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THE EFFECTS OF ION HYDRATION IN
SOLVENT EXTRACTION AND ION EXCHANGE

David C. Whitney
(Ph.D. Thesis)

ILawrence Radiation Laboratory
University of California
Berkeley, California

October 12, 1962
‘ ABSTRACT

The extraction of HCth; HReOu, HBr, HNO3, HAuClu, and HAuBrl+
into dilute solutions of tributyl phosphate (TBP) in inert diluents
has been studied, and thé extracting épecies and extraction mechanism
have been determined. It has been found for all the acids except HNO3
that so long as the TIBP concentration is& 0.1 M and the stoichiometric
.»ratio TBP/H+ is 2 3 the only extracting species are the molecular
adduct TBP'HEO and the solvated hydronium icn 3TBP'H3O+°mH20..,XT, an
ion pair, where 0 m< 1. For 1 < TBP/H% < 3 there are several possi-
ble speciés, whereas at TBP/H+ = 1 the only species present in the
‘organic phase is the salt'TBPH+“'.X-° HNO3 is found to extract as an
anhydrous molecular adduct at all TBP and HNO
TBP/HN03 is > 1; the HNO,

partially hydrated. These results are interpreted in terms of a. pro-

concentrations such that

3

that extracts in excess of 1:1 with TBP is

posed general model for such strong-acid-basic-solvent extraction
systems.

Ahion-exchange studies on the salts of the fattyacids have been
carried out by using a quarternary ammonium (strong-base) resin. The
selectivity of these resins in contact with very dilute external solutions
(negligible resin invasion by nonexchange electrolyte) is considered due
in large part to changes in the solvation of the ions;, fesulfing from
differences in the properties of the resin—phase solufion and the external
dilute aqueous solution. The resin-phase solution 1s a concentrated
electrolyte solution with three significant differences from a dil ute
electrolyte solution: (a) the cationic species is fixed on the resin

matrix; (b) electrostatic forces are stronger; (c) the water molecules
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in the resin'phase have less cooperative structure. The tendency of
large univalent ions to be forced out of the dilute solution into the
resin phase because of their small degree of hydration and considerable
water-structure-breaking character is considered, as well as the effects
of specific group hydration.

The elution of tracer alkali metal and trivalent cations from
cation-exchange resin columns by several uni-univalent salts and acids
has been investigated. The elution order in dilute solution is ex-~
‘plained as resulting from the water-water, ion-water, and ion-resin
interactions in the system. Changes in this order and deviations of
the elution behavior from the simple mass-action laws as the salt or
-acid concentration 1s increased are interpreted as being due to changes
in-these interactions. On the basis of the elution behavior in con-
centrated solutions, a model for the prediction of resin selectivities

is proposed.
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PREFACE

"Ton exchange and solvent éxtraction are.two of the tools used
by inorganic chemists to study the behavior of substances in agueous
solution. In the paét, much of the knowledge of the procésses involved
in the use of these tools has been of the empirical or semi-empirical
type. It is the purpose of this study to present some basic foundations
toward an understanding of ion-exchange and solvent-extraction processes
and to provide some idea of the considerations involved in the formu-
lation of any general theory for such processes.

Although there are many similarities between ion exchange and
solvent extraction, since they:both involve the transfer of a substance
from a completely aqueous to a nonagqueous, or at least less aqueous,
solution, they are treated separately in this study, except for a
short summation statement in the conclusion. The evaluation of the
results of the various experiments performed is more qualitative thah
quantitative, owing mostly to the great lack of knowledge of the thermo-
dynamic properties of such complex sYstems. It is felt, however, that
the results given herein will be of value in describing these systems;
and it 1s hoped that studies such as this will eventually lead to the
ability to derive accurate, quantitative data concerning both the
processes themselves and the substances involved in them. This report

iis presented toward the end of achieving these goals.



I. SOLVENT EXTRACTION

A. Introduction

Solvent extraction has long been established as a fundamental
technique for chemical separation and purification -of organic compainds,
but only within the.last two decades has any great interest been shown
in the application of solvent extraction tQ inorganic separations. The
impetus to develop solvent-extraction methods was provided by .the large-
scale investigation of atomic energy and the subsequent need for simple,
rapid, and specific separation of fissionable materials from both radio-
active fission products and non-radioactive chemical impurities. About
the same time, it was discovered by analytical chemists that not only
was solvent valuable for separation of one componént from a mixture,
but also by changing conditions it was possible to carry out a whole
series of clean separations of all the components in the mixture, which
greatly simplified what heretofore had been very complex analyses. A
comprehensive review of the early work is given by Morrison and Freiser
in their book on solvent extraction; more recent work is covered
biennially in excelleht reviews by the same authorsoz-u Several other,
more limited, reviews are alsc available.,su7 A comprehensive discussion
and analysis of the state of the art from the standpoint of mechanisms
and general extraction behavior has been given recently by Diamond and
Tucko8

Quite aside from the role it plays in industrial and analytical

~separations, solvent extraction, particularly of inorganic substances,
is of value to the physical chemist for the insight it gives into the
hature of speciés in solution. Through its ability to isolate ions
~and molecules from aqueous solutions, the solvent is able to give
some indication of hydration and solvation energies and the chemical

behavior of water in aqueous and nonagueous solutions.



1. Extraction of Inorganic Compounds

A solvent-extraction system may be characterized by the inter-
actions among 1ts various components. These interactions can be divided
into three types--solvenht-solvent, solvent-solute, and solute-solute--
where "solvent" refers to either the organic liquid (or liguids, in the
case of an extractant dissolved in an inert organic compound) or water,

and "solute" refers to the inorganic compound. In general, solvent-
extraction sysﬁems are chosen such that the two phases are essentially
immiscible, so that the interactions can be considered separately for
each phase (an exception to this is the case in which the organic phase
is composed of two organic compounds, one of whiéh is quite hydrophilic;
in such a system water itself becomes a solute in the organic phase).

When the solute i1s in dilute concentration in the agueous phase,
it is possible to make several statements about the interactions listed
“above. Solvent-solvent interactions are similar to those:found in the
pure solvent. Solute-solute interactions are negligible, owing to the
dispersion of the solute, while solvent-solute interactions are at their
greatest. Since all inorganic solutes have an attraction for water,
even if only of an induced dipole-dipole type, extraction occurs only
if some means are avallable to counteract this attraction, thus making
energetically feasible the transfer. of the inorganic -substance out of
the aqueous phase and into the organic phase.

Such a condition cah be effected either through the different
characteristics of the soivent-solvent interactions in the two phases
or through some :specific solvent-solute interaction in the organic phase.
These effects gilve rise to two broad classes into which solvent extrac-
tion of inorganic compounds may be divided—the first based primarily on
the disruption - of the physical and chemical structure of the solvent by
the solute in each phase, the second based primarily on the specific
chemical bonding which can Qc?ur between the solvent and solute in the

organic phase. Since both these interactions are opposing the water-

Ly



solute interaction (hydration), the general rule for either class is that
the weaker the hydration, the better the extraction. A detailed discussion
of ‘these interactions, and examples of the subgroups contained in each
class are éiven in the following paragraphs.

Congidering first the solvent-solvent interactions: in pure
water, at room-temperature, each water molecule is hydrogen-bonded, on
the average, about three other water molecules in a pseudotetrahedral
short-range structure, each hydrogen bond involving 3 to Skedl of energy.9
(In the absence of quantitative data concerning entropy and ehthalpy'for
most of the reactions discussed herein, energy will be understood to
mean‘the’free energy, AF; of the reaction.) 1In ordér'for a substance
te -dissolve in water, it must break a number of these hydrogen bonds,
with a corresponding loss in bonding energy. This energy can be regained,
however, if the dissolved substance is able to hydrate, i.e., to’co-
ordinate the water molecules around itself in some kind of solvation
u~sphere;'with the ensuing hydration energy making up for the loss of
' énergy due to the breaking of the water-water bonds. -

In most organic solvents, on the other hand, such intermolecular
‘bonding-forces are much weaker. The solvent daes not offer much resist-
" ance toward the dissolution of a substance in it; however, neither does
it have the ability to appreciably aid the dissolution by solvation of
the -substance; since the organic solvent is, in general, capable of
only very weak intermolecular interactions.

. Thus it is seen that the relative solubility of a given substance

in each phase 1s governed by the degree to which it tends to solvate.

In particular, a large, covalently bonded molecule, owing to 1ts structure-

© - “breaking characteristips, prefers the organic solvent, while a small,

ionic molecule, owing to its high hydration, prefers the aqueous phase.
These considerations give rise to what can be termed a molecular ex-
traction, one of the best and most thoroughly studied examples of which

iS‘I2 extracting into CClu,lO where the disruption of the water structure



by large I, molecule causes the agueous phase to ejeét the iodine into
the CClu.

is regained, exéept for the small amount of energy needed to break the

2
Thus the energy lost when the water-water bonds were broken

weak, intermolecular bonds in the organic phase. ' .

A more quantitative measure of the effects of water-structure
disruption by large molecules in the extraction of fatty acids, which
proceeds in the order valeric > butyric > propionic > acetic.ll’12
- Here the hydration energy derived from the carboxylate group, which is

the same for all the acids, is being conterbalanced by longer and longer
‘hydrocarbon chains which are protruding farther and farther into the
water structure, with the result that the higher homologues are being
ejected more and more strongly by the agueous phase. The rise in the
distribution ratio is roughly a factor of 2 per _CHE— group, which
‘gives an idea of the effect of chain length on extraction.

Disruption of water structure is not limited to neutral molecules.
Large, monovalent ions which show extraction behavior, such as tetraethyl-
ammonium,15 tetraphenyl arsonium,lu and ‘tetraphenyl boron,15 break a
great number of hydrogen bonds when they dissolve in agqueous solutions;
but the energy lost in these ruptures is more than regained by solvation
of the counter ion; However, if both a large cation and a large anion
_are preseht in the same solution, this solvation is greatly decreased
and both cation and anion tend to be ejected out of the agueous phase.
This transfer of ions results in a loss of electrostatic energy in
‘the aqueous. phase, but if an organic phase with a fairly high dielectric
constant is available, a fair portion of this energy is regained and
the water-water. interactions are again maximized.

Finally a system that involves ion hydration and water structure
~is chelate extraction.l6’17 This type of extraction actually falls
under both classifications, since two solvents are used. The first is
‘a chelating agent--an organic ion that is able to satisfy two or more

co-ordination sites of a polyvalent ion while at the same time neutralizing

part or all of its charge. OSeveral chelates may be attached toa. cationso:



that it is co-ordinately saturated.  The. final result is a large, pseudo-
organic species with very little or no charge, which behave very similarly

- to those described in the precéding paragraph and extract gquite well into

a second, inert organic solvent.

The second major class of extractions involves solvents that
have the ability to co-ordinate to charged species, i.e., they are able
to replace water as solvators. These solvents are all basic organic
compounds that contain a nonbonded electron pair available for co-ordination
with a co-ordinately unsaturated species; the most prominent exeamples in- ‘
volve a basic oxygen or nitrogen atom. The extraction is essentlally a
neutralization between a ILewis acld or electron acceptor and a Lewis

base or electron donor; three types of Lewis acids that undergo extrac-

tion fairly readily are the (hydrated) proton,lB’19 associated
., 12-18, 20-23 ' . ++
acids, and large, covalently unsaturated species such as MOe-a,

et +
M , or M t nitrates.

2h-26

It is with this second class, and most particularly with proton

-extraction, that this work is concerned. The hydrogen ion, as present in

strong acids, is unique in its role as the only small, univalent cation

to extract appreciably in basic organic solvents; and tkax'elatively

large distribution ratios for the strongest acids imply that a very
specific interaction is taking place between the proton and the solvent,
an interaction that does not oécur to nearly the same extent for any other

cation of comparable (hydrated) size.

0. Extraction of Acids

The- proton, being a positive charge concentrated in a very.small

volume, cannot exist. alone in solution, but must coordinate with-some

i
electron donor. ' In any system such as that last described, the

electron donors are the acid anion, water, and basic organic solvent,

- and the extraction depends on the outcome. of the competition for the

proton among these three solvators.
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Consider first a proton in a large volume of watef. Because
of its size and charge, it co-ordinates very strongly to one of the
nonbonded electron pairs of the oxygen atom to form a hydronium ion,
H50+. This ion, because of the partial positive charge on each of
the hydrogen atoms, is then able to form very strong hydrogen bonds
to three other water molecules, yielding a species with the formula

+
H9OLL and the structure

This species can be compared to an alkali metal cation plus its primary
hydration shell, with the important excéption that the three waters of
hydration are held by specific bonds in specific directions in spac€,

as opposed to the more general electrostatic attraction between alkalies
and water molecules.

The foregoing ideasvof proton hydration have been under intensive
investigation during the last decade, and a large amount of experimental
evidence has been accumulated in their support. The hydronium ion in
the solid state (as, é.g., H,0'C10, ) has been characterized by X-

28,29 3 by 31

ray, nuclear magnetic resonance, and Raman studies,

35 1n

infrared,
and infrared methods have detected it in strong acid solutions.

aqueous acid solutions, numerous methods have been used to determine

3436

the hydration number of the proton, among them activity coefficients;

. ) . ) . 37-39
isopiestic measurements over ion-exchange resins,”' 77 acidity func-

E L

tions, specific heats of solut:'Lon',LLE’)+5 and ion exchange -of acetic

acid, H all of which yield values that fall within a few tentiz of 4.0,
+ L5,

Theoretlcal calculations have been made by Grahn for HBO and

In addltlon,‘several reviews of the hydronlum 1on and its

150, 8,18,27,48, 49

hydration have been published.

@



- Two techniques for determining hydration number -deserve special
mentioﬁ, since they are more straightforward than those mentioned above.
The first is a study of the masses of the singlqgy - ionized species. obz -
served when ions which are volatilized from pure water by a field-

50

emission source are recorded by use of a mass spectrometer. It was

found that only four species were present and the relative_amounts
of each were in the order H ot >u0.* >80, >80 As the field
) 52 [ 9 4 '

strength was decreased, thus diminishing the disruptive forces on the

ions, the propdrtion of higher-mass species increased at the expense

of the lower-mass one - with the proportion of H9 h increasing most

rapidly This suggests that in the limit of no field at all, H9Ou
would be an important--and poss1b1y even the principal--species.

The other speclal technique for determining proton hydration
is solvent extraction. As mentioned in the introduction, solvent
extractlon is particularly useful for “the 1solatlon of species that
may be present in aqueous solution, especially those involving H2O in
their structure. With this in mind, several workers have utilized basic
eolvents to extract the hydrated proton and then have determined
analytically the amount of water per hydrogen ion. Some systeﬁs and

: +
their B 0/H extraction ratios are as follows:

_ System : Ratio Reference

diisoprophl ether — HFeCl) b to5 .51

several ethers — HFeClu 3 to U 52

dibutyl Cellosolve ~ HC1O) - 4.1 to 4.5 18

tributyl phosphate (TBP) — HC10), 3.6 to 4.6 18, 19, 53-55
TBP — HC1 . 3.9 to k.3 18, 19, 56, 57
TBP — HBr ' » 4.0 to k.7 ~ 18, 19, 58

TBP — H_SO) , | h.5 53

TBP — H POu ' 4.5 53

diisopropyl ketane — HC10) k.5 18

bis-(2-chloroethyl) ether — HC10), h.2 ' 59 .



One other system of interest is that involving the more basic extractant
+
tri-octyl-phosphine oxide (TOPO) and HC10y. The H2O/_H ratio appears

: v + 7
.to be 1.0, whereas the TOPO/H ratio iSE;beimplying the trisolvation

of a hydronium ion by three TOPO molecules; this possibilify is dis-
cuésed more thoroughly in the section on TBP-acid-water.

"Returning to the problem of solvator competition for the proton,
consider now the extraction of a strong acid, such as perchloric acid,
in which the anion is such a poor electron donor that it is unable to
‘compete with either the water or the basic solvent for the proton and
is present merely to preserve electrical neutrality. The extent of
extraction depends on the ability of the organic base to attract the
ﬁmotd1aWaydeﬂthe*ve@rfavorable water environment that surrounds it,
and this ability is relatéd to the strength of the (hydrogen) bond
formed between the acid and base, the steric avdalability ofvthe basic
groﬁp} andvthe extent to which the orgaﬁié phasé accepts charged speciles
. and any possible accompanying hydration spheres.
' A typiéal lis£ of extractants for which data are available,
in order of base strength, is trialkyl amines > trialkyl phosphine
oxides > trialkyl phosphates. > ketones and ethers. The distribution
ratios for strong acids also decrease in the same order, indicating
that -the most important factor is the strength of the hydrogen bond.
This decrease is not hearly as rapid, hovever, as would be expected
from the differences in the base strengths of the organic solvents,
as determined by their ability to compete with water for protons. This
phenomenon occurs through a new mode of extraction, whereby the hydrogen
ion extracts not as a bare proton, as in the amine case, but as a
hydrated species, such aS'HBO+ or H9O i Since_it requires much less
energy to free H904+ from an agueous solution than H50+, which in
turn: requires less energy than H+z solvents that can accommodate
the hydrated species are able to extract acids much better than would

be expected from their base strengths alone. Since the bonding -



to the hydrated proton must necessarily be weaker, the extraction is
much less than for those solvents which extract the proton directly.

With these considerations in mind, the experimentally observed
extraction orders: and extracting species for the various solvents are
readily explained. The moét'basic amines extract the anhydrous proton
(and its accompanying anion) directly and completely to form a non-
hydrated trialkylammonium salt. The less basic phosphine oxides are
ﬁot able to remove the proton from its fundamental aqueous form, H5O+.
Instead acids must extract as .the trisolvated hydronium ion, with a
corresponding decrease in the totalvamount of extraction due to the
distribution of the positive chérge amohg_three protons, which form
correspondingly weaker hydrégen bonds with the extractant. Farther
down the scale, the-phosphates are unable to displace even the first
hydration .she_ll of the hydronium ion, so the HEO/H+.ratio. is on the
~order of k4, corresponding to the extraction of H9Oh+' It is interest-
ing.to note that for the even more weakly basic‘ketones and ethers,
the ratio is still about four, although the extraction has become much
poorer, implying that any secondary hydration shell of ﬁ90u+ is much
more weakly bonded, .so that the aqueous-phase hydrogen bonding does
not permit it to extract.

So far in this discussion the effect of the anion on acid
extraction has been ignored. For strong, completely ionized acids,
it has been assumed that the anion is unable to participate in the
competition fof the proton, and thus. its only function is to maintain
electrical neutrality. :However, since the transfer of the anion from
the agueous phase to the organic phase is subject to the same sleent—
solvent and solute-solvent interactions as any other solvent extraction
process (as discussed in the introduction), the anion has a definite
influence on the extent of the extraction. In particular, the larger,
lower-charged, and more hydrophobic the anion, the better the extraction
will be. Thus those acids mentioned above, and especially the larger
HCth and HFeClh‘with their singly charged, water—structure-breaking'

anions; are those which extract best.
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If the anion is a strong enough base to enter into the competition
for the proton--i.e., the acid is not completely dissociated in agueous
solution--an entirely different extraction system is formed  This system
is similar to that previously described for the extraction of fatty acids
into inert solvents, with the added possibility of hydrogen bonding in
the organic phase. 1In this case, the extraction takes place through the
formation of a hydrogen bond between the organic base and the molecular
acid, and since the extracting—specjes is eéssentially a neutral molecule,
80 that no transfer of charge between phaseo occurs, the dlstgi?gglon '
ratios are quite high. Examples of this system are TBP- HNO5 TBP-

trichloroacetic acid,18 and dibutyl-ether—HCOOH..

3. Presentation of the Problem.

In spite of the relative wealth of data collected on the-extracﬁion
" of acids by TBP, a great deal of doubt, and a fair amount of disagreement,
remains concerning the extracting species and extraction mechanisms.

Most of the difficulty resides in the fact that by far the larger amount
of the data has been taken using either pure TBP or concentrated solutions
(> O.§M) of TBP in an inert sclvent. It has been shown by McKay et al.
that the activity coefficients of TBP fall very rapidly as the TBP con-
centration (in kerosene) rises, being only 0.4 at 0.5 M, and thus TBP
solutions and TBP itself exhibit far from ideal behavior. These authors

* have subsequently pointed out tlat because of this behavior one must be
very cautious in drawiﬁg conclusions from calculations involving organic-
phase concentratimhy)rathér tgih activities, as an inaccuraté picture

of the extraction may resu]t _

In the absence’ of actlvlty’coefficiehts forvthe various species
present in the extraction of acids by>TBP, the best solution to the
problem of nonideality is to limit the concentration of the extractant
to less than a few tenths molar in éome inert organic diluent and to
choose the experimental conditibns such that only a few percent of the

extractant molecules are involved in the extracting complex. Thus the
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organic phase will retain essentially the properties.of the - inert
diluent, and changing the concentration of the extractant, acid, or
water in that phase will presﬁmably have only a slight effect on the
activity coefficients of these various speciles. Furthermore, the
equilibrium expressions are written so that they involve ratios of the
- activity coefficients instead of using the coefficients directly; since
activity coefficients for differernt species generally change in the
same manner with changes in conditions, taking their ratio tends to
reduce the effects of the change. o

Although the total concentration of the several species in the
organic phase remains low, it is 'still possible to observe the effect
that varying their concentrations will have on the extraction. " In
particular, by allowing only cone cpmponent to vary, holding the others
' ~constant, it is possible to eétablish the dependence of the extracting
species on that component and hence its part in the complex. After
determining in this manner the nature of the extracting species in the
‘dilute extractant, one may extend the study to more concentrated (and
more nonideal) sdlutions, and variations in the extraction can be
interpreted on the basis of changes in activity coefficients and more
compiex interactions in the organic phase.

Another advantage to using dilute solutions is that the solu=-
bility of water in the organic phase is greatly reduced, permitting a
‘much more accurate appraisal of the role of water in the extracting
complex. Also, since the distribution ratios are greatly reduced in
dilute solutions as compared with pﬁre TBP, it is possible to use
very high aqueous—phasevacid concentrations, with their correspondingly
low water activities, and observe the variation in the extraction caused
by reducing the effective éoncentration and coordinating ability of the

water.
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B. Experimental Methoed

1. Reagents

All chemicals were reagent grade and, with the exceptions noted
below, were used as purchased. Acids were diluted with distilled water;
neutral or basic solutions were diluted with conductivity water
(> 7x lO7 ohm). Standard analytical methods were used in all hqueous
concentratibn determinations. Several of the chemicals required puri-
ficétion; the methods used are described in the following paragraph.

The tributyl phosphate (TBP) was washed several times with 0.0k
M NaOH to remove acid 1mpur1t1es and rinsed with distilled water (p¥ = 5)
until the rinse water was of pH 6-or less. The TBP was then dried under
vacuum and stored in the dark over Drierite (CaSOh). The HBr was
saturated with H S5 gas to reduce any Br2 to HBr. Then the solution was
distilled and the fraction boiling between 121 and 129 ¢ (constant-boil-
ing HBr, h?%) was collected. All HBr solutions were made from this
constant-boiling HBr and all were‘kept in sealed amber-glass bottles to
prevent decomposition. The methanol used in the Karl Fischer titrations
| was dried with molecular sieves.

HReOu was not commercially available and had to be made from
KReOu. The method was as follows: 50 g KReOh was dissolved in 6 liters
of HQO and passed through 100 mi of Dowex AG-50 X 12 cation~exchange
resin, which had been previously treated with 500 ml 3 M HClOu and
1000 m1l H . O. The resulting HReOh was evaporated to 100 ml and analyzed;

2 .
the analysis showed the concentration to be 1.7h M HReOLL with < 16

KReOu present.

HAuClu solutions in HC1 were made by dissolving weighed quantities
of Au foil in HC1 + HNO5 '
HC1 and taking up the resultant HAuClh in HC1 solutions of known concen-

tration. These solutions were kept in the dark to prevent decomposition.

, evaporating down to dryness three times with
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Radioactive tracers wefe produced by ifradiatidn of.naturally
occurring.isotoPés in the Livefmore pool-type reactor or -the General
Electric test reactor. KReOu, after irradiation, was allowed to stand
for five days in order -to let short lived products (mainly th 1/2 =
12. b n and Re188, ty /e =17 h) decay, then dissolved .in H,0 to form
a solution approx 10'6 M in KReOLL with a spe01f1c activity of 105
counts/mln/pl. Au foil was dlssolved immediately after irradiation in
HC1 + HNO ,.evaporated dovn to dryness three times with.HCl, and taken

> _
up in O. 5 M HC1 to form a’ solutlon approx . 10 & M HAuC]_LL with a specific

0 counts/mln/ul

activity of: 10
2. Procedure

a. Tracer Expériments

Between 5 and 16 pl of tragér.soiution was injectéd with a
micropipet into.a two—phasévmixturé éonsisting.of equal volumes of
acid solution and. extractant solution(generally ‘5.00 ml of each phase)
in '60-ml glassA§toppered betle. The éamples were shaken on a mechanical
wrist-type shaker-fbr 15 to §Q.min,;transferred to,lé-ml centrifuge cones,
and,centrifuged for three min . Duplicate.ZOO—ml aliquots were taken
from the upper phase, and oné 2.00;m1 aliqubt was taken from the lower
phase, the aliquots being placed in’l-dram screw-cap vials. The vials
were counted with a well-typevNA(Ti)I scintillation counter -and sihgle-
channel pulse—heighf analyzer; the ratio of the counts/min in each phase
(after correction for-backgréund) was taken to be equal to the distri-
" ‘bution ratio for the'tracerv?cid. |
_ A few cOmmeﬁts éoncérningvSOme of the steps given above are in
order. The distribution of a traéer acid‘between an aqueous acid and
"an organic extractent shduld be independenﬁ of the concenﬁration of the
~tracer, 80 leng as that'cdnceﬁtration.is negligible with respect to
both of the macro-concentrations. and the same spe01es is extracting at’all
concentratlonso In the extractlon of HReOu.thls must, of necessity,
be true in the agueous phage, since the macro-acid and tracer -acid are

identical and the conditions of the extraction were such that the
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organic phase had only a few percent of its extractant molecules used

in the extraction in almost every case. This concentration independence
should also hold for HAuClu extracting from HC1 Whenever the HAuCl concen-
tration is < 1% of both the extractant and HC1 concentrations. It was
found, however, that curves of D VZ 1n1t1aluaqueous HAuClh concentration
pass through a minimum between 10 = and 10 M HAuClh, the exact value
depending on the HC1l concentration and the nature (but not the concen-
tration) of the extractant and 1nert diluent (similar noncons1stancy,

but no minimum, has been observed by other workers)EB.Although the
difference between the minimum and maximum of the curve was a factor

of two or less, it occurred reproducibly and necessitated that the
initial aqueous‘HAuClh concentration be kept constant. This was done
elther by using known HAuClu in HC1 solutions (generally 10_5 M) to

which was added a negligible emognt of tracer HAuClu, or by carefully
.adding‘precisely 10 pl of a tracer solution of known concentration
~ (generally 5 x lO_h M HAuClu)‘to,the HAuC1) -free sample, so that the
- .major portion of the data is for aqueous HAuClu either 10 & or lO -6 M
initially. _

The time required for the samples to come to equilibrium 1is
presumably on the order of a few minutes or less, since variations of
the shaking time over the range of .5 to 120 minutes did not produce
significant differences in'distribution ratios. The normal range of

15 to 30 minutes used in these experiﬁents was chosen arbitrarily.

.The centrifugation time was also arbitrarily chosen, since longer

times showed no chahges in the distribufion ratios and tended to promote
evaporation of the organic phase

Since the distribution ratios ranged from 10 -t to th, extreme
care was required to prevent upper-phase contamination of the aliquots
of the. lower phase for eouﬁting. The best technique found was to pass
a steady stream of air through the pipet tip while inserting the pipet
through the upper phase, draw. an excess amount of the lower phase into
the pipet, and allow this excess to flow slowly through the tip while
the pipet was being Withdrawn from the centrifuge cone, at the same
time wiping the outside of the bipet with an absorbent tissue. By use
of this technique it was consistently possible to remove 250-ml aliquots

5

of the lower phase that contained < 1 part in 10” of the upper phase. -
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The well crystal was 1-3/4-in. in diameter by 2 in. high, with

a well 3/h-in. in diameter by 1-1/2in. deep, and gave a very high geometry.
The response time of the counting apparatus was approx 5 psec, which
meant that aliquots of up to:about 2 X 105 dis/min could be counted
with < 2% loss in‘countsa Aliquots were counted for a minimum off 10
counts or 10 minutes, whichever occurred first, but under. no circum-
stances for < 1 minute. :

‘ Tn some cases the inert diluent was found to have an appreciable
distribuﬁion ratlio, even with ﬁb extractant present. This could be
due either to basic impurities’in the solvent or to mechanical occlusion
of the aqueous phase. Tn either case it had to be considered as a
correction factor, and the ratics so obtained were subtracted from

those with extractant present to yield.the'true distribution ratios.

b. Organic-phase analyses

Equal volumes of acid solution and extractant solution were
shaken for one hour in a glassnétoppered bottle. The samples were trans-
ferred to centrifuge cones and centrifuged for 2 to 3 minutes, and the
organic phase transferred to.a 60-ml glass-stoppered bottle. Aliquots
were -taken of the organic phase for acid, water, and infrared analysis.

In these experiments the’organic phase was always a dilute
solution of TBP in CClh. No study was made of extraction vs time,
except that shaking for four hours showed nc change in the distribution
- ratio. Centrifugation timé was not critical except when the two phases
had approximately equal densities, when three minutes or more was some-
times required. Since the distribution ratios were in the range 10~
to 10-5 and the organic phase was the lower phase in almost every case,
the same precautions as in part A were required for clean phase separa-
tions. Owing to the unstable nature of concentrated HBr solutions, it
was necessary tq carry out experimental observations on them immediately
after separation; the HEO’ HNO., , HClOu, and HAuClu solutions showed

little change even after several weeks of standing.
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The acid content of the organic phase was determiﬁed by addition
of a known (excess) amount of 0.Ql000 M NaCH to a two-phase mixture of
the organic aliquot and 10 ml conductivity water, adding three drops
of 0.1% phenol red (pK = 7) and titrating to the end point with 0.01000
M HC1. A blank was run using a dry solution of TBP in CClu of the
same concentration, and the amount of NaOH used for a blank was subtracted
from that used for the samples. The accuracy of this method was * 1%
or * 0.0001 M, whichever was larger, as determined by injecting known
amounts of acid into TBP solutions and titrating as described above.

The water content of the organic phase was determined by the
Karl Fischer method.65 A Dblank solution of 2 to 3 ml dried methanol
and 0.1 to 1.0 ml pyridiné was first titrated by use of the visual end
point, then the organic-phase aliquot was added to the blank and a new
end point determined, the difference between the end points being a
measure of the organic-phase water content. The Karl Fischer reagent
was standardized by the same method, using known water-in-methanol and
water-in-TBP solutions which had been prepared by careful injection of
accurately known volumes of water into dried methanol and TBP. The
accuracy of this method was i'B% or ¥ 0.001 M, whichever was larger.

Infrared measurements were made on a Beckman IR-5 double-beam
recording spectrophotometer, with dry CClu or a dry TBP solution of
the same concentration as the sample used as a reference. Both sample
and reference were contained in matched 2.0- or 1.0-mm cells with CaF2
windows, 0.5-mm cells with AgCl windows, or O.l-mm cells with Irtran-2
windows. The cells were calibrated for quantitative use by comparison
of the absorbance values of the water peaks in spectra of HEO-TBP
solutions prepared by both injection and saturation with the values
given by Karl Fischer titration and from injected concentrations. The
Absorbance values for water in CCluiwere also determined in order that
corrections could be made to the total absorbance and a measure of TBP-

bonded water alone could be ascertained. Water concentrations determined
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in this manner were accurate to * 4% or 0.0003 M. No attempt was made
to do quanitative analysis for acid concentrations, because of the
complexity of the spectrum and the relatively low resolution of the
instrument.

All experimental work was done at room temperature, 23 * 290,

with no apparent changes in extraction occurring over this range.



C. Results and Discussion

3

1. Tributyl Phosphate-Water

The extractant used for the major portion of this study, tri-n-
butyl phosphate (TBP), is less basic than the amines and is known to
extract strong acids with the accompaniment of water. TBP 1s an ester
of phosphoric acid and butyl aicchol, and has the structure

Q
Cqu

C\H0-P = O.

/

CAH9O
There are four basic sites in the molecule, corresponding to the four _
oxygen atoms, but the terminal oxygen atom of the P = o bond far exceeds
the other oxygen atoms in base strength and can thus be considered to
be the principal coordinating site for acidic species (possible exceptions
to this for very high acid concentrations are presented in the section
on concentrated soclutions). Since TBP and the acid anion are both
bases—that is, they both contain electron-donor groups—no significant
amount of coordination would be expected between them and it is assuﬁed
that none exists. ‘

It has been observed by several authors that water has an appre-
ciable solubility in TBP. Since the presence of water in the organic'
phase would have an effect on the extraction of acids, both in terms
of the relative suitabllity of the organic phase for charged species
and in terms of the availability of the TBP for proton solvation (sihce
TBP that is bonded to HEO cannct be used for acid extraction), it was
necessary that the extraction of water alone by dilute TBP in CClu
be investigated.

The equation for the reaction can be written

nTBP + HO = ?ﬁ"ﬁS-HEo (1)
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the superscript bar indicating the organic phase. The corresponding
equilibrium constant is

. (CTBPES merp |11 s ‘ ool
KﬁQO = (nTBP-HQO)/(HEO)(TBP) = [nTBP-HEO]yET§§7ﬁ56/[Hgo]yHEO[TBP] VTEE

(2)

where parentheses signify activities and brackets concentrations. Two

assumptions may be made:

(a) (HEO) = [HQO] Vg o & 1, since the solubility of TBP in

H20 is negligibly smagl;

(b) the ratio /~—— is a constant; since the two species
YnTEP-H,_0/ YTEP
are in dilute solution™in CClu.

The equation then becomes
K o =[nTBP-H O7/[TBP]" ; ‘ (3)
2
2 .
taking logarithms and rearranging yields

log [HEEFTEEGJ =n log [TBP] + log K'Hzo. (L)

Thus if there is some species nTBP'HEO present in the organic phase, a
plot of the logarithm of the organic-phase H20 concentration vs the
logarithm of the equilibrium TBP concentration (that ig, the total TBP
concentration minus n times the organic-phase HEO concentration) results
in a straight line of slope n, where n is the number of TBP molecules
per water molecule in the extracting species.

Organic-phase water concentrations were determined by the Karl
Fischer method for water-saturated TBP solutions that range from 0.1
to 60% by volume (0.00316 to 2.20 M) in CCl, (Table I) and the results

plotted (after subtraction of the HQO dissolved in CClh), as described
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above, in Fig. 1. It is seen that a straight line of slope n = 1.0 is
obtained from 0.003 to 0.1 M equilibrium TBP, implying the existence

of the species TBP-HQO throughout, and presumably below, this region.
From the polar nature of the two species involved, the bonding presumably
takes place through one of the protons of the water molecule to form a

moderately strong hydrogen bond, giving a structure such as

Buo.
BuO - P =0 --- H— Q .
BuO H

In TBP concentrations of > 0.1 M, outside the region that may
properly be called "dilute", the line curves upward, indicating a
greater relativq-uptake of HEO'by the more concentrated sdlutiens- -Thils chenge in
slope suggests either the presence of some new, more.highly hydrated
species or some other breakdown of assumptibn (b) in that the ratio of
the organic-phase aétivity coefficients is no longer constant. The
behavior of ‘water in these more concentrated solutions is suggested
in a subsequent portion of this section, where the infrared spectra
of such solutions are discussed.

