systems involving

liquid cation-exchangers, for example, sulphonic and phosphoric acids; where

extractions are more complicated.

Phosphorus-based extractants

As early as 1949 [19), it was recognized that the monobutyl and dibutyl
phosphoric acids would extract uranium as well as, or better than, the neutral
organophosphate ester tributylphosphate, TBP. Phosphoric acids, (RO)(R"O)(OH)PO,
containing larger alkyl groups such as bis(2-ethylhexyl) phosphoric acid, have a lower
water solubility and so do the corresponding phosphonic acids, R(OH),PO and
R(R’0)(OH)PO and phosphinic acids Ro(OH)PO which show equally good extraction
characteristics. Acidic organophosphorus extractants were initially developed for
nuclear fuel reprocessing but have also become of increasing importance in
hydrometallurgical processing.

The mechanism of metal ion extraction into dilute solutions of these acids in
suitable diluents is a cation exchange process and may be considered analogous to the
cation resin exchange process but cautiously though, since the low dielectric constant
of the diluent phase in most cases is quite dissimilar to an aqueous resin phase, even
though the latter is 50% hydrocarbon matrix [13). The chemical and physical
properties of these reagents are such that they are capable of competing with water for
the available sites in the first coordination shell of the cations, and thus capable of
forming extractable coordination solvated complexes. {

Peppard and co-workers [20a-j] and others [21-30] have studied the properties

of these organophosphorus acid extractants. Definite compounds resulting from the



replacement of an acidic hydrogen by an equivalent of metal make extraction by these
reagents resemble chelate formation. The situation is not as definite and predictable
as chelation but depends on the particular state of these extractants in solution.
Complication is caused by the pronounced tendency toward association as dimers and
larger aggregates and the fact that solvation of the metal-extractant complex by one or
more additional extractant molecules can occur.

The equilibria and quantitative reatment that follows will consider diluents of
low dielectric constant since they are used more often. Assuming that the extractant is
also dimeric in the aqueous phase, the main equilibria involved in the system are:

The distribution of the dimer between the two phases

{HY),0)

(HY), 4 = HY)y0 Ka= T(I%IY)T 8

The dissociation of the dimer in the aqueous phase
- +

HY)oa = HY)) + Hb K = {(H‘[{é_);)}z{‘ilf } 0
The formation of the extractable complex in the aqueous phase

M+ Y, = MYy, g o — DRl o

‘ T {EYL) (M™)
The distribution of the complex between the two phases
{(M(HY3),, 0} 11

MEHY)p s = MEHYy),o K. = {(MHY), 4}

where brace brackets represent activities, (HY), represents the extractant dimer, the
subscripts A and O designating aqueous and organic phases, respectively and M™* the
metal ion of charge n, neglecting the water of hydration.
The overall reaction can be written as follows:
My™ + nHY), o = MHY)), 0 + nHu* 12

The equilibrium constant for the above reaction is



9.

M(HY2)y0] HAT
K, =T : = TK KKK, 13
¢ [MA™] [(HY)p 0" :

where T= Tmaryp OVHAD MO D  (an,)™ s the activity coefficient product
for the species. Under conditions of constant activity coefficient (for example, a
constant ionic medium in the aqueous phase, a low cdncentration of extractant in the
organic phase and at tracer metal concentration) I' is constant and K/T" may be
replaced by another constant K’, while (HY), o may be replaced by Cg, the total
extractant concentration. If no intermediate complexes of the metal with the organic

reagent are formed and there are no other ligands in the aqueous phase which can

. . [IVI(HYZ)n.O] \ .
react with M™*, the ratio -—m— is equal to the partition constant, K. Then,
: A
, _ Ka [HAT 14
e CRn
Expressed logarithmically as
logKy = logK', + nlogCr — nlog[H,*] 15

From this simplified model, it follows that for a given system, log-log plots
of Ky vs [Hy*] and K4 vs Cg will be straight lines with slopes equal to -n and n,
respectively, that is, the charge on the metal ion in the aqueous phase. Cases where
logK4 depends inversely on a higher power of log[H,*] than n may arise due to
polymerization of metal species in the organic phase [31], the reverse of this ( i.e.
lower n dependency) occurs either by hydrolysis of the metal ion in the aqueous
phase or when the extracted comiplex contains some other anionic ligand. Most real
systems are therefore more complex than that represented by equation 12.
Mathematical description of the extraction reactions of such systems have been
treated by various investigators [10-12, 32-37]. Although the extraction with these

acids is frequently difficult to control for reasons mentioned above, they have the
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advantage of rapid extractions and usually high loading capacity. Numerous
analytical separations of closely related groups like the lanthanides and actinides
based on the use of these reagents have been accomplished.
Sulphonates

Alkyl and aryl sulphonic acids have also been investigated for the extraction
of metal ions from aqueous solutions and have been used in studies of equilibria
involving formation of various aqueous metal complexes [38-41]. The most useful of
these for solvent extraction are the alkylated benzene and naphthalene sulphonates,
for example, dodecylbenzene, tripentylmethylbenzene, didodecylnaphthalene
(DDNSA) and dinonylnaphthalene sulphonic (DNNSA) acids. Extraction with
sulphonic acids is restricted because of their solubility in aqueous electrolyte
solutions thus requiring slightly acidic aqueous media. Micelle formation both in the
aqueous and organic phases complicates the physicochemical interpretation and
quantitative treatment of the equilibrium extraction data. In wet organic diluents,
DNNSA is known to polymerize extensively [42-44] and exhibits selectivities similar
to solid polystyrene cation-exchangers that contain the same functional group [(43-46].
The micelles are the active organic phase species involved in the extraction of metals.

The equilibria involving these acids can be represented as follows

Mp™ + (HD)p 0 = MM, Dyo + nHy* 16

where m represents the degree of polymerization of the extractant HD, other symbols
having the same definitions as before. The difference between the sulphonic acid and
mono-acidic organophosphorus extractant systems results from the extensive
aggregation of the former in the organic phase. Regardless of the charge on the metal
ion the logKy vs log[HD] plot is always of unit slope, but logK, vs log[H,*] plots

give slopes of -n as with acidic phosphorus extractants.
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Extraction systems involving ion-association

In this class, extractable species are formed by virtue of electrostatic
interaction between the metallic species in the aqueous phase and the extractant in
the organic phase. Much of the ion-association theory is due to Bjerrum [17]. The
most used ion-association reagents are amines, quaternary phosphonium and arsonium
compounds and dye cations of the type, RH* (c.g. Rhodamine B), for the extraction of
oxyanions of metals with halide and pseudohalide ions, anionic inorganic
coordination complexes and anionic coordination complexes involving organic
ligands, to give ion-pairs effectively extracted into chloroform and other organic
solvents.

The main interest in these systems lies in their selectivity towards anionic
metal complexes formed in the aqueous phase rather than simple anions. Thus
extractability of the anionic species depends on the aqueous phase conditions more
than on the differences in the specific affinities of the anionic species for the
extractant. Selectivity of the extraction process depends on the degree of hydration of
the anion, which is a function of size. Large, singly charged anions which do not
have a large energy of hydration are extracted readily by the similarly large organic
cations. Ion-association in which the cation-anion ratio is 1 : 1 are generally more
easily extracted than those in which the ratio is 2 : 1 or 1 : 2, due to the greater
hydration of ions of higher charge and their resultant tendency to remain in the
aqueous phase. Thus, the basis for their extraction is bulkiness and weak interaction
with water.

The existence of these unhydrated complexes will therefore mean that the

ion-pairing energy decreases the electrostatic energy of transfer to such an extent that
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makes extraction possible. From the Born charging equation, the larger the cation and
anion of the ion-pair, the better the extraction.

High molecular weight amine salts (Ry;NH*X" for example) and quaternary
ammonium salts, RN*X", show excellent extraction capabilities and are used in
process chemistry for recovering fissionable metals from irradiated fuel materials.
The extraction equilibria with these extractants in organic diluents of low dielectric
constant are complicated by polymeriz: ‘ion, and this polymerization can be perserved
in the ion-associate also [18,47], . Further complication arises from the decrease of
the dielectric constant of the aqueous phase, by the high concentration of electrolyte
needed and the presence of dissolved organic solvent, to a point where ion-association
in this phase becomes possible [48].

The equilibria essentially involve anion-exchange and can be written as
follows:

B, + (RsNH'X)g = (R3NH'B)g + X, 17
where B, is the metal species in the aqueous phase and other symbols have the same
definitions as before. The distribution ratio, D, is affected by the structure of the
amine, its concentration in the organic phase diluent and the anion, X", involved.
Selective separations have been achieved fof metals which can form anionic
chloro-complexes, for example, the separation of cobalt from nickel, since cobalt
readily forms stable chloro-complexes [49].

Quaternary phosphonium and arsonium extractants are soluble in water. The
polarity of the organic solvents used in extracting their ion-pairs do not lead to the
complications observed with amine extractants in low dielectric constant solvents.

Chelating agents possessing reactive groups which enable them to form

charged species have been used in the extraction of ion-pairs. These are formed when
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the chelating agents complex metal ions without loss of hydrogen ions. For example,
the coloured complex, Fell(1,10-phenanthroline);?t, in  which molecular
phenanthroline occupies the six coordination sites of Fe?*. Such complexes enhance
both the extractability and the selectivity of the extraction process [50). The presence
of ClOy" results in the formation of an ion-associate extractable into chloroform and
has been used for the selective separation and determination of iron [51,52].

Extraction systems involving coordinative solvation

This class is not as well defined as the previous two. Systems involved are
rather diverse and some are not easily distinguishable from and are sometimes
classified under ion-association. The main difference arises, firstly, by the fact that
water molecules must be incorporated into some of the extracted complex, and
secondly, neutral inorganic molecules or complexes are extracted by virtue of
solvation by the extractant. The metal ions surrounded by the anion interact weakly
with water molecules. The small size and high charge of the cation does not favour
extraction of the cornplex into the organic phase, because of strong solvation.

Due to its high charge density, the hydrogen ion is much more hydrated and
more solvated by basic organic solvents than small cations. This is responsible for
the extraction by basic organic solvents of protonated anionic complexes that consist
of ion-pairs containing the solvated proton, The presence of a suitable acid is a
necessary requirement for the formation of an extractable compound.

The organic solvent, which in most cases is the extractant, (i.e. requires no
diluent), plays an important role in determining the success of the extraction process
and its choice should be carefully considered. Organic solvents, like alcohols, ethers,
ketones and neutral organophosphorus esters, which have electronegative groups can

in many cases provide the necessary solvation in the organic phase thereby helping to
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compensate for the loss of hydration. Definite isolable compounds are formed in
some systems while there is sometimes indefinite solvation of the extracted species in
others.

The displacement, not necessarily complete, of the water molecules around
the species to be extracted is always an important factor. Solvents containing the
P — O bond compete favourably with water and can replace it in the first hydration
shell of the cation. Such extractants are better than those containing the C — O
bond, where the presence of water in the extracted species is a necessary part; the
water molecules in the extracted species of these latter solvent systems usually act as
a bond in an outer sphere ion-pair consisting of the solvated proton and the anionic
complex. The greater donicity of the phosphoryl group (P — O) is a consequence of
the basicity of the O atom and its ready steric availability which facilitates solvation.
Examples of the use of this class in inorganic analysis are, the separation of Fe(IIT) as
the chloride by extraction into diethyl ether from 6 M HCI and the extraction of
uranium from HNQ, by TBP.

EXTRACTANTS AND DILUENTS

The question that has always arisen is whether it is preferable to search for
new extractants or to obtain further more reliable information on those already
available. The answer is ambiguous and indeed both types of study are essential.
While it is important to pursue the discovery of new and selective extractants, it is
equally important to accumulate a good knowledge of the already existing ones.

The main reason for investigating new extractants is the search for selectivity
since such compounds will greatly decrease the number of stages and cycles and cost

of separating the required metal ions. For metal-extractant complexes that involve
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direct bonding, the general principle for designing selective extractants should take
maximum compatibility of the properties of the central metal ion and the extractant
molecule into account [53]. Such factors are: the nature of the metal and those atoms
in the extractant that directly interact with the central atom, the size of the metal ion,
its coordination number, the type of active atoms in the extractant molecule, the
properties of the rest of the molecule and its geometry.  The strength of :he
metal-extractant bond plays a very important role and has led to the concept of soft
and hard acids and bases. The theory of extraction has also been considered from the
stand-point of the relationship between the structure of the extractant and extraction

efficiency [54,55].

A reagent to be employed in liquid-liquid extraction should meet the following

Tequirements:
) be relatively inexpensive
(ii) have a very low solubility in the aqueous phase
(iii) have very high solubility in the organic phase
@iv) be non-flammable, non-toxic and non-volatile
v) be stable
(vi) have high metal loading capacity
(vii) have good extraction kinetics

(viii) not form emulsion with aqueous phase

(ix) have good coalescing properties when mixed with a diluent

(x) the extracted metal should be easily stripped off it.

Extractants can be classified by considering the type of compound formed as
was the case with classifying extraction systems discussed above. Table 1 lists some

extractants that have been used in liquid-liquid extraction.
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Table 1

Classification of some extractants that have been used

in liquid-liquid extraction of metals

Cationic (or acidic)

Versatic 9 and 911
H2MEHP
HDEHP
HEH®P
HEH[EHP]
Cyanex 227
OPPA
DNNSA
HDEBP
H2MIiDP
(Cetls)4B-

Carboxylic acids
Mono-2-ethylkexylphosphoric acid
Di-2-ethylhexylphosphoric acid
2-ethylhexyl phenylphosphonic acid
2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
Di-2,4,4-trimethylpentyl phosphinic acid
Di-p-octylphenyl phosphoric acid
Dinonoylnaphthalene sulphonic acid
Di-n-butyl phosphoric acid
2,6,8-trimethylnonyl-4-phosphoric acid
Tetraphenylborate

Anionic (or Basic)

Alamine 336
Aliquat 336
TLMANO;,
Amberlite LA-1
Amberlite LA-2
TNOA
(CsHs)4P*
(CgHs)sAs™

Tri-n-octylamine + tri-n-decylamine
Tri-n-(octyl+decyl)methyl ammonium chloride

TRidodecylmethyl ammonium nitrate

N-dodecyltrialkylmethylamine
N-lauryltrialkylmethylamine
Tri-n-octylamine
Tetraphenylphosphonium

Tetraphenylarsonium
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Table 1 cont’d

Solvating
TBP Tri-n-butyl phosphate
DBBP Di-n-butyl butyl phosphonate
TOPO Tri-octyl phosphine oxide
MIBK Methyl isobutyl ketone

Cyanex 471 Tri-isobutyl phosphine sulphide

Chelating

The LIX series Oximes

Kelex extractants Oxines

Macrocyclic

Dibenzo - 18 - crown - 6
Monobenzo -15- crown - 5
Dicyclohexano -18- crown - 6
Sym - dibenzo -16- crown -3- oxyacetic acid

Dibenzo- 8,12- diazacyclopentyl -15- crown -7,12- dien
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Some extractants may belong to more than one class depending on the
environment where they are used, for example, tertiary amines may be classifed as
anionic extractants in acid solutions but under solvating when they are neutralized,
i.e., used as salts in neutral solutions; dialkyl phosphoric and phosphonic acids are
classified as cation-exchanging and chelating when chelate formation is proven and
also as solvating.

Most extractants are rarely used in the "as received form", but need to be
diluted with an "inert" organic liquid (diluent). The diluent is used to dissolve and
improve the physical properties of the extracta;lt, without practically having
extractant properties itself. The diluent and extractant form the organic phase and in
the majority of cases, the diluent comprises the major portion of the phase.

Diluents for hydrometallurgical applications are usually relatively inexpensive
crude oil fractions and may be aliphatic, aromatic or mixture of the two. To consider
diluents as inert and not to enter into the mechanism of extraction may be far from
the truth. Investigators have found that not only are diluents not "inert" in the solvent
extraction process, but they can play a significant role in determing the success of an
operation [56,57], hence the preference of the terminology "carrier” diluent.

A diluent should have the following requirements:

i) be invariably soluble with the extractant

(i1) have a high solvency with the extractant to minimize

both the problem of third phase formation
and low loading capacity of the solvent

(iii) have a low vapour pressure at room temperature and high

flash point, thus decreasing losses due to volatility as

well as fire hazards.
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(iv) have very low solubility in the aqueous phase

) have a low surface tension to prevent emulsification

(vi) be cheap and readily available

(vii) have low viscosity and density for a good and fast

phase separation.

