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Abstract A macroporous silica-based supramolecular
recognition absorbent (Calix[4] + Dodecanol)/SiO,—P,
was prepared by successive impregnation and fixing the
1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-crown-6-Calix[4]-
arene (Calix[4]arene-R14) and its molecule modifier
1-Dodecanol onto SiO, silica-based polymer support. The
characterization of (Calix[4] + Dodecanol)/SiO,—P was
examined by thermal gravimetry and differential thermal
analysis and electron probe microanalysis. Relatively
large separation factors of Cs and other metal ions (o&Eim)
above 60 were obtained in the presence of 3 M HNOs;.
The adsorption data of Cs(I) fitted well with Langmuir
isotherm and the maximum adsorption capacity was
estimated to be 0.19 mmol g_l. The Cs(I) in 3 M HNO;
were also effectively adsorption on (Calix[4] + Dodeca-
nol)/SiO,—P in the column operation, and the loaded
Cs(I) was successfully eluted with an eluent of H,O. The
column packed with (Calix[4] + Dodecanol)/SiO,—P had
excellent reusability after three cycles.
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Introduction

Recently, much attention has been given to the selective
separation and recovery of Cs-137 from high level liquid
waste (HLLW) in relation to the partitioning of radioactive
nuclides and their effective utilization [1-3]. Cesium-137
having relatively long half-life of about 30 years exhibits
high radioactivity and heat generation, and large amounts
of Cs group (~3.6 kg/1 t HU, 45 GWd/t) are contained in
HLLW [4]. Therefore, selective separation of Cs-137 from
HLLW is an important environmental issue for nuclear
waste management. In addition, the purified Cs is also
expected for the reuse as radiation and heat sources in the
field of medicine and industry.

Many methods for the separation of Cs(I) such as co-
precipitation [5-8], ion exchange [9-12] and solvent
extraction have been studied [13—17]. In the liquid-liquid
solvent extraction process, supramolecular recognition
agents are well known to have selective extractability to
Cs() [18-21]. 1,3-[(2,4-Diethylheptylethoxy)oxy]-2,4-
crown-6-Calix[4]arene (Calix[4]arene-R14), a kind of
supramolecular recognition composite, which shows a high
selectivity toward Cs(I) and excellent radiation stability,
can act as one of the most promising extractant for the
recovery of Cs(I) from HLLW. The Calix[4]arene-R14
compound is composed of chemical bonding of a
Calix[4]arene and an 18-crown-6 by phenolic oxygen and
polyether chain. It has the ability to extract Cs(I) due to the
effective complexion of Cs(I) with the hydrophilic crown
ether and high selectively of Calix[4]arene for Cs(I), such as
a good match between the cavity of Calix[4]arene and ionic
radius of Cs(I) ion, n-bonding interaction with the arene
groups, etc. [22]. However, some problems occurred in the
liquid—liquid solvent extraction process. For example,
the radiolytic degradation of solvent and diluent resulted in
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the corrosion of equipments and generation of a large
amount of organic waste. Furthermore, the solvent extrac-
tion process is difficult to commercially employ because the
large scale equipments are required for the multi-stage
extraction process. These problems can be overcome by
using extraction chromatography, and an impregnation
method for extraction chromatography has been proposed to
immobilize the organic solvents in a macroporous silica/
polymer composite support (SiO,—P) [23, 24].

The SiO,—P support is a kind of inorganic material, which
prepared by impregnation the copolymer inside the macro-
porous SiO, substrate. Impregnation the Calix[4]arene-R14
onto SiO,—P has a number of advantages such as mechanical
strength, strong acid and radiation resistance, and ease of
solid-liquid separation by simple equipments. Thus, the
impregnation of the Calix[4]arene-R14 onto SiO,—P support
seems to be one of the most prominent techniques for the
practical extraction chromatography operation.

