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a b s t r a c t

To find an effective method in separation of Cs(I), an advanced macroporous silica-based supramolec-
ular recognition composite, (Calix[4] + MODB)/SiO2-P, was synthesized. It was done by impregnation
and immobilization of 1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-crown-6-calix[4]arene (Calix[4]arene-
R14) and methyloctyl-2-di-methy-lbutanemide (MODB) into the pores of the SiO2-P particles. MODB
was used to modify Calix[4]arene-R14. The adsorption of some typical fission products such as Mo(VI),
Pd(II), La(III), Y(III), Ru(III), Rh(III), Cs(I), and Zr(IV) contained in highly active liquid waste (HLW) onto
(Calix[4] + MODB)/SiO2-P was investigated. It was performed by examining the effects of contact time,
the concentration of HNO3 in the range of 0.3–7.0 M, and operation temperature on the adsorption of
the tested metals. (Calix[4] + MODB)/SiO2-P showed strong adsorption ability and excellent selectivity

for Cs(I) over all the tested metals. The separation of Cs(I) from a simulated HLW containing 5.0 mM
of the tested elements was performed by (Calix[4] + MODB)/SiO2-P packed column at 298 K. Mo(VI),
Pd(II), La(III), Y(III), Ru(III), Rh(III), and Zr(IV) showed no adsorption and were eluted into effluent along
with 3.0 M HNO3. Cs(I) adsorbed by (Calix[4] + MODB)/SiO2-P was effectively eluted with water and
then separated from the others. The results demonstrated that in 3.0 M HNO3, (Calix[4] + MODB)/SiO2-
P is promising to apply in separation of Cs(I), one of the heat generators, from HLW in the SPEC

ionin
(Strontium/Cesium Partit

. Introduction

Cs-135 and Cs-137 are isotopes of cesium contained in highly
ctive liquid waste (HLW). It is produced in reprocessing of nuclear
pent fuel generated through uranium fission occurred in nuclear
eactor. It is reported that Cs can pose a serious radiation hazard
o health and environment. For instance, Cs-135 with a half-life
f 2 × 106 yr might has long-termed adverse impact on environ-
ent because of its mobility in final repository. Cs-137 with a

alf-life of 30 yr is one of the heat emitting nuclides (HEN) and
s probably harmful to the vitrified HLW in final geological dis-
osal. It has potential risk to environment of underground water.
n the other hand, Cs-137 is a �-emitter, it is used as the resource
f �-radiation and energy generator. Consideration of the envi-
onment protection and resource reuse, effective partitioning and
ecovery of Cs from HLW is valuable. However, its separation

as always been one of the most challenging works in chemical
ngineering.

In addition to Cs-137, Sr-90 is the other HEN contained in
LW. The separation method of them usually has liquid–liquid

∗ Corresponding author. Tel.: +86 571 8795 3919; fax: +86 571 8795 3919.
E-mail address: zhangay@zju.edu.cn (A. Zhang).
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g from HLW by Extraction Chromatography) process developed recently.
© 2010 Elsevier B.V. All rights reserved.

solvent extraction, adsorption, ion exchange, liquid membrane
extraction, and ionic liquid [1,2]. The current attention has been
focused on the liquid–liquid solvent extraction. Based on some
selective extractants, a few partitioning processes such as uni-
versal solvent extraction [3–5], cesium separation by calix-crown
extraction [6,7], and fission product extraction [8,9], etc. have been
proposed to partition Cs(I) from a simulated or genuine HLW.
In these extractants, some supramolecular recognition agents
such as calix[4]arene-bis(t-octylbenzo-crown-6) (BOB CalixC6),
4,4′,(5′)-di(t-butylcyclohexano)-18-crown-6 (DtBuCH18C6), and
1,3-[(2,4-diethyl-heptylethoxy)oxy]-2,4-crown-6-calix[4]arene
(Calix[4]arene-R14), etc. showed high extraction ability and selec-
tivity for Cs(I) or Sr(II) [10–13]. It is said that in the countercurrent
extraction, it might generate a variety of organic wastes because
of the hydrolytic and radiolytic degradation of extractants and
diluents. This probably increases the number of the instruments
and equipments used in the multi-stage extraction, striping,
and washing processes. Therefore, a minimal use of organic sol-
vents and compact equipments in separation process is required.