The effects of the diluent on the form in which the extractant exists in the
organic phase have recieved particular attention, especially in the case of
organophosphates [58a-f] and amine extractants [59a-f]. Generally, acidic and basic
extractants are polymerized or self-associated in non-polar diluents. The mono basic
organophosphates can polymerize to a large extent depending on the polar nature of
the diluent. In polar diluents such as alcohols and ketones, the extractants have been
found to exist as monomers [20a-},21-30] and dimers in diluents of low dielectric
constant such as toluene, hexane, etc. The average degree of polymerization in wet
benzene for mono-n-octyl phosphoric acid has been found to range from 12 to 92
[60]. The presence of polymeric forms of the extractant in the organic phase will
affect its distribution between the aqueous and organic phase which in turn will affect
the equilibrium distribution of the metal between the two phases [12,58a-f].

Aggregation in the solvent phase affects the loading capacity of the solvent.
For example, in low polarity diluents where the extractant exists as dimers in the
solvent phase, the extraction equilibria is represented by equation 12, whereas in
more polar diluents where the monomeric species is predominant, the equilibria can
be represented as

My™ + nHY)g = MY,)g + nH,* 18
At low loading of acidic extractants in solvents of low polarity wherein distribution

ratios are high, it has been found that MY, is less commonly extracted than M(YHY),
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[61,62] but at saturation loading the reverse is obtained. Equations 12 and 18
represent two distinct extraction mechanisms in their own right, but such cases are
unlikely to be exclusive to any one system because of monomer - polymer {dimer)
equilibria, Aggregation of the extractant generally increases with increasing
concentration and loading capacity of the solvent [63].

It has also been found that the degree of aromatic or aliphatic nature of a
diluent can have rather surprising, not easily explainable but not common effects on
the extraction of metals by different solvent systems [64]. A diluent cannot be
assumed not to enter into the mechanism of the liquid - liquid extraction process;
therefore, its choice should also be taken into account in developing an extraction
process. In this present work, the distribution ratios of the ions studied were found to
be higher in hexane than in toluene or petroleum ether (100-120°C boiling range).
Similar effects have been observed for the extraction of Cf and Am with 2-ethylhexyl
phenylphosphonic acid in heptane and toluene diluents [65]. Although higher
separation factors are achieved in aromatic diluents, the distribution ratios are
practically low necessitating the use of very high concentrations of the extractant.
The antagonism or otherwise of the extraction of a metal by a diluent may be due to
some impurity in the diluent which for one reason or another cannot be removed.
Purification of diluents for bench-scale work is often embarked on but not necessary
or advisable if industrial application of such liquid-liquid extraction process using
commercially available material is expected. With respect to understanding and
quantifying extraction processes, a commensurate amount of work has not been done
on the relationship between the physicochemical properties of the diluent and the

distribution of metals {66].

The addition of a modifier to overcome third phase or emulsification
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tendencies in solvent exiraction systems is a common practice. These reagents are
usually long-chain alcohols but TBP is also used sometimes. Third phase formation
is basically a solubility problem and can be overcome in most cases by the addition
of a third component to the solvent. A modifier should possess the same requirements

as a diluent. A modifier can also affect the extractive properties of the solvent [67].



CHAPTER 1II

THE RARE EARTH ELEMENTS

The group of elements characterized by the filling up of the 4f energy levels
have alternatively been called lanthanons, lanthanides, or rare earths. The latter term
arose because of the rarity of the minerals from which these elements were obtained.
Recent geochemical investigations have shown that these elements are by no means
rare but dispersed. These names will be used interchangeably hereafter without any
attached meaning and will include elements from La-Lu (atomic no. 57-71) but
yttﬁum will be included occasionally. The geochemical coherence and uniqueness,
both in elemental state and in compounds, of this group of elements under most
natural conditions is a result of the common (+3) oxidation state, although anomalies

occur,

Occurrence in nature

The REE are not especially rare in nature but are found in low concentrations
widely distributed throughout the Earth’s crust and in high concentrations in a
considerable number of minerals. The REE are lithophiles i.e. when allowed to
distribute between silicate, metal and sulphide phases in co-existence, they
predominantly concentrate in the silicate. The scarcest, thulium, is as abundant as
bismuth and even more so than Ag, Au, Cd, Pr, Pdor Se. As a group the RE
constitute 8 x 10"3% by wt. of the Earth’s crust.

The cooling of molten rocks (fractional crystallization) and superheated water
solutions that have percolated through rocks under great pressure frequently produces
minerals containing up to 50% REE. This fractional crystallization naturally results
in partial separation of the REE so that some minerals are relatively richer in the

lighter elements (the so-called cerium group) whereas others are richer in the heavier
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(the so-called yttrium group) [68-72]. From the presence and composition of such
minerals, geochemists can learn a great deal about the conditions, such as temperature
and pressure, that prevailed during the formation of the rock, i.e., the petrogenetic
processes. This has led to the significant growth of REE geochemistry. The relative
abundances of REE in chondritic meteorites are commonly taken as a standard of
comparison and it is assumed that their composition may serve as a quantitative guide
to the composition of the earth as a whole [73]. It is now generally accepted that the
relative values of the REE in chondritic meterorites represent their overall relative
abundance in the universe. Such information is of importance to prospectors.

The fact that these elements have not been separated into minerals containing
individual members of the group at any time in the Earth’s history, even after repeated

geochemical concentrating processes, attests to the great similarity in their properties.

Electronic structure, oxidation state and ionic radii

| Although spectroscopic data indicate that the first 4f-electrons appear in
cerium, lanthanum has essentially identical chemical properties with the other
elements and is prototypical of the RE series. This suggests that the influence exerted
on the properties of the lanthanides by a change in their electronic configuration due
to the formation of the 4f-subshell is small.

The electronic configuration of the elements and yttrium is shown in Table 2
along with the known oxidation states and effective ionic radii. An alternative
suggestion for the electronic configuration involves moving a single electron from the
4f-shell to the 5d-shell to achieve the outer lanthanum cofiguration except where it
destroys the symmetry of the half-full or full f-shell. Whichever of the two

suggestions is true is of little importance because the RE typically form compounds
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Table 2,

Electronic configuration, known oxidation states and ionic radii of the REE and yttrium

Element  Ground state electronic  Known oxidation Ionic radii
configuration states (A%
M2+ M3+ Mt
Y 4d 652 +3 0.900
La 5d 6s? +3 1.032
Ce 4 54 6s? +3 +4 1.01 0.87
Pr 4f3 | 6s2 +3 +4 0.99 0.85
Nd 4f 652 +3 0.983
Pm afs 652 +3 0.97
Sm 45 6s? +2 +3 0.958
Eu af7 6s? +3 1.17 0947
Gd 4f7 5d 652 +3 0.938
Tb 49 65 +3 +4 0923 076
Dy 410 652 +3 0.912
Ho 4f11 652 +3 0.901
Fr 412 6s2 +3 0.890
Tm 4613 65 +3 0.880
Yb 4f14 6s? +2 43 1.02  0.868
Lu 484 5d 652 | +3 0.861

a) ref. 74 for coordination number = 6
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which are ionic and trivalent [75]. Other so—callcd "anomalous valency states" of +2
or +4 in addition to the typical +3 are exhibited by a few of the REE. These are to be
expected when the extra stability of an empty, half-full and full f-level is allowed for.
These configurations exhibit a pseudo “inert-gas" structure for the RE series.
Although few solid compounds exemplifying the +4 state have been prepared [76],
only Ce** has a sufficiently long half-life with respect to reduction to exist in aqueous
solutions. All of the lanthanides have been obtained in the +2 state by trapping in
solid alkaline earth halide matrices [77} but dissolution in aqueous systems results in
rapid oxidation to the +3 state of all the species except Eu(I). Eu(Il) has been shown
to have a comparatively short half-life with respect to oxidation in aqueous solution
[78,79]. The +2 state in solid compounds has also been observed for Yb, Sm and Tm
and the +4 state for praseodymium and terbium in PrgOyjand Tb,O,, respectively.
These states are of sufficient chemical stability to be of importance. The existence of
these anomalous oxidation states for Ce, Eu and Yb is utilised industrially in their
separation from the other RE.

On a comparative basis, the atoms and cations of the RE are large [80],
explainiag why the metals are strong reducing agents and their compounds generally
jonic. The small differences in the size of the Ln* ions, as shown in Table 2, (are a
result of the effective shielding of the 4f-electrons by the overlying 5s% and 5p5 shells)
explains the close resemblance of the properties of the REE and their geochemical
coherence in nature. This contraction is sufficient to cause differences in the degree
to which some, but not all, of the properties associated with a given oxidation state
are exhibited. For example, considering only the +3 ions, there arises due to
decreasing ionic radii, many recorded examples of decrease in coordination number,

decrease in basicity, decrease in ionic character in solid binary compounds, etc.
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These differences in degree are utilized as the basis for all procedures of fractional
separation of the REE, be it the classical procedures of crystallization or precipitation,
or the more modern procedures of solvent extraction, ion-exchange or extraction
chromatography.

The contraction is also sufficient for the radii to drop below that for ytirium in
the preceding transition series and since ytrium forms a +3 ion with a noble gas core,
it is generally found in nature along with the lanthanides and has chemical properties
similar to Dy and Ho. In instances where the ionic radii of the REE are comparable to
other jons, substitution of these elements in their minerals may occur. The charge
difference, if any, may be compensated for by addition or removal of an anion in an
interstitial position in the crystal structure,

The lanthanide contraction is also responsible for the remarkable parallels
between the elements that follow the lanthanides in nuclcar charge and their
congeners in the preceding periodic series, e.g., between Hf and Zr, Ta and Nb, W

and Mo, etc.
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APPLICATIONS

Carl Auer von Welsbach's invention of the incandescent gauzes and mantles
for gas lamps in 1885 generated interest into the possible practical uses of the REE,
Welsbach’s lamps are still in use today in remote areas and in signal devices for
railroads. Further intensified search for industrial applications of the REE in the form
of metals, alloys, or compounds was brought about by the development of technology,
mainly nuclear technology, which require materials with the most varied properties.
The REE are used industrially mainly as a mixture in the form of metals (known as
mischmetal) or compounds, except in cases where the specific properties of individual
members of the group are needed.

The following paragraphs will highlight usage of the REE with regard to their
chemical, optical, magnetic and nuclear properties and applications in metallurgy.

Applications based on chemical properties.

Either the naturally occuring or synthetic mixtures of the REE’s is utilized in
most of the examples to be mentioned here. Rare earth oxides are used as catalysts in
the hydrogenation, dehydrogenation, and oxidation of various organic compounds; the
anhydrous chlorides in polyesterification processes; the most important being in crude
petroleum cracking [81,82a,b]. In the latter, RE containing zeolite catalysts (e.g.,
Nay0.Al,05.n8i0,.H,0) are substantially superior in activity and selectivity to the
amorphous silica alumina formerly used for gasoline production. REE catalysts are
used in the pollution control of exhaust gas, CO, NO, and unburnt hydrocarbons [83].
Mischmetal ignites readily and this property is utilized in lighter flints and artillery
shell liners [84].

At high temperature, Gd,O; and Y,0; become conductive and CeO, ceramics

doped with any of these and Y,Os-stabilized ZrO, are used as solid oxygen
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electrodes. These are the so-called lambda-sensors used to optimize the air-fuel ratio
in autornobiles [85). Ceramic applications of the REE includes the use of mixed rare
earth oxides especially CeQ,. Ce-rich oxides mixtures are used in giass polishing and
also for the improvement of stability against discoloration of glass by cathode rays,
gamma rays, and X-rays [86,87] and solarization by ultra-violet rays from the sun
[88]. The coordination chemistry of the REE has also been utilized, for example, the
use of paramagnetic gadolinium complexes (e.g., with diethylenetriaminepenta-acstic
acid and the phylate ligand) to enhance medical NMR imaging [89,90].

Applications based on optical properties.

The absorption and emission spectrum of the REE is characterized by narrow
lines (a characteristic of inner core electrons) which produces attractive coloured
glasses [91]. This property is utilized in optical glass. High purity rare earth oxides
(98-99.999%) are required for phosphors in colour television picture tubes, X-ray
imaging and fluorescent lighting tubes. Eu,O; doped with Y,04 [92] or yttrium
oxysulphide (Y,038) [93] or yttrium orthovanadate (YVQ,) [94] produces the red
phosphor in colour television. Gadolinium gallium gamets and the recently
developed Ba3(PO,),-Eu and BaSO4-Eu phosphors are used in medicine in X-ray
radiography intensifying screens to increase film exposure and hence reduce X-ray
dosage [95,96). The sharp line emission spectrum of the REE accounts for their use
in lasers [97-99]. Nd-doped yttrium-aluminium gamet (YAG;Y3AL0,,) is used in
cutting, scribing semi-conductors, drilling and welding [100). Communication
apparatus using infrared-trigged phosphors consisting of SrS and/or BaS doped with
REE and/or EuQ and a fusible salt e.g., LiF, have been developed for use in
recoverying infrared signals [101].
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Applications based on magnetic properties.

Here again, the presence of the 4f electrons and their interaction with the
electrons of other elements is utilized. Yttrium-iron garnets (YIG) and
gadolinium-iron garnets (GIG) are used as ferrite materials in microwave filters (102]
in the communication industry. The demagnetization resistance of rare earth/cobalt
intermetallic mixtures of the type LnCos is used in the construction of permanent
magnets. The elements Y, La, Ce, Pr, Nd or mischmetal may be used. The recently
developed Nd-Fe-B permanent magnets ( e.g., the alloy Nd,Fe,4B) [103-105] have
approximately 40% more energy than SmCos and have the potential of replacing
alnicos and ferrites in many applications. Magnetic "bubble” memories based on
gadolinium-gallium garnets for storage of information is a recent application found
for the REE [106].

Applications based on nuclear properties.

The REE, especially, Gd, Sm, Eu, Dy, and Er are used as control and
shutdown materials because of their high capture cross-section for thermal neutrons.
Yitrium, because of its low neutron cross-section is used as structural metal and as
fuel matrix (diluent) material [107). Cerium and yttrium hydrides are used as neutron
moderators in reactors.

Metallurgical applications.

The REE find considerable use in alloys and scavengers for non-metallic
impurities. Magnesium containing several percent of mischmetal have proved helpful
in producing alloys that have superior high temperature properties utilized in jet
engine parts and precision casting if small amounts of zirconium or other metals is
added. Magnesium alloys containing up to 3% Nd or Y have been used in bone

surgery. Addition of mischmetal or mixed RE silicides to cast iron produces a more
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malleable nodular iron [108,109]). The addition of mischmetal to certain alloys
increases their tensile strength, improves their hot workability and imparts a special
high temperature oxidation resistance to them [110-112]. However, calcium and
magnesium compounds have partly rcblaced the REE in ferrous metallurgy but
nevertheless metallurgical applications are still one of the three major areas of REE
applications (the other two being catalysis/chemical and glass/ceramics).
Miscellaneous applications.

These include certain medicinal preparations, for example, Nd-isonikotinate as
treatment for thromboses, Ce** in analytical chemistry, REE in metallothermic
reactions because of their high reducing capacity, use of LaCl; as interference
supressor in the determination of certain elements by atomic absorption spectroscopy
[113). The extraction of plutonium and other transuranic elements from liquid
uranium uses REE as camriers. The use of RE hydrides, for example,
lanthanium-nickel hydride (LaNisHg) [114] permits safe storage of hydrogen at
ambient temperatures and moderate pressures and is expected to find wide application
in catalytic hydrogenation of organic compounds [91,115]. The REE market would
increase significantly if they are proven suitable as catalysts as is the considerably

cheaper lanthanum-cobalt oxide which approaches the platinum types in efficiency.



CHAPTER III

REVIEW OF SOLVENT EXTRACTION WITH
ORGANOPHOSPHONIC MONO-ACIDIC ESTERS AND SULPHONIC
ACIDS.

The purpose of this review, which is not exhaustive per se, is to provide brief
background information on the use of organophosphonic acid and sulphonic acid
extractants that are useful in solvent extraction for the hydrometallurgical processing
of metals and have potential use in analytical chemistry.