In the previous work, the Calix[4]arene-R14 impreg-
nated on SiO,—P for adsorption of Cs(I) has been investi-
gated [25-28], but few data were reported about the
thermal stability, equilibrium and adsorption behavior of
continuous column. Most of the literatures reported are
limited to the batch process. The column adsorption
property should be clarified for the practical use on a large
scale because the isotherm batch experimental data are
difficult to be applied directly to column at a high flowing
rate without attained equilibrium. In this study, we have
attempted to load the Calix[4]arene-R14 and a molecule
modifier, 1-Dodecanol, into SiO,—P by using its high
immobilizing ability for the selective separation of
Cs(I) from HLLW. The present paper deals with the
preparation of a Calix[4]arene-R14 loaded absorbent,
characterization, adsorption equilibrium and breakthrough
and elution properties of Cs(I) for the fixed-bed column.

Experimental
Materials

A supramolecular recognition composite, 1,3-[(2,4-dieth-
ylheptylethoxy)oxy]-2,4-crown-6-Calix[4]arene (Calix[4]-
arene-R14, 97 %) was purchased from Rikoh Kagaku Co.,
Ltd. and used without any further purification. The molec-
ular structure of Calix[4]arene-R14 is shown in Fig. 1.
1-Dodecanol was procured from Wako Pure Chemical
Industries, Ltd. The SiO, silica-based polymer support
(SiO,—P) was synthesized by following a method described
in a literature [23]. For simplicity, “P” in the SiO,—P par-
ticles was abbreviated as styrene—divinylbenzene (SDB)
copolymer, which was immobilized inside the macroporous
SiO, substrate by polymerization reaction. Here, SiO,—P
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was consisted of 82 wt% SiO, and 18 wt% copolymer. The
physical properties of SiO,—P are showed in Table 1. Other
chemicals such as CsNOsj, Sr(NOs),, RE(NO3);-6H,O
(RE =La, Nd, Sm, and Gd), ZrO(NO;),-2H,O and
(NH4)¢Mo070,4-4H,0 were reagent grade supplied by Kanto
Chemical Co. Palladium nitrate solution (4.5 wt%) and
ruthenium nitrosyl nitrate solution (1.5 wt%) were pur-
chased from Sigma-Aldrich Chemical Co.

Preparation of (Calix[4] 4+ Dodecanol)/SiO,—P
The Calix[4]arene-R 14 and a molecule modifier 1-Dodecanol

impregnated on SiO,—P support ((Calix[4] + Dodecanol)/
Si0,—P) was prepared as follows. First, the Calix[4]arene-R14

Fig. 1 Molecular structure of Calix[4]arene-R14

Table 1 Physical properties of SiO,—P

Silica-based polymer support

Structural AT
pattern HE’U,) / x"’;}%
diagram of Q&la Y d _Si0(82wt%)

Si0,-P :\), ‘\\{‘ \l \?ﬁ?\iﬁ

f_/ \J} J " SDB polymer (18wt%)
Pore size (nm) 50
Pore volume 1.1
(em® g7

Spe. surface 3.6
area (mz/ 2)

40-60
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and 1-Dodecanol were dissolved in dichloromethane and then
mixed with the SiO,—P particles in a glass flask for approxi-
mately 1 hat 25 °C. After that the mixture was stirred gently
for 2 h at 40 °C under reduced pressure by using rotary
evaporator in order to enhance impregnating, and finally
vacuum-dried for 1 day at 40 °C.

Characterization

Thermal stability of the (Calix[4] + Dodecanol)/SiO,—P
resin was evaluated by thermal gravimetry and differential
thermal analysis (TG-DTA, Shimadzu DTG-60) at the
operating temperature range from 25 to 600 °C, with a
heating rate of 2 °C min~"'. The incorporation of Cs(I) ions
into (Calix[4] + Dodecanol)/SiO,—P was confirmed by
electron probe microanalysis (EPMA, JXA-8200).

Determination of distribution coefficient (Ky)

The distribution of metal ions for (Calix[4] + Dodecanol)/
SiO,—P was estimated by batch method. An aqueous
solution (4 cm®) containing 5 mM metal ions was con-
tacted with 0.2 g of (Calix[4] + Dodecanol)/SiO,—P at
25 £ 1 °C up to 5 h, which was found to be sufficient for
attaining equilibrium. The concentrations of Cs(I) and
other metal ions were measured by atomic absorption
spectrophotometry (AAS, Simadzu AA-660) and induc-
tively coupled plasma atomic absorption spectrometry
(Simadzu ICPS-7510).

