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FOREWORD

The Subcommittee on Radiochemistry is one of a number
of subcommittees working under the Committee on Nuclear
Science within the National Academy of Sciences - National
Research Council. Its members represent government, indus-
trial, and university laboratories in the areas of nuclear
chemistry and analytical chemistry.

The Subcommlttee has concerned itself with those areas
of nuclear science which involve the chemist, such as the
collection and distribution of radiochemical procedures, the
establishment of specifications for radiochemically pure
reagents, avallabllity of cyclotron time for service irradi-
ations, the place of radlochemistry in the undergraduate
college program, etc.

This seriles of monographs has grown out of the need for
up-to-date compllations of radiochemical information, pro-
cedures, and techniques. The Subcommittee has endeavored to
present a serles which will be of maximum use to the working
sclentist and which contains the latest avallable information.
Each monograph collects in one volume the pertinent informa-
tion required for radiochemical work with an individual
element or with a specilalized technique.

An expert in the particular radiochemical technique has
written the monograph. The Atomic Energy Commission has
sponsored the printing of the series.

The Subcommittee is confident these publications will be
useful not only to the radiochemist but also to the research
worker in other flelds such as physics, blochemistry or
medicine who wishes to use radlochemical techniques to solve
a specific problem.

W. Wayne Meinke, Chalrman
Subcommittee on Radiochemistry
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INTRODUCTION

Thlis volume which deals with separations by solvent
extractlon with tri-n-octylphosphine oxide 1s the second
in a seriles of monographs on radliochemical techniques which
will parallel the series on the radiochemistry of the
elements. The same general style is used in both series of
monographs, beginning with general reviews of the technlque,
then a discussion of the principles involved, a detalled
survey of applications to different systems, and finally a
collection of selected procedures which use this technique
as reported in the literature.

This second series of techniques monographs will cover
a number of radiochemical technliques which have not been
reviewed elsewhere. Plans include revision of these mono-
graphs periodically as new information and procedures warrant.
The reader is therefore encouraged to call to the attention
of the author any published or unpublished material on
extraction with tri-n-octylphosphine oxide which might be
included in a revised version of the monograph.

iv
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Separations by Solvent Extraction with
Tri-n-octylphosphine Oxide

J. C. WHITE and W. J. ROSS
Oak Ridge National Laboratory
Oak Ridge, Tennessee

This report is a compilation of the extraction data that have been
obtained for tri-n-octylphosphine oxide, (CgHi7)aPO, (TOPO). Numerous
publications are available on specific extraction characteristics of this
compound. Most of these reports are included in the appendix. Although
the object of most investigations on TOPO has concerned solvent extraction
of essentially macro quantities of non-radioactive species, the data
presented should prove of interest and potential applicability to radio
nuclides also. It is the primary intent of this report to make avail-
able in a single report the extraction characteristics of TOPO.

Tri-n-octylphosphine oxide is commercially available in s relatively
pure form in both the United States and Great Britain. The compound is
highly resistant to oxidation and considered to be the most stable of the
organo-phosphorous family. The white, waxy crystals melt at 51-52°C and
boil at 200°C at 0.1 mm Hg. It is scluble in most hydrocarbons; the maxi-
mum solubility in cyclohexane at 25°C is 0.9222 moles per liter.(1T)

The solubility increases only slightly at temperatures above 25°C.

The compound can be used as received for the vast majority of cases.

Further purification can be achieved by recrystallization from cyclohexane

or ethyl ether.
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General Considerations

Diluents. Cyclohexane is preferred as a diluent for trialkylphosphine
oxides because of its very low miscibility with water and because of its
excellent spectral characteristics. Kerosene, Varsol, or benzene are also
satisfactory as diluents, although the solubility of water is slightly
greater in these solvents than in cyclohexane. Carbon tetrachloride is
useful as a diluent when inversion of the phases is desired; however,
the extraction coefficients of uranium(VI), iron(III), and chromium(VI)
have been observed to be considerably less in carbon tetrachloride systems
than in systems that contain kerosene or cyclohe.xane(.l} Polar solvents are
not appropriate because of their miscibility with water and their detrie-
mental effects on the basicity of the phosphoryl groups.

Oxidation state of the element. In general, the highest oxidation

state of an element forms the most extractable species in acid-phosphine
oxide systems. Arsenic(V) was the only exception observed among those
elements that were investigated quantitatively. The extractability of

lower oxidation states differs materially among these elements. Arsenic(III)
and antimony(III) are extracted from chloride solutions as the adducts of
trivalent elements; tin(II) is completely oxidized to tin(IV) and extracted
from chloride solutions; uranium(IV) is extractable from chloride media

but is easily oxidized to uranium(VI) in acid systems unless air is excluded;
iron(II) is not extracted from chloride media but 1s partially oxidized to
the extractable trivalent oxidation state; chromium(III) and vanadium(IV)
remain unoxidized and are not extracted.

Type and concentration of acid. The extractability of elements with

phosphine oxides is primarily dependent on the chemical equilibria of the
agueous phase and the avallability of extractable species. These factors
are most favorable in acidic chloride solutions in which the acid or
chloride concentration is greater than 3 M. Extremely large extraction
coefficients are achieved with some elements in dilute (0.5 to 2 M) nitrie

acid systems; however, the extractions of metal nitrate adducts are
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usually decreased at higher nitric acid concentrations because of partial
saturation of the phosphine oxide with the acid itself. Co-extraction of
nitric acid is diminished when the nitrate concentration of an aqueous
solution is increased by the addition of nitrate salts rather than with
nitric acid. Most of the elements are extracted to a much lesser degree
from sulfuric acid solutions than froam chloride or nitrate media;
titanium(IV) and chromium(VI) are the principal exceptions to this trend.
Perchlorate systems are not attractive for analytical separations because
metal-perchlorate adducts are less soluble than those of the other mineral
acids in cyclohexane solutions of phosphine oxides.

Enhancement of extraction from unfavorable acid media can usually be
achieved by the addition of nitric or hydrochloric acids or salts of these
acids.

Concentration of metal and extractant. The stoichiometry of the

species extracted by TOPO or TEHPO from chloride solutions is indicative
of adducts of the composition H"’“Cln-a('I'OPO). Stoichiometric amounts of
the element cannot be extracted quantitatively by a given amount of phos-
phine oxide because of coextraction of mineral acid; however, the phosphine
oxide can be saturated by equilibration with solutions that contain an
excess of the element. The concentration of extractant is limited to the
solubility of the phosphine oxide in the various diluents. The solubility
of TOPO varies with temperature and is 0.21, 0.43, 0.92, 0.93 M in cyclo=-
hexane at 6.5, 11, 25, and 35°C. For practical purposes, the maximum
concentration of phosphine oxide is limited to 0.2 M for extractions at
room temperature.

Phase volumes. Equlibration is most readily attained in systems
where the phase volumes are small; however, the extraction of many elements
is not seriously affected when the aqueous/organic ratio is increased from
1l to 20. Phase separation of cyclohexane systems are essentially instan-
taneous when the phase ratio is 1 and the acidity of the aqueous phase is

>3. 1In systems where the acid concentration is lower, or where the phase


http://www.nap.edu/catalog.php?record_id=21562

ratio, aqueous/organic, is high, clarification of the aqueous phase may be
delayed unless centrifugation is used.

Temperature. Essentially all of the data reported in this paper were
obtained at room temperature (20 to 30°C). Although higher concentrations
of extractant can be obtained at elevated temperature, the limited data
available show that an inverse relationship exists between extraction
coefficient and temperature. In systems that contain TOPO in the organic
phase and hydrochloric, nitric, sulfurie, or phosphoric acids in the
aqueous phase, the extraction coefficient of uranium decreases by one-half
per ten-degree temperature rise between 20 and 50°C.(1)

Phase equilibration. Extraction of metal adducts in'chloride or

nitrate systems is essentially complete within 10 minutes under optimum
conditions, although many elements such as iron(III), molybdenum(VI),
tin(IV), and uranium are extracted nearly instantaneously.

Stripping. Adducts of extractable elements exhibit varying stability
toward removal of the element from the organic phase by back-extraction into
an agqueous solution. Such stripping processes are most favorable with the
use of acid solutions because hydrolysis of the metal salt is minimized.

No suitable method has been developed for the stripping of tin(IV) or
chromium(VI), even after reduction of chromium to the trivalent oxidation
state. The following solutions have been used successfully to back-extract
other elements from cyclohexane solutions of TOPO:

Titanium - 0.2 M NaF
0.3 M HaS04 or 3 M HoS04

Zirconium -1 _M‘._ HF

Iron(III)

Molybdenum - 2 M NH,OH

Bismuth - T M HNO3
Thorium - 0.3 M HaSO4
Uranium - 0.2 M NagCO3 or 0.3 M HaSO,

Decomposition of metal adducts. The phosphine oxide adduct of metal

salts can be decomposed by repeated evaporations from nitric acid and then
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from nitric-perchloric acid solutions. The residual metal-phosphates vary
in the ease with which they are dissolved by mineral acids. Consequently,
this method for the recovery of an extracted element is not used whenever
another method is available or when the element can be determined in the
organic phase.

Determination of extracted elements. Radioactive isotopes are

detected in the organic phase of phosphine oxide systems by the same methods
used in agueous solutions. Such detections are most readily achieved with
gamma-emitting isotopes since the activity of aliquots of the phases can be
measured with a well-type scintillation counter.

Spectrophotometric methods have been developed for the determination
of all elements, except arsenic and antimony, that are completely extract-
able with TOPO. In addition, uranivm can be determined in the organic
phase by fluorometric methods. These methods are listed in Appendix I.

