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The solvent extractions of manganese(II), iron(II), cobalt(II), nickel(II), copper(II), zinc(II), and cadmium-
(II) (M%) in 0.1 mol dm ™2 sodium nitrate solutions with benzoyltrifluoroacetone and 2-thenoyltrifluoroacetone
(HA) into chloroform were studied in the absence and presence of tetrabutylammonium ions (tbat). The
addition of tba’ enhanced the extraction, except that of copper(II). This enhancement could be explained in
terms of the extraction of the ternary complex, MA3 tba™, in addition to the neutral complex, MA,. The
data were treated on the basis of the formation equilibrium of the ternary complex from the neutral complex,
MA_., with the extracted ion-pairs of the reagents, A”tba™t, in the organic phase. It was concluded that the
association constants of MnAgz, FeAs, CoAz, NiAz, and CdA; with the ion-pair, A"tba™, are not very much
different from each other. However, that of ZnAj is lower than those of the five divalent metal complexes. This
trend is similar to that found among the adduct metal complexes of S-diketonates with trioctylphosphine oxide

(TOPO) in synergistic extraction systems.

It has been reported in previous papers'—® that the
solvent extraction of cobalt(1I), nickel(II), and zinc(1I)
(M2*) with benzoyltrifluoroacetone (Hbfa, 1-phenyl-
4,4,4-trifluoro-1,3-butanedione) into carbon tetrachlo-
ride is enhanced by the addition of bulky cations, such
as tetrabutylammonium ions (tba'); this could be ex-
plained in terms of the extraction of not only the neutral
complex, M(bfa)s, but also of the ion-pair of the an-
ionic complex with the cation, M(bfa); “tbat (ternary
complex). It was also pointed out that the degree of
extraction of such ternary complexes is dependent on
the j-diketone employed.»'? The solvent extraction of
metal ions as anionic [-diketonate complexes together
with bulky cations was further studied systematically
with rare earth ions.*—® It was also found that ex-
traction of the ternary complex with a certain §-dike-
tone and a bulky cation is different with each rare
earth ion. The order of extraction with 2-thenoyltri-
fluoroacetone (Htta, 1-(2-thienyl)-4,4,4-trifluoro-1,3-
butanedione) was better in the order scandium(III)
>lutetium(III) >europium (I11) >neodymium(III) > pra-
seodymium(I1I) > lanthanum(III), but enhancement of
the extraction by tba't was nearly the same with
lanthanum(III) to europium(III) and to some extent
lower with lutetium(III); enhancement was negligible
in the case of scandium(III). The solvent extraction of

alkaline earth ions with Hbfa together with tbat has’

also been reported,” and the enhancement of extrac-
tion by the addition of tba™ was found to be greater
in the order magnesium(II) > calcium(II) > strontium-
(IT) > barium(II), which is the same as that found re-
garding the extractability of the neutral complexes of
these ions. It was pointed out in these previous stud-
ies that the extraction of anionic complexes as ion-pairs
with bulky cations could be treated as the overall ef-
fect of: (i) the extraction of M™% as MA,,, (ii) the

extraction of A~ as ion-pairs with tba®, and (iii) the
association of the MA,, with A~tba™ in the organic
phase. It was also pointed out in these papers that
the experimental data when ternary complexes were ex-
tracted could be treated statistically in a similar manner
as those when adduct metal complexes were extracted
(synergistic extraction).

The present study was carried out in order to learn
about the solvent extraction of the divalent transition
metal ions and zinc(II) and cadmium(II) with two (-
diketones, Hbfa as well as Htta, as well as the enhance-
ment of extraction due to the anionic complex extracted
as ion-pairs with tba®™. The results were compared with
the previous data concerning the synergistic enhance-
ment of these metal complexes; the similarity of ternary
complex extraction and synergistic extraction was also
considered.

Experimental

All of the reagents and the experimental procedures
were similar to those in previous studies,” except for iron-
(II). The organic phase was chloroform initially contain-
ing 0.1 moldm™3 Hbfa or Htta; the aqueous phase was a
0.1 moldm™2 sodium nitrate solution initially containing
1%x107° moldm™2 of the metal ions. These metal ions were
supplied by Wako Pure Chemical Industries, Ltd. The two
phases were agitated for 30 min. When the metal ion was
iron(Il), an aqueous phase of 1x1072 moldm™2 ascorbic
acid was added. This aqueous solution was agitated with
chloroform containing Hbfa or Htta for 60 s. This time for
two-phase agitation was found to be sufficient to reach the
solvent-extraction equilibrium. However, when the agitation
was carried out for a shorter time than this, the results were
not always reproducible; when it was continued for a longer
time, the color of the organic phase became pale yellow,
which indicated the formation of the tris(8-diketonato)iron-
(II1) complex by oxidation of the iron(II) with atmospheric
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oxygen in the organic phase. The metal ion in both phases
was determined by either inductive-couple plasma atomic
emission spectrometry or atomic absorption spectrometry.