ORGANOPHOSPHONIC ACIDS

Organophosphorus acidic extractants can be represented generally as
R;R,PO(OH), where R, and R; may be alkyl, alkoxy, phenyl, phenoxy, or any
combination of these or any substituted variant. The nomenclature phosphoric,
phosphonic and phosphinic corresponds to such compounds having two, one and no
alkoxy or phenoxy substituents attached to the P atoms, respectively. The search for
more selective and versatile extractants has resulted in the evaluation of esters of
orthophosphoric, phosphonic and phosphinic acids and similar compounds containing
polyfunctional groups. Phosphorus-based extractants, especially tributylphosphate
(TBP), are commonly employed for the isolation of higher valent metal ions such as
the lanthanides and actinides. Monoacidic extractants such as diesters of phosphoric
acid have been the subject of several studies [20a,c,e,116-119] and have been used in
the separation of many metal ions on a commercial scale. HDEHP has received much
attention because of its versatility and availability. Monoesters of phosphonic acids
have been reported to possess higher separation factors for successive members of
such chemically similar groups as the lanthanides and actinides [20f,65,119-121] and
other metal ions. Despit'e this advantage, these have been less studied until recently.

The vast amount of information on these extractants has necessitated their
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evaluation with regards to the nature of R, and R, since the active group

~PO(OH) responsible for their extractive properties is common to the three groups.
The nature of the extractant in all extraction systems affects its distribution and
dissociation and the stability of the complex formed with the metal ion and its
consequent distribution between the phases. By studying various dithizone
derivatives, Freiser et al. correlated structure with both the properties of the extractant
and its metal complexes {122). With the realization that any }nodification of the
extractant by changing those parts of the molecule which do not directly participate in
the formation of the extracted metal complex can essentially alter the extractant, the
literature is rich in acidic organophosphorus extractants that have been evaluated for
the extraction of metal jons. The types of substituent influence the acidic nature of
the reagent and the electronegativity of these substituents will thus be of importance
in determining the pK, of these acids. The PK, has been found to be practically
independent of the nature of the alkyl chains but mainly refiects the number of alkoxy
groups bound to the P atom [123,124]. This is supported by the fact that there is a
negligible difference in the electronegativities of n-, sec-, iso-, and tert- butyl groups
[125). An example of this has been studied by replacing one of the 2-ethylhexyl
groups in HDEHP by n-butyl-, isobutyl- or sec-butyl- group; which failed to alter the
Ry values in the use of paper chromatography to test the extraction of the REE [126].
Structure also affects the solubility of these reagents in the aqueous phase. Thus in
most cases, a short alkyl chain length results in excessive solubility whereas long
chain length, while decreasing solubility, may also result in lower metal loading
capacity as a result of steric effects. Monoacidic organophosphorus extractants are

dimeric in solvents of low dielectric constant,

In general, it is well known that the stability of a complex normally decreases
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with increase in acidity of the extractant. However, substituents which by their
inductive effect can change the acidity of the extractant without greatly affecting the
stability of its complexes can be introduced into the extractant. Thus, the effect of the
nature of the extractant on the extraction system must involve an understanding of the
individual equilibria. Under similar conditions, pK, increases in the order phosphoric
< phosphonic < phosphinic and the separation efficiency (measured by the separation
factor) of an extractant to separate a given pair of ions has been found normally to
increase in that order also [127]. In the exwraction of the lanthanides, extraction
efficiency (measured by the distribution coefficient) has been found to remain
practically unchanged [128] within the di-n-alkylphosphoric acids when the alkyl
substituent is butyl, pentyl, hexyl and octyl in which the acid strength decreases [129}].
A rigorous comparison of isomeric mono-acidic organophosphorus extractants
indicates that in each of the three groups the separation efficiency strongly increases
with increased branching of the alkyl substituents, especially near the etheric oxygen
of the P atoms [124,130,131]. However, any enhancement of the separation
efficiency of the extractant as a result of changes in the structure simultaneously
causes a decrease in their extractive power [128,132]. Alkyl group chain branching
enhances steric hinderance around the P-atom. Thus, an application of mono-acidic
organophosphorus extractants would have to be based on a compromise between the
separation and extraction efficiencies.

At low acidity, extraction by acidic organophosphorus extractants is a
cation-exchange process. Thus, in so far as steric effect of the ligand, composition
and structure of the extracted species is concemed, the strength of the complexes
formed with metal ions should be dependent on the ionic radii, structure and

electrostatic charge on the metal ions. It is evident from equations 13 and 14 in
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Chapter One that the more stable the extracted complex, the higher will be the
distribution coefficient of the metal ion. It seems natural therefore that the
extractability of metal ions of the same charge should increase with decrease in size.
This has been observed for such chemically similar groups of elements as the
lanthanides and actinides. Extractability increases with increase in metal ion charge.
Several authors have found that at high acidities, the distribution coefficient increases
with increase in the hydrogen ion concentration and have remarked that under such
conditions, the extraction mechanism is by solvation.

Despite the recent rapid proliferation of the phosphonate-type extractants, only
a few have found commercial use, although not as widely as HDEHP. In recent years,
2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP]) produced under
the names PC 88A (or P507) by Daihachi Chemical Company Japan and SME 418 by
Shell Chemical Company has been attracting a lot of attention. It has been
investigated for the extraction of a host of metal ions such as In{IIT) [133-136], Ga(III)
[133,137], Mo(VD) [138-140], Pb(Il) [141], Co(Il) and Ni(Il) [124,127,142-147],
Cu(Il) and Zn(II) [148], Th [149] and the lanthanides [150-152]. In the first ever
reported extraction of U(VI) by an acidic organophosphonate, HEH[EHP] was found
to excel over HDEHP by about a factor of two [153]). This extractant, as is true for
phosphonates in general, has been shown to overcome such problems as high acidity
required in extraction and stripping and emulsion formation which attend extractions
with HDEHP. This difficulty in back extraction has limited the utilization of HDEHP
in the separation of higher valent elements or heavy RE and group separations of
mixtures containing large amounts of heavy REE. The mean separation factor with
PC 88A between adjacent RE has been found to range from 2.0-3.04 depending on the

anion in the aqueous phase. Cheng et al. [154] have studied the extraction of RE
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from HCl with HEH[EHP] in molten paraffin wax (in which it was dimeric) as
solvent. They found that the same extraction mechanism observed in liquid-liquid
extraction using HEH[EHP] in n-dodecane also applied in solid-liquid extraction and
obtained a mean separation factor for adjacent RE of 2.78. They argue that the
following merits; economy, safety, non-volatility and easy recovery makes extraction
in molten wax attractive and reported the first observed tetrad effect of pH (at 50%
extraction efficiency, E=50%) for the lanthanides. HEH[EHP] exhibits a separation
factor for Co relative to Ni several dozen times that obtained with HDEHP.
Reversed-phase chromatography using paper impregnated with HEH[EHP] as
stationary phase and aqueous HCl and mixed solvent containing NH,SCN as mobile
phases showed promise for the separation of some noble metal ions [155). Paper
treated with a non-volatile diluent (n-dodecylbenzene) showed a great similarity to
solvent extraction, which is likely due to dimerization of the ester in the stationary
phase [156]. Reversed-phase column chromatography has been used in the
determination of thermodynamics of extraction and separation of Y and Er by using
HEH[EEP] coated on a resin that is predominantly macroporous styrene-DVB
copolymer [156-159]. Duolite ES-63, a phosphonate-type ion exchanger has been
used in the separation of pure lanthanum from La,0; containing NdyQ5 and Prs0;,
[160). Zhai et al. used a polyether-type polyamide material treated with HEB[EHP]
as a stationary phase in the reversed-phase extraction chromatographic separation of
Sm and Gd, using 0.33 M HCI as the mobile phase [161]. Uranium (VI) in 0.01-1 M
H,S80, was quantitaively transported across a microporous polytetrafluoroethylene
membrane impregnated with HEH[EHP] in kerosine containing 10% 1-decanol [162].
The use of supported liquid membrane (SLM) has been attracting attention as a

promising alternative to liquid-liquid extraction and ion exchange for the separation
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and concentration of various metal ions [163]. Liquid membrane separation combines
a solvent extraction and stripping process in a single step. The extractant (membrane
liquid) is held in the pore structure of the support by capillary force (usually a
polymeric solid) and the metal ions in the feed solution selectively form complexes
with the extractant as carrier and diffuse through the membrane and the stripping
occurs at the other side of the membrane, A new method based on liquid-liquid
extraction, centrifugal partition chromatography {164], employing HEH[EHP] as
organic stationary phase without solid support has been used in the separation of the
lanthanides [165]. The attraction here, is that it is easy to change stationary phases
empirically based on data on liquid-liquid extraction, which is not possible in the case
of HPLC [166].

Peppard et al. [20f,119] found that in toluene carrier diluent and aqueous HCl,
HEH®P was about 200 times as strong an extractant for lanthanides as HDEHP.
HEH®P gave an average separation factor between successive lanthanides of 2.8
which is somewhat better than the 2.5 for HDEHP in extractions from HCIL. Using
HEH®P as the stationary phase in reversed-phase chromatography, Fidelis and
Siekierski [167] achieved a mean separation factor of 3.02 for the heavy lanthanides.
A CffCm separation factor of 105 was attained with HEH®P, compared to 37 with
HDEHP. Peppard et al. used HEH®P to study the extraction behaviour of Eu(Il) and
Eu(TIl) [168]. A separation process was developed by Baybarz et al. [169] using
HEH¢P in diethylbenzene from 1-1.5 N HCI for the actinides, but it was not applied
because the presence of zirconium causes enhancement in their extraction and also
promotes the extraction of several other metal ions [170]. Much of the equipment in
the Oak Ridge National Laboratory transuranium processing plant was made of

zirconium alloy. The strong extraction of zirconium by HEH®P affects the scrub
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section of the separation. This difficulty was sufficient to force abandonment of the
phosphonate process. Other workers have also observed the zirconium enhancement
[171,172). Yagodin et al. [172] reported an increase in the enthalpy of extraction of
europium with HEH®P by ca 2.5 kcal/mol in the presence of zirconium and hafnium.
However, it should be noted that where such difficulty is not experienced, HEHOP
has proven to be a better extractant than the widely used HDEHP and HEH{EHP]
[20f]. This is why we chose to continue with fundamental studies with this extractant.
Quadrivalent Ti, Sn and Zr salts of phosphates and phosphonates have been found to
be useful ion exchangers [173]. Baybarz [174] studied the dissociation constants of
the heavy actinides with complexing agents using HEH®P as the extracting agent.
Previous work done in this laboratory on columns packed with phenylated Kel-F
powder impregnated with HEH®P and conditioned with 0.1 M HCIO, isolated the
REE as a group from the matrix elements and a clean chromatographic fractionation
of Eu from La, Pr and Nd with HNO, was achieved [175].

The B-ketophosphonates have also been evaluated for liquid-liquid extraction.
These extractants function by a cation exchange mechanism at low aqueous acidity
(less than 2 x 104 in perchlorate medium because of the enolate tautomer but behave
as neutral extractants (like TBP) at higher aqueous acidity {176].

Some of the other organophosphonic acid extractants which have been
evaluated for colvent extraction are: a-monooctyl anilinobenzylphosphonic acid
[177,178]; monooctyl a—(2-carbox§,ranilino)benzylphosphonic acid [179]; 2-ethylhexyl
phenacylphosphonic acid [180]; octyl dichloromethyl and n-octyl n-octylphosphonic
acid [123]; n-octylphenylphosphonic acid [123,181]; n-octylchloromethylphosphonic
acid [181]; 1-methylheptyl phenylphosphonic acid [120]; monoisodecylisodecyl and
mono(3,5,5-trimethylhcxyl)3,5.S-u'iméthylhexylphosponate [182]; n-decyl
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phenylphosphonic acid [183]. Pugia et al. [184] have used a crown ether phosphonic
acid monoethyl ester in chloroform to extract alkali metals. They found that
depending on the number of methylene groups joining the crown and phosphonate
residues, complexation was either within the crown ether or through the

monoethylphospfxonate centre.

SULPHONIC ACIDS

A brief introduction to this class of extractants was given in Chapter One and
an excellent review up to 1973 is given in reference [43]. This section will consider
very briefly the subsequent applications of sulphonic acids in liquid-liquid extraction.

The sulphonic acids considered are those in which the sulphonate group
(-SO4"H*) is the active centre. In this group, dinonylnaphthalene sulphonic acid has
been the most widely used and studied. Didodecylnaphthalene sulphonic (DDNSA)
acid was introduced to study the effect of side chain size on the extraction
characteristics of the sulphonates. Soldatov et al. [185] have found that DDNSA is
less aggregated and has less water uptake czpacity than DNNSA, but their selectivity
for metal ions is about the same,

In dry organic solvents, dimers have been reported for DNNSA [42b,186,187]
but under liquid-liquid extraction conditions, a considerable amount of water is
extracted into the organic phase and the aggregation number is increased [43,188]. In
their investigation of the thermodynamics and infrared spectroscopy of the hydration
of DNNSA in heptane, Soldatov et al. [187] concluded that water molecules are more
strongly bonded in DNNSA-micelles than in a resin network of crosslinking
corresponding to about the same water uptake. The composition of the micelle when

DNNSA in n-heptane is equilibrated with either 0.5 or 1.0 M HCIQ, as aqueous phase
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has been found to be (DNNSA);.54(x3)H,0 [189-191). This composition has been
shown to be essentially constant with temperature and independent of concentration
above the critical micelle concentration (106 M) [190]. The authors showed that this
is the actual composition of the micelle (i.e. the micelle is monodispersed) not a mean
value for a mixture of species as was earlier proposed [192]. Ideality of the organic
phase solution was also confirmed by the non-penetration of the heptane molecules
into the aqueous core of the micelle. Several workers have proposed the existence of
a ternary phase assemblage at equilibrium, namely, aqueous, organic and micellar
phases because of the large aggregation of the sulphonates.

The sodium and lithium salts in n-heptane when pre-equilibrated with 1.0 M
sodium and lithium perchlorate as aqueous phase gave micelle compositions
(NaDNNS),;.28H,0 and (LiDNNS),.28H;0, respectively [193). In a similar
experiment, it was found that solutions of DNNSA in heptane equilibrated with 1.0 M
NaClO, or LiClO, at pH = 2 showed the formation of sodium hydrogen
dinonylnaphthalene sulphonate involving five DNNSA moieties containing forty
eight water molecules and lithium hydrogen dinonylnaphthalene sulphonates
involving six DNNSA moieties containing forty four water molecules [194]. Bryan et
al. [195] have reported the following composition for the DDNSA and the strontium
salt micelles (DDNSA .xH,0);; (x = 7-8) and (Sr(DDNS),.11H,;0}, respectively. It
should be noted that there are conflicting reports on the aggregation number of the
sulphonates in actual extraction media. Micelle formation in nonpolar solvents have
been shown to be mainly due to strong (acid-base) interaction between polar groups in
the miéellc core [196]. Thus, with respect to the fact that the energy of hydration of a
gaseous spherical fon is proportional to e2/r, cations should affect the micelle

aggregation number.
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Patel and Thornback [197] have proposed that in a multi-element nuclear
reprocessing plant, DNNSA could be used as a possible downstream-end clean up of
rhodium. Rhodium in nitric acid media is a major valuable by-product of the nuclear
industry. Khan and Morris [198] have also separated rhodium from iridium, platinum,
palladium and silver and purified it in dilute HCl by combining precipitation and
solvent extraction using DNNSA in n-heptane. Solvent extraction employing
DNNSA or DDNSA have been used in the removal of cobalt and other metal ions
from liquid radicactive wastes [199,200), purification of wet phosphoric acid [201],
hydrolysis and complexation of Am(III) in the presence of acetic and tartaric acids
(202}, complexing of Th(IV), Np(IV), and Pu(IV) by various complexing ions [203],
extraction of Fe, Zn, Cu, Ni, Cr and other metal ions from waste metal sludges, waste
mineral acids and metal finishing waste solutions [204,205] and extraction of various
metal ions.

