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Abstract

The extraction of HReOﬁ er HClOu'into dilute:solﬁtipns of tritutyl
\‘phesphate (TBP) in CCl1), isooctene'and lé?-dichlofeethane has been studied,
" and the‘extracting species have‘been-determihea.‘bA preVious study of TBP
in celu, where the TEP cencentrations were 0.05 to 0.3 M and the stoichio-
metrlc ratlo TBP/H was. > 3 5 1ndlcated the only extractlng spe01es were
'the molecular adduct TBP- HQO and the hydronlum ion species BTBP HBO .
: pHEO ;;. Clou , an ion pair, Where 0<p S l.j, In thls study even more
‘dilute TBP solutions in CClu'Were examined, and a'two-TBP acid
_‘complex, 1n.add1tlon to the three-TBP complex,_was found. In the isooetaneb
"system elther a two- or three-TBP ac1d complex, dependlng upon TBP concentratlon,
was found tO‘predomlnate. Wlth 1,2~ dlchloroethane—TBP and at the organlc— |
‘phase ac1d concentrations examlned, only a dlssoc1ated three—TBP complex was
found. In addltlon to an anion effect, it is suggested solvent effects upon
both TBP and the extraction comélex are changlng,to a greater or lesser
_ extent,the TBP coordlnatlon number of the extracted hydronlum ion ffom

three to two.
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Intrbduction

A prev1ous study of HClOu extractlon by dilute solutlons of trlbutyl

'phosphate TBP) in CClu 1nd1cated that the proton was coordinated with three

TBP molecules in the organlc phase. ThlS study also_showed-that at least one

water molecule was always coextracted From these two results a model for

' the extracted spe01es was suggested the complex ‘has a hydronlum ion core

to which the three TBP molecules’are coordinated. It was also -
suggested that this model could have general application as a guide for under—

standlng acid extractlon by dllute solutlons of other weakly basic organ1c

pextractants as well as by other THP- diluent systems

To test the valldlty of thls proposed model the extractlon of HCth

by TBP in other dlluen s was 1nvest1gated In thls paper, the flrst of a

two-part study, the use of 1sooctane and of l 2- dlchloroethane as dlluents
was 1nvest1gated. Isooctane was chosen to 1llustrate the ertractlon process
in a solvent Wthh possesses relatlvely weak solvatlng propertles and 80 can
be cons1dered relatlvely "inert". This system will be- used as a reference

against which the other\TBP-diluent systems can be compared._ The'solvent '

l,EQdichlcroethane was chosen for its'relatiVely high dielectric constant;

this property may allow dissociation of the extraction complexes into independ-
ent ions, thus freeing the cation from any close‘interaction with the anion.
Instead of using acid-base titration methods for'determiningvthe amount of

extracted ac1d as was’ malnly done in the prev1ous TBP- CClu 1nvest1gat10n,

_radloactlve perrhenate (ReOu ) tracer was employed Slnce the molecular

| tructure and ‘charge of ReOu 1s 81mllar to ClOu it 1s found that thls tracer

anion can be used successfully as a marker for Cth although it is not.
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Aidentical in behavior. Because this radioactive tracer technique allows
accurate determination of much lower organic-phase acid concentrations than -
those previously obtained, the TBP-HCth(HReOu)—CClu system was also

reexamined over a greater range of dilute TBP concentrations.

Experimenﬁal

Reagents.—The HCth solutions were prepared by dilution with diétilled @atér
of G. F. Smith reagént grade HClOu,'7O to 72%. .The'stock 70-72% solution was "t
standardized by titration with sodium hydroxide to the bromothqul blue end- |
point. HReOu solutions were made by ailution from a stock solution, stand-
ardized in the same way, and prepared by dissolviﬁg ReEO7 in water. The | : 5;

186

ReOu' tracer solution was prepared by irradiating KReOu with- neutrons in
the Vallecitos reactor and dissolving the product in distilled water. The
CCl) was Baker and Adamson reagent grade; the isooctane was "spectro" grade

obtained from Matheson, Coleman and Bell; and the 1,2-dichloroethane was

Matheson, Coleman and Bell, reagent grade.

Procedure.——Procedures for sample preparation, measurements and data analysis

2,3 Additions or changes

are essentially the same as already noted elsewhere.
| éfe as follows: 1) When using 1,2-dichlbroethane as a diluent, shaking
times of 5-6 hours were necessary to obtain reproducible results; 2) the
volume ratios of organic to aqueous phases were nét always kept one-to-one
as beforé; 3) endpoint determination in the Karl Fischer water titrations was ‘ *ng

by the dead-stop instead of a visual endpoint technique. All extractions

were performed at 23 * 2°C.
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‘ Results.'

