
Lawrence Berkeley National Laboratory
Recent Work

Title
BACKBENDING AND OTHER DEVIATIONS FROM IDEALITY IN EXTRACTION SYSTEMS

Permalink
https://escholarship.org/uc/item/6z68086d

Authors
Bucher, J.J.
Diamond, R.M.

Publication Date
1975

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

https://escholarship.org/uc/item/6z68086d
https://escholarship.org
http://www.cdlib.org/


Submitted to Journal of Physical Chemistry 
LBL-3453 -.../ 
Preprint C", (} 

BACKBENDING AND OTHER DEVIATIONS FROM IDEALITY IN 
EXTRACTION SYSTEMS 

h.: .. :.. . ..... ! \ · LJ 
J. J. Bucher and R. M. Diamond 

January 1975 

Prepared for the U. S. Atomic Energy Commission 
under Contract W -7405-ENG-48 

TWO-WEEK LOAN COPY 

This is a librar~ Circulating Cop~ 
which rna~ be borrowed for two weeks. 
For a personal retention copy. call 
Tech. Info. Diuision, Ext. 5545 

" : ··, ~. 

; ~ ,' ' _) 



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. 



LBL-3453 

BACKBENDING AND OTHER DEVIATIONS FROM IDEALITY IN 
EXTRACTION SYSTEMS* 
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Lawrence Berkeley Laboratory 
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ABSTRACT 

The use of slope analysis for interpreting extraction data is 

usually coupled with the assumption that the activity coefficients of the 

new chemical species that yield the changes in slope are ideal. This 

assumption is shown to be wrong in several extraction systems that are 

described. In particular, the phenomenon of "backbending" in certain 

tertiary ammonium salt systems is completely inexplicable under such an 

assumption, and incorrect extractant coordination numbers are obtained 

for trioctylphosphine oxide-strong acid species in poor solvents. As a 

result of this assumption literature values for aggregation numbers deter-

mined for alkylammonium salts in poor solvents may be too large. 
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Introduction 

Slope analysis is an often-used method for interpreting and 

analyzing data from extraction equilibria in order to obtain informat~on 

on the nature of the extracting species.
1 

Centra1 to the application of 

this method is the assumption that any deviation from the law of mass ac-

tion is due to the formation of a new chemical species, e.g., a higher 

complex of the extraction reagent, if the latter's concentration is being 

increased, or a higher ion association or aggregate, if the concentration 

of an extracted ionic species is being increased, But as has been pointed 

2-7 out, it is unreasonable to ignore all non-specific non-idealities of 

the extracted species and blame all deviations on new chemi·cal species. 

For example, with amine salt systems, the strong electrical interactions 

between ions in low dielectric-constant media that cause association to 

ion pairs and ion quadrupoles, etc., surely lead to non-constant activity 

coefficients for these same ion aggregates. The importance of the analog 

of the solubility parameter term of regular solution theory has been de-

3 scribed in the literature for these same systems, and use of such an 

activity-coefficient correction was shown to lead to more "chemically 

sensible" results than unrestricted computer fitting to a large number 

. 8-11 
of ol1gomers. 

4 
Some years ago one of the present authors described extraction 

behavior of a half-dozen amine-salt systems that was clearly incompatible 

with the usual slope analysis procedure of ignoring the activity 
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coefficients of the amine-salt aggregates and blaming all deviations from 

ideal (ion-pair) behavior on higher ion aggregation. In these examples 

the log-log plots of [ TLA·IDC) vs. [TLA) (H+X-) not only deviated upwards 
. . 0 0 

away from the ion-pair slope of unity observed at low concentration, but 

went beyond the limiting asymptote of mass-action law theory for aggrega-

tion into a colloid, namely a vertical line. They actually bent back-

wards so that [ TLA•HX] became a double-valued function of the product 
0 

[TLA] (H+X-)~ Figure 1 . Since this indicated a complete breakdown of 
0 . 

the assumptions usually used for slope analysis, and because it posed an 

interesting problem to explain in its own right, .we have examined the or-

igin and generality of such behavior further in this work. We have also 

considered another type of organic-phase activity coefficient variation 

arising in certain trioctylphosphine oxide~strong acid extraction systems. 

