
Lawrence Berkeley National Laboratory
Recent Work

Title
EXTRACTION OF HC1O4 AND HReO4 BY DILUTE SOLUTIONS OF TRIBUTYLPHOSPHATE IN 
BENZENE, sym-TRIETHYLBENZENE AND CHCI3

Permalink
https://escholarship.org/uc/item/6d50f7z5

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

Publication Date
1968-10-01

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

https://escholarship.org/uc/item/6d50f7z5
https://escholarship.org
http://www.cdlib.org/


RECEIVED 
LAWRENCE 

RADIATION LABORATORY 

NOV 20 1968 

LIBRARY AND 
DOCUMENTS SECTION 

University of California 

Ernest O. 
Radiation 

lawrence 
laboratory 

UCRL-17973 

EXTRACTION OF HCIOtAND HRe04 BY 01 LUTE SOLUTIONS 
OF TRIBUTY PHOSPHATE IN BENZENE, 

s-x:m-TRIETHYLBENZENE AND CHCI
3 

J. J. Bucher and R. M. Diamond 

October 1968 

TWO-WEEK LOAN COpy 

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



Submitted to: Journal of Physical Chemistry 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

UCRL-17973 
Preprint 

EXTRACTION OF HC104 AND HRe04 BY DILUTE SOLUTIONS OF TRIBUTYL PHOSPHATE 

IN BENZENE, ~-TRIETHYLBENZENE AND CHC1
3 

J. J. Bucher and R. M. Diamond 

October 1968 



UGRL-17973 

EXTRACTION OF HC10l~ AND HRe04 BY DILUTE SOLU'l'IONS OF TRIBUTYL PHOSPHATE 

IN BEl'IZEi\TB, ~-TRIETHYIJBEl'JZENE jlj'm CHC1
3

1 ) 

J. J. Bucher and R. 1-1. Diamond 

Iai-lrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

October 1968 

·ABSTRI\CT 

The extraction of HC104 or HRe04 into dilute solutions of tributyl 

phosphate (TBP) in benzene, sym-triethyl benzene and chloroform has been 

studied. In the benzene and chloroform systems only a hlo-TBP acid complex 

vias. fOlmdj vlhile in tricthyl benzene a thrce-'l'J3P acid cO!ilplcx v:as also found, 

del)ending upon the TBP concentration. 

It is suggested that in all cases the extracting species is based 

upon a hyc1ronilLrrl ion core vlhich is ion paired to the anion, i. e., 

~. -
nTBP'H

3
0 'pH20 ••• C10

4
• In benzene, the value of n == 2 and p is "-'2. It is 

also sugg~sted that the v.::.riation in coordination number and in extractio~ 

coefficients in these diluents and in those studied in the previous paper 

can be plausibly explained on the basis of the properties of the diluents. 
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Introduction 

2 
In the first part of this study dealing ,-lith HC104 or HRe04 ex'crac-

tion by tributyl phosphate (TBP), three types of diluents 'Iere used: iso-

octane, an example of a relatively inert hydrocarbon; CC1
4

, a halogenE'.ted 

diluent capable of moderate dis:oersion force interactions; and 1,2-dichloro-

ethane, a solvent of relatively high di.electric constant. Although steJ)~;ise 

complexing, naIr.ely a 2TBP'acid and a 3TBP'ac:Ld, occurred ,.;ith isooctane an(l 

