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EXTRACTION OF HReOu BY TRIOCTYL PHOSPHINE OXIDE IN NITROBENZENE
‘ AND IN 1, 2—DICHLOROETHANE ’
3. J. Bucher, T. J. Conocchioli and R. M. Diamond
Lawrence Radiation Laboratoﬁy
. University of California

- Berkeley, California 94720

March 1970

'Abstract

The éxtraction of HReoh or HCth_intd dilute sblﬁtioﬁs of triocﬁyl— |
phosphine oxide (TOPO) in nitrobenzene and in 1,2-dichloroethane hés been
studied. In béﬁh ailuent systems when the stoichiomeﬁric rétio TOISO/H+ ﬁas
> 2, the extractlng specles was a dissociated two~TOPO a01d compléx with
which a negllg;ble amount of-water coextracted. That 1s, TOPO 1is suff1c1ently
basic to extract a proton_froﬁ.the équeous hydréhium_ion, somewhat similarly
as do the more‘bésic alkyl amine extractants. But twé TOPO molecules are
required ﬁo soi&ate and stabilize the cationic complex rather then one as.with
the amines. 'In:this respecﬁ, as well as in regard to fhe magnitude of écid
extréction, TOPO acts as a bridge, or is.intermediaté,”befween the alkyl

amines ‘and the ﬁbre‘Weakly basic alkyl phosphates, ethers, and kétones.
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Introduction:
Strong organic bases such as the alkyl amines dissolved. in, a relatively .
inert diluent can react with solutions of strqng'aqueous acid by“extracting‘
the proton éway.from the water to form a one-to-one complex, thé ammonium

L

L2 , : : _ : , :
ion, S s _ : S

R3N(org)+H3o++x"'====R3NH+...X"§org)fH20 | W

where the species RNH ...X may be dissociated, associated to ion pairs, or . -

3
- aggregated to still highér associations depénding upoﬁ ifs éoncenfratidn.énd.
the nature of the anion and of the diluent. With largebanions, such as CIQZ
or ReO;,'and'diernts of relatively high dielectric constant, such as nitrq—
benzéné, the ammonium salt is usually dissociated.and essehtially anhydroué.s
\Weaker organiC'baseS? such as tfibutyl phosphate (TBP), cannotjtakevthe
‘proton away fréﬁvthé water moleéulé,zénd so‘must.ektrdct the»hydronium_ion,»
H30+;h’5 Dépénding ﬁpon the énion aﬁd diluent, three, or possibly two;:iBP
molepules may'be.needed to satisfy the solvation requirements of‘the hydfonium 

ion, and additional water may be co—extraéted.6 Again, depending upon the . = -

conditions, a dissociated or aésociaﬁed species may result,
nTBP wH, 0-H 0 ...X -(x—w)Hzo(org) (2a)

2

. . .
nTBP(org)+H30 +X +xH 0 =

: nTBP~wH20-H3o++X‘-(x—w)Hgo(org) So(ow) e

The'alkyl phosphine oxides are intermediate in basicity7~lo between” -

the two previously considered classes of extractants, and therefore might be -



. “nitrobenzene (e = 3L.8 at 25°C
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. expected to show an intermediate behavior. It is of'ihtefést'to see, fdr_

" example, if trioctyl ﬁhosphine.oxide (TOPO) extracts a proton or a hydronium.

ion, and how'many extractant molecules are necessary to provide éolvation for
the cation."lf a hydronium ion is involved, is it3further hydréted? The use
of a large monovalent anion such as ClOZ or Redi (the latter is particularly

. ) j . ; 186 ' - . . » . )
advantageous as it has a convenient tracer, = Re) minimizes the cation-anion

~interactions and hopefully leads, in high dielectric constant media, such as

11

)™ and dichloroethane (e = 10.4 at 25°c),

to dissociated species.




