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STUDIES ON THE PALLADIUM AND GOLD IONS EXTRACTION
WITH SOME ESTER DERIVATIVES OF CALIX[NJARENE

ALINA SAPONAR**, ELISABETH-JEANNE POPOVICF,
IOANA PERHAITA?, GABRIELA NEMES"

ABSTRACT. The capability of p-tert-butyl calix[n]arene [n = 4,6,8] functionalized
at the lower rim with a variable number of ethyl acetate groups to extract
palladium and gold ions from aqueous medium has been investigated. The
influence of reagent molar ratio, acidity of the medium and time on the
extraction efficiency was investigated by monitoring the concentration of
the metallic ions from aqueous solution. In most of the cases, the half substituted
calix[n]arene derivatives show a relative high extraction efficiency and are
of interest as liquid-liquid extraction reagents for precious metal ions.
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INTRODUCTION

The design of new compounds that can act as extractants for toxic
or valuable metals from waters and soils represent a continuous need, both in
environmental and economical point of view. The challenge is to find ligands
that efficiently and selectively extract commercially useful metals from aqueous
medium and allow them to be released in pure form [1]. Calixarene is a
class of compounds that successfully fulfill these requirements [2, 3]. They
can be used as receptors for a large variety of ions and small molecules,
forming host-guest or supramolecular complexes [4-12].

Calixarenes are a family of cyclic oligomers prepared from formalde-
hyde and para-substituted phenols via cyclic condensation under alkalin
conditions [2]. They are characterized by a wide upper rim formed from the
para substituents of the phenolic rings, a narrow lower rim formed from the
phenolic hydroxyl groups and a central annulus i.e. a hydrophobic cavity
consisting of aromatic rings [3]. Calixarene derivatives, with their large diversity
of functional groups grafted at the upper or lower rims as well as with their
cavity-shaped architecture, have been used extensively as selective ligands
for metal ions in liquid-liquid extraction, in selective transport, as ionophores in
ion-selective electrodes or as chromophores in optical sensing [13-24].
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The ability of the calix[nJarene molecules functionalized with electron
donor groups to coordinate metal ions has been investigated by liquid-liquid
extraction methods. These methods are based on the transfer of the analyte
from the aqueous sample to a water-immiscible solvent [25]. The calix[n]arene
derivatives dissolved in organic solvents (i.e. chloroform, dichloromethane,
toluene, acetonitrile) are used as extractants for the recovery of the metals
from aqueous solutions. They allow the exploitation of both the calixarene’s
cone-shape and the chelating ring of oxygen and nitrogen donor atoms that
encircle the guests [26, 27].

Herein we present our studies referring to the extraction of precious
metals using some calix[n]arene derivatives obtained by functionalization at
the narrow rim with ethyl acetate donor groups, as already reported in our
previous work [28]. We describe some calixarene-based compounds that were
used as extracting agents in chloroform i.e. p-tert-butyl calix[4]arene grafted with
two and four ethyl acetate groups, p-tert-butyl calix[6]arene grafted with two,
three, four and six ethyl acetate groups and p-tert-butyl calix[8]arene grafted with
four, six and eight ethyl acetate groups, respectively. Their capability to act as
extraction agents for Pd®* and Au®* ions was investigated.

RESULTS AND DISCUSSION

The calixarene-based compounds used as extracting reagents are
schematically presented in Figure 1 as follows: bis-ethylacetate-calix[4]arene
(C4Es2), tetra-ethylacetate-calix[4]arene (C4Es4), bis-ethylacetate-calix[6]arene
(C6Es2), tris-ethylacetate-calix[6]arene (C6Es3), fetra-ethylacetate-calix[6]arene
(C6Es4), hexa-ethylacetate-calix[6]arene (C6Es6), tetra-ethylacetate-calix[8]arene
(C8Es4), hexa-ethylacetate-calix[8]arene (C8Es6) and octa-ethylacetate-
calix[8]arene (C8Es8).

