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Distribution of six f-diketones between hexane, benzene, carbon tetrachloride, or chloroform and 0.1 mol
dm~3 aqueous perchlorate solutions has been measured in the presence of trioctylphosphine oxide (TOPO). The
distribution ratio was, in many cases, enhanced by TOPO; this was explained in terms of association of the §-
diketones and TOPO. The association constants were greater when the f-diketone was stronger as an acid and

also in the following order of the diluent: CHCI; < CCl, < CH < CeH,,.

It was concluded that, even though

the effect was not very large, still correction for the decrease in the concentrations of both the B-diketone and
TOPO is necessary for an accurate estimation of the equilibrium involved in solvent extraction of metal ions con-
taining these two reagents, as in the synergistic solvent extraction of metal ions.

Synergistic solvent extraction of metal ions with
mixtures of one chelating extractant and one solvating-
type ligand has been found in several systems. The
reason for the enhancement of the chelate extraction
by additions of such a neutral ligand has been explained
in terms of adduct formation of the metal chelate
in the organic phase. The formation constants of
such adducts can be calculated statistically from the
enhancement of the extraction as a function of the
ligand concentration. However, an association of the
extractants in the organic phase is also possible and,
in such a case, they should be taken into the account
in order to analyse the extraction data.

In the present paper, the distribution of six g-dike-
tones has been measured in several solvent extration
systems as a function of trioctylphosphine oxide (TOPO)
concentration in the organic phase. Four inert or-
ganic solvents were used as diluents of the reagents.
The association equilibria of f-diketones and TOPO
in the systems were determined from the distribution
data. The effects of the chemical properties of the
p-diketones and the diluents on the equilibria are
discussed.

Experimental

The p-diketones studied are listed in Table 1 with their
abbreviated nomenclatures. The p-diketones and TOPO
were supplied by Dojindo & Co., Kumamoto. The organ-
ic diluents, sodium perchlorate, and perchloric acid were
of analytical grade. Chloroform was washed three times
with water before use.

Experiments were carried out in a thermostated room
at 298 K. Stock f-diketone solutions were prepared by dis-
solving weighed amounts of each reagent into each diluent.
The concentration of the f-diketone in the stock solutions
of TFA and HFA was further checked by titration with a
standard sodium hydroxide solution. A TOZPO stock solution
was also prepared in the same manner, and it was washed
several times with water. Mixed solutions containing a f§-
diketone and TOPO at various concentrations were pre-
pared from these stock solutions.

A portion of an organic solvent containing a f-diketone
and TOPO and the same volume of an aqueous solution
containing 0.010 mol dm—3 perchloric acid and 0.090 mol
dm—?® sodium perchlorate were placed in a stoppered glass
tube, agitated by a mechanical shaker, and centrifuged off.
The aqueous phase of the experiments with BZA, BFA, or

TTA was transferred into another tube and agitated with
a portion of the same diluent containing no TOPO. The
amount of the B-diketone thus extracted into the organic
phase was determined from the optical absorption at 323(BFA
in C¢H,y,), 330(BFA in CgHy), 325(BFA in CCly), 305(BZA
in CgH,,), 310(BZA in CiHg), 307(BZA in CCl,), 315(TTA
in GgH,,), 324(TTA in C¢Hg), and 319(TTA in CCl,) nm,
respectively. In the experiments with AA, TFA, and HFA,
the amount in the aqueous phase was obtained by direct
measurements of its UV absorption at 273, 280, and 305
nm, respectively, because their recovery in the organic phase
was not quantitative by only a single extraction. The dis-
tribution ratio was calculated from the B-diketone concen-
tration in the aqueous phase at equilibrium and from that
in the initial organic phase.

Statistical

The p-diketones hereafter are represented by HA,
and TOPO by L. The chemical species in the or-
ganic phase are denoted by a subscript “org”, and
those in the aqueous phase are given without any
subscript.

The p-diketones (which are weak acids) in the
aqueous phase may be both in the HA and A~ form,
while those in the organic phase may be in the undis-
sociated form HA as well as in the associated form
with TOPO, HAL,. Since n was found to be one
or two in the present study and no species containing
more than one HA was found, the distribution ratio
of HA can generally be written as:

D = ([HAJorg + [HAL]org + [HAL |org)/([HAT + [A7]).
(1
The dissociation constant and the two-phase distri-
bution constant of the acid can be written as:

K, = [Hf][AT][HA]? 2)
Kq = [HAJorg[HA], ©)

and the distribution constant of the neutral ligand
is:

K4(L) = [L]org[L] 3)

The association equilibria of HA and L may be rep-
resented by:

HA(org) + L(org) — HAL(org) }

I, )
ﬂl(orz) = [HAL]org[HA]org[L]org
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HA(org) + 2L(org) == HAL 2 (org) } (5)