.Experiﬁénﬁal
Reagents.---‘lhé'ﬂl(lldh sélutions were préparéd‘by:dilution witﬁ distillédlwater i .
of G. F. Smith réagént gradé HCth, 70 to 72%. .Thé}stbck 701- 72%.solutidn'was.'
2 standardized by titration with sodium hydroxidé to.the broﬁot@ymélvblﬁe endeiﬁt.
HReOu solutions were made by dilution from é'stock solution, and standardized
in the same way as the HCth. The stock solution waé‘prepared by dissolving -
ReQO7 in water. The l86Re0£ tracer solution. was prepared by i%radiating
KReOh with neutrqns for six days at a flux grgater than iolg neutrons/cmgjséc
in thé Vallecitos Test Reactor and dissolving the product in distilled water. .

Eastman Whiteé Label nitrobenzene was used asfobtained,'as was the Matheéon,_

Coleman and Bell "spectro" grade 1,2-dichloroethane.

Prbcedure.~—1)‘Standardized gsolutions Qf_HReOh cbntaining raqioaétive 186Ré0£

‘were shaken for ﬁ&t leés thén éne hour with dilute solutions of TOPO in nitfo—

benzene aﬁd in dichloroethane. After centrifugétion, aliQuots of both thé.[v

'organic and agqueous phaseé were taken for gamma—couﬁting in a well-type.'.

Na(T1)I scintillation counter. Knéwing the original concentration of acid'énd

the specific acti?ity of the traéer, the me;sured counting fates yield thé

equilibrium goncentratiqns of HReO)4 in each phase. 2) When sufficient écid

_ extrgéted,‘aciaébase titrations were also used to determine the equilibrium'

acid éontentvof each phase. 3) TOPO solutions in bofh nitrcﬁenzené aﬁd.
‘1,2—dichloroethane wefe partially converted to the acid-complex form by céﬁtact?,_ . »
ﬁith an aqueoﬁs HReoh solution. After determinatioh dfvthe organic—phaéé aqid_i
. content of these étock solutions by titrgtion of small aliqﬁqts, a number of .

dilutions of these organic phases were shaken (back-extracted) with equal"
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volumes of distilled water to which a small amount-cj‘ffRéOh tracer had been

'added. After eguilibrium was attained, aliQuoﬁs of both phases.were gamma~-

COunﬁéd and so thébequilibrium.acid éoncentrétiops inveach_ph;sé wéré deterf
mined. 4) Thé conCEntration of &atervbound to TOPO in thé organic phase and_ i~
the:amounf of-wager'coextraqtéd with,HCth weré}determined in separate series
of experiments,by the Kafl Fischer méﬁhodvusing a dead-étop end-point, and, for
1,2-dichloroethane by means of tritiatéd Watér counted . in a room—tempefaturev

liquid-scintillation counter. All experiments were performed at 23 % 2°C.
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Resdlts and Discdssion‘
The experlmental results are shown mostly as log log plots in
Figs. 1-T. The raw data are usually indicated by circles connected by SOlld
lines. Corrections made to the experimental points, as described below,d

are usually indicated by sQuare symbols\connected by dashed lines.

TOPO—HQO.——The equilibrium for the distribution of water into an organic—phase

. solution of TOPO may be written:

nTOPO (org)+mH,0 = mH,0-nTOPO(org) - o - (3)

‘The corresponding equilibrium constant is

; ) (mH O'nTOPO) [mHeO’nTOPO]yH 0 v Iy o .
2 m n ) m nn 0 n
. (H,0)7(TOPO) (8,0)"[T0P0 ]y o 2° yoopo

where parentheses signify activity, brackets denote molar concentratiocs;zy.

is a ﬁolar dctivity coefficienf, and K is the mixed.concentration quotieﬁt,.‘
With the assumptlon that yH O/yTOPO is a constant in the diiute solutions

used, Eq (%) suggests that a log-log plot of organic-phase water concentratlon L
vs. equilibrium TOPO concentratlon should generate a line of slope . n, where d‘:

n is the number of TOPOC molecules coordlnated in each extracted water complex.

