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ANION AND DILUENT STABILIZATION OF TRIBUTYL PHOSPHATE AND TRIS-ETHYLHEXYL

*
, HReO , HI, and HBr

PHOSPHATE COMPLEXES IN THE EXTRACTION OF HAuCl4 4

J. J. Bucher, R. Zuehlf, and R. M. Diamond
Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

December 1973

ABSTRACT

The extraction of HAuCl4, HReO4, HI, and HBr by dilute SOIutions 
(< O.4M) of tributyl phosphate and tris-ethylhexyl'phosphate in isooctane, CC14,
benzene an§ 1,2;dichloroethane was examined. From acid distribution data and
i.r. spectra of the organic phases, it was concluded tﬁét the extracﬁioh of
strong acids fit the hydronium-ion—corevmodel. It was demonstrated that, in
addition to the influence of the diluent, the acid anion'élso played a role in
deterﬁining the fatio of the étep-wise complexes, with the more basic anions
.(I-,Br;) favorihg lower trialkyl phosphate solvation numbefs.' Differences

between TBP and TEHP in solvating the (hydrated) hydronium éapion also were

demonstrated.
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INTRODUCTION

In a previous study [1,2] of HReO4 and HClO4 extraction by dilute sqlutions

of tributyl phésphate (TBP) in various diluents, ste;Fwise complexing to yield
a 2TBP-acid and a 3TBP.acid species was.found. This 5ehavior, within the range

of TBP concentrations employed, was particularly evident in isooctane and in

CC14. In each system the TBP and additional waters were thought to be bonded to

the three éoéiﬁivg sites of the H3O_+ ion.

In a high dielectric constant diluent, l,2—dichlof0éfhane , which
permitted disséciaﬁion of the extracted iqns, only a BTéP-éCid complex was
observed [1]. in this qgse the hydronium (or more likely, the partially hydrated
hydrénium) cationvloéeé its direct contact with the anion, and so must obtain
its solvation more éompletely from the TBP,‘;hus favoring the higher 3:lgspecies.

In this work, the extraction of a stronger acid( QAuCl4, and of two
-weaker acids, HBr and HI,'by TBP in some of the previouély stﬁdiéd dilue;ts is

presented. It.is_expected that for the HAuCl -TBP-diluent systems a greater

4

range'of 3TBP-acid complex should be realized; since the anion; AuCl4‘, is even

4

cation. Conversely, with the somewhat more basic anions, I and Br , it.is

less basic than Re0, or ClO4—, and so solvates even more poorly the acidic

expected, if anion interaction is a contributing factor to the stability of the
2TBP-acid species, that a greater range of 2:1 complex would be réalized. With
HI and HBr, extraction into the TBP—CCl4 system is of prime interest, since the

HReO --TBP—CCl4 system already has demonstrated that both 2:il and 3:1 TBP complexes

4

can be obtained in a convenient range of TBP concentrations. Additionally, the

-isooctane systems were re-examined, since the

TBP-HBr-CCl4 and the TBP—HReO4

conclusions of earlier work [1,3] appear to be in disagreement with the present
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expectations. Finally, some examples of extraction by tris-2—ethylhexyl'phosphate
(TEHP) in several diluents are also presented. This extractant, with la}ger
branched alkyl groupings, may show the effect of ste:ic.hindrance, another

means whereby the acid cation extractant number can be influenced.

| EXPERIMENTAL

Reagents

.The, TBP was Métheson, Coleman,. and Bell (M.C.B.); reagent grade, and
was purified_by.washing with sodium carbonaté and water. fhe washed TBP was
dried over Linde 5A ﬁolecular sieves and stored in an amber bottle. All dilutions
of 'TBP in ﬁhe various solvents were made on a volume-percent basis using
volumetric glassware. Thé TEHP waé obtained from Union Carbide Corp. as the
- commercial plasticizer, Flexol TOF. After a preliminary vacuum digtillation,
the TEHP was treated in the same manner as TBP. A stock solution of HAuCl4 was
made by.dissélving'Englehara Industries gold.chloride in water and filtering.
Determinatibn of the stock ‘solution was done by electrodepoSition onto platinum-
irfdiumigauze electrodes from a baéic gold cyanide—hydro#ylamine solution.
Dilutions from this gold stock were made with 0.010M HCl.tq pfevent hydfolysis.
Reagent grade 57% hydroiodic acid (Merck) and 48% hydrobrbmié'acid (Baker and