Experimental 

Reagents: 

The trilaurylamine (TLA), Rhone-Poulenc, qualite nucleaire-99% 

pure tertiary amine, was used as received. A comparison using this mate-

rial and TLA that was further purified (by repeated recrystallization of 

the TLA·HCL salt from petroleum ether, b.p. 30-65°C) indicated no signif-

!cant difference in the equilibrium data. Trioctylphosphine oxide (TOPO) 

was obtained from the Carlisle Chemical Corp., Reading, Ohio. The tech-

nical grade TOPO was washed with mild base and distilled water and re-

crystalized five times from pentane. The HC104 solutions were prepared 

by diluting a stock solution of reagent grade acid (G. F. Smith) with 
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distilled water. Standardization of the stock HC10
4 

solution was by ti­

tration with sodium hydroxide, using bromothymol blue as an endpoint in-

dicator. Reagent grade 57% hydroiodic acid (Merck)(without the usual 

1.5% H
3

Po2 as a preservative) was further purified by saturation with H
2
s 

gas and subsequent distillation. The stock solution of HI was stored in 

amber~glass bottles. Iodide tracer, Na131 I in 0.1 ,M NaOH solution, was 

obtained from New England Nuclear Corp. and used as received. HReo4 sol­

utions were made by dilution from a stock prepared by dissolving Re2o
7 

(Varlacoid Corp. 99.5% purity) in distilled water. The isooctane and 

cyclohexane were "spectra grade" reagents from Matheson, Coleman and Bell. 

cc14 and l~bromooctane were obtained from J. T. Baker. The 1-bromooctane 

was purified to a colorless reagent by distillation. 

Solutions of the particular ammonium salt were prepared by taking 

-o.s M TLA in a diluent and shaking it fairly vigorouly with-0.6 M HX for 

several hours. After separation with the aid of centrifugation, the or-

ganic layer was washed with -0.01 M HX to remove, or to prevent any pas-

sibility of having, excess acid in the amine salt (i.e., ratio of TLA/HX 

<1.0). For CC14 solutions two methods of preparation were attempted: the 

.one outlined above and another in which a solution of. TLA·HCl in cc14 was 

repeatedly washed with an aqueous solution of 0.01 M HC104 (to prevent 

premature hydrolysis) and-2M NaClo4 . Complete conversion to the amine 

perchlorate salt was judged by testing for the lack of a visual precipitate 

with AgN03 . It is known that aliphatic amines may react with cc1
4 

or nearly 

12 any halocarbon, but in this instance the amine salt from either procedure 

gave the same extraction results. 
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The amine·HI salt was made as described auove. But because of 

the sensitivity of acidic iodide to air oxidation, both the organic and 

aqueous solutions were caref~lly purged with argon. This removal of oxy~ 

gen gave amine·HI solutions that were stable for >1 week (no visual for-

. mation of brownish r
3

, etc. observed) instead of <1 hour with exposure to 

air. Details for the preparation of the TOPO solutions can be found else-

13 where. 

Procedures: 

The amine extraction systems were studied by a back-extraction 

or hydrolysis technique. Starting from standarized ..... Q.S M trilauryl 

ammonium salt solutions in the organic solvent, a series of solutions 

were prepared by dilution. These salt solutions (5 or 10 ml) were then 

shaken for >18 hrs. with SO ml of distilled water for the TLA•HC104 sys­

tems and with an equal aqueous volume (10 ml) for the TLA•HI systems. 

Before equilibration of the TLA•HI systems, radio-iodide (<10-SM) was added 

to the aqueous phase. After equilibration, phase separation was acceler-

ated by centrifugation. (If the shaking during the equilibration process 

is done too vigorously, at least for the most concentrated salt solutions, 

a cloudy aqueous layer is obtained. This phase is then quite resistant 

to clearing even with prolonged centrifugation.) For the counting of the 

tracer iodide in a Na(Tl)I well~type crystal, 3 ml samples of each phase 

were taken, or smaller samples of a particular phase adjusted to 3 ml if the 

count rate was too high. Conventional acid-base titrations were made to analyze the -

aqueous equilibrium acid content. Except for the lowest initial amine-
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salt concentrations, the aqueous acid concentration is by far the most 

sensitive parameter to be determined. This is due to the relatively small 

amount of amine salt that is hydrolyzed over most of the concentration 

range considered. Subtraction of this quantity from the well established 

initial amine salt concentration is, in most instances, a minor perturba-

tion upon the latter. That is, the equilibrium organic-phase salt concen-

tration is little different from the initial value. 