CC1
4 

in the range of TBP concentrations e:nployed, it 'Vias de,,~onstrated that 

more than one mole of "later co-extracted i"ith each mole of acid, and it \-las 

sugsested that the funde.mental species excracting ,laS a solvatec1 h~'d.roni\)'!t~ 

perchlorate or perrhenate. The TnP and the add,i tiona~ "later .:ere thought to 

+ 
be bondap. to the three positive sites of the H30 ion, and indeed, no cw.plex 

higher than 3: 1 "7as i'oLmd in the TBP concentration range :i.nvestigated. The 

diluent GC1~ "las 'better- able to stB.bDize the 2:1 cor-,plex than could iso­

octane; the CC1
4 

did this both indirectly by means ofi ts interaction 'Hi th 

TBP, "lbj~h reduces the effective concentration of TB?, and directly through 

its solvation of the acidic cation by dispersion force interactions of the 

chlorine atoms. The solvent of high dielectric constant, ].,2-dicrLloroethane, 

permitted dissociation of the extracted ions. It ,,'as suggested tt.at this loss 

of intera'ction "\-li th the anion required the hydroniu."!l cation to obtain its 

solvation more completely from the TBP, thus yielding only a 3TB? complex 

over the range of TBP concentre.tions exanined.' 

,In the present study the exb.'action of BC10l or HRe0L. 'Hith dilute 
~ . 

'l'BP \-li11 be c:.-cvni.ncd in ti-!o !nore typ~~s of dilucnb: 'benzene 8J1d 1,3}5-triet1:yl 

'bcnzenc~ , rCJll'e~;C'l1t,:i.nG b::ls:tc, m'o:l;Cl.t}C cl:tlnents; and CI~CL, an acidic solvent. 
) 



-2- UCRL-17973 

The first type is expected to interact primarily with the acidic (2TBP.acid) 

cation, enhancing acid extraction, and the second type via its acidic hydrogen, 

should react mainly with the basic TBP molecule, thus dppressing extraction. 

As before, ReO;' tracer was used to determine the organic-phase acid concentra­

tions, and the data are presented in the form of log-log plots with the aim of 

determining whether the species is an ion pair or is dissociated, and what is 

the value of n, the TBP coordination number. 

Experimental 

Reagents: The HCl0
4 

and HRe04 solutions were prepared and standardized 

as described in the previous paper. 2 The l86Re tracer solution was prepared by 

irradiating KRe04 with neutrons in the Vallecitos reactor and dissolving the 

product in distilled water. The benzene and chloroform were Baker and Adamson, 

Reagent grade. The l,3,5-triethyl benzene was obtained from DuPont, and was 

purified by washing with conc. sulfuric aCid, sodiQ~ carbonate, water, and was 

then distilled. 

Procedure: Standardized solutions of either HCl04 or HRe04 containing 

radioactive l86Reo4 were shaken for not less than one hour with diluted TBP 

solutions. After centrifugation, aliquots of both the organic and aqueous 

phases were taken for ~-counting in a well-type Na(Tl)r scintillation counter. 

Knowing the original concentration of acid and specific activity of the tracer, 

the measured counting rates yield the equilibriQ~ concentrations of HCl04 or 

HRe04 in each phase. In some instances where sufficient acid extracted, 

acid-base titrations were used to determine the equilibriQ~ acid content of 

each phase. 
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The organic-phase concentration of water bound by TBP and the amount 

," of water coextracted with HCI04 were analyzed by both the Karl Fischer method 

using a dead-stop end-point, and by means of tritiated water counted in a 

room-temperature liquid scintillation counter. 

Results 

The uncorrected experimental results are shown as log-log plots in 

Figs. 1-7. These data are indicated by circles and are connected by solid 

lines. Corrections made to the experimental pOints, as described in the 

Discussion section, are indicated in each of the plots by square symbols and 

are connected by dashed lines. 

The log-log plots of organic-phase water concentration vs TBP concen-

tration are shown in Figs. 1 and 2 for TBP~benzene and TBP-CHC1
3 

systems, re­

spectively, for a water activity of unity. The amount of water extracted by 

the diluent alone, calculated as the product of the molar solubility in the 

diluent and the volume fraction of diluent in the organic medium has been 

subtracted from these water concentrations (water solubility in benzene, 

0.0314~; literature value, 0.031 ~3 at 23°C; water solubility in CHC1
3

, 

0.070 ~, literature value, 0.070 ~ 3 at 24.5°C). Figure 3 is a log-log plot 

of organic-phase water concentration vs activity of water for 0.60, 0.30, and 

0.10 ~ 'equi::\..ibriulll TBP in CHC1
3

• The diluent water (corrected for both the 

water activity and the volume fraction) has again been subtracted. 

