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Abstract

The 4,4,4-trifluoro-1-(biphenyl-4-yl)butane-1,3-dione(HL) has been synthesized and its complexation properties in so-
lution was examined. Mixed ligand chelate extraction of light trivalent lanthanoids (La+Gd) from chloride medium at
constant ionic strength u = 0.1 into C;H, with HL in combination with one of the three phosphine oxide compounds
trioctylphosphine oxide(TOPO), tributylphosphine oxide(TBPO) or triphenyphosphine oxide(TPPO) was studied. The
composition of the extracted species was established as LnL, with HL alone and as LnL, 2S in the presence of TOPO
and TBPO or LnL, S with the mixture of HL-TPPO. The 28 values of the overall equilibrium constants were calcula-
ted. A synergic effect up to 10°~10* was observed for the extraction of the above-mentioned lanthanoid ions with binary
mixtures of extractants. The change of the synergistic agent causes a significant increase of the K| ¢ values in the order
TBPO < TPPO < TOPO. The parameters of the extraction process were determined and the separation factors between
two adjacent Ln(III) were calculated.
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1. Introduction

The synergistic effect was observed by Cunningham
et al.! for the extraction of Pr(IIT) and Nd(IIT) by mixtures
of 2-thenoyltrifluoroacetone (HTTA) and tributylphosp-
hate (TBP) in kerosene but synergism acquired its name in
1958 when a group of scientists from Oak Ridge labora-
tory investigated the extraction of U(VI) by combinations
of organophosphorus extracting agents.> The synergistic
effect is often significant but the separation among the
metal ions is poorer. A lot of efforts have been made to de-
velop extraction systems containing reagents suitable to
separate 4f elements. As the elements are so similar in si-
ze and properties, the separation is extremely difficult.
Fluorinated substituents have often been introduced into
extractants. The acidity of the extracting agent is increa-

sed by the electron-withdrawing effect of the fluorinated
group, and the extracting agent can be used to extract me-
tal ions from more acidic aqueous solutions.* A popular li-
gand for the solvent extraction of 4f-elements is thenoyl-
trifluoroacetone used alone and in combination of various
synergistic agents.> Adduct formation constants have been
determined in the thirteen diluents for two types of syner-
gic adducts Eu(TTA), S and Eu(TTA), 2S (S = TOPO) by
Akiba et al.*Irving and Edington® have established the mi-
xed-adduct complexes of the type M(TTA),(NO,) 2TBPO
(M = Am or Eu). The optimum conditions were establis-
hed when Ln** were synergistically extracted with hexaf-
luoroacetylacetone and TOPO as mixed ligand complexes
with the general formula LnL, 2TOPO.® Considering the
interaction reaction between the extractants in cyclohexa-
ne, Atalka and Favaro’ have identified in the organic pha-
se the species Ln(TTA), TOPO and Ln(TTA), 2TOPO for
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La and Yb. The extensive study on the extraction of the
whole lanthanoid series, except Pm and Lu, with HTTA
and TPPO mixture in benzene from an aqueous perchlora-
te medium at constant ionic strength of 0.2 M was carried
out by Aly et al.® It was found that the main extracted ad-
duct contains the lanthanoid chelates together with two
TPPO molecules. In the solvent extraction of metal B-di-
ketonates, it is well known that the presence of a Lewis
base such as TOPO enhances the extractability, because of
adduct formation between the metal chelates and this Le-
wis base. Such synergism has been widely investigated,
but steric hindrance by the terminal groups in the B-dike-
tones has hardly been recognized.’ No investigations, ho-
wever, have been published on the extraction of 4f-ele-
ments using 4,4,4-trifluoro-1-(biphenyl-4-yl)butane-1,3-
dione as well as the evaluation of its complexation proper-
ties in combination with organophosphorus extractants.

