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Summary

The extraction of trivalent f-elements by calix[n]arene-type macrocyclic ligands increases in
the order n = 4, 8, 6 corresponding to the balance between cavity size, molecular flexibility,
and number of donor atoms. Introduction of mixed functionalities into calix[6]arenes, e.g.
carboxylic acid and amide groups, results in better extractability of actinides compared with
lanthanides. For calix[4]arenes, such a different extractability could not be observed. Further-
more, the effects of solvent composition with respect to a modifier and of the aqueous phase
composition were investigated.

Introduction

Calix[n]arenes, where n defines the ring size, are macrocyclic compounds that can con-
stitute a platform to which diverse functional groups may be attached. The knowledge con-
cerning their synthesis^'2) and their complexing abilities^'4) has grown rapidly during the
recent years. Due to their hydrophobicity they are also attractive ligands for solvent extraction
of metal ions(^) because of the selectivity which can be achieved. The selectivity results from
the macrocyclic effect, the compatible size of host cavity and cationic guest, and cooperative
binding by several ionophilic groups. Further advantages are the possibility to introduce vari-
ous ionophilic groups in a certain geometric arrangement within the molecule, to pre-organize
and fix the conformation, to balance hydrophobic and ionophilic character, and to achieve
high yields in synthesis by applying template effects.

Our previous extraction studies on lanthanides(6~8) and actinides^'*1) with calixarenes
as well as published works on lanthanide extraction by other researchers^2"-1^) were con-
cerned with the effect of ligand structure, extraction conditions, and solvent on the extractabil-
ity, separation and co-extraction phenomena.
In this work, we summarize our results on the extraction of lanthanides and actinides by
calix[n]arenes. In order to extract and separate f-element ions by a cation exchange mecha-
nism we introduced monodentate groups, including -COOH onto the phenolic oxygen atoms
of calix[n]arenes. The investigated compounds are shown in Scheme 1.

Materials and Methods

The synthesis of the compounds 5, 6, and 8 - 1 2 has been described earlier.(9-11,18) The

synthetic route to calix[6]arenes is outlined in Scheme 2. Compounds 1 - 3,(2) 4,(17'10) and 7
(13) Were described in the corresponding references.

Extraction of 24*Am at tracer levels from HN03 into chloroform was carried out at 296
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Ligand 1 (n = 4)
Ligand 2 (n = 6)
Ugand 3 (n = 8)

n-3
n=4, 6,8

6=0 c=o
AH A -

Ugand 5 (R = f-octyl, R1 = R" = j-butyl)
Ugand 6 (R = f-butyl, R1 = H, R" = n-butyl)

'bu <bu

Ligand 9 (R = H)
Ligand 10 (R = C(O)-N(C2H5)2

OH

Scheme 1:
Structures of the extractants

Ligand 11 (R = H)
Ugand 12 (R = C(O)-N(C2H5)2

K with equal phase volumes on a magnetic stirring plate in a glove box for 4 h at 400 rpm,
followed by analysis (liquid scintillation counting, Beckmann Instr. model LSC 6500) of the
aqueous phase. The specific activity was 1 kBq/ml (3.310"^ M) before extraction. Lantha-
nide oxides (>99.9%) were converted to perchlorate stock solutions of pH 2.5. Lanthanide
perchlorate solutions were subjected to extraction from dil. HC104 at 298 K for 4 h at 100 rpm
using an overhead shaker in a thermostated box. The aqueous phase for lanthanide extraction
contained 6 lanthanides (competitive extraction) as stated in the corresponding figure cap-
tions. Equal volumes of aqueous and organic phase were used for extraction and stripping.
Buffers were not used to avoid possible complexation of the extractants with buffer compo-
nents. The pH-values given in the figures are equilibrium values, measured with an Ross
combination electrode. The extractant concentration ranged from 0.1 to 10 mM as indicated in
the captions. The solvents were chloroform or toluene (p.a.), washed and equilibrated with
water. Complete stripping of the lanthanides from the org. phases was achieved with 20 mM
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Scheme 2: Synthesis of extractants based on calix[6]arenes