The log-log plot in Fig. 4 is of organic-phase acid concentration vs 

the product of the aqueous activity of HC104 times the water activity to the 

appropriate power (described below) for 0.734 M, 0.367 M, and 0.183 M TBP in 
~ - - -
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benzene. Perrhenate tracer out of perchloric acid \-laS used to determine the 

organic-phase concentrations for the 0.367 M TBP data, while acid-base titra-

tions methods were used for the 0.734 M and 0.183 M TBP data. 

Figures 5 and 6 shm1 the log-log dependence of the organic-phase acid 

concentration on the TBP concentration for benzene, CHCly and triethyl benzene. 

Perrhenate tracer out of perchloric acid was used in both the benzene and tri-

ethyl benzene systems, ~hile perrhenate tracer out of perrhenic acid was used 

in the CHC1
3 

case to determine the concentration of extracted acid. 

The relationship between coextracted water and the organic-phase acid 

concentration is shown in Fig. 7 for benzene. The total amount of water ex-

tracted, exclusive of the diluent water, is shown by curves 1 and 2 for TBP con-

centrations of 0.734 M and 0.183 M. The difference between the organic-phase 

water concentration when acid is present and that which extracts into equivalent 

solutions of unbound TBP alone (but ~orrected to the appropriate water activity) 

is indicated by curve 3. 

In those figures where Re04 tracer was used as a marker for Cl04, the 

values plotted for the organic-phase acid concentrations, [H+] , may be up to a o 

factor of two too high, as Re04 extracts slightly better than CI04 • But as long 

as the amount of TBP complexed with the extracted acid is small, correcting for 

this behavior would result only in a parallel displacement of the data and not 

+ ' -a ch~nge of slope, sO,the apparent values of [H ]0 as determined from the Re04 

tracer are presented directly. When Re04 tracer out of HRe04 was used, the 

above problem does not arise, and the plotted values of organic-phase acid 

concentrations are the actual amounts. 

I 

" I <, , 

,"" I , 



I: ... 

-5- UCRL-17973 

Discussion 

The equilibriu..rn for the distribution of 'Hater into a solution of 

TBP in an organic diluent may be "lritten: 

nTBP (org.) + mH
2

0 == mH
2

0:nTBP (org.) 

The corresponding equilibrium constant is 

(mH20'nTBP)o 

::: (H20)m(TBP)~ == 1)r0 
2 

(1) 

(2) 

where parentheses signify activity, brackets denote molar concentrations, and 

Y is a molar e.c:tivity coefficient. IUth the assuIl1ption that the ratio 

n .' 
y~O/YTBP is a constant in the dilute solutions used, as discussed and valid-

ated in the previous paper,2 Eg. (2) suggests tbat a log-log plot of the 

organic-phase v7aterconcentration vs the equilibrium TBP concentration should 

generate a line of slope n, where n is the nu..rnber of ~P molecules coordinated 

in each extracted ,.;ater cO!l1plex.Such plots are shown in Figs. 1 and 2 for the 