In Flg 1 the organic-phase water concentratlon, [HQO]O’ 1s plotted against the

-»

1n1t1al (not equlllbrlum) TOPO concentration. 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
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‘subtracted to obtain the points plotted. The water solubility found in this

study for"nitroﬁénzene‘waé 0.17 M, which Can.bé chparéd‘With.litergture.
values of 0.152 M_(Ref._lé) and 0.187 M (Ref. 13). fof.i,é;aichlorqéthaﬁe 2
value of O.lES.M was detefminéd,.quiie similar to.a iitératufé yaiﬁ; of 0.129@£
'<Ref, 14). The slope of oné found in Fig. 1 f&r each diiuenﬁ-TdPo sysﬁem
indicates that_dne TOPO moléculé is'invélvéd in eaéh TOPO;Water coﬁplex;_'The':b
observed stéichidmetfy of one water»per TOPO molecule in i;E—diChloroethane

might suggést in éddition that a monohydrate is formed, while in nitrobenzene.

" the ratio of water to TOPO of 1.3:1 indicates ﬁﬁat an additional higher:vaﬁéf-:.

Complex is also extracted. But in a latér papérls dealing in more detail With’

water extraction by TOPO in these two and other;diluents, it will be shown thdt

“at least a mono- and a dihydrate are extracted in both the nitrobenzene and =

1,2-dichloroethane systems. The stoichiometric ratio of one water to one .

TOPO in 1,2~dichloroethane isvsimply accidental and not an indication of the

TOPO-water complex structure. ‘The amount of free TOPO, uncomplexed by water, -

in‘each system is small, and in this paper no distinction will be made betwveen -
total and hydrated TOPO. Thus the symbol [TOPO] will denote the TOPO gohcéhtraf
tion not complexed by acid.

TOPO—HQO—HRth;——The extraction:of HReOh by TOPO solutions may be expressed:

Hf-nTOPo-wH2o...x“e(xew)Hgo(org) ~ (5a)

H'+X +xH,0+nT0PO (org) =

o | | | H+-nTOP0awH20(org)+X_‘<X‘W)Hé0(°rg) (50)

where equation' (5a) indicates the extracted_species are ilon paired and
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%

equation (5b) indicates they are dissociated. - The corresponding equilibrium

constants are:

S o : .
.){Va,= (H‘.nTOPO'WHEO.’.Xf.chW)ng)o'z K& ;XE&— : - (6a)
A e 0 ,
.(TOPQ>O(HEO)‘(H X) Yropo

+ ‘ — » 2 .
‘){ a_ (1" -nTOPO-wH,0) (X7 (x~w)H0) & Vi (6b)
' Ny A \Xpto— TR o .
_.(TOPO)O(HQO) (B x) Y10p0 A

il

Since both l,2—diéhloroethane and nitrobenéene'have relatively'highl'

dielectric constants, it is likely that the extracted acid is dissociated ‘in .

these media. If so, Eq. (5b) should hold, and a log-log plot of the organic-
phase acid cdnééﬁtration} [H+]o,'vs. the half-power of the_a@ueoué—phaééjb
éctivity should yield a*straight line with a slope of unify, fdrba constant
value of-the-eguilibrium TOPO concentration. Such pldfs are.shown in Figs.
2 and 3 for 0.10 and 0.0010 M’ TOPO in.l,é—dichloroethane (Fig. 2) and for
0.50, 0.10, 0;0075 and 0.0010 M TOPO in nitrobenzene (Fig. 3).- It can be
seen that thevinitial slope for each‘TOPO concentration 1s indeed’one,vbﬁt
departs from unity in some instances at higher concentfations. The squafe
points are corfected boﬁh for the TCPO used up in.fqrming the‘extractioh -

complex and for the organic-phase activity coefficients. Correction of_the

»organic¥phase acid concentrations from the equilibrium TOPO concentrations to

a constant (initial) TOPO_concentration is by meanslof.the expression,

“(HJ')

corrected. - [ TOPO ]

_ (H%)_]Topo]‘ . - o (?)

