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INTRODUCT ION

In the search for new solvent extraction systems, the varfable that
can be most profitably exploited is the molecular configuration of the
sclvent extraction reagents themselves. Through the varlation of molec-
ular parameters such as type of functional group and molecular geometry,
new and useful propertles can be created. Thus, a2 vast amount of research
has been deveted te the design, synthesis and evaluatlien of new organic
compounds for use 2t sclvent extraction reagents.

One particular class of reagents has received much attention in
recent years. This class includes those unionized compounds (thus
excluding liquid ion exchangers) which, through the action of a polar
functional group, are able to solvate and extract metal-ligand complexes.
Representative of compounds in this category are the well-known, neutiél
organophosphorous extractants, tri-p-butyl phosphate, tri-n-octyl
phosphine oxide, and the bifunctional phosphine oxides such as methylene-
bis(di-n-hexylphosphine oxide). All these compounds owe their solvent
extraction properties to presence of the seml-polar phosphorous—-oxygen
moiety, %;P'-io.

Another group of compounds, the sulfoxldes, belong in the same
category. These-compqunds contain the seml-polar sulfur-oxygen moiety
:;s-—>o, which is very effective in solvating metal-ligand complexes.
This ability is amply demonstrated by the simplest sulfoxide, dimethyl
sulfoxide (DMSO), which forms a large number of metal complexes. Unfor-
tunately, the higher molecular weight sulfoxides, unlike the analogous
organo-phosphorous compounds, héve received scant attention as solvent

extraction reagents. The small amount of work that has been performed



has indicated that such sulfoxides are, indeed, exceilent solvent extrac-
tion reagents. |

On no occasion, however, has the solvent extraction behavier of
sul foxides heen systematically andAextensively studied. The purpose of
the present study is: (1) to investigate and describe the interactions
of a large number of metals with several representative sulfoxides in
several acid-ligand systems, and (2) to evaluate these sulfoxides as
analytical reagents by performing analytical‘separations.

It is hoped, that through this research, the full potential of
sulfoxides as solvent extraction reagents will be clearly demonstrated
and that this, in turn, will lead to the further study and use of

sulfoxlides in separation processes.



THEQRY AND BACKGROUND

Principles of Solvent Extraction and
Reversed-Phase Partition Chromatography

Some general principles of solvent extraction and reversed-phase
partition chromatography will now be discussed. It will not be the
purpose of ihis discussion to render a detailed or rigorous treatment
of'the theory of selvent extraction and chromatogfaphy. Rather, oniy
that information pertinent to the presentation of the results of the
present research will be included. Those wishing more detailed informa-
tion are referred to the works listed below.

A general treatment of solvent extraction is given by Berg (1), by
Fomin (2), by Morfison and Freiser (3) and in the ™Treatise on Analytical
Chemistry® (4). Partition chromatography has been well covered in a book
by Giddings (5) and the subject has been reviewed by Testa (6). Eschrich
and Drent (7) have recently published a bibliography of reversed-phase
chromatography completé with abstracts. Cerrail and Testa (8) have

developed equations which relate extraction mechanisms to reversed-phase

paper chromatography behavior. An excellent example of the application
of reversed-phase paper chromatography to the evaluation of new solveni

extraction reagents is presented by Cerrai (9).

Liguid-liguid solvent extractior

Liquid-l1iquid extraction is a partitioning process based on the
selective distribution of & substance between two immiscible phases. A
third component, when added to a two-phase system, will distribute itself

between the two phases In a definite manner.



~

The ex‘tent‘ ef extraction of a particulax specles is usually

described in terms of the distribution coefficient
o= 2= B
u ¥

whe£e My and M, refer to the molal corifentrations of solute in the twe
phases, Zfl and 82 to the activity coefficients, and K' is a constant
provided the presence of the solute does not affect mutual solubility
of the two phases (3). Kp remains cohstant then, provided the ratio of
the activity coefficients remains constant. A

The above considerations apply to the distribution of one species
between two phases. Of more practical interest is the total amount of
a substance extracted compared to the amount left in the other phase
regardless o7 whether it is present in one or in several species in
either phase. Knowledge of the stoichiometric ratio of the total con-
centration of a substance in one phase to its total concentration in

the other phase is defined as the volume distribution ratio.

Jotal concentration in organic phase
Dy = Total concentration in aqueocus phase

This is a generally more useful term than the distribution coefficient

and will be the experimental parameter émployed in the present work.
The distribution ratlic can also be used to elucidate the nature of

the extractable species. The following simplified equilibrium is often

encountered in solvent extraction:

“?Sq.) * a¥laq.) ¥ Rlorg. )W, Bn(ore. ) (1)



In equation 1, M2 ig a cation, ¥~ is an anion, R is a selvent extraction
reagent, and M.YatRn is the extractable complex. If we assume that
D, = [an‘gnlorq.

EN?&}aq.

and also assume activity coefficients are unity, the fellewing relation—

ship is established (10):
logD, = nloglRl,g * alog[Y‘}aq_ * logky, (2)

where K., 1s the equilibrium constant of equation 1. Thus, a plot of

Q.
log distribution ratio against log concentration of the extractant
{dissolved in an inert diluent) at constant concentration of f‘ should
give a straight line of slope "n"™. An analogous procedure is used te
arrive at the value of “a".

Another term which is commonly used to express the degree of

distribution is the percent of extraction, E, which is related to

distribution ratio in the following way:

100 Dy
" Dy + VN

E

Generally, V,, the volume of the organic phase and V,, the volume of
the agueous phase are equal, thus, simplifying the relationship. When
multiple extraction is employed with a fresh organic phase, the total

percentage of solute extracted after n extractions (V, = V,) is given

by

The effectiveness of extraction techniques for two substances is

usually described by means of a separation factor,cx.
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Dv2
E)vl and sz are the volume distribution ratios of the two extractable
substances. It is appaxent that twe species will not be resolved with
one extraction unless Dvl and DVé are vastly different. In practice,

the separation can only be accomplished if D, 1is greater than 100 and

1
D‘,2 is less than 0.01 (OK= 10,000). If one component is only partialty
extracted and the other is essentially not extracted, the mixture can
still be separated by several consecutive extractions, the number
necessary being determined by equation 3. If, however, beth components
are extracted, they cannot be resolved by repeated batch extraction,
regaréless of the magnitude of &{. Each extraction performed to remove
another fraction of one component is always contaminated by the second.
Although countercurrent extraction techniques can be employed in
such situations, for analytical separations this is generally impractical.

Reversed-phase column chromatography has been shown to be the most

satisfactory technique for accomplishing such separatiohs;

Reversed-phase column chromatography

The technique of reversed~-phase coiumn chromatography invelves the
use of some inert, solid, supporting medium which is coated or iImpregnated
with an extractant as a column packing materizli. The substances to be
separated are placed on—;he-column and eluted with an aqueous phasé.v_

Although absorption and other effects are possible, the various substances

generally move down the column at rates inversely proportional to their



distributicn ratios. One is asble to caloulate the retentien velume, ¥V,

the volume necessary to elute a substance to its maximum concentration.
V=, + DY | (a)

The quantity Vg is the velume of the statlonaxry phase and V¥ is the

velume of the mebile phase or interstitial volume. Thus, from a knowledge

of the distributién ratios of two substances, a reversed-phase celumn

can often be designed for their separation.

In practice, a 1imit is placed upon the magnitude of the distribu-
tion ratios and the separation factor. The distribution ratie of the
metal being retained should be greater than 10 while that of the metal
being eluted should be less than one. For a reversed-phase column of

reasonable length, the separation factor should be greater than 10.

Reversedr-phase paper chromatography
The technique of reversed-phase paper chromatography is directly

related to the previously discussed technique of_reversed—phaée column
chromatography. A sheet of filter paper serves ;s the inert, solid,
supportiﬁg medium and is coated or Impregnated with the extractant.
The sheets are eluted with an aqueous solution by'means of capillary
action. Metals are partitioned befween the mobile, aqueous phase and
the immobile, extractant phase and move along the paper =t rztes Inversely
proportional to their distrlbution ratlos.

Paper chromatography can be, and to some extent is, used as an
analytical tool for separating mixtures of metals. However, its greatest
utility Iiéshas a qualitative technique for evaluating the interaction |

of metal ions with new exitracting reagents. Using this technique, the



extraction of a lazge mumber of metals may be rapldly studied under 2
variety of conditions. Following this screening process, the more
interesting systems may then be examined in greater detall using the
more precise, but time-consuming, technlque of seolvent extraction. The
twe processes are similar enough te make paper chromatography data a
valuable aid in predicting solvent extraction behavior.

The parameter most commonly measured in paper chromatography is
Rg.

Re = Distance traveled by the metal
Distance traveled by the eluent

Since the metal occuples a finite area, one point must be selected fo
define the distance traveled. Logically, the point of maximum metal
concentration should be_used but, since this is difficult—te measure, the
geometrical center of the metal spot is generally used as a2n approxime-
tion.

A more meaningful way of expressing paper chromatoyraphy data is to
relate Ry to a distribution ratio. Cerrai and Testa (8} have derived the
following equation:

o=£f(§f—-1)=r<(§?-1)

The symbols Ay and As represent the cross sectional areas occupied
by the mobile and stationary phases, respectively.

Just as for solvent extraction, paper chromstography distribution
ratios can be used to deduce the nature of the extractable complex.
Assuming the equilfbrium described by equation 1 and using equation 2,

one obtainsg



leg(1/Re-1} = mlog[Rlpaper ¥ 310¢ ¥ laq. ¥ C (5)

-where C = l°9Keq."~ ﬁi‘ .
A
m

The values of n and a are determined as previcusly described for
solvent extraction except that the reagent ceoncentration Is mow varied
by impregnating the paper with varying amounts of reagent.

It should be noted that the paper chromatography ratio, D, is not
the same as the volume distribution ratlo, D, described previously for
solvent extraction and column chromatography. Differences arise mainly
from four sources.

(1) Paper chromatography is a non-equilibrium process. Unlike
column chromatography, the support is not equilibrated with
eluent prior te sorption of metals. Consequently, at the
'solvént front, the eluent often undergoes partitioning which
establishes acid concentration gradients.

(2) The cellulose support is not entirely inert. Matrix effects
may arise through the interaction of metals with the cellulose
substrate. Cellulose, itself composed of polar carboxy groups,
was used as an active partitioning medium for metals long |
before it was considered as an "inert"™ support feor reversed-
phase cﬁromatography. '

(3) Dy and D are reagent concentration dependent. An exact agree-
ment of b@ and D would be fortultous as these vslues sre 2
functic& of the reagent concentration in sclution and on the
paper, respectlvely. Thé_;roﬁlem is further complicated by

the lack of a2 suitable means of expressing reagent concemtrations



10

on paper. -

(4) The chemica)l environment of the reagent differs between paper
and solution. Many selvent extractlon reagents are solid
materials aﬁd are se present on the paper, whereas for solvent
extraction théy are dissclved in a diluent. Furthermore,
the cholce of a diluent has a profound effect upen the selvent
extraction behavior of many reagents. Dlluents which interact
strongly with the reagent, most commonly through hydrogen
bonding, willidepre§s the extraction of certain species. Non-
polar diluents, on the other hand, may adversely effect some
extractions owing to their inability to solvate ion associa-
tion complexes. Even for the ideal case of a pure, undiluted,
1iquid extractant, the effect, althcugh much smaller, may still
prevent an exact correlation of Dy and D owing to an interaction
between the cellulose and the extractant.

| Desplte these differences, Dy, and D are usually quite similar in
magnitude. Eluent partitioning, which effects only those metals with
high Rg values, usually has a negligible effect upon the significance
of the distribution ratios. Mstrix effects, generally quite smzll for
most metals in strong acids, can be easily recognized and compensated for
by running "blank" chromatograms. The two distribution ratlos can be
made to agree even more closely by adjusting the experimental conditions..
Non—equilibrium effects can be eliminated entirely by presoakinggfhe
chromatographic paper in the eluent and using descending elution
techniques. Concentration effects can be compensated for by an adjust-

ment of the reagent concentration on paper and in a diluent. Prudent
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selection of the solvent extraction diluent is also indicated.
However, the extra effort and, more importantly, the extra time

required to achieve a more exact coxrelation is neot warranted for the

-

purpese of evaluating new solvent extraction reagents. The two systems,
solvent extractien and paper chromatography, need not correlate exactly--
they need merely exhibit analegous behavior. Hence, foxr the present

research, the intrinsic similarity of Dy and D will be sufficient teo

s

make excellent use of the paper chromatography survey technique.

—

Chemistry of Sulfoxides

General considerations

The sulfoxides represent a‘family of sulfur compounds characterized
By the formula RyS0. The lowest member of the series, dimethyl sulfoxide
(DMSO)}, is very well known and is noted for many unique chemical
properties, including that of forming metal complexes. The higher
members of the series, while not so familiar, retain many of the prop-
erties of dimethyl sulfoxide because they share a common functional
group. Thus, an understanding of the nature of the sulfoxide group and
of the complexing properties of dimethy: sulfoxide will be helpful in
any discussion of sulfoxides as solvent extraction reagents.

The superficial structural resemblance of the sulfoxides to the
ketones contrasts with the known differences in properties. The demon-
stration of oﬁticai isomerism in sulfoxides, R;SORp, by the successful
-resolution of isomers (11) as well as studies of parachor (12} and

bond refraction (13) are suggestive of marked differences between
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sul foxides and ketones. The sulfoxide bend is now thought to be a

resonance hybrid of the following forms (14):

- e
i ;
+
(a) (b}

The questien of resorance involving the d electrons of sulfur is
not settled beyond all doubt. However, most workers belleve (15) that
structure (a) contributes very little and that the sulfur-oxygen

R A

0

1
TNy
In view of this, sulfoxides still retaﬁn an unshared pair of d electronsg
hence, the sulfoxide group does not have a strong attraction for electrons
and does not undergo enolization (16).

Because of the possibility of nucleophillic attack on the sulfur

atom, sulfoxides are subject to a nuwber of reactions such as oxidation
to the sulfone, reduction to the sulfide, disproportionation, cleavage,
and certain rearrangements (15, 17}. This reactivity will prohibit the
use of sulfoxides in certain solvent extraction processes; extractions
from strong nitric acid, extraction of species such as cerium(IV),
tin{II), etc. It has been reported (18) that chain branching increases
the susceptiblility of sulfoxides toward ogidation. Whereas bis(2- ethyl-
hexyl Jsulfoxide is unstable with respect to air oxidation and di-tert-
butyl sulfoxide is very rapidly oxidized by air, di-n-octyl sulfoxide is

completely stable.
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The presence of the lone electren pair leads to a stable, pyramidal
arrangement of groups around the sulfur atom (15). The R-S-0 bond
angles are remarkably constant (r07° :‘10) regardless of the nature of
R {19). When the two groups attached te the sulfoxide moiety are dif-
ferent, the sulfur atom becomes a center of asymmetry and optical
activity results. A number of optically active sulfoxides have been

resolved. For example (20):

0]
CH3SCHCHoNHo
When two similar asymmetric sulfur atoms occur in the same molecule,
mego and racemic mixtures should exist. This was well established by
Bell and Bennett (21) for several compounds. Pof example:
0 0
CHaSCHoCH, SCHa
meso form: melting point 163° - 164° C.
dl form: melting point 128° - 130° C.

The high polarity of the sulfoxide bond, average value o§f150 = 3.0D
(22), leads to very strong participation in hydregen bonding and dipole-
dipole assoclation (23, 24). The strong, electron donating properties
of the oxygen atom enable the group to form complexes with Lewis acids
(17). For example, the boron trifluoride complex of dimethyl sulfoxide,
BF4-DMSD, is quite stable and can be purified by sublimation (25). The
oxygen terminal also accepts vacant orbitals of transition metals to
form salts or complexes (26). There is a possibility that sulfoxides may
also be able to coordinate with certain metals, such as patlacium({II}, by

donating the lone pair of d electrons to a vacant metal orbital (26).
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These interactions will pow be discussed in greater detall in connection

with the coordination chemistry of dimethyl sulfoxide.

Dimethyl su}f&xide—meﬁa; complexes

Dimethyl sulfgxiée s a colorless, odorless, organic liquid which
is highly polar, water miscible, and very hydrescopic. Of primary
interest, for the purposes of this discussion, is the nature and extent
of the solvating powers of dimethyl sulfoxlide, especially with respect teo
inorganic salts. The ability of dimethyl sulfoxide to form complexes
with metals Qill have relevance to the ability of higher molecular weight
sulfoxides to extract these metals from aqueous solution.

Cotton and Francis (26), in a very exploratory and definitive work,
observed the resemblance of the sulfoxides to the phosphine oxides which
are known to form coordination compounds with Lewis acids and metal ions.
They found sulfoxi&es to behave similarly and report the color and
composition of many transition metal halide complexes with dimethyl
sulfoxide. From their work it is evident that oxygen is the donor atom
in nearly all cases. The exception is palladium(II) in PdC1,- 2DMSO
where infrared evidence suggests a Pd€=—S coordination. These authors

" have predicted that similar bonds might occur in the complexes of
platinum(II) and gold(III).

Meek and co-wofkers (27) studied the transition metal complexes of
dimethyl sulf&xide and found them %o have the general formula
(M[DMSO] }(MXs) where n is 4 or 6 and X is halogen. Using dimethyl

sulfoxide as a solvent and cobalt(II) as a metallic lon they concluded
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that chloridé is more and ilodide less-strongly coerdinated them sulfoxlide.

Selbin et al. (28) found that with divalent metals and iron{IILI},
empirical formulas for metal-dimethyl sulfeoxide complexes with halides
generally show 1, 2 or 3 moles of dimethyl sulfaoxide per mele of salt
suggesting that an aniop is coordinated. An exception is the aluminum
(III) chloride complex which has 6 melecules of dimethyl sulfoxide in its
structure. In perchlorate salts, complete solvation is generally
attained. Thus, iron(III) forms two different speciesp

FeCl3+2DMSO [Fe(pMs0)*3]03C10,7]
(a) (b)
Likewise for uranium(VI) there are formeds
U0,C1, - 2DMSO [UOo(DMSO0) 4 21[2C10,7]
(2) (b)

In their studies, they correlated the decrease in strength of the sulfur-
oxygen bond in dimethyl sulfoxide with an increase in the strength of
the metai-oxygen attraction and proposed the followling stability series:

(a) for divalent chlorides: Hg < Ni <Co < Cd < Pb < Cu

(b) for divalent pérchlorates: Ni < Mn <Co <Fe <Pb <Cu

(c) for trivalent ions:t Al < Ga < Fe

Gillette (29) studied the anion exchange behavior of a large number
of metals in 0.6 molar hydrochloric acid-methanolfdimetﬂ§1 sulfoxide.
Anomalously low distribution ratios were obtained for certain metals
(notably, molybdehum(VI); gold(III), uranium(VI), and iron(III)) at higher
concentrations of dimethyl sulfoxide. This was attributed to the formation

of strong, cationic, dimethyl sulfoxide complexes which inhibited the
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toximation of anlemic or neutral chloxzide complexes whlch would be
strongly absorbed by the reein.
The stereochemistry of some metal fluoride-dimethyl sulfoxide
complexes was studied by Muetterties (30). He found thet for TiF4+2DMSC

and analogous compounds with silicon(IV¥), germanium{I¥) tin(IV), and

molybdenum( IV) the structure wasg

?
e
F s7
i Cjz’ ~R
F o R
Foo~sd,

In the case of the antimony(V) chloride complex, SbCls-DMSO, Lindquist

and Einarsson (31) showed it to have the structures

C1
0} ‘ 0 R
N7 s
Sb R
/7 N\
C1 ! C1

Ci
The bonding in ﬁost of the metal coordination complexes with
dimethyl sulfoxide is quite strong, usually equivalent in strength to
the corresponding aquo derivative (32). Hence, in the presence of an
excess of water, most metal-dimethyl sulfoxide complexes are rapidly
hydrolyzed. However, several of the metal-dimethyl complexes have been
found to be unusually stable. The FeCl3-2DMSO complex has great thermal

stability, the SnCl,-2DMSO complex can be prepared in aqueous solution
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and may be sublimed at 1802 C. without decompesition (26), and the

TiF4+2DMSO complex can be recrystallized from water (30).