TBP-benzene and TBP-CHC~ systems at a v;ater activity of unity. The data 

connected by a solid line results from plottL'tlg [H
2

0]o vs initial concentration 

of TBP; the water extr~cted by the diluent alone has been subtracted. At TBP 

concentrations belml 0.1 !i in benzene and belOi-l 0.8 ~ in CIiCl, it is., seen tbat 

the plots' yield a slope of unity. This suggests that a. vlater ccmplex ,-lith 

only one .TBP molecule dominates at these and lOi'ier TnP . concentrations • 

Correcting these data from initial TBP concentrations to equilibriu..~ TnP 

values b)' .subtracting the an-.aunt of TBP botmd to 1,'ater on the basis of one TBP 

per H20 molecule extr3.cted (see belm;), leads to the dashed lines in the figures. 
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By performing the complementary experiment of measuring [H20]o at a 

fixed TBP concentration but with varying a , it can be determined hOi-} many 
w 

water molecules are involved in the TBP·i-later complex. In Fig. 3, data for 

[H20]O vs aw for equilibrium concentrations of TBP of 0.10, 0.30, and 0.60 !i i.n 

4 CHC1
3 

are shoi-m. Lines of unit slope can be drai-m through each set and this 

indicates that m = 1; only one water molecule is involved. Because of the 

similarly low concentrations of water involved in the benzene-TBP system, we 

feel it likely that there too, only one water molecule is in the extracted com-

plex at low TBP concentrations. Then we can calculate the value of KH20for the 
. 1 

1:1 TBP:H20 complex (n: = m = 1) below 0.1 M TBP in benzene as 0.2S(mol/I.)-, 

and below O.S M TBP in chloroform as O.lS (mol/I.) -1. 

These equilibrium quotients involve species in two phases, TBP and 

TBP·H20 in the organic phase, and water in the aqueous phase. 5 .Thus a nQ~ber 

of equilibria are involved: the distr~bution of water between the aqueous and 

organic phases, and the competition of the diluent and extracted water for the 

TBP. If one wants to concentrate attention upon the latter competition, it is 

more meaningful to remove the effect of the distribution of water and to work 

with a quotient involving only organic-phase species. This can be done by 

dividing the mixed-phase quotient by the solubility of water in the diluent 

:(column 2, Table I) to yield the equilibrium quotient for the organic-phase 

reaction. 

These are given in column 4 of Table I, and it can be seen that in contrast to 

the range of only two in the mixed-phase quotients (colQ~ 3) between is octane 

and chloroform, there is now a factor of 13. The: order of the organic-phase 

1\ 
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Table I. Constants for the bonding of H20 by TBP in various diluents. 
V: 

/'" 
Diluent Water solubility KH20 KH20 

(molarity) 
'f (Eq. (1) ) (Eq. (3) ) 

isooctane 0.00352 ) 0.122 ) 34 

CC14 
0.0086) 0.157) 18 

benzene 0.031 0 .. 28 9·1 

CHC1
3 

0.070 0.18 2.6 

r'\ 

I~ 
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quotients reflects primarily the interaction of the diluent with TBP, whereas 

the mixed-phase quotients also directly involve the compensating effect of the 

diluents.' interaction with water. Isooctane may be taken as the relatively 

"inert" standard diluent; since it provides poor solvation for water, the 

water solubility is low, and since it also provides poor solvation for TBP, 

the TBP and organic-phase water are free to complex with each other, yielding 

the largest value of KH 0' At the other extreme, chloroform, through its 
2 

weakly acidic hydrogen, interacts with water and thus has the highest water 

solubility, but it also interacts relatively strongly with TBP, reducing the 

latter's effective concentration. Both reasons produce a small KH O. It can 
. 2 

be seen from Table I that benzene also has a low value for K~O' suggesting a 

significant interaction between benzene and TBP. This has been indicated 

before by activity coefficient measurements. 8- l3 We believe that this inter-

action involves the Tr-electron rings of benzene and the phosphoryl group of 

TBP. To a perhaps smaller extent, the electrons on the chlorine atoms of CC14 
contribute to a similar interaction with TBP' 

Thus, although the values of K~O do not show a very great spread 

and are somewhat difficult to interpret because of the compensating behavior 

of the diluent interactions with water and with TBP, the values of ~O show 

a much greater spread and are interpretable in a plausible way. 