Procedures that were used to obtain the distribution data for the 

TOPO·HReo4 system are similar to those already outlined elsewhere. 13 Dis­

o tribution measurements for all systems were at room temperature, 24±2 C. 

Results and Discussion 

The extraction of a strong acid, H+X-, by a solution of trilauryl-

amine, TLA, in· a low dielectric-constant medium that induces association 

of the resulting salt to an ion pair or higher aggregate can be described by 

the reaction, 

+ -nTLA(org).+ nH + nX ~ nTLA•nHX(org) (1) 

with an equilibrium constant, 

K = 
[ nTLA·nHX) y o nTLA·nHX 

(2) 

Brackets indicate concentrations, parentheses are activities, andy is.a 

molar activity coefficient. Taking logarithms, eq. 2 can be written, 



log(nTLA•nHX) 
0 
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n 

[ ] + - YTLA log K + n log TLA 
0

(H X)+ log-------
ynTLA·nHX 

(3) 

Thus, a log-log plot of the stoichometric concentration of the organic­

phase amine salt [ TLA·HX] , vs. the product [ TLA] (H+X-) should yield a 
. 0 0 

curve whose tangent is the value of n at that point, if the activity-

coefficient ratio is a constant. This condition is usuallr assumed in 

slope analysis work. 

The results of the present study of the extraction by TLA of HC104 

into 1-bromooctane and into cc14 and of HCl04 and HI into cyclohexane are 

shown as log-log plots of [ TLA • HX) 
0 

vs. [ TLA) 
0 

(HX) in Figure 1, curves 1 to 

4, respectively. Where determined to low amine-salt concentrations, as for 

curve 1 (and other examples not shown), the log-log plots are straight lines 

with unit slope, indicating predominantly ion pairs for the salt in this re-

gion and the validity of the assumption that the organic-phase activity-

coefficient ratio is constant. This constancy is due to the very low con-

centrations of the salt and of the amine in the organic diluent, so that the 

nature of the organic phase is essentially unchanged. 

But at higher concentrations, the curves deviate upward from a line 

of unit slope. This is the region that has been of most interest in the 

literature, 14 and this behavior has almost always been ascribed to a further 

association of the ion pairs to higher ion aggregates in the low di'electric-

d
. 15 constant me 1um. As just described, the average value of this aggregation, 

n, at any point can be determined by the tangent of the curve, or the whole 

curve can be fitted to a small number of oligomers, by hand or by computer, 

to yield the changing-nature of the amine-salt species, if the activity-
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coefficient ratio of the various oligomers are assumed constant. 

As the concentration is increased, the slopes become steeper, indicating 

the_predominance of still higher and higher species. The limiting slope 

for such a system of ideal amine-salt aggregates is a vertical asymptote, 

corresponding to infinite aggregation, the formation of a colloid. But 

as can be seen in Figure 1, and less conclusively in the earlier work, 4 

with "poor" diluents the curves for these TLA salts actui:llly "backbend" 

for concentrations above - 0.1 M, yielding negative values for the slope. 

This behavior is completely unexplainable in the context of an 

aggregation model with ideal activity coefficients for the salt associa-

tions. It does not appear to be a non-equilibrium effect. In the 

TLA-HReo
4 

system in cc1
4 

(not shown), for instance, the same results are 

obtained either by starting with HRe04 tracer in the aqueous phase or by 

titrating the macro-concentrations of HReo
4 

in the aqueous phase which is 

hydrolyzed from the. salt. The simplest, and we believe the correct, ex­

planation is still that given earlier, 4 •5 namely, that at these large con-

centrations of amine salt we are dealing with a new diluent. Instead of 

the original solvent phase, we now have a more polar phase consisting of 

the amine salt (25-30% by volume at 0.4 M TLA·HCl04) in the solvent. This 

new organic phase has properties more favorable for extraction of the salt; 

for example, it has a higher dielectric constant, due to the presence of 

the ion aggregates themselves. In an earlier paper the origin of the back­

bend was similarly stated as being due to a change in the nature of the 

diluent leading to enhanced extraction; the increase in dielectric constant 

was measured4 but explicitly stated as being only one example of the type 
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of change occurring, rather than the sole cause of the increased extrac-