Recently, a macroporous silica-based chelating agent impregnated
polymeric composite has been developed [14]. In comparison
with the conventional polymeric matrix resins, the silica-based
type of the adsorbent shows rapid adsorption and elution kinetics,
high mechanical strength, better resistant ability against HNO3,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zhangay@zju.edu.cn
dx.doi.org/10.1016/j.cej.2010.02.031
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Fig. 1. An advanced SPEC process for Cs/Sr partitioning from HLW by extraction

emperature, and �-irradiation as well as significantly low pressure
oss in packed column [15,16].

Based on the MAREC (Minor Actinides Recovery from HLW
y Extraction Chromatography) process and some fundamental

nvestigations [17–19], an advanced partitioning technology enti-
led SPEC (Strontium/Cesium Partitioning from HLW by Extraction
hromatography) process as shown in Fig. 1 has been developed
20]. It was specially used to separate and recover both Cs(I)
nd Sr(II) by two adsorption columns. Cs(I) was separated in the
rst column packed with Calix[4]arene-R14/SiO2-P, a macroporous
ilica-based supramolecular recognition composite [21,22]. Sr(II)
as then partitioned in the second one packed with the other silica-

ased supramolecular recognition composite, DtBuCH18C6/SiO2-P
23,24]. However, it was found that the optimum concentration of
NO3 in separation of Cs(I) was 4.0 M. It is higher than that of 3.0 M
NO3 in genuine HLW. It implies that prior to separation of Cs(I), the
cidity in HLW must be adjusted to 4.0 M by the concentrated nitric
cid. Obviously, this can cause an increase in volume of the radioac-
ive wastes. It is opposite to our final target that is significant reduc-
ion of the quantity of the radioactive wastes in the SPEC process.

To find a specific material for the effective separation of
s(I), the objective of the present work has been focused
n (1) synthesis of an improved macroporous silica-based
omposite, (Calix[4] + MODB)/SiO2-P, by molecular modification
f Calix[4]arene-R14 with methyloctyl-2-dimethylbutanamide
MODB). (2) Investigation of the adsorption behavior of Cs(I) and
ome typical coexistent fission products Mo(VI), Pd(II), La(III),
(III), Ru(III), Rh(III), and Zr(IV) onto the (Calix[4] + MODB)/SiO2-
composite. It was performed through examining the effect of

ontact time, the HNO3 concentration in the range of 0.3–7.0 M,
nd temperature, and (3) separation of Cs(I) from a 3.0 M
NO3 solution containing ∼5.0 mM of the tested metals by

Calix[4] + MODB)/SiO2-P packed column utilizing 3.0 M HNO3 and
ater as eluents. The possibility and feasibility of the Cs(I) separa-

ion by extraction chromatography were evaluated.

. Experimental
.1. Reagents

RE(NO3)3·6H2O (RE = La and Y), (NH4)6Mo7O24·4H2O,
rO(NO3)2·H2O, and CsNO3 used were of analytical grade.
atography utilizing two novel macroporous silica-based polymeric composites.

Both ruthenium nitrosyl nitrate solution with 1.5 wt% of Ru(III)
and rhodium nitrosyl nitrate solution with 1.6 wt% of Rh(III) were
provided by the Strem Chemicals, the United States of America.
Palladium nitrate solution with 4.5 wt% of Pd(II) was provided by
the Tanaka Noble Metal Co. Inc., Japan. Both La(III) and Y(III) were
used to understand the adsorption and separation behavior of
all the trivalent rare earths REs(III) and minor actinides MAs(III)
because of their similarity in the chemical properties. The concen-
trations of all of the tested elements used were about 5.0 × 10−3 M
(M = mol/dm3). The HNO3 solutions of different concentrations
were freshly prepared by the concentrated nitric acid.