At higher concentrations of TBP then the limits mentioned earlier, it 

can be seen (Figs. 1 and 2) that the data no longer follow the line of unit 

slope, but increase at a faster rate with increasing TBP. This result may 

indicate that a higher TBP-water species7,14 is forming or that the assQ~ption 

of a constant activity coefficient ratio may no longer be valid. As was 

i\ 
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suggested previously, both processes probably are occurring, but the present 

data are insufficient to establish which is the more important. 

TBP-H2
0-HC10

4 
and -HRe04. The extraction of HRe04 or HC104 by 'TBP solutions in low 

dielectric constant media where the extracted species are ion paired may be written 

+ - + -() H + X + xH
2

0 + nTBP(org.) = H ·nTBP·~I20 ••. X org. 

with the corresponding equilibrium constant 

:X..~ = 
n 

{H + • nTBP· xH2 0 ••• X - )0 

.(TBP ):(H
2

0 )x(H+ X-) 

(4) 

If we make the reasonable assQ~ption that the ratio of activity coefficients 

YHX/y~BP is a constant in the dilute organic-phase solutions employed in this 

study (the variation of both coefficients is initially of a similar nature), 

then where this assumption holds 

+ -[H ~nTBP·xH20 ••• X ]0 

[TBP]:(H
2

0)x(H+X-) 
(6) 

where K: is the mixed equilibrium quotient and brackets indicate concentrations. 

Thus, if the TBP concent.ration is held constant, a log-log plot of the organic­

phase acid concentration, [H+] , vs the aqueous-phase activity product, o . 

(H+X-)(H20)X = alix' should yield a straight line and a value of unity for the 

(. slope, demonstrating that the extracting acid species is an ion pair. Such a 

plot for 0.734, 0.367, and 0.183 M TBP in benzene is shown in Fig. 4. Three 

is the value used for the nQ~ber x, as described later. Over most of the 

range of extracted acid, the points lie on lines of unit slope, suggesting 

that the extracted, complex is indeed an ion pair. At high concentrations of 
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+ [H ) , 'Where curvature in the plot becomes not1ceable, an 1ncreasingly large 
o 

fraction of the TBP 1s complexed with the extracted acid. Since such TBP is 

no longer free, this represents a serious departure from the required condition 

of a fixed [TBP). + The value of [H] can be corrected to a fixed concentration 
o 

of TBP by means of the following equation, 

For benzene, n = 2, as is shown belo'W. It can be seen that the points on the 

curved portion of the plots in Fig. 4 are thus brought onto the straight lines 

of unit slope extended from the dilute solution regions where corrections are 

not necessary. 

Similar data 'Were not collected for the TBP-CHC1
3 

and TBP-triethyl 

benzene systems, but it is certainly expected that ion pairs 'Would also be 

formed in these relatively low dielectric constant media. (E = 4.81 15 at 

20°C for CHC1
3

; E = 2.28 15 at 20°C for benzene and triethyl benzene). 

It is now possible to determine the value of n, the number of TBP 

molecules coordinated in the extracted complex for each of the TBP-diluent 

systems. By examining log-log plots of extracted acid vs TBP concentration 

at a constant aHCI04 or affRe04' the slopes yield directly the value of n. 

As in Part I of this study, the concentrations of TBP in the plots are initial 

"" 

values rather than the equilibrium concentrations called for by Eq. (6). This l\ 

does not lead to any error in the determination of n, because for concentrations 

belo'W 0.1 ~ TBP, correction for the TBP bound to 'Water, [TBP.H20J, means only a 

shift in the TBP scale, and does not change the slope of the plot. Correction 

for the TBP bound up in the acid complex must be made, however, and such 



," 
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corrected points are sho~n as squares in Fig. 5. This figure has plots for the 