In the region below 0.1 M (corresponding to "< 3% by volume

TBP), Eq. (3) is completely applicable for n = 1, and K'h o = 0.15.
In making the subtraction for the solubility of H20 in CC%M’ it was
assumed that the water dissolving in CClu was completely independent
of the water dissolving in TBP, so that the correction was merely the
solubility of water in pure CCl) (0.0099 M) times the mole fraction
of .CC1.

In an effort to determine the reasons for the deviation from
the straight line at higher TBP concentrations,vand also to aid in the
interpretationAof-the acid-extraction data, a method was developed for

determination of HEO concentration in the organic phase by infrared
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Fig. 1. Variation of water content of organic phase (CC14 diluent) with
TBP concentration, corrected for solubility of H O in CCl 3 A
Karl Fischer; @ , 2.72-p peak; A, 2.90-u peak.
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analysis. The wave lengths of the absorption peaks of water in the range
2 to 16y are shown in Table II for HEO in several different physical
states. Of those wavelengths listed for H2O in TBP-CClu solutions,

only those at 2.72 and 2.90u were suitable for quantitative study,

the others being either too small, or, in the case of the 6.17-p peak,
too susceptible to interference from CClu, TBP, or hydrogen-bonding
absorbances; discussion of the changes in the peaks is limited to those
given.

-~ It will first be noted that the locations and absorbance ratios
of the two peaké are nearly identical for gaseous HEO and HQO dissolved
in CClu, indicating for both cases that only the monomer is present and
there is no hydrogen bonding. When HQO is extracted into dilute (< 0.1
M) TBP in CCl), however, there is a shift to higher wavelength, or
lower energy, in both peaks, and the peak-height ratios have changed
from 2.70:2.75 = 4 for the ratio of 0.5 for 2.72:2.90 (Fig. 2). Both
the shift and change in ratio can be ascribed to the formation of the
hydrogen bond (see structure p. 20) which weakens both O-H bonds and
also enhances the symmetric stretch at the expense of the asymmetric.
In order to ascertain whether all the peaks observed in the TBP—HEO
O, spectra were

spectrum and ascribed to H. 0 were actually due to H

taken of HDO- and DQO—satufated TBP. The neW'peaksgwere shifted in
wavelength from those given for the monomeric HDO and DEO by the 22m27
factors as the HQO-TBP peaks were shifted from the monomeric HQO' ?
The absorption spectra were taken of the previously described
0.1 to 60% TBP in CClu solutions and the quantitative results for HEO
concentration from both the 2.72-and 2.90-p peaks are shown in Fig. 1.
It is seen thaf both peaks and the Karl Fischer analysis agreed quite
well so long as the TBP concentration remained below 0.1 M. However,
the values given by the two peaks diverged above 0.1 M, the 2,90-p peak
value going as the Karl Fischer value (i.e., showing total water),

while the 2.72-p peak values continued along the line of slope n = 1.
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Fig. 2. Infrared spectra of (a) H,O-saturated CCl4 (b) H,O-
saturated 0,128 M TBP in CCI,, (c) ) H,O-saturated 2, 11 MTBP
in CC14, (d) liquid H>0 film,
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From the various considerations given above, it can be concluded
that the 2.72-p peak represents the -0-H stretch for a noh—hydrogen-
bonded proton, since it is higher in energy, does not account for the
total water content in concentrated TBP-HEO solutions, and is less
affected by hydrogen bond formation. Also, as will be seen in a sub-
sequent section, it is unaffected by the presence of acid in the organic
phase. On the other hand, it was concluded that the 2.90-p peak repre-
sents the hydrogen-bonded -0-H stretch, since it is at a lower enefgy,
reflects the total water content at all TBP concentrations, and is
greatly affected by the formation of hydrogen bonds. Also, it is very

~responsive to acid in the organic phase. Similar conclusions have been
reached by other workers for intramolecular hydrogen bonding in diols.68’69

On application of these conclusions to the concentrated TBP-H_O solutions,

2
it appears that above 0.1 M TBP water is able to form complexes contain-

ing more than one H20 molecule, such as

i
0 -H
|
I
i P
|
(BuO)5P=O - tH-O0 , (BuO)5P=O --~-H-0--H, or
i
(I)—H-—O—H-——O=P(0Bu)5
|
1
(BuO)5P=O -—-H -0

The main conclusions that can be drawn from the behavior of
H2O—TBP solutions is that in order for the advantages of dilute
solutions to be retained the TBP concentration must remain below a
few tenths molar, and most desirably below 0.1 M. 1In all the acid-
extraction studies in subsequent sections of this work the TBP con-
centration was 10% by volume or less, corresponding to equilibrium

concentrations of 0.3 M or less.
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Although it was realized that the higher concentrations ot -this
range are not ideal solutions, it was felt that the large increase in
extraction afforded by the greater TBP concentration more than over-
balanced the slight loss in ideality. 1In all cases, enough points
were taken inside the ideal range to allow good extrapolations up to
0.3 M TBP, and no appreciable differeﬁces between extrapolated and

actual points were noted.

2. Tributyl Phosphate—Acids

The general equations for the extraction of a strong acid HX

by TBP can be written as

+ — .
H +X +nHO + nTBP = nTBP-HX-WH0 (5a)

if the organic species is molecular or

= nTBP-H' -mE0....X"

+ - ———
'+ X 4wl O + nTBP (5b)
if the organic species is ion-paired, ox
+ - —_— e =
B + X +mH0 + nTBP = nIBP-HT-H 0 + X (5¢)

if the organic species is completely ionized, where for all three

- equations the superscript bar indicates a species in the organic: phase

and agueous ion hydration has been omitted. The corresponding equi-

librium constants are

(nTBP ‘HX -1H,0) [nTBP'HX'mHeo]VnTBP-Hx.mHQO

KHX N : m N tro- m m n n s (62)
o (Ex) (H,0)(TBP) BV gy (80T g oFBPT Y gp
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+ -
(hTBP-H+-mH20.U.X_) [nTEP-H 0. X ]YnTBP-H+-mH20...X‘ (60)
K = = ’
HX m , n +o - ; m m —-l’ll’l____»_
(mX) (HQO)‘ (TBP) (B 1[X ]VHX[HQO] yHEO[TBP] Vg
i T, -
(nTBP-H+-mH20...X') [nTBP "} H0]1X JYnTBP«H+-mH20-X‘ o)
KH = = B) (C
X Am n oot - o m NN ¢ i o
(Hm méa(ww) (H HX]%MU%O]yHéﬂmw]yﬁ§

where parentheses indicate activities and brackets concentration.
Several simplificationé may be made in the above expressions.
Since the only épepies present in the agueous phase are the acid HX
gnqithe water, (HX)(HEO)m: [H+]{X_]VHX[H20]mW§20 mey bewritten as a'yys
the corrected agueous phase activity, which can be determined by using
the agueous-phase concentrations, the H20/H+ ratio (m) in the organic
phase, and standard tables of activity coefficients. Since the number
of the organic-phase specieslcontaining X~ is the same as the number

of species containing H+, it is possible to set each of the expressions

[nTBP-HX-mH 0], [nTBP-E' -mH 0...X ], [nTBP-H-mH,0], and [X ] equal to

a quantity [H*], the amount of acid in the organic phase, which can be
expefimentally determined. There is also one assumption that must be
made. Very little is known concerning activity coefficients in organic
solvents, especially for extracted inorganic species. The best approx-
imation that can be made is to assume that for dilute organic phases

the ratio of activity coefficients of the two species present, i.e.,

n n n
WhZBPoHX-mHEO Nesp WnTBP-H*meQO....X‘/ YTpps OF WnTBP°H+.mH20=X-/WTBP,

is a constant.
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Two other assumptions are implicit in the derivation of these

equations. The first is that the extracting anion in Eqs. (6b) and
(6c) is unhydrated and unsolvated, which is almost certainly true for
nonprotonated anions, as shown in the introduction for the extraction
of ionic species. The second is that the extraction of water by TEP,
as discussed in the previous section, takes pdace concurrently with
and independently of the extraction of acid. Evidence that this is
true is presented in a subsequent portion of this section. v

_ By using the simplifications and assumptions given above, it
is possible to rewrite Egs. (6) as . ' '

K ='£Eilzn (7)
HX [TBP]. E'HX,

where y has a value of 1 for a molecular or ion-paired extracting species
and two for a dissociated species. By holding [Eﬁ?] constant and
determining the dependence of [ﬁ+] on E'HX’ it is possible to evaluate
y. Teking logarithms of both sides of Eq. (7), rearranging, and combin-

ing constants results in
T _ 1 tt .
y log [HT] = lgg 8 'y + 208K 'y (8)

and a plot of log [ﬁ*] vs log a' should yield a straight line of

HX
slope l/y. ‘
The above procedure has been carried out for the three acids
HClOu, HBr, and HNO, extracting into various concentratioﬁs of TBP in
CC1), (Tables III-IX), and it can be.seeh in Figs. 3, 4, and 5 that all
three yield a straight line of slope 1.0, which gives y in Eq. (7) a
value of 1. This indicates that the extracting acids are either un-
ionized or are ion-paired, an: altbéether reasonable conclusion, since
the low dielectric constant of the‘001u solutions would tend tb repress

and dissociation in the organic phase. These results are also in agree-

ment with those .obtained by Hesford and McKay7O for HClOM’ the strongest
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Fig, 3. Variation of acid content of organic phase ( CCly diluent)
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Fig, 4. Variation of acid content of organic phase (CCly diluent)
with a';.n  (see page 26) for equilibrium TBP concentration.
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of these three acias,in dilute TBP in benzene solutions. These workers
found that the dlssoc1atlon as measured by electrlcal conductivity was
negligibly small in TBP solutions of a few tenths molar or less, although
HClOu in pure TBP was almost completely dissociated.

One of the condltlons set forth in the derivation of Eq. (8) was
that the TBP concentratlon be held constant. §So long as [H+] 1s less
then 1% of [TBP], and so ldhg as (HQO)vig within a few percent of 1.00,
this condition will be reasonably well obeyed. However, the three
acids under consideration all extract well enough and all attain high
enouéh agqueous concentrations to exceed the limitations given, and
corrections must be made in'[ﬁ*j which reflect the decrease in [TBP].

The simplest method of correction is to choose some arbitrary equilibrium
TBP concentration, generally the largest one in a given set, and cal-
culate what LH+j would be if all the [TBP] values were the same as the
. chosen one. For reasons made apparent in subsequent portions of this
section (see p. 32), the relationship in the cases of HClOLL and HBr
has the form

[ = @?—5- , (%)

‘ [TBP]

whereas that for HNO_ is

—. ! [ET)|TER]

TP | (9v)

=
[

The points plotted in Figs. 3-5 contain these corrections, and
the adherance of the corrected points to the line whose slope 1is determ-
ined by those points whose correction was negligible indicates that the
felationships in Egs. (9) are the appropriate ones to be used. It is
worth mention that the points associated with the largest [ﬁ+]t values
have corrections that range from only a few‘percent all the way up to

a factor of 10.
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Now that Eq. (7) with y = 1 has been established as the correct
representation of the extractioh, it méy'be put to further use.in
determining the dependence of the extraction on TBP concentration. By

holding a' constant whiie [TBP] varies and going through the same pro-

cedure .as Eied to derive Eq. (8),'one'obtains the expression
log [E*] nlog [TBP] + log K H HX (10)
and a plot of log [HY] vs log [TBP] should yield a straight line of
Slope n. | E | | '
Tt must be reiterated that [TBP]is the equilibrium TBP concen-

tration, and does not include the amount of TBP bonded to H.O or, more

importantly, included in the extraoting_complex;' The corregtion for
'TBP-HEQ is relatively small and is discussed more thoroughly in Section
I.C.5. The correction for acid-complexed TBP is determined by noting
that'each molecule of acid that extracts involVés'h molecules of TBP;
by- determinihg n for those cases in which [ﬁi]’is less than 1% of
[TBP] the magnitude of the correction for any [H*] can be assessed,
since it is merely n[H']. Corrections made by using these two factors
yielded straight lines of slope n until at least 80% of the total TBP
was incorporated into the bonding of the extrécting species; moreover,
corrections using n + 1 and n>— 1 for HCth and HBr did not yield the
corresponding slopes. S

Log [ﬁ*] vs log [TBP] is plotted in Fig. 6-9 for HClOu; HReOu,
HBr, and HNO_. The slopeS’obtainéd are 3.0 for the first three acids
and 1.0 for’gNOB. It must be noted that the data for HReOLL were obtained
in a different manner and by using a different inert solvent than for
.the other‘fhree acids (Table'X) It was desired to extend the extraction

to lower ac1d concentratlons for HClOu, and in order to do this the

extractlon of HReOu --.a homologous acid w1th an ionic structure
and size similar to HClO but dlfferlng 1n that is has a convenlent
radioactive tracer (Rel8 , 1/2 = 90hr) -- was studied for TBP dissolved

in octane. The advantages of octane are twofold. First, its low density
causes it to be the upper phase when the phases are separated, so that
it is not necessary for the pipet to pass through the much more radio-

active aqueous phase in order to remove a sample of the organic phase
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Fig, 6. Variation of acid content of organic phase (CCl, diluent)
with equilibrium TBP concentration for aqueous HCIO, con-
centrations of : M\, 1,69 M; W, 2,64 M; ¥, 3.40 I\%;

@ ,407M ® 469M; @, 5.05M & , 5.92 M;
¥, 6.94 M. All lines drawn with slope 3.0, -
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Fig. 7. Variation of acid content (as measured by HReO
tracer) of organic phase (iso-octane diluent) with equilibrium
TBP concentration for aqueous acid concentrations of: @ ,
- 0.109 M HReOy4; ¥, 0.217 M HReOy; @ , 0.435 M HReOy;

®, 0.87'M HReOy; B, 1.74 M HReOy; A, 1.63 M HC1Oy4.
All lines drawn with slope 3.0. -
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Fig. 8. Variation of acid content of organic phase (CCl, diluent)
with equilibrium TBP concentration for aqueous HBr concentra-
tions of: 4§ , 3.21 M; @, 428 M; 9 , 5.17TM; d, 5.57T M; @
6.07M; @, 6.48 M7l , 7.12 M; &, 7.50M ; @, 8.08 M; ™

v, 8,53 M. ‘All lines drawn with slopes 3.0.
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Fig. 9. Variation of acid content of organic phase (CCl, diluent)
with equilibrium TBP concentration for aqueous HNO3 con-

centrations of: @, 0.202 M; [l , 0.501 M; 4, 1.003 M;

¢, 2.02M; v, 2.93 Ma, 3.95M;» , 496 M; @ , 6.05 M.

All lines drawn w1th slope 1.0.
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as it must when CClh is used as the inert solvent. Second, and more
important, the distribution ratios for strong acids increase roughly
20-fold when CClh is replaced by oétane.' By multiplying the distribution
ratio . by the aqueous acid concentration, the organic acid concentration
[ﬁ+] is obtained, so that Eq. (10) may be used to evaluaté n. The
similarity of HCILOlL and HReOu can be seen in Fig. 7, where the replace-
ment of 1.7h M HReOl1L by 1.63 M HClOu yielded essentially no change in

the extraction behavior of HRél86O

I tracer.

An extensive series of experiments was also done on the extraction
of tracer HAuClLF and HAu.fBJ:'lL out of HC1l and HBr -into TBP with & variety
of inert solvents. In these experiments, HAuClu and HAuBrh were 1in
general on the order of 10-5 M while theHCl concentrations were 2, 6,
and 10 M and the HBr concentrations were 1, 2, 4, and 6 M; and the
experimentally determined quantities were the distribution ratios,

D, equal'to counts/min in the orgenie phase divided by counts/min in

the agueous phase. Analysis of the organic phase showed the H:Au:Cl.
ratio to be 1l:1:U4, indicating that HAuC1,), (and analogously HAuBru) was
the only acid.species extracted. Under these conditions, and assuming

an ion pair for the extracting species, Eq. (6b) becomes, for example,

(nTBP-H+-mH£O. . .AuClL;)‘

H') (auc1), ") (B,0)"(TBP)"

+ -
lhTBPH -mH,_O...AuCl, ly =2 —
2 4 "nTBP-HT -mH,0.. .AuCl) ~ - (11)

+ - - m —_— Il T
[ Ty LGy Iygcy, - [0 711:1120 [TBP Y e

In addition to the assumption .made -in the derivation of Eg. (7)
concerning the constancy of the ratio of organic-phase activity coeffi- -

cients, several simplifications in Eq. (11) can be made. Since HC1
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extracts very poorly, [H+]yH+ [Hgo]myg 0 is constant for a given HC1
) .

concentration. Also, since HAuCllL is in such dilute concentration,

- : , +
oy - is very close to being constant for a given [H ]. The ratio

[nTBP-HmeQO....AuClhf}/[Au01hf]:is merely D, the distribution ratio.
Since the concentration of acid in the organic phase is small compared
‘with the TBP concentration, [TBP] is proportional to the total TBP
concentration, [TBP] being reduced by -a constant factor related to the

water act1v1ty and KP O in Eq. (2)

When these various considerations are applled to Eq (ll), the

resultlng express1on is

~
KﬁAuClu =TT (12)

with a similar equilibrium expression for K!' . Taking logarithms,

log D = nlog [TBP] + 1OgK'HAuClu s (13)

and a plot of log D vs log [TBP] should yield a straight line of slope

n and thus give the dependence of the extraction on.TBP céncentratipn.
- Such plots are shown . in Fig. 10-13 for HAuC1) extrécting from 2, 6,

and 10 M HC1l into TBP in iso-octane, xylene, and CClu (Tables XI to XIII)
and HAuBru-extracting from 1, 2, 4, and 6 M HBr dinto TBP in xylene

(Table XIV); the slopes are seen to range in value from 2.5 to 3.2.

The tendency for_the slopes for the higher HCl concentrations

(6 and 10 M).to fall below 3.0 has its explanation in the assumption
that the extraction of HC1 is negligibly small. Although this is
certainly true in 2 M HC1 (where [H'] w~ 1077 M for 0.15 M,TBP) the
extraction has started to become apbreciable ([ﬁ+] ~ 0.0005 M TBP,
.corresponding to the complexing of 0.0015 M TBP or about 1% of the

total TBP) at 6 M and is actually quite large ([H+] 0.01, corresponding
to a 20% reduction of [TBP]) at 10 M. Since the effect of lowering [TBP]
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Fig. 10. Variation of distribution ratio of HAuCl, with total TBP
concentration (in iso-octang) for initial aqueous concentrations
of: @ 2.0M HCl, 8xl10-

HAuClg; B 6.0M HCl, 1xXT0-6 M AAuCl,; ¥, 6.0 M HCI,
1X10-5 M HAuClg; ., 10.M HCl,—l‘XIO“SiA HAuCl,.

MHAuCl,; 4, 2.0 M HC1, 1x10-5M
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Fig. 11. (a) Variation of distribution ratio of HAuCl, with total
TBP concentration (in xylene) for initial aqueous concentrations
of: v, 6.0 M HCl, 2x10-" M HAuCl,; €, 6.0 M HCI,
1x10-® M HAuCl,; @, 2.0 M HCL M, 6.0 M HCL
A, 10 M HCI; lower scale,” 1Xx10-> M HAuCly; upper scale,
1X10-% M HAuCl,. _(b) lower scale, 1x10-3 M HAuCly;
upper scale, 1x10-2 M HAuCl,. - :
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12. Variation of distribution ratio of HAuCl with total

TBP concentration (in CCl,) for initial aqueous concentrations
of: @ , 2.0 M HCl, 2x10-6"M HAuCl ; ¥, 2.0 M HCI, 1x10°5M
HAuCly; @, 6.0 M HCI, 1xTo-6 o-é < 6‘GMH01 -
1><10'5 MHAuCl ; A, 10 MHCI, 8><1 MHAuC14, , 10 M HCI1,
1X10-5M HAuCl,. -
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Fig. 13. Variation of distribution ratio of HAuBr, with total TBP
concentration (in xylene) for initial aqueous concentrations gf:
®, 1.1 M HBr, 1x10-5> M HAuBr ;g , 2.0 M HBr, 1x10°° M
HAuBrg; 4, 4.1 M HBr,” 1x10-> M HAuBr,; ¥, 6.3 M HBr,
‘1x10®°M HAuBr,. - —
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is & greater lowering of D, the effect is to make the K's in 10 M HCl
fall below their expected values by a factorvof‘2lor more for the
most concenfrated TBP sclutions, with the rapid reduction.in HC1
extraction (@[E@E]B) causing this effect to diminish, and the D's to
become closer to the expected values, as the TBP concentration is
reduced. The effect is even more apparent in the 6.3 M HBr system
(Fig. 13), since HBr extracts better than HC1.

This problem could be avoided in some cases by doing the
extraction from a 6.0 M LiC1-0.1 M HC1l agueous phase. .The results of
such an experiment are listed.in Table XV and shown in Fig. 1L, and it
is seen that good results are achieved in iso-octane solutions of TBP

(slope -3.2), whereas no improvement is noted in the CCl), solutions
(slope 2.5).

Experiments similar to those above were carried out for HReOu
tracer extracting out of 2 .and 6 M HC1 into TBP in iso-octane solutions
(Table XVI) . The results may be seen in Fig. 15 and &gain a 'slope
of 3.0 is obtained for TBP concentrations below 0.3 M.

As a further extension of the extraction system, and a con-
Jjunction with some studies being made by other workers in the group,
extractions of HAuClu and HReOh out of HC1l were made into tri-octyl-
phosphine oxide (TOPO) which was dissolved in iso-octané in the case
of HReO) (Table XVI) and CC1), in the case of HAuCl) (Table XVII).
Equation (12) may be used to represent the extraction, provided [TOPO ]
is substituted for [TBP]. The results of plotting log D vs log [TOPO]
for these systems are shown in Figs. 15 and 16, and again slopes near,
but usuvally below, 3 are found. The lowered values of the-slopes can
again be ascribed to the extraction of HCl, which, because of the greater
basicity of TOPO, extracts from a 2 M solution to give a value of
[ﬁ*]-: 0.005 M for 0.1 M TOPO, corresponding to 15% of the total TOPO
and because of TOPO's greater extraction of water([ﬁga] ~ 0.35 [IQEQ])71
to 25% of the actual equilibrium TOPO before extraction. o

-
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Fig. 14. Variation of distribution ratio of HAuCl, with total TBP
concentration from 6.0 M LiCl-0.1 M HCI solutions, 1%X10"° M -
HAuCly initial aqueous concentration, using inert diluents:
B - CCly ®, iso-octane.
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15, Variation of distribution ratio of HReOy (initial aqueous
concentration 1><10"6 M) with extractant concentration (in
iso-octane) for extractants and aqueous acid concentrations of:
lower scale, TBP;l, 2.0 M HCl; a, 6.0 M HCI; upper scale,
TOPO; ®, 0.20 M HCl. -
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Fig. 16. Variation of distribution ratio of HAuCl, with total
TOPO concentration (in CCl,) for initial aqueous concentrations
of: ¥, 0.05M HCl, 1x10°° M HAuCl,€ , 0.20 M HCL,
1x10-5 M HAuCl;@, 0.05M HCIL, 2x10-6 M HAuCl,;
®, 0.20 M HCl, 1x10-6 M HAuCl,; 4, 0.20 M HCI, 2X10-6M
HAuCly. o o -
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3. Tributyl Phosphate—Acid—Water

The most sﬁriking observation to be made concerning the extrac-
- tiom of all the strong acids used in this study (excluding HNO ) is
the uniform value of 3 for the slope of log- (H ) vs log [TBH or log
[TOPQ and.thus for the TBP/H and TOPO/H ratios, independently of the
nature of the inert solvent and of the acid anion. This gives a very
strong indication that the species being extracted in every case is
some form of trisolvated hydronium ion as discussed in Section I.A.2.

22,5%,70,72-86

The one exception, HNO has been extensively 1nvest1gated

;
and has been. found to 2xtract into TBP as the und155001ated molecule,
forming a ;one-to-one complex -in dilute HNO solutlons and higher complexes
in more concentrated ones (iie., 2 to L HNO5/TBP), and would thus not

be expected to exhibit the slope of 3. -.

In order to further test these theories concerning hydrogen ion
extractlon the B, O content of the organic phase, and more particularly
the H O/H ratio, was investigated for HClOu, HBr, and HNO5 extratcting
into TBP -CC1), solutions (Tables ITII- IX). Plots of the organic-phase
water content (corrected as discussed below) vs the organic phase acid
content are shown for HC10), and-HBr-inFigs. 17-18. Only a negligible
amount of water (_HEO/H+ < 0.1) was found to extract with HNO5 into
TBP so ;ong as the organic-phase TBP/HNO5 ratio was > 1 (Tab}e IX);
the behavior beyond this point is duscussed in Section I.C.kL.

In order to obtain the amount of H2O actually associated with
the proton it was necessary to subtract fnom'the total amount of the H20
present (as determined by Karl Fischer titration) the amount dissolved
by the CClh and the:amount eontained«in the‘TBP-HQO complex. .The HEO
in CClu is determinedi-as in the previously described TBP—HEO case
(page 20) except that the decreasing activity of H20 in the aqueous

phase must be taken into account; thus the correction is °

0.0099% Nccuhx (HQO).
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Fig. 17. (a) Variation of water content in the organic phase (CCl
diluent; M H,O does not include water dissolved by CCly or
complexed as TBP- H,O0) with acid content in the organic phase
as the aqueous HClO4 concentration increases for total TBP
concentrations of:&, 0,366 M. (b) @, 0.128 M;@ , 0.0641 M;
&, 0.0384 M. - - -
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Fig. 18. Variation of water content in the organic phase (CCly
diluent; M H,O does not include water dissolved by CCly
or complexed as TBP: H,O) with acid content in the
organic phase as the aqueous HBr concentration increases
for total TBP concentrations of: &4, 0.366 M; g, 0.183 M;
@, 0.0915 M. - -
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The TBP-HZO concentration can be determined in a similar manner
from Eq. (2) by using [TBP] = [IBP] - [TE?Tﬁgﬁj - 3[H*]. It was found,
however, that equally good results could be obtained by using infrared
anaylsis of the organic phase. The observation that led to this dis-
covery was that as the acid concentration in the organic phase increased
there was a corresponding decrease in the absorbance of the 2.72-p peak,
until at a TBP/H+ ratio of 3 the peak completely disappeared. It has
been shown in the preceding section that the extracting speciles has
the same ratio, thus it is reasonable to conclﬁde that when this limit
is reached all or nearly all of the TBP is. involved in the extraction,
leaving little, if any, TBP to form TBP-HQOn Since this limit also
marks the disappearance of the 2.72-p peak, its absorbance was assumed
to measure the amount of TBP'HEO in the solution. On‘the‘other hand,
the 2.90-p peak continued to grow as more acid was extracted, suggest-
ing that it was measuring the hydrogen-bonded water that was extracting
with the acid, although no quanfitative relationship between the Karl |
Fischer values and those given by the absorbance of the 2.90-p peak
could be determined.’

The assumption concerning the correspondencé between the 2.72-p
peak and TBPoH2

TBP solutions, described in Section I.C.1, where the absorbance of the

0 is supported by the behaviof of the water-saturated

2.72-u peak measured only that portion of the water in the organic

‘phase which could be accounted for by Eq. (2), i.e., only the species
TBP~H2On The calculated and spegtral values, for'TBP'HZO generally diff-

.~ ered by less than 10%, and since the magnitude of this correction becomes
smaller as the acid content increases, the accuracy was sufficient to

give good Valﬁes.for'HQO/H+. It must be noted that for the lO%

(0.36aM) TBP (Fig. 17a), it was necessary to make an additional correction
fo,thengQ values in order to make the HEO/H+>1ine pass through the
origin. The size of this correction was very close to the difference
between the Karl Fischer and 2.72-p values in Fig. 1, providing

furthéf-éVidence of the relationship between the 2.72-p peak and TBP-HEO.



This "excess" water was considered, for purposes of correcting the
total water conteht of the organic phase, to decrease in the same
manner as TBP'HQO.

A plot of the initial slopes of the lines in Figs. 1l7a-b vs
the total TBP concentration is shown in Fig. 19. Extrapolation of
the curve to 0% TBP yields an H20/H+ ratio of 1.0, i.e., H50+. This
behavior is reasonable, since as the TBP concentration is lowered the
nonpolar CClu would tend to discriminate against the more highly
‘hydrated and more polar species in favor of a symmertical, TBP-shielded
species, in effect enhancing the basicity of the TBP. Further evidence
for such a possibility is given by the behavior of the more basic tri-
octylphosphine oxide (TOPO), which extracts the hydronium ion exclusively

as the species 3 TOPO:H O+....Ctha over large ranges in both the TOPO

and acid concentrations?71
Extrapolation of the curve in Fig. 19 toward higher concentrations

indicates that a vaiue somewhat above 5H20/H+ is being approached for

pure TBP, although drawing conclusions for such concentrated solutions

from so few data is not justified, especially in light of the nonideal

nature of such solutions. All that can be stated is that the value of

4 which was guoted ﬁreviously-is not unreasonable; and since it is

definitely the hydronium ion which is extracting, trihydration of that

ion in such a hydrophilic solution as pure TBP is certainly possible.
Several pieces of information have been presented for the

extraction of a strong (completely dissociated) acid HX into TBP in .

CClu solutions. First, there are 3 TBP molecules per hydrogen ion. ‘

Second, there are between 1 and L HEO molecules per hydrogen ion, the

amount depending on the TBP concentrations. And third, the species is

an ionypair. On the basis of these'considerations, a possible structure

for the extracting species that can be formulated for very dilute . TBP

solutions (< 1%) islthe hydronium ioh,hydrogen—bonded to a solvation

shell of three TBP molecules,
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Fig. 19. Variation of initial H O/HC104 ratio in the organ1c
phase with total TBP concentration.
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where Rvis the buyoxy group,vChH9O. As the TBP concentration rises, H2O
molecules are able to enter the species and act as bridges between the
hydronium -ion protons and the TBP molecules, until for very concentrated
TBP solutions the hydronium ion is quite possibly surrounded by. a
complete primary'HEO shell of three molecules, which is-in turn hydrogen-

bonded to three TBP molecules as a secondary solvation shell:

R_PO.
3T
Hy H\O/H
A )
- Y | i
y \ /
RBPO’ No
!
H
!
O -H- - - OPR
| 3
H

The extracting SPecies can thus be written, in the general:case,

- -
as [5TBP-H50~. (m—l)HQO----X ],.where m is between 1 and L.
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. Concentrated Solutions

_Sinée the extracting‘sﬁecies have 3 TBP/H+ for’HClOLL and HBr
-and 1 TBP/HNOB,,it might be concluded that there would be no more
extracting once the stoichieometric ratio equaled the extraction-species
ratie. It is found, however, that the extraction continues beyond this
point for all three acids, although a marked change in the character-
.istics of the extraction occurs. Taking the two types of systems
separately, because of the differing manner of extraction,ohe can make
a limited analysis of this behavior.

- The foregoing section hasdealt with the case in whiéh the

extraction takes place as shown in Egs. (5) and (6),”Wﬁere n =3,
m = 1.4 to 2.5, and the species 1s an ion pair. It .is found, however,
that HClOu,extracts-into TBP even after the organic-phase hydrogen. ion
. concentration becomes greater than 1/ of the TBP concentration, and in
fact it extracts up to and a small amount past the  point where| ﬁ*] =
[E§E]I(Figm 17).. In order for this to occur there must be a change in
the extracting species when the stoichiometric ratio TBP/H+ drops
below 3. An indication'that'thisvis the case is seen in Fig. 20,
where log [H*] is plotted vs log (HCth) for four different total TBP
concentratiens; it may be noted that the break -in each curve occurs

at a TBP/H'+ ratio of . 3. Other experimental data that support this
change are thq_decrease in the HEO/H+ ratio, as seen in Fig. 17, and
the decrease in slopes when log [H'] is plotted vs log [TBP] for
~increasing aqueous HClOu concentrations (Fig.-21).

It must be realized that in the region where the ratio TBP/H+
goes below 3 Egs. (5) and (6)1n6 ionger apply, and dilute-solution
calculations such as those done in the previous section cannot be
made. Thus any statements about the species present must be.inferred
from the total (stoichiometric) concentration of each component, unless
a different species is identified and defined by some spectroscopic
-method. With this kept in mind, it is §ti11 possible fo make several
qualitative statements regarding ‘the region of high aqueous (and organic)

acid concentrations.
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Fig. 20. Variation of acid content of organic phase (CCl
diluent) with aqueous HClO, activity for total TBP con-
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Fig. 21. Variation of acid content of organic phase (CCly
diluent) with total TBP concentration for increasing
aqueous HClO4 concentrations of (from bottom to top):
'1.69, 2.64, 3.40, 4.07, 4.69, 5.22, 6.08, 6.50, 6.94,

~7.47, 8.76, 8.92, 9.73, 10.5, 11.2, 11.6, and 12.5 M.
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At very high external HC10) concentrations (approx. 10 M)
the H O/H ratio in the organic phase starts dropping very rapidly
and approaches O for. the highest [H+] (Fig. 17).  When the external
acid is 11.6 M, the TBP/Hnﬂ ratio is exactly 1.00 over a TBP concen-
tration range of 10° (Fig. 21). Thus the stoichiometric ratio -of the
components yields TBP'H+-ClOu--as the extracting species at these
-very high acid concentrations. An interpretation of this behavior - is
that the greatly reduced H20 activity (< 0.05) allows TBP to compete
more favorably as a base for the proton and, in fact, to become  the
-primary solvating molecule (This would be very similar to the case
of a more basic trlalkyl amine forming an ammonium salt.) B The - species
can then be written TBPH ..... C10), . A

For the e§traction from 12.5 M agueous HCth-intO'5.5% and
10% TBP the TBP/HT ratio actually falls below 1.0. This may be due
to extra HCth present in the organic phase as an ion association with
TRPH ClOu

it -is due to the attraction of the proton to the ester oxygens of the

" and not bonded directly to TBP. More likely,. however,

TBP, since their relative basicity has been enhanced by the reduction
of the HQO‘activity to the point at which they too may compete as
solvating groups in the organic phase.

It is difficult to determine what other species are present in
‘the transition region between 6 and 10 M agueous HCth. From fhe fact
that the water concentration remains relatively constant (Fig. 17) it
appears that some kind of hydrated species of lower TBP content than
the previously considered 3TBP- H5O - (m- 1)H 0. Cth_ must be present;
possible examples of such spec1es include 2TBE- H50 H 0. .Cth 5
2TBP-H5O+G..,Cth_, TBP=H5O c:lolF , and TBPH "HO. . ;ClOu-.