with RT = tert-Butyl and R" = terf-Octyl

DTPA at pH 5 (mass balance 100 + 2 %). Nearly quantitative stripping (>95%) was found to
be possible with 0.01 M HC1. Lanthanide concentrations in the aq. and stripping solutions
were analysed by ICP-AES (model IRIS/AP, TJA). The data are averages of at least 2 meas-
urements. No extraction took place by chloroform in the absence of calixarenes. Extraction
equilibria were attained within 30 min. of magnetic stirring, as tested with ligands 2 and 5.
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Results and Discussion
1. Ring Size Effects on Am(III) Extraction

It has been previously observed that the extraction of lanthanides(III) by calix[n]arenes from
weakly acidic aqueous solutions occurs better for n = 6 than for n = 4,(">12) even though the
size of the cavity defined by carboxymethoxy groups at the "lower rim" of a calix[4]arene
might be sufficiently large to accommodate not only ions like Na+ @) and pb(II) (16) but
Ln(ni) as well. It is concluded therefore that also the metal ion's coordination number must fit
the number of donor atoms. Keeping these requirements in mind, the extraction of Am(IEI),
which commonly is comparable to that of Ln(ffl) was tested with calixarenes 1 to 4, which are
characterized by different ring sizes as follows: Ligand 1: small, rigid, limited number of
donor atoms; Ligand 2: medium cavity size (0.3 by 0.76 nm)(l), intermediate molecular flex-
ibility, 12 donor atoms available; Ligand 3: large cavity which may tend to collaps, high flex-
ibility and thus lower molecular pre-organization, excess number of donor atoms; Ligand 4(^) :

smaller and more rigid than ligand 3, same number of donor atoms. The results, expressed as
distribution ratio D, are shown in Figure la. The highest extraction is observed for calix[6]arene
2, followed by 4,3 and 1. This order reflects the balance between the beforementioned struc-
tural features.

Upon the addition of alkali nitrate at a ratio of 2:1 (alkali:ligand) to the aqueous phase,
the distribution ratios of Am(III) increase in two cases, as seen in Figure lb: for ligand 1 upon
adding Na+, and for ligand 4 upon adding K+. Extraction of Am(III) by ligand 1 from sodium
nitrate solutions becomes efficient as for ligand 2 in the absence of alkali. This specific effect,
which is not caused by a salting-out effect, was previously observed for calix[4]arenes and
lanthanides(6'12'19) and results from co-extraction of sodium and f-element ion by one ligand
molecule. In case of the other systems (calix[6]- and calix[8]arene and sodium or potassium
salts) no enhancement in extraction is observed.

2 . 5 ^ = , 2.5-
Ligand

Ligand

Ligand

Ligand

2

3

1

4

1.5 2 2.5 3 3.5
pH

Figures 1a, b: Extraction of Am(lll) by f-butylcalix[n]arenes (n = 4, 6, 8) from
aqueous into chloroform solutions in the absence (1a,b) or presence of alkali
salt (1b). In 1b, the distribution ratio in the presence of alkali (closed
symbols) is compared with that in the absence of alkali (open symbols).

241,
Am(lll) 1 kBo/ml, HNO, (vari. cone); closed symbols represent 0.01 M

o
Aq. phase:

NaNO3 (for ligands 1, 2, 3) or 0.004 M KNO3 (for ligand 4) added to the aq. phase

(ratio alkali:ligand = 2:1).