extraction of HRe04 tracer out of 1.60 M and 1~.07 M HC104 into TBP solutions in 

benzene, and for 2091 M HRe04 into TBP solutions in ~IC~. Lines of slope t~o 

can be dra~n through each set ofdataj the dashed lines are extensions to higher 

concentrations. Up to TBP concentrations of 0.1-0.15 M in benzene the agreement 

of the data points ~ith the line suggests only a t~o-TBP coordinated complex is 

extracted. The upturn of the extraction curve at [TBP]> 0.15 M may indicate a 
2 

3TBP complex is forming, or, as ~as suggested in Part I of this study, the 

breakdo~n of the dilute solution behavior (assQmption of a constant organic-

phase activity coefficient ratio) upon ~hich the analysis is based. We cannot 

distinguish bet~een these t~o possibilities; they both may be occurring. 

But the main feature of the extraction into benzene as a diluent is the 

large range of TBP concentration over ~hich a 2TBP complex dominates, and, as 

can be seen in Table II, the fact that the value of K~ is larger than for any 

other diluent studied. Certainly benzene interacts ~ith TBP itself; activity 

coefficient measurements sho~ there are attractive interactions leading to 

negative deviations from ideality.8-l 3 If the n-electrons are responsible, 

as we believe,~e might expect stronger interactions bet~een benzene 

and an acidic species than ~ith a basic species such as TBP. This should be 

true especially ~ith a 2TBP complex of the hydroniQm ion, as one positive site 

of the hydroniQm ion core ~ould be relatively open to basic electron-donating 

molecules. The 3TBP complex is essentially coordinatively saturated and should 

be less affected. While the TBP-benzene interaction,contributes indirectly to 

an extended region of a 2TBP'acid complex by lovlering the effective concentra-

tion of TBP conlpared to isooctane as diluent, such solvation of TBP should also 
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Table II, Equi1ibriQ~ quotients for extraction of tracer HRe04' 

Diluent Macro acid K
a 
2 ~ 

-2 
-' Benzene HC104 2'9 X 10 

triethy1 benzene HC104 1.3 X 10 
-2 1.

7 
X 10 

-1 

CHC1
3 HRe04 8 -4 '2 X 10 < 1 X 10-3 

CC11~ HRe0
4 

1.
7 

X 10 -3 
2'0 X 10-2 

isooctane HC104 5'0 X 10 
-3 

B'3 X 
10-1 
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a levier the value of IS' The direct interaction of benzene with the 2TBP·HC104 

complex should stabilize the 2TBP complex, leading to an enhanced region of 

existence, but should increase the magnitude of K~ over that in isooctane, as 

'J is observed experimentally. So the latter interaction dominates in the benzene 

,'" 

system. If so, we can provide a test by using triethyl benzene, rather than 

benzene, as diluent. Because of the ethyl groups, the density of n-electrons 

per unit vol~~e is only about one-half of that in benzene, and these electrons 

are probably also partially blocked from coordinating with acidic receptors by 

the side-chains. For both of these reasons, we would expect triethyl benzene 

interactions to be less important. As Fig. 6 and Table II show, this is the 

behavior observed. For triethyl benzene the log-log plots of [H+] vs [TBP] at 
o 

fixed aqueous concentrations of 1.~0 ~ and 4.12 ~ HCI04 can be resolved into 

two lines (dashed) having slopes of two and three. This indicates both 2TBP and 

3TBP complexes are being formed in the same stepwise fashion as earlier observed 

for isooctane and CC14,2 and the TBP concentration where both species are in 

equal abundance is at about 0.035~, compared to 0.09 ~ for CC14 and 0.008 ~ for 

isooctane. Because of the reduced ability of triethyl benzene to solvate the 
- a 

acid complexes, particularly the 2:1 speCies, the value of K2 is more than 2 

times lower than in benzene. But because triethyl benzene still interacts more 

strongly with TBP than does isooctane, the 3:1 complex, though observable in the 

range of TBP concentrations studied, has a constant 5 times smaller than in 

isooctane. 

