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Abstract

The use of water-soluble calixareneg:sulfonato thiacalixarene (ST), tetra-sulfonatomethylated calix[4]resorcinarene (SR),
calix[4]resorcinarene phosphonic acid (PhR) as chelating agents in cloud point extraction (CPE) of La(lll), Gd(lll) and Yb(lll) ions using
Triton X-100 as non-ionic surfactant is introduced. The data obtained indicate that both complexation ability and structure of calixarenes
govern the extraction efficiency of lanthanides. In particular ST and SR, forming 1:1 lanthanide complexes with similar stability in aqueous
media, exhibit different extractability when used as chelating agents in CPE. First synthesized PhR was found to be the most efficient chelating
agent exhibiting pH-dependent selectivity within La(lll), Gd(lll) and Yb(IIl) in CPE.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction An interesting alternative to traditional liquid—liquid
extraction is the micelle-mediated extraction, firstly devel-
Calixarenes are well documented as efficient extractantsoped by Watanabe and TanaK8]. Micelles of such
of metal ions in liquid—liquid extraction, in particular of 4f-  well-known non-ionic surfactants as Triton X-100 or -114,
and 5f-iong1]. Their application in liquid—liquid extraction  have a non-polar core and extended polar layer, where both
requires both high complexation ability towards metal ions extractants and extracted complexes can be solubilized
and high lipophilicity in order to provide sufficient solubility [6-9]. The separation of aqueous and micelle-enriched
of the extractant and extracted complexes in organic phase. Inphases can be achieved by heating the solution. This simple
turn the insertion of polar substituents (particularly, the ion- procedure called cloud point extraction (CPE-10]
ized groups) into calixarene matrix may resultin an enhancedenables to avoid hazardous organic solvents and allows to
solubility in aqueous phase, which restricts the applicability achieve a much higher concentration of recovered metal
of calixarenes as extractants. For example calixarenes, bearions than in the case of liquid—liquid extraction, because
ing sulfonate[2] or phosphonate groug8,4] on their rims the micellar phase volume is about 10-100-fold less than
and thus exhibiting high complexability towards metal ions, the volume of an aqueous phafd. Accordingly, any
are water soluble and can not serve as extractants in tradi-metal ions that either directly interact with micelles or after
tional liquid—liquid extraction. prerequisite binding with hydrophobic chelating ligand, can
be extracted from the parent solution by CPE procedure. The
first example of the lanthanides(lll) separation through CPE
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[11]. The extraction of Er(lll) through CPE procedure with trated HCI within a half of an hour. The reaction mixture was

2-(3,5-dichloro-2-pyridylazo)-5-dimethylaminophenol as then heated under stirring for a half of an hour at 502®0

chelating agent and PONPE-7.5 as non-ionic surfactant wasAfter 7 days staying at the room temperature all solvents were

exemplified in 1997 by Silva et gl12]. Later a similar pro- evaporated from the reaction mixture, dry residue was dis-

cedure was used for the preconcentration of Dy(lll) as a stepsolved in ethanol and reprecipitated in ether and then dried in

of the spectrophotometric determination of Dy(lll) in urine a vacuum of water-jet and oil pumps. Yellow powder 1.09 g,

[13]. yield 92.37% with mp >350C was obtained3!P NMR
Taking into account the attractiveness of both the CPE (100 MHz, C30OD) § 28.28.1H NMR (400 MHz, D,0) §

technique and the enhanced selectivity of calixarenes, bear-1.07 (m,—PCH-); 3.79 (m,—CH-); 6.28 ($-CH, aromatic);

ing ionized groups, for the lanthanide gro{4,15], the 7.04 (s,m-CH, aromatic). Anal. calcd. for £3H35020P4 %,

main goal of the present work is to investigate the micelle- C44.44,H4.17,P 14.35. Found, %, C44.35,H4.71,P 13.48.

mediated extraction of lanthanide @*a G&®* and YB*) MALDI-TOF (m/z + K) 901.

complexes with water-soluble calixarenes using CPE tech-  Stock solutions of ST, SR and PhR were also prepared

nique with Triton X-100 (TX100) as non-ionic surfactant. by dissolving their appropriate amounts in doubly distilled

Three water-soluble calixarengssulfonato thiacalixarene  water.

