
Lawrence Berkeley National Laboratory
Recent Work

Title
THE EFFECTS OF ION HYDRATION IN SOLVENT EXTRACTION AND ION EXCHANGE

Permalink
https://escholarship.org/uc/item/5kj6t7pb

Author
Whitney, David C.

Publication Date
1962-10-12

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5kj6t7pb
https://escholarship.org
http://www.cdlib.org/


IIIII 

II·~ 1'1 

UCRL-10505 

University of California 

Ernest 0. 
Radiation 

Lawrence 
Laboratory 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Diuision, Ext. 5545 

THE EFFECTS OF ION HYDRATION IN SOLVENT 

EXTRACTION AND ION EXCHANGE 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



lr, 

Researcli ana Devefo~ment 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

Contract No. W-7405-eng-48 

THE EFFECTS OF ION HYDRATION IN 
SOLVENT Eicr'RACTION AND ION EXCHANGE 

David c. Whitney 
(Ph.D. Thesis) 

October 12, 1962 

UGRL-10505 
UC -4 Chemistry 

TID-4500(18th Ed.) 

---~--------



Printed in USA. Price $2. 75. Available from the 
Office of Technical Services 
U. S. Department of Commerce 
Washington 25, D.C. 



-iii-

THE EFFECTS OF ION HYDRATION 
IN SOLVENT EXTRACTION AND ION EXCHANGE 

Contents 

Abstract. .• 

Preface . 

I. Solvent Extraction 

A. Introduction .. 

1. -Extraction of inorganic compounds 

2. Extraction of acids 

3. Presentation of the problem 

B. Experimental Method . 

. 1. · Reagents . 

2. Procedure 

a. Tracer experiments. 

b. Organic-phase analysis. 

C. -Results and Discussion 

·1. Tributyl phosphate-water. 

2. Tributyl phosphate-acids. 

3. Tributyl phosphate-water-acids. 

. 4. Concentrated solutions. 

D .. summation 

II. Ion Exchange 

A. ·Introduction. 

B. Experimental M~thod 

l. Anion exchange. 

a. Reagents. 

b. Procedure 

2. Cation exchange 

a. Reagents. 

b. Procedure 

vii 

1 

2 

5 
10 

12 

13 
15 

18 

25 
47 
54 
64 

66 

74 
75 

75 
76 



-iv-

C. Results and Discussion 

1. Anions. 

2. Alkalies.,. 

3. Tripositive ions. 

III. Conculsion 

Acknowledgments 

Tables ... 

References. 

81 "" 

87 

112 

122 

•, l2f··· 

178 



... ; 

-v-

THE EFFECTS OF ION HYDRATION IN 
SOLVENT EXTRACTION AND ION EXCHANGE 

David c. Whitney 
(Ph.D. Thesis) 

Lawrence Radiation Laboratory 
University of Californ~a 

Berkeley) California 

October 12) 1962 

ABSTRACT 

The extraction of HCl0
4
) HReo4, HEr, HN0

3
, HAuc14, and HAuBr4 

into dilute solutions of tributyl phosphate (TBP) in inert diluents 

has been studied, and the extracting species and extraction mechanism 

?ave been determined. It has been found for all the acids except HN0
3 

that so long as tbe· TBP concentration is~ 0.1 !1 and the stoichiometrj.c 
+ 

ratio TBP/H is ~ 3 the only extracting species are the molecular 
+ -

adduct TBP·H
2
0 and the solvated hydronium ion 3TBP·H

3
o •mH2o .•• x, an 

ion pair) where 0 ~ m~ 1. For l < TBP/H+ < 3 there are several possi­
+ 

ble species, whereas at TBP/H = l the only species present in the 
+ -

organic phase is .the salt TBPH ••• X . HN0
3 

is found to extract as an 

anhydrous molecular adduct at all TBP and HN0
3 

concentrations such that 

TBP/HN0
3 

is > 1; the HN0
3 

that extracts in excess of 1:1 with TBP is 

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

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

systems. 

Anion-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 ionsj resulting from 

differences in the properties of the resin-phase solution and the external 

dilute aqueous solution. The resin-phase solution is a concentrated 

electrolyte solution with three significant differences from a d:il ute 

electrolyte soluti.on: (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 investigatedo 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 is 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 

Ion exchange and solvent extraction are two of the tools used 

by inorganic chemists to study the behavior of substances in aqueous 

solution, In the past, much of the knowledge of the processes 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 non~queous, 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 o.f the various experiments performed is more qualitative than 

quantitativ~ 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 systemsj 

and it is 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 

is presented toward the end of achieving these goals. 
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I, SOLVENT EXTRACTION 

A. Introduction 

Solvent extraction has long been established as a fundamental 

technique for chemical separation and purification ·Of organic compcunds) 

but only within the last two decades has any great interest been shown 

in the application of solvent extraction to inorganic s~parations. The 

impetus to develop solvent-extraction methods was provided by1the 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 component 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
1 

in their book on solvent extraction; more recent work is covered 
2-4 

biennially in excellent reviews by the same authors, Several other) 

more limited) reviews are also available. 5- 7 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 
8 

Tucko 

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 

nature of species 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 nonaqueous solutions. 
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1. Extraction of Inorganic Compounds 

A solvent-extraction system may be characterized by the inter­

actions among its various components. These interactions can be divided 

into three types--solvent-solvent, solvent-solute, and solute-solute-­

where "solvent" refers to either the organic liquid (or liquids, 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 systems 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 which is quite hydrophilic; 

in such a system water itself becomes a solute in the organic phase). 

When the solute is in dilute concentration in the aqueous phase, 

it is possible to make several statements about the interactions listed 

above. Solvent-solvent interactions are similar to fuos:e·found in the 

pure solvent. Solute-solute interactions are negligible, owfrng 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 somemeans are available 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 can be effected either through the different 

characteristics of the solvent-solvent interactions in the two phases 

or through some specific solvent-solute interaction in the organic phase. 

These .effects give 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 occur between the solvent and solute in the 

organic phase. Since both these interactions are opposing the water-
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solute interaction (hydration), the general rule for either 'ciass 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 given in the following paragraphs. 

Considering first the sol vent- sol vent interactiions: 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 5kca!l 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,&; of the reaction.) In order for a substance 

to 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 mplecules around itself in some kind of solvation 

sphere, with the ensuing hydration energy making up for the loss of 

energy 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 does 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 solvatl:ion 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 is governed by the degree to which it tends to solvate. 

In particular, a large, covalently bonded- molecule, owin:g -to J;ts st.r:ucture­

breaking characteristics, 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 I 2 extracting into cc1
4

, 10 where the disruption of the water structure 
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by large r
2 

molecule causes the aqueous phase to eject the iodine into 

the CC14. Thus the energy lost when the water-water bonds were broken 

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

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 

d . th d 1 . b t . . . t• 11,12 procee s ~n e or er va er1c > u yr1c > prop1on1c >ace 1c. 

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 aqueous phase. The rise in the 

distribution ratio is roughly a factor of 2 per -cH
2
- 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-

. 13 t t h . 14 d t t h 1 b 15 b k ammon1um, e rap enyl arson1um, an e rap eny oron, rea a 

great number of hydrogen bonds when they dissolve in aqueous 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 present in the same solution, this solvation is greatly decreased 

and both cation and anion tend to be ejected out of the aqueous phase. 

This transfer of ions results in a loss of electrost,atic 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. 16,l7 This type of e~traction 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. Several chelates may be attached toa, cation"·so·· 
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that it: is C'liJ-ordinately saturated.· ~'he final result is a large, pseudo­

organic species with very little or no _charge, which behave very similarly 

to those described in the preceding paragraph and extract quite 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 examples in­

volve a basic oxygen or nitrogen atom. The extraction is essentially a 

neutralization between a Lewis acid 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,
18

,l9 associated 
. 12-18 20-2~ ++ 

aclds, ' "" and large, covalently unsaturated species such as MO · -:, 

M+++, or M+4 nitrates. 24- 26 2 

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 tbe relatively 

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 occur to nearly the same extent for any other 

cation of comparable (hydrated) size. 

2. 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 
27 

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 water. 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, 
+ 

H3o . 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 0-ther water molecules, yielding a species with the formula 
+ H

9
o

4 
and the structure 

This species can be compared to an alkali metal cation plus its primary 

hydration shell, with the important exception 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 ideas of 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, e.g., H O+Clo
4
-) >has been characterized by X-

28 29 . 3 30 . . 31 . 32 
ray, ' nuclear magnetlc resonance, lnfrared, and Raman studles, 

d . f d th d h 'd 1 t· 33 I an ln rare me o s ave detected it in strong ac·l so u lons. n 

aqueous acid solutions, numerous methods have been used to determine 

th h dr t . b t. . . t ff . . t 34i56 
e y a lon num er of the proton, among them ac lVl y coe lClen s, 

. . t' t . h . 37- 39 'd't fun lsOples lc measuremen s over lon-exc ange reslns, · acl l y c-

tions,40'41 specific heats of solution, 42 , 43 and ion exchange of acetic 

acid,
44 

all of which yield values that fall within a few tenths of 4.0: 
+ 45 46 Theoretical calcu~tions have been made by Grahn for H

3
o ' and 

H
9

o4+.
47 

In addition, several reviews of the hydronium ion, and its 

hydration have been published.B,lB, 27, 48,49 
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Two techniques for determining_hydration number deserve special 

mention, since they are more straightforward than those mentioned above. 

The first is a study of the masses of the singl'Y- ionized species obe : 

served when ions which are volatilized from pure water by a field­

emission source are recorded by use of a mass spectrometer.5° It was 

found that only four species were present, and the relative amounts 
+ + + + of each were in the order H

3
o > H

5
o

2 
> H

7
o

3 
> H

9
o4 As the field 

strength was decreased, thus diminishing the disruptive forces on the 

ions, the proportion of higher-mass species increased at the expense 
+ of the lower-mass one with the proportion of H

9
o4 increasing most 

+ rapidly. This suggests that in the limit of no field at all, H
9
o4 

would be an important-~and possibly even the principal--species. 

The other special technique for determining proton hydration 

is solvent extraction. As mentioned in the introduction, solvent 

extraction is particularly useful for the isolation of species that 

may be present in aqueous solution, especially those involving H
2

0 in 

their structure. With this in mind, several workers have utilized basic 

solvents to extract the hydrated proton and then have determined 

analytically the amount of water per hydrogen ion. Some systems and 
+ their H20/H extraction -ratios are as follows: 

System Ratio Reference 

diisoprophl ether - KFeC1
4 

4 to 5 51 

several ethers - KFec1
4 3 to 4 52 

dibutyl Cellosolve - HCl0
4 

4.1 to 4.5 18 

tributyl phosphate (TBP) - HC104 3.6 to 4.6 18.1' 19, 53-55 

TBP - HCl 3·9 to 4.3 18, 19, 56, 57 

TBP - HBr 4.0 to 4.7 18, 19, 58 

TBP - H
2
so

4 4.5 53 

TBP - H
3

Po
4 4.5 53 

diisopropyl ketane - HClo
4 4.5 18 

bis-(2-chloroethyl) ether ~ HC104 
4.2 59 
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interest is that involving the more basic extractant 

oxide (TOPO) and HCl04. The H
2

0/H+ ratio appears 
+ 

the TOPO /H t . . 3. 0-ED . . th t · 1 t · ra lO lS .. , lmplylng e rlSO va lOTI 

of a hydronium ion by three TOPO molecules; this possibility is dis­

cussed 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 

protm away frdri'the very favorable water environment that surrounds it, 

and this ability is related to the strength of the (hydrogen)bond 

formed between the acid and base, the steric avalability of the basic 

group, and the extent to which the organic phase accepts charged species 

and any possible accompanying hydration spheres. 

A typical list of extractants for which data are available, 

in order of base strength, is tti9lky1 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 nearly as rapid, hcwever, 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, s~ch as H

3
o or H

9
o

4 
Since it requires much less 

energy to free H
9

o
4 

from an aqueous solution than H
3

o+, which in 

turn' requires less energy than H+, solvents that can accommodate 

the hydrated species are able to extract acids much better than would 

be expected from t~eir base strengths alone. Since the bonding • 
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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 orde ~s; and extracting species for the various solvents are 

readily explained. The most basic amines extract the anhydrous proton 

(and its ac;companying anion) directly and completely to form a non­

hydrated trialkylammonium salt. The less basic phosphine oxides are 

not able t:o remove the proton from its fundamental aq_ueous form, H
3

o+ 

Insteadacids must extract as the trisolvated hydronium ion, with a 

corresponding decrease in the total amount of extraction due to the 

distribution of the positive charge among three protons, which form 

correspondingly weaker hydrogen bonds with the extractant. Farther 

down the scale, the phosphates are unable to displace even the first 

hydration shyll of the hydronium ion, so the H
2
0/H+.ratio is on the 

order of 4, corresponding to the extraction of H9o4+. 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 H
9

o4 is much 

more weakly bonded, .so that the aq_ueous-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 for the proton, and thus its, only fQ~ction is to maintain 

electrical neutrality. However, since the transfer of the anion from 

the aq_ueous phase to the organic phase is subject to the same solvent­

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 

HC104 and HFeC14 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 eompetition 

for the proton--i.e., the acid is not completely dissociated in aqueous 

solution.--an entire1y 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. In 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 species is ~ssentially a neutral molecule, 

so that no transfer of charge between phases occurs, the distribution 
. . . . \ 21,22 

rat1os are qu1te h1gh. Examples of this system are ~~P-HN03 , TBP-

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

). Presentat:ion of the Problem 

In spite of the relative wealth of data collected on the extraction 

of acids by TBP, a great deal of doubt, and a fair amount of disagreeinent, 

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 
20 

(> 0.5~) of TBP in an inert solvent. 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 o.4 at 0.5 ~~ and thus TBP 

solutions and TBP itself exhibit far from ideal behavior. These authors 

have subsequently pointed out tbat because of this behavior one must be 

very cautious in draw.ing conclusions from calculations involving organic­

phase concentrations,\ r:ather thah activities, as an inaccurat@ picture 
. . : ··61 

of the extraction may result. · 

In the absenceof activj_ty coefficients for the 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 some inert organic diluent and to 

choose the experimental eonditions 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 tbe inert 

diluent, and changing the concentration of the extractant, acid, or 

water in that phase will presumably have only a slight effect on the 

activity coefficients of these various species. 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 different species generally change in the 

same manner with changes in conditions, taking their ratio tends to 

reduce the effects of the change. 

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 one CJmponent to vary, holding the others 

constant, it is possible to establish 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) solutions, and variations in the extraction can be 

interpreted on the basis of changes in activity coefficients and more 

complex 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 pure TBP, it is possible to use 

very high aqueous-phase acid concentrations, with their correspondingly 

low water activities, and observe the variation in the extraction caused 

by reducing the effective concentration and coordinating ability of the 

water . 
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B. EXperimental Method 

1. Reagents 

All chemicals were reagent grade and, with the exceptions noted 

below, were used as purcha~ Acids were diluted with distilled water; 

neutral or basic solutions were diluted with conductivity water 

(> 7 X 107 ohm). Standard analytical methods were used in all ~queous 
concentration determinations. Several of the chemicals required puri­

fication; the methods used are described in the following paragraph. 

The tributyl phosphate (TBP) was washed several times with 0.04 

M NaOH to remove acid impurities and rinsed with distilled water (p¥ ~ 5) 

until the rinse water was of pH 6or less. The TBP was then dried under 

vacuum and stored in the dark over Drierite (Caso4). The HBr was 

saturat~9 with H
2

S gas to reduce any Br
2 

to HBr. Then the solution was 
. 0 • 

distilled and the fraction boiling between 121 and 129 C (consta.n:t-bol.l-

ing HBr, 4~) 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. 

HReo
4 

was not commercially available and had to be made from 

KReo
4

. The method was as follows: 50 g KRe04 was dissolved in 6 liters 

of H 0 and passed through 100 m~ of Dowex AG-50 X 12 cation~exchange 
2 

resin, which had been previously treated with 500 ml 3 !i HGl04 and 

1000 ml H
2
0. The resulting HReo4 was evaporated to 100 ml and analyzed; 

the analysis showed the concentration to be 1.74 !i HReo4 with< 1~ 

KReo
4 

present. 

HAuc1
4 

solutions in HCl were made by dissolving weighed quantities 

of Au foil in HCl + HNo
3

, evaporati~g down to dryness three times with 

HCl and taking up the resultant HAuC1
4 

in HCl solutions of known concen-. 

tration;.. These solutions were kept in the dark to prevent decomposition. 
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. -
Radioactive tracers were produced by irradiation of naturally 

occurring isotopes in the Livermore pool-type reactor or the General 

Electric test reactor. KR.eo
4

, after irradiation, was allowed·to stand 

for five days in order to let short-lived products (mainly K
42

, t /
2 

== 
. 188 . . 62 . . l 

12.4 hand Re ,.t::L/2 == 17 h) decay, then dissolved in H
2

0 to form 

a solution approx 10··.:.6 M in KR.eo
4 

with a specific activity of 105 

counts/min/!J.l. Au foil was dissolved immediately after irradiation in 

HCl + HNo
3

, evaporated doWn to dryness three times with HCl, and taken 

up in 0.5 M HCl to form a solution approx 10-5 !_i HAuCl
4 

with a specific 

activity o;. 105 counts /inin/IJ.:l;.. 

2. Procedure 

a. Tracer Experiments 

Between 5 and 10 !J.l of tracer solution was injected with a 

micropipet into a two-phase mixture consisting of equal volumes of 

acid solution and. extractant soJ.:ution(generally 5.00 ml of each phase) 
·. 

in 60-ml glass-stoppered bottle. The samples were shaken on a mechanical 

wrist-type shaker for 15 to 30 min, transferred to. 12-ml centrif,uge cones, 

and.centrifuged for three min. Duplicate 200-ml aliquots were taken 

from the upper phase, and one 2.00-ml aliquot was taken from the lower 

phase, the aliquots being placed in'l-dram screw-cap vials. The vials 

were counted with a well-type NA(Tl)I scintillation counter and single­

channel pulse-height analyzer; the ratio of the counts/min in each phase 

(after correction for background) was taken to be equal to the distri-

bution ratio for the tracer acid. 

A few comments concerning some of the steps given above are in 

order. 'I'he distri'qution of a tracer acid between an aqueous. acid and 

an organic extractant should be independent of the concentration of the 

tracer, so long as that·concentration is n!=gligible with respect to 

both of the macro-concentrations.and the same species is extracting at'all 

concentrations. In the extraction of HReo
4 

this must, of necessity, 

be true in the aqueous phase, si nee 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 HAuc14 extracting from HCl whenever the HAuCl concen­

tration is< 1% of both the extractant and HCl concentrations. It was 

found, however, that curves ?f D vs initial aqueous HAuc14 concentration 

pass through a minimum between 10-6 and 10-4 ~ HAuc1
4

, the exact value 

depending on the HCl concentration and the nature (but not the concen­

tration) of the extractant and inert diluent (similar nonconsistancy, 

but no minimum, has been observed by other workers)?3 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 HAuc14 concentration be kept constant. This was done 

either by using known HAuc14 in HCl solutions (generally 10-5 ~) to 

which was added a negligible amount of tracer HAuc14, or by carefully 

adding precisely 10 ~1 of a tracer solution of known concentration 

(generally 5 X 10-4 ~ HAuCl
4

) to the HAuC14-free sample, so that the 
' -5 -6 

.major portion of the data is for aqueous HAuc14 either 10 or 10 M 

initially. 

The time required for the samples to come to equilibrium is 

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 experiments was chosen arbitrarily. 

The centrifugation time was also arbitrarily chosen, since longer 

times showed no changes in the distribution ratios and tended to promote 

evaporation of the organic phase. 
-4 4 

Since the distribution ratios ranged from 10 to 10 , extreme 

care was required to prevent upper-phase contamination of the aliquots 

of the. lower. phase for counting. 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 pipet with an absorbent tissue. By use 

of this technique it was consistently possible to remove 2.GQ-ml aliquots 

of the lower phase that contained< 1 part in 105 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 3/4-in. in diameter by l~J/2in. deep, and gave a very high geometry. 

The response time of the counting apparatus was approx 5 ~sec, which 

meant that aliquots of up to-about 2 X 105 dis/min could be counted 

with< 2% loss in counts. Aliquots were counted for a minimum of! 10
4 

counts or' 10 minutes, whichever occurred first, but under" no circum­

stances for< 1 minute. 

In some cases the ine·rt diluent was found to have an appreciable 

distribution ratio, even with no extractant present. This could be 

due either to basic impurities,in the solvent or to mechanical occlusion 

of the aqueous phase. In either case it had to be considered as a 

correction factor, and the ratios so obtained were subtracted from 

those with extractant present to yield the true distribution ratios. 

b. Organic-Ehase analyses 

Equal volumes of acid solution and extractant solution were 

shaken for one hour in a glass-stoppered 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 cc1
4

. No study-was made of extraction vs time, 

except that shaking for four hours showed no change in the distribution 

ratio. Centrifugation time was not critical except when the two phases 

had approximately equal densities, when three minutes or more was some-
-2 

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 to carry out experimental observations on them immediately 

after separationj the H
2
o, HN0

3
, HClo

4
, and HAuC1

4 
solutions showed 

little change even after several weeks of standing. 



-16-

The acid content of the organic phase was determined by addition 

of a known (excess) amount of 0.01000 ~ NaOH 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 
64 

M HCl. A blank was run using a dry solution of TBP in cc14 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 ~' 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.
6

5 A blank solution of 2 to 3 ml dried methanol 

and 0.1 to 1.0 ml pyridine 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 ± 3% or ± 0.001 ~' whichever was larger. 

Infrared measurements were made on a Beckman IR-5 double-beam 

recording spectrophotometer, with dry cc14 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 0.1-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 H20-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 CC14_were 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 ~· 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. 
0 

All experimental work was done at room temperature, 23 ± 2· C, 

with no apparent changes in extraction occurring over this range. 
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C. Res~lts and Discussion 
l 

1. Triqutyl 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 is an ester 

of phosphoric acid and butyl alcohol, and has the structure 

There are four basic sites in the molecule, corresponding to the four 

oxygen atoms, but the terminal oxygeP.. atom of the P = o bond far exceeds 

the other oxygen atoms in base strength and can thus be considered to 

be the principal coordinatiEg site for acidic species (possible exceptions 

to this for very high acid concentrations are presented in the section 

on concentrated solutions). Since T.BP 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 assumed 

that none exists. 

It has been observed by several au.thors that water has an appre­

ciable solubility in TBP. SineS> the presence of water in the organic 

phase would have an effect on the extraction of a.cids, both in terms 

of the relative suitability of the organic phase for charged species 

and in terms of the availability of the TBP for proton solvation (since 

TBP that is bonded to H20 cannot be used for acid. extraction), it was 

necessary that the extraction of water alone by dilute TBP in cc14 
be investigated. 

The equation for the reaction can be written 

(1) 

... 
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the superscript bar indicating the organic phase. The corresponding 

equilibrium constant is 

(2) 

where parentheses signify activities and brackets concentrations. Two 

assumptions may be made: 

(a) (H20) = [H
2
0] ~H 0 ~ l) since the solubility of TBP in 

H20 is negligibly smafl; 

(b) the ratio ~nTBP 'H 0/~~BP is a constant.,.· since the two species 

are in dilute solution2in cc14. 
The equation then becomes 

Kfr O =[nTBP·H20]/[TBP]n ; 
2 

taking logarithms and rearranging yields 

n log [TBP] + log K'H 0 . 
2 

(3) 

(4) 

Thus if there is some species nTBP·H
2

0 present in the organic phase) a 

plot of the logarithm of the organic-phase H
2

0 concentration vs the 

logarithm of the equilibrium TBP concentration (that is) the total TBP 

concentration minus n times the organic-phase H
2
0 concentration) results 

in a straight line of slope n 7 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 6o% by volume (0.00316 to 2.20 ~) in cc14 (Table I) and the results 

plotted (after subtraction of the H
2

0 dissolved in CC14) 7 as described 
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above, in Fig. l. It is seen that a straight line of slope n = 1.0 is 

obtained from 0.003 to 0.1 ~equilibrium TBP, implying the existence 

of the species TBP·H
2
0 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 = 
BuO/ 

0 --- H ~ 9 
H 

In TBP concentrations of> 0.1 ~' outside the region that may 

properly be called "dilute", the line curves upward, indicating a 

greater relative uptake cif H 0 by the more concentrated;,OOLut:i!Dns-~· ,'Jhiis cbp;r:r~ in 
' 2 

slope suggests e.ither the presence of some new, more.highly hydrated 

species or some other breakdown of assumption (b) in that the ratio of 

the organic-phase activity coefficients is no longer constan~. 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 K1 

0 = 0.15. 
H2 

In making the subtraction for the solubility of H
2

0 in cc14, it was 

assumed that the water dissolving in cc14 was completely independent 

of the water dissolving in TBP, so that the correction was merely the 

solubility of water in pure cc14 (0.0099 ~) times the mole fraction 

of CCl. 

In an effort to determine the reasons for the deviation from 

the straight line at higher TBP concentrations, and also to aid in the 

interpretation. of the acid-extraction data, a method was developed for 

determination of H
2
o concentration in the organic phase by infrared 

.. 
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10-3 10-2 

M TBP 

MU-26578 

Fig. I. Variation of water cont.ent of organic phase (CC14 diluent) with 
TBP concentration, corrected for solubility of H 20 in CC1

4
:e, 

Karl Fischer; e . 2. 72-f-L peak; .6., 2. 90-f-L peak. 
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analysis. The wave lengths of the absorption peaks of water in the range 

2 to 16~ are shown in Table II for H
2
0 in several different physical 

states. Of those wavelengths listed for H
2

0 in TBP-CC14 solutions, 

only those at 2.72 and 2.90~ w.ere suitable for quantitative study, 

the others being either too small, or, in the case of the 6.17-~ peak, 

too susceptible to interference from cc14, TBP, or hydrogen-bonding 

absorbancesj 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 peaks are nearly identical for gaseous H20 and H20 dissolved 

in cc14, indicating for both cases that only the monomer is present and 

there is no hydrogen bonding. When H 0 is extracted into dilute (< 0.1 
2 

~) TBP in cc14, 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 tatio 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 0-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 T.BP-H20 

spectrum and ascribed to H
2

0 were actually due to H
2
0, spectra were 

taken of HDO- and D
2
0-saturated TBP. The new peaks were shifted in 

wavelength from those given for the monomeric HDO and D
2
0 by the same 

66,67 
factors as the H

2
0-TBP peaks were shifted from the monomeric H

2
0. 

The absorption spectra were taken of the previously described 

0.1 to 6o% TBP in cc14 solutions and the quantitative results for H20 

concentration from both the 2.72-and 2.90-~ peaks are shown in Fig. l. 

It is seen that 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 ~' the 2,99-~ peak 

value going as the Karl Fischer value (i.e., showing total water), 

while the 2.72-~ peak values continued along the line of slope n = l. 
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Wave number ( cm-1) 

0 

.I 

3 

Wave length ( fL) 

MU-2657 5 

Fig. 2. Infrared spectra of.< a) H 20-saturated CC14 , (b) H 20-
. saturated 0.128 ~ TBP 1n CCl4, (c) B 20-saturated 2.11 M TBP 

in CC14 , (d) liquid H 2o film. -



From the various considerations given above, it can be concluded 

that the 2.72-~ peak represents the -0-H stretch for a non-hydrogen­

bonded proton, since it is higher in energy, does not account for the 

total water content in concentrated TBP-H
2
0 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-!J. peak repre­

sents the hydrogen-ponded -0-H stretch, since it is at a lower energy, 

reflects the total water cont~nt 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 cG:mclusions have been 

h db th b d . dJ.'ols.68,69 reac.e yo er workers for intra;molecular hydrogen on ing J.n 

On application of these conclusions to the concentrated TBP-H
2

0 solutions, 

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

ing more than one H
2

0 molecule, such as 

H 
I 
0 - H 
I 
I 
H 
I 

0 - .:.H-0 

H 
I 

(Buo)
3 

P = 0 --- H - 0 

0 - H 
I 
H or 

H 
I 
0 - H -- 0 - H --- 0 
: k 

P (0Bu)
3 

(BuO) P = 0 --- H -
3 

I 
H 
I 
0 

The main conclusions that can be drawn from the behavior of 

H20-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 !:!· In 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!:! or less. 
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Although it was realized that the higher concentrations ot' thi;s 

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. In all cases, enough points 

were taken inside the ideal range to allow good extrapolations up to 

0.3 ~ TBP, and no appreciable differences between extrapolated and 

actual points were noted. 

2. Tributyl Phosphate-Acid~ 

The general equations for the extraction of a strong acid HX 

by TBP can be written as 

(5a) 

if the organic species is molecular or 

H
+ - --- = nTBP·H+.mH O .... x-

+ X + mH 0 + nTBP 2 · (5b) 
2 

if the organic species is ion-paired, or 

(5c) 

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

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

and aqueous ion hydration has been omitted. The corresponding equi­

librium constants are 

= (nTBP·HX·mH20) 

(HX) (H
2
0 )m(TBP )n 



K HX 

(n'l'BP ·H + ·mH
2

0 ... X-) 

(HX) (H O)m (TBP)n 
2 

(nTBP·H+·mH
2

0 ... X-) 

(HX) (H20 t(TBP )n 
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where parentheses indicate activities and brackets concentration. 

Several simplifications may be made in the above expressions. 