Sulfoxides as Potential Solvent Extraction Reagents
The principles of solvent extraction and the chemistry of sulfoxides
have previously been discussed. The chemistry of solvent extraction
processes will now be examined. The purpose of this section will be
to determine the position of sulfoxides in the spectrum of selvent
extraction reagents and to anticipate some general results of the study

of theilr solvent extractien properties.

Classification of solvent extraction reagents

Morrison and Freiser (3) have divided solvent extraction reagents
into two main categories: chelating extractants and ion association
extractants. The ion association extractants are further divided inte
the followlng three groups of reagentéi
1. Liquid ion exchangers. Water immiscible amines, carboxylic acids,

sulfonic acids, phosphoric acids, etc. which operate, at least
formally, through the exchange of ionic species to form ion associa-
tion complexes.

2. Solvating reagents. Compounds such as ethers, alcohols, and ketones,
which contain a2 polar functional group capable of solvating and
extracting metal-ligand complexes.

3. Coordinating reagents. Compounds such as phosphate esters, phosphine
oxides, and amine oxides which contain a very polar funciional group

capable of forming extractable coordination complexes with metals

-
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and metal complexes. .

Categories 2 and 3 are fundamentally the same and differ only in the
relative reagent-ligand strenmgths. For the purposes of this discussion,
both groups will be included in the same categery and will be referred to

as neutral polar extractants.

Some phosphory]l extractants

Two typical and well-known examples of neutral pelar extractants
are tri-n-butyl phosphate (IBP) and tri-n-octyl phosphine oxide (TIOPO).
Both compounds owe their strong coordinating ability to the presence of
the phosphoryl moiety, ;EP->0. The phosphorus-oxygen linkage, like the
sulfur-o#ygen linkage of sulfoxides, is best classified as a semipolar
single bond with very little double bond character (33). In TBP, the
presence of the butoxy groups reduces the polarity of the phoéphoryl
;;;up relative to TOPO. Consequently, TBP is a weaker donor and a
generally weaker extractant than TOP0.(9).

Both compounds operate through twe mechanisms of ex#ra&fion, each
involving the displacement of water molecules and the formation of a
neutral complex. Both mechanisms will be illustrated for the case of
uranium(VI) and TBP (34).

i. Solvatlon of z neutral, metal-ligand cemplex

2. UO(HO) g2, § + MOz(,q )‘:[wz(ms)z(ﬁzo)zlgaq.)
* HD(aq.)
be  [U0x(N02)o(H0)2]0aq. ) + ZTBP (o ) T ["02(“‘03)2(1'3?)23(”5; )

* 2H30(aq.)
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This mechanism predominates when neutral, metal-ligand cemplexes
can readily be formed in agueous solution. Thus, extraction is to some
extent predictable from a knowledge ef the equilibrium distribution of
metal-ion complexes.

2. Iop palr formation

2 -
a. UQZ(HZQ)Z(aq.) + LTBP(org.) ___,_[UQZ('IBP)‘JE;.) + 4RO, )
b. [W,(TBR),I(2, ) + 20107(5q.) == {LU0a(TERY1 01031} g )

This mechanism is favored in the presence of an anion, such as
perchlorate, which has weak ccordinating powers of its own. The
perchlorate lon also has spherical charge distribution which promotes
the solvation of the ilon pair in the organic phase. Mechanism 2 is
observed in the presence of anions other than perchlorate when the
neutral donor molecule 1s a stronger ligand than the anlon for the
particular metal being extracted (35).

‘Both mechanisms require the displacement of coordinated water
molecules to give an extractable specles. Owing to steric hindrance,
it is difficult to place large numbers of bulky, organic ligands around
a metal ions Thus, mechanism 2 is not favered for metals of high
coordination number and even for uranium(VI) the extréction is not
extremely high (34). In such cases, mechanism 1 is favored because the
displacement of water molecules is assisted by the counter anion. In
some instances, however, even this is not sufficient to give extraction.
The lanthanides form strong nitrate complexes (36), but thelr high
coordination numbers make it difficult %o displace the necessary waters

of hydration with a simple 1igand like TBP. Hence, the extraction by
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mechanism 1 is relatively weak and mechanism 2 is not observed to any
extent at all.

Bifunctional phosphine oxides, such as methylenebis(di-n-hexyl-
phosphine oxide} (MHDPQ) represent a significant advance over the meno-
functional phosphine oxides (35). MHDPC is able to function as a
bidantate ligand through the formatien of a chelate ring, resulting in
a much stronger complex than is possible with moncdentate ligands.
Apparently, only the first two members of the series of bis phosphine
oxides are able to coordinate in this manner. When the functional groups
...are- separated by more than two carbon atoms, chelating abllity is lost
and these materials extract much as monofunctional phosphine oxides.
Bidentate coordination is also significant in that it requires a fewer
number df ligands to achieve the same degree of coordination, which
reduces steric hindrance effects. Thus, when the extractioh is by
mechanism 2, the bis phosphine oxidesAshow a spectacular improvement
over monofunctional phosphine oxides. The distribution ratios for the
extraction of uranium(VI) from perchloric acid with MHDPO are three to
five orders of magnitude greater than those for TOPO (37). MHDPO alsc
strongly extracts the lanthani&es from perchloric acid (38-40), 2 clear
manifestation of mechanism 2.

When extraction by mechanism 1 is expected, MHDPO also is superior
to TOPO, although not so dramatically as previously described. In many
cases where TOPO extracts by mechanism 1}, MHDPO now extracts by mechanism
2. For example, in the extraction of uranium(VI)} from nitric acid the

foliowing species are formed (35):
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EUOz(N03)2(TOPO)210
R (e R A

MHDPO is such a strong ligand that it is able to compete favorably with
ions such as chloride and nitrate for positions in the inner ceordina-

tion sphere of certain metals.

Results expected for sulfoxides

The justification for anticipating that water inseluble sulfoxides
should possess excellent solvent extraction properties is now apparent.
The striking analogy between the sulfoxide and the phosphine oxides has
been demonstrated. The validity of this comparison is reinforced by
the existence of numerous metal complexes of dimethyl sulfoxide. From
these observations, certain general predictions can be made concerning
the results to be expected from a study of the solvent extraction
properties of sulfoxides. (The small amount of work reported in the
literature will be discussed in a later section.)

For monofunctlonal sulfoxides, three mechanisms of extraction can
be expected.

1. Solvation of a neutral, metal-ion complex by the sulfinyl oxygen

EU%(ma)z(Hzo)zl?aq.) + 2Ro0(grg, ) ——D=

. .
[wz(NO:,)g(RQSO)zJ(org,) + ZBQO(aQt)

By this mechanism, we will éxpect to see the extraction of
iron(III}, galliem{III), antimony(V), tin{IV}, molybdenum(VI},

gold(III}, uranium(VI), eftc. from aqueous chloride solutionsj

J——
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thoxium{ IV}, uranium(VI), zirconium{IV), bismuth(III), etc.

from aqueous nitrate solutions, and thorium(IV), uranium(VI),

titanium(IV¥)}, zinc(IE), etc. from aqueous thiocyanate solutions.
2. Solvaticn of a cation by the sulfinyl oxygen followed by ion

pair formation.

U02(H20)2%aq-) * RpS0(org.) T X104(04.)

{[Uoz(azso)‘;z]-[010;12}0(0,:9.) * 40 aq. )

Because of the difficulty in solvating catiohs with high coordina-
tion numbers, only the extraction of uranium(VI) from aqueous
perchlorate will be expected by this mechanism. The uranyl ion
is favoied by its low coordination number (four) and by its
-sterically unhindered, square planar geometry.
3. Mechanism 1 or 2 accomplished by sclvation through the sulfinyl
sulfur atom.
Based on the existence of the analogous DMSO complex, we
will expect strong extraction of palladium(II) (and possibly
gold(III)) from aqueous chloride solution through solvation of
a neutral chloro-complex. In view of the low coordination numbsr
of palladium(II), we might also expect extraction from perchlorate
media by ion pair association.
We wiil expect especlally strong extraction for a number of metals
owing to the unusually high stability of their DMSO complexes. They
ares Molybdenum{VI), tin(IV), titanium(IV), antimony(V), iron(III)},

gold(III}, and uranium(VI).



Eor bifunctional sulfoxides, where the sulfinyl groups are soparated
by one and two carbon atoms, we will expect to observe bidentate coordina-
tion through chelate ring foxmation. This should manifest itself in the
strong extraction of the lanthanides from nitrat; selutions and in
exceptionally strong extraction of uranium(VI) from perchlorate sclutions.

A prediction of the extractive power of the sulfoxides relative to
phosphoryl extractants is more difficult to make. This will largely be
determined by the interaction of three factors.

1. The pelarity of the :S—:»O group compared to the -;P—;o group.

2. The relative amount of steric hindrance.

3. The comparafive degree of basicity which will determine the

extent of competitive extraction of mineral acids.

The relative polarities of sulfinyl and phosphoryl compound§ can be
estimated by comparing their dipole moments. Table 1 lists the experi-

mentally measured dipole moments of some polar compounds (41).

Table 1. Dipole moments of some polar compounds in benzene at 25°C.

Compound . Dipole moment (Debye ﬁnits)
(CgHis ) 3hs—>0 5.54
(CgHs ) 3P->0 4.34
(CgHs ) 250 4.00
(CgH=0)3P>0 2.84
(CH3)aN-»0 5.03
(CHz)250 3.90

(CHR0)2P-»0 3.02
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Compound Dipole moment (Debye units)
(CHa)oC=0 2.89
{CoHg )20 1.15
(1-CaHg)oS»0 3.93
(n-C4Hig0)3P-»0 3.05

From Table 1, it appears that sulfoxides should possess stronger

sclvating powers than the corresponding phosphate esters. Based on the

limited compariscon of the dipole moments of their phenyl derivatives,

sulfoxides may approach the phosphine oxides in solvating power.

Unfortunately, no comparative data could be found for alkyl phosphine

oxides.

The ability to extract mineral acids, a function of basicity, is

also related to bond polarity and will prebably fall in the same order--

phosphates < sulfoxides < phosphine oxides.

This is a very important

_consideration as it places a 1imit on the polarity of the molecules used

as extractants. The amine oxides and arsine oxides are very polar

compounds (Table 1) and should be excellent donors and extractants for

metals and metal complexes. However, this is not observed in most cases

because their great basicity results, instead, in the extraction of

mineral acids (42). Likewise, TBP, although a poorer donor, is a better

extractant than TOPO in very strong mineral acidsg for example, in the

extraction of the lanthanides from concentrated nitric acid.
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The relatlve degrse of stexic hindrance i= net easiiy arrived at.
It would seem that sulfoxides should be much less hindered because they
possess but two substituents whereas phosphates aﬁd phosphine oxldes
pessess three. However, sulfoxides also have a lone electron pair which,
although not as bulky as an alkyl group, adds to the sterlc hindrance. As
a result, sulfoxides should be less hindered than the correspending
phospheryl compounds, but not greatly so. The effect on extraction will
probably not be noticeable except in situations where ligand-metal
ratios are high.

In conclusion, sulfoxides should be superior to TBP in thelr

-

extractive abiiity'és a result of stronger ligand properties and smaller
interference from steric hindrance. This order may be reversed in strong
acid owing to stronger competitive extractlon by the suifoxides. Like-
wise, sulfoxides should be generally weaker extractants than phosphine
oxides but may be comparable in situations which involve extraction from
étrong acids and extraction of complexes with hlgh extractant-metal
ratios. For certain metals, notably palladium(II) and gold(III), the
extraction by sulfoxides should be superior owing to the unique possi-

bility of strong sulfur-metal bonding.

Survey of the Literature
As we have seen, sulfoxides show every promise of being excellent
solvent extraction reagents. - However, theré has been very little reported
information concerning these compounds. A search of the lliferature has
revealed only 11 references to the use of sulfoxides in solvent extrac-

tion processes. Of these, only five references are of sufficient depth
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and substance te be considered as signiflicant contributiens te the under-
standing of the problem. This is in contrast to the case of the
analogous, neutral, organo-phosphorous compounds. A recent review (43)
lists over 100 papers (published in, roughly, a two-year period) which
deal with these materials. Clearly, sulfoxides, by comparison, are
ill1-characterized. Little is known about their properties, behavier, or
extent of application.

The earliest reference te the use of a sulfoxide as an extractant
1s in the work of Herrin (44) who studied the extraction of uranium(VI)
from.nitrate selutions using di-p-octyl sulfoxide dissolved in cyclo-
hexane. The effects of changes iIn the concentration of nitrate ion,
hydregen ion, and di-p-octyl sulfoxide were investigated. The author
concluded from his study that the extractable species had the composi-
tion UO5(NO3)o+(RoS0)s.

Korpak studied the extraction of mineral acids and uranium salts
and reported his findings in three parts. In Part I (45) he discussed
some theoretical problems concerning the partitlioning of mineral acids
and uranyl salts between water and organic extractants. It was pre-
dicted that alkyl sulfoxides ought to be analogous to the alkyl phosphates
and phosphine oxides in their extractive power.

The extraction of mineral acids by some alkyl sulfoxides was
investigated in Part II (46). The order of extraction of the acids wes
found to be HNO3 > HC104 >> HCl. The compositions of the extractable
specles were reported as R,S0+HNO3, RpSO<HC104; and R,SO.HCI.

In Part III (47), Korpak investigated the extraction of uranyl
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nitrate and chloride by di-p-cctyl sulfexide dissolved in carbonm tetra-
chitoride. The extractable complexes were found to be: UQo(NOg)os{RoSO)o
and U0,Clp-(RpSO)o. From the infrared spectrum of the latter complex, the
author concluded that the uranium is bonded through the oxygen of the
sulfoxide and not through the sulfur.

Guar and Mohanty (48) reported the extraction of therium(IV) from
hydrochloric acid by di-p-pentyl sulfoxide disselved in carbon tetra-
chloride. The extraction was observed to go through a maximum at 8 M
hydrochloric acid. The authors d4id not report the composition of the
extractable complex, but their data indicate that the combining ratie
of di-n-pentyl sulfoxide to thorium(IV) is 3:1.

In a later paper (49), the same suthors reported the extraction of
thorium(IV) from hydrochloric acid by mixtures of di-n-pentyl sulfoxide
and trifgrbutyl phosphate. A synergetic effect upon the extraction was
noted for these mixtures.

Webb (50) found di-p-octyl sulfoxide in a non-polar solvent to be a
satisfactory reagent for the extraction and determination of gold(III).
The complex; extracted from one to nine molar hydrochloric acid, was
found to absorb strongly at 334 mg. Iron(III) was alsc found to be
strongly extracted and constituted an interference in the determination
of gold unless fluoride was present. The extraction and Interference of
a number of other metals was also studied.

A report from Ozk Ridge National Laboratory (51} briefly describes
some exploratory work with z series of symmetrical alkyl sulfoxides.

Surprisingly, they report that few metal lons were extracted from
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chloride and nitrate solution and conclude that coordination takes place
exclusively through the sulfur atom, rather than the oxygen atom of the
sul foxide.

In a subsequent report (52) this conclusion was again put forth
after the study of a serles of seven symmetrical alkyl sulfoxides. From
the work of this auther and others, however, it appesrs that this con-
clﬁsion is erroneous and that the reagents under investigation may not
have been properly evaluated. Contamination of the sulfoxide by the
corresponding sulfide is a likely possibility.

Mohanty and Nalini (53) reported the extraction of zirconium(IV)
from hydrechloric acid by di-n-pentyl sulfoxide in carbon tetrachloride.
They concluded that this sulfoxide is as effective as tri-p-butyl
phosphate for the extraction of zirconium.

Most recently, Torgov et al. (54) studied the extraction of
uranium(VI) from nitrate solutions by di-n-octyl sulfoxide in benzene and
carbon tetrachloride. They compared the extractions by sulfoxides to

those by trialkyl phesphates and amine oxides.

i
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EXPERIMENTAL
Apparatus

Paper chromatographyt Pyrex jars, 12 inches high and 16 inches o.d.
with circular plate glass covers were used for chromategraphic tanks.
Rectangular frames 23 cm. wide and 28 cm. high, constructed of 6 mm.
glass rod, were used to support chromatographic paper of the same
dimensions. At the top of each frame were 2.5 cm. herizontal extemsions
which allowed the frames to be vertically suspended in the tanks from a
glass rod framework. The framework, a cube of 7 mm. glass rod measuring
29 cm. on a side, could accommedate eight of the paper-supporting frames.

Solvent extractiont Extractions were generally performed in 123 ml.
Kimax separatory funnels with ground glass stoppers and cne-way Teflon
stopcocks. For some studies, extractions were performed in 16 x 150 mm.
Pyrex culture tubes with screw-on plastic caps.

Column chromatography: Columns of several different dimensions,
constructed of Pyrex tubing, were used. The liquid flow through the
column was controlled with a one-way Teflon stopcock in the middle of a
7 cm. Pyrex tube with a 1 mm. bore. The chromatographic support was
held in the column by a glass wool plug in the bottom. To prevent
disruption of the support while adding eluents, 2 nylon fabric disc, held
in place by a perforated Teflon disc, was situated on top of the bed.
When hydrostatic pressure was not sufficient to give a reasonable flow
rate of eluent through the column, air pressure, controlled by a Johnson
regulator,; was employed. A WCLID 1205 Series Automatic Fraction Collector,
manufactured by Warner-Chilcott Laboratories Instruments Division, was

used in conjunction with the chromatographic columns. Column effluents
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were dispensed from a 3 ml. volumetric siphon.

Radiochemical equipmenti A Nuclear Chicago Anti-Walk Single Channel
Analyzer Model 27352 spectrometer was used to iscolate gamma emissions from
the tracers used. A Nuclear Chicago DPecade Scaler Model 27104 counted.
the pulses received from the spectrometer. The detector used was 2
3 x 3 inch NaXT1) scintillation crystal from the Harshaw Chemical
Company. Thermal neutron irradiations were performed at the Ames
Laboratory Research Reactor. Gamma spectra were recorded and analyzed
with the Ames Laboratory's 1600 channel analyzer and associated computer
faecilities.

Spectrophotometert A Cary Model 16 spectrophctometer was used for
the spectrophotometric determination of trace amounts of uranium(VI} as
the Arsenazo I complex. Five centimeter matched pyrex‘;uvettes were
used as sample contalners.

Apparatus used to characterize organic compoundst Infrared spectra
were obtained with a Perkin Elmer Model 21 Double Beam Infrared Spectro-
photometer using 0.2 mm. sodium chloride cells. A Cary Model 14 Record-
ing Spectrophotometer was used to obtalin ultraviolet spectra. One
centimeter matched sllica cuvettes were used as sample holders. The
mass spectra of compounds were obtained with an Atlas MAT CH4 mass
spectrometer. A Varian Associates A-60 Nuclear Magnetic Resonance

Spectrometer was used to obtain proton spectra.

Reagents
Sulfoxides: Di-n-butyl sulfoxide (DBSO) and p-tolyl sulfoxide {PTSO)

were obtained from the Aldrich Chemical Company. Bis(2-ethylhexyl)
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sulfoxide (BEHSQ)} was obtalined from the Columbia Organic Chemical Company.
Di-n-octyl sulfoxide (DOSO), bis(n-octylsulfinyl)methane (BOSM), and
bis(n-octylsulfinyl ethane (BOSE) were synthesized as described in
RESULTS AND DISCUSSION.

Metal salts: All metals used for thls investigstion, except as
noted below, were obtained from normal commercial sources as the reagent
grade metal, salt, or oxide. Uranyl perchlorate tetrahydrate was pre-
pared from uranium dioxide which was ebtained from the Ames Laboratory
of the U. S. Atomic Energy Commission. The oxide was dissolved in het,
concentrated perchloric acid to give, after volume reduction and cool-
ing, a quantity of hydrated salt. This material was then purified by
twice recrystallizing it from water.

Anhydrous thorium tetrachloride was cbtained from the Ames
Laberatory. The material had been prepared by the reactlon of the oxide
with phosgene and was purified by triple vacuum distillation.

Zirconyl chloride octahydrate and hafnyl chloride octahydrate were
obtained from the Ames Laboratory and purified by recrystallizing severai
times from 6 M hydrochloric scld. Emission spectrographic analysis showed
the zirconlum salt to»contain less than 200 parts per milllon hafnium
and the hafnium salt, less than 100 parts per million zirconium.