Adamson) were further purified by saturation with H_S gas and subsequent

2
distillation. The stock solution and dilutions were stored in amber-glass .
bottles.
198,199 ' v e .
Gold tracer, Au, was prepared by irradiating gold foil (> 99.9%
purity) with neutrons for 6 daYs at a flux greater than lO14 neutrons/cmz—Sec

in the Vallecitos Test Reactor. After dissolving the gold foil in agqua regia,

the solution was taken to near dryness and then 6M HCl was added. This solution
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was also teken‘ﬁo near dryness and the gold tracer was finally prepared by adding
0.10M HCl. Bromide tracer, 82Br, was also made by nePtren irradiation of a.few
mg of LiBr under the.same conditions -as’ for gold. After bombardment, the LiBr
was disselved ianQS-saturated'water to reduce the appreciable amounts of free -
bromine. The free sulfur was removed by filtering. Iodide tracer, NavlalI in
0.1M NaOH solution, was ebtained from New Englahd Necleer Corp. and wes used as
received.

Benzene, 1;2faichloroethane, and ¢C14 were all J} f. Baker.reagent grade;
the iscoctane was a "spectro grade" reagént from M.C.B. The Karl Fischer reagent
ﬁsed-in the Water éeterminetions was M.C.B. stabilized and»premixed sinéle-b
solution. The ﬁetﬁanel used_in‘the Karl Fischer analyeis blank was Baker and
Adamson, "Special anhydrous" reagent (< 0.005% H20).'

Procedu;es | |

The procedufeé used to obtain the eistributioh end.water data iﬁfthis
study were'similaf to those already outlihed.in earlier stﬁdies (1,2]. An
additional precaution was taken when obtaining the HI date. .For these seudies
H..S gas was intxodﬁced over the ergeﬁic solutions in'succeSSive treetments;vuntil

2
the erganic phase was approximately saturated (™~ 0.3M sti._

RESULTS AND DISCUSSION

.Extractant—Hzo

The equilibrium for the distribution of water into a solution of an

extractant in an organic diluent is assumed to be maintained'independently of

any other extraction equilibria, and can be written:

n (RO) ,PO (erg.) + mH_0 =.mH20-n(RO)3PO (org.) (1)
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with a corresponding equilibrium constant:

(mHéO-n(RO)3PO)O [mHzo'“(RO)3PO]oyHZO ' .
Kgo = = - (2)

) m n . m nn
2 (H20) ((RO)3PO)O (H20) [(RO)3PO]oy (RO)3PO

where parentheses signify activities, brackets denote molar concentrations, and
y' is a molar activity coefficient. With the assumption that in these dilute
solutions, the ratio Yy o

2
plot of the organic-phase water concentration (corrected for water uptake of

/Y?RO)3PO is a constant, Equatiop'(Z) suggests that a log-log
the diluent), [H20]O, vs. the equilibrium extractant concentration, [(RO)3PO]O,
should generate a line of slope n, where n is the number of extractant molecules
bound to each extrécted water complex. In Fig. 1, [Hzolo:is plotted vs. the
initial TEHP conceﬁt;ation in isooctaﬁe. A line of slopé.oﬁé can be drawn
through the points. This sugéests that a water complex cénfaiﬁing only one

TEHP molecule occurs at these (and léwer) TEHP concentratiéns. This behavior

is éuite similaf to thaﬁ élready found for many TBP—diluenﬁ sysfems (1,2,4-8].
Also included in this figure is the previously determined water data for the
TBP-isooctane system [l]. Up to an extractant concentfétion of ™~ 0.07M, both

TBP and TEHP extract almost exactly the same amounts of water and- in the same
manner. However, beyond this concentration, the TBP sYstem begins to show
.evidence of increased water extraction, while the TEHP-isooctane system appears

to remain.regular. Some preliminary evidence from vapor-phase osmometric

studies [9] indicates that the activity-coefficient changes for TBP/ as compared
to TEHP at the same.molar concentrations, are more severe.: Whether this increased

.

water extraction for TBP is only an activity-coefficient effect or is the result

i
{
{
i
i
i
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of an additional species being formed, or both, is an interesting but
unanswerable question from these data. It is clear, however, that TEHP-isooctane
is more ideal. With both extractants, the majority of the molecules are

unhydrated. The KH 0 for the 1:1 TEHP:H20>complex is 0.14 (mol/l.)_l, using

the equilibrium (not the initial) concentration of TEHP to evaluate the constant [10].

