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ABSTRACT 

The extraction of HRe04 , RN0
3

, HBr and HCl into solutions of 

trioctylphosphine oxide (TOPO) in either nitrobenzene or 1,2-dichloroethane has 

been studied. In both diluent systems when the stoichiometric ratio TOPO/H+ 

was > 2, the extracting species was a two-TOPO acid complex, which was dissociated 

at lower organic-phase concentrations. The cation portion of the acid complex 

was found to be anhydrous. Consequently, the coextracted water is assumed to 

be associated with the anions. The resulting organic-phase "hydration" numbers 

are: 0.4 for CIO 4- (ReO 4 ), 1. 9 for Br and 3 for Cl in both diluents. The 

order of extractability was HRe04 > RN0 3 > HBr > HCl, as expected. 
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INTRODUCTION 

In two previous studies dealing with the extraCtion ~f HRe04 , HCI0
4

, 

and HAUC1
4 

by dilute solutions of trioctylphosphine oxide (TOPO) in benzene, 

CHC1
3 

[1]; CC1
4 

and aliphatic hydrocarbons [2], the organic-phase acid cation 
, " , " + 

was established to bea two-TOPO solvated proton, 2TOPO·H. This was 

either ion paired with the accompanying anipn or still further aggregated in these 

low-dielectric diluents. The amount 6f coextract:ed water was always less than 

the amount of acid extracted" (especially for the HAUC14 complexes). Clearly 

the TOPO was extracting a bare unhydrated prot?n, somewhat similar to the situation 

with the even more basic trialkylamine extractants. Comparison~of the infra-red 

spectra [2] for these TOPO complexes with those of the less basic extractant 
, 

tributyl pposphate(TBP), an extractant which does fit ,the hydronium ion-core 
) 

model, revealed a totally different absorption pattern. Those peaks which we 

think are characteristic of a hydronium-ion-based acid complex (the spectra for 

TaP being representative) were absent in the TOPO spectra, while anew peak at 

much longer wavelength appeared. This result confirmed that the cationic portion 

of the TOPO-acid complex i9 very different from the hydronium-ion-based core of 

many TaP sys tems .' 

It was thus of interest to extend this study of acid extraction by TOPO 

to other acids, for if we can demonstrate that the same anhydrous cation is 

involved, then a determination of the coextracted water would indicate the 

amount of water bound to the anion. This would be particularly true if a' diluent 

is used that allows dissociation of the cation-anion pair. So in addition, to a 

study of HRe0
4 

o,r HCI0
4 

extraction by dilute TOPO solutions, acids with 

progressively more basic an)ions, namely HBr, HCl, an~ HN0
3

, have been examined. 

\ 
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It is expected that the greater aqueous anion hydration for thes~ latter acids 

will be reflected in decreased extraction into the organic-phase and increased amounts 

of co-extracted water. ,To prevent any aggregation beyond ion pairs and, in fact, 

to reduce the amount of ion pairing itself, 1,2-dichloroethane (£ = 10.4 [3] at 

25°C) and nitrobenzene (£,~ 34.8, [3] at 25°C) were used as diluents. 

EXPERIMENTAL 

A. Reagents 

The TOPO used was obtained from carlisle Chemical Corp., Reading, Ohio .. 

After washing the raw TOPO with mild base a~d water, it was recrystallized 

four or five times from warm pentane. Solutions of HCl and HN03 were prepared 

from 37% Baker reagent grade HCl and from 71% Baker reagent grade HN03• The 

HCI04 so1utions were prepared by dilution from G. F. Smith reagent grade HCI04 , 70-72%, 

while HRe0
4 

solutions were made by dissolving Re 207 (Varlacoid Chemical 

Company, 99.5% purity) in disti11ed water. Solutions of HBr were made from 48% Baker and 