The serles of lanthanide nitrate solutions used in paper chroma-
tography was prepared by dissolving the corresponding oxides, obtained
from the Ames Laboratory, in nitric acid. The high-purity europium éxide
(99.9+%) used in later quantifative work, had been purified by ion

exchange a2t the Ames Laboratory.
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Chromatographic supports: Whatman No. 1 Chromategraphy paper, in
the form of 28.5 cm. x 32 cm. sheets, was used throughout the paper
chromatography survey. The supports most extensively employed for
column chromatograpity were 60-80C mesh XAD-2, a macroreticular,-styrene—
divinylbenzene copelymer obtained from the Rohm and Haas Company, and
60-80 mesh Tee-Six (Teflon) obtained from Anélytical Engineering Labs,
Inc. Micregranular Cellulﬁse Powder, Whatman Chromedia CC31, was used

in some work.

Experimental Techniques

Paper chromatography: The sheets of chromatography paper were
fastened to the glass frames wifh rubber cement except when strong nitric
acid scolutlions were used.as eluents. In such cases, owing to the
deterioration of the cement, it was necessary to use Teflon clamps to
hold the paper. The papers were Impregnated with extracting reagent
by dipping them in a 0.05 M solution of the sulfoxide in isopropyl
alcohol (DOSO and PTSO) or 80¥ isopropyl alcohol - 20% chloroform (BOSM
and BOSE).

The excess solution was allowed to drain off and the frames were
suspended in z hood to permit all solvent to evaporate.

Metal lons were applied to the papers with wooden applicator sticks
which had been dipped in sclutions of the metal perchlorate (when
possible}, nitrate, or chloride. The solutions were of minimum con-
centration necessary to give a readily detectable spot, generally 0.01 M
to 0.05 M. The metals were spotted one inch from the bottom of the

papers at one inch intervals, thus, accommodating eight metals per paper.
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This arrangement allowed a maximum of 64 chromatograms to be run in a
single tank.

Two liters of eluent was added to each chromatographic tank and,
after allowing an hour for equilibration, the frames were suspended in
the tanks. When the eluent had rlsen to within one inch of the fop cf
the papers, the frames were removed and the papers were dried. The
papers were then sprayed with color-forming reagents (see Analytical
Procedures) to determine the locatlons of the metél spots. Rg values
were always calculated using the geometric centers of the metal spots,
unless otherwlse noted.

In certaln cases, it was necessary to alter thé impregnating pro-
cadure described above. The study of the interaction of the‘lanthanides
in nitric acid with BOSE required that the pépers be specially treated |
to prevent streasking of these metals. Before being impregnated with
BOSE, the papers were precoated by dipping them in a solution of a
polymer in an organic diluent, followed by air drying. In the same
study, in an attempt to determine the combining ratio of BOSE with
certain lanthanides, the amount of reagent put on the papers was varied
by dipping the papers in solutions of BOSE of varying molarity. Finally,
for most metal-eluent combinations, blanks were run. This simply
required eliminating the impregnation step altogether.

Solvent extractiont To deftermine distributlon ratlos, equal volumes
of pre-equilibrated éxtracting reagent and aqueous metal solution were
pipetted into separatory funnels. The funnels were agitated until
equilibrium was attained (usually, in less than five minutes) after

which the phases were allowed to separate. Aliquets of the aqueous
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phases were then taken for analysis. The volumes of each phase used in
" the extraction varied from 10-50 ml., depending upon the extent of
extraction. When high distribution ratios were encountered, large
volumes were employed so that a more accurate analysis could be made of
the small concentration of metal remaining in the aqueous phase. When
culture tubes were used for extraction vessels, the procedure was
identical excepting that 5 ml. of each phase was always used and a 4 ml.
aqueous aliquot was taken for analysis.

Column chrematography?

Column packing: A glass wool plug was placed in the bottom of the
Acolumn and covered with the organic phase which consisted of a given
concentration of sulfoxide in a diluent. The stopcock was opened until
about one cm. of liquid remained in the column and the air had been dis-
placed from the tip. Tee-Six bowder was slurried with a known volume
of organic phase (Vl) and the mixture was poured rapidly intc the column.
The stopcock was immediately opened and the liquid was allowed to drain
at 2 moderate rate into a graduated cylinder while, simultaneously, the
column was being vibfated by beating it with a section of rubber vacuum
hose. After the bed had settled, the column was tamped gently with a
glass rod and discs of nylon cleth and perforated Teflon sheet were
placed on top of the bed. The level of liquid was then allowed to fall
to the top of the bed and the volume of organic phase collected (Vo) was
measured.

The column was filled with distilled water and eluted at maximum
flow rate to displace the Interstitial organic phase. The last 20 ml. of

eluent were passed rapidly (about 10 ml. per minute} using air pressure
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se as te prevent bleeding of the organic phase during future operatlons.
The total velume of organic phase displaced during this stage was
measured and is equal to V,, the velume of the mobile phase. The volume
of the statlonary phase, Vg, could then be determlined asj

Vg = ¥ - Vo - Ve

When XAD-2 was used as a solid support, a slightly different pack-
ing procedure was used. This material is less dense than the organic
phases used, making it impessible to properly pack a slurry. Hence,
the XAD-2 was first slurrled with methanol and packed using the procedure
previously desciibed. The desired organic phase was then passed slowly
through the column to the top of the bed, displacing the methanol. The
effluent was collected and Vo was measured after adding water to the
methanol seclution. The interstitial volume was displaced with water
and measured as before.

In an attempt to duplicate exactly paper chromatography behavior, a
study was made of impregnated cellulose powder columns. Microgranular
Cellulose Powder was slurried with a 0.05 M solution of DOSC In iso-
propyl alcohol. The slurry was suction filtered to remove excess solvent
and air dried. The dry impregnated powder was back-washed with weter to
remove fine particles. The resulting aqueous slurry was then packed into
a column using the techniques previously described.

Column elutiont Prior to adding the sample, the column was
equilibrated-by eluting with the aqueous eluent. .The sample was then
added in the same concentration of acid as présent in the eluent and

quantitatively sorbed onto the column. Although an attempt was made to
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keep the sample volume as small as possible (generally 2-5 ml.)}, the
primary concern was to aveld a large concantration of metal which, through
loading effaects, would lowex the distribution xatic. The column was

then eluted at a rate of 1-3 ml. per minute using eluvent which héd baen
proviously equilibrated with the organic phase. The effluent wa§
ceollected at intervals and analyzed for its metal content.

Before attempting the separatlon of mixtures of metals, the elution
behavior of individual metal lons was determined. The column effluent
was collected at 3 ml. intervals with the automatic fraction collector
and its metal content was determined colorimetrically or radiometrically.
Alternatively, for a qualitative determination of the shape of the elution
curve, spot tests were periodically made on the effluent. When metal
mixtures were separated, these elution curves served as the basis for
selecting fractions of effluent for analysis.

Special techniquest Special precautions had to be taken when the
reversed-phase consisted of the sulfoxide in a volatile diluent such as
chloroform. Even when using equilibrated solvents, the diluent was
gradually removed from the top few centimeters of the column. The solid
sulfoxide that remeined caused Irreversible sorption of certain metals,
resulting in tailing and less-than-quantitative recovery of these metals.
To prevent this, approximately 0.5 ml. of pure diluvent was sorbed on the
column to redissolve the solid suifoxide, prior to adding the sample.

Once a Tee-Six or XAD-2 column was properly packed, it was
unnecessary to dismantle it In order to prepare a new column contalning
a different stationary phase. The old stationary phase was simply

washed off with methanol and a new one was added. In practice, various
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sizes of columns were prepared in advance with methanol, and the desired

statlonary phases were added as needed.

Analytlical Procedures
Paper chromatographyt Metals were detected by spraying with one
of the fellowing color-forming reagentst
1. a 50% soluvtion of ammonium polysulfide in methanol
2. a 0.1% solution of Arsenazo I in 90% methanol-water.
Taﬁle 2 1ists the metals studied and, according to number, their method
of detection. For metals detectable by both reagents, the first number

indicates the preferred metheod.

Table 2. Analytical methods used: to detect metal ions on chromatography .

paper
Metal Reagent Metal Reagent Metal Reagent
Be(II) 1 Cu(11) 2,1 " In(III) 1
-Mg(II) 1 Zn(II) 1 Sb(III),(V) 2
AY(III) 1 Ga(III) 1 Ba(II) 1
Ca(IX) 1 As(III) 2 HE(IV) 1
Sc{III) 1 Sr(II) 1 PE(1IV) 2
Ti(IV) 1 Y(III) 1 Au(III) 2
v(Iv) 1 Zr(IV) 1 Hg(II) 2
Cr(VI) 1 Mo(VI) 2 Ti(I) 1
Mn(II) 2 Ru(III) 2 Pb(II) 2
Fe(1II) 1,2- Pd(II) 2 Bi(III) 1,2
Co(II) 2,1 Ag(I) 2 La(IIl)>
Lu(Iil) 1

Ni(II) 2 Cd(11) 2 Th(IV) 1

u{vI) 1,2
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The group II metals and thellium(I) were often difficult to detect
on chromatograms rdn in strong acid. Arsenic(III) was difficult to
detect on chromategrams run in hydrochloric acid, prebably due to
volatilizaticn of arsenic trichloride. Manganese{II) and zinc(II) were
visible only immediately after spraying with reagent.

Selvent extractieon and celumn chromatographyt

Titraticn methods - '

EDTA: Solutions of EDTA were standardized against standard zinc(iI)
using Napthyl Azexine S (NAS) indicator. Standard zinc(il) and copper
(I1) were prepared by weighing an appropriate amount of pure metal,
dissolving it in nitric acid and diluting with water. Anhydrous thorium
tetrachloride, dissolved in dilute hydrochloric acid and diluted with
water, was also used as a standard titrant.

Thorium(IV) and bismuth(III):t These metals were determined by
direct titration at pH 2 using Xylenol Orange indicator.

Zirconium(IV), hafnium{(IV), vanadium(IV), and indium(III): These
metals were determined by back-titration with standard thorium(IV) at
pH 2.0, after the addition of excess EDTA, using Xylenol Orange indicator.
In the case of vanadium{IV), ascorbic acid was added and the titration
was carried out at pH 2.5.

Copper(II), cobalt(II), and zinc(II): These metals were determined
by direct titration with EDTA using NAS indicator according to the method
of Fritz et 2l. (55). Pyridine was used ss the buffer.

Cadmium(II}, 1ead(II}, nickel(II}, aluminum(III}, gaillfum(III}, and
titanium(IV): These metals were determined by back-titration with

standard copper(II} at pH 5.5 - 6.0, after the addition of excess EDTA,
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using NAS indicator. Pyridine was used as the buffer. In the case of
titanium(IV}, five drops of 30% hydrogen peroxide were added prior to the
addition of the EDTA.

Manganese(II): Manganese(II) was determined by direct titration
with EDTA at pH 8.5 using NAS as the indicator. Ascorbic acid was
added tec the samples prior te titration.

Tin(I¥): Tin(IV)} was analyzed (56) by boiling the samples for five
minutes after the addition of 1 gm. of sodium chloride, 5 ml. of con-
centrated hydrochloric acid, 1 ml. of concentrated sulfuric acid, and
an excess of EDTA. The solutions were cooled and the excess EDTA was
back~titrated with sténdard copper(II) using NAS indicator and pyridine
buffer.

Yttrium(III), scandium(III), cerium(III), cerium(IV), gadolinium
(II1)}, and lutecium(III): These metals were determined by direct titra-
tion with EDTA at pH 6.0 using Arsenazo I indicator according to the
method of Fritz et al. (57). Pyridine was used as the buffer. In the
case of cerium(IV), ascorbic acid was added prior to the titration.

Mercury(II)s Mercury was determined (58) by direct titration with
thioglycerel at pH 6 using Thiomichler®s Ketone as anvindicatof.
Pyridine was used azs a buffer.

Antimony(III}, antimony(V), and arsenic(III): These metals were
determiéed by oxidation-reduction titration with potassium bromate
according to the method of Voéeli(SQ). Antimony(V) was first boiled

with sulfurous acid to be reduced to antimony(III)}. Napthol! Blue-Black

—_—

was used as an Indicator.
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Chromium{ IXE}: Chromiun{IIL} was deterxmined by oxidation-reduction
titration with cerium(IV) accoxding to the method of Vegel (59). The
chromium{III} was first oxidized to chromium(VI) with ammonium persulfate-
silver nitrate and then reduced with excess ireon(IL)}). Ferroin was used
as an indicator.

Uranium(VI): Uranium(VI)} was determined titrimetrically by the
method of Sill and Peterson (60). The metal was reduced to uranium{IV)
by passing through a lead reducter. An exidation-reduction titration
was performed using cerium(IV) titrant and ferroin indicz*or.

| Colorimetric methods -

Uranium(VI): Uranium(VI) was determined colorimetrically at
pH 7.5 as the Arsenazo I complex by the method of Fritz and Richard
(61). A 5 x 1074 M solution of Arsenazo I containing 1 x 1072 M EDTA
was used. The buffer used was a solution prepared by mixing equal
volumes of 0.5 M triethanolamine and 0.25 M nitric acid. The uranium(VI)
concentration range employed was 0.02 - 4.0 x 1070 M.

Palladium(II) and gold(III): These metals were determined by measur-
‘ing the absorption of thelr chlero-complexes at 225 my in 0.1 N hydro-
chlorie acid. Figure 1 reproduces the absorbance spectra of these two
metals in 0.1 N hydrocaloric acid. The molar extinction coefficients of
PA(II) and Au(III) at 225 m are 1.61 x 10% and 4.10 x 10%, respectively.
The absorbances of the complexes follow Beer's law over the range studied;
0.25 - 3.0 x 1070 M. -

Spot tests: The elutlion behavior of metals on chromatographic
columns wes often qualltatively estzblished by performing a colorimetric

spot test on the effiuent. Titanium(IV} was detected as the yellow,
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peroxy complex by adding a drop of 30% hydrogen peroxide to a drop of
the column effluent. Thorium(IV) was detected as the Arsenazo I complex
at pH 0-1. The stability of this complex in acidic selution makes it
possible te detect thorium(IV¥) in the presence of most metals. Uranium
(VI} was detected as the Arsenazo I complex at pH 6 using pyridine as

a buffer. Zirconium(IV)} and hafnium(IV) were also detected with Arsenazev
I at pH 6. When using the automatlc fraction collector, a slightly
modified procedure was employed for these two metals. To the 3 ml.
fractions of effluent in test tubes were added 2 ml. of 5 x 1074 M
Arsenazzo I and 3 ml. of pyridine. The absorbances of the solutions

were then measured at 590 mu.

Radiometric methods -

Siltver{I), cesium(I), barium(II), strontium(II), and iron{III): The
distribution ratios of these metals were determined by measuring the
distribution of the activity of a radioactive nuclide between the
phases. The nuclides so employed weres AgllO-110m cg134 133, 585
and Fed99. |

Hafnium(IV): The behavior of trace amounts of hafnium(IV) on
raversed-phase columns was studied usinng181 tracer. Pure hafnium
oxide was irradiated with thermal neutrons at the Ames Laboratory Research
Reactor to an activity of 1 millicurie per mg. and dissolved in hydro-
chloric acid. The photopeak at 0.482 ﬂev. was counted.

Uranium{VI}: Microgram amounts of uranium were determined by
measuring the activity of fission products and Np239 produced by the
irradiation of a uranium{VI)}-DOSO complex with thermal neutrons in the

Ames Laboratory Research Reactor. Three standards, the sample, and a
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blank were irradiated for twe hours at a flux of 3 x 103 peutrons per
square centimeter per second. After allowing cne day for decay of the
initially very high actlvity, the gamma spectra were recoxded using a
1600 channel analyzer. Computer treatment of the data ylelded a graphical
display of the energy and intensity of all photopeaks which lead té the
easy identification of Np23% and various active fission products of

1235,

The activities of indlvidual fission products in the sample,
standards, and blank We;e'then measured using a single channel analyzer.
After subtracting the aétivity of the blank, the activity of each fission
product was plotted against the amount of uranium present In the
standaxrds, ylelding a feries of calibration curves. From these curves,
the activity of each fisslon product in the sample was related to an
amount of uranium. The average of all these values was reported as

the amount of uranium(VI) present in the sample.
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RESULTS AND DISCUSSION
Synthesis, Purification and Characterization of Sulfoxides

Di-n-octyl sulfoxide (DOSO)

DOSO was prepared by oxidizing di-n-octyl sulfide with a slight
excess of hydrogen peroxide using glacial acetic acid as a reactien
medium. To aveid extensive over-oxidatien, the reaction was rum at
room temperature and the hydrogen pereoxide was added Slowly as a dilute
solutien in glaclal acetic acid. Following the two hour reactiom period,
a large amount of water was added and the solid sulfoxlde was filtéred
off, washed with water, and air dried. This material was purified by
crystallizing it twice from 95% ethanol. The melting poiﬁt of the
purified product, 71.5° - 72.5° C., corresponds well to the literature
value (46). The infrared absorption spectra of DOSO in carbon tetra-
chloride is reproduced in Figure 2. The very broad, intense band
centered at 1049 cm.”l is typical of the absorption of aliphatic
sulfoxides (24). The lack of peaks at 1325 + 10 cm.”l and 1140 + 10 cm.”!
indicates that di-n-octyl sulfone, the over-oxidation product, is absent.
The peak at 3450 cm.”l is due to the O-H stretch of water molecules
associated with the sulfoxide group and is typical of hydrated, polar
extractants.

The purification of DOSO by crystallization is an important step as
it insures the absence of any unoxidized di-p-octyl sulfide. This
material can be expected to have coordinating prbperties of its own
toward such metals as palladium(IL) and gold(Ilfz: Thus, 1ts presence

would compromise any observation of sulfur-metal Interaction for

—
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Figure 2. The infrared absorption spectrum of di-n-octyl sulfoxide in carbon tetrachloride
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sulfoxides. The presence of a di-p-octyl sulfope impurity would not be so
serious. This compeund (and sulfones in general) can be expected to be
nearly inert toward forming extractable coordination complexes with
metals (62). This was confirmed experimentally and will be discussed in

a later sectione.

bis{p-Octylsulfiny? Jmethane (BOSM)

The corresponding sulfide was first prepared by refluxing n-octyl
mercaptan for two hours with an excess of di-iodomethane in the presence
of ethanolic potassium hydroxide. The product was purified by extracting
several times with an aqueous ethanol scolution followed by several
extractions with water. After drying over anhydrous sodium sulfate, the
sulfide, in glacial acetic acid, was oxidized with hydrogen peroxide. To
avold over-oxidation, a slight excess of a dilute solution of hydrogen
peroxide in glacial acetic acid was added slowly and the mixture was
allowed to react at room temperature overnight. A large amount of water
wes added to precipitate the sulfoxide which was then filtered, washed
with water, and air dried. The crude BOSM was recrystallized several
times from 95¥% ethanol until the sulfone peaks in the infrared spectra
of the compound were reduced to a2 low, constant level.

The final product, a soft, waxy solid, mélted in the range 112 -
114°C. ' The mass spectra revezled a prominent peak at m/e 336 which
corresponds to the molecular weight of the parent Ion of the bis sulfoxide.
A pezak st m/e 338, 10% of the intensity of the m/e 336 peak, is indicative
of the presence of two sulfur atoms in the parent ion. A peak was

observed at m/e 352 with 4% of the intensity of the parent lon. This



a7

ion, which also appears to contain two sulfur atoms, corresponds te a
species containing one sulfoxide group and one sulfopne group. A peak

was also observed at m/e 378 with an intensity of less than 1¥ of that

of the parent ion. The position of this peak correspondé to the molecular
weight of the bis sulfone.

The infrared spectra of BOSM in chloroform (Figure 3) shows a very
intense, bread band centered at 1033 cm."! indicative of the sulfoxide
group. The shift to lower frequency (compared to DOSQ) is due to hydrogen
bonding with the chloroform solvent. The existence of a small amount of
sulfone impurity is indicated by the two weak peaks at 1136 cm.”l and
1321 cm.”l.

