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The extraction of water from a 1 mol dm~2 sodium perchlorate solution with trioctylphosphine oxide (TOPO)
in four organic solvents and the co-extraction of water with hydrochloric, hydrobromic, hydroiodic, perchloric,
nitric, and thiocyanic acids from 1 mol dm=2 of the acid solution by TOPO in hexane have been studied at 25 °C.
The extraction constants of water in the absence of any of the acids, K},,=[TOPO.H,0],,,[TOPO],,,*, were
determined to be 10°-4%, 10090, 10-%-12, and 10-9-3¢ in benzene, hexane, carbon tetrachloride, and chloroform respec-
tively. A discrepancy from the 1: 1 molar ratio of TOPO and water in the extract was observed in the higher-
TOPO-concentration region in the hexane system. The co-extraction of water with the acids disolvated by TOPO
was greater in the order of HCl~HBr >HI>HCIO,, and it was much poorer with the monosolvated acids, nitric
and thiocyanic acid. The equilibria for these co-extractions of water with the acids are complicated.

The co-extraction of water with various acids by
oxygen-containing solvents has been studied with ethers,
ketones, alcohols, and tributyl phosphate.l»®  The
extraction of acids and the co-extraction of water with
the acids into various organic diluents containing
trioctylphosphine oxide (TOPO) have also been studied,
and the equilibria have been considered from several
standpoints.3-8)

After a series on the extraction equilibria of several
acids with TOPO,*-1% the present authors have studied
the co-extraction of water with some of these acids. The
present paper will describe the experimental results and
will discuss the equilibria of these co-extractions.

Experimental

All of the experiments were carried out in a thermostatted
room at 25 °C in a manner essentially similar to that described
previously.?=19 A portion of a 1 mol dm~2 aqueous electrolyte
solution and the same volume of an organic solution were
placed in a stoppered glass tube, and the contents were vigor-
ously agitated and centrifuged. The concentration of water in
the organic phase was determined by the Karl Fischer method.

Statistical

In the present paper, HX and E denote an acid and
TOPO, and the subscript ‘“org” denotes chemical
species in the organic phase.

In the absence of any acid, the extraction equilibrium
of water with TOPO may be written by the following
equations, on the basis of the results to be presented
later:

E(org) + H,O — E.H,0(org) (¢))]
Kio = [E-H;Olo[ElGH (2)
The concentration of water in the organic phase is
written as
[Hzo]org.totul = [Hﬁo]org,bla.nk + [Hzo]org,E (3)
where [HyOlorg.b1ank and [HyOlore,x are the concentra-
tions of free water in the diluent and of bound water
with TOPO respectively.

In the presence of an acid, the concentration of water

in the organic phase may be written as

[Hzo]urg,tota.l = [H2O]org,blank + [Hzo]org,E
+ [H2o]org,HX (4)

where [H,O],,.nx is the concentration of the water co-
extracted with the acid. Since the extraction of the acids
in the absence of TOPO is negligible, the concentration
of the extractant may be written as

[E]org,toml - a[H+]org = [E]org + [E°H20]org (5)
where [H+],,, is the concentration of the acid in the
organic phase and where a is the mole of TOPO com-
bined with one mole of the acid. As has been described
previously,®1%:13) the value for this a is two for hydro-
chloric, hydrobromic, hydroiodic, and perchloric acid,
while it is one for nitric and thiocyanic acid.

The concentration of the acid-free TOPO, that is,
TOPO combined with no acid, can be calculated by
means of Eq. 5, and the amount of water combined with
the acid-free TOPO, [HyO] 4,5, can be calculated from
the calibration curves, log [HyOJo,q.x 25. 10g [E]org.t0tal-
Finally, the concentration of the water co-extracted
with the acid can be calculated by introducing this
calculated value of [HyOl,.r and the experimentally
obtained value of [Hy,O]J o g,b1ank into Eq. 4.

Results

The concentrations of water in the organic solvents
containing no TOPO and being equilibrated with an
aqueous 1 mol dm—3 sodium perchlorate solution are
listed in Table 1. The amounts of water in the organic
phases containing TOPO and being equilibrated with
this aqueous solution (thus, no extraction of any acid

TABLE 1. THE VALUES OF THE EXTRACTION CONSTANT
IN Eq. 2 AND THOSE OF THE WATER CONGENTRATION
DISSOLVED BY THE DILUENT AT EQUILIBRIUM

IOg [Hzo] org,blank l°g K ;!.0
Benzene —1.45 0.40
Hexane —2.39 0.00
Carbon tetrachloride —2.02 —0.12
Chloroform —1.14 —0.36

Org. phase: diluent containing TOPO. Ag.
phase: 1 mol dm-? sodium perchlorate solution.
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Fig. 1. Variation of water content of the organic phase

with total TOPO concentration in benzene (@), hexane

(O), carbon tetrachloride (M), or chloroform (A),

after correction for the dissolved water by the diluent.