.
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where tﬁé_priﬁEd‘quaﬁfitj référs to thé iniiial‘cbncéntration, and the first'
power deéendencelén the TOPO conéentration will bé justified later}' Activify'
coefficients in the‘orgahic—phase Weré calculated from thé'MayérnPoirier _
éxpression,lér'pér nitrobeﬁZéné; thé.beét fit, especially for 0.10 M_brganicf
phase acid conéentra#ionf@r éfééter,vwas &iﬁh ; distance'of‘clbsest approach,
a,.of 8 A, althouéh values from 6 - 10 A.ﬁould givé a satisfactor& correction
for more dilute solutions. For 1,2—dichioroethéne, the caléulated activity
coefficients were satisfactOrily used fof'éoncehtrations up to n 10“3 M
much beyond thié concentration, the caiculaﬁedvéoéfficienfs seem tovfall too:
rapidly, leading to a downward deviation of the curve connecting the correéted_
points. from’the straighf dashed lines of»unit.slope.ﬁhat can be drawnv
through the corrected points (and are ektensiéns of the lines of unit slopé'
given by thé data at lowef concentrations Wheré correétiOns arefnegligible).it
can be concluded'thét thé extracting s?ecies.in both diluent éysﬁems iS‘dis—
sociated. | | | |

If remains to determine the value of =n, the numbér of TOPO. molecules
complexed per gcid.~ From'Eq° (5b) the slopes éf the log—log,fiots of extréétéd

acid vs. TOPO concentration at a constant 31RO should yield directly the
: , . L v T

value of n/é; Figure 4 is such a plot for aqueous solutions of 0.00030 M!

and 0.020 M HReO) with 1,2-dichiofoethane'gs diluent and for 0.000337M_HReOh

with solutioné bf TOPO in nitrObénzéne. Again, corrections for organic-phésé'-
activities and for equilibrium a@ueous.acid concentratipns when different frbmh
the initial valueé nust be made and are indicated by the square symbols in the:
plot. The sloPéS of the dashed lines through the corrécﬁed ﬁoints are unity, :

and indicate that two TOPO molecules are involved in the'ext:acted species for
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TOPO concentrations up to 0.50 M in nitrobenzene and v 1.0 M in dichloroethane.
To evaluate Kg, a log-log.plot (Fig.'5j of the sQuare—root of the. S »

numerator in Eq. (6b) vs. the square-root of the denominator (the square-

-

roots were taken so as to halve the number of decades necessary) is used.
This plot combines some of the previous data from Figs. 2 ~ 4 as well as
data obtained by the back-extraction technique (which are not conveniently

presented in the previbus types of plots) and covers organic-phase acid

7

concentrations from 10 | to 0.24 M and TOPO concentrations from 107" 1o 1M

for both diluent systems; The excellent fits to'straight'linés of unit-slopé '
indicate that over this range of conditions (ﬁp to 30 - Lo% loading of the

initial TOPO concentration), the two systems can be described by a single

d

dissociated, two-TOPO organic-phase s?ecies. The values of K2

for HReOA in

nitrobenzene and in 1,2-dichlorocethane are 1., X lO3 and 9.6, respectively.

2
Figure 6 shows plOfé of ﬁhé.érgani¢;phase acid conéentrétion vs}_thé_

square—root-of‘the HClO&‘éctivity for solutions of 0.30 M TOPO in nitro_f

rbenzene and_in l;2—dichlorbe£hane. This figufe guggests.that the 2TOPOICOmplex“

is the principal species eXffacted until the uncbmplexéd'TOPO is-nearly:l

exhauéted arognd 1.0 M;Hcioh. ‘Thereaftgr incréésing amouﬁts of acid»are.