As a part of a systematic study of the synergistic
solvent extraction of the lanthanoids, the present work
was undertaken to investigate the extraction of light triva-
lent ions of the metals of the 4f-series (La+Gd) (with ex-
ception of radioactive Pm) with a mixture of B-diketone
with trifluoromethyl group, 4,4,4-trifluoro-1-(biphenyl-4-
yl)butane-1,3-dione (HL) and neutral donors, the trialkyl
derivatives of phosphine oxides, where alkyl is the butyl
(tributylphosphine oxide, (TBPQ)), octyl group (trioctylp-
hosphine oxide, (TOPO)) and phenyl group (triphenylp-
hosphine oxide, (TPPO)) (S) in C,H. Our goal is to eluci-
date the nature of the complexes extracted into the organic
phase and to determine the possibilities for separation of
the light lanthanoid metals.

2. Materials and Methods

2. 1. Materials

4,4 ,4-trifluoro-1-(biphenyl-4-yl)butane-1,3-dione
(HL) was synthesized according to modified procedure
based on the Claisen condensation method'® as shown in
Scheme 1.

A solution of 9.81 g (0.05 mol) 4-acetylbiphenyl
and 6.65 g methyl trifluoroacetate (0.052 mol, 5.23 ml) in
70 ml benzene was added to 2.8 g sodium methoxide. The
mixture was stirred about 10 minutes and left overnight.
The solvent was distilled off under reduced pressure, the
solid residue was acidified with HCI solution and then
was neutralized with sodium acetate. The crude product

0]

O CH; + CF3COOCH;

was isolated by filtration under vacuum and air dried.
Yield 83%, '"H NMR (600MHz, DMSO-d,) & (ppm): 8.05
d (1H, ArH), 7.98 d (1H, ArH), 7.83 d (1H, ArH),
7.78-7.35 m (3H, ArH), 7.53-7.49 m (2H, ArH), 7.45-
7.40 m (1H, ArH), 2.62 s (2H, -CH,-). Elemental analysis
data: C,(H,,F,0, found / (calculated) % C 65.27/ (65.56),
H3.56/(3.79).

The commercial products trioctylphosphine oxide
(TOPO), tributylphosphine oxide (TBPO) and
triphenylphosphine oxide (TPPO) (Fluka, = 98%) were
used as received. The diluent was C,H, (Merck, p.a.)
Stock solutions of metals with the concentration 2.5 x
10~ mol dm™ were prepared from their oxides (Fluka, pu-
riss) by dissolving in concentrated hydrochloric acid and
diluting with distilled water to the required volume. Arse-
nazo III (Fluka) was of analytical grade purity as were the
other reagents used.

2. 2. Methods

The experiments were carried out using 10 cm® vo-
lumes of aqueous and organic phases. The samples were
shaken mechanically (Orbital Shaker OS-20, Boeco, Ger-
many, 120 rpm) for 55 minutes at room temperature (22 +
2 °C) which was sufficient to reach equilibrium. After the
separation of the phases, the metal concentration in the
aqueous phase was determined photometrically (S-20
Spectrophotometer Boeco, Germany) using Arsenazo
II1."" The concentration of the metal ion in the organic
phase was calculated by subtraction of the determined
amount in the aqueous phase from the total amount pre-
sent. The acidity of the aqueous phase was measured by a
digital pH meter (pH 211 HANNA, USA) with an accu-
racy of 0.01 pH units. The ionic strength was maintained
at 0.1 M with (Na, H)CL. The initial concentration of the
metals was 2.5 x 10~ mol dm™ in all experiments.

3. Results and Discussion

3. 1. Solvent Extraction of Ln(III) with
4,4,4-trifluoro-1-(biphenyl-4-yl)butane-
1,3-dione
Information about major complex for the system un-

der study is usually obtained from the slope analysis. One
assumption used in the slope analysis method is constancy

O O

CH,ONa
CF3

Scheme 1. Synthesis of 4,4,4-trifluoro-1-(biphenyl-4-yl)butane-1,3-dione (HL)
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of the activity coefficients, so that concentrations can be
used to describe the equilibrium involved in the extrac-
tion. The extraction process of lanthanoids with B-diketo-
nes’ can be described by the equation:

Ln3+

@ ¥ 3HL(0) < LnL

+

30t 3Heg) (1

where Ln** denote lanthanoid and the subscripts “aq” and

“0” indicate the species in the aqueous and organic phase.
The extraction constant, K, , is defined as

+13 +13

[LnL3 ](0)[H ](aq) — [H ](aq)

m L 2
[Ln™],, [HLE,  [HLE, @

L=

where D, is the lanthanoid distribution ratio. As seen from
Figs.1 and 2 the plots of logD; vs pH and log[HL] are li-
near, with slopes very close to 3, in accordance with eq.1.