Org. phase: 5 mM of ligand 1, 2,or 3 (2 mM of ligand 4) in CHCL contg. 2% 1 -octanol.
o
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2. Am(III) and Ln(III) Extraction by Calix[4]arenes with Mixed Functionalities

With the aim of reducing the number of carboxylic acid groups in the calix[4]arene 1 and its
terf-octyl analogon to match the ionic valence of Am(III), compounds 5 and 6 were synthe-
sized. The results on the extraction shown in Figures 2 and 3, indicate however, that the
extraction power of calix[4]arenes is not increased when a carboxylic acid group is substituted
by an amide group. The distribution ratio of Am(HI) with ligand 5 is only slightly higher than
for reference compound 1,

2.5-which is mainly due to the
more hydrophobic nature
of the /-octyl groups. A
possible exo-orientation of
the carbonyl oxygen in the
amide group may also con-
tribute to the low extract-
ability. The extraction
from weakly acidic solu-
tions by the mono-substi-
tuted amide 6 is worse
compared with 1, possibly
due to hydrogen bonding
between -C=O and -NH.
Addition of sodium ions to
the aqueous phase in-
creases the extraction of
Am(III) (Fig. 2) and of
Ln(HI) (Fig. 3) by ligands
5 and 6, similar to 1 be-
cause their common fea-
ture are the four phenolic
oxygen atoms which pref-
erably bind Na+. Due to
the co-extraction of Na+,
the slope of log Dj^n vs. pH
in Fig. 3 decreases from 3
to 2. Due to the low ex-
traction of f-element ions
by calix[4]-arenes, we de-
cided to change to
calix[6]arenes instead (see
4.).

Ligand

Ligand

Ligand

5

6

6
(0.01 M NaNCL added)

O

• Ligand 1

241

Aq. phase: Am(lll) 1 kBq/ml,
HNO3 (vari. cone); the open
symbol represents 0.01 M NaNOg
added to the aqueous phase.
Org. phase: 5 mM of ligand in
CHCL contg. 2% 1-octanol.

Figure 2: Extraction of Am (111) by calix[4]arenes
bearing carboxylic acid and amide groups.
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Figure 3: Extraction of lanthanides by ligand 5 into toluene
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3. Effect of Modifier on the Extraction

The influence of the amount of added 1-octanol on the extraction was tested in order to simu-
late the effect of the industrial modifier iso-decanol. Figures 4a and 4b show the results for
lanthanide extraction at different concentrations of ligand and different ratios of ligand to
modifier. It is seen that (i) the extraction drastically decreases with increasing alcohol content
in the organic phase, and (ii) the slope of log D vs. pH decreases to values less than 3. We
interpret the lower extraction as being caused by hydrogen bonding of alcoholic -OH groups to
-COOH groups of the extractant, thus blocking the cavity and competing with the metal com-
plexation. Although the absolute amount of alcohol is not high, it is in high excess over the
ligand under these conditions, so that even a weak tendency for complex formation between
ligand and alcohol has an significant effect. The extraction of Am(III) is reduced by alcohol as
well, as seen in Figure 5. There, the data at 5 and at 3 mM ligand concentration fit well the
lines calculated from the extraction constants.(^) The difference between calculated for 2
mM and observed for 2 mM in the presence of modifier is exceeds 1 order of magnitude at pH
> 2.3. It is therefore concluded that an alcoholic solvent modifier is not desirable for carboxy-
lic acid type calixarene extractants.
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Figure 4a: Effect of modifier (1 -octanol) on the

simultaneous extraction of lanthanides(lll) by

reference compound 2 into chloroform.

Aq. Phase: \jn(C\OJ3 in dil. HCIO4, Ln = Nd +

Eu + Er + Tb + Dy + Yb, each Lnflll) 0.1 mM,

Org. Phase: 3 mM ligand in CHCIg contg. 2, 4,

or 6% of 1-octanol.
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Figure 4b: Effect of modifier (1-octanol) on the

simultaneous extraction of lanthanides(lll) by

reference compound 2 at lower concentrations.

Aq. Phase: LnfCIO^ in dil. HCIO4, Ln = Nd +

Eu + Er + Tb + Dy + Yb, each Ln(lll) 0.01 mM,

Org. Phase: 0.5 mM ligand in CHCL contg. 0 or

2 % of 1-octanol. The solid line was calculated

for Nd(lll) from K. (6)
ex
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4. Extraction by Calix[6]arenes

Aq. phase: 241 Am (111) 1 kBq/ml in HNO3;

Org. phase: cone, as indicated in chloroform;

straight lines were calculated from Kayl' '

open symbol represents 2% modifier

(1-octanol) added.