slowly extracted until a one—to—oﬁe ratic of aéid to TOPOliS reached. This

17,18

behavior is similar to that already observed in other TOPO and tributyl

phosphateM diluent sysfems_at very high acid concentratidns,.and suggeSts‘that
a TOPO-HCth'salt, perhaps resembling an ammonium salt, is formed under these |

conditions of high acid activity and low water activity.
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Fof'O.BO_M:TOPO‘in‘niﬁfobenzéﬁe aﬁd in:l,é—dichloroéthané thé amOunﬁb
ofvwater, leés the.diluent wafef; cgéitracﬁéd‘by the Qrgaﬁié—phase.aCid
vcoﬁplex as the~a¢id céncentration incréasés>is shown in Fig; f. ‘Thé range df:
aclid concentrations used éfe bélow the turnovéf in the cﬁrvé‘in Fig; 6, that
is; below‘wﬁer§ thé Sne—to—oﬁé acid-TOPO compléx bécomes significant. .But
for 1,2-dichloroethane the organic-phase acid»conéentrations employed are
higher than thé region shown to bé dissociatea in Fig. 2, so that it is

possible some ion pairing has occurred. In both diluent systems the total

+ v ' '
amount of water decreases as (2] ’increases. But the amount of water extracted

0

by the equilibrium uncomplexed TOPO must be subtracted; the concentration of -

+ ' g :
2[H ].. After correction,

non-acid-bound TOPC is calculated as [TOPO] 0

. . total”
curves 3 and Y4 result for 1,2-dichloroethane and nitrobenzene, respectively.

They suggest that essentially no water co—extfacts with the acid compiex

in either diluent; the complex is anhydrous.
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Conclusions
At all organic-phase acid concentrations in nitrobénzene obSérved in
this study (up .t'o 107t M) and at values of [H+]O' up to g 1073 M in-
l,2—dichlsroethane, the extrscted acid spsciés'is dissociated. Combinihg the
experimentally determined value of twovfor the coordination numher of the

complex toward TOPO with the result that essentially no water is cbextractsd,

suggests that-the dissociated extractlion complex is

. . ' R
R—'\"'P'=O"'H+"'O='P4R +va‘
/ : . .

where X is C10£ or ReOZ. We do not know if the TOPO molecules form symmetric

hydfogen—bonds about the proton,bor whether the bonds are asymmetric.

| Such a structure seems reasonabiehconsidering the basicity of TOPO
relative to the amines and ts the phosphate extractants. | The phosphlne
'ox1des are less baslc than the amines, and sovalthough they can destroy. the
hydronium ion~and extract the proton away from water, as do the amines, two‘v‘
__molecules of TOPO are necessary to provide adequate solvation for the prston
whereas one amlne molecule is suff1c1ent vIn addition,- extractlon is con~
siderably lower, It can also be notlced that the TOPO—HCth and TOPO—HReOh
species are dis5001ated‘1n both nitrobenzene and,dlchloroethane under the
conditions of this work, while the corresponding_sslfs_qf friiaﬁrylamins_
sre dissocisted in nitrobenzene3 but not in the l,2%dichloroethane‘ofh10wer;
~ dielectric constant.3 This is & result of the better.shielding afforded

the proton by the two bound TOPO molecules relative to the single amine;
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The still less basic phosphate extractants, such as.TBP,-cannbt break into ﬁbe
hydronium ioh, and so extraét‘it as an entity. Two'orvthree.mdléculés of TBP (or of

oo o ‘ ' ' . R ’ ' »
ethers or ketones) are required to solvate the H_O , which may even be further

3

hydrated depending upon the diluent, and extraction is still pborer than with -

TOPO. Thus the behavior of the TOPonHCth a,n‘d"‘VFL’OPOJL{ReO)+ systems in nitro%

benzene and in 1,2-dichloroethane is very nicely intermediate:between:that of"

the alkylamines and of TBP.