tion as quoted in the English translation of ref. 6. As a result, the 

value of the organic-phase-coefficient y . decreases with the in-
nTLA•nHX 

.crease in amine-salt concentration. But there are thermodynamic limits to 

the rate of decrease of y refs. 16-17. 
nTLA•nHX 

Considering a three-

component system of diluent, amine salt, and amine, the condition 

3ll . /dr;t > 0 must be satisfied. This limitation on the 
(nTLA•nHX) (nTLA•nHX) 

d~ctease of y led the authors of ref. 6 to state that to explain 
nTLA•nHX 

the backbending behavior one must take into account the activity of other 

components of the system,- and, in particular, the water in the organic 

. h 18 p ase. 

Indeed, no amount of tinkering with the amine-salt activity co-

efficient alone can yield the results of Figure 1, and we, too, believe 

that one must take into account another component. But we think it is the 

amine that is important, and not the water. For just as the introduction 

of macro amounts of the amine salt ( ~ 0.1 M) changes the nature of the 

solvent from the original diluent to a mixed one whose properties (more 

polar nature, higher dielectric constantl-9 , etc.) should lower the activ-

21 20 ity coefficient of the amine salt, ' these changes in the diluent make 

it less suitable for the non-polar and relatively inert trilaurylamine it-

self. That is, the activity coefficient of the TLA should increase with 

increasing salt concentration ih the mixed diluent, and both activity-

coefficient changes should cause a very marked lowering in the ratio 

In fact by inspecting eq 2 or 3, it can be seen that for 

backbending to occur, the value of yTLA must increase sufficiently to 

overcome the decrease in the product [TLA] (H+X-) with increasing amine­
a 
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salt concentration. Even though the concentration of amine in the organic 

phase is small (10-2 -10-3 M) so that one might think its activity coeffi-

cient would not vary much, the change in the nature of the diluent from a 

pure hydrocarbon or halog·enated hydrocarbon to an amine-salt solution can 

cause large changes in the amine activity. Some support for the suggested 

amine activity-coefficient behavior appears in the solubility pattern of 

. . 22 tert1ary am1nes In general they are completely miscible with non-polar 

diluents, but only sparingly soluble in alcohols and other polar solvents. 

Since the concentrated amine-salt solutions are certainly more polar than 

the initial diluent, 4 •19 • 23 an increase in the amirie coefficient is thus 

suggested. 

While it is not possible to determine the changes in the individ-

ual organic-phase activity coefficients in the backbending region (only the 

change in the ratio of the coefficients is measured), limits can be set on 

the change in yTLA using eq. 1 and the experimental .data shown in Figure 1. 

For even if ynTLA•nHX falls as steeply as permitted by thermodynamics 

without third-phase formation, the value of yTLA must increase with in-

creasing amine-salt concentration at least enough to account for the 

decrease in [TLA] (H+X-) from its maximum value. For a change in the 
0 

amine-salt concentration from 0.1 to 0.5 M, the four curves in Figure 1 

suggest a minimum increase in yTLA of 1.3-4.5, a reasonable set of lower 

limits. 

We have described how it is impossible to explain the backbending 

pehavior of a number of concentrated amine-salt systems using the usual 

slope analysis method which attributes all deviations from simple ion-

pair behavior to the formation of higher ion associations, all of which 

behave ideally (have activity coefficients= 1). Instead we suggest that 
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the increasing proportion of amine salt in the organic phase changes the 

nature of that phase so much that the activity coefficients of various 

ion aggregates of the amine salt decrease and that of the amine increases. 