The distribution coefficient (K;) of metal ions on
(Calix[4] + Dodecanol)/SiO,—P and separation factor of
Cs and other metal ions (g are defined as:

Fig. 2 Apparatus for the
column experiments i
Drain

15
G-6G_V 31
Ky=—x— ‘ 1
1= D (e )
Ka,cs
OCCS/M"* = m (2)

where Cy and C; are the initial and equilibrium con-
centration (mM) of metal ions in solution, respectively,
m (g) is the weight of dry (Calix[4] + Dodecanol)/SiO,—
P composite and V (cm’) is the volume of aqueous
phase.

Column chromatographic separation

The column was prepared by packing about 5.3 g of
(Calix[4] + Dodecanol)/SiO,—P resin in a glass column
(10 mm in diameter x 150 mm long) with a thermostatic
water jacket. Figure 2 show the apparatus for the column
experiments. The effluent was every 6.0 cm® fractionated,
and the concentration was determined by AAS. A feed
solution ([Cs(I)] = 10 mM) was passed through the col-
umn at flow rate of 1.0 cm® min~'. A breakthrough curve
was obtained by plotting the breakthrough ratio (C/C,)
against the effluent volume, where C, and C (mM) are
the concentration of the initial solution and the effluent,
respectively. Elution/regeneration of the column was car-
ried out by using H,O as an eluent at the above-mentioned
flow rate, every 7.5 cm® of the eluent was taken by a
fraction collector. The elution chromatogram was obtained
by plotting the elution percentage (Elution, %) against the
elution volume. The elution percentage is defined as
the ratio of the eluted amount of Cs(I) in each fraction to
the initial amount loaded on the column.
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Results and discussion
Thermal stability

The thermal stability was evaluated by TG-DTA analyses
within the temperature range 25-600 °C (Fig. 3). The
results of TG and DTA for SiO,—P indicate two different
weight loss ranges: 180-320 and 320-500 °C. The first and
second weight losses are due to the thermal desorption of
SDB copolymer. The overall weight loss of SiO,—P was
estimated be about 18 %, indicating that 18 wt% SDB was
impregnated inside the SiO, substrate.

As for (Calix[4] + Dodecanol)/SiO,—P, the endothermic
peaks around 310 and 475 °C are observed which was
similar to the thermal decomposition of SDB copolymer,
indicated that the simultaneous thermal decomposition of
SDB copolymer and organic solvents (Calix[4] 4+ Dodec-
anol) at the same temperature range. The overall weight
losses of (Calix[4] + Dodecanol)/SiO,—P was estimated to
be 49.6 %, indicated that the absorbent consists of 50.4 wt%
of Si0O,. Thus, the content of SDB in absorbent can be cal-
culated from the weight percentage of SiO, (82 %) and SDB
polymer (18 %) in fresh SiO,—P, and it was found to be
11.1 wt%. From these results, the content of solvents
impregnated in SiO,—P was determined to be 38.5 wt%. The
preparation conditions and estimated weight percents of
compositions are summarized in Table 2. As can be seen,
the SDB polymer was successfully immobilized inside the

(I s o —
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201 80
® <
~ =
9 40 2
-40 E
0
-+ 1 S10,-P
— : (Calix[4] + Dodecanol)/SiO,-P
-60 ! -40

0 100 200 300 400 500 600
Temperature / °C

Fig. 3 TG-DTA curves of SiO,—P and (Calix[4] + Dodecanol)/
SiO,—P composite under argon atmosphere

Table 2 Composition of SiO,—P and (Calix[4] + Dodecanol)/SiO,—P

SiO, substrate, and the solvents were loaded into the pore of
SiO,—P completely. All of these findings has good contri-
butions to the synthesis of absorbent and suggest that the
thermal stability of (Calix[4] + Dodecanol)/SiO,—P can be
maintained up to 180 °C.

