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' BACKBENDING AND OTHER DEVIATIONS FROM IDEALITY IN
' ' EXTRACTION SYSTEMS

J. J. Bucher and R. M. Diamond-
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

ABSTRACT

Thg uSé of slope analysis for interpteting'extraction data is
.usually coupled with the assumption that the acti&ity coefficients of the
ﬁew chemiqal'sﬁeéies that yieid the changes in slope aré ideal. This
aSSUmption is shown to be wrong in several extraction systems that are .
‘described. In particular, the phenomenon of "backbending" in certain
tertiary amﬁoﬁium salt systems is completely inexplicable under such an
ésSumbtion, an& incorrect extractant coordination numbgrs are obtained
‘fpr trioctylphosphine oxide-strong acid species in’ poor solvents. As a
reéult of this aésumptiOn literature Valueslfot aggregation numberé detef—

mined fof alkyiammonium 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 information
on the nature of the extracting species;l Central to the application of
this method is the assumption that any deviation from the law of mass ac-
tion is due to the fqrmation of a new chemical species, e.é.,ia higher
complex of the ext?action reagent, if the latterfs'COncentration is being
increase&, or é higher ion association or aggregate, if the.concentfation
of an extracted ionic speéies is being increased, But as has been pointed
out, " it isvunfeasonable to ignore all non-specific non—idealitieé of
the extractéd.species and blame all deviations on new chemical ‘species.
For example, with amine salt systems, the strbng electricél interactioné

'between ibné in low dielectric-constant media thét cause association to
ion pairs and ion quadrupoles, étc;, surely lead to non-constant activity
coefficients for these same ion aggregates. The impértance of the anélog
of the.solubility parameter term of regular solutidn_theory.has been de-
'sgribed in ﬁhe 1ite£ature for.these same systems,? ahd use of such an
activity—coéfficieht correction was shown to lead to more "cﬁemically
isenéible"vresuits than unrestricted compﬁter‘fitfing to a large number

of oligomers.sfll

Some years ago one of the present authorsahdéscribed extraction

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

. with the usual slope analysis procedure of ignoring the activity



coefficients of the amine-salt aggregates and bléﬁing ail deviations from.
ideal (ion—paif) behavior on higher ion aggregatibﬁ. In these examples
the log—logvplots‘of [TLA'HX]O vs. [TLA]O(H+X_) not only deviated upwards
away fromvthe.ion—pair slope of uhity observed at low concentration, but
wéhf:beyond'the limiting asymptote.ofvmass-actioh”law theory for aggrega-
tion into a célloid; namely a vértical'line. They actually bent back-
wards so that ['i‘LA-HX]0 became a double-~valued fuﬁction of the product
[TLA]O(H+X—); 'Figure 1 . Since this indicated a complete breakdown of
the assump;ioﬁs usdally used for slopé anélysis, and because it posed an
intefeéting'prbblem to explain in its own right,:We:have examined the or-
igin ahd generality of.such béﬁavior further in this work. We have alsé
~ considered anofher type of organic-phase activity coefficient variationb

arising in certain trioctylphosphine oxide-strong acid extraction systems.

Experimental

Reagents:

The trilaurylamine (TLA), Rhone-Poulenc, qualité nucléaire-99%
.pure tertiary amine, was used aé received. A comﬁarisdn using‘this maté—
rial and TLA that was furtheripurified (by repeate& recrystallization of
the TLA*HCL salt from pétroleﬁm ether, b.p. 30-65°C) indicated mo signif-
icant differeﬁte in the equilibrium data. Trioctyiphosphine oxide (TOPO)
was obtéined from the Carlisle Chemical Corp., Reading, Ohio. The tech-
nical grade'TOPQ was washed with mild base and distilled watef_énd re-
crystéiized five times froﬁ pentane. The HClO4 solutiops were prépared

by diluting:a stock solution of reagent grade acid (G. F. Smith) with



distilled‘wéter. Standardization of the stock HCl_O4 solution.was b&.ti-
tration;with sodium hydroxide, using bromothymol blue as an endpoint in-
dicator. Reagent grade 57% hydroiodic acid (Merck) (without the usual