The nuclear magnetic resonance spectra of BOSM in deuterochloroform
(Figure 4) displays a distorted triplet at § 0.88 and an intense singlet
at & 1.31 which are characteristic of the n-octyl methylene and methyl
protons. The triplet observed at &§2.95 is attributable to the n-octyl
methylene protons adjacent to the sulfoxide group. The isolated methylene
protons are manifested as the singlet at 6 3.94 and the doublet centered
at £3.93 (T =20 cps.). The singlet is believed to correspond to’ the dl
configuration of the bis sulfoxide whereas the doublet is believed to
.arise from the unequivalent methylene protons of the meso configuration
(63). The proton integration gives a ratio of 6.0 : 23.0 : 3.8 ¢ 1.9
for (CH3z)p : [(CHy)g]lo * (CHoSD)p : SOCH,SO. The ratio of meso to di
appears to be approximaztely unity.

A sulfur-oxygen analysis of the compound, performed by M-H-W

Laboratories, gave 10.04% oxygen and 17.31¥ sulfur compared to the
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theoretical values of 9.56% oxygen and 19.17% sulfur.- The higher than

stoichiometric amount of oxygen indicates some sulfone impuxity.

bis{n-Octylsul finyl Jethane (BOSE)

The corresponding sulfide was first prepared by refluxing n-octyl
bromide for two hours with a 10% excess of 1,2-dimercaptoethane in the
presence of ethanolic potassium hydroxide. The product was purified by
extracting several times with aqueous sodium hydroxide solution followed
by extractions with water. The sulfide was dried over anhydrous sodium
sulfate and then Qxidized with hydrogen percxide using the procedure
described for BOSM. Following the oxidation, the volume of acetic acid
was reduced under vacuum and a quantity of crystals were isolated which
were shown by their infrared spectra to contain large amounts of sulfone
impurity. A large quantity of water was then added to the remaining
solution and the solid product which formed was filtered, washed, and
air dried. The crude bis sulfoxide was purified by fractional crystal-
lization from ethanol. Those fractions which, from their infrared
spectra, were shown to contain little or no sulfone impurity were com-
bined, dissolved in ethanol, and recrystallized., The final product, a
white solid in the form of light, plate-like crystals, melted in the
range 132.5 - 133.50 Cf

The mass specira revealed only a small peak at m/e 350 corresponding
to the molecular weight of the parernt ion of the bis sulfoxide. In the
fragmentation pattern, however, several strong éeaks were observed at
-m/e/intervals corresponding to ions resulting from the unsymmetricsl

cleavage of the bis sulfoxide. For example, the peak at m/e 237, which
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appaars to contain two sulfur atoms (as inferred from the n/e 239 peak),
corresponds to the fon CgHy-SOCHoCHHSO@.

The infrared spectra of BOSE in chloroform (Figure 5) displays a
strong absorptioh peak centered at 1021 cm.~! indicative of the presence
of the sulfoxide group. Twov weak absorption peaks are observed at
1132 cm.”t ang 1318 cm "t suggesting the presence of a small amount of
sulfone impurity.

The NMR spectra of BOSE in deuterechloroferm (Figure 6) shows
essentially the same pattern for the n-~octyl methylene and methyl protons
as that described for BOSM. The distorted triplet, centered at 62.79 is
interpreted as arising from the p-octyl methylene proton adjacent to the
sulfoxide group. The complex pattern centered at 53.11, which has been
expandaed to reveal more details, is attributed to the isolated methylene
groups. This is compatible with the complicated splitting expected
from the AA'BB*® system present in the anticipated mixture of diastereomers
(63). The proton integration gives a ratio of 3.0 : 12.6 : 2.0 : 1.9
for CH3 : (CHpg & CHpSO @ CHop.

A sulfur-oxygen analysis of BOSE gave 18.30% sulfur and 9.92% oxygen
compared to the theoretical values of 18.40¥% sulfur or 9.18% oxygen. The
higher than stoichiometric amount of oxygen indicates some sulfone

impurity.

Di-p-octyl sulfone

Di-n-octyl sulfoxide was oxidized with an excess of ydrogen
peroxide in glacial acetic acid. The product was precipitated by adding

water and was filtered, washed and air dried. An infrared spectra of the
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compound in chloroform revealed very intense sulfone absorption peaks
at 1130 cm.™! and 1318 cm."L. No sutfoxide absoxrption ce&kd be observed.
The melting point of the compound, 76 - 77° C. corresponds well to the

l1iterature value (44}.

Paper Chromatography Survey
The results of the paper chromatography survey will now be dis-
cussed. The purpose of this discussion will be threefold:
1. To elucidate the nature of sulfoxide-metal interactions.
2. To compare the extraction behavior of sulfoxides with each
other and with the phosphoryl extractants.

3. To peint out the existence of potential separation systems.

Di-n-octyl sulfoxide - hydrochloric acid

The chromatographic behavior of metals on paper impregnated with DOSO
and eluted with 1-10 M hydrochloric acid is presented in Figure 7.

Strong extraction is seen for those metals which are known toc form
strong chloride complexes (36, 64) such as iron(III), gallium(III),
gold(III}, tin(IV), mercury(II), molybdenum(VI), uranium(VI), etc. This
indicates that, as expected, extraction takes place through the mechanism
of solvation of a neutral, chloride complex.

As noted in a previous section, the anion exchange behavior of
iron(III), antimony(V), tin(IV), gold(III}, molybdenum(VI), and uranium
{VI) in DMSO-hydrochloric acid was interpreted as resulting from strong
solvation of these metals by DMSO. Likewise, these same metals are

strongly solvated (and extracted) by DOSO. Tin(IV) and antimony(V) were

—
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also neted for the exceptional stability of their DMSQO complexes.
Significantly, these two metals are the most strongly extracted of all
studied. Titanium(IV) was also mentioned as possessing a very stable
DMSO complex. It will be seen that titanium(IV)} is one of the few metals
that is consistently mere strongly extracted by the sulfoxides than by
tri-n-octyl phosphine oxide (TQPQ).

Patladium(II) and gold(III) are fairly strongly extracted by DOSQ
but more weakly so than with TOPC (9). Apparently, the expected
mechanism of extraction of these metals--solvation of the metal through
the sulfinyl sulfur atom--is qf no practical advantage in this particuler
system. »

Many metals are seen to go through an extraction maximum with
increasing acid concentration. This phenomenon, observed throughout the
work for all reagents and in all acid systems, is typical behavior for
neutral, polar extractants. This decrease in extraction at higher acid
concentrations is the result of the interaction ¢f two independent
phenomenas

1. The competitive extraction of mineral acids by the reagent.

2. The formation of unextractable, anionic, metal-chloride com-

plexes, metal-ni{rate complexes, etc.
The basicity of the reagent and the nature of the mineral acid determine
the effect of 1, whereas the effect of 2 will be decided by the coordina-
tion properties of the metal.

It should be noted that the behavior of the group II A metals is not
due to coordination by DOSO. Identical behavior is observed on "blank"

chromatograms, indicating that the l1imited solubility of the heavier
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alkaline earth chlorides in strong hydrechiorie acid is rasponsibled
Compared with similar paper chromatography data for TOPO, DOSO is

‘a generally weaker extractamt. This is to be expected in light of the

earlier discussion of the effect of dipeole moments upon the extraction

of metal complexes.

Stronger than TOPO Comparable Weaker than TOPO

Ti(IV) Th{IV), Pd(1I), Sc(IIL), Ze(IV),
Au(III), Mo(VI}, HE(I¥), U(VI),
Mn(II), Sn(IV}, Fe(III), Pt(IV),
sb(Vv), Ni(II), Hg(II}, zn(II},
Co{IX}, ag(I) Cd(II), etc.

The data in Figure 7 suggest the possibility of many separations.
Some of the more significant ones are listed below.

1. Tin(IV) and antimox;y(\f) can be separated from all other metals
studied at 1 M hydrochloric acid.

2. Molybdenum(VI) can be separated from all metals at 2-3 M hydro-
chloric acid, except tin{IV) and antimony(V)}. Molybdenum(VI)
can then be separated from these two metals at 1 M hydrochloric
acid. |

3. Gallium(III) can be separated from iron{III}, aluminum(III),
indium(III)}, and many other metals at 4-5 M hydrochleric aciid.

4. A separation of zinc(II) and cadmium (II) from mercury (II)
appears possible‘ at 8 M hydroch]_.ofic 'acid.

5. Thorium{IV) can be separated from titenium{IV)}, zirconium(IV},

hafnium{IV), and uranium(VI) a2t 8 M hydrochloric acid.

p-Tolyl sulfoxide - hydrochloric acid

The chromeztographic behavior of metals on paper impregnated with
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-

PTSO and eluted with 1-10 M hydrochleric acid is presented im Figure 8.
The same metals are extracted by PTSO as by DOSO, indicating that
the mechanism is, again, solvation of a neutral, chloride complex. How-

ever, these metals are generally more weakly extracted by PTSO.

Stronger than DOSO Comparable Weaker than DOSO
Sc(III}, Th{IVv) Mo(VI), Fe(III), Zn(II1), Ca(II),
Co(IL), Ni(II), Hg(II), Pd(II),
Cu(II), Ga(III), Pt(IV), In(IiI),
Au(IIL), Sk(V), Ru(III), Sn{IV),
Ti(Iv), zco(I¥), u(vI)
HF(IV)

-

Weaker extraction by PTSO is to be expected owing to ring inductive
effacts which tend to reduce the polarity of sulfur-oxygen bond, thus
making PTSO a weaker donor. Likewise, the availability of the lone elec-
trén pair should be reduced resulting in decreased extraction of those
metals postulated to coordinate through the sulfur atom. This decrease
is observed for palladium(II), but not for gold(III).

That PTSO is a weaker extractant than DOSO does not lessen its poten-
tial usefulness as a reagent for separations. This can be an advantage in
many situations because, as extractive power decreases, selectivity gener-
21ly increases. The separation possibilities listed below illustrate this.

1. Antimony(V) can be separated from all other elements studied at

1 M hydrochloric acid.

2. Antimony(V) and gold(III) can be separated from all other elements

studied at 4 M hydrochloric acid.

3. A separation of zirconium(IV) and hafnium(IV) appears likely at

8 M hydrochloric acid.
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bis(p-Octylsulfinyl Jmethane - hydrochloxic acid

The chromatographic behavior of metals cn paper impregnated with BOSM
and eluted with 1-10 M hydrochloric acid is presented in Figure 9.

The extraction of metals from hydrochloric acid by BOSM is surpris-
ingly weak. The superior coordinating propertles which were anticipated
for this material have not been realized. BOSM is a2 much weaker extractant

than DOSO and, for the most part, even PISO.

Stronger than DOSQ Comparable " Weaker than DOSO
Th{IV) Sb(V¥), Sc(III) U(vI), Ti(1v),

zr(Iv), Bf(IV),
Mo(VI), Fe(III),
Ga(III), P4(II},
Pt(IV), Au(ILI),
zn(I1), ca(II),
Hg(II), Sn(IV), etc.

A significant exception to the above generality is thorium{IV) which
is extracted more strongly by BOSM than by DOSO, PISO, or even TOPC. With
BOSM, thorium(IV) is extracted more strongly than uranium(VI), whereas with
the other three reagents, the reverse is true. Rationalization of the
behavior of BOSM will be withheld until the discussion of the next reagent.

The anomalously strong interaction of thorium(IV) with BOSM suggests
the following separation possibility: At 8-9 M hydrochloric acid thorium
(IV) can be separated from uranium{VI}, titanium(IV), zirconium(IV),

hafnium(IV),; lanthanides(III), scandium(III), etc. Only antimony(V),

gallium(II1), iron(III), and molybdenum(VI) are likely to interfere.

bis{p-Octylsul finyl Jethane - hydrochloric acid

The chromatographic behavior of metals on paper impregnated with

BOSE and eluted with 1-10 M hydrochloric acid is presented in Figure 10.
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The extraction of metals from hydrochloric acid by BOSE is, again,
surprisingly weak. Like BOSM, BOSE is a weaker extractant than elther
DOSO or PTSO for all metals except thorium(IV). Significantly, however,

BOSE is a notably stronger extractant than BOSM for a large number of

metals.
Stronger than BOSM Comparable Weaker than BOSM
U(V¥I), Sc(III), Pa(II), Hg(II}, Mo{VI}, Sb(V}
Ti{IVv), zc(IV), Co(II)}, Th{IV)

HFf(IV), Fe(III),

Ga(III), Sn(IV)},

Pt(IV), Au(III)

It has been observed that, unlike the analogous phosphoryl compounds,
the first two members of the series of bis sulfoxides are not stronger
extractants (with one exception) than the corresponding monofunctional
sulfoxides. Furthermore, the first member of the series of bis phosphine
oxides is a generally stronger extractant than the second whereas the
reverse is true for the bis sulfoxides. An attempt will now be made to
rationalize this behavior.

The weak extraction of the bis sulfoxides could be explained by
simply postulating that these compounds extract as monodentate ligands.

A more reasonable explanation, however, is that bidentate coordination
occurs, but that the interaction is so ineffective as to be weaker than
the coordination of monofunctional sulfoxides.

The existence of bidentate coordination cannot be ruled out simply
on the basis of the observed, weak extraction. As was pointed out in an
earlier section, the bis phosphine oxides do not usually display a
significant advantage over monofunctional phosphine oxides when extrac-

tion occurs through the mechanism of solvation of a neutral metal-ligand
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complex. The spectacular increase in extraction is only observed in
situations which involve high extractant-metal ratios, such as in the
extraction of uranium(VI) from perchloric acid and in the extraction of
the lanthanides from nitric acid and perchloric acid. Thus, in fhe
extraction of metal-chloride complexes, it is quite possible that weak
bidentate cecordination is responsible for observed behavior of the bis
sulfoxides.

The weakness of bidentate coordination can be explained in terms of
steric hindrance. Of 21l possible rotational forms, the most favorable
molecular configuration for extraction is that in which both oxygen
atoms are readily available for simultaneous coordination with the metal.
This requires "that the oxygen atoms be brought close thethér, the
actual proximity being determined mainly by the size of the metal. From
.an examination of molecular scale models of the bis sulfoxides, it
appears that this configuration should be difficult to attain owing to
the repulsion of adjacent, lone electron pairs. The closer the oxygen
atoms are brought together, the closer are the lone pairs to one
another, and, thus, the greater the repulsion. This repulsion will
make it energetically unfavorable for these molecules to exist in the
proper conflguration for bidentate coordination, thus weakening the
metal—sﬁlfoxide bonds. Furthermore, the repulsion should be strongest
for BOSM where the sulfinyl groups are closest together. The insertion
of an additional methylene group reduces steric hindrance with the result
that BOSE is a2 more "limber™ molecule. BOSE should he able to more
easily attain the proper configuration, thus forming stronger complexes.

In the case of the bis phosphine oxides, lone pzir repulsion is
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absent and the first two members of the series are both apparently able
to easily attain favorable extraction configurations. However, in this
configuration, the first member of the series (MHDPO) now cooxdinates
mest strongly because the smaller distance between phosphoryl groups
allows a closer proximity of the oxygen atoms to the metal. If lone
pair repulsion were absent, sulfoxides should behave similarly.

From the above arguménts, it follows that the bis sulfoxides should
coordinate more easily with large ions than with small cnes. Further-
more, BOSE should be more effective than BOSM chelating small ions.
Thése‘conclusions are in agreement with the observed extraction behavior

and with the data (65, 66) presented in Table 3.

Table 3. Ionic radii of some metal ions which form chloride complexes

Metal ion Ionic radius (Angstroms)
Fet3 ©0.53
Gat3 0.60
sct3 0.68
Snt4 0.71
Tit4 0.60
Zrt4 0.74
uft4 0.75
Tht4 0.%

yté 0.86
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It will be recalled that all of these metals, except thorium(IV), are
much more strongly extracted by DOSO than by elther BOSM or BOSE. The
ancmalously strong extraction of‘thorium(IY) by the bls sulfoxides can
now be explained. It is the only metal (which forms an extractable
chloride complex) that is large enough to be really effectively chelated.
It should also be pointed out that extraction by a chelation mechanism
is especially advantageous in the—case of thorium(IV) owing to its
high coordination nu@bef of eight (65). Although uranium(VI} also has
a rather large iomic radius, the uranyl ion alsc possesses an unusually
low ccordination number of four (65). Thus, in the presence of a com-
plexing anion such as chloride or nitrate, extraction by a bidentate
ligand is of no real advantage. Furthermore, extraction by DOSO is
probably also favored by reduced steric hindrance. The tw§ monofunctional
extractant molecules and the two anions are able to cbordinate in a trans-
trans configuration around the uranyl jon, whereas, with one molecule of
BOSM (or BOSE) and two anions, the coordination stereochemistry is
nécessarily cis-cis. It will also be recalled that all of the metals in
Table 3, except thorium{IV), are more strongly extracted by BOSE than
by BOSM. This seemingly reversed order of extraction is now reasonable
in 1ight of the smaller degree of steric hindrance in BOSE which zllows
more effective bidentate co&rdination of these smaller ions.

The phenomenon of steric hindrance in bis sulfoxides will be referred'

to in future discussions of the extraction behavior of these compounds.

Di-p-octyl sulfoxide - nitric acid

The chromatographic behavior of metals on paper impregnaied with DOSO
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and eluted with 1-11 M nitric acid is summarized in Figure 1l.

Strong extraction is seen for those metals which are known to form
strong nitrate complexes (36, 64) such as Ti(IV), zrx(IV), HE(IV), Th(IV),
U{v1), Ag(X), Bi(IIIL), etc. The probable mechanism of extraction of
these metals is one of solvatlon of a neutrsl nitrate complex by the
sulfipyl oxygen. The same metals are also extracted by TOPO although
the interaction is, with one exception, stronger than that of DOSO. This
is reasonable in view of the higher polarity of the phosphoryl bond. The
anomalousty high extraction of titanium(IV) by DdSO was also observed in

hydrochloric acid systems. No explanation can be offered for this

behavior.
Stronger than TOPQ Comparable Weaker than TOPO
Ti(1v), Pd(II), Th(IV), U(VI), Sc(II1), Y(III),
Au(III), Sb(V) Bi(III), Mo(VI) Zr(Iv), Hf(IV),

Fe(III}, Ag(I)

The strong extraction of palladium(II) and gold(III) by DOSO is
significant. That these two metals, particularly palladium(II), are
much more weakly extracted by TOPO is quite gpbd evidence for sulfur-
metal interaction in DOSO. The mechanism of extraction likely'involvés
jon pair formation since palladium(II) does not form nitrate complexes.
Such a mechanism would be favored by the low coordination number (four)
of palladium(II). It is interesting that the extraction of palladium is
stronger from nitric acid than from hydrochloric acid where, presumably,
the mechanism of extraction is solvation of a neutral palladium~chloride
complex. It may be that chloride ions compete with DOSO for coordination
sites to form an unextractable, anionic complegh:i

It is probable that in the case of antimony(V) a chioride complex is
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being extracted. To prevent hydrolysis, this metal was applied to the
paper in a fairly strong solution of hydrochloric acid. For this
reason, the behavior of antimony(V¥) in nitric acid systems will not ke
further considered.

The data in Figure 10 suggest a number of useful separations,

several of which are listed below.

1. A promising separation of zirconium(IV) and hafnium(IV) is
seen at 4-8 M nitric acid.

2. Palladium(II) and gold(III) can be separated from all other
metals studied, including platinum(IV)}, mercury(II}, and
silver(I), at 1 M nitric acid.

3. Thorium(IV) and uranium(VI) can be separated at 2 M nitric
acid from most metals studied. Gold(III) and palladium(II)
will interfere.