The sulphonates although effective extractants show little selectivity for
related groups of metal ions. Extractability increases with increase in the formal
charge of the free metal ion. In the past two decades, in order to introduce selectivity
into the extraction of metal ions from the agueous phase into the organic phase, the
size selectivity of crown ethers have been exploited as a means to synergize
extraction with sulphonates and liquid ion exchangers in general [194,206-213].
Synergistic effects have been related to the matching of tﬁe ion size to the crown
cavity diameter and has been explained to be due to interactions between the crown
molecules and the metal ions, with the presence of the anion of the liquid exhanger to
balance the charge of the metal ion and preserve electrical neutrality in the organic
phase. McDowell et al. [214] sﬁggested the possible existence of interaction of

additional  sulphonic acid molecules with the complex molecule
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(metal-crown-micelle) in the organic phase.  Depending on the crown:sulphonate
ratio, Ensor et al. [212] found that the micellar extraction mechanism by the
sulphonates is preserved; thus, the crown-metal complex is solubilized into the
sulphonate micelle [215-218]. Crowns developed for cesium and strontium have been
used in conjunction with DNNSA and DDNSA in the PUREX TBP and kerosine
matrix for their separation [210,213]. Synergistic enhancement has been achieved in
the extraction of hexavalent actinides by combining DNNSA and neutral
organophosphorus extractants [219]; extraction of trivalent elements with an organic
solvent consisting of DNNSA and HDEHP [216-218] or HEH®P [217], where the
organophophorus acids were primarily introduced to suppress emulsification.
Carboxylic acids have also been used in combination with DNNSA [220].
Osseo-Asare and Kenney [221] have reported a catalytic effect on the extraction of
nickel with the oxime LIX63 by sulphonates which was due to the solubilization of
both the metal and the extractant by the micelles resuiting in an increase in the
interfacial concentration of these species.

Supported liquid membrane (SLM) utilizing DNNSA and a crown ether
dissolved in n-dodecane as carrier, the crown to synergize the carrier, has been used
in the removal of Cs* from strongly acidic solutions [222]. Hogfeldt and Muraviev
[223] have reviewed the stability and ion exchange properties of Amberlite XAD-2
impregnated with DNNSA and concluded that solvent-impregnated resins have

properties intermediate between those of solid resins and liquid extractants.
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OBJECTIVES OF THE RESEARCH

This research evaluates the possibilities of fractivnating the rare earth
elements (REE) by solvent extraction with 2-ethylhexy! phenylphosphonic acid,
HEH®P, and separating them as a group from other matrix elements. Other elements
studied in this thesis occur in some REE minerals and their ions have charge and/or
size similar to the REE. lons with differert charge and/or size were included to study
extractability. HEH®P is a fairly specific extractant for large polyvalent ions and its
novelty in analytical chemistry was pursued.

The research was directed mainly towards the investigation of extraction
mechanisms and the thermodynamic parameters affecting the extraction process.
Extraction mechanisms were studied by the slope analysis method and 3P NMR
spectroscopy and thermodynamic parameters were obtained by the examination of the
temperature coefficient of extractability. At the molecular level, thermodynamic
parameters provide valuable information about extraction mechanisms.

Thermodynamic parameters with dinonylnaphthalene sulphonic acid
(DNNSA) as extractant were also investigated in order to compare the sulphonate and
phosphonate liquid cation-exchangers. DNNSA in low polarity solvents has been
shown to behave in much the same way as do solid resins containing the same
functional group.

Analysis of solutions containing all the REE, even by the most specific and
powerful methods like ICP and ICP-MS, still suffer from inter-clement spectral
interferences. This is particularly the case if the relative amounts of the REE are
different from typical geological samples. Isolation from matrix elements and rapid

fractionation of the group into at least two sub-groups is therefore desirable and was
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pursued in this investigation. This will be done by using HEH®P as a bulk extractant
on an inert support from which one half of the group will be eluted with acid and the
other half stripped off with a polar organic solvent.

The methodology used was directed towards direct coupled plasma or atomic

absorption spectrometry and spectrophotometry finish.



CHAPTER IV

MATERIALS AND METHODS.

Svynthesis of HEH®P

HEH®P was prepared according to the method of Kantipuly [175). This
entailed the alcoholysis of phenylphosphonic dichloride with 2-ethyl-1-hexanol., Both
reagents were obtained from Aldrich Chemical Co. A 1:1.5 molar ratio, respectively,
of the above reagents in benzene were mixed in a pressure bottle and stirred for 48
hours at room temperature. The pressure was released carefully and the mixture
washed several times with water to remove unesterified phenylphosphonic acid. The
mixture was taken up in ether and shaken with 10% NaOH solution. The aqueous
phase was scrubbed with benzene to remove alcohol and any diester and then
acidified with concentrated hydrochloric acid to liberate the monoester, HEH®P,
This was taken up in anhydrous diethyl ether, dried with MgSO, and filtered. Solvent
was removed under reduced pressure. The purity of the product was found by 31p
NMR spectroscopy to be 99% or better. The

O\ /OH
structure, CsHs/ \0(:1-{2(?1-1((:[-12)3(','1-13 » was confirmed by proton and 3C NMR
CH;

spectroscopy. The spectra are shown in Figures 1 and 2, respectively. All the spectra
were obtained with a Varian XL-300 instrument. Anal. Found: C = 62.07%; H =
8.63%. Calc. for C;4Hp304P: C =62.21%; H = 8.57%.

The 'H NMR spectrum was obtained in CDCl; with the instrument operating
at 300 MHz. The chemical shifts are relative to TMS. The multiplet resonances at
7.82 - 7.38 ppm are due to the aromatic protons and those at 1.52 - 0.79 ppm are due
to the fifteen aliphatic protons and those at 3.91 - 3.86 ppm are due to the methylene

protons on the O=P-OCH,— mojety . The 13C NMR spectrum was obtained in
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FIG. 1: 'H NMR spectrum of HEH®P in CDCly
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FIG. 2: 3C NMR spectrum of HEH®P in CDCl,
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CDCl; with the instrument operating at 75.429 MHz. The chemical shifts are relative
to TMS.

Purification of DNNSA

Dinonylnapthalenesulphonic acid (DNNSA) was obtained from Morton
Thiokol, Inc., Alfa Catalog Chemicals, Danvers, Massachusetts, as a 50% solution in
kerosene. An anion exchange clean-up [224] was used to obtain a pure solvent free
DNNSA. Dowex 1X8-100, 50 - 100 mesh in the chloride form obtained from Sigma
Chemical Co. was soaked overnight in water. The water was decanted and the wet
resin soaked in 2 M HCI for 2 hours, washed free of acid, packed in a column and
washed with 1 - 2 M NaOH until there was no positive chloride test. This way, the
resin was converted to the OH™ form. The DNNSA solution in an equal volume of
99.9% ethanol was introduced into the column. After adsorption of DNNSA, the
column was washed free of neutral impurities (until the effluent was clear) with
99.9% ethanol. The adsorbed DNNSA was eluted with 1 M HCI in 99.9% ethanol.
The eluant was evaporated to dryness under reduced pressure at 50 - 55°C. The
product was taken up in ether, dried with MgSQ,, filtered and the solvent removed
under reduced pressure. The product was a dark yellow-coloured viscous liquid and
its purity was confirmed by proton and 13C NMR spectroscopy. The spectra obtained
with a Varian XL-300 Spectrometer are shown in Figures 3 and 4, respectively.

 The 'H NMR spectrum was obtained in CDCl, relative to TMS. The
resonance at 5.03 ppm is assigned to the acidic proton of DNNSA and H,0 on the
basis of the disappearance of the peak upon deuterium exchange with D,O (see Figure
5). The multiplet resonances at 1.73 - 0.59 ppm and 7.80 - 7.59 ppm are due to the

thirty-two equivalent aliphatic protons on the dinonyl and the five aromatic protons
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FIG. 3: TH NMR spectrum of DNNSA in CDCl,
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FIG. 4: '3C NMR spectrum of DNNSA in CDCl



!
1
ﬁ
m
,
m
i
|
,
]

LI LIS LA 0 I L I I _._.___._\_-u___-__ LSLIL AR A N LI A A A L L B L R LRSI LR N R M Y L
200 i80 Lo 140 120 100 a0 60 40 20 0 PPH



-50-

FIG. 5: 'H NMR spectrum of D,O exchange of DNNSA in CDCl;
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on the naphthalene residues, respectively. Those at 3.76 and 3.48 are due to the
c-methylene protons on the two nonyl groups. The 13C NMR spectrum was obtained
in CDCl, relative to TMS.

Preparation of metal ion solutions

Atomic absorption standard solutions of the REE in nitric acid were obtained
from Aldrich Chemical Co., Inc. The perchlorates were prepared by evaporating
aliquots to dryness and cautiously fuming twice with 70% HCIO, (B. D. H. Analar
grade), evaporating each time to dryness. The resulting perchlorate salts were taken
up in 6 M HCIO, and diluted to the required volume. Acidities were established by
titrating with standard NaOH using phenolphthalein as indicator. Appropriate
weights of reagent grade chemicals: Bi(NO3)3.5H,0 (Baker), CaCO, (Baker) and Zn
metal (Fisher) powders were dissolved in HNO, and granular Al metal (Fisher) was
dissolved in 6 M HC! and treated in the same manner as the atomic absorption

standard solutions.

Determination of distribution ratio, D

The organic phases had extractant concentrations in the range 0.01 - 0.1 molar
HEH®P in practical grade (Anachemia) hexane or Analar grade petroleum ether (100
- 120°C) and 0.01 molar DNNSA in petroleum ether. Normally, a 5 ml volume of the
organic phase was stirred magnetically with 5 ml of metal ion (10 molar) in vials
held in a thermostatted bath at the required temperature. Ten minutes were allowed to
attain a constant temperature and chemical equilibrium was attained in 5 minutes but
routine stirring times were longer than this. After equilibration, the phases were
allowed to settle for 15 minutes before separating. In the case of zinc and calcium

with DNNSA at room temperature, it was necessary to centrifuge before separating
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the phases. Analyses of both aqueous and organic fractions yielded mass recoveries
of greater than 98%. Therefore, for much of the data that follows, the aqueous phase
was analyzed and the metal content of the organic phase found by difference. The
concentrations at temperatures other than room temperature were corrected for the
effect of expansion.

The coefficient of expansion of the aqueous phase was assumed to be the same
as that of pure water. The densities of the organic phase were measured by
immersing a filled pycnometer in the thermostat bath and weighing after thermal
equilibrium had been attained.

The distribution coefficient K at temperature T was given by the relation
Mlorg rT < PwRT iy Porg,T

Ml rT Pw.T Porg.RT

where RT is room temperature, p,, is the density of wa:2r and p, is the density of the

Ky(T) =

organic phase.

The lanthanides and aluminium were determined by direct-coupled plasma
emission, DCP, spectrometry and the former sometimes by spectrophotometry using
Arsenazo III. Zinc and calcium were determined by atomic absorption spectrometry.
Bismuth was determined by spectrophotometry as the yellow complex, Bil,” {225].
The aqueous phases were run without treatment but the organic phases were
wet-ashed with HClO, and HNO; prior to analysis. The small amount of phosphate
formed by wet-ashing the extractant was found not to interfere in the determination of
bismuth.

Analyses were run in duplicate. Some, but not all, of the equilibrations were
run in duplicate as well. The distribution ratio, D, was calculated by dividing the

concentration of the ion in the organic phase by that in the aqueous phase.
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DCP spectrometry

The instrument used was a single-channel Beckman Spectraspan V direct
current plasma atomic emission spectrometer. A functional block diagram of a DCP
spectrometer is shown in Figure 6. The spectrometer used in this work consists of a
dc power supply with gas controls for monitoring and adjusting flows of argon to the
dc plasma jet, a three-electrode (two graphite anodes and a tungsten cathode) plasma
jet in an inverted "Y" configuration with argon flowing through the ceramic sleeves
(see Figure 7), an echelle grating monochromator, a microprocessor-based control and
data acquisition system, an Okidata 1 88A microline printer, a2 dynamic background
compensator (DBC-33) and an auto-sampler. The DCP temperature in the excitation
region is in the region 6000 - 7000° K. Used in combination with a quartz prism the
echelle grating monochromator provides a two-dimensional spectral pattern 4" x 5"
(10.2 x 12.7 cm) in area covering wavelengths from 180nm to 800nm and allows
simplified photographic (spectrograph) operation for qualitative analysis. This dc
plasma-echelle spectrometer system offers acceptable levels of selectivity, sensitivity,
speed and economy for the analysis of trace elements.

The wavelengths used and some of the fixed instrumental parameters are listed
in Table 3. The wavelengths were selected on the basis of maximum sensitivity while
at the same time minimizing spectral interference. The wavelengths were normally
"peaked” with a high standard solution of the particular element to be determined.
The system was calibrated using single element standard and blank solutions. This
was always checked by measuring several standards in those instances when the
analyte concentrations were low. The instrument data acquisition and control system
is designed to establish a two-point calibration curve with the blank and a single

standard solution. The photomultiplier tube(s) in the detector converts sarple light
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Table 3

Analytical DCP wavelengths and instrument settings

Element | Wavelength Instrument settings

(nm)
La 398.89
Pr 41431 Speciral bandpass = 0.017nm
Nd 430.36 Entrance slit 50 x 300 pm (horizontal x vertical)
Sm 359.26 Exitslit 100 x 300 um (horizontal x vertical)
Gd 364.62 Argon supply: Commercial grade (99.5%) ;

typical flow rate of 7 liters/min.
Tb 367.64
Sample uptake rate: 2 ml/min (approx.)

Dy 353.17
Er 369.25
Lu 261.54
Al 308.215
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intensity to a proportional electric current, which is first converted to voltage and
amplified. The microprocessor uses the calibration curve established with the
standard and blank solutions prior to the sample to convert the measured voltage to
the analytical concentration of the sample by interpolation. Experience shows that
there is a linear relationship between voltage and analyte concentration. All blank,
sample and standard solutions contained 5000 pg per ml strontium to provide a
uniform matrix so that the plasma temperature is uniform from sample to sample and
also to minimize différential enhancements caused by the presence of Na or K which
is particularly necessary in order to obtain a linear calibration curve for aluminium
[226]. Fixed ‘wavelength intensity measurements were based on duplicate 5-second

integrations during a single nebulization period.

Column preparation.
A known amount of phenyl modified Kel-F prepared according to the method

of Kantipuly [175] was stirred with an appropriate weight of HEH®P in hexane. The
solvent was evaporated under a heat lamp, while stirring occasionally with a glass
rod. The coated phenyl Kel-F was hydrated by stirring in 0.1 M HCIO, equilibrated
with HEHOP for one hour. A glass column was made hydrophobic by exposing to
dimethyldichlorosilane vapours in an oven. The wet slurry of phenylated Kel-F in
HCIO, was transferred to the column fitted with a glass wool plug at the bottorn.
The packing was allowed to settle with constant tamping. A reservoir with a ball joint
to enable application of overpressure was fitted on top of the glass column. The
column was conditioned by washing with 0.1 M HNO; equilibrated with HEH®P
with the application of pressure to remove air bubbles.

A 0.05 or 0.1 ml aliquot of mixed RE solution (yielding 250 ug ml™! or less of
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each) in 0.1 M HNO; was placed on top of the column, washed in with 50 mi of 0.1
M HNO;. One half of the lanthanide series, i.e., La - Gd, was eluted with 200 m! of
0.9 M HNO; and the other half, Tb - Lu, with 20 ml of 99.9% ethanol. The flow rate
was 0.5 ml per minute. All acid eluents were pre-equilibrated with HEH®P to
prevent depletion of that coated on the support. Acidities were determined as
previously mentioned. The eluates were evaporated to dryness and wet-ashed twice
with HCIO, and HNOj;. The final residue was taken up in 20 ml of 0.5 M HNO,

containing 5000 pg per ml strontium and the concentrations of the metal ions were

determined by DCP.

Preparation of NMR samples.

Lanthanum nitrate (99.99%) was obtained from Johnson Matthey Co. The
perchlorate was prepared by cautiously fuming twice with 70% HCIO, (B. D. H.,
Analar grade), evaporating to dryness each time. The perchlorate salt was taken up in
1 M HCIO, and final acidites were fixed to the required values either by dilution or
addition of acid. Spectra grade n-hexane and toluene were also obtained from B. D.
H. chemicals. Equal volumes of 0.1 M HEH®P in n-hexane or toluene and an
aqueous solution of appropriate acidity containing 0.1 M lanthanum were shaken for
15 minutes or more at 25°C. The phases were separated and the 3!P NMR spectra of
the organic phases were recorded on a Varian XL-300 instrument. 10 mm outside
diameter sample spinning tubes were used. The chemical shifts, 5, are relative to 85%
H3PQ,4. The spectra of the organic phases following extraction with acid solutions
without lanthanum were also recorded.