1.5% HBPOé as a ﬁreservative) was further purified b} s§turatioﬁ with HZS
gas ahd'subsequent distillation. The stoék soluﬁion 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. HReOaisol-
utions were made by dilution from a stock preparéd by dissolving Re207

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

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

CCl, and l-bromooctane were obtained from J. T. Baker. The l-bromooctane

4
IWas éﬁrified to a colorless reagent by distillation.

Solutions ofjthe patticular ammonium salt were prepared by.taking
~0.5 M TLA in a dilueﬂt'and shaking it fairly vigorouly with ~0.6 M HX fo;
éeveral'hours. After sepéfation with the aid of éentrifugation, the or-
ganic layer was washed with ~0.01 M HX to remove, or to preveﬁt any'pos;
sibility of-haying, excess acid in the amine salt (i.e., ratio of TLA/HX

4 solﬁtionsvtwo methods of preparation were attempted: ﬁhe

.one outlined above and anether in which a solution of TLA-HC1 in CCl4 was

<1f0). For CCl

_repeatedly washed with an aqueous solution of 0.01 M HClO4 (to preveﬁt
preméture hydrolysié) aﬁd'~2 M NaC104} Coﬁplete conversion torthe aﬁine
percﬁlorate salt was judged by testing for the lack of a visqal.pfecipitate
with AgN03. - It is known that aliphatic amines may react with CCl4 or neariy
any halocarboﬁ,12 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 avove. But because of
the sensitivity of acidic iodide to air oxidation, both the Qrgénic.and
aqueous solutions were carefully purged with argon. This removal of oxy-
gen gave amine-HI solutions that were'stable for >1 week'(no visual for-

.mation of brownish I etc. observed) instead of <1 hour with expoéure to

3’
air. :Détails for the preparation of the TOPO solutions can be found else-
whe‘re.13
Procedures:’

The.émine extraction systems were studied_byva back—extraction
or hYdrolysis technique. Starting from standarized ~0.5 M trilauryl
ammoniuﬁ'salt.solutions in.the ofgaﬁic solvent, a sgries,of solutions'
vwere prepared‘by dilutibn, These salt solutions (Svor 10 ml) weré theﬁ
shaken for >18 hrs; with 50 ml of distilled water for the TLA'HC104 sys—=
tems anﬁ with an equal adueous volume (10 ml) for the TLA<HI syétgms.
'Beforé equilibration of the TLA-HI systems, radio-io&ide (<10-5Mj was addéd.
to the aqueous phage. After equilibration, phase.seﬁaration ﬁas acceler-
ated by centrifugation. (If the shaking during thé-équilibration process
is'dbnevtbo vigorously, at least for the most Concentfated Salt solﬁtions,
a cloudy aqueoﬁs 1ayer»is obtained. This phase is then quite resistant
to cleéring even with brolonged‘centrifugation.) For_the counting of the
tracer iodide in a Na(Tl)I well-type crystal, 3 ﬁl sémpies of each phasev
wefevfakgn, or smaller samples of a- particular phase adjusted to 3 ml if the
counﬁ rate Qas too high. Conventional acid-base titrétions were ﬁade to analyze the

- aqueous equilibrium acid content. Except for the lowest initial amine-
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salt conéentrapibné; the aquébus acid concentrafion is by far the most
sensitive péramgter to be detéfmined, This is dué to the felatively‘small_
amount of amine salt that is hydrolyzed over most of'the cdncentration
range considered._ Subtraction of this quantity ffém,the Qell established.
initial amine'éalt.concentration is, 'in moﬁt instanées, a minor perturbé—i
tion'upon'the latter. That is, the equilibrium orgapic-phase salt coﬁcen—
tration.is little different from the initial value.