Extraction Characteristics

Water and Inorga.nic Acids

Water. Water is essentially immiscible (0L015 g water saturates
100 g CgHiz at 28°C) with cyclohexane solutions of TOPO and, therefore, is
not transferred to the organic phase during extraction of aqueous solutions.
Less than 1 mg of water per ml can be detected in the organic phase, with
Karl Fischer reagent, after five ml of 0.1 M TOPO is shaken for 10 minutes
with 5 ml of water or 1 to 7 M HCl, H2S04, HC1l04 or HNOg and allowed to
stand for one hour. The volumes of the two phases, therefore, remain con-
stant throughout the extraction.

Inorganic acids. Tri-n-octylphosphine oxide in cyclohexane

functions as an extractant only from acidic solutions. Mineral acids
themselves are extracted with TOPO to varying degrees (Figure 1).

The acids fall into two groups on the basis of extent of extrac-
tion, i.e. the slopes of the extraction curves for hydrochloric, sulfuric,
and phosphoric acids are similar but differ from those for nitric and

perchloric acids. The mols ratio of acid to TOPO is less than 1 for the
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heavy, polybasic acids but is greater than 2 for hydrochloric and nitric

acid.
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FIGURE 1. EXTRACTION OF MINERAL ACIDS FROM AQUEOUS SOLUTIONS
WITH TRI-N-OCTYLPHOSPHINE OXIDE

In systems where the ionic strength of the aqueous phase is 2 M
and the concentration of TOPO in the organic phase is less than 0.4 M,
the distribution behavior of nitric acid is consistent with first power
dependency on the TOPO concentration. When the ionic strength is reduced
below 1 M the ratio of TOPO to nitric acid in the organic phase continually
increases to values greater than 1 (Figure 2).{17)

The degree of extraction of a more extractable acid is enhanced by
the addition of a less extractable acid to the aqueous phase. In nitric
acid-sulfuric acid systems (Figure 3), the addition of sulfuric acid to
1 M HNO5 systems results in increased extraction of nitric acid to degrees
similar to those achieved by increasing the nitric acid concentration in
the aqueous phase. Sulfuric acid is not extracted from such mixed-acid

systems that contain less than 6 M HaSO4.
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FIGURE 2.

RATIO OF ORGANIC REAGENT TO NITRIC ACID
CONCENTRATION IN CYCLOHEXANE SOLUTION AS A

FUNCTION OF EQUILIBRIUM AQUEOUS ACIDITY

FIGURE 3. EXTRACTION OF NITRIC AND
SULFURIC ACIDS WITH TRI=-N=OCTYL-
PHOSPHINE OXIDE AS A FUNCTION OF
SULFURIC ACID CONCENTRATION. TOPO =
0.1 M in cyclohexane, 15 mlj HNO3 =
1 M, 15 ml; Phase ratio - 1; and
Extraction time = 10 minutes.
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The solubility of the TOPO-acid adduct in the cyclohexane phase varies
with the acid used. The perchloric acid adduct becomes immiscible in
systems that contain 3 M HC104 or greater and forms an intermediate, third
phase. A third phase is also produced when the concentration of sulfuric
acid exceeds 8 M. Nitric and hydrochloric acids form adducts that are
completely soluble in cyclohexane and represent the systems most favorable
for the extraction of cationic substances.

The absorption spectrum of a cyclohexane-TOPO-acid solution is important
since many of the applications of this reagent involve direct absorbancy
measurements in the organic phase. The spectra of cyclohexane and the
adducts of hydrochloric, sulfuric, and nitric acids are given in Figure L4
over the wavelength range from 190 to 300 mu. Only the nitric acid adduct
exhibite absorption maxima in this region. These adductes do not adsorb
light in the visible or near-infrared regions. In the infrared region the
characteristic phosphoryl frequency at 8.8 u is shifted to slightly
higher wavelengths when an 1norganic_ acid 1s coordinated with the -P=0 group.

Extraction of Elements in Periodic Group I. The alkali metals

(1ithium, sodium, and potassium) are not extracted from acid solutions
with cyclohexane solutions of TOPQ. Consequently, neutral salts of these
elements can be utilized to achieve increased extraction of other elements
through a "salting-out" effect.

Comr! I1) is partially extracted from 7 M HC1l, but not from 1 M HCl
. or 1 to T M H2S04, HC1l04, or HNOs.

Silver(I) is not extracted with TOPO.

Gold(III) is very readily extracted from acid chloride solutions
even in the presence of sulfate, nitrate, or perchlorate.

Extraction of Elements in Periodic Group II. Beryllium, magnesium,

calcium, stroatium and barium are not extracted from acid solutions with
TOFPO.
Zinc is the only element in Group IIB that has been investigated

quantitatively. This element is not axtracted from acid nitrate or sulfate
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solutions in the ebsence of chloride. The extraction of zinc from hydro-
chloric acid or hydrochloric-sulfuric acid solution is dependent on the
concentration of acid in the aqueous phase (Figure 5) and the concentration
of zinc present (Figure 6). A bulky, white precipitate forms in zinc
chloride-TOPO systems under various conditions as shoyn by the dotted

lines in Figure 6. This precipitate consists primarily of TOPO and collects
at the interface of the two phases, thereby preventing the determination or
recovery of zinc in the organic phase.

Cadmium and mercury(Il) are extracted to a very slight extent from

acid chloride solutions, but not from other inorganic acids.

Extraction of Elements in Periodic Group III. Yttrium and lanthanum

are not extracted from 1 to 7 M HCl, HzS04, HC1lOg, or HNOg.

The known extraction characteristics of the IIIB elements are based
on qualitative spectrographic data obtained from systems that contained
2 mg of each element. These results indicate that boron and aluminum are
not extracted from 1 to 7 M HCl, HpS04, HC1lO4, or HNOgs.

Gellium, added as GaCls, is completely extracted from 7 M ECl, T M
HoS04 or 7 M HC104, but is not extracted from 1 g solutions of these acids
or from 1 or T M HNO3.

Two mg of indium, as InClg, is extiacted fram hydrochloric, sulfuric,
and perchloric solutions, but not from nitric acid.

The detrimental effect of nitric acid on the extraction of these

Group III chlorides is due to the high extractability of this acid itself.

L
Extraction of Elements in Periodic Group IV. Tita.nim(IV)( ) is

extracted from either strong sulfuric or hydrochloric acid solutions
(Figure 7). The extraction is enhanced as the concentration of each acid
is increased; however, a third phase forms in 8 y_ HpoS04 Bystems. This
intermediate phase is primarily an adduct of sulfuric acid and TOPO incor-
porated with water, cyclohexane, or both. The extractability of titanium
is not affected by the presence of tartaric acid in the aqueous phase;

consequently, this reagent may be used to mask other interfering elements.

10
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FIGURE 6. EXTRACTION OF ZINC WITH
TRI=-N=~OCTYLPHOSPHINE OXIDE AS A
FUNCTION OF HYDROCHLORIC ACID CONCEN=-
TRATION. TOPO = 0.1 ! cyclohexane,

5 ml; Phase ratio = 1j and Extraction
time - 10 minutes.
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As much as 19 mg of titanium can be extracted in 20 minutes to a degree
that exceeds 95 per cent when the aqueous phase is 6 M in H80¢ and the
organic phase contains 1 millimole of TOPO. A constant amount, 0.6 milli-
moles, of sulfuric acid is extracted from 6 M H2S04 regardless of the con-
centration of titanium in the aqueous phase. The extracted species is

postulated to be Ti0S04-2(TOPO) in sulfuric acid systems.

1000
00 (77 mgTi)
A
E T (9.3mgTI)
8 10
- E
[ —
g L [ (74mgTI)
é 1.0
g F
= .. FIGURE 7., EXTRACTION OF TITANIUM(IV) WITH
ﬁ TRI-N-OCTYLPHOSPHINE OXIDE AS A FUNCTION OF
Ol ACID CONCENTRATION, TOPO = 0,1 M in cyclo-
= hexane, 10 ml; Phase ratio = 1; and Extrac-
= tion time - 20 minutes,
001} e R

0O 2 4 6 8
ACID, MOLARITY

Zirconiun( 15) is extracted readily from acid chloride or nitrate
solutions. Concentrations of chloride or nitrate that are favorable for
complete extraction of zirconium can be achieved by adjusting the acidity
(Figure 8), or the ionic strength (Figures 9 and 10). Extraction equili-
brium is not attained in systems of low chloride concentration as rapidly
as in nitrate media. Ten-minute extraction periods are sufficient,
however, to extract zirconium from solutions that are 7 M in HCl or 1 M
in HC1 and 2 M in AlClj;.

Zirconium is also extracted, to a lesser extent, from perchloric acid;

12
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EXTRACTION OF ZIRCONIUM WITH 0.1 M TRI-N-OCTYLPHOSPHINE OXIDE

13
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UNI-, DI-, AND TRI-VALE'T MTALS. 2Zr - 9.35 mg; TOPO - 0.1 M in
cyclohexane, 5 ml; and Phase ratio - 1. -

the degree of extraction increases with acidity. Perchlorate media are not
suitable for analytical separations of zirconium because of the relatively
low solubility of the zirconium perchlorate adduct in cyclohexane. Three-
phase systems are observed when saturation of TOPO is approached either
with acid or zirconium.

One mg of zirconium is completely extracted from 0.2 to T M Ho804 with
5 ml of 0.1 M TOPO in cyclohexane. The adduct hydrolyzes slowly in systems
that contain less than 3> M H2S04 and precipitates at the interface as a
white solid. As much as 10 mg of zirconium is extracted to an extent that

exceeds 98 per cent from 3 to 5 M HoSO4 with 1 millimole of TOPO. The fact

15
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that the extraction of zirconium from sulfate solutions ie impaired by the

addition of neutral sulfate salts (Figure 11) is indicative of the formation

FryTT

T l]ll”ll

FIGURE 11, EFFECT OF CHLORIDE AND
NITRATE ON THE EXTRACTION OF ZIR=-
CONIUM FROM SULFATE SOLUTIONS WITH
TRI-N-OCTYLPHOSPHINE OXIDE, Zir-
Svem conium - 1 mg; TOPO = O.1 M in cyeclo=
5M HySQ, *NaNOy "<, hexane, S ml; Phase ratio = 1; and
) . Extraction time - 30 minutes.