Effect of HNO; on separation factor (o)

In order to examine the selectivity of Cs(I) for
(Calix[4] + Dodecanol)/SiO,—P in various HNO5 concen-
tration, the separation factor of Cs(I) and other metal ions
(o) was estimated. Figure 4 show the estimated separa-
tion factor of Cs(I) and other metal ions (M"1) for
(Calix[4] + Dodecanol)/SiO,—P at different concentrations
of HNO;z up to 6 M. As we can see, the separation factor tend
to increase with increasing HNOj concentration of 1-4 M
HNOj; and decrease gradually above 4 M HNO;. According
to literature, the FP nuclides except for Rb(I) had no adverse
impact on the Cs(I) adsorption and separation [25-28].
Therefore, the ofin is due to the effect of HNO; on
adsorption of Cs(I), indicated that the Calix[4]arene-R14
extraction with Cs(I) through ion-pair formation in the
presence of 1-4 M HNO; (Eq. 3), but at higher HNO; con-
centration (>4 M), the adsorption is governed by solvent
extraction of nitric acid with crown ether function group of
Calix[4]arene-R14 and the hydrogen bonding become
dominant in this process (Eq. 4). As we know, the concen-
tration of HNO; in HLLW is around 3 M in spent
fuel reprocessing. The relatively large oy for
(Calix[4] + Dodecanol)/SiO,—P in the presence of 3 M
HNO; were estimated to be 60 to 550. These findings indi-
cate that the (Calix[4] + Dodecanol)/SiO,—P had excellent
adsorption ability and high selectivity for Cs(I).

+ —
CS(aq) T NOs3(yq)
HNOj(oq.) + Calix[4] o, = [Calix[4] HNO] oy, (4)

Adsorption isotherm

An adsorption isotherm represents the relationship between
the amount of adsorbate on absorbent and adsorbate con-
centrations at equilibrium, and maximum capacity which
was calculated from adsorption isotherm plays an impor-
tant role for design of adsorption system. In this study, two

Conditions of synthesis

Thermal analysis

Si0, (wt%) SDB (wt%) Solvents (wWt%) Si0, (wt%) SDB (wt%) Solvents (wt%)
Si0,-P 81.6 18.4 82 18 -
(Calix[4] + Dodecanol)/SiO,-P 51 11.5 37.5 50.4 11.1 38.5
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Fig. 4 Separation factor () for (Calix[4] + Dodecanol)/SiO,—P.
Vim = 20 cm® g7, [Metal]: 5 mM, [HNOs] = 1-6 M, 25 °C

basically theoretical isotherm models of Langmuir and
Freundlich equations are used to compare adsorption
mechanism of (Calix[4] + Dodecanol)/SiO,—P. The
Langmuir equation assumes that the adsorption reaction is
a monolayer adsorption with constant adsorption energy.
The Freundlich equation applies to multilayer adsorption
and adsorption on a heterogeneous surface. The Langmuir
and Freundlich equation are given by:

Ceq/Qeq = (I/Qmax)ceq + (I/KLQmax) (5)
10g0cq = 1/n(logCeq) + logKr (6)

where Ceq (mol/dm3) and Q.4 (mol g_l) are the equilib-
rium concentrations of Cs(I) in the aqueous and solid
phases, respectively, Qn.x (mol gfl) is the maximum
amount of Cs(I) taken up, K. (dm3 molfl) is the Langmuir
constant, 1/n is the Freundlich isotherm exponent constant
related to the adsorption intensity, Kp (mol g~') is the
Freundlich constant, K (L gfl) is the Tempkin constant,
br (kI mol_l) is the Tempkin isotherm constant related to
the heat of adsorption.

Adsorption isotherms were obtained in a wide range of
initial Cs(I) concentrations from 10 to 60 mM at constant
temperature. Figure 5 show the Langmuir plots of Ceq/Qcq
and Ceq. A linearity with R? of 0.9955 obtained from the
isotherm suggested Cs(I) adsorption fit with Langmuir iso-
therm. This may be due to the homogenous distribution of
active sites (Calix[4]arene-R14) on the (Calix[4] + Do-
decanol)/SiO,—P surface. The monolayer adsorption Q.
value for (Calix[4] + Dodecanol)/SiO,—P was calculated
from the slope of the linear plots as 0.19 mmol g~'. The
Langmuir constant of 0.25 dm® mmol ' was estimated from
the intercept (1/K; Omax)- In addition, an important param-
eter, Ry, called equilibrium parameter related to the
adsorption is favorable or unfavorable.