Since the only species present in the a~ueous phase are the acid HX 

and the water, (HX)(H
2

o)m== [H+J[X-]-yHX[H20]m)'~ 0 rray bewritten as ~~HX': 
2 

the corrected a~ueous phase activity, which can be determined by using 

the a~ueous-phase concentrations, the H
2

0/H+ ratio (m) in the organic 

phase, and standard tables of activity coefficients. Since the number 

of the organic-phase species containing X is the same as the number 

( 6b) 

(6c) 

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

a ~uantity [H+], the amount of acid in the organic phase, which can be 

experimentally determined. There is also one assumption that must be 

made. Very little is knmm 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., 

'"Yr.;'l'BPoHX·mH
2

0 /)'~'BP' ~'nTBP·H+·mH2o .... X/ "Y~BP' or 1nTBP·H+.mH20·X-/1~BPJ 
is a constant. 
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Two other assumptions are implicit in the derivatton 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. TPe second is that the extraction of water by TBP, 

as discussed in the previous section, takes piliace concurrently with 

and independently of the extraction of acid. Evidence that this is 

true is presented in a subsequent portion of this section. 

By using the simplifications and assumptions given above, it 

is possible to rewrite Eqs. (6) as 

(7) 

where y has a value of 1 for a molecular or ion-paired extracting species 

and two for a dissociated species. 

determining the dependence of [it] 

By holding [TBP] constant and 

on a' , it is possible to evaluate 
- HX 

y. Taking logarithms of both sides of Eq. (7), rearranging, and combin-

ing constants results in 

(8) 

and a plot of log [H+] vs log a' should yield a straight line of 
- HX 

slope 1/y. 

The above procedure has been carried out for the three acids 

HC104, HBr, and HNo
3 

extracting into various concentrations of TBP in 

cc14 (Tables III-IX), and it can be seen 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'· altogether reasonable conclusion, since 

the low dielectric constant of the cc14 solutions would tend to repress 

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

ment with those .obtained by Hesford and McKay70 for HClo4, the strongest 
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a 
- HCI0 4 

I .... 

MU -25455 

Fig. 3. Variation of acid content of organic phase ( CC14 diluent) 
with~· HCl0

4 
(see page 26) for equilibrium TBP concentrations 

of: ., 0.0345 M; .• , 0.0535 M; A, 0.109 M; •• 0.307 M. 
All lines drawn with slope 1.0.- -
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-2 
2xl0 ~~--------~------~r-------~--------~ 

I 

a H Br 

MU-28751 

Fig. 4. Variation of acid content of organic phase (CCl4 diluent) 
with ~· HBr (see page 26) for equilibrium TBP concentration. 

of: e, 0.0338 M; •, 0.0825 ~; A , 0.164 M; • , 0.320 ~· 
All lines drawn with slope 1. 0. 
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a' 
- HN0 3 

MU-28750 

Fig. 5. Variation of acid content of organic phase ( CC14 diluent) 
with ~NO (see page 26) for equilibrium TBP concentrations 

3 
of: •, 0.0302M; ., O.l06M; A, 0.293M. Alllines 

drawn with slope 1.0. 
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of these three acids,in diiute TBP in benzene soiutions. These workers 

found that the dissociation as measured by electrical conductivity was 

negligibly small in TBP solutions of a few tenths molar or less, although 

H~104 in pure TBP was almost completely dissociated. 

One of the conditions set forth in the derivation of Eq. (8) was 
-+ 

that the TBP concentration be held constant. So long as [H ] is less 

tronl%:. of [TBP], and so long as (H
2
0) is 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 

enough aqueous concentrations to exceed the limitations given, and 

corrections must be made in [fl+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 [H+], would be if all the [TBP] values were the same as the 

chosen one. For reasons made apparent in subsequent portions of this 

section (seep. 32), the relationship in the cases of HC104 and HBr 

has the form 

whereas that for HNo
3 

is 

cif+J lT'BPJ ' 
tTBPJ 

(9a) 

(9b) 

The points plotted in Figs. 3-5 contain these corrections, and 

the adherance of the corrected points to the line whose slope is determ­

ined by those points whose correction was negligible indicates that the 

relationships in Eqs. (9) are the appropriate ones to be used. It is 
--::+ f 

worth mention that the points associated with the largest [H ] ·. 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 extraction, it may be put to further use in 

determining the dependence of the extraction on TBP concentration. By 

holding ~ 1 HX constant while [TBP] varies and going through the same pro­

cedure as used to derive Eq. (8), one obtains the expression 
1 1. 

log [H+] nlog [TBP] + log K HX' (10) 

and a plot of log [H+] vs log [TBP] should yield a 'straight line of 

slope n. 

It must be reiterated that [TBP]is the equilibrium TBP concen-

,, tration, and does not include the amount of TBP bonded to H
2

o or, more 

importantly, included in the extracting complex. The correction for 

TBP·H
2

o is relatively small and is discussed more thoroughly in Section 

I.C.3. The correction for acid-complexed TBP is determined·by'noting 

that'each molecule of acid that extracts involves n mol~cules of TBP; 

by determining n for those .cases in which [H+] is less than 1% of 

[TBP] the magnitude of the correction for any [fl+] can be assessed, 

since it is merely n[H+]. Corrections made by using th~se two factors 

yielded straight lines of slope n until at least So% of the total TBP 

was incorporated into the bonding of the extracting species; moreover, 

corrections using n + 1 and n - 1 for HC104 and HBr did not yield the 

corresponding slopes. 

Log [H+] vs log [TBP] is plotted in Fig. 6-9 for HClo4, HReo
4

, 

HBr, and HNO . The slopes obtained are 3.0 for the first three acids 
3 

and 1.0 for HNo
3

. It must be noted that the data for HReo4 were obtained 

in a different manner and by using a different inert solvent than for 

the other three acids ('fu.ble X). It was desired to extend the extraction 

to lower acid concentrations for HC10
4

, and in order to do this the 

extraction. of HReo4 .. -- a 

and size similar to HClO~ 

radioactive tracer (ReiS , 

in octane. The advantages 

homologous acid with an ionic structure 

but differing in that is has a convenient 
62 

t / = 90hr.) -- was studied for TBP dissolved 
·1 2 
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 r?-dio­

active aqueous phase in order to remove a sample of the organic phase 
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M TBP 

MU -25457 

Fig. 6. Variation of acid content of organic phase ( CC14 diluent) 
with eq~ilibrium TBP concentration for aqueous HCI~4 con­
centrations of : A, 1.69 M; • , 2.64 M; • , 3.40 M; 
• , 4.07 M; e, 4.69 M ;. , 5.05 M;-. , 5.92 MT" 
• , 6.94 M. All lines drawn with slope 3.0. 
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Fig. 7. Variation of acid content (as measured by HRe04 
tracer) of organic phase (iso-octane diluent) with equ1librium 
TBP concentration for aqueous acid concentrations of: 4 . 
0.109 M HRe04; • • 0.217 M HRe04;. • 0.435 M HRe04; 
e. O.Sf M HRe04;. • 1.74M HRe04 ; &, 1.63 M HCI04. 
All lines drawn with slope 3.0. 
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M TBP 
MU-28716 

Fig. 8. Variation of acid content of organic phase ( CC14 diluent) 
with equilibrium TBP concentration for aqueous HBr concentra­
tions of:., 3.21M; t, 4.28M;P., 5.17M;~, 5.57M;e 
6.07 M; e, 6.48 ~;· , 7.12 M; •• 7.50:tv1 ;. , 8.08 M;-
•, 8.5 3 M. All lines drawn with slopes 3.0. 
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Fig. 9. Variation of acid content of organic phase (CC14 diluent) 
with equilibrium TBP concentration for aqueous HN0 3 con­
centrations of: e, 0.202 M;., 0.501 M; &, 1.003 M; 
• , 2. 02 M ; 't", 2. 9 3 M..,. , 3. 9 5 M ; .-, 4. 96 M ; e, 6. 0 5 M. 

All lines drawn with slope 1.0. -
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as .it must when cc1
4 

is used as the inert solvent. Second, and more 

important, the distribution ratios for strong acids increase roughly 

20-fold when cc1
4 

is replaced by octane. By multiplying the distribution 

ratio by the aqueous acid concentration, the organic acid concentration 

[H+J is obtained, so that Eq. (10) may be used to evaluate n. The 

similarity of HClo
4 

and HReo
4 

can be seen in Fig. 7, where the replace­

ment of 1.74 ~ HReo
4 

by 1.63 ~ HC10
4 

yielded essentially no change in 

the extraction behavior of HRe186o
4 

tracer. 

An extensive series of experiments was also done on the extraction 

of tracer HAuc1
4 

and HAuBr
4 

out of HCl and HBr into TBP with a variety 

of inert solvents. In these experiments, HAuCl
4 

and HAuBr
4 

were in 

general on the order of 10-5 M while theHCl concentrations were 2, 6, 

and 10M andthe HBr concentrations were 1, 2, 4, and 6 ~j and the 

experimentally determined quantities were the distribution ratios, 

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

the aqueous phase. Analysis of the organic phase showed the H:Au:Cl. 

ratio to be 1:1:4, indicating that HAuc1
4 

(and analogously HAuBr4) 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 0 ... AuCl
4 
~ )' 

(H+) (Aucl
4

-) (H
2

0:)m(TBP )n. 

+ ' -
fn'J.1J3p·.H ·mH20' '.AuCl4 }ynTBP ·H+ ·mH

2
o ... AuCl

1
+-

+ m m - ]n n 
[H ]-yH+[J\uClJ+-}YAuCl

4
-[H20] 'YH

2
0 [TBP "YTBP 

(ll) 

In addition to the assumption .made in the derivation of Eq. (7) 

concerning the constancy of the ratio of organic-phase activity coeffi~ · 

cients, several simplifications in Eq. (ll) can be made. Since HCl 
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+ mm 
extracts very poorly) [H ]~H+ [H20] ~H 0 is constant for a given HCl 

2 
concentration. Also) since HAuc1

4 
is in such dilute concentration) 

+ 
~ AuCl

4
- is very close to being constant for a given [H ] . The ratio 

[nTBP·H~mH20 .... AuC14~J/[AuC14~J 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 activity and KH
20 

in Eq. (2). 

When these various considerations are applied to Eq. (ll)J the 

resulting expression is 

1 

KHAuc14 
D 

with a similar equilibrium expression for K' 
HAuBr4 

log D nlog [TBP] + logK' 
HAuCl4 

(12) 

Taking logarithms) 

(13) 

and a plot of log D vs log [TBP] shou~d yield a straight line of slope 

n and thus give the dependence of the extraction on TBP concentration . 

. such plots are shown in Fig. 10-13 for HAuc14 extracting froq 2) 6) 

and 10 ~ HCl into TBP in iso-octaneJ xylene) and cc14 (Tables XI to XIII) 

and HAuBr4 extracting from lJ 2) 4J and 6 M HBr into 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 !i) .to fall below 3.0 has its explanation in the assumption 

that the extraction of HCl is negligibly small. Although this is 

certainly true in 2 M HCl (where [H+] ~ 10-5 ~ for 0.15 !i)TBP) the 

extraction has started to become appreciable ([H+]:::::; 0.0005 ~ TBPJ 

corresponding to the complexing of 0.0015 !i 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 [TB~) at 10 ~· Since the effect of lowering [TBP] 
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Fig. 10. Vari<~.tion. of. distribution rat.io. ~f HAuC14 with total T:SP 
co:qcentratlon (1n 1so-octan~) for 1n1t1al aqueous concentrations 
of:~., 2.0 M HCl, Bxio-o MHAuC14; &, 2.0 M HCl, 1XI0-5M 
HAuCl4; • --; 6.0 M HCl, 1 x!o-6 M HAuC14; "f'-;- 6.0 M HCl, -
1 X l0-5 M HAuC14; . , 10M HCl, lX Io-5 M HAuC14 • 
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Fig. 11. (a) Variation of distribution ratio of HAuC14 with total 
TBP concentration (in xylerie) for initial aqueous concentrations 
of: Y!.

6
6.0M HCl, 2Xl0-7 M HAuC14;., 6.0M HCl, 

1 X 10 M HAuC14; e, 2.0 M HCl; • , 6.0 M HCl; 
•, 10 M-HCl; lower scale,! X lo-5 M HAuC14; upper scale, 
1 x 10-zrM HAuC14• (b) lower scale;-! x Io-3 M HAuC14; 
upper scale, 1 X Io-2 M HAuC14 • 
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Fig. 12. Variation of distribution ratio of HAuC14 with total 
TBP concentration (in CC14 ) for initial aqueous concentrations 
of: Ill, 2.0 M HCl, 2x1o-6 M HAuC14; 'Y, 2.0 M HCl, 1X10-5M 
HAuCl4; e,"b. 0 M HCl, 1 xTo-6 HAuC).4;~, 6:0 M HCl, -
1 X 1 o-5 M HAuC14; .& , 10 M HCl, 8 X 1 o-0 M HAuC14;., 1 0 M HCl, 
1 X 1o-5M HAuCI4• 
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Fig. 13. Variation of distribution ratio of HAuBr 4 with total T BP 
c.::mcentration (in xylene) for initial aqueous concentrations gf: 
0, 1.1 M HBr, lXI0-5 M HAu~r4;., 2.0 M HBr, lXlO- M 
HAuBr4;A, 4.1M HBr, lXlO- M HAuBr4;y, 6.3MHBr, 

·1 X Io-6 M HAuBr4 • 
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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 factor of 2 or more for the 

most concentrated TBP solutions, with the rapid reduction in HCl 

extraction (cx:[TBP] 3 ) causing.this effect to diminish, and the D's to 

become closer to the e~ect€d 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 HCl. 

This problem could be avoided in some cases by doing the 

extraction from a 6.0 M LiCl-0.1 M HCl a~ueous phase. The results of 

such an experiment are listed.in Table XV and shown in Fig. 14, 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 CCl4 solutions 

(slope 2.5). 

Experiments similar to those above were carried out for HRe0 4 
tracer extracting out of 2 .and 6 M HCl into TBP in iso-octane solutions 

(Table XVI) . The results may be seen in Fig. 15 and again a 'Slope 

of 3.0 is obtained for TBP concentrations below 0.3 ~· 

As a further extension of the extraction system, and a con-
71 junction with some studies being made by other workers in the group, 

extractions of HAuc1
4 

and HReo
4 

out of HCl were made into tri-octyl­

phosphine oxide (TOPO) which was dissolved in iso-octane in the case 

of HReo
4 

(Table XVI) and cc1
4 

in the case of HAuc14 (Table XVII). 

E~uation (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 inFigs. 15 and 16, and again slopes near, 

but usually 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 ~ solution to give a value of 

[H+] = 0.005 !'i_ for 0.1.~ TOPO, corresponding to 15% of the t0ta1 TOPO 

and because of TOPO's greater extraction of water([H2o] ~ 0.35 [TOPoJ)71 

to 25% of "the actual e~uilibrium TOPO before extraction. 
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Fig. 14. Variation of distribution ratio of HAuC14 with total TBP 
concentration from 6. 0 M LiCl-0.1 M HCl solutions, 1 X 1 o- 5 M' · 
HAuC14 initial aqueous concentration, using inert diluents: 
1111 , CCl4; e, iso -octane. 
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Fig. 15. Variation of di'ttribution ratio of HRe04 (initial aqueous 
concentration 1 X 10- M) with extractant concentration (in 
iso-octane) for extractants and aqueous acid concentrations of: 
lower scale, TBP;., 2.0 M HCl; A, 6.0 M HCl; upper scale, 
TOPO; e, 0. 20 M HCl. 
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Fig. 16. Variation of distribution ratio of HAuC14 with total 
TOPO concentration (in CCl4) for initial aqueous concentrations 
of: •, 0.05 M HCl, 1 X lo- 5 M HAuCl4;. , 0.20 M HCl, 
Ixio-5 M HAuC14;B, 0.05 M HCl, 2XI0-6 M HAuC14; 

- 6 - - 6 8, 0.20M HCl, lXIO- M HAuC14;4, 0.20M HCl, 2XIO- M 
HAuC14 • 
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3. Tributyl Phosphate-Acid~ater 

The most striking observation to be made concerning the extrac­

.tion; of all the strong acids used in this st)ldy (excluding HN0
3

) is 

the uniform value of 3 for the slope of log (H+) vs log [TBPj 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. 

The one exception, HNo
3

, has been extensively investigated, 22 ,53,70,72-86 

and has been found to,:extract into TBP as the undissociated molecule, 

forming a:one-to-one complex in dilute HN0
3 

solutions and higher complexes 

in more concentrated ones (i:e., 2 to 4 HNo
3

/TBP), and would thus not 

be expected to exhibit the si1ope of 3. · 
In .order to furthert~st these theories concerning hydrogen ion 

extraction_ the H
9

0 content of the organic phase, and more: particularly 
+ -

the H
2

0/H ratio; was investigated for HClo
4

, HBr, and HNo
3 

extracting 

into TBP-CC14 solutions (Tables III-IX). Plots of the organic-phase 

water content (corrected as discussed below) vs the organic phase acid 

content are sho~ for HC10
4 

and HBr inFigs. 17-18. Only a negligible 

amount of water (H
2

0/H+ < 0:1) was found to extract with HN0
3 

into 

TBP so long as the organic-phase TBP/HNO ratio was > 1 (Table IX); 
: . 3 . ' 

the behavior beyond this point is duscussed in Section I.C.4. 

In order to obtain the amount of H
2

0 actually associated with 

the proton it was necessary to subtract from the total amount of the H
2

o 

present (as determined by Karl Fischer titration) the amG>unt dissolved 

by the cc14 and the amount contained in the TBP·H
2

0 complex. The H
2

0 

in cc14 is determined<as in the previously described TBP-H
2

o case 

(page 20) exc~pt that the decreasing activity of H
2

0 in the aqueous 

phase must be taken into account; thus the correction is · . 

0 .0099X N X (H
2
0) · 

cc14 . 
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Fig. 17. (a) Variation of water content in the organic phase (CC14 
diluent; M H 20 cbes not include water dissolved by CC14 or 
complexed as ,TBP· H 20) with acid content in the organic phase 
as the aqueous HCl04 concentration increases for tota~ TBP 
concentrations of:8 , 0. 366 M. (b) ., 0.128 M; (Q , 0. 0641 M; 
.,0.0384M. -
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Fig. 18. Variation of water content in the organic phase (CCl4 
diluent; M H 20 does not include water dissolved by CCl4 
or compiexed as TBP• HzO) with acid content in the 
organic phase as the aqueous HBr concentration increases 
for total TBP concentrations of: A, 0.366 M; II, 0.183 M; 
e, o.0915 M. -

( 
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The TBP·H
2

0 concentration can be determined in a similar manner 

from Eq. (2) by using [TBP] = [TBP] - [TBP·H20] - 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-~ peak, 

until at a TBP/H+ ratio of 3 the peak completely disappeared. It has 

been shown in the preceding section that the extracting species has 

the same ratio, thus it is reasonable to conclude that when this limit 

is reached all or nearly all of the TBP is involved in the extraction, 

leavinglittle, if any, TBP to form TBP·H
2
0. Since this limit also 

marks the disappearance of the 2.72-~ peak, its absorbance was assumed 

to measure the amount of TBP·H
2

0 in the solution. On the other hand, 

the 2.90-~ 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 quantitative relationship between the Karl 

Fischer values and those given by the absorbance of the 2.90-~ peak 

could be determined . · 

The assumption concerning the correspondence between the 2.72-~ 

peak and TBP·H20 is supported by the behavior of the water-saturated 

TBP solutions., described in Section LC.l, where the absorbance of the 

2. 72-fl_ 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 · H
2 

0 . The calculated and spectral values for TBP · H
2 

0 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 values for H
2
0/H+. It must be noted that for the 10% 

(0.36~) TBP (Fig. l7a), it was necessary to make an additional correction 
+ to. the H

2
0 values in order to make the n

2
o;H line pass through the 

origin. The size of this correction was very close to the difference 

between the Karl Fischer and 2.72-~ values in Fig. 1, providing 
-· 

further evidence of the relationship between the 2.72-~ peak and TBP·H20. 
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This "excess" water was considered, f:or purposes of correcting the 

total water content of the organic phase, to decrease in the same 

manner as TBP·H
2
0. 

A plot of the initial slopes of the lines in Figs. l7a;b vs 

the total TBP concentration is shown in Fig. 19. Extrapolation of 

the curve toO% TBP y:i.elds an H
2

0/H+ ratio of 1.0, i.e., R
3
o+ This 

behavior is reasonable, since as the TBP concentration is lowered the 

nonpolar cc14 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
3

o .... Clo4 · over large ranges in both the TOPO 

and acid concentrations.7l 

Extrapolation of the curve in Fig. 19 toward higher concentrations 

indicates that a value somewhat above 3H
2

0/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 quoted previously 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 

CCl4 solutions. First, there are 3 TBP molecules per hydrogen ion. 

Second, there are between 1 and ~ H
2

0 molecules per hydrogen ion, the 

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

an ion:. pa±r. On the basis of these considerations, a possible structure 

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

solutions (< 1%) is the hydronium ion hydrogen-bonded to a solvation 

shell of three TBP molecules, 
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Fig. 19. Variation of initial H20/HC104 ratio in the organic 
phase with total TBP concentration. · 

'. 
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where R is the buyoxy group, c4H
9
o. As the TBP concentratipn rises, H20 

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 H
2

0 shell of three molecules, .which is in turn hydrogen­

bonded to three TBP molecules as a secondary solvation shell: 

R3Po,,, 

H.' H /H C\ '-o· 
/ ' ,/ 

H 'H I( 
/ . / 

R PO/ '\0 
3 I 

H 
I 
I 
I ? -H - - - OPR3 

H 

The E:Xtracting species can thus be written, in the generalcase, 

as [3TBP·H
3
o:: (m-l)H

2
0 .... X-],.where m is between 1 and 4. 
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4. Concentrated Solutions 

+ 
Since the extracting species have 3 TBP/H for HClo4 and HBr 

.and 1 TBP/HN03' .it might be concluded that there would be no more 

extracting once the stoichiometric 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,one can make 

a limited ana~ysis of this behavior. 

The foregoing section hasdealt with the case in which the 

extraction takes place as shown in Eqs .. (5) and ( 6), where n = 3, 

m = l. 4 to 2. 5, and the species i$ an ion. pair. It is found, however, 

that HC104 extracts into TBP even after the organic-phase hydrogen ion 

concentration becomes greater than J.b.ofthe TBP concentration, and in 
-+ fact it extracts up to and a small amount past the point where[ H ] 

[TBP] (Fig. 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 this is the case is seen in Fig. 20, 

where log [H+] is plotted vs log (HClo4) for four different total TBP 

concentrati<VnSj 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 the_ decrease in the H
2

0/H+ ratio, as seen. in Fig. 17, and 

the decrease in slopes when log (H+] is plotted vs log [TBP] for 

increasing aqueous HC104 concentrations (Fig. 21). 

It niust be realized that in the region where the ratio TBP/H+ 

goes below 3 Eqs. (5) and (6) no longer 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 

:inethod. With this kept in mind, .it is still possible i;o 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 (CC14 
diluent). with aqueous HC104 activity for total TBP con­
centrations of: •• 0.0384 M; +, 0.0641 M; A, 0.128 M; 
1J , 0. 366 M. - - -
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Fig. 21. Variation of acid content of organic phase (CC14 
diluent) with total T BP concentration for increasing 
aqueous HCl04 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. 



At very high external HC10
4 

concentrations (approx. 10 ~) 

the H
2

0/H+ ratio in the organic phase starts dropping very rapidly 

and approaches 0 for the highest [H+] (Fig. 17). When the external 

acid is 11.6 M, the TBP/H:P ratio is exactly ·1.00 over a TBP concen­

tration range of 103 (Fig. 21). Thus the stoichiometric ratio of the 
+ -components yields TBP·H ·Clo

4 
as the extracting species at these 

very high acid concentrations. An interpretation of this behavior is 

that the greatly reduced H
2

o 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 s'imilar to the case 

of a more basic trialkyl amine forming an ammonium salt.)
87 The species 

+ -can then be written TBPH ..... C104 
For the extraction from 12.5 ~aqueous HC10

4 
into 3·5% and 

10% TBP the TBP/H+ ratio actually falls below 1.0. This may be due 

to extra HC10
4 

present in the organic phase as an ion association with 

TBPH+ .... Clo
4

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

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

TBP, since their relative basicity has been enhanced by the reduction 

of the H
2

o· activity to the point at which they too may compete as 

solvating 'groups in the organic phase. 

It is difficult to determine what other spec~es are present in 

the transition region between 6 and 10 ~aqueous HClo
4

. From the 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· r-r
3

o + · (m-l)H
2
0 .... c:)_o

4
- must be present; 

+ -
possible examples of such species include 2TBP·H

3
o ·H20 .... Cl04, 

' + - + ' - + -2TBP·H
3

o .... C10
4

; TBP·H 0 .... C10
4

, and TBPH ·H
2

0 ..• Cl04 . 
3 

Owing to limitations of solubility, stability, and volatility, 

HEr was not carried beyond 8.5 ~ in.the aqueous phase, corresponding 

approximately to the 3TBP/H+ limit in the organic phase. For the few 

points where this ratio goes below 3, the behavior of HEr was similar 

to that described above for HC10
4 

with regard to the H
2

0/H+ (Fig. 18) 

and [ii+Y(BX)(Fig. 22) curves and the plot of [H+] vs [TBP] (Fig. 23). 
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-4 
10 ~·r~--~~~----~-----•-L-----~~ 

a 
- HBr 

MU-28748 

Fig. 22. Variation of acid content of organic phase (CC14 
diluent) with aqueous HBr activity for total TBP concen­
trations of: •~ 0.0366 M :11 1 0.0915 M; •~ 0.183 M; 
• I 0.366 M. -
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10-l 5xl0-l 

M TBP 

MU-28722 

Fig. 23. Variation of acid content of organic phase (CC14 
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. 



It is rather more difficult to make an anylysis of the extrac­

tion 'Of HN0
3 

beyond the one-to...,one point. The nature of the extraction 

is certainly changing, as can be seen from the plots of log [H+] .. vs. 

(HNo
3

)(Fig. 24) 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 HNo
3 

concentration in the 

organic phase reaches a value twice the TBP concentration when the 

external (aqueous) acid ls 16 M. 

The most reasonable conculsion that can be made is that the HN0
3 

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 HC10
4 

showed only minimal 

use of these sites, even at much lower water activities than those in 

HN0
3

. However, the presence of so much molecular HN0
3 

in concentrated 

aqueous solutions causes appreciable extraction into CCl alone (see 4 . 
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 

(14) 

Further evidence for such bonding is the disappearance of the 

C-0-P triplet band at 9·5 tol0.2p: in the infrared spectrum and the 

concurrent appearance of a much broader band at higher wavelengths 

(also noted by Peppard82 ), indicating the presence of a hydrogen bond 

to the butoxy oxygen. No such changes are noted in HC10
4 

below the 

1:1 point. 

It is also of interest to· note that the extraction in this 

concentrated region is no longer completely an~ydrous; that fairly large 

amounts of water (although not 1:1) are accompanying the HN0
3

. This 

water appears in the infrared spectrum as weakly hydrogen-honded 

water, with peak locations and heights similar to those in TBP·H
2
o, so 

that no hydronium ions are involved. A possible interpretation of the 
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MU-28723 

Fig. 24. Variation of acid content of organic phase (CC14 
diluent; corrected for HN03 dissolved in CCl4) with 
aqueous HN03 activity for total TBP concentrations of: 
e, 0.0366 M; B , . 0.128 M; ., 0.366 M. 
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104~--~._~._~~------~--~~~ 
2xi0-2 

MU-28724 

Fig. 25. Variation of acid content of organic phase (CCl4 
diluent, corrected for HN03 dissolved in CCl4) with 
total TBP concentration for increasing HN03 concen­
trations of (from bottom to top): 0.202, 0.501, 1.003, 
2.02, 2.93, 3.95, 4.96, 6.05, 8.07, 10.08, 12.10, 14.04, 
and 15.80 M. 



presence of this water is that it is acting as a bridging molecule for 

the C-0-P-HNO bond to form 
3 

c-...._0---H-~H 
P/ '',HNo 

It has been noted that 

3 
HNo

3 
extracts into benzene and tolerene as a monohydrated 

a species could possibly also be extracting in this case. 

obviously needed on this problem. 

diamer; 83 such 

More work is 

In.the absence of more detailed spectral evidence, however, 

such considerations as those described above must be treated as mere 

conjecture. 'l1he one definite piece of evidence- -namely, the displace­

ment of the C-0-P bond--seems to indicate that· bonding is necessary for 

the HNo
3 

.in the o,rganic phase, at least in dilute TBP solutions which 

would put a limit of 4 HN0
3 

molecules per TBP molecule on the extraction. 

The fact that HNo
3

/'I'BP ratios up to 4, but no higher have been observed, 

lends support to this idea.79 
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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--

.ing distribution coefficient. 

1. Extractant-proton. In this system, an example of which is 

trilaurylamine-HCl,'BB the organic base compl~tely .captures the proton 

from both the water and the anion. The extraction is anhydrous, and 
4 

distribution ratios are on the order of 10 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 anl.on, the better the extraction. 

2. Extractant-proton-anion. In this systern., an example of 
20-22 . which is tributyl phosphate-HNo

3
, the anlon forms the primary 

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

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-HClo4-R
2

o,
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 neturalizer, and again the larger the anion, 

the better the extraction. 

No mention has yet been made of polybasic acids such as H
2
so4 

or H
3

Po4. When these acids ionize, the anion has both acidic and basic 



properties, making it similar to a water molecule. The 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. 