4. Titanium(IV), zirconium(IV) and hafnium(IV) at 11 M nitric
acid can be separated from thorium(IV), uranium(VI) and most
other metals studied. Palladium(II) and probably gold(III)

will interfere.

p-Tolyl sulfoxide -~ nitric acid
The paper chromatographic behavior of metals on paper impregnated
with PTSO and eluted with 1-11 M nitric acid is presented in Figure 12.
As expected, PTSD is observed to be a generally weaker extractant
for those metals which form nitrate complexes. Likewise, paIIadium(II)

and gold(III)} are also more weakly extracted.
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Stronger than DOSO Cpmparable Weaker than DOSO
Fe(IIX), Ru(III), Ag(I) Ti(IV), Zx(IV),
Mo(VI) HE(IV), Thilv),

U(VI), Bi(III},
Au(III), PafII)

The strong interaction of PTSQ with iron(III)} and ruthenium(III)
was completely unexpected and is of special interest. PISC extracts
these metals from nitric acid much more strongly than DQSQ or even TOPO.
The greatly enhanced interaction of the aromatic sulfoxide over the
aliphatic sulfoxide suggests that the extraction may inveolve, in part,
the formation of ayr-complex with the aromatic rings. Although no
analogous systems have been studied, this hypothesis is not unreasonable
in view of the known tendency of iron(III) and ruthenium(III) to form
Fr-complexes (e.g. ferrocene, ruthenocene, etc.) (67).

It is not advisable with thé information now available to postulate
structures for the extractable complexes. It will have to be determined
if either the sulfinyl oxygen atom or the lone electron pair is involved
in the bonding. One or the other (or both) of these interactions, in
addition to 7-bonding, seems likely. It is assumed that the extractions
take place through a mechanism of ion pair association since iron{III}
and ruthenium(III} do not form nitrate complexes. This view is supported
by solvent extraction studies performed in perchloric acid which will be
discussed in a later section.

Some useful separations ﬁsing PTSO are listed below.

1. The unique extraction of iron{(III) and ruthenium(III) at 10 M

nitric acid will allow the separation of these metals from

gallium(III), indium(III), aluminum{IXI)}, gold(III), platinum(IV),
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bismuth(III), palladium(II), and uranium(VI}.

2. Gold(III) is the only metal studied which is strongly extracted
at 2-4 M nitric acid, thus, allowing a separation of gold(III)
from 50 other metals.

3. A separation of zirconium(IV) snd hafnium(IV) appears likelty

at 8-10 M nitric acid.

bis{n-Octyisulfinyl Jmethane - nitric acid

The chromatographic behavior of metals on paper impregnated with BOSM
and eluted with 1-11 M nitric acid is presented in Figure 13.

As was observed for the hydrochloric acid system, BOSM is a generally
weaker extractant than DOSO. There are a few exceptions, however, which
support the hypothesis that BOSM extracts as a sterically hindered,

bidentate ligand.

Stronger than DOSO Comparable Weaker than DOSO

Lanthanides(III), Fe(I1I), Bi(III), Ti(1v), Zr(1IV),

Ag(I), Ru(III) Mo(VI) Hf(IV), U(VI),
Th(IV)

Fairly weak extraction is observed for the Iaﬁthanides. The
extraction initially increases with atomic number, appears to go through
a meximum near samarium or europium, and then decreases. That the
lanthanides are extracted at all is indicative of bidentate coordination.
The appearance of an extraction maximum is quite unexpected. A rational-
jzation of this phenomenon in terms of steric hindrance will be included
in the discussion of the behavior of BOSE in nitric acid where the same

type of interaction, although much stronger, is also observed.
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Additional evidence of steric hindrance in bis sulfoxides is found

in the extraction behavior of several other metals. Of all the ions which
form nitrate complexes, silver(I) is the only one (other than the
lanthanides) which is significantly more strongly extracted by BOSM than
hy DOSC. From the steric hindrance argument, this is not surprising in

view of the large ionic radius of silver(I).

Table 4. Ionic radil of some metals which form nitrate complexes

Metal ions Ionic radius (Angstroms)
Agh ‘ 1.13
B1+3 1.08
Lat3 1.06
Y3 0.96
Tht4 0.96
uté 0.86
Lu'3 0.85
Int3 0.81
Hft4 0.75
Zrt4 0.74
sct3 0.68
Tit4 0.60

Similarly, bismuth(II1), which alsc forms a nitrate complex, is equally
strongly extracted by either BOSM or DOSO. The extraction of thorium({IV)

from nitric acid by BOSM is weaker than the extraction by DOSO. That the
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reverse was seep_in hydrochloric acid does not ingalidgtg the arguments
for steric hindrance. It should be noted that the decrease in the
extraction of thorium(IV) (going from DOSO to BOSM) is much less than
that of titanium(IV), zifconium(IV), hafnium(IV) and uranium(V¥I). This
indicates that the larger thorium(IV¥) is again more strongly solvated
by BOSM than are the smaller ions. Apparently, the greatervbulk of the
nitrate ion (compared to the chloride ion) enhances steric hindrance
effects so that coordination is especially favorable for metals of
small charge, low ccordination number, and large radius, such as silver
(1).

The unusually strong extraction of ruthenium(III) by BOSM is quite
unexpected. No rationalization of this phenomenon can be offered at
this time.

Only one potential separation is of interest. At 10 M nitric acid,
BOSM can be used to separate silver(I), palladium(II), ruthenium(III),

and thorium(IV) from all other metals studied.

bis(n-Octylsulfinyl Jethane - nitric acid

The chromatographic behavior of metals on paper impregnated with
BOSE and eluted with 1-11 M nitric acid is presented in Figure 14.

The very strong interaction of BOSE with a2 large number of metals i;
immediately apparent. Compared to DOSO, BOSE is a stronger extractant

in many instances.

Stronger. thap POSO Comparable . ... Weaker than DOSO
Lanthanides(III), V(IV), Ag(I) Ti(Iv), zr(IV),
Sc(IIi), Y(III), HE(IV), Th(IV),
Bi{III), Fe(III), u(vi), pd(II),

Ru(III), Mo(VI) _Au(III)



rv.w 1.0~ T T TTT YT
1 06

M) Bafl) 06 __EL'EMEN-T“ |8 ¢ NClo £l

ebebicle Ry [ OXIDATION

o TOSTATE T TET
R 02 ' . i
Naj | Mg(l) | AN | ]S p S o]
. o 0.0l \ A : | )
bl MOLARITY OF NITRIC ACID l. N P SO PR | I P P | AP T O
' e i * T " T T Y z T T Tk *——h\' — [ N g | DL Lf"\' TR OY r. )
NTTNETT ~1TT , | IR A | o N - ;
t

i
("{)

VOV)JL-Cr{vi)_{[- M) Jl!ir SollJ NI Gl | 200 ..Ga[lllll Gel Aty ]| |se| || 1B

“Selill)”
- ".‘GHL;

177

| N

{"V ;-FE\- A I" ' TT T 1T Lan 2 2 s | e e ) T L8 i et L i ) L LA L C= \; .;\‘: 7 s;b; : ; ; : : ; ¥

e ami Biva o s NN L |

e s ) -Zr\_,'“’ N jTe mg,\ RO Pal) R EA A ",',,\‘ e Y 1y
| 1 4 -

O N Agll VRS i
Aas e R R RA R RN R A Ea L SR S S P =
"I \‘ -t ; O | NN | - :—f\‘_ Jo ;r

los] | Ban W e w el dost I el 1
1L 17 1 I O R O I O A
1 SRR AN NAN

'
joN

L)

frih [Ral -
HRRERARL

b i o
|illl L
1
1
1

)

)

plige

/’{,—:
— El
el
é\-é’:’_‘
=5
—r1
=t

»

I;m[lllJ

' I | B P

Aci

TN
1
e ]

Flgure 14. The chromatographic behavior of metal ions on paper impregnated with bis[p-octyl sulfinyl]
ethane eluted with nitric acid

9L



77

BOSE is a much stronger extractant than BOSM for all but a few

metals.
Stronger than BOSM Comparable Weaker than BOSM
Lanthanides{III}, Sb(III) Ag(I}, Au{III}

ScfIII), ¥(III),

Bi{IIr), Ti(IV),

zr(Iv), HE(IV),

Vv(Iv), Fe(IIl),

Ru(III}, Pd(II}

The extraction of metals which form nitrate complexes again con-
firms that, owing to reduced steric hindrance, BOSE is more effective in
solvating small ions than is BOSM. Only silver(I)}, the largest ion
listed in Table 4, is extracted more strongly by BOSM than by BOSE.

The most notable feature of Figure 13 is the strong extraction of
the lanthanides. The moderately strong extraction at lanthanum(III)
increases with atomic number, clearly passes through a maximum between
- samarium(III) and europium(III), and then decreases until at lutecium
(III) the interaction is nearly non-existent. The same data are
replotted in Figure 15 as distribution ratios to better illustrate the
extraction behavior. The existence of a maximum in the extraction of
the lanthanides by BOSE (and also by BOSM) is very significant. It
constitutes the most straightforward demonstration yet discovered of
steric hindrance effects in extractions with bis sulfoxides.

No such maximum is observed in the extractlion of the lanthanides
from nitric acid by the bis phosphine oxides. Analogous paper chrome-
tography data for MHDPO (35) reveals a fairly steady increase in extrac-
tion from lanthanum(III) to Iutecium{IIXI}. This is the behavior expected

for a2 bidentate, neutral donor. The strength of the donor-metal bonds
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increases from lanthanum(III)} te lutecium{III)} as the lonic radii
decrease, owing to the higher charge demsity of the smaller ions. At
the same time, the-stability constants of the lanthanide-nitrate com- ‘
plexes show a small but general decrease from lanthanum{III) to
tutecium{ILI} (68, 69). However, this slight decrease in stability is.
completely overshadowed by the increasing bond strength resulting in
increasing extraction with atomic number.

The same trend should occur for bis sulfoxides except that steric

hindrance inhibits the chelation of the smaller lanthanide ions. For

Table 5. Ionic radii of trivalent lanthanide ions (65)

Element Radius (Angstroms)
La 1.06
Ce 1.03
Pr 1.01
Nd 1.00
Pm 0.98
Sm 0.96
Eu 0.95
Gd 0.94
Thb 0.92
Dy 0.91
Ho 0.89
Exr 0.88
Tm 0.87
Yb 0.86
Lu 0.85

the larger lanthanide ions, chelation occurs apparently without difficulty
and extraction increases as the strength of metal-sulfoxide bonds with
decreasing ionic radius. Af europium(III}, the ionic radius is spparently

near the minimum value possible for unhindered chelation. Beyond
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europium(III), the ability to chelate (and, hence, the ability to
extract) is gradually lost with decreasing ionic radius. It is interest-
ing that the ionic radius of europium(III) is very clese to that of
thorium(IV) (0.96 Angstroms)} which was exceptionally strongly extracted
by BOSE from hydrechleric acid.

Although similar behavior has not been observed for an analegous,
single ligand, there are mixed ligand systems which do behave similarly.
The extraction of the lanthanides by mixtures of thenoyltrifluorcaceteona
and tri-p-butylphosphate also passes through a maximum (70). This
behavior has likewise been attributed to steric hindrance. Although
the heaviest lanthanides should form the strongest complexes, these ions,
owing to their small size, cannot accommodate the large number of ligands
required (three of each) and the ability to extract is lost.

The combining ratio of BOSE with several lanthanide ions was
determined using the paper chromatography loading technique. The
metals were chromatographed in 8 M nitric acid on papers which had been
impregnated with varying amounts of BOSE. Figure 16 shows a typical
plot (europium(III)) of log distribution ratic as a function of the
molar concentration of BOSE applied to the paper. Table 6 gives the
slopes obtained for the five metals studied. From the earlier discus-
sion of the theory of chromatography, the slopes indicate that the
combining ratio of BOSE with these mefals is I : I.

The very sirong extraction of iron(III} and ruthenium{III} is
unexpected and cannot be explained on the basis of the information now
available. Unfortunately, no analogous studies have been made with the

bis phosphine oxides.



Figure 16, The paper chromatographic behavior of europium(III) eluted with 8 M nitric acid as a
function of the molarity of bis[n-octylsulfinyl]ethane applied to the paper
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Table 6. Determination of the combining ratieo of BOSE with some
lanthanide ions

Metal Slope
Samarium(ILL) ' 1.01
Europfum( III) 0.99
Gadolinium{III) 1.01
Terbium(III) 0.95
Dysprosium(III) 0.97
Average value 0.99

The unique behavior of the lanthanide ions suggests a potentially
useful separation. From Figure 14, it appears likely that at 7 M nitric
acid, lanthanum(III) «» erbium{III) can be separated from thulium(III} -3
lutecium(III). At 8-9 M nitric acid it should be possible to separate
samarium(III)~39 dysprosium(III), including europium(III), from all oth.er
lanthanides. These separations, particularly the second, might be of

some value on a preparative scale.

Di-pn-octylsulfoxide - 1 M perchloric acid - ammonium thiocyanate

The chromatographic behavior of metals on paper impregnated with
POSO and eluted ammonium thiccyanate soclutlons containing 1 M perchloric
acid is presented in Figure 17.

Strong and extensive extraction is seen for the many metals which
form thiocyznate complexes (36, 64). Very strongvextraction over the
entire range of thiocyanate concentrations studied (0.02 - 2.0 M) is

seen for titanium(IV}), zirconium(IV), hafnium(IV}, thorium{IV}, uranium

(VI}, molyblenum(VI}, and tin(IV). A number of other metals,
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. scandtum(III), iron(III), palladium(II), silvex(I), gold(III), zinc(II),
indium(III), and bismuth(III) are strongly extracted only at particular
concentrations of thiocyanate. The decrease in extraction of these and
other metals with increasing thiccyanate concentration is most probably
the result eof formaticn of higher, anienric thiccyanate cemplexes. The
strong extractien of zinc(II) and mercury(II}, but net of cadmium(II)
is quite unusual as cadmium(IL) alsc forms strong thiocyanate complexes.
This phenomenon has been confirmed by solvent extraction studies and
will be discussed in a future section. The behavior of scandium(III)
and vanadium(IV) is also interesting. These metals have not been
previously observed to be well extracted by any of the sulfoxides.

Unfortunately, no comparable set of data is available for the
phosphine oxides. In light of previous comparisons, however, it seems
certain that the extractions should be stronger, except perhaps for
palladium(II) and gold(III).

Owing to the extensive and varied interactions of DOSO in thio-
cyanate media, a very large number of separations are possible. Sohe
of the more interesting and useful ones are listed below.

1. Zinc(II) and mercury(II) can be easily separated from cadmium

(II) at 0.2 M thiocyanate.

2. Iron(III), cobalt(II), and nickel(II) can be separated from

each other at 0.6 M thiocyanate.

3. Aluminum{III), gallium(III)}, and indium(III} can be separated

from each other at 0.3 M thiocyanate.

4. Copper(II), silver(I) and gold{III} can be separated from each

other at 0.1-0.3 M thiocyarnate.
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5. Scandium(IIL) can easily be separated from yttrium(III},
lanthanum(III}-tutectium(IXI), ailumipum(III}, gallium(III), etc.
at 0.1 - 2.0 M thiocyanate.

6. In dilute thiocyanate solutions (about 0.02 M), the following
metals can be separated from all others studied: titanium{IV),
zircontium( IV}, hafnium(IV}, thorium(IV), tin{IV)}, uranium(VI},

molybdenum(V¥I}, palladium({II}, gold(III), and silver(I).

bis{n-Octylsulfinyl }methane - 1 M perchloric acid - ammonium thiocyanate

The chromatographic behavior of metals on papers impregnated with
BOSM and eluted with ammonium thiocyanate solutions containing 1 M
perchloric acid is presented in Figure 18. .

As was observed in all previous systems, BOSM.is a generally weaker
extractant than DOSO. The decrease in extraction is quite drastic for
scandium(III), titaniﬁm(IV), zirconium(IV) ,A thorium(IV), uranium(VI),
zinc(II), and tin(IV). Table 7 compares the ionic radii of metals (65,
67) and the relative. extent of their extraction by BOSM compared to
DOSO.

Table 7. Comparison of ionic radii (Angstroms) of metals and their
relative extent of extraction by BOSM znd DOSO

Stronger than DOSO Comparable Weaker than DOSO
Metal Metal ' Metsl

ion radius ion radius ion radius
Cuf2 0.92 Hg*2 1.10 Znt2 0.74
cd'? 0.96 B1*3 1.08 - sct3 0.68

+1

Ag 1.13 sb¥3 0.92 Tit4 0.60
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Table 7 (Continued)

Stronger than DOSC Comparable Weaker than POSC
Metal Metal Metal
ion radius ion radius ion radius

zr+4 Q.74
HEP4 0.75
Tht4 0.96
utt 0.86
Sn*™4 0.71
Ga*3 0.60
In*3 0.81
Fe*3 . 0.53

Stronger solvation of larger lons is again observed and is further
evidence of the existence of steric hindrance in bis sulfoxides. Of all
the metals studied, only the behavior of thorium(IV) is drastically out
of place. It is possible that the presence of the four, bulky thio-
cyanate ligands in the extractable thorium(IV) cohpiex enhances the
effect of steric hindrance.

A comparison of the extraction of zinc(II) and cadmium(II) by DOSO
and BOSM is of special interest. It will be recalled that zinc(II)
(radius = 0.74 Angstroms) was very strongly extracted by DO while
cadmium(II} (radius = 0.96 Angstroms) was not extracted at all. The
extraction of zinc(II} by BOSM is virtually nonexistent,; whereas cadmium

(II), although rather weakly extracted, is now more strongly extracted
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than zinc{II)}. This reversal of the erder of extractiomn ef these twe
metals is additional evidence for the existence of a limiting radius for
effective chelation.

The greatly decreased extraction of most metals by BOSM makes this
reagent much more selective than DOSO. Two very useful separations are
iisted below.

1. In dilute thiocyanate solutions {about 0.02 M) silver(I} can

ke separated from all other metals studied.
2. Mercury(Il) can be easily separated from zinc(II) and cadmium(II}

at 0.1 - 0.3 M thiocyanate.

Di-p-octylsulfoxide - perchloric acid

The chromatographic behavior of metals on paper impregnated with
DOSO and eluted with 0.01 - 6.0 M perchloric acid is presented in
Figure 19.

Extraction from perchloric acid is limited, as prediced, to a very
few metals, principally uranium(VI), palladium(II) and gold(III). The
inability of the perchlorate ion to form inner sphere complexes requires
that the strong extractions of these three metals occur through the
mechanism of catlon solvation by DOSO followed by ion-pair association
with perchlorate. The composition of the extractable uranium(VI)-DOSO-
perchlorate complex is most certainly analogous to those of TBP and
TOPO which were described in an earlier section. The exceptionally
strong extraction of gold(III} and palladium(II} is fairly convincing
evidence for the existence of metal-suifur coordination in their com-

plexes.
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A aurmber of other metals net included in Figure 19 were chre=-
matographed with 1} M perchloric acid onty. No interaction wes evident
and so they were not studied further. The hydrolysis and/or polymeriza-
tion of a few metals, titanium{IV)}, zirconium{I¥), hafnium(IV), tin(IV),
and antimony(?}vprevented the study of their extraction from dilute
perchloric acid.

The very limited extraction of metals from perchloric acid by DOSO
suggests a very useful separation. At 0.01 - 6.0 M perchloric acid,
uranium(VI), palladium(II) and gold{III)} can be separated from all other
metals studied. The uranium(VI)-DOSO-perchloric acid system has been

examined in detail and will be discussed in a future éection.

Miscellaneous systems

A number of metals were chromatographed on paper impregnated with
di-n-octyl sulfone to determine if, as assumed, sulfones possess little
coordinating ability. The metals studied were chosen on the basis of
being the ones most likely to be extracted by a neutral donor from the
particular acids used as eluents. The extraction of metals by di-n-
octyl sulfone, as shown in Table 8, is negligible compared to the bianks.
This indicates that the presence of small amounts of sulfone impurities

should not effect the solvent extraction behavior of sulfoxides.