La(EH®P); solid polymer was prepared by contacting equal volumes of 0.033
M aqueous solution of La(NO;)3.6H,0 with 0.1 M n-hexane solution of HEH®P for
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15 minutes. Some whiie gelatinous solid appeared in the organic phase. The phases
were separated and the aqueous phase equilibrated with a second portion of 0.1 M
HEH®P in n-hexane. The two organic portions were combined and the solvent
removed under vacuum. The oily residue" was treated with acetone, whereupon
crystals appeared. The solid was removed by filration and recrystallized from
acetone. The product was air dried at 105°C for one hour. Anal. Found: C = 53.15%,
H = 6.90%; Calc. for La[(CgH;70)(CgHs)PO,l3, C = 53.25%, H = 7.03%. The 3P
solid state NMR spectrum at ambient temperature was recorded on a Bruker
MSL-300 Spectrometer with a Doty Scientific probe. The chernical shift is relative to
solid (NH,4);P0O,4. The radiofrequency amplimmde was 40 kHz and the magic angle

spinning rate was 3 - 5 kHz,



CHAPTER V

RESULTS AND DISCUSSION

Extraction isotherms

Figure 8 shows extraction isotherms for Dy* and Zn?* for extractions with
HEH®P. As the plots are not linear, it is evident that the ions do not obey Henry's
Law in one or both phases in each case. The ionic strength of the aqueous phases is
very largely determined by the fixed concentration of acid present. The aqueous
phases containing these rather low concentrations of metal ion should have nearly
constant ionic strength and should therefore obey Henry’s Law to a good |
approximation. The situation is otherwise for the organic phase, however. It is
shown later that the stoichiometric ratios of HEH®P to Dy>* and Zn?* are 5:1 and
3:1, respectively, in the complexed species when the extractant is in large excess. As
the extractant concentration was only 0.01 molar, a large fraction of the extractant
was bound to the metal ions in the organic phases that were relatively concentrated in
metal ion. For example, in the most concentrated zinc solution (0.0015 M), if there is
a 3:1 mole ratio of HEH®P to zinc, 45% of the extractant would be bound to zinc.
The curvature of the extraction isotherms suggests that with such a high degree of
loading, the stoichiometry of the extracted species cannot be maintained at 3:1.

There, is an additional reason for the curvature. As the extractant is
deprotonated upon complexing, the acidity of the aqueous phase is increased. This
would have a considerable effect in the case of zinc extraction where the initial acid
concentration of the aqueous phase was 0.01 M. HoWéver, in the dysprosium case,
the high acidity, 1.0 M, would not be changed appreciably by the complexing.

Except for the NMR investigations, in the experiments described below, the
metal ion concentrations were kept small relative to the extractant concentration so

that both phases invariably obeyed Henry’s Law. 31P NMR investigation of the most



61-

2ameradwal woos e suexay ut JOHIH

W 1070 011 POIDH I 0°1 woy A pue POIDH I 10°0 WO1j ,,U7Z J0J SWLIDYIOST uonoenxy :§ “Ski

(,-w 67} “2u0n +¢"Q @soud snoanby
006 00 00% omm o]} 0

uz asobuyd awuobip

+2

t

(lu by -ou0) ,.AQ

1 1 1 1 1 ] 1 1 M 1 i 1
Otz ©O22 00z 08l 041 Obl 02l 00l 08 09 oOv 02 ool
(,lw 67)-ouoy ,.uz ssoud snoanby



-62-

concentrated metal-carrying organic phase showed only 4% complexing. Therefore,
to a first approximation [HY] = Cp, the total extractant concentration; HY being

present almost exclusively in the dimeric form in hexane.,

Degree of polymerization of the extracted species
Assuming that the metal ion M™ is extracted as a j-merized complex of
composition (MYn.xHY)j" into hexane with HEH®P form aqueous HC1O,/NaClO,
solution, the exiraction equilibrium can be written as follows [227]:
IM™ + jin+x)2(HY), = (MY,xHY); + njH* 2

The equilibrivm constant is
[(MY,xHY)] B 3

= [Mn"']j [(HY) 2]j(n+x)n.
Then, the distribution ratio of M™ is given by

Cm.o _ j[(MYn-XHY)j] 4
" Cma Cma
which leads to
Cumo = JK Oy AICRIM 2™ 3

assuming no side reaction (hydrolysis andfor complex formation) in the aqueous
phase, where Cy 5, Cy and Cy o denote the metal and hydrogen ion concentrations in
the aqueous phase and metal ion concentration in the organic phase, respectively.
Taking logarithm of equation 3,

logCy,0 = log{iK.Crl™**2) + jlogCy: oCy™ 6
Therefore, the degree of polymerization, j, of the metal-extractant complex can be

found from the slope of the plot of logCy o versus log Cy ACy™ at constant

* When the extractant is in excess.



concentraton of the extractant in the organic phase, Cg. The swaight line plots of unit
slope as shown in Figure 9 implies that j=1, i.e., the metal ions are extracted as
monomers, MY, .xHY. Deviatdon of the slopes from unity at high organic phase
loading should be expected and will be due to the fact that the uncomplexed
exwactant concentration is not constant and/for other species different from MY, xHY
may be extracting.

The number of free HEH®P dimer molecules involved in the extracted species
can be determined by expressing the distibution ratio of the metal ion as follows
G=1):

CM.O . Ke CR(n+x)f2 7
Cma Cy"

or logDCy™ = logK, + (n+x)/2logCyr

The exwaction equilibrium constants given in Table 4 have been obtained from the

D=
8

intercepts of the plots of log(DCy™ versus logCy shown in Figures 10 and 11 at
constant hydrogen ion concenrations. The slope of the plots is equal to (n+x)/2. The
non-linearity in the logK, for the lanthanide ions may be attributed to the varying

aqueous phase acidity.

Acid dependencies

Log-log plots of the dismibution coefficient against acid concentratdon are
shown in Figures 12 and 13. The slopes indicate that K is inversely second power
and third power dependent upon the initial aqueous phase acidity for the M(II) and
M(III) ions, respectively. The ionic strength was adjusted to a constant value with
NaClQO, throughout each series of measurements.

Peppard et al. [20f] obtained the same third power dependence in the

extraction of M(III) ions with HEH®P in toluene. Second poiavcr dependence has



been reported for the extraction of Ca?* with n-octyl esters of phenyl and
chloromethyl phosphonic acids [181].

The results suggest that the neutral complexes enter the organic phase and the
ion charge is neutralized by the extractant in anionic form. It follows that the
perchlorate ion does not enter the complex. Were it to do so, the order of dependence

upon acid concentration would be less than that observed.

. Extractant dependencies

Studies of the dependence of extraction upon extractant concentration provide
information about the composition of the extracted complexes. From the results
reported elsewhere [228], extraction of lanthanum and praseodymium is third power
dependent upon extractant concentration while the order drops to 2.5 for the heavier
lanthanides. The neodymium and samarium plots are intermediate with slopes of 2.8
and 2.7, respectively. The plots indicate third order dependence for Ca?* and B3+
and an order of 1.5 for AI** and Zn?*. Peppard et al. reported third order dependence
for M(III) ions when extracted with the extractants mentioned above [20f]. Calcium
exhibited an order of 2.5 when extracted with n-octyl chloromethylphosphonic acid
and 3.0 with n-octyl phenylphosphonic acid [181]. An extractant dependence of order
1.5 has been observed for the extraction of Zn?* with HEHEHP [148] and HDEHP
[229]. The order is thus variable, depending upon the ion charge and size and upon
the particular choice of extractant.

The extractions with HEH®P follows the equations:

La**(Pr3*Bi**) + 3(HY), = M(HY,); + 3H* 8

Ln* +2.5Y), = LnYHY,), + 3H* 9

Ca?* +3(HY), = Ca(HY,),(HY), + 2H* 10
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Table 4

Extraction equilibrium constants for the M(II) and M(III) ions studied

Metal ion [HCLO,] log K
Zn?t 0.025 -0.32+0.06
Ca2* 0.01 -0.01 £ 0.07
Bi3+ 1.0 5.29+0.06
La3+ 0.10 1.49 +0.05
P+ 0.15 2.34+0.04
Nd3+ 0.20 2.14+0.04
Sm>* 025 3.02+0.02
Gd3+ 0.50 3.33+£0.06
Dy3* 1.0 4.39 £0.04
Er3+ 2.0 4,98 +£0.03
Lu3+ 5.0 6.30 £ 0.04
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Zn?* +1.5(HY), = ZnYHY,) + 2H* 11

APt + 1.5(HY), = AlY, + 3H* ' 12

in which the charged species and uncharged species are in the aqueous and
organic media, respectively and (HY), is the dimer of HEH®P [20g,230]. It is owing
to the dimeric nature of the extractant that either integral or half-integral powers, n,
arise in an equilibrium relation.

The formula of the metal complex in equations 2-4 may appear inconsistent
with the formulae given in equations 9-13. This is not so, however, as the formula
LnY;.2HY, for example, is strictly empirical while the equivalent LnY(HY,), may be
termed semi-structural,

The number of extractant molecules that react with a given ion appears to
decrease with the electric field about that ion. The field is proportional to the ionic
function, ze/r, where ze is the charge and r is the radius of that ion. Thus the largest
rare earth ion, La*, binds three extractant dimers. With a decrease in radius, the later
lanthanides replace one of the dimers with a monomer unit. |

The radius of the calcium ion is about equal to that of Dy>* but it carries only
a double charge. Evidently the smaller electrical field permits the Ca2* ion to react
with as many as three extractant dimers. The smaller radius of the Zn?* jon combined
with the fact that it is of the pseudo rare gas type, gives this ion a considerably
stronger field. It consequently accomodates only 1.5 (HY), molecules. Aluminium
being a stronger Lewis acid than any of the trivalent ions studied, completely
deprotonates the extractant and therefore binds only 1.5 dimer molecules as would be

expected from the theory.
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Effect of alkalt salt

As HEH®P is a liquid cation exchanger, it was thought that it might extract
some of the alkali ion used in some of the experiments to adjust the ionic strength.
Sodium perchlorate added to the aqueous phase at concentrations as high as 3 M had a
large inhibitory effect on extractions. Organic phases that had been equilibrated with
1 M alkali perchlorate in 0.01 M perchloric acid were found to contain less than 1 ug
ml! alkali ion. Therefore, the activity of the organic phase was not affected by the
presence of the alkali salt. The inhibitory effect on extractability is therefore due to
the reduction of the activity of the other ions in the aqueous phase. The influence is
quite large as can be seen from Figure 14 which shows the effect of ionic strength on
the distribution coefficient of Nd**. The behaviour is compatible with plausible

values of the activity of Nd3* ion.

3lp NMR investigation of species forming in the organic phase in_extractions with

HEH®P

Investigation of extraction mechanisms and species forming in the organic
phase have been mostly studied using equilibrium distribution data. The use of varied
extraction conditions by different workers, resulting in a large variation of activity
coefficients of the species, especially in the aqueous phase, have given rise to
conflicting reports of extraction mechanisms. Sidall and Stewart [231] pointed out
the potential of nuclear magnetic resonance spectroscopy in elucidating the
structure/mechanism of species formed in the organic phase following extraction with
neutral organophosphorus esters. Other workers have used NMR spectroscopy to
investigate the species formed in the extraction of uranium with HDEHP, a closely

similar extractant [232-235]. Recently, Kalina [236] has used lanthanide induced
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of Nd®* into 0.025 M HEH®P in hexane at 25°C.
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shifts to determine the structure of species formed in the solvent extraction of
lanthanides with neutral organphosphorus extractants.

Extraction carried out at low loading with various concentrations of HEHOP,
as shown above, at fixed aqueous phase acidity gave a 6 : 1 ratio for HEH®P :
lanthanum. The exwaction equilibrium is therefore described by the following
equation:

La** + 3(HEH®P), S— La[HEH®P),}; + 3H* 14
in which the charged species and uncharged species are in the aqueous and organic
phases, respectively., At high loading, de-dimerization occurs as a result of the
competition between hydrogen bonding and bonding to metal ions. The con.;;equcnt
ionization of the monomers results in the formation of the extractable metal ion
extractant complexes. Ejection of a solid phase from the extraction system suggests
that a polymeric compound is formed [237,238]. The empirical composition of the
isolated solid corresponded to that of a simple salt. To take into account the
extraction of polymeric species, Sato [239] suggested the following reaction in
solvent extraction of In(IIl), La(Ill) and Bi(IIl) analogous to that with the closely
related HDEHP:
nLa%* + 3n/2(HEH®P), =— ({LaEH®P),) + 3nH* 15

A single peak was obtained for all the 3!P spectra recorded at room
temperature. In some cases the single peak corresponded to resonances from the free
ligand and the complex undergoing exchange. On lowering the temperature, two
peaks corresponding to separate resonances by the free ligand and the complex were
observed. The La(EH®P); polymer was not soluble in n-hexane but formed a gel in
toluene or THF. A slurry of gel and solvent was formed and filtered. No peak(s) was

observed in the spectrum of the filtrate. The isolated solid was shaken with hexane,
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filtered and no peak(s) was also observed for the filtrate. Table 5 summarizes the low
temperature *!P chemical shifts for the free ligand and the slurry of gel in toluene of
the isolated compound. Figure 15a, b, ¢, d and e show the solid state NMR spectrum
of La(EH®P);, the solution spectra of the gel in toluene and the free ligand in
n-hexane, toluene and THF, respectively. The broad signal obtained with the gel is as
a result of poor exchange due to viscosity. The difference in chemical shifts for the
free ligand indicates a solvent effect. A single peak at room temperature of chemical
shift 4.4 ppm was obtained for the solid state 3IP NMR spectrum of the La(EH®P);
solid polymer.

Table 6 shows the 3!P chemical shifts of the species formed in the organic
phase following extraction at different acidities. Representative spectra are shown in
Figure 16. Extraction from 0.1 M HCIO, using n-hexane solution resulted in a white
gelatinous solid appearing in the organic phase, and the spectra of one portion was
recorded in-situ. A second portion was filtercd and even after repeated filtration more
solid precipitated in the filtrate. The solution was then dialyzed in hexane using an
extraction timble and no peak(s) was observed in the spectrum of the final portion of
the hexane "dialysate”. The small amount of complex extracted when toluene is the
diluent does not obviously yield any precipitates since there would still be excess
extractant. The peak observed for the in-situ spectrum in n-hexane (Fig. 16a) was due
to the unprecipitated complex since no spectrum was observed for the solid obtained
after dialysis when dispersed in n-hexane. The composite peak obtained with toluene,
Fig. 16e, did not split even at 198K; either exchange and/or viscosity broadening, but
most likely the latter, is operational at such low temperature, Also toluene is more
likely to be wetted than n-hexane, so that the water content may be freezing out and

will lead to the broadening observed in the former solvent. The effect of saturating
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Table 5

31p Chemical shifts

Compound Solvent Temperature 31p chemical shifts
X) 8 (ppm)
Solid La(EH®OP), ambient 44
La(EH®P), (gel) toluene 198 37.3
La(EH®P), n-hexane 198 14.0
0.1 M HEH®DP n-hexane 198 18.1
0.1 M HEHOP toluene 212 204
0.1 M HEHO®P THF 198 19.8
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Fig. 15: 3P NMR spectra for a) solid La(EH®P);, b) La(EH®P), gel in toluene,c)
0.1 M HEH®P in n-hexane, d) 0.1 M HEH®P in toluene, €) 0.1 M HEH®P in THF.
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Table 6

31p chemical shifts for the extraction of lanthanum at
different acidities into 0.1 M HEH®P solutions

Acidity Solvent Temperature 31P chemical shifts
M) (K) 5 (ppm)
0.1 toluene 212 204
0.1 toluene 198 20.5
0.1 n-hexane 198 14.0
0.5 n-hexane 198 14.2,18.6
1 n-hexane 198 18.4
2 n-hexane 198 184
3 n-hexane 198 18.4
4 n-hexane 198 18.6

5 n-hexane 198 18.3
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Fig. 16: 3P NMR spectra for the extraction of lanthanum into n-hexane phase
containing HEH®P from a) 0.1, b) 0.5, ¢) 1.0d) 2.0, M HCIO, and into
toluene phase containing HEH®P frome) 0.1 M HClO, at 198 K.
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the n-hexane phase with water is seen from the chemical shifts of the free ligand (18.1
ppm) and when the same solution is contacted with an aqueous phase (18.3 ppm). At
0.5 M HCIO, in n-hexane, no solid precipitated out; two peaks were obtained at 198K
with chemical shifts at 18.6 and 14.2 ppm which can be assigned to the free ligand
and the complex, respectively. The difference in the chemical shifts of the solid
polymer and the complex in solution shows that the structure in the solid state differs
from that in solution. The difference in the 3'P chemical shifts of solid (NH,);PO,
and 83% H3PO, is not greater than 2 ppm [240]. Therefore, :apart from suppling
information about solubility and (g.tability, investigation of the isolated solid complex
by 3'P NMR spectroscopy substantiates the structural difference between the complex
when pulled out and when left in solution. A gel is formed as a result of interaction
between a dispersed phase and the solvent. Thus, the disparity between the chemical
shifts of the gel, the solid polymer— and the complex in solution can be explained as
due to change in coordination. At higher acidities, only one peak corresponding to the
free ligand was observed showing that no lanthanum is extracted. The chemical shifts
for extractions without lanthanum are summarized in Table 7. Representative spectra
are shown in Figure 17. The only peaks observed with just water and up to 6 M
HCIO,4 were that of the free ligand showing that no water molecules or acid were
associated with the complex and/or ligand.