Islopes:(2.96-3.12)+(0.07-0.12
1.0 |

0.8
0.6 |-

0.4

logD,

Figure 1. LogD, vs. pH for the extraction of lanthanoid(III) ions
with [HL] = 2 x 102 mol dm™.

The equilibrium constants for the extraction of light
lanthanoids with 4,4,4-trifluoro-1-(biphenyl-4-yl)butane-
1,3-dione were calculated on the basis of eq. 3 and sum-
marized in Table 1.

logK; =logD, —3pH — 3log[HL] 3)

The experimental data showed that the lanthanoid ions
extraction with TBPO, TOPO and TPPO alone is negligible
under the experimental conditions of the present study.

3. 2. Synergistic Solvent Extraction
of Ln(IIT) with Mixtures of HL
and TOPO, TBPO or TPPO

When an auxiliary reagent, such as TOPO, TBPO
and TPPO (S), is added to the extraction system, enhanced

extraction results because of the more hydrophobic adduct
formation.*® The synergistic solvent extraction of Ln(III)
ions with mixture of HL and S can be expressed by the
equation:

Ln3+

g ¥ mHL(o) + nS(o) < LnL_S

wo THG, (4

It can be shown that
logD, ¢ =logK, ¢+ mlog[HL] +nlog[S]+mpH (5)

where Dy g is the distribution ratio due to the synergistic
effect and K| ¢ is the overall equilibrium constant.

If the hydrolysis and complexation in the aqueous
phase as well as the polymerization in the organic phase
occur to a negligible extent only, then the double loga-
rithmic plots of DL’S vs. one of the variables [HL], [S] and

1.0 Rlopes:(2.92-3.20)=(0.03-0.62)

08

0.6 -

0.4

< moOppP>eo

-1.70  -1.65 -1.60 -1.55 -1.50 -1.45 -1.40

log[HL]

Figure 2. LogD, vs. log[HL] for the extraction of lanthanoid(III)
ions at pH for La, pH = 3.50; Ce, pH = 3.30; Pr, pH = 3.35; Nd, pH
=3.15; Sm, pH = 2.95; Eu, pH = 3.05; Gd, pH = 2.75.

[H*] keeping the other two constant will be linear and
their slopes will give the number of the ligands participa-
ting in the formation of the adduct. It can be seen from
Figures 3 and 4 (plots of logD, ¢ vs log[H"] and log[HL]
at fixed S concentrations ) that three B-diketone moieties
are attached to the synergistic species in all studied sys-
tems.

The plots of logD, ¢ vs log[S] at fixed HL concen-
tration (Fig. 5) gave slopes of one for TPPO and two for
TOPO and TBPO. These results indicate the attachment
of only one TPPO molecule and two TOPO or TBPO in
these synergistic systems and show the extraction of the
synergistic species LnL, TPPO, LnL, 2TBPO and LnL,
2TOPO in the organic phase. The Indian researchers'” re-
ported that two synergistic species having one and two
oxo-donor molecules are simultaneously extracted
(Eu(TTA), 2S, Ew(TTA), S (S = TPSO, TBP and TOPO))
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Figure 3. LogD, ¢ vs. pH for the extraction of lanthanoid(Ill) ions with mixtures HL-TPPO(TBPO), [HL] = 1 x 1072 mol dm™ and HL-TOPO,
[HL] =2 x 102 mol dm™ and [S] = 5 x 10~ mol dm™.
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Figure 4. LogD, ¢ vs. log[HL] for the extraction of lanthanoid(Ill) ions at [S] =5 x 107> mol dm™ and constant pH. TPPO: La, pH = 2.15; Ce,
pH =2.15; Pr, pH = 2.25; Nd, pH = 2.20; Sm, pH = 1.85; Eu, pH = 1.85; Gd, pH = 1.95. TBPO: La, pH = 3.35; Ce, pH = 3.30; Pr, pH = 3.10; Nd,
pH =3.10; Sm, pH = 3.05; Eu, pH = 3.00; Gd, pH = 2.60. TOPO: La, pH = 2.95; Ce, pH = 2.65; Pr, pH = 2.45; Nd, pH = 2.35; Sm, pH = 2.15; Eu,
pH =2.20; Gd, pH = 2.20.