It must be realized that there are no sharp lines of demarkation 
' 

between the three types of systems described above. For instance, HN0
3 

extracting into tribenzyl amine combines both l and 2 to give very high 

extraction, 87 while H
2
so4 into trilaurylamine combines l and.3 and 

gives somewhat reduced extraction. 89 Similarly, trioctyl phosphine 

oxide-HCl04 belongs to 3 at aqueous HC104 concentrations below 0.1 ~' 

while it is of the first type above 2 ~' the change in water activity 

over this relatively small range being enough to shift the proton 
. 71 

solvation from.water to the organic base. 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. 



-66-

II. ION EXCHANGE 

.A. Introduction 

Ion exchange, like solvent extraction, has been known to exist 

for over 100 years.9° 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 synthesized9l 

investigation was begun on the determination of their exchange character­

istics, and again the impetus· was provided by the need of the atomic 

scientists for quick and easy separation methods. 92 ,93 Reviews of the 

early work are available94-98 and will not be discussed to any great 

extent here. More recent work is covered almost yearly in "Annual 

Reviews·of Physical Chemistry"99 and, with emphasis on analytical 
100 

applications, biennially in Analytical Chemistry, Review Issue. 

Several books on ion exchange are available,lOl-l05 the most recent 
. 106 

being an exceptionally fine and complete treatment by Helfferich. 

Ion exchange was first treated as a surface phenomenon, since 

in the original exchanges (clays, soils, etc.) the surface area was the 

controlling factor·: 107 It later became obvious, especially when the 

synthetic resins were perfected, that the exchange depended not on 

particle size but on the number of exchange sites available to the 
-. 108 1ons. Thus all the explanations that have appeared within the last 

15 years have begunby assuming that the exchange is a chemical equil­

ibrium between two electrolyte solutions--the internal 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 aqueous 

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

The reaction under investigation is then 

A + B == A + 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. 



' . 

The equilibrium constant for this reaction is 

(A) (B) 

K = (A) (B) 
[AJ[B] 

[A][]] 
(16) 

where parentheses denote activity and brackets concentration .. 

In general practice, standard states for both phases are chosen 

to be ·those of the ideal l m solution with the properties of the infin­

itely dilute solution; in other words, both phases are considered as 

aqueous electrolyte solutions. Under these conditions, .the system·can 

be consiJdered to be a Donnan.-type equilibrium~l09 with K = 1, and a 

concentration constant, Q, can be written as 

[A] [B] 'YAYB 
Q [AJ[B] = (17) 

"'A."''B 

Resin selectivities among various ions can thus be related to 

the ratio of their activity coefficients in the two phases. 

From known values of·-yA/-yB and experimentally determined Q's, 

the ratio of the resin-phase activity coefficients can be obtained, 
. . . 110-122 and this has been done for a var1ety of 1ons. However, this 

treatment does nothing toward explaining why the ratios differ and 

what causes the resin to. prefer one ion over another. In order to 

obtain this information, it is necessary to go to physical models of 

ion-exchange systems and consider what effect the different physic~1 

and chemical properties of the two phases have on the free energies 

of the various ions in the system. 

Ion-exchi:mge resins consist of a polymerized cross-linked 

hydrocarbon matrix, such as styrene-divinylbenzene or a polyacrylate, 

to which have been affixed ionic groups. Examples of such groups are 

sulfonate or carboxylate ions for cation exchange and substituted 

ammonium ions for ,aniom exchange. Each ionic group has associated 

with it a counter ion o.f 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 solution. 

When such a resin is put into contact with a dilute aqueous 

solution, the resin absorbs water, the exact 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%) cross-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.relatively 

immobile, its mobility being limited by the extent to which the hydro­

carbon matrix can shrink or swell with concentration changes. 

2. Electrostatic interact±ons 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., the 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

graphs, and selectivities based on these considerations are evaluated 

in light of the known experimental data. 

Factor 1, the fixed resin ion, leads to the already considered 

Donnan-membrane treatment. However, 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 expansion or contraction. It has been 

proposed
12

3 that this free energy takes the form 



(18) 

where n 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 with experiment was 

correct, the nCiJB-VA) term proved too small to account for the magnitude 

f Q 114,124 d th 'd- t' .L. t . . o _ , an o er cons~ era ~ons mus" play a par :.~n res~n 

specificaties. 

Factor 2, more intense electrostatic interactions in the resin 

phase, owes its origin to several causesp as follows. 

(a) The resin-solution phase has a high concentration of ions, 

and even moderately concentrated salt solutions may have dielectric 

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 reduced. 125 '
126 

(b) A large proportion of the wet resin volume (about l/2 or 

more, for moderately cross-linked resins) is made of hydrocarbon matrix 

with a low dielectric constant, similar to that of benzene (E = 2.3). 

(c) There is a reduction in the cooperative effect of the 
I 

water dipoles in producing a 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-l29 especially in light of the fact that cation­

resin affinity for an ion generally increases with increasing charge 

·and decreasing hydrated radius.l30 Again it appears that for cation 

resins this explanation, although qualitatively correct, is unable to 

completely account for observed.selectivities.l3l 
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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 triphenylmethylammtonium ion would not be expected to occur, 

owing to the low density and relative inaccessibility of the charges. 

Secondly, ion pairing would greatly favor highly charged ions, whereas 

the experimental evidence shows, upon careful investigation, that the 
. t 132 converse lS rue. Thirdly, many ~airs of ions that differ only in 

their size show greater resin preference for the larger of the 

t 120,133-136 wo, in opposition 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 tne resin ion or vice versa. 137-l40 

Although this idea may have some application to cation exchange, and 

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 refraction132,l36,l39 that some 

other explanation is necessary for anion exchange. 

Factor 3, the partial disruption of the nonmal 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 is di.stunbed and broken up by the high concentrations of 

resin ions and counter ions. These ions 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 confines the 

water and mobile ions to relatively narrow capillary pores and sheets 

with one, and possibly two, dimensions of the order of magnitude of 10~. 
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Thus a water molecule in the resin phase is hydrogen-bonded, on the 

average, to fewer other water molecules than in the dilute external 

solution. 

Factor 3, leading to differences between the ion-water and the 

water-water interactions in both the resin and the external aqueous 

phase, must be considered as a possible reason for resin selectivity. 

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 ratio 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 phase relatively 

nonpolarizable ions and hydrocarbon matrix, while in a dilute aqueous 

solution essentially only polarizable and orientable water molecules 

occur in the vicinity of the ion.. However, ions that are so strongly 

hydrated in the external solution .as to possess 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 (III) 

ion keeps its primary hydration shell in a cation-exchange resin. 141 

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 aqueous phase, as 

its transfer into the resin requires a loss of hydration energy. How­

ever, the larger the ion and the , :smaller its charge, the smaller its 

degree of hydration in the aqueous;phase and the less hydration energy 

it can and does lose on passing into the resin phase. Thus, in 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 quotient for 

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

is greater. 
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The idea th'at the larger the ion is) the less well it is 

hydrated and the more strongly it is forced into the resin phase is 

not correct 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 of the anion) or the strength of 

the parent acid, is an indication of the strength of the interaction 

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 difference between the water-water interactions in the two 

phases must also be considered. The dilute external solution has 

essentially the hydrogen-bonded structure of pure water. The addition 

of ions disrupts this structure. SmallJ highly charged ions 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 volume of the water structure 

but do not have a sufficiently high charge density to tightly bind the 

nearest water molecules. The hydrogen-bonded water structur.e can be 

thought of as an elastic framework which tends to oppose the entrance 

of the intruding large ion. The limiting case is furnished by an 

uncharged molecule such as cc14 which is actually kept out of solution 

by the water structure. (Large anions such as FeCl4-J Auc14-J etc.) 

are similar to the cc14 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 so badly disrupted 

that i:t offers much less opposition to the entrance of a large ion. 

The larger the ion) the more easily it is transferred out of the dilute 

aqueous solution into the less ordered water structure of the resin 

phase) yielding the same selectivity order as 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 is too large to·fit into the pores 

without considerable expenditure of energy ~o expanQ 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 

decreases with increasing cross-linkage, the pore-size limitation is 

least important for the lower-cross .. linkedresins. 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 preferentially ejected by the water structure into 

the resin phase, and the more highly hy~rated (smaller) ion preferentially 

solvates in the dilute aqueous phase, thus maximizing the water-water 

and water-ion interactions in the system. 

Two other interac:t;ions are of interest in any attempt to describe 

ion-exchange behavior. These are the anion-cation attractive forces in 

the aqueous 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 

t . . 128)129 ( . . . ca ~on res~n although not for the an~on res~n, as has already 

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. " 



B .. Experimental Method 

1. Anion Exchange 

a. Reagents 

The formic, acetic, and trichloroacetic acids were Baker and 

Adamson reagent grade. The butyric acid was Baker and Adamson technical 

grade, 98-lOO%, and the caproic acid was Matheson, Coleman, and Bell, 
0 

mp -5 to -3 C. The-valerie and trimethylacetic acids were Eastman 

White Label. Seventy-three percent sodiU\11 methyldic.hloroacetate from 

United Mineral. and Chemical Corp. was acidified with 3!::! HCl at 0° c, 
and the methyldichloroacetic acid was extracted into ether and distilled 

under reduced pressure. 

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 re~gent 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 l M solutions of all the salts of acids with p~) were 

titrated with standard HCl, usmg a pH meter; the concentrat:Lons of 

the salts of the stronger acids were determined from the weight of 

the acid. All lower concentrations were made by dilu4ion of the l M 

solutions with freshly distilled water. The chloride content of_the 

salts was determined to be 1% or less.in all cases exGept for the 

methyldichloroacetate (3%), and corrections, where 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 3~ HCl 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(Clo4)·2 in 

a vacuum desiccator for eight days, and stored in an airtight bottle. 



The resin capacity was determined to be 2.692 meg_/g by complete elution 

of the chloride ion from the resin with 3 !':! HC104 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 14 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 electrolyte1 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 ~solutions, or even with the 0.02 M solutions. But this 

leads to less ~han 5 to 10% error in the values of Q and D listed 

in Table XX for the 1.0 !':!solutions, and a progressively smaller 

error for the more dilute ones.) 
0 All work was done at room temperatur~ 23 ± 2 C. 

2. Cation Exchange 

a. Reagents 

The cation-exchange resins were Dowex AG 50W---Xl2, a styrene­

type sulfonic acid exchanger, and Bio-Bex 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 mater.ial 



[except CsCl,. which was 95% CsCl+ 5% (RbCl+ KCl)] with distilled H20~ 
The radioactive tracers, their properties, and the processing (if any) 

are shown j_n 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 ~-counted instead of titrated. 

For-the alkali tracers 0.1000 g resin was shaken with 10.00 m~ solution 

and the tripositive tracers -vrere 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 em above the tip and washing a slurry of resin in 

6 ~ HC104 through the column until it was filled to within l em of the 

top, then placing a g~ass wool plug on the top of this resin column. 

The filled col"Lmm was washed first with approx 20 column volumes of 

6 ~ HC104 and then with approx 20 column volumes of the salt or acid 

solution under i.nvestigation 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 (Xl2) cross-linked resin was used, and preshrinking 

with 6 ~ HC104 eliminated any significant further shrinkage at higher 

solution concentrations. 

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

identical in size to_Column 2 (Table XX) was prepared in a similar 



manner, except that the column was loaded with a slurry of resin in 8 

!i LiCl and only the Li salts were used as eluting agents; because of 

the weak acid nature of the resin. This resin was more susceptible 

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 

eKchange. 

The volume of solution necessary to elute a tracer ion fr0m 

the column was determined by placing 10 f.Lli ters of the. tracer· ion 

solution on the glass wool plug, allowing it to sink into the plug, 

and immediately beginning the elution of the tracer at 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 sm&ll test tube by a photoelectric drop 

counter, .which then actuated the mechanism of ~ fraction collector 

that positioned a new test tube under the column. The tubes were 

counted by using a well-type Na(Tl)I crystal scintillator and a.single­

channel pulse-height analyzer, the tube with the greatest activity 

corresponding to the peak in the elution curve. Vohlmes. were caw.er¢ed .. 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 tcitiated water elutiony 

except that the drops were collected in. 10 ml of scintillator solution · 

for ~-counting. The scintillator solution was made up as follows: 

1200 m~ toluene, 1200 ml dioxane; 720 ml absolute ethanol, 156 g 

naphth~l~~e, {;~6 g 2,5 d~phenylox~,~ole (PPO), and 0.3 g 1,5-bis-2-
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(5-ph~yloxazolyl)-benzene (POPOP). These samples were counted by 

using two phototubes in coincidence in order to reduce the stray 

radiation background. 

Most of the deteminations were made by using two or three tracers 

at once in order to keep the a.ondi tions for the different 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 Na24 produced by neutron ir~adiation of 

NaHco
3 

was used in place of carrier-free Na 
22 

J or when a s.olution of 

tracer Na22 in 10 M HCl was saturated with NaCl and 10 ~liters of this 

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 ~esin. 

By using three different-sized columns it was possible to 

investigate the concentration range from 0.4 ~ to saturation .for the 

alkalies in all salt and acid solutions except HAc and the lower con­

centrations of LiAc in Dowex-50Wy .which were done batch-w~se, 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 H2o needed 

to elute r- tracer from each column, and the third was to compare 

elution volumes fbr. ·identical tracers and solutions on different columns. 

The volume of water external to the resin beads was determined 

by using I tracer as described above. The total volume of water in 

the column was determined by weighing the wet column plus resin, then 

removing ~he resin from the column and drying 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 volume, 
I 

assuming dH 0 = 1.00) of the H2o. The difference between thi,s. volume 
. \ 2 . 

and that found by the I- is the amount of H 0 inside the resin'phase, 
2 

.i.e,, the internal water volume. 

In order to confirm the totai water volume figure, and to 

dete~ine whether the entire volume of the resin was being sampled by 

the eluting solution,· 2Q.i.£ of tritiated water· was eluted as previously 

described (see table below) .. 

Elution of H T 0 from ion-exchange columns. 
. X y . 

(See explanation of units in Appendix. 2 

Column Eluant M m vol volH 0 2 
l H20 1.39 1.39 
1 LiCl 6.02. 6.92 1.26 LlO 

l LiCl 13.2 20.3 1.22 0.79 
4 H 0 '2 3.49 3.49 

The value obtained by using H2o as the eluting agent was. within 

2% of that obtained by the weighing method. When 6 ~ LiCl was the 

eluting agent, however, the .elution· volume was just ·7·5% less .than for 

pure water, while in 13 ~ LiCl it was only 10% less. These volumes 

are .much larger than those obtained for the tracers (as will be seen 

in Tab:;Le XXVII), implying that H
2

0 is preferentially absorbed by the 

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

by the glass wool plugs, and since the hydrocarbon-matrix volume was 

constant, the implication is that some portions of the internal resin 

volume that are: • available~ to·. the water are not available to the 

ions. This could possibl:f be due to the shrinkage of the resin and the 
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subsequent closing off 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 solvating H
2

0 than for 
142 

the alkaki cations, yielding an ion-exclusion effect. 

The volumes that will be shown in Figs. 30-43 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 converting to the corresponding 

volume of H
2
9 in the salt solution, so that ~lt molalities can be 

plotted in the abcissa. All volumes are recalculated to apply to 

Column 2 ... 

By linearly extrapolating the Na tracer elution volumes in the 

various salts to 0.1 ~and comparing them with the batch determinations 

described below, a conversion factor between elution volume and distri­

bution ratio was obtained. 143 For Column :2,,:th'is 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 

D 
10. ' (counts ml aqueous pbase)

1 

(19) 
while those for the DNNS were determined from 

D = (counts/min per ml organic phase) 
(counts/min per ml aqueous phase) (20) 

all counts being first corrected for background. 

All experimental work was done at room temperature, 23 ± lJc. 



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., 

size or degree .of hydration--is needed. To such series are available, 

both based on the fatty acid anions. The first, in which the anions 

differ only is size, is the aliphatic carboxylate ions CnH
2 1co2 ~; n+·. . 

the second in which the anions differ mainly in degree of hydration, 

is the trisubstituted acetate ions, (cH5 )nCl( 3-n)cco2 ~. Their 

properties and use are described below. 

The predicted effect on .ion size has been tested 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 a~ueous phase concentrations 

of 1. 0, , 0. 5, 0. 2, 0 .1, 0 , 05, . and 0 ; 0.2 !i_, . and the results are shown in 

Table XVIII and Fig. 26. The symbol Q, .the concentration constant, .is 

defined as Q = [A][Clf[Al[Cl], .where the superscript bar means resin­

phase concentration in millimoles per gram of resin, and no bar means 

a~ueous-phase conc~ntration in millimoles per milliliter .of solution. 
r·n~ 

Similarly the distribution ratio Dis defined as D = [AJ/[A]: Th~ 

charge on these fatty acid anions is concentrated·in the carboxylate 

glt)oup, and so this ~oup .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 gcing from acetate to 

caproate, the increasing size of the hydrocarbon tail must increasingly 

disturb the hydrogen...;bonded water structure of the dilute external 

solution, so that t~e larger the tail, the more strongly the anion 

should be pushed. into the les.s structured resin phase. This 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; 
0, formate; D., butyrate; :f, trimethylacetate; •• valerate; 
•, caproate. 
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to the predicted order of resin selectivity acetate < butyrate < valerate 

< caproate, which is that 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 selectiv:ity 

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 is held sub­

stantially constanty 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 tr.ichloroaceti.c.. Since the carboxylate 

of the increasingly chlorine-substituted anion is less basic toward 

capturing a: proton from water "it- also· interacts less strongly with 

wat~r molecules. That is, the anion of the stronger acid is more weakly 

solvated by water. Thus, it would be expected that trimethylacetate 

would prefer the dilute external solution more than the weaker base, 

methyldichloroacetatej 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 
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Fig. 27. Variation of distribution ratio of sodium salts of 
chloro fatty acids on Dowex-1 with total aqueous molarity 
for: :f, trimethylacetate; 0 , methyl-dichloroacetate; 
II , trichloroacetate. 



acetate (Table XXI), .so that its carboxylate group interacts more weakly 

with water than that of the acetate ion. The stronger ·ion hydration 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 ~values, 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 published data 

by other workers .· 138 However, recent "il/"ork has shown that this apparent 

trend is due to the fact that only one of the anions (Cl) in the sol­

ution is determined experimentally and the other quantities are calculated 

from this value. 121; ·148 If the other anion (A) is determined and 

calculations made on the basis of its concentrations, .the Q values are 

found to decrease with decreasing aqueous molarity. Thus it appears 

that variations in Q are due more to compounding of experimental errors 

than to actual changes in the resin selectivity. In .the case of trichlor­

oacetate the range .of Q values seems excessively large to the ascribed 

solely to experimental errors, however, and it 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 systems 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 fatty acid anions, can be extended to other systems. 

One particular system of interest is the selectivity sequence F < Cl 
- - - - 120,133-136 < Br < I < Clo4 < AuCl4 , · which is anomalous to both the 

ion-pairing and polarization explanations. It may be observed that 

these ions get progressively larger and become weaker bases, both 
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factors leading to the actually observed order. For the smaller F 

and Cl- ionsJ the effect of better solvation in the dilute aqueous 

phase is probably the predomi'nant factor (the greater hydration of 

F relative to Cl is indicated by the relative strengths of the parent 

hydrohalic acids .and by the smaller limiting equivalent conductivity 

of F-). For Cl J Br and I J both factors probably ~on"j:,ribute 

significantly) and for the largerJ less highly hydrated ions I J Clo4-J 

and Auc14-J the disruption of the water structure is· probably the more 

important factor. 

It is difficult to explain this sequence solely on the basis 

of electrostatic ion pairing of the resin quaternary amine group with 

the anion. The ions Cl-J Br J and I have similar limiting equivalent 

conductivities) (Table XXI), indicating approximately the same effective 

(hydrated) radiiJ and the limiting equivalent conductivity for Cl04 
is considerably lessJ indicating a still lar:ger effective radius in 

solution. If only electrostatic ion pairring were important in deter­

minillng anion selectivities) Cl-J Brand I should then be bound to the 

resin about equallyJ and all much more strongly than Clo4 J in con­

tradiction to the experimental facts. Also, any eXJ?lanationbased 

solely on anionpolarizability fails in the Cl04--I caseJ as I has 

a larger ionic refraction than Cl04-. 
In summary) thenJ it is seen that for anions of weak acidsJ the 

specific effect of ion hydration is the predominant one, and the more 

basic the ion the more it prefers the dilute external phase. For 

large anionsJ or those of strong acids, ion hydration is less important) 

and the effect of disrupting the hydrogen-bonded water structure of. the 

dilute external solution becomes more important--the more so as the ion 

becomes larger. That isJ in the exchange) the large ion is e:jected 

out of the solution into the. less structured resin phase (pore size 

permitting)) as such behavior maximizes the ion-water and water .. waiter 

interactions in the total system. It is suggested that these 



differences in ion-water interactions (ion hydration) and water-water 

interactions (water-structure) between the resin and aqueous phase are 

the principal origins of anion selectivity with the usuai syntheti'c 

organic resins, rather than any specific:.resin ion-counter ion or 

resin matrix-counter ion interactions, as is postulated in any electro­

static ion-pairing model or in one based solely on anion polarizability. 

2. Alkalies 

The distribution ratios for hydrogeri and the alkali ions between 

sulfonic-acid-type resins and dilute aqueous solutions prqgress in the 

'order Li < H < Na < K < Rb < Cs. 130 Many authors have attempted to 

provide an explanation for this behavior; an excellent and thorough 

review is given by Helfferich.
106 

These treatments are usually based 

on one of two considerations--either resin swelling and the resultant 

osmotic pressure123 or some specific eiectrostatic attraction between 

th . . d 't t . 127-128 Both f th . t' e resln lon an l s coun er lon. o ese are ln urn 

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 distance between the positive and nggative charges as 

determined by the hydrated size--and both give the experimentally 

observed order. 

There is a third major consideration, one that has not been so 

thoroughly investigated as the others' which also yields the experi-_ 

mentally observed order. This explanation ascribes the selectivity 

of the:Tesin 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 aqueous phase to favor 

the smaller, more highly hydrated ion over the· larger, less hydrated 

ion, so that the latter is forced into the re'sin. · Application of 

these ideas ~o 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 to be 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 selectiv;i;ty. 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 necessity, be qualitative in nature, and only 

results relative to some standard system can be obtained; nevertheless, 

it should prove useful for understanding and predicting resin select-'-. 

ivities. 

In any aqueous 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; howeve~ it may be for larger ions such as 
131 . 

the triphenylmethylammonium ions.) In dilute aqueous solutions the 

ion-ion interactions are small owing to the large interionic separation 

and high dielectric constant of water, and may 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 experim e.nta'l 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 concentration 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 ionic 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, 



and the resin sy.~fonate grol?-:p. (Rso
3 
-), the effect of the increasing 

· ion'ic concentration is tb-. decre'ase the amount of water available for . ~ . 

solutions of ions as reflected by the lowering of the water activity. 

This drop, in th~ water activity enhance9 the,ability of the anion and 

Rso
3 

to act as s:olvators and causes the. io;n-ion interactions in both 

:phases to take on increasing~im:portance. 

One ,more characteristic, o:f ion exchange in ·conc.entrated solutions 

is resin invasion by nonexchange electrolyte from the aqueous :phase. 

This invasion electrolyte .can attain appreciable amounts for very con-. ' . ' ·,··; 

centrated aqueous solutions. (> lOM),with the nonexchange electrolyte 
t • ! 

concentration equaling and even surpassing the resin ion-counter ion 

c~ncentration~ 149 The nonexchange el~ctrolyte has some slight selec..; .. 

tivity :properties,. but in general it is similar in constitution to 

the aqueous ·:phase; the result of the resin invasion is to increase D 

over that which would be observed if there were no invasion. 

Each of the interactions in the system will have an effect on 

the 'exchange behavior of the cations, As already seen, water solvation 

(hydration) tends to hold them in the aqueous :phase; anion solvation 

(complex formation) does the same. On the other hand, solvation by the 

resin sulfonate group (resin-ion' association) enhances the distribution 

ratio; the same is true for resin invasion. By evaluating the relative 

importance of these four effects in a given system, it 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 W£itten 

A+ nB A + nB, (21), 

r - • ' 

where charges and ion hydration have been omitted for simplicity and 
. . . 

the superscript bar denotes the resin :phase. The corresponding equil-

ibrium constant is 

d 
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K = (22) 

where parentheses denote activity and brackets denote concentration. 

For dilute aqueous solutions it is possible to make two assump­

tions concerning Eq. (22). The first is tba t there is negligible resin 
- n invasion, so that [B"] is a constant. This implies that the activity 

coefficients in the resin phase are also constant, since ''lrj1 
is con­

-n stant for a given [B ] and 'YA. has a characteristic value related to 

f8Jn that is essentially constant so long as A is in tracer concen-
150 

centration (Harned's Rule). The second assumption is that the ratio 
n 

of the activity coefficients bp/'YA) in the aqueous phase remains con-

stant over the concentration range of [BJ. 

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

assumptions into Eq. (22) results in the expression 

n 
K' = D[B] , (23) 

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

ment, 

-log D = n log [B] + log K'. (24) 

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 required by Eq. (24). However, it may 

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

as the concentration increasesj 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 
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various salts and acids deviate widely from one another as the con­

centration risesj it seems reasonable that these variations would have 

a profound effect on the activity coefficient ratio in the aqueous 
-n phase. Furthermore, resin invasion, which changes [B] , becomes important 

above l M concentration in the aqueous phase, thus it appears that in 

fact nei~her of the assumptions would be expected to be valid when .the 

aqueous concentration exceeds a value 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 alkali tracers in these 

more concentrated solutions. 

In the following discussion of the distribution of Na, Rn, 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 the sulfonate resin (Dowex-50W), 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 LiC104 (Fig. 30 ·and Table 

XXII). The ClOl;: ion is a very po:or 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 quite rapidly, which 

enhances the ability of Rso
3 

to act as a solvator. Since the smaller 

the cation the more avidly it seeks soluation, the effect of the drop 

in water activity is to force the smallest ion, Li, _into the resin phase 
v 

more strongly. This reflected in the corresponding decrease of the H20 

of Cs below that~ for "ideal" exchange, where Cs, being relatively 
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Fig. 29. Variation of activity coefficients with aqueous molality 
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of: 1, LiCl0
4

; 2, HC104; 3, HC1; 4, LiC1; 5, CsAc; 6, NaAc; 
7, LiN0

3
; 8, HN03

15l; 9, LiAc; 10, NaC1; 11, NaC104; 12, 
Li to1uenesu1fonate; _13, RbC1; 14, CsC1; 15, NaN0 3; 16, 
Na to1uenesulfonate; 17, RbN0 3; 18, CsN03• 
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Fig. 30. Variation of elution volume of H 20 on Dowex-SOW with 
LiCl04 molality for alkali tracers: ., Na; .A., Rb; • , Cs. 
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unsolvated owing to its large size arid low charge density, 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 di.sparity 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 Rb
86 

tracer was formed at rather low specific 

activity from the naturally occurring RbS5,S7) prevented obtaining of 

data at LiClo
4 

concentrations above 0.4 ~; 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., HNOy below). 

The behavior .of the tracers in HC10
4 

(Fig. 31 and Table XXIII) 

is very similar to that in LiCl0
4

, except that the crossing of Na and 

Cs occurs somewhat sooner and the concentration limit is considerably 

higher. Recently published workl93 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 concentrations, as oppos;ed to the sharp 

dropoff seen in Fig. 3lj 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 VH
2

0 is found for 

Na tracer even in 19 ~ (10 ~) HClo4; and in fact the Na curve, which 

deviates from linearity at a higher concentrati0n than in LiCl04 , is 

that which would be expected from a comparison of the activity coefficient 

ratios of NaC10
4 

to LiCl0
4 

and to HClo
4

. This implies that the resin 

suilifonic acid has about the same degree of dissociation as the Li or 

Na salt form, even in contact with 10 ~ HCl01+' 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 2 0 on Dowex-50W with 
HC104 molality for alkali tracers: •· Na; .A, Rb; a , Cs. 



of nuclear magnetic resonance techniques, that the poLystyrene sulfonic 
. . 154 155 156 ac1ds, both res1ns ' and water-soluble linear polymers, have 

acid strengths comparable to the strong mineral acids. 

The next system in order_ of complexity is LiNo
3 

(Fig. 32 and 

Table XXIV). In changing from Clo4 to No
3

- an ~nion 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 
. 144 157 or "localized hydrolys1s", ' 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 

Rso
3 

solvation, which are favoring the uptake of Li over the_tracers 

(as in the LiCl04 case); the other, the attraction for the Li+ by the 

No
3 

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 stiil uppermost, in the curves are approaching 

each other and are devi.ating downward from the straight line; the 

fact that they have not crossed at ll ~ (8.5 ~) LiN0
3 

while the LiCl~4 
curves crossed at 3 ~ gives some idea of the extent to which the N0

3 
has acted as a complexing agent for the Li+ in the aqueous phase, 

although part of the difference is certainly due to the greater 

activity of the H
2

0 in LiN0
3

. 