Adamson reagent grade HBr after the following purification. The HEr was 

saturated with H2S gas to reduce any ~r2 to HBr and then distilled. The 

constant-boiling fraction (48% HBr) was collected. This stock solution and 

all other HBr dilutions were kept in amber-glass bottles. Standardization ' 

of all these stock acid solutions was done with sodium hydroxide to the 

bromothymol blue end-point. 
, 82 . -

Tracer solutions of Br were prepared by 

irradi'ating a few milligrams of LiBr with neutrons in the Vallecitos Test 

Reactor and dissolving the product in distilled water treated with H
2
S. The 

186 -ReO 4 tracer was prepared by irradiating KRe04 in the Vallecitos Test 

14 2 
Reactor at a flux greater than 10 neutrons/cm -sec for six days. A saturated 
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stock solution (~O.04 M) was obtained by dissolving the irradiated KRe0
4 

sample ina minimum amount of water. 38 -' , Tracer solutions of C,l were prepared 

by irradiating a few milligrams of NH
4
Clwith neutrons in the Mark, III Triga 

Berkeley Research Reactor, ,and then dissolving the 'salt in distilled water. 

The~NH4Cl used in the irradiation was made from gaseous NH3 and HCl, as the 

commercial reagents were too high in sodium content. Eastman White label 

nitrobenzene and "spectra grade" Matheson, Coleman and Bell 1,2-dichloroethane 

were used. Matheson, Coleman and Bell stabilized ,and premixed single-solution 

Fischer,' reagent was used for the water titrations., 

B~ Procedures 

Standardized solutions of HBr, HReo4, or HCl containing radioactive 

82 - 186-, 38-
Br , Re0

4
, or Cl tracers, respectively, were shaken ,for not less than 

one hour 'for the HBr andHRe0
4 

solutions and for only one-half hour for the HCl 

solutions with various TOPO~diluent solutions. These shaking times were determined tq 

be sufficient to reach equilibrium. After centrifugation, aliqu6ts of both 

the organic a~d aqueous phases were taken for y-counting in a well-type 

Na(Tl)I scintillation, counter. Knowing the original concentration of acid 
, 

and the total number of counts of tracer added, the me,asured counting rates 

yield the equilibrium concentratio~s of HBr, HReo4 , or Hel in each phase. 

38 -Correction of the Cl tracer data to a consistent time base was made to 

compensate for the short half-life (37.1 minutes) of this tracer. Where 

suffici'ent acid ,extracted, acid-base titrations were sometimes ,used to determine 

the equilibrium acid content of each phase. Acid-base titrations were 

exclusively used for determination of HN0
3 

extractions because'pf the lack 
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of a suitable tracer for this acid. The amount of water coextracted with HBr, 

HN0
3 

and HCl was analyzed for by the Karl Fischer method, using a dead-stop 

end-point [4]. For 1,2-dichloroethane .the concentration of bound water in the 

organic phase was also measured by means of tritiated water counted in a room-

temperature liquid-scintiliation counter. All experimental work was done at room 
" , 

temperature, 23° ± 2°C. 

RESULTS AND DISCUSSION 

I 
The extraction of HX by TOPO solutions may be expressed: 

+ xH
2

0 + nTOPO(org) 

where Equation (la) indicates the extracted species are ion paired and Equation 

(la) 

(lb) 

(lb) indicates they are dissociated: The corresponding equilibrium constants are: 

+ -

Ka (H .nTOPO.wH20 ••• X· (x-w) H
2

0) ° 
Ka YHX 

= = n . (TOPO) ~ (H
2

0) x (H+ X -). n n 
YTOPO 

+ - 2 

Kd 
(H .nTOPO.wH2O)0 (X . (x-w)H 0) / 

Kd 
y± 

2 ° = = n (TOPO)~(H20)x(H+X-) n n 
YTOPO 

where parentheses signify activity, brackets denote molar concentrations, y is a 

molar activity coefficient, and Ka,d i~ a mixed concentration quotient. Equation 
n 

(2a) 

(2b) 

(2)implles that a log-log plot of the organic-phase acid concentration, [HX]O' vs. 