18,19

A few other studies of HCth, or thé.similar strong acid H’I‘-cOh

(Refs. 20 and 21) have been reported in‘thé literature. Direct comparison with

this work is not possible; however, from the distribution of TCO; from aquéqus
3 and HC1l into TOPO solutions of a hydrocarbon solvent and

CClh, respectively, a complex of two TOPC molecules per TcOh was found to be

" most consistent.21 But the present results are in diségreement with an earlier

;studle of HClOu'-and'HReOh extraétion into CClh where a 3:1 complex was ' -

proposed. Although the diluent is different in that case than in the present

one, we believe that a dissociating medium like nitrobenzene should enhance. .

the tendency towara the higher coordination number rather fhén feduce it;6-so
that the probiem is real and we are re—investigatihg thé‘pfévious systemj_

The preéent resﬁlts, namely that the prdfonic cationic complex is
both anﬁydrous and dissociated from the anion, ieads to an interesting " 
possibility. . If a dissociated 2TOFPO species is élso found with ptﬁer strbng‘
acids in these diluents, it seemé reasonable to assume.the same.anhydrOué
cation. But then any coextracfed water éhoﬁld be bound to the aﬁion; vaiuesvb
for the hydration of anions uhder these conditions can thus be detefminéd."
Will.bé discusséa.'

The extractibn and anion hydration of HBr, HC1 and _HNO3

in a later paper.
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"Figure Captions
Fig. 1. Variation of water content of the organic phase ﬁith_initial’TOPO

concentraﬁion in nitrobenzene and in 1,2-dichloroethane. ([HéO]O = total

H20 minus H,0 dissolved by diluent.) Line 1, @ > is for TOPO-nitrobenzene

system. Line 2 is for TOPO—lQ2—dichloroetﬁane Syscenu C) denotes results
using Karl Fischer titrations,'end O denotes resﬁlte using tritiated
water as aefrecerlb Lines are drawn with unit.elope;'

Fig.‘2:'vVariafion of acid'content‘of the organic phaee with‘the-half—power
of the aqueous HReOLL activity for 0.10 (llne 1) and 0.0010 M (llne 3)
TOPO in l 2 dlchloroethane,C) denotes uncorrected data, and [J glves
data corrected.for used—up TOPO and for activity coefficients of the
organic—phaee acid. 'Deshed line é.and line 3 are dfawn with unit slope.

vFig. 3. Varlatlon of acid content of the organic phase -with the half—power
of the-aqueous HReOh act1v1ty for 0.50, O 10, O. 0075 and 0.0010 M TOPO
in nitrobehéehe; C) is uncorrected deta; and [j'ihdicetes‘data_corrected
boﬁh for ueed-up TOPO aﬁd for activity coefficiehtsvof the organic—phase
acid. Thevcorrecfed.(usueily.dashed) linesiefe'drewn with unit ‘slope.:

Fig. k. Vafiation_of organic-phase acid content with:TOPO'concentratioh in
1,2-dichloroethane for agueous HReOhvconcentrations of 0.020 M (line 1)
and‘0}00030 M (line 4); and for 0.00033 M HReO) (1ine 3) and TOPO in
nltrobenzene C) gives uncorrected data, [0 is data corrected for used-
up HReOh and for organlc—phasevactlvlty coefflcients (dashed llnes.2-

and 5). Lines 2, 3 and 5 are drawn with unit slope.
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5. Varlatlon of square—root of the organ1c~phase ac1d act1v1ty\vs the'

product {[TOPO](O)(HReOh)}l/

Line l 1s.for the.TOPO—nltrobenzene system;‘
llne 2 is for the TOPO- 1,2~ dlchloroethane system LinéS:érs orawn.with .
unit slope. |

6. Varlatlon of.ac1d oontent.of the organlo phase w1th the half-power of
the aqueous HCth activity for O 30 MlTOPO in 1, ? dlchloroethane (ZB )
and in nitrobenzene (7))

T. Water content vs. HCth ooncentration inyths organic phase (as the .
aqueous HCth:concentration increasss) for & total TOPO concentratiohsof:‘”
0.30 M_in_nitrobenzene and‘iﬁ i,Z—dichloroetﬁane; Lines 1 aﬁd 2 are tﬁe>f
fotal orgapic—phase water iess diluent water for‘hitrobénzené and

1,2—dichloroethané,respectively. Lines 3 and I are the total organic-

phase water less both the dilﬁent watér‘and the water bound to TOPO . for

"1,2—dichloroethane.and nitrobenzene, respectively.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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