TBP- or TEHP-HX

The extraction of HX by solutions of TBP or TEHP in.a diluent may be

expressed as

H+-n(RO)3PO-XH20 vee X (org.) (3)

i+ x4 XHZO +_n(RO)3PO {org.)

0 {oxg.) + X {org.)
(3")

+ :
‘H -n(RO)3PO-xHZ

if the possibility of water on the anion is ignored.
The corresponding equilibrium constants are

+ -
a [H -Q(RQ)3PO-xH20 ee. X ]yHX a
K = K - (4)

n n n b 4 n _n
[ (RO) ;PO] Y(Ro)3po (H,0)" (HX) 'Y(R'O)BP
+ . - 2 2
g W nRO)PO-MLOl X1 vy, g ve
“n T [ (ro) ,PO]" ¥ H,00* (Ex) " o
ROJ 3 o’y(RO)3PO 2 ¥ (ro) PO
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Equations (3) and (4) describe the extraction of HX in low-dielectric-constant
media where the extracted species are ion paired, while Equations (3') and (4')
describe the extraction of species which are dissociated;_

Since it has previously been demonstrated that the TBP-HReO4 and

4 (11, and benzene (2],

TBP—HClO4 species were:ion pa%red in isooctane [1], CCl
and were mostly dissoc;ated iﬁ 1,2-dichloroethane (1] if thg organic-phase acid
complex was less than lO_BM,,it is mainly of interest in this study to determine
the valﬁe_of n, the TBP or TEHP coordination number. As indicatea by Equatiohs

(4) and (4'), the slopes of log-log plots of extracted abid (Hx)O vs. egtractant
cohcentraﬁion at constant Ay yield directly the value Qf n if the complex is
associated, or»n/z if the complex is dissociated. Suéh pidts are shown in

Figs. 2 and 3, for_TBP—CC14, and in Figs. 4 and 5 for TBP-benzene and TBP-isooctane

systems, respectively.

Part II of Fig. 2 illustrates the step-wise complexing for TBP—HReO4~CCi4,

with the dashed lines indicatipg resolutioﬁ of the raw data into components
having slopes two (n = 2) and three (n = 3). Curve £ in.fhié figure indicates
similar resﬁlts.are obtained with "trace distribution" exberimehts

([HReO4] < 10_4Mrout of 3M HCl) as when maéro amounts of HReO4 acid are used,
curves d ahd e;' Iﬁ part I of this same figure, lines a, b, and ¢ show the

extraction of HAuCl4 by TBP-CCl and a line of slope three (n = 3) holds even

41

down to TBP concentrations where the HReQ, system shows a slope of 2. In Fig. 3,

4
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part I, only lines withvslope two are observed for TBP-HI—CC14, Similariy, for
the.HBr_data shown in part II, only curves with a slope of'twoi(n = Z)aare found
in the range of TBP concentration studied [11]. -

The TBP-acid-benzene systems are shown in Fig. 4. Linesib and c are for
HI and HReO , respectively, and are drawn with slopeé twe_(n = 2). Curve a is

4

and can be resolved into components with n = 2 ‘and n

for HAuCl4,

similar to the TBP-CCl

3. ”More
4'systems, the TBP-isooctane systems are

shown.in Fig. 5. Extraction of HAuCl4 by TBP-isooctane'is shown in linee a, b,

and c, and a line of slope three (n = 3) is drawn wifh each set of data. For
TBPfHReO4.(cﬁrves d and e) the extraction data can be reseiQed into ceﬁponeefs
witﬁ slopes of fwo and‘three. It should be noted, fhe 3TBP—HReO4 compiex is
observed as a major species to lower TBP concentration thae in TB?;HRe94—CCl4 [12].
‘The HI system (not'shown) was also examined. At the higher TBP concentrefiens, an
n=3 component was indicated. However, since the extraction of HI was lower

than that for HReO and the third-power TBP dependence quickly lowered the

4’
organic-phase acid concentration to the blank extraction Value_for HI alone, an
insufficient range of TBP concentration was realized to tesf the extraction
pattern of HI against the other HX-isooctane systems.