the denominator should yield a straight line with a slope of unity for the ion-

paired case (a) and a slope of one-half for the dissociated system (b), if the 

proper choice is made for n,the number of TOPO molecules coordinated in the complex, 
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and if the water activity doesn't change significantly. Figure I shows such plots 

for the extraction of HReO 4' HBr and HCI by TOPO in nitrobenzene, and Fig. 2 gives 

the results for the same acids by TOPO in 1,2~dichloroethane. Experimentally, 

the value of n has been found to be 2 in each instance by observing the dependence 

of the extraction on the TOPO concentration alone. The' square~root of the 

denominator for Equation (2) has been employed in order to halve the ntmlber of 

decades required. This change doubles the value of the expected slopes as' outlined 

above. _ F9r each of the TOPO-acid systems (except for TOPO-HBr-l, 2-dichloroethane) , 

shown in Figs. I and 2, a line of slope unity can be placed through the points 

representing the lower organic-phase concentrations. This indicates that Equation 

(2b) describes the extraction,process in these regions; the acid complex is 

dissociated., The eX,tE?nsion of this line of unit slope is shown as a dashed line, 

-and falls below the experimental points at higher organic"'phase acid concentration. 

This is expected, since y± is,no longer close to unity. An attempt to estimate 

where the experimental values would be if only Debye-Huckel type activity coefficients 

were responsible for the observed deviations is ~hown by the dash-dot 

curve.' This is generated by dividing the. slope unity line with activity 

coefficients calculated by using a Debye-Huckel expression wi th ~ = 6. 'Clearly, 

the mo~e concentrated organic-phase experimental P9intsdo'not fallon this 

estimated curve for complete dissociation, but deviate upward. At the highest 

concentrations studied the' plot of raw data approaches a line of slope two, 

and suggests that ion association is occurring. This happens with HCI, HBr, and 

eVenHRe04 in dichloroethane systems, and with HCI and HBr in the concentration 

r'ange's studied in nitrobenzene. 
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The TOPO-HRe04-nitrobenzene system gives the least indication of association; this is 

as expected, due to the large, size and hence low charge density of ReO 4 • 

The curves for each TOPO-HX-diluent system in Figs. 1 and 2 are the 
'-.. 

result of combining sets of data obtained by determining the organic-phase 

acid concentration at eith,er a fixed TOPO concentration and varying aqueous 

acid activity or at a fixed aqueous acid activity and varying TOPO concentration. 

Examples of these individual types of distribution studies can be seen in Figs. 2 and 4 

in Ref. 1 '. The range of TOPO concentrations in this work was from 

O.OOOlOM up to 0.25 - 1.00M. Activity coefficients used for the calculation 
\ 

of the aqueous acid activities were taken from the compilation of Gazith [5]. 

They were calculated as: 
2 2' 

AHX = (HX) = [c] y±. 

Values for the dissociated (Equation (2b» and associated (Equation (2a» 

equilibrium quotients for most of the acid-TOPO-diluent systems are listed in 

Table I. An entry for the associated HN03-nitrobenzene-TOPO system is missing. 

Data were taken, but not included for the followin~ reasons. When the nitric 

acid complex associates, it is not clear that only an associated 2:1 TOPO:acid 

complex occurs (as is found with the other stronger acids), where the nitric acid 

is still ionized, but ion pafred. Another possibility that is typical in 

lower dielectric diluents, involves ,the association of the nitric acid to form 

a,l:l molecular complex [6-10), TOPO.HN0
3

• Furthermore, it is well known that 

additional nitric acid molecules may add to form binitrate, and even higher anionic 

nitric acid solvates [11], and this may occur at rather. dilute organic-phase acid 

concentrations. Preliminary analysis of the more concentrated HN03 data indicated 

that the latter two possibilities were both occurring. These complications 

made this system too difficult to unravel in the more concentrated organic~phase 

solutions from extraction data alone. It was felt, however, to be sufficiently 

, . 
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TABLE I. EQUILIBRIUM. QUarIENTS FOR EXTRACTION OF HRe0
4

, HBr, Hel. and HN03• 

Diluent Aci(i 
.'d a , 
K2 K2 K association 

"-

Nitrobenzene HRe04 9>slO2 

HN0
3 

2 

HBr lXlO-1 
7 7XIO I 

Hel 3xIO-3 
I 3xI0

2 

l,2-dichloroethane HReO . - 4xlO 3 . 2 
4 9 4xIO 

HBr -- 5 

Hel IXIO-4 4xIO-I 3xI03 
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interesting to demonstrate that if a low enoug~_organic-phase acid concentration 

is' maintai~ed « 'V '10-
2

M) , and extraction is examined in a high dielectric-

constant diluent" nitric acid no longer behaves as a weak acid, but is 

+ dissociated [12], and yields the same 2TOPO·H cation as with stronger acids. 