In HNo
3 

(Fig. 33 and Table XXV) the same considerations as for 

the LiN~3 hold tru!' except that the much greater solvating po_wer of 

the N0
3 

ion for H (to form associated or molecular HN0
3

) causes the 

anion-cation attraction effects to predomilinate at the higher concen­

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 m~jor portion of the No
3 

ions is bound to the H+ 

ions, the solvating ability of the Rso
3

- is still very much in evidence, 

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 20 on Dowex-50W with 
LiN03 molality for alkali tracers: 0, Na; 4, Rb; 11. Cs. 
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Fig. 33. Variatio,n of elution volume of H 20 on Dowex-50W 
with HN0 3 molality for alkali tracers: 0, Na; .A, Rb; 
• , · Cs. 
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LiCl (Fig. 34 and Table XXVI) and HCl (Fig"" 35 and Table XXVII) 

are essentially similar to the corresponding nitrates, Because of the 

higher solubility of LiCl (13.5 ~or 20 ~) as compared with LiN0
3 

the 

order reversal is seen for all three tracers (although the Cs data are 
. 158 159 

rather sparse): ih agreement with other work. ) In the HCl the 

reversal is obvious; that the Rb and Cs curves show no sign of deviation 

upward indicates that HCl is more highly dissociated at high concen-

trations than HN0
3

. On this 

lously large) although it is 

basis the upturn of Na in HCl is anoma-

. t 'th . k 160 Th' ln agreemen Wl prevlous war . lS 

149 
may be due to resin invasion) which is greatest for HCl; no other 

explanation is readily apparent. 

Although HBr was not studied in these series of experiments) it 

has recently been reported on in the literature. 153 It was found that 

the Na-Cs reversal occurred at 5·5 ~ (approx 7 ~) HBr and that the 

upturn was much smaller; both effects are those which would be expected 
27 for an acid of strength intermediate between HCl and HClo

4
. 

In order to provide a comparison with the foregoing solutions 

of strongly hydrated salts and acids) the tracers were eluted 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 ) mostly 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 J:-!
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0 on Dowex- SOW with 
LiCl molality for alkali tracers: e, ~a; .A, Rb; II , Cs. 
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Fig. 35. Variation of elution volume of H20 on Dowex-50W with 
HCl molality for alkali tracers: e, Na; .6, Rb; IJ, Cs. 
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Fig. 36. Variation of elution volume of H 20 on Dowex-50W with 
CsCl molality for alkali tracers: e, Na; .6, Rb; Ill, Cs. 
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Fig. 37. Variation of elution volume of H 20 on Dowex-50W 
with LiAc molality for alkali tracers: e, Na; & , Rb; 
II, Cs. 
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are above those for the previously considered Li salts, although it 

is of interest to note that the inttial slope is the same (J..,e., -1.0)" 

In the more concentrated ~egion 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 
+ 

competition by the Ac for the Li ari.d to the resin invasion by the 

aqueous solution. 

In the case of HAc (Fig. 38 and Table XXX) the anion has 

almost completely replaced water as the primary solvator 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 HCl and HN0
3

, are the upturn and the tendency 

toward crossing. It is of interest to note that the value of DC at ' s 
the lowest HAc concentration (2.1 X 10

4
) corresponds to a concentration 

of about 1.4 X 10-3 ~ for any of the previously studied acids, if a 

slope of -1.0 is assumed below 0.1 M for the Cs curves. Since the 

calculated hydrogen-ion concentration in HAc is l. 42 X 10'"'3 M it 

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 identical.3
6, 144 

This 

is in agreement with the ideas 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 pr~mary hydration 

shell very strongly, much more so than the alkali ions. 
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Fig. 38. Variation of distribution ratio on Dowex- SOW 
with aqueous molarity for solutions and alkali trac.ers: 
LiAc; 8, Na;. , Cs; HAc; A, Na II , Cs. 
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In order to stress the resin-ion interactions, the four Li 

salt solutions were used as eluting agents for the Na and Cs tracers 

on Bio-Rex 70, a pblyacrylic 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 solutions are presumably 

due to this greater interaction. 
' . 

It can be seen from the curves for ~iC104 (Fig. 39 and Table 

XXXII), LiN0
3 

(Fig. 40 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 s;olutions, the eros sing points 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 t~e carboxylate resin for 

L.+ + 
· l then RS0

3 
for Li -- a preference so great that in concentrated 

v 
solutions the Cs was being eluted almost immediately, .. with the H

2
o 

being on the order of the experimental error, 0,1 ml. 

As a check on the assumption that the stronger resin attraction 

for the cations was the cause of the differences between the resins, 
-.' ' ' ; .. , ' 

LiAc was used as a~ eluting agent (Fig. 42 and Table XXXV). Since the 

aqueous and resin ions are essentially identical, it would be expected 

that the activity coefficient ratios in both phases should be very similar, 

so that aside from resin invasion Eq. (24) should be applicable. That 

such is the case can be seen from Fig. 42, where the two curves are 

exactly paralleJ!and the slight upward deviation found for both ions 

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

As a final example of resin-ion interacti m,, 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.
161 

This resin has imidodiacetate groups attached to a styrene-divinyl­

benzene matrix and has a chelating ability similar to that of EDTA. 

. These r:e s,in. group,s . El-re , a,ble . t? ;pa;rti ally r~place;wate;r as a coordination 
: ~ { 

'/.'•" 
·' . ;.- ,_. · ... 
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Fig. 39. Variation of elution volume of H 20 on Bio-Rex 70 
with LiCl04 molality for alkali tracers: e, Na; • , Cs. 
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Fig. 40. Variation of elution volume of Hz.<? on Bio-Rex 70 with 
. LiN03 molality for alkali tracers: e,_ Na; til, Cs. 
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Fig. 41. Variation of elution volume of H 20 on Bio-Rex 
70 with LiCl molality for alkali tracers: ., Na; • , Cs. 
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Fig;. 42.· Varhdion of elution volume of H 20 on Bio-Rex 70 
with LiAc.molal~ty_f()r, alkali tracers: e, Na;. , Cs. 
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for the cations, so the order of the distribution ratios is K < Na < Li 
162 

< H, i.e., in reverse order to those observed in dilute solution ~for 

both sulfonate and carboxylate resins. 

In summation, 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 Rso
3 

solvation 

of the io~, the distribution of alkali tracers between cation-exchange 

resins and concentrated aqueous solutions can be given a qualitative 

explanation. Since these considerations 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. 
. 160.163 

It had been noted previously by other authors ' that Be 

has a very low distribution ratio between Dowex-50 and concentrated HCl 

solutions .. In order to determine whether this was general behavior 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 HC]D4 and 
. 160 

HNo
3 

(Table XXXVI) and these data, along wlth those for HC~ are 

plotted in Fig. 43 .. It can be seen that the HCl data are anomalous, 

owing no doubt to chloro-complex formation, as has been previously 

postulated163 and confirmed. 164 It is of interest to note that there 

is slight upturn of the HC10
4 

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 

ions. 

3. Tripositive Ions 

It had been noted several years ago that the distribution ratios 

of several lanthanide ions showed a very sharp increase above 4 ~ 

HC1. 165,l
66 

Recently the .smne behavior has been noted for both lan­

thanide and actinide ions in HClo
4

. ln order to. determine whether this 

increase was pe~ar to rare-earth-type ions, and, if not, to ascertain 
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Fig. 43. Variation of elution volume of H 20 on Dowex-50W 
for Be tracer with aqueous molalities of: .&, HC1160; 
e, HN03 ;. , HC104 . 
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the reasons for this upturn, several tripositive ions were distributed 

between a cation exchanger and varying concentrations of HClo4. Since. 

Clo4 is a noncomplexing anion, the exchange would be expected to be 

controlled by the competition between water and the sulfonate g:roup as 

solvators for the cation. 

As a means of investigating these controlling factors, one of 

th · h c (H o) ·+++ · · kn t h 1 h lf e J.ons c osen was r 
2 

b, , whJ.ch J.S own o ave a ong a -

life (~ 32 hours) 167 for the exchange of its water molecules in acid 

solution, and is also known to retain these water molecules when it 
141 

undergoes exchange from dilute solution with hydrogen ion on the resin. 

Origninally, the only other ion to be investigated was Fe(H
2
o)6+++, 

since the size of Fe+++ is identical to within a.few.hundredths of an 
+++ 168 angstrom to that of Cr , 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 

conseq_uently 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(H

2
0 6 was also investigated as an 

ion with labile hydration, although Sc+++ is of somewhat larger size 
+++ , o . o· ··168 

than Fe ( 0 .8·3' A compared with 0. 67 A). . 

Since _the iron tracer was ce:rtainly 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 ~ 

HC104. Another explanation is a partial reduction of the ferric ion 

by r~sin impurities, although these should not have been present in the 

DNNS (see below), where the same beha_vior is observed. A third possible 

effect is exchange site::loading bY the tracer,·. since 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 effects of resin composition on distribution ratios for cation resins. 

Since none of these effects should take place at higher HCl04 concen­

tro.tions, and since Fe tracer shows normal tripositive ion behavior in 

terms of its distribution ratio at the minimum of the log D vs log 

[HCl04] curve, the iron was assumed to be tri~ositive in this region; 

the behavior of Sc tracer confirms this assumption. 

In order to eliminate any possible effects due to steric.restric­

tio)n caused by the resin pore size (see.Introduction, p·. 71), the 

experiments were conducted using both Dowex 50-Xl2, a rather highly 

~ross-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 system's (Figs. 44 and 45 and Tables XXXVII and XXXVIII) 

indicates that any appreciable pore-size effects were absent; such dif­

ferences 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 slope of about 2.5 when plotted in accordance with Eq. (24). Both 

Cr and Sc tracers obeyed this equation, however, and it may be noted 

that, in accordance with the general picture presented for dilute­

solution exchange in the preceding section, the distribution ratios 

for Sc are larger than those for Cr, sfnce Sc is the larger, and there~ 

fore less hydrated, ion. Similar behavior bas been noted for the lan­

thanide ions in dilute HC104, the (crystollograpbically) largest ion 

h~ving the highest distribution ratio. 169,l70 

Consider now the exchange in more concentrated HCl0
4 

solutions •: 

Taking first Dowex 50-W resin (Fig. 44), one sees that the D's for Fe 

and Cr remain essentially identical {provided the previously mentioned 

Fe deviation is neglected) up to aboUt 2 ~ HCl04, with the Sc above, 
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Fig. 44. Variation of distribution ratio on Dowex-50W with 
HC104 molarity for tripositive tracers: •, Fe; e, Cr; 
• , Sc. Open symbols are time studies (see page 119). 
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Fig. 45. Variation of distribution ratio in DNNS with HClo
4 molarity for tripositive tracers: .& , 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 ~after which it 

turns up very sharply (the point at 9.8 ~ HC10
4 

is shown with an arrow 

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

in this sample, which would tend to lower the distribution ratio). The 

Sc behaves in a similar manner, its curve being exactly parallel to that 

of the Fe above 4 ~ HC10
4

. T;he Cr, on the other hand, keeps on dropping 

until a more or less constant value of D is maintained over the region 

of 4 to 10 ~ HC104 . Data of other workers for Am and Eu tracers have 

recently been reported;l53 their behavior is identical to that of Sc. 

Almost identical behavior to that found for the resin is shown 

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

instead of remaining constant, falls off very rapidly as the HC10
4 

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 lability of the hydration shell, this factor 
+++ must be responsible for the anomalous behavior of Cr(H

2
o) 6 . 

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 cllanges in behavior with changes 

in the water activity. In con~entrated HC10
4 

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 dehydrated, especially if there 

were some other solvator, such as a sulfonate ion, which could act to 

replace the coordination sites left vacant by the dehydration. The 
+++ Cr(H

2
o) 6 ion, on the other hand, would keep its hydration shell for 

an appreciable period of time, even in very concentrated acid solutions, 

because of the slow kinetics of the 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 ions. 



( ) +++ Cr H
2

o 6 , however, being a rather large ion with a complete primary 

hydration shel~which exchanges only slowly for RS0
3

-,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(H

2
o) 6 . 

The case is more clear-cut when DNNS is the exchanger, since 

such complications as resin invasion (nonexchange electrolyte), secon­

dary ion hydration, and nonbonded water would be expected to be minimized 

because of its more organic-solvent-like nature. It is a vreaker acid 

than Rso
3

H, so that the proton is very much favored over the large, 

hexahydrated Cr ion, and even the Fe ion is beginning to be affected. 

The foregoing ideas can easily be checked by carrying out a 
+++ 

study of the change in d:i,.strHution ratio witl). time.· Since the Cr(H2o) 6 
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 slow process, and since only those few exchanges 

which occurred between the H
2

o 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 H
2
o 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. 44 and 45 

and listed in Tables XXXIX 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 _!'1 HClo4) where a roughly exponential i.ncrease with 

time occurs for the first week in the d:Lstribution ratios with both 

Dowex-50 and DNNS) giving confirmation to the ideas expressed above; 

results for longer times are probably incorrect (on the low side) 

because of degradation of both Dowex-50W and DNNS by the HCl04. 
It thus appears that some rather definite conclusions 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 waters of 

hydration. As the water activity falls) and in the absence of complex­

ing ions in the a~ueous 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-i.on 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 influencing 

resin selectivities. More ~uantitative treatment of the various inter­

actions must await more complete thermodynamic d.ata 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) a~ueous anions) and 

resin anions it is possible to give a ~ualitative explanation of 

observed resin selectivities. 



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 dipolarmolecules 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 water-water, ion-water, 

and ion-ion interactions in the aqueous 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 is possible to predict qualitatively how a particular 

aqueous species will behave toward extraction or exchange. As more 

data on other systems are made available, the interactions can be more 

accurately evaluated, and in the final ana~ysis 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 othe'rwise specified. 

[A] 

[A] 

a or a 

a' or a' 

~20 
Anion 

aq 

Au 

BX 

c aq 
c 

0 

c res 
Cap 

CC14 
Chemical 
form 

[Cl] 

[ Cl] 

Column 

D 

D(M) 

D(m) 

Dia 

eluant 

Concentration of fatty-acid anion in aqueous phase. 

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

gram). 

Aqueous-phase acid activity, 

Corrected aqueous-phase acid activity. 

Aqueous-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 HAuc14 or HAuBr4 in aqueous phase. 

Salt or acid under( cmis:i:.detatllion. 

Counts/min, aqueous phase. 

Initial counts/min, aqueous phase. 

Counts/min, resin phase. 

Packager's listed capacity of ion-exchange resin. 

Water-saturated cc14 or water concentration therein. 

Chemical Mode ot chemical combination of purchased isotopes 

or reactor targets._:·,~-' 

Concentration of chloride ion in aqueous phase. 

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

Identification number of ion-exchange column. 
Distribution ratio as mequivalents per g resln 

mequivalents per ml solution 

counts er g resin er:2 ml organicplase 
counts per ml solution' · cr acpeous phase 

Distribution ratio defined in terms of molarity. 

Distribution ratio defined in terms of .molality. 

Diameter of ion-exchange column (millimeters) •. 

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

column. 



HCl 

HC104 
HNo

3 
HReo4 
H

2
0 

H
2

0. 
lr. 

length 

liquid 

M or M 

M 
0 

m or m 

N 

org 
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Organic-phase acid concentration. 

Organic-phase acid concentration, corrected. 

Aqueous-phase HBr concentration. 

Aqueous-phase HCl concentration. 

Aqueous-phase HC104 concentration. 

Aqueous-phase HN0
3 

concentration. 

Initial concentration of HReo4 in aqueous phase. 

Concentration of water associated with acid species in 

organic phase. 

Organic phase water content as determined f~m 2.72-~peak 

in infrared. 

Concentration of water:· in organic phase as determined by 

Karl Fischer titration, may or may not be corrected for 

water dissolved in cc14. 
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). 

·processing Purification and solution procedures used for radioisotopes. 

Q Equilibrium quotient. 

resin Brand name of resin used in ion-exchange column. 

source Origin of isotope, or reactor used to produce same. 

T1 Half-life of radioisotope. 
2 
~ Duration of shaking for ion-exchange studies. 

TBP Water-saturated 0.128 M 'l'BP" 
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TBP Equilibrium concentration of free TBP in organic phase. 

TBP' Corrected equilibrium concentration· of free·TBP in organic 

phase. 

TBP 

TBPH+ 

'I'B11r 0 
2 

TOPO 

tracer 

vapor 

vol 

volume 

vol cor 

vol 
cor 

volH 0 -2 
volH 0 

2 vol -
I 

VolT O 
2 

XCl 
weight 

wtH 0 
2 

2.72 

Total concentration of TBP in organic phase. 

Concentration of TBP associated with acid species in organic 

phase. 

Concentration of TBP associated only with H20 in organic 

phase. 

Total concentra,tion of TOPO in organic phase. 

Radioactive tracer under consideration. 

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 voli 0 (ml·). 

2 Volume of water needed to elute I tracer from column (ml). 

Volume of water needed to elute H T 0 from c0lumn (ml). 
X y 

Mole fraction of resin in chloride form .. 

Weight of ion-exchange resin {g). 

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

Concentration of water as determined by absorbance of 

2.72-~ peak, corrected for absorbance by water dissolved 

in cc14. 
2.90 Concentration of water as determined by absorbance of 

2.90-~peak. 



TBP 

0.0013 

0.0022 

0.0037 

0.0073 

0.0128 

0.0220 

0.073 

0,128 

0.220 

1.28 

2.20 

Table I. Extraction of H~O by. solutions of TBP in CC14': .. 

TBP 

0;0008 

0.0010 

0.0032 

o.oo64 

0.0112 

0.0192 

0.0323 

o.o64 

0.112 

0.196 

0.318 

0.65 

1.12 

1.90 

0.0104 

0.0111 

0.0104 

0.0108 

0.0115 

0.0126 

0.0141 

0.0191 

0.0265 

0.384 

o.o687 

0.1600 

0.3818 

1.0044 

0.0099 

0.0099 

0.0099 

0.0099 

0.0099. 

0.0098 

0.0098 

0.0097 

0.0096 

0.0093 

0.0089 

0.0079 

o.oo64 

0.0039 

.0.0005 

0.0012 

0.0005 

0.0009 

0.0016 

0.0028 

0.0043 

0.0094 

0.0169 

0.0291 

0.0598 

0.1521 

1.0005 

0.0002 0.0003 

0.0004 0:0004 

0.0003 0.0003 

0.0010 .0.0009 

0.0011 0.0020 

0.0029 0.0027 

0.0038 0.0041 

0.0078 0.0098 

0.0160 0.0180 

0.0244 0.0320 

0.0482 0.0690 

0.0833 0.1607 

o.i587 o.48o 

0.298 1.20 



Table II. ·Infrared absorption 

H2o 

a cc14 vapor 

v3 2.66 2.69 

vl 2.74 2.76 

2v
2 3-17 f 

v2 6.27 h 

a data f:fom-,Ref: 66~ 
b data from·Ref. 67. 

TBP 

2.72 

2.90 

3.12 

6.17 

frequencies of H2o, 

HDO 
'' 

1" .db lqUl vapor 

2.94 2.70 

3-05 3.68 

3.56 

6.o8 7.14 

HDO, and n2o under various conditions. 

D20 

TBP liquid vapor TBP liquid 

2.87 2.94 3.58 3-70 4.00 

3.89e 4.00 3-75 3·95 4.18 

3.54 g h 4.26 g 

7-13 6.85 8.48 8.39 8.20 

cv
3 

= as~etric stretch) v
1 

= symmetric stretch, 2v2 = first harmonic of bending motion, 

v
2 

= bending motion. 

d overlapped by- v1 (H
2
o). 

e overlapped by v1 (D
2
0), 

f . 
not seen. · 

g no listed value 
h ' 

masked by cc1
4 

absorption. 

I 
f-' 

~ 
I 



Table III. Extraction of HC10
4 

by various solutions of TBP in CC14. 

~ M M "'Jr,o 
a' H+ n+ TBPJSO TBPH+ TBP =· 0 

0.00128 11.6 11.6 22.6 6.2 X 1010 0.007 0.0014 0 .001) 

0.00219 11.6 11.6 22.6 6.2 X 10
10 0.007 0.0024 0.0022 

0.00)66 11.6 11.6 22.6 6.2 X 10
10 0.007 0.00)5 0.00)7 0 

0.007)2 6.94 6.94 9.8 8.1 X 104 0.)34 2.6 X 104 0.0002 0.0011 0.0003 o.ooo6 0.0064 0.0114 

7-47 7-47 10.8 2.5 X 105 0.270 6.7x104 0.0005 0.0045 0.0002 0.0015 0.0055 0.0114 

11.6 11.6 22.6 6.2 X 1010 0.007 0.0069 0.0073 

0.0128 6.94 6.94 9.8 8.1 X 104 0.334 2.5 X 104 0.0010 0.0018 0.0005 0.0030 0.0093 0,0114 

7.47 7-47 10.8 2.5 X 105 0.270 6.5 X 104 0.0017 0.0062 0.0003 0.0051 0.0074 0.0014 

11.6 11.6 22.6 6.2 X 1010 0.007 0.0128 0 0.128 0 

0.0219 6.94 6.94 9.8 8.1 X 104 0-334 2.3 X 104 0.0033 0.0033 0.0006 0.0099 0.114 0.114 

7.47 7-47 10.8 2.5 X 105 0.270 6.0 X 104 0.0046 0.0143 0.0003 0.0138 0.0078 0.0114 

11.6 11.6 22.6 6.2 X 1010 0.007 0.0216 0.0219 

0.0366 .6.94 6.93 9.8 8.0 X 104 
0.334 1.9 X 104 o.oo64 0.0556 0.0008 0.0192 0.0166 0.0342 

7.47 7.46 10.8 2.4 X 105 0.270 0.0126 0.0366 

11.6 11.6 22.6 6.2 X 1010 0.007 0.0366 0.0366 

0.0732 6.94 6.92 9.8 8.0 X 104 0.334 1.5 X 104 0.0186 0.1618 0.0008 0.0558 0.0166 0.342 

7.47 7.44 10.8 2.0 X 105 0.270 0.0288 0.0732 0 

6.2 X 10
10 0.0732 

....... 
11.6 11.6 22.6 0.007 o. 0751 N 

0.128 6.94 6.90 9-7 6.5 X 104 0.34o 0.0436 0.128 00 
7.47 7.41 10.7 1.0 X 105 0.276 0.0556 0.128 

11.6 11.5 22.5 5.0 X 10
10 0.007 0.1330 0.128 

0.219 6.94 6.86 9.6 6.0 X 104 0.348 0.0839 0.219 

7.47 7-37 10.7 1.5 X 105 0.276 0.1020 0.219 

11.6 11.4 22.2 5.0 X 109 0.008 0.2224 0.219 0 

0.732 6.94 o.61 9.2 4.0 X 104 0.378 0.334o 0.732 

7-47 7-09 10.1 1.2 X 105 0.315 0.3800 0-732 

11.6 10.8 19.8 4.3· X 109 0.020' 0. 7587 o. 732 

1.28 6.94 6.34 8.7 2.0 X 104 0.415 0.6015 1.28 

7.47 6.8o 9-5 6,0 X 104 0.356 0.6711 1.28 

11.6 10.4 18.5 9.9 X 108 0.032 1.2441 1.28 



Table IV. Extraction of HC104 by 0.00384 M TBP in Cc1
4

. 

Mo M aH,O a' H' H' H20KF H2°IR H20 TBPH,O TBPli+ TBP TBP' 

3.40 3.40 3·95 6.7 X 10
1 0.809 5.1 X 10 0 .0001 0 .0001 o .oo8 0.005 0.003 o .. oo41 0.0003 o .o34o 0.0342 

4.07 4.07 4.90 2.2 X 10
2 0. 722 1.5 X 10

2 
0 .0002 0 .0002 o.oo8 o.oo4 0 .oo4 0 .0037 0.0006 0 .0';41 0.0342 

4.69 4.69 5.85 7-0x 10
2 0.645 3·9 X 102 0 .0003 0.0003 0.007 0.003 o .oo4 0 .0033 0 .0009 0 .0342 0.0342 

6.4 1.4 X 103 o.6oo 
2 

0.0008 0.006 0 .0024 o.0344 5.05 5.05 7.2 X 10 0.0009 0.003 0.003 0.0030 0 .0330 

5.22 5·22 6. 7 2.1 X 103 0 ·577 1.0 ·x 103 0.0007 0.0007 o :ooB 0.003 0.005 0.0029 0 .0021 0.0334 Q.0342 

5·92 5·92 7.9 8.1 .x 103 0.478 3.1 X 103 0.0027 0.0048 o.oo8 0.002 o .oo6 0.0020 0.0081 0.0283 0.0342 

6.o8 6.08 8.2 1.2 X 10
4 0. 453 4.3 X 103 0 .0031 o .oo68 o.oo8 o.002 o.oo6 0.0018 0.0093 0.0273 0.0342 

6.50 6.5Q 9-0 3.0 X 104 
0.292 6.1 X 103 0.0045 0 .0132 0-009 0.001 o.oo8 0.0010 0 .0135 0 .0239 0 .0342 

8.15 8.14 12.3 1.4 X 10
6 0 .19Q 1.4 X 105 0.0099 0.644 0.016 0.016 0 .0002 0 .0297 0 .0085 0 .03lt2 

9.33 9-32 15.2 2.8 X 107 Q.089 0 .0146 0.019 0.019 0 .0384 

1.1 X 10
8 0.063 0.0384 

...... 
9.73 9-71 16.4 0 .0213 0.020 0.020 N 

10.1 10.1 17.5 3.4 X 108 0.044 0 .0244 0.021 0.021 0.0384 --.o 
10.4 10.4 18.5 9-9 X 108 0.032 0.0278 0.016 0.016 0.0384 

11.2 11.2 21.2 1.6 X 1010 0.012 0.0314 0.012 0.012 0.0384 

11.2 11.2 21.2 1.6 X 1010 0.012 0.0288 0.010 0.010 0 .0384 

11.6 11.6 22.6 6.2 X 1010 0.007 0 .0315 0 .011~ 0.014 0 .0384 

11.7 11.7 23.0 7.6 X 10
10 o .oo6 0 .0336 0.009 0.009 0 0 .0384 

12.5 12.5 26.5 2.6 X 1012 0.001 0 .0312 o .oo6 o.oo6 0 .0384 



Table V. Extraction of HClo
4 

by 0.0641 M TBP in CC1
4

. 

M 
0 

M "H2o a' H+ jj+ H20KF H2biR H20 
TBPH20 TBPH+ TBP TBP' 

2.64 2.64 2-97 1.8 X 10
1 0.861 1.4 X 10

1 
0.0001 0.0001 0.012 0.011 0.001 0.0073 0.0003 0.0565 0.0637 

3.4o 3.4o 6.7 X 10 
1 

0.809 4.8 X 101 
0.0002 0.0003 0.011 0.001 0.0069 0.0006 0.0556 0.0637 3-95 0.010 

4.07 4.07 4.90 2.2 X 10 
2 

o. 722 1.3 X 10
2 

0.0005 0.0007 0.012 0.010 0.002 0.0061 0.0015 0.0565 0.0637 

4.69 4.69 5-85 7.0X10
2 0.645 3-5 X 102 0.0014 0.0022 0.012 0.008 0.004 0.0053 0.0042 0.0546 0.0637 

5-05 5-05 6.4 1.4 X 103 0.600 6.3 X 10
2 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 X 103 0.577 8.8 X 102 0.0027 0.0052 0.014 0.007 0.007 0.0045 0.0081 0.0515 0.0637 

5-92 5-91 7-9 8.0 X 103 0.478 2.5 X 103 0.0071 0.0290 0.017 0.005 0.012 0.0029 0.0213 0.0399 0.0637 

6.08 6.07 8.2 1.1 X 10
4 0.453 3.1 X 103 0.0095 o.o665 0.020 0.004 0.016 0.0023 0.0285 0.0333 0.0637 

6.39 6.37 8.8 2.4 X 104 o.4o6 5-7 X 103 0.0111 0.1178 0.021 0.002 0.019 0.0018 0.0333 0.0290 0.0637 

6.50 6.49 9-0 2.8 X 104 0.392 6.3 X 103 0.0112 0.1208 0.022 0.001 0.021 0.0017 0.0336 0.0288 0.0637 

7-47 7-45 10.8 2.0 X 105 0.270 0.0215 0.033 0.033 0.0641 

8.15 8.12 12.3 1.0 X 10
6 

0.190 0.0278 0.037 0.037 o.o6h1 

8.15 8.12 12.3 1.0 X 10~ 0.190 0.0270 0.035 0.035 0.0641 

8. 76 8. 73 13.8 6.0 X 10 0.130 0.0323 0.039 0.039 0.0641 

8.92 14.2 l.OX107 0.0338 0.0641 
._. 

8.89 0.117 0.039 0 0.039 w 
9-33 9-29 15.1 1.5x1o7 0.097 0.0373 o.o4o o.o4o 0.0641 0 
9-33 9.30 15.2 2.0X 107 0.089 0.0330 0.042 0.042 0.0641 

9-73 9-69 16.3 1.0 X 108 o.o64 0.0420 0.039 0.039 0.0641 

9-73 9-69 16.3 1.0 X 168 o.o64 0.0422 0.043 0.043 0.0641 

10.1 10.1 17-5 3.4 X 108 0.044 o.o449 0.036 0.036 0.0641 0 

10.5 10.5 18.7 1.0 X 109 0.030 0.0479 0.027 0.027 0.0641 

11.2 11.1 21.0 8.0 X 109 0.013 0.0548 o.Ql8 0.018 o.o641 

11.6 11.5 22.4 5.0 X 10
10 

0.008 0.0578 0.012 0.012 0.0641 

12-5 12.4 26.3 1.0 X 10
12 

0.001 0.0588 0.004 0.004 0.0641 

12.5 12.4 26.3 1.0 X 10 
12 

0.001 0.0612 0.005 0.005 0.0641 



Table VI. Extraction of Hcl0
4 

by 0.128 ~ TBP in CC1
4

. 