At 11.6 M acid however, the extraction system yielded three phases. HEH®P
has been shown to undergo protonation at concentrations higher than 6 M HCIO,,
forming a molecular solvate of composition (HEH®P),.HCIO, which is sparingly
soluble in aqueous and organic solvents and forms a separate phase [241). The
aqueous phase following extraction with 11.6M HCIO4 was evaporated to dryness

under a heat lamp and the residue taken up in n-hexane. The chemical shifts of this
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Table 7

31p chemical shifts for extraction at different acidities
without lanthanum into 0.1 M HEH®P in n-hexane

Temperature 31p chemical shifts
Aqueous phase K) 5 (ppm)
Water 198 18.3
0.5 M HCIO, 198 18.2
1.0M HCIO, 198 18.3
6.0 M HCIO, 198 18.2
11.6 M HCIO, 200 20.8 upper layer
200 19.8 middle layer

199 18.9 aqueous layer
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Fig. 17: 3'P NMR spectra for extractions without lanthanum from a) water,b) 6 M

HCIO, and c) and d) aqueous and middle layers, respectively from the 11.6 M
HCIO,.
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solution as well as of the middle and upper layers were recorded. At room
temperature, a single peak, §=21.2, 20.6, and 20.5 ppm was obtained for the upper,
middle and aqueous layers, respectively. At 200K, a broad composite peak, 5=19.8
ppm, was observed for the middle layer whereas single peaks, =189 ppm
characteristic of the free ligand and §=23.5 ppm, were observed for the aqueous and
upper layers, respectively. The broad signal for the middle layer could be explained
by the existence of associated protonated species or the broadening could be due to
viscosity as this layer was observed to freeze up a little more than the other samples.

The effect of increasing concentration of lanthanum for extractions with
n-hexane HEH®P organic phase solution was also studied and the results are
summarized in Table 8 with the spectra shown in Figure 18. Increase and decrease of
the intensities of the peaks due to the complex and ligand, respectively, are observed
with increasing lanthanum concentration in the aqueous phase,

Studies of extraction systems with closely related extractants have established
that the PO, in organophosphorus compounds serves as the site for coordination to
metal ions [239,242-245]. Based upon this and our results, i.e., elemental analysis

and 3P NMR spectroscopy we propose the structure shown in Figure 19 for the

complex formed at saturation loading.
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Table 8

31p chemical shifts for the extraction of lanthanum at
different acidities into 0.1 M HEH®P solutions

Acidity Lanthanum 31p chemical shifts
M) concentration 3 (ppm)
0.5 1.0 18.4, 14.0
1.5 18.4,13.9
20 18.4, 14.0
25 18.4,14.0
1.0 1.0 18.3
1.5 18.3, 14.1
2.0 18.3, 14.0

2.5 18.3,14.1
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Fig. 18: 3!P NMR spectra for the extraction of a) 1, b) 1.5, ¢} 2.0, and
d) 2.5 M lanthanum into 0.1 M HEH®P in n-hexane at 198 K.
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FIG. 19. Proposed structure for the polymeric lanthanum-HEHP species

crystallized during saturation loading
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Thermodynamics of extraction with DNNSA

It might be expected that the activities of metal ions in liquid exiractants
should be more nearly ideal than in solid ion exchange resins, provided that the
stoichiometry of the complexes formed does not change with loading. Unformnately,
this is not the case at higher loadings and this is of importance in the engineering of
many applications such as solvent extraction purification circuits or reversed-phase
ion chromatography. With these applications in mind it became of interest to
investigate the thermodynamics of the extraction process, particularly of the
lanthanides. In the present work, the enthalpy and entropy terms for the extraction of
a selection of ions at low concentrations were examined. Such studies should be of
interest for application to trace analysis

Thermodynamic parameters for extractions with DNNSA in different diluents
have been reported for lanthanide and actinide ions [43,246-248]. Studies at various
temperatures are used to obtain AH® and AS° values for the extractions. However,
previously obtained data are of relatively low accuracy. In the present study,
measurements been have made over a wide range of temperatures, i.e. 15-85°C, and
the resulting accuracy permits trends to be discerned across the lanthanide series.
Comparisons were made with other M(IIT) ions and large differences in AS® terms
were found between extractions of M(IIT) and M(II) ions, repectively.

The temperature coefficient method which was employed here has the
disadvantage when compared with the direct calorimetric method of providing
approximate values of the enthalpy change of the extraction process. This is due
firstly to the high accuracy required in the determination of the equilibrium constant
and secondly to the fact that the heat capacity changes have finite but very small

value in the temperature range of the experiments. However, the high concentration
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of metal ion required in the direct calorimetric method could result in a change of the
extraction reaction stoichiometry. Consequently, it becomes imperative to use the
temperature coefficient method when very small concentrations of metal ion which
will yield small heat effects are involved.

In organic solvents of low dielectric constant, DNNSA and its complexes with
metal ions are known to polymerize extensively [42-44,188). The equation for
extraction is therefore represented as follows:

M* + m(HD), = MH,_, D) + zH" 16

In the present work, HD represents DNNSA, z is the charge on the metal ion
and n and m are the degree of polymerization and number of molecules of DNNSA,
respectively. It has been shown [43,44,188] that a single (HD),, molecule reacts with
metal ions, i.e. m is always one. Terms in the equation with charges refer to the
aqueous phase, otherwise the organic phase is implied. It has been shown by various
authors that the perchlorate ion does not complex the metal ion.

The K values are defined in terms of concentrations as is customary. It is not
possible to derive absolute free energies and entropies of extraction for AI** and Bi3*
ions owing to the lack of published values of activity coefficients for their
perchlorates but fairly reliable comparisons with the lanthanides are still possible, Tt
is shown below how this comes about.

At constant concentration of acid andfor in a constant ionic medium, if the
following assumptions are made, i.e., that

1).  the temperature dependence of aqueous activity coefficients is, as
usual, nearly negligible,
2). only a small concentration of the extracted metal-complex is

present in the organic phase,
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3). the standard enthalpy change, AH®, is constant in the temperature
range i.e., the heat capacity change is negligible and
4).  the activity coefficient for the neutral species is ca. unity,
then the integral of the derivative of the equilibrium constant with respect to

temperature will yield the Van’t Hoff equaticn in the following form;

AlogKy _ AH?® 17
AC1/T) 2303 R

which can be used to calculate the enthalpy change of the extraction process. The
data given in Table 9 were used to calculate AHP from plots of logKy vs 1/T using a
linear regression computer programme at the 95% confidence level. The plots of
logKy vs I/T in the temperature range studied are shown in Figures 20 and 21.

The ion exchange reaction for a z-valent ion (equation 16) is described by the

following expression:

M, DT 18
[(HD)plvpz+ M)

(-

providing assurnptions 1 and 4 above hold, where K, is the thermodynamic ion
exchange constant and y is the activity coefficient of the indicated species.
The following relationships will exist between the analytical concentration,
Cyp and the polymerized extractant concentration, [(HD),]:
Cup = [HD] + n[(HD),] 19a
which with the pronounced extent of polymerization reported for the sulphonic acids

approximates to;

CHD = n[(H.D)n] 19
By defining

M(H,,D,)] 20
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Table 9

Variation of distribution coefficients (kg) between HCIO,4 and 0.01 M

DNNSA in petroleum ether as a function of temperature

Metal ion [H'] Distribution coefficient (&a)

15 25 35 45 55 65 75 85°C

Zn?* 10.02°| 013 014 015 016 017 018 019 020
0.1 166 1.69 178 183 186 192 208 227

Ca?* |0.02*| - 047 047 045 046 048 048 049
0.2 091 100 102 095 095 093 098 098

02* | 028 026 028 028 027 - - .
AP+ | 025 | 264 273 293 323 345 392 405 436
025*| 054 060 066 072 079 084 093 098

B+ | 0.5 295 324 358 394 429 483 525 -
La3* |05 - 3.80 427 437 490 537 575  631P
Nd** [ 0.5 - 240 272 323 350 407 463 530
Gd** |05 - 234 255 2388 3.06 360 419 443
Ert (025 | 13.06 1416 1507 1689 1936 22.88 2539 28.08
0.5 164 180 197 221 242 268 290 3.17

“lonic strength made up to 0.5 M by addition of NaClO,
PTemperature = 83°C
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Fig. 20: Effect of temperature on the extraction of Al**, Zn?* and Ca?* into

0.01 M DNNSA in pet. ether.
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and for an electrolyte of stoichiometry (cation)yy4(anion),_, we have the mean activity

coefficient
Y+© = y Uty - where v =1, + v, 21
therefore
Ky H Y (Vpc10,)*
K/n = ° 22
[Cupl Y+ M10,),

The mean activity coefficients, Y+, were taken from published values [249,250].
Individual activity coefficients can also be calculated for sufficiently dilute (p < 0.1)

solutions from the extended Debye-Hiickel equation
0.5115 22+
(at 25°C) 2
1+ 0.0033 oVp
where ¢ is the effective radius of the ith ion. Values published by Kielland [251]

-logy; =

were employed to calculate mean activity coefficients.

The free energy of the extraction reaction is defined as follows:

+]Z
AG = -RTlogK/n = -RTIn 24

[Cupl
where I" is the collection of activity coefficients. These values may be regarded as

standard free energies with a shifted zero of reference such that they are less negative
than the true values. For the value of n=10 [43], the contribution of RTlog,n to AG in
the above equation will be about +6 kJ mol'1 but it would be constant throughout the
extractions.
For AP* and Bi** ions where the activity coefficient of their perchlorate is
unavailable, we have a modified free energy
AG’ = AG + RTInl" 25

However, use of v for AICl;, which admittedly is not likely to be equal to that of the
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perchlorate, suggests that the AG’ value is estimated to be about 5 kJ mol-! less than
AG, a discrepancy that is small and can still permit conclusions to be drawn about
other factors involved in the reactions. The free energy values appear in Table 10.
Comparison of the extractions of lanthanides conducted at constant ionic strength
should be valid. It should be possible to compare data for other wivalent ions but
comparison of these with data for divalent ions, whose activity coefficients are closer
to 1.0, should merely be regarded as suggestive rather than definitive.

The enthalpy values, AH®, given by the relation
d (AG)  ame 26
d_T-T_ -7 T2
are independent of the activity coefficients, i.e. they are correct, provided that lny

terms are essentially independent of temperature [252). It has been shown that n, the
aggregation number, does not change significantly with temperature [190].
Entropies have been calculated from the equation,
TAS = AH® - AG 27a
and for the instances where the mean activity coefficients are unavailable by
TAS' = AH° - AG’ | 27b
For these latter instances, the entropies, like free energies, are uncertain by an
amount Rlog.nI” that is uncertain, Therefore,
A8’ = AS - Rlog,nl’ 28
The contribution for n=10 is about 19 J K*! mol! and should again be constant
through out the extractions. The entropy values are tabulated in Table 10
If data obtained with the ionic strength fixed at 0.5 are compared, it is seen
that DNNSA does not exhibit any selectivity for the lanthanides (no significant
differences in AG values) with increasing atomic number. The series of AH® and AS

values do not exhibit the same non-selectivity, however. Lanthanum stands apart
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Table 10

Thermodynamic values for the extraction

of selected metal ions with DNNSA at 25°C

Ion  Crystal Radius HCIO, AG AH® AS
Pm® concel\rrttration kJ moi-! kJ mol! J K mol!

La3* 117.2 05  -1503%+0.16 731031 749+1.2

Nd3+ 112.3 0.5  -1379%015 10.17+026 805%1.0

Gd3+ 107.8 05  -1372+020 851+0.39 747+15

Er+ 103.0 05  -13.03%0.13 7.50%0.17 79207
025 -10.64+022 9281058 669+2.1

Bi*+ 117 0.5 9.17+0.11° 697£022  54.1%0.8¢

AP+ 67.5 025  -3.56+0.14° 590+031 31.8%1.2¢
0.25> -4.16+0.12° 644+020  35.6+0.8¢

Ca?+ 114 0.2 -433+023 0101052 149+19
02 7274017 021+074 23.3+26
0.1 275+ 0.30

Zn?* 88.0 0.1 -1.84+£0.11  3.13+0.18 167107

%Values from R. D. Shannon [74] for coordination number = 6

®lonic strength made up to 0.5 M by addition of NaClO,

°AG' ;

dAS



96-

from the other members of the series.

The extraction is less favoured as the atomic number of the lanthanide
increases. The reason for this is a slightly decreasing entropy of extraction. There is
also a decrease in enthalpy which tends to favour exiraction of the heavier lanthanides
but fails to compensate for the entropy effect.

Danesi et al. have noted the relative importance of entropy in ion exchange
processes [248].

The extraction represented by

M?**(aq) + DNNSA — M(complexed) + nH,O 29
can be regarded as the sum of two processes

M*(aq) — M**(g) + nH,0 30a

M*(g) + DNNSA — M(complexed) 30b

for which the entropies are -AS,° and AS_°, respectively. Therefore the entropy of
reaction 29 is
AS = AS.°- ASy° 31

Values of ASy® for the lanthanides taken from Bertha and Choppin have been
employed [253]. By combining equations 27a,b and 31, our extraction enthalpies lead
to the entropy, AS.° and the shifted values of entropy fox.' the complexing of the
gaseous ions, AS' = AS_° - AS,;°, that are recorded in Table 11. The quantity AS°
becomes more negative for the lanthanides with greater atomic .number. The
logarithmic term should subtract less from AS with increasing atomic number as YmzZ+

should increase with decreasing crystal radius*.

The hydrated radii increase with decreasing crystal radius.
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Table 11

Entropies of hydration and entropies of complexing

the gaseous ions with DNNSA,

HCIO, AS° AS°
Ion Concentration
M J K-! mol-! Y K mol!
La3+ 0.5 -341 -266
Nd3+ 0.5 -355 274
Gd3+ 0.5 -390 -315
Ert 0.5 -399 -320
025 -399 -332
AR 0.25 -468° -436°
0.252 -468P -432¢
Ca2* 0.20 -208b -185
0.2 -208® -193
Zn2+ 0.1 -269° -252

®Ionic strength made up to 0.5 M by addition c;f NaClO,
bValues taken from ref. 254
C Shifted values (AS.°> = AS’ + AS,%)



98-

A study of the extraction of ions such as Mg2*, Ca** and Ba®* with a
sulphonate ion exchanger has shown that the polymer micelle of (HD), bonded to
these ions undergoes electrostriction and decreases in volume with increasing electric
field about the metal ion [43]. The authors’ suggestion is that the lanthanide
contraction leads to the same effect and that the more compact micelles possess less
entropy.

The changes in AS_.° and AS;° encountered in proceeding along the lanthanide
series roughly compensate each other with AS.° being somewhat the more important
term. If large separation factors for the lanthanides are to be achieved, it is likely that
this could best be accomplished by either enhancing or suppressing the AS.° term.
This could perhaps be done by reducing the size of the complex micelles. Morabbi et
al. have influenced micelle size by the addition of alkali salts [193]. It is probable
that a change of the nature of the extractani would be more effective.