The order of acid. extraction is as expected: HRe0
4

(HCl0
4

»HN0
3

>HBr>HCl 

in both diluents, and mirrors the increasing importance of anion hydration in 

the aqueous phase, i.e., Cl->Br->N0
3

->Re0
4
-(CI0

4
-), which hinders the extraction. 

The tabulated equilibrium quotients also show that it is easier to transfer 

the same charged species into a higher dielectric medium (nitrobenzene) than 

into a lower dielectric medium (DeE), particularly for the dissociated complex. 

This is as would be expected from simple considerations of the Born charging 

expression and the energy of ion pairing [13]. 

In order to make an estimate of the amount of water coextracted with 

the acid complex, it is first necessary to determine the considerable amou'nts 

of water extracted by TOPO alone. The equilibrium for this distribution of 

water into an organic-phase solution of TOPOcan be written: 

The corresponding equilibrium constant is 

(mH 2 0 ·nTOPO) ° 
(H20)m(TOPO)~ 

= 
[mH 20 o nTOPO]YH 0 

2 
~20 n 

YTOPO 

n 
y /y is a constant in the dilute solutions 

H20 TOPO 
With the assumption that 

(3) 

(4) 

used, Equation (4) suggests that a log-log plot of organic-phase water concen-

tration vs. equilibrium TOPO concentration should generate a line of slope n, 
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where n is the number of TOPO molecules coordinated in each extracted wat~r 

complex. In Fig. 3 the organic-phase water concentration, [.H20]0' is plotted 

\ 

against the initial (not equilibrium) TOPO concentration. The amount of water 

extracted by the diluent alone, calculated as the product of the molar s,olubility 

in the diluent and the volume fraction of diluent in ,the organic medium, has 
I 

been subtracted to obtain the points plotted. The water solubil'ity found in 

this study of nitrobenzene was 0.163 ~ [14]. 

For l,2-dichloroeth'ane a v<;llue of 0.125 M,was determined [15]. The slope o/f 

one found in Fig. 3 for each diluent-TOPO system 

indicates that one TOPO molecule is involved in each TOPO-water complex. The 

observed stoichiometry of one water IEr TOPO molecule in 1,2-dichloroethane 

might suggest that 'a monohydrate 'is form~d [161 i however, in nitrobenzene the l. 2: 1 

r,atio of water to TOPO clearly, indicates that an additional higher-water complex 

is also extracted. In a-later paper dealing in more detail with water extraction' 

by TOPO in these two (and other) diluents, it will be shown that at least a 

mono- and a dihydrate are extracted in both the nitrobenzene and 1,2-dichloroethane 

systems. The stoichiometric ratio of one water toone 'TOPO in 1,2-dichloroethane 

, ' 

is simpiy an accident of room temperature (like the 1:1 stoichiometry of water in pure 

TBP [17] at room temperature) and not an indication of the TOPO-water complex struc-

ture [18,19]. The amount of free Tapa, uncomplexed by water, in each system is small, 

and in this paper ,no distinction is made between unhydrated and hydrated TOPO. Thus, 

the symbol [TOPO] denotes the TOPO concentration not complexed by acid. 
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For 0.10 M TOPO 'in nitrobenzene and in 1,2-dichloroethane the amount of 

water, less the diluent water, coextracted by the organic-phase perch+oric acid 

complex as the acid concentration increases is shown in Fig. 4. In both diluent 

systems the total amount of water decreases as [H+]o'increases. From this total, 

the amount of water extract~d by the equilibrium uncomp~exed TOPO,must be sub-

tracted; and thisnon-acid-bound TaPO concentration is calculated as 

+ [TOPO]total - 2[H ]0. After correction, curve 3 results. This line indicates 
, 

that about O.4'molecule of water co-extracts with each HCl04 acid complex in 

ei ther nitrobenzene or DCE'. Assuming' the cation portion of this TOPO-acid 

complex is similar to the HAUCl
4

, HCI0
4 

and HRe0
4 

complexes previously studied 

+ (and i. r. spectra do indicate this) ~ namely an anhydrous, 2TOPO·H species, the 