Results

A statistical treatment of the experimental data was
carried out in a similar manner to that in a previous
paper® and, thus, only the main equations are given.

The distribution ratio of metal ions, [M(II)]org,total/ [M-
(IT)]agtotal, in the absence (Dp) and presence of tba™t
(D) can be written as:

Do = Kex2,0[A7]?/ (1 +B[AT)+B[AT + - ) (1)

and
Dy = Kex2,0[A™]* + Kexa,1[A7]%[tba™]
[(1+BiAT]+Ba[AT) + ) @)
= Kox20[A™]* (14 KorgKexan[A™][tba™])
[(L+BAT]+BATP +--), 3)
where

Kex2,0 = [MA2]org[M2+]_1[A_]_2y (4)

Kexa = [MAs™ tba™org[M*T]7HAT] 3 [tbat]™Y,  (5)
Korg = [MA3 ™ tbaT]org[MAz]org *[A™that|org ™!, (6)
Kexan = [A7tba™ Jorg[AT] 7" [tba*] 7", (M)

and

B = [MAL* M) AT ™ (8)

The concentrations of A~ and tba®™ were calculated ac-
cording to the following equations in the same manner
as described in Ref. 6 to Ref. 9:

(A7) = Ao/ {1+ (Ko + DK (9)

and

[tba"'] = [tb3a+]initial/ (1 + KexAB[A_] + KexXB[X_]) ’
(10)

where Kg=[HA]org[HA]™!, K,=[HT][AT][HA]™!, X~ is
the anion of the background salt in the aqueous phase,
and Kexxp=[X"tba™]o[X] " [tbat]~1. Equation 9
could approximately be used even when metal ions and
tba® were present, since [HA|org initial 1S always much
higher than [M(ID)]ipitias and [tba®]initiai. When the
concentration of A~ in the aqueous phase is determined
in an experiment in the presence of thba™, the value of
Dy under the same A~ concentration was calculated by
Eq. 1, which introduced the value of the equilibrium
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constants obtained by separate experiments. The en-
hancement of extraction obtained from these data can
be given by the following equations:
Di/Do = 1+ Kex3 1 Kex2,0 ' [A7][tba™].
=1+ KorgKexAB[A—][tba.+].

(11)
(12)

Figure la gives the extraction curves of the metal
ions with Hbfa in both the absence and presence of
1x1072 moldm™2 tba™ (at initial). Figure 1b gives
those with Htta, also in both the absence and presence
of 1x1073 moldm~2 tba* (at initial). Although the sol-
vent extraction of nickel(II) with Htta was attempted,
the results were not reproducible and the recovery of
the metal ion was not quantitative for unknown rea-
sons. Thus, no data for nickel(II) extraction with Htta
are given in Fig. 1b. Figures 2a and 2b give the en-
hancement of extraction as a function of [bfa~][tba™]
and [tta~][tbat], respectively, by keeping [HA]org,initial
at 0.1 moldm™3. As can be seen from Eqs. 11 and 12,
the extraction is dependent on the quantity [A~][tbat]
and, thus, the data were analyzed on the basis of Egs. 11
and 12.

The data given in Figs. 1a and 1b and Figs. 2a and
2b were statistically analyzed on the basis of Eq. 1 to
Eq. 5 and Eqgs. 11 and 12, respectively, by a successive-
approximation approach using a least-squares computer
program. The values of K.xap of bfa~ and tta™, em-
ployed for the statistically analysis were 10*° and 10*!
(Refs. 6 and 8). The values of the stability and extrac-
tion constants thus obtained are listed in Table 1. The
solid lines in Figs. la, 1b, 2a, and 2b were calculated by
using these constants. Since they fit well with the data,
the values of the constants given in Table 1 should be
reasonable.

Discussion

In the present study chloroform was employed as the
solvent. In general, this solvent is better for the ex-
traction of ion-pairs than is carbon tetrachloride. This
general tendency was also found for the extraction of an-
ionic complexes as ion-pairs with tbat, as can be seen
from Table 1: the extraction constant of the ion-pair,
Kexs,1, given by Eq. 5 is more than one order larger into
chloroform than into carbon tetrachloride with cobalt-
(1), nickel(II), or zinc(II). This effect of the solvent is
just opposite to that found with the formation of the
adduct chelate in a synergistic extraction system: the
formation constant of the adduct is usually more than
one order higher in carbon tetrachloride than in chloro-
form (for example Ref. 10). In a previous study,® this
difference in the extraction of a ternary complex into
carbon tetrachloride and chloroform was explained in
terms that the association of the neutral complex with
the ion-pair of the reagents is more favorable in carbon
tetrachloride than in chloroform, just as in the adducts
formation of a neutral complex with solvating ligands,
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Fig. 1.