In order to lend support to the idea of micelle electrostriction, some further
jons of various size and charge were examined. Bismuth ion resembles La®* very
closely in size and charge. Both ions are free from crystal field effects, thus their
thermodynamic data should be very similar, but activity of bismuth perchlorate is not
available. This similarity becomes obvious if the AG for La3* is evaluated. The
behaviour of Al** is of interest because it is a much smaller ion. It is extracted less
readily despite a more favourable enthalpy of extraction. The data at ionic strength
0.25 may be compared with that for Er**. The reaction entropy for AI** is much less
important than the entropy for Er’*,

In another experiment, AI** was extracted from a 0.25 M acid solution in
which the ionic strength had been adjusted to 0.5 M by the addition of NaClO,. Some

sodium was extracted and this had the effect of reducing the concentration of free
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DNNSA in the organic phase. An attempt has been made to interprete the results
obtained with sodium present by calculating the amount of sodium extracted and
thereby correcting the concentration of free DNNSA that was employed in the
calculation of X, for AP+, The extraction coefficient K/n for Na* was reported to be
0.5 by Markovits and Choppin [43]. The same workers have reported that n, the
aggregation number for the extractant in a micelle of the sodium complex is 10. In
the simple case that one mole of (HD), reacts with one mole of Na*,
(D), + Na* = NaH ,D, + H* 32

Thus, setting

[NaH,,Dn] [H']

33a
n[Na*] [(HD),]

K/n=05=

10x0.25 (0.01- [NaH,,D,] )

Upon solving for [NaH,_ ,D, ], the concentration of sodium in the organic phase, it was
possible to calculate the bracketted quantity in the denominator, i.e. the concentration -
of unreacted DNNSA.

The resulting data given in Table 10 show that, as expected, the enthalpy was
but little affected by the change in ionic strength while the entropy increased
somewhat. Although these data are estimates, they serve to show that the chief
difference between the behaviour of the smaller AP+ ion and the lanthanides is to be
attributed to the entropy term. The loss of the large hydration shell upon the
extraction of the lanthanides is felt to be a predominant factor.

The question now is whether the modified entropies of complexing in Table
11 may be compared for ions as different as Ln®* and A13* in spite of the uncertainty

in the logarithmic term for the latter ion. With values of y taken from Kielland [251]
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for p=0.1, one obtains for RInI" a value of 6 J K1 mol! for AI**, which indicates a
small difference only. Although 1 was 0.25 at least in these experiments, it seems
probable that the comparison of the data in Table 11 is valid to 10-20 J K1 mol-.
Therefore the low value recorded for AI** is outside the range of uncertainty and
indicates a very strong electrostriction of the extractant by that ion.

Calcium resembles the lanthanide ions in size but its electrical field is
one-third less strong. It is much less easily extracted so that the acidity was decreased
to 0.2 M in one series of experiments and 0.1 M in one other case in order to achieve
a good distribution between the phases. Both the enthalpy and entropy terms are
small relative to the corresponding values for the trivalent ions but the decrease in
entropy outweighs the reduced enthalpy. In one series the ionic strength was adjusted
to 0.5 M and the effect of sodium extraction was taken into account as before. The
three results for AG are influenced slightly by ionic strength as are the results for
AB*. The value of AS.° in Table 11 is quite high as was expected for a large, divalent
ion. There is relatively little electrostriction of the extractant.

The elecwric field strength at the ionic radial distance of 2efrz,=0.027e
coulombs pm! for Zn** is comparable with the field about Nd3*, 3e/rys=0.027e
coulombs pm™. It was necessary to reduce the acid concentration to 0.1 M, therefore
the entropy and free energy data can be compared precisely only with that for Ca2*+
run in 0.1 M acid. The enthalpy, AHS, is greater than that for Ca?* but is still less
than that obtained for the trivalent ions.

The enthalpy is marginally more impo:tant than the entropy in the comparison
of Ca?* and Zn?*. The entropy of complexing for Zn2* in Table 11 is considerably
more negative than that for Ca?* as expected. It is still not comparable with that for

Nd**, however, so the conclusion is that the electric field strength is not a defining
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parameter of the thermodynamics.

As thermal entropies are roughly proportional to enthalpies, it may be assumed
that AS (or AS’) should be proportional to the Bom charging energy, viz.
-(ze)z(l-lle)(1/2r_,,) where ze is the ion charge, ¢ is the dielectric constant of the
medium and r, is the cation radius. The second power dependence on ze would
account for the relative effectiveness of the trivalent ions in bringing about
electrostriction of the solvent.

In contrast to this, the solution enthalpy is given approximately by the
expression zepcos6/(r, + rw)2 where L is the dipole moment of a solvent molecule, Iy
(=138 pm) the radius of water molecule and 0 is the angle of orientation of that
molecule to the radial direction [255]. Here the dependence is first power in ze. It
follows that entropy effects will predominate over enthalpies with ions of high charge.

An jonic strength of 0.5 M is quite high in experiments of a thermodynamic
nature. Apart from making it impossible to obtain activity coefficients for AB* and
Bi3*, the chief fault associated with the high ionic strength is the effect it would have
on the individual AS,° values, all of which would be diminished in magnitude by the
field of counter-ions about any given cation. Thus the use of the standard state
values, AS;°, ignores the distinction. The data obtained with solutions that had
somewhat less ionic strength support that obtained with 1=0.5 so there is no doubt of

the general concept of micelle electrostriction.
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Thermodynamics of extraction with HEHOP

Liquid extractants that contain the phosphate or phosphonate functionality are
superior in many applications to sulphonates, especially for the extraction of higher
valent metal ions. Bis(2-ethylyhexyl)phosphoric acid (HDEHP) is widely used in
metal extraction circuits, However, for separations of the greatest difficulty such as
those involving lanthanides or actinides, it is claimed that 2-ethylhexyl
phenylphosphonic acid (HEH®P) is superior [20f,167].

Fidelis and Siekierski [256] studied the thermodynamics of the partition of the
lanthanides between HEH®P in hexane and aqueous nitric acid solution. They
assumed that the extraction proceeded according to the equation

Ln, + x(HY), o = Ln(HY)y, o + xHy 34
where Ln is a lanthanide ion, x = 2,30 and (HY), is the extractant which is dimeric in
solvents of low dielectric constant. It has been shown in the course of this work that
the stoichiometry is not correctly represented by this equation for the majority of the
ions studied in extraction from perchloric acid media [228]. Instead, one must use the
general equation

Mp* + nHY),0 = MHy, ,Ys,)o + 2HY, 35

In investigations involving this extractant, it was therefore necessary to repeat
the thermedynamic study of the extraction of selected lanthanide ions and to compare
them with some other ions of various sizes and charges. Particularly, the interest was
in discovering what thermodynamic feature of the extractions causes HEH®P to be
unusually efficient in extracting large polyvalent ions. The results can be compared
with those of dinonylnaphthalene sulphonic acid (DNNSA). In the latter case, it was
found that the enthalpy of extraction with DNNSA did not vary significantly from one

lanthanide ion to another, although the entropy decreases slightly across the series.
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The entropy of hydration and the entropy of complexing with DNNSA largely
cancelled and it was concluded that the trend observed in the net entropy was
governed chiefly by the electrostriction of the water on the one hand and micelles of
DNNSA on the other.

It can be argued that if the extractant polymerizes to a micelle, binding to an
ion with a high charge to size ratio causes electrostriction and a resulting decrease in
entropy. If, on the other hand, the extractant serves as a monomeric ligand, or as in
the present situation, a dimeric ligand, the opportunity for electrostriction of an
extended micelle is lost. In such a case, the entropy change on complexing should be
more purely configurational, i.e., dependent primarily upon the numbers of particles
engaged in the reaction and therefore less dependent upon the charge to size ratio.

A high charge density of the cation will reduce the thermal entropy of the
complex but the author believes that this effect is less pronounced than the effect of
electrostriction on a micelle, if one is present. The entropy of hydration remains
strongly affected by the nature of the ion and therefore the net entropy should vary
more strongly across the lanthanide series. The present study supports these ideas.

In the previous studies of Fidelis and Siekierski referred to above, the ionic
strength was not held constant. In view of our own experience with both HEH®P and
DNNSA, it was necessary to determine the thermodynamic parameters at constant
ionic strength and also ascertain the influence of the effect of NaClO, on the
extractions.

The present study entailed extracting selected metal jons from HCIO,/NaClO,
solutions into a solution of HEH®P in petroleum ether. Enthalpy and free energy of

extraction was deterrnined over the range of temperature, 15 - 85°C, and the entropies

calculated from data at 25°C.
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Representative logKy vs I/T plots of the Ky data tabulated in Table 1z,
obtained in the temperature range are shown in Figures 22 and 23. Enthalpies were
calculated by treating the logKy / I/T data by a linear regression computer
programme at 95% confidence level and employing the Van't Hoff equation.

Extracts were analyzed for alkali ion and its concentration was found to be of
the order of 1 pg per ml.

HEH®P is dimeric in most organic diluents of low dielectric constant and thus
the extraction equation must be written as above (eq. 35) with a known value for n if
the thermodynamic parameters are to be obtained in a particular case.

The equilibrium constant for the extraction is defined by the expression
[M(Hz., Y2n)lo (H'P (r+ucio,)®

[M*]5 [HY)]" v+ m(ci0 )z

where again the activity coefficient of the neutral species are assumed to be ca. unity.

36

e

By defning an extraction coefficient
[M(Hzn, Y2n)o 37
[MZ+]A

we obtain
[H*]* 38
! @),

where I is defined as previously. The standard free energy of reaction is

e ~ K
[(H*]*
[((HY),]

provided that the activity coefficients for the neutral species can be assumed to be ca.

AG® = -RTIn K4 39

r

1.0. As Lefore (cf equation 25), a relative free energy
AG = AG® + RTInT ‘ 40

is defined in those cases where the activity coefficient of the perchlorate is not
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Table 12

Variation of distribution coefficients (ky) between HC1O,4 and 0.025 M

HEH®P in petroleum ether as a function of temperature

Metal fon | [H] : Distribution coefficient ®a)
15 25 35 45 55 65 75 85°C

Zn* 10.01 311 361 393 438 480 5.17  3.51 6.00
CaZ* |0.01 011 0.08 005 004 0.3 0.02 - -

AB* |0.05 - - 004 010 027 045 1.15 2,190
0.052 - . 003 007 010 021 024 0.48
Bi3* |1.0 670 3.63 247 167 118 079 0.54 0.37

La3* 10,01 |177.88 126.05 107.33 79.94 6355 50.12 - -
0.025 | 21.38 1553 1241 853 655 525 453 347
00258 721 472 304 228 162 124 - .
Nd* |0.05 | 4046 31.62 2808 22.51 1906 1745 14.68 12.44
005 | 1293 897 684 530 449 329 - -
010 | 343 270 240 182 159 134  1.08 -
0.10° | 157 116 087 079 054 048 - i
Gd** 1025 | 1026 777 586 426 310 261 218 145
0258 | 542 394 283 203 153 121 086 -
Dy** 0.5 1655 1148 845 596 427 313 259 -
0.5° | 1003 7.11 497 349 252, 174 124 107
Er* |10 9.57 676 443 28 192 145 096 -

*Ionic strength made up to 1.0 M by addition of NaClQ,
"Temperature = 84°C
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Fig. 22: Effect of temperature on the extraction of Zn2*, Ca2*, APB*, La3*, Nd**,

Gd3*,and Dy* at varying acidity into 0.025 M HEH®P in pet. ether.



-107-

1.0+

0.5

log Ky

-0.5—

-1.0f

2.7 2.9 a 3.3 3.5
/T 103 (K™)

Fig. 23: Effect of temperature on the extraction of AP, Bi?*, La®*, Nd**, Gd**,

Dy3* and Er** at varying acidity but ionic strength, p(HCIO4+NaClOy),
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available

As stated previously, we may derive AH® values from data measured at
various temperatures because activity coefficients are essentially independent of
temperature. Again, modified (shifted) entropies are defined by

AS’ = AS® - RInT 41

when the mean activity coefficients are not available. The values of AS* would be
more positive than the standard values, AS®, by about 10 J X! mol! at an ionic
strength of 0.1 and the difference may be somewhat greater still in those experiments
carried out at an ionic strength of unity becaunse the v+ values generally go through a

minimum (at about p=1.0 M) with increasing concentration in dilute solution.

Comparison of thermodynamic parameters

The values of AG, AH® and AS are given in Tables 13 and 14. The data in
Table 13 refer to experiments carried out at relatively low ionic strength, i.e., in
solutions of dilute HCIO, at the concentrations shown. The results of experiments
carried out in solutions of HCIO4 and NaClO, with an ionic strength of 1.0 M appear
in Table 14.

For a given pair of ions, the difference in free energy of extraction is much
greater when HEH®P is the extractant rather than DNNSA. There is also a reversal
in rends in the free energy. Thus Zn?* is more readily extracted than Ca?* by
HEH®P but the reverse is true for DNNSA. Throughout the series of lanthanides the
trend in HEH®P extraction is favoured by both enthalpy and entropy whereas the
entropy differences oppose and out-weigh the effects of enthalpy in extractions with
DNNSA. It was of particular interest to examine the significance of individual

enthalpy and entropy terms in the reaction of various ions so it was necessary to
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Table 13

Thermodynamic parameters for extractions of cations

with HEH®P from dilute perchloric acid media®

ITon  Crystal Radius  Acid AG® AH® AS°®
pm® Conc, M k) mol! kJ mol! JK! mol!
La*+ 117.2 001 -5.76%0.30 -200+£0.6 -478%23
La3* 117.2 0.025 -7.34+0.22 -209%£1.0 -455%2.1
Nd3+ 112.3 0.05 -12.92+0.22 -153+£0.6 -8.1%22
Nd3+ 1123 0.10 -12.57+£0.17 -156+£04 -103%15
Gd** 107.8 0.25 -20.62+0.30 -23.1£08 -85%3.0
Dy* 105.2 0.5 -29.03+0.16 263+0.6 +95%19
AP+ 67.5 0.05 +16.51+£0.46° +732%2.3 +184.1%7.5°
CaZ* 114 0.01 +1.60%0.25 -28.1£0.6 -99.8%1.1
Zn?* 88.0 001 +5.83%0.19 +78+£03 +67%1.1

2 Data refer to 25°C except where otherwise noted

bValues taken from ref. 74 for 6-coordination

®Calculated from data at 35°C
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Table 14

Thermodynamic parameters for extractions of cations with HEH®P from

solutions of HCIQ, and NaClO, at an ionic strength of unity

Ion  Crystal Radius  Acid AG® AH° AS®

pm® ConsM  Wmo!  kimor! IR mor!
La3+ 117.2 0.025  -1092+027 -287+09 .507+ 3.0
Nd3+ 1123 0.05 -15.78+£028  -199+1.0 .139+34
Nd3+ 1123 010  -1579+037 -194%14 _120+50
Gd3+ 107.8 0.25 -22.89+£0.16 -25.1+04 -75+14
Dy3+ 105.2 0.5 -30.374£028 -284+0.6 434404
Er* 103.0 1.0 34561023 -325%07  4+70+25
AP 67.5 0.05  +17.81+0.73% 4474434 49671+ 1.4be
B3t 117 1.0 -30.62£035° -342+09 .120+33¢

*Values taken from ref. 74 for 6-coordination
®Calculated from data at 35°C

‘AG’ ; 9AS’
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compare experiments in which the ionic strength was equal.

Lanthanum appears to behave in a singular way although the data show a
uniform trend from Nd3* to Er3*. The same uniqueness of lanthanum was observed in
DNNSA extractions but to a lesser extent.

The enthalpy of extraction becomes increasingly favourable with increasing
atomic number of the lanthanides. With DNNSA, however, the trend was slight and
the enthalpies were positive. The stronger Brpnsted basicity of the phosphate and
phosphonate functionality is accompanied by a stronger affinity for higher-valent
cations.

The comparison of AS° values for HEH®P with corresponding entropy data
for DNNSA is revealing. In the case of the latter, it was shown that there was a
decrease in entropy across the lanthanide series but with HEH®P there is an increase.
This conforms with the suggestion outlined earlier in the last section where it was
argued that the effect of electrostriction of DNNSA micelles outweighs the effect on
the solvent water. No comparable effect occurs with HEH®P so that the trend in
hydration energy dominates strongly. The data in Table 15 illustrates this conclusion
in a quantitative way. As explained previously, the entropy of the complexing
process

Mgz+ + n(HY), — M(complexed) + zH*, 42
is AS°, = AS°+ ASY, ' 43
where AS%, is the entropy of hydration of the gaseous ion. Again we employ a
modified form of this for those metal ions where Y4 of the perchlorate is unavailable,
namely
AS = AS2 - AS,° 44

Again values of AS% for the lanthanides taken from reference [253] have been
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Table 15

Entropies of hydration and entropies of complexing

the gaseous ions with HEHOP

AP AS»?
o J K mol! I K- mol!
La’+ -341 -401
Nd3+ -355 -369
Gd3+ -390 -398
Dy* -397 -394
Er’* -399 -392
AP -468° 372
Ca?* -2082 -308
Zn -269° -262

*Values taken from ref, 253
® Shifted values (AS,° = AS’ + AS,°)
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employed and the value for AI** should be more positive by about 25 J K-! mol'l.