EXTRACTION
)

CHLORIDE (NITRATE), MOLARITY

of less extractable complexes of zirconium sulfate in the aqueous phase.
Zirconium extraction is likewise decreased when nitrate is added to a
sulfate solution since nitric acid is extracted as well as the zirconium
sulfate species. Chloride has only a slightly detrimental effect.

Zirconium is extracted from nitrate and chloride sclutions as
Zr(NO3) 4+2(TOPO) and ZrCle*2(TOPO) “along with varying emounts of the in-
organic acid. The phosphine oxide is saturated with zirconium only when
an excess of zirconium is present in the agqueous phase. The amount of
zirconium extracted is directly dependent on the amount of TOPO in the
organic phase. The degrees to which various quantities of zirconium are
extracted with 0.5 millimole of TOPO are shown in Figure 12.

Quantitative separations can also be achieved from chloride solutions,
but not from nitric acid solutions, with 0.0l M solutions of TOPO in cyclo-
hexane (Figure 13).

Zirconium is not extracted with TOPO from hydrofluoric acid solutions.

Consequently, 1 M HF solutions have been used effectively to strip zirconium

16


http://www.nap.edu/catalog.php?record_id=21562

e |
1
EIOO = g
i i TM HNO,
E oL § i "
ok g IO:— 1
- RO
= - m HC!
0l = B
O s &®
0 20 40
ZIRCOMIUM PRESENT, mg ZIRCONIUM PRESENT, Ha
FIGURE 12, EXTRACTION OF ZIRCONIUM FIGURE 13. EXTRACTION OF ZIRCONIUM
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TOPO = O,I M in cyclohexane, 5 ml; TOPO = O.I M in cyclohexane, 5 ml;
Phase ratio = 1; and Extraction time - Phase ratio - 13 and Extraction time -
10 mimutes, 20 minutes.

from cyclohexane solutions of TOPO. Partial extraction of zirconium can be
achieved from fluoride solutions by complexing the fluoride with aluminum
nitrate. Quantitative extraction has not been obtained, however, when the
mole ratio of aluminum to fluoride is as high as 10.

Likewise, the extraction of zirconium is retarded by the presence of
hydroxy-organic acids and ethylenediaminetetraacetate. The detrimental
effect of such acids as tartaric can be overcome to a large extent when
the aqueous phase is T M in HC1 or HNO3 as shown in Table I.

Variation of the aqueous to organic phase ratio from 1 to 20 has a
slight effect on the extraction of 10 mg of zirconium (Figure 14). The
extraction of larger amounts of zirconium, especially from nitrate solu-

tions, is impaired when the volume of the esqueous phase is increased;
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TABLE I

EFFECT OF TARTRATE ON THE EXTRACTION OF ZIRCONIUM FROM
CHLORIDE AND NITRATE SOLUTIONS

HCl (HNO3), M T
TOPO, 0.1 M in cyclohexane, ml 2
Equilibration time, minutes 10
Phase ratio 1
Acid  Tartrate, Zirconium, mg B
Molarity Present Organic Aqueous
HC1 0.10 23.3 21T 1.61 15.5
.25 21.6 1.68 12.9
.50 21.1 2.22 9.52
1.0 20.8 2.52 8.26
HNOg 0.10 15.1 1k.5 0.613 23.7
.25 14.3 .804 17.8
.50 1k.2 .861 16.5
1.0 1k.0 1.07 13.1

however, complete extraction is readily achieved by two extractions when
the phase ratic, Va/Vo, is less than 10.

The applicability of TOPO to the extraction of radio-zirconium has
been investigated to a small extent. The extraction characteristics of
zirconium-95, in the presence of 20 micrograms of stable zirconium carrier,
have been determined in hydrochloric, nitric, and sulfuric acid systems.
Zirconium-95 in an oxalate solution was obtained from the Oak Ridge National
Laboratory and separated from niobium-95 by extraction with thenoyl tri-
fluoroacetone (TTA) according to the procedure described by Moore.(g)
Portions of the purified tracer were converted to chloride, nitrate, and
sulfate salts and dissolved in 1 M solutions of the corresponding acid
to yield solutions that emitted :I.O5 gamma photons per minute per ml.

One-ml aliquots of these solutions were used in each extraction test
within eight hours after purification. The effect of various concentra-
tions of hydrochloric, nitric, and sulfuric acids on the extraction of
tracer and carrier are presented in Figure 15. These data show that
complete extraction is achieved from > 5 M HC1l, 0.5 to 10 M HNOa and

0.2 to T M HzSO4.
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FIGURE 1L4. EXTRACTION OF TIN(IV)
AND ZIRCONIUM WITH TRI-N=OCTYL- FIGURE 15, EXTRACTION OF ZIR=-
PHOSPHINE OXIDE AS A FUNCTION OF CONIUM=95 TRACER. Zirconium
EXTRACTION TIME., TOPO, 0.1 M Carrier - 20 ng; TOPO - 0.1 M
in cyclohexane, 5 ml; and Extrac- in cyclohexane, 5 ml; Phase ratio -
tion time = 10 minutes. 1; and Extraction time - 30 minutes.

Hafnium. On the basis of qualitative data, the extraction character-
istics of hafnium are considered to be very similar to those of zirconium
in that hafnium is extractable from 1 to 7 M HCl, H>SO4, HNO3, and HC1O4.

Silicon. No extraction studies have been performed with water-
soluble compounds of silicon. Precipitation occurs when an acid silicate
solution is equilibrated with cyclohexane solutions of TOPO.

Germanium has been found, by qualitative tests, to be more extract-
able from T M acid solutions than from 1 M acid media.

Tin exhibits the greatest extractability with TOPO of any element
investigated. Extraction occurs, however, only from solutions that contain
chloride. The extracted species is SnCl,'2(TOP0), regardless of the

oxidation state of tin in the original aqueous solution. Identical extrac-
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tion characteristics are obtained with solutions prepared with SnClg-:5H20,
SnClz+2Hz0, or from the dissolution of the metal with hyirochloric acid in
the presence or absence of oxygen.

Tin is extracted most readily from relatively dilute acid chloride

solutions (Figure 16). The degree of extraction is primarily dependent on

m.
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FIGURE 17. EXTRACTICN OF TIN(IV)
FIGURE 16, EXTRACTION OF TIN(IV) WITH FROM CHLORIDE SOLUTIONS AS A
TRI-N~-OCTYLPHOSPHINE OXIDE AS A FUNCTION FUNCTION OF TIN CONCENTRATION.
OF CHLORIDE CONCENTRATION. TOPO - 0.1 ¥ TOPO = 0.1 M in cyclohexane, 5 ml;
in cyclohexane, 5 ml; Phase ratio - 1: HC1 = 1 M; Phase ratio - 15 and
Extraction time - 10 minutes. Extraction time - 10 minutes.

the concentration of chloride, although the aqueous phase must be at least
1 M in hydrogen ilon to prevent hydrolysis of tin. Rxtraction from 1 M HC1l
is 99 per cent complete after one minute and 99.7 per cent complete after
three minutes. Variation of the agueous/organic phase ratio from 1 to 20
has no effect on the extraction when the phases are mixed for 10 minutes
(Figure 14).

The degree to which various amounts of tin are extracted by 0.5 milli-
mole of TOPO are shown in Figure 17. Approximately 90 per cent (27 -mg)

of the stoichiometric smount of tin (29.8 mg) can Ve extracted completely
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in a single, 10-minute extraction, while 98 per cent of the stoichiometric

amount is extracted from a solution that contains only 30.8 mg of tin.

In the absence of chloride, tin is not extracted from nitric or sul-

furic acid solutions. The addition of sulfuric acid to 1 M HCl solutions

of tin enhances the extraction slightly by reducing the amount of acid that

is co-extracted (Figure 18). The extraction of tin is continuously de-

creased when perchloric or nitric acid is added to an aqueous solution that

1s 1 M in HC1.

Lead, as the nitrate, is not extracted from either perchloric or nitric

acid medie.

Extraction of Elements in Periodic Group V.

Vanadium. Quadrivalent vanadium is not extracted from acid solu-

tions with cyclohexane solutions of TOPO.

Pentavalent vanadium is partially extracted from 1 to 7 M HC1 but

is not extracted from 1 M nitric or sulfuric acid solutions (Figure 19).
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Txtraction time = 10 minutes,

21

10

[ TTTIm

o
IEA

T T TTTT]

0l

EXTRACTION COEFFICI

IR

-

n n L i I 1 1

2 4 6 8
HYDROCHLORIC ACID, MOLARITY

0.0

o

FIGURE 19, EXTRACTION OF VANADIUM(V)
WITH TRI-N-OCTYLPHOSPHINE OXIDE AS A
FUNCTION OF HYDROCHLORIC ACID CONCEN-
TRATIONs. Vanadiuwm = 6.2 mg; TOPO =
Oel M in cyclohexane, 5 ml; Phase
ratio = 1; and Extraction time = 10
minutes,


http://www.nap.edu/catalog.php?record_id=21562

Extraction has been achieved, however, from 0.5 M sulfate solutions of
PH 1 to 2.5 vhen nitrate salts are added. The data presented in Table II
was obtained by Blake, Brown, and Coleman while using kerosene solutions

of Topo. (1)
TABLE IT

EFFECT OF NITRATE AND pH ON EXTRACTION OF VANADIUM(V)

Vanadium - 0.004 M

TOPO - 0.2 M in kerosene
Sulfate - 0.5 M

Phase ratio - 1

Nitrate, Extraction Coefficient
M Initial pH

1.0 1.5 2.0 2.5
0 0.1 0.1 0.1 0.2
0.05 0.9 0.6 0.8 0.5
0.2 2.0 2.0 2.0 1.1
0.3 2.5 b, 3.2 Tl
0.5 5.0 6.8 3.2 0.9
1.0 4.3 10 10 1.1

Nio‘bium.”} Niobium(V) is extracted with cyclohexane solutions
of TOPO only from those hydrochloric acid solutions in which a sufficient
concentration of some complexing agent, such as oxalic, tartaric, citric,
or lactic acid, is present. Niobium-95 tracer 1s extracted to a degree
greater than 99 per cent from solutions that are 4 M in HCl and which
contain 0.33 M tartaric acid or 0.2 M lactic acid. Extraction does not
occur in the presence of nitric acid. In sulfuric acid systems, hydrolysis
occurs too rapidly to permit useful extractions.