To a smaller degree this behavior is also true below the concentration of 

amine salt at which backbending commences, so that all of the deviation 

from a straight line of unit slope (pure ion-pair behavior) in that region 

may not be due to the formation of higher ion associations. Some of the 

increased extraction is because of the change in the solvent, and so the 

true degree of aggregation is smaller than that determined by the usual 

slope analysis methods, whether graphical or by computer. This feature 

probably explains the rather unusual series of oligomers usually deter-

mined by slope analysis of amine-salt systems in "poor" diluents, in which 

the ion pair is followed by a dimer and then a much higher oligomer, or 

where even the dimer is skipped and the next smallest ion association is a 

. . 8-11 
tr1mer. The irregularities are probably false; the true aggregation 

is less than the apparent value, and the appearance of high oligomers or 

of a trimer without passing through a dimer species is likely due to the 

neglect of the non-idealities of the ion dipoles and quadrupoles, in par-

ticular of their (attractive) electrostatic interactions with each other in 

the increasingly concentrated organic phase. If the ideas presented are 

correct, the irregularities inthe series and the degree of aggregation 

would become more marked, the more inert and less polar the initial diluent 

and the higher the charge on the anion, for then the changes in the activ-

ity coefficients of the salt species and of the amine would be the larger. 
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Actually one of the early examples in the literature where simple 

alope analysis of an amine-salt system led to completely unexplainable re-

sults was the extraction of H2so
4 

by trioctylamine in benzene.24 Although 

the extraction of the normal sulfate salt appeared well behaved at low 

salt concentrations and followed the mass-action expression for an ion 

+ = triplet, (TOAH ) 2so
4

, the extraction increasingly deviated upwards from 

an ideal slope above a salt concentration of - 0.025 M. The explanation 

given at that time was that the salt was aggregating to a colloid.24 

But later light-scattering studies by the same authol5 showed that the 

sulfate salt remained essentially monomeric, leaving the extraction be-

havior unexplained. We would like to suggest that the enhanced extraction 

of the amine sulfate in concentrated benzene solution is due, not to ion 

association, but to a more non-specific interaction of the salt with it-

self through changing the nature of the medium from the original benzene 

to a mixture of salt in benzene (a more polar, better-extracting solveht). 

Other than by light-scattering studies, it is not easy to unam-

biguously determine the state of aggregation of an amine salt in the range 

of concentrations being considered. The (non-specific) interaction of the 

amine-salt species with themselves brings into question the accuracy of 

the determination of aggregation numbers of amine-salt solutions by osmo-

metric methods, as again ideal activity coefficients are usually assumed 

for the associated species. I~ this case the effect of the change in the 

amine activity coefficient is not important~ but the changes in the salt 

species' activity coefficients still play a role and would again make the 

true aggregation smaller than that derived assuming all deviation from 
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ideality comes from association alone .. Marcus has discussed a rough quan­

titative way to take part of the non-idealities into account, 3 and has 

shown that his treatment does lead to simpler, more chemically reasonable 

aggregation behavior. The effect is noticeable in the examples he uses 

of aromatic solvent solutions of trilaurylammonium salts from 0.010 ~ 0.10 

M in concentration, but the differences with simple association calcula-

tions would become ·much larger with less polar diluents and more concen-

trated salt solutions. 

A variation of this process where the presence of an amine salt 

decreases its own activity coefficient is the solubilization of an amine 

salt, which is difficult to dissolve even in a relatively polar solvent, 

by the addition of a more soluble amine salt. For example, the salt 

(R
3

NH+)
2

(CoC1
4

=) in p-xylene is solubilized by appreciable concentrations 

+ - 26 of the extractant salt, R
3

NH Cl , · and there are other examples in the 

literature.27 + -In fact, the activity coefficient of (R3N )(FeC14) has 

+ .· . 28 
been shown to decrease with an increase in R

3
NH Cl- concentrat1on, 

exactly as expected from the present discussion. 

Are there other types of extraction systems that do not allow 

for simple.slope analysis, and, if so treated, lead to wrong conclusions? 

The answer appears to be yes. Consider the extraction of HReo4 by trio­

ctylphosphine oxide (TOPO) solutions in isooctane. The extraction to an 

ion-paired product can be expressed: 

H+ + Reo
4 

+ nTOPO(org) ~ ·+ -H ·nTOPO···ReO (org) 
4 

with the corresponding equilibrium constant 

(4) 
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+ -
( H . nTOPO •• ·ReO 4) o y nTOPO • HReO 

. 4 
+ - n n 

(H Re04)[TOPO) yTOPO 
(5) 