(ST), tetra-sulfonatomethylated calix[4]resorcinarene (SR),

calix[4]resorcinarene phosphonic acid (PhR), able to bind 2.2. Apparatus

lanthanide ions, were chosen as ligands. So far as there is

a lack of information about cloud point extraction of lan- UV-vis spectra were recorded on a Perkin-Elmer Lambda

thanide ions by Triton X-100 without chelating agents, the 35 UV-vis spectrophotometer using a 10 mm cell. pH-metric

above-mentioned extraction was also examined. measurements were performed in a thermostatically con-
SO,Na trolled cell at 25+ 0.1°C by use of “ThermoOrion 420A+”

SO,Na

o ol meter with combined electrode (the instrumental error less
HO OH than 0.05 pH-units). The pH-meter was calibrated by stan-
dard buffer solutions (Mettler Toledo). The mass spectra were
(|?H a (|:H 4 s74
CH, cH, OH

recorded on “MALDI 2 V5.2.0” with the 1,8,9-TGA matrix.

HO—p=0 2.3. Determination of observed dissociation constants of
- PhR

PhR SR ST

The pH-metric titration of PhR was recorded both in aque-
ous and micellar solutions with 1.5% (w/v) of TX100 in
the range of pH 2.0-11.0 with the 2710~3moll~! PhR
concentration. Free of carbonates KOHx(30~2mol I=1)
solution was used as the titrant in titrations run in aqueous
medium. Analogous KOH solution additionally containing
1.5% (w/v) of TX100 was used in experiments in micellar
medium. The lack of surfactant effect on a glass electrode
potential was proved by the identity of titration curves of
HCI (1.0x 10~2molI~1) in aqueous and micellar solutions
with 1.5% (w/v) of TX100. Thus concentration of'ltan be
determined by the equation ffH= 10~PH both in aqueous
and micellar solutions. No extra salts were added in pH-
measurements to maintain definite value of ionic strength
in order to avoid precipitation due to salting-out effect. That
is why the value of ionic strength results from the ions used
themselves in titration. All pH-metric measurements have

2. Experimental
2.1. Reagents

The non-ionic surfactant TX100 from ICN Biomedicals
was used as received. Stock solution of TX100 was prepared
in calibrated flask dissolving the appropriate amount in dou-
bly distilled water. Stock solutions of Lng{Ln =La, Gd and
Yb) were prepared by dissolving the appropriate amounts of
their salts LnC4-nH,O of analytical grade in doubly distilled
water with further standardization with EDTA at pH 6, using
xylenol orange as indicatg6]. Compounds ST, SR were
synthesized by literature methods,18].

2.1.1. Synthesis of PhR (4,6,10,12,16,18,22,24- been performed twice. The data obtained were used in cal-
octahydroxy-2,8,14,20-tetra-[dihydroxyme- culating of PhR dissociation constaikig)-values (K is the
thylphosphino-1-yl]-pentacyclo[19.3.1.137 1913 [1319]. constant ofith step dissociation). The mathematical treat-
octa-cosa-1(25),3,5,7(28),9,11,13(27), ment of the pH-metric data (30—40 experimental points) was
15,17,19(26),21,23-dodecaen carried out using CPESSP computer progfa#). The math-

Solution of 1.2g (0.007 mol) of dichloranhydride of 2- ematical treatment by CPESSP is based on a search for the
ethoxyvinylphosphonic acid in 2ml of ethanol was added best fit between the experimentally observed Bjerrum func-
dropwise under stirring to the mixture of 0.76 g (0.007 mol) of tion (fiexp), (equilibrium(1)) and their theoretical analogues
resorcinol, 7 ml of water, 5 ml of ethanol and 1 ml of concen- calculated from the law of mass actioft4|c) by finding the
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minimum of F function, (equilibrium(2)), by iteration: Table 1
Extraction efficiency (E, %) of lanthanide ions &1.7x 10~* mol 1)