The liquid-liquid extraction experiments were performed using 1x10° M
aqueous solutions of PdCI, or HAuCl, and a 1x10° M solution of calixarene
(Cx) in chloroform. The influence of the reagent molar ratio, acidity of the
aqueous medium and time on the extraction efficiency was investigated by
monitoring the concentration of metallic ions from the aqueous solutions,
using Inductively Coupled Plasma Optical Emission Spectrometry.

Extraction of Pd* ions

The capability of p-tert-butyl-calix[n]arene esteric derivatives to extract
Pd?* ions from aqueous solutions was determined in a medium with variable pH
(1.9, 2.6 and 3.1) using different molar ratios of reagents (Cx:Pd*=2:1, 1:1
and 1:2 ), and a variable time of extraction (t = 30 - 360 min).
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In a first stage, the extraction experiments were carried out at pH=2.6,
using variable volumes of metal ions and calixarenes to achieve the Cx:Pd*
molar ratios of 2:1, 1:1 and 1:2, respectively.
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Figure 1. Calix[n]arene derivatives used as extracting agents

The dependence of the extraction yield (n) of the nine calixarene-
based compounds on the ratios between the extractant and the extracted
species is illustrated in Figure 2.

The yield for the extraction of Pd (ll) ions from aqueous solution varies
between 14.1% for C6Es6 and 53.2% for C6Es3, in experiments with ratio
Cx:Pd = 1:1, between 25.7% for C8Es4 and 52.3% for C4Es4 for Cx:Pd = 2:1
and between 18.2% for C8Es6 and 40.9% for C6Es3 for Cx:Pd = 1:2.

The highest extraction yield 53.2% was obtained for the C6Es3
derivative, when calixarene:palladium ratio was 1:1.

The capability of calixarene-based compounds to “fix” palladium ions
from aqueous medium can be estimated by the molar ratio r between the
amount of extracted metal ion and the amount of extracting calixarene, a ratio
that illustrates the number of mols of metal ion extracted by 1 mol of calixarene.
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In our extraction conditions, the maximum extraction capability r was shown by
the half- and totally substituted calix[6]arene, namely the compounds C6Es3 (r =
0.82) and C6Es6 (r = 0.93), when the ratio Cx:Pd** was 1:2.
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Figure 2. Extraction yield of Pd®* with different calixarene-based compounds,
using different Cx:Pd*" ratios (pH=2.6, t=30 min)

The capability of p-tert-butyl calix[n]arene derivatives to extract palladium
ions was also determined by liquid-liquid extraction experiments that were
performed in an aqueous medium with variable pH, using equal volumes and
equal concentrations of metal ions and calixarenes (Cx:Pd = 1:1). The results
are summarized in Table 1.

Table 1. Extraction data for palladium ions, using different calixarene-based
compounds at different pH (Cx:Pd2+ =1:1; t=30 min)

Calixarene-based pH=1.9 pH=2.6 pH=3.1
compounds n r n r n r
(%) (%) (%)
C4Es2 42.9 0.47 43.6 0.44 225 0.26
C4Es4 27.7 0.32 14.9 0.18 22.9 0.26
C6Es2 39.5 0.43 48.2 0.48 31.4 0.34
C6Es3 423 0.46 53.2 0.53 18.5 0.22
C6Es4 24.0 0.29 429 0.43 16.2 0.19
C6Es6 29.1 0.33 14.1 0.17 24.5 0.28
C8Es4 19.9 0.25 48.5 0.48 32.6 0.36
C8Es6 13.4 0.19 49.9 0.49 26.0 0.29
C8Es8 17.3 0.22 16.0 0.16 16.9 0.21
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The extraction yield varies between 13.4% for C8Es6 and 42.9% for
C4Es2 at pH 1.9, between 14.1% for C6Es6 and 53.2% for C6Es3 at pH=2.6
and between 16.2% for C6Es4 and 31.4% for C6Es2 at pH=3.1. It is obvious
that the extraction yield of the Pd?* ions with calixarene-based compounds
depends on the acidity of the aqueous medium. Excepting the fully functionalized
calix[n]arenes, all the calixarenele-based compounds show the maximum
extraction efficiency at pH=2.6. For the calixarenes compounds C4Es4, C6Es6
and C8Es8, the extraction efficiency is maximum at pH=1.9.