PrOcedures that were used to obtain the_disfribution‘data for the .
TOPO-HRéO4:system afé similar to those already outlined.elsewheré;13v Dis-

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 highefraggregate can be described by

the reaction,

nTLA(org);+ nH+ +nX 2 nTLA-nHX(org) - (1)
with an equilibrium constant,
[ nTLA“BX] ¥ ppp.nx

K = e . - o (2)
@tz [Tea]? yo ,

Brackets -indicate concentrations, parentheses are activities, and y is a

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



n
log[nTLA-nHX] = log K + n 1og[TLA]o(HfX‘)+ log ;_TI:A__._ ) (3)

: : nTLA-nHX
Thus, a log-log plot of the stoichometric concéntration of thé organié—
phase amine salt [TLA'HX]O, vs. the product [TLA]d(H+X_) should yield a
curve whose tangent is tﬁe»value of n at that point, if the activity-
coeffiéieﬁt rafio is a constant. This condition is usually assumed in
slope analysis work.

The results of the present study of the’éxtraction by TLA of HClO4
into l-bromooctane and into CCl4 and of HClO4vand HI into cyclohéxane are
shown as log-log plots of [TLA-HX]o vé. [TLA]O(HX) in Figuré 1, curves 1 to
4,:resp¢ctive1y. Where determined to low amine—salt.concentrations, as for
' cur&e 1 (and other ekamples'not'shown), the 1og;1og blots are stréight lineé
with unit slope, indicating predominantly ion pairs for the salt in this re-
gion and.the Qalidity of the assumption that the_organic—phase activity-
coefficient ratio is constant. This constancy is dﬁe to the very low con-
centrations-of,the salt and of the amine in the organic diluént, so that the
nature of the organic phase is essentially unchanged;

| But at higher éoncentrations, the curves deviate upward from a line
of unit slope. This is the region that has been of most interest in the
licefature,14 and this behavior has almost always been ascribed to a further
éssociatiép of the ion pairs to higher ion aggregates in the 1o§.dielectric—
constaﬁt medium.l5 As just described, the average value of this aggregation,
;; at any point can be determined by the tangent of the éurve; or the whoie

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-



.cheffiéient_ratio of the various oligomers.are assumed éohstant.
As the concentration‘is increased, the slopes bechme steeper, ihdicating
the.predqminance of still higher and higher speciés, The limiting slope
for such.a system of ideal amine-salt aggfegates is a vertical asymptote,
corréspondihgltd infinite aggregation, the forﬁation Qf a colloid. But
as cén‘be.seeh in Figure 1, and less conclusivély in the earlier work,
with "onr"‘diluents the curves for these TLA salts ah;ually ﬁbackbénd"
for concentrations above ~ 0.1‘M, yielding negative values for the,slopé.
This behavior is completely unexplainable in the context of an
aégregation mbdel_with ideal activity coefficients for the salt associa-
tions. It doeé'not appear to be a non—equilibriumkeffect: In the
TILA—HR_eO' |

4

obtained either'by starting with HReO4 tracer in the aqueods phase or by

systém in CCl4 (not shown), for instance, the same results are

titrating the macro-concentrations of HReO4 inithe équgoﬁs phése which is
‘hydrolyzed from the salt. The simplest, and wejbelieve the corréd;, e#—
'planatlon is st111 that glven earlier,a’5 namely, thaf at.these lafge,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 cohsisting,df
the amine salt (25-30% by volume at 0.4 M TLA- HC104) in the solvent. This
new organic phase has properties more favorable for- e#tractlon of the salt
»lfhr_example, it has a higher dielectric constant, due to the presence of
“the ion aggregates themselves. In én earlier paper the origin of the back—v
bend was similarly stated as being due to a éhange in the naturevofzthef
diluent leading to enhanced extraction; the increase in dielectric constant

was measufed4 but explicitly stated as being only one example‘bf 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- Considering a three-
ynTLA*nHX 16-17. . g
component system of diluent, amine salt, and amine, the condition
3 /2 > 0 must be.satisfied. ‘'This limitation on the
1-‘l(nTLA'nHX) FhTLA'nHX) . :
decrease 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
éomponents of the system, and, in particular, the water in the organic
'phase.18

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 6ne:must take into acéounf another component. But we think it is the
aminevthat ié important, and not the water. For just as the introduction
_Of macro amounts of the amine salt (z0.1 M) changés the nature of the
solvent from ;he original diluent to a mixed‘one whose properties (more
polar natufe, higher dielectric constanég., etc.) shéuld lower the activ-