We have also included a weakly acidic diluent, CHC1
3

, in those studied. 

From work dealing with the activities in the binary system, TBP-aIC~, 10,11 

13 and the system TBP-CHC1
3

-H20, large negative deviations from ideality are 
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found. ~lhat is, throur;h its acidic hyclrogcl1, CHCl) coordinates relatively 

16 
strongly vlith th~ basic TBP molecule, effectively reducing the latter's 

concentration. But Vie expect CHC1) to interact less strongly "I-li th tpe ex­

tracted acidic speci.es, as such interaction could only be through the static 

bond moments and induced !Iloments of its chlorine atoms, much as such inter-· 

actions occur "li th CC14 . The result would be a Imlered extraction of all 

acidic species in this diluent, and because of the reduction in the effective 

concentration of ~BP, an extension of the region of 2TBP complex to higher 

stoichiometric TBP concentrations than in our standard comparison diluent, 

isooctane. The results ShO\1!1 in Fig. 5 and in Table II confirm this e)."Pecta-

tion. + At an aqueous HRe04 concentration of 2·91 t1, the log-log plot of [H ]0 

vs [TBP] ~ shOl·15 essentially only a slope of t"lm, indicating a 2: 1 'lrBP:HHe04 

species, and the value of K~ obtained is the Imlest of any of the di luents 

studied. If vie ascribe the slight up"l'iard curvature at hieh TBP concentrations 

to the forrnation of a 3: 1 complex, Vie ma:'l determine an upper limit (some J if 

not all, bf this effect is probably due to a change in the activity coefficients) 

for that complex, and this limit is 800 times Imler than the measu~ed quotient 

in isooctane. 

The relationship between extracted acid and coextracted "I'later is shoi-ill 

in Fig. 7 for 0.734 and 0.183 !i TBP in benzene. Lines 1 and 2 show the total 

organic":phase vlater concentration less diluent "I'later; while line 3 is the re-

sult of subtracting from 1 and 2 the calculated amotLYlt of v!ater e).~ractec1 by 

the remaining TBP. (For purposes of calculating this amount it vias assurned 

only 2rl'BP-ac:i.d complexes vJere formed.) 'l'he slope of line 3 is a little greater 

than three. Thus suffi.cient 'Water is coextracted to allow forrr,ation of the 
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proposed central unit of the acid complex, the hydronium ion. The additional 

.. 'Water probably bridges bet'Ween H30+ and the coordinated TBP and bonds to the 

third unoccupied site of the hydroni1.L111 core, It has not been proved, hOi-leVer, 

r 

that the perchlorate or perrhenate anion is anhydr~u~although this is likely. 

It should be noted that measurements of the activities of TBp
8-13 in 

benzene and CC14 yield very similar values. Yet from Table II, it is clear 

that the 2TBP complex is considerably better extracted into benzene than into 

CC14, The range of the 2TBP complex also goes to a higher stoichiometric TBP 

concentration in benzene than in CC14, We take this to mean that the benzene 

molecule, because of its 7f-electrons,can better solvate the extracted acid 

complexes, especially the more open 2TBP complex, than can CC14. Both solvents, 

ho'Wever, sho'W better solvation of the acid complexes than does isooctane, an ex-

ample" of an aliphatic hydrocarbon diluent. The poor solvating characteristics of 

isooctane 'With respect to both TBP and the acid complexes makes more important 

their mutual interactions, and so favor the formation of the coordinatively 

saturated 3TBP acid complex, Triethyl benzene is intermediate bet'Ween an 

aliphatic hydrocarbon and benzene in the efficacy of its solvent interaction 

via its (some'What diluted and hindered) 7r-electrons. The range of 2TBP complex 

is greater in this diluent than in isooctane, but less than in CC14 or benzene. 