The highest extraction yield 53.2% was obtained for the C6Es3 derivative,
at pH=2.6. This compound shows the best extraction capability illustrated by
the highest r value, namely 0.53. Good results were also obtained for C4Es2
(n =42.9%, r =0.47) at pH=1.9 and C8Es4 (n =48.5%, r = 0.48) at pH=2.6.

It seems that the half-substituted compounds are more efficient as
extracting reagents than the total functionalized compounds, whatever the pH.
This could be due to a steric effect that is favourable for metal ion coordination.

The influence of the extraction time on the process efficiency was
investigated for the totally functionalized calixarene derivatives, namely
compounds C4Es4, C6Es6 and C8Es8. The study was carried out in an
aqueous medium with pH=2.6, using equal volumes and equal concentrations
of metal ions and calixarenes (Cx:Pd = 1:1). The time of extraction was
varied between 30 and 360 min (Figure 3).
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Figure 3. Variation of the extraction yield of Pd** with time, for some
calixarene-based compounds (pH=2.6, Cx:Pd** =1 1)

For the tetraester calix[4]arene C4Es4, the extraction yield increases
from 14.9% (30 min) to 16.6% (60 min) and 22.9% (180 min) and reaches the
maximum value at 26.3% (360 min). Similar results are obtained for hexaester
calix[6]arene and octaester calix[8]arene, when the efficiency varies between
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14.1% (30 min) and 18.3% (360 min) for C6Es6, and 16.0% (30 min) and
19.2% (360 min) for the C8Es8 compound.

In all cases, the extraction yield increases with time and tends toward
saturation. The highest effect is observed for C4Es4 compound which, in 6 hrs,
extracts 0.29 mol Pd** ions/mol calixarene and attains the maximum r
value.

Extraction of Au®* ions

The capability of p-tert-butyl calix[n]arene ester derivatives to extract
Au** ions from aqueous solutions was determined in a medium with variable pH
(2.2, 3.2 and 4.1), using a variable time of extraction (t = 30 -1440 min).
First, the extraction of Au®* ions was performed at a fix pH of 3.2,
using equal volumes with equal concentrations of solutions of metal ions
and calixarenes to achieve the ratio Cx:Au®" = 1:1; the extraction time was
30 min (Figure 4).
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Figure 4. Extraction yield of Au®* using different calixarene-based compounds
(pH=3.2, Cx:Au®* = 1:1, t = 30 min)

At pH=3.2, the highest extraction yield 45.6% was obtained for the
hexaester calix[6]arene derivative. In our conditions, the extraction capability of
the C6Es6 compound is of 0.36 mol Au®*/ mol calixarene. Relative good
results were also obtained for compounds C8Es4 (n =44.3%, r = 0.35), C6Es4
(n =36.3%, r = 0.26) and C8Es6 (n =35.8%, r = 0.25).
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It seems that for Au** ions, the half substituted calixarenes exhibit
the highest extraction capability only for the large-cavity compound C8Es4.
The calixarene derivatives with four and six interconnected aromatic rings
exhibit the maximum extraction efficiency when they are totally substituted.
One can suppose that the highest extraction capability of the C6Es6 compound
is due to an optimum match between the trivalent charge of the gold ions and
number of ligands i.e. six ester-groups grafted on the six interconnected
aromatic rings.

The influence of the extraction time on the yield was investigated for the
calixarene derivatives that show the maximum efficiency, namely compounds
C6Es6, C8Es4 and C8Es8. Experiments were carried out at pH=3.2, using
equal volumes with equal concentrations of solutions of metal ions and
calixarenes to achieve the ratio Cx:Au®** = 1:1. The time of extraction was
varied between 30 and 1440 min (Figure 5).