21,20 these changes in the diluent make

ity coefficient of the amine salt,
‘it less suitabie for'the‘non-polar and relatively inert trilaurylamine it-
.self, Thét is, the aqtivity coefficient of the TLA shoﬁld increase with
increasing salf concentration in the mixed diluent, and both activity—

coefficient éhanges should cause a very marked lowering in the ratio

’ / n In fact by inspecti 2 3, it b hat f
YoTLA - nux’ YTLA _ y inspecting gq or 3, it gan e seen that for

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

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

phase is small’(lO—2

—10--3 M) so that one might‘;hink its activity coeffi-
cient would not vary much, the change in the natufe'of the dilueﬁf from a
pure hydrocarbon or halogenated hydrocarbqn to an amine-salt solutioh can
causé-largé-Changes in the amine activit&. Some support for the éuggested
amine activity—éoefficient behaQior appears in thé sdlubility pattern of
tertiary amineszz. In general they are completely miscible with non-polar
diluents, but oﬁly sparingly solubie'in alcohols and other polar solvents.
‘Sipce the conéentrated amine-salt splutiohs are:certainly more polar than
the initial diluent,4’19’23 an incfease in the amiﬁe qbefficient is thus
suggested..
While it is not possible to determine the changes in the iﬁdivid—_

»uél orgaﬁic—phase aétivitylcoefficients in the backbending region (only the .
éhange in the ratio of the coefficients is measured), limits can be set on
the change in yTLA using eq. 1 and the experimentalﬂdata shown in Figure 1.
For even if Y\ TLA«nHX falls as steeply as permitted by thermodynamics '
o Wifhdut thifd—phase formation, the value of'yTLA muSt‘ingrease with in-
creasing émine—salt concentration at least enough.to‘aCCoﬁnt for the
decrease in [TLA]O(H+X-) from its maximum value. For a chaqge in the
amine-salt concentratiép from 0.1>fo'0.5”M; the fouf‘curveé in Figuré 1
suggest a miﬁiﬁﬁm incteasé:inAyTLArbf‘1.3—4.5, a réaéonable set 6f lower
limits. |

~We have described hqw it is impossible to explain the: backbending
behavior of a number of concentrated aminé—salt systems using thelqsﬁal
slope analysis method which aﬁtributes'all deviations from simpie ion-

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

 behave idéally (have aétivity coefficients = 1). Ihstead 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

ibn aggregates of the amine salt decrease and that of the amine increases.
To a smaller degree this behavior is also trué below the concentration of
amine sal; at which backbending commences, so that all of the devia;ion
from a straight line of unit slope (bure ion-pair behavior) in that fegion
méy not be due to the formation of higher ion associations. Somé of the

- iﬁcreased extfaction is because of the change in fhé solvent, and so éhe
pfue-degree of aggregation is.smaller than that determined by the usual
sloﬁe analySis methods, whether graphical or by computer. This féature
pfobably-explains the rather unusual series of oligomersvusually.deter—
mined by slope:éhal&sis of amine-salt systems in "poor" diluénts, iﬁ which
the'ioﬁ pair is followed by a dimer and then a muéh higher oligomer, or-
where éveﬁ the'dimer is skipped and the next smallest ion association is a
tr:'Lmer>.8_11 Tﬁe irregularities are probably false; the ;rué aggregation

is less than the apparent value, and the appearance of high oligomers or
of a trimer without passing through a dimer speciés is likely dﬁe to the
neglect of the-non—idealities of the ion dipoles and quadrupoles, in par-