Ta.nta.lmn.{ﬂ The extraction of tantalum is similar to, but
generally less than that of niobium. In 6 M HCl - 0.2 M lactic acid,
approximately 60 per cent of 5.5 mg of tantalum, plus tantalum-181 tracer,
is extracted.

Arsenic. Trivalent arsenic is partially extracted from acid
chloride solutions (Figure 20) but not from nitric or sulfuric acid
media.

Pentavalent arsenic is not extracted from acidic solutions with

cyclohexane solutions of TOPO.

22


http://www.nap.edu/catalog.php?record_id=21562

100

EXTRACTION COEFFICIENT, E3
o =)
T T

0l

0 2 4 6 8 1
HYDROCHLORIC ACID,
MOLARITY

FIGURE 20. EXTRACTION OF ARSENIC(III)
WITH TRI-N-CCTYLPHOSPHINE OXIDE AS A
FUNCTION OF HYDROCHLORIC ACID CONCEN=
TRATION. Arsenic(III) - 1.0 mgj; TOPO -
Oel M in cyclohexane, 5 ml; Phase ratio-
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FIGURE 21. EXTRACTION OF ANTIMONY
WITH TRI-N=OCTYLPHOSPHINE OXIDE
AS A FUNCTION OF HYDROCHLORIC ACID
CONCENTRATION. Antimony(III) =
10 mg; Antimony(V) - 9 mg; TOPO -
Os1 M in cyclohexane, 5 ml; Phase
ratio - 1; and Extraction time =
10 minutes.

Antimony. The extraction characteristice of trivalent antimony

parallel those of tin in that extraction occurs only from chloride media.

The degree of extraction is dependent on the concentration of hydrochloric

acid; being at & maximum in 3 M HCl systems (Figure 21). Even though

antimony is partially hydrolyzed and precipitated in 0.5-1.0 M HC1

solutions, the solid is redissolved during extraction and a large per-

centage of the antimony extracted from these media. Application of dilute

hydrochloric solutions is readily carried out, however, by adding neutral

chloride salts or sulfuric acid to enhance the extraction of antimony(III)
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(I11) FROM CHLORIDE SOLUTIONS WITH FIGURE 23, EFFECT OF CHLORIDE AND
TRI-N-OCTYLPHOSPHINE OXIDE AS A SULFATE ON THE EXTRACTION OF ANTIMONY
FUNCTION OF CHLORIDE, NITRATE, AND (V) FROM CHLORIDE SOLUTIONS WITH TRI-
SULFATE CONCENTRATION. Antimony - N=OCTYLPHOSPHINE OXIDE, Antimony =
10 mg; HCL = 0.5 M3 TOPO = 0.1 M 9 mgj HCl - 0.5 M3 TOPO = O.1 M in
in cyclohexane, 5 ml; Phase ratio - cyclohexane, 5 ml; Phase ratio - 1;
1; and Extraction time - 10 mimutes. and Extraction time - 10 mimutes.

in excess of 99 per cent (Figure 22). Nitrate depresses the extraction
of antimony(III) from chloride solutions.

The extraction of antimony(V) is enhanced as the concentration of
hydrochloric acid is increased (Figure 21). Antimony(V) precipitates from
0.5 to 1.0 M HC1 solutions and the solid does not redissolve during
equilibration of the phases. As with antimony(III), the degree of extrac-
tion of antimony(V) is primarily a function of the chloride concentration
of the aqueous phase and can be enhanced by the addition of chloride salts
to a very dilute acid solution (Figure 23%). Likewise, the extraction of
antimony(V) is enhanced markedly by the addition of sulfuric acid to a
dilute hydrochloric acid solution of antimony. This enhancement is due

primarily to the "salting-out" effect of the sulfuric acid and the decrease
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in co-extraction of mineral acid when sulfuric is substituted for hydro-
chloric acid in the aqueous phase.

Bismuth. Bismuth(III) is extracted fram chloride, sulfate, and nitrate
solutions with TOPO. The extraction characteristics of this element differ
from most of the other extractable ‘species in that maximum extraction is
achieved in the most dilute acid permissable without hydrolysis and precipi-

tation of bismuth (Figure 24). In chloride systems the extracted species
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0 & 8 12 [ 20
FIGURE 2L, EXTRACTION OF BISMUTH BISMUTH PRESENT,mg
FROM ACIDIC SOLUTIONS BY TRI=N=
OCTYLPHOSPHINE OXIDE AS A FUNCTION
OF TYPE AND CONCENTRATION OF ACID. FIGURE 25, BISMUTH ISOTHERMS IN
Bismuth = 20 mg; HNO, = 0.5 M; DILUTE ACID=TRI=N=OCTYLPHOSPHINE
TOPO = 0.1 M in cyclghmne,-s ml; OXIDE SYSTEMS, TOPO - Os1 M in
Phase ratio - 1; and Extraction cyclohexane, 5 ml; Phase ratio = 1;
time - 10 minutes. and Extraction time - 10 minutes.

is BiCl;:2(TOPO). The impairment in extraction that results from increased
acidity is probably caused by the formation of less extractable anionic
complexes of bismuth chloride in the agqueous phase. Essentially, no extrac-
tion occurs in >4 M HC1l or > 7 M HNOs systems. Consequently, bismuth can
be removed quantitatively from a cyclohexane solution of TOPO by back-
extraction with 7 M HC1 or ENOS

Complete extraction of bismuth can be approximated by decreasing the
concentration of mineral acids to below 1 M (Figure 25). As much as 5, 10,
and 15 mg of bismuth can be extracted by 0.5 millimole of TOPO to an extent

greater than 95 per cent from sclutions that are 1 M in HNO3, 0.5 M in HCl
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+ 0.5 M in HNO3, and 0.2 M in HENOs, respectively. The marked dependence of
extraction necessitates close control over the acid concentration of the
aqueous phase.

Extraction of Elements in Periodic Group VI.
(16)

Chromium. Chromium(III) i3 not extracted from acidic solu-
tions with TOPO.

Chromium(VI) is readily extracted from hydrochloric acid solu-
tions and to lesser extents fram sulfuric, nitric, perchloric, and
phosphoric acids (Figure 26). Chromium diifers from other elements
extracted by TOPO in that it can be extracted as an anionic species with
the approximate composition of HxCrz07:2(TOPO), and forms an adduct with
TOPO in which the phosphoryl oxygen is coordinated with a hydrogen atom.
Consequently, maximum extraction of chromium is achieved in those systems
vhere (1) HaCro0; is formed, and (2) the extractability of the mineral
acid is low. Otherwise, the extractable species of chromium is essentially
uninfluenced by the nature of anions present in the agqueous phase, and
chromium can be extracted from any mineral acid. For the same reason, no
enhancement in extraction is realized when neutral salts are added to the
aqueous phase (Figure 27). Contrariwise, the degree of extraction is
decreased due to a shift in the equilibria between acidic and neutral
chromate entities to favor the neutral species.

In concentrated acid systems () 10 y_} the red-brown HoCrz0--TOPO
edduct rapidly changes to a green color due to reduction of chromium(VI)
by the organic environment. As indicated by the stoichiometry of the
postulated extracted species, the amount of chromium extracted is directly
proportional to the amount of TOPO present. In systems that contain 0.5
millimole of TOPO, as much as 9 mg of chromium is 99 per cent extracted,
in & single, 10-minute equilibration, from 1 M HCl (Figure 28). Complete
extraction is not achieved from other acids by a single equilibration.
Complete saturation of 0.5 millimole of TOPO with chromium (26 mg) is

achieved from 1 M HpSO4 when > 35 mg of chromium(VI) is present initially.
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(VI) WITH TRI-N-OCTYLPHOSPHINE FIGURE 27, EFFECT OF CHLORIDE, WITRATE,

OXIDE EFFECT OF CONCENTRATION OF AND SULFATE OM THZ EXTRACTION OF C!ROMIIM(VI)
ACIDs Chromium = 10.3 mg; TOPO = WITH TRI-N-OCTYLP:IOSPHIYE OXIDE. Chromium -
0.1 M in cyclohexane, 5 ml; Phase 21 mg; TOPO - 0.1 ¥ in cyclohexane, 5 ml;j
ratio = 1; and Extraction time - Phase ratio - 1; and Extraction time - 10
10 minutes. minutes.

Saturation is not achieved from 1 M HNO3 systems until 200 mg of chromium

is present and is not atteined in 1 M HCl media even at this concentration

level. Extraction equilibrium is attained rapidly in chromium systems;

Tive-minute extractions being sufficient in hydrochloric acid systems and
one-minute extractions in sulfuric acid media (Figure 29).