'M_Thé eXperimentel results are'shown_as,log-log plots in Flgures 1-7;
dThe raw~data are'indicated by-clrcles.andlare.connected bj solid'lines;
VCorrectlons made to the experlmental p01nts, as descrlbed below, are indicated

‘ lln each oﬁ the plots by square symbols and are connected by dashed llnes.

l
TLe log log plots of organlc-phase water concentratlon vs. TRP

o
concentratlon are shown in Flgures I and 2 for the TBP 1sooctane and- TBP 1, 2-
‘dichloroethsne systems at a water actlv1ty of unlty (aw = i)Q The amount of
water extrscted'by thejdiluentAalone, calculated as the product of the molar
,solubillty in»the diluent' tines the'wolume'fractlon.of diluent; has'already_
.been subtracted from the water concentratlons plotted (water solublllty 1n
1sooctane, 0. 0055 M literature values, 0.002 Mh - 0. OO6 M5 at 25 C; water
solublllty 1n l 2 dlchloroethane, 0. 125 M llterature value, O 129 M6 at
250) : |

The logrlog plots in Flgures 5 ‘and L4 are of organlc-phase a01d
.concentratlon vs.vaqueous acthlty'of ac1d tlmes the water act1v1ty to the
.approprlate power (descrlbed below) for O 075 M and O 367 M TBEP in 1sooctane,
‘, for O. 367 M TBP in CClh, and for 0. 567 M TBP in 1,2~ dlchloroethane. |
Perrhenate tracer out of perchlorlc ac1d was used to determlne the concentratlons
1n‘both'the 1sooctane_and CClu systems shown 1n Flgure_B;;ReOu: traCer-out of
perrhenic acid wss usedvfor,the‘l,?—dichloroethane system, Figure k. -

Figures'5, 6 and 7'Show.thevlog—log'debendencefof organic-phase acid
'v'concentratlon vs. concentratlon of TBP in CClu, 1sooctane,.and 1,2~ dlchloroethane,.

drespectlvely Perrhenate ‘tracer out of perrhenlc ac1d ‘was used in both the

‘ CClh and l 2« dlchloroethane systems and for one set of data in the 1sooctane
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system; for the other set of data in isooctane,perrhénate tracér out of per-
chloric acid was employed. |
The'relationship between coextracted water and the orgaﬁic-phase'acid
concentration is shown in Figure 8 for isooctane.. The tofal amount of water
extracted, exclusive of that in the diluent itself, is shown by line 1 for
(initial) O.75_E TBP and by line 2 for 0.183 M TBP. The'ﬁifference between
organicfphase waﬁer concentration when the acid is presenf‘and that which'
extracts into equivalent solutions of TBP alone (but corrected to the
appfopriafe water activity) is indicated by line 3.
In those systems where Reou_ tracer was gsed as a marker for Clok—’

the pldtted organic-phase acid concentrations, [ﬁ+]o, may*be“up to a factor
of two highér than the actual HClOu cohcentrations,_as Re0u~ extracts
somewhat befﬁer than ClOu" out of HClOu. As long asbthe correétion for the
amount of TBP complexed with extracted écid is small, this causes no error
- in the slope analyses used in this paper, as 1t produces only a parallel_
displécement of the curves and no change in slope. - But at.high céncentratiOns
of extracted acid, where corrections forvthat fraction of the TBP complexed
to the acid become important, a knowledge of the actual concentrations of
organic-phase HClOu is needed, and these were obtained by direct two-phase
titrations. In those systems where data were obtained using Réoﬁ- tfacer
ouﬁ of macro-perrhenic acid, no problem arises, and the values of

(" ]o plotted are the correct ones.
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Discussion

TBP-HEO.' TheAequilihrium for the distribution of water into a solution of

. TBP in an organlc dlluent is malntalned 1ndependently of any other extractlon

I

'equlllbrla, and may be wrltten

p

EBP(org ) + mHQO mH 0. nTBD(org N J (D)
i . . = ;

The_correspondingsequilibrium constant is:

[mH.EO-nTBP]O»yH 0

){ (mHgO.-n'I'BP)O ‘ X _. '(2)
TR (mo)™TER)S (0 rEeiiyh T

Where parentheses 51gn1fy act1v1ty, brackets denote molar concentratlons,

and y is a molar act1v1ty coeff1c1ent Wlth the assumptlon “that the ratlo

yH O/yTBPd is a constant in these dllute solutlons, eq. 2 suggests a log log

plot of the organlc-phase water concentratlon (corrected for water uptake

»of the dlluent), HéO s VS. the equlllbrlum ‘TBP concentratlon, [TBP]O;

should generate a line of slope n. E where n is the number'of TBP molecules

bound to each extracted water complex. Such plots are shown in Flgures 1 and"

» 2,for 1sooctane-and 1 2-d1chloroethane, respectlvely. In these flgures, the

data connected by a solid llne results from plottlng [HéO] vs. the initial

' TBP concentratlon. It can be seen that for values below 0.2 M in dlchloro-

ethane and below 0,0? M in isooctane a linevof slope one can be»drawn through
the points. This suggests that a water complex containingnonly,one TBP
molecule occurs at these (and lower) TBP concentrations, at least when

W

a =1 j the majority of the TBP molecules, however, remain



unhydrated. Without determining [H 0] as a function of a it cannot be

definitely asserted how many’water molecules are iﬁuclved in the complex,

218 9

and unpubllshed studles

TN VR N e IO T T

However, from publishe made upon similar’
extractent-SQlVent systems, it is clear,that the'assumption of only one water d

molecule being'invclved is reasonable. That is; at or below 0.2 M_ih’

R B ] ‘_

dichloroethane and 0.07 M TBP in isooctane and at or:uear a_ = 1, the

LT b e

TBEP-water specles present is a predominantly 1:1 (n =m = l)d comﬁlex.v
'Ccrrecting the TRP concehtrations to eduilibrium values, [TBP] o’ on thlS -

. basis of as many TBP molecules complexed as there are extracted waters, leads
to the dashed curves in Flgures 1 and 2 and values ofI{H b for the dlchloro—
ethane and 1sooctane systems of O Lh and O 12 (mol/l ) A respectlvely.

For hlgher concentratlons of TBP the experlmental p01nts dev1ate

,from the line of unit slope. ThlS result probably 1nd1cates a hlgher TEP«
water complex is being formed, but we must also consider how,the act1v1ty

coefficients of the TBP and of the complex are varying. At some point, as -

~the TBP concentration is increased, the properties of the solution begin td:
deviate significantly from those of the-pure diluent. The individuél‘

activity coefficients of the TBP and TBP H 0 5pe01es change from thelr 1nf1n1tely

O
’ _But experlence 1ndlcates that the coeff1c1ents

"dllute solution values.
" of such similar species change-in the same direction, that- the assumption‘of,

a constant activity coefficient ratio is still valid. Such "compensation! = -~ | £

of activity coefficient effects in extraction‘systems'has'been described by

12,13

- other authors. ‘ However; at some higher COnceutration of TBP, even the _ l', o \Jﬁ
ratio of coefficients maydno longer remain constant, and then.deViations’from"'

the straight line determined at lower concentration may occur even though no



_solutlons) has been obtalned from N.M.R, studies
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-neW'species is formed.v Experience with a number of extraction systems seems

to 1ndlcate that such ‘behavior does not occur much below about 5 volume %

TBP (O.Eg). Thus the dev1at10ns observed in 1sooctane startlng below 0.07 M

: probehly'do 1nd1cate a,neW‘spec1es. .Deflnlte’corroborat1on of the

. ex1stence of at, least one addltlonal water complex (1n more concentrated

8
59 made on TBP- CClu systems

- But over most of the range of TBP concentrations in isooctane"used in this

work, and for all the 1, 2 dichloroethane solutlons, the 1:1 TBP H 0 complex

is the domlnant hydrated spec1es.
A study of_[H20]0 for the TBP-CC1) system, using both Karl Fischer

titretions and normalized infra-red intensities; has been published

o -
vpreviously The data presented is qulte s1mllar in form to that found in

Flgure 1. A 1:1 TBP H 0 complex occurs up to a TBP concentratlon of 0.1 M.

nBeyond thls concentratlon the water extractlon curve again 1ndlcates the

2

.formatlon of an addltlonal water:TEP complex The KH-O for the 11 complex

-was 0.15 (mol/l,)

TBP—HQO-HClOuvor-HReOh] The extraction of HC10, or HReO) by solutions of TBP

in a diluent_may be expressed as
- o o ' H -nTBP-xHEO .. X (org.) (3)
CH O+ X+ xH20-+.nTBP(org;) = ' S
' ' H' .nTBP-xH O(org ) + X (org ) (3)