. ticular of their (éttrac;ive) electrostatic interactions with eaéh other in
the increasingiy concentrated organic phase. 1If the ideas presented éré
correct, thevifregularities in the series and the degree of aggregation
would become more marked, the more inert an& less polar the initial diluent

and thé 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 whéfé simple
alope analysis of an amine-salt syStem led to complgtely unexplainable re-
éults was the extréction of HZSO4 by trioctylamihé in benzene?4 Althqugh
the extraction of the normal sulféte.salt appeared well behéved at low’
salt concentrations and follbwed the mass—actionéxpression for an‘iOn
triplet, (TOAH+)ZSOZ’ the extréction increasingly deviated upwards from
an ideal siope above a salt concentration of - 0.025 M. The explénation
given at that time was thét_thev;alt waé aggregating to a colloid.24
But léter light-séattering studies by the same authégs shoﬁed that the

fsﬁlfate salt reﬁained essentially monomérié, 1eayingbthe extractioﬁ-be—
haﬁior unexplained. We would like to suggest that the enhan;ed extraction
of the amine sulfate in concentrated benzene solution is d.ue, not to ion
association, but to a more non-specific interaction 6fvthe salt.with it-“
self thrdugh changiﬁg the nature of the medium from'theboriginal benzene
to a mixtqre;df salt in benzene (a more‘polar, better-extracting solventf.

.0thef than by light-scattering studies, it is not easy to unam-
biguouslyAdeterminerthe staté of aggregation of an amine salf in the range
of concentrations being conéidered. The (non—specific) interaction of the
amine-salt species with themselves brings into quesfion the accuracy of
the.deterﬁination of aggregation numbers of amine;sait éoluti§ﬁs by osmo-
metric methods, as again ideal activity coefficients are usually aSsﬁmed
for the associated épecies. In this case the effect of the change in the
amine activity coefficient is not.important; but the:changes iﬁ the salf
species' activity coefficients stili play a role and w@uld again make‘the

true aggregation smaller than that derived assuming all deviation from
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ideality'comés from association alone. Marcus hés discussed~a rough quané
titative way to take part of the non-idealities into account,3 and has‘
shown thaf hié treatment does lead to simpler, more chemically reasonable
agéf;gation bghévior. The effect is noticeable in the exampleé he uses
of-aromatic solvent solutions of trilaurylammonium salts from O.QIO -+ 0.10
M in concentration, but the différences with simple asséciation éalcula-
tions would become ‘much larger with less polar diluents and more concen-
trated salt solutions.

A variation éf this process where the pfesence'of an amine salt
decreases its own activity cqefficient is the solubilization of an amine
salt; which is difficult to dissolve even in a rélatively polar solvent,
by the addition of a more solﬁble amine salt. For example, the salt
b(R3NH+)2(COC14=)‘in p-xylene ié sblqbilized by appreciable concentrations
of the extractant salt, R3NH+C1—,2'6 and there ﬁre other examples in the
literature;27 In facﬁ, the activity éqefficient of (R3N+)(FeClZ) has
beenrshown to decrease wiﬁh an incréasé in R3NH+C1; éoncentration;
exactly as expected from the present discussion.

Are there other types of extraétion systems that. do not_éllow
fot»éimple'sldpe analysis,. and, if so treated, lead to wfong conclusions?
The answer appeafs to be yes. Consider.the extfaction of HReOa by trio-
étylphésphine oxide (TOPO) solutions ih isooctane. The extféction to an

ion-paired product can be expressed:

+
H + ReO4

+ nTOPO(org) = H+'nTOPO°"ReOZ(org) (4)

with the corresponding equilibrium constant
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[u¥-nTOPO- - -Re0T] vy
. 470 o
a _ 4
Ky = +, - n _n - ' )
(H'Re0,)[ TOPO]™ ¥l 00 - SR

nTOPO-HReO

Thus a log-iog plot,ofvthe organic-phase HReO4 concentration vs. the
aqueous-phase acid activity for a constant TOPO COncentratioh should yield:
a straight line of unit slope if the organic—ﬁhaée species is én ion paif
“and the ratio of activity coefficients is constanﬁ. This result is in-
'déed gbtained for fixed TOPO concentrations from 0.0020.to O.ld M and for
aqueous HReO4.activitiés ranging from 10'-8 to.l_()_.1 M (except at the highest
HReO4 aétiﬁities and'lowest‘TOPO concentfations). Then to detérmine the
value of n, the number of TOPO moleculés coordinated £o the extracted acid,
one éan'sfudy ﬁhe dependence of the extracted aéid on the.TOPO concentra—
tion. Tp exélﬁde the possibility of aggregation Beyond‘the.ion pair,
vtracer éongenf;htions of HReOé cén be gsed. Figufe 2 sho&s‘the HiStribu
tiqn ofll‘x 10—6 M‘?Rebd in 1.0 M HCl“with TOPO in isooctane. ' The initial
élopé:draﬁn ié_two (n = 2); but the raw data show deviations from this line
even at TOPO concentratioﬁs as 1o§ as 2—3 X 10_3.M.v.The organic-phasé