The extraction of chromium is materiaslly decreased when the ratio of
aqueous/organic phase volumes is increased (Figure 30). Such an effect is
indicative of the relatively low extractability of the chromic atid adduct
in comparison with that of mineral acids, as well as reflecting the increased

dissociation of the HoCrz0y in dilute aqueous media.
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FIGURE 28, EXTRACTION OF CHROMIUM(VI) FIGURE 29, EXTRACTION OF CHROMIUM
WITH TRI-N-OCTYLPHOSPHIWE OXIDE AS A (VI) AND MOLYBDENUM(VI) WITH TRI=N=-
FUNCTION OF CHROMIUM COMCENTRATION. OCTYLRHOSPHINE OXIDE AS A FUNCTION
TOPO - 0.1 ¥ in cyclohexane, 5 ml; OF EXTRACTION TIME. TOPO = 0.1 M
Phase ratio - 1; and Extraction time in cyclohexane, 5 mlj and Phase —
- 10 minutes. ratio = 1,

Molybdenum. Molybdenum(VI) is extracted from mineral acid solutions
in a variation of manners that reflect the complexity of aqueous solutions
of molybdenum. The degree of extraction is dependent on the type of acid
present as well as on the concentration of acid over a wide range (Fig. 31).
Extraction of molybdenum occurs readily from dilute solutions (pH~1) of
hydrochloric, sulfuric, nitric, and perchloric acids. Under these conditions
molybdenum is probably extracted as the adduct of HgMoOs or some more highly
condensed acid where the ratio of Mo/TOPO is ) 1. Conditions are not
attractive for separation purposes, however, since the organic phase is
frequently turbid and the extracted adduct undergoes change on standing and
assumes the blue color of mixed tetra- and hexavalent molybdenum species.

The extraction of molybdenum from nitric and perchloric acid solutions

is continually decreased as the acid concentration is increased.
28


http://www.nap.edu/catalog.php?record_id=21562

100,
N
LN Mo(25mg)-5M HCI
\
90} \ ——— -
\ = L IMHCI+
\ Cr(10mg)- IM HCI - "‘1
‘ ot g I i
\ e [ .
= 8ot \ EDO_— ;o
8 \ r (I0mg)- IM HyS04 UTE Hoe |\
ﬁ \ O E EN /A |
\ g - Y ! N
. \ i \
5 \ 8 1o
70} \ 198
5 \ 2 r HCIOg X,
w N\ E 10— HNOE™ N\ LA
60} \ u E
\\ : L S
\ .
e 0l L 1|l|m| 1 II||m‘ e mn
50 00l 0. 1.0 10
"4 8 12 16 20 ANION, MOLARITY
PHASE RATIO, lQl.EOUSIINORGANIC FIGURE 31. EXTRACTION OF MOLYBDE-
FIGURE 30. EXTRACTION OF MOLYBDE- NUM(VI) FROM ACIDIC SOLUTIONS WITH
NUM(VI) AND CHROMIUM(VI) WITH TRI- TRI-N-OCTYLPHOSPHINE OXIDE AS A
N=OCTYLPHOSPHINE OXIDE AS A FUNC- TION OF ACID CONCENTRATION.
TION OF PHASE RATIO. TOPO = 0ol M Mo™© = 19.8 mg; TOPO = 0,1 M in
in cyclohexane, 5 mlj; and Extraction cyclohexane, 5 ml; Phase ratio = 1;
time = 10 minutes. and Equilibration time - 10 minutes.

In chloride and sulfate systems, the degree to which molybdenum is
extracted decreases to a minimum as the acid concentration is increased
from pH~1 to 1 M and then attains a maximum in k to 5 M acid media before
decreasing again in more concentrated acid solutions. In chloride systems
the extracted species is thought to be Mo0OzClz'2(TOPO) and the extraction
coefficient to reflect the concentration of Mo0zClp in aqueous systems that
contain molybdenum species that vary within the general cationic form of
MoO(0H)p-C1*™®. The extremely high extractability of this species is
evident from the fact that 0.5 millimole of TOPO is 96 per cent saturated
in a single 10-minute equilibration with a 5 M HC1 solution that contains
a stoichiometric amount (24 mg) of molybdenum (Figure 32). Although L to

5 M HC1 solutions are most favorable for the extraction of molybdenum,
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complete extraction of <20 mg of molybdenum is achieved from 2 to 6 M HC1l

media or from 1 M HC1 solutions that are at least 2 M in chloride.
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g FIGUEE 32, EXTRACTION OF MOLYBDE-
i NUM(VI) WITH TRI-N-OCTYLPHOSPHINE
OXIDE AS A FUNCTION OF MOLYBDENUM
00I CONCENTRATION, TOPO = O.1 M in
E cyclohexane, 5 ml; Phase ratio -1;
B and Extraction time = 10 minutes.
000! . . - 4 .
0 0 20 30 40 S0 60
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Ten-minute extraction times are sufficient to achieve phase equili-
bration (Figure 29). The extractability of the molybdenum chloride adduct
is virtually not affected by variations of the aqueous/organic phase
volume ratio from 1 to 20 (Figure 30).

Although the extraction characteristics of molybdenum in sulfate
systems roughly parallel those in chloride media, complete extraction is
not achieved from sulfate solutions. A third, intermediate, phase is
formed in > 10 M HS04 systems and contains a molybdenum species that
changes from colorless to blue on standing.

Under optimum conditions, U M HpSO4, the magnitude of the extraction
coefficient increases as the amount of molybdenum in the original aqueous
phase is increased, and the saturation capacity of 0.5 millimole of TOPO
is in excess of 33 mg. These anomolies arc indicative of the formation
of adducts with TOPO/molybdenum mole ratios of less than 2.

The extraction of molybdenum from nitrate or sulfate solutions is

significantly enhanced by the addition of chloride to the solution.
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Complete extraction of 8 mg of molybdenum has been achieved from 1 to 5 M
H2S04 with 5 M HC1 or 5 M NaCl and from 1 M HNOs solutions with 5 M NaCl
but not with 5 M HC1.

Molybdenum has been back-extracted quantitatively from cyclohexane
solutions of TOPO with solutions of 2 N NH4OH.

Extraction of Elements in Periodic Group VII

Manganese. Divalent manganese is not extracted (E§ < 0.01)

from 0.5 to 7 M HC1l, HNO3, or HaSO4.

Manganese(VII) in mineral-acid solutions is a strong oxidant and
is rapidly reduced to lower oxidation states when equilibrateéd with
cyclohexane solutions of TOPO. Essentially quantitative extraction of
10 mg of manganese(VII) occurs from 0.1 M acid solutions; however, the
extracted adduct is quickly reduced to a brown, insoluble species that
precipitates at the phase interface. Extraction is decreased in sulfate
systems as the concentration of sulfuric acid is increased. Practically
all of the manganese(VII) is retained in the agueous solution of a T M
H2504 system but is converted to a colorless species after standing a
few hours. In hydrochloric acid systems, the species extracted from 5 M
HC1 is blue in color, while that extracted from 7 M HC1 is green. The
organic phases of these systems are also decolorized with standing. Rapid
reduction of manganese(VII) to insoluble manganese dioxide occurs in
0.1 to 7T M HNOz systems.

Technetium. An extensive study of the extraction characteristics
of technetium has been reported by Boyd and I.arson.(;"] These investigators
used the 60-dey gemma emitter, technetium-95 m, for radiometric studies
and the 2.2 x 10°.year beta emitting isotope, technetium-99 g, for extrac-

“* £ 106 M.

tions where the technetium concentration was 10
Technetium is extracted readily with 0.1 M solutions of TOPO in

cyclohexane from 1 M solutions of phosphoric acid (EQ = 130), sulfuric

acid (EJ = 51), hydrochloric acid (EQ = 48), and hydrobromic acid (ES=25).

Essentially complete extraction (E] = 65) is also achieved from 1 M HI
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solutions; however, heptavalent technetium tends to be unstable in the
presence of such a reducing agent as hydriodic acid. In sulfate systems
the extraction is decreased markedly (Eg = 0.017) by substitution of 1 M
Na2S04 for 1 M HaSO4. The extraction from 1 M HNOs (ﬁ = 0.46) or 1 M
HC104 (E = 0.24) is much less than that achieved from the other mineral
acids. In nitric acid systems, as in other inorganic acid media, maximum
extraction is obtained when the concentration of acid is 1 M or less

(Figure 32B). The detrimental effect of increased acid concentration

100.0

Illlillllll_

EXTRACTION OF Tc(VIl) FROM |
HNO, SOLUTIONS BY TOPO DISSOLVED _|
IN AMSCO 425-82

—

E

10.0+— [:]

EXTRACTION COEFFICIENT,

0. MTOPO
IN CYCLOHEXANE -

0.26 MTOPO

N N | T\ | I |
1.0 2.0

NORMALITY OF HNO,

FIGURE 32a. EXTRACTION OF TECHNETIUM FROM NITRIC ACID SOLUTIONS
WITH CYCLOHEXANE SOLUTIONS OF TRI-N-OCTYLPHOSPHINE OXIDE

ol 1L 1 |

is considered to be due to an exchange of anions in the extracted adduct
between the technetium species, HT'¢O4-2(TOPO), and the mineral acid.

The extraction of technetium with TOPO is independent of variations
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in the phase volumes. Small changes in the extraction coefficient, 5.2
per cent per degree at 25°c', were observed in systems that contained
10 per cent TOPO solutions when the temperature of the system was varied.
Very little information is available on the extraction characteristics
of lower oxidation states of technetium. Boyd and Larson have shown that
the thiocyanate complex of technetium(V) is extracted quantitatively from
chloride solutions with TOPO. The very high molar absorptivity of the-
extracted species in the visible region makes such an extraction attractive
as a means of detecting technetium.

Extraction of Elements in Periodic Group VIII.

E.E'(lo) Divalent iron is not extracted, as such, by cyclo-
hexane solutions of TOPO. Iron(II) is partially oxidized when acid sclutions
are equilibrated with cyclohexane solutions of TOPO unless the system also
contains a strong reducing agent and an inert atmosphere.