ﬂz (org) — [HALz]org[HA]ors[L] org

In the absence and presence of L, the distribution
ratio may be written as:

= [HAlore/([HAT+[AT]) = Ka/(1+ K, [H*]) (6)

D = Kq(1 +ﬂ1(org) [L]org + Bz(org) [L]?)rg)/(l + Ko [H]) .
(7
When D in Eq. 7 is obtained at a certain [H+], D
at the same [H*] can be calculated by using the values

of K, and K;; then the following equation can be
written

D/Do =1+ ﬁl(org) [L]org + ﬂz(org)[L]zrg' (8)

Both perchloric acid and sodium perchlorate are ex-
tractable with TOPO, but the extraction of the latter
is negligible under the conditions of the present study,
as can be calculated from the equilibrium constant:

Kox(NaClO,) = [NaLy*ClO; Jorg[Nat]-1[ClO,]*[L] 5.
)

When the solvent is hexane and when the total con-
centration of the salt is 1 mol dm-3, this value of K,
(NaClO,) is 10° and thus [NaLg*ClO,7],,, should
be less than 1x10-¢mol dm—2 when both [Nat] and
[ClIO,~] are 0.1 moldm=3 and [L],, is lower than
0.1 mol dm—3.)) When the salt concentration is 0.1
mol dm—3, as in the present study, this value of the
organic concentration of sodium perchlorate solvated
with TOPO should be even lower.

The extraction equilibrium of perchloric acid is:?

Ht + CIO,;" + 2L (org) = HC]O4L2(0rg) }

Kox(HCIO,) = [HCIOL;]org[H*][CIO ] [L]o5

(10)

Since the volumes of both phases were always the
same and the concentration of TOPO in the aqueous
phase was very small, as is seen from the values of
K (L) in Table 1, the following equations can be
written:

[L]org.lnit

= [Llorg + [HALlorg + 2[HALyJorg + 2[HCIO Ly]org

= [L]org(l +ﬁl (org) [HA]org) + Z[L]zrs(ﬁz (org) [HA]org
+ Kex(HCIO,)[H*][CIO,7]) (11)

[HA]org,inle
= [HAlorg + [HAL]org + [HALylore + [HA] + [A7].
(12)

From the total concentration of the f-diketone in the
equilibrated aqueous phase, the following equation
can be obtained:

[HALorg = Ko([HAT+[A])(1+ K [H*]Y)2. (13)

Among the terms in Egs. 10 to 12, the value of
[HA] can be determined experimentally, [HA],,, can
be calculated as above, the constant K, (HClO,) can
be determined by separate experiments in the absence
of HA, while [H*] and [ClO,~] may be determined
experlmentally Then ﬂl(org) and /32(“8) can be de-
termined with a succesive approximation approach
by using a least squares computer program. The
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calculated value of [L],,, at equilibrium can also be
obtained when the best-fit values of these constants
are computed in this way. The change in the dis-
tribution ratio of HA may be given by D/D, (¢f. Egs.
6 to 8) and the experimental data may be presented
in a figure on the basis of Eq. 8.

When the diluent was hexane or carbon tetrachloride
and the TOPO concentration was high, the extraction
of perchloric acid was somewhat different from that
expected from Eq. 10. This deviation could be ex-
plained by assuming extractions of trisolvate of the
acid, more precise calculation should be possible by
introducing these results into Eq. 11. However, since
values of the constants in Eqs. 4 and 5 obtained after
this correction were not very much different from
those obtained by making no correction, all the cal-
culations were made as follows. The data in these
diluents were treated on the basis of the following
equation:

[L]org,init - 2[H0104]0rg,0bsd

= [LJorg + [HAL]org + 2[I—IALz]org; (14)

where [HCIO,], .4, 0nsa 15 the concentration of the ex-
tracted acid experimentally obtained by titration of
the two phases in the absence of HA. Thus the error
of the association constants in hexane and cabon
tetrachloride could be a little larger than those in
the other diluents.

The enhancement of the extraction of a f-diketone
by an addition of TOPO can also be considered as
an extraction of the f-diketone with TOPO. These
extraction equilibria can be written as:

HA + L(org) == HAL(org) }
Kexl = [HAL]org[HA]_l[L]g;g

HA + 2L(org) — HALz(org) }
Koy, = [HALs o [HA][L]ozg

(1)

(16)

By introducing Eq. 3, Egs. 15 and 16 can be rewritten
as:

(17)
(18)

Kexl = ﬂl(org) X Kd
Kexe = ﬁz(org) X Kqy.

Results and Discussion

The extractions of perchloric acid in 0.1 mol dm=3
(Na,H)ClO, ionic media with TOPO in the diluents
were determined in the manner previously reported.?
The extraction constants of the acid calculated from
the present data are listed in Table I.