in CPE at pH 2 without and with SR (2:010-3moll~1) or PhR
(VuelChel)/ (Vo + Viel) — 107PH (1.0x 10~* mol I-1) as chelating agent&rx100= 1.5%(w/v), pH 2

n=2 i 1) — .
(Co' Vo)/ (Vo + Vher) Lanthanide ion Chelating agent E (%)
La(lll) Without chelating agent 0
2 SR 22
F= Z[(hexp — ficalc)Wm] ) PhR 4.8
Gd(lr) Without chelating agent 2.2
wherem varies from 1 toN (N: number of experimental ﬁER égz
points) andw,, is a mean-square error. The validity of the . _ '
chosen model was evaluated using transformed Fisher's cri-Y2(! VSV'Ft{hO“t chelating agent 1;8-4
teria Fin: PhR a
2 a Precipitation restricts the evaluation Bf
Fmin < Fo?(N — k) 3)

whereo? is the dispersion and is the number of complex 3. Results and discussion

species.
P 3.1. Extractability of TX100 using CPE technique

towards La*>*, Gd>* and Yb>* ions with water-soluble
2.4. Typical cloud point extraction procedure calixarenes at pH 2

The complexability of polyoxyethylated chains of non-
ionic surfactants towards metal ions is known to be the
underlay of the practically full CPE without chelating agents
oflead(Il)[21] and gold(1I)[22]. Rather poor (less than 10%)
ligand-free CPE of G and L&" ions was detected in the
literature[11]. The CPE experiments were performed at pH
2 in order to avoid the effect of hydroxy complexes. In the
case of ST and SR the extraction efficiency was correlated
with the stability of their lanthanide complexes existing in
aqueous solutions at pH[23,24]. At definite concentration
conditions (1.5%(w/v), pH 2) TX100 exhibits no extractabil-
ity towards L&" and G&*, while detectable towards ¥b

Solutions, containing La(lll), Gd(lll) and Yb(lIl) ions
(C=1.7x 10~*molI~1), TX100 (1.5% (w/v)) in the pres-
ence, as well as in the absence of calixarenes were
prepared from the stock solutions of lanthanide salts
(6.6 x 10-3moll~1), TX100 (15% (w/v)) and calixarenes
in calibrated flask. The pH-values of solutions for CPE
were adjusted by the addition of appropriate amounts of
HCI and NaOH, while ionic strength (I) was adjusted
to 2.6x102moll~! by the addition of appropriate
amounts of NaCl. Concentrations of ST and SR were
C=5.0x 1074t04.0x 10~3molI~1, PhR-C=1.0x 10~*to
4.0x 10~*mol1~1 in solutions under extraction. The solu-
tion thus prepared was heated up to definite temperature (Table 1).

N X ' According to their stability constants (IgigT=3.30[23]
where separation into the surfactant-rich and aqueous phases 3 . .
) ) and logBsr = 3.10[24]) the 10-fold excess of both ligands is
occurred, and kept at this temperature for 15 min. The tem- enough to bind all lanthanide ions into 1:1 complexes at pH
perature of cloud point phenomenon is 6526&or TX100 )

. . ! : 2 in aqueous solutions. No extraction occurs at pH 2 when
solutions without chelating agents and in the presence ofPhR,usin ST as chelating agent. while SR at the same conditions
73-75°C for TX100 solutions with SR and ST as chelat- 9 g agent,

. . o (Csr=2.0x 10~3 mol 1) exhibits detectable extractability
ing agents. After cooling to 20C no mixing of phases was . . .

towards La, which slightly decreases on going to Gd and Yb.
observed. The upper agueous phase was then removed, a

the concentration of lanthanides in this phase was determined aking into account that ST and SR bind Gd(lll) in aque-

) . ous solution at pH 2 with nearly same stability constants
spectrophotometrically at 570 nm, using Xylenol Orange as . o .
. . . . . [23,24]the above-mentioned result indicates that lanthanide
an indicator at pH 6.0 in acetic acid—sodium acetate buffer