The principal result of the use of CHC1
3 

as a diluent is its hydrogen-bonded 

interaction 'With TBP. This binding of the TBP results in the 10'W values of 

the equilibriQ~ quotients for CHC1
3 

given in Table II, and also favors the 

\,.- 2:1 complex indirectly by reducing the effective concentration of the TBP. 

Such behavior contrasts 'With that in benzene 'Where direct enhancement of the 

2:1 species occurs by interaction of the acidic cation 'With the basic aromatic 

diluent. 
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It is concluded that the extraction complex in all these systems js 

built around a hydronimn, or partially-hydrated hydroniuIll, ion core. The 

number of TBP molecules coordinated to this core can vary from three to two 

over the range of TBP concentrations examined, and vlhich of the complexes 

dominates at a given TBP concentration is determined by diluent chemical in­

teractions which also hinder or enhance the extraction of the acid. It is 

suggested that this behavior can be qualitatively explained, even predicted, 

on the basis of known properties of the diluents. 
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Figure Captions 

Variation of water content of organic phase with TBP concentration 

in benzene. ([H20] 0 = total H20-H20 dissolved by diluent.) Line 1, 

m , is [H
2

0] vs equilibriwn TBP ([TBPl = total TBP-[H
2

0]. ). 
. 0 0 0 

Line 2 is a continuation of the line of unit slope. Line 3, 0, V , 

is [H20]o vs initial TBP concentration. V, denotes results using 

tritium as a tracer; 0" denotes results from Karl Fischer titrations. 

Variation of water content of organic phase with TBP concentration 

in CHC1
3

• ([H20] 0 = total H20-H20 dissolved by diluent.) CI, is 

[H20]o'vs equilibrium TBP([TBP]o = total TBP-[H20]o) • . 8, is 

[H20]o vs initialTBP concentration. The straight dashed line is 

drawn with unit, slope. 

,Variation of water content of organic phase with activity of water 

at various equiJibriu..rn TBP concentrations in CHC1
3

• Line 1 is at 

0.60 ~ equilibriu..rn TBPj line 2 is at 0.30 ~ equilibrium TBP; and 

line 3 is at 0.10 ~ equilibrium TBP. All lines are drawn with unit 

slope. 

Variation of acid content of organic-phase with the product of the 

HCI04 activiiy and the cube of the water activity for 0.183 ~ TBP 

(line 5) and for 0.734 ~ TBP in benzene (line 3) as measured by 
, 

acid-base titrationj and for 0.367 ~ TBP in benzene (line 4) as 

measured by Re04 tracer out of HCI04 acid. t, uncorrected data; 

D, data corrected for used-up TBP. Lines 1 and 2 show.the effect 

of using n equal to three and two respectively. Line 2, dashed 

portions of lines 4 and 5, as well as lower portions of lines 3 and 

5 are drawn .... li th unit slope. 
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Variation of acid content of organic phase vii th 'l'BP concentration 

in benzene for aqueous HC104 concentration of 4.07 ~ (line 1) and 

for 1.60 ~ HC10
4 

(line 2); and "With TBP concentration in GHC1
3 

for 

aqueous HRe04 of 2.91 ~ (line 3). 6, uncorrected data; rn, data 

corrected for used-up TBP. Dashed and lower portions of lines 2 and 

3, as well as line 1 are drawn with slope two. 

Variation of acid content of organic phase with TBP concentration in 

triethyl benzene for aqueous HC10
4 

concentration of 4.12 M (upper 

curve) and for 1.60 M (lower curve). G, uncorrected data; V, 

resolved n = 3 lines; other dashed lines, n = 2; C, data corrected 

for used-up TBP. 

Water content vs HC104 concentration in the organic phase (as the 

aqueous HC104 concentration increases) for total TBP concentrations 

of 0.183 ~ and 0.734 ~ in benzene. Lines 1 and 2, 0, are the total 

organic-phase "Water less the diluent "Water; line 3, D, v, is the 

total organic phase water less both the solvent "Water and the "Water 

bound to TBP. 
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