1,3-[(2,4-Diethyl heptylethoxy)oxy]-2,4-crown-6-
calix[4]arene (Calix[4]arene-R14) with a purity greater than
97% is a kind of the macrocycle supramolecular recognition
agent. It was provided by the Innovation & Chimie Fine, France.
Methyloctyl-2-dimethylbutanamide (MODB) with a purity more
than 99% was provided by the Shanghai Chemical Reagent Co.,
China. It was used as a molecular modifier of Calix[4]arene-R14.

Dichloromethane, methanol, and the other reagents employed
were of analytical grade and were used without further purification.

The macroporous silica-based polymeric composite material,
(Calix[4] + MODB)/SiO2-P, was synthesized. The silica-based SiO2-P
particles support was prepared as described previously [23,25]. A
symbol P in the SiO2-P refers to the styrene-divinylbenzene copoly-
mer, which was prepared by the polymerization reaction inside the
macroporous SiO2 substrate.

2.2. Preparation of (Calix[4] + MODB)/SiO2-P

Prior to preparation of the (Calix[4] + MODB)/SiO2-P compos-
ite, the SiO2-P particles were treated by the use of methanol and
acetone. The purpose is to improve the surface activity of the silica-
based support. The treatment process by acetone was described as
follows: the quantity of the SiO2-P particles and the given amount of
acetone were mixed into 300 cm3 of conical flask and then shaken
mechanically at 120 rpm for ca. 60 min. Following separation, it was
dried in a vacuum drying oven at 313–323 K for 24 h. The similar

operation procedure was repeated at least three times. It was then
treated again with methanol by the identical method. The synthesis
of (Calix[4] + MODB)/SiO2-P was described as follows.

The quantity of the Calix[4]arene-R14 compound weighted in
advance and the calculated amount of MODB were dissolved com-
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Table 1
Physical and chemical parameters of the novel silica-based Calix[4]arene-R14 impregnated polymeric composite modified with MODB.

Silica-based polymeric composite (Calix[4] + MODB)/SiO2-P

Supramolecular recognition agent 1,3-[(2,4-Diethylheptylethoxy)oxy]-2,4-crown-6-calix[4]arene (Calix[4]arene-R14)
Pore fraction 0.69
Mean pore size 0.6 �m
Bead diameter 40–60 �m
Specific surface area 3.66 m2/g
Integrated pore volume 1.1 cm3/g
Molecular modifier Methyloctyl-2-dimethylbutanamide (MODB)
Copolymer inside SiO2-P support Macroporous SiO2 particles modified by following inert copolymer-containing compound
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Appearance Colorless powdere
Affinity for water or acidic solution Good

letely with 150 cm3 of dichloromethane in a 300 cm3 of glass
onical flask, then, a given quantity of the macroporous SiO2-P par-
icles was added under shaking. Following the resultant mixture
as stirred mechanically for ca. 90 min, it was moved into a silicon-

il bath controlled by an EYELA OHB-2000 Model (Tokyo Rikakikai
o. Ltd., Japan) temperature controller and stirred continuously for
a. 300 min at 323 K. The purpose was to impregnate and immo-
ilize the Calix[4]arene-R14 and MODB molecules into the pores
f the SiO2-P particles. After drying in a vacuum drying oven at
18 K for overnight, a colorless macroporous silica-based polymeric
omposite, (Calix[4] + MODB)/SiO2-P, was obtained. It was charac-
erized by elementary analysis, TG-DSC, and FT-TR, respectively.
he synthesis of the schematic diagram of (Calix[4] + MODB)/SiO2-
and the composite mechanism are shown in Figs. 2 and 3. The

hysical and chemical parameters are listed in Table 1.