Owing to limitations of solubility, stability, and volatility,
HBr was not carried beyond 8.5 M in.the aqueous phase, corresponding
approximately to ﬁhe BTBP/H+ limit in the organic phase. 'FQr-the few
points where this ratio goes below 3, the behavior.of HBr was similar
to that described above for HC10) with regard to the HQO/H+ (Fig. 18)

and [H Y(8X)(Fig. 22) curves and the plot of [Ht] vs [TBP] (Fig. 23).
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Fig. 22, Variation of acid content of organic phase (CCly
diluent) with aqueous HBr activity for total TBP concen-
trations of: @, 0.0366 M ;jj§ , 0.0915 M; &, 0.183 M;
€ , 0.366 M. - - , -
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Fig. 23. Variation of acid content of organic phase (CCl,
diluent) with total TBP concentration for increasing
aqueous HBr concentrations of (from bottom to top):
1.08, 2.14, 3.21, 4.28, 5.17, 5.57, 6.07, 6.48, 7.12,
7.50, 8.08, and 8.53 M.
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It is rather more difficult to make an anylysis of the extrac-
tion of HNOj beyond the one-to-one-pdoint. The nature of the extraction
is certainly changing, as can be seen from the plots of log [H'].vs.
(HNOB)(Fig. 2lk) and vs log [TBP] (Fig. 25). However, the characteristics
of the extraction in terms of its dependence on the TBP concentration
remain essentially-the same, even ‘though the HNO5 conqentration in the
organic phase reaches a value twice the TBP concentration when the
external (aqueoﬁs) acid 1ls 16 M.

" The mo;t reasonable conculsion that can be made. is that the HNO3
is co-ordinating with the ester(butoxy) oxygens of the TBP, in spite of
their very weak basicity. At first appraisal, such co-ordination would
not be expected, since the much stronger acid HClOu showed only minimal
use of these sites, even at much lower water activities than those in
HNOB' However, the presence of so much molecular HNO5 in concentrated
agueous solutions causes appreciable extraction into CClL alone (see
Table IX), and thus even the weakly basic ester .oxygens might be
expected to be able to provide sufficient hydrogen bonding to produce
the reaction

. - ) . I
TBP“HNO +HIVO,, = TBP -2HNO, (l‘)

Further evidence for such bonding is the disappearance of the
C-0-P triplet band at 9.5 to 10.20 in the infrared spectrum and the
concurrent appearance of a much broader band at higher wavelengths
(alsovnoted by Peppard82), indicating the presence of a hydrogen bond
to the butoxy oxygen. No such changes are noted in HClOu below the
1:1 point.

It is also of interest to note that the extraction in this
concentrated region is no longer completely anhydrous; that fairly large
amounts of water (although not 1:l)vare accompanying the HNOB. This
water appears in the infrared spectrum as weakly hydrogen-bonded
water, with peak locations and heights similar to those in TBP-H20, SO

that no'hydronium ions are involved. A possible interpretation of the
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Fig. 24. Variation of acid content of organic phase (CCl
diluent; corrected for HNOj3 dissolved in CCly) with
aqueous HNOj activity for total TBP concentrations of:

®, 0.0366 M; B ,. 0.128 M; 4, 0.366 M.
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Fig. 25. Variation of acid content of organic phase (CCly
diluent, corrected for HNO3 dissolved in CCly) with
total TBP concentration for increasing HNO, concen-
‘trations of (from bottom to top): 0.202, 0.50I, 1.003,
2.02, 2.93, 3.95, 4.96, 6.05, 8.07, 10.08, 12.10, 14.04,
and 15.80 M.
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presence of this water is that it is acting as a bridging molecule for

C H
the C-0-P-HNO_, bond to form ~\\O--~H-Of// . It has been noted that
. 3 e ~. :
P HI\TO5
83

HNO5 extracts into benzene and tolerene as a monohydrated diamer; = such
a species could possibly also be extracting-ih this case. More work is
obviously needed -on this problem.

In .the absence of more detailed spectral evidence, however,
such considerations. as those described above must be treated as mere
conjecture. The one>definite piece of evidence--namely, the displace-
ment of the C-0-P bond--seems to indicate that bonding ié necessary for
the,Hl\IO5

would put a limit of 4 HNO5 molecules per TRP molecule on the extraction.

in the organic phase, at least in dilute TBP solutions which

The fact that HNO_/TBP ratios up to 4, but no higher have been observed,

2 79
lends support to this idea.
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D. Summation

The extraction of acids by basic organic extractants has been
:seen to depend almost completely on the outcome of the competition

among the anion, water, and extractant for the proton. Three separate
systems can be distinguished. They are listed below in order of decreas—
Jing distribution coefficient.

1. Extractant-proton. In this system, an example of which:is
trilaurylamine-HCl;88 the organic base complételyacaptures.the proton
from both the water and the anion. The extraction is anhydrous, and
distribution ratios are on the order .of 1OLL or higher. The main func-

" tion of the anion is to preserve electrical neutrality, although it
does affect the distribution ratio by its effect on the water structure;
the ‘larger the acid anion, the better the extraction.

2. Extractant-proton-anion. In this system, an example of
which is tributyl phosphate—HNO5,20_22

solvation for the proton in the organic phase and the acid distributes

the anion forms the primary

itself between the two phases on the basis of its ability to hydrogen-
bond to either the water or the organic base. Distribution ratios

are .on the order of 10; their magnitude is dependent on the balance
between the hydrogen-bond energy contributed by the acid and the
energy lost through water-structure disruption; thus the larger the
molecular acid, the better the extraction.

3. Extractant-proton-water. In this system, an example of
which is tributyl phosphate—HCthfH20,19 the water provides the proton.
solvation. The extraction then becomes a competition between the organic
base and the water for the hydronium ion, and distribution ratios are
on the order of 10_2. The anion plays the same role as in the first
system, that of a charge neburalizer, and again the larger the anion,
the better the extraction.

No mention has yet been made of polybasic acids such as Hgsou

or HBPOM' When these acids ionize, the anion has both acidic and basic
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properties, making-it similar to a water molecule. Thé resulting
aqueous hydration of the anion, without the structure-breaking properties
of the monobasic acid anions, causes these acids to extract quite poorly
-into most -solvents. v

It must be realized that there are no sharp lines of demarkation
bétween the three types of systems described-above. For -instance, HNO5
extracting into tribenzyl amine combines both 1 and 2 to give very high

87

~extraction, while HESOh'into trilaurylamine combines -1 and.? and
gives somewhat reduced extraction. 2 Similarly, trioctyl phosphine
oxide—HCth,belongs to 3 at agueous HCth concentrations below 0.1 M,
-while it is of the first type above 2 M, the change in water -activity
over this relatively small range being enoggh to shift the proton
solvdtiqn from water -to the .organic base.7l Nevertheless,.provided
the relative base strengths of the anion, water, and organic solvent
can be evaluated, it is possible to predict with a fair degree of

_ accuracy how well an acid will extract and what form the extracting

- complex will take.
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II. TON EXCHANGE

A, Introduction

Ton exchange, like solvent extraction, has been known t6 exist
for over 100 years.9o However, its development had to wait until re-
producible resins with certain specific exchange properties, i.e.,
synthetic. resins, were made available. Once such resins were synthesized.9l
investigation was begun on the determination of their exchange character-
istics, and again the impetus'was provided by the need of the atomic

92,95

scientists for quick and easy separation methods. Reviews of the

9h-98

early work are available and will not be discussed to any great
extent here. More recént work is covered almost yearly in "Annual
Reviews of Physical Chemistry"99 and, with emphasis on analytical
applications, biennially in Analytical Chemistry, Review Issﬁe.
‘Several books on ion exchange are available,lOl—lO5 the most recent
being an exceptionally fine and complete treatment by Helfferich.

-JTon exchange was first treated as a surface phenomenon, since
in the original exchanges (clays, soils, etc.) the surface area was the

107 It later became obvious, especially when the

controlling factort
synthetic resins were perfected, that the exchange depended not on
particle size but on the number of excﬁénge sites available to the
ions;lO8 Thus all the explanations that have appeared within the last
15 years have begun.by assuming that the exchange is a chemical equil-
dibrium between two electrolyte soclutions--the internél or resin phase,
containing the resin ions (i.e., those ions which are part of the resin
matrix), their counter  ions, water (both free and as ion hy@ration),
and perhaps some nonexchange electrolyte from the external or agqueous

phase, which phase contains all the mobile (nonresin) ions in sQlution.

The reaction under investigation is then
A+B=24+B, (15)

where A and B are any two species able to undergo exchange from one

phase to the other and the superscript bar denotes the resin phase.

—
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The equilibrium constant for this reaction is
(F)()  [AIIB]  vpvg

= = = . - 6
< C EET e (6)

where parentheses denote activity and brackets concentration. .-

In general practice, standard states for both phases are chosen -
to be ‘those of the ideal 1 m solution with the properties of the -infin-
itely dilute solution; in other words, both phases are considered as
agqueous electrolyte solutions. Under these conditions, the system can
be considered to be a Donnén-type equilibrium;lo9 with K = 1, and a
concentration constant, Q, can be written_as

qQ = [A][?] = Ta%p . o (17)
(ATTE] ~ vivg

Resin sélectivitieé among various ions can thus be related to
the ratio of their activity coefficients in the ‘two phases.
- From known values Of'VA/VB and experimentally determined Q's,
.the ratio of the resin-phase activity coefficients can be obtained,
and this has been done for a variety of tons . 110122 However, this
tfeatment:does nothing toward explaining why the ratios differ and
what causes the resih to‘prefer:onevion over another. In order to
obtain this information, it is necessary to go to physical models of
4 ion-exchange systems and consider what effect the different physical
and chemicalvproperties of the two phases have on the free energies
of the various ions in the system. '
| Ion-exchange resins consist of a polymerized cross-linked
hydrocarbon matrix;‘such as styrene-divinylbenzene or a polyébrylate,
to which have been affixéd ionic groups. Examples of such groups are’
sulfonate or carboxylate ilons for cétion exchange and substituted
ammonium ions for'aniOnJ exchange. Each ionic group has associated

with it a counter ion of opposite charge in order to preserve electrical
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neutrality. It is these counter ions which undergo exchange, under
certain conditions, with ions in aqueous soluﬁion.

When such'a resin is put into.Coﬁtact with a dilute aqueous
solution, the resin absorbs water, the eiact amount depending on the
degree of cross-linkage and the types of ions contained in the resin.
The resin may then be considered as a concentrated electrolyte solution,
somewhere on the order of 6 to 7 molal for usual resins of moderate
(8 to 12%) cfoss—linkage. However, there are three significant differences,
aside from the relatively high fixed concentration, between this resin
phase and the external aqueous phase:

1. One of the ions in the resin phase is fixed and. reléatively
immobile, its mobility being limited by the extent to which the hydro-
carbon matrix can shrink or swell with concentration changes.

2. Electrostatic interactions are stronger in the resin phase,
since the effective dielectric constant lies somewhere between that for
the hydrocarbon matrix and that of pure water. _

3. The water in the resin phase has less co-operative structure;
i.e. ﬁhe water molecules are, on the average, hydrogen- bonded to fewer
other water molecules than in a dilute aqueous solution.

These three factors are considered in greater detail to subsequent para-
graphé, and selectivities based on these considerations are evaluated
~in light of the known experimentél data.

Factor 1, the fixed resin ion, leads to the already considered
Donnan-membrane treatment. waever, the ability of the resin to shrink
or swell leads to the consideration of another term in Eq. (3)--a term
which takes into account the osmotic free energy developed by the
resistance of the resin toward expans1on or contraction. It has been

25

proposed that this free energy takes the form
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RT In @ =7 (V; -V,) +RT In ('YA'y}—.j-r/'yK'yB), (18)

where 7 is the osomatic swelling pressure and VB and VA are the partial
molal volumes of the exchanging species in the resin phase. However,
although the qualitative agreement of this idea withvexpefiment was
correct, the ﬂ(Vﬁ—VA)_term prdyed too small to account for the magnitude
‘llh,leh and other considerations must play a part’in resin
specificaties.

Factor 2, more intensé electrostatic interactions in the resin
phase, owes its origin to several causes, as follows.

(2) The resin-solution phase has a high concentration of ions,
and even moderately concentrated sait solutions may have dilelectric
constant values below 50 because a significant fraction of the water
molecules is oriented around the ions. That is, the proportion of
"free" water is reduced0125’126

(b) A large proportion of the wet resin volume (about 1/2 or
more, for moderately cross-linked resins) is made of hydrocarbon matrix
with a low dielectric constant, similar to that of benzene (e = 2.5).

(c) There is a reduction in the cooperative effect of the
water dipoles in producing é large moment because of disorganization
of the water structure. _

Since electrostatic interactions are enhanced in the resin
phase, ion pairing has been advanced as a possible explanation for
resin sPecificity,127_129 especially in light of the fact that cation-
- resin affinity for an ion generally increases with increasing charge
-and decreasing hydrated radius.lBo Again it appears that for cation
resins this explanation, although qualitatively correct, is unaple to

completely account for observed\selectivities.151



In anion exchange, furthermore, ion pairing is, at most, a minor
factor, for several reasons. Firstly, strong>ion—ion interactions
between relatively large monovalent anions and large resin ions similar
to the triphenylmethylamnuoniﬁm ion woﬁld not be expected to occur,
owing to the low density and relative inaccessibility of the charges.
Secondly, ion pairing would gréatly favor highly charged ions, whereas
the experimental evidence shows, upon careful investigation, that the

132

converse 1s true. Thirdly, many pairs of ions that differ only in

their size show greater resin preference for the larger of the
two,120’155—156 in opﬁosition to the expectation from ion pairing con-
siderations.

Resin selectivity has also been ascribed to the polarizability
of the counter ion by the field of the resin ion or vice versa;l57-lho
Although this idea may have some application to cation exchange,_énd
although it could by no means be considered to be the only factor,
there are so many exceptions to the orders predicted. from anion
polarizabilities as measured by ionic refraction152’156’l59 that some
“other éxpianation is necessary for anion exchange.

Factor 3, the partial disruption of the normal structure of
water, is due to the intrusion of the resin matrix into the water
structure and to the high concentration of ions in the resin solution.

In water at room temperature each molecule is hydrogen-bonded,.on the
average, to about three other water molecules in a pseudotetrahedral
short-range structure.9 Inside the resin phase, however, this short-
range order 1s distunbed and broken up by the high concentrations of
resin ions and counter ions. These lons occupy solution volume, and
tend--to a greater or lesser extent depending upon their charge and size--
to orient the water dipoles around - themselves. Furthermore, the hydro-
carbon matrix of the resin intrudes into the solution and ponfines the

water and mobile ions to relatively narrow capillary pores and sheets

with one, and possibly two, dimensions of the order of magnitude. of 108.
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Thus a water molecule in the resin>phase is hydrogen-bonded, on the'
average, to.fewer-other water molecules fhah in the dilute exterﬁal
solution. | _
‘Factor 3, leading to differences between the ion-water and the
wafer-water interacﬁions in both the resin and the external aqueous
phase, must be considered as a possible reason for resin selecti&ity.
The hydration of ions in the resin phase will certainly be reduced
below that in the dilute external solution. This is due, as in any
concentrated electrolyte solution, to the smaller rafio of water
molecules to ions, and to the fact that there is not sufficient room
in the resin pores to allow as‘complete-secondary solvation of the ion
as in the dilute solution phase. That is, at distances from the ion
greater than a few angstroms, there exist in the resin phése relatively
nonpolarizable ions and hydrocarbon matrix, while in a dilute aQueous
solution essentially only polarizable and orientable water molecules
occur in the viecinity of the ion. Howevér, ions that are so strongly
hydrated in the external solutdon as to posséss a primary shell of
coordinated water molecules certainly tend to retain this coordinated
shell in the resin phase, at least for resins of not too high a cross-
linking. For example, it has been shown that the hexaquochromium (ITI)
ion keeps its primary hydration shell in a cation-exchange res‘:‘Ln.lll'l
It may be surmised, however, that the solvation of this first water
shell itself will be greatly disturbed in the resin phase. '

A small, highly charged ion‘will prefer the agueous phase, as
its transfer into the resin requires a loés of hydration energy. How-
ever, the larger the ion and the .smaller its charge, the smaller its
degree of hydration in the agueous :phase and the less hydration energy
it can and does lose on passing into the.resin phase. Thus, ih an
exchange process, the larger, less hydrated ion.is pushed into the
resin phase so that the smaller ion can achieve maximum hydration in
the dilute external phase. The value of the equilibrium gquotient for

the exchange is lafger as the disparity in the hydration of the ions

is greater.
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The idea that the larger the ion is, the less well it is
hydrated andvthe more Strongly it is forced intc'the resin phase is
nCt cerrect if the ion has structural features or groups that are
strongly hydrophilic. For instance, for‘anions of similar size.and
structure, the degree of hydrolysis ofvthe anion, or the strength of
the parent acid, is an indicaticn of the strengtb of the lnteraction‘
of the ion with water. The more strongly an anion picks up a proton
(the weaker the parent acid), the more strongly the anion (hydrogen—)
bonds to a water molecule, and the more'strongly it prefers the dilute
external solution phase to the concentrated resin phase.

| The dlfference between the water water 1nteractlons in the two
phases must also be. considered. The dilute external solutlon has
essentially the hydrcgen—bonded structure of purelwater; The addition
of icns disrupts this structure. Small, nighly charged icns reorganize
the nearest water molecules into their own hydration shell, and orient
_and polarize water molecules for some distance. 'On_the other hand;
large, low-charged ions break up a large Volnme of the water structure
but do not have a sufficiently high charge density.tc tightly bind the
nearest water molecules. The hydrogen-bonded water etructure canrbe
thought of as an elastic framework which tends_to oppose theventrance
of the intruding large iono The limiting case is furnished by an
uncharged molecule such as'CClu which is actually kept out of.solution'
by the water structure, (Targe anions such as FeCln_, AnClu_, etc.,
are similar to the CClLL molecule but with a single negative charge
distributed over the chlorine atoms, and so should also be affected

by this opposition of the water structure, though to a smaller extent. )
In the resin phase, the water structure is already 50 badly disrupted
that it offers much less oppos1t10n to the entrance of a large ion.

The larger the ion, the more easlly it is transferred out of the dilute
agueous solution into the less ordered water structure éf the resin
phase, yielding the same selectivity ordervas already indicated above

by consideration of the ion-water interactions alone.
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An obvious limitation on the foregoing is the size of the ion-
exchange resin pores. When an ion 1s too large to fit into the pores
without considerable expenditure of energy to expand the resin matrix,
it is discriminated against by the resin. Since resins do not have a
single pore size, but a distribution of sizes, and the average value
decreasgses with increasing cross-linkage, the pore-size limitation is
least important for the lower-cross-linked resins.  For normal-sized
ions and for resins of normal cross-linking (8 to 12% divinylbenzene
content), and with the pore-size limitation kept in mind, it may be
stated that in an ion-exchange reaction, the less highly hydrated
(larger) ion is pfeferentially ejected by the water structure into
the resin phase, and the more highly hydrated (smaller) ion preferentially
sdlvates in the dilute aqueous phase, thus maximizing the water-water
and water-ion interactions in the system.

Two other interactions are of interest in any attempt to describe
ion-exchange behavior. . These are the anion-cation attractive forces in
the agueous phase; and the resin ion-counter ion attractions in the
resin phase, In dilute solutions the former are very small, owing to
the high dielectric constant of water and the relatively great distance
between ions. The latter, however, may be. quite significant in the

128 :
)123 (although not for the anion resin, as has already

cation resin
been discussed), because of the high concentration of the ions, the
breakdown of the water structure, and the relative accessibility of
the charge. The effects of ion-resin interactions are considered as
each system investigated in this study is described in the "Results
‘and Discussion" (Section II, C) as are also the effects of aqueous

ion-ion interactions in concentrated solutions.



7=

.B. - Experimental Method

"1.  Anion Exchange
a}".Réagents |

The formic, acetic, and trichloroacetic acids were Baker and
Adamson reagent grade. The butyric acid.was Baker and Adamson technical
grade, 98-100%,.and the caprdic acid was Matheson, Coleman, and Bell,
mp -5 to -59 C. The-valeric and trimethylacetic acids were Eastman
White Label. Seventy-three percent sodium methyldichloroacetate from
United Mineral and Chemical Corp. was acidified with 3 M HC1 at O? C,
and the methyldichlorcacetic acid was extracted into ether and distilled

-under reduced pressure. ) o , )

One-molar solutions of the sodium- salts of each of the acids
were prepared by placing the appropriate weighed amount of each acid in
freshly boiled distilled water and adding NaOH pellets (Baker and
Adamson reagent grade, 97% minimum) with stirring until a pH of 7.5
was reached, then diluting with boiled distilled water .to the final
volume. For-all these solutions, the final pH was between .7.3 and '
7.5. The 1 M solutions of all the salts of acids with pKéj were
titrated with standard HC1, using a pH meter; the. concentrations of
the salts of the stronger acids were determined from the weight of
the acid. All lower concentrations were made by dilution of the 1 M
solutions with freshly distilled water. -  The chloride content of the
salts was determined to be l% or less in all cases except for the.
methyldichloroacetate (3%), and corrections, whefe significant, were
applied.. The Dowex AG-1 X 10, 100—200 mesh, analytical grade anion-
exchange resin was obtained from Bio-Rad-Laboratories. The resin was
washed alternately with 3M HC1 and water several times and rinsed
with water until the rinse water -was chloride-free. The washed resin was
allowed to air-dry for three days, dried over anhydrous Mg(ClOu)é in

a vacuum desiccator for eight days, and stored in an airtight bottle.
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The resin capacity was determined to be 2.692 meq/g by complete elution
of the chloride ion from the resin with 3 M HClOu and titration of the
displaced chloride. ‘The volume of water absorbed by the resin when

placed in contact with a salt solution was found to be 0.5 ml/g.
b. Procedure

. Exactly 1.000 g resin and 10.00 ml of salt solution were placed
in a 30.ml polyethylene bottle with a polyethylene screw top, and
shaken for 10 to 1k hours. Two 4. 00-ml samples were removed through
frittered glass filters and titrated by the Volhard method to determine
the chloride displaced from the resin by the salt. By use of this
information plus the initial 'salt concentration. (corrected for the
water absorbed by the resin) and the resin capacity, and assuming no
resin invasion (no nonexchange electrolyte), the quantities listed
in Table XVIII were calculated. (Actually, of course, there is some
nonexchange electrolyte present in the reSin when in contact with
the 1.0 M solutions, or even with the 0.02 M solutions. But this
leads to less than 5 to 10% error in the values of Q and D listed
in Table XX for the 1.0 M solutions, and a progressively smaller
error for the more dilute ones.)

All work was done at room temperature, 23 * 20 C.

2. Cation Exchange

a. Reagents

The cation-exchange resins were Dowex AG 50W. -X12, a styrene-
type sulfonic acid exchanger, and Bio-Rex 70, an acrylic-type carboxylic
acid exchanger, both obtained from Bio-Rad Laboratories, Richmond,
California. The liquid cation exchanger was dinonylnaphthylenesulfonic
acid (DNNS), obtained from King Organic Chemicals, Norwalk, Connecticut:
The salt and acid solutions were prepared by volumetric dilution of

accurately analyzed saturated solutions of reagent-grade material



[except CsCl, which was 95% CsCl+ 5% (RbCl+ KC1)] with distilled 0,
The radioactive tracers, their properties, and the processing (if any)

are shown in Table XIX.

b. Procedure

Batch measurements were made as described for anion exchange,
except that the amounts of resin and solution were adjusted for optimum
tracer distribution and the aliquots were -y-counted instead of titrated.
For -the alkali tracers 0.1000 g resin was shaken with 10.00 ml solution
‘and the tripositive tracers were either 0.1000 g resin and 10.00 ml
solution or 0.0500 g resin and 5.00 ml solution. The resins used in
the batch experiments had been previously washed with HCl and distilled
water and dried as described for -the anion-exchange resins. Measure-
ments made on the liquid ion exchanger (DNNS) were conducted in the
same manner as in the tracer experiments described in Section I.B. 2.a,

In order to investigate the behavior of alkali tracers on Dowex-
50W, several adjustable-head ion-exchange columns were prepared; they
are described in Table XX. Each column was loaded by insertion of a
glass-wool plug 2 cm above the tip and washing a slurry of resin in
6 M HClOu through the column until it was filled to within 1 cm of the
top, then placing a glass wool plug on the top of this resin column.
The filled column was waghed first with approx 20 column vblumes of
6 M HCth and then with approx 20 column volumes of the salt or acid
solution under investigation in order to convert it to the desired
ionic form. In order to minimize swelling and shrinking differences
in the resin column as the solution concentration was changed, a
relatively high (X12) cross-linked resin was used, and preshrinking
with 6 M HClOu eliminated any significant further shrinkage at higher
solution concentrations.

For the investigation.of the Bio-Rex 70, a single column

identical in size to Column 2 (Table XX) wag prepared in a similar
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manner, except that the column was loaded with a slurry of resin in 8
M LiCl and only the Li salts were used as eluting -agents, because of
the weak acid nature .of the resin. This resin waS‘more-suséeptibie
to shrinking and swelling than the Dowex-50, owing to the lack of
cross-linking in the acrylic polymer, which resulted in the resins
" being under a fair degree of pressure when dilute solutions were being
‘used. By using a slower drop rate, more time was allowed for equilib-
rium in these cases; the lack of anomalous behavior at low concentrations
indicates that the excess pressure had no appreciable effect on the
-exchange. |
The volume of solution necessary. to elute a tracer -ion froem

the column was determined by placing 10 pliters of the tracer -ion
solution on the glass wool plug, allowing it to sink-into the plug,
and immediately beginning the elution of the.trécerlat a flow rate of
approx 1 drop/min, .The elution volume was observed to be. independent
of the drop rate under these conditions, indicating that equilibrium
conditions were being closely approximated for all determinations. In
order to determine the volume required for elution a present number
.of drops was measured into a smgll test tube by a photoelectric drop
counter, which then actuated the mechanism of a fraction collector
that positioned a new test'tube under the column. The tubes were
~counted by using a well-type Nz (T1)I crystal scintillator and a single-
chanﬁel pulse-height analyzer, the tube with the greatest activity
corresponding to the-peak.in the elution curve. Volimes. were cawerted. from
drops to milliliters from a .separate determination of the number .of
drops per ml for the eluting solution.

| A similar method was used for the tritiated water elution,
excepﬁ that the drops were collected in 10 ml of scintillator solution -
for B-counting. The scintillator solution was made up as follows:
1200 md: toluene, 1200 ml dloxane, 720 ml absolute ethanol, 156 g
naphthalene, 15. 6 g > 5 diphenyloxazole (PPO), and 0.3 g 1,5-bis-2-
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(5-phenyloxazolyl)-benzene (POPOP). These samples were counted by
using two phototubes in coincidence in order to reduce the stray
radigtion background. |

| Most of the deteminations were made by using two -or three trécers
at once in order to keep the conditions for the differenf tracers. as
alike as possible, especially in those cases in which the elution volumes
for two tracers were very similar. Two or -more determinations were made
for almost every tracer in each solution; the elution volumes were repro--
ducible to within 5% for almost every case. No difference in exchange
behavior was observed when Naef produced by neutron irradiation of
iNaHCO5 s
tracer Na in 10 M HC1 wag saturated with NaCl and 10 pliters ofvthis

. . 22 s
was -used in place.of carrier-free Na , or when a solution of

saturated solution was used to load the column. This lack of change
indicated that the elution volumes obtained were independent of the
amount of tracer cation as long as this amount was negligible in com-
parison with the capacity of the resin.

‘ By using three different-sized columns it was possible to
investigate the concentration range from 0.k M to saturation for the
alkalies in all salt and acid solutions except HAc and the lower con-
centrations of LiAc in Dowex-5CW, which were done batch-wise. Three
different methods were used to determine the relative amounts of resin
in these columns; the results of these methods agreed to within 5%.

The first was to calculate the total volume of resin from the dimensions
of each column, the second was to determine the volume of H20 needed
to elute I7 tracer from each column, and the third was to compare
elution volumes for-identical traceré and solutions on different columns.
The Volume.of water external to the resin beads was deﬁermined
by using I~ tracer as described above. The total volume of water in
the column was determined by welghing the wet column plus resih;,then
removing ‘the resin from the column and dryihg and weighing»both the

resin and the column; the difference between the wet column + resin
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and the! dry-column .+ dry resin represented the weight (and yolume,
H 0= luCO) of the HéOﬁ? The difference between this.volume
. 2 . v : B .

and that found by the I” is the amount of H20 inside the resin phase,

assuming d

i e,, the 1nternal water volume°

" In order to conflrm the total water volume figure;vandato
determine whether the entire volume of the resin was being sampled by
the elutlng solutlon} 204t of trltla ted water was eluted as previously

descrlbed (see table below)

Elution of H Tnyrom ion-exchange columns.
(See egp;anatlon of units in Appendlx )
CColumm Eluant Mmoo ‘vol - Vol

— “_,_ LB

1 HO. . 139 . 1.39
1 “LACY ¢ 6.02. .- 6.92 1.26 1.10
1 1ic1 13.20 - 20.3 1.22 . 0.79
L HO - . . 3.49 3.49

2 . e PE— [

The value obtalned by us1ng H 0 as the eluting agent was.within
2% of that obtained by the welghlng method When 6 M LiCl was the
eluting agent, however, the elution volume was just.7g5% less than for
pure water, while in 13 M LiCl it was only - 10% less. These volumes
are much larger than those obtalned for ‘the tracers (as will be seen
in Table XXVII), 1mply1ng that H2

resin. Since the total volume‘of the resin column was kept constant

0 is preferentlally absorbed by the

by the glass wool plugs and since the hydrocarbon—matrix volume was
constant the implication is that some portions of the 1nternal resin
volume that are avallabl e€.to:the water are not available to the

ions. This could possibly be due to the shrinkage of the resin and the



-80-.

subsequent closing 5ff of some of the resin pores and capillaries to
the ions; more likely, the higher -ionic concentration of the resin is
causing it to have a greater preference for the solvaii;g HEO,than for
the alkaki cations, yielding an ion-exclusion effect.

The volumes that will be shown in Figs. 30-4% are the result
of subtracting from the total volume needed to elute the tracer the
free column volume i.e., the volume of solution in the column that is
being sampled by the tracer--and then cbnverting to the corresponding
volume of HQQ in the salt solution, so that salt molalities can.be
plotted in the abecissa. All volumes are recalculated to apply to
Column 2... | | B

By linearly extrapolating the Na tracer elution volumes in the
various salts to 0.1 M and comparing them with the batch determinations
deséribed below, a conversion factor between elution volume and distri-
bution ratio was o’ch,aL:'Lned.lL6 For Column :2,.th'i's factor was 0.38
* .03 as compared with the theoretical Value.of 0.375 based on the resin
weight.

Distribution ratios for the Batch-method resin cation-exchange

determinations (Tables XXX and XXXI) were determined from the equation

10 (counts/mln per ml original solution-counts/min per ml agueous pMEe)

D= (counts/min per ml agueous phase)
(19)
while those for the DNNS were determined from
, ,
~ (counts/mih per ml organic phase)
(counts/min per ml aqueous phase) , (20)

all counts being'first corrected for background.

A1l experimental work was done at room temperature, 23 = 200.



C. ‘Results and Discussion

1. Anions

In order to test the ideas presented.in the introduction, a
homologous series of anions that differ in only one parameter--e.g.,
.8lze or degree of hydration--is needed. To such series are available,
both based on the fatty acid anions. The first, in which the anions -.
differvenly.is size, is the aliphatic carboxylate ions CnH2n+1C02;5
the second.in which the anions differ mainly  in degreevof hydration,
vls the trisubstituted acetate ions, (CH ) Cl(5 )CCO . Their
properties and use are described: below.

The predicted effect on ion size hae been teeted by determining
the order or resin selectivity for the fatty acid anions acetate,
butyrate, trimethylacetate, valerate, and caproate against the common
ion, chloride. This was done at total aqueous phase concentrations
of 1.0,,0.5, 0.2, O,i, 0,05,4and 0.02 M, and the results are shown in
Table XVIII and Fig 26, The symbol Q, the concentration constant, is
defined as Q = [Cly .where the superscript bar means resin-
phase concentratlon 1n millimoles per gram .of res1n, and no bar means
agueous-phase concentratlon in mllllmoles per mllllllter of solutlon
Similarly -the distribution ratio D is defined as'D = A]/ 1. The
charge on these fatty‘acid anions is concentrated  in the carboxylate
group, and so this group is the principal source of hydration for the
ions. -Furthermore, these anions are all derived from weak acids of
the same strength, and so the hydration of the carboxylate group in
each is comparable, leaving primarily the .increasing size of the
hydrocarbon tail as a selectivity factor. In going from acetate to
caproate,_thevincreasing-size of the hydrocarbon tail must increasingly
disturb the hydrogen-bonded water structure of'fhe dilute -external
solution, so that the larger the tail, the more strongly the anion

should be pushed 1nto the less structured resin phase. :Thls leads to
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Fig. 26. Variation of distribution ratio of sodium salts of fatty.
'~ acids on Dowex-1 with total aqueous molarity for: X, acetate;
O, formate; A, butyrate; #, trimethylacetate; @, valerate;
A, caproate.
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-to the predicted order of resin selectivity acetate < butyrate < valerate
< caproate, which is thaf observed experimentally. Trimethylacetate
has a more compact structure than its straight-chain isomer, valerate,
and so has a somewhat smaller value of D and Q. These selectivity
orders cannot be explained by a simple electrostatic ion-pairing model.

Besides the effect of ‘ion size, the effect of specific ion
hydration was also tested. The sequence of anions trimethylacetate,
methyldichloroacetate, and trichloracetate was-used. In replacing a
methyl group with a chloro group, the size of the anion 1s held sub-
stantially constant, but the inductive effect of the chlorine atom
transforms the anion into a progressively weaker base. That is, the
corresponding acids become progressively stronger, as can be seen in
Table XXI, where are listed the ionization constants for the similar ..
acids acetic, chloroacetic, and trichloroacetic. Since the carboxylate
of the increasingly chlorine-substituted anion is less basic toward
capturing a proton from water it also interacts less strongly with
water molecules. That is, the anion of the stronger acid is more weakly
solvated by water. Thus, it would be expected that trimethylacetate
would prefér the dilute external solution more than the weaker base,
methyldichloroacetate; and the latter ion, in turn,.would prefer the
aqueous phase more than the still weaker base, trichloroacetate. This
is precisely the experimentally observed order, as given in Table XVIII
and Fig. 27.

The effects of ion size (water-structure-breaking factor) and
of specific ion hydration may act in opposite directions. Usually
the latter dominates in determining the order of anion selectivity.
Formate and acetate ions (Table XVIII and Fig. 26) furnish an example.
From the agrument given above for the larger fatty acid anions, it
might be expected that the larger acetate ion would be preferred by
the resin over formate. But in the earlier example, all the anions

were of the same base strength, whereas formate is a weaker base than



-84 -

i T LR N LI P T T T 171 lxl‘ T
0% =
- .
D
10" -
- ]
’: —
’ 0 J 1l
|O L | f 1111 { | VO W T T | i
102 107 100
Aqueous molarity
MU-25025

Fig. 27. Variation of distribution ratio of sodium salts of
chloro fatty acids on Dowex-1 with total aqueous molarity
for: #, trimethylacetate; [ ], methyl-dichloroacetate;
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acetate‘(Table XXI), so that its carboxylate group interacts more weakly
. with water than that of the - acetate ion. The stronger -ion hydratlon of
acetate than of formate holds the former preferentially in the external
aqueous-phase, giving the observed resin order formate > acetate < buty-
rate. »

It will be noted that Q shows a slow increase.in value as the
aqueous'molarity decreases (excluding 0.02 Mvvalues, which have large
experimental ‘errors) for all except trichloroacetate, where exactly
the reverse occurs. This trend has been correlated With the change
in the resin composition,. XCl’ and is in agreement with publlshed data
by other workers 15 However, recent work has shown that this apparent
trend is due to the fact that only one of the anions (Cl) in the sol-
ution is determined experlmentally and the other quantities are calculated

121, 148 If the other anion (A) is determined and

from this value.
calculations made on the basis of its concentrations, the Q values are
.found to decrease with decreasing aqueous molarity. Thus itvappears
that variatione in Q are due more to compounding .of experimental errors’
than to actual changes in the resin selectivity. 1In the case of trichlor-
.oacetate the range .of Q values seems exceesivelyvlarge to the aecribed
solely to experimental errors, however, and 1t is possible that some
other factor such as changes in activity coefficient ratios in the
resin phase with resin composition may be playing some part in the
observed variation. Further work on these eystems is definitely
necessary before any conclusions can be drawn.