90

J|—=— CBEs6
80 C8Es4
1|—&— C8ESH|
70 -
X 604
o i
Q2 50 A
> / —
c T / [—
S 404V T
g " —
S 304/
-t \
g1
20 | —
/ I
10
04
T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400

Time (min.)

Figure 5. Dependence of the extraction yield of Au®* on the time of extraction
for some calixarene-based compounds (pH=3.2; Cx:Au** =1:1)

For the ester derivatives tested, the extraction yield shows an irregular
dependence with time. For C8Es4, the yield increases from 44.3% (30 min) to
66.5% (180 min) and reaches the maximum values 83.9%, in 24 hrs.. For
C8Es®6, the yield increases from 35.8% (30 min) to 50.4% (180 min) and
then decreases at 34.3% (1440 min). For C6Es6, the extraction efficiency
decreases from 45.6% (30 min) to 19.9% (180 min) and reaches the minimum
value, 13.2 % in 1440 min.
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In our conditions, only the C8Es4 compound shows a tendency toward
saturation with time. This compound has the highest extraction capability
(maximum r value), whatever the extraction time. Moreover, the C8Es4
compound extracts in 24 hrs, 0.82 mol Au®*" mol calixarene.

It is obvious that for C6Es6 and C8Es8 compounds, the increase of
the extraction time is unfavourable for the extraction process. It seems that,
in our experimental conditions, a reverse process appears when the extraction
lasts too much and part of the gold ions hosted by the calixarene is released
in the medium.

The influence of the acidity of the aqueous medium on the extraction
yield of Au** ions was also investigated. The liquid-liquid extraction experiments
were performed for the triester and hexaester calix[6]arene derivatives, two
compounds with a rather good extraction capability. Experiments were carried
out for 30 min, using equal volumes with equal concentrations of solutions
of metal ions and calixarenes to achieve the molar ratio Cx:Au®** = 1:1. The
dependence of the extraction yield on the pH of the medium is illustrated in
Figure 6.
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Figure 6. Variation of the extraction yield of Au** from solutions with variable pH,
using different calixarene-based compounds
(Cx:Au** =1:1; t=30 min)

Compound C6Es3 extracts between 22.9% (pH=2.2) and 68.8%
(pH=4.1) of the amount of Au®* ions from solution, while compound C6Es6
pull out only from 11.2% (pH=2.2) to 37.2% (pH=4.1). For both calixarene
compounds, the extraction efficiency increases with the pH of the medium
(the only exception is C6Es6, which shows a relative lower value at pH=4.1).
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In our extraction conditions, compound C6Es3 exhibits the maximum extraction
capability and efficiency at pH=4.1(r = 0.64; n = 68.8%) whereas compound
C6Es6 shows it at pH=3.2 (r = 0.36; n = 45.6%).

CONCLUSIONS

The capability of p-tert-butyl calix[n]arene functionalized at the lower
rim with ethyl acetate groups to extract precious metallic ions has been
investigated by liquid-liquid extraction experiments. Partial or total substituted
calix[n]arenes with ester donor groups were used to extract Pd** and Au**
ions from aqueous media, in different experimental conditions i.e. calixarene/
metal ratio, pH of the medium and time of extraction.

The highest extraction yield for palladium ions (53.2%) was obtained
for C6Es3 derivatives, when the calixarene:metal ratio was 1:1. Almost all
calixarene-based compounds shows the maximum extraction efficiency at
pH = 2.6. The highest extraction yield for gold ions was obtained for the
C6Es6 derivatives, namely 45.6% at pH=3.2.

The extraction yield can be considerably improved by modifying the
extraction conditions: the time of extraction, pH of aqueous solution, etc.
For example, for the extraction of palladium ions with the C4Es4 derivative,
when the time of extraction is modified, the extraction yield increase from
14.9% (30 min) to 26.3% (360 min). Also, for the extraction of gold ions with
C6Es3 derivative, at different pH of the aqueous medium, the extraction
yield increase from 22.9% (at pH = 2.2) to 68.8% (at pH = 4.1).