Solvent Extraction and Reversed-Phase Column Chromatography

Miscellaneous systems
Di-n~butyl sulfoxide/methyl isobutyl ketone - nitric acid/uranium(VI)

DBSD is the highest molecular weight aliphatic sulfoxide that is
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Table 8. The chromatographic behavior of metals on paper impregpnated
wlth di=n=gctyl sulfene and eluted with 8 M nitric er hydre-
chloric acid

8 M nitrxic acid 8 "M hydrochloric actd
Metal Ry impregnated Re blank Re lmpregnated Rg blank
Ti(IV) 0.92 0.91 0.78 0.75
Zr(IV) 0.83 0.92 Q.77 0.81
HE(IV) 0.96 0.96 0.77 0.86
Th(IV) 0.94 0.92 0.81 0.81
U(VI) 0.88 0.87 0.78 0.73
Pd(II) .74 0.70 0.63 0.70
Au(III) 0.70 0.66 0.61 0.53 .
Hg(II) 0.86 0.86 0.77 0.76
Sb(V) 0.73 0.66 0.73 0.43
Sn(IV) 0.90 0.86 -
Fe(III) 0.82 0.75
Ga(III) 0.73 0.65
Zn(II) 0.82 0.80
Co(II) 0.86 0.85
Pt§N; 0.64 0.70
Cd(II 0.35 0.84

commercially av_ailable. It was briefly studied as a reagent for extract-
ing uranium(VI) from nitric acid. Twenty milliliters of a 6 M nitric
acid solution, containing 0.824 mmoles of uranyl nitrate, was extracted
with an equal volume of 1 : 1 DBSO in methyl isobutyl ketone. The
agueous phase, after removing the nitric acid, was analyzed for uranium
by the method of Sill and Peterson (60).

Four extractions were perférmed giving an average distribution ratio
of 14.8 which corresponds to 93.2% extraction. Owing to the low extraction
or uranium(VI) and to the high solubility of DBSO in équeous acid systems,

this reagent was not studled further.
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iron(IIT}, ruthenium(III) In the discussion of the results of the

paper chromatography survey, it was observed that iron(IIL) and
ruthenium(III) were extracted from nitric acid by PTSO (Rigure 16). To
. confirm this unexpected and unusual behavier, some brief selvent extrac-
tion experiments were performed.

A 1.0 M solution of PTSO in 1,2 dichlorcethane was used to extract
iron{III} and ruthenium(III) from 10 M nitric acid. The extraction of
both metals resulted in the formation of an intense, red-orange color
in the organic phase. The extent of extraction of ruthenium{III) was
estimated to be greater than 90% on the basis of the decrease in the
intensity of the color of the aqueous phase. A distribution ratio was
calculated for iron(III) from an analysis of the aqueous phase before
and after extraction. Iron{III) was found to be 98.6% extrécted which
corresponds to a distribution ratio of 63.9. It was observed that the
iron could be recovered by back-extracting the organic phase with dilute
nitric acid or with water.

An extraction of iron(III} from perchloric acid was also performed
to determine if the nitrate ion plays a unique role in the extraction.

A 0.01 M solution of iron(III)} perchlorate in 1 M perchloric acid was
extracted with 1.0 M PTSO in 1,2 dichloroethane, resulting in a highly
colored organic phase which was indistinguishable from that obtained
with nitric acid. The iron(III) in the aQueous phase was found to»b?ua,»
98.1% extracted.

The above data indicate that the extractable species in each case
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is probably

NGEIRG TSN &
where X~ is nitrate or perchlorate. That perchlorate is a more easily
'extractable counter ion than nitrate accounts for the strong extraction
from a lower acid concentration. The change in the coler of iron(III)
from a very pale yellow in the agqueous phase to an intense red-orange
in the organic phase indicates that the bonding in the iron(III)-PTSO
complex may be other than simple solvation by the sulfinyl oxygen.
Owing to the very similar ligand strengths of the sulfoxide group and
water, the color of metals and metal complexes solvated by sulfoxides is

nearly always the same as that of the corresponding aquo derivative (26).

bis(270¢t§lsu1finyl)ethanq/1,2 dichloroethane - perchloric acid/
uranium{VIZ An attempt was made to determine the combining ratio of
BOSE with uranium(VI) extracted from perchloric acid. Solutions contain-
ing 0.0l mmoles of uranyl perchlorate in 1 M perchlorate were extracted
with solutions which contained varying concentrations of BOSE in 1,2
dichloroethane. A plot of log distribution ratio as a functien of log
molarity BOSE is presented in Figure 20. The slope is higher than that
expected for a bidentate ligand (two), but lower than that expected for
a moﬁodentate ligand (four). That this sample of BOSE was known to
contain a sulfoxide-sulfone impurity may partially account for the high
slope; Another factor may be that not all the BOSE molecules are
coordinated in a bidentate manner. In any event; it is apparent thet

chelation is, for the most part, responsible for the extraction.
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The weakness of bidentate coordination in bis sulfoxides is illus-
trated by the data in Table 9 which compare the distribution ratios for
uranium(VI) obtained with several extractants. The valua for DOSO was
determined by the author as will be discussed in a later section. The
values for TOPO and MHDPQ were taken from the work of Q'Laughlin {35).
The distribution ratic fer Q.1 M MHDPC has been extrapolated from the
value at 0.05 M.

Table 9. Distribution ratios for the extraction of uranium{VI) from
1 M perchloric acid by 0.1 M solutions of some neutral polar

extractants
Extractant Distribution ratio
DOSO ' 0.20
BOSE 3.10
TOPO 7.0
MHDPO 1.6x10%

It can be seen that the distribution ratio for uranium(VI) increases
nearly four orders of magnitude in going from TOPO to MHDPO which clearly
shows the advantage of bidentate coordination in bis phosphine oxides.
However, the distribution ratio increases only 15 fold in going from DOSO
to BOSE. This graphically illustrates the ineffectiveness of bidentate
coordination in bis sulfoxides and supports the claim for steric hindrance

in these compounds. -
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Di-n-octyl sulfoxide/1,2 dichloreethane - ammenium thiocyanate/

zinc(II), cadmium(IT), mercury(II) In the earlier discussion of

the results of the paper chromatography survey, anomalous behavior was
noted for zinc(II)}, cadmium(II)}, and mercury(II) on paper impregnated
with DOSO and eluted with ammonium thiocyanate - 1@ M perchleric acid
(Figure 17). That zinc(II) and mercury(II)} were seen to extract, whereas
cadmium( II} was not, was considered worthy of further investigation. To
confirm this behavior, Q.02 M solutions of zinc(II), cadmium(II), and
mercury(II) chlorides in 0.50 M ammonium thiocyanate - 1 M perchloric
acid were extracted with equal volumes of 0.5 M DOSO in 1,2 dichloro-
ethane. Table 10 lists the results of the extractions. For purposes

of comparison, the paper chromatography data have been included. There
is fairly good correlation (except in the case of mercury(II)) between the
distribution ratios obtained in the two systems.

Table 10. The extraction of metals from 0.5 M ammonium thiocyznate - 1 M
perchloric acid into DOSO in 1,2 dichloroethane and on paper

Solvent extraction Paper chromatography
Distribution Distribution
Metal % extraction ratio ratio(-lﬁ-f-l )] Rf
£
Zn{I1) ) 98.2 56. 49, 0.02
Cd(II) 2.02 0.021 0.08 0.93
Hg(II) 47.3 0.90 9.0 0.19

The solvent extraction data indicate that cadmium{(II} and mercury(II}
can be easlly separated from zinc(II} using reversed-phase column

chromatography.
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Di-n-octyl sulfoxide/cyclohexane = hydrechioric acid/zinc(Il),
zirconium(IV), hafnium(IV) A study was made of the extraction of

zinc(II), zirconium(IV), and hafnium{IV)} from hydrochloric acid solutions

into DOSO dissolved in cyclohexane. Solutions of varying concentration
of hydrochleric acid which contained 0.0l M metal were extracted with
0.1 M DOSO in cyclohexane. The results of the extractlons are presented
in Figure 21.

The extraction of curves of zirconium{IV) and hafnium{IV¥) show a
very rapld increase with increasing hydrochleoric acid molarity, while
that of zinc{II) shows but a gradual increase. In the extractions of
zinc(II), normal, two-phase systems were encountered. The extractions
of the other two metals, howeve:, were characterized by the formation
- of a third, solid phase. In such cases, the organic phaée was composed
of a white, finely-divided solid (which contained all the metal) suspended
in cyclohexane. It is supposed that the extracted complex is insoluble
in a medium of low dielectric constant such as cyclohexane. To confirm
this supposition, solutions of 0.01 M zirconium(IV) in 8 M hydrochloric
acid were extracted with 0.1 M solutions of DOSO in the following diluents:
benzene, carbon tetrachloride, methyl isobutyl ketone, diethyl ether,
ethyl acetate 2-ethylhexanol, trichloroethylene, n-butyronitrile and
chloroform. Solid phases formed in all extractions except those in which
butyronitrile and chloroform were used ac Jdiluents. Nearly quantitative
extraction of zirconium(IV)'was obtained in both cases which confirm;
that these two diluents are effective in solvating the extracted complex.
The extraction of zirconium{IV) and hafnium{IV) by DOSO in chloroform wes

studied further and will be discussed In a later section.
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The formation of a thixd phase mekes extractions by DOSO in cyclo-
hexane undesirable for an analytical separation of zirconium(IV) and
hafnium(IV). However, the unusually large difference in the magnitude
of extraction of these twe metals from 5 M hydrochloric acid might be

of value in large scale separations.

Di-n-octyl sulfoxide/carbon tetrachloride - hydrochloric acid/

manganese(IT), cobalt(II), copper(IT) A study was made of the

extraction of manganese(IL}, cobalt(IL), and copper(II) from hydro-

chloric acid into DOSO in carbon tetrachloride. Solutions ef varying
concentration of hydrochloric acid which contained 0.01 M metal were
extracted with 0.2 M DOSO in carbon tetrachloride. The results of these
extractions are presented in Figure 22, Table 11 compares the maximum
distribution ratio of the three metals as obtained by solvent extraction
and by paper chromatography and also compares the hydrochloric acid
molarity at which maeximum extraction occurs (‘M max).

Table 11. The extraction of metals from hydrochloric acid solution into
DOSO in carbon tetrachloride and on paper

Solvent extractlon Paper chromatography
Distribution Distribution .
Metal ratio M max ratio(.rlz_.:.l) M max
£ o
Mn(II) 0.22 8.0 0.25 7.0
Co(II) 1.22 - 9.6 1.50 A 8.5
Cu(II) A 0.30 9.0 0.67 9.0

L. ™2



Figure 22, The percents of extraction of manganese(II), cobalt(II), and copper(II) into 0,2 M
DOSO in carbon tetrachloride as a function of hydrochloric acid concentration
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These compariseons illustrate the value of paper chromatography data
in predicting solvent extraction behavior.

Twe experiments were performed to determine the composition of the
complex formed in the extraction of cobalt{II) from hydrochloric acid
into DPOSC in carbon tetrachlioride. In the first experiment, 0.0l M
solutions of cobalt(II} in 9 M hydrochleric acid were extracted with
carbon tetrachlorlide solutions of varying DOSO cdncentration. A plot
of log distribution ratio as a function of log molarity DOSO is
presented in Figure 23. The slope indicates that the ratio of cobalt{II)
to DOSO in the»compyex ié}i ; 2. In thé second experiment, the organic
phase from one~of the above described extractions was evaporated to dry-
ness and dissolved in acetone. Water was added to hydrolyze the complex
and the amounts of cobalt(II) and chloride in the solution were
determined by titration. The ratio of cobalt(II) to chloride in solution
was found to be 1 : 2 and since hydrochloric acid is not extracted under
these conditions (46), this is aiso the ratio in the complex. Therefore,
the composition of the extractable éomplex iss

GoCl,- (DOSO),
From a knowledge of the coordination chemistry of cobalt(II) and the
solvent extraction properties of sulfoxides, this i§ certainly the type

of complex one would expect.

Di-p-octyl sulfoxide/chloroform - hydrochloric acid/group (IV) metals

From the paper chromatography data (Figure 7}, it appears that
a separation of thorium(IV) from titanium{IV}, zirconium(IV), and

hafnium(IV) (and alsc a separation of zirconium(IV) from hafnium(IV))
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might be possible in a DOSO-hydrochloric acid system. As just described,
the extraction of zirconium(IV) and hafnium(IV) was studied briefly using
cyclohexane as the diluent for DOSO. However, this study was abandoned,
owing to the formation of metal complexes which were insoluble in the organ-
ic phase. In the same study it was found that quantitative extractien of
zirconium({ I¥)} could be obtained in a normal, two-phase system when chlore-
form was used as the diluent. It was decided, therefore, to study the ex-
traction of all four metals from hydrochloric acid inte DOSO dissclved in
chloroform. fﬁe ébject of this study was to develop a system for the mutual

separation of'titanium(IV); zirconium(IV), hafnium(IV), and thorium(IV).

Fundamental studies Solutions of varying molarity of hydro-
chloric acid which contained 0.01 M titanium(IV), zirconium(IV), hafnium
(IV) or thoriﬁm(IV) were extracted with 0.1 M DOSO in chloroform. The
percents of extraction of these metals as a function of hydrochloric acid
melarity are presented in Figure 24. Qualitative and quantitative dif-
ferences are noted between these curves, those obtained from the paper
chromatography work, and those obtained from solvent extraction studies
using cyclohexane diluent. The extraction curve of titanium(IV) has
been shifted to higher acid concentrations and sharply decreased in
magnitude. The moderafe extraction of thorium(IV) on DOSO impregnated

paper is virtually non-existent in this system®*. The extraction of

*¥The work of Guar and Mohanty (48), shows that the extraction of
thorium({IV) from hydrochloric acid into 0.1 M di-p-pentyl sulfoxide dis-
solved in carbon tetrachloride passes through a maximum at 8 M hydro-
chloric acid. Similar behavior for thorium{IV) was observed in the paper
chromatography survey.
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zirconium(IV) and hafnium(IV), although still very high, has also been
shifted to higher acid concentrations. All of these effects are
apparently due to the use of chloroform as the diluent. As pointed out
in an earlier section, strong hydrogen bonding between the diluent and
the reagent can weaken the iInteraction between the reagent and the
metal. Extensive hydrogen bonding between sulfoxides and chloroform
has been observed (13) indicating that this phenomenon is responsible
for the altered extraction behavler.

The data in Figure 24 indicate that in 8-11 M hydrochloric acid,
zirconium{IV) and hafnium(IV) can be easily separated from thorium(IV)
by reversed-phase column chromatography, or by batch extraction. The
intermediate extraction of titanium(IV) will prevent a separation of
this metal from either zirconium(IV) or thorium(IV) by batch extraction.
However, it was determined that the addition of a drop of 30¥ hydrogen
peroxide to the aqueous phase completely suppressed the extraction of
titanium(IV), apparently owing to the formation of an unéxtractable,
peroxy-complex. The extractions of zirconium(IV) and hafnium(IV) were
not effected by the hydrogen peroxide, thus, making possible a batch
extraction separation of these metals from titanium(IV). In Figure 25,
the distribution ratios of titanium(IV), zirconium(IV), and hafnium(IV)
are plotted as a function of hydrochloric acid molarity. From this
presentation of the data, it appears that a reversed-phase column
separation of zirconium(IV) and hafnium(IV) from titanium(IV) should
be feasible using 9-11 M hydrochloric acid as the eluent. Thé difference
in the extraction behavior of zirconium{IV) and hafnium(IV) (€= 10)

indicates that a separation of these two metals may be possible. In 8 M
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hydrochloric acid, the distribution ratios are of the preper magnitude
(zirconium(IV) = 15.0, hafnium(IV) = 1.60)} for a reversed-phase column
separation.

Before proceeding with the separation work, a study was made of
the effect of metal “loading™ upon the distribution ratios of titanium-
(¥}, zirconium(IV)}, and hafnium(I¥}. Solutions of varying melarity of
metal - zirconium(IV) and hafnium(IV)} in 8 M hydrochloric acid,
titanium(IV) in 11 M hydrochloric acid - were extracted with 0.1 M
DOSO in chloroform. The results of this study are presented in Figure
26. These data indicate that, for column separation work, fairly low
concentrations of metals (< 0.01 M) must be used in order to prevent
lowering of the distribution ratios. This is particularly true for the
proposed separation of zirconium(IV) and hafnium(IV) where the separation
factor is already quite small.

Analytical geparations Using the technique of liquid-liquid
batch extraction, quantitative separations of hafnium(IV) from thorium(IV)},
and zirconium(IV) from titanium(IV) and thorium(IV) weré performed. It
was firsf determined that the zirconium(IV) or hafnium(IV) extracted
from 10 M hydrochloric acid into 0.1 M DOSO in chloroform could be
quantitatively back-extracted by solutions of 5 M hydrochloric acid.
Synthetic, binary mixtures, consisting of solutions of 0.01 ﬂ metal
in 10.5 M hydrochloric acid, were then extracted with 0.1 M DOSO in
chioroform. Aliquots of the aqueous phases were anélyzed for the metal
not extracted; fe.,; thorium(IV) or, when hydrogen peroxide wass present,

titanium(IV). Aliquots of the organic phases were back-extracted with



Figure 26. The distribution ratios of zirconium(IV) and hafnium(IV) in 8 M hydrochloric acid and
titanium(IV) in 11 M hydrochloric acid extracted into 0.1 M DOSO in chloroform as a
function of metal concentration originally present in the aqueous phase
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5 M hydrochloric acid and the agueous phases were analyzed for zirconium

(IV) or hafnium(IV). Table 12 summarizes the results of these extrac-

tions.

Table 12. The ligquid-liguid batch extraction separations of group (IV)

metals
Experiment Amount added Arount found %
number Metal {mmoles) (mmotles) Recovery
1 Zr( IV} 0.136 0.136 102.0
Th{IV) 0.140 0.139 99.4
2 HE(IV) 0.125 0.123 98.7
Th(IV) 0.140 0.140 100.0
3 zr{IV) 0.136 0.137 100.7
: Ti(IV) 0.173 0.165 95.4
4% Zr(IV) 0.136 0.134 98.6
Ti(Iv) 0.173 : 0.173 100.0

*Separation performed in 9.5 M hydrochloric acid.

Liquid-liquid batch extraction was also used to demonstrate the
utility of the DOSO-hydrochloric acid system for purifying hafnium salts.
A sémple of hafnyl chloride, known to contain 2.7% zirconium, was used
to prepare three solutions of 0.05 M hafnium{IV) in 7.5 M hydrochloric
acid. These solutions were then extracted a varying number of times
with 0.1 M DOSO in chloroform. After the required number of extrac-
tions; the metals in the aqueous phases were precipitated as the hydrous
oxides and ignited to the oxides which were then analyzed by emission
spectroscopy. Table 13 summarizes the results of these extractions.

A number of quantitative separations of thorium(IV), zirconium{IV),

~—
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Table 13. The removal of zirconium(IV) fres hafnyl chloride by batch

extraction
Number of _
Solution extractions Anotint oF zirconium( IV) remaining
number performed percint parts per million
1 Q 2.1 27,000
2 1 o) 5,000
3 | 2 o..18 1,000

4 3 <02 < 200

and titanium(IV) were performed using revexstecd~phase column chromatography.
A 30x1.2.cm. column, containing 1.0 M DOSO* im chloroform sorbed on
60-80 mesh Tee-Six powder, was used for a} l. the separations. -The
column was first equilibrated with 20 ml. -oof 9 M hydrochloric acid and
the metals were added as 0.01 M solutions als©® in 9 M hydrochloric
acid. Thorium(IV) was first eluted with 60nl. of the 9 M hydrochloric
acid. The eluent was then changed to 8 M hydxrochloric acid and titanium
(IVv)} was eluted in the 60-115 ml. fractiomr.. Next, the column was eluted
with 6 M hydrochloric acid and zirconium(IW) wss removed in the 115-170
ml. fraction. Finally, owing to the deteriirstion of the ststionary
phase after extended contact with strong hewirochloric acid, the column
was eluted with distilled water.