The distribution data of each p-diketone in the
four liquid-liquid systems were obtained as a function
Of [HA]org um:: [L]org ini¢> and [H+]

Figure 1 gives the increase in the distribution ratio
as a function of the free TOPO concentration, com-
puted in the way described in the preceding section.
The solid curves are the calculated values obtained
by introducing the association constants into Eq. 8.
Each of the curves has two asymptotes. One of them
has a slop zero and the other has a slop 41 or 4-2.
This corresponds to the highest complex in the sys-
tem, HAL or HAL,. Since the calculated curves
fit well with the experimental data, the constants in
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TaBLE 1. REAGENTS STUDIED
sbrevi log Ky4®
Abbr C;/.lated Name pK,» . Remarks

notation CH, CH, CCl CHCI
AA Acetylacetone 8.67 —0.05 0.70 0.51 1.36 (1)
BZA Benzoylacetone 8.39 2.30 3.02 2.81 3.64 (2)
TFA Trifluoroacetylacetone 6.13 —0.54 0.04 —0.22 0.27 (3)
BFA Benzoyltrifluoroacetone 6.03 1.75 2.61 2.39 2.84 (4)
TTA 2-Thenoyltrifluoroacetone 6.33 0.75 1.61 1.32 1.85 (5)
HFA Hexafluoroacetylacetone 4.46 —2.04 —-1.91 —-1.92 —1.75 (6)
TOPO Trioctylphosphine oxide — 3.83 4.78 5.24 5.51 (7)

(1): 2,4-Pentancdione, (2): 1-phenyl-1,3-butanedione, (3): 1,1,1-trifluoro-2,4-pentanedione, (4): 4,4,4-trifluoro-1-
phenyl-1,3-butanedione, (5): 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione, (6): 1,1,1,5,5,5-hexaflucro-2,4-pentane-

dione, (7): log K4 of TOPO taken from Ref. 15.
NaClO,.
phase is 0.1 mol dm—% NaClO,.

log DD,

log ([TOPO],; /mol dm=3)

(2)
3 T T ] Ll 1
- 2k J
'O
3
w1 .
2
0 1 A 1 1 J_
-4 -3 -2 -1 0
log ([TOPO],,/mol dm—3)
(b)
Fig. 1.

The diluents are (a) CgH,,, (b) CgHg, (c) CCl,, and (d) CHCI,.
The curves are calculated by introducing the constants in

TFA(®), BFA(M), TTA(A), and HFA((J).

Table 2 into Eq. 8. The straight lines are the asymptotes for the curves.

a) Taken from Ref. 14 when aqueous phase is 0.1 mol dm™3
(b) log Ky of B-diketones taken from Ref. 14.

log K; of TOPO taken from Ref. 15 when aqueous

7
Q
Q
)
S
O..--I 1 L 1 1
e )
log ([TOPO],,/mol dm=3)
(¢)
3 T T L] L T
T, 2r -
Q
R
Bl |
0- 1 1 1 1] ]

-4 -3 -2 -1 0
log ([TOPO],,,/mol dm~3)

(d)

Enhancement of distribution ratio as a function of calculated TOPO concentrations at equilibrium.

The p-diketones are AA(A), BZA(O),

Initial concentrations of the f-

diketones (mol dm=3) are as follows (The nomenclatures see Table 1).

(a): 1.0x10-%(AA), 2.0x10-3(BZA), 2.0x 10-3 (TFA), 1.7x10-% (BFA), 2.5x 10-%(TTA), and 2.0x10-2
(HFA), (b): 2.0x 10-3(TFA), 5.0x 10-3(TFA), 1.5x 10-3(TTA), and 2.0x 10-2(HFA), (c): 5.0x 10-3(AA),
2.0x 10-2(BZA), 2.0 x 10-3(TFA), 5.0 x 10-3(BFA), 7.5x10-4(TTA), and 2.0x 10-2(HFA), (d): 2.0x10-2

(HFA).

Table 1 are reasonable.

The values of the equilibrium constants in Tables
1 and 2 may be summarized as follows.

(i) The distribution constants of TOPO are greater
in the following order of the diluent: hexane<ben-
zene < carbon tetrachloride <chloroform, while those of
the f-diketones are greater in the order of hexane<
carbon tetrachloride <benzene < chloroform.