in previous work [i,2] where only the TBP—HRe04,AHqu4 syste@evyerei'
examined; although in several diluents, it was concluded that the differences
in TBP coordinatioﬂ number observed resulted from the differing abilities of
the diluents to solvate TBP and the extracted cationic complex. Benzeee
molecules can help stabilize the exfracted (partielly hydrafed) hydronium cation

via their 7 electrons, and so for HReO, only two molecules of TBP need be

4

coordinated, along with the associated (ion-paired) Re04_ anion. Measurements
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of TBP activitiesbt8,13-17] in both benzene and CCl4 indicate the interaction
of TBP with either:diluent isrquite similar iﬁ magnitude‘and may even slightly
févdr CCl4. ﬁowéQef, the ability of CCl4 to furnish (basic) solvation for ﬁhe
cafionic complex is less than that of benzene, and as_avconsequence, a third

TBP is coordinated in the HReO4—HC10 systems at a TBP activity which still

4
yields only altwo-TBP spgcies in benzene. Isoéctane ié‘poorer than either of
ﬁhe above diluénté in solvating either TBP (as indicatedﬂby activity studies [8,14,15])
or, more importantly, the extracted acid cqmplex, as indicated by the still greater
range of three TBP:acid séecies observed in this solvent. Thus, while it was
clear from the previous studies how the diluents affectea fBP extraction and the
nature of the extracted species, it was not clear how large a role was played
by the associated anion. With the present sets of data, where the TBP-diluent
is held constant and the anion is varied, an answer to.éhié question can néw
be obtained.

But fifst it is worth noting that basically the séme hydronium-ion core
is involved in all these TBP-cationic comélexes whether they be 2:1 or 3:1 [19].
The ipfrared spect;a for the complexes found ‘in TBP-CC14»for HAuC14~(3:l),
HR.eO4 &mostly'B:l;:some 2:1), and HBr (2:1) are sﬁown in'Fié.AIZ. The similarity of
these spectra indicate to us, that even though the TBP coordination numbgr has
changed, the acid‘complex in each case is 6f the same type. These spectra show,
principally, the bands of the (hydrated) hydronium ion [20], which makes up the
catipnic core of the extracted acid complex.

For TBP-HReO ,-benzene only a two TBP:acid complex is found, at least up

4

to TBP concentrations where the assumption of a constant activity-coefficient

ratio might be expected to hold. However, for the TBPQHAuCl -benzene system,

4
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where presumably the same degree of diluent stabilization is present, an
additional step of complexing is observed, both the 2:1 and 3:1 species are

"found. We believe this occurs because the less basic AuCl4_ anion is less
4
cation. Thus, a third TBP may displace the AuCl4_ from the vicinity of one of

effective than ReQ in furnishing some of the solvation needs of the hydronium

+ : . N . .
the H3O protons at higher TBP concentrations, although the anion remains bound

to the cation electrostatically as a somewhat more distant ion pair.

With the somewhat poorer diluent CC14, only a 3:1 complex is found with

HAu; 1 4

But the more basic ReO anion also yields a 2:1 complex at lower TBP

4"

concentrations, where the anion can displace an extractant molecule from the

+ . . . - - L .
H30. cation. With the still more basic I and Br anions ' (anions of somewhat

weaker acids), additional stabilization is obtained in the resulting close ion

pair,‘sq the anién more readily displaces a TBP, and only a 2:1 TBP:acid complex
isvproduced in the available concentration range of TBé. |

As noted before, in comparison to the above dilﬁents, isooctane is the
poorest solvent, and so it is expected thafrthe range ofb3:l TBP:acid complex
in isooctane woﬁld be greater than in benzene or CC14. 'Tﬁis is»observed for éll

the anions studied.

Another aspect explored in this paper is the effect of the size of the
alkyl groups of the extractant on the degree of step—wise;complexihg. The

results of substituting TEHP for TBP in the HAuCl 4

4"’ HReO ;-, HBr-isooctane and

HReO4-CCl and HReO4-benzene systems are shown in Figs. 6 and 7. Immecdiately evident-

4

'is the favoring of the 2:1 extractant:acid complex with TEHP—isooctane, as

'~ compared, on a molar basis, with TBP-isooctane. It is only with the most weakly

4 that any three TEHP complex is observed. All of the associated

basic anion AuCl
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HRéO4—diluents systems shqw little evidence for 3:1 TEHP:acid complexes. Thus,

it appears that the larger ethylhexyl gréups on TEHP sterically hinder the

formation of the 3:1 complex compared to the behavior of the smaller TBP molecules.