A typical elution curve for a mixture of titanium{IV), zirconium({IV)

and thorium(IV) is shown in Figure 27. Tzble 14 summarizes the results

*It was necessary to use this higher ciecentration of DOSO owing to
the difficulty in retaining titanium(IV) omcolumns containing O.1 M
D0SO.
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Table 4. Separations of group (IV) metals by reversed-phase, column

chromatography
Experiment Percent
number Metal mmeles added mmeoles found recovery
1 Th{IV) 0.0561 0.0560 99.3
Ze(IV) 0.0356 0.0357 100.3
2 Th{IV) 0.0561 0.560 99.3
Zr{IV) 0.0356° _— —
3 Th(IV) 0.0561 0.0560 99.8
Zr(IV) 0.0356 0.0356 100.0
4 Th{IV) 0.0561 0.0561 100.0
zr{IV) 0.0356 0.0356 100.0
5 Th(IV) 0.0561 0.0560 99.8
zr{IV) 0.0356 0.0356 100.0
6 Th(IV) 0.0510 0.0509 99.7
Zr(IV) 0.0547 0.0546 92.8
7 Th(IV) 0.255 - 0.253 99.2
Zr{IV) 0.0574 0.0592 . 103.1
8 Th(IV) 0.0499 0.0499 100.0
Ti(IV) 0.0562 0.0562 100.0
9 Th(IV) 0.0499 0.0498 99.8
Ti(IV) 0.0562 — -—
10 Th(IV) 0.0499 0.0498 99.8
Ti(IV) - 0.0562 0.0562 109.0
11 Th{IV) 0.0499 0.0497 99.6
Ti(IV) 0.0562 0.0560 99.7
12 Zr{IV) 0.0547 0.0545 99.6
Ti(IV) 0.0494 0.0511 103.5
13 Zr(IV) 0.0274 0.0273 99.5

Ti(1IV) 0.247 0.244 98.8
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Table 14 {Contianued)

Relative standard

Metal Average recovery (%) deviation (%)
Th{IV) 92.8 Q.2
Zr(IV) 90, 9% 0.3
Ti(Iv) 99.6% C.6

*The zirconium(IV) result of experiment number 7 and the titanium{IV)
result of experiment number 12 were rejected by the three sigma test.
of the column separations.

As previously noted, the data in Figures 25 and 26 indicate that a
separation of zirconium(IV) from hafnium(IV) on a reversed-phase column
should be possible when u#ing 0.1 M DOSO in chloroform as the stationary
phase and 8 M hydrochloric acid as the eluent. Several quantitative
separétions of zirconium(IV) from hafnium(IV) were, indeed, performed
using this system. A 24x1.4 cm. column, which contained the stationary
phase sorbed on 60-80 mesh XAD-2, was used for all separations. After
the column had been equilibrated with 20 ml. of eluent, the sample was
added as a 0.01 M solution of zirconium(IV) and hafnium(IV) in 8 M
hydrochloric acid. The same concentration of acid was then generally
used to elute both metals from the column.

Figure 28 shows t_he superimposed, individual curves obtained for the
elution of 0,0238 mmoles of hafnium{IV) and 0.0334 mmoles of zirconium(IV)
as determined by the absorbances of their Arsenazo I complexes. The
eluent was changed to 6 M hydrochloric acid at 75 ml. so as to more

rapidly elute the zirconium(IV). This accounts for the unusual shape of



Figure 28, Individual elution curves of zirconium(IV) and hafnium(IV) on a reversed-phase column
contalning 0.1 M DOSO in chloxoform sorbed on 60~80 XAD-2



ABSORBANCE AT 590 mp

2.2

20

08

06

04

02

an]

Hf (IX) ”

Q-oJo—ode-o-o-oJo-o-o- L
20 30 40 0 60 70

l |
5 80 90 100 110 120

8 MOLAR >\ 6 MOLAR --«--—-—?]
MILLILITERS OF HYDROCHLORIC ACID

LT



118~11¢

that elution curve. These curves indicate vthat the separation of a mixture
of zirconium(IV) and hafnium(IV) is feasible using the present system.

A mixture of 0.0595 wmmoles of hafnium(IV) and 0.033% nmoles of
zirconium(IV) was qualitatively separated as shown in Figure 29. The
increased amounts of metals used in this separatior have caused a some-
what premature breakthrough of zirconium({IV), but have not effected the
elution behavior of hafnium{IV). Even at these higher loadings it
appears that a quantitative separation should he possible.

Based on the elution curves in Figures 28 and 29, three quantitative
separations of mixtures of zirconium{IV) and hafnium(IV) were performed.
In each experiment, after sorption of the sample, the column was eluted
with 8 M hydrochloric acid and the first 50 ml. of effluent was collected
for the hafnium(IV) fraction. The eluent was then changed toc 6 M hydro-
chloric acid and the next 30 ml. of effluent was collected for the
zirconium(IV) fraction. The results of these separations are summarized
in Table 15. In separation 1, the fractions were analyzed by EDIA titra-
tion. In separations 2 and 3, the zirconium(IV) and hafnium(IV) frac-
tions (after their contents had been converted to the metal oxides) were
analyzed for cross contamination by emission spectroscopy.

Separation number 1 appears to be quantitative but, since the
analytical method used was non-specific, there could be cross contamina-
tion. However, this is unlikely in light of the very small amounts of
cross contamination indicated for separation number 2. It is not until
rather high metal loading is reached, as in separation number 3, that
significant quantities of zirconium(IV)} appear in the hafnium(IV)

fraction and vice versa.



k

Figure 29. Elutlon curve for the separation of a mixture of equivalent amounts of zirconium(IV)
and hafnium(IV)
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Table 15. Separations of zirconium{IV¥) from hafnium(I¥) by reversed-
phase column chromatography

Separation »
number Metal mmoles added mmoles found % Recovery

1 HE(IV) 0.0357 Q.0359 100.6

Zr{Iv) 0.0502 0.0502 100.0
% Zr{IV} % HE(IV)

2 HE(IV) 0.0545 < 0.01 Major
Zr{ IV¥) 0.0835 Major < 0.02

3 HF(IV) 0.119 0.5 Major
Zr(IV) 0.167 Major 0.1

—_—

A finpal experiment.was performed in which a trace amount of hafnium
(IV) was separated from a moderate amount of zirconium(IV). The sample
used for this separation contained 3.41x106 mmoles of hafnium(IV) and
possessed a uflst activity of 0.1 microcuries. Also present in the
sample was 3.34x102 mmoles of zirconium(IV), thus giving a 5000 fold
excess (by weight) of zirconium(IV) over hafnium(IV). The sample was
sorbed on the column and eluted with 120 ml. of 8 M hydrochloric acid.
The elution curve for the separation of this mixture is shown in Figure
30.

Although the separation of the two metals is complete, there is some
tailing of hafnium(IV) beyond 50 ml. of effluent. In situations where
larger amounts of zirconium(IV) are to be employed, this tailing could
result in some overlap of the two elution peaks. Cross contamination is
apparently absent in the separated mixture. This is indicated by the

lack of absorbance iIn the interval of 21-33 ml. and by the lack of
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activity (above background) im the interval of 72-102 ml. The recovery
of hafnium(IV)} (as determined by the Hel8l activity added and recovered)
was determined to be 99.2% for the 0-51 ml. fraction, 99.9% for the

0-60 ml. fraction, and 100.5% for the 0-72 ml. fraction.

Conclusions The system which has just been described for the
separation of titanium(IV), zirconium(IV), hafnium(IV), and thorium(IV}
could be of great utility to the analytical chemist. These four metals
are becoming more frequently encountered in analyses and it is not
unusual for them to occur together in the same sample. Owing to their
similar chemical properties, a separation is quite often required in
the course of an analysis, particularly when wet chemical methoeds are
used. The present separation system is well adapted to this purpose.

The separation of these metals has been the subject of an excep-
tionally large number of publications. An exhaustive comparison of
previously developed separation methods to the present one would be
pointless. However, a few selected systems will be briefly described
to render a perspective to the present research.

Cerrai and Testa (71) found that zirconium({IV)} and thorium(IV) were
readily separated on a reversed-phase column employing tri-p-octyl
phosphine oxide (TOPO) as the stationary phase and 10 M hydrochloric
acid as the eluent. These authors (72) also performed the same separa-
tion using tri-p-octyl amine (TNOA), a liquid anion excﬁanger, ag the
stationary phase. A paper by'Pritz and Garralda (73) describes the

separation of thorium(IV) from zirconium{IV) (and a large number of
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other metals) on an anion exchange column. Thorium(IV), one of the few
metals to form a strong nitrate complex im 6 M nitric acid, is guite
selectively retained.

Two excellent systems have been developed to separate both
zirconium{ IV} and titanium(IV¥} from th&rium(IV). The first (74) uses
0.1 M hydrofluoric acid to rapidly elute the flueride complexes of
titanium(IV) and zirconium{IV¥) from a cation exchange column. The
second {75) employs a reversed-phase column with TOPQ as the stationary
phase. Nitric acid and hydrochloric acid eluents are used to elute
titanium(IV) and zirconium(IV), respectively, from thorium(IV).

Methods for the separation of zirconium{IV) and hafnium(IV) have
been extensively studied. A mutual separation of these two metals and
thorium(IV) has been described by Strelow and Bothma (76). The three
metals were eluted sequentially from an anion exchange column by various
concentrations of sulfuric acid. A number of additional ion exchange
methods for the separation of zirconium(IV) and hafnium(IV) are described
in Samuelson's book (77). Fritz and Frazee (78) describe a separation
of the two metals on a reversed-phase column using methyl isobutyl ketone
as the stationary phase. An ammonium thiocyanate-ammonium sulfate
mixture is employed to selectively elute zirconium(IV). Using the
previously described TNOA column (72), Cerrai and Testa were able also
to separate zirconium(IV) and hafnium(IV) by eluting with 8 M hydro-
chloric acid.

Compared to these other methods, the DOSO-hydrochloric acid system

is superior in some respects and comparable in others. The present
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system is perhaps unique among similar selvent extraction systems in
that it can accomplish a quantitative separation of zirconium(IV) from
thorium(IV) by a single batch extraction. In this respect it even
rivals the speed and selectivity of the ion exchange metheds. The
separation of zirconium{IV)} from hafnium(IV)} is comparable to that
obtained using most other reversed-phase systems. Although the complete-
ness of separation is superior in some ion exchange systems, the present
system is favored by the rapidity of the separétion and by the relatively
small volume of eluent required.

The DOSO-hydrochloric acid system is perhaps of unique value in
that it will permit a separation of all four metals on a single column
using a single type df acid as the eluent. Even the separation of a
four-component mixture, although not attempted in the present work,

should be possible using this system.

Di-n-octyl sulfoxide/1,2 dichloroethane - perchloric acid/uranium(VI)

In the discussion of the-paper chromatography data, the strong
extraction of uranium{VI) from perchloric acid by DOSO was noted
(Figure 19). The weak extracti&n of the fifty other metals studied
{except gol1d(III) and palladium(II)) indicated that a nearly specific
analytical separation of uranium{VI) might be poésible in this system.
It was decided, therefore, to study the extraction of uranium(VI) and
other metals from perchloric acid solutions into DOSO dissolved in an
organic diluent. From the results of this study; it was hoped that an

extraction system could be developed which would permit the analytical



127

separation of uraniwn from most other metals.

Fundamental studies - An evaluation was first made of a number

of organic solvents for use as diluents for DOSO. Solutions of 0.1 M

DOSC were extracted with 0.01 M uranium{VI}* in } M perchloric acid.

A percent extraction was determined for each diluent and the number of
phases resulting from the extraction was noted. The resultis of these

extractions are summarized in Table 16.

The diluents in Table 16 are divided into two categoriesg two-
phase systems and three-phase systems. In the three-phase systems, a
viscousy ?élloQ‘liquid or flaky, yellow solid (which apparently contained
all the uranium) was formed between the aqueous phase and the diluent
phase. It would seem that the uranium(VI)-DOSO-perchlorate complex
cannot be solvated by these diluents of generally low dielectric con-
stant. If the extractable species is an ion association complex (as
was predicted in an earlier section) this is a reasonable supposition.

It will be recalled that a similar phenomenon was observed during the
extraction of zirconium(IV) from hydrochloric acid into DOSO dissolved
in cyclohexane.

Although the three-phase systems are characterized by generally high
extraction, they were considered to be unsuitable from an analytical
viewpoint. The two-phase systems, unfortunately, were characterized

by'generally low extraction, probably owing to competitive solvation of

*A11 uranium{VI)} solutions used in this work were prepsred from
uranyl perchloraie.



128

Table 16. The extraction of uranium(VI)} from ! M perchlorie acid inte

0.2 M POSO dissolved in various diluents

Diluent Extraction
Two-phase systewms

1. chlorobenzene < 50%

2. chloroform < 80Kk

3. n-hexanol <5g

4. p-octanel < 5%

5. cyclohexanone < 50%

6. trichlorcethylene 50%

7. n-butanel 55%

8. 3-methyl-l-butanol 55%

9. 4-methyl-2-pentanone 65%
10. 5-methyl-2-hexanone 65%
11. n-butyronitrilte 70%
12. 2-octanone 75%
13. 1,2 dichloroethane 5%
14. +tri-n-butyl phosphate (0.1 M) 88.5%
15. n-propyl nitrate ‘ 92.5%
16. nitrobenzene 95%

Three-phase systems

1. butyl acetate 70%

2. diethyl ether 88%

3. 2,6 dimethyl-4-heptanone 95%

4. benzene 5.0%

5. +toluene 95.2%

6. carbon tetrachloride 96.8%

7. xylene 98.8%

8. di-isopropyl ether (0.1 M) - 99.2%

9. cyclohexane (0.1 M) 99.5%
10. methyl laurate 99.8%

DOSO by the diluent.

Of the diluents in this category, n-butyronitrile

and 1,2 dichloroethane were selected for further study on the basis of

their fairly adequate extraction and their clean, rapid phase separation

properties.

A brief study was made of the effect of mixed diluents on the
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extraction of uranium(VI}. Solutions of 0.0} M uraniuwm(VI} in 1 M
perchloric acid were extracted with solutioms of 0.1 M DOSO dissolved
in mixtures of p-butyronitrile and cyclohexame. It was hoped that a
mixture of these two solvents could be found that would give the high
extraction that is characteristic of three-phase systems, yet still
remain a two-phase system.

Figure 31 summarizes the results of these extractions. It can be
seen that the amount of extractien indeed increases with increasing
concentration of the non-polar diluent. However, the distribution ratios
of the two-phase systems are still not sufficiently large for a
qguantitative extraction of uranium(VI) and so, the study of this system
was discontinued. -

The effect of the concentration of DOSO upon the extraction of
uranium(VI) was the subject of the next experiment. Solutions of 0.01 M
uranium(VI) in 1 M perchloric acid were extracted with 0.1 - 0.5 M
"DOSO in 1,2 dichloroethane¥*., The results ;f'this study are presented in
Figure 32.

The slope of the line confirms that, as expected, the combining ratio
of DOSO to uranium(VI) in perchlorate media is 4 : 1, indicéting the
formation of the species

U05(D0S0) 42

in which DOSO ligands have completely filled the inner coordination sphere

*Owing to the limited solubility of DOSO in p-butyronitrile
(~s0.2 M), 1,2 dichloroethane was selected as the diluent for this and
all future studies.



130

100 —
o L
2
o L
<
o |
Fa
>
@
= o
Y=
o ~
(11} e
= |
- ]
-
3 n
>
= THREE PHASE
SYSTEM
< TWO PHASE SYSTEM [ -
—~ N
P I i 1

o 02 o4 06 08 Lo
MOLE FRACTION CYCLOHEXANE

Figure 31. Extraction of uranium(VI) from 1 M perchloric acid into
0.1 M DOSO dissclved in mixtures of cyclohexane and
butyronitrile



Figure 32. The distribution ratio of uranium(VI) extracted from 1 M
perchloric acid as a function of the concentration of DOSO
in the organic phase
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of +he urany! ion. A practical ramification of the compositlion of the
complex is that

D, = k[DOs0}4.
Thus, in going from C.1 M to 0.5 M DOSO, the distribution ratie has
increased nearly 500 fold. It was decided that the concentration of
DOSC would be limited to 0.3 M for future extraction studies.

A few brief expefiments were performed to determine how the uranium
(VI}, cnce extracted, could best be recovered from the orgsnic phase.
Back-extraction with dilute sulfuric acid solutions was found to be most
satisfactory for this purpose. It was determined that uranium(VI)
which had been extracted into 0.5 M DOSO in 1,2 dichleroethane could be
guantitatively recoverad by back-extracting three times with a 0.1 M
solution of sulfuric acid or two times with 1 M solution.

The effect of perchlorate concentration upon the extraction of
uranium(VI) was next studied. Solutions of 0.5 M DOSO in 1,2 dichloro-
ethane were useé to extract 0.01 M uranium{VI) from varying concentra-
tions of perchloric acid and 1ithium perchlorate. The perchloric acid
solutions ranged in ceoncentration from 0.05-6.0 M. The 1ithium perchlorste
solutions contained 0.025 M perchloric acid and varied in perchlorate
concentration from 0.05 to 4.22 M, the concentration of a saturated
solution of lithium perchlorste at 27°C. The results of this study
are presented in Figure 33.

The distribution ratios for the perchlioric acid solutions, after
an initially linear increase, reach a limiting value of 100 at 1-2 M

acid and then decrease slightly. This behavior at high perchloric acid
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Figure 33. The distribution ratio of uranium{VI} extracted into 0.5 M
DOSO 1,2 dichloroethane as a function of the concentration
of perchloric acid or l1ithium perchlorate in the aqueous
phase
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concentrations is probably due to competitive extractien of the acid by
DOSO (46). The linear portion of the curve has a slope of 2.0, confirm~
ing that the formula of the extractable complex iss
{[Uoz(mso)4+21[czo4‘}2}°

The cu\rve for the extraction of ursnium(VI} from lithium perchlorate
at constant hydrogen ion concentration has 2 longer linear portien then
the perchloric acid curve and alsce a higher slope, 2.6. This curve too
deviates from linearity and decreases at higher concentrations of
perchlorate, possibly owing to partitioning of lithium‘perchlorate. At
all concentrations above 1 M l1ithium perchlorate, however, the distrikbu-
tion ratio is greater than 1000, the magnitude necessary for quantitative
- (99.9%) extraction of uranium(ViS. It was decided, therefore, to limit
future extraction studies to 1 M 1ithium perchlorate solutions.

A series of extractions was next performed to determine the effect
of hydrogen ion concentration upon the extraction of uranium(VI) from
1 M perchlorate solutions. The solutions (which contained 0.01 M
uranium(VI)) were composed of mixtures of 1ithium perchlorate and
perchloric acid. The pH of each solution was measured prior to extrac-
tion with 0.5 M DOSO in 1,2 dichloroethane. A plot of distribution ratio
as 2 function of pH is presented in Figure 34.

The distribution ratios for the ex%raction of urenium{VI) from
1 M perchlorate solution approach a limiting value of about 1900 with
decreasing hydrogen ion concentration. The decrease in extraction at
low pH is, again, spparently the result of competitive extraction of

perchloric acid. These data show that a quantitative extraction of

uranium(VI} is possible from 1 M perchlorate solutions of pH 1 or higher.
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mixtures as a function of the pH of the aqueous phase
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On this basis, it was decided to limit future extraction studies to 1 B_&:
13thium perchlorate solutions containing 0.025 M perchloric acid
(pH 1.65).

A study was next made of the extent of extraction of other metals
under the conditions of quantitative extraction of uranium(VI}. Solu=-
tions of 0.0l M metal in 1.0 M lithium perchlorate-0.025 M perchloric
acid were prepared. The metal perchlorate salts were used when possible.
Nitrate or chloride salts were used only when it was known that the metals
would not form complexes with these anions. For other metals, such as
iron{III), palladium(II), gallium(III), etc., where strong complexatien
by the chloride ion was anticipated, the chloride salts were fumed to
near dryness with concentrated perchleric acid and taken up in a solu-
tion of 1 M lithium perchlorate. An exception to tnis procedure was
+in(IV). Considerable hydrochloric was required to keep this metal in
solution. |

The metal solutions were extracted for five minutes with 0.5 M DOSO
in 1,2 dichloroethane and the extent of extractlon was quantitstively
determined. Table 17 lists the metals studied in order of decreasing
extraction. The same data are presented in periodic form in Figure
35. A discussion of the analytical significance of these results will
be deferred until the next section (Analytical separations).