- The -ideas previously presented concerning the effects of ion
. size and ion hydration, which have been confirmed by the experimental
results of the fattybacid anions, can be extended to other systems.
One partlcular system of interest is the selectivity sequence F-<c1
<Br <1 <010 < aac1,”, 1801557 136 which is anomalous to both the
“ion-pairing and polarlzatlon explanations. It may be observed that

these ions get progressively larger and become weaker bases, both



-86-

factors leading to the actually observed order. For the smaller F

and Cl ions, the effect of bebter solvation in the dilute aqueous
phase is probably the predominant factor (the greater hydratioh of

F relatiﬁe to €1  is indicated by the relatife strengths of the‘parent
hydrohalic acids and by the smaller limiting equivalent conductivity
of F7). For Cl7, Br and I , both factors probably contribute
significantly, and for the larger, less highly hydrafed ions I-, Clou_,
and AuClA 5. the disruption of the water structqre is probably the more
important factor. _

It is difficult to explain this sequence solély on the basis
of electrostatic ion pairing of the resin quaternary amine group with
the anion. The ions Cl, Br , and I have similar limiting equivalent
conductivities, (Table XXI), indiéating approximately the samé effective
(hydrated) radii, and the limiting equivalent conductivity‘for'Cloh-
is considerably less, indicating a still larger effective radius in
sdlution. If only electrostatic ion paining were important in deter-
mining anion selectivities, Cl—, Bffand I should then be bound to the
resin about equally, and all much more‘strongly than ClOu_, in con-
tradiction to the experimental facts. Also, any explanation: based
solely on anion polarizability fails in ﬁhe ClOuf—I_ case, as I has
a larger iqnic refyaction than ClOLL . ‘

In summary, then, it is seen that for anions of weak acids, the
specific effect of ion hydration is the predominant one, and'thé more
basié the ion the more it pfefers the dilute extérnal phase. For
large anions, or those of strong acids, ion hydration is less important,
and the effect of disrupting the hydfogen-bonded'water structﬁre of the
dilute external solution becomes more important--the more so as the ion
becomes larger. That is, in the exchange, the large ion is e:ijected
out of the solufion into the less structured resin phase (pore sizé
permitting), as such behavior maximizes the lon-water and water-water

interactions in the total system. It is suggested that these
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dlfferences in ion-water interactions (1on hydration) and water-water
interactions (water-structure) between the resin and aqueous phase are
the principal origins of anion select1v1ty w1th the usual synthetlc
organlc resins, rather than any specific: re51n 1on—counter 1on or ”
resin matrix—counter ion 1nteractlons, as is postulated in any electro-

statlc 1on—pa1r1ng model or in one based solely on anion polarizability.

2. Alkalies

The distribution ratios for hydrogen and the alkali ions between
sulfonic-acid-type resins and dilute aqueous solutions progress in the
130

order Li < H < Na < K < Rb < Cs. Many authors havé:attempted'to

provide an explanation for this behavior; an excellent and thorough

review is given by Helfferich.lo6 These treatments are usually based
on one of two considerations--either résin swelling and the resultant
osmotic'pressure125 or some specific electrostatic attraction between

127-128 Both of these are in turn

the resin ilcn and its counter ion.
based on the size of the hydrated ion--the former in terms of the

amount of swelling caused by the variously sized ions, the latter in
terms of the distdnce between the positive and negative charges as
determined by the hydrated size--and both give the experimentally
observed order. | ; '

There is a third major consideration, one that has mot been so
thoroughly investigated as the others, which also yields the experi-
mentally obsérved order. This explanation ascribes the selectivity
of the:resin to the differences in the water-water and ion-water inter-
actions that occur in each phase. These interactions were discussed in
detail in the Introduction for the general case of ion partition between
water and a resin and it was shown that both effects--ion hydration
and disruption of the water structure--cause the agueous phase to favor
the smaller, more highly hydrated ion over the larger, less hydrated
ion, so that the latter is forced into the resin. Application of
these ideas to the alkalies gives rise to the observed order for the
distribution ratios as a consequence of the efforts of the system to

maximize the water-water and ion-water interactions.
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Since it has been shown that there are at least three "inde-
pendent" explanations of the resin-selectivity order of the alkalies,
none of them can be said tocbe unique. Instead, it seems reasonable
to assume that “the true picture is a composite of all the theories,
and that each is valuable for different aspects of the problem of
‘resin selectivity. The approach used in this presentation primarly
emphasizes the role of the electrostatic interactions in both, phases
in terms of the water-water, ion-water, and ion-ion attractive forces.
-Such a treatment must, of neceesity, be qualitative,in nature, and only
results relative -to some standard system can be.obtained; nevertheless,
it should prove useful foriunderstanding end predicting resin select= -
1v1t1es '
In any agueous electrolyte solution the three interactions
described above are always present. These same -interactions are
present in the resin phase; although to different extents (a fourth
interaction, that between the resin matrix and the'ions,,is not considered
important for the alkalies; howevei it may be for larger ions such as
the trlphenylmethylannnonlum 1ons) In dilute aqueous solutions the
ion-ion interactions are small owing to the large interionic separation
and high dielectric constant of water, and mey be neglected. The resin
phase, however, is a -moderately concentrated solution (about 6 molal)
for the usual resins, (8 to 12% divinylbenzene content), and ion-ion
interactions may be of some importance even when the external solution
is dilute. This leads to the experimental observation that the ac-
tivity coefficients of ‘ions in the resin are below unity even when the
external aqueous solution is.extrapolated to infinite dilution.121
As the aqueous-phase concentfation rises, the ion-ion inter-
actions in that phase cease to be negligible and must be explicitly
considered, as well as the.effects of the greater jonic concentration
on the water-water and ion-water interactions. If the exchange process

is considered as a competition for the cation among the water, the anion,
. N . ?
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-and the resin sulfonate group (RSO ), the effect of the 1ncreas1ng
ionic concentratlon is to.decrease the amount of water avallable for
solutions of ions as reflected by the lowering of the water activity.
This drop: in the water activity enhances the ability of the anion and
RS05f~to act as solvators and causes the .ion-ion interactions in both
Phases to take on increasing -importance. .

.One more characteristic of ion exchange in. concentrated solutions
is resin invasion by nonexchange electrolyte from the aqueous phase.
This invasion electrolyte can attain appreciable amounts for-very con-
centrated aqueous solutions. (> 10M),with the nonexchange electrolyte

- concentration equaling and even surpassing the resin 1on—counter ion
concentration. 1k9 The nonexchange electrolyte has some slight selec- -
tivity properties,.but in general it is slmllar-ln constitution to
the agqueous phase; the resnlt of the resin invasion is to increase D
over -that which would be observed 1if there were no invasion.

Each of the .interactions in the systemvwill have an effect on
_the}exchange behavior of the cations° As already seen, water solvation
.(hydratlon) tends to hold them in the agueous phase, anlon solvation
(complex formatlon) does the same. On the other hand,_solvatlon by the
resin sulfonate group (resin—ion association) enhances the distribution .
ratio; the same is true for resinvinvasion. By evaluating the relative

importance of these four effects in a given system,hit should be possible

' to make qualitative predictions concerning the distribution ratios of

" cations in concentrated solutions.
The equation for the exchange of a tracer- cation (A) of charge
n with a monovalent cation (B) on the resin may be written
A +nB = A + nB, ‘ - (21),
where charges and ion hydratlon have been omltted for s1mp1101ty and
the superscrlpt bar denotes the re31n phase The correspondlng equll—

Albrlum constant is
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© where parénthesesvdenote activity and brackets denote concentration.

For dilute aqueocus solutions it 1s possible to make two assump- -
tions concerning Eq. (22). The first is that there is negligible resin
invasion, so that [ﬁﬂn is & constant. This implies that the activity -
coefficients in‘the‘resin phase are also constant, since wﬁp is con-
stant for a given [En] and Yi has a characteristic value related to
{E]nv that is essentially constant so long as A i in tracer concen-
centration (Harned's Rule).lSo The second assumption is that the ratio
of the activity coefficients (yg/yA) in the aqueous phase remains con-
stant over the concentration range of [B].

Using the definition [A]/[A] =D and substituting the above

assumptions into Eq. (22) results in the expression
0 v
k! = D[B]", ' (23)

and taking logarithms of both sides of Eq. (23) yields, after rearrange-

ment,
-log D = n log [B] + log K'. (2k4)

‘Thus it would be expected that a plot of log D vs log [B] would yield

a straight line of slope -n, where n is the charge of the tracer cation.
As'can be seen in Figs. 30-42, each of the tracers in each of

the solutions studied (except HAc, see page 105 ) either has or is

~ approaching a slope of -1.0, as Fequired by Eq. (24). However, it may

be noted that all these lines sooner .or . later deviate . from slope -1.0

as the concentration increases; this deviation marks the breakdown of

~one or both of the assumptions made in the derivation of Eq. (24).

From Fig. 29 it will be seen that the activity coefficients of the



various salts and acids deviate widely from one another as the con-
centration rises; it seems reasohable that these variations would have
a profound effect on the activity coefficient ratio in.the -aqueous
phase. Furthermore, resin invasion, which changes [ﬁ]n, becomes important
above .1 M concentration in the aqueous phase, thus it appears that in
fact neither of the assumptions would be expected to be valid when .the
agueous concentration exceeds a valué of a few tenths molal. From
considerations of the nature of the various electrostatic interactions
that take place, an attempt is made below to explain, in a qualitative
manner, the exchange behavior exhibited by the alkalil tracers in these
more concentrated solutions.

In the following discussion.of the distribution of Na, RB,.and
Cs tracers between the various solutions and the resins, the water
activities and activity coefficients shown in Figs. 28 and 29 are used
as a guide to the extent of water-water, ion-water, and ion-ion inter-
actions in the aqueous and resin phases. The systems are considered
more or less in order increasing complexity. The major portion of the
discussion concerns thé sulfonate resin (DOWex-5OW), and is followed by
.a short comparison of the results on the carboxylate resin in order to
emphasize the role of resin-ion interactions.

The first solution to be considered is'LiC1OlL (Fign-BO‘and Table
XXII). The ClQ& ion is a very poor solvator for cations, which means
that the competition between the water and the resin sulfonate group
for solvating the cations plays the major role in determining -the
distribution ratios (elution volumes) of the tracers. As the concen-
tration increases, the water activity drops gquite rapidly, which
enhances the -ability of RSO5- to act as a solvator. .Since the smaller
the cation the more avidly it seeks solwation, the effect of the drop
in water activity is to force the smallest ion, Li, into the resin phase
more strongly. This reflected in the corresponding decrease .of théVH20

of Cs below that: for "ideal" exchange, where Cs, being relatively
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Fig. 28. Variation of water vactivity with aqueous molai‘ity144 of:
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Fig. 29. Variation of activity coefficients with aqueous molality 144

of: 1, LiClO4; 2, HClO,; 3, HCL 4, 1.iCl; 5, CsAc; 6, NaAc;
7, LiNO,; 8, HNO; 1217 9, LiAc; 10, NaCl; 11, NaClOg; 12,
Li toluenesulfonate; 13, RbCl; 14, CsCl; 15, NaNOg; 16,

Na toluenesulfonate;' 17, RbNO3; 18, CsNOj.
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Fig. 30. Variation of elution volume of ‘H,O on Dowex-50W with
LiClO04 molality for alkali tracers: ®, Na; &, Rb; l#, Cs.



unsolvated owing to its large size and low charge dénsity, is being
forced out of the resin phase by the enhanced Li uptake. Since the
solvation of Na is almost as great as that of Li, only a small decrease
is noted in the Na curve. The disparity in extent and need of solvation
between Na and Cs, coupled with the decreasing hydration of Li and Na,
is sufficient to cause the dilute-solution selectivity order to com-

. pletely invert in the more concentrated solutions so that Na is actually
held more tightly on the resin than is Cs. Rb and Cs should also cross,
and an extrapolation of the Rb curve indicates that this will happen.
Solubility limitations (the Rb86 tracer ‘was formed at rather .low specific
activity from the naturally occurring Rb85’87) prevented obtaining of
data at LiCth concentrations above 0.k M; in solutions in which the Rb
salt was soluble, Rb assumed its proper place in the inverted order

found for concentrated solutions (see e.g., HNO_, below).

P
' The behavior of the tracers in HCth (gig. 31 and Table XXITI)
is very similar to that in LiClOu, except that the crossing ovaa and
Cs occurs somewhat sooner and the concentration limit is considerably
higher. Recently published work155 agrees with that reported here for
-the region of the Na-Cs crossing, but shows a leveling off of both the
Na .and Cs curves at higher concentfations, as opposed to the sharp
dropoff seen in Fig. 31; the discrepancy may be due to a difference in
the method of subtracting free column volumes.
It is of interest to note that an appreciable VHEO is found for
Na tracer even in 19 .m (10 M) HC10); and in fact the Na curve, which
deviates from linearity at a higher concentration than in LiCth, is
that which would be expected from a comparison of the activity coefficient
ratios of l\TaClOlL to LiClOLL and to HClOu. This implies that the resin
sudfonic acid has about the same degree of dissociation as the Li or
Na salt form, even in contact with 10 M HClOu, so that the lack of
exchange exhibited by, e.g., carboxylate resins in the acid form is
not seen in the solfonate resins, implying that the resin is in the

strong-acid category. Recent studies have confirmed,cthrough the use
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Fig. 31. Variation of elution volume of H,O on Dowex-50W with
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of nuclear magnetic resonance techniques, that the polystyrene sulfonic
acids, both resinslSh’155 and water-soluble linear polymers,l56 have
acid strengths comparable -to the strong mineral acids.

The next system in order of complexity is LiNO5 (Fig. 32 and
Table XXIV). In changing from Cth—.to NO5- an anion has been selected
that shows stronger solvating ability for the monovalent cations. The
main effect of this new solvator is to hold cations in the aqueous
phase through some sort of ion association such as ion-pair formation
or ‘"localized hydrolysis”,llm’157 and the smaller. the cation, the more
strongly ‘it is held. The extent of exchange is now a competition
between two major effects--one, the dropping water activity and enhanced
RSOB_ solvation, which are favoring the uptake of Li over the tracers
(as in the-LiClOu case); the other, the attraction for the Li+ by the
NO5 in the aqueous phase, which tends to allow the uptake of Cs and to

a lesser extent Na. It can be seen from Fig. 32 that the former effect

(ion dehydration) is still uppermost, in the -curves are approaching
each other and are deviating downward from the straight line; the

fact that they have not crossed at 11 m (8.5 M) LiNo5 while the LiC10)
curves crossed at 3 m gives some.idea of the extent to which the l\TO5
has acted as a complexing agent for  the Li+ in the agueous phase,
although part of the difference is certainly due to the greater

activity of the HQO in LiNOE.

In HNO5 (Fig. 5% and Table XXV) the same considerations as for
the LiNO_, hold true, except that the much greater solvating power of

- + .
the NO5 ion for H (to form associated or molecular HNO5) causes the

anion-cation attraction effects to predominate at the higher concen-
B ‘ + R

trations, lowering the effective concentration of H and producing an

upturn in all three curves. Since the water activity is still fall-

- +
-ing, and since a mgjor portion of the NO ions 1is bound to the H

3

ions, the solvating ability of the RSO, is still very much in evidence,

3

as can be seen by the clearly reversed order of elution Cs < Rb < Na.
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Fig. 32. Variation of elution volume of H,O on Dowex-50W with
LiNOj molality for alkali tracers: @, Na; &, Rb; @, Cs.
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‘Fig. 33. Variation of elution volume of H,0 on Dowex-50W
with HNO; molality for alkali tracers: @, Na; 4o, Rb;
n F) :CS. . ' ’ : I o ' ’
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Licl (Fig. 34 and Table XXVI) and HC1 (Fig. 35 and Table XXVII)

are essentially similar to the corresponding nitrates. Because of the
higher solubility of LiCl (13.5 M or 20 m) as compared with LiNO3 the
order reversal is seen for all three tracers (although the Cs data are
rather sparse), in agreement with other wdrk.158’159 In the HC1 the
reversal is obvious; that the Rb and Cs curves show no sign of deviation
upward indicates that HC1 is more highly dissociated at high concen-
trations than HN03. On this basis the upturn of Na in HC1 islggoma-
lously large, although it is in agreement with previous work. This
may be due to resin invasion, which is greatest for HC1;149 no other
explanation is readily apparent.

Although HBr was not studied in these series bf experiments, it
has recently been reported on in the literature.l53 It was found that
the Na-Cs reversal occurred at 5.5 M (approx T g)'HBr and that the
upturn was much smaller; both effects are those which would be expected
for an acid of strengﬁh intermediate between HCL and HCL34;27

In order to provide a comparison with the foregoing solutions
of strongly hydrated salts and acids, the tracers were eiuted with
CsCl (Fig. 36 and Table XXVIII). In these solutions the water activity
remains relatively high and no crossing is observed, although the two
curves do approach each other slightly at the highest concentrations.
The upward deviation indicates either that the Cs+ and Cl are under-
going some sort of association or, more likely, that the resin invasion
by the aqueous solutions is enhancing the distribution ratios for both
tracers; both effects are possible.

As a final example of the effects of strong anion competition
for the cation, the LiAc curves for Na and Cs (Fig. 37 and Tables XXIX
and XXX) are instructive. In this solution, the Ac acts as a strong
complexing agent for the Li+, mosily through localized hydrolysis. The
result of this complexing is to reduce the effective concentration

of the eluting solution, so that the distribution ratios for Na and Cs
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Fig. 34. Variation of elution volume of H,O on Dowex-50W with
LiCl molality for alkali tracers: ®, Na; &, Rb; f§ ,» Cs.

=N
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Fig.v 35, Variation of elution volume of H,O on Dowex-50W with
HCl molality for alkali tracers: @, Na; 4, Rb; ., Cs.



-103-

MU-28746

Fig. 36. Variation of elution volume of H,O on Dowex-50W with
CsCl molality for alkali tracers: @, Na; 4, Rb;ll, Cs.
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Fig. 37. Variation of elution volume of H,O on Dowex-50W
with LiAc molality for alkali tracers: @, Na; A, Rb;
B , Cs.
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are gbove those for the previously considered 1i salts, although it
is of interest to note that the initial slope is the same (i.e., -1.0).
In the more concentrated region the two curves diverge, owing to the
greater complexing of Na+ than of Cs+ by‘Ac-, and both curves deviate
upward from the straight line, owing to the increasingly greater '
competiﬁion by the Ac™ for the Li+ arid to the resin invasion by the
agueous- solution. ' ' ' ' ' _

In the case of HAc (Fig. 38 and Table XXX) the anion has
almost completely replaced water as the primary Sblvator for the proton,
the acid being only about 1% ionized. This results in very high distri-
bution ratios (note that the axes in Fig. 38 are log D vs log molarity
for both LiAc and HAc) and very flat curves for both Na and Cs. The

main features, as in HC1l and HNO., are the upturn and the tendency

3
toward crossing. It 1s of interest to note that the value of DCS at
the lowest HAc concentration (2.1 X 104) corresponds to a concentration

3

of about 1.4 X.lO- M for any of the previously studied acids, if a
slope of -l.O is assumed below 0.1 M for the Cs curves. Since the
calculated h&drogen-ion concentration in HAc is 1.42 X 10‘3 Mit
appears that at low concentrations the presence of the un-ionized HAc
has very little, if any, effect on the exchange process.

‘ All the acids studied on Dowex-50W exhibited a much greater
 tendency toward causing the Na and Cs curves to cross than the corres-
ponding Li salts. Since the crossing has been attributed primarily to
the dehydration of the ions, and their subsequent bonding to the resin,
the implication is that the hydrogen ion is a better dehydrating agent
than is the lithium ion in concentrated solutions, although the
hydration numbers in dilute solution are almost idéntical,36’luu This
is in agreement with the ldeas presented in the section on solvent
extraction where the proton is considered to take the form of a tri-
hydrated hydronium ion, which would tend to hold its primary hydration

shell very strongly, mich more so than the alkali ions.
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Fig. 38. Variation of distribution ratio on Dowex-50W
- with aqueous molarity for solutions and alkali tracers:
LiAc; @, Na;’ , Cs; HAc; a, Najf , Cs.
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In order to stress the resin-ion interactions, the four ILi
salt solutions were used as eluting agents for the Na and Cs tracers
on Bio-Rex 70, a pdolyacrylic carboxylate-type resin. Since the carboxylic
acid anions show strong attractions for cations, the differences in the
tracer behavior on each resin with the same salt solutiéhs are presumably
due to this g;eater interaction._

It can be seen from tﬂé curves.for ;iCth (Fig. 39 and Table
XXXIT), LiNo5 (Fig. h_o and Table XXXIII), and LiCl (Fig. 41 and Table
XXXIV) that almost the same behavior occurs as was noted for -the Dowex-
50W sulfonate resin, except that the curves are closer together in
dilute solutions, the crossing poihts fall at much lower concentrations,
and the downward deviations are more severe. All three of these effects
can be ascribed to the greater preference of the carboxylate resin for
-Li+ then RSO5_ for Li+—— a preference so great that in concentrated
solutions the Cé was being eluted almost immeédiately,.  with the VHQO
being onjthe order of the experimental erfor, 0.1 ml.

As a check on the éssumption that the stronger resin attraction
for the cations was the cause of the differences between the resins,

LiAc was used as an'eiuéing agéht (Fig. L2 and Teble XXXV). Since the
aqueous and resin ions are esseﬁtially-identical, it would be expected
that the activity coefficient'ratios in both phases should be very similar,
so that aside from resin invasion Egq. (2h) should be applicable. That
such is the case can be seen from Fig. 42, where the two curves are
exactly paralleliand the slight upward deviation found for both ions

is, in all probability, due entirely to resin invasion.

As a final example of resin-ion interactim, it is instructive
to consider a resin of much greater coordinating ability than those used
in this series of experiments, namely Dowex-Al, a chelating resin.l6l
This resin has imidodiacetate groups attached to a styrene-divinyl-
benzene matrix and has a chelating ability similar to that of EDTA.

- These resin groups are able to partially .. replace;water as a coordination

L , N a8 . . . o, . . .
qé», L I L L. . s ot
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Fig. 39. Variation of elution volume of H,O on Bio-Rex 70
with LiClO4 molality for alkali tracers: @, Na; B, Cs.
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-Fig. 40. Variation of elution volume of H,O on Bio-Rex 70 with
‘ :LiNO3 molality for alkali tracers: @, 2Na; [l , Cs.
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Fig. 41. Variation of elution volume of H,O on Bio-Rex _
70 with LiCl molality for alkali tracers: @, Na; [}, Cs.
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Fig. 42, Variation'of elution volume of H,O on Bio-Rex 70
with LiAc.molality. for alkali tracers: ®, Na; B, Cs.
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for the cations, so the order of the distribution ratios is K < Na < Li
< H, ;62 i.e., in reverse order to those observed in dilute  solutionifor
both sulfonate and carboxylate resins.

In éummation, it has been shown that by consideration of the
water-water, ion-water, and ion-ion interactions in each phase,as
reflected in the decreasing water activity and consequent RSOi_ solvati@n
of the iong, the distribution of alkali tracers between cation-exchange
resins and concentrated aqueous SOlutions-cah be given a gqualitative
explanation. Since these congiderations are generally applicable to
all cation-exchange systems, they should be of help in the prediction
of resin selectivities for all ions on the basis of such interactions.

It had been noted previously by other authorsléo"l65 that Be
has a very low distribution ratio between Dowex-50 and concentrafed HC1
solutions. :In order to determine whether this was general behavibr for
Be, since a doubly charged ion would be expected to go onto the resin
rather strongly, Be tracer was eluted from Dowex-50W with HCiOu and
HNO5 (Table XXXVI) and these data, along with those for HCl}6O are
plotted in Fig. 43. . It can be seen that the HC1l data are anomalous,
owing no doubt to chloro-complex formation, as has been previously
postulatedl65 and conf.irmed.l@+ It is of interest to note that there
is slight upturn of the HClOu curve, suggesting that Be represents the
transition between the alkalies with their steeply falling curves and
the sharp upturns noted in the following section for the tripositive

jions.

5. Tripositive Ions .

It had been noted several years ago that the distribution ratios

of several lanthanide ions showed & very sharp increase above U M.
HC1 165,166

thanide and actinide ionS'in-HClOu- In order to'determine whether this

Recently the same behavior has been noted for both lan-

increase was peadiar to rare-earth-type ions, and, if not, to ascertain
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Fig. 43. Variation of elution volume of H,O on Dowex-50W

for Be tracer with aqueous molalities of: A, HC1160;
®, HNO;; [ HC104. , .
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the reasons for this upturn, several tripositive ions were distributed
between a cation exchanger and varying concentrations of HClOu. -Since
ClO& is a noncomplexing anion, the exchange would be expected to be
controlled by-the competition between water and the sulfonate group as
solvators for the cation. '

As a means of investigating these controlling factors, one of
the ions chosen was Cr(HEO)éf++, which is known to have a long half-
life (x 32 hours)l67 fof the—exchange of its water molecules in acid
solution, and is also known to retain these water molecules when it
undergoes exchange from dilute solution with hydrogen ion on the resin.lul
Origninally, the only other ion to be investigated was Fe(H20)6+++,
since the size of Fe+++_is identical to within a,few,hundredthg of an
angstrom to that of Cr+++,168 but the waters of hydration are extremely
labile and undergo essentially instantaneous exchange. By comparison
of the two, it was hoped to observe only those effects caused by the
difference in the lability of the first-shell water of hydration and
consequently gain some insight into the bonding of ions to the resin.
However, the iron tracer was found to yield slopes of less than 3 in
dilute solution, therefore Sc(H20>6+++ was also investigated as an
ion with labile hydration, although Sc++f is of somewhat larger size
than Fe' ' (0.8% K compared with 0.67 Xwgl§8

Since the iron tracer was certainly'in the tripositive state-
at the start of the exchange, there is no apparent reason why it should
fail to ratain this charge throughout the experiment. One possible
explanation is partial hydrolysis to some sort of hydroxy compound,
although this seems highly unlikely in acid solution of 0.1 to 1 M
HClOu. Another explanation is a partial reduction of the ferric ion
by resin impurities, although these should not have been present in the
DNNS (see below), where the Séme behavior is observed. A third possible
effect is.exchangeVsitegloadingvbthhe tracer,;sincé‘the amount of tracer

Fe in the solutions corresponded to several percent of the total exchange
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sites at very high distribution ratios; very little study has been done
on.effeéts of resin composition on distribution .ratios for cation resins.
Since none of these effects should take place at higher HClOu.concen—
trations, and since Fe tracer shows normal tripositive ion behavior in
terms of its distribution ratio at the minimum of the log D vs log
[HCth] curve, the iron was assumed to be tripositive in this region;
‘the behavior of Sc tracer confirms this assumption.

‘ In order to eliminate any possible effects due to steric restric-
tion caused by the resin pore size (see.Introduction, p- 71), the
experiments were conducted using both Dowex 50-X12, a rather highly
qross-linked resin, and 0.1 M solutions of dinonyl napththalene sulfonic
acid (DNNS) in a mixture of heptane and iso-octane, a so-called "liquid
ion exchanger." The essentially identical behavior of the tracers in
the two different systems (Figs. bl and 45 and Tables XXXVII and XXXVIII)
indicates that any appreciable pore-size effects were absent; such dif-
ferenceg as did exist are discussed subsequently.

The exchange behavior of the tripositive ions between the resin

and dilute aqueous acids should conform to Eq. (23) with n equal to 3.
As previously mentioned, Fe tracer did not show this behavior, yielding
a siope of about 2.5 when plotted in accordance with Eg. (24). Both

Cr and Sc tracers obeyed this equation, however, and it may be noted
that, in accordance with the general plcture presented for dilute-
solution exchange in the preceding section, the distribution ratios

for Sc are larger than those for Cr, since Sc is the larger, and there-
fore less hydrated, ion. Similar behavior has beéen noted for the lan-
thanide ions in dilute HC10), the (crystollographlcally) Largest ion
“having the highest distribution ratio. 169,170 7

Consider now the exchange in more concentrated HClOu solutions.-

Taking first Dowex 50-W resin (Fig. Uk), one sees that the D's for Fe
and Cr remain essentially identical {provided the previously mentioned

Fe deviation 1s neglected) up to about 2 M HC10, , with the Sc above,
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Fig. 44. Variation of distribution ratio on Dowex-50W with
HC104 molarity for tripositive tracers: &, Fe; ®, Cr;
B, Sc. Open symbols are time studies (see page 119).
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Fig. 45. Variafion of distribution ratio in DNNS with HC10
" molarity for tripositive tracers: 4, Fe; ®, Cr; |, Sc.
Open symbols are time studies (see page 119).
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and parallel to, the Cr. At this point the Fe begins to deviate upward

from the straight line, going through a minimum at 3.5 M after which it

turns up very sharply (the point at

9.8 M HCth is shown with an arrow

because severe, possibly Fe-catalyzed, resin decomposition was noted

-in this sample, which would tend to
Sc behaves in a similar manner, its
of the Fe above 4 M HCth. The Cr,

until a more or less constant value

lower the distribution ratio). The
curve being exactly parallel to. that
on the other hand, keeps on dropping

of D is maintained over the region

of b to 10 M HClOu. Data of other workers for Am and Eu tracers have

recently been reported;155 their behavior is identical to that of Sc.

Almost identical behavior to that found for the resin 1s shown

when the exchanger is DNNS (Fig. 45), with the exception that the Cr,

instead of remaining constant, falls off very rapidly as the HClOu

concentration increases; and the slope of the Fe rise is not so steep.

Since the experimental conditions were such that the only difference

in the Fe and Cr is the 1ability of

must be responsible for the anomalous behavior of Cr(H20)6

the hydration shell, this factor
+4++

Tripositive ions, since they have in general a primary hydration

shell of six water molecules plus a fairly extensive secondary hydration
shell, would be expected to show marked changes in behavior -with changes
in the water activity. In concentrated HCth solutions, in the'presence
of the strongly hydrated hydronium . ion and the concordant low water

activities, it might be expected that the tripositive ions (except

possibly Al) would become partially
were some other solvator, such as a
replace the coordination sites left
cr(H,0) " 1on, on the other hand,
an appreciable period of time, even

because of the slow kinetics of the

dehydrated, especially if there
sulfonate ion, which could act to
vacant by the dehydration. The
would keep its hydration shell for
in very concentrated acid solutions,

water exchange. Under these con-

ditions, it seems reasonable that the labile ions, seeking solvation,

would enter the resin phase and use

sulfonate ions.to complete their

primary solvation shells, forming very strong bonds with the resin icns.
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Cr(H20)6++ , however, being a rather large ion with a complete primary

hydration shell, which exchanges only slowly for RSOB_,would remain in
the aqueous phase, owing to the tendency of the hydronium ions, also
seeking solvation, to enter the resin phase very extensively, and thus

exclude the more weakly bonding Cr(H20)6+++.

The case 1s more clear-cut when DNNS is the exchanger, since
such complications as resin invasion (nonexchange electrolyte), secon-
dary ion hydration, and nconbonded water would be expected to be minimized
because of its more organic-solvent—like nature. It is a weaker acid
than RSOBH, so that the proton is very much favored over the large,
hexahydrated Cr ion, and even the Fe ion is peginning to be affected.

The foregoing ideas can easily be checked by carrying out a
study of the change in distribution ratio with time. Since the Cr(H20)6+H
does slowly undergo exchange of its waters of hydration, it would be
expected that in solutions of low water activity another solvator,
specifically a sulfonate group, could replace the water. Thus it
might be predicted that the distribution ratio of Cr tracer would
gradually increase with time, as more and more ion pairs were formed -
with the resin, until values approaching those for Fe were obtained.
Since the exchange is a &low process, and since only those few exchanges
which occurred between the HEO molecules coordinated to the Cr ion and
the sulfonate group would give an increase .in D, this.process would
most probably take on the order of months to approach completion; how-
ever, the trend should be evident over a shorter period of time, e.g.,

a few weeks. Sc and Fe, on the other hand, would be expected to main-
tain the same D over these periods of time, since they are undergoing
continuous exchange between HEO and sulfonate groups in a state of
dynamic equilibrium.

Distribution ratios for several different molarities taken over
a period of several weeks are shown by open symbols in Figs. L and 45

and listed in Tables XXXTX and XL, and it can be seen that essentially
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no differences occur in any of the points with the exception of those
for Cr tracer in 7.5 M HCth, where a roughly exponential increase with
time occurs for the first week in the distribution ratios with both
Dowex-50 and DNNS, giving confirmation to the ideas expressed ébove;
results for longer times are probably incorrect (on the low side)
because of degradation of both Dowex-50W and DNNS by the HClOu,

It thus appears that some rather definitevconclusions can be
made about the bonding of tripositive ions to ion-exchange resins. In
dilute solutions, the ions retain the primary hydration shell and are
bonded in the resin by electrostatic attraction through the:watgrs of
hydration. As the water activity falls, and in the absence of complex-
ing ions in the aqueous phase, those ions which are able to do so lose
part of their waters of hydration and replace  them with resin-sulfonate
groups, forming strong resin-ion complexes and thus yielding very high
distribution ratios. Those ions which do not rapidly exchange their
primary hydration shells are excluded from the resin and only slowly,
as they undergo ligand exchange, are they able to increase their dis-
tribution ratios.

Similar, although not so definite, conclusions can be drawn for
the.monovalent ions. In this case also the decreasing water activity
causes the ions to seek solvation from other sources, and bonding with
the resin sulfonate ions is certainly a major factor in influehcing
resin selectivities. More quantitative treatment of the various inter-
actions must awalt more complete thermodynamic data on mixed electro-
lytes and concentrated solutions; the best that can be said at this
time is that from considerations of the intermolecular water structure
and of the competition for the cation by water, aqueous anions, and
resin anions it 1s possible to give a qualitative exPlapation of

observed resin selectivities.
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III. ' CONCLUSIONS

It has been shown that solvent extraction and ion'exchange can
be treated in terms of maximizing electrostatic interaction within a
given system. All the experimental data given herein deal with processes
involving the transfer of either -ions or dipolar molecules from an
aqueous phase to one which is less aqueous in terms of its physical
and chemical properties, within a system where the. two phases are
readily distinguishable. It has been found that the extent to which
such processes take place depends on the outcome of the'competition
among several factors, the most important being wateréwater, ion-water,
and ion-ion interactions in the aqgueous and resin phases, and dipole-
water, dipole-ion, and dipole-dipole interactions in the organic solvent
phase. By evaluating the relative importance of the various inter-
actions, it i1s possible to predict qualitatively how a particular
aqueods species will behave toward extraction or‘exchahge. As more
data on other systems are made available, the interactions can be more
accurately evaluated,'and in the final analysis a comprehensive theory
of ion exchange and solvent extraction will emerge. It is hoped that

the ideas’presented herein will aid in the formulation of such theory.
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Definitions of Symbols Used in Column Headings of Tables

All concentrations are in moles/liter~unless otherwise specified.