But that the anioh>also plays an important role in produ¢ing the 2:1 TEHP:acid complex

is shown by the résults in the dichloroethane systems, Eig. 8. Here only
dissociated 3:1 complexes are observed; all the lines in the figure are drawn

with a slope'of‘3/2. That isé'by-dissociating the-complex in dichloroethane,

i.e., by simply removing the anion from the proximity of the cation, only the
formation of a 3:1 complex can be.observéd. Special notice should be taken of

the TBP-HBr-DCE system. In none of the other diluents is there any indication

of a 3:1 HBrx complexf Yet by dissociating the Br—.in dichloroethane, by not
allowing it to solvate the cation, a 3:1 extractant:acid'goﬁplex results. We
believé this to be a strong indication of the importance of'anion-cation interaction
in governing the ektractant'coérdination number in theﬁé bationic complexes.

It is from fhe equilibrium guotients, Table 1, that.further interesting
differences between TBP and TEHP and between diluents beéoﬁe evident. 1In
calculating the Quotients (see Equations (4 and 4')5, molarities were used for
both (RO)3PO and acid complex concentratlons, activitiés asbcalculated from the
Gazith tabulation [21] were employed for the aqueous acld.poncentrations;.an
average value of x = 3 was taken for the exponent of thé.water activity, and
equillbrium extractant'cpnéentrations, ife.; non-hydrated : TBP of TEHP concenératlons
(adjusted with a filst power cofrection for Qater activify changes) were used.

For those inétanqes where fﬁe equilibrium quotient was calculated from distribution
of a tracer acid oﬁt of a macro solutionvof HC1l, the aqgedus activity coefficients

were estimated in the following way. For the mean activity coefficient of
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hydrogen ion, the value for HCl at that particular concéntration was taken, and
for the anion, x'; the meao activity coefficient for HX corresponding to that
same concentration was used.

Some difficulties arise in evaluating these quotients, especially for
the 3:1 complexeé when they don't predominate over a large range of TBP or TEHP
concentrations. As stated before, a constant value for‘che ratio of the organic-
phase (acid complex a;d extractant) activity coefficients is assumed. From
several of the figures, it can be estimated that this assumption breaks down
.at a‘TBP copcehtration of about 0.2M in the CCl4 and O.lM'in the benzene systems,
and‘at a'somewhat lower concentration than 0.1M in the isooctane systems. For
;nsténcc, in'Fig. S, line c, forvHAuCl4 and TBP in isooctane, the data clearly'
have departed from a slope three line at 0.1M TBP. Yet, it seems unreasonable

to suppose that another higher complex than H3O+-(TBP)3-AuCl4 is extracting.
Instead, we beiie&e the deviation is a breakdown in thevassumption that the
activity—coeffiCient ratio is constant. As a result of this uncertainty in the
organic—phase actiVity coefficients at higher concentrétions;bwe have used only
. those data anchored safely at lower (more ideal) TBP or.TEHP concént:ation in
evaluating the'tabﬁlated equilibrium gquotients. For exaﬁplé, in Fig. 4, line ¢,
in the HReO4—TBP-behzene system, no atcempt is made to fit a 3:1 complex to that
upper portion of the curve which is deviating from the inciCated line of slope
two at a TBP concentration greater than 0.1M.

The order of extractability'of the acids observed for either the 2:1 or
3:1 complexes, for TBP or TEHP, and for any of the_diluehts_studied, is the same,
and is the order expected from their:aqueous hydration‘energies. HAuCl4,'the

strongest acid, due to its very weak anion hydration requirements, is better
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So too, HReO, extracts better than the yet weaker acid

‘ extracted than HReO 4

4"
HI, and HI extracts better than HBr, which has the most highly hydrated anion.

This order should be most readily noticeable with the 3:1 complexes, as they

involve the more coordinatively saturated cations with the anions less tightly

a

ion paired. The scanty amount of data on K3

does seem to indicate this.