Iron(III) is extracted with TOPO only from chloride solutions. The
degree of extraction increases with the concentration’of chloride in the
aqueous phase although some hydrogen ions must also be present (Fig. 33).
The amount of iron extracted is proportional to the amount of TOPO present
since the extracted species has been shown to be FeCls-2(TOPO). Although
varying amounts of hydrochloric acid are co-extracted with the iron-TOPO
adduct, the preponderance of experimental evidence is against the possi-
bility that the adduct 1s actually HFeCl.-2(TOPO).

Complete extraction of as much as 12 mg of iron(III) can be achieved
from 7 M HC1 in a single, 10-minute equilibration with 0.5 millimole of
TOPO (Figure 34). This amount of iron is equivalent to ~ 80 per cent of
the saturation capacity of 0.5 millimole of TOPO. Equilibrium is attained
rapidly, although extractions are usually carried out for 10 minutes.

Extraction of as much as 10 mg of iron is complete even when the
aqueous/organic phase ratio is increased from 1 to 20 (Figure 35).

Although iron(III) is not extracted from sulfuric, nitric, phosphoric,

or perchloric acids in the absence of chloride, significant extraction is
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FIGURE 33, EXTRACTION OF IROM FROM CHLORIDE SOLUTIONS WITH
TRI-N-OCTYLPHOSPIIINE OXTDE. Fe - 8 mg; TOPO - 0.1 I in
crclohexane, 5§ ml; Phase ratio ~ 1; #nd Ixtraction Time -
10 minutes.
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achieved from these media when chloride is added.

For instance, 10 mg of

iron is extracted completely from solutions that are 1 to 3 M in HzS0,4

and T M in HCl or 3 M in HzS04 and 3 M in NaCl, while 10 mg of iron is

92 per cent extracted fram 1 to 3 M HNOs and T M HCI.

100¢

=]
T

o
=

0.

IRON (I NOT EXTRACTED, mg

0o © 20 30 40 50
IRON (1) PRESENT, mg

FIGURE 3. EXTRACTION OF IRON(III)
WITH TRI-N-OCTYLPHOSPHINE OXIDE

AS A FUNCTION OF CONCENTRATION OF
IRON(III)e HC1l = 7 M3 TOPO = 0.1 M
in cyclohexane, 5 mlj Phase ratio -
13 and Extraction time = 10 minutes.

Cobalt.

EXTRACTED, PER CENT
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FIGURE 35. EXTRACTION OF IRON(III)

WITH TRI-N-=OCTYLPHOSPHINE OXIDE AS
A FUNCTION CF PHASE RATIO. TOPQO =
Oe1 M in cyclohexane, S ml; and
Extraction time = 10 minutes,

On the basis of qualitative results, cobalt(II) is not

extracted from acidic solutions with TOPO.

Nickel.

Nickel(II) is not extracted with cyclohexane solutions

of TOPO from acid chloride, nitrate, sulfate, or perchlorate media.

Ruthenium.

The extraction of ruthenium(III, IV) from chloride,

nitrate, sulfate or perchlorate media, as based on qualitative results,

is essentially nil.

Platinum.

and chloride-sulfate solutions with TOPO.

Platinum(IV) is partially extracted from acid chloride

Extraction of the Rare-Earth Elements

On the basis of qualitative results obtained by the authors from
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the extraction of synthetic solutions of rare-earth elements, no extrac-
tion of these elements occurs from 1 or T M HCl, HpSO4, HC1O4, or HNOs.
Other investigators have found that rare-earth elements are partially
extracted with kerosene solutions of TOPO from very dilute acid solutions
(Table III) .(12J The extraction is enhanced by the addition of aluminum
nitrate to the aqueous solution, but is decreased when the concentration

of nitric acid is increased.
TABLE IIT
EXTRACTION OF RARE-EARTH ELEMENTS FROM NITRATE SOLUTIONS

TOPO - 0.1 M in kerosene
HNO; - PH 1
Phase ratio - 1

Rare-Earth Oxide  EQ
Element _Present, mg/ml

Y 1.95 0.43
La 2.50 .35
Pr 1.87 .81
Nd 1.95 .95
Sm 2.01 1.38
cd 1.91 1.12

The same investigators have shown that partial separations of rare-
earth elements from one another and from yttrium can be achieved by extrac-

tion with TOPO from nitrate solutions of mixed rare-earth elanents(”

(Table IV).
TABLE IV
SEPARATION OF RARE-EARTH ELEMENTS FROM YTTRIUM
TOPO - 0.1 M in kerosene
Phase ratio - 1
Element Eﬁ Se tion Factor
M _HNOm .5 M HN pH M 5 M
Y 0.19 0.376 0.334 - - -
Gd Lo 1.23 0.32 2.2 3.3 k.0
Tb .25 0.916 L 1.3 2.6 -
Dy .32 1.18 1.18 1.7 3.1 3.5
Ho .24 0.79 0.90 1.5 2.1 2.7
Er .18 .65 .68 1.0 L7 2.0
Tm .12 i - 0.6 1.17 -
Yb .16 .36 0.4k2 .16 0.96 1.26

By means of radiochemical techniques, Weaver has shown that the extrac-

tion coefficient of europium passes through a maximum as the nitric acid
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concentration is increased fram 0.02 Mtol2 ¥, as shown in Table V.(lb)

Tridecylalcohol, 4 per cent, was added to minimize third phase formation.

TABLE V
EXTRACTION OF EUROPIUM FROM NITRIC ACID SOLUTIONS

TOPO - 0.3 M in Amsco

o, ¥ =
0.02 0.2
0.05 1.5
0.1 4
0.2 9
0.5 10
1.0 5
2.0 p g
5.0 0.05
7.0 0.02

10 0.01
12 0.03

The degree of extraction was very greatly enhanced by the addition
of 0.6 M NagSO4 and 3.9 M NaNOs; the extraction coefficlents in C.01 M
and 0.1 M HNO; systems being 31 and }» 1000. Similar enhancement is
achieved in the extraction of neodymium and cerium(III).

Cerium(IV) is extracted readily with TOPO from acid nitrate solutionms,
to a lesser extent from sulfate media, and poorly from solutions that
contain chloride (Figure 36). Compiete extraction from acid solutions
cannot be achieved in a single equilibration because cerium(IV) is partially
reduced to the non-extractable trivalent state during equilibration. Ex-
tended extraction times impair, rather than enhance, the extraction (Fig.3T7).

The degree of extraction of cerium from nitric acid solutions is not
dependent on the concentration of acid. When a solution that is 1 M in
HNO3 is made 2 M in nitrate by the addition of sodium nitrate, the extrac-
tion of 21 mg of cerium is reduced from 97 to 95 per cent. As the concen-
tration of sodium nitrate is increased, the extraction is enhanced until
97 per cent extraction is again achieved from 1 M HNO3 solutions that
are also T M in nitrate. These data lead to the postulation that the

extracted species is HpCe(NO3)g'2(TOPO). An amount of cerium (35 mg) that
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is equivalent to the saturation capacity of 0.5 millimole of TOFPO can be
extracted to an extent ‘greater than 95 per cent in a single extraction.
Essentially complete extraction can be cbtained if the raffinate is boiled

with a strong oxidant, such as Ag0, and re-extracted with a fresh soclution

of TOPO.
100 m T T T T
] Tmmgtzm.cml
2804+ HNO3( 99|
% 80F X ) - ?‘. g
P 7 2
g "/\ (nz‘;q.tmcn %8 Ce (21 mg)
H 60r \ 002M HCI ﬁ . [ 7M HNOs
§ (EmgCel 97 +
: \
L 40; 1 M HNOy* H;80,4 (2mgCa)
W g A s I & (21 m)
1M H;S0q + HCI
3 ol (6mg Co M HNO,
E 1M HNO3» HCI (2Img Ca) Br
&8 (7 I TR TN, L S T | “ i A 1 1

O 5 10 B 2 25

ACID, MOLARITY
FIGURE 36. EXTRACTION OF CERTUM(IV) 9%,
WITH TRI-N=OCTYLPHOSPHINE OXIDE AS FIGURE 37. EXTRACTION OF CERIUM(IV)
A FUNCTICN OF ACID CONCENTRATION,. WITH TRI-N-OCTYLPHOSPHINE OXIDE
TOPO = 0.1 ! in cyclohexane, 5 ml; AS A FUNCTION OF EXTRACTION TIME.
Phase ratio = 1; and Extraction TOPO = Oe1 M in cyclohexane, 5 ml;
time - 5 minutes, and Phase ratio - 1.

Extraction of cerium(IV) from 1 or 7 M HNO3 is decreased when the
phase ratio, aqueous/organic, is increased (Figure 38).

Cerium is extracted from acidic sulfate solutions to a much lesser
degree than from nitrate media. Extraction is most favored in 3 to 5 M
HzS04; however, only 80 per cent extraction of 6 mg of cerium can be
achieved. The decrease in extraction is due not only to partial reduction
of cerate to cerous, but to the formation of sulfate species that are less
extractable than those present in nitrate systems. When sodium sulfate
is added to a 1 M HpSO4 solution that contains 6 mg of cerium(IV) the
extraction is decreased continuously, and unreduced cerium(IV) remains in
the aqueous phase.

Cerium(IV) is reduced to the trivalent state in hydrochloric acid
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media; the reaction is quantitative in T M HCl solutions. Consequently,
the presence of chloride in nitrate or sulfate solutions of cerium only
expedites the reduction of cerium(IV) and, thus, decreases the concentra-

tion of the extractable species.

98

]
-

0
(-]

FIGURE 38, EXTRACTION OF CERIUM(IV)
WITH TRI-N-OCTYLPHOSPHINE OXIDE
N\ AS A FUNCTION OF PHASE RATIO.