Au
BX
C

aq
C

0

res
Cap
CClu
Chemical
form
[C1]
[C1]
Column

D

D(x)
D(m)
Dia

eluant

Concentration df fatty-acid anion in agqueous phase.

Concentration of fatty-acid anion in resin phase (mmoles/

gram) .

Aqueous-phase acid activity.

Corrected aqueous-phase acid activity.

Agueous-phase water activity. ‘

Acid anion under consideration, generally with Na as cation.
Counting rate of aqueous phase or aliquot thereof (counts/
min or scales/min).

Initial concentration of HAuClu o‘]:"HAuBrLL in aqueous phase.
Salt or acid under: :corsideration.

Counts/min, aqueous phase.

Tnitial counts/min, aqueous phase.

Counts/min, resin phase.

Packager's listed capacity of ion-exchange resin.
Water-saturated CClu or water concentration therein. |
Chemical Mode or chemical combination of purchased isotopes
or reactor targeté.fu:1 |

Concentration of chloride ion in agueous phase.

Concentration of chloride ion in resin phase (mmoles/gram).

Identification number of ilon-exchange column.

mequivalents per g reésin
mequivalents per ml solution

Distribution ratio as 5

counts/min per g resin counts/min per 2 ml drganicpase

counts/min per ml solution’-
Distribution ratio defined in terms of molarity.

Distribution ratio defined in terms ofAmoiality.

" Diameter of ion-exchange column (millimetérs),u

Salt or acid being used as eluting solution for ion-exchange

column.

counts/min per 2 ml aqueousphase '



H2onet
X0

length
liquid
‘M or M

m or m
N

org

-processing
Q
resin

source

B

-1k

Organic-phase acid concentration.
Organic-phase acid concentration,. corrected.
Aqueous-phase HBr concentration.
Agueous-phase HC1 concentration.
Aqueous—phase-HClOu concentration.
Aqueous-phase HNO5 concentration.

Initial concentration of'HReOh in agueous phase.

Concentration of water associated with acid species in

organic phase.

'Organic-phase water content as determined from 2.72-lipeak

in infrared.
Concentration of water!in organic phase as determined by

Karl Fischer ‘titration, may .or may not be corrected for

water dissolved in CClh'

Concentration of water associated with TBP in organic phase.

‘Limiting equivalent conductance.

Length of ion-exchange column (centimeters).

Liquid water.

Molarity or final molarity.

Initial molarity.

Molality or final molality.

Normalization factor for ion-exchange columns. »
Counting rate of organic phase or aliquot thereof (counts/
min or scales/min). '

Purification and solution procedures used for radioisotopes.
Eguilibrium quotient.

Brand name of resin used .in ion-exchange column.
Origin of isotope. or reactor used to produce same.
Half-life of radioisotope.

Duration of shaking for ion-exchange studies.

Water-saturated 0.128 M TBP\



TBP
TBP'

TBP

+
TBPH

B o

TOPO

tracer
vapor
vol
volume

vol
cor

vol
~Tcor
voleO

‘H,O
vol ?

I
VolT 0
x 2
clL
welght
wt

HZO
2.72

vol

2.90

‘Radioactive tracer under consideration.
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Equilibrium concentration of free TBP in organic ﬁnase,
Corrected equilibrium concentration of free TBP in organic
Total concentration of TBP in organic phase.

Concentration of TBP associated with acid species5in organic
phase. i
Concentration of TBP.associated only with HZO in Qrganic
phase.

Total concentration of TCPO in organic phase.

Water vapor.
Volume of solution used to elute tracer (ml).
Volume of ion-exchange resin in column (-cm3)°
Volume of solution used to elute tracer, corrected for free
column volume (ml):
Normalized vol (ml).
cor

Volume of water in vol (ml).

cor
Normalized volH"O (ml). v
Volume of water needed to elute I tracer from column (ml).
Volume of water needed to elute HxTyO from cdlumn (ml).
Mole fraction of resin in chloride form..
Weight of ion-exchange resin {g).

Weight of water associated with ion-exchange resid (g).

Concentration of water as determined by absorbance of
2.'72-u peak, corrected for absorbance by water dissoived
in CClho .
Concentration of water as determined by absorbance of

2,90~y peék.
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| Table I. Extraction of Ej0 by solutions of TBP in CCL;%

TBP TBP B Oy ccil¥ " HO of . 2:72 2.90
0.0013 0:0008 . 0.0104  '0.0099 © .0.0005  0.0002 070003
0.0022 0.0010 0.0111 0.0099 - 0.0012" .- 0.000k4 0.0004
0.0037 0.00%32  0.0104  0.0099 0.0005 - 0.00035  0.0003
). 0073 0.0064  0.0108  0.0099 0.0009 0.0010  0.0009

.0128 0.0112 = 0.0115  0.0099 ~ 0.0016 0.0011  0.0020

.0220 0.0192 - 0.0126 0.0098 0.0028 0.0029 0.0027

L0366 0.0323  0.0141  0.0098  0.0045  0.00%8  0.00M

.073 ~0.06k . 0.0191 000697, V»'o.oo9u 0.0078 vo{oo98

128 0.112 - 0.0265 0.0096 . . 0.0169 . 0.0160  0.0180

.220 0.19% 0.38L 0.0093% 0.0291 0.024k 0.0%20 -

. 366 0.318 0.0687  0.0089 ‘ ‘0.0598' 0.0482  0.06%0

.73 0.65 0.1600 0.0079 0.1521 | 0.0833 0.1607

.28 1.12 0.3818  0.006k  0.375hk  ©0.1587  0.L80

.20 1.90  1l.ook: 0.0039 1.0005  0.298  1.20




‘Table II. -Infrared absorption freguencies of H20, HDO, and_DEO under various conditions.

HEO BD? D20

'vapora ‘CClu CTBP liquidb vapor TBP liquid vapor TBP | liquid

vy 2.66  2.69  2.72 2.9 2.70°  2.87%  2.94 5.58 3.70 .00

vy 2.7 2.76 2.90 3.05 3.68 5.89° 4 .00 3.75 3.95 4.18

2v, 3.17 f 3,12 _ 3.56 3.54 g h L.26 g

v, 6.27 h 6.17 6.08 7.1k 7.13 6.85 8.48 8.39 8.20

® data ffomﬂRefZA66§_

b data from Ref. 67. _ -

cv = agsymmetric stretch, vy = symmetric stretch, 2v2 = first harmonic of bending motion,

‘dV2-= bending‘motioga %
overlapped by‘%L(HEO), 3

€ overlapped by__vl(DEO)s

x not seen, A

€ no listed value

n :

masked by CClh absorption;'




Table ITI. Extraction of HCth by verious solutions of TBP in CClh.

TBP M M m a aHzo a' H if TBPHZO TBP+ TEE TEBP'
0.00128 1.6 11.6 22.6 6.2 x 1010 0.007 = mmemmcmen 0.001%  mmemme o 0.0013 [
0.00219 11.6 11.6 22.6 6.2 x 10° 0.007 0.0024  ameeen 0 0.0022 0
0.00366 11.6 1.6 22.6 6.2 x 10°° 0.007 0.0035 0 0.0037 0
0.00732 6.94 6.9k 9.8 8.1 x 101‘ 0.334 0.0002 . 0.0003 0.0006 0.0064

7.47 T.h7 10.8 2.5 X 10° 0.270 0.0005 0.00k5 0.0002 0.0015 0.0055
11.6 1.6 22.6 6.2 x 101° 0.007  —m-mm-ene 0.0069  mmema- 0 0.0073 [«
0.0128 6.94 6.94 9.8 8.1 x 101‘ 0.334 2.5 X 10 0.0010 0.0018 0.0005 0.0030 0.0093 0.011k
T.47 T.47 10.8 2.5 X 207 0.270 6.5 X 10 0.0017 0.0062 0.0003 0.0051 0.007k 0.001%
11.6 11.6 22.6 6.2 x 1010 0.007  =-memm-ee 0.0128 ~ —---a- 0 0.128 [+
0.0219 6.9% 6.94 9.8 8.1 x 10l+ 0.33h4 2.3 x 10 0.0033 0.0033 0.0006 0.0099 o.1k 0.11%
T.47 T.457 10.8 2.5 X 10° 0.270 6.0 X 10 0.0046 0.0143 0.0003 0.0138 0.0078 0.0114
11.6 1.6 22.6 6.2 x 10° 0.007  mmmmmmmas LS T J— 0 0.0219 0 eeeee-
0.0366 6,94 6.93 9.8 8.0 % 1014 0.33h 1.9 % 10" 0.0064 0.0556 0.0008 0.0192 0.0166 0.0342
‘ 7.7 7.46 10.8 2.4 x 107 0.270  mmmmmemam 0.0126  meem-- 0 0.0366 0 emeee
11.6 11.6 22.6 6.2 x 1010 0.007 mmmeeee-e 0.0366  —--e- 0 0.0366 [ S,
0.0732 6.94 6.92 9.8 8.0 X 10“ 0.33h 1.5 X 101‘ 0.0186 0.1618 0.0008 0.0558 0.0166 0.342
e 7.47 744 10.8 2.0 x 107 0.270 0.0288  <—cee- 0 0.07%2 [ .
11.6 11.6 22.6 6.2 x 100 0.007 0.075L  =-=-m- o 0.0732 ° p—
0.128 6.94 6.90 9.7 6.5 x 1oh 0.3%0 0.0436  wameeo [¢] 0.128 [+ I,
T7.47 7.01 10.7 1.0 x 10° 0.276 0.0556 o 0.128 0 memeee
1.6 1.5 2.5 5.0 x 1020 0.007 0.13%0 o 0.128 0 emmee-
0.219 6.94 6.86 9.6 6.0 X 1<)h 0.348 0.0839 0 0.219 0 cemoea
7.47 7.37 10.7 1.5 X 107 0.276  mmmemeeee 0.1020  ~mewe- 0 0.219 o
11.6 1.k 22.2 5.0 X 107 0,008  emecem-eo 0.2224  emeee- o] 0.219 0
0.732 6.9k 0.61 9.2 k.0 x 10* 0.378  emcmmmome 0.3340 [+ 0.732 o
7.57 7.09 10.1 1.2 x 10 0.315  =mmm—mee- 0.3800 s} 0.732 [ T
11.6 10.8 19.8 b3 % 109 0.020 ©  mmewmaa- 0.7587 0 0.732 [+ I
1.28 6.94 6.34 8.7 2.0 x 10" 0.415 0.6015 --e--- 0 1.28 0 mmeem
7.47 6.80 9.5 6.0 x 10'* 0.356 0.67T11  wmeee- 0 1.28 0 emeeee
11.6 10.4 18.5 9.9 % 108 0.032  ecememeo 1.2 eeeee- 0 1.28 [+

-821-



Table IV. Extraction of HC1Q, by 0.00384 M TEP in CCl,.

. ' T+ e o TRET
M M n a H20 a H HEOKF HQOIR HEO TBPH20 TBPHJP TEP TEP'

3.40  3.40 3.95 5.7x 100 0.809 5.1x 107 0.0001 0.0001 0.008 0.005 0.003 0.00k1 0.0003 0.0340 0.0%42
ko7 hk.o7 4,90 2.2x 102 0.722  1.5% 102 0.0002 0.0002 0.008 0.00F 0.004 0.0037 0.0006 0.0341 0.0342
4,69 k.69 5.85  7.0x 10° 0.645 3.9% 10% 0.0003 0.0003 0.007 0.003 0.00% 0.0033 0©.0009 0.0342 0.0342
5.05 5.05 6.4 1l x10° 0.600 7.2% 107 0.0008 ©.0009 0.006 ©.003 ©.003 0.0030 0.002k 0.0330 0.0344
5.22 5.22 6.1 2.1x 10 0.577 1.0% 10° 0.0007 0.0007 0008 0.003 0.005 0.0029 ©0.0021 0.033h 0.03k2
5.92 5.92 7.9 81 x 100 0.478 3.1% 10° 0.0027 0.0048  0.008 ©0.002 0.006 0.0020 0.0081 ©.0283 @.03h42
6.08 6.08 8.2 1.2x 10h 0.453 43X 107 0.0031 0.0068 ©.008 0.002 0.006 0.0018 ©.0093 0.0275 0.0342
6.50 6.50 9.0 3.0 X 101‘ 0.292 6.1X 107 0.0045 0.0132 0.009 0.001 0.008 (©.0000 0.0135 0.0239 0.0342
8.15 8.1k 12.3 1.hx 106 0.190 1.k X 105 0.0099 O.64k 0.016 0 0.016 0.0002 0.0297 0.0085 0.0342
9.33 9.32 15.2 2.8x 107 0.089  ---e--e-- 0.0146  ----- 0.019 0 0.019 o 0.0384 0
9.73 9.71 16.4 1.1><1o8 0.063 0.0213  ==--- 0.020 0 0.020 0 0.0384 ]
10.1  10.1 17.5 3.4 % 108 0.0k 0.024h  a-ee- 0.021 0 0.021 0 0.0384 Q
10.4  10.h4 18.5 9.9 X 108 0.032  —mmme-e-- 0.0278  ----- 0.016 0 0.016 0 0.0384 ]
1.2 112 212 1.6x 100 ¢.012 0.031h  ---m 0.012 o 0.012 o 0.0384 0
1.2 1.2 212 1.6x10%° o.012 0.0288  ----- 0.010 0 0.010 0 0.0%% 0  ---e-
1.6 11.6 22.6 6.2 x 1010 0.007 —-mmo-o- 0.0315  ----- 0.01k o 0.01k o 0.038% [}
it.7 1.7 23.0 7.6 x 10*% 5.006 0.0336  -=--- 0.009 0  0.009 o 0.038% [¢]
12.5 12.5 26.5 2.6 x 107 5.001 0.0312  ----- 0.006 0 0.006 [¢] 0.0%8% [

=621~




Table V. Extraction of HC1O), by 0.0641 M TBP in CCl,.

W, M a N 21,0 al 8 BOg A0, O Ty, Tyt TR T
2.64 2.64 2.97 1.8x 1ol 0.861 1.hx 100 0.000L 0.0001 0.012 0.011 0.001 0.0073 0.0003 0.0565 0.0637
3.40 3.0 3.95 6.7% 101 0.809 4.8x 100 0.0002 0.0003 0,011 0.010 0.001 0.0069 0.0006 0.0556 0.0637
k.ot 407 koo 2.2% 102 0.722 1.3 X 10° 0.0005 0.0007 0.012 0.010 0.002 0.0061 0.0015 0.0565 0.0637
4.69 hé9 5.85 T.0X 102 0.645 3.5% 10 0.001k 0.0022  0.012 0.008 0.004 0.0053 0.0042 0.0546 0.0637
5.05 5.05 6.h 1.4 X 105 0.600 6.3 X 102 0.0026 0.0049  0.010 0.008 0.002 0.0047 0.0078 0.0516 0.0637
5.22 5.22 6.7 2.1 % 103 0.577 8.8% 10° 0.0027 0.0052 0.0l 0.007 0.007 0.0045 0.0081 0.0515 0.0637
5.92 5.91 7.9 8.0 x 107 o478 2.5x 10 0.0071 0.0890 0.017 0.005 0.012 0.0029 0.0213 0.0399 0.0637
6.08 6.07 8.2 1.1 % 101* .453  3.1% 10° 0.0095 0.0665  0.020 0.00k 0.016 0.0023 0.0285 0.0333 0.0637
6.39 6.37 8.8 2.4 % 1ou 0406 5.7 X 10° 0.0111 0.1178 0.021 0.002 0.019 0.0018 0.0333 0,0200 0.0637
6.50 6.49 9.0 2.8 x 101‘ 0.392 6.3 X 10° 0.0112 0,1208 0.022 0,001 0.021 0.0017 0.0336 0.0288 0.0637
7.47 7.5 10.8  2.0x 107 0.270 0.0%3 0 0.033 0 0.0641 (S J——.
8.15 8.12 12.3 1.0 % 106 0.190 0.037 0 0.037 0 0.0641 [
8.15 8.12 12.3 1.0 % 102 0.190 0.035 0 0.035 o] 0,06k, L I
8.76 8.73 13.8 6.0x 10 0.130 0.039 o 0.039 [¢] 0.0641 [ R
8.92 8.8¢ 1h2 1.0x 107 0.117 0,039 0 0.039 o 0.0641 [«
9.33 9.29 15.1 1.5x 107 0.097 0.040 0 0.0k o] 0.06k1 [ B——
9.33 9.30 15.2 2.0x 107 0.089 0.0k2 0 0.0ke [¢] 0.0641 0 a-e--
9.7% 9.69 16.3 1.0X 108 0.064 0.039 0 0.039 0 0.0641 [ B
9.73 9.69 16.3 1.0X 108 0.064 0.043 0 0.043 0 0.0641 0 aeee

10.1 10.1 17.5 3.k x 108 0.0hk 0.036 0 0036 [ 0.0641 [ J——
10.5 10.5 18.7 1.0x 107 0.0% 0,027 o 0027 0 0.0641 [+ T
W2 111 210 8.0x 107 0.013 0.018 0 0018 0 0,06L1 [ S
11.6 11.5 22.4 5.0 x 101% 0.008 0.012 0 0.012 o] 0.0641 0

12.5 2.4 26.3 1.0x 1012 0.001 0.00%4 0 0.00k [¢] 0.0641 [
12.5 12.h 26.3  1.0x 1012 0.001  ==-mm-m-s 0.0612  ----- 0.005 0 0.005 [¢] 0.06h1 0 eee--

-0¢l-
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Table VI. Extraction of Hclol“ by 0.128 M TBP in CClh.

=
=
El
®
=
©

5 2 al ' b g B0k H0rq 50 TPy 0 TBR Yt TE T
1.69 1.69 . 1.85 5.6 X 10° 0.923 4.8 x 10° 0.0001" 0,000L 0.022 0.020 0.002 0.016 0.0003 0.112 0.113
2.09 2.09 2.30 7.4 x 10° 0.900 6.0 x 10° 0.0001 0.0001 0.023 0.019 0.00% 0.015 0.0003 0.113 0.113
2.64 2.64 2.97 1.8 x 10t 0.861 1.4 x 10 0.0006 0.0006 0.023 0.020 0.003 0.01% 0.0018 0.112 0.113
3.40 3.40 3.9 6.7 x 10% 0.809 b5 x 10t 0.0013 0.001k4 0.022 0.018 0.004 0.013 0.0039 0.111 0.113
4.07 4,07 4.90 2.2 x 10° 0.722 1.2 % 10° 0.6036 0.0044 0.025 0.018 0.007 0.011 0.0108 0.106 0.113
1.69 4.68 5.84 6.9x 10°  0.6h5 3.0 x 108 0.0071 0.0109 0.031 0.01% 0.017 0.009 0.0213 0.098 0.113
5.05 5.0k 6.4 1.2 X 160 0.600 k9 x 10? 0.0113 0.0256 0.034 0.013 0.021 0.008 0.0339 0.086 0.113
5.22 5.21 6.7 2.0 X 107 0.577 6.9 x 10° 0.0124 0.0303 0.038 0.012 0.026 0.007 0.0372 0.084 0.113
6.08 6.06 8.2 1.2 % ml+ 0.453 2.7 % 10° 0.0241 0.2340 0.056 0.008 0.048 0.00k 0.0732 0.053 0.113
6.39 6.36 8.8 2.2 X 101‘ 0.L06 4.0 x 107 0.0321  --ma-- 0.061 0.006 0.055 0.002 0.0903 0.030 0.113
6.50 6.47 9.0 . 2.6x 1oh 0.392 L.6 x 10° 0.032h 0.066 0.005 0.061 0.002 0.0972 0.029 0.113
6.9k 6.90 9.7 6.5 x 101* 0.340  meeeaeoos 0.0kok 0.071 0.00h 0.067 0.000 0.1212 0.007 0.113
6.9k 6.90 9.7 6.5 % 1oh 0.340 wmmeeeeeo 0.0hes 0.072 0.00h 0.068 o] 0.128 [ I
747 o T.ke 10.7 1.2 % 10° 0.276 '0.0523 0.080 0.002 0.078 o] 0.128 [¢]

8.15 .8.09 12.2 1.0 X 106 0.195 0.062h 0.081 0.002 0.079 0 0.128 [
8.15 8.09 12.2 1.0 X 106 0.195 0.0608 0.08k4 0.001 0.083 [¢] 0.128 [« T
8.7 8.70 13.7 6.0 X 106 0.133 0.0640 0.08k 0.001 0.083 [ 0.128 0
8.92 8.85 1.1 8.0 x 106 0.120 0.0730 0.084 0.001 0.083 [} 0.128 [¢]
9.73 9.65 16.2 8.0 x 107 0.066 0.08k9 0.085 [¢] 0.085 o] 0.128 0
9.73 9.65 16.2 8.0 x 107 0.066 0.0829 0.090 ¢} 0.090 [ 0.128 [¢]
10.k 10.3 18.3 6.0 x 10° 0.03k 0.0983 0.084 [ 0.08%4 0 0.128 [
10.8 10.7 19.6 3.0 X 107 0.022 0.1085 0.067 4 0.067 ¢} 0.128 [
n.2 11.1 21.0 8.0 x 107 0.01% 0.1208 0.046 0 0.046 [ 0.128 o
1.6 11.5 ' 22.5 5.0 x 100 0.007 0.128% 0.033 0 0.033 s} 0.128 4
12.5 12.4 26.3 1.0x 107 0.001 0.1413 0.015 0 0.015 0 0.128 0

“Ietr-




Table VII. Extraction of HCIO, by 0.366 M TBP in CC1,.

W M n a 2,0 ar 7+ ' ER T 7 TBPH2° TBR T T
0.52 0.52 0.52 1.6 x 107% 0.982 0.0002 0.0002 0.060 0.059 0.001 0.047 0.0006 0.318 0.319
0.77 0.77 0.80 4.0 % 10:% T o9t 0.0003 0.0003 0.059 0.058 0.001 0.046 0.0009 0.319 0.319
1.02 1.02 1.06 7.7 %X 10 0.961 0.0006 0.0006 0.063 0.059 0.004 0.046 0.0018 0.318 0.319
1.1k 1.14 1.20 1.1 % 1° 0.954 0.0008 0.0008 0.059 0.057 0.002 0.045 0.0024 0.318 0.319
1.69 1.69 1.85 5.6 X 10° 0.923 0.0032 0.0034 0.069 0.065 0.004 0.043 0.0096 0.313 0.319
2.0k 2.04 2.2k 6.8 x 10° 0.903 0.0039 0.00k42 0.068 0.059 0.009 0.042 0.0117 0.312 0.319
2.09 2.09 2.30 7.4 x 10° 0.900 0.004k 0.0048 0.068 0.056 0.008 0.0k2 0.0132 0.311 0.319
2.6 2.63 2.96 1.8 x 10" 0.861 0.009% 0.011% 0.081 0.065 0.018 N 0.039 0.0282 0.299 0.319
3.%0 3.38 3.92 6.5 x 10 0.810 0.0212 0.0320 0.112 0.050 0.062 0.033 0.0636 0.269 0.319
k.07 k.03 4.8 2.1 x 10° 0.726 0.0413 0.1288 0.156 0.048 0.108 0.02k 0.1239 0.218 0.319
4.69 4.63 5.75 6.2 % 10° 0.652 0.0630 0.48% 0.199 0.0b47 0.152 0.016 0.1890 0.161 0.519
5.05 4.97 6.25 1.1 % 10° 0.612 0.0803 a----- 0.212 0.033 0.179 0.010 0.2409 0.115 0.319
5.22 5.14 6.6 1.7 % 107 0.582 0.0853  aee-a- 0.2354 0.027 0.207 0.009 0.2529 0.104 0.319
6.08 5.97 8.0 9.0 X 10° 0.469 0.1137  ~mwean 0.287 0.010 0.277 0.002 ) 0.3411 0.023 0.319
6.08 5.97 8.0 9.0 X 10° 0.469 0.11%0 0.274 0.010 0.264 0.002 0.3420 0.022 0.719
6.39 6.25 8.5 1.9 % 101* 0.428 0.1356 o.274 0.008 0.266 o] 0.366 [
6.50 6.37 8.8 2.3 X 101‘ 0.406 0.1325  aem-a- 0.293 0.007 0.286 0 0.366 [+ J———
6.94 6.79 9.5 6.0 % 101‘ 0.356 0.1535  w---- 0.292 0.003 0.289 o] 0.366 [
6.94 6.78 9.5 6.0 x 101‘ 0.356 0.1561 0.289 0.003 0.286 o] 0.366 [
747 7.29 10.% 1.5 % 10° 0.295 0.1757 0.292 0 0.292 [¢] 0.366 [ I
8.15 7.% 11.9 8.0 x 107 0.210 0.1953 0.288 [ 0.288 [ 0.366 [« T
8.15 7.95 1.9 8.0 X 107 0.210 0.1951  wemeen 0.291 0 0.291 [+} 0.366 [+ J—
8.76 8.55 13.k k.0 x 1o6 0.143 0.2095 ---w-- 0.305 [ 0.305 [ 0.366 [
8.92 8.70 13.7 6.0 x :Lo6 0.133 0.2209 0.283 [ 0.283 [ 0.366 [¢]

9.73 9.48 15.6 5.0 X 107 0.079 0.2507 0.25h4 o] 0.254 [¢] 0.366 [¢]

10.5 10.2 17.8 4.5 108 0.040 0.3051 0.250 [} 0.250 [¢] 0.366 0 emee-
10.8 10.5 18.8 1.3 % 109 0.029 0.316% 0.240 ] 0.240 [ 0.366 0 e
11.2 10.9 20.2 6.0 x 107 0.018 0.3h91 0.195 [¢] 0.1% [¢] 0.366 [ I
11.6 1.2 21.2 1.6 % 10lo 0.012 0.3779 0.140 [¢] 0.1%0 0 0.366 [« ———
1.7 1.3 21.6 2.0 x10°°  0.010 0.3671 0.156 0 0.156 o 0.366 LY
12.5 12.1 25.3 7.0 x 10°7  o0.002 0.4311 0.078 0 0.078 0 0.366 - J—

-eel-



Table VIII.

Extraction of HBr by various solutions of TBP in CCi

X
TEP M u n a E}IQO a' i il HOpp B0 i TBPH20 TEP + TEF TEp!

0.0366 6.483 6.183 T.Th 6.5 x 10° 0.491 2.6 x 10° 0.0001 0.0001 0.0051 0.0025 0.003 0.0025 0.0003 0.0338 0.0338

7.125  7.125 8.70 2.1x 10" 0113  6.6x10° 0.0k  0.000k  0.0059 0.0023 0.0k 010022  0.0012  0.033%2  0.0538

7.500  7.499 9.26 3.8% 10* 0.369 1.0 X 10" 0.0007  0.0008  0.0052  0.0019  0.003  0.0019  0.0021  0.0326  0.0338

8.085 8.084 10.17 1.2 x 107 0.310 2.6 x 10h 0.0014 0.0018 0.0068 0.0018 0.005 0.0015 0.00k2 0.0309 0.0338

8.530 8.528 10.90 2.7 X 10° 0.268 59 x 104 0.0022 0.0035 0.0084 0.0019 0.007 0.0011 0.0066 0.0289 0.0338

0.9915 5.167 5.167 5.93 8.0 x 102 0.637 3.9 % 102 0.00015 0.00015  0.0096 0.0092 0.000 0.0092 0.0005 0.0818 0.0825

: 5.567 5.567 6.46 1.5 % 10° 0.5% 6.6 x 10° 0.0003 0.0003 0.0086 0.0081 0.001 0.0081 0.0009 0.0825 0.0825

6.070 6.069 7.15 3.4 x 107 0.539 1.3 X 10° 0.0007 0.0007 0.0085 0.007h 0.00% 0.007k 0.0021 0.0820 0.0825

6.1483 6.482 T7h 5.5 % 100 0.491 2.1 % 105 0.0011 0.0011 0.0088 0.0067 0.002 0.0067 0.0033 0.0815 0.0625

7.125  7.123 8.70  2.1x 10t 0.413 5.0 x10°  0.0083 0.0027 0.0107  0.0060  ©0.005 0.0059 0.0069  0.0787  0.0825

7.500  7.495 9.26 3.8 % 10“ 0.369 7.6%10°  0.0045 0.0065 0.0128  0.0056 0.007 ©0.0048 0.0135 0.0732  0.0825

8.085 8.076 10.16 1.2 X 107 0.311 1.9 X 10’* 0.0089 0.0217 0.0168 0.0051 0.012 0.0035 0.0267 0.0613 0.0825

8.530 8.516 10.88 2.6 % 10° 0.269 3.2 % 101‘ 0.0143 0.0813 0.0221 0.00L45 0.018 0.0023 0.0k29 0.0463 0.0825

« 8.530 8.516 10.88 2.6 x 107 0.269 3.2 % 101‘ 0.340 0.0730 0.0223 0.00L5 0.018 0.0018 0.0420 0.0477 0.0825

0.183 3.212 3.212 3.49 3.9 % 10t 0.830 2.7 % 10" 0.0001k  ©.0001% 0.0196 0.0200 0.000 0.0200 0.0004 0.1626 0.1637

k.280 4.280 k.78 2.0 x 10° 0.7%2 1.1 % 102 0.0004  0.000k * 0.017% 0.0184 0.000 0.0184 0.0012 0.163%  0.1637

5.167 5.166 5.93 8.1 x 10° 0.638 3.5 % 10° 0.0011 0.0011 0.0176 0.0161 0.002 0.0161 0.0033 0.1636 0.1637

5.567 5.365 6.46 1.5 % 107 0.595 5.7 X 102 0.0017 0.017 0.0175 0.0151 0.003 0.0146 0.0051  0.1633 0.1637

6.070 6.067 7.15 3.0 % 10° 0.539 1.1 % 10° 0.003% 0.0037 0.019k 0.0133 0.006 0.013% 0.0102 0.159%  0.1637

6.483 6.477 7.7k 6.5 X 10° 0.491 2.1 x 10° 0.0063 0.0079 0.0236 0.0122 0.011 0.0120 0.0189 0.1521 0.1637

‘7.12%5 7.2 8.69 2.0 X 0% odak ke x 10 0.013%  ©0.0251  0.0286 ©0.0109 0.018  0.0101  0.,0k02  0.1327  0.1637

7.500 T7.478 9.25 3.9 % 10'* 0.370 5.8 % 10° 0.0216 0.0698 0.0395 0.0084  0.0%1 0.007%  0.0648 0.1108 0.1637

8.085 8.0L8 10.11 1.1 x 107 0.313 1.k % 101“ 0.0368 0.4760 0.0608 0.0050 0.056 0.0030 0.110% 0.0696 0.1637

8.530  8.480  10.81 2.k x 10 0.27L  2.3% 10t 0.0503  w----- 0.0777  0.0035  0.07h  0.0017  0.1509  0.030%  0.1637

0.366 1.075 1.075 1.12 8.9 x 1071 0.958 8.2 x 100 0.0001 0.0001 0.052 0.052 0.000 0.04oh 0.0003 0.3163 0.3198

2.1k5 215 2.3 7.4x12°  0.900 6.0 x 10°  0.0001  0.0001  0.049 0.048 0.001  0.0477  0.000k  0.3179  0.3198

3.212 3.212 3.h9 3.9 x 10% 0.830 2.7 % 10t 0.0005 0.0005 0.047 0.044 0.003 0.0hsh 0.0015 0.3191 o§31§8

4,280  4.278 L.78 2.0 x 10° 0.732 1.1 % 10° 0.0022 0.0022 0.0b47 0.040 0.007 0.039%6 0.0066 0.3198 0.3198

5.167 5.161 5.92 8.0 x 10° 0.638 3.3 X 10° 0.0058 0.0058 0.0k9 0.032 0.017 0.03h1 0.017h 0.3145 ~ 0.3198

5.567 5.558 6.5 1.4 x 10° 0.597 5.0 % 102 0.0091 0.0101 0.057 0.030 0.027  0.0299 0.0273 0.%88 0.3198

6.070 6.04g 7.12 3.3 % 10° 0.541 9.7 X 10% 0.0210 0.0320 0.070 0.030 0.0k0 0.0253 0.0630 0.2777 0.3198

6.483  6.4b9 7.0 6.3x10°  0.45 1.6 x 107 0.0338  0.766 0.097 0.028 0.069  0.0205  0.101h  0.2441  0.3198

D10z 7.062 8.59 1.8 x 101‘ 0.420 3.3 % 10° 0.0632 0.4720 0.142 0.028 0.11h 0.012% 0.1896 0.1640 0.3198

7.500  T.415 9.13 3.6 10" 0.378  5.1x10°  0.085% - 0.189 0.026 0.163  0.0069  0.2562  0.1029  0.3198

8.085 7.963 9.98 9.3 X 101‘ 0.322  —mm-mmem- 0.1223  ------ 0.2l 0.023 0.218 [¢] 0.3660 [

8.530 8.380 10.63 2.0 % 10° 0.282  -eeceme- C.1504  —m-eee 0.288 0.014 0.27h4 [ 0.3660 [
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Table VIIT (Continued)