0.4 water molecule must be associated with the organic-phase anion. This value 

is in excellent ag~eement with the finding from a more direct 'study [20] where 

the organic-phasehyd;ration qf tetra-alkylammonium perchlorate salts was found 

to average IV 0.4 molecules of water per salt molecule. In the TOPO"";DCE system, at the 

acid concentrat~ons examined, the acid complex is mostly ion paired; while in 

the TOPO-nitrobenzene system the complex is probably partly dissociated. 

In Fig. 5, the amount of water co-extracted by the ,HBr comple~ is 

shown for 0.30M TOPO in nitrobenzene and in DCE. Curve 3 in this figure is 

the resultant after correction for the water extracted by both the TOPO 

uncomplexed by acid (determined as in the previous paragraph) and the diluent. 

The single slope suggests an average of 1.9 molecules of water are co-extracted 

by the bromi~e anion in both diluent systems. Similar data are presented in 

Fig. 6 for the HCl acid complex extracted by 0.25 M TOPO in l,2-dichloroethane 

and by 0.50 M TOPO in nitrobenzene. For the HCl-nitrobenzene system the' 

, ' 

i 
i 
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. resultant curve (line 3) has a slope of three, which is also the value for 

,the initial slope of the corrected data for HCl;"1,2-dichloroethane. In the 

latter system , howeve~, the slope becomes somewhat less than three as [H+]O 

increases (line 4). This results, we believe, from neglecting the significant 

change of water activity ~esulting from the rather high aqueous acid concen

+ trations necessary to reach the upper range of [H ]'0 considered. If the amounts of 

water extracted by the TOPO and by the TOPO,..acid complex are corrected for the 

water activity to the appropriate power (approxilnately first and thi~d,' respectively), 

the resulting corrected curve has a slope close to three for HCl~l,2-dichloroethane 

also. It is clear from Figs. 1 and 2 that for both the HBr and HC1, within 

the 'range of., [H+]O used in these water determinations, the acid complexes are 

predominantly ion paired. 

Again, the average values of 1.9 and 3 found for ~rornide and chloride 

ion hydration in these qrganic diluents are in very good agreement with the 

values of 1.8 and 3.3 obtained intetra-alkylammonium salt-nitrobenzene,systems [21]. 

It'is gratifying that the values of anion hydration found in the present study 

(on fairly complex systems) should be so similiar to the values from the 

simpler, more direct systems previously studied. Further, the organic-phase 

hydration numbers are remarkably similiar to the values found by Bockris and 

Saluja [22] in aqueous solutions by compressibility and ionic vibration methods. 

It is not obvious that they should be, as the environment of the coordinated 

water molecules is quite different in the two cases. Discussion of what the 

individual values mean has already been given elsewhere [21], but we would repeat 

one of the conClusions: these anion values should be considered only ,lower 
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limits to the first-shell coordination numbers as they represent average 

values for distributions that may well range from ° (unhydrated anions) to 

4 or even 6 water molecules (the first-shell coordination number). 

CONCLUSIONS 

All of the acids examined, HRe04 , HN0
3

, HBr, and HCl, extract as 

+ -2TOPO·H X salts in nitrobenzene and in dichloroethane. (The i. r. spectra 

indicate the similarity to TOPO-acid complexes studied in other diluents, and 

'the difference from the hydronium-ion core found with the TBP complexes.) Even 

+ the HN03 product is based on the 2TOPO·H cation, in contrast to its behavior 

in low-dl.electric-coristant solvents. 

The extraction quotients show that the larger, less basic, anions 

extract better, Re0
4 

> Br > Cl , due to their lower aqueous hydration, and 

that this effect is less pronounced for the ion-pair case, as some of the lost 

hydration-energy is compensated for in the ion pairing. Also, extraction is 

better into the higher-dielectric-constant nitrobenzene than into dichloroethane, 

since there are no specially strong diluent-acid complex (chemical) interactions. 