W1th the correspondlng equlllbrlum constants

%?—[Hmmnmp,,xlo%gmw%yﬁgnmﬁm>  EO)

;)cdv

i

1" aree. xH 201 Ix ] y+/ TBP |

H

s V(O ) (41)
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From log-log plots of the organic-phase acid concentration, [H+]o
vs. the aqueous-phase activity product (HClOu)(HQO)X = aﬁClOu’ with the
TBP concentration held constant, it can be determined whether the extracting
species is an ion pair (eq. 4) or a pair of dissociated ions (eq;bhf). Such
log-log plots afe shown in Figure 3 for 0.367 M énd 0.073 M solutions in
isooctane and for 0.367 M TBP-solutions in CClu. (Experimentally, X ‘has
values near three and five for TBP—CClu and TBP-isooctane, respectively,
as described below.) At low concentrations of exﬁracted acid all the points
1ie on lines of unit slope, suggesting that the extraction comblex is associated
as ion pairs. At higher concentrations, where curvature of the plot becomes
pronounced, an increasingly large fraction of TBP is complexed with the
extracted acid. Since such TBP is no longer free, this represents a serious-
departure frpm the required condiﬁion_of a fixed equilibrium.concentration of

extractant. The value of [H ]o can be corrected to a fixed concentration of

TBP:by means of éq. 5.
+ 'n n
(6] = ('] (TEp] = / [TEP] . (5).

Here primed quantities refer to the condition of a fixed (initial) equilibrium
concentration, and unprimed quantities denote the experimentai values, among

which [TBP]O can be obtained from the relationship

v +
[TBP]O = [TBP]initial - [TBP-Hgo]o - n[H ]O , | (6)

By using the value n = 3 (whose origin is justified later) in applying
equations 5 and © to correct the data in Figure 3, it can be seen that the

points on the curved portions of the plots are brought onto the straight line



K}

not still be true.

9- B ’ S © UCRL-17972

ybdf'unitislope'extended from the dilute solution regiohs where corrections

. are not necessary.

A similar plot for the system TBP-1,2-dichloroethane is given in
Figure 4. With this diluent the slope observed is closer to 0.5 than to

unity, suggesting the preséncetof‘a dissociated species (eq. 1'). If so,

the value of [H_]o should be corrected by an electrostatic, or Debye-Hickel,.

mean ioh'acﬁivity coefficient. An‘eStimate of fhese'coefficienté,'perhaps

a-tenuous one for a solvent with a dielectric constant of only 10.5, was made

v _ , 1l .
by using the Mayer-Poirier expression.l The computed values of y, were.

appliea to the raw extraction data and géve the results indicated by;the.square'

. symbols plotted invFigure h,' Clearly the appliéation of the calculated Ve
‘values to the'higherv[H-]O concentrations lowers these data onto.the line of
,slopévO.B. "This line has already been determined by the points at lower

‘conCentrationsvwhere aétiVity coefficients are negligibly different from unity.

Thus, iﬁ may_bé'cohéluded thét-o?er tﬁe enfire range of extracted acid éon;
centfatibns'studied,the éxtraction'compiex‘in l,2-dichlof6ethane'is principally
dissociﬁted'into two independent ions: This.fesuit'is not uhreésanabie; :
Fuoss's equafion for ion-pairinéIWOuid preéiét‘approximately seventy percént
free.idns”at the>highest [H+]o in Figure 4,_for.an a = 7A.l5 At yet
higher orgaﬁic-phaée aCiq.conéénfratiohs,‘howéver, thg above conélusidhs may.
It is pOssiEle to détermine’the value of n,>thé'number of.TBP‘mqlécules
cobfdinated in»thé extracted complex, for each‘diluent-TBP System. ‘From loé-
log plots'of_the extracted-aﬁid.vs.'TBP concentfétibn:at a cohstant