: U . . -8
HReO, concentration at these TOPO concentrations is ~10 ~ M, so no aggre-

4
gationvbeyohd the ion pair is expected. Extension of the line of sldpe
two is sﬁown by a‘dashed line, and thé sqbtraction.bf this line frémvﬁhe :
raw data is indiéated by the dasﬁed line connecting the filled triangles.

. . o :
This'resui;ant‘line has a slope three. By all the normal rules of slope -
analysis this indicates that at the initial low TOPO concentrations thére

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 3vshows the extraction of 0.10 Mvénd‘0.0IO M H_ReO4 (macro
amounts of perrhenic acid) as a function of TOPO concentr;tion. Curve 2,
for 0.010 M HReO4, ié almost a duplicate of the tracer diStributién.study
in Figure 2. A dashed line of slope two is drawn in to match the apparent
concentration qﬁbtient, K;’ obtained ffom liﬁe 1. The épén triaﬁgles are
the fesuit of subtracting the slope-two line from thg raw data, and they
v giyé a line with a slope of three. .The»upper end of these data must be
‘correéted for TOPO complexed by acid. Square symbols indicate correction
assﬁming a 2TOPO complex, but there is little differenée betwegn é choicé
of 2TOPO or 3TOPO for curve 2. However, in the set of data illuéﬁrated
in éurve 1, for 0.10 M aqueousvHReO-, the choice»of 2 or 3 TOPO moiecules
- in the complex.leads to much more divergent reSuits after subtraction of
tﬂe‘slope—two'line. .If‘one aééumes a ZTOPO-HReO4 éomplex, the points in-
dicated by-équares are obtained,.and féll surprisingly upon a line of
slope‘three. If one assqmeS'a 3TOPO per aéid'corfection (thevinverted
triangles), a line withbé slope considerably steepér thaﬁ three is ob-
tained. The resuit for a 3 to 1 complex wduld be.pqssible if aggregation
wefe occurring, but a similar degree ofraggregatioﬁ‘ought t§ have been
observed‘ih the set of da£a for 0.010M HRe’O4 qurve 2; where a similar
range 6f [HReO4]o conéehtrations were examined. It'is an; nor is there
‘any indicétion for a large degree of égg;egation from‘the log-log plots of -
organic-phase HReO4 vs. aqueous acid described earlier. |

Thus fhere is a problem. Is the extracted species at the top of
curve 1 a 2:1 or a 3:1 complex, and, whichéver it is,‘why is it not well