M M "H2o a' ij+ H+• H20KF H2°IR H20 
TBPH20 TBPH+ TBP TBP' 

0 

1.69 1.69 1-85 5.6 X 10° 0.923 4.8 X 10° 0.0001 0.0001 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 0.004 0.015 0.0003 0.113 0.113 

2.64 2.64 2-97 1.8 X 101 0.861 1.4 X 101 o .ooo6 0.0006 0.023 0.020 0.003 0.014 0.0018 0.112 0.113 

3-40 3-40 3-95 6.7 X 10
1 o.8o9 4.5 X 101 0.0013 0.0014 0.022 0.018 0.004 0.013 0.0039 0.111 0.113 

4.07 4.07 4.90 2.2 X 10
2 

0.722 1.2 X 10
2 0.0036 0.0044 0.025 0.018 0.007 0.011 0.0108 0.106 0.113 

4.69 4.68 5.84 6.9 X 10
2 0.645 3.0 X 102 0.0071 0.0109 0.031 0.014 0.017 0.009 0.0213 0.098 0.113 

5-05 5-04 6.4 1.2 X 103 o.6oo 4.9 X 102 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 103 0-577 6.9 X 102 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 X 104 0.453 2.7 X 103 0.0241 0.2340 0.056 0.008 0.048 0.004 0.0732 0.053 0.113 

6.39 6.36 8.8 2.2 X 104 o.406 4.0 X 103 0.0321 0.061 0.006 0.055 0.002 0.0903 0.030 0.113 

6.50 6.47 9-0 2.6 X 10
4 

0.392 4.6 X 103 0.0324 o.o66 0.005 0.061 0.002 0.0972 0.029 0.113 

6.94 6.90 9· 7 6.5 X 104 0.340 o.o404 0.071 0.004 0.067 0.000 0.1212 0.007 0.113 

6.94 6.90 9-7 6.5 X 104 0.340 0.0425 0.072 0.004 o.o68 0.128 

7-47 7-42 10.7 1.2 X 105 0.276 0.0523 o.oao 0.002 0.078 0.128 ....... 
8.15 8.09 12.2 1.0 X 10

6 
0.195 0.0624 0.081 0.002 0.079 0.128 0 w 

8.15 8.09 12.2 1.0 X 10
6 0.195 0.0608 o.o84 0.001 0.083 0.128 ....... 

8.76 8.70 13-7 6.0 X 106 0.133 o .o640 o.o84 0.001 0.083 0 0.128 I 

8.92 8.85 14.1 8.0 X 106 
0.120 0.0730 0.084 0.001 0.083 0 0.128 

9· 73 9-65 16.2 8.0 X 107 o.o66 0.0849 0.085 0.085 0 0.12& 

9· 73 9-65 16.2 8.0 X 107 0.066 0.0829 0.090 0.090 0.128 

10.4 ).0.3 18.3 6.0 X 108 0.034 0.0983 0.084 o.o84 0.128 0 

10.8 10.7 19.6 3.0 X 109 0.022 0.1085 0.067 0.067 0.128 0 

11.2 11.1 21.0 8.0 X 109 0.013 0.1208 0.046 0.046 0.128 0 

11.6 11.5 22,5 5.0 X 10
10 0.007 0.1284 0.033 0.033 0.128 

12-5 12.4 26.3 1.0 X 1012 0.001 0.1413 0.015 0.015 0.128 



Table VII. Extraction of HC104 by 0.366 ':! TBP in CC14 . 

Mo M a ~20 a' if' w' H20KF H20IR H20 TBPH 0 TBPH+ TBP TBP' 
2 

0.52 0.52 0.52 1.6 X 10-1 0.982 1.5 X 10-l 0.0002 0.0002 0.060 0.059 0.001 0.047 o.ooo6 0.318 0.319 

4.0 X 10:i 
-1 

0. 77 o.n o.so 0.971 ~:6 ~ i~-l 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 o.ooo6 0.0006 0.063 0.059 0.004 0.046 0.0018 0.318 0.319 
1.14 1.14 1.20 1.1 X 10° 0.954 9.8 X 10-l 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 4.6 X 10° 0.0032 0.0034 0.069 0.065 0.004 0.043 0.0096 0.313 0.319 
2.04 2.04 2.24 6.8 X 10° 0.903 5·3 X 10° 0.0039 o.oo4Q 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 5·7 X 10° o .oo44 o .oo48 0.068 0.056 0.00~ 0.042 0.0132 0.311 0.319 
2.64 2.63 2.96 1.8 X 101 0.861 1.2 X 10

1 0.0094 0.0114 0.081 0.065 0.016" 0.039 0.0282 0.299 0.319 
3.4o 3.38 3·92 6.5 X 101 0.810 3.8 X 10

1 
0.0212 0.0320 0.112 0.050 0.062 0.033 0.0636 0.269 0.319 

4.07 4.03 4.85 2.1 X 10
2 0. 726 1.0 X 102 0.0413 0.1288 0.156 0.048 0.108 0.024 0.1239 0.218 0.319 

4.69 4.63 5· 75 6.2 X 102 0.652 2.1 X 102 0.0630 0.4890 0.199 0.047 0.152 0.016 0.1890 0.161 0.319 

5.05 4·97 6.25 1.1 X 103 0.612 3.2 X 102 0.08o3 0.212 0.033 0.179 0.010 0.24o9 0.115 0.319 

5.22 5.14 6.6 1.7 X 103 0.582 4.4 X 102 0.0843 0.234 0.027 0.207 0.009 0.2529 0.104 0.319 ....... 
6.08 5·97 8.0 9.0 X 103 0.469 0.1137 0.287 0.010 0.277 0.002 0.3411 0.023 0.319 <.N 

6.08 5·97 8.0 9.0 X 103 0.469 o.114o 0.274 0.010 0.264 0.002 0.3420 0.022 0.319 
N 
I 

6.39 6.25 8.5 1.9 X 10
4 0.428 0.1356 0.274 0.008 0.266 0.366 

6.50 6.37 8.8 2.3 X 104 o.4o6 0.1325 0.293 0.007 0.286 0.366 

6.94 6. 79 9·5 6.0 X 104 0.356 0.1535 0.292 0.003 0.289 0.366 

6.94 6. 78 9-5 6.0 X 104 0.356 0.1561 0.289 0.003 0.286 0.366 

7.47 7.29 10.4 1.5 X 105 0.295 0.1757 0.292 0.292 0.366 

8.15 7-95 11.9 8.0 X 105 0.210 0.1953 0.288 0.288 0.366 

8.15 7.95 11.9 8.0 X 105 0.210 0.1951 0.291 0.291 0.366 

8.76 8.55 13.4 4.0 X 106 0.143 0.2095 0.305 0.305 0.366 

8.92 8. 70 13.7 6.0 X 106 0.133 0.2209 0.283 0.283 0.366 

9. 73 9.48 15.6 5.0 X 107 0.079 0.2507 0.254 0.254 0.366 

10.5 10.2 17.8 4.5 X 108 
o.o4o 0.3051 0.250 0 0.250 0.366 

10.8 10.5 18.8 1.3 X 109 0.029 0.3163 0.24o 0.24o 0.366 

11.2 10.9 20.2 6.0 X 109 0.018 0.3491 0.195 0.195 0.366 

11.6 11.2 21.2 1.6 X 1010 
0.012 0.3779 0.14o 0.14o 0.366 

11.7 11.3 21.6 2.0 X 10
10 

0.010 0.3671 0.156 0.156 0.366 

12.5 12.1 25.3 7.0 X 10
11 0.002 0.4311 o.o·r8 0.078 0.366 



TBP 

0.0366 

o.d915 

0.183 

" 0 

6.483 

7-125 

7-500 

8.085 

8.530 

5.167 

5.567 

6.070 

6.483 

7-125 

7.500 

8.085 

8.530 

8.530 

3.212 

4.28o 

5.167 

5-567 
6.070 

6.483 

7.125 

7'-500 
8.085 

8.530 

1.075 

2.145 

3-212 

4.28o 

5.167 

5-567 
6.070 

6.483 

7.125 

7-500 

8.085 

8.530 

M 

6.483 

7.125 

7-499 

8.084 

8.528 

5-167 

5-567 
6.069 

6.482 

7.123 

7-495 
8.076 

8.516 

8.516 

3-212 
4.28o 

5.166 

5.565 

6.067 

6.477 

7-112 

7-478 

8.048 

B.48o 

1.075 

2.145 

3.212 

4.278 

5.161 

5-558 
6.049 

6.449 

7.062 

7.415 

7-963 
8.,380 

7.74 

8. 70 

9.26 

10.17 

10.90 

5-93 
6.46 

7-15 

7-74 

8.70 

9.26 

10.16 

10.88 

10.88 

3.49 

4. 78 

5-93 
6.46 

7.15 

f. 74 

8.69 

9.25 
10.11 

10.81 

1.12 

2.30 

3.49 

4. 78 

5-92 
6.45 

7-12 

7-70 

8.59 

9-13 

9-98 
10.63 

Table VIII. Extraction of HBr by various solutions of TBP in CC1 

6.5 X 103 

2.1 X 10
4 

3.8 X 104 

1.2 X 105 

2.7 X 105 

8.0 X 102 

1.5 X 103 

3.4 X 103 

6.5 X 103 

2.1 X 10
4 

3.8 X 104 

1.2 X 105 

2.6 X 105 

2.6 X 105 

3.9 X 10
1 

2.0 X 102 

8.1 X 10
2 

1.5 X 103 

3.4 X 103 

6.5 X 103 

2.0 X 104 

3.9 X 104 

1.1 X 105 

2.4 X 105 

8.9 X 10-1 

7.4 X 10° 

3·9 X 10
1 

2.0 X 102 

8.0 X 102 

1.4 X 103 

3,3 X 103 

6.3 X 103 

1.8 X 104 

3.6 X 104 

9.3 X 10
4 

2.0 X 105 

0.491 

0.413 

0.369 

0.310 

0.268 

0.637 

0.595 

0.539 

0.491 

0.413 

0.369 

0.311 

0.269 

0.269 

0.830 

0. 732 

0.638 

0.595 

0.539 

0.491 

0.414 

0.370 

0.313 

0.271 

0.958 

0.900 

0.830 

0.732 

0.638 

0.597 

0.541 

0.495 

0.420 

0.378 

0.322 

0.282 

a' 

2.6 X 103 

6.6 X 103 

1.0 X 104 

2.6 X 104 

4.9 X 104 

3.9 X 102 

6.6 X 102 

1.3 X 103 

2.1 X 103 

5.0 X 103 

7.6 X 103 

1.9 X 104 

3.2 X 104 

3.2 X 104 

2.7 X 10
1 

1.1 X 10
2 

3.5 X 102 

2 
5· 7 X 10 
1.1 X 103 

2.1 X 103 

4.2 X 103 

5.8 X 103 

1.4 X 104 

2.3 X 10
4 

8.2 X 10-l 

6.0 X 10° 

2.7X10
1 

1.1 X 102 

3.3 X 102 
2 

5.0 X 10 

9.7x102 

1.6 X 103 

3.3 X 103 

5.1 X 103 

0.0001 

0.0004 

0.0007 

0.0014 

0.0022 

0.00015 

0.0003 

0.0007 

0.0011 

0.0023 

0.0045 

0.0089 

0.0143 

0.140 

0.00014 
0.0004. 

0.0011 

0.0017 

0.0034 

0.0063 

0.0134 

0.0216 

0.0368 

0.0503 

0.0001 

0.0001 

0.0005 

0.0022 

0.0058 

0.0091 

0.0210 

0.0338 

0.0632 

0.0854 

0.1223 

0.1504 

ji+' 

0.0001 

o.ooo4 

0.0008 

0.0018 

0.0035 

0.00015 

0.0003 

0.000'7 

0.0011 

0.0027 

0.0065 

0.0217 

0.0813 

0.0730 

0.00014 

0.0004 

0.0011 

0.017 

0.0037 

0.0079 

0.0251 

0.0698 

0.4760 

0.0001 

0.0001 

0.0005 

0.0022 

0.0058 

0.0101 

0.0320 

0.766 

0.4720 

0.0051 

0.0059 

0.0052 

0.0068 

o .oo84 

0.0096 

0.0086 

0.0085 

0.0088 

0.0107 

0.0128 

0.0168 

0.0221 

0.0223 

0.0196 

0.0173 

0.0176 

0.01J5 

0.0194 

0.0236 

0.0286 

0.0395 
0.0608 

0.0777 

0.052 

0.049 

0.047 

0.047 

0.049 

0.057 

0.070 

0.097 

0.142 

0.189 

0.241 

0.288 

0.0025 

0.0023 

0.0019 

0.0018 

0.0019 

0.0092 

0.0081 

0.0074 

0.0067 

o .oo6o 

0.0056 

0.0051 

0.0045 

0.0045 

0.0200 

0.0184 

0.0161 

0.0151 

0.0133 

0.0122 

0.0109 

0.0084 

0.0050 

0.0035 

0.052 

0.048 

0.044 

0.040 

0.032 

0.030 

0.030 

0.028 

0.028 

0.026 

0.023 

0.014 

0.003 

0.004 

0.003 

0.005 

0.007 

0.000 

0.001 

0.001 

0.002 

0.005 

0.007 

0.012 

0.018 

0.018 

0.000 

0.000 

0.002 

0.003 

0.006 

0.011 

0.018 

0.031 

0.056 

0.074 

0.000 

0.001 

0.003 

0.007 

0.017 

0.02.7 

0.040 

0.069 

0.114 

0.163 

0.218 

0.274 

0.0025 

o:oo22 
0.0019 

0.0015 

0.0011 

0.0092 

0.0031 

0.0074 

0.0067 

0.0059 

0.0048 

0.0035 

0.0023 

0.0018 

0.0200 

0.0184 

0.0161 

0.0146 

0.0134 

0.0120 

0.0101 

0.0074 

0.0030 

0.0017 

0.0494 

0.0477 

6.0454 

0.0396 

0.0341 

0.0299 

0.0253 

0.0205 

0.0124 

0.0069 

0.0003 

0.0012 

0.0021 

0.0042 

o.oo66 

0.0005 

0.0009 

0.0021 

0.0033 

0.0069 

0.0135 

0.0267 

0.0429 

0.0420 

0.0004 

0.0012 

0.0033 

0.0051 

0.0102 

0.0189 

0.0402 

o.o648 

0.1104 

0.1509 

0.0003 

0.0004 

0.0015 

o.oo66 

0.0174 

0.0273 

0.0630 

0.1014 

0.1896 

0.2562 

0.3660 

0.366o 

TBP 

0.0338 

0.0332 

0.0326 

0.0309 

0.0289 

0.0818 

0.0825 

0.0820 

0.0815 

0.0787 

0.0732 

0.0613 

0.0463 

0.0477 

0.1626 

0.1634 

0.1636 

0.1633 

0.1594 

0.1521 

0.1327 

0.1108 

0.0696 

0.0304 

0.3163 

0.3179 

0.3191 

0.3198 

0.3145 
O.J:)88 

0.2777 

0.2441 

0.1640 

0.1029 

TBP' 

0.0338 

0.0338 

0.0338 

0.0338 
0.0538 

0.0825 

0.0825 

0.0825 

0.0625 

0.0825 

0.0825 

0.0825 

0.0825 

0.0825 

0.1637 

0.1637 

0.1637 

0.1637 

0.1637 

0.1637 

0.1637 

0.1637 

0.1637 

0.1637 

0.3198 

0.3198 

0.3198 

0.3198 

0.3198 

0.3198 

0.3198 

0.3198 

0.3198 

0.3198 

........ 
w 
w 
I 



Table VIII (Continued) 

TBP M M "H2o a' H+ if+ H20KF H2°IR H20 TBPH20 TBPH+ TBP TBP' 
0 

0.183 1.075 1.075 1.12 8.9 X 10-1 0.958 8.2 X 10-l 0.00006 0.00007 0.0230 0.0002 0.1598 0.1637 

2.145 2.145 2.30 7•4 X 10° 0.900 6.0 X 10° 0.00009 0.00010 0.0220 0.0003 0.1607 0.1637 

3.212 3.212 3-49 3.9 X 10
1 0.830 2.7 X 10

1 
0.00013 0.00013 0.0200 0.0004 0.1626 0.1637 

4.280 4.280 4. 78 2.0 X 102 0.732 1.1 X 10
2 0.0003 0.0003 0.0184 0.0009 0.1637 0.1637 

5.167 5.166 5-93 8.1 X 102 0.638 3·5 X 10
2 

0.0012 0.001? 0.0161 0.0036 0.1633 0.1637 

5-567 5.565 6.46 1.5 X 103 0.595 5·7 X 10
2 

0.0021 0.0022 0.0146 0.0063 0.1621 0.1637 

5·567 5-565 6.46 1.5 X 103 0.595 5-7 X 10
2 0.0022 0.0022 0.0134 o.oo66 0.1630 0.1637 

6.070 6.o66 7.15 3.4 X 103 0.539 1.1 X 103 0.0035 0.0037 0.0120 0.0105 0.16o5 0.1637 

6.483 6.476 7.74 6.5 X 103 0.491 2.0 X 103 o.oors 0.0084 0.0101 0.0204 0.1525 0.1637 

7.125 7.UO 8.69 2.1 X 10
4 0.414 4.2 X 103 0.0152 0.0301 0.0074 0.0456 0.1300 0.1637 

8.085 8.046 
5 

1.4 X 104 0.0388 0.6360 o.n64 0.0636 0.1637 10.ll 1.1 X 10 0.313 0.0030 

8.530 8.484 10.82 2.4 X 105 0.271 2.3 X 10
4 0.0455 0.0017 0.1365 0.0448 0.1637 

0.366 1.075 1.075 1.12 8.9 X 10-1 0.958 8.2 X 10-1 
0.0002 0.0002 0.0494 o·.ooo6 0.316o 0.3198 

2.145 2.145 2.30 7•4 X 10° 0.900 6.0 X 10° 0.0003 0.0003 0.0477 0.0009 0.3174 0.3198 ....... 
3.212 3.2ll 3.49 3·9 X 10

1 0.830 2.7X10
1 0.0007 0.0007 0.0454 0.0021 0.3185 0.3198 w 

4.280 4.278 4. 78 2.0 X 10
2 

0-732 1.1 X 10
2 0.0024 0.0024 0.0396 0.0072 0.3192 0.3198 ~ 

I 
5.167 5.160 5-92 8.0 X 10

2 0.638 3·3 X 10
2 0.0066 0.0072 0.0341 0.0198 0.3121 0.3198 

5-567 5-555 6.45 1.4 X 103 0.597 5.0 X 102 0.0115 0.0131 0.0299 0.0345 ·0.3016 0.3198 

6.070 6.049 7-12 3·3 X 103 0.541 9.7x10
2 0.0207 0.0312 0.0253 0.0621 0.2786 0.3198 

6.483 6.450 7. 70 6.3 X 103 0.435 1.6 X 103 0.0328 0.0712 0.0205 0.0984 0.2471 0.3198 

7-125 7.064 8.59 1.8 X 104 0.420 3·3 X 103 0.06o5 0.3820 0.0124 0.1815 0.1721 0.3198 

7-500 7.418 9-13 3.6 X 104 
0.378 5.1 X 103 0.0825 0.0069 0.2475 0.1116 0.3198 

8.085 7.968 9-99 9·4 X 10
4 0.321 0.1172 0.3660 

8.530 8.382 10.63 2.0 X 105 0.282 0.1481 0.366o 



/ 

Table IX. Extraction of HN0
3 

by various solutions of TBP in CC1
4

. 

TBP M M "H2o jj+ H+ 
0 H20KF H20IR H20 

TBPH20 TBPH+ TBP TBP' 

3-95 3-95 4.48 2.1 X 10 0.820 0.0002 

8.07 8.07 10.87 2.9 X 102 
0.590 0.0012 

12.10 12.09 20.25 1.4 X 103 0.360 0.0071 

15.Bo 15-77 35.6 1.4 X 104 0.160 0.0291 

0.00013 3-95 3-95 4.48 2.1 X 101 0.820 0.0000 o.oooo 0.00001 0.00001 0.00011 0.00011 

0.00037 3-95 3-95 4.48 2.1 X 101 0.820 0.0002 0.0002 0.00002 0.00018 0.00017 0.00017 

0.00128 3-95 3-95 4.48 2.1 X 101 0.820 0.0008 0.0008 0.00005 0.00081 0.00042 0.00042 

0.00366 3-95 3-95 4.48 2.1 X 101 0.820 0.0023 0.0023 0.00015 0.00231 0.00120 0.00120 

0.0128 3-95 3.94 4.46 2.1 X 101 0.821 0.0084 o.oo84 0.00047 0.00845 0.0039 0.0039 

0.0366 0.202 0.202 0.20 2.3 X ·10-2 
0.993 0.0001 0.0001 o.oo46 0.0001 0.0319 0.0302 -0.501 0.500 0.50 1.4 X 10-l 0.983 0.0005 0.0005 0.0045 0.0005 0.0316 0.0302 l.V 

1.003 1.001 1.05 5.8 X 10-1 0.965 0.0020 0.0020 0.0071 o.oo44 0.003 o.oo44 0.0020 0.0302 0.0302 Ul 
2.016 2.009 2.16 2.9 X 10° 0.925 0.0072 0.0084 0.0059 o.oo4o 0.002 0.0036 0.0072 0.0258 0.0302 

I 

2.93 2.91 3.22 8.5 X 10° 0.879 0.0151 0,024o 0.0047 0.0034 0.001 0.0025 0.0151 0.0190 0.0_302 

3·95 3-93 4.45 2.1 X 101 0.8'22 0.0231 0.0581 0.0041 0.0025 0.002 0.0015 0.0231 0.0120 0.0302 

4.96 4.93 5·78 4.3 X 101 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 101 0.703 0.0329 0.300 0.0046 0,0018 0.003 0.0004 0.0329 0.0033 0.0302 

8.07 8.03 10.80 2.8 X 102 0.589 0.0352 0.887 0.0054 0.0019 0.004 0.0002 0.0352 0.0012 0.0302 

10.08 10.04 15.00 8.0 X 102 0.472 0.0381 o.oo6o 0.0035 0.003 0.0366 

12.10 12.05 20.17 2.1 X 103 0.361 0.0417 0.0067 0.0057 0.001 0 0.0366 

14.04 13.98 26.6 4.8 X 103 0.258 0.0498 0.0103 0.0088 0.002 0.0366 

15.80 15.71 35·5 1.2 X 104 0.161 0.0593 0.0112 0.0128 0.000 0.0366 



Table IX (Continued) 

TBP Mo M "H2o ii+ a+' H20KF 8 2°IR H20 
TBPH20 TBPH+ TBP m' 

0.128 0.202 0.202 0.20 2.3 X 10-2 0.993 0.0004 0.0004 0.0161 0.0004 0.112 0.106 

0.501 0.499 0.50 1.4 X 10-1 
0.983 0.0019 0.0019 0.0158 0.0019 0.110 0.106 

1.003 0.996 1.04 5.6 X 10-1 0.965 0.0069 0.0069 0.0196 0.0156 0.004 0.0155 0.0069 0.1056 0.106 
2.016 1.998 2.14 2.8 X 10° 0.927 0.0277 0.0332 0.0186 0.0138 0.005 0.0123 0.0277 o·.88o 0.106 

2.93 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 4.36 2.0 X 101 0.826 0.0853 0.237 0.0168 0.0100 0.007 0.0047 0.0853 0 .038o 0.106 
4.96' 4.86 5.68 4.1 X 101 0.771 0.1033 0.487 0.0133 0.0090 o.oo4 0.0025 0.1033 0.0272 0.106 

6.05 5-93 7.22 8.4• X 101 0. 711 0.1148 1.033 0.0113 0.0077 o.oo4 0.0015 0.1148 0.0117 0.106 

8.07 7.94 10.60 2.7 X 102 
0.596 0.1271 0.0131 o.oo96 0.004 0.0001 0.1271 0.0008 0.106 

10.08 9.94 14.77 7.6 X 102 0.479 0.1367 0.0137 0.0129 0.001 0.128 

12.10 11.94 19.81 2.0 X 103 0.367 0.154o 0.0182 0.0179 0.000 0.128 

14.04 13.85 26.0 4.5 X 103 0.266 0.1782 0.0206 0.0252 0.128 

15.80 15.56 33-5 9.9 X 103 0.178 0.2152 0.0257 0.0345 0.128 0 

0.366 0.202 0.201 0.20 2.3 X 10-2 0.993 0.0014 0.0013 0.0488 0.0014 0.316 0.293 

0.501 o.L94 0.50 1.3 X 10-1 0.983 0.0067 0.0063 0.0478 0.0067 0.311 0.293 

1.003 0-977 1.03 5·5 X 10-1 0.965 0.0264 0.0264 0.0624 0.051 0.011 0.0468 0-264 0.293 0.293 

2.016 1.936 2.08 2.6 X 10° 0.929 0.0900 0.1102 0.0644 0.048 0.016 0.0367 0.0900 0.239 0.293 ..._. 
2,93 2. 76 3-03 7.1 X 10° 0.886 0.1663 0.2795 0.0592 0.042 0.017 0.0251 0.1663 0.175 0.293 lJJ 

3-95 3· 71 4.18 1.7 X 101 0.836 0.2414 0.644 0.0536 0.036 0.018 0.0148 0.2414 0.110 0.293 Q' .. I 
4.96 4.66 5-41 3.6 X 101 0. 782 0.2959 1.39 o.o44o 0.028 0.016 0.0079 0.2959 0.062 0.293 

6.05 5-72 6.91 7.3 X 101 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 102 0.610 0.3688 0.0284 0.022 o.oo6 0.366 

10.08 9.68 14.20 6.7 X 10 
2 

0.493 0.3964 0.0324 0.028 o.oo4 0.366 

12.10 11.54 18.80 1.7 X 103 0.387 0.4485 0.0438 0.046 0.366 

14.04 13.50 24.7 3.8 X 103 0.288 0.5147 0.0503 0.072 0.366 

15.8o 15.13 31.5 8.2 X 103 0.198 o.64o4 0.0691 0.104 0.366 



Table X. Extraction of HRe0
4 

by solutions of TBP in iso-octane. 

TBP M M org aq H+ ;rr' 
TBPH20 TBPH+ THP TEP' 0 

0 0.109 0.109 2.0 X 10-1 7.3 X 10 o.ooooo 0.00000 0 

0.109 0.109 -3.1 X 10° 1.2 X 105 0.00000 0.00000 

0.435 0.435 -3.0 X 10-1 6.9 X 104 o.ooooo 0.00000 o· 

l. 74 l. 74 -1.3 X 10° 7.1 X 104 o.ooooo 0.00000 

1.63a 1.63 -1.7 X 10° 7.0 X 10~ o.ooooo 0.00000 0 0 

0.0366 0.87 0.87 7.6 X 10° 9.2 X 10J.l. 0.00008 0.00007 0.00011 o.oo46 0.0002 0.0318 0.0342 
l. 74 l. 74 7.0X10° 6,5 X 104 0.00012 0.00021 0.00032 0.0044 o.ooo6 0.0316 0.0342 
1.63" 1.63 8.0 X 10° 9.4 X 104 

0.00011 0.00018 0.00027 0.0044 0.0005 0.0317 0.0342 
0.0732 0.217 0.217 9.2 X 10° 8.3 X 104 

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 104 

0.00010 0.00004 0.00004 0.0094 0.0001 0.0637 0.0637 
0.87 0.87 1.7 X 101 

7.2 X 10
4 

0.00023 0.00020 0.00020 0.0092 0.0006 0.0634 0.0637 
l. 74 l. 74 2.8 X 101 7.3 X 104 0.00038 o .ooo66 0.00068 0.0086 0.0020 0.0626 0.0637 

.1.63a 1.63 3.5 X 10
1 8.3 X 104 0.00044 0.00072 0.00074 o.oo86 0.0022 0.0624 0.0637 

0.128 0.·109 0.109 1.1 X 101 7.5 X 104 o.oooi6 0.00002 0.00002 0.016 0.000 0.112 0.113 
0.109 0.109 1.9 X 101 1.2 X 105 0.00015 0.00002 0.00002 0.016 o.ooo 0.112 0.113 ..... 
0.217 0.217 2.2 X 101 7.8 X 104 0.00028 0.00006 0.00006 O.OJ.6 0.000 0.112 0.113 w 
0.435 0.435 3.3 X 101 8.8 X 104 

0.00038 0.00016 0.00017 0.016 0.001 0.111 0.113 -J 

0.87 0.87 6.0 X 102 7.2 X 10
4 0.00077 0.00067 0.00078 0.016 0.002 0.110 0.113 

1.74 1. 74 1.2 X 103 7.0 X 10
4 0.00175 0.00305 0.00385 0.014 0.009 0.105 0.113 

1.63" 1.63 1.4 X 103 8.5 X 104 0.00171 0.00279 0.0034o 0.014 0.008 0.106 0.113 

0.219 0.109 0.109 1.1 X 102 1.2 X 105 0.00092 0.00010 0.00054 0.028 0.000 0.191 0.319 

0.366 0.109 0.109 6,6 X 102 1.2 X 105 0.00424 0.00046 0.00046 0.047 0.001 0.318 0.319 

0.109 0.108 3.7 X 101 8.8 X 104 0.00528 0.00058 0.00058 0.047 0.002 0.317 0.319 

0.217 0.215 6,0 X 102 8.1 X 10
4 0.00745 0.00161 0.00176 0.047 0.005 0.314 0.319 

0.435 0.430 1.2 X 103 9·5 X 104 0.0122 0.00522 0.00584 0.045 0.016 0.305 0.319 

0.87 0.85 1.4 X 1o3 7.2 X 104 0.0180 0.0156 0.0229 o.o4o 0.046 0.28o 0.319 

1. 74 1.69 2.1 X 103 7.0 X 10
4 

0.0303 0.0528 0.2633 0.026 0.153 0.187 0.319 
1.63a 1.58 3.0 X 103 9.0 X 10

4 0.0336 0.0571 0.3020 . 0.025 0.162 0.179 0.319 

~c1o4 solution containing HReo
4 

tracer. 