N Cerium - 21 mg; TOPO - O.1 M in
cyclohexane, 5 mlj and Extraction
A time = 10 minutes.
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Extraction of Thorium{ 11)

The degree of extraction of thorium is very dependent on the type
and concentration of inorganic acid in the agueous phase (Figure 39).
Thorium is extracted completely from dilute nitric acid solutions; however,
the extraction is impaired, through co-extraction of the mineral acid,
when the acid concentration is increased. In acidic chloride systems, the
effect of the concentration of acid is reversed; maximum extraction is
achieved from 5 to T M HC1, while very poor extraction occurs in more
dilute acid systems. The degree of extraction of thorium fram perchloric
acid solutions passes through & minimum in 3 M HClO4 media when the acid
concentration is varied from 0.5 to T M. Extraction is essentially complete
from 0.5 M-and >6 M HC104. Systems that contein >5 M HC1lO4 are not
favorable for analytical separations of thorium because a third, inter-
mediate phase frequently occurs when the solubility of the metal and acid
adducts in cyclohexane are exceeded.

Thorium is extracted only slightly from >1 M HoSO4 and not at all
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FIGURE 39, EFFECT OF CONCENTRATION OF ACID ON THE EXTRACTION OF
THORIUM WITH TRI-N-OCTYLPHOSPHINE OXIDE

from more dilute acid solutions. Consequently, thorium is quantitatively
stripped from cyclohexane solutions by back-extraction with 0.3 M HpSO4.
The adduct is hydrolyzed by very dilute, < 0.1 M, sulfuric acid.

Thorium is completely extracted from solutions that are as much as 8 M
in nitrate when the hydrogen ion concentration of the agqueous phase is
maintained at 0.5 or 1 M (Figure LO). The species that is extracted from
nitrate media, Th(NO3),4'2(TOPO), is affected, therefore, only by the co-
extraction of nitric acid. Substitution of chloride salts in 1 M HC1

systems ylelds extraction similar to that achieved from hydrochloric acid
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FIGURE 40. EFFECT OF CONCENTRATION OF CHLORIDE AND NITRATE ON THE

EXTRACTION OF THORIUM WITH TRI-N-OCTYLPHOSPHINE OXIDE
solutions of the same chloride concentration. Formation of the extract-
able species, ThClg-3(TOPO), is favored at relative high concentrations
of chloride in the aqueous phase. Saturation of TOPO with thorium is not
achieved, even in the presence of ten-fold excess thorium in the aqueous
phase, because of the relatively high extractability of the hydrochloric
and nitric acid. The mole ratios found in the organic phases of 1 M HNOs
systems are NOs/Th, 5.3; and TOPO/Th, 3.0, while in 5 to 7 M ECL systems

the ratio of chloride/Th is 4.2 and the ratio of TOPO/Th is 3.3. As much
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as 1k mg of thorium is extracted completely from 7 M HCl and 23 mg of

thorium from 1 M HNOg with 0.5 millimole of TOPO in a single, 10-minute

equilibration (Figure 41).

Extraction from nitric acid is mors favorable than that from chloride

media, because equilibrium is achieved in five minutes and less adverse

effect results when phase ratio ies increased above 1 (Figure 42).

Thorium

is readily concentrated from dilute solutions that are 1 M in HNOg by a

single extraction.

100
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FIGURE 41, EXTRACTION OF THORIUM

WITH TRI=-N=OCTYLPHOSPHINE CXIDE
AS A FUNCTION OF THORIUM CONCEN=-
TRATION. TOPO = Q.1 M in cyclo=
hexane, 5 mlj Phase ratio - 1;
and Extraction time - 10 minutes.
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FIGURE L2. EXTRACTION OF THORIUM
WITH TRI-N=OCTYLPHOSPHINE OXIDE
AS A FUNCTION OF PHASE RATIO.
Thorium - 12 mg; TOPO = O.1 M in
cyclohexane, 5 mlj and Extraction
time - 10 minutes,

Although the extraction of thorium is sericusly impaired by sulfate,
and to an even greater extent by phosphate, marked enhancement is regained
when nitrate is added to the aqueous solution (Figure 43). Extraction is

complete from solutions that are (a) 2 M in HaSO4, (D) 0.2 M in HaPO4, or
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(¢) 0.5 M H2SO4 and 0.1 M HaPO4 if the solution is also 0.5 M in HNOz and
L M in NaNOsz. These limiting concentrations are easily attained by diluting
concentrated solutions with 1 M HNO3. Sub-milligram amounts of thorium are
completely extracted with 5 ml of 0.1 M TOPO from 50 ml of aqueous solu-
tions that are 0.5 M in HpS04, 0.06 M in HgPO4, 1 M in HNO3, and 1 M in
NaNOa.

The extraction characteristics of chorium, reported above, as deter-
mined by spectrophotometric analyses, have been duplicated, in part, with

the use of a radio-tracer, thorium-234 (Figure 4ki). This radio-isotope
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B
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CONCENTRATION OF PHOSPHORIC ol . o
ACID , MOLARITY 0O 2 4 6 8 10
FIGURE 43. EFFECT OF SULFATE AND ACID, MOLARITY
PHOSPHATE ON THE EXTRACTION OF FIGURE Ll. EXTRACTION OF THORIUM
THORIUM FROM NITRATE SOLUTIONS WITY TRI-N-OCTYLPHOSPHINE OXIDE
WITH TRI-N=OCTYLPHOSPHINE OXIDE. RADIOTHORIUM-2 3, SYSTEMS., TOPO -
Thorium .= 0,345 mg; TOFO - 0.1 M 0.1 M in cyclohexane, 5 ml; Phase
in cyclohexane, 5 ml; HNO3 - 0.5 ; ratic = 1; and Extraction time -
NaNO4 = L N; and Phase ratio - 1. 15 minutes.

was obtained from the Oak Ridge National Laboratory in a solution of 1.2 M
HC1l. The extraction characteristics of the tracer from hydrochloric acid
solution were very erratic and inconclusive in the absence of a carrier.
Carrier solutions were prepared by combining aliquots of standard solutions
of thorium-232 with aliquots of the thorium-234 solution and repeatedly
evaporating to dryness from the desired acid before ultimately diluting

to a known volume with 1 M acid. Aliquots rermoved for each extraction

test contained ~6 x 107 cpm of gamma activity. The solutions of thorium-
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232 also emitted gamma photons due to a decay product that was only
slightly extracted fram hydrochloric or nitric acid with TOPO. The
activity of the decay product was measured under identical conditions and
used as correction factors for the results obtained with thorium-23k.

Thorium was extracted completely from solutions that contained the
radio-tracer and 20 micrograms of carrier wvhen the concentration of nitric
aclid was varied from 0.5 to 3 M.

Extraction of Uranium

Quantitative extraction of tetravalent uranium from acidic solu-
tions with TOPO is difficult to achieve because oxidation of uranium(IV)
to uranium(VI) occurs to varying extents during equilibration. Conversion
to the hexavalent state is rapld and essentially quantitative in nitric
acid media, nearly complete in sulfuric acid solutions and relatively slow
in hydrochloric acid systems. Consequently, uranium is extracted from
nitrate solutions as the uranyl species only, while mixtures of tetra-
and hexavalent uranium species are extracted from sulfate and chloride
media unless uranium is maintained in the tetravalent state by removal of
air from the system (Figure U5).

Uranium(VI) is readily extracted from acid nitrate or chloride solu-
tions and, to a lesser extent, from acid sulfate or perchlorate media
(Figure 46). Extremely high extraction coefficients are obtained from
acidic solutions which are 1 M in nitrate or 2 to 10 M in chloride. The
extraction of uranium decreases when the concentration of nitric acid is
increased due to the co-extraction of the mineral acid. Quantitative
extraction cannot be attained from sulfuric acid solutions; however, the
extraction is markedly increased by the addition of nitric or hydrochloric
acld or salts of these acids. Extraction of uranium from nitrate or
chloride solutions is essentially instantaneous; however, extractions are
generally carried out for 5 to 10 minutes. The degree of extraction is
decreased slightly when the aqueous/organic phase ratio is increased above

1 (Figure 47).
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FIGURE LS. EXTRACTION OF URANIUM (VI) WITH TRI-N-OCTYLPHOSPHINE
WITH TRI-N-OCTYLPHOSPHINE OXIDE OXIDE AS A FUNCTION OF ACID CONCEN-
FROM URANIUM(IV) SOLUTIONS. TRATION. Uranium - 9 mg; TOPO =
Uraniuwm(IV) = 17 mg; TOPO = 0.1 M 0.1 M in cyclohexane, 5 ml; Phase
in cyclohexane, 5 ml; Phase ratio- ratio = 1; and Extraction time =

1; and Extraction time = 10 minutes. 10 minutes,

The species extracted from chloride and nitrate solutions are UOzClz-
2(TOPO) and UOg(NO3)2:2(TOPO). As much as 19 mg of uranium is extracted
in excess of 98 per cent by 0.5 millimole of TOPO from 1 M HC1, while 4O mg
of uranium can be extracted from 1 M HNO; to an extent that exceeds 99 per
cent in a single extraction (Figure 48). The stoichiometric saturation
value, 60 mg, of uranium can be 95 per cent attained with 5 ml of 0.1 M
TOPO in cyclohexane when the aqueous phase contains three-fold excess
uranium (~ 200 mg).