Finally, kn~wing that the acidic cation is anhydrous allows determination 

of the hydration of the anion in these diluents· (but not as well as with 

tetraalkylammonium salts). .This anion hydration is not directly related to the 

/ 

first-shell coordination number, but is probably an average of the distribution 

over coordination numbers ranging from ° to the maximum first-shell number. 
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FIGURE CAPTIONS 

Fig. 1. Variation of the organic-phase acid concentration and the square-root 

, 2 1/2 
of the organic-phase acid activity ~~' the product {[TOPO] (HX)} with 

ni trobenzene as the diluent. Line 1 is for -the TOPO-HRe0:4 -ni trobenzene 

system; line 2 is the T<?PO-HN03 system; line 3 is ,the TOPO-HBr system and 

line 4 is the TOPO-HC1-nitrobehzene system. Dashed lines indicate an 

extension of the unit slope (dissociated) line; the dashed-dot curves indicate 

where the raw extra,ction curve would lie if 'the line of unit slope is corre'cted for; 

Debye-Huckel type activity coefficients; the long-short-short dashed lines 

indicate the ion-pair (association) contribution. 

Fig. 2. Variat:j.on of the organic-phase acid concentration and the square-root 

, , 2 1/2 
of the organic-phase acid activity vs. the product {[TOPO] (HX)} with 

Ii 2-dichloroethaile as the diluent. Line 1 is for the TOPO-HRe0
4 

system; 

line 2 is for TOPO-HBr, and line 3 is for the TOPO-HCl system. Dashed lines , ' 

indicate an extension of the 'unit slope (dissociated) l,ine; the dashed-dot 

curves indicate where the raw extraction curve would lie if the line of unit slope 

is corrected for Debye-Huckel type activity coefficients; the long-short-short 

'dashed lines indicate the ion-paired (association) cont'ribution. 
, , 

Fig. 3. Variation of water content of the organic phase with initial TOPO 

concentration in nitrobenzene and'in 1,2-dichloroethane. ([H20]O = total H20 

minus H20 dissolved by the diluent.)' 0, is for the TOPO-nitrobenzene 

syste~; 0 " is for the WPO-l,2-dichloroethane system and is the average of 

measurements, using both the Karl Fischer method and tritiated water as a tracer. 

Lines are drawn initially with unit slope, and this slope is continued with 

dashed lines. 
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Fig. 4. Water content Y2... HCI04 concentration in the organic phase (as the 

aqueous HCI04 , concentration increases) for a total TOPO concentration of 

0.10 M in nitrobenzene and in l,2-dichloroethane. Lines 1 and' 2 are the 

total organic-phase water less diluent water for nitrobenzene and 1,2-

dichloroethane, respect~vely. ,Line 3 is the total organic-phase water less 

both the diluent water and the water bound to ,TOPO for l,2-dichloroethane 

(ll) and nitrobenzene ( 0 ), and has a slope of 0.4. 

Fig. 5. Water content Y2... HBr organic-phase ,concentration (as the aqueous HBr 

concentration increases) for a total'TOPO concentration of 0.30 M in nitro-

benzene and in l,2-dichloroethane. Lines 1 and 2 are the total organic-phase 

water less diluent water for nitrobenzene and l,2-dichloroethane, respectively. 

Line 3 is the total organic-phase water less both the diluent water and 

water bound to TOPO for both diluents: ll,l,2-dichloroethanei 0 , nitro-

benzene. ~e average 'slope of line 3 is 1.9. 

Fig. 6. Water content ~. HCl organic-phase concentration (as the aqueous HCl 

concentration increases) for a total TOPO concentration,' of 0.50 M in nitro-

benzene (line 1) and of 0.25 !:! in 1,2-dichloroethane (line 2). Line 4 is 

the total organic-phase water less both diluent water and water bound to 

" TOPO in the DCE system. Line 3 is the total organic-phase water less' both 

diluent water and water bound to TOPO in nitrobenzene(ll) and the result of 

a third power correction for decreased water activity in the TOPO-DCE system 

(V). The dashed line is drawn with a slope equal to three. 

\ 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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