300 /
£ 200
o
1]
I
S
< 100
ok
0 20 40 60

C,, / mmol dm”

Fig. 5 Langmuir plots of (Calix[4] + Dodecanol)/SiO,—P. V/im = 20
em® g7!, 3 M HNO3, 25 °C

T+ K. Gy ( )
The R; value between O and 1 indicate favorable
adsorption. The Ry value for Cs(I) was calculated to be
0.29 at the initial concentration of 10 mM, indicating the
adsorption of Cs(I) on (Calix[4] + Dodecanol)/SiO,—P
was favorable. On the other hand, the fitted Freundlich
plots show a low R? value of 0.8156 (Fig. 6), indicating the
inapplicability of Freundlich isotherm.

R

Column operation

The column adsorption property should be clarified for the
practical use in the separation process. A breakthrough of
Cs(I) was tested at feed solution of 10 mM Cs(I) and at a high

flow rate of 1 cm’®min~'. Figure 7 illustrate the
2.0 T T T T T ]
_ Ll5F 4
"on [
g
[ ]
g 1 0 - -
<
a0
2
05F .
[ J
0.0 1 1 1 1 1
0 1 2 3 4 5
log(C,,)/mmol dm”

Fig. 6 Freundlich plots of (Calix[4] + Dodecanol)/SiO,—P. V/im =
20 em® g=', 3 M HNO;, 25 °C
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breakthrough curve of Cs(I), which is a S-shaped profile
having steep slope, suggesting no dislodgement of solvents
(Calix[4]arene-R14 or Dodecanol) from the matrix of
SiO,—P. The break point of 5 % breakthrough was estimated
to be 80 cm’ (bed volume (BV) = 7.3), and column
took approximately 144 cm® (13.1 BV) before being com-
pletely exhausted with Cs(I). The breakthrough capacity
(B. T. Cap.) and total capacity (T. Cap.) were calculated to
be 0.15 and 0.18 mmol g~ ', respectively, resulting in rela-
tively high column utilization (B. T. Cap./T. Cap.) of 83.3 %.
The column packed with (Calix[4] + Dodecanol)/SiO,—P
was thus effective for removal of Cs(I).

On the other hand, the adsorbed Cs(I) on the column can
be eluted by flowing the H,O. A relatively sharp and

1.0 ®

0.8

%
|
f

0.0
0 50 100 150 200

c/c,

Effulent Volume / cm3

Fig. 7 Breakthrough curve of Cs(I) from (Calix[4] + Dodecanol)/
SiO,—P column. (Calix[4] + Dodecanol)/SiO,—P: 5.3 g, feed: 10 mM
Cs(I-3 M HNOs, flow rate: 1.0 cm® min™", 25 °C
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Fig. 8 Elution curve of Cs(I) from (Calix[4] + Dodecanol)/SiO,—P
column. (Calix[4] 4+ Dodecanol)/SiO,—P: 5.3 g, eluent: H,O, flow
rate: 1.0 cm® min~', 25 °C
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symmetric profile is observed, suggesting that Cs(I) is
readily eluted with H,O. The elution of Cs(I) was per-
formed with 90.5 % recovery of the adsorbed Cs(I) up to
first 9 BV (100 cm®) of effluent (Fig. 8). Here, the elution
of Cs(I) is due to the dissociation of ion-pair in such low
concentrated NO;~ solution, resulting in reversing the
extraction of Cs(I) (Eq. 3). In addition, the regeneration of
(Calix[4] + Dodecanol)/SiO,—P can be carried out by
washing with distilled water.