TBP M M n a Y 0 a f i 00 H 010 HO TBPHQO TBPy+ Tap TEP
0.183 1.075 1.075 .12 8.9%x 107 0.958 8.2 x 10° 0.00006  0.00007 0.0230  0.0002  0.1598  ©.1637
2.145 2,145 2.30 T4 % 1° 0.900 6.0 x 10° 0.00009  0.00010 0.0220 0.0003 0.1607 0.1657
3.212 3.212 3.49 3.9 % 10t 0.83%0 2.7 % 10t 0.00013 0.00013 0.0200 0.0004 0.1626 0.1657
4.280 4,280 478 2.0 % 102 0.732 1.1 x 10° 0.0003 0.0003 0.0184 0.0009 0.1637 0.1637
5.067  5.166  5.95 8.1x10°  0.658 3.5 x 10°  0.0012  0.001? 0.0161  0.0036  0.16335  0.1657
5.567 5.565 6.46 1.5 X 107 0.595 5.7 % 10° 0.0021 0.0022 0.0146 0.0063 0.1621 0.1637
5.567 5.565 6.46 1.5 % 10° 0.595 5.7 X 102 0.0022 0.0022  wemaan oeeeee 0.013h4 0.0066 0.1630 0.1637
6.070 6.066 7.15 3.4 x 10° 0.539 1.1 % 105 0.0035 0.0037  wsewms  mmmmme emeee 0.0120 0.0105 0.1605 0.1637
6.483 6.476 7. 74 6.5 x 100 0.4 2.0 X 10° 0.00¢8 0.008k 0.0101 0.020k 0.1525 0.1637
7.185 7.110 8.69 2.1 X 10'+ 0.h1k k.2 x 107 0.0152 0.0301 0.007h  0.0L56 0.1300 0.1637
8.085 8.0k46 10.11 1.1 % 105 0.313 1.4 % 10h 0.0388 0.6360 0.0030 0.1164 0.0636 0.1637
8.530 8.48h4 10.82 2.4 x 107 0.271 2.3 X 101‘ 0.0455  —-e-a- 0.0017 0.1365 0.0448 0.1637
0.366 1.075 1.075 1.12 8.9 x 107t 0.958 8.2 x 10 0.0002 0.0002 0.0kgh 0.0006 0.3160 0.3198
2.1 2.5 2.30 74x10°  0.900 6.0x1°  0.0003  0.000% 0.0477  0.0009  0.317%  0.3198
3.212  3.211 349  3.9% 100 0.8%0 2.7 X 10>  0.0007  0.0007 0.0k54  0.0021  0.3185  0.3198
4,280 4,278 4,78 2.0 X 1o2 0.732 1.1 x 102 0.0024 0.0024 0.0396 0.0072 0.3192 0.3198
5.067  5.160 5.2  8.0X10°  0.638 3.3 X107 0.0066  0.0072  -=mee-  memec= mmeeee 0.0341  0.0198  0.3121  0.3198
5.567 5.555 6.45 1.k x 107 0.597 5.0 X 10° 0.0115 0.0131 0.0299 0.0345 ©0.3016 0.3198
6.070  6.049 7.2 3.3x10° 054 9.7x10°  0.0207  0.0312 0.0255  0.0621  0.2786  0.3198
6.483 6.450 7.70 6.3 X 10° 0.435 1.6 % 10° 0.0328 0.0712 0.0205 0.0984 0.2k71 0.3198
T7.125 7.06k 8.59 1.8 x 101* 0.420 3.3 X 10° 0.0605 0.3820 0.0124 0.1815 0.1721 0.3198
7.500 7.128 9.13 3.6 % 10h 0.378 5.1 % 10° 0.0825  mmemmm mmmeem me-eo 0.2475 0.1116 0.3198
8.085 7.968 9.99 9.k x 10” 0.321  —mmmemmme- 0.1172  =r-m==  mmmmmm mmeeee 0.3660 0 mee-
8.530  8.382  10.65 2.0 X107  0.282  —m=--=-e- 0.148)  mmemee mmmemememee aeeen - o 0.3660 0 =-eo- -
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Table IX. Extraction of HNO3 by various solutions of TBP in CClh.
TBP M ¥ n a ®5,0 i a B0 B0 o s TP, TP+ TH T
[¢] 3.% 3.9 L.48 2.1 x 100 0.820 0.0002
8.07 8.07 10.87 2.9 x 10° 0.5%0 0.0012
12.10 12.09 20.25 1.4 % 103 0.360 0.0071
15.80 15.77 35.6 1hx10® 060 0029
0.00013 3.9 3.9 .48 2.1 x 10% 0.820 0.0000 0. 0.00001 0.00001 0.00011 0.00011
0.00037 3.9 3.9 4,48 2.1 x 10 0.820 0.0002 0. 0.00002 0.00018 0.00017 0.00017
0.00128 3.9 3.95 .48 2.1 x 10 0.820 0.0008 0. 0.00005 0.00081 0.00042 0.000k2
0.00366 3.95 3.9 448 2.1 x 10% 0.820 0.0023 0. 0.00015 0.00231 0.00120 0.00120
0.0128 3.9 3.9 446 2.1 x 10* 0.821 0.008k 0. 0.00047 0.00845 0.0039 0.0039
0.0366 0.202 0.202 0.20 2.3 X 1072 0.993 0.0001 0. 0.0046 0.000), 0.0319 0.0302
0.501 0.500 0.50 1.k x 1078 0.983 0.0005 0.0005 —————— 0.0045 0.0005 0.0316 0.0302
1.003 1.001 1.05 5.8 x 1077 0.965 0.0020 0.0020 0.0071 0.00hk 0.003  0.00kh4 0.0020 0.0302 0.03%02
2.016 2.009 2.16 2.9 % 10° 0.925 0.0072 0.0084 0.0059 0.0040 0.002 0.0036 0.0072 0.0258 0.0302
2.93 2.91 3.22 8.5 x 10° 0.879 0.0151 0,0240 0.0047 0.003k 0.001 0.0025 0.0151 0.0190 0.0302
3.9 3.93 L.bs 2.1 x 10 0.822 0.0231 0.0581 0.00k41 0.0025 0.002 0.0015 0.0231 0.0120 0.0302
h.96 L,93 5.78 L3 x 10% 0.762 0.0286 0.1200 0.0055 0.0025 0.003 0.0008 0.0286 0.0072 0.0302
6.05 6.02 7.36 8.9 x 10% 0.703 0.0329 0.300 0.0046 0.0018 0.003 0.000% 0.0329 0.0033 0.0302
8.07 8.03 10.80 2.8 x 10° 0.589 0.0352 0.887 0.0054 0.0019 0.00k 0.0002 0.0352 0.0012 0.0302
10.08 10.04 15.00 8.0 x 10° 0.472 0.0381  -w--- 0.0060 0.0035 0.003 0 0.0366 0 emeee-
12.10 12.05 20.17 2.1 % 105 0.361 0.0M17  ----- 0.0067 0.0057 0.001 [} 0.0366 [
1h.0k 13.98 26.6 1.8 x 10° 0.258 0.0498  ---a- 0.0103 0.0088 0.002 0 0.0366 [
15.80 15.71 35.5 1.2 X 101" 0.161 0.0593  -e-a- 0.0112 0.0128 0.000 s} 0.0366 0 emenen
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Table IX (Continued)

TEP M, M n C e ®H,0 i+ o 1,0, 00 o TPy o TR+ T TEP
0.128 0.202 0.202 0.20 2.3% 1072 0.993 0.000% 0.000k  semene meeee aed 0.0161 0.0004 0.112 0.106
0.501 0.499 0.50 1.4 x 107t 0.983 0.0019 0.0019  memem= mmmmee aeees 0.0158 0.0019 0.110 0.106
1.003 0.996 1.04 5.6 X 107t 0.965 0.0069 0.0069 0.0196 0.0156 0.004 0.015% 0.0069 0.1056 0.106
2.016 1.998 2.1k 2.8 x 10° 0.927 0.0277 0.0332 0.0186 0.0138 0.005 0.0123 0.0277 0.880 0.106
2.63 2.87 3,18 8.2 x 10° 0.880 0.0558 0.0923 0.0173 0.0123 0.005 0.0084 0.0558 0.0638 0.106
3.95 3.86 h,26 2.0 x 10 0.826 0.0853 0.237 0.0168 0.0100 0.007 0.0047 0.0853 0.0380 0.106
496" L.86 5.68 4.1 x 10 0.771 0.1033 0.487 0.0133 0.00%0 0.004 0.0025 0.1033 0.0272 0.106
6.05 5.93 T7.22 8.4 % 10 0.711 0.1118 1.033 0.0113 0.0077 0.004 0.0015 0.1148 0.0117 0.106
8.07 7.9% 10.60 2.7 % 102 0.596 0.1271  =---- 0.0131 0.0096 0.00k4 0.0001 0.1271 0.0008 0.106
10.08 9.94 k.77 7.6 X 102 0.479 0.1367  —eem- 0.0137 0.0129 0.001 o 0.128 [
12,10 11.9% 19.81 2.0 X 10° 0.367 0.1540  —-een- 0.0182 0.0179 0.000 o] 0.128 [
1h.0b 13.85 26.0 b5 x 107 0.266 0.1782  —---- 0.0206 0.0250 5} o] 0.128 [ I
15.80 15.56 33.5 9.9 x 10° 0.178 0.2152  —m--- 0.0257 0.0345 0 0 0.128 o -
0.366 0.202 0.201 0.20 2.3x107°  0.995 0,001k 0.0013  -=e-om mmmeem emeen 0.0488 0.001% 0.316 0.293
0.501 0.kol 0.50 1.3 x 1071 0.983 0.0067 0.0063  mmem== mmemen eeeae 0.0478 0.0067 0.311 0.293
1.003 0.977 1.03 5.5 X 107t 0.965 0.0264 0.0264 0.0624 0.051 0.011 0.0468 0.26% 0.293 0.293
2,016 1.936 2.08 2.6 x 10° 0.929 0.0900 0.1102 0.06k4L 0.048 0.016 0.0367 0.0900 0.239 0.293
2,93 2.76 3.03 7.l % 10° 0.886 0.1663 0.27% 0.0592 0.0h2 0.017 0.0251 0.1663 0.175 0.293
3.9 3.71 4.18 1.7 X 10° 0.836 0,214 0.644 0.0536 0.036 0.018 0.0148 0.2kl 0.110 0.293
b.g6 L.66 5.1 3.6 X 10t 0.782 0.2959 1.39 0.0L40 0.028 0.016 0.0079 0.2959 0.062 0.293
6.05 5.72 6.91 7.3 % 10¢ 0.721 0.3339 3.42 0.0398 0.022 0.018 0.0035 0.3339 0.029 0.293
8.07 7.70 10.18 2.4 x 10° 0.610 0.3688  --e-e- 0.0284 0.022 0.006 o] 0.366 [
10.08 9.68 k.20 6.7 x 102 0.493 0.39%64 ceemee 0.0%2k 0.028 0.00k 0 0.366 [
12.10 11.54 18.80 1.7 % 103 0.387 0.4485  —e-me- 0.0k38 0.046 0 0 0.366 [ S
1h.0k 13.50 2h.7 3.8 x 10° 0.288 0.5147  —e-mae 0.0503 0.072 s} 0 0.366 [
15.80 15.13 31.5 8.2 x 107 0.198 06408  ceaman 0.0691 0.104 [¢] 0 0.366 [« T
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Table X. Extraction of H:Reou by solutions of TBP in iso-octane.

TEP M M org aq D B bins TBPHEO TBP+ TBP TES!
4 0.109 0.109 2.0 x 107% 7.5 % 10 0.00000 0.00000 o [ 0
0.109 0.109 3.1 % 10° 1.2 x 10° 0.00000 0.00000 o 0 [
0.435 0.435 3.0 % 107% 6.9 x 101‘ 0.00000 0.00000 [¢] 0 o]
174 1.7% 1.3 x 10° 7.1 % 10* 0.00000 0.00000 ¢} 0 [+
1,65 1.63 1.7 x 10° 7.0 % 10", 0.00000 0.00000 0 0 0 JE—
0.0366 0.87 0.87 7.6 % 10° 9.2 X 101‘ 0.00008 0.00007 0.00011 0.0046 0.0002 0.0318 0.0342
1.7% 1.7k 7.0 X 100 6.5 X 101‘ 0.00012 0.00021 0.00032 0.0044 0.0006 0.0316 0.0342
1.63% 1.63 8.0 x 10° 9.L x 101‘ 0.00011 0.00018 0.00027 0.00Lk 0.0005 0.0317 0.03h2
0.0732 0.217 0.217 9.2 x 10° 8.3 x 10" 0.00011 0.00002 0.00002 0.0095 0.0001 0.0636 0.0637
0.435 0.435 9.1 x 10° 8.9 x 101* 0.00010 0.0000k 0.0000k 0.009k 0.0001 0.0637 0.0637
0.87 0.87 1.7 x 10t 7.2 % 1" 0.00023 0.00020 0.00020 0.0092 0.0006 0.063k 0.0637
1.7h 1.7 2.8 x 10" 7.3 X 10 0.00038 0.00066 0.00068 0.0086 0.0020 0.0626 0.0637
.1.63% 1.63 3.5 X 10t 8.3 % 101“ 0.0004k 0.00072 0.00074 0.0086 0.0022 0.062h 0.0637
0.128 0.109 0.109 1.1 % 10% 7.5 X 1" 0.00016 0.00002 0.00002 0.016 0.000 0.112 0.113
0.109 0.109 1.9 x 10° 1.2 X 107 0.00015 0.00002 0.00002 0.016 0.000 0.112 0.113
0.217 0.217 2.2 x 10* 7.8 % 10" 0.00028 0.00006 0.00006 0.016 0.000 . 0.2 0.113
0.435 0.435 3.3 x 10% 8.8 x 101’k 0.00038 0.00016 0.00017 0.016 0.001 0.111 0.113
0.87 0.87 6.0 x 10° 7.2 X 10" 0.00077 0.00067 0.00078 0.016 0.002 0.120 0.113
1.74 1.7% 1.2 x 107 T.0 X ml‘ 0.00175 0.00305 0.00385 0.01% 0.009 0.105 0.113
1.63% 1.63 1.k x 107 8.5 X 101+ 0.0017L 0.00279 0.00340 0.01h4 0.008 0.106 0.113
0.219 0.109 0.109 1.1 % 10° 1.2 X 107 0.00092 0.00010 0.0005k 0.028 0.000 0.191 0.319
0.366 0.109 0.109 6.6 x 102 1.2 % 10° 0.00k42Y 0.00046 0.00046 0.0h7 0.001 0.318 0.319
0.109 0.108 3.7 x 100 8.8 x 10" 0.00528 0.00058 0.00058 0.047 0.002 0.317 0.319
0.217 0.215 6.0 x 10° 8.1 % 10ll 0.00745 0.00161 0.00176 0.0k7 0.005 0.31h 0.319
0.435 0.430 1.2 x 107 9.5 X 101‘ 0.0122 0.00522 0.0058k% 0.0k5 0.016 0.305 0.319
0.87 0.85 1.4 x 10° 7.2 X 10h 0.0180 0.0156 0.0229 0.0L0 0.046 0.280 0.319
1.7h 1.69 2.1 x 107 7.0 X 101’ 0.0303 0.0528 0.2633 0.026 0.153 0.187 0.319
1.63% 1.58 3.0 % 100 9.0 X 102* 0.0336 0.0571 0.3020 £ 0.025 0.162 0.179 0.319
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Table XI.

Extractioun of HAUCl) into TBP from HCl solutions, iso-octane diluent.

HCL

Au TBP org aq b Au HC1 IBP org aq D
1x10° 6.0 0 4.0 x 10° 2.1 x 10° 2.0 x 1077 1x107 2.0 o] 5.1 x 10° 8.4 x 10" 6.1 % 1077
0.0037 1.5 % 108 2.1x10° 8.6x10™ 0.0128 1.1 x 10% 7.2 % 10* 1.b x 1073
0.0073 1.1 x 105  2.1x10° 5.3x1073 0.0220 5.0 x 108 8.1 x 10" 6.3x 1073
0.0146 1.6 x 10" 3. x10° k.6 x 107 0.037  24x10%  7.3x10" 3.3% 1072
0.0220 3.0 x 10"‘ 2.0 x 10° 1.5 x 1071 0.073 1.7 % 10" 6.0 x 10" 2.9 x 1071
0.037 8.2 x 10 1.3 x 10° 6.2 x 107% 0.128 k.5 x 10" 2.9 x 10" 1.6 x 10°
0.073 1.8x10°  h3xi0t  h3x1 0.220 6.hx10%  1.3x 10" 1.9 x 10°
0.128 6.7x 10"  3.5x10° 1.9 10t 0.37 6.5 x 10" 2.9 x 103 2.3 x 10
0..46 2.1%x10°  5.7x105 3.6 % 10"
0.220 2.1 x10°  2.0x105 1.0 x 10° 6.0 0 1.2 x 10* 1.2 x 10° 9.8 x 1077
0.37 2.1x10°  6.6x120° 3.2 x 107 0.0073 T7.8x 108 9. x 10" 8.2 x 1073
0.0128 4.5 x 103 1.1 % 107 L2 x 1072
8x10°% 20- o 5.0x10° 1.k x10°  4.0x 1070 0.0220 1.3x 10*  6.7x 10" 2.0 x 107
0.0037 2.3 x 10t 1.5 x 107 1.2 x 10”7 0,037 ’ 9.4 x ml‘ 1.9 x 10° 4,9 x 107t
0,0128 3.7x 102 2.8x10° 1.3x1073 0.073 1.0 x 107 1.5 x 10* 7.0 x 10°
0.9220 1.0 x 103 1.6 x10° 6.k x 1073 0128 8.9 x 10" 3.2 x 10° 2.8 x 10*
0.037 5.9 x 103 1.8 x 10° 3.2 x 1072 0.220 1.1 x 167 7.0 x 108 1.6 x 10°
0.073 3.5x 10" 1hx10°  2.5x 107" 0.37 8.9 x 10" 1.8 x 10* 5.0 x 10%
0.0073 9.8x 100  1.5x10° 6.2x 0™
0,128 7.9 x 10l+ 9.8 x 101* 8.1 x 1070 10, [ 9.8 x 10° 1.1 x 107 8.7 x 1077
0.220 1.2x10°  &8x10°  2.5x 100 0.0073 W1 x103  1.5x 10° 2.7x 1072
0.37 17x10°  L7x10% 9.9 x 10° 0.0128 1.3 x 10% 1.3 x 107 1.0 x 1070
0.73 1.6 %107  1.6x105 9.8 x 10" 0.0220 3.9 x 10" 7.4 x 10% 5.2 x 107
1.28 1.6x10°  3.2x10° 4.9 x 102 0.037 1.0 x 107 5.3 x 10* 2.0 x 10°
: 0.073 1.2 x 10° 1.3 x 10" 9.8 x 10°
0.128 1.3 x 107 Wk x 103 3.0 x 10%
0.220 1.4 x 10° 1.5 x 103 9.1 x 10
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Table XIT.

Extraction of HAuClk into TBP from HCl solutions, xylene diluent

Au HCL I8P org agq D Au HCL TBP org aq D
2x10 ' 6.0 0 74 x 10T 3.1 x 105 z.hx 1073 1x107° 6.0 o 12x1® 2.6 x 168 4.6 x 1073
0 1.2x103  31x10° kox1073 0 12x10®  z.6x108  m7x1073
0 8.4 x 108 2.7x10° 3.0 x 1073 o 1.5%x10° 2.9x10%  %9x 1073
0.0183 2.3x10° 2.8x10° 5.8x107C 0 1.5x10° 2.9x10%°  5.0x1073
0.0183 1.5%x 0* 2.6x10° 5.4 x 1072 4} 6.8 x 1071 1.4 % 10% 5.0 x 1073
0.0183 1.5x10% 2.kx10° 5.9x 107 o 6.6x100  14x10%  W8x1073
0.0  9.7x100 2.0x10® Lkogx10 0.0183 8.0x1° 2.7x20?%  2.5x107
0.073  LEx10° 8.5x10° 2.2 x10° 0.0183. z.bx1®  82x10t  2.3x107
om0 9.9x10° 11x10  8.7x10° 0.0185 4.0x10°  1.3x10%  2.5x107
0.110  1.3x10°% 2.0x10"  6.3x10° 0.037  2.8x10%  25x10¢  1,1x107t
0110  2kx10° kzxiot  5.8x10° 0.037 LAhx1ot  Lzxi?  11x10
0.146 2.7 % 10° 2.2 x 101“ 1.2 x 10t 0.073 1.3 x 10? 1.7 % 10? Tl x 1071
0183  1.9x10% 7.5x 100 2.6 x 10" 0.073  6.2x10*  8.3x10  T.hxiolt
0.183 2.8x10° 1.6x 10" 1.8 x 10" 0.110 2.1 x 102 8.4 x 0% 2.5 x 10°
0.110 1.0 x 107 b1 x 10t 2.5 % 10°
1% 108 60 0 9.0 x 102 2.6 x 107 3.4 x 1073 0.146 2.5 x 107 k.9 x 0% 5.1 x 10°
0 8.8x 1% 2.3x10°  3.kx 1073 0146  1.2x102  2.5x 10" 5.0x10°
0.083 2.1x10" 27x10° T7.3x107 0183 2.5x10%  3.3x10"  7.8x10°
0.0183 L7x10" 22x10° T.2x10% 0.183  T7.6x 10~  9.8x10° 7.8 x 10
0.057 68x10% 2.3x10° T.3x107° 0183  1.3x10%  L.6x100 7.9 % 10°
0.073 1.8 x 10° 5.6 X 10" 3.3 % 10°
0.110  2z.2x10° 21x10% 1,1x10" 10. 0 6.0x 107 2x 102 2.4 x 1073
0.6  2.2%10° 8.3x 107 2.6 x 10" 0.083 3.9x10°  25x10%  1.6x 107
083  2.3x10° 51x103 ks5x 10t 0.037  11x10%  1.6x10%  6.7x 107t
0.183 2.3x10° 5.1%105  L.6x 10" 0,037 11x10%  LT7x108  6.6x1w07t
0.073 2.1x10%2  Thx1ot 2.9 x10°
1%1077 2.0 0 L3x10'  k6x10°  2.9x 1072 0110 2.5x10%  3.9x10%  6.5x 10°
0 1.5x100  4.8x102  3.0x107? 0.1k 2.8x 102 L.6x10b  1.8x 10"
0 k.3 x 103 3.0 x 1o: 1. x 10'2 0.183 1.8 x 107 6.8 x 10° 2.7 % 10t
0 hex 10 2.9 x 107 1.k x 107 0.183  1.8x108  6.7x1°  2.6x 10
0.0183 8.5 x 10° .7 x 10° 6.0 x 1073
0.0183 s5.2x10° 3.0x108 3.0x1073
0.0183 7.5x10° k7x10°  2,0x107
0.0183 8.5 x 10° 4.7 x 208 3.0 X 1073
0.037  8.3x10° 2.9x10°% 1.b4x107
0.073 b5 x 100 b ox 102 7.2 x 1072
010 Lix10®  3.9x10° 2.4 x 107
0%  L.7x10%  33x10°  50x107"
0.183  1.5x10° 1.7x10%2 9.1 x 107
0183  2.5x100° 2.7x10° 8.8x 107"
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Table XTI. (Continued)

Au HCL TBP org aq D Au HC1 TBP org aq D
1x0t 20 o 1.3x10°  2.9x10%  bhx103 1x103 60 o 11x10t zox10®  s5x 107t
0.0183 L6x10°  2.7x10%  1Lkx1073 0.0183 9.0x10°  1.6x10%  hogyxi10?
0.037 hox10?  31x10° 8.k x 1073 0.037 5.0x 100 1hx10?  35x107t
0.073 2.1x100 2.7x10%  T.6x 107 0.073 1.2 x 10° 5.0% 100z x 100
0.110 5.2x 1050 2.2x10%  2.0x 10t 0.110 Lrx10®  elxiol 7.1 w100
0.146 9.4 x 108 2.2x10° 3.8x107t 0.146 5.5x 100 3.6x10° 1.4 x 10t
0.183 1.3x 108 1.9x10° 6.4 x 107t 0.183 2.0x 108 8.3x10° 2.4 x 10t
6.0 0 6.0%x 10t 3.0x10%° z2.0x103 0. 0 9.0x10% 1.7x108  6.8x107t
0.0183 1.3x 100 2.5x 107 4.8x 107 0.0183 32x 10t 1.3x10° 2.3x107t
0.037 6.1x10"0 2o0x10% 3.0x107t 0.037 g1x10t  7.3x100 1.3x10°
0.073 1.6 x 102 1.0 x 10 1,6 x 10° 0.073 1.5x 105 2.3x108  6.5%10°
0.110 2.2 x 102 5.2 X 10l b1 x 100 0,110 1.k x 102 7.2 x 100 1.9 % 101
0,146 2.4 x 102 3.0 x 10 8.0 x 10° 0.146 1.8 x 102 .y x 100 b2 x 10°
0.183 2.5 % 102 1.8 x 10* 1.4 % 10t 0.183 1.8 x 10° 2.9 x 1° 6.2 « 10
0. o w8x20" 2.4x10%2  2.0x 1073 1x102 20 o 2.9x10%  23x10%  L2xot
0.0183 s.zx 100 z20x108  2.6x10t 0.0183 bsx 10t T 1.9 x 108 2.1 x 1073
0.037 1hx 108 1. x120° 1.3 x 10° ' 0.037 3.0x 100 z.2x10® 1.« 1072
0.073 2.3x 102 3.0x100 7.6 x 10° 0.073 1ox 10t zox 102 9.k x 1072
0.110 2.4 x 107 1.3 x 0% 2.1 x 10 0.110 L7 x 10t 1.5 % 10? 3.1 % 107t
0.146 2.5 x 102 Sk x 10° 4,7 x 10" 0.146 T.3 % 10t 1.0 x 10° 7. x 1070
0.183 2.6x10°  3.2x10°  7.9x 10" 0.183 1.hx 105 g1x10t  1.5x 100
1x103 20 o 2.3x10t 2.3x10°  1.0x 1073 6.0 0 bhx 10 zox108 ez x 10t
0.0183 6.3 X 100 2.0 x 16 2.2 x 1073 0.037 k.3 x 10* 1.6 x 10° 2.7x 107"
0.037 2 x10°  2.0x108  1.2x10 0.073 g.ox10t  s.ox10t  1.6x10°
0.073 1.8 x 10 1.8 x 162 9.6 X 1072 0.110 1.7x 10% 2.9 % 10t 5.7 X 10°
0.110 5.0 %100 1.6x108  3.3x107t 0.146 1.9x 108 1hxaot 1kx 10t
0.146 9.4 x100 1.2x10° T.9x10t 0.183 1.8x10°  5.7x10°  3.1x10t
0.183 1.3 % 10° 8.4 x 10 1.6 x 10°
10. 0 9.0x10% 1.7x1®  s.z2xzo0t
0.037 8.3x10t Lzx1® T.1x107t
0.073 1.6 x10°  3.9x100  h1x 1
0.110 21x10°  16x105  1.3x 10t
0.146 2.2 x10°  6.8x10° 3.2 x 10
- 0.183 2.3x 102 k2 x10° 5.5 x 10%
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Table XITI. Extraction of }{Auclh into TBP from HC1 solutions, CClh diluent.

Au HC1 TBP org ag D Au HC1 TBP org ag D
1x 10'6 6.0 0 1.1 x 10t 7.7 X 10* 1.5 x 10'1’ 1x 107 2,0 [ 2.6 x 10 1.2 x 107 2.3 % 10"“
o 1.0 x 10 1.2 %x 10° 8.0 x 1077 0.037 2.0 x 107 7 x 10" z.5x 1073
0.037 3.1 x 103 7.9x 10" 4.6 x 102 0.073 1.1x10°  8.6x10"  13x10?
0.037 5.2 x 103 9.6 x 10% 5.4 x 1072 0.128 L8 x 105 T.3x10'  6.5x 107
0.055  1.bx 10" 1.1x10° 1.3x107 0.220 2.2x 10" s.5x10®  3.9x107t
0.002  2.3x 10" 5.9 % 104 3.8 x 107 . 0.37 5.3x 10" 2.6x10% 2.0 x 100
0,128 b3 x 10"L 2.7 x 101‘ 1.6 x 10°
0146 6.7 x 0% 3.5 x 108 1.9 x 20° 6.0 o 2.6x10" Lex.?  2.3x07"
0.220 6.7 x 10" 1.0 x 100 6.7 x 1° 0.0220 1.3 x 103 8.7 x 10+ 1.5 x 1072
0.220 9.1 x 10" Lzxw0t 7.3 x1° 0.037 51x20% 9.5x10"  5.3x 1072
0.37 7.7 % 10" 2.8x 105 2.7x 10 0.073 2 x10"  T2x10*  38x107t
0.37 8.7 x 10" 2.6 x 103 3.3 x 10" 0.128 6.6x10"  33x10%  2.0x10°
0.220 8.9x 10" 9.hx 103 9.5 x 10°
2 x 10'6 2.0 o] 2.0 x 107 5.8 x 10“ 3oh % 10'" 0.37 9.2 x 101‘ 4.0 x 103 2.3 % 10
0.037- 1.7 x 10 59 x 10" 2.5% 1073
0.037 1.4 x 102 6.1 x 10" 2.0 x 1073 10. o 1.6 x 167 1.2 x 107 1.3 x 1073
0.055 2.2 x 108 5.7 X 102‘ 5.5 % 1073 0.0073 1.9 x 103 1.6 x 10° 1.1 % 1072
0.055 3.3 x 102 5.8 x 0% 3.7 x 1073 0.0128 5.0 x 105  1.6x10°  1.1x 1072
0.092 9.9 x 102 5.6x 10 1.7x 102 0.0220  zox10%  1.3x10°  1.5x 107t
0,146 3.2 x 103 b9 x 0% 6x10? 0,037 b6 x 101‘. 9.7 x 10" b7 x 107"
0.220 8.8 x 103 b6 x 10h 1.9 x 1071 “ 0.073 8.6 x 10" 3.0 x mj“ 2.8 x 10°
0.37 6.8 x 10" 25x10t 1.9 x 10° 0.128 1.1x10°  8.zx105 16 x 10"
0.37 3.8 x 10" 2.0 x 10" 1.9 x 10° ’ 0.220 1.2x10°  2.5%x103  46x 10"
: 0.37 1.4 x 10° 6.8x 103 2.0 x 10?
8% 10 10. o 8.0 x 10° 8.0x 10 1.0x 107 -
0.037  2.0x 10" 5.1 x10%  hox107t
0.073 5.2 X 1oh 3.3 % 10" 1.6 x 10°
0128 7.2 x 10" 9.1x 103 7.9 x 10°
0.220  5.9x10° Lix103 5.k 10t
LY 2 2

0.37 6.9 x 10 4.6 x 10 1.5 x 10
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Table XTV. Fxtraction of HA\IBTh into TBP from HBr solutions, xylene diluent.
Au HBr TBP ’ org ag D Au HBr 1‘]2 org ag D

1x10°% 2.0 0 6.0x 1070 8.5x10° 7.1x1073 1x107 kil o 6.5x10°  2.5x10°  3.1x1073
0 9.1x1070  1ax10®  6.5x1073 o 7.0x 102 2.7x10°  2.6x1073

0.0183  1.3x10°  1.hx10% 2.0x1073 0.0183  3.7x10%  21x20°  L7xiot

0.037  2.5x%x10°  1.hx10%  6.0x 1073 0.083  hhx10*  2.5%x10°  17x07

0.073  5.0x10°  1.1x10% 3.9x107 0.037 1.3x10° LAx10°  9.5%x 1070

0110 1.7x100  1kx10? 12x107t 0.073 21 x10° 2w 10t 8.6 x10°

0.186  3.3x10°  1.3x10% 5.3x107t 0.110 2.2%10°  6.8x10°  32x1o

0.183 6.7 x 10t 1.3 x 10% 5.3 x 1071 0,146 2.5 x 10° 3.0 x 103 8.3 x 10t

0.183  5.3x 100 Lax1® h9x1o 0.183 2.5x10° 1.5x103  1.7x10°

0.183 2.6 x 10° 1.5 % 103 1.6 % 107

1x107 11 0 9.5x10° nkx107 2.2x107 ,

o 6.8 x 10 2.5 x 107 2.6 x 1073 6.3 o 2. x 100 1.6 x 10° 1.5 % 1073
0.0183 1.9x 105 2.k x10° 5.0 x 1073 o 2.9x100 1.9 x 108 1.7 x 1073
0.0183 2.0 x 103 2.8 x 10° 5.2 x 1073 0,0183 9.6 x 10 1.1 x 10° 8.7x 107t

0.037 9.8 x 103 4,5 x 107 1.9 x 1072 0,0183 1.0 x 107 1.1 x 102 8.6 x 107%

0110 82x10" Lhx10° 5.8x107t 0,083 7.6 x 10 7.1 x 10* 1.1 % 10°

0.110 8.2 x 10" 1.5x 10°  5.3x 1070 0.037 1.5 x 102 3.1 x 10% 5.0 x 10°

0.1  LLx10°  1.0x10° L.k x 10 0,073 0x10°%  65x10°  31x10t

0.183 1.5 % 10° 5.9 % 101‘ 2.6 x 10° 0.073 1.0 x 10% 2.5 x 10° 4.0 x 10

0183  1.7x120°  Gzx10t  2.7x10° 0.110 2.0x 102 31x10°  6.5x 10"

0.146 1.9 x 10 1.7x10° 1.2 x 102

0.183 1.5 x 10° 1.1 x 10° 1.4 x 10°

0.183 2.1 x 10% 2.1 % 10° 1.0 x 102

0.183 2.0 x 107 1.8 x10° 1.1 x 102
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. Teble XV. Extraction of HAUCL, into TBP from 6 M LiC1-0.1 M HCL solutions, Au = 1 X 1077 M
iso-oc.tane diluent cmh diluent
TBP org ag D TBP org ag D
0. s.0x107  g.0x 10" 5.5 % 1076 o 8.3 x 10" 9.7 X 10" 8.5 x 107
0,0013 5.0 X w0t 7.1 % 10t 1.5 % 1076 0.0220 1.1 x 103 9.3 x 10" 1.1x 1072
0.0022 1.3 x 20° 6.9 x 10" 1.2 x 107 0,0220 1.0 x 10° 1.1 x 10" 8.5 x 1073
0.0037 2.7x1°  61x10°  3.9x107 0.037 3.3x10°  L1x10°  2.9x10°
0.0013 1.7x10'  s58x10"  z.9x10t 0.037 2.6x120°  g.9x10*  2.6x107
0.0128 1.3 x 10° 7.1 % 10h 1.8 x 1073 0.073 1.8 x 10b 9.9 x 10t 1.8x 107
0.0220 6.7 x 10? To7T % 10]‘ 8.7 x 1073 0.073 1.8 x 101* 9.9 x 101‘ 1.8 x 1070
0,037 .y x 103 6.8 x 10" 6.5 % 1072 0.128 3.9 x 10" 6.3 x 10" 6.4 x 107t
“0.073  2.9x 10" 39x10*  Thx 107 0.128 1.8x10"  5.8x10*  6.6x107
0.128 5.6 X 10]*' 1.2 x-10% 5.0 x 10° 0.220 7.8 x 101‘ 2.9 x 10" 2.7 x 10°
0.220 6.1 x 10" 1.8 x 103 3.5 x 10 0.220 7.2 x 10" 3.4 x 10" 2.2 x 10°
0.37  T.2x10"  3.5x 10° 2.0 x 10° 0.37 8.8x 10"  12x10® 7.6 x 1°
0.37 9.2 x 10" 7.5 x 103 1.3x 10
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Table XVI. Extraction of HReO, into TBP and TOPO from HCl solutions, HReQp =1 X 10_6 M, iso-octane duluent

HC1 TBP org aq D HC1 TOPO org aq D
2.0 0 2.0x 1070 8.4 x 101‘ 2.2 X 1o'6 20 0 -9.0 x 100 1.6x10° -6.0x 10'6
0.0220 31x10° 9.3x10° 3.1x107 0.0010 2.8x10" 1.6x10° 1.8x107
0.037 6.4 x 100 8.2 x 10“ 7.6 X 10'5 0.0020 1.hx 102 1.8 x 105 8.0 X 10'1*
0.073 b x 0t 8z x10t s x 107t 0.0035 1.0x 105  1.8xX10° 5.5 x 1073
0.073 9.7x10"  1.6x10° 6.1x107" 0.0060 1.2x108 1.3x10° 8.9x1073
0.128 2.5 x 108 8.0x10° 3.1 x10°3 0.0060 b7x10°  1.2x10°  3.8%x 1072
0.128 8.1 x 10° 1.8 x10° 4.6 x 1073 0.0100 3.9 % 10“ 1.2 % 107 3.2 X 107t
0.220 1.7x108  81x10t 2.1x10°¢ 10.0200 1ox10° 8.0x100  1.3x10°
0.37 9.8 %103 7.9x10" 1.2 x107* 0.035 1.6x10°  z7x10% 6.2 x10°
0.060 3..7><m5 7.6 X 10 2.2 X 10
6.0 0 s.0x10t 67 %10t 7.0 x 1070
0.0220 31x100  6.5x100 b8 x107t
0.037 1.0 x 162 6.6 x 10" 1.6 x1073
0.073 7.0x10% 6.5 x 100 1.1 x 1072
0.128 3.7 % 103 6.0 X 10"‘ 6.1 x 107
0.220 12 x1t  3g9x10t 3.1x10t
0.37 2.3 X 102‘ 1.5 % 10“ 1.5 % 10°
0.73 1.1x10° 1.1 x10% 1.1 %10t
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Table XVII. Extraction of H.Auclk into TOPO from HC1l solutions, CClu diluent.
Au HC1 TOPO org ag D Au HCL _@ org ag D
1x10° o.20 0 2hx 10t Tax10t 3z2x10 1x107  0.05 o ksx 10 h6x10 1.0x 10"
0 3.8 x 10t 1.l x 10° 2.7 x 10'1‘ 0.020 1.2 x 101* 2.7 X 10 4.5 % 10'1
0.020  8.6x 10" 1.8x10% 1.7x 1° 0.035 2.8x 10"  L6x10 1.7 % 10°
0,020  TAhx10%  2.0x10® 2.7 x1° 0.060 2.5x10"  2.7x103  9.3x 10°
0,035  9.5x 10"  3.8x103 2.5 x 10" 0.100 L1x 10" L5x10%  2.7x 0
0.060 7.0x10% 1.0x103 7.0x 10" 0.200 n1x10t  lLox10® 2.1 x 102
0,060  1.0x10°  9hx10%  1.1x10° 0.400 m3x100t  1.8x10t 2.4 x 103
0100  1.0x10°  3.7x10° 2.8 x 10°
0100 1.1x10°  h3Ix10%  2.5x 10 0.20 0 Lox10t  sox10®  3.8x10™t
2x10° o005 o 6.8x100  3.7x10% 1.8x1073 o 71x100  12x10° 6.1x107t
0,000  3.2x10"  1.0x10*  32x10T
0,005 1.1x10*  63x10% 1.7x107 0,020 7.2x10%  32x10 2.3 x 10°
0.0050 8.0x105 62x10® 1.3x107 0.020 7.9x 10" 3.6x 10 2.2 x 10°
00100 zhx20"  kox1' 6.1x107" 0.020 Lhxw0'  7.1x103  2.0x10°
0.020 b9 x 10 1.9x 10" 2.5x 10° ’ 0.020 6.5 x 10" 4.3 x 10 1.5 x 10°
0.050  6.8x10°  3.3x103 2.1x10" 0.035 1.2x10° z.5x 10" 4.8 x 1°
0.100 7.2 X 101‘ 3.8 x 10% 1.9 x 10% 0.035 3.6 x 10" 6.6 x 103 5.4 x 10°
0.200 7.0 x 10* 3.0 x 105 2.3 x 10 0.050 1.3 x 107 9.6 x 103 1.4 x 10°
000 T.5x10%  1.3x105 5.8 x 103 0.060 néx 10t 2.0x103  2.3x 10t
0.100 11x10° Le2x103  8.8x 10
0.20 0 7.0x 105 9.5x 0% 7.1 x107* 0,100 1.1x10° 1.2x103 9.0 % 10t
0.0100 6.2 % 101‘ 3.9 x 10 1.6 x 1° 0,100 4.9 x 101‘ 5.7 % 10% 8.6 x 10
0.020  8.8x10% 1.1x10% 7.9x1° 0.200 5.3x 108 7.8x 108 6.8 x 102
0,05  1.0x10°  1L.0x 100 1.0 x 10° 0,400 1.8 x 10 Lhxiot  3kx103
0100  81x10" 1.0x10% 7.8 x 102
0100  7.7x10%  1.0x10% 7.7 x 102

Xids



Table XVIII.