T the slopes of the curves directly equal n  for ion-paired

al or a, s
HClOu nReOu
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complexes or 0.5 n for dissociated complexes. The TEP concentrations so used
in Figures 5, 6, and 7 are not equilibrium TBP but iﬁitial TBPbconcentrations
corrected for the amount of TBP bound in the acid complex. Except for the
case where an appreciable amount of TBP is involved in the.acid complex, o
correcting the data for the amount of TBP bound By water would only result
in é parallel displacement of the curve and would not change the values
of the slopes found in the slope analysis techniques employed in this paper.
The above outlined procedure is shown in Figure 5 for TBP-CCl; at two
fixed conéentrations of perrhenic acid, 1.60 M and 2.91 M.v The plots of the
raw data (solid lines) do not have a.uniQue slope over the range of TEP
concentrations used. It is evident, however, that a limitiné slope'eéual to
two (n:E) cén.be obtained at the lower end. Extension of this liné of slope |
two (dashed line) to higher TBP concentrations and subsequent subtraction
from the raw data yields a line whose slope is three (n=3). It thus appears,
for TBP conéentrations in CClu lgss than 0.1 M, a two-TBP 'one-HReOLL complex
predominates, and that above 0.1 M a three -T'BP compléx takes over. . But above
about 0.2 M TBP it may become quesﬁionable to use this type of slope
analysis; activity coefficieﬁt ratios may not.femain constant, as alreédy
mentioned in the TBP-HQO discussion, and such behavior would lead to
WMmdm)mEMMHeinUm]ims.
In a previous study of HCth ex£raction by TBP—CClu2 only a three—TBP
coordinated complex was found, in disagreement with the present finding of
a 2TBP éoﬁplex, as well as a 5TBP species. The previous result, howevér, is | ' s
due to the experimental limitation of using TBP concentrations"z 0.0367 M. |

With that restriction the present data would also yield a good fit to a
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value of: n=3 . alone. It is only when more dilute TBP solutions are examined

bypmeaas.of.ReOu_'tracer that the existepce of a ETBP complex is clearly evident.
| Another example of thisvbehavior is shOwo in Figure 6. The.lower curve

1a a log log plot of [H ]O V. TBP in isooctane for O.87H-M HReOu, and shows

Erange of TBP concentratlons studied, namely 0.% M -

only a slope of 5 for the
0.02 M.. But when a hlgher a01d concentratlon is used so as to be able to carry
the study to umaller TBP concentratléns, ev1dence for a lower. complex appears

The curve for h.OO g HClOu shown in Figure 6 covers the range of TBP concentrations

U -2 | v e - v
~from 7 xclO " to 7 X 10 M and clearly can be resolved into two components;

predominantly“a'izl complex above T X lO-5 M TBP and a 2:1 complex below that

' concentration{ It may be noted that this cross-over point is at an order of

'magnitudeflower concentration in isooctane than in CClu, as will be discussed

later[-

In Figure 7 the TBP dependence data are shown for TBP-1,2-dichloro-

ethane. In this case the extracted species is dissociated into two ions;

the value of the slope in'the‘log—log plot is 0.5 n and the raw data must be ‘

. o S _ _ , N . AR
corrected by Debye-Huckel type activity coefficients.l_ At the higher organic- -

phase acid concentrations where these activity coefficient corrections become_

_'noticeable, the correctedvpoints are shown as opeh squares. A slope of 1.5

‘is obtalned at both ac1d concentratlons, 50 that ‘over the range of TBP con-,'

> M to 5 x 10” -1 M a dlssoc1ated BTBP-complex.ls

centrations from 5 X 10
extracted There is no ev1dence for a 2TBP complex in the range of TBP

concentratlons employed
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The amount of water associated with the extracted acid complex in
TBP-isooctane is shown in Figure 8. The slope of line 3% in this figure
indicates that four—to-five water.molecules are coordinated to the ion-paired
5TBP complexes formed at the TBP concentrations investigated. A previoﬁs study
of the TBP-CClh-HClOu—HEO system2 found a smaller number (~2.5) of water
moleculés coordinated to the acid complex. While ﬁhe different amounts of
water coextractéd in these two solvent systems probably has significanée, it
will only be noted now that béth systéms have more than one water pér acid. i
That 1s, both systems have sufficient coextracted water to allow thé formation
of a hydronium ion. It is this last fact, in addition to ﬁhe finding of a
3TBP complex in CClu, which led to the previously suggested model‘for inﬁér—
pretihg acid extraction data in these moderately basic organic systems.