.3. Adsorption of the tested metals onto
Calix[4] + MODB)/SiO2-P

The adsorption evaluation of the tested elements onto the
ovel (Calix[4] + MODB)/SiO2-P polymeric composite was per-

ormed using a TAITEC MM-10 Model auto-thermostated water
ath shaker. The operation temperature was controlled in the

ange of 293–333 K. When a 5 cm3 of HNO3 solution contain-
ng ∼5.0 × 10−3 M of Mo(VI), Pd(II), La(III), Y(III), Ru(III), Rh(III),
s(I), and Zr(IV) as an aqueous phase and the weighed quantity of
Calix[4] + MODB)/SiO2-P as a solid phase were mixed into a 50 cm3

f ground glass-stopped flask, it was then mechanically shaken at

Fig. 2. Schematic diagram of synthesizing the (Calix[4] + MODB)/SiO2-P composite.

Fig. 3. Synthesis mechanism of (Calix[4] + MODB)/SiO2-P through impregnation and immobilization.
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Fig. 4. Apparatus for Cs(I) partitioning from a HNO3 solut

20 rpm at the designed contact time under the given temperature.
he concentration of HNO3 in aqueous phase was investigated in
he range of 0.3–7.0 M. After the phase separation through a mem-
rane filter with a mean pores of 0.45 �m, the concentrations of
he tested metals in aqueous phase were determined utilizing a
arian 700-ES Model simultaneous inductively coupled plasma-
ptical emission spectrometer (ICP-OES, Varian, Inc., the United
tates of America) except the content of Cs(I) that was analyzed
sing a Varian AA 240 FS Model atomic adsorption spectroscopy
Varian, Inc., the United States of America). The distribution coef-
cients of the tested elements onto the (Calix[4] + MODB)/SiO2-P
omposite in HNO3 medium were calculated as follows:

d = C0 − Ce

Ce
× V

W
(cm3/g) (1)

here C0 and Ce show the initial and equilibrium concentrations of
he tested metals in aqueous phase, respectively. W and V represent
he weight of dry (Calix[4] + MODB)/SiO2-P composite materials
nd the volume of the aqueous phase used in the experiments.

.4. Chromatographic partitioning of the tested elements

Prior to the separation performance, the macroporous silica-
ased (Calix[4] + MODB)/SiO2-P polymeric composite was packed

nto a Pyrex glass column with a dimension of 10 mm in inner-
iameter and 300 mm in length under 0.25–0.35 MPa of N2 gas
ressure. It was then equilibrated by 3.0 M HNO3 solution. The col-
mn operation temperature, 298 K, used in the loading and elution
ycle was controlled and maintained by the circulation of the ther-
ostated water through an EYELA NTT-1200 Model water jacket

Tokyo Rikakikai Co. Ltd., Japan). The flow rate was controlled to
.0 cm3/min by combination of a NPG-50UL Model pressure gage
Nihon Seimitsu Kagaku Co. Ltd., Japan) with a 2GN15K Model pres-
ure limiter (Oriental Motor Co. Ltd., Japan). The concentration of
NO3 in feed solution was 3.0 M. The schematic diagram of column
artitioning of Cs(I) from a simulated HLW is illustrated in Fig. 4.
Following a 3.0 M HNO3 solution containing 5.0 × 10−3 M
f Mo(VI), Pd(II), La(III), Y(III), Ru(III), Rh(III), Cs(I), and Zr(IV)
s feed solution passed through the column packed with the
Calix[4] + MODB)/SiO2-P composite, the given volumes of 3.0 M
NO3 and distilled water as eluents were then pumped down-flow
ntaining fission products by extraction chromatography.

through the adsorption column. 5 cm3 aliquots of effluent fraction
were collected using an EYELA DC-1500 Model auto-fractional col-
lector (Tokyo Rikakikai Co. Ltd., Japan). The concentrations of the
tested metals in effluent were analyzed by the ICP-OES and/or the
atomic adsorption spectroscopy as mentioned above. The pH value
in effluent was measured using a digital pHs 3C Model pH-meter
(Shanghai Precision & Scientific Instrument Co., Ltd., China).