Table XI. Extraction of H.AuC14 into TBP from HCl solutions, iso-octsme diluent. 

Au H(~.L TBP org aq D Au HC1 TBP org aq 

1 X 10 6.0 4,0 X 10° 2.1 X 105 2.0 X 10- 5 1 X 10- 5 2.0 5.1 X 10° 8. 4 X 10 6,1 X 10-5 

0.0037 1.5 X 10
2 2.1 X 105 8.6 X 10·4 

0.0128 1.1 X 102 7.2 X 10
4 1.4 X 10-3 

0.0073 1.1 X 103 2.1 X 10 5 5.3 X 10-3 0.0220 5,1 X 102 8,1 X 104 6.3 X 10-3 

0.0146 1.6 X 10
4 

3,4 X 105 4,6 X 10-2 0.037 2.4 X 103 7.3x104 3.3 X 10·2 

0.0220 3.0 X 10
4 2,0 X 105 l.5X10-1 0.073 L7X10

4 
6,0 X 10

1
" 2.9 X 10•1 

0.037 8.2 X 10
4 

1.3 X 105 6.2 X 10-1 0.128 4.5 X 104 
2.9 X 10

1
• 1.6 X 10° 

0.073 1.8 X 105 4.3 X 104 4.3 X 10° 0.220 6.4 X 104 
1.3 X 10

4 4.9 X 10° 

0.128 6.7 X 104 3.5 X 10) 1.9 X 10
1 0.)7 6,5 X 104 

2.9 X 103 2.3 X 10
1 

0._46 2.1 X 105 5. 7 X 103 3,6 X 101 

0.220 2.1 X 105 2,0 X 103 1.0 X 102 6.0 1.2 X 10
1 

1.2 X 10 5 9.8 X 10·5 

0.)7 2.1 X 105 6,6 X 102 3.2 X 10
2 0.0073 7,8 X 102 "4 

9, 4 X 10 8.2 X 10-3 

0.0128 4.5 X 103 l.l X 10 5 4,2 X 10-2 

B X 10-6 2.0 5.0 X 10° 1.4 X 105 4.0 X 10-5 0,0220 1.3 X 10
4 6.7 X 104 2.0 X 10-l 

0.0037 2.3 X 10
1 

1. 5 X 105 1.2 X 10-4 0.037 9.4 X 104 1.9 X 10 5 4.9 X 10-l 

0.0128 3.7x10
2 

2.8 X 105 1.3 X 10-3 0.073 l.O X 105 1.5 X 10
4 

7.0 X 10° 

1.0 X 103 1.6 X 105 6.4 X 10-3 8.9 X 104 3.2 X 103 2.8 X 10
1 I 

0,0220 0.128 ..._. 
0.037 5.9 X 103 1.8 ~ 10 5 3,2 X 10-2 0·.220 1.1 X 105 7,0 X 102 .L.6 X 102 w 
0.073 ).5 X 104 

1.4 X 105 2.5 X 10-1 0.37 8,9 X 104 1.,8 X 10
4 

5.0 X 10
2 00 

0.0073 9.8 x 10
1 

l.5xl05 6.2 X 10-4 

0.128 7.9 X 10
4 9.8 X 104 8.1 X 10-1 10. g.B X 10° 1.1 X 105 8.7 X 10- 5 

0.220 1.2 X 10 5 4.8 X 104 
2.5 X 10° 0.0073 4.1 X 103 l. 5 X 105 2.7 X 10-2 

0.37 l.7Xl0 5 1.7Xl0
4 

9.9 X 10° 0.0128 1.3 X 10
4 

1.3 X 10 5 LO X 10-l 

o. 73 .1.6 X 10 5 1.6 X 103 
•1 

g,8 X 10 0.0220 3.9 X 10
4 

7.4 X 10
4 5.2 X 10-1 

1.28 1.6 X 10 5 3.2 X 10
2 4.9 X 10

2 0.037 1.0 X 105 5,3 X 10
4 2.0 X 10° 

0.073 1.2 X 105 1.3 X 10
4 g.B X 10° 

0,128 1.3 X 105 4,4 X 103 3.0 X 101 

0.220 1.4 X 105 l. 5 X 10 3 9.1 X 10
1 



Table XII. Extraction of HAuC1
4 

into TBP from HCl solutions, xylene diluent 

Au HC1 TBP org aq D Au HC1 TBP org aq D 

2 X 10-? 6.0 ?.4x1o-1 
3.1 X 10

2 2.4 X 10-3 1 X 10- 5 6.0 1.2 X 10° 2.6 X 102 4.6 X 10·3 

1.2 X 103 3.1 X 105 4,0 X 10-3 1.2 X 10° 2.6 X 102 4.7x1o·3 

0 8.4 X 102 2.7 X 105 3.0 X 10-3 1. 5 X 10° 2.9 X 10
2 4.9 X 10·3 

0.0183 2.3 X 10
1 2.8 X 10

2 5.8 X 10-2 1.5 X 10° 2.9 X 10
2 5.0 X 10·3 

0.0183 1.5 X 104 2.6 X 105 5.4 x 1o-2 6,8 X 10-1 1.4 X 102 5,0 X 10-3 

0.0183 1.5 X 10
4 2.4 X 105 '5,9 X 10-2 0 6.6 X 10-l 1.4 X 10

2 4.8 X 10·3 

0.037 9.7X10
1 2.0 X 10

2 4.9 X 10-1 0.0183 8,0 X 10° 2.7 X 102 2.5 X 10-2 

0.073 1.8 X 105 8.5 X 10
4 

2.2 X 10° 0.0183 ' 2.4 X 10° 8.2 X 10
1 2.3 X 10-2 

0.110 9.9 X 10° 1.1 X 10° 
. 0 

0.0183 4,0 X 10° 1.3 X 10
2 2.5 X 10-2 

8. 7 X 10 

0.110 1.3 X 10
2 2.0 X 10

1 6.3 X 10° 0.037 2.8 X 10
1 2.5 X 102 1.1 X 10-1 

0.110 2.4 X 105 4.2 X 10
4 5.8 X 10° 0.037 1.4 X 10

1 1.2 X 102 1.1 X 10-1 

0.146 2.7x105 2.2 X 10
4 1,2 X 10

1 0.073 1.3 X 102 1. 7 X 10
2 7.4·x10-1 

0.183 1.9 X 102 7.5 X 10° 2.6 X 10
1 0.073 6,2 X 101 8,3 X 101 7.4 X 10-1 

0.183 2.8 X 105 1.6 X 10
4 1.8 X 10

1 0.110 2.1 X 102 8,4 X 101 2.5 X 10° 

o.no 1.0 X 102 4,1 X 101 2.5 X 10° 

1 X 10-6 6.0 9,0 X 102 2.6 X 105 3,4 X 10·3 0.146 2.5 X 102 4.9 X 10
1 5,1 X 10° 

0 8,8 X 102 2.3 X 10 5 3,4 X 10•3 0.146 1.2 X 102 2.5 X 10
1 5.0 X 10° 

0.0183 2.1 X 104 
2.7x105 -2 0.183 2.5 X 10

2 
3·3 X 10

1 7.8x10° 7,3 X 10 ....... 
L7X10

4 
2.2 X 105 -2" 7,6 X 10

1 9,8 X 10° 7.8 X 10° 0.0183 7.2 X 10 0,183 w 
0.037 6,8 X 104 

2.3 X 105 7.3 X 10·2 0.183 1.3 X 102 1.6 X 10
1 7.9 X 10° --D 

0.073 1.8 X 105 5.6 X 104 3.3 X 10° 

0.110 2.2 X 105 2.1 X 10
4 

1.1 X 10
1 10. 6,0 X 10-l 2.4 X 102 2.4 X 10- 3 

0.146 2.2 X 105 8,3 X 103 2.6 X 10
1 0.0183 3,9 X 10

1 
2.5 X 10

2 1.6 X 10-1 

0.183 2.3 X 105 5.1 X 103 4.5 X 10
1 0.037 1.1 X 102 1.6 X 102 6.7 X 10-1 

0.183 2.3 X 105 
5.1 * 10

3 4,6 X 101 0.037 1,1 X 102 
l. 7 X 10

2 6.6 X 10-l 

0.073 2.1 X 10
2 

7.4x10
1 2.9 X 10° 

1 X 10.5 2,0 1.3 X 10
1 4.6 X 10

2 2,9 X 10-2 0.110 2.5 X 10
2 

3.9 X 10
1 6.5 X 10° 

1.5 X 10
1 4.8 X 10

2 3.0 X 10-2 0.146 2.8 X 102 1.6 X 10
1 

1.8 X 10
1 

4.3 X 10° 3.0 X 10
2 1.4 X 10-2 0.183 1.8 X 102 6,8 X 10° 2. 7 X 10

1 

0 4.2 X 10° 2.9 X 10
2 1.4 X 10-2 0.183 1.8 X 102 6. 7 X 10° 2.6 X 10

1 

0.0183 8.5 X 10° 4, 7 X 102 6.o x w-3 

0.0183 5.1 X 10° 3.0 X 10
2 3.0 X 10-3 

0.0183 7.5 X 10° 4,7 X 10
2 2.0 X 10-3 

0,0183 8,5 X 10° 4, 7 X 10
2 3,0 X 10·3 

0.037 8,3 X 10° 2•9 X 10
2 1.4 X 10-2 

0.073 4,5 X 101 4.4 X 10
2 7,2 X 10-2 

0.110 1.1 X 10
2 

3·9 X 10
2 2.4 X 10-1 

0.146 1. 7 X 10
2 

3.3 X 10
2 5.0 X 10-1 

0.183 1.5 X 102 
1. 7 X 10

2 9,1 X 10-l 

0.183 2.5 X 10
2 2. 7 X 10

2 8.8 X 10·1 



Table XII. Continued) 

Au HC1 TBP org aq D Au HC1 TBP org aq D 

l X 10-4 2.0 1.3 X 10° 2.9 X 10
2 4.4 X 10-3 1 X 10-3 6.0 0 1.1 X 10-1 

2.0 X 10
2 

5-5 ' 1o-
4
· 

0.0183 1.6 X 10° 2.7 X 10
2 1.4 X 10-3 0.0183 9.0 X 10° 1.6 X 102 4.9' 10-2 

o.OJ7 4,0 X 10° 3.1 X 10
2 8.4 X 10-3 0.037 5.0 X 10 

1 
1.4 X 10

2 
3-5' 10-

1 

o.on 2.1 X 10
1 

2.7 X 10
2 7.6 X 10-2 

0.073 1.2 X 10
2 

5.1 X 10
1 

2.4 X 10° 

0.110 5.2 X 10
1 

2.2 X 10
2 2.0 X 10-1 

0.110 1.7 X 10
2 2.4 X 10

1 
7.1 X 10° 

0.146 9.4 X 10
1 

2.2 X 102 3.8 X 10-1 0.146 5,5 X 10
1 3.6 X 10° 1.4 X 10

1 

0.183 1.3 X 1.0
2 1.9 X 10

2 6.4 X 10-l 0.183 2.0 X 10
2 8.3 X 10° 2.4 X 10

1 

6.0 6.0 X 10-1 
3.0 X 10

2 2.0 X 10-3 1.0. 0 9,0 X 10-2 1.7 X 10
2 6.8 X 10· 4 

0.01.83 1.3 X 10
1 

2.5 X 10
2 4,8 X 10-2 0.0183 3.2 X 10

1 
l. 3 X 10

2 2.3 X 10-l. 

0.037 6.1 X 10
1 

2.0 X 102 3.0 X 10-1 
0.037 9.1 X 1.0

1 
7.3 X 10

1 
1.3 '< 10° 

0.07J 1.6 X 102 1.0 X 10
2 1,6 X 10° 0.073 1.5 X 102 2.3 X 10

1 
6.5 X 10° 

0.110 2.2 X 10
2 

5.2 X 10
1 4.1 X 10° 0,110 1.4 X l02 7.2 X 10° 1.9 X 10

1 

0.146 2.4 X 102 J,O X 10
1 8.o x 10° 0.146 1.8 X 102 4.4 X 10° 4.2 X 10

1 

0.193 2.5 X 10
2 1.8 X 10

1 
1.4 X 10

1 0.183 1.8 X 1.0
2 2.9 X 10° 6.2 '< 10

1 

...... 
10. 4.8 X 10-1 

2.4 X 102 2,0 X 10-3 . l X 10-2 2.0 0 2.9 X 10-2 
2.3 X 10

2 1.2 X l.0- 4 >+>-
0.0183 5.2 X 10

1 2.0 X 102 2.6 X 10-1 0.0183 4,5 X L0-1. 1.9 X 10
2 2.1 X 10-J 

0 

0.037 1.4 X 102 1.1 X 102 1.3 X 10° 0.037 J.O X 10° 2.2 X 102 1.4 X 10-2 

0.073 2.3 X 10
2 3,0 X 10

1 
7.6 X 10° 0.073 1.9 X 10

1 2.0 X 102 9,4 X 10-2 

0.110 2.4 X 10
2 1.3 X 101 

2.1 X 10
1 

0.110 4. 7 X 10
1 

1. 5 X 10
2 3.1 X 10-l 

0.146 2.5 X 10
2 s.4 x 10° 4.7xlo

1 0.146 7,3 X 10
1 1.0 X 102 7,4 X 10-1 

0.183 2.6 X 102 3•P X 10° 1.9 X 10
1 0.183 1.4 X 102 9,1 X 10

1 1.5 X 10° 

1 X 10-3 2.0 0 2.3 X 10-1 
2.3 X 10

2 1.0 X 10-3 6.0 4.4 X 10-2 2.0 X 10
2 2.2 X 10- 4 

0. 0183 6.3 X 10-1 
2.0 X 10

2 2.2 X 10-3 0.037 4.3 X 10
1 

1.6 X 10
2 2.7X10-1 

0.037 2.4 X 10° 2.0 X 10
2 1.2 X 10-2 

0.073 8.0 X 101 
5.0 X 10

1 
1.6 X 10° 

0.073 1.8 X 101 1.8 X 10
2 9.6 X 10-2 

0.110 1.7 X 10
2 

2.9 X 10
1 

5-7 X 10° 
0.110 5.4 X 101 1.6 X 102 3.3 X 10-l 0.146 1.9 X 10

2 
1.4 X 10

1 
1.4 X 10

1 

0.146 9.4 X 101 
1.2 X 10

2 7.9 X 10-1 
0.183 1.8 X 10

2 
5-7X10° 3.1 X 10

1 

0.183 1.3 X 10
2 8.4 X 101 

1.6 X 10° 

10. 0 9.0 X 10-2 
1. 7 X 10

2 5.2 X 10-4 

0.037 8.3 X 10
1 

l. 2 X 10
2 7.1 X 10-1 

0.073 1.6 X 10
2 

3.9 X 10
1 4.1 X 10° 

0.110 2.1 X 10
2 1.6 X 10

1 
1. 3 X 10

1 

0.146 2.2 X 10
2 6.8 X 10° J.2 X 101 

0.183 2.3 X 10
2 4.2 X 10° 5-5X10

1 



Table XIII. Extraction of HAuc1
4 

into TBP from HCl solutions, CC1 4 diluent. 

Au HC1 ~ org aq Au HC1 ~ org aq 

l X 10-6 6.0 1.1 X 10
1 7.7X104 1.5 X 10-4 1 X 10-5 2,0 0 2.6 X 10

1 
1.2 X 105 2.3 X 10-4 

1.0 X 10
1 1.2 X 105 8.0 X 10-5 0.037 2.0 X 10

2 7.4 X 104 2.5 X 10- 3 

0.037 3.1 X 103 7,9 X 104 4.6 X 10-2 0.073 1.1 X 103 8.6 X 104 1.3 X 10-2 

0.037 5.2 X 103 9,6 X 104 5.4 x 1o-2 0.128 4.8 X 103 7,3 X 104 6,5 x 10-2 

0.055 1.4 X 10
4 

1.1 X 105 1.3 X 10-1 
0.220 2.2 X 10

4 
5,5 X 104 3.9 X 10-1 

0.092 2.3 X 10
4 

5.9 X 10
4 3.8 X 10-1 0.37 5,3 X 104 

2.6 X 10
4 2,0 X 10° 

0.128 4.3 X 10
4 

2.1x1o
4 1.6 X 10° 

0.146 6.7 X 104 
3.5 X 10

4 1.9 X 10° 6,0 0 2.6 X 1.01. 1.2 X ".? 2.3 X 10~4 

0.220 6. 7 X 104 
1.0 X 10

4 6. 7 X 10° 0.0220 1.3 X 103 8,7 X 104 1.5 X 10-2 

0.220 ' 1.2 X 10
4 7.3 X 10° 5,1 X 103 9,5 X 104 5.3 X 10-Z 9.1 X 10. 0.037 

0.37 7.7x10
4 2,8 X 103 2.7 X 10

1 0.073 2.7xlo
4 

7.2 X 10
4 3.8 X 10-1 

0.37 8, 7 X 104 2.6 X 103 3·3 X 10
1 0.128 6.6 X 104 

3·3 X 10
4 

2.0 X 10° 

0.220 8.9 X 10
4 9.4 X 103 9.5 X 10° 

2 X 10-6 2.0 2.0 X 10
1 

5.8 X 104 3,4 X 10-4 
0.37 9.2 X 10

4 
4.0 X 103 2.3 X 10

1 

0.031 l. 7 X 10
2 5,9 X 104 2.5 X 10-3 

0.037 1.4 X 10
2 

6.1 X 104 2.0 X 10-3 10. 1.6 X 1d
2 

1.2 X 105 1.3 X 10- 3 ...... 
0.055 2.2 X 10~ 5,7 X 104 5·5 X 10-3 0.0073 1.9 X 103 1.6 X 10 5 1.1 X 10-2 *"" 

3.3 X 10
2 5,8 X 104 3,7 X 10-3 5,0 X 103 1.6 X 105 1.1 X 10-2 ...... 

0.055 0.0128 I 
0.092 9.9 X 10

2 5.6 X 104 1.7 X 10-2 0.0220 2.0 X 10
4 

1.3 X 105 1.5 X 10-1 

0.146 3.2 X 103 4.9 X 104 6.4 X 10-2 0,037 4,6 X 104 
9.7x1o4 4. 7 X 10-1 

0.220 8,8 X 103 4,6 X 104 1.9 X 10-1 0.073 8.6 X 104. 3.0 X 10
4 2.8 X 10° 

0.37 6.8 x 104 3,5x104 1.9 X 10° 0,128 1.1 X 105 8.2 X 103 4,6 X 101 

0.37 3,8 X 104 
2.1 X 10

4 1.9 X 10° 0.220 1.2 X 105 2.5 X 103 4.6 X 10
1 

0.37 1.4 X 105 6.8 X 103 2.0 X 102 

8 X 10-6 10. 0 8.o x 10° 8.0 X 104 1.0 X 10-4 

4 
5.1 X 10

4 4.0 X 10-l 0.037 2.0 X 10 

0.073 5.2 X 10
4 3,3 X 104 1.6 X 10° 

0.128 7.2 X 10
4 

9.1 X 103 1·9 X 10° 
0.220 5.9 X 10 

4" 
1.1 X 103 5.4 X 10

1 

0.37 6.9 X 104 
4.6 X 102 

1.5 X 10
2 



Table XTV. F.xtraction of HAuBr
4 

into 'T'BP f1nm HBr solutions, xylene diluent. 

Au HBr ~ org aq D Au HBr ~ org aq 

1 X 10 2.0 6.0 X 10-1 
8.5 X 10

1 '7ol X 10-3 1 X 10- 5 4.1 6.5 X 102 2.5 X 105 3.1 X 10-3 

9.1 X 10-1 
1.4 X 102 6.5 X 10·3 0 7.0 X 102 2.7 X 105 2.6 X 10-3 

0.0183 1.3 X 10° 1.4 X 102 2.0 X 10-3 0.0183 3.7 X 104 2.1 X 105 L7xlo-1 

0.037 2.5 X 10° 1.4 X 102 6.0 X 10-3 0.0183 4.4 X 104 
2.5 X 105 1.'7Xl0-1 

0.073 5.0 X 10° 1.1 X 102 3.9 X 10-2 0.037 1.3 X 105 1.4 X 105 9.5X10-1 

0.110 l. '7 X 10
1 

1.4 X 102 1.2 X 10-1 0.073 2.1 X 105 2.4 X 104 8.6 X 10° 

0.146 3·3 X 10
1 

1.3 X 102 5.3 X 10-1 
0.110 2.2 X 105 6.8 x 103 3.2 X 101 

0.183 6. '7 X 10
1 

1.3 X 10
2 5.3 X 10-l 0.146 2.5 X 105 3.0 X 103 8.3 X 101 

0.183 5.3 X 10
1 

1.1 X 10
2 4.9 X 10-1 

0.183 2.5 X 105 1.5 X 103 1.7x10
2 

0.183 2.6 X 105 1. 5 X 103 1.6 X 10
2 

1 X 10- 5 1.1 9,5 X 102 4.4 X 105 2.2 X 10-3 

0 6.8 x 102 2.5 X 105 2.6 X 10-3 6.3 2.4 X 10-1 
1.6 X 1~2 L5x1o- 3 

0.0183 1.9 X 103 2.4 X 105 5.0 X 10-3 0 2.9 X 10-1 
1.9 X 10

2 L7xlo·3 

0.0183 2.0 X 103 2.8 X 105 5.2 x w-3 0.0183 9.6 X 10
1 

1.1 X 102 8.7x10·1 

0.037 9.8 X 103 4.5 X 105 1.9 X 10-2 0.0183 1.0 X 102 
1.1 X 10

2 8.6 X 10-1 

0.110 8.2 X 10
4 1.4 X 105 5,8 X 10-1 0.0183 7.6 X 10

1 
7.1 X 10

1 1.1 X 10° ...... 
0.110 8.2 X 10

4 
1.5 X 105 5·3 X 10-l 0.037 1.5 X 102 3,1 X 10

1 4.0 X 10° *"' 0.146 1.4 X 105 1.0 X 105 1.4 X 10° ... 0 X 102 6.5 X 10° 3.1 X 10
1 N 

0.073 

0.183 1.5 X 105 5.9 X 104 2.6 X 10° 0.073 1.0 X 102 2.5 X 10° 4,0 X 10
1 

0.183 l. '7 X 105 6.2 X 10
4 2.7xl0° 0,110 2.0 X 102 3,1 X 10° 6.5X10

1 

0.146 1.9 X 10
2 1.7 X 10° 1.1 X 102 

0.183 1.5 X 10
2 1.1 X 10° 1.4 X 10

2 

0.183 2.1 X 102 2.1 X 10° 1.0 X 102 

0.183 2.0 X 102 1.8 X 10° 1.1 X 102 



Table XV. Extraction of HAuc1
4 

into TBP from 6 _!:! LiCl-0.1 !:! HCl solutions, Au "' l X 10-5!:! 

iso-octane Biluent cc1
4 

Biluent 

TBP org aq D TBP org •• D 

5.0 X 10-l 9.0 X 10
4 5.5 X 10-6 8.3 X 10

1 
9.7x1o4 8.5 X l0-4 

0.0013 5.0 X 10-l 7,1 X 104 1.5 X 10-6 0.0220 l.l X 103 9.3 X 104 l.l X 10-2 

0.0022 1.3 X 10° 6.9 X 104 1.2 X 10-5 0.0220 1.0 X 103 1.1 X 10
4 8.5 X 10·3 

0.0037 2.7 X 10° 6.1 X l04 3.9 X 10-5 0.037 3.3 X 103 1.1 X 105 2.9 X 10-2 

0.0073 1.7 X 10
1 5.8 X 104 2.9 X 10- 4 

0.037 2.6 X 103 9.9 X 10
4 2.6 X 10-2 

0.0128 1.3 X 10
2 

7.1 X 10
4 1.8 X 10-3 0.073 1.8 X ~04 9.9 X 104 1.8 X 10-1 

0.0220 6.7 X 102 7.7x10
4 8.7 X 10-3 0.073 1.8 X 10

4 
9.9 X 104 1.8 X 10-1 

0.037 4.4 X l03 6.8 X 104 6.5 X 10-2 0.128 3.9 X 104 
6,3 X 104 6,4 X 10-l 

0.073 2.9 X 104 3.9 X 104 7.4 X 10-1 0.128 3.8 X 10
4 5.8 X 104 6.6 X 10-1 ~ 

5.6 X 104 . 1.2 x·104 5.0 X 10° 7.8 X 104 
2.9 X 10

4 2.7 X 10° 
~ 

0.128 0.220 w 
0.220 6.1 X 10

4 1.8 X 103 3.5 X 10
1 

0.220 7,2 X 10
4 

3.4 X 104 2.2 X 10° 

0.37 7.2 X 104 
3.5 X 10

2 2.0 X 102 0.37 8.8 X 104 
1.2 X 10

4 
7.6 X 10° 

0.37 
. 4 

9,2 X 10 "(',5 X 103 1.3 X 10
1 



Table XVI. Extraction of HReo
4 

into TBP and TOPO fran HCl solutions, HRe0
4 = l X 10-

6 ..!:!-' iso-octane duluent 

HC1 TBP org aq HC1 ~ org aq 

2.0 2.0 X 10-l 8.4 X 104 2.2 X 10-6 0.20 -9.0 X 10-1 1.6 X 105 -G. 0 X 10-6 

0. 0220 3.1 X 10° 9.3x10
4 3.1 X 10- 5 0. 0010 2.8 X 10

1 1.6 X 105 1.8 X 10-4 

0.037 6.4 X 10° 8.2 X 10
4 7.6 X 10-5 0. 0020 1.4 X 102 1.8 X 105 8.0 X 10-4 

o.073 4.4 X 101 8.2 X 10
4 5.4 X 10-4 

0. 0035 1.0 X 103 1.8 X 105 5.5 X 10- 3 

0-073 9. 7 X 101 1.6 X 105 6.1 X 10-4 
0. 0060 1.2 X 103 1.3 X 105 8.9 X 10- 3 

0.128 2.5 X 10
2 8.0 X 104 3.1 X 10-3 0. 0060 4.7Xl03 1.2 X 105 3.8 X 10-2 

0.128 8.1 X 102 1. 8 X 105 4.6 X 10-3 0. 0100 3·9 X 10
4 1.2 X 105 3.2 X 10-l 

o.220 1. 7 X 103 8.1 X 10
4 2.1 X 10-2 0.0200 1.0 X 105 8.0 X 104 

l. 3 X 10° 
I-' 
,j:o.. 

o. 37 9.8 X 103 7.9 X 10
4 1.2 X 10-l 0.035 1.6 X 105 2.7 X 10

4 
6.2 X 10° ,j:o.. 

0.060 1. 7 X 105 7.6 X 103 2.2 X 101 

6.0 -5.0 X 10-1 6.7 X 10
4 -7.0 X 10-6 

o. 0220 3.1 X 101 6.5 X 10
4 4.8 X 10-4 

o.037 1.0 X 1.02 6.6 X 104 1.6 X 10-3 

0.073 7.0 X 102 6.5 X 10
4 l.l X 10-2 

o.128 3. 7 X 103 6.0 X 104 6.1 X 10-2 

0.220 1.2 X 104 
3.9 X 10

4 3.1 X 10-1 

0-37 2.3 X 104 1.5 X 10
4 

1.5 X 10° 

o. 73 l.l X 105 1.1 X 10
4 l.l X 101 



Table XVII. Extraction of HAuc1
4 

into TOPO from HCl solutions, CC14 diluent. 

Au HC1 !2!:2 org aq Au HC1 ~ org aq ·D 

1 X 10-6 0.20 2.4 X 101 7,4 X 104 3.2 X 10-4 1 X 10-5 0.05 4. 5 X 10° 4.6 X 104 1.0 X 10-4 

3.8 X 101 1.4 X 105 2.7 X 10-4 
0.020 1.2 X 10

4 2.7 X 104 4. 5 X 10-1 

0.020 8.6 X 104 
1.8 X 10

4 4, 7 X 10° 0.035 2.8 X 10
4 1.6 X 104 1. 7 X 10° 

0.020 7.4 X 104 
2.0 X 10

4 
3.7 X 10° o.o6o 2.5 X 10

4 
2.7 X 103 9.3 X 10° 

0.035 9.5 X 104 3,8 X 103 2.5 X 10
1 

0,100 4.1 X 10
4 

1.5 X 103 2.7 X 10
1 

o.o6o 7.0 X 104 1.0 X 103 7.0 X 10
1 

0.200 4.1 X 10
4 

1.9 X 10
2 2.1 X 102 

0.060 1.0 X 105 9,4 X 102 
1.1 X 10

2 o.4oo 4.3 X 104 
1.8 X 10

1 2.4 X 103 

0.100 1.0 X 105 3.7x10
2 

2.8 X 10
2 

0.100 1.1 X 105 4.3 X 10
2 

2.5 X 10
2 0.20 1.9 X 10

1 
5.0 X 10

4 3.8 X 10- 4 

2 X 10-6 0.05 6.8 X 101 3.7x10
4 1.8 X 10-3 7.1 X 10

1 
1.2 X 105 6.1 X 10-4 

0.0100 3.2 X 104 
1.0 X 10

4 3,2 X 10-1 

0.0050 1.1 X 10
4 6.3 X 104 L7x10-1 

0,020 7,2 X 10
4 

3.2 X 10
4 

2.3 X 10° ..... 
8.0 X 103 6.2 X 10

4 -1 
7.9 X 10

4 
3.6 X 10

4 
2.2 X 10° 0.0050 1.3 X 10 0.020 ,.p.. 