Distribution ratio of the metal ions as a function of (a) benzoyltrifiluoroacetonate anion or (b) 2-thenoyltrifluo-

roacetonate anion concentration in the absence and presence of tetrabutylammonium ions. Org. phase: chloroform
initially containing 0.1 moldm™® benzoyltrifluoroacetone or 2-thenoyltrifluoroacetone. Aq phase: 0.1 mol dm™3
sodium nitrate containing no tbat and initially containing 1x107% moldm™2 tba™. The metal ions are Mn(II) (O),
Fe(II) (©), Co(II) (A), Ni(II) (<), Cu(Il) (&), Zn(II) (O), and Cd(II) () in the absence of tbat and Mn(II) (M),
Fe(II) (®), Co(II) (A), Ni(II) (®#), Cu(Il) (®), Zn(Il) (@), and Cd(II) (¥) in the presence of tba™. The nickel(II)
with Htta were not reproducible because the recovery was not very quantitative. The solid lines were calculated by

Eqgs. 1 and 2 using the values given in Table 1.

such as tributylphosphate (TBP) or trioctylphosphine
oxide (TOPO). However, extraction of the neutral com-
plex as well as that of the reagents as ion-pairs are more
favorable into chloroform. These two effects are oppo-
site. However, since the latter effect is larger than the
former, the over-all effect of these appears to be that
the extraction of a ternary complex is more favorable
in chloroform than in carbon tetrachloride.

It is noted that although the two-phase partition co-
efficient, Ky (=[HA]org/[HA]) of Hbfa (10%284),'V) is one
order higher than that of Htta (10%-%5),'1) the extrac-

tion constants of the S-diketonate anions with tba* into
the solvent are nearly the same. As can be seen from
Eq. 12, the similar value of K.xap and the rather small
difference in the Ko, should result in a small differ-
ence in the enhancement of metal extraction with Hbfa
and with Htta in the presence of a certain amount of
tba®. The difference in the extractability of the ternary
complex given by Kex3 1 in Eq. 5 is thus mainly due to
the rather large difference in the extractability of the
neutral complex, Kex2 0, in Eq. 4. It was found in pre-
vious studies that the solvent extraction of zinc(II)V
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Increase in the distribution ratio of the metal ions as a function of the quantity, [A~] multiplied by [tba™],

in the aqueous phase. Org. phase: chloroform initially containing 0.1 moldm™ (a) benzoyltrifluoroacetone or (b)
2-thenoyltrifluoroacetone. The metal ions are Mn(II) ([J), Fe(Il) (©), Co(II) (A), Ni(II) (<), Zn(II) (O), and C4(II)
(7). The solid lines were calculated by Eq. 10 using the values given in Table 1.

Table 1. Summary of the Equilibrium Constants

Org. phase: chloroform containing 0.1 mol dm™3 Hbfa or Htta. Aq phase: 0.1 moldm™2 sodium nitrate solution.

Hbfa Htta
log Kex2,0 log 1 log 2 log Kex3,1 log Korg log Kex2,0 logB1 log Kexs,n log Korg
Mn(II) 6.8 3.1 — 19.1 8.3 6.0 2.9 17.8 7.7
Fe(Il) 10.0 4.2 8.0 21.6 7.6 9.3 (3.4)°9 202 6.8
Co(Il) 85 (7.2)Y 4.1 @3.1)Y —(5.2)9 20.7(18.9)Y 8.2 (10.9)¥ 7.7 3.5 19.3 7.5
Ni(Il) 9.0 (7.6)Y 3.1 (3.5)Y 7.9 (6.9 21.6 (20.0)Y 8.6 (11.6)% —2) —2) —2) —2)
Cd(I) 6.0 — — 18.2 8.2 5.2 — 16.9 7.6
Zn(Il) 9.0 (7.7)Y — (26)Y — (5.00Y 195 17.7)Y 6.5 (9.2)V 8.3 (3.3)9 183 5.9
Cu(Ill) 16.0 — — — — 15.1 — — —

a) Recovery of the nickel(II) was too poor to confirm this species. b)
calculation were 4.0 and 4.1, respectively. These were taken from Refs. 3 and 5.

log Kexap of Hbfa and Htta employed for the
c) Error is too large. d) The values in

the parenthesis are those in carbon tetrachloride taken from Ref. 1 to Ref. 3. The values of KexaB used for the calculation
of these data: from 1 moldm~—3 sodium nitrate to carbon tetrachloride is 10°-78 (unpublished data).