3. Results and discussion

3.1. Dependence of the adsorption of (Calix[4] + MODB)/SiO2-P on
contact time

The supramolecular recognition agent calix-crown is com-
posed of two functional groups, a lipophilic calix[4]arene and a
hydrophilic crown ether. The function of the crown ether having
six O atoms acts as a chelating agent with metal ions through the
chemical complexation. The crucial role of the calix[4]arene with
a cavity is to increase the selectivity of calix[4]crown for metal
ions or organic compounds through molecular recognition [26].
The complexation of calix[4]crown with metal is different from
that of the conventional complexing agent with metal. It is con-
sidered to result from the matched size of the calixarene cavity and
the radius of metal ions, �-bonding interactions with the arene
groups, and structural reorganization of the molecule [27,28]. It is
known that Cs(I) is a kind of metal which is comparatively difficult
to form the stable complex with the conventional chelating agents.
The supramolecular structure of calix[4]crown makes utilization of
calix[4]crown to complex Cs(I) possible. The recognition ability of
calix[4]crown for Cs(I) might depend on the effective complexation
of Cs(I) with the hydrophilic crown ether and the high selectivity of
calix[4]arene for Cs(I), i.e., the well matched size between lipophilic
calixarene cavity and Cs(I) ion radius.

It was found that with the exception of Rb(I), almost all of
alkali metals and alkaline earths such as Na(I), K(I), Sr(II), and
Ba(II), etc. had no adverse impact on the adsorption of Cs(I)

onto (Calix[4] + MODB)/SiO2-P [29]. This is of great beneficial to
the effective elimination of Cs(I) by the use of the macroporous
silica-based calix[4]crown impregnated composite. Actually, it is
reported that there is about 30 elements contained in HLW. They
might have adverse impact on the effective elimination of Cs(I).
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ig. 5. Dependence of the distribution coefficient (Kd) of the tested metals onto
Calix[4] + MODB)/SiO2-P with an increase in contact time in 4.0 M HNO3 at 298 K.
hase ratio: 0.25 g/5 cm3, metal content: ∼5.0 × 10−3 M, shaking speed: 120 rpm.

he effect of the these elements such as 16 species of rare earths
REs(III)) including Y(III) and La(III) to Lu(III), two minor actinides
MAs(III), MA = Am and Cm), noble metals, and the other elements
n the adsorption of Cs(I) has not been reported yet.

To understand the adsorption property of (Calix[4] + MODB)/
iO2-P, some representative fission products such as Mo(VI), Pd(II),
a(III), Y(III), Ru(III), Rh(III), Cs(I), and Zr(IV) were selected as the
ested metals in aqueous phase. Both La(III) and Y(III) were used to
nderstand the behavior of all of REs(III) and MAs(III) due to their
imilarity in chemical properties. The adsorption of the tested met-
ls onto (Calix[4] + MODB)/SiO2-P with a change in contact time in
.0 HNO3 was investigated at 298 K. It was performed at phase ratio
f 0.25 g/5 cm3, metal concentration of 5.0 × 10−3 M, and shaking
peed of 180 rpm. The relevant results are shown in Fig. 5.

Fig. 5 shows the dependence of the tested metals adsorption
nto (Calix[4] + MODB)/SiO2-P on contact time in 4.0 M HNO3 solu-
ion at 298 K. As can be seen, with increasing contact time, the
ested Mo(VI), Pd(II), La(III), Y(III), Ru(III), Rh(III), and Zr(IV) showed
eak or almost no adsorption onto the (Calix[4] + MODB)/SiO2-P
olymeric composite. The distribution coefficient (Kd) at con-
act time of 180 min was always less than 8.74 × 10−3 cm3/g for

o(VI), La(III), Y(III), Rh(III), and Zr(IV) and 2.03 cm3/g for Pd(II)
nd Ru(III). Such a low value in the distribution coefficient was
scribed to the weak complexation of the tested metals with
alix[4]arene-R14 inside (Calix[4] + MODB)/SiO2-P. It might result
rom the unmatched size between the cavity of Calix[4]arene-R14

olecule with the radius of the tested metal ions.
Contrary to the above tested elements, the adsorption of Cs(I)

nto the (Calix[4] + MODB)/SiO2-P polymeric composite obviously
ncreased with an increase in contact time and basically reached
quilibrium within 30 min. The distribution coefficient (Kd) of Cs(I)
as 24.42 cm3/g at 5 min, 43.96 cm3/g at 30 min, 46.09 cm3/g at