Comparison of the 2:1 quotients, K2

X shows that the wvalues in CCl4 tend

to be lower than those in isococtane or in benzene. This is probably due to

the interaction of CCl4 with the TBP itself, reducing the_effective concentration

of the TBP and hence the acid extraction. The same thing:happens with benzene also,

but benzene can also interact via its T-electrons with the cationic complex and
so compensates for the otherwise unfavorable diluent-extractant interaction. In

addition, benzene may show a special dispersibn—force interaction with the large

a

2

electron cloud on the AuCl4- anion, yielding an unusually large value of K

relative to Re04- and the other anions. However, with smali anions the ion pair

formed with the cationic complex is probably tighter so'that the influence of

a

5 for, say Br_, might be expected

the diluent is reduced, and then the values of K
to be more similar in the different diluents than with the larger .anions. There

and the halides, I and Br ,

may even be a weak interaction [23] between CCl4

which enhances their extraction relative to Au¢l4_ and ReQ4—.

Fiﬁaliy, comparison of the 2;1 equilibrium guotients for TBP and TEHP
in the same diluent and for the same acid indiéates TEHP is about a factor of .
two péofer in'extraction than TBP. This suggests that the larger branched alkyl
 tails on the-TEHP:molecules lead to some mutual steric hipdrance [22] and

hence a decrease in extraction. If steric interference is occurring for the

2:1 complexes, it should be even more evident with the 3:1 TEHP species. Thus,
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this (expected) steric hindrance prolongs the‘range of 2:1'¢omplex, so that 3:1
species only appear at higher TEHP concentrations than with TBP. A difficulty
is that these higher TEHP concentrations are, however, in the concentration
range where a aetailed knowledge of the organic-phase activity coefficients is
necessary fbr slope analysis.

The émount of water associated with the 3:1 TBP:HAuCl4 complex in CCl4
is shown in Fig;‘9; The slope of ﬁhe resultant curve in:this figuré indicates
that bétween 2.5 and 3 water molecules are extracted with the ion-paired 3TBP
complex. Similarvdata for the 2:1 TEHP:HClO4 complex in_iSooctaﬁe are shown
in Fig. 10, and the resultant curve has an initial slope of ~ 2.5. Water
extraction with the 2:1 TBP;HBr cémplg# in CCl4 is shown in Fig. 11, and the
curve has a nearly constant slope of 2, even though the wéter activity lcha.nges.
from 0.75 to < 0.5 over thev[H+]o rangevconsidered. In a previous'determination
of asséciated water for HCiO4-TBP—isooctane {1], 4-5 water molecules were foun§
to be coordinated; but this was for a 3:1 acid complex. Other sﬁudies indicated
~ 2.5 water molecuies coordinated to the 3:1 acid complex for TBP--HClO4-CCl4 [24] ;
while a value of ~ 3 was found for a 2:1 complex in the TBP—HC104—penzene
- syétem [2,25].

All of the above-mentioned systéms have sufficient éoextracted water to
alioQ the formation of a hydronium-ion core, and enough adéitional water to
allow bridges between H3O+ and some of the coordinated extraétant molecules and/or
hydration of thé acCompanying aniqns.. The addition of a bridging water between
H30+ and the extractant molecule may ;esﬁlt in a more opén structure for the

extraction complex and could thus reduce somewhat the crowding of the alkyl tails

on TBP or TEHP with the 3:1 species.
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SUMMARY AND CONCLUSION

In the éresent study, it is shown that the nétUré‘bf the anion can

significantly.affgct the extractant-cation ratio. Thé:iargest, least-basic
anionvwill be able to interact least with the hydronium-based éation, favoring

the saturated 3:1 complex. The smallest, most-basic aﬁibh #an most readily
displace a TBP or TEHP molecule from the cationic compléx and so favor the 2:1
species. Thus, slope analyseé of the HAuCl4 extraction Syéﬁems indicéte'that

mainly the 3:l.species ié extracted into iscoctane or CCl4 Ey either TBP or
- TEHP, while only the 2;1 complex is observed with HBr in tbése diluents. For

HReO, extraction, intermediate behavior is found, namely a mixture of 3:1 and

4
2:1 species. The order of observing the coordinatively saturated 3:1 complex

follows the acid strength, HAuCl, > HReO4 > HI > HBr, exactly as expected.

4
It is also shown that the nature of the diluent influences'the composition

of the extracted species. The more inert the diluent, the less solvation it

can provide thé.gxtracted ions, and the more the ions m#st depend upon each other
and uéon the‘extraétant. So with any anion, the best (ion-pair) diluent with
‘which fo cbserve the 3:1 complex is isooctane. Benzene érovides-the best soivation
of the cationic complex (through its T-electrons) and SO favors the 2:1 species
(this predominates even for HAuCl4). Carbon £etrachloride'falls in between these
two extremes. Use of the higher-dielectric-constant solvént, dichloroethane,
'aliows for diSSoéiation of the anion and cation so thatyail-specific solvation of
' ﬁhe cationic complex must come from the extractant. Tﬂis étrongly favors the
3:1 species with the acids we have used; for HBr this is the only solvent system
in which the saturated 3:1 complex is observed at all.