Thus a log-log plot of the organic-phase HReo
4 

concentration vs. the 

aqueous-phase acid activity for a constant TOPO concentration should yield 

a straight line of unit slope if the organic-phase species is an ion pair 

and the ratio.of activity coefficients is constant. This result is in-

deed obtained for fixed TOPO concentrations from 0.0020 to 0.10 M and for 

-8 -1 aqueous HReo4 activities ranging from 10 to 10 M (except at the highest 

HReo4 activities and lowest TOPO concentrations). Then to determine the 

value of n, the number of TOPO molecules coordinated to the extracted acid, 

one can study the dependence of the extracted acid on the TOPO concentra-

tion. To exclude the possibility of aggregation beyond the ion pair, 

tracer concentrations of HReo4 can be used. Figure 2 shows, the distribu 

tion of 1 x 10-6 M ·~''Reo4 in 1.0 M HCl with TOPO in isooctane. The initial 

slope drawn is two (n = 2), but the raw data show deviations from this line 

. -3 
even at TOPO concentrations as low as 2-3 x 10 M. The organic-phase 

HRe0
4 

concentration at these TOPO concentrations is ~10-8 M, so no aggre­

gation beyond the ion pair is expected. Extension of the lin~ of slope 

two is shown by a dashed line, and the subtraction of this line from the 

raw data is indicated by the dashed line connecting the filled triangles. 

This resultant line has a slope three. By all the normal rules of slope 

analysis this indicates that at the initial low TOPO concentrations there 

are two TOPO molecules coordinated per extracted acid, but that over most 

of the TOPO concentration range studied the slope of three indicates a 
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three-to-one complex. 

Figure 3 shows the extraction of 0.10 M and 0.010 M ~Reo4 (mac~o 

amounts of perrhenic acid) as a function of TOPO concentration. Curve 2, 

for 0.010 M HReo4 , is almost a duplicate of the tracer distribution study 

in Figure 2. A dashed line of slope two is drawn in to match the apparent 

a 
concentration quotient, K

2
, obtained from line 1. The open triangles are 

the result of subtracting the slope-two line from the raw data, and they 

give a line with a slope of three. The upper end of these data must be 

corrected for TOPO complexed by acid. Square symbols indicate correction 

assuming a 2TOPO complex, but there is little difference between a choice 

of 2TOPO or 3TOPO for curve 2. However, in the set of data illustrated · 

in curve 1, for 0.10 M aqueous HRe04 , the choice of 2 or 3 TOPO molecules 

in the complex. leads to much more divergent results after subtraction of 

the slope-two line. If one assumes a 2TOPO·HReo
4 

complex, the points in­

dicated by squares are obtained, and fall surprisingly upon a line of 

slope three. If one assumes a 3TOPO per acid correction (the inverted 

triangles), a line with a slope considerably steeper than three is ob-

tained. The result for a 3 to 1 complex would be possible if aggregation 

were occurring, but a similar degree of aggregation ought to have been 
' 

observed in the set of data for ·O.OlOM HRe0
4 

curve 2, where a similar 

range of ( HReo4 ]
0 

concentrations were examined. It is not; nor is there 

any indication for a large degree of aggregation from the log-log plots of 

organic-phase HRe04 vs. aqueous acid described ear.lier. 

Thus there is a problem. Is the extracted species at the top of 

curve 1 a 2:1 or a 3:1 complex, and, whichever it is, why is it not well 

behaved? In an earlier publication we took this type of extraction 
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29 results at higher TOPO concentration to indicate a 3:1 complex. But 