slopes:(1.74-2.08)£(0.02-0.23) A %61 slopes:(0.93-1.21)(0.02-0.04) O slopes:(1.94-2.08)+(0.02-0.06)

logDL <

A mOopp>eo

TPPO

-2.4 2.3

¥

log[S]

Figure 5. LogD,  vs log[S] for the extraction of lanthanoid(III) ions with mixtures HL-TPPO(TBPO), [HL] = 1 x 102 mol dm™ and HL-TOPO,
[HL] =2 x 102 mol dm™ and constant pH. TPPO: La, pH = 2.40; Ce, pH = 2.40; Pr, pH = 2.35; Nd, pH = 2.35; Sm, pH = 1.95; Eu, pH = 1.85; Gd,
pH = 2.00. TBPO: La, pH = 3.60; Ce, pH = 3.30; Pr, pH = 3.50; Nd, pH = 3.20; Sm, pH = 3.05; Eu, pH = 3.10; Gd, pH = 2.95. TOPO: La, pH =
2.75; Ce, pH = 2.40; Pr, pH = 2.45; Nd, pH = 2.25; Sm, pH = 2.10; Eu, pH = 2.00; Gd, pH = 1.85.
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in benzene. Kandil and Farah'® also noted on the basis of
the thermodynamic studies that the coordination number
of the chelate expands from 6 to 8 to accommodate direct
coordination of the adduct to metal in Eu(TTA), 2TOPO.
The enhanced extraction observed during the calorimetric
study by Choppin et al.'* of the adduct species Nd(TTA),
2TOPO was attributed to the decreased hydrophilic cha-
racter from the loss of water molecules Nd(TTA), 2H,0
and to the presence of hydrophobic side chains on the
coordinated neutral ligand.

On the basis of the slope analysis data, the synergi-
stic extraction of the light lanthanoids can be described by
the following reactions:

3

Lni;, +3HL + S, <> LnL; S +3H,, (6)
3

L, +3HL +2S > LnL, 28 +3H; ~ (7)

The overall equilibrium constant K, ¢ can be deter-
mined by the equations:

logK; ¢=logD, ¢ — 3log[HL] - log[S] - 3pH (8)
logK, ¢=logD, ¢ —3log[HL] -2log[S]-3pH  (9)

The formation of mixed adducts in the organic pha-
se can be represented by the equation:

LnL, + S, <> LnL, S, (10)

3(0)

LnL, +2S,, <> LnL, 2S | (11)

3(0) (0)

The equilibrium constant f ¢ for the organic phase
synergistic reaction can be determined as:

logf ¢ =logkK, ;—logK; (12)

The values of logK| ¢ and logf, ¢ are given in Table
1. The equilibrium constant values mentioned here refer
only to the concentration quotients which have been cal-
culated on the assumption that the activity coefficients of

the species involved do not change significantly under the
experimental conditions employed.

The data in Table 1 shown that the values of K| in-
creases with decreasing ionic radii of the metal ions. The
variation of the equilibrium constants K; and K| ¢ versus
the atomic number Z of the light lanthanoids is given in
Fig. 6.

a1l

2k

logKL(logKns)

3t

4t

6L

Figure 6. LogK, (K| o) vs. Z.