Whereas the values of AS.° decreased considerably in extractions with
DNNSA as a result of the lanthanide contraction, the values reported in Table 15 for
HEH®P show little, if any, trend across the lanthanide series. It follows that the
downward trend in AS,° is not compensated or more than compensated by a similar
trend in AS_°. The entropy of extraction and hence the free energy can therefore
display more pronounced differences between ions in extractions with HEH®P. The
derivation of AS_° supposes that the lanthanide ions are completely desolvated upon
complexing. This is not necessarily the case as the work of Fourest, et al. suggests
[257]. The qualitative conclusions are not dependent upon this point, however.

It is widely understood that the chelate effect can be ascribed to the increase in
entropy that accompanies desolvation. In the present systems, the large ions do not
seem to experience this effect, instead the results indicate a greater decrease in
entropy when the gaseous ion is complexed with HEH®P than when it is hydrated.
The reason for this is not clear; perhaps it can be attributed to the dimeric nature of
the HY, ligand.

Aluminium ion has a much higher charge density than the lanthanides. The
large gain in AH® upon extraction is attributed to the loss of hydration which is not
compensated by the complexing step. The entropy is also large and positive. These
two factors do not nearly compensate one another with the result that the free energy
is quite positive. Whereas in extractions with DNNSA, the behaviour of AP+ was
similar to that of the lanthanides, in the case of HEH®P extractions, AIP* complexes
with only 1.5 molecules of (FHY),. This results in AS.° being much less negative.

Thus, in this further respect, HEH®P is capable of providing enhanced separation
ability. '
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The divalent ions demonstrate this effect once again. Calcium ion is
comparable in size to the lanthanides and, like the larger lanthanides, it binds three
(HY), molecules. However, because of the ion’s lower charge, it deprotonates only
two of the extractant molecules and the complex is written: Ca(HY,),(HY),. The
entropy of complexing is consequently less negative. Zinc ion, however, has a high
charge density and this results in the formation of a simpler complex, ZnY(HY 2)
Fewer molecules being bound, AS_° is again, less negative. The individual enthalpy
and entropy values for Ca®* and Zn?* differ greatly but there is a large measure of
cancellation so that the free energies are not greatly different. However, in
extractions with DNNSA, there is so little difference between Ca2* and Zn2* that they

are difficult to separate with that extractant,
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Reversed-phase chromatographic separation of the lanthanides

In a modification of the solvent extraction technique, a column packed with a
solid support which is coated with the extractant was employed to separate the
lanthanides. Therefore, in addition to the extractant, choice of tie solid material
should be critical as well. Among others, the solid support material should meet the
following requirements; it should

a)  be chemically inert, not swell, dissolve, or undergo any chemical change

(for example, hydrolysis of the hydroxyl group in silica gel at low pH) in
the extractant and/or the mobile phase.

b)  show good wettability by the stationary phase and exhibit a sufficiently

strong capillary binding force with the stationary phase.

c) possess a large surface area

d)  be hydrophobic or should be made to be, e.g., by exposure to vapours of

dimethyldichlorosilane.

In the present work we have used phenylated Kel-F powder which was
prepared by the method of Siergiej and Danielson [258] who applied this type of
support for the separation of organic mixtures. This technique referred to as
reversed-phase extraction chromatography (or supported-phase solvent extraction) is
actually a multistage separation process and could accomplish separation of pairs of
ions that are difficult to separate by simple solvent extraction. Braun and Ghersini
[259] have written an excellent review on the principles and application of this
technique.

The raising of this technique to a position competitive with ion exchange for
the separation of such related groups as the lanthanides and actinides can be credited

to the development of acidic organophosphorus extractants, anionic long chain
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tertiary and quarternary amines and the first successful application of the technique
itself by Siekierski etal. [167,260].

Previous work done in this laboratory and by other workers have employed
gradient elution with concentrated acid soluti-~ns for the heavier lanthanides. In the
present work, we have songht to keep the aqueous mobile phase acidity low by
fractionating the lanthanide series into two groups, the first by eluting with an
aqueous acid solution (< 1 M) and the second by stripping with a polar organic
solvent. We however ran into the problem of low recovery upon wet-ashing the
resulting residue after evaporation of the organic eluent. Quantitative recovery of La,
Nd and Gd was obtained with 200 ml of 0.9 M HNO,. Chemical interference that
might be due to the resulting phosphate (as in AAS for say, calcium) after ashing is
not known to occur in DCP. The support was found to dissolve in the organic eluent.
Upon ashing though, even for blanks, the residue was not completely soluble in the
aqueous acid solution (= 1 M) that was presented to the DCP.

In order to account for the low recoveries obtained when the elements are
stripped with 99% ethanol, synthetic samples containing approximately 50 pg per ml
of the analyte and varying amounts of phosphate with either H3P0, or KH,PO, as the
matrix were prepared. The percent recovery of some elements versus the
concentration of phosghate added are shown in Figure 24,

The expectation, especially for the dc plasma of excitation temperatures ca
6000 K, is that atomization should oceur efficiently. Whether or not it does even in
the presence of such high concentrations of the concomitant salt is uncertain. The
speculation, which may not seem plausible given the temperature regime attainable in
the plasma and the amount of information from the study thus far, is the formation of

hollow solid aerosols which can encapsulate smalicr spheres ag observed in atomic
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Fig. 24: Percent concentration of Fe>*, La3*, Tb%*, and Lu3*

determined in the presence of phosphate.
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absorption spectrometry [261]. These authors and others have established that
solution composition causes shifts in aerosol size distribution. The latter increases
with increase in the concentration of the concomitant salt. Larger aerosol size will
and have been observed to result in decreased transport efficiency and a consequent
reduction in the analytical signal in atomic absorption [262] and microwave-induced .
plasma [263] spectrometry.

Consonant with increase in aerosol size distribution is the fact that a longer
time will be required to vaporize a larger aerosol and delay the production of atoms
such that the analytical signal observed will be reduced.

The effect of KH,PO, is understandable and could be linked to the loss of
water from the salt when aspirated into the plasma. The resulting metaphosphate
aerosol scavenges for the lanthanides and could be said to be doing that just well,
given that recovery becomes poorer for the later lanthanides. This also is expected
considering their (i.e., REE) affinity for phosphate ligands. Reproducibility was
found to deteriorate for the same sample containing a specfic concentration of
KH,PO,.

Wet ashing the organophosphonate is most likely to produce the
metaphosphate.

The effect observed for H;PO, may be attributed to a poor nebulization due to
viscosity [264]. The acid is likely to form metaphosphoric acid in the plasma.

For a definite interpretation of the suppositions made above in trying to
explain the results obtained when the concomitant salt is KH,PO,, a far more detailed
study (such as aerosol size, production and transport processv;s) of solution

composition and behaviour in the plasma is required.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The expectation is that the stabilizing influence that should result upon
complexing three dimers to a lanthanide ion should lead to the exclusive formation of
the species, M(HY3)3, in the organic phase but this has been shown not to always be
the case, especiaily for extractants containing a phosphorus-carbon linkage as our
results demonstrate. The number of molecules of the extractant that reacts with a
given ion decreases with the electric field around the ion. The metal-extractant dimer
complexes are monomeric in solution in the presence of excess extractant and
polymeric solids crystallize at high (saturation) loading of the organic phase.

Strongly acidic sulphonic acid cation exchange resins have played a central
role in metal recovery processes. Their ability to separate the lanthanides is low as is
manifested by the narrow range of the free energy (only ca 2.0 kJ mol"! from La3* -
Er3*). For the phosphonic acid cation exchanger, our results of about 23 kJ mol!
difference in the free energy of extraction from La®* - Er3* clearly shows that there is
certainly an effective alternative to the sulphonic acid resins and the historical notion
that the REE are very similar (surely!) is somewhat weakened.

The selective complexation of a strategic metal ions by a given ligand is an
important objective for many applications including catalytic [265], chromatographic
[266] and metal ion recovery [267] processes. The inherent coordinative ability of
phosphoryl containing extractants (due to the strong Brgnsted basicity of the
phosphoryl oxygen) is responsible for their display of a good deal of selectivity
relative to the sulphonyl extractants. The inability of sulphonyl extractants to
differentiate among ions can also be seen from the narrow range in the free energy of

the ion-exchange and also the change in enthalpy of the reaction with, for example,
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the lanthanides. This inability can certainly obviate their use for practical recovery
processes of valuable or toxic metal ions in a background of innocuous ions present at
much higher concentrations.

The superior selectivity exhibited by HEH®P over DNNSA is manifested by
the separation factor, KB (I(BA"B = KdA/KdB), data summarized in Tables 16 and 17.
A proper choice of temperature can be employed in order to optimize selectivity of
HEHOP systems whereas a similar option would produce little or no effect for
DNNSA systems. If the La®*/Ca?* pair is taken, for example, one notices that the
entropy effect leads to a one-stage separation of the two ions in the case of HEHOP
while a multi-stage process would be required with DNNSA to achieve the same
separation. One finds that in the case of the La®*/A** pair, the difference in
extraction mechanism with HEH®P really accounts for the stili better and
quantitative separation obtained. The an"'/C;lz* pair certainly does not fit into the
preferential extraction of the larger ion, but is as a result of differences in extraction
mechanism. There is little difference between Er3* and Bi%*, thus these are difficult
to separate by either system. Extractability by organophosphorus acid extractants is
strongly dependent on acidity so that for the lanthanide series, Kp has been estimated
by extrapolating the lines in Figure 12 to [H*] = 0.01 M.

Defining AS.° = AS (or AS°) + AS;° was in an attempt to separate the
components of the entropy due to complexing apart from the (de)hydration. The
results in Tables 11 and 15 certainly do show that changes in entropy of complexing
of the free metal ions with HEH®P plays a major role in contributing to the
separability of the metal ions, Thus, the superiority exhibited by HEH®P over
DNNSA is a result of two factors, viz; entropy effects and differing extraction

mechanisms.
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Table 16

Variation of separation factor (KB) with temperature

in extractions with DNNSA

Kg at different temperatures

Pair of ions
25 35 45 65°C

AP+/CaZ+ 2.70 2.87 3.40 4.22
AP¥/CaZta | 231 2.36 2.57 -

APH/Zn2t 1.62 1.65 1.77 2.04
APY/B3* 0.84 0.82 0.82 0.81
Bi®+/Ca?t 3.24 3.51 4.15 5.19
Bi3+/Zn2* 1.92 2.01 2.15 2.52
Ec*/Bi3+ 0.56 0.55 0.56 0.55
Ec*/AR* 5.19 5.14 5.23 5.84
Lat/A1R+ 1.39 1.46 1.35 1.42
La3*/Ca?* 3.80 4.19 4.60 577
La*/Zn?* 2.25 2.40 2.39 2.80
Nd*+/AR+ 0.88 0.93 1.00 1.40
Zn?*/Ca?* 1.69 1.75 1.93 2.06
Zn2+/Ca2te | 0.30 0.32 0.36 0.38
Nd3+/La3+ 0.63 0.64 0.74 0.76
Gd/Nd* 0.93 0.94 0.89 0.88
Er3*/Gd3+ 0.77 0.77 0.77 0.74

Alonic strength adjusted to 0.5 M by addition of NaClO,
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Table 17

Variation of separation factor (KB) with temperature

in extractions with HEHOP
o Kp at different temperatures
Pair of ions
25 35 45 65°C
ABY/CaZ* - 0.8 2.5 22,5
ABY/Zn2+ - 0.0, 0.0, 0.0
AP+/Bi3+ - 0.0 0.0, 0.2,
Bi*+/Ca?* 434 49.4 41.8 39.5
Bid+/Zn?+ 1.0, 0.63 0.33 0.15
Erd*/Bi+ 1.8¢ 1.7¢ 1.6¢ 1.73
E3*/AR+ - 148 40.3 6.9
La®+/AI3+2 - 101.3 32.6 59
La3+/Ca?* 1576 - 1999 2506
La3+/Zn2* 349 27.3 183 9.7
Nd3+/AP+ - 702 225 38.8
Nd3*/AP*He | - 228 75.7 15.7
Zn?*/Calt 45.1 78.6 109.5 259
Nd3+/La3* 16.2P - - _
Gd3+/Nd** 333> . - .
Dy3+/Gd* 501> . . )
Er**/Gd®* 1148 . - -

“lonic strength adjusted to 1.0 M by addition of NaClO,
PK 4 estimated by extrapolating the lines in Fig. 12 to [H*] = 0.01 M
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In order to maximize the separation factor for pairs of similar ions, such as the
lanthanides, with DNNSA it is apparent that the best results would probzbly be
achieved by considerably reducing the size of the complex micelle. The HEH®P
extraction system has the ability of differentiating between large polyvalent cations
and common sample matrix elements, like calcium and aluminium.

Investigation of extraction processes from the thermodynamic point of view
can be used in the determination of the factors influencing the efficiency of
extraction. Such data can be used to ascertain what modifications should be made to
improve the efficiency and selectivity of extraction systems. In addition, knowledge
of the extraction behaviour as a function of temperature can be used in the
optimization of conditions (i.e., temperature, concentration of acid and extractant) and
the designing of extractants with high extractability and selectivity for the extraction
of one metal in the presence of others.

With the intent of reducing and/or eliminating data processing corrections for
interelement interference effects between lanthanides as is currently practised, this
work pursued their fractionation into at least two sub-groups. Recoveries observed in
this effort may not be entirely due to the presence of phosphate; poor nebulization
effects may be implicated. The: question I ask now is whether phosphate containing
matrices are actually dissociated (atomized) in the temperature regime obtainable in
the DC plasma. Firm conclusions must await further investigation.

Some of the initial objectives of this work on chromatography are not
conclusivel The goal was to be able to employ materials containing the phosphonate
functionality in ion exchange (or precisely, extraction chromatography) circuits. The
research should continue in terms of finding a reasonably organic insoluble back bone

for this particular extractant, polymerization of this mixture which should lead to the
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application of the resulting resin to the fast fractionation of such chemically similar
group of elements like the lanthanides and actinides. Existing separation methods for
these elements take a long time. The potential time and cost advantages for the
separation of the REE by our proposed method as opposed to gradient elution are

obvious.
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CLAIMS TO ORIGINAL RESEARCH

It was shown by slope analysis method that log-log plots of distribution
coefficients versus acid concentrations vary inversely to the charge of the
particular metal ion. Due to the dimeric nature of the extractant either integral
or half integral dependencies on the extractant concentration were obtained;
the number of molecules being dependent on the electric field around the ion.
The low temperature *'P NMR study of species forming in the organic phase
following extraction of lanthanum in addition to providing information about
solubility and stability, revealed structural differences between the isolated
solid complex and the complex in solution.

The entropy of complexation was shown to be the most important factor in
extraction of trivalent ions with the sulphonic acid. As the extracted species is
micellar, its entropy of formation from the free ion is numerically large and
subject to large variations with change of field about the cation. In the case of
the two divalent ions studied, the entropy of hydration dominated marginally.
The enthalpy change of the extraction process was shown to be the
determining factor in extractions with HEH®P that exhibit a negative standard
free energy of extraction.

Also, it was shown that the singular behaviour exhibited by lanthanum in
relation to the other REE may be attributed to some structural changes in
extractions with HEH®P as was observed in terms of how many dimers were
involved in its complex and the micelle size in the case of DNNSA,
respectively.

It was shown that the varied mechanism of extraction by HEH®P makes this
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reagent much more selective than DNNSA for metal ion separations.

7. This work established that the presence of an alkali salt (NaClQy in our case)
affects the thermodynamic parameters, especially the free energy and entropy
change and emphasizes the importance of maintaining a constant ionic
strength in such studies. As well as making the chemistry of the systems
comparable, this made generalizations and comparisons based on AH®, AG®

(AG) and AS® (AS) values meaningful.

Parts of the work in this thesis have appeared in a scientific journal while
others are awaiting publication.

E. O. Otu and A. D. Westland, Polyhedron 8, 1307-13 (1989)
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