infra-red spectroscopic results30 over the whole TOPO range studied indi-

cate that the species is a 2TOPO·HRe04 complex like the one known in other 

diluents, and water analyses show that it is essentially anhydrous and so 

not based on a hydronium-cation31 (which has three possible positive sites 

for a 3:1 complex), but on a bare proton, which is unlikely to permit co-· 

ordination to more than two close TOPO molecules. 13 •30 

So in this case, dependence on simple slope analysis leads to 

the wrong result (although there are warning inconsistencies); the 

TOPO•HReo4 species in isooctane is only a 2TOPO·HReo4 species with no 

evidence for the 3:1 complex suggested by the log-log plots in Figures 2 

and 3. What can be the cause of this error in the simple mass-law anal-

ysis, especially since deviations from the line of slope two appear at 

extremely low values of the HRe04 concentration in the organic phase 

8 . -6 
(10- Min Figure 2 and · <10 Min Figure 3)? These concentrations are 

too low to suppose that the presence of the TOPO·HRe0
4 

species changes the 

nature of the solvent, so that, in contrast to the amine situation, we 

must look elsewhere for the origin of the deviations. It is certainly 

an organic-phase effect, as this behavior does not occur under the same 

aqueous conditions but with other "better" diluents. 13 We believe it is 

due to the presence of the polar TOPO molecules when dissolved in very 

inert ("poor") diluents. That is, the addition of the very polar TOPO 

molecules makes the inert dilutent isooctane into a new and more polar 

solvent, a mixture of isooctane and TOPO. This explains why the devia-

tions occur similarly for both tracer and macro amounts of acid (Figures 

2 and 3) but at the same TOPO concentration. It. is surprising, however, 
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at least to us, what a small amount of TOPO is necessary to cause devi-

ations from the line of slope two. Figures 2 and 3 show significantly 

enhanced extraction at as low as 2-3Xl0-) M TOPO. At such a concentra-

tion there is only one TOPO for approximately 4000 isooctane molecules; 

to have any marked effect the TOPO must selectively solvate (be in the 

+ -vicinity of) the even rarer H (TOP0) 2Reo
4 

species. This process leads 

to a lowering of the activity coefficent of the extracted acid but not the 

+ -formation of a higher TOPO complex or aggregation of the H (TOP0) 2Reo4 

species. 

Summary 

In this paper we have described several examples of systems that 

do not follow the behavior expected for extraction models based on the 

simple application of mass action to stepwise equilibria. In the usual 

application of slope analysis to extraction systems, all deviations from 

the behavior at low concentrations are considered to be due to the step-

wise formation of higher complexes but with ideal activity coefficients 

for all of the species involved. Types of studies included are the forma-

tion .of higher complexes with the extractant molecule, as the extractant 

concentration is increased, and stepwise aggregation of the extracted 

amine salt, as the salt concentration is increased. In the former case, 

neglect of possible organic-phase activity~coefficient variations in ap-

plying slope analysis leads t~ the suggestion of higher complexes than 

actually exist or make sense chemically. In the latter case, ignoring 

possible activity-coefficient variations in the analysis yields a greater 

degree of ion aggregation and higher types of ion aggregates than really 
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exist. This leads us to question the accuracy of the determinations of 

such ion aggregation properties in the literature from extraction studies 

or even osmometric methods, when all deviation from ideal behavior are 

blamed on aggregation a~one, especially with "poor" solvents. 8-ll For 

tertiary amine salts in such solvents, there may appear the very inter­

esting phenomenon of "backbending" in the log-log .plot of extracted acid 

concentration vs. the product of aqueous acid activity and amine concentra­

tion~ This result is completely inexplicable in the simple slope analysis 

formulation, and is excellent proof that the activity coefficients of both 

the amine salt and the amine are changing with amine~salt concentration. 

We believe that the origin of this change comes from the change in proper­

ties of the diluent as it goes from the initially pure solvent to a mix­

ture of amine salt and solvent. 
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Figure Captions 

Total ammonium salt concentration [TLA·HX] , versus 
0 

[TLA]
0

(H+X-) for various diluents. Curve 1 is the TLA·HCl0
4

, 1-bromo­

octane system; curve 2 is the TLA·HCl04 , cc14 system; curve 3 is the 

TLA·HC10
4

, cyclohexane system; and curve 4 is the TLA•HI, cyclohexane 

system. The dashed lines .indicate unit slope. The square symbols, • , 

(curve 4) indicate acid-base titration data from ref 4. 

Figur~ 2. Variation of distribution ratio, D, with TOPO in isooctahe 

for 1 x 10-6 M HRe0
4 

in 1.0 M HCl. The dashed lines are drawn with either 

·slope two or three C A). 

Figure 3. Variation of acid content of the organic-phase with TOPO in 

isooctane for aqueous HReo4 concentrations of 0.10 M (line 1) and for 

0.010 M (line 2). e, uncorrected data; !:::. , resultant of subtracting 

slope two component from raw data; 0 , data corrected assuming 2:1 TOPO:H+ 

complex; + V , data corrected for used-up TOPO assuming a 3:1 TOPO:H com-

plex. Dashed lines are drawn with either slope two or three. 
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