HoWever, with the observétion in thié study of aFETBP complex in°addition ‘ é
to the 3TBP éomplex, the question arises whether the previbusly suggested |
extraction model is appropriate. Unfortunately, we cannot determine the
water coextracted by the 2TBP complex so as to prove that at 1ea§t oﬁe water
molecule is still involved with it; the concentrations where this species
predominatés are too low for satisfactory Karl Fischer determinations. But :
we believe the hydronium core model is still necessary to explain the présent
data. 1In eéch of the three diluent systems, over some range of TBP concentratiéng,
a 3TBP complex is found. Without the existence of a hydronium ifon, with its
three pbsitive charge sites, it ié difficuit_to cdnceive.how.TBP coordination
numbers.of three could be obﬁained. It 1s suggested that the aﬁpearance of
a 2TBP species at lower TBP concentrations is & naturasl consequence éf the step~

wise formation of coordination complexes, rather than an indication
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of the breakdoWn‘of the proposed model._ This is analogous to the behavior.
found with metal cqmblexes; where lower complexes appear in the more dilute

solutions of the complexing reagent and the (higher) saturated COmplex occurs

- in more concentrated solutions.

' Another interesting result of this study is the difference in TBP
concentration at which a 2TBP complex becomes dominant. In»isooctane,'the

lower comblex predominates only up'to'TBP concentrations of 0.007 M, while

it_is'the‘major species.to almost 0.1 Min CClu.' Clearly in the CClh system
'onevor more factors are operating to stabilize the‘QTBP complex over the 3TBP

-complex'with respect to the situation in isooctane. It is probable that

the main factor isvthe CClu'moleCule itself, providing solvation for both
the'TBP molecule and the ektracted QTBP-acid.complex by means.of dispersion
force interactions via its chlorine atoms. Interaction of CCly with the

TBP molecules is. conflrmed by activity coeff1c1ent measurements on TBP in
10,16

: 11
'both TBP-CClu and TBP—CClu—H 0 systems. These show that the value of

Yogp 1n1t1ally decreases and then becomes constant at a reduced value as the

amount of CClu in the solutlon 1ncreases, there 1s a marked negatlve dev1atlon
from ideal'behavior.' The result of this interaction between cCly, and TBP
correSPOnds to a reductionvin'the effective concentration of the latter

(yTBP < l), leadlng to reduced extraction of the ac1d (see Table 1) and a

hlgher range of ( st01ch10metr1c) TBP concentratlon for Whlch the 2 1 acid

complex domlnates. But we must also cons1der the 1nteractlon -of CClh with

the extracted acid complexes Although the 51tuatlon is not exactly the same, 1t can
be p01nted out that the UO (NO ) 2TBP complex has also been shown to have

13,16, 17

attractlveblnteractlons with CClu as dlluent. We think it is

most reasonable that the hydronium—TBP complex would behave in a similar



k- UCRL-17972

manner.‘ This.should be particularly true for the 2:1 complex, with its exposed
site, the third hydronium hydrogén,'and so would reduce the need of that
complex for a third TBP molecule. The result is to again help increase the
range of existence of the 2:1 complex. Thus the interactions.of CClu with

TBP and with the acid compléx both tend to.favor the lower cémplex, and the
former interaction decreaseé all acid extracfion while the latter helps
extraction of the 2:1 complex mainly. |

The situation is Jjust the opposite with isooctane as the diluent.
Activity coefficient data for TBP (and for the UOE(NO3)2-2TBP complex) in
hexane indicate that the hydrocarbons are not very effective in solVating thesé
Species_10,17 The 'éoefficients_ of TBP (_and UOé(NO5)2-2TBP) increase in _
magnitude with increasing proportion of hexane. This time the deviations from
ideality are positive. The effective concentrafion of'TBP in isboctane'is
greater than that indicated by the stoichiometric value (y,jBP >'1), and
at any given TBP concentration thé higher TBP-acid complex éhould be favored
ovef the 2:1 species compared to CCl& as a diluent. This trend is reinforcéd
by the relatively poorer ability of isooctane to.solvaté the 2:1 acid complexf
The diffefeﬁces in behavior of 2:1 and 3:l‘acidvcomplekes in CCluiand iso-
octane thus can be.reasonably explained.

A comparison of the extraction data with l,2—dichloroethahe and with
isooctane points to still another factor which may be important in the
exﬁractidn process. It is noted that only a BTBP-aéid complex is found in
| l,2-dichloroethane at TBP concentrations equal to or lowér than those which in
isococtane show evidence for a 2TBP complex. - It would surely be eXpécted‘that
l,E-dichloroethane would provide free TBP and the extracted complex with

"chemical solvation" at least equal to that of isooctane. An estimate of the

direction of change for the TBP acitivity coefficient in 1,2-dichloroethane can
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be obtained from a distribution experiment into water from 0.183 M TBP in