and cobalt(I1)® with benzoylacetone (Hbza, 1-phenyl-
1,3-butanedione) was not enhanced by the addition of
tbat. The same type of observation was also made re-
garding europium(I1I) extractions.*®

The difference in the formation equilibrium of an an-
ionic complex as ion-pairs with tba®t can be known from
a comparison of the K, values, as can be seen from
Eqgs. 3 and 6. The association of the neutral complex,
MA,, with the ion-pair of the reagents, A~tba®, ob-
served may be summarized as follows: (i) the copper-
(II) complexes do not form a ternary complex; (ii) al-
though zinc(II) complexes form a ternary complex, the

formation constant is much smaller than the other five
divalent metal complexes with the same ligand; and (iii)
the formation constant of the ternary complex from the
neutral complex of manganese(II), iron(II), cobalt(I),
nickel(II), and cadmium(II) are rather similar to each
other, though the values of the iron(II) complexes are
slightly smaller than those of the other complexes. As
was pointed out, the ability of the metal complex in
the organic phase to accept the ion-pair of the reagents
seems to be rather similar to that to accept a solvating-
type ligand, TOPO. Table 2 summarizes the adduct for-
mation constant of benzoyltrifluoroacetonate complexes
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Table 2. Summary of the Formation Constants of the
Adducts with TOPO
Aq phase: 1 M NaClOy4. Org. phase: carbon tetra-
chloride containing Hbfa.

IOg /B(org)l log ﬁ(org)Z Remarks
Mn(IT) 6.1 10.4 #
Co(II) 6.2 9.3 ##
Ni(II) 5.2 9.0 T
Zn(II) 67 __a) ##
Cd(In) —> 10.4 B

# Taken from Ref. 22. ## Taken from Ref. 23.
### Taken from Ref. 24. #### Taken from Ref. 25.
a) No evidence of the second adduct ZnAs(TOPO)s.
b) Error is too large to confirm this species.

of metal ions with TOPO in carbon tetrachloride. How-
ever, in order to compare the equilibrium for the forma-
tion of the anionic complex and the adduct, it should be
noticed that in the anionic complex, the added ligand is
bidentate and the complex is charged, but in the TOPO
adducts the added ligand is unidentate and the formed
species is non-charged. The situation concerning the
formation of an anionic complex is to some extent simi-
lar to that of a neutral adduct complex with a bidentate
neutral ligand, such as heterocyclic amines.'?—29 As
can be seen from Table 2, although the second TOPO
adduct of Zn(bfa), is unstable, the stability of the sec-
ond adduct of the other four divalent metal benzoyltri-
fluoroacetonate is not very much different. Although
no very clear explanation can be given for the lower
stability of the zinc(II) adduct complex, the lower sta-
bility of the anionic zinc(II) complex (as shown by the
value of K,;) agrees with the relatively lower stabil-
ity of the zinc(II) adduct complexes in synergistic ex-
traction systems.'®'” The adduct formation constant
of Cu(bfa), with TOPO was reported to be much lower
than that of the other metal complexes.??) A similar
tendency was also found concerning the stability of the
adduct complexes of these metal ions with tributylphos-
phate'® or 1,10-phenanthroline.!® This should show
that the copper(II) complex has no great ability to
form complexes of higher coordination number. This
explains the fact that no extraction of the anionic com-
plex of copper(II) with tba* was found.

As was pointed out in a previous study,® the mag-
nitude of formation constant, K, is affected by the
overall effect of the acceptability of the neutral complex
for an additional ligand, and the ability of the chelate
anion as a donor to the neutral complex. Since the
donor is the same for all anionic complexes, the similar
values of K, should indicate that the acceptability of
the neutral complexes is rather similar to each other.

It was reported® that the solvent extraction of al-
kaline earth ions with Hbfa into carbon tetrachloride
is better in the order magnesium(II) > calcium(II) >
stronitium(II)>barium(II), and that the formation con-
stant of the anionic complex from the neutral com-
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plex is also larger in this order. Thus, the separa-
tion of these metal ions is better in the presence of
tba® than in its absence. The results from the present
study (that although the solvent extraction of metal
ions with Hbfa in the absence of thbat is different, the
values of K,z are rather similar) show that the sepa-
ration of these metal ions is not improved when tba™t
is added. This is similar to the case that the values of
Ko of the tris-2-thenoyltrifluoroacetonate complexes of
lanthanum(III), praseodymium(III), neodymium(III),
and europium(III) are rather similar to each other and,
thus, the separation of these metal ions by solvent ex-
traction with Hbfa or Htta is not improved by the ad-
dition of tbat.
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