(i) The association constants between a certain
p-diketone and TOPO are affected by diluent; it is

greater in the order of chloroform<carbon tetrachlo-
ride<benzene <hexane, although the association con-
stants of acetylacetone and benzoylacetone in benzene
could not be determined in the range of the experi-
mental error. This means that the tendency of the
association is, in general, greater when the solvent-
solute interactions are weaker. The order of f,(,.y)
in the diluent, carbon tetrachloride<benzene, should
indicate that the difference in the solvent-solute in-
teractions of the p-diketones has a greater effect on
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TABLE 2. SUMMARY OF EQUILIBRIUM CONSTANTS

Diluents
CH,, C¢Hy; CCl; CHCIl,
AA log B (org) 0.65 —b» —0.4 nil
log Koxq 0.64 —P 0.12 nil
BZA 1og By ore) 0.62 —» —-0.3 nil
log Koxq 2.65 —Db 2.55 nil
TFA log B ore) 1.84 1.43 1.20 nil
log B (ore) 2.40 nil 1.63 nil
log Koy, 1.30 1.47 0.98 nil
log Koxo 1.86 nil 1.41 nil
BFA log By (ore) 1.37 0.83 0.59 nil
log Koxq 3.12 3.44 2.98 nil
TTA log B org) 1.62 1.46 1.18 nil
log B2 ore) 2.72 nil nil nil
log Koy 2.37 3.07 2.50 nil
log Koxo 3.43 nil nil nil
HFA 1og B (ore) 4.22 3.73 3.55 2.09
log B (ore) 7.51 5.78 5.57 2.80
log Koz 2.18 1.82 1.63 0.34
log Koo 5.47 3.87 3.65 1.05
TOPO log K..(HCIO,)» 2.97 2.74 1.51 0.549

a) For the extraction of perchloric acid with TOPO, the
following constants were also obtained: Koz (HCIO,),=
[HCIO4(TOPO) ], [H*]-*[CIO,~]-*[TOPO]5;e,

Koz (HCIO,) 3= [HCIO(TOPO) ] o1 [H*] 1 [CIO, "] 71 X
[TOPO];:,, log Kox(HC1O,);=0.54(CHCl,), log K.y
(HC10,);=4.32(CeH,,), 2.60(CCl,). b) Erroneous. c)
Aq phase 1.0 mol dm—3 NaClO,. Taken from Ref. 2.

the magnitude of the constant than the difference in
those of TOPO.

(iii) When the solvent is chloroform, the associa-
tion is observed only between HFA and TOPO. With
the other B-diketones, a slight decrease in the dis-
tribution ratio with an increase in the TOPO con-
centration is observed.

(iv) Among the pB-diketones in a certain given
diluent, the association constant is larger when the
K, is higher (stronger as an acid).

The synergistic effect in metal extractions with -
diketones by TOPO or TBP is very well known, but
such associations between the p-diketone and TBP
or TOPO have not often been discussed quantita-
tively. The antagonistic effect caused by association
of an acidic extractant and a neutral ligand was pointed
out by Wang et al.3% and also by Healy et al.5% How-
ever, these reports gave only qualitative discussions.
This problem has also been considered by several
authors.”11) Recently, Khopkar and Mathur have
discussed this problem on the basis of their experiments
about solvent extraction of metal ions with TTA and
TOPO® or TBP.13» They described how the ex-
traction curves in such synergistic systems can be well
explained by assuming associations of the f-diketone
and the neutral ligand. They determined the as-
sociation constants between TTA and TBP or TOPO
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in those extraction systems and gave values 100-57
and 1011 for the B, of TTA with TBP and TOPO
in xylene.

The observations in the present study can be ex-
plained by assuming that the p-diketone is extracted
with the neutral ligand. As is seen from Egs. 17 and
18, the extraction constant is the multiplication of
K, and f,(,,e)- When pK, values are similar, £, (o)
may not be much different. Thus among a group
of p-diketones of similar pK, values, the magnitude
of K,,; and K, , should be dependent on the K, val-
ues, which are higher when the molar volume is larger.

The extraction equilibria of metal ion M™+ in such
synergistic systems can be written as:

Mmt+ + mA- = MAm(org);

Kex,m = [MAm]org[Mm+]_1[A_]_m (19)
MAm(org) + nL(org) = MAan(org)§
Bm,n(org) = [MAan]org[MAm]gxl‘g[L];:g, (20)

and the enhancement of the metal extraction can be
written as:

-D/Do =1+ ZBm,n(org)[L]grgy (21)

where Dy=K,, .[A-]™. When both [A-] and [L],,,
are lowerd by association, the value D/D, should be
underestimated if no correction for the decreases in
the concentrations would be made, and should cause
an underestimation of the 8, ,(r, values which were
calculated by Eq. 21. At the same time, if no cor-
rection for the decrease in [L],,, by associations with
HA would be made, it should also cause an under-
estimation of B, .(.e- JThus although it seems to
be necessary to recalculate the previously reported
values of the adduct formation of metal chelate from
such a standpoint, marked differences between the
previous values and recalculated values should be
found only in HFA-TOPO systems because the f, (o)
are large enough to affect the results only in the HFA—
TOPO systems. The differences will be slight in
other systems.

The authors are grateful to Dr. J. N. Mathur for
his valuable discussions about the association between
2-thenoyltrifluoroacetone and trioctylphosphine oxide.
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