[20]. E-value of CPE were calculated through the @) [11] complexes with SR exhibit h|gher affinity to m.lcellar pseudo-
: ) phase than the complexes with ST. According to Abraham
with the error less than 4%: : S :
equation25] hydrophobicity and proton-donor capacity are
(€ — Cp) the key factors affecting the solubilization of molecules into
E= {'f} x 100 4) non-ionic micelleg26,27]. Thus, the structural differences
Ci of both calixarenes, in particular the presence of four methyl
groups on the “lower rim” and of eight hydroxy-groups on
WhereCi is the initial concentration of metal ion in micellar the “upper rim” are the reasons of the enhanced hydropho-
solution andCy is the concentration of metal ion in aqueous  pijcity and proton-donor capacity of SR and its lanthanide
phase after CPE. All the values reported are the averages otomplexes. The attempt was made to correfatalue with
triplicate measurements. Gd-SR complex formation degree (). The latter is defined as
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Table 2 Table 3

Values ofE anda for Gd(lIl) at various concentrations of SR at pH 2 Values of stepwise dissociation of PhR in agueous and micellar (1.5%(w/v)
Csr (Mol x 1-1) E (%) o (%) of TX-100) media

5% 10° 10 56 Medium  pK”2 pk®2 pKi® pKs pKs pKs  pKs
1x10°3 17 53.4 Aqueous 4.45 11.67 4.99 581 8.61 9.79 104
2x10°3 17 70.3 Micellar 4.63 12.69 5.45 6.1 9.04 10.28 10.97
3x 1073 10 78.3 a o) 3 .

42103 5 829 K andk® are the constants of equilibriungg) and(8).

b K »is the constant of equilibriur¢s).

a =[Gd(SR)]/Csg, were [GA(SR)] is the equilibrium concen- ) )

tration of 1:1 Gd(I11)—SR complex(sq is the initial concen- ~ Fmin b€ing much more (kin/(N—k) > 1), than it should be
tration of Gd(Ill). Thea-values are calculated according to I the case of sufficient fitting in/(N—k) < 1). According
the law of acting masses using stability constant, determinedt© Ed-(2) Fmin-value quantitatively evaluate the deviation of

in aqueous solutiof24]. E anda are presented ifiable 2for experimentally observed curve n versus pH from the calcu-
Csr concentration range 50104 to 2.0x 10-3mol -2 latedsi versus pH. Thus, if the set of stepwise deprotonation
andCgg=1.7x 10~ mol I L. equilibriums (5, 6) does not provide sufficient fitting between

Up to @ ~50% such correlation is evident. But when the experimental and calculated curves at definite pH range,
a-value increases with further rise of SR concentration to it IS Very likely that some additional equilibriums occur,
4.0x 10-3mol -1, the E-value decreases. The decrease of Which contribute tai-values. So far as PhR possesses suf-
E under the excess amounts of SR can be explained by com/ficient quantity of proton-donor and -acceptor groups, fixed
petitive extraction of SR along with its Gd(lIl) complex. on cyclophanic matrix, both EhR and its deprotonated forms

The complexation ability of PhR towards lanthanide ions Should be assumed to form intra and inter-molecular hydro-
have not been studied yet, but according to its structure it 98N bonds. Such hydrogen bonding along with cooperative
should possess comparable or even more pronounced comf0Nn-covalent Van der Waals interactions, typical for cyclo-
plexability towards lanthanides than phosphonic acid deriva- Phanic molecules and iofi29], can result in the binding of
tives, such as (o-hydroxyphenyl)bis-methylenephosphonic bo_th PhR and its _deprotonated f_orms_ into dimers. As it is
acid[28]. The mixing of PhR with lanthanide salts in aque- €vident from equilibrium(7) the dimerization of PhR and
ous solutions results in precipitation of the complex even at 'tS deprotonated forms may result in the elimination of even

high dilution (Gohr< 1 x 10-4mol I-%). Though the solubil- ~ ©F odd number of protons, which seems as the elimination
ity of complexes formed increases on going from aqueous of integer-valued or fractiona_l number of protons per one
to micellar media, high dilution (6hr=1 x 10~* molI-1) is molecule of PhR. The comparisonBfin-values for various