Figure 5: Distribution ratio D of
trivalent Am in the extraction from
aqueous to chloroform solutions by
ligand 7 at different pH values.

The reference ligands 2 and 7 are known to extract Ln(IH) from weekly acidic solutions into
chloroform or toluene better than calix[4]arenes and non-cyclic analoga.(14,6) It has been
shown recently,C*»ll) that substituting 3 of the 6 acid groups in ligands 2 or 7 by amide groups
results in extractants with a pronounced selectivity towards Am(III) over Ln(III) (Ln = Nd,
Eu, Tb, Dy, Er, Yb) in extraction from weakly acidic aqueous solutions , which can be applied
for effective ion separa-
tion in the range of pH
2.5 to 3.

The selectivity for
Am(III) over Ln(III) of
unsymmetrically substi-
tuted ligand 10 is slightly
lower compared with the
symmetric ligand 12
bearing the same
ionophilic groups, but in
a different geometric ar-
rangement. Substitution
of the amide groups by
methyl groups (ligands 9
and 11) significantly re-
duces the extractability
of all the investigated f-
element ions while keep-
ing the difference in ex-
traction between Am(TJI)
and Ln(III), so that a

Ligand 12 Ligand 11

•
T

Am
Eu

Dy

•
A
V

Aq. Phase: HNCL (c < 0.02 M)
241

contg. Am(lll) (init 1.0 MBq/L),
or Ln(lll) (init. 0.1 mM each)

Org. Phase: Chloroform contg.

3 mM ligand.

Separation factor Am/Eu calc. from

D at pH 2.9 indicated as arrow.

1.5

Figure 6: Difference in the extractability of Ln(lll) and Am (III)
by ligands 12 (closed symbols) and 11 (open symbols).
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separation would be possible in the range
of pH 3 to 3.5. Selected data for Am(III),
Eu(III), and Dy(III) are depicted in Fig-
ure 6 and summarized in Table 1. The
stronger binding of Am(III) is interpreted
in terms of additional stabilizing interac-
tions between the complexed cation and
the ^-systems of the cavity forming phe-
nyl rings. Stabilizing contributions of
cation-Jt binding in calixarene complexes
has been reported for alkali ions(20) sil-
v e r , ^ ) and other metal cations. This ten-
dency of Am(III) would be in agreement
with the observation, that its complexes
with 'soft' donor atoms (S, N) are slightly
more stable compared with Ln(III).

Figure 7 shows the extraction of
Nd(III) in competitive extraction by lig-
ands with a different number of carboxy-
lic acid groups. The extraction of Nd(III)
decreases as the number of -CO0H groups
decreases. The decrease is partly com-
pensated by amide groups as substituents
in 10 and 12, but nearly fully compensated
in case of Am(III), resulting in the above
in extraction power between 11 and 12 is

• Ligand 8

T Ligand 12

• Ligand 10

A Ligand 9

V Ligand 11

Aq. Phase: HCIO4

contg. 6lanthanide(lll)

perchlorates (Nd, Eu,

Er, Tb, Dy, Yb), each

0.1 mM. Org. Phase:

Chloroform contg. 3

mM of each ligand.

Figure 7: Comparison of the extraction
of Nd(lll) by calix[6]arenes.

•mentioned separation. Interestingly, the difference
more pronounced compared with 10 and 9.

Table 1: Properties of calix[6]arenes in solvent extraction

No. Extractability
of Am(m) of Am(m)

Selectivity Sf«

2
7
8

10
9

12
11

high
high
high
high
low
high
low

2.3
2.22
2.46
2.69
3.02
2.55
3.28

0.48
n.d.
4.4
23.4
30.2(atpH = 3)
109
72.4

* at a ligand concentration^of 0.003 mol-dm'^
** as calculated from K.
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