The straight lines are slope of +1. The aqueous phase

was 1 mol dm—2 sodium perchlorate solution.

was expected) were also determined; the [HyO]o 0
values were calculated by means of Eq. 3. Figure 1
shows these calculated values as a function of the total
TOPO concentration in the organic phase. The values
of Kt,0 were calculated from these data by using Eq. 2;
they are listed in Table 1. (For the calculation of the
value in the hexane system, only those data which fitted
with the straight line of a slope one were employed).
The co-extraction of water with mineral acids by
TOPO was studied only when the diluent was hexane.
The concentration of the co-extracted water with the
acid by TOPO was calculated by means of Eq. 4.
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Fig. 2. Co-extracted water with hydrochloric (A),
hydrobromic ([7), hydroiodic (A), perchloric (@),
nitric (), or thiocyanic (Il}) acid-TOPO complex in
the hexane phase containing various amount of TOPO,
where the aqueous phase for thiocyanic acid system
was 0.9 mol dm—2 hydrochloric acid and 0.1 mol dm—2
sodium thiocyanate, and that for others was 1 mol dm=3
only the acid.
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Figure 2 shows the values as a function of the concentra-
tion of the extracted acid in the organic phase. In these
experiments, the aqueous phase was a solution of the
acid at 1 mol dm~2 except in the thiocyanic acid system;
in this case, the aqueous phase contained 0.9 mol dm—2
of hydrochloric acid and 0.1 moldm~3 of sodium
thiocyanate, and the calculation was made by assuming
that the extraction of the hydrochloric acid was
negligible compared to that of the thiocyanic acid (¢f-
Refs. 10 and 13).

It is anticipated that the error in the water co-
extracted with hydrochloric acid is greater than that
co-extracted with the other acids, because its extraction
with TOPO was poor, and so much smaller amounts of
co-extracted water had to be determined.

Another series of experiments on the co-extraction of
water were also made by keeping the TOPO concentra-
tion at 0.04 mol dm—3, while changing the hydrogen-ion
concentration in the 1 mol dm-3 (H,Na)ClO, or 1 mol
dm~3 (H,Na)NOj ionic media. The log [HyO],,g,nx vs.
log [H*],,, plots obtained from these data were found
to overlap approximately with those shown in Fig. 2.

Discussion

The above results may be summarized as follows.

i) TOPO in benzene, carbon tetrachloride, and
chloroform, and that in hexane at its low concentrations
(below 0.02 mol dm~—3), extract water from a 1 mol dm—2
sodium perchlorate solution as a 1: 1 species, TOPO-
H,0. The mole fractions of the. TOPO-H,O species
relative to the total TOPO are 0.72, 0.50, 0.43, and 0.30
in benzene, hexane, carbon tetrachloride, and chloro-
form respectively. Thus, the TOPO is not completely
hydrated. In hexane, a discrepancy from the 1: 1 mole
ratio in the extract was observed when the TOPO
concentration was higher.

i) The amount of water co-extracted into hexane
with the three hydrohalogenic acids was proportional
to the amount of acid extracted. One mole of hydro-
chloric and hydrobromic acid in hexane which is
combined with two moles of TOPO10:13) co-extracted
approximately three moles of water, but one mole of
hydroiodic acid which is also combined with two moles
of TOPO?® co-extracted only approximately 1.3 moles
of water.

iii) Ome mole of perchloric acid which is combined
with two moles of TOPO in hexane® co-extracts less
than one mole of water, and the amounts of water co-
extracted per mole of the acid decrease with an increase
in the acid concentration.

iv) The co-extractions of water with nitric and with
thiocyanic acid, each of which is combined with one
mole of TOPO in hexane,®% are approximately the
same as each other, and much less than with the other
acids; only about one-tenth mole of water is co-extracted
with one mole of each of the acids, but the mole ratio
of water and acid slightly increases with an increase
in the acid concentration.