behaved? 1In an earlier publication we took this type of extraction
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results at higher‘TOPO concentration to indiéate a 3:1 compléx.zg' But
infra-red sp_ectroscop'ic.results30 oVér‘the whole’TOPO range studied indi-
cate that.thg species is é 2TOP0~HReO4 complex like the one known in other
diluents, and water analyses shoﬁ that it is essentially anhydrous and so
‘not basgd.qn a hydronium-cation3l (which has three possible‘poéitive sites
.for.a 3:1 édmﬁlex), but on a bare pfoton, which ié unlikely to permif cé—'
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 inconsisfgncies)i the
_TQPO‘HReOa species in isooctane is only a 2TOPO;ﬁReO4.spe¢ies.with no
evidence for the 3:1 complex suggested by the log-log plots in Figurés 2
‘énd 3. What can be the cause of this error ip thé,simpie mass-law anal-
ysis, especially since deviations from the line of'slépe two appear at
extrémely'ldw_values of the'HReO4 concentrationb in thé orgaﬁic phase
(lO_g M in»Figurelz_and ;€10_6 M in Figure 3)? These concenfratiohs are
‘tob lbﬁlﬁo suépdse tﬁgt the'presence of.the TOPO'HReO4'species chahges‘the
natﬁre of the solvent, so that, in coﬁtrast to the amine situatioh,_we
must.look elsewhere for the origin of the_deviations; It is certainly
an organic-phase effect, as.tﬁis bghavior'does ﬁot‘occﬁr under the same
QQuebus conditiéﬁs but with other "better"Ldiluent$613 We belie§e it is
~due to the presenée of the polaf_TOPO molecules wﬁen dissolved.in very
iﬁert (épéor")'diluents; Thaﬁ is, the addition of the very polar TOPO
molecules makes the inert dilutent'isooctane into a new and moré polar
V'Sblvent; a mixture of isooctane aﬁd TOPO. This expiains wﬁy.the devia;
: tibns oécur similarly for both tracer and macro amounts of acid (Figures

2 aﬁd 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. Figurés 2 and 3 show significantly
‘enhanced ex;raction at as‘low as 2—3><10-3 M TOPO. At such a concentra-

‘ ftion there is only one TOPO for approximately 4000 isooctane molecules;
to'have any marked effect the TOPO must selectiveiy solvate (be in the
vicinity of) the even rarer H+(T0PO)2ReOZ species. This process leads

to a'lbwering of the activity coefficent of the extracted acid but not the

formation of a'higher TOPO complex or aggregation of the H+(TOPO)2ReOZ

species.

Summary

In.this paper we have described several examplés of systems that
do not follow the behavior expécted'for extraction models based‘on the
ksimple application of mass action to stepwise equilibria. In the usual
application of slope analysis to extraction systems, all deviations‘from
‘the behévior at low concentrations are considered to bé due to the step-
wise formation of higher complexes but with ideal activity coefficienté 
 for all of the species involved. - Types of studies included.are the forma-
tion of higher complexes with the extractant molecﬁle, as the éxtractant
concentrétioh is increased, and stepwise aggfegation of the extracted
amine salt, as the salt concentration is increased. In the former caée;
neglect of possible ofganic—phase activity-coefficient variations in ap-
plying slope analysis leads to the suggestion of higher complexes than
actually éxist or make sensé chemicaliy. In thé 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

8-11 For

biamed on aggregatioh alone, especiall& with "qur" solvents.
tertiary amipe saits in such solvents, there may . appear the very inter-
esting phénomenon of "backbendiﬁg" in the log—lég.pioﬁ of extracted acid
concentratioh vs. the pfoduct_of aqueous acid activity and amine concentra-
tion. 'This‘re5u1tvis completely inexplicable in the simple slope analysié
formulation, and isvexééllent_proof that the activity coefficients of both
the amine salt and the amine ére changing with amihe;salt concentration.
We believe_;hat the origin of this change comes from the change in proper-

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

ture of amine salt and solvent.
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Figure Captions

Figuré 1. Total.ammonium salt concentration [TLA-Hx]o, versus
[TLA]O(H+X_) for various diluents. Curve 1 is fhe TLA-HClOa, 1-bromo-
octane system; cufve 2 is the TLA-HClO4, CC14 sysfem; curve 3 is the
TLA'HC104; Cyéloﬁexane 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'A.

Figure 2. Variétion of distribution ratio, D, with TOPO in isooctane

for 1 x IOf6 M HReO4

“slope two or three (;A).

in 1.0 M HC1l. The dashed lines are drawn with either

Figure 3. Variation of acid content of the orgénic—ﬁhase with TOPO in
isooctane for aqueous HRéO4 concentrations of O.lO.M (l1ine 1) and for
- 0.010 M (line 2). @, uncorrected data; A , resultant of subtra.ctin.g
vsloﬁé two component from raw data; 0, data corrééted assuming 2:1 IOPO:H+
~complex; V , data cérfected for used-up TbPO assuming a 3:1 TOPO:H+ com-

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

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.




-

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

) i Y