Distribution of fatty - acid anions between Dowex -1 and aqueous solutions.

Anion M fe1] %1 Y] [t1] Q D Xoy
Acetate 1.095 0.129 1.225 0.966 1.467 0.112 1.27 0.545
0.547 0.0993 0.995 0.418 1.737 0.122 2.13 0.6L5

0.219 0.06L5 0.613 0.155 2.079 0.123 3.98 0.772

0.1095 0.0LL3 [8°=18 0.0652 2.271 0.126 6.46 0.8k

0.0547 0.0293 0.278 0.0254 2.5h 0.133 10.9 0.897

0.0219 0.0150 0.143 0.0069 2.549 0.122 21 .94y

Formate 1.05h4 0.1k455 1.382 0.909 1.310 0.170 1.53 0.487
0.527 . 0.1135 1.078 0.3 1.61h 0.184 2.62 0.600

0.211 0.0720 0.684 0.139 2.008 0.175 k.96 0.7h6

0.105 0.0510 0.487 0.054 2.207 0.208 9.0 0.820

0.0527 . 0.0326 0.309 0.0201 2.382 0.210 15.4 0.885

0.0211 0.0162 0.153 0.0049 2.538 0.20 3L 0.943

Butyrate . 1.07h 0.161 1.530 0.913 1.162 0.232 1.68 0.432
0.537 0.12% 1.169 0.k 1.523 0.228 2.82 0.566

0.215 0.0798 0.758 0.135 1.934 0.231 5.61 0.718

0.1074 0.0543 0.516 0.0531 2.176 0.243 9.72 0.808

0.0537 0.0345 0.328 0.0192 2.364 0.249 17.1 0.878

0.0215 0.0173 0.164 0.00ke 2.528 0.27 39 0.937

Trimethylacetate 1.116 0.180 1.710 0.9%6 0.982 0.335 1.83 0.365
0.558 0.1h2 1.349 0.lné 1.343 0.341 3,24 0.499

0.223 0.0915 0.869 0.132 1.823 0.332 6.61 0.677

0.1116 0.0623 0.592 0.0493 2.100 0.356 12.0 0.780

0.0558 0.0390 0.371 0.0168 2.321 0.371 22.1 0.862

0.0223 0.0185 0.176 0.0038 2.516 0.3h k6 0.935

Trimethylacetate 1.116 0.17h2 1.655 0.946 1.037 0.293 1.7% 0.385
(repeat run) . 0.558 0.1355 1.287 0.l22 1.405 0.295 3.06 0.522
0.223 0.0902 0.857 0.133 0.1835 0.318 6.47 0.682

0.1116 0.0612 0.575 0.050k 2,111 0.327 11.3 0.78%4

0.0558 0.0388 0.368 0.0170 2.323 0.362 21.7 0.863

0.0223 0.0185 0.176 0.0038 2.516 0.34 4% 0.935
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Table XVIIT (Continued)

Anion M [c1) (8] a) [c1) Q D %oy

Valerate 1.158 0.193 1.834 0.965 0.858 0.427 1.9 0.319

0.579 0.155 1.473 0.hoh 1.219 | 0.hh2 3.47 0.453

0.232 0.1005 0.955 0.132 1.737 0.42o 7.26 0.645

0.1158 0.0685 0.651 0.0473 2.0l 0.462 13.8 0.758

0.0579 0.0433 0.411 0.0146 2.281 0.534 28.2 0.847

0.0232 0.0198 0.188 0.0034 2.504 0.hh 55 0.930

Caproate 1.063 0.207 1.966 0.856 0.726 0.654 2.30 0.270

0.5%2 0.175 1.662 0.357 1.030 0.792 h.66 0.38%

0.213 0.117 1.111 0.096 1.581 0.86 11.6 0.587

0.1063 0.0777 0.738 0.286 1.954 1.03 25.8 0.726

0.0532 0.0450 0.k27 0.0082 2.265 1.03 52 0.841

0.0213 0.0193 0.183 0.0020 2.509 0.70 92 0.932

Methyldi- 1.068 0.212 2.01% 0.854 0.678 0.74 2.36 0.252

chloroacetate 0.533 0.203 1.928 0.330 0.764 1.55 5.84 0.28%
0.213 0.14h 1.370 0.069 1.322 2.17 19.9 0.491

0.1068 0.0877 0.853 0.0189 1.859 2.08 by 0.691

0.0533 0.0478 0.454 0.0055 2.238 1.76 83 0.8%31

0.0213 0.0197 0.187 0.0016 2.505 0.9 120 0.931

Trichloroacetate 1.071 0.277 - 2.631 0.79% 0.061 15.1 3.3 0.023

0.536 0.266 2.527 0.270 0.165 15.1 9. 0.061

0.214 0.179 1.700 0.035 0.992 8.8 k9 0.369

0.1071 0.0947 0.900 0.0124 1.792 3.8 (5] 0.666

0.0536 0.0485 0.461 0.0051 2.232 2.0 0 0.829

0.0214 0.0201 0.191 0.0013 2.501 1.2 150 0.929
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Table XIX. Preparation of radiochemical tracers.

Tracer T{ Chemical form Source Processing
W (T) 12.26 y TH 0 IRL B0 dissolved in distilled H,0
e 53 4 BeCl,in HCL  NSEC none
[ 2.6 y NeCl in 1-120C NSEC none
a2t 15.0 h  NaHCO LPTR dissolved in distilled H,0
Sc];i 85 4 St:Cl3 in HC1 ORNL evaporated to dryness and dissolved in HCth
Cr’ 27 a CrCl3 in HC1 ORNL evaporated to dryness with HCZLOL} and dissolved

in HC1Oy, allowed to stand for two weeks before
use to permit Cl~H20 exchange

cr(c10,) GETR dissolved in HC10), treated with H,O, to
W3 - 2

reduce Cr20 , and boiled to remove excess
E,0 7
272

Cz-O3 GETR same as above

Fe59 k5 d Fe filings GETR dissolved in HC1O,, evaporated to dryness, and

redissolved in HCkOh

Fez(sl)l‘)3 GETR dissolved in HC10;, treated with K’ZSZOB to

oxidize Fe(II), and boiled to decompose
excess K25208

o 19.6 4 ReNOg LPTR dissolved in distilled H)0
GETR
3t 8.05 a Nal in 1-120‘: ORNL none
¢s?77 30 ¥ ©sCl in HE® LRL HC none
; c
€850, in H,0
? Rer. 62.

® LRL B-O0 - Lawrence Radiation Laboratory, Bio-Organic Group

NSEC - Nuclear Science and Engineering Corporation, Pittsburgh, Pa.

LPTR - Material irradiated at Livermore Pool-Type Reactor, Lawrence Radiation Laboratory,
Livermore, Calif. - .

ORNL - Oak Ridge National laboratory, Oek Ridge, Tenn.

GETR - Material irradiated at General Electric Test Reactor (Vallecitos), Pleasanton, Calif.

IRL HC - Lawrence Radiation laboratory Health Chemistry Source Preparation Department.

c s n
Carrier-free isotope -

-8% 1~



Table XX. Description of Ion-exchange columns.

Column

. ~Régin

Length

Diam. ' Volume  Weight WtHEO VoiI..' V01T2O Cap N

1 Dowex-50W 28.5 3.0 2.0 1.10 1.38  0.55  .1.39 2.3 2.
la Dowex -50W 31.0 3.5 3.0 1.64 -—--= " 0.82 - 2.3 1.9
2 Dowex ~50W 3h.1 h.2 b7 2.6k -—— 1.31 -—-- 2.3 1.0
3 Dowex-50W 91.0 3.3 7.8 4.8 ——— 2.2 e 2.3 0.55
I Dowex-50W  111.8 3.3 9.5 5.5 -—-- 2.7 ——- 2.3  0.48
5 Dowex-50W  117.8 3.3 10.1 5.9 cme- 2.9 —— 2.3 0.b5
6 .- ~Bio-Rex 3h.1 L.o 1.07 3,635 1.65 3.49 4.6 1.0

4.o8
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Table XXI. Limiting equivalent conductivifies of anions and disEociation

constants of parent acids.

Ref. 147

a S _
Anion ko Ka of parent“acida
e

F 55,4 6.7 X 1oj”
c1 6.4 strong
Br~ 78.1 strong
I 76.8 strong-
€10, - 67.4 Cstrong
HCO,,~ 54.6 “1;77'x"1o'u
CH5COE_ L0.9 1.76 X 10'5'
CH,CE,C0,~ 35.8 1.5% x 1077
CH_(CH,).CO," 32,6 1.5I,X‘IO—5.

3 el2 e T s
CH5(0H2)5002 _-ii5b .,;f58 X'l?;B
CClH2C02' 39 b "1.38 % 110
CC1,HCO," 58-51%5

' 14

CClBCOE— 37 strong
ClOB' 6Lh.6 strong
BPO§_ 55.?b _ld
I0 39.4 1.67 X 10

5 b s
O, 62. L.s x107 75
NO_ - 71.5 strong | .

3 e 8l
c10~ 3 2‘ X 10~
Bro~ 5.1 % 1077
10~ 107
% Ref. 1kl
b Ref. 145 -
€ Rer. 146
a




Table XXII. Resin: Dowex-50W. Eluting solution: Licloh. Column 1.

Tracer M m vol vol, . volH20 Eeor Vﬁﬁzo D(M) D{m}
Na 0.108 0.109 .9 70,5 69.8 169 168 64 6k

0.222 0.227 3.0 32.8 32.1 9 77 29.9 29.2

0.400 0.407 19.3 18.2 17.9 [N 43 16.7 16.3

o.lik3 0.450 17.0 15.9 15.6 38 37 1h.b 1%.0

0.443 0.450 16.5 15.4 15.2 37, 36 k.0 13.6

0.886 0.920 7.6 6.6 6.4 15.8 15.4 6.0 5.8

0.886 0.920 8.1 7.1 6.8 17.0 16.3 6.4 6.2

1.77 1.92 3.7 3.9 3.6 9.k 8.6 3.6 3.3

.77 1.92 3.7 3.8 3.5 9.1 8.4 3.4 3.2

3.54 k.20 2.3 1.5 1.3 3.6 3.1 1.4 1.2

3.54 420 2.1 1.4 1.2 3.4 2.9 1.3 1.1
Rb 0.108 0.109 275 27k 271 660 650 250 - 246
0.222 o0.227 137 136 133 330 320 125 121
0.400 0.407 69.0 67.9 66.7 163 160 6z - 61
Cs 0.108 0.109 420 419 415 1010 1000 380 380
0.400 0.507 87.6 86.5 85.0 208 204 9 7
0.443 0.450 76.0 ™.9 3.7 180 177 68 67
0.443 " 0.450 " 68.0 66.9 65.8 161 158 61 60

0.886 - 0.920 21.4 20.4 19.6 49 47 18.6 17.8

0.886 0.920 22.4 21.% 20.6 51 49 19.3 18.6

1.77 1.92 5.2 5.3 4.9 12.7 1.8 R ']

1.77 1.92 5.2 S.h 5.0 13.0 12.0 k.9 k.5

3.54 4.20 1.6 0.8 0.7 1.9 1.7 0.7 0.6

3.5% 4,20 1.5 0.8 0.7 1.9 1.7 0.7 0.6

=141~




Table XXIII. Resin: Dowex-50W. Bluting solution: HCth. Column 1
Tracer M m vol vol . VOlHZO v_olCo V—OJ'HZO D(M) D(m)
Na 0.100 0.100 63.4 62.0 62.0 1hg 1kg 56 56
0.koo 0.ho7 16.9 15.8 15.5 38 37 1.4 1%.0
0.400 0.507 17.8 16.7 16.4 40 39 15.2 14.8
0.420 0.427 17.6 16.5 16.2 ko 39 15.2 14.8
0.630 0.647 1.6 10.6 10.3 25.4 2.7 9.6 9.4
0.630 0.647 12.0 11.0 10.7 26.4 25.7 10.0 9.7
1.05 1.10 6.9 6.0 5.7 144 13.7 5.5 5.2
1.05 1.10 6.7 5.8 5.5 13.9 13.2 5.3 5.0
2.10 2.31 3.4 2.6 2.4 6.2 5.8 2.3 2.2
2.10 2.31 3.4 2.6 2.k 6.2 5.8 2.3 2.2
Rb 0.100 0.100 22k 223 223 540 540 205 205
0.400 0.ho7 52.4% 51.3 50.4 123 121 b7 46
1,400 o.ko7 53.3 52.2 51.3 125 123 [ b7
0.420 o.h27 52.0 50.9 50.1 122 120 46 45
0.630 0.647 29.6 28.6 27.8 69 67 26.2 25.4
0.630 0.647 29.6 28.6 27.8 69 67 26.2 25.4
1.05 1.10 12.3 11.3 10.8 27.1 25.9 10.3 9.8
1.05 1.10 12.2 11.3 10.8 27.1 25.9 10.3 9.8
Cs 0.100 0.100 k2o kig g 980 980 370 370
0.400 0.4%00 64.9 63.8 62.7 153 150 58 5T
0.400 0.407 67.6 66.5 65.4 160 157 61 60
0.k20 0.427 66.5 65.4 6b.3 157 15k 60 58
0.630 0.647 35.5 34,5 ° 33.6 83 81 31 31
1.05 1.10 13.3 12.h4 11.8 29.9 28.3 11.3 10.7
2.10 - 2.31 3.0 2.2 2.0 5.3 4.8 2.0 1.8

AR



Table XXIII. (Contiswed) Column 5.

Tracer M n vol vol voleo Lo vOIH20 D(M) D(m)
Ya 2.10 2.31 18.1 13.9 -12.6 6.3 5.7 2.4 2.2
2.10 2.31 18.2 14.0 12.7 6.3 5.1 2.4 2.2

4.20 5.08 .8.8 5.1 4.2 2.3 1.9 0.9 0.7

4.20 5.08 8.8 5.1 h.2 2.3 1.9 0.9 0.7

6.30 8.56 7.1 7 2.7 1.7 1.2 0.6 0.5

6.30 8.56 7.2 3.7 2.7 1.7 1.2 0.6 0.5

8.h0 12.9 5.k 2.1 1.4 0.9 0.6 0.3 0.2

8.ho 12.9 5.2 1.9 1.2 0.9 0.5 0.3 0.2

10.5 18.8 4.7 1.5 0.8 0.7 0.4 0.3 0.2

Cs 2.10 2.31 16.8 12.6 11.k 5.7 5.1 2.2 1.9
2.10 2.31 17.1 12.9 11.7 5.8 5.3 2.2 2.0

4,20 5.08 5.3 1.6 1.3 0.7 0.6 0.3 0.2

h.20 5.08 5.3 1.6 1.3 0.7 0.7 0.3 0.2

6.30 8.56 4.6 1.1 0.8 0.5 0.4 0.2 0.2

6.30 8.56 4.6 1.2 0.9 0.5 0.k 0.2 0.2

8.4%0 12.9 3.5 0.2 0.1 0.1 0.1 0.0 0.0

8.4k 12.9 3.4 0.1 0.1 0.1 0.1 0.0 0.0

10.5 18.8 3.3 0.1 0.1 0.1 0.1 0.0 0.0

-eql-




Table XXIV. Resin: Dowex-50W. Eluting solution: LiN03. Column 1.
Tracer M m vol vol, » vc:lHzo \rolcor 7151}{20 D) D(m)
Na 0.100 0.100 TL.h 70.0 70.0 168 168 64 6l
0.L00 0.406 17.6 16.5 16.2 Lo 39 15.2 14.8
0.830 0.852 7.8 6.8 6.6 16.3 15.8 6.2 6.0
0.830 0.852 7.7 6.7 6.5 16.1 15.6 6.1 5.9
1.63 1.75 by 3.5 3.3 8.4 7.9 3.2 3.0
1.63 1.75 L.32 3.5 3.3 8.4 7.9 3.2 3.0
Rb 0.100 0.100 308 307 307 740 740 280 280
Cs 0.100 0.100 502 501 501 1200 1200 k50 450
0.400 0.406 102 101 100 242 239 92 91
0.830 0.852 349 33.9 33.0 a1 9 31 30
0.830 0.852 35.6 3h.1 33.7 83 81 31 3L
1.63 1.75 bk 13.5 12.6 32 30 12,1 1.4
1.63 1.75 1.2 . 13.3 12.4 32 30 1z.1 11.4
Column 5
Na 1.63 1.75 26,k 22.1 20.6 9.9 9.3 3.8 3.5
1.63 1.75 25.6 21.3 19.8 9.6 8.9 3.6 3.4
3.25 3.63 1n.o 7.1 R 3.2 é.9 1.2 1.1
3.25 3.63 1.0 7.1 6.4 3.2 2.9 1.2 1.1
6.12 7.56 6.37 2.9 2.3 1.3 1.0 0.5 0.4
6.12 7.56 6.61 3.1 2.5 1.4 1.1 0.5 0.4
8.18 1.1 6.03 2.7 2.0 1.2 0.9 0.5 0.3
8.16 11 5.70 2.4 1.8 1.1 0.8 0.4 0.3
Cs 1.63 1.75 90.2 85.9 80.0 39 36 14.8 14,6
1.63 1.75 92.9 88.6 82.5 4o 37 15.2 1k.0
3.25 3.63 21.8 17.9 16.0 8.1 7.2 3.1 2.8
3.25 3.63 22.0 18.1 16.2 8.1 7.3 3.1, 2.8
6.12 7.56 7.26 3.8 3.1 1.7 1.4 0.6 0.5
6.12 7.56 7.58 b2 3.3 1.8 1.5 0.7 0.6
8.16 1.1 6.35 3.1 2.3 1.b 1.0 0.5 0.l
8.16 1.1 6.19 2.9 2.1 1.3 0.9 0.5 0.3

ST



Table XXV. Resin: Dowex-50W, Eluting solution: HNO,. Column 1.

3
Tracer N m vol vol, VolHzo mcor mHZO D(M) D{m)
Na 0.100 0.100 6l.2 59.8 59.8 1hh 1hh 55 55
0.100 0.105 18.1 17.0 16.8" 51 50 15.5 15.2
0.400 0.405 17.6 16.5 16.3 b0 39 15.2 14.8
0.495 0.503 13.7 12.6 12.4 30 30 11.4 1.1
0.1496 0.504 '16.8 15.7 5.4 38 37 RN 14,0
0.496 0.504 16.8 15.7 15.% 38 37 1k.h 1k.0
0.992 '1.03 7.9 7.0 6.7 16.8 16.1 6.4 6.1
0.992 1.03 8.1 1.7 T.4 18.5 . 17.8 7.0 6.7
1.00 1.04 6.68 5.7 5.5 13.7 13.2 5.2 5.0
1.00 1.04 6.52 5.6 5.4 13.4 13.0 5.1 1.9
1.92 2.07 2.80 2.0 1.9 4.8 ¥.6 1.8 1.7
1.92 2.07 2.80 2.0 1.9 1.8 4.6 1.8 1.7
2.02 2.18 3.52 2.6 2.4 6.2 5.8 2.3 2.2
2.02 2.18 3.56 2.6 2.4 6.2 5.8 2.3 2.2
2.93 3.25 2.60 1.8 1.6 4.3 3.8 1.6 1.k
6.05 7.%0 1.60 0.9 0.7 2.2 1.7 0.8 0.6
. 6.05 ° 7.%0 1.67 1.0 0.8 2.k 1.9 0.9 0.7
8.05 10.8 1.64 1.0 0.7 2.4 1.7 0.9 0.6
8.05 10.8 1.55 0.9 0.7 2.2 1.7 0.8 0.6
10.1 15.2 1.7 1.1 0.7 2.6 1.7 1.0 0.6
10.1 15.2 1.7h 1.1 0.7 2.6 1.7 1.0 0.6
1h.0 26.5 2.25 1.6 0.8 3.8 1.9 1.b 0.7
k.0 26.5 2.23 1.6 0.8 3.8 1.9 1.k 0.7
Rb 0.100 0.100 246.0 2k5.0 245.0 590.0 590.0 224.0 22k.0
Co 0.400 0.405 63.8 62.7 61.9 150.0 149.0 57.0 56.0
0. 400 0.405 63.8 62.7 61.9 150.0 149.0 57.0 56.0

-GgGT-.




Table XXV. (Continued)

Tracer M m vol vol, . VDLHZO mcor mﬂzo (M) D{m)
Cs 0.100 0.100 350 349 349 840 840 320 320
0.400 0.405 85.7 84.6 83.6 203 201 320 320
0. 400 0.405 86.2 85.1 8k.1 204 202 T 77
0.495 0.503 61.5 60.4 59.4 145 143 55 5h
0.496 0.50k 59.5 58.4 57.5 140 138 53 52
0.496 0.50% 59.5 58.4 57-5 1ho 138 53 52
0.992 1.03 23.4 22.h4 21.6 54 52 20. k4 19.7
0.992 1.03 2h.h 23.h 22.5 56 5h 21.2 10.4
1.00 1.0k 22.9 21.9 21.1 53 51 20.1 19.3
1.00 1.04 22.8 21.9 2l.1 53 51 20.1 19.3
1.92 ‘2.07 5.4 %6 b3 1.0 10.3 b2 3.9
1.92 2.07 5.4 4.6 L.3 1.0 10.3 b2 3.9
2.02 2.18 7.0k 6.6 6.1 15.8 %6 6.0 5.5
2.02 2.18 7.32 6.5 6.0 15.6 4 5.9 5.5
2.93 3.25 b2k 3.5 3.2 8.u 7.7 3.2 2.9
2.93 3.25 4.28 3.5 3.2 8.4 7.7 3.2 2.9
6.05 7.%0 1.60 0.9 0.7 2.2 1.7 0.8 0.6
6.05 7.40 1.60 0.9 0.7 2.2 1.7 0.8 0.6
8.05 10.8 .29 0.6 0.4 1.4 1.0 0.5 0.k
8.05 10.8 1.36 0.7 0.5 1.7 1.2 0.8 0.5
10.1 15.2 1.31 0.7 0.5 1.7 1.2 0.8 0.5
10.1 15.2 1.31 0.6 0.h 1.4 1.0 0.5 0.4
14.0 26.5 1.09 0.5 0.3 T 1.z 0.7 0.5 0.3
14.0 26.5 1.1k 0.5 0.3 1.2 0.7 0.5 .0.3

“9s1-



Table XXV {Continued) Colum 5.

Tracer M m vol vol, . VOlﬂzo vc'_lcor ETIZO D{M) D{m)
Na 1.92 2.07 19.1 4.9 13.6 6.7 6.1 2.5 2.3
1.92 2.07 19.8 15.6 14.5 7.0 6.5 2.6 2.5
3.84 4.55 11.5 7.7 6.5 3.5 2.9 1.3 1.1
3.84 4.55 i1.9 8.1 6.9 3.6 3.1 1.4 1.2
4.96 5.83 10.2 6.6 5.6 3.0 2.5 1.2 0.9
.96 5.83 9.5 5.9 5.0 2.7 2.2 1.0 0.8
6.05 7.4 8.9 5.4 by 2.4 2.0 0.9 0.8
6.05 7.%0 8.9 5.4 by 2.4 2.0 0.9 0.8
8.07 10.9 8.L 5.1 3.8 2.3 1.7 0.9 0.6
8.07 10.9 8.6 5.3 4.0 2.k 1.8 0.9 0.7
10.1 15.2 8.9 5.7 3.8 2.6 1.7 1.0 0.6
10.1 15.2 9.0 5.8 3.9 2.6 1.8 1.0 0.7
15.0 26.5 141 1.1 5.9 5.0 2.7 1.9 1.0
Rb 1.92 “z.07 39.7 35.5 32.9 16.0 14.8 6.1 5.6
1.92 2.07 ho. 4 36.2 33.6 16.3 15.1 6.2 5.7
3.8k 4.55 k.0 10.2 8.6 4.6 3.9 1.7 1.5
3.8 4.55 kb 10.6 8.9 4.8 h.0 1.8 1.5
L.96 5.83 10.6 7.0 6.0 3.2 2.7 1.2 1.0
4.96 5.83 10.2 6.6 5.6 3.0 2.5 1.1 0.9
6.05 7.%0 8.5 5.0 b1 2.2 1.8 0.8 0.7
6.05 6.40 . 8.3 1.8 3.9 2.2 1.8 0.8 0.7
8.07 10.9 - 7.1 3.8 2.8 1.7 1.3 0.6 0.5
8.07 10.9 7.3 4.0 3.0 1.8 1.3 0.7 0.5
10.1 15.2 6.5 3.3 2.2 1.5 1.0 0.6 0.4
10.1 15.2 6.k 3.2 2.1 1.4 0.9 0.5 0.3
k.1 26.5 7.2 4.2 1.9 1.0 0.7

2.2

0.3
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Table XXVI. Resin: Dowex-50W. Eluting solution: LiCl. Column 1,

Tracer M m vol vol, . volHzo %Tcor muzo (M) D{m)
Na 0.100 0.100 5.9 72.4 2.4 174 i7h 66 T 66
0.318 0.320 28.6 27.5 27.3 66 66 25.0 25.0
0.318 0.320 2h.6 23.5 23.3 56 56 2.2 21.2
0.1400 0.402 19.5 18.4 18.3 AN Iby i6.7 16.7
0.500 0.402 20.0 18.9 18.8 45 45 17.1 17.1
1.06 1.07 8.8 7.8 7.7 18.7 18.5 7.1 7.0
1.06 1.07 8.3 7.4 7.3 17.8 17.5 6.7 6.6
3.18 3.36 3.20 2.4 2.3 5.8 5.5 2.2 2.1
3.18 3.36 3.30 2.5 2.4 6.0 5.8 2.3 2.2
3.53 3.77 2.97 2.2 2.1 5.3 5.0 2.0 1.9
3.53 3.77 2.73 - 2.0 1.9 4.8 L6 1.8 1.7
3.53 3.77 2.8k 2.1 2.0 5.0 4.8 1.9 1.8
7.06 8.29 1.80 1.1 0.9 2.6 2.2 1.0 0.8
7.06 8.29 1.70 1.0 0.8 2.4 1.9 0.9 0.7
7.06 8.29 1.75 1.3 0.9 2.6 2.2 1.0 0.8
9.41 11.7 1.47 0.8 0.6 1.9 1.h 0.7 0.5
9.1 11.7 1.53 0.9 0.7 2.2 1.7 0.8 0.6
9.4 11.7 1.53 0.9 0.7 2.2 1.7 0.8 0.6
11.3 15.2 1.32 0.7 0.5 1.7 1.2 0.6 0.5
11.3 15.2 1.32 0.7 0.5 1.7 1.2 0.6 0.5
1.3 15.2 1.26 0.6 0.4 1.k 1.0 0.5 0.4
Rb 0.100 0.100 337 336 336 810 810 307 307°
0.318 0.320 131.6 130 129 310 310 117 117
0.318 0.320 117.6 116 115 278 276 105 105
0.%00 0.402 94.0 92.9 92.6 223 222 -85 84
0,400 0.402 96.2 95.1 94.8 228 228 86 86
1.06 1.07 32.5 . 31.6 31,3 76 75 28.8 28.4
1.06 1.07 33.5 32.6 32.3 T8 78 29.6 29.2
3.18 3.36 7.9 7.1 6.7 17.0 T16.1 6.4 .61
3.18 3.36 ©T.9 7.1 6.7 17.0 16.1 6.4 6.1

"84T~




Table XXVI. (Continued).

Tracer M m vol vol volH20 mcor mHZO D(M) D(m.)
Cs 0.100 0.100 "521 520 520 1250 1250 47k W7k
0.400 0.102 126 125 12k 300 300 11k 11k
0.%00 0.402 123 122 221 293 290 111 110
11.3 15.2 1.26 0.6 0.k 1.h 1.0 0.5 0.k
11.3. 15.2 1.32 0.7 0.5 1.7 1.2 0.6 0.5
11.3 15.2 1.32 0.7 0.5 1.7 1.2 0.6 0.5
Colum k&
Na 3.18 3.36 15.9 12.3 11.6 5.9 5.6 2.2 2.1
3.18 3.36 15.9 12.3 11.6 5.9 5.6 2.2 2.1
3.18 3.36 16,4 12.8 1z.1 T6.1 5.8 2.3 2.2
6.36 7.34 9.3 6.1 5.3 2.9 2.5 1.1 0.9
6.36 7.3 9.3 6.1 5.3 2.9 2.5 1.1 0.9
6.36 7.34 9.3 6.1 5.3 2.9 2.5 1.1 0.9
10.6 13.8 6.9 4.0 3.1 1.9 1.5 0.7 0.6
10.6 13.8 6.8 3.9 3.0 1.9 1.k 0.7 0.5
10.6 13.8 6.8 3.9 3.0 1.9 1.k 0.7 0.5
13.2 20.3 5.6 2.8 1.8 1.3 0.9 0.5 0.3
13.2 20.3 5.5 2.7 1.8 1.3 0.9 0.5 0.3
13.2, 20.3 5.5 2.7 1.8 1.3 0.9 0.5 0.3
Rb 3.18 3.36 5.3 37.7 35.7 18.1 17.1 6.9 6.5
3.18 3.36 w7 38.1 36.1 18.3 17.3 6.9 6.6
3.18 3.36 43.0 39.4 37.3 18.9 17.9 7.2 6.8
6.36 7.34 13.5 10.3 - 8.9 k9 4.3 1.9 1.6
6.36 7.3 13.7 10.5 9.1 5.0 b 1.9 1.7
6.36 7.34 13.8 10.6 9.2 5.1 by 1.9 1.7
10.6 13.8 6.8 3.9 3.0 1.9 1.4 0.7 0.5
- 10.6 13.8 6.8 3.9 3.0 1.9 1.y 0.7 0.5
10.6 13.8 6.6 3.7 2.8 1.8 1.3 0.7 0.5
13.2 20.3 5.4 2.6 1.7 1.2 0.8 0.5 0.3
13.2 20.3 5.k 2.6 1.7 1.2 0.8 0.5 0.3
13.2 20.3 5.4 2.6 1.7 1.2 0.8 0.5 0.3

-6G1-
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Table XXVII.

Resin: Dowex-50W. Eluting solution: HCl. Column 1.
Tracer M n vol vol . vcl}éo mcor ﬁﬂzo D{M) D{m)
Ne 0.100 0,100 68.7 67.3 67.3 162 162 s 61
0.350 0.352 22.1 21.0 20.9 50 50 19.0 19.0
0.350 0.352 21.6 20.5 20.4 Lo kg 18.6 18.6
0.500 0.402 18.7 17.6 17.5 k2 k2 15.9 15.9
1.00 1.01 7.3 6.k 6.3 15.k 15.3 5.8 5.8
1.00 1.01 7.4 6.4 6.3 15.4 15.3 5.8 5.8
2.00 2.06 4.10 3.2 3.1 7.7 7.4 2.9 2.8
2.00 2.06 420 3.3 3.2 ‘7.9 7.7 3.0 2.9
5. Th 6.45 2.23 1.5 1.3 3.6 3.1 1.h 1.2
5.7% 6.45 2.18 1.5 1.3 3.6 3.1 1.4 1.2
11.2 1k.8 3.0k 2.4 1.8 5.8 4.3 2.2 1.6
11.2 1.8 2.96 2.4 1.8 5.8 4.3 2.2 1.6
1.2 1%.8 2.96 2.4 1.8 5.8 4.3 2.2 1.6
re® 2.00 2.06 4.30 3.4 .33 8.2 7.9 3.1 3.0
2.00 2.06 4.15 3.3 3.2 7.9 7.7 3.0 2.9
5.74 6.45 2.27 1.6 1.4 3.8 3.4 1.4 1.3
5.7% 6.45 2.27 1.6 1.4 3.8 3.4 1.4 1.3
1.2 1k.8 3.19 2.6 2.0 6.2 4.8 2.3 1.8
n.z2 14.8 3.23 2.6 2.0 6.2 4.8 2.3 1.8
.2 1.8 3.23 2.6 2.0 6.2 4.8 2.3 1.8
i 0.100 0.100 2ko 239 239 570 570 218 216
0.350 0.352 78.0 76.9 76.5 185 18k 0 70
0.350- 0.352 80.6 79.5 79.0 191 190 72 72
0.koo 0.402 69.3 68.2 67.9 164 163 62 62
1.00 1.01 24.0 23.0 22.8 55 55 20.8 20.6
1.00 1.01 24.6 23.6 23.k 57 56 21.6 21.4%
Cs 0.100 0.100 353 352 352 8ko 8ko 320 320
0.%00 0.ko02 96 95 95 228 86 86

228
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Table XXVII. (Continued) Column 2

Tracer M m vol vol, . vo].Hgo V_Olcor V—OTHZO D(M) D{m)
cs 1.00 1.01 93.8 91.6 90.7 g2 91 35 35
1.00 1o k.4 92.2 91.3 92 91 35 35
1.00 1.01 81.9 79.7 78.9 80 79 30 30

k.15 L. 49 10.8 9.1 8.4 9.1 8.4 3.4 3.2

k.15 k.49 1.1 9.4 8.7 9.4 8.7 3.6 3.3

k.15 b.kg 13.0 1.7 10.8 1.7 10.8 4.4 b1

6.92 8.02 L.o4 3.4 2.9 3.4 2.9 1.3 1.1

6.92 8.02 L.ok 3.k 2.9 3.4 2.9 1.3 1.1

8.95 11.0 k11 2.6 2.1 2.6 2.1 1.0 0.8

8.95 11.0 k.35 2.8 2.3 2.8 2.3 1.1 0.9

8.95 11.0 k.35 2.9 2.4 2.9 2.4 11 0.9

i1.2 14.8 3.15 1.9 1.b 1.9 1.4 0.7 0.5

11.2 14.8 3.02 1.7 1.3 1.7 1.3 0.6 0.5

11.2 1k.8 3.05 1.7 1.3 1.7 1.3 0.6 0.5

11.2 14.8 3.2 1.8 1.4 1.8 1.4 0.7 0.5

11.2 1h.8 3.3 1.9 1.h 1.9 1.h 0.7 0.5

1.2 1h.8 3.1 1.7 1.3 1.7 1.3 0.6 0.5

_'[9-[._

®racer Na dissolved in 11.2 M HCL saturated with carrier NaCl; sample for elution was a total of 2 x 10'5 mmole NaCl.