The extraction of water in the absence of acid in the
present work is similar to that in the previous reports;3-5
moreover, the present results when the solvent is hexane
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are similar to those when the solvent was cyclohexane
or isooctane in the previous reports.

Attempts were made to find species other than
TOPO:H,O in the hexane system in the higher TOPO
concentrations by statistical treatments of the data, but
they were not successful. Thus, the present authors
can not conclude whether the discrepancy from unity
of the slope of the plot in Fig. 1 is due to the formation
of higher aggregates such as (TOPO),;(H,O), (where
bjc is lower than unity) or is due to changes in the
chemical activities of the solutes. The same kind of
discrepancy found in the previous work was explained
in terms of the formation of a species, (TOPO),-
(H,0),.19

It is noticeable that, although a 1: 1 species of TOPO
and water is formed in the organic phase, still a certain
fraction of TOPO, sometimes more than a half of the
total TOPO, is in the unhydrous state. Although the
salt in the aqueous phase may affect the extraction of
water, this can not be explained by the decrease in the
water activity because the water activity in a 1 mol dm~3
sodium perchlorate solution is about 0.96; thus, the
change is not serious.®)

As may be seen from Fig. 2, the co-extraction of water
was proportional to the extraction of the acid when it
was a hydrogen halogenide. However, the slope of the
log [HyOlore.mx #s. log [H*],,, plot was somewhat
lower than unity when the acid was perchloric acid
and higher than unity when the acid was nitric or
thiocyanic acid (in the latter cases, the slopes were about
1.5). Itis difficult to give an explanation of these values
of the slope of the log [HyOlyrg.mx v5. log [H*],., plot
or of the observation that the molar ratio of the extracted
acid and the co-extracted water is quite different when
the acid is different. Furthermore, these results can not
explain why certain monoprotonic acids are extracted
with two molecules of TOPO in the organic phase.

As was previously reported,®1%1%) only perchloric and
the three hydrohalogenic acids among the monoprotonic
inorganic acids we have studied were disolvated with
TOPO in hexane. One of the explanations for this
disolvation to one proton may be that the proton in the
extract is in the oxonium-ion form; two of the hydrogens
are combined with the phosphoryl oxygen of TOPO,
and the last hydrogen is combined with the anion.
However, this does not explain the finding that the
average composition of the extract was (TOPO),-
(HCIO,) (H,0),4, where d is a number decreased by an
increase in the acid concentration in the organic phase
and always lower than unity. Moreover, for the three
extracted hydrohalogenic acid species, whose average
compositions were (TOPO),(HX)(H;0),, where ¢ was
about 1.3 for hydroiodic acid and about 3 for the other
two acids, we should consider that a certain proportion
of co-extracted water was in a form other than the
oxonium-ion form.

Diamond and his coworkers studied the co-extraction
of water with hydrochloric, hydrobromic, perchloric,
perrhenic, and tetrachloroauric acid by TOPO in
various solvents and reported a tendency similar to that
shown by the present results.3-%) Since less than one mole
of water was co-extracted with one mole of the per-
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chloric, perrhenic, and tetrachloroauric acid which were
disolvated with TOPO, they concluded that the proton
combined with the TOPO molecules was not a oxonium-
ion, but was unhydrous, and that the anion which was
assumed to combine with the proton as an ion pair was
responsible for the co-extraction of water.

However, when the water is assumed to be co-
extracted only by an “ion-paired’ anion, the very poor
co-extraction of water with nitric and thiocyanic acid
can not be explained; a nitrate ion should interact with
water molecules more strongly than a perchlorate ion.

Itis noticeable that the two monoprotonic acids which
co-extracted water only poorly were monosolvated by
TOPO in the organic phase, while the other mono-
protonic acids, which co-extracted greater amounts of
water than nitric and thiocyanic acid, were disolvated.
It is also marked that these monosolvated acids were
weaker acids than the disolvated ones. These facts seem
to lead us to other kinds of explanations. For example,
none of the anions of the monosolvated acids are in the
form of an ion pair in the organic phase; they all
interact with the proton more strongly, and thus are
less available for the water molecules than the ion-
paired anion, and/or each of the two phosphoryl oxygens
of TOPO in the disolvated acid species interact with the
proton less strongly than that in the monosolvated acid
species, thus becoming more available for hydration.
However, since spectroscopic measurements have not
been made, no final conclusion can be reached on the
basis of only the results in the present study.
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