required even in 1.5% (w/v) TX100 solution to avoid precip- S€tS of deprotonation equilibriums of PhR, reveals that two
itation under mixing with lanthanide salts at pH 2. According additional deprotonation equilibriums with the ellmlnatlc_)n
to the data obtained (Table 1) the extraction of Gd(lll)is much Of 3/2 and 5/2 protons per one PhR molecule are required
more efficient than that of La(lll), while mixing with Yb(llly ~ t0 achieve sufficient fitting betweetkyp. and ficaic. Such

ions at the same conditions results in precipitation. deprotonation can result from the dimerization according to
equilibrium(7) with m =2 andk = 1 and further loss of proton
3.2. Effect of pH on CPE of La’*, G&* and Yb3* ions from dimeric form [PhR2][PhR~1] according to equilibrium
with TX100 as surfactant and PhR as chelating agent (8):
2PhRS [PhR™[PhR ] + (m + k)H* (7)

Taking into account the acidity of PO(OHproups it
is naturally to propose that the complexability of PhR is [PhR?][PhR ] < [PhR 3][PhR™?] + 2H* (8)
pH-dependent and thus can be studied by pH-metric titra-
tion method. Indeed according to pH-metric data PhR in The data presentedTrable 3reveals that the deprotonation of
both aqueous and micellar solutions (1.5% (w/v) of TX-100) PhR in micellar solutions undergoes with pK-values, greater
undergoes stepwise deprotonation withp&lues (£ 1-6) than those in aqueous solutions.
presented ifTable 3. The computer treatment of the data  Unfortunately, the precipitation of Ln-complexes hin-
obtained reveals that the first deprotonation step results inders the performance of pH-metric titration of PhR in the
the deprotonation of two protons (equilibriugs)). Further presence of lanthanide ions both in micellar and aqueous

deprotonation occurs stepwise according to equilibr{@in solutions. .
Nevertheless the pH-metric measurements shows that the

PhRS PhR2 + 2H* (5) precipitate formed dissolves with increase of pH, and the pH-

PhRS PhR-"-1 4+ H+ 6 value of the precipitate dlssol_vmg d_ecre_ases on going from
- + © 1:1 to 2:1 PhR:Gd concentration ratio (Fig. 1).

Equilibriums(5) and(6) with n =2-5 does not provide suf- According to the data shown &iig. 2the extraction extent

ficient fitting betweemiexp. andricaic, Which is evident from rises on increasing of PhR:Gd concentration ratio up to 3:1.
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Fig. 1. Titration curves of PhR (curve 1), PhR and Gd(lll) in 1:1 (curve 2)
and 2:1 (curve 3) concentration ratio (PhR:Gd) with free of carbonates KOH
(8 x 1072 moll~1) aqueous micellar solution (1.5% (w/v) of TX100) as the

titrant. Fig. 3. The extraction efficiency (E, %) of La(lll), Gd(lll) and Yb(Ill)

. . (C=1.7x 10~*molI~1) vs. pH without chelating agents.
Furtherincrease of PhR:Gd ratio does not affect on the extrac-

tion efficiency.

As far as PhR is efficient pH-dependent chelating agent, capacity[21] for efficient extraction into micellar pseudo-
the CPE of lanthanide complexes with PhR should be phase. Analogous Yb(lll) complexes become enough sol-
examined in a wide range of pH. Taking into account uble in micellar solutions at pH >3.8 and are efficiently
that the increase of pH can result in hydrolysis of lan- (E>90%) extracted by CPE procedure up to pH 5.5
thanide ions along with their complexation, it seems nec- (Fig. 4).
essary to study the effect of hydroxy complexes formation  The decrease df with pH increase over 5.0 for all lan-
on the CPE of lanthanide ions. That is why the CPE of thanides studied is quite different from the pH-dependence
lanthanide ions without chelating agents was also exam-of E without chelating agent (Figs. 3 and 4). This indi-
ined in pH range 2-10 (Fig. 3). The shakpincrease for cates that further deprotonation of corresponding complexes
La(lll) and Gd(lll) at pH >6 indicates that hydroxy com- diminishes their affinity to micellar pseudo-phase due to the
plexes (Ln(H0),(OH),2~™) are extracted into micellar decreased hydrophobicity and proton-donor capd@sy.
pseudo-phase much more efficiently than ionic associatesThus, micellar solutions of PhR exhibit pH-dependent selec-
(Ln3*)(CI7)3. In accordance with its least radius Yb(lll) pos- tivity towards La(lll), Gd(l1) and Yb(Ill), which is high in
sesses more pronounced affinity to both chloride and hydroxy acidic and neutral media, but negligible in alkaline solutions.
anions and thus is efficiently extracted in more acidic media The analysis of CPE efficiency in wide range of pH reveals
(pH 3-6). For all three lanthanide ioBsnounts to 90-100% that using PhR as chelating agent provides some advantages
at pH >6.5. for La(lll) and Gd(lll) at 2.5< pH <5.5, while in alkaline