The overall equilibrium constant K; ¢ For Ln(III)
ions obtained with the synergistic mixture HL-TOPO are
approximately 2 orders of magnitude smaller than those
obtained with the same synergistic agent and HTTA as a
chelating extractant,’ or with 1-phenyl-3-methyl-4-trifluo-
roacetyl-5-pyrazolone," and eight kinds of ortho-substi-
tuted 4-aroylpyrazol-5-ones.'® This is mainly due to the
different acidity of the chelating extractants, the equili-
brium constant values increase as the pK, value decrea-
ses.”!” The comparison of K ¢ values obtained for

Table 1. Values of the equilibrium constants K, K and LS for the Ln** extraction with HL—S mixtures in

CH,.
Ln* logk, logK, ¢ IOgﬁL,s
HL-TPPO HL-TBPO HL-TOPO HL-TPPO HL-TBPO HL-TOPO

La —6.40 0.92 -0.36 1.82 7.32 6.04 8.22
Ce -5.59 1.09 0.32 2.57 6.68 591 8.16
Pr -5.17 1.35 0.58 292 6.52 5.75 8.09
Nd -4.76 1.63 1.02 3.12 6.39 5.78 7.88
Sm -4.36 2.14 1.35 3.33 3.50 5.71 7.69
Eu —4.06 2.34 1.62 3.50 6.40 5.68 7.56
Gd -3.75 252 1.97 3.76 6.27 572 7.51

Note: The values of the equilibrium constants are calculated on the basis of the 39 experimental points, sta-

tistical confidence 95 % and standard deviation < + 0.05.
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HL-TPPO, HL-TBPO and HL-TOPO combinations
shows that the stability of the complexes involving TOPO
is higher that those involving TBPO or TPPO. A steric
hindrance caused by the three phenyl groups would result
in the lower stability for LnL, TPPO adducts. The change
of the synergist causes a significant increase of the K ¢
values in the order TBPO < TPPO < TOPO.

The synergistic enhancement obtained for the com-
bination of two extractants can be evaluated calculating
the synergistic coefficients (SC) as: SC = log(D, ,/D, +
D,) where D, ,, D, and D, denote the distribution ratio of
a metal ion uéing mixture of extractants (D, ,) and the sa-
me extractants separately (D, and D,). The values of the
synergistic coefficients of the lanthanoid ions for TPPO,
TBPO and TOPO used as synergistic agent in combina-
tion with 4,4,4-trifluoro-1-(biphenyl-4-yl)butane-1,3-dio-
ne are given in Table 2.

stants (K; ,,,/K; 5, are listed in Table 2. It is generally
believed that the synergistic extraction makes the separa-
tion of metals worse, compared with the extraction with a
chelating ligand only. Such an inclination that the addition
of a synergist causes the lowering of separation efficiency
is often seen in the synergistic extraction systems. The ob-
tained SF values are higher for the three used systems.
The system HL-TPPO exhibits separation for the pair
Pr/La which is 3.2, 3.6 and 4.5 times smaller than that
when mixtures of HL-TBPO, HPMTFP-TOPO!
(1-phenyl-3-methyl-4-(trifluoroacetyl)-5-pyrazolone) and
HL-TOPO are applied. Akaiwa was also mentioned” that
the main factors controlling the selectivity in the synergi-
stic extraction are the basicity of the synergist and its
structure. The data for the metal separation of the same
pair (Pr/La) calculated for the system HL-TOPO is analo-
gous with that obtained by Freiser and Umetani'> when

Table 2. Values of the synergistic coefficients ([HL] = 1 x 102 mol dm™, [S] = 5 x 10~ mol dm™) and se-
paration factors for the Ln** extraction with mixtures of HL-S in C Hq.