Repetitive experiments of adsorption and elution were
further carried out using the packed column of (Calix[4] +
Dodecanol)/SiO,—P. The feed containing Cs(I) (10 mM-3 M
HNO;) was passed through the column and then eluted with
H,0. After washing with H,O, the above run was repeated

1.0
0.8 1st=—>
{ ~+— 2nd

- 0.6
@)
@)

0.4 #

0.2

[0 <-— 3rd

0 50 100 150 200

3

Effulent Volume / cm

Fig. 9 Breakthrough curve of Cs() for the

(Calix[4] + Dodecanol)/SiO,—P: 5.3 g, feed:
HNO;, flow rate: 1.0 cm?® min~!, 25 °C

repeated runs.
10 mM Cs(D-3 M

60

50 ¢~ 3rd

L

40

30

Elution / %

20

10

0 20 40 60 80 100
3
Effulent Volume / cm

Fig. 10 Elution curve of Cs(I) for the repeated runs. (Calix[4] +
Dodecanol)/SiO,—P: 5.3 g, eluent: H,O, flow rate: 1.0 cm® min~

s

25 °C
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Fig. 11 SEM image and EPMA color map for cross section of (Calix[4] + Dodecanol)/SiO,—P adsorbing Cs(I)

twice. The breakthrough and elution curves for a repeated run
are illustrated in Figs. 9 and 10. The results show that
(Calix[4] + Dodecanol)/SiO,—P can be used repeatedly
without significant loosing the adsorption capacity for Cs(I).
The T. Cap. only slightly decrease (5.6 %) after third
adsorption/elution cycles. Thus, the use of distilled water as an
eluent had the advantage of simultaneous elution and regen-
eration, meaning the (Calix[4] 4+ Dodecanol)/SiO,—P proved
effective for separation and recovery of Cs(I).

EPMA analysis

The specimen adsorbing Cs(I) was embedded in the acrylic
resin and the cross section was analyzed by SEM and
EPMA. Figure 11 show the SEM image and EPMA color
map of the cross section of (Calix[4] 4+ Dodecanol)/SiO,—
P. The particle size roughly estimated from SEM image
was about 50 um. In the color map, Cs(I) is distributed
uniformly in the matrix of SiO,-P, indicating the suc-
cessful loading Calix[4]arene-R14 onto the pores of SiO,—
P and the Calix[4]arene-R14 has high affinity for Cs(I).

Conclusions

The selective separation and recovery of Cs-137 from
HLLW is of great interest in recent years for its application to
volume reduction of radioactive wastes and partitioning of
nuclides. (Calix[4] + Dodecanol)/SiO,—P with high selec-
tivity towards Cs(I) can act as promising adsorbents for this
purpose. The (Calix[4] + Dodecanol)/SiO,—P was prepared
by successive loading of Calix[4]arene-R14 and Dodecanol
into the macroporous silica-based support.

The thermal stability of (Calix[4] + Dodecanol)/SiO,—P
indicated the adsorption ability of (Calix[4] + Dodecanol)/
SiO,—P can be maintained up to 180 °C. The (Calix[4] +
Dodecanol)/SiO,—P showed excellent absorbability toward

Cs(I) compared to other test metal ions. The separation
factors of Cs(I) and other metal ions were increased with
increasing HNO; concentration and had a maximum at
around 4 M HNO;. The Cs(I) adsorption fitted well with
Langmuir model, suggesting only one kind of binding site
exhibited on the surface of (Calix[4] + Dodecanol)/SiO,—
P. The breakthrough curve of Cs(I) had S-shaped profile,
and the absorbed Cs(I) was effectively eluted by using the
H,0. After three times adsorption/elution cycles, the
(Calix[4] + Dodecanol)/SiO,—P only loosed the 5.6 % of
adsorption capacity. The distribution profile of Cs(I) in
(Calix[4] + Dodecanol)/SiO,—P was further examined by
EPMA. The EPMA color map showed that Cs(I) ions were
incorporated into the cross section of (Calix[4] 4+ Dodec-
anol)/SiO,—P. Thus the (Calix[4] + Dodecanol)/SiO,—P
proved to be effective for the selective adsorption and
recovery of Cs(I) from the HLLW.
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