Table XXVII. {(Continued) Column 2

Tracer M m vol vol . V°ll{20 mwr Vﬁﬁzo (M) B(m)
Na 1.00 1.01 17.2 15.0 1k.9 15.0 1h.9 5.7 5.6
1.00 1.0 17.9 15.7 15.6 15.7 15.6 6.0 5.9
1.00 1.001 17.3 15.1 15.0 15.1 15.0 5.7 5.7
4,15 L.hg 5.6 3.9 3.6 3.9 3.6 1.5 1.4
k.15 b.hg 5.9 L2 3.9 bz 3.9 1.6 1.5 .
415 L.y 5.6 3.9 3.6 3.9 3.6 1.5 1.4
6.92 8.02 5.27 3.7 3.2 3.7 3.2 1.4 1.2
6.92 8.02 5151 3.9 3.4 3.9 3.4 1.5 1.3
6.92 8.02 5.51 3.9 C 3.k 3.9 3.b 1.5 1.3
6.92 8.02 5.h0 3.8 3.3 3.8 3.3 1.4 1.3
8.95 11.0 6.48 5.0 Lk 5.0 b 1.9 1.6
8.95 11.0 6.48 5.0 L. © 5.0 41 1.9 1.6
8.95 11.0 T 6.48 5.0 L1 5.0 41 1.9 1.6
1.2 14.8 7.08 5.7 b 5.7 .y 2.2 1.7
11.2 14.8 6.7L 5.3 k.o 5.3 k.o 2.0 1.5
1.2 - 14.8 6.90 5.5 L.2 5.5 4.2 2.1 1.6
11.2 14.8 7.8 6.4 4.8 6.4 4.8 2.k 1.8
1.2 1%.8 T4 6.0 L5 6.0 b5 2.3 1.7
1.2 14.8 7.7 6.3 4.8 6.3 4.8 2.4 1.8
b 4.15 L.yg 1.0 9.3 8.6 9.3 8.6 3.5 3.3
4.15 h.49 1.4 9.7 9.0 9.7 9.0 3.7 3.4
k.15 k.49 11.3 9.6 8.9 9.6 8.9 3.6 3.4
6.92 8.02 6.6k 5.1 4.h 5.1 by 1.9 1.7
6.92 8.02 7.07 5.5 b7 5.5 L7 2.1 1.8
6.92 8.02 7.07 5.5 b7 5.5 k.7 2.1 1.8
8.95 11.0 5.54 4.0 3.3 4.0 3.3 1.5 1.3
8.95 11.0 6.00 k.5 3.7 L5 3.7 LT 1.4
8.95 11.0 5.76 4,3 3.5 4.3 T 3.5 1.6 1.3
11.2 14.8 h.34 3.0 2.2 3.0 2.2 1.1 0.8
1.2 14.8 4.3h 3.0 - 2.2 3.0 2.2 1.1 0.8
11.2 14.8 L.56 3.2 2.4 3.2 2.4 1.2 0.9
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Resin:

Table XXVIIT. Dowex-50W. Eluting Solution: €sCl. Column 1.
Tracer M m vol vol vole0 mcor v—o].Hzo D(M) D(m)
Na 0.100 0.100 b2 42.8 k2.8 103 103 39 39
0.279 0.282 17.2 16.0 15.8 38 38 4.4 144
0.279 0.282 16.7 15.5 15.3 37 37 4.0 1k.0
0.279 0.282 16.7 15.5 15.3 37 37 4.0 4.0
0.400 0.410 10.9 9.8 9.6 23.5 23.0 8.9 8.7
0.koo 0.410 1.2 10.1 9.8 2h.2 23.5 9.2 8.9
1.11 1.16 4.9 Lo 3.8 9.6 9.1 3.6 3.4
1.11 1.16 k.9 4.0 3.8 9.6 9.1 3.6 3.4
Rb 0.100 0.100 51.0 49.6 49.6 119 119 45 45
0.279 0.282 18.5 17.3 171 42 b 15.9 15.5
0.279 0.282 17.5 16.3 16.1 39 39 14.8 14.8
0.279 0.282 17.5 16.3 16.1 39 39 14.8 14.8
0.400 0.410 12.9 11.8 11.5 28.3 27.6 10.7 10.5
0.400 o.410 12.8 n.7 n.h 28.0 27.% 10.6 10.%
111 1.16 5.1 h.2 4o 10.1 9.6 3.8 3.6
1.11 1.16 5.1 k.2 4o 10.1 9.6 3.8 3.6
Cs 0.100 0.100 60.4 59.0 59.0 142 1h2 sk 54
Column 2
Na 6.92 10.0 3.7 2.1 1.h 2.1 1.h 0.8 0.5
6.92 10.0 3.7 2.1 1.4 2.1 1.4 0.8 0.5
6.92 10.0 3.7 2.1 1.h 2.1 1.k 0.8 0.5
6.92 10.0 3.6 2.0 1% 2.0 1.4 0.8 0.5
6.92 10.0 3.6 2.0 1.h 2.0 1.4 0.8 0.5
Rb 6.92 10.0 k.2 2.6 1.8 2.6 1.8 1.0 0.7
6.92 10.0 k.o 2. 1.7 2.4 1.7 0.9 0.6
6.92 10.0 %1 2.5 1.7 2.5 1.7 0.9 0.6
6.92 10.0 4.0 2.4 1.7 2.4 1.7 0.9 0.6
6.92 10.0 k.o 2.4 1.7 2.4 1.7 0.9 0.6
6.92 10.0 3.8 2.2 1.5 2.2 1.5 0.8 0.6
6.92 10.0 3.9 2.3 1.6 2.3 1.6 0.9 0.6
6.92 10.0 3.9 2.3 1.6 2.3 1.6 0.9 0.6
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Table XXVIIT. (Continued) Column 3

Tracer M m vol vol . voleo mcor %THZO D(M) D(m)
Na 1.11 1.16 19.2 15.7 ' 15.0 8.6 8.3 3.3 3.1
1.11 1.16 18.9 15.4 k.7 8.5 8.1 3.2 3.1

1.11 1.16 20.5 17.0 16.3 9.4 9.0 3.6 3.4

2.79 3.16 9.26 6.2 5.5 3.4 3.0 1.3 1.1

2.79 3.16 9.19 6.2 5.5 3.4 3.0 1.3 1.1

k.65 5.83 7.07 bk 3.5 2.4 1.9 0.9 0.7

4,65 5.83 7.00 4.3 3.4 2.4 1.9 0.9 0.7

5.81 7.80 6.88 k.3 3.2 2.4 1.8 0.9 0.7

5.81 7.80 6.50 3.9 2.9 2.1 1.6 0.8 0.6

7.26 10.1 6.77 k.3 3.1 2.4 1.7 0.9 0.6

7.26 10.1 6.83 h.3 3.1 2.4 1.7 0.9 0.6

Rb 1.11 1.16 20.6 17.1 16.4 9.4 9.0 3.6 2.4
1.1 1.16 20.4 16.9 16.2 9.3 8.9 3.5 3.4

1.11 1.16 22.3 18.8 18.0 10.3 9.9 3.9 3.8

2.79 3.16 9.85 6.8 6.0 3.7 3.3 1.4 1.3

2.79 3.16 9.78 6.8 6.0 3.7 3.3 1.h 1.3

4.65 5.83 T7.6% 4.9 3.9 2.7 2.1 1.0 0.8

5.8 7.80 T.44 4.8 3.6 2.6 2.0 0.9 0.8

5.81 7.80 T7.13 4.3 3.4 2.5 1.9 0.9 0.7

7.26 10.1 7.42 4.9 3.5 2.7 1.9 1.0 0.7

7.26 10.1 T.h2 4.9 3.5 2.7 1.9 1.0 0.7
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Table XXIX. Resin: Dowex-50W. Eluting solution: IiAc. Column la.

Tracer M m vol vok . VOlHZO v_olcor VBIH.ZO D(M) D{m)
Na 0.10% 0.10h . - -_ —_ 216 216 8z 82
0,31k 0.327 —_ —_— —_— ™ 73 28.0 27.7
0.66k 0.67h — —_ —_— 29.7 29.3 > 11.3 11.1
1.36 1.4 — _ — 13.7 12.9 5.2 [ ]
1.36 1.44 9.50 8.60 8.12 16.3 15.4 6.2 5.8
1.36 1.4 9.50 8.60 8.12 16.3 15.4 6.2 5.8
2.76 2.98 6.19 5.39 L.99 10.2 9.5 3.9 3.6
2.76 2.98 6.19 5-39 k.99 10.2 9.5 3.9 3.6
416, 4.65 . 5.09 Cbosh 3.88 . 82 7.4 3.1 2.8
k.16 4.65 5.13 L4338 3.92 8.3 7.4 3.2 " 2.8
5.56 . 6.0 Yok 4,02 3.34 7.6 6.3 2.9 2.1
5.56 6.70 L.78 4.06 3.38 7.7 6.4 2.9 2.4
Cs 0.104 0.104 — — -_— 1610 1610 610 610
0.31% 0.317 —_ — — 500 500 190 188
0.664 0.674 — — _— 234 231 89 88
1.36 1.44 — _— —_ 116 110 Ly b2
1.36 1.4h 65.5 65.4 61.8 124 117 47 Lh
1.36 1.4 67.5 67.h 63.7 128 121 Lo 46
2,76 2.98 38.3 38.2 25.% 73 61 27.7 25.5
2.76 2.98 28.9 28.8 26.0 Th 58 28.1 25.9
4.16 4.65 28.6 28.5 25.5 54 48 20.5 18.2
k.16 h.65 28.6 28.5 25.5 54 48 20.5 18.2
5.56 6.70 26.5 26.4 21.9- 50 - L2 19.0 16.0
5.56 6.70 26.5 26.4 21.9 50 k2 119.0 16.0
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Table XXX.

Distribution of alkali tracers between Dowex-50W and LiAc and HAc solutions.

Na_tracer Cs tracer
BX M Cy Cog Cres D c, C e Coen p)
Like  0.10h  1hx10°  7.9x10% 6.2x10° 82x100 h9x10® 6.9x10" hex10® 6.1 %108
0314 1hx10°  1.1x10°  3.1x10° 28x100 WEx100 1.6x10° 3.2 x 107 1.9 x 102
0.664 1.3 % 10° 1.1 % 107 1.3 x 101‘ 1.1 x 20% 8.0 x 10 k2 x 107 3.8 x 107 8.9 x 10t
136 15x10 1.hx10°  7.3x10°  5.2x10° 5.5x10°  3.8x10° 1.7x10° bk x 10
HAc 0.17h 1.6 x 105 5.2 X 10° 1.6 x 107 3.1 x 107 .3 x 107 2.0 X 103 b3 % 10° 2.1 % mh
0.435 1.4 x 107 6.1 % 1037 1.4 x 107 2.2 x 10° 4.8 x 105 3.8 x 105 4.8 x 107 1.3 x 101‘
0.8 1LAx10° 7.6x100 1.3x10° 1.7x10° 5.2x10° 5.6x10° 5.2x10° 9.2 %100
L7 16x10°  1.0x10°  1.5x10°  1hx10°  5kx10°  7h X100 5.5x100 7.2 x 107
435 1.1 % 105 8.1 x 107 1.0 % 107 1.3 x 103 4.8 x 10° 9.8 x 10° [ 105 4.8 x 107
8.70 1.6 x 105 9.9 x 105 1.5 x 107 1.5 x 105 5.3 X 107 1.2 x 101* 5.2 X 107 4.3 % 103
15.0 1.5%10°  h6X10° 1.3x10° 27x10° 5.1x10° 9.0x10° 5.0 x10° 5.5 x 10°
17.4 1.1 x 107 1.3 % 102 1.1 x 1(:»5 8.4 x 10 3.1 % 10° 2,1 x 10° 3.1 % 10° 1.5 x 107
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Table XXXI.

Distribution of alkall tracers between Dowex-50W and 0.1 M salt and acid solutions.
Na_tracer Rb_tracer Cs tracer
BX M co aq Cres D CO Caq res D CO Caq Cres D
CsCl 0.100 1.7 % :Lo6 1.bx 106 3.1 X 10° 23 7.1 % mh 5.4 x 101+ 1.7 % 101“ 31 5.1 X 101* 3.7 X 101’ 1.b x 101‘ 37
6 3 5 L L i I b i
HC10,, 0.100 1.6 % 106 1.1 % 106 5.7 X 10 53 6.2 x 10 2.2 X 10 4.0 x 10 188 5.9 % 1oh 1.5 x 10 bohox 1oh 297
ﬂNoj 0.100 1.9 X 10 1.3 X 10 6.4 x 107 51 4.9 x 1ot 1.6 % 10"‘ 3.3 X 10l+ 207 6.2 x mh 1.6 x 1ot b6 x 10h 294
HCL 0.100 1.7 % 106 1.1 x 106 6.1 x 107 58 6.9 x 10 2.3 x 1ot 4.6 x 10h 202 5.2 X 10 1.1 x 10 k1 x mh 353
LiC10,  0.108 1.9 X 10° 12x 102 7.3x10° 60 5.9 0" 1.8 % 10 b1 x 0" 231 5.3 % 1% 12x10%  B1x10 359
Lmo3 0.100 2.1 X 106 1.3 x 10 7.9 % 105 60 b7 x 101‘ 1.3 % 10h 3.k x 101’ 259 6.6 x 101" 1.3 % 101* 5.3 % 1ob' ho2
LiCl 0.100 1.7 % 106 1.0 X 106 6.7 x 10° 6l 5.9 x 101* 1.5 x 1ol+ kb x 101* 283 5.5 % 101* 1.0 % 101‘ k.5 x 101‘ 438
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Table XXXII. Resin: BioRex 70. Eluting Solution: LiClOu‘ Column 6

tracer M m vol vol, ., vol[_120 D(M} D{m)

Na 0.103 0.10% T2.2 68.7 68.7 6h.2 6h.2
0.103 0.103 72.0 68.5 68.5 64.0 64.0
0.207 0.210 36.9 33.6 33.1 314 30.9
0.207 0.210 36.2 32.9 32.4 30.8 30.3
0.h1h 0.428 18.3 15.1 1.6 1.1 13.7
0.4k 0.428 18.1 1k.9 kb 13.9 13.5
1.03 1.08 T.37 L.y L.z L1 3.9
1.03 1.08 7.36 Loy 4.2 4. 3.9
2.07 2.27 k.26 1.4 1.3 1.3 1.2
2.07 2.27 k.20 1.3 1.2 1.2 1.1
bk 5.07 3.%2 0.5 0.4 0.5 0.4
Lk 5.07 3.42 0.6 0.5 0.6 0.5

Cs 0.103 0.103 120 117 117 109 109
0.103 0.103 120 117 117 109 109
0.207 0.210 52.% Jh9.1 8.4 bs.9 45.3
0.207 0.210 50.0 b6.7 46.0 43.6 430
0.1k 0.h28 20.3 17.1 16.5 16.0 15.4
1.03 1.08 5.80 2.6 2.5 2.4 2.3
1.03 1.08 5.70 2.5 2.4 2.3 2.2
2.07 2.27 2.97 0.1 0.1 0.1 0.1
2.07 2.27 2.9% 0.0 0.0 0.0 0.0
Lok 5.07 2.7h4 0.0 0.0 0.0 0.0
kak 5.07 2.93 0.1 0.1 0.1 0.1
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Table XXXIII. Resin: BioRex 70. Eluting Solution: LiNOa. Column 6
tracer M m vol Vo—lcor ‘EHEO D{M) D(m)
Na. 0.106 0.106 7.0 67.5 67.5 63.1 63.1
0.106 0.106 70.5 67.0 67.0 62.6 62.6
0.213 0.217 37.1 33.8 33.2 31.6 31.0
0.213 0.217 36.3 32.0 314 29.9 29.4
0.520 0.530 13.6 0.5 '10.3 9.8 9.6
©0.520 0.530 13.0 9.9 9.7 9.3 9.1
1.06 1.11 6.97 4.0 3.8 3.7 3.6
1.06 1.11 6.9 3.9 3.7 3.6 2.5
2.13 2.31 4.32 1.h 1.3 1.3 1.2
2.13 2.31 h.29 1.b 1.3 1.3 1.2
L.25 4.86 3.16 0.b 0.3 0.4 0.3
h.25 4.86 3.10 0.3 0.3 0.3 0.2
8.51 11.8 '3.06 0.3 0.2 0.3 0.2
'8.51 11.8 3.00 0.3 0.2 0.3 Q.2
Cs 0.106 0.106 125 122 122 114 1k
0.106 0.106 12k 121 121 13 13
0.213 0.217 58.6 55.3 54.5 51.7 51.0
0.213 To.217 59.6 56.3 55.3 52.6 51.7
0.520 0.530 18.2 15.1 14.8 1h.1 13.8
0.520 0.530 17.8 1.7 1.k 13.7 13.5
1.06 1.11 T.47 b5 5.3 L2 Lo
"1.06 1.1 7.50 L5 %) k.2 4.0
2.13 2.31 k1 1.2 1.1 1.1 1.0
2.13 2.31 4.00 1.1 1.0 1.0 0.9
L.e5 L.86 2.79 0.0 0.0 0.0 0.0
ko5 14.86 2.76 0.0 0.0 6.0 0.0
8.51 11.8 2.87 0.2 0.1 0.2 0.1
8.51 11.8 2.84 0.1 " oa 0.1 0.1
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Table XXXIV. Resin: BioRex 70. Eluting Solution: LiCl. Column 6

tracer M m vol mcor ;Tlﬂzo D{M) D{m)

Na 0.135 0.136 59.4 56.0 55.6 52.4 52.0
0.270 0.272 29.5 29.5 26.0 2h.5 2h.3
0.270 0.272 29.5 26.2 26.0 245 2h.3
0.625 0.630 12.8 9.7 9.6 9.1 9.0
0.625 0.530 12.8 9.7 9.6 9.1 9.1
1.35 1.38 7.2 -3 4 3.9 3.8
1.35 1.38 7.2 4.2 b1 3.9 3.8
2.70 2.83 k77 1.9 1.8 1.8 1.7
2.70 2.8% 479 1.9 1.8 1.8 1.7
5.90 6.72 3.75 1.0 0.9 0.9 0.8
5.90 6.72 3.72 1.0 0.9 0.9 0.8
9.%0 11.7 2.92 0.2 0.2 0.2 0.2
9.4%0 1.7 3.27 0.6 0.5 0.6 0.5
13.5 21.2 3.00 0.4 0.3 0.4 0.3
13.5 21.2 2.9% 0.3 0.2 0.3 0.2

Cs 0.135 0.136 105 102 101 9.4 ol 4
0.270 0.272 50.1 16.8 8.4 53.8 434
0.270 0.272 50.5 ¥1.2 46.8 K h3.8
0.625 0.630 18.6 15.5 15.4 15 .y
0.625 0.630 18.6 15.5 5.4 k.5 1.y
1.25 1.38 8.7 5.7 5.6 5.3 5.2
1.35 1.38 8.7 * 5.7 5.6 5.3 5.2
2.70 2.83 L.76 1.9 1.8 1.8 1.7
2.70 2.83 4,76 1.9 1.8 1.8 1.7
5.90 6.72 3.39 0.6 0.5 0.6 0.5
5.90 6.72 2.28 0.6 0.5 0.6 0.5
9.40 11.7 2.83 0.1 0.1 0.1 0.1
9.ho 1.7 3.06 o.h 0.3 0.4 0.3
13.5 21.2 2.89 0.3 0.2 0.3 0.2
13.5 21.2 2.78 0.2 0.1 0.2 0.2
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Table XXXV. Resin: BioRex 70. Eluting Solution: LiAc. Column 6.

tracer M n « wvol mcor ‘-’HHEO D(M) D{m}
Na 0.111 0.111 0.4 66.9 66.9 62.6 62.6
0.111 0.111 71.0 67.5 67.5 63.1 63.1
0.112 0.227 Bhh 31.1 30.4 29.1 28.4
0.222 0.237 3.5 31.2 30.5 29.2 28.5
0.556 0.566 15.6 12.5 12.3 11.7 . 1.5
0.556 0.566 15.8 1l2.7 12.5 11.9 1.7
111 1.16 10.1 7.1 6.8 6.6 6.h
1.11 1.16 9.9 - 6.9 6.6 6.5 6.2
T2.22 2.4 6.93 4.0 T3.7 3.7 3.5
2.22 2.4 6.91 4.0 3.7 3.7 3.5
3,34 3,74 5.83 3.0 2.7 © 2.8 2.5 "
3.34 3.7h 5.86 3.0 2.7 2.8 . 2.5
5.56 6.72 k.95 2.2 1.8 ! 2.1 1.7
5.56 6.72 4.85 2.1 1.7 2.0 1.6
Cs 0.111 0.111 134 131 131 122 122
0.111 0.111 135 132 132 123 123
0.222 0.227 6h. 4 61.1 59.8 57.1 55.9
0.222 0.227 64.3 61.0 59.7 - 57.0 55.8
0.556 0.566 27.4% 24,1 23.7 22.5 28,2
0.556 0.566 28.2 2h.9 24,5 | 23.3 22.9
- 1.1 1.16 - 17.1 1k 13.5 13.2 12.6
1.11 1.16 16.4 13.4 . 12.8 12.5 13.0
2.22 2,41 10.2 7.3 - 6.7 - 6.8 ' 6.3
2.22 ) 2.4 .. .2 ) 7.3 . 6.7 . 6.8 6.3
3.3h 3.7k 8.95 - 5.6 5.0 5.2 b7
3.3h4 3.7h 8.52 5.7 5.1 5.2 4.8
5.56 6.72 6.54 3.8 3.1 3.6 2.9

5.56 6.72 6.70 3.9 3.2 3.6 3.0
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Table XXXVI. Resin: Dowex-50W. Tracer: Be. Column 1

eluant M m vol vol .. volHeo V_Oicor Vcﬁ.ﬂé) D(M) D{m)

HCth 0.400 0.407 110 109 107 262 257 99 97
0.400 0.ko7 11k 13 11 271 266 103 101
0.633 0.647 52.6 51.6 50.2 12k 120 by k5
0.630 0.647 b9.0 8.0 .7 115 112 bl pit-]
1.05 1.10 18.4 17.4% 16.6 he Lo 15.9 15.2
1.05 1.10 18.3 18.4 16.6 o ko 15.9 15.2
2.10 2.31 6.4 5.5 5.0 13.2 12.0 5.0 k.5
2.10 2.31 6.1 5.3 4.8 12.7 1.5 4.8 b

}mo3 0.400 0.ho7 103 102 100 245 2ho 93 91
0.4%00 0.kt 103 102 100 245 240 93 9
0.496 0.508 82.2 81.1 79.2 1% 190 h T2
0.496 0.508 83.4 82.3 80.h 198 193 k) >
0.992 1.03 21.8 20.8 20.0 50 L8 19.0 18.2
0.992 1.03 23.4 22.4 21.6 S5k 52 20.5 19.7
1.92 2.07 ‘4.6 3.7 3.4 8.9 8.2 3. 3.1
1.92 2.07 4.6 3.7 3.4 8.9 8.2 5.4 3.1
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Table XXXVI. (Continued) Column 5.
eluant M m vol vol . mﬁzo mcor Wiﬂgo D(M) D(m)
HC10,, 2.10 2.31 32.8 32.0 29.1 b4 13.1 5.5 5.0
2.10 2.31 33.1 32.2 29.3 1.5 13.2 5.5 5.0
k.20 5.08 16.1 15.4 12.7 6.9 5.7 2.6 2.2
k.20 5.08 15.9 15.2 12.5 6.8 5.6 2.6 2.1
6.30 8.56 13.7 13.0 9.6 5.9 4.3 2.2 1.6
6.30 8.56 k.1 13.4 10.0 6.0 h.5 2.3 1.7
8.0 12.9 12.2 1.6 7.6 5.2 2.3 2.0 1.3
8.40 12.9 1.3 10.4 6.8 b7 3.1 1.8 1.2
10.5 18.8 12.1 11.5 6.4 5.2 2.9 2.Q 1.1
HNo3 1.92 2.07 k7.5 6.7 b3.3 21.0 19.5 8.0 7.k
1.92 2.07 50.0 8.1 k5.5 22.1 20.5 8.4 7.8
3.84 4.55 1k.7 1k.0 11.8 6.3 5.3 2.4 2.0
3.84 4.55 15.2 1h.k 12.2 6.5 5.5 2.5 2.1
4.96 5.8% 13.3 12.6 10.7 5.7 4.8 2.2 1.8
k.96 5.83 13.1 1.4 10.5 5.6 7 2.1 1.8
6.05 7.4o 1.8 11.1 9.1 5.0 L1 1.9 1.6
6.05 7.40 1.7 11.0 9.0 5.0 h.1 1.9 1.6
8.07 10.9 1.9 11.2 8.3 5.0 3.7 1.9 1.k
8.07 10.9 11.9 1.2 8.3 5.0 3.7 1.9 1.h
10.1 15.2 13.2 12.6 8.4 5.7 3.8 2.2 1.k
10.1 15.2 13.4 12.8 8.5 5.8 3.8 2.2 1.b
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Table XXXVII. Distribution of trivalent tracers between Dowex-50W and HClOb solutions.

Sc_tracer Fe tracer Cr tracer
M C aq Cres D % aq Cres D % Caq Cres
0.226 1.0 x10° 1.5x120° 1.0 x10° 6.7x 100 1.1x100 1.9x107 1.1x10° 5.3x10° 3.1x10° 2.2 x100 3.1 %100 1.
0.8 1.1x10° %3x10° 1.1x10° 2.6 x 10 1.1x10°  65%x10° 1.0%x10° 1.6x%10° 30x10° 1.0x10% 2.9x10 2.8
0.818 1.0 x 107 2.9 x 103 9.7 x 101‘ 3.h % 100 1.2 x 107 3.4 % 101‘ 8.7 % mu 2.5 x 102 3.3 % 100 8.3 x ;Lo]‘l 2.5 % 1o5 3.0
1.63 8.7 x 0t 1ux 10" 7.3 % 10" 5.4%10° 11%x10°  T.0x 101‘ 3.7 % 10"‘ 5.2x100  3.1x10° 2.1 x10° 9.9 % 10)* 4.8
2.62 1.1 x 107 3.5 % 101‘L 7.1 % 101" 2.0 x 102 1.0 % 107 8.8 x 101‘L 1.4 x 101‘ 1.5 % 10t 2.7 % 107 2.4 % 107 2.8 x 101‘t 1.2
she 1.1x100  3.5x10°  T.7x1t 22x10® 1.1x10° 9.9x10' 1.2x10* 1exiol 2.6x10° 25x10° 1.8x10" 7.2
W 1.0x10  23x10t 7.8x120  35x10°  1ax100  9.9x100  1.3x10% 13x10° 2.8x10° 2.7x100 1. oo
5.80 9.8 x 101‘L 9.6 x 103 . 8.9x 101* 9.3 x 10° 1.1 % 107 9.3 x 10]* 1.8 % 10"' 2.0 x 1ot 3.2 % 107 3.0 % 10° 1 3.3
7.47 1.1x10°  1.hx10°  11x10° 7.6x10° 1.1x10° 61x10% s0x10' Ba2axiol 2.9x10°° 2.7x10° 1.8 C.q
9.83 1ox1®  1.6x1P 1.0x10° 6Ge2x10t 1.1x10° 6.7x10% r6éx10t  6.8x10' 2.6x10° 2.5x10° 1. RS
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Table XXXVIII. Distrivution of trivalent tracers between 0.0697 M DNNS

and HClol‘ solutions.

Sc tracer Fe tracer Cr traces
M org aq D org aq D org aq T

0.226 5.9 % 101+ 2.8 x 162 2.1 % 10° 6.7 % 1o3 2.0 X J.o2 3.3 X lol 1.8 x 105 2.4 x 103 Te5 x: 10

0.418 5.1 %X 10“ 1.5 X 10 3.h % 10t 6.1 x 10° T2 X 10? 8.4 x 10° 1.3 % 105 1.0 X 101* 1.3 X 10%
0.818 5.2 X 10" Lzx 1t b x 10° 4.0 x 103 2.7 X 10° 1.5 x 200 1.1 x 10” 7.3 % 10t 1.5 x 10°
1.63 5.0 X 10t 6.0 x 10" 8.2x 107t 1.6 x 10° 5.8 x 10° 2.8x 207t 2.9 x 1% 1.1 % 10° 2.6 x 107t
2.63 1.3 % 10t 4.1 x 10t 3.1 X% 107t 6.7 x 10° 6.8 x 10° 9.5 x 1072 1.3 % 10“‘ 1.7 X 10° 7.4 % 1078
3.88 1.3 % 10k h.3 % 101’L 3.1 % 107t 5.3 X 10 T4 X 103 6.9 x 10'2 4.6 x 103 1.k x 107 3.1 X 1072
5.08 1.9 X 10" o2 x 10 4.6 x 107" 5.5 X 10 7.4 X 10° 7.0 x 1072 5.7 x 100 1.5 X 10 3.8 x 1078
6.27 3.3 % 10"‘ 2.6 % 1ﬂl" 1.3 x 10° 7.4 X 10 6.8 x 103 1.1x 107t 2.7 X 103 1.7 X 10° 1.6 x'107%
T.47 4.8 x 101‘ 8.0 x 103 6.0 X 10° 1.k x 103 5.9 X 103 2.3 % 107t 1.7 X 10% 1.5 X 103 1.1 X 1072
8.92 5.7 X 10l+ 9.8 % 10 6.4 x 10° 4.5 x 103 4.3 x 103 1.0 X 100 5.4 x 102 1.4 % 100 3.8 X 1073
1.2 5.9 X 101“ 4.1 % 1ol 1.5 X 103 6.1 %X 103 2.7 %X 103 2.2 X 100 6.8 % 10 1.5 X J.o5 4.5 x 10'1‘

>
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Table XXXIX. Time studies of the distribution of trivalent tracers
between Dowex-50W and HClOl,L .
Tracer T M CO Caq Cres D
Se k4 n 0.226 1.0 x 107 1.5 X 10° 1.0 x 10° 6.7 X 1oLL
74  0.226 9.9x10° 2.0x10% 9.9x 10"  5.0x 10"
L n 7.47 1.1 X 107 1.4 X 10° 1.1 X 105 7.5 X 103
7 4 T.h47 9.8 ><-1olF 7.5 X 162 9.8 x 1oLL -1.3 X 1oLP
Fe 15m 0.226 9.5 x 101F 1.7 x 109 9.3 X 104 5.5 X 103
b n 0.226 1.1 X 10”7 1.9 X 10° 1.1 X 105 5.7 X 103
7 d 0.226 7.2 X 1olP 1.8 x 103 7.1 X 1ou k0o x 103
15 m 1.63 9.6 X 1olL 6.6 X 10lL 3.1 X 101+ h.6 x 10%
L n 1.63 1.1 X 10° 7.1 X 1oh 3.7 X 1oLL 5.2 X 10t
7 d 1.63 7.1 X 10t 5.1 X 105 2.0 x 10¢ 3.9 x 10°
L h 7.47: 1.1 10° 6.1 X 104, 5.0 X 1olL 8.2 x 107
7 d 7.47 7.3 X 104 k.2 x 1oLF 3.1 X 104 T.h % 10t
L Cr 15m 0.226 2.0 X 10° 1.2 x 105 1.9 x?lo5 1.6 x 10"
b n 0.226 3.1 X 10° 2.2 x-lo3 3.1 X 10° 1.4 x 1oLL
| 7 4d 0.226 1.9 X 105 1.1 X 103 1.9 X 10° 1.7 X 10”
15 m 1.63 2.0 X 10° 1.4 x 107 6.7 X 101L 4.8 x 10T
4 n 1.63 3.1 X 105 2.1 X 165 9.9 X JL'OLL 4.8 x 10t
d 1.63 2.0 X 10° 1.3 X 10° 6.4 ><.104 b9 x 10l
15 m 7.4 2.4 x 10° 2.3 X 10” 1.2 % 1oLL 5.2 X 10°
b n 7.47 2.9 X 10” 2.7 X 10° 1.8 x-lolL 6.7 X 10°
2k n 747 2.9 X 10° 2.7 % 10° 2.4 x iolL 8.9 x 10°
L q T.47 2.4 x 10° 2.1 x 10° 2.8 ><'1olL 1.3 X 10"
a 7.47 2.7 X 10° 2.3 X 10° 3.5 x.lOu ‘1.5 X 10t
d 7.47 2.4 % 10° 2.0 X 10° 3.7 X 1ou 1.8 x 10%
14 a 7.47 1.7 X 105 1.4 x 10° 2.8 x 1olP 2.0 ><-10l
28 d T.47 7.5 X 1OLF 6.2 X 1o4 1.3 X 1olL 2.1'x 10t
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Table XL. Time studies on the distribution of trivalent tracers between
0.0697 M DNNS and T.47 M HClou,

Tracer . T o org ' éq o ' D
se  30m 1.8 x 107 8.0 X ;03 . 6.0x 10°
74 6.8 X 10” : 1.1 X 10lL . 6.2 X 1oO
Cr . 30m 1.7 X 105 1.5 X 10° 1.1 % 1072
24 3.6 X 105 1.9 X 10° 1.9 x 10°°
54 h.3 X 103 1.6 X 107 2.6 x 10°°
8 4 6.1 X 103 o l.7 X 10” 3.5 X 107¢
54 5,1 X 105 1.3 X 10° 3.9 % 107¢
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