2.4 X 104 
4.0 X 10

4 6.1 X 10-1 
1.4 X 10

4 
7.1 X 103 0 l1l 0,0100 0.020 2.0 X 10 

0.020 4.9 X 104 '4 1.9 X 10 2.5 X 10° 0.020 6,5 X 104 
4.-3 X 10

4 
1. 5 X 10° 

0.050 6.8 X 104 
3·3 X 103 2.1 X 10

1 0.035 1.2 X 105 2.5 X 10
4 4.8 X 10° 

0.100 7.2 X 10
4 3.8 X 102 

1.9 X 10
2 0.035 3.6 X 104 6.6 X 103 5.4 X 10° 

0.200 7.0 X 10
4 

3.0 X 10
1 

2.3 X 103 o.oso 1.3 X 105 9.6 X 103 1.4 X 10
1 

o.4oo 7.5 X 104 
1.3 X 10

1 5.8 X 103 0.060 4.6 X 104 
2.0 X 103 2.3 X 10

1 

0.100 1.1 X 105 1.2 X 103 8.8 X 101 

0.20 7,0 X 101 9.5 X 104 7.1 X 10-4 0,100 1.1 X 105 1.2 X 103 9.0 X 10
1 

0.0100 6.2 X 104 3.9 X 10
4 

1.6 X 10° 0,100 4.9 X 10
4 

5.7xl02 8.6 X 101 

0.020 8.8 X 104 
1.1 X 10

4 
7•9 X 10° 0.200 5,3 X 10

4 
7.8 X 10

1 6.8 X 102 

0.050 1.0 X 105 1,0 X 103 1.0 X 10
2 o.4oo 4.8 X 104 

1.4 X 10
1 3.4 X 103 

0.100 8,1 X 104 
1.1 :X 10

2 7.8 X 102 

0.100 7,7 X 10
4 

1.0 X 10
2 

7,7 X 10
2 



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

Anion M [C1] [A] [A] [Cl] Q XC1 

Acetate 1.095 0.129 1.225 0.966 1.467 0.112 1.27 0.545 
0.547 0.0993 0.995 0. 4118 l. 737 0.122 2.13 0.645 
0.219 0.0645 0.613 0.155 2.079 0.123 3.98 0. 772 
0.1095 0.0443 0.421 0.0652 2.271 0.126 6.46 0.844 
0.0547 0.0293 0.278 0.0254 2.414 0.133 10.9 0.897 
0.0219 0.0150 0.143 0.0069 2.549 0.122 21 0.947 

Formate 1.054 0.1455 1.382 0.909 1.310 0.170 1.53 0.487 
0.527 0.1135 1.078 0.413 1.614 0.184 2.62 o.6oo 
0.211 0.0720 0.684 0.139 2.008 0.175 4.96 0. 746 
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 0.2iO 15.4 0.885 
0.0211 0.0162 0.153 0.0049 2.538 0.20 31 0.943 

Butyrate 1.074 0.161 1.530 0.913 1.162 0.232 1.68 0.432 -0.537 0.123 1.169 0.414 1.523 0.228 2.82 0.566 *"' 0' 
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 0.0042 2.528 0.27 39 0.937 

Trimethylacetate 1.116 0.18o 1.710 0.936 0.982 0.335 1.83 0.365 
0.558 0.142 1.349 0.416 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 0.78o 

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 0.34 46 0.935 
Trimethylacetate 1.116 0.1742 1.655 0.946 1.037 0.293 1.75 0.385 

(repeat run) 0.558 0.1355 1.287 0.422 L4o5 0.295 3.06 0.522 

0.223 0.0902 0.857 0.133 0.1835 0.318 6.47 ·o.682 

0.1116 0.0612 0.575 0.0504 2.lll 0.327 11.3 0. 784 

0.0558 0.0)88 0.368 0.0170. 2.323 0.362 21.7 0.863 

0.0223 0.0185 0.176 0.0038 2.516 0.34 46 0.935 



Table XVIII (Continued) 

Anion M [C1] [A] [A] [Cl] Q D XC1 

Valerate 1.158 0.193 1.834 0.965 0.858 0.427 1.90 0.319 
0.579 0.155 1.473 0.424 1.219 0.442 3.47 0.453 
0.232 0.1005 0.955 0.132 1.737 0.420 7.26 0.645 
0.1158 0.0685 0.651 0.0473 2.041 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 0.44 55 0.930 

Caproate 1.063 0.207 1.966 0.856 0.726 0.654 2.3Q 0.270 
0.532 0.175 1.662 0.357 1.030 0.792 4.66 0.383 
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 0.427 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 2.014 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 0.284 -0.213 0.144 1.370 0.069 1.322 2.17 19.9 0.491 

,j::. 
-I 

0.1068 0.0877 0.833 0.0189 1.859 2.08 44 0.691 I 
0.0533 0.0478 0.454 0.0055 2.238 1.76 83 0.831 
0.0213 0.0197 0.187 0.0016 2.505 0.9 120 0.931 

Trich1oroacetate 1.071 0.277 . 2.631 0.794 0.061 15.1 3·3 0.023 

0.536 0.266 2.527 0.270 0.165 15.1 9·4 0.061 

0.214 0.179 1.700 0.035 0.992 8.8 49 0.369 
0.1071 0.0947 0.900 0.0124 1.792 3.8 73 0.666 

0.0536 0.0485 0.461 0.0051 2.231 2.0 90 0.829 

0.0214 0.0201 0.191 0.0013 2.501 1.2 150 0.929 



Table XIX. Preparation of raCiochemical tracers. 

Tracer T a 
~ 

Chemical form Source Processing 

H3 (T) 12.26 y T H 0 LRL l'Hl dissolved in distilled H
2

0 

Be7 
X y 

53 BeC1
2 

in HCl NSEC 
Na22 2.6 y NaCl in H

2
oc NSEC 

. Na24 15.0 h NaHco
3 

LPTR dissolved in distilled H
2

0 
Sc46 85 ScC1

3 
in HCl ORNL evaporated to dryness and dissolved in HC10

4 
Cr51 27 CrC1

3 
in HCl ORNL evaporated to dryness with HCl04 and dissolved 

in HCl04, allowed to stand for two weeks before 
use to permit Cl-H

2
o exchange 

Cr(Clo
4

)
3 

GETR dissolved in HClOk' treated with H2o2 to 
reduce Cr 

2
o
7 
=, an boiled to remove excess 

H202 

cro
3 

GETR same as above 

Fe 59 45 Fe filings GETR dissolved in HClO~, evaporated to dryness, and 
redissolved in HC o

4 
Fe2(so4 )

3 
GETR dissolved in HCl04, treated with ~s2o8 to 

oxidize Fe(II), and boiled to de.compose 
excess K

2
s

2
o

8 -Rb86 19.6 d RbN0
3 

LPTR dissolved in distilled H
2

o ~ 

GETR 00 
rl31 Nai in H

2
0c 

I 
8.05 d ORNL 

Csl37 30 y CsCl in H
2
oc LRL HC none 

cs
2
so

4 
in H

2
0c 

a Ref. 62. 

b LRL B--0 - Lawrence Radiation Laboratory, Bio-Organic Group 

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

LPI'R -Material irradiated at Livermore Pool-Type Reactor, Lawrence Radiation Laboratory, 
Livermore, Calif. 

ORNL - Oak Ridge National Laboratory, Oak Ridge, Tenn. 

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

LRL HC - Lawrence Radiation Laboratory Health Chemistry Source Preparation Department. 

c Carrier-free isotope 



Table XX. Description of, Ion-exchange columns. 
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Table XXI. Limiting equivalent conductivities of anions ana dis!:>'ociation 

constants of parent acids. 

Anion 

F 

Cl 

Br 

I 

ClO -
4 

HC0
2 

CH
3
co2 

CH
3

cH
2
co

2
-

CH3(cH2)2co2-
CH

3
(cH2)

3
co2-

CC1H2co2-
CC12Hco2-

CC13co2-
C10 -

3 
Bro

3
-

ro3 
NO -

2 
NO -

3 
C10-

Br0 

IO 

a 
Ref. 144 

b 
Ref. 145 

c 
Ref. 146 

d 
Ref. 141 

55.4 

76.4 

78.1 

76.8 

61.4 
54.6 

40.9 

35.8 

32.6 

b 
39145 

b 
38.5145 

37145b 

64.6 

55·7 
39.4b 

62.b 

71.5 

' a 
K of parent acid 

a 
~,c 

6.7 X 10"''+ 

strong 

strong 

strong 

strong 
' .... ' -4 
1.,77 X 10 

1.76 X 10-5 

Jl~34 X 10-5 

l. 51 X l0-5 

~1.~38 X '10·'-5 

-:1.;38 X '10·-3 

strong 

strong 

1d 
1.67 X 10- d 

. 146 
4.5 X 10 ; 

strong 
-8 

3.2 X 10, 
~9 2.1 X 10 

10-11 



Table XXII. Resin: Dowex·50W. Eluting solution: LiCl04. Column 1. 

Tracer M vol volcor volH,O vo1 VOIHzO D(M) D(m) cor 

Na 0.100 0.109 71.9 70,5 69.6 169 166 64 64 

0.222 0.227 34.0 32.6 32.1 79 77 29-9 29.2 

0.400 0.407 19-3 16.2 17-9 44 43 16.7 16.3 

0.443 0.450 1.7.0 15.9 15.6 36 37 14.4 14.0 

0.443 0.450 16.5 15.4 15.2 37 36 14.0 13.6 

0.886 0.920 7.6 6.6 6.4 15.6 15.4 6.0 5.6 

0.866 0.920 6.1 7.1 6.6 17.0 16.3 6.4 6.2 

1.17 1.92 3-7. 3-9 3.6 9.4 8.6 J.6 3-3 

1. 77 1.92 3. 7 3.6 3:5 9-1 6.4 J.4 3-2 

3.54 4.20 2.3 1.5 1.3 3.6 3-1 1.4 1.2 

3-54 4.20 2.1 1.4 1.2 J.4 2.9 1.3 1.1 

Rb O.lo8 0.109 275 274 271 660 650 250 246 ...... 
0.222 o.zzi 137 136 133 330 320 125 121 U1 

...... 
0.400 0.407 69.0 67.9 66.7 163 160 62 61 I 

C• . 0.106 0.109 420 419 415 1010 l.OOO 360 380 

0.400 0.407 67.6 66.5 65.0 2o8 204 79 77 
0.443 0.450 76.0 74-9 73-7 160 177 68 67 

0.443 0.450 68.0 66.9 65.6 161 156 61 60 

0.886 0.920 21.4 20.4 19.6 49 47 16.6 17.6 

0.886 0.920 22.4 21.4 20.6 51 49 19.3 16.6 

1.17 1.92 5-2 5-3 4.9 12.7 11.6 4.6 4.5 

1. 77 1.92 5.2 5.4 5.0 13.0 12.0 4.9 4.5 

3.54 4.20 1.6 0.6 0.7 1.9 1.7 0.7 0.6 

3-54 4.20 1.5 o.$ o. 7 1.9 1.7 0.7 0.6 



Table XXIII. Resin: Dowex-50W. Eluting solution: HC104. Colunm 1 

Tracer M vo1 vo1 cor vo1H,O vo1 cor vo1H,O D(M} D(m} 

Na 0.100 0.100 63.4 62.0 62.0 i49 149 56 56 
o.4oo 0.407 16.9 15.8 15.5 38 37 14.4 14.0 

o.4oo 0.407 17.8 16.7 16.4 40 39 15.2 14.8 

0.420 0.427 17.6 16.5 16.2 40 39 15.2 14.8 

0.630 0.647 11.6 10.6 10.3 25.4 24.7 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 14.4 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.}1 3.4 2.6 2.4 6.2 5.8 2. 3 2.2 

Rb 0.100 0.100 224 223 223 540 540 205 205 

0.400 0.407 52.4 51.3 50.4 123 121 47 46 ...... 
'.1.400 0.407 53·3 52.2 51.3 125 123 47 47 (J1 
0.420 0.427 52.0 50.9 50.1 122 120 46 45 N 
0.630 0.647 29.6 28.6 27.8 69 67 26.2 25.4 I 

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 0.100 420 419 419 980 980 370 370 

o.4oo 0.400 64.9 63.8 62.7 153 150 58 57 
o.4oo 0.407 67.6 66.5 65.4 160 157 61 60 

0.420 0.427 66.5 65.4 64.3 157 154 60 58 

0.630 0.647 35· 5 34.5 33.6 83 81 31 31 

1.05 1.10 13.3 12.4 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 



Table XXIII. (Conv.;.,.lued) Column 5· 

Tracer M vo1 vo1 cor vo1HzO ""i3I cor vo1HzO D(M) D(m) 

!fa 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 5-7 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 4.2 2. 3 1.9 0.9 o. 7 

6.30 8. 56 7-1 3-7 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 o. 5 

8.40 12.9 5.4 2.1 1.4 0.9 0.6 0.3 0.2 

8.40 12.9 5-2 1.9 1.2 0.9 o. 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 11.4 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 U1 
4.20 5-o8 5-3 1.6 1.3 o. 7 0.6 0.3 0.2 vv 
4.20 5.08 1.6 

I 
5-3 1.3 o. 7 0.7 0.3 0.2 

6.30 8. 56 4.6 1.1 o.8 0.5 0.4 0.2 0.2 

6.30 8. 56 4.6 1.2 0.9 0. 5 0.4 0.2 o. 2 

8.40 12.9 3-5 0.2 0.1 0.1 0.1 0.0 0.0 

8.40 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 



Table XXIV. Resin: Dowex-50W. Eluting solution: LiN0
3

. Column l. 

Tracer M vel vel cor volH20 vol 
cor V01H20 D(M) D(m) 

Na 0.100 0.100 71.4 70.0 70.0 168 168 64 64 

0. 400 0.406 17.6 16.5 16.2 40 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 l. 75 4.41 3-5 3-3 8.4 7-9 3.2 3.0 
1.63 l. 75 4.32 3-5 3-3 8.4 7-9 3-2 3-0 

Rb 0.100 0.100 308 307 307 740 740 28o 28o 

Cs 0.100 0.100 502 501 501 1200 1200 450 450 
0.400 0.406 102 101 100 242 239 92 91 
0.830 0.852 34.9 33-9 33.0 81 79 31 30 
0.830 0.852 35.6 34.1 33-7 83 81 31 31 

1.63 l. 75 14.4 13.5 12.6 32 30 12.1 11.4 

1.63 1. 75 14.2 13-3 12.4 32 30 12.1 11.4 

Column 5 
I 

Na 1.63 l. 75 26.4 22.1 20.6 9-9 9-3 3-8 3-5 ,:... 
1.63 l. 75 25.6 21.3 19.8 9.6 8.9 3-6 3-4 \.rl 
3-25 3-63 11.0 7-1 6.4 3.2 2.9 1.2 1.1 

""'" I 
3-25 3-63 11.0 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 o. 4 

8.18 11.1 6.03 2. 7 2.0 1.2 0.9 0.5 0.3 

8.16 11.1 5-71 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 l. 75 92.9 88.6 82.5 40 37 15.2 14.0 

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 4.1 3-3 1.8 1.5 0. 7 0.6 

8.16 11.1 6.35 3.1 2.3 1.4 1.0 0.5 0.4 

8.16 11.1 6.19 2.9 2.1 1.3 0.9 0.5 0.3 



Table XXV. Resin: Dowex·50W. Eluting solution: mro
3

. Column l. 

Tracer M vo1 vo1 cor vo1H20 v~1 cor VOTH20 D(M) D(m) 

Na 0.100 0.100 61.2 59.8 59.8 144 144 55 55 
0.400 0.405 18.1 17.0 16.8 41 40 15.5 15.2 

0.400 0.405 17.6 16.5 16.3 '40 39 15.2 14.8 

0.495 Q.503 13.7 12.6 12.4 30 30 11.4 ll.1 

0.496 0.504 16.8 15.7 15.4 38 37 14.4 14.0 

0.496 0.504 16.8 15.7 15.4' 38 37 14.4 14.0 

0.992 1.03 7.9 7.0 6.7 16.8 16.1 6.4 6.1 

0.992 1.03 8.7 7· 7 7.4 18.5 17.8 7·0 6.7 

l.OO 1.04 6.68 5. 7 5.5 13.7 13.2 5.2 5.0 

l.OO 1.04 6.52 5.6 5.4 13.4 13.0 5.1 4.9 

1.92 2.07 2.80 2.0 1.9 4.8 4.6 1.8 1.7 

1.92 2.07 2.80 2.0 1.9 4.8 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 2.6o 1.8 1.6 4.3 3.8 1.6 1.4 

6.05 7·40 1.60 0.9 0.7 2.2 1.7 0.8 0.6 ,_;. 

6.05 7.40 1.67 1.0 0.8 2.4 1.9 0.9 0.7 U'1 

8.05 10.8 1.64 1.0 0.7 2.4 0.6 
U'1 

1.7 0.9 

8.05 10.8 1.55 0.9 0.7 2.2 1.7 0.8 0.6 

10.1 15.2 l. 74 1.1 0.7 2.6 1.7 1.0 0.6 

10.1 15.2 l. 74 1.1 0.7 2.6 1.7 1.0 0.6 

14.0 26.5 2.25 1.6 0.8 3·8 1.9 1.4 0.7 

14.0 26.5 2.23 1.6 0.8 3·8 1.9 1.4 0.7 

Rb 0.100 0.100 246.0 245.0 245.0 590.0 590.0 224.0 224.0 

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 15~.0 149.0 57.0 56.0 



Table XXV. (Continued) 

Tracer M vol vol VO'Jr20 vol volH20 D(M) D(m) cor cor 

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 84.1 204 202 77 77 
0.495 0.503 61.5 60.4 59.4 145 143 55 54 
0.496 0.504 59-5 58.4 57-5 140 138 53 52 

0.496 0.504 59-5 58.4 57-5 140 138 53 52 

0.992 1.03 23.4 22.4 21.6 54 52 20.4 19.7 

0.992 1.03 24.4 23.4 22.5 56 54 21.2 10.4 

1.00 1.04 22.9 21.9 21.1 53 51 20.1 19.3 

1.00 1.04 22.8 21.9 21.1 53 51 20.1 19.3 

1.92 2.07 5.4 4.6 4.3 11.0 10.3 4. 2 3-9 -1.92 2.07 5.4 4.6 4.3 ll.O 10.3 4.2 3-9 l1l 
2.02 2.18 7.44 6.6 6.1 15.8 14.6 6.0 5. 5 0' 
2.02 2.18 7-32 6.5 6.0 15.6 14.4 5.9 5. 5 

2-93 3-25 4.24 3-5 3.2 8.4 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 7-40 l.6o 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 1.29 0.6 0.4 1.4 l.O 0.5 0. 4 

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 0.4 1.4 1.0 0.5 0.4 

14.0 26.5 1.09 0.5 0.3 1.2 0.7 o. 5 0.3 

14.0 26.5 1.14 0.5 0.3 1.2 0. 7 0. 5 0.3 



Table XXV (Continued) Colurrm. 5-

Tracer M vo1 vo1cor vo~20 vo1 cor vo~20 D(M) D(m) 

Na 1.92 2.07 19.1 14.9 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 1· 7 6.5 3·5 2.9 1.3 1.1 

3.84 4.55 11.9 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 

4.96 5.83 9.5 5.9 5.0 2. 7 2.2 1.0 o.8 

6.05 7.40 8.9 5.4 4.4 2.4 2.0 0.9 0.8 

6.05 7.40 8.9 5.4 4.4 2.4 2.0 0.9 0.8 

8.07 10.9 8.4 5.1 3.8 2.3 1.7 0.9 o.6 

8.07 10.9 8.6 5.3 4.0 2.4 1.8 0.9 o. 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 l.O 0.7 

14.0 26.5 14.1 11.1 5.9 5.0 2. 7 1.9 1.0 -Rb 1.92 2.07 39· 7 35· 5 32.9 16.0 14.8 6.1 5·6 U1 
1.92 2.07 40.4 36.2 33.6 16.3 15.1 6.2 5· 7 -J 

I 
3.84· 4.55 14.0 10.2 8.6 4.6 3.9 1.7 1.5 

3.84 4.55 14.4 10.6 8.9 4.8 4.0 1.8 1.5 

4.96 5.83 10.6 7.0 6.0 3.2 2. 7 1.2 l.O 

4.96 5.83 10.2 6.6 5.6 3.0 2.5 1.1 0.9 

6.05 7·'40 8.5 5.0 4.1 2.2 1.8 0.8 o. 7 

6.05 6.40. 8.3 4.8 3.9 2.2 1.8 0.8 o. 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 l.O 0.6 0.4 

10.1 15.2 6. 4 3.2 2.1 1.4 0.9 0.5 0.3 

14.1 26.5 7.2 4.2 2.2 1.9 l.O 0.7 0.3 



Table XXVI. Resin: D6wex-50W. Eluting solution: LiCl. Column l. 

Tracer M vol vo1 cor volH20 vol vo"a2o D(M) D(m) cor 

Na 0.100 0.100 75-9 72.4 72.4 174 174 66 66 

0.318 0.320 28.6 27.5 27-3 66 66 25.0 25.0 

0.318 0.320 24.6 23-5 23-3 56 56 21.2 21.2 

Q.4oo 0.402 19.5 18.4 18.3 44 44 16.7 16.7 
o~. 4oo 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-l 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 4.6 1.8 1.7 

3-53 3-77 2.84 2.1 2.0 5·0 4.8 1.9 1.8 

7.06 8.29 1.80 l.l 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 j...... 

7.06 8.29 l. 75 1.1 0.9 2.6 2. 2 1.0 0.8 01 
9-41 11.7 1.47 0.8 0.6 1.9 1.4 0.7 0.5 00 

9.41 11.7 l. 53 0.9 0.7 2.2 1.7 0.8 0.6 

9.41 ll. 7 l. 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 

11.3 15.2 1.26 0.6 0.4 1.4 l.O 0.5 0.4 

Rb 0.100 0.100 337 336 336 810 810 307 307 

0.318 0.)20 131.6 130 129 310 310 117 117 

0.318 0.)20 117.6 116 115 278 276 105 105 

0.400 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 78 78 29.6 29.2 

3.18 3-36 7-9 7-l 6. 7 17.0 16.1 6.4 6.1 

3-18 3.36 7-9 7.1 6. 7 17.0 16.1 6.4 6.1 



Table XXVI. (Continued). 

Tracer M vo1 vo1 cor volH20 vo1 cor V0"'20 D(M) D(m) 

Cs 0.100 0.100 521 520 520 1250 1250 474 474 

0.4o0 0.402 126 125 124 300 300 114 114 

0.400 0.402 123 122 121 293 290 111 110 

11.3 15.2 1.26 0.6 0.4 1.4 1.0 0.5 0.4 

11.3 15.2 1.32 0.7 0.5 1.7 1.2 0.6 0.5 

11.3 15.2 1.32 o. 7 0.5 1.7 1.2 0.6 0.5 

Column 4 

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 12.1 . 6.1 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 7.34 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 -lTI 
10.6 13.8 6.8 3.9 3.0 1.9 1.4 0.7 0.5 ...a· 
10.6 13.8 6.8 3.9 3.0 1.9 1.4 0.7 0.5 I 

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 41.3 37· 7 35.7 18.1 17.1 6.9 6.5 

3.18 3.36 41.7 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 4.9 4.3 1.9 1.6 

6.36 7·34 13.7 10.5 9.1 5.0 4.4 1.9 1.7 

6.36 7.34 13.8 10.6 9. 2 5.1 4.4 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 1.4 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 5.4 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 



Table XXVII. Resin: DoYex-50W. Eluting solution: HCl. Colwnn 1. 

Tracer M vo1 vo1 cor vo1":,0 Vcil cor vo1":,0 
D(M) D(m) 

'\,. 

Na 0.100 0.100 68-7 67.3 67-3 162 162 61 61 

o. 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 49 49 18.6 18.6 

0.400 0.402 18.7 17-6 17-5 42 42 15-9 15.9 

1.00 1.01 7-3 6.4 6. 3 15-4 15-3 5.8 5.8 

LOO L01 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 4.20 3-3 3.2 7·9 7. 7 3-0 2.9 

5-74 6.45 2-23 L5 L3 3-6 3-1 L4 L2 

5-74 6.45 2.18 L5 L3 3-6 3.1 L4 L2 

11.2 14.8 3.04 2.4 1.8 5.8 4. 3 2. 2 L6 

11.2 14.8 2.96 2.4 L8 5.8 4. 3 2. 2 1.6 

11.2 14.8 2-96 2.4 1.8 5.8 4. 3 2. 2 1.6 

Na" 2.00 2.o6 4. 30 3.4 3. 3 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 0' 
5. 74 6.45 2.27 1.6 1.4 3.8 3.4 1.4 1.3 0 

11.2 14.8 3·19 2.6 2.0 6.2 4.8 2. 3 1.8 i 
ll.2 14.8 3·23 2.6 2.0 6.2 4.8 2. 3 1.8 

ll.2 14.8 3·23 2.6 2.0 6.2 4.8 2. 3 1.8 

Rb 0.100 0.100 240 239 239 570 570 216 216 

0.350 0.352 78.0 76.9 76.5 185 184 70 70 
0.350· 0-352 80.6 79· 5 79.0 191 190 72 72 
o.4oo 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 23.4 57 56 21.6 21.4 

Cs 0.100 0.100 353 352 352 840 840 320 320 
0.400 0.402 96 95 95 228 228 86 86 



Table XXVII. (Continued ) Column 2 

Tracer M vo1 vo1 cor vo1"z0 vo1 cor vo1"zO D(M) D(m) 

Cs 1.00 1.01 93·8 91.6 90.7 92 91 35 35 
l. 00 1.01 94.4 92.2 91.3 92 91 35 35 
1.00 1.01 81.9 79.7 78.9 80 79 30 30 
4.15 4.49 10.8 9.1 8.4 9.1 8.4 3.4 3· 2 
4.15 4.49 11.1 9.4 8. 7 9.4 8. 7 3.6 3· 3 
4.15 4.49 13.0 11.7 10.8 ll. 7 10.8 4.4 4.1 

6.92 8.02 4.94 3.4 2.9 3.4 2.9 1.3 1.1 

6.92 8.02 4.94 3.4 2.9 3.4 2.9 1.3 1.1 

8.95 11.0 4.11 2.6 2.1 2.6 2.1 1.0 0.8 

8.95 11.0 4.35 2.8 2. 3 2.8 2. 3 1.1 0.9 

8.95 11.0 4. 35 2.9 2.4 2.9 2.4 1.1 0.9 

11.2 14.8 3·15 1.9 1.4 1.9 1.4 o. 7 o. 5 

11.2 14.8 3.02 1.7 1.3 1.7 1.3 0.6 o. 5 ...... 
11.2 14.8 3.05 1.7 1.3 1.7 1. 3 0.6 o. 5 0" 
11.2 14.8 3.2 1.8 1.4 1.8 1.4 0. 7 0. 5 ...... 
11.2 14.8 3· 3 1.9 1.4 1.9 1.4 0. 7 0. 5 

I 

11.2 14.8 3.1 1.7 1.3 1.7 1.3 0.6 0. 5 

e..rracer Na dissolved in ll. 2 M HCl saturated with carrier NaClj sample for elution was a total of 2 x 10-5 nunole NaC1. 



Table XXVII. (Continued) Column 2 

Tracer M vo1 vo1 cor vo1~0 vo1 cor vo1~0 D(M) D(m) 

Na 1.00 1.01 17.2 15.0 14.9 15.0 14.9 5-7 5.6 

1.00 1.01 17-9 15.7 15.6 15.7 15.6 6.0 5-9 
1.00 1.01 17.3 15-l 15-0 15.1 15.0 5. 7 5-7 
4.15 4.49 5.6 3-9 3.6 3-9 3.6 1.5 1.4 

4.15 4.49 5-9 4.2 3-9 4. 2 3-9 1.6 1.5 
4.15 4.49 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 5' 51 3-9 3-4 3-9 3.4 1.5 1.3 

6.92 8.02 5-51 3-9 3-4 3-9 3-4 1.5 1.3 

6.92 8.02 5.4o 3-8 3-3 3-8 3-3 1.4 1.3 

8.95 11.0 6.48 5-0 4.1 5.0 4.1 1.9 1.6 
I 

8.95 11.0 6.48 5.0 4.1 5.0 4.1 1.9 1.6 -8.95 11.0 6.48 5.0 4.1 5.0 4.1 1.9 1.6 0' 
11.2 14.8 7.08 5-7 4.4 5. 7 4.4 2. 2 1.7 N 
11.2 14.8 6. 71 5-3 4.0 5-3 4.0 2.0 1.5 I 

11.2 14.8 6.90 5-5 4.2 5-5 4. 2 2.1 1.6 

11.2 14.8 7.8 6.4 4.8 6.4 4.8 2.4 1.8 

11.2 14.8 7-4 6.0 4. 5 6.0 4. 5 2. 3 1.7 

11.2 14.8 7-7 6.3 4.8 6.3 4.8 2.4 1.8 

Rb 4.15 4.49 11.0 9-3 8.6 9-3 8.6 3-5 3· 3 
4.15 4.49 11.4 g. 7 g.o g. 7 g.o 3-7 3-4 

4.15 4.49 11.3 9-6 8.9 9.6 8.9 3.6 3-4 

6.92 8.02 6.64 5-1 4.4 5-1 4.4 1.9 1.7 

6.92 8.02 7-07 5-5 4. 7 5-5 4. 7 2.1 1.8 

6.92 8.02 7-07 5-5 4.7 5-5 4. 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 4. 5 3-7 4. 5 3· 7 1.7 1.4 

8.95 il.O 5-76 4·. 3 3-5 4.3 3-5 1.6 1.3 

11.2 14.8 4.34 3-0 2.2 3-0 2.2 1.1 0.8 

11.2 14.8 4.34 3-0 2.2 3-0 2.2 1.1 0.8 

11.2 14.8 4.56 3.2 2.4 3.2 2.4 1.2 0.9 



Table XXVIII. Resin: Dowex-50W. Eluting Solution: CsCl. Column 1. 