- S , _ v <12
1,2-dibromoethane, where rather strong negative non-ideality is indicated.l

lt‘might then be expected that the interaction of i, 2-dichloroethane with TBP
and w1th the extractlon complex should yield behavior along ‘the lines already
found forithe TBP-CClu system. The ex1stence of a lower (2 1) complex mlght

therefore;be‘expected to be observed with'l E-dlchloroethane at an equal or_

hlgher TBP concentratlon than with 1sooctane The'two systems, however,'have

a major difference. 1In 1,2~ dlchloroethane, the extracted ac1d 1s dlssoc1ated
the‘ReOu_ anion 1s free of the cation complex, while in'isooctane the anion
is electroStatically bound to ih. - It may be that.in isooctane and CClh the
oppos1tely charged anion glves suff1c1ent electrostatlc solvatlon to the |

hydronlum complex to help dlsplace one of the coordlnatlng TBP molecules, to

»Vhelp stablllze the lower coordlnatlon complex. But in dichloroethane, the

‘lack of interaction of the dissociated anion with the hydronium-cation rein-

forces ‘the latter'é'need for more completevcoordinafion With TBP. Hence the
3:1 complek would be favored down to still lower TBP concentrations than in-
1sooctane, as is observed experlmentally

It 1is ev1dent that the resolved lines of slope two or three in Flgures

d 5-7 only_flt the data up to concentratlons of about 0.2 M, and have fallen

below the experimental points at 0.3 M and higher TBP concentrations. From

- slope analysis this would indicate a still higher TBP complex. an the

coordination of addi%ional TBP molecules to the hydrated hydronium cation .

should be more difficult though it is'conceivable. It isxunlikely that TBP

'.could coordlnate to ClOM or ReOu We believe the enhanced extraction of

ac1d at TBP concentratlons above 0.2 M is due mainly to the change in the
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nature of the diiuent. It is no longer isooctane or CClh or 1,2-dichloroethane,
but an iséoctane-TBP or CClu—TBP, etc., mixture with a significant proportion
of TBP. ‘The consequent changes in:the physical and chemical properties of the
dilueﬁt mixture néturally affect its extraction properties, aﬁd these changes
probably ére reflected in the breakdown of the assumption of a constant activity
coefficient ratio yH+/y;BP . This would mean that in CClu, yH+ increases
less fapidly with increasihg TBP concentraﬁion than does ygBP , and
in isooétane, yﬁ+ decreases»more rapidly than M?BP . In the more concentrated
TBP solutioné, the extracted acid complex(es) obtain better solvation, relative
to the TBP molecﬁles themselves, than in the dilute solutiéns.

The equilibrium constants for the extraction of HReOu tracer by TBP
diséolved in isooctahe, CClu, and 1,2-dichloroethane as found in this study
are listed in Table 1. They are not true equilibrium constants, as concentrations,
rather than activities, have been used for the.organic—phasé.speéies. >But |
since the ratio of organic-phase éctivity coéfficients appears to be constant
in dilute solutions of TBP, the substitution of concentrations for activities
in dilute solution should not lead to serious error. However, we shall use a
différentISymbol, K;;d , instead of,zi. The superscript indicates whether the
species in question is associated (a) or dissociated (d) and the subscript
indicates whether a 2#1 or B:l_complex is involved. The TBP céncentrations
used in evaiuating the K's are equilibrium values, corrected for the TBP‘
bound in the acid complex and to water. Finally, for calculating the.aqueous
activity of perrhenic acid, the activity coefficient of perchloric acid |

at the same concentration was used.
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, Table'I;

Constants for the extraction of HReOLF .

Diluéntv‘ a . Macro-acid : K; o _ ‘Kg
isooctane "m0, 5.'xiO"5 8. ><:Lo’vl
- . HReOu - g o --- ' - 7.6x10'l .
cc1 e a0 o0
)-I- . . L . 7 . E 0
' 4
1,2;dichloroethane vHReOh ’ Lo U mem E.ﬁxlO'H

Sevefél pointsfcan_be made from this:tabie. It can be seen that the
.valﬁe ofA K? ih'isoocténé isv &EQ _tiﬁes iarger thanvtha# in CCluf Wg |
beiieVe that this is_mainly.due‘tb the‘stronger inﬁeréctidn of CClu with
TBP, effécti&ely decreasing thevconcentfatibﬁ of TBP. availéble to the acid com-
pléxréhd so hindering its extractibn'iﬁ.CClﬁ. The §il,§cid com?lex is
' essentiai1y coordinatively saturated by theATB?,iand sd'isvnot greaﬁly
influencedzby thé natﬁrevof the diluent;' But.fhis is‘not”tfue fdf the
~2;l cOmpiex which has an opeh hydrbﬁiﬁm ﬁydfégen, and 50 CClﬁ can solvate thié'
 complex>better'than can iséoétaﬁe.  This enhanced 501vétion by Cciu justvabput.'
léompensateé for the effect of the enhancéd intera;tion of‘CClu with TBP itself,
énd §0 the valies of KZF are_almost.aliké'in the two diiuents. The diluent
1,2-dichloroethane also must intéract with TBP more strongly than aées |