A comparison of the data for the.2;l complexes shows, at least for the

larger anions, that CCl

4 has poorer extraction than either isooctane or benzene.
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This is probably due to the interaction of CCl, with the TBP (or TEHP) itself,

4
reducing its effective concentration. This occurs also wi;h‘benzene, but in that
case is compensated for by the interaction Af benzene witﬁ'the cation of the
extracted complex. Finally, it was shown that use of the much bulkier extractant,
tris-ethylhexyl phosphate, rather than TBP, tended to favor the 2:1 complex
because of steric hindrance, and in the 2:1 complex decreased acid extraction
by about a factor of ™~ 2. Not enough déta are available, but it would be expected,
if steric hindrance is really occurring, that the 3:1 complexes would suffef even
a larger reduction.

In spite 6f the number of ways in which it has béeh found possible to
affect thevcompositipn of the extracted acid complex, infrared spectra on many
of the 3:1 and 2:1 species observed with the different acids in the different
diluents indicate that they all afe based on the same fundémental cation?c unit,
a hydronium-ion.core. Water uptake data always show at ;east one water molecule
extracted. Tﬁese spectra are very different from those [26] observed with the

2:1 anhydrous cationic species produced with these same‘aéids and diluents, but

with the much more basic trioctylphosphine oxide as the extractant.
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Table 1. Concentration guotients for extraction of HX by TBP and TEHP

Solvent Extractant Acid : Kg K?
. ‘ a < : "' l 2
isooctane TBP HAuCl4 % 2 X 10 3 X 10
TEHP Hauc 2 x 1077 6 x 10
_TBP : H‘Reo4a 2% 1072 5 x 107%
TEHP | HReO4a . 1x107%
HC10,
TEHP HI® 9 x 1074
TEHP HBr 9 x 107>
- -1
ccl, : TBP HAuCl4a <gx 107 2 x 10
TBP HReO 3 x 1073 3 x 1072
TEHP - HReO,, L2 x 1070
TBP . HI® 1 x 1073
TEHP HI® 4 x 1074
TBP _ HBr 2 x 1074
v s ’ a ' 1 2
benzene TBP HAuCl4 1 x 10 1.5 x 10
TBP  HReO, 1x107% <3x107°
TEHP  HReO, 5 x 1077
TBP o Hr® L2 x 1073
TEHP . Hr? g x 1074
d d
X, Ky
. a ' -5
dichloroethane TBP » HReO4 -9 X 10
. ' TEHP , HReO4d ‘ 4 x 1072
TBP - ' HBrS R s x 107/

(continued)
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Table. 1 (continued)

a)
b)
c)

a)

Trace amounts of HX in macro amount of HC1.

Combination of macro amounts of HReO, and trace HReO4 distribution out of HC1.

4

Cambination of macro amounts of HI and trace HI out of HCl.

Quotients are not corrected to equilibrium TBP or TEHP concentrations.
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FIGURE CAPTIONS ;
Fig. 1. Variation in water content of the organic phase with initial TBP or
TEHP concenfrétion in isooctane, I-JMH’(curve‘l),.and O0-TEHP (line 2). Lines
are drawn with unit slope except for the upper portion of TBP (curve 1).
Fig. 2, Variation in acid content of the organic phase with TBP concentration
1.0M HC1 (line b),

in cCl, for 0.50M HAuCl,, 1.0M HCl (line a), 0.001M HAuCl

4 _ 4’ 4'
0.001M HAUCL,, 0.1M HCL (line c), 2.91M HReO, (curve d), 1.60M HReO,
(curve e), and 8 X lO_SM HReO4, 3.0M HC1l (curve f). Lines a, b, and ¢ are

drawn with slope three, while curves d, e, and f are resolved into dashed n = 3
lines (¥) and n = 2 lines.
Fig. 3. Variation in acid content of the organic phase with TBP concentration