An examination of the data In Table 17 reveals very few metals, in
addition to wranium{VI), which are strongly extracted. Palladium{II)
and gold(III) zre two notable exceptions. It will be recalled that
these two metals were also strongly extracted by DOSO on paper (Figure

19). The behavior of palladium(II) and gold(III) is a further indication
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Tuble 17. The extraction of metals from 1.0 M 1ithium perchlorate-Q.025 M

perchloric acid inte Q.5 M DOSC in 1,2 dichlozoethane

Volume distribution

Metal Percent extractlen ratio
pa{II)} > 99.99 > 5x10°
u(VEI) 99.93 1630
Au{III) ‘ 98.7 75.9
Bg(II) 94.4 16.9
Ce(IV)2 72.5 2.63
Sc(1II) - 42.7 0.744
Sn(Iv)3 D 31.7 0.464
Ag(I) _ .. ' 28.9 0.406
v(Iv) 15.6 0.185
Fe(I1I)4 12.7 0.145
Pb(1I) 9.92 0.110
Mo(VI) 9.31 0.103
Th(IV) 8.03 0.0873
In(III) 5.69 0.0604
Ga(III) 5.68 0.0588
Bi(III) 5.46 0.0578
Ti(IV) 2.87 0.0295

1in ‘the presence of 0.1 M HCI, kinetics are slow and D, = 530.
%Reduced slowly to Ce(III).
Stydrochloric acid required to keep Sn{IV) in solution.

4In the presence of 0.1 M HCl, ¥ extraction = 35.6%.
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Table 17 (Continued)

Volume distribution

Metal Percent extraction ratlo
Lu(TII) 1.99 0.0203
AI(LIL) 0.61 . 0.0061
Ca( LI} 0.55 | 0.0056
HE(IV) 0.39 0.0039
cs(I) 0.28 0.0028
As(III) ; 0.24 S 0.9024
Cr(III) . | 0.19 0.0019
Zn(II) 0.13 0.0013
Ce(I1L) 0.12 0.0012
zr(1IV) less than 0.10 less than 0.0010
Ba{II) Toom "
Sr{II) " "
Co(II) " "
Cu( 1) | "o o om
Ni{II) " ‘ "
Mn(II) " "
GJ(III) " *
Y(III) » "
Pt(IV) » m

Ru(IIi) " w
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of strong sulfur-metal imteraction ia thelr complexes. The decrease in
the rate and}magnitude of extraction of palladium(II) in the presence
of dilute hydrochloric acid (footnete 1) shows that DOSO must compete
with chloride ions for ceordination sites to form the extractable com-
plex. This indicates that the composition of this complex is prebably
similar to that of uranium(VI}, ie. [Pd(D0S0),][C204]2.

The moderately weak extraction of a number of metals, such as
iron(III), gallium(IXI)}, lead(II), etc., in the absence of a complexing
anion is interesting. Since the extraction necessarily occurs by a
meéhanism of cation solvation, the sulfoxide-metal ratiecs in some of the
complexes must be quite high. The large size and small coordination
" number of silver(I) probably accounts for the unexpectedly high extrac-
tion of that metal.

fore concluding this section, it should be pointed out that the
strong extraction of uranium(VI) from perchiorate selution is not a
phenomenon unique to this system. The important step is the formation
of the cation UOQ(DOSO)4+2. Once this is accomplished, an anion is
needed merely to give charge neutralization and yield an ion-pair that
is réadily solvated in the organic phase. The perchlorate ilon is a fairly
good counter ion, but other anions could serve the purpose equally well
or better. It might be expected that an organic anion, such as an
aromatic sulfonate, would be a better counter ion that perchklorate. This
was demonstrated for the case of 2-napthalene sulfonic acid. Qualitative
experimenrts showed that the extraction by DOSO of uranium(VI) in the
presence of this anion was nearly quantitative. Gillette (79) studied

the extraction of a number of aromatic sulfonic acids by an analogous
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organic cation tricapryl ammenium chloride, a liquid lon exchenger.
His results suggest that an anion such as 2,4,6-trinitrobenzene
sulfonate would be the best countex ion for the extractlon of the

uraniun(VI)-DOSO cation.

Analytical separations An examination of the data in Table 17
reveals the great potential of the DOSO-perchlorate system fer analytical
separations of uranium(VI)} from most metals. It can be seen that a single -
batch extraction will quantitatively separate uranium(VI) from zirconium
(Iv} = ruthenium(III). ‘A separation from a much larger number of metals
is possible using the technique of reversed-phase column chromatography.
On such a column, uranium(VI) would be retained (along with palladium(II},
gold(III), and, probably, mercury(II)) while cerium(IV) —» ruthenium(III)
would be rapldly eluted. From Figure 35, it appears cexrtain that the
list could be expanded to include the remaining alkalai and alkaline
earth metals and the lanthanides, thus, allowing a separation of
uranium(V¥I) from nearly 60 other metals. In the work that will be
described, however, uranium(VI) was separated from only a few of these
metals. Needless to say, those few were carefully selected soc as to
best demonstrate the utility of this analytical separation system.

On= of two columns was used for all separation work. Both

| employed 0.5 M DOSO in 1,2 dichloroethane sorbed on 60-80 mesh XAD-2 as
the stationary phase. One column, 9.0x2.0 cm., was used mainly for the
separation of moderate to small quantities of uranium(VI} from cther

metals. The second column, 10.0x0.6 cm., possessed only 10% of the
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capacity of the first and was mainly used for the separation of trace
amounts of uranium{¥I) from other metals.

The disiribution ratio of uranium(VI} given in Table 17 (although
of the magnitude required for a quantitative batch extraction) is much
higher than necessary for most reversed-phase column separations. The
distribution ratic of 100 attainmed in 1 M perchloeric acid is quite
adequate and so, whenever possible, this concentration of acid was used
as the eluent for column separations.

The sorption and desorption of uranium(VI) wés first studied. It
was.shown that when 5.0x1072 mmoles of uranium(VI) was sorbed on the
large column, no metal could be detected in the effluent during elution
with 250 ml. of 1 M perchloric acid. Elution with 100 ml. of 1 M
sulfuric acid gave 99.8% recovery¥* of the added uranium. Similarly,v
1.87x1073 mmoles (0.445 mg.) of uranium(VI) sorbed on the small column
was not eluted with 60 ml. of 1 M perchloric acid, but elution with
10 ml. of 1 M sulfuric acid (figﬁre 36) géve 100.5% recovery of the
added uranium. For some analyses, the uranium was desorbed by eluting
with 10 ml. of methancl. This procedure also removed the stationary
phase, making it necessary to add additional methanol to keep the DOSO
in sclution during the colorimetric analysis of uranium(VI).

Two experiments were performed in which moderate amounts of uranium
(VI) were separated from thorium(IV) and zirconium{IV). Synthetic

mixtures which contained 0.05 mmoles of uranium(V1) and 0.25 mmoles of

*¥A11 analyses for uranium were performed using the Arsenazo I
colorimetric method as described under Anzlytical Procedures.



Figure 36, Curve for the elution of 2,0 micromoles of uranium(VI) from a 10x0.6 cm. column contain~
ing 0.% M DOSO in 1,2 dichloroethane sorbed on 60-80 mesh XAD~2
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the other metals in 1 M perchloric acld were sorbed en the large celumn.
Zirconium(IV)} and thorium(IV) were both eluted with 30 ml. of 1 M
perchloric acid, while uranium(VI) was eluted as previously described.

Table 18 gives the results of these analyses.

Tsble 18. Separation of uranium(VI) from thorium(IV) and zirconium(IV)
Expériment Percent
numper Metal muoles added mmoles found recovery
1 U(VI) 0.0510 0.9508 99.%
Th{ IV} 0.234 0.233 99.8
2 U(vI) 0.0510 0.0510 100.8
Zr(1IV) 0.266 0.265 99.6

The separation and recovery of small amouﬁts of uranium(VI) from
large amounts of other metals was next attempted. Samples of europium
oxide, samarium oxide, and anhydrous thorium tetrachloride weighing
from three to five grams were dissolved in perchloric acid. After
the concéntration of acid had been diluted  to below 1 M, 0.5-2.4 mg.
of uranium was added in the form of a dilute solution of uranyl
perchlorate delivered from a microliter buret. Each sample was sorbed
onto the large column and eluted with 1 M perchloric acid until no B
metal could be detected in the effluent by an Arsenazo I spot test.
This step usually required about 250 ml. of eluent. The uranium was
then eluted, as before, with 100 ml. of 1 M sulfuric acid.

The generslly high recovery of uranium in these samples made it

necessary to apply a correction for impurities in the eluents and in

the samples. New metal samples were prepared, but without adding any
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uranium{¥I}. The separation procedure was repeated with the same volume
of 1 M perchloric acid and sulfuric acid as was previcusly used for that
metal. The sulfuric acid effluent was analyzed by the Arsensze I method
and any net absorbance {regardless of its actual origin) was reported

as a weight of uranium(V¥I)}. This quantity was then subtracted, as 2
blank, from the amount of uranium(VI) found in the first sample. This
corrected amount of uranium{VI) was compared to the amount added to
determine the extent of recovery.

A “column" blank was also measured to determine how much interference
arose from the reagents used, and how much was inherent in the samples.
The column was eluted with the same volumes of eluents previously used
and‘the sulfuric acid fraction was analyzed. Again, any net absorbance
was reported as a weight of uranium(VI). The results of these analyses
are presented in Table 19.

An examination of the data in Table 19 reveals that the blank
associated with the eluents is quite constant and fairly low. The
blanks associated with the samples,'however, are quite variable. One is
naturally tempted to ascribe these blanks to the presence of small
amounts of uranium in the samples. This is not an unreasonable assumption,
owing to the high degree of specificity of the separation system for
uranium(VI). However, the presence of gold(III}, palladium(II) or
mercury{II} in the samples, although certainly less probable than the
prasence of uranium, could also be responsible. Alternatively, the high
results might simply be due to incomplete separation, as the other
metals all interfere with determination of uranium(VI) at pH 7. For

the case of thorium tetrachloride, however, this possibility has been
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Table 19. Separatien of small amounts of uranium(V¥I) from thorium{IV),
samarium(IIl}, and europium(EIL)

Gross Net
Experi- Separa- Sample Uranium uranium uranium Recovery
ment tion welght added found found of added
number number Sample (g} {mg.)} {mg.) {ng. ) uranium
I 1 Column —— ——— 0.05 = ——
blank ~
2 SmoOg 3.49 ——- 0.18 0.13 -
3 Smop03 3.49 2.40 2.39 2.26 -6.0%
IT 1 Column - —=- 0.057 ~— ——
blank ‘
2 Eu,0q 3.52 -—- 0.078 0.021 -—-
3 Eug0O3 3.52 0.480 0.547 0.469 -2.3%
1T 1 Column — — 0.061 -— -—-
blank
2 ThCl, 4.47 - 0.252  0.19 -
3 ThClg 4.47  2.40 2.83! 2.58 +7.0%

1Average of two separations.

2Average of three separations.

eliminated. The sample "blanks™ gave no net absorbance with Arsenazo I
at pH 2, showing that a2 metal other than thorium(IV) was responsible
for the orlginal absorbance at pH 7.

However, a strong cizim for uranium impurities in the samples
cannot be made without the support of an alternative method of analysis.
It was to this end that the next series of experiments was directed.

Five separations of uranium(VI) from thorium(IV) were performed
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using a new sample of anmhydrous thorium tetzachloride. Fi= each determina-
tion, 5.00 g. of salt were dissolved in } M perchloric acid or, when the
small! column was used, 0.9 M lithium perchlorate~O.} M perchloric acid.

The samples were sorbed onto the columns and the thorium(IV} was com-
pletely eluted with the appropriate perchlorate selution. The columns
were then eluted with either 1 M sulfuric acid or methanel and the
effluents were analyzed by the Arsenaze I method.

The amount of metal, as uranium(VI), in each of the thorium tetra-
chloride samples was then calculated by subtracting a column blank from
the value initially determined. For separatlons where a known amount
of uranium{VI) had been added to the sample, this amount was also
subtracted. The results of these analyses are presented in Table 20.

| The data in Table 20 indicate that a small amount of Iimpurity,
assumed to be uranium(VI), is present in the sample of thorium tetra-
chloride. Owing to the much smaller magnitude of the column blank and
the smaller amount of uranium(VI) added, the values obtained in experi-
ment III are probably most accurate.

It remained to be demonstrated that the metallic impurit? in the
samples which was being retained on the columns was indeed uranium(VI),
and, if so, whether it was present in the amount determined by the
separation method. Neutreon activation analysis was the technique chosen
to confirm the analyses. R _ v L

A 10.0 g. sample of the thorium tetrachloride.dissolved in 50 ml.
of 0.9 M lithium perchlorate-0.1 M perchloric acid; was extracted in 2
separatory funnel with 10 ml. of 0.5 MDOSO in 1,2 dichloroethane. The

organic phase was removed and back-extracted five times with fresh



Table 20. Analysis of 5,00 gram samples of thorium tetrachloride for trace amounts of uranium(VI)

Na% uranium(VI),in

Column thorium tetrachloride
blank Gross (corrected for
Slze of Uranium obtalned Separa~ Uranium uranium uranium edded and/or
Experiment  column eluted (mg. U(V), tion added recovered  colump blank)
number used with ppm U(VI))number  (mg.) (mg,) (mg, ) (ppr, )
I 10.0 x 100 ml, 0.080, 1 — 0,120 0,040 - 8,0
2.0 ¢om, 1 M
Ho804 16,0 ppm
11 10,0 x 10 ml, 0.030, 1 ——— 0.0€6 0,036 7,2
- 0,6 cm, 1 M
H2304 6,0 ppm )
2 0,480 0.404 0,030 €,0
111 10,0 x 10 ml, 0,006, 1 e 0,028 0,021 4,2
Q.6 cm. methanel
1.2 ppm

2 0,055 0,075 0,020 4,0

061
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porticns of the perchlerate selutien until ne therium(I¥) could be detected
in the aqueous phase. The organic phase was again removed, the solvent

was evaporated, and the solid DOSC was sealed in a pelyethylene vial.

Four additional samples of DOSQ in vials were prepared for use as

standards and a blank. To these vials wére added the amounts of uranium
(VI) equivalent to 48 ppm., 4.8 ppm., 0.48 pp., and 0.00 ppm. of

vranium in 10 g. of thorium tetrachloride. The five vials were then
analyzed by neutron activation analysis using the procedure described

on page 42.

The presence of uranium in the extractable complex was easily
identified from the complicated mixture of activities arising from the
fissioning of U235 and also from the activity of Np239 preduced from the
neutron capture of U238, The fission products used to identify the
‘bresence of uranium are listed in Table 21. The fission products used
for the quantitative analysis of uranium, along with the results
obtained, are given in Table 22.

Table 21. Nuclides employed for qualitative identification of uranium
in DOSO used to extract a 10 g. sample of thorium tetrachloride

Gamma ray energies used
(Mev.). Literature values

Nuclide Haif-1ife (80) are in parentheses
Np239 2.35 days 0.231(0.223),0.278(0.278)
Lal40 40  hours 0.477(0.473) ,0.327(0.330)
prl42 19.2 hours 1.575(1.580)

Cel42 33 hours 0.295(0,294)
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Tzable 2@ (Continued)

Gamma ray 2nergies usad
(Mev.). Literature values

Nuclide Half-life (80) are in parentheses
Yo3 10.1 hours 0.267(0.265)
Tc?0 20 hours 0.776{(0.768}
Ru’? 2.9 days 0.219(0.217) ,0.324(0.323)
Mo 99-Tc?%m 66  hours 0.142(0.142)

Table 22. Analysis of trace amounts ¢f uranium in DOSO used to extract
a 10 g. sample of thorium tetrachloride

Uranium in
Energy of photo- original ThCl,

Nuclide Half-life peak counted (Mev) sample (ppm)
Np239 2.35 days 0.231 7.5
prl42 19.2 hours 1.575 4.3
Y93 10.1 hours 0.267 3.0
Cel42 33  hours 0.295 2.2
L2140 40  hours 0.477 1.1

Average = 3.6 ppm

The results of the neutron activation experiment are a reasonable
confirmation of the validity of the results of the analyses presented in
Table 20. It is anticipated that similar experiments might alse provide

confirmation of the results presented in Table 19.
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Conclusions It is felt that the DOSO-perchlorate separation
system will be very useful for the analysis of uranium in a wide range
of materials. The solvent extraction behavior of uranium(V¥I) has
probably been more extensively studied than that of any other metal..
However, out of the impressive number of systems that have been described
for the analytical separation of uranium, few other metheds are able
to combiqe the very high extent of extraction of uranium(VI) with
the high degree specificity that is observed in the present system.

The most nearly comparable analytical method is that described by
Fritz and Schmitt (81). These authors report the separation of
uranium(VI) from a large number of other metals using partition chro-
matography. Uranium(VI) is rapidly eluted by methyl iscbutyl ketone
from a silica gel column containing 6 M nitric*acid as the stationary
phase. Very few other metals are extracted under these conditions
allowing a rather selective elution of uranium. The metals remaining
on the column can then be readily eluted with 6 M nitric acid. Their
method is most applicable to the analysis of small amounts of other
metals in a uranium matrix. The present method, however, would be best
applied to the analysis of small emounts of uranium in other materials.

Finally, it should be pointed out that most observations regarding
the separation of uranium(VI) from other metals alsec apply to palladium
(II). Although the work described here has been only concérned with
uranium(VI}, the even stronger interaction of DOSC with palladium(II)

endows this system with an equal analytical potential for that metal.
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SUMMARY

The sulfoxides, a new class of solvent extraction reagents, were
evaluated for use in the separation of metal ions. The compounds mest
extensively studied were di-grocéyi sulfoxide, p~tolyl sulfoxide, and
twe previously unreported bifunctional sulfoxides; bis(n-octylsulfinyl)
methane and bis(n-octylsulfinyl)ethane.

Using the rapid, qualitative technique of reversed-phase paper
chromatography, the -interactions of these sulfoxides with some 5C metal
jons were investigated in several acid-ligand systems. All four reagents
were studied in 1-10 M hydrochloric acid and 1-11 M nitric acid. Di-p-
octyl sulfoxide and bis(n-octylsulfinyl) methane were also studied in
perchloric acid and-in ammonium thiocyanate-perchloric acid mixtures.

From this survey, those systems which showed tﬂe greatest potential
for analytical or large-scale separations or which demonstrated behavior
of a fundamental interest to the understanding of sulfoxide-metal
interactions were selected for more rigorous study. Liquid-liquid
solvent extraction and reversed-phase column chromatography were the
techniques most extensively employed in this second stage of evaluation.

From these data, several analytical separation systems were devised.
To demonstrate the utility of these systems, a number of metal combina-
tions were quantitatively separated by batch extraction or by reversed-
phase column chromatography. Some of the more interesting features of
this investigation are detailed below.

1. For monofunctional sulfoxides, evidence of four distinct

mechanisms of extraction was observed.
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a. Solvation of neutral. metal-ligand complexes.
b. Solvation of cations followed by lon-pair formation.
¢. One of the above, but resulting from coordination
through the sulfur atem of the sulfoxide group, rather
thaﬁ through the oxygen atom. |
d. Solvation of certain metals involving the arematic
ring of p-tolyl sulfoxide.
It was observed that, as predicted, bis(pn-octylsuifinyl )methane
and bis{n-octylsulfinyl )ethane exhibit bidentate in the extrac-
tion of certain metals. This type of interaction was most
evident in the extraction of lanthanides from nitric acid. The
extraction of the series of lanthanides was unexpectediy
observed to go through a maximum near europium. This phenomenon,
and the generally ineffective chelation of kis sulfoxides com-
pared to bis phosphine oxides, was rationalized in terms of
steric hindrance.
Titanium(IV), zirconium(IV) and thorium(IV) were quantitatively
separated by reversed-phases column chromatography. Thorium(IV)
and zirconium{IV) were also separated quantitatively by a
single batch extraction.
p——
Zirconium{IV) and hafnium were quantitatively separated from
each other by batch extractions and by reversed-phase column
chromatography. Hafnium(IV) was also quantitatively separated
from a 5,000 fold excess of zirconium(IV).
An analytical system was studied én detail which permits the

separation of uranium(VI) from most metals. Of the over 50
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metals studied, palladium{Il), gold(IIIl)} and mereuxy(IIl) axe
the only possible interferences. Using reversed-phase column
chromatography, trace amounts of u;anigm were quantitatively
separated froﬁ thorium(I¥) and certain lanthanides. Duriug
this investigation, the composition of the extractable uranium
complex was established.

The existence of many other potential solvent extraction
separation systems was observed and basic conditions for their

development were described.
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