20 min, and 46.85 cm3/g at 180 min. It revealed that in 4.0 M HNO3,
s(I), one of the main heat emitting nuclides, had quick adsorption
inetics onto the (Calix[4] + MODB)/SiO2-P composite. It resulted
rom the effective complexation of Cs(I) with the macrocyclic com-
ound Calix[4]arene-R14 inside (Calix[4] + MODB)/SiO2-P. On the
ther hand, the apparent shape and character of the dynamic-state
dsorption curve of Cs(I) was in accordance with that of the chemi-

al adsorption of metal ion. Therefore, the adsorption mechanism of
s(I) onto the (Calix[4] + MODB)/SiO2-P composite material in 4.0 M
NO3 was considered to be the chemical adsorption, i.e., the chem-

cal complexation of Cs(I) ion with Calix[4]arene-R14 molecule
ight be the rate-controlling step.
ng Journal 159 (2010) 58–66

Based on the above discussion, it was found that in 4.0 M
HNO3, the adsorption ability of the tested metals was differ-
ent. The novel macroporous silica-based (Calix[4] + MODB)/SiO2-P
polymeric composite had excellent adsorption ability and high
selectivity for Cs(I) over all of the tested elements, which showed
weak or almost no adsorption. Namely, the tested fission prod-
ucts had no adverse impact on the adsorption of Cs(I) onto
(Calix[4] + MODB)/SiO2-P. It is of great beneficial to effective sep-
aration of Cs(I) from HLW utilization of (Calix[4] + MODB)/SiO2-P
through column chromatograph.

No adsorption of La(III) and Y(III) onto (Calix[4] + MODB)/SiO2-P
is valuable. It implies that all of the trivalent RE(III) elements might
have no adsorption onto (Calix[4] + MODB)/SiO2-P due to the lan-
thanide contraction. Moreover, based on the chemical similarity
of lanthanide contraction and actinide contraction, the chemical
properties of the trivalent minor actinides MA(III) such as Am(III)
and Cm(III) are usually very close to those of the RE(III) elements. So,
it is predicted that in HNO3 solution, they might show no adsorp-
tion onto (Calix[4] + MODB)/SiO2-P, i.e., 16 species of REs(III) and 2
species of MAs(III) might has no adverse impact on the adsorption
of Cs(I).

It is known that in acidic HLW solution generated in repro-
cessing of MOX nuclear spent fuel, the contents of all of the
REs(III), MAs(III), and heat emitting nuclides are around 1.9%,
0.4%, and less that 0.1%, respectively. To separate one of the
heat emitting nuclides, Cs, it is required that the adverse impact
of REs(III) and MAs(III) on the Cs adsorption must be reduced
to a great extent. On the basis of no adsorption of REs(III) and
MAs(III) onto (Calix[4] + MODB)/SiO2-P, the macroporous silica-
based supramolecular recognition composite is meaningful for
effective partitioning of Cs from HLW by column chromatography.

3.2. Dependence of the tested elements adsorption on HNO3
concentration

Nitric acid is almost sole medium employed in reprocessing pro-
cess of nuclear spent fuel. It is reported that in a genuine HLW
produced, the concentration of HNO3 is usually around 3.0 M. In
addition, the calix[4]crown is composed of a calix[4]arene and
a 18-crown-6 moiety bonded together by the phenolic oxygen
of the calix[4]arene and a polyether chain. Due to the affinity
of oxygen atom contained in 18-crown-6, HNO3 is considered to
probably have obvious effect on the complexation of Calix[4]arene-
R14 with the tested metals. It might result from the protonation
of Calix[4]arene-R14 with HNO3 molecule. This makes it possi-
ble that in the adsorption process, the complexation of the tested
metals with (Calix[4] + MODB)/SiO2-P as well as the association of
(Calix[4] + MODB)/SiO2-P with HNO3 molecule by intermolecular
interaction force may be two competition reactions.