In most of the cases, the half substituted calix[n]arene derivatives
functionalized with ethyl acetate groups show a relative high extraction
efficiency and are of interest as liquid-liquid extraction reagents for precious
metal ions.

EXPERIMENTAL SECTION
Chemical reagents for extraction

The calixarene-based compounds were synthesized according to
the methods described in our previous paper [28]. The following calixarene
ester derivatives were used for the present study: 5,11,17,23 -tetra-tert-butyl-
25, 27- bis[(ethoxycarbonyl) methoxy)]-26, 28 - dihydroxy-calix[4]arene (C4Es2);
5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis[(ethoxycarbonyl)methoxy)]-
calix[4]arene (C4Es4); 5,11,17,23,29,35 -hexa-tert-butyl-bis[(ethoxycarbonyl)
methoxy)]-tetra hydroxy-calix[6]arene (C6Es2); 5,11,17,23,29,35-hexa-tert-
butyl-37,38,39-tris[(ethoxycarbonyl)methoxy)]-40,41,42-trihydroxy-calix[6]arene
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(C6Es3); 5,11,17,23,29,35-hexa-tert-butyl-tetrakis[(ethoxycarbonyl) methoxy)]-
dihydroxy-calix[6]arene (C6Es4); 5,11,17,23,29,35-hexa-tert-butyl-37,38,39,
40,41,42-hexakis[(ethoxycarbonyl)methoxy]- calix[6]arene (C6Es6); 5,11,17,23,
29,3541 47-tert-butyl-tetrakis-[(ethoxycarbonyl)methoxy)Hetra-hydroxy-calix[8]arene
(C8Es4); 5,11,17,23,29,35,41,47-tert-butyl-hexakis-[(ethoxycarbonyl) methoxy)]-
dihydroxy-calix[8]arene (C8Es6) and 5,11,17,23,29,35,41,47-octa-tert-butyl-
49,50,51,52,53,54,55,56-octakis[(ethoxycarbonyl)methoxy]-calix[8]arene (C8Es8).

PdCl, (p.a. Fluka) and HAuCI;x4H,0O (p.a. Merck) were used as
supplier of Pd** and Au®* metal ions ionic. Analytical-grade chloroform and
deionized water were employed as solvents in the liquid-liquid extraction
experiments.

Instrumentation and analysis

The metal concentration in aqueous medium was determined before
and after extraction using Inductively Coupled Plasma Optical Emission
Spectrometry. The analysis was performed with a Perkin Elmer ICP-OES
spectrometer (OPTIMA 2100 DV), working with A = 340.458 nm (D.L.= 0,003
mg/l) for palladium and A = 267.595 nm (D.L.= 0,004 mg/I for gold.

Liquid-liquid extraction of metal ions

The organic solutions were prepared by dissolving the required
amount of calixarene derivative in chloroform to obtain a solution with 1x10° M
concentration.

The aqueous solution of metallic ions was prepared by dissolving
the required amount of PdCl, or HAuCIl;x4H,0 in acidulated water to obtain
1x107 mol/L solutions. The acidity of the aqueous medium was monitored
with a pH-instrument. The pH was adjusted with HCI for Pd®* or HNO; for
Au** solution.

Liquid-liquid extraction experiments were carried out using different
calixarene:metal Cx:M*" ratios. For the ratio Cx:M** =1:1, the extraction was
performed by introducing 15 mL of the organic solution and 15 mL of the
aqueous solution into extraction funnels and vigorously shaking them, using
a mechanical shaker. The aqueous phase was left to settle, washed with
CHCI3, separated and analysed.

The measurements were carried out with an ICP-OES instrument,
using standard conditions calibration. The extraction yield (M%) was calculated
from the equation [29]:

n=(Ac-A)/ Ay x100 %
where Agand A are the initial and the final concentration (mg/L) of the metal
salt before and after extraction, respectively.
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