The extractability of uranium(VI) from weakly acid phosphate solu-
tions has been investigated with solutions of 0.6 M TOPO in kerosene.(l)
Results from these studies have shown that the extraction coefficient of
uranium is very low in phosphate systems and decreased with increasing

pH (Figure L49), or increasing phosphate concentration (Figure 50).
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FIGURE L47. EXTRACTIOY OF URANIUM(VI) VITH

TRI-N-OCTYLPHOSPHIVE OXIDE AS A FUNCTION OF

PHASE RATIO. TOPO - 0.1 X in cyclohexane,
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TRI-!-OCTYLPHOSPHINE OXIDE. TOPO = 0.1 b4
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FIGURE 49. URANIUM EXTRACTION FROM PHOSPHATE SOLUTION EFFECT OF pH LEVEL

TOPO - 0.6 M in kerosene

Phase ratic - aqueous/organic, 2
© 0.004 M U(VI), 1.k M PO,
@ 0.00047M U(VI), 3.3 M POy
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FIGURE 50. URANIUM EXTRACTION FROM PHOSPHATE SOLUTION
EFFECT OF PHOSPHATE CONCENTRATION

TOPO - 0.6 M in kerosene
Phase ratio - aqueous/organic, 2
Uranium - 0.0004 and 0.00L4 M
- pH of unbuffered HyFU,
@-ril

48


http://www.nap.edu/catalog.php?record_id=21562

Extraction of Transuranic Elements

The extraction characteristics of neptunium, plutonium, and
americium have been investigated with TOPO in solutions of Amsco 125-82
by Weaver, Horner, and Colmn.(5’6’13) Martin and Ockenden(a) used
cyclohexane solutions of TOPO in their examination of the extraction of
plutonium and americium.

Ne uﬂi‘.ﬂl-(l5 ) The partitioning of neptunium(IV) between acid
nitrate or sulfate solutions and 0.0l M and 0.1 M solutions of TOPO in
Amsco 125-82 was followed by radicmetric measurement of the 50-hour gemma
activity of neptunium-238. Extraction maxima are obtained in 1 M and 8 M
HNO5; (Figure 51), and the extraction is enhanced significantly by substitu-
tion of neutral nitrate salts for nitric acid. Substitution of sulfate,
especlally neutral sulfate salts, for nitrate causes the extraction to be

severely decreased as shown in Table VI.

TABLE VI
EXTRACTION OF NEPTUNIUM(IV) FROM SULFATE SOLUTIONS
Normality

TR 50, TaSoy =

0.1 k.5 - 1,
2.0 2.5 0.06
0.10 b4 0.004
1.0 - 0.34
1.0 1.0 0.13
1.0 3.5 0.013
2.0 - 0.46

Pentavalent neptunium is extracted only partielly (~50 per cent)
from 2 and 8 M HNO; with 0.3 M TOPO in Amsco.

Plutonium. 1In their extensive study of the extraction of plu-
tonium(III, IV, and VI), Martin and Ockenden found ttat tetra- and hexa-
valent plutonium species are-readily extracted from acid chloride
(Figure 52) or acid nitrate solutions (Figure 53). Plutonium(IV) is ex-
tracted from nitrate solutions as Pu(NO3).'2(TOPO), and the extraction is
most favorable from 6 tc 7 M HNOz or 9 to 10 M HC1 media. (‘8} In their
investigations, Horner and Coleman found that maximum extraction of

plutonium(IV) occurs from 1 M HNOs, decreases as the acidity is raised to
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FIGURE 51. ngﬂ) EXTRACTION BY TRI-N-OCTYLPHOSPHINE OXIDE AND
TRI-(2-ETHYLHEXYL)PHOSPHINE OXIDE: EFFECT OF NITRIC ACID AND
SODIUM FITRATE CONCENTRATIONS. PLUTONIUM(IV) STABILIZED
m 0-04 - Oll H NﬂﬁOz-

50


http://www.nap.edu/catalog.php?record_id=21562

3000 IOOO:__'"T"’_"'
be” PLUTONIUM (IX)
100
o IOO'; —
w (L 3 =
- W=
= =
z L.
S W
E 0 g 10—
o § = PLUTONIUM(YI)
3 e =
o) L
3 ;
= | =
e B €
N x AMERICIUM(III)
sl o
0O 2 4 6 8 0 ol L\ l |
HYDROCHLORIC ACID, 0O 2 4 6 8 10
MOLARITY NITRIC ACID, MOLARITY
FIGURE 52, EXTRACTION OF PLUTONIWM
FROM HC1l WITH TRI-N-OCTYLPHOSPHINE FIGURE 53. EXTRACTION OF PLUTONIUM AND
OXIDEs TOPO = 0.1 M in cyclohexane; AMERLCIUM FROM HNOy SQLUTIONS, TOPO -
Phase ratio - 1; and Extraction 0.1 ¥ in cyclohexahe; Phase ratio - 1;
time = 10 mimutes. and Extraction time - )0 minutes.

4 M HNO3, and then increases again in highly acid systems (Figure 51).
Extraction coefficients greater than 100 are achieved with 0.1 M TOPO in
Amsco throughout the entire acid region studied and exceed 1000 under the
most favorable conﬂitions.(é) The extraction of plutonium(IV) is also
enhanced when a nitrate salt is substituted for nitri~ acid.

Martin found that plutonium(VI) is extracted most favorably from
<1 M HNOz or T M HC1 solutions and the ratio of 'l'OPO/mem in the extracted
species is 2.(8} Horner observed that the extraction of plutonium(VI) is
lower than that of plutonium(IV) by a factor of 10; coefficients of 320
and 17 are obtained in 2 and 4 M HNO; systems.

The extraction coefficients of plutonium(III) are much lower than those
exhibited by plutonium(IV) and (VI) in nitric acid systems. Martin reports

coefficients less than unity (Figure 53),while Eomer(s) found coefficients
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of ~3 in 0.5 M and 2 M HNO3 and ~2 1n6§m3. The highly variable
results, coefficients of <1 to > 100, obtained in trivalent plutonium
systems are attributed to oxidation of plutonium(III) during equilibration
of the phases.

Plutonium is only partially extracted from sulfuric acid solutions

and the extraction is decreased further when a sulfate salt is substituted

for sulfuric acid, as is shown in Table \".'I.(s’é)
TABLE VII
EXTRACTION OF PLUTONIUM FROM SULFATE SOLUTIONS
TOPO, Normalit; B
Wolarlty ES0, (EJS0, PO RV RV
0.1 (3 - 0.4 4.8 z:
1.6 b4 - 0.01 -
1.0 5.0 - < 0.01 -
0.3 10 - - 20 L
1.6 L.4 - 0.1 =

Martin and Ockenden cbserved that the species of plutonium(IV) and
(VI) that are extracted from nitric acid exhibit spectra that closely
resemble those of the corresponding aqueous solutions of plutonium(IV and
VI) nitrate. The plutonium(IV) adduct absorbs light at 491 millimicrons
and, to a lesser extent, at 550, 660, T15, and 790 millimicrons; maximum
absorbance of the plutonium(VI) adduct is exhibited at 847 millimicrons,
while very little light is absorbed at lower wavelengths.

Extracted plutonium(IV) can be stripped completely by 0.1 M NagCOs
solution at a phase ratio of 1/1.{5)

Americium is extracted poorly from acid nitrate solutions. Martin
and Ockenden(a) found that the extraction decreased continually as the
concentration of nitric acid was increased (Figure 53). Weaver et al

observed the same trend and report somewhat higher extraction coefficients
in 0.3 M TOPO systems, i.e. EQ equivalent to 17 and 1.0 in 0.2 Mand 2 M
HNO4 systews.(l5)
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APPENDIX I

METHODS FOR THE DETERMINATION OF ELEMENTS AFTER
EXTRACTION WITH TRI-N-OCTYLFHOSPHINE OXIDE

Young, J. P. and J. C. White, "Extraction of Titanium Thiocyanate with
Tri-n-octylphosphine Oxide - Direct Colorimetric Determination in the
Organic Phase,” Anal. Chem. 31, 393 (1959).

Mann, C. K. and J. C. White, "Extraction of Chromium with Trioctyl-
phosphine Oxide from Acidic Solutions of Alkali Metal Salts - Deter-
mination in Situ as Chromium-Diphenylcarbazide Complex," Anal. Chem.
30, 989 (1958).

Apple, R. F. and J. C. White, "Extraction of Iron with Tri-n-octyl-
phosphine Oxide and Determination in Situ as the Ferrous-1,10
phenalthroline Complex," unpublished report.

Young, J. P. and J. C. White, "The Extraction of Zirconium with Tri-n-
octylphosphine Oxide and Its Direct Determination in the Organic Phase
with Pyrocatechol Violet," Talanta 1, 263 (1958).

Ross, W. J. and J. C. White, "Extraction of Molybdenum with tri-n-
octylphosphine Oxide and Its Determination in Organic Media with
Thioglycolic Acid,"™ unpublished report.

Ross, W. J. and J. C. White, "Extraction of Tin with Tris(2-ethylhexyl)
phosphine Oxide and Its Determination in Non-Aqueous Medium with Pyro-
catechol Violet," Anal. Chem. 33,  (March 1961).

White, J. C. and R. F. Apple, "The Spectrophotometric Determination of

Cerium in Fluoride Salts," Talanta 2, 176 (1959).

53


http://www.nap.edu/catalog.php?record_id=21562

K.

Ross, W. J. and J. C. White, "Extraction and Determination of Thorium
from Sulfate and Phosphate Solutions with Tri-n-octylphosphine Oxide,"
Anal. Chem. 31, 1847 (1959).

Horton, C. A. and J. C. White, "Separation of Uranium by Solvent
Extraction with Tri-n-octylphosphine Oxide - Direct Colorimetric Deter-
mination with Dibenzoylmethane," Anal. Chem. 30, 1779 (1958).

Ross, W. J. and J. C. White, "Direct Spectrophotometric Determination
of Uranium in Cyclohexane Solutions of Tri-n-octylphosphine Oxide,"
unpublished data.

J. C White, "The Use of Trialkylphosphine Oxides as Extractants

in the Fluorometric Determination of Uranium," ORNL-2161, November,
1956.

Dietrich, W. C., J. D. Caylor, E E. Johnson, "Separation of Uranium
from Urine by a Tri-n-octylphosphine Oxide Column and an Automation

of the Procedure," Y-1322, September, 1960.
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