Ln* S.C. S.F.
HL-TPPO HL-TBPO HL-TOPO HL HL-TPPO HL-TBPO HL-TOPO

La 5.02 1.44 3.62 6.45 1.47 4.78 5.62

Ce 4.38 1.31 3.56 2.63 1.82 1.82 2.23

Pr 4.22 1.15 3.49 2.57 1.90 2.75 1.58

Nd 4.09 1.18 3.28 2.51 3.23 2.13 1.62
Sm 3.80 0.71 3.69 1.99 1.58 1.86 1.47

Eu 4.10 1.08 2.96 2.04 1.51 2.23 1.82

Gd 3.97 1.12 291

It is seen that all Ln(III) ions are extracted synergi-
stically (SC > 0). The addition of S to the chelating extrac-
tant improves the extraction efficiency of the Ln(III) ions
and produces rather large synergistic effects. The synergi-
stic enhancement decreases from La to Gd for the three
phosphine oxides and for a particular lanthanoid ion is lar-
ger when TPPO is used as synergistic agent. The last ob-
servation is due to the different type of extracted comple-
xes with TPPO. The SC established in the present study
are higher (2-8 times) as compared to those found by Ata-
nassova and Dukov in previous investigations dealing
with Ln(IIT) extraction with HP-DB24C8(DB18C6) (HP:
4-benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one),'®
HP(HTTA)-1-(2-pyridylazo)-2-naphtol.'” The obtained
SC values for the system HL-TBPO are approximately
the same as those found for the systems HTTA-DPSO
(diphenylsulfoxide)'” and HTTA-phosphorus-containing
calix[4]arene.” The obtained synergistic effect of TOPO
was much greater that that of TBP when complexes Eu-
L,S, have been extracted with five B-diketonate (L: fu-
royltrifluoroacetone, pivaloyltrifluoroacetone, thenoyltrif-
luoroacetone, benzoyltrifluoroacetone, heptafluorobuta-
noylpivaloylmethane).?!

The separation factors (SF) between the light Ln(III)
ions, defined as a ratio of the respective equilibrium con-

these metals have been extracted with the mixture
HPMTFP-CMPO (octyl(phenyl)-N,N-diisobutylcarba-
moylmethylphosphine oxide) into CHCIL,.The calculated
SF value of the pair Eu/Nd for the system HL-TBPO
(3.98) is approximately the same as those obtained when
combinations of HP—phosphorus-containing calix[4]are-
ne? and H2SbBP-TOPO?** or H2SbBP-CMPO** (H2Sb-
BP, 4-acylbis(pyrazolones)) were used. In addition this
value is 2 times higher that those when mixture HTTA-
TPPO'? was used.

So, the addition of a neutral organophosphorous ex-
tractant to the Ln**—chelate system improves both the ex-
traction efficiency and selectivity among the light Ln(III)
ions. The donor ability of the phosphoryl oxygen is the
key parameter that determines the increase extraction of
lanthanoids with B-diketones in the presence of neutral
oxo-donors. %*

4. Conclusions

The light trivalent ions of the metals of the lantha-
noid series were extracted with binary mixtures of a che-
lating extractant 4,4,4-trifluoro-1-(biphenyl-4-yl)butane-
1,3-dione (HL) in combination with phosphine oxides (S

Atanassova et al.: Application of 4,4,4-Trifluoro-1-(Biphenyl-4-Yl)Butane-1,3-Dione ...
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= TBPO, TOPO or TPPO) in C(H,. The composition of
the extracted species was established as LnL,, LnL,-2S
(TOPO and TBPO) and LnL,-S (TPPO). The addition of a
synergist to the chelating extractant improves the extrac-
tion efficiency of the lanthanoid ions and produces rather
large synergistic effect (10°~10%). The SF between the ad-
jacent metals are higher for the four systems used.
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Sintetizirali smo 4,4,4-trifluoro-1-(bifenil-4-il)butan-1,3-dion (HL) in raziskali njegove lastnosti kompleksiranja v raz-
topinah. Studirali smo ekstrakcijo meSanih kelatnih ligandov lahkih trivalentnih lantanoidov (La+Gd) iz kloridnega
medija pri konstantni ionski moci p=0.1 v C(H, s HL v kombinaciji s trioktilfosfin oksidom (TOPO), tributilfosfin ok-
sidom (TBPO) ali trifenilfosfin oksidom (TPPO) (S). Sestava ekstrahiranih zvrsti je bila LnL,, ko smo uporabili samo
HL; LnL, - 2S, ko smo uporabili HL v kombinaciji s TOPO in TBPO in LnL, - S v kombinaciji s TPPO. IzraCunali smo
28 konstant ravnoteZja. Pri ekstrakciji lantanoidnih ionov z meSanicami reagentov je prislo do pojava sinergije z vred-
nostmi do 10°~10*. Vrednosti konstante K| ¢ naras¢ajo v smeri TBPO < TPPO < TOPO. Dolocili smo parametre proce-
sa ekstrakcije in izracunali separacijske faktorje za lahke Ln(III) ione.
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