The pH-dependence of E with PhR as chelating agent wasmedia the CPE of hydroxy complexes is more efficient. The
obtained under 2:1 (PhR:Gd) concentration ratio. Accord- Gd®*/La®" selectivity at 2.5< pH <5.5 exceeds that for CPE
ing to the data obtained the complex or complexes, dom- without chelating agents.
inating in the pH range 2.5-5.0 for Gd(lll) and 3.5-5.0
for La(lll) exhibit enough hydrophobicity and proton-donor

80 - 0 Gd
70 La

60
§% 50
40

301

20 4
10+
[/
04
05 1 2 3

PhR : Ln

Fig. 4. The extraction efficiency (E, %) of La(lll), Gd(Ill) and Yb(lll)
Fig. 2. The extraction efficiency of Gd(lll) and La(lll) vs. concentration  (C=1.7x 10~*molI~1) vs. pH under the use of PhR &% x 10~* mol I~1)
ratio PhR:Ln under the use of PhR as chelating agent at pH 2.7. as chelating agent.
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4. Conclusion [6] T. Prasada Rao, R. Kala, Talanta 63 (2004) 949.
[7] C.D. Stalikas, Trends Anal. Chem. 21 (2002) 343.

From the results obtained can be concluded that cloud [8] E. Pramauro, A.B. Prevot, Pure Appl. Chem. 67 (1995) 551.

point extraction of lanthanide ions is moderately efficient [ ';égTa”" T. Kamidate, H. Watanabe, J. Chromatogr. A 780 (1997)

on USing Wat_er_'somble Calixare_nes as chelating agents. Thﬁho] V.O. Doroschuk, S.0. Lelyushok, V.B. Ishchenko, S.A. Kulichenko,
extraction efficiency of lanthanides via CPE procedure was Talanta 64 (2004) 853.

found to be much more enhanced under the use of SR tharil1l] A. Favre-Reguillon, M. Draye, G. Lebuzit, S. Thomas, J. Foos, F.
that of ST, though both ligands exhibit nearly the same com- __ Cote, A. Guy, Talanta 63 (2004) 803.

o . . . : : [12] M.F. Silva, L. Fernandez, R.A. Olsina, D. Stacchiola, Anal. Chim.
plexability towards lanthanide ions in aqueous media. First Acta 342 (1997) 229,

SyntheSized "gand PhR was found to be efficient Ch8|ating [13] C. Ortega, S. Cerutti, R.A. Olsina, M.F. Silva, L.D. Martinez, Anal.
agent, exhibiting pH-dependent selectivity within lanthanide Bioanal. Chem. 375 (2003) 270.

series in cloud point extraction from diluted solutions. The [14] K. Ohto, M. Yano, K. Inoue, T. Nagasaki, M. Goto, F. Nakashio, S.
evaluation of the regularities of cloud point extraction of lan- Shinkai, Polyhedron 16 (1997) 1655.

. . ) . . ~[15] C. Bonal, Ya. Israeli, J.-P. Morel, N. Morel-Desrosiers, J. Chem.
thanide complexes with water-soluble calixarenes requires Soc. Perkin Trans. 2 (2001) 1075,

further Investigations, which are in progress now. [16] E. Merck, Methodes d'Analyses Complexometriques par les
Titriplex, Darmstadt, Germany, 1964.
[17] N. ki, T. Fujimoto, S. Miyano, Chem. Lett. (1998) 625.
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