‘ : ' ' : 1 :
isooctane, thus hindering extraction of the acid complex, T but its
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most important property is its relatively high dieléctric constant, which

-

favors extraction and leads to dissociated ions in the extracted species.

No evidence for a 2:1 species was found in this system in the conéentration

range studied, and we believe that the loss of interacﬁion with the anion in
the dissociated species requires a more complete solvation of the cation by.
the TBP, thus favoring the 3:1 complex.

In this paper we have shown that the hydronium-TBP compiex can have
lower complexes than the saturated 3%:1 species, and that the nature of the
diluent employed affects both the magnitude of the extraction and'the nature Qf
the extracted complex in a reasonable way. ©Several other étudies of HClOul9’20
or HReOh21 extracfion by TBP or TBP-diluent systems have been made. These
‘studies, however, are either at higher éoncentrations of TBP than used.in this
study or use a differeﬁt diluent, so thaf compariSons'ﬁith the present work

are difficult. In the next paper, this type of study will be extended to

chloroform and to aromatic diluents.
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F.ig.ure;Ca‘,ption‘s
Fig. 'l.' Ver_iatiOn of water content o‘f organic phase nith TBP concentrationv
'in isooétane.i ([Hgdjo = total HQO-HQO dissolved'byvdiluent).vvLine ;,
- ,1s [HEO]O vs. eqnilibrinm TBP ( [TBP]O =vtotal TBP-[HQO]O)..' Line
2;||.,”is tﬁgo]o vs.iinitiel TBPeconcentration. Line % is a continuation
of the .linej of unit eiope. |
F1g2 'Veriation of wat%er content of organic phase With TBP concentre.tion in
2
1, B, is [HEO]é vs. equilibrium TBP ([TBP]é = total TBP;[HEO]O).' Line

'1,2-dichloroethane. ({Héoio = total H,0-H,0 dissolved by diluent). Line

2 is a continuation of the line of unit slope. Line 3, @ , is [HEO]O vs.

initial TBP concentration.

. Fig. 3. Vé.rietion of acid content of organic vphas_e with aqueous HClOLL activity

for 0.073 M .TBP ‘in iEOoctane (line‘AB) and for 0.367 M TBP in isooctane
(llne l) as measured by ReOu tracer out of HClOlL acid; and for O. 567

M TBP in CClu (llne 2) as measured by ReOLL tracer out of HCth acid.

o s uncorrected de.ta; . 5 dat_a corrected for used-up TBP. Dashed’ llnes

drawn with slope unity.

' Flg b Varlatlon of acid content of organic phase w1th aqueous HReOLL

act1v1ty for O. 567 M TBP 1n 1, 2 dlchloroethane. . R uncorrected data, o

. 5 data corrected for act1v1ty coefflclents.

.Flg 5 Variation of #1d content of .organlc pha_,se with TBP concentra;tion

in CC1, ‘for aqueous }l_"E{eOLF concentrations of 1.60 1\_/[( o) and of 2.91 M
(O ) A A ) resolved n = 3 line; other dashed .line‘, n =2;[], data

corrected for used-up TBP.
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6. Variation of acid content of organic phase withbTBP concentration in
isboctane for aqueous HReOLL concentration of 0.870 y;( @ ), and for aqueous
HC10), concentration of L.oo M (O )3\, resolved n = 3 line; other
dashéd line, n =.2.

7. Variation of acid content of organic phase with TBP concentration

in 1,2-dichloroethane for aqueous HReOu concentrations of 0.0100 M and

, data corrected for activity coefficients.

8. Water content vs. HClOu concentration in the organic phase (as the
agqueous HClOu éoncentration increases) for totﬁl TBP concentrations of
0.183 M.ahd 0.73 M in isoocténe. Lines 1 and 2, @, and O, ére the
total organic-phase wéter less the solvent water; line 5,&5, (0, is the
total organic-phase water less both the.solventvwater and the water

bound to TBP.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