in CCl, for 3.65M HI (line a), trace amount of HI, 6.0M HCl (line b),

6.4M HBr (line c), 5.0M HBr (line d), 3.89M HBr (line e), 3.2M HBr (line f),
and 0.92M HBr (line g). All lines are drawn with slope. two. 1In pért II the
symbol O indicates data using radioactive Br tracer, M indicates data using

acid-base titration techniques. .
Fig. 4. Variation in acid content of the organic phase with TBP concentration

in benzene for 0.012M HAUCl , 3.0M HCl (curve a), O.1M HI, 6.0M HCl (line b),

4l

and 3.21M HReO, (line c). For curve a the dashed lines indicate resolution

4

inton = 3 (A) and n = 2 components. For lines b and ¢, the dashed lines
indicate the extension of slope two lines.
Fig. 5. Variation in acid content of the organic phase with TBP concentration

1.0M HC1 (line a), 0.010M HAuCl,, 1.0M HCl

in isooctane for 0.50M HAuUCl 4

4’
(line»b), 0.0010M HAuCl4, 0.10M HCl (line c), trace ambﬁnts of HReO4

(< 10—4M) out of é.OM HCl (curye d) and out of l;OM HCl (curve e). Lines a, b, and
c are drawnvwith slope three and the dashed portioh—of_liné c is an extension

of this slope. Curves d and e are resolved into n =2 and n = 3 components

as indicated by the dashed lines.
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Fig. 6. Variation in acid content of the organic phase with TEHP concentration
in isooctane for trace amounts of HAuCl4, 6.0M HC1l (curve a), trace amounts
of HI, 3.0M HCl (line b), 4.90M HBr (line c), 4.0M'HC104 (line &), 2.0M

HClO4 (line f), trace amounts of HReO

4’ _ 4
HCl (line. g). All.lihes are drawn with slope two excépt curvé a, where the
n =2 (V)‘and n = 3 components are iﬁdicated by dashed lines.

Fig. 7. Variation in acid content of the organic phase with’TEHP concentration
in benzene for 3.2M HReO4 (line a) and in CCl4 for 2;96M HReO4 (line b) and

trace amounts of:HRéOé, 3.0M HC1 (line ¢). All lines afé drawn with a slope
two.

Fig. 8. Variatioﬁ in acid content of the organic phase With'TEHP concentration
in 1,2-dichloroethane for 0.30M HﬁeO4_(curve i) and with TBP in

l,2¥dichlorbethane for 0.10M HReO4 (curve 2), 0.01M HRéO _(curve 4), and

4

1.0M HBr (curve 3). All lower pbrtions of the curves are drawn with slope
3/2; the dashed portion is an extension of this slope. "’_I‘hé symbol M denotes
correction for organic-phase activity coeffiéients ﬁsipé»the Debye-Huckel
expressién and an a = 6 A. |

(0.010M HCl) concentration in the organic

Fig. 9. Water contents vs. HAuUCL

phase (as the agqueous HAuCl4 concentration increases).for a total TBP
concehtratioﬁ‘of 0.37M in CCl4. Line 1 is the total organic-phase water
leés the solQént water; line 2 is the toﬁél organic-p@éée water less both .
the solvent water and the water bound to TEBP..

Fig. 10. Water content vs. HC1O

4 concentration in the orQaﬁic phase (as the

agueous HClO4 cbncentration increases) for a total TEHP concentration of
0.21M in isooctane. Line 1 is the total organic-phase water less the solvent

water; line 2 is the total organic-phase water less both the solvent water

and the water bound to TEHP.

3.0M HC1 (line e), and trace HReO,, 1.0M

i
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11. Water content vs. HBr concentration in theorganic phase (as the
aqueous HBr concentration increases) for a total TBP concentration of 0.37M

in €Cl,. Line 1 is the total organic-phase water léss the solvent water;

line 2 is the total organic-phase water less both the solvent water and the

water bound to TBP.

12. The infrared spectrum in the region 1300-4000 cm.-l for the HAuCl4:TBP
acid.complex when equal volumes of 1.0M HAuCl4 (ag.) and 0.367M TBP (CCl4)
are equilibrated (curve 1). TBP and TBP-HZO lines have been deleted. |
Similarly, curve 2 is the resultant of contacting 4.0M HClO4 (ag.) and

0.367M TBP (CC14), while curve 3 is the spectra of 7.0M HBr (ag.) and

0.367M TBP (CC14).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
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responsibility for the accuracy, completeness or usefulness of any
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that its use would not infringe privately owned rights.
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