--

Tracer M vol vol volH,O vel volH,O D(M) D(m) 
cor cor 

Na 0.100 0.100 44.2 42.8 42.8 103 103 39 39 

0.279 0.282 17.2 16.0 15.8 38 38 14.4 14.4 

0.279 0.282 16.7 15.5 15.3 37 37 14.0 14.0 

0.279 0.282 16.7 15.5 15.3 37 37 14.0 14.0 

0.400 0.410 10.9 9.8 9-6 23.5 23.0 8.9 8. 7 

0.400 0.410 11.2 10.1 9.8 24.2 23.5 9-2 8.9 

Lll 1.16 4.9 4.0 3.8 9.6 9-1 3.6 3.4 

l.ll 1.16 4.9 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 17.1 42 41 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 
I 

o.4oo 0.410 12.9 u.s 11.5 28.3 27.6 10.7 10.5 ..... 
0.400 0.410 12.8 11.7 11.4 28.0 27-4 10.6 10.4 0' 
1.11 1.16 5.1 4.2 4.0 10.1 9.6 3.8 3.6 w 
1.11 1.16 5.1 4.2 4.0 10.1 9.6 3.8 3.6 I 

Cs 0.100 0.100 60.4 59.0 59.0 142 142 54 54 

Column 2 

Na 6.92 10.0 3-7 2.1 1.4 2.1 1.4 0.8 o. 5 

6.92 10.0 3-7 2.1 1.4 2.1 1.4 0.8 o. 5 

6.92 10.0 3-7 2.1 1.4 2.1 1.4 0.8 0. 5 

6.92 10.0 3-6 2.0 1.4 2.0 1.4 0.8 o. 5 

6.92 10.0 3.6 2.0 1.4 2.0 1.4 0.8 0.5 

Rb 6.92 10.0 4.2 2.6 1.8 2.6 1.8 1.0 0.7 

6.92 10.0 4.0 2.4 1.7 2.4 1.7 0.9 0.6 

6.92 10.0 4.1 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 4.0 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 o.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 



Table XXVIII. (Continued) Colunm 3 

Tracer M vo1 vo1 cor vo1H,O VOl cor vo1~0 D(M) D(m) 

Na 1.11 1.16 19.2 15.7 15.0 8.6 8. 3 3· 3 3.1 
l.ll 1.16 18.9 15.4 14.7 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 

4.65 5.83 7.07 4.4 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 o. 7 
5.81 7.80 6.88 4. 3 3.2 2.4 1.8 0.9 o. 7 

,_. 
5.81 7.80 6. 50 3·9 2.9 2.1 1.6 0.8 0.6 0' 

~ 
7.26 10.1 6.77 4.3 3.1 2.4 1.7 0.9 0.6 I 
7.26 10.1 6.83 4. 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 

1.11 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 1.4 1.3 
4.65 5.83 7.64 4.9 3·9 2. 7 2.1 1.0 0.8 

5.81 7.80 7·44 4.8 3.6 2.6 2.0 0.9 0.8 

5.81 7.80 7.13 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 7.42 4.9 3.5 2. 7 1.9 1.0 o. 7 



Table XXIX. Resin: Dowex·50W. Eluting solution: LiAc. Column l!L 

Tracer M vo1 vo1 cor vo1"<;0 vo1 VOI"<;o D(M) D(m) cor 

Na 0.104 0.104. 216 216 82 82 
0. 314 0.317 74 73 28.0 27.7 
0.664 0.674 29.7 29-3 11.3 11.1 

l. 36 1.44 13.7 12.9 5.2 4.9 
l. 36 1.44 9. 50 8.60 8.12 16.3 15.4 6.2 5.8 
1.36 1.44 9-50 8.60 8.12 16.3 15.4 6.2 5.8 
2. 76 2.98 6.19 5· 39 4.99 10.2 9-5 3-9 3.6 
2. 76 2.98 6.19 5-39 4.99 10.2 9-5 3-9 3.6 
4.16 4.65 5-09 4. 34 3.88 8.2 7.4 3.1 2.8 
4.16 4.65 5-13 .4. 38 3-92 8.3 7-4 3.2 2.8 

5-56 6.70 4.74 4.02 3-34 7.6 6. 3 2.9 2.4 

5-56 6.70 4.78 4.06 3-38 7-7 6.4 2.9 2.4 

Cs 0.104 0.104 1610 1610 610 610 ~ 

0' 
0.314 0.317 500 500 190 188 Ul 
0.664 0.674 234 231 89 88 I 
i.36 1.44 116 110 44 42 

l. 36 1.44 65.5 65.4 61.8 124 117 47 44 

l. 36 1.44 67.5 67.4 63.7 128 121 49 46 
2. 76 2.98 38.3 38.2 25.4 73 67 27.7 25.5 
2. 76 2.98 28.9 28.8 26.0 74 58 28.1 25-9 
4.16 4.65 28.6 28.5 25.5 54 48 20.5 18.2 

4.16 4.65 28.6 28.5 25.5 54 48 20.5 18.2 

5· 56 6. 70 26.5 26.4 21.9. 50 42 19.0 16.0 

5-56 6. 70 26.5 26.4 21.9 50 42 19.0 16.0 



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

Na tracer s racer 
BX M c 

0 
c a 

c res c 
0 

c c 
res a 

LiAc 0.104 1.4 X 105 1·9 X 10
4 6.2 X 104 

8.2 X 10
1 4.9 X 105 6.9 X 104 4.2 X 105 6.1 X 102 

0.314 1.4 X 105 1.1 X 105 3.1 X 10
4 

2.8 X 101 4.8 X 105 1.6 X 105 3.2 X 105 2 
1.9 X 10 

0.664 1.3 X 105 1.1 X 105 1.3 X 104 1.1 X 101 
8.0 X 10

5 
4.2 X 105 3.8 X 105 8.9 X 10

1 

1.36 1.5 X 105 1.4 X 105 7-3 X 103 5.2 X 10° 5·5 X 105 3.8 X 105 1.7 X 105 4.4 X 101 

0.174 1.6 X 105 5.2 X 103 1.6 X 105 3.1 X 103 4.3 X 105 2.0 X 103 4.3 X 105 4 HAc 2.1 X 10 

0.435 1.4 X 105 6.1 X 103 1.4 X 105 2.2 X 103 4.8 X 105 3.8 X 103 4.8 X 105 1.3 X 104 

0.870 1.4 X 105 7.6 X 103 1·.3 X 105 L7_x.io3 5.2 X 105 5.6 X 103 5.2 X 105 9.2 X 103 

1. 74 1.6 X 105 1.0 X 10
4 

1.5 X 105 1.4 X 103 5.4 X 105 7.4 X 10
3 

5.3 X 105 7.2 X 103 

4.35 1.1 X 105 8.1 X 103 1.0 X 105 1.3 X 103 4.8 X 105 9.8 X 103 4.7 X 105 4.8 X 103 I 

1.6 X 105 3 1.5 X 105 1.5 X 103 5·3 X 105 1.2 X 104 5.2 X 105 4.3 X 103 ...... 
8.70 9·9 X 10 0' 

13.0 1.3 X 105 4.6 X 103 1.3 X 105 2.7 X 103 5.1 X 105 9.0 X 103 5.0 X 105 5.5 X 103 0' 
17.4 1.1 X 105 1.3 X 102 1.1 X 105 8.4 X 104 

3.1 X 105 2.1 X 102 3.1 X 105 1.5 X 105 I 



Table XXXI. Distribution of alkali tracers between Dowex-50W and 0.1 ~ salt and acid solutions. 

Na tracer Rb tracer Cs tracer 

BX M c 
0 caq c res D c 

0 caq c 
res c 

0 
c c res D aq 

CsCl 0.100 L7X10
6 1.4 X 106 

3.1 X 105 2) 7.1 X 10
4 5.4 X 104 

1.7 X 10
4 )1 5.1 X 104 ).7Xl04 1.4 X 104 

37 
HC104 

0.100 1.6 X 10
6 

1.1 X 10
6 

5·7 X 105 53 6.2 X 10
4 2.2 X 104 4.0 X 104 188 5·9 X 10

4 
1.5 X 104 4.4 X 104 

297 
6 6 6.4 X 105 4.9 X 104 1.6 X 104 3.3 X 104 

6.2 X 10~ 1.6 X 10
4 4.6 X 104 

HN03 
0.100 1.9 X 10 1.3 X 10 51 207 294 

HCl 0.100 1. 7 X 10
6 

1.1 X 10
6 6.4 X 105 58 6.9 X 104 

2.3 X 10
4 4.6 X 104 202 5.2 X 10 1.1 X 10

4 4.1 X 10
4 

)53 

0.108 1.9 X 106 
1.2 X 10

6 7.) X 105 60 5·9 X 10
4 

1.8 X 10
4 

4.1 X 104 5.3 X 104 
1.2 X 10

4 
4.1 X 10 

4 
LiCl04 231 359 

2.1 X 10
6 6 

7·9 X 105 4.7 X 104 1.3 X ,104 3.4 X 104 6.6 X 104 1.3 X 104 5.3 X 104 
LiNO) 0.100 1.3 X 10 6o 259 422 

LiCl 0.100 1. 7 X 10
6 1.0 X 10

6 6.7 X 105 64 5-9 X 10
4 

1.5 X 10
4 4.4 X 104 

283 5-5 X 10
4 

1.0 X 104 4.5 X 104 43S -0' 
-J 
I 



Table XXXII. Resin: BioRex 70. Eluting Solution: LiCl0
4

. Column 6 

tracer M vo1 volcor vo'H2o D(M) D(m) 

Na 0.103 0.103 72.2 68.7 68.7 64.2 64.2 

0.103 0.103 72.0 68.5 68.5 64.0 64.0 

0.207 0.210 36.9 33.6 33-1 31.4 30-9 
0.207 0.210 36.2 32-9 32.4 3Q.8 30.3 
0.414 0.4>8 18.3 15.1 14.6 14.1 13.7 
0.414 0.428 18.1 14.9 14.4 13-9 13-5 
1.03 1.08 7-37 4.4 4.2 4.1 3-9 

1.03 1.08 7-36 4.4 4.2 4.1 3-9 
2.07 2.27 4.26 1.4 1.3 1.3 1.2 

2.07 2.27 4.20 1.3 1.2 1.2 1.1 

4.14 5-07 3-32 0.5 0.4 0.5 0.4 

4.14 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' 
0.207 0.210 52.4 .49.1 48.4 45.9 45.3 00 
0.207 0.210 50.0 46.7 46.0 43.6 43.0 I 

0.414 0.428 20.3 17-1 16.5 16.0 15.4 

1.03 1.08 5.8o 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 2.94 0.0 o.o o.o 0.0 

4.14 5-07 2. 74 0.0 o.o o.o 0.0 

4.14 5-07 2-93 0.1 0.1 0.1 0.1 



Table XXXIII . Resin: BioRex 70. Eluting Solution: LJN0
3

. Column 6 

tracer M vo1 volcor vo'H2o D(M) D(m) 

Na 0.106 0.106 71.0 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 o.217 36.3 32.0 31.4 29.9 29.4 

0.520 0.530 13.6 10.5 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 6.95 3.9 3. 7 3.6 3·5 
2.13 2.31 4.32 1.4 1.3 1.3 1.2 

2.13 2.31 4.29 1.4 1.3 1.3 1.2 

4.25 4.86 3.16 o.4 0.3 0.4 0.3 

4.25 4.86 3.10 0.3 0.3 0.3 0.2 

8.51 u.8 3.06 0.3 0.2 0.3 0.2 I 
~ 

"8.51 11.8 3.00 0.3 0.2 0.3 0.2 0' 
Cs 0.106 0.106 125 122 122 n4 114 "' 0.106 0.106 124 121 121 113 113 I 

0.213 0.217 58.6 55·3 54.5 51.7 51.0 

0.213 0.217 59.6 56.3 55·3 52.6 51.7 

0.520 0.530 18.2 15.1 14.8 14.1 13.8 

0.520 0.530 17.8 14.7 14.4 13.7 13.5 

1.06 1.11 7.47 4.5 4.3 4.2 4.0 

1.06 1.11 7.50 4.5 "4.3 4.2 4.0 

2.13 2.31 4.11 1.2 1.1 1.1 1.0 

2.13 2.31 4.00 1.1 1.0 1.0 0.9 

4.25 4.86 2. 79 0.0 0.0 0.0 0.0 

4.25 4.86 2. 76 0.0 0.0 0.0 . 0.0 

8.51 11.8 2.87 0.2 0.1 0.2 0.1 

8.51 11.8 2.84 0.1 0.1 0.1 0.1 



Table XXXIV. Resin: BioRex 70. Eluting Solution: LiCL Column 6 

tracer M vo1 vo1 cor vo""20 D(M) D(m) 

Na 0.135 o.i36 59-4 56.0 55.6 52.4 52.0 
0.:?70 0.272 29-5 29-5 26.0 24.5 24.3 
0.270 0.272 29-5 26.2 26.0 24.5 24.3 
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 4.2 4.1 3-9 3.8 

1.35 1.38 7.2 4.2 4.1 3-9 3.8 
2. 70 2.83 4.77 1.9 1.8 1.8 1.7 
2.70 2.83 4.79 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 
9.4o 11.7 2.92 0.2 0.2 0.2 0.2 

9-4o 11.7 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 2.94 0.3 0.2 0.3 0.2 
Cs 0.135 0.136 105 102 101 95.4 94.4 

,__. 
46.8 46.4 43.8 43.4 

-.] 
0.270 0.272 50.1 

0 
0.270 0.272 50.5 47.2 46.8 44.1 43.8 

0.625 0.630 18.6 15.5 15.4 14.5 14.4 

0.625 0.630 18.6 15.5 15.4 14.5 14.4 

1.35 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 4. 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 

9.4o 11.7 2.83 0.1 0.1 0.1 0.1 

9.4o 11.7 3.06 0.4 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 



Table XXXV. Resin: BioRex 70. Eluting Solution: LiAc. Column 6. 

tracer M val val cor vo'R2o D(M) D(m) 

Na 0.111 0.111 70.4 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 34.4 31.1 3Q.4 29.1 28.4 

0.222 0.237 34-5 31.2 30.5 29.2 28.5 

0.556 0.566 15.6 12.5 12.3 11.7 11.5 

0.556 0.566 15.8 12.7 12.5 11.9 11.7 

1.11 1.16 10.1 7.1 6.8 6.6 6.4 

1.11 1.16 9-9 6.9 6.6 6.5 6.2 

2.22 2.41 6.93 4.0 3· 7 3-7 3-5 
2.22 2.41 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 3-74 5.86 3.0 2. 7 2.8 2.5 ...... 
5.56 6.72 4.95 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 I 

0.111 0.111 135 132 132 123 123 

0.222 0.227 64.4 61.1 59.8 57.1 55·9 
0.222 0.227 64.3 61.0 59· 7 57 .o 55.8 
0.·556 0.566 27.4 24.1 23.7 22.5 22.2 

0-556 0.566 28.2 24.9 24.5 23-3 22.9 

1.11 1.16 17-1 14.1 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.~2 2.41 10.2 7-3 6.7 6.8 6.3 

3.34 3.74 8.95 5.6 5.0 5.2 4.7 

3-34 3-74 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 



Table XXXVI. Resin: Dowex-50W. Tracer: Be. Column 1 

eluant M vo1 vo1 vo1 
cor H20 vo1 cor vo'H2o D(M) D(m) 

HC10
4 o.4oo o.4o7 110 109 107 262 257 99 97 

o.4oo o.4o7 114 113 111 271 266 103 101 

0.633 0.647 52.6 51.6 50.2 124 120 47 45 

0.630 o.647 49.0 48.0 46.7 115 112 44 42 

1.05 1.10 18.4 17.4 16.6 42 4o 15.9 15.2 

1.05 1.10 18.3 18.4 16:6 42 4o 15-9 15.2 

2.10 2.31 6.4 5·5 5·0 13.2 12.0 5-0 4.5 

2.10 2.31 6.1 5-3 4.8 12.7 11.5 4.8 4.4 

HN0
3 

o.4oo o.4o7 103 102 100 245 24o 93 91 ...... 
o.4oo o.4oi 103 102 100 245 24o 93 91 -.1 
0.496 0.508 82.2 81.1 79.2 195 190 74 72 N 

o.4g6 0.508 83.4 82.3 8o.4 198 193 75 73 

0-992 1.03 21.8 20.8 20.0 50 48 19.0 18.2 

0.992 1.03 23.4 22.4 21.6 54 52 20.5 19.7 

1.92 2.07 . 4.6 3-7 3.4 8.9 8.2 3.4 3.1 

1.92 2.07 4.6 3-7 3.4 8.9 8.2 3.4 3-1 



Table XXXVI. (Continued) Column 5· 

eluant M vo1 vo1 V0'-.!20 vo1 V0'-.!20 D(M) D(m) 
cor cor 

HC104 2.10 2.31 32.8 32.0 29.1 14.4 13.1 5-5 5.0 

2.10 2.31 33.1 32.2 29-3 14.5 13.2 5-5 5.0 

4.20 5.08 16.1 15.4 12-7 6.g 5-7 2.6 2.2 

4.20 5.08 15-9 15.2 12.5 6.8 5·6 2.6 2.1 

6.30 8.56 13.7 13.0 g.6 5-9 4.3 2.2 1.6 

6.30 8.56 14.1 13.4 10.0 6.0 4.5 2.3 1.7 

8.4o 12.9 12.2 11.6 7.6 5-2 2.3 2.0 1.3 

8.4o 12.9 11.3 10.4 6.8 4.7 3.1 1.8 1.2 

10.5 18.8 12.1 11.5 6.4 5-2 2.9 2.0 1.1 

HN0
3 

1.92 2.07 47-5 46.7 43.3 21.0 19.5 8.0 7.4 

1.92 2.07 50.0 48.1 45-5 22.1 20.5 8.4 7.8 

3.84 4.55 14.7 14.0 11.8 6.3 5-3 2.4 2.0 ~ 

3.84 4.55 15.2 14.4 12.2 6.5 5-5 2.5 2.1 -.J 

4.g6 5-83 13-3 12.6 10.7 5· 7 4.8 2.2 1.8 w 

4.96 5.83 13.1 12.4 10.5 5.6 4. 7 2.1 1.8 

6.05 7-4o 11.8 11.1 9.1 5.0 4.1 1.9 1.6 

6.05 7 .4o 11.7 11.0 g.o 5.0 4.1 1.9 1.6 

8.07 10.9 11.9 11.2 8.3 5·0 3-7 1.9 1.4 

8.07 10.9 11.9 11.2 8.) ).0 3. 7 1.9 1.4 

10.1 15.2 13.2 12.6 8.4 5-7 3.8 2.2 1.4 

10.1 15-2 13.4 12.8 8.5 5.8 3.8 2.2 1.4 



Table XXXVII. Distribution of trivalent tracers between Dowex-50H and HC104 soJ.utLon::;. 

Sc tracer Fe tracer Cr tracer 

M c c c c 
0 caq c c c c 

0 aq res res 0 aq res 

0.226 1.0 X 105 1.5 X 10
2 1.0 X 105 6.7 X 10 1.1 X 105 1.9 X 103 1.1 X 105 5.3 X 105 3.1 X 105 2.2 X 103 3.1 X 105 1.4 X 10 

0.418 1.1 X 105 4.3 X 102 
1.1 X 105 2.6 X 104 1.1 X 105 6.5 X 103 1.0 X 105 1.6 X 103 3.0 X 105 1.0 X 104 2.9 X 105 3 

2.8 X 10 

0.818 1.0 X 105 2.9 X 103 9.7 X 104 3.4 X 103 1.2 X 105 3.h X 104 8.7 X 104 2 
).3 X 105 8.3 X 104 5 2 

2.5 X 10 2.5 X 10 3.0 X 10 

1.63 8.7x104 1.4 X 104 7.3 X 104 s.4 x 102 1.1 X 105 
4 

3-7 X 10
4 

5.2 X 10
1 

3.1 X 105 2.1 X 105 
,, 1 

7.0 X 10 9.9 X 10 4.3 v 10-

2.62 1.1 X 105 3.5 X 10
4 7.1 X 104 

2.0 X 10
2 1.0 X 105 8.8 X 104 1.4 X 104 

1.5 X 10
1 

2.7 X 105 2.4 X 105 2.8 X 10
4 1 

~-2 x w-
3.42 1.1 X 10

5 3.5 X 10
4 

7.7X104 2.2 X 102 1.1 X 105 9·9 X 10
4 

1.2 X 10
4 

1.2 X 10
1 2.6 X 105 2.5 X 105 1.8 X 10

4 
?.2 y ~!.0° 

4.48 1.0 X 105 2.3 X 104 7.8 X 104 3.5 X 102 1.1 X 105 9·9 X 10
4 

1.3 X 104 
1.3 X 10

1 2.8 X 105 2.7 X 105 1.8 X 10tb :.1 X 10° 

5·8o ·9.8 X 104 9.6 X 103 8.9 X 104 
9.3 X 10

2 1.1 X 105 9.3 X 104 
1.8 X 10

4 2.0 X 101 
3.2 X 105 ).0 X 105 4 

5.3 '/ ·.o0 
1.·. >< 10 ...... 

1.1 X 105 1.4 X 103 1.1 X 105 7.6 X 103 1.1 X 105 6.i X 104 
5.0 X 104 8.2 X 10

1 2.9x1o5 ... 2.7 X 105 '• C.?X10° 7-47 1.8 ·x 10 -.1 
9-83 1.0 X 1a? 1.6 X 10

2 1.0 X 1a? 6.2 X 10
4 

1.1 X 105 6.7 X 104 4.6 X 104 6.8 X 101 2.( X 105 2.5 X 105 l.C X 10
4 (.4 X 10° ~ 



r... .. 

Table XXXVIII. Distribution of trivalent tracers between o.o697 ~ DNNS and HClo
4 

solutions. 

Sc tracer Fe tracer Cr traceri 
M org aq D org aq org aq 

0.226 5·9 X 10
4 

2.8 X 10
2 

2.1 X 10
2 6. 7 X 103 2.0 X 10

2 
3·3 X 10

1 1.8 X 105 2.4 X 103 7·5 x: 10
1 

0.418 5.1 X 10
4 

1.5 X 105 3•4 X 101 6.1 X 103 7.2 X 10
2 8.4 X 10° 1.3 X 105 1.0 X 10

4 
1.3 X 10

1 

0.818 5.2 X 10
4 

1.2 X 10
4 4.4 X 10° 4.0 X 103 2.7 X 103 1.5 X 10° 1.1 X 105 7·3 X 10

4 
1.5 X 10° 

1.63 5.0 X 104 6.0 X 10
4 8.2 X 10-1 1.6 X 103 5.8 X 103 2.8 X 10-l 2"·9 X 10

4 
1.1 X 105 2.6 X 10-1 

2.63 1.3 X 104 4.1 X 104 3,1 X 10-l 6.7 X 102 6.8 X 103 9·5 X 10- 2 
1.] X 10

4 1o7 X 105 7.4 X 10.2 

3·88 1.3 X 104 4.3 X 104 
3·1 X 10 

-1 
5·3 X 10 

2 
7•4 X 103 6.9 X 10.2 4.6 X 103 1.4 X 105 3.1 X 10- 2 

5.08 1.9 X 104 
4.2 X 10

4 4.6 X 10.1 
5·5 X 10

2 
7•4 X 103 7.0 X 10-2 

5·7 X 103 1·5 X 105 3.8 X 10.2 

6.27 3·3 X 10
4 

2.6 X F'
4 

L2 X 10° 7,4 X 10
2 6.8 X 103 1.1 X 10-1 2. 7 X 103 1·7 X 105 1.6 x·1o- 2 

7-47 4.8 X 104 B.o x 1o3 6.0 X 10° 1.4 X 103 5·9 X 103 2.3 X 10-1 1.7 X 103 1·5 X 103 Ll X 10- 2 

8.92 5·7 X 10
4 

9.8 X 10
2 

6.4 X 101 4.5 X 103 4.3 X 103 1.0 X 10° 5•4 X 10
2 1.4 X 105 3.8 X 10·3 ...... 

11.2 5·9 X 10
4 

4.1 X 101 
1.5 X• 103 6.1 X 103 2.7 X 103 2.2 X 10° 6.8x 101 

1.5 X 105 4.5 X 10·4 -.] 

l.}1 

I 



Table XXXIX. Time studies of the distribution of trivalent tracers 
between Dowex-50W and HCl0

4 

Tracer T M co c c D 
aq res 

Sc 4 h 0.226 1.0 X 105 l. 5 X 10
2 

l. 0 X 105 6.7 X 10 

7 d 0.226 9.9 X 10
4 

2.0 X 102 
9.9 X 10 

4 
5. OU< 10 

4 

4 h 7.47 1.1 X 105 l. 4 X 103 1.1 X 105 7. 5 X 103 

7 d 7.47 9.8 X 10 
4 

7.5 X 10 
2 

9.8 X 10 
4 

l. 3 X 10 
4 

Fe 15 m 0.226 9.5 X 10 
4 

l. 7 X 103 9.3 X 10 
4 

5.5 X 103 

4 h o.226 1.1 X 105 1.9 X 103 1.1 X 105 5.7 X 103 

0.226 
4 

1.8 X 103 7.1 X 10
4 -=< 

7 d 7.2 X 10 4.0 X 10--' 

15 m 1.63 9.6 X 10
4 6.6 X 104 

3.1 X 10
4 4.6 X 10

1 

4 h 1.63 .1.1 X 10 5 7.:]_ X 10 4 
3.7 X 10

4 
5.2 X 10

1 

7 d 1.63 7.1 X 10 
4· 

5.1 X 10
4 2.0 X 10

4 
3.9 X 10

1 

4 h 7.4}':- 1.1 X 105 6.1 X 104 
5.0 X 10

4 8. 2 X 10 
1 

7 d 7.47 7.3 X 10
4 4.2 X 104 

3.1 X 10
4 7.4 X 10

1 

Cr 15 m 0.226 2.0 X 105 l. 2 X 103 l. 9 X 105 1.6 X 10
4 

4 h 0.226 3.1 X 105 2.2 X 103 3.1 X 105 1.4 X 10 
4 

7 d 0.226 l. 9 X 105 1.1 X 103 1.9 X 105 l. 7 X 10 
4 

15 m 1.63 2.0 X 105 1.4 X 105 6.7 X 10
4 4.8 X 10 

1 

4 h 1.63 3.1 X 105 2.1 X 105 9.9 X 10
4 4.8 X 10 

1 

7 d 1.63 2.0 X 105 l.3Xl05 6.4 X.lO 
4 

4.9 X 10 
1 

15 m 7.47 2.4 X 105 2.3 X 105 1.2 X 10
4 

5.2 X 10 
0 

4 h 7.47 2.9 X 105 2.7 X 10 5 1.8 X 10
4 6.7 X 10° 

24 h 7.47 2.9 X 105 2.7 X 105 1i 4 2 .. X 10 8.9 X 10° 

4 d 7.47 2.4 X 105 2.1 X 105 . 4 
2.8 X 10 l. 3 X 10

1 

5 d 7.47 2.7 X 105 2.3 X 105 . 4 
3.5 X 10 l. 5 X 10 

1 

7 d 7.47 2.4 X 105 2.0 X 105 3·7 X 10
4 1.8 X 101 

14 d 7.47 l. 7 X 105 1.4 X 105 2.8 X 10 
4 

2.0 X 10
1 

28 d 7.47 7.5 X 10
4 

6.2 X 104 
l. 3 X 10 

4 
2.1 X 10 

1 
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Table XLo Time studies on the distribution of trivalent tracers between 
Oo0697 ·~ DNNS and 7•47 ~.HC104. 

Tracer T 

Sc 30 m 

7 d 

Cr 30 m 

2 d 

. 5 d 

8 d 

15 d 

org sq 

L7 X 103 L5 X 105 

3.6 X 103 L9 X 105 

4.3 X 103 L6 X 105 

6~1 X 103 
l. 7 X 1.05 

5ol X 103 lo3 X 105 

D 

6.o x 10° 

6. 2 X 10° 

_'::> 
1.1 X 10 ._, 

L9 X 10-2 

2.6 X 10-2 

3·5 X 10-
2 

3· 9 X 10 
-·2 

==r 
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