To evaluate the effect of the HNO3 concentration, the adsorption
behavior of the tested metals such as Cs(I), Ru(III), Rh(III), Mo(VI),
Pd(II), La(III), Y(III), and Zr(IV) onto (Calix[4] + MODB)/SiO2-P was
investigated at 298 K. It was operated at metal concentration of
∼5.0 × 10−3 M, phase ratio of 0.25 g/5 cm3, contact time of 120 min,
and the HNO3 concentration range of 0.3–7.0 M. The relevant
results are illustrated in Fig. 6.

Fig. 6 shows the adsorption properties of the tested fis-
sion and non-fission products onto the macroporous silica-based
(Calix[4] + MODB)/SiO2-P supramolecular recognition composite in
the HNO3 concentration range of 0.3–7.0 M at 298 K. As ca be
seen, with an increase in the HNO3 concentration, the adsorp-

tion of Cs(I) onto the (Calix[4] + MODB)/SiO2-P material obviously
increased from 0.3–3.0 M HNO3 and then decreased to 7.0 M HNO3.
The distribution coefficient (Kd) of Cs(I) was 0.8132 cm3/g in 0.3 M
HNO3, 5.486 cm3/g in 1.0 M HNO3, 39.56 cm3/g in 3.0 M HNO3,
22.98 cm3/g in 5.0 M HNO3, and 10.53 cm3/g in 7.0 M HNO3. The
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Fig. 6. Dependence of the distribution coefficient (Kd) of the tested elements onto
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The separation of Cs(I) from a 3.0 M HNO3 solution was
Calix[4] + MODB)/SiO2-P with an increase in the HNO3 concentration from 0.3 M
o 7.0 M at 298 K. Metal content: ∼5.0 × 10−3 M, phase ratio: 0.25 g/5 cm5, contact
ime: 180 min.

aximum adsorption acidity of Cs(I) onto (Calix[4] + MODB)/SiO2-
was therefore determined at 3.0 M HNO3, which was very

lose to the HNO3 concentration in genuine HLW. This is ben-
ficial of application of the (Calix[4] + MODB)/SiO2-P composite
n HLW separation. Meanwhile, the other tested metals showed

eak or almost no adsorption and their distribution coefficients
Kd) were waylays below 1.6 cm3/g. It is reflected that in 3.0 M
NO3, the novel macroporous silica-based polymeric composite

Calix[4] + MODB)/SiO2-P had strong adsorption ability and high
electivity for Cs(I) over all of the tested elements. It makes effective
eparation of Cs(I) from an acidic HLW containing the tested fis-
ion products Ru(III), Rh(III), Mo(VI), Pd(II), La(III), Y(III), and Zr(IV)
ossible.

Some alkali metals and alkaline earths are also fission and
on-fission products contained in HLW. For example, Na(I) was

ntroduced into HLW by addition of NaNO2 in valent adjust-
ent of Np. The preliminary investigation of the adsorption

f Na(I), K(I), Rb(I), Sr(II) and Ba(II) showed that in HNO3
olution, the (Calix[4] + MODB)/SiO2-P composite had high adsorp-
ion ability and selectivity for Cs(I) over the others except
b(I) [29]. Combination of the adsorption of tested metals onto
Calix[4] + MODB)/SiO2-P, it is clear that in 3.0 M HNO3, almost
6 species of elements including alkali metals except Rb(I), alka-

ine earths Sr(II) and Ba(II), all of trivalent REs(III), trivalent minor
ctinides Am(III) and Cm(III), and the tested metals in the exper-
ments might have adverse impact on the adsorption of the
Calix[4] + MODB)/SiO2-P composite.

Compared with the adsorption behavior of Cs(I) in differ-
nt HNO3 concentration range, the increase of the adsorption of
s(I) with an increase in the HNO3 concentration from 0.3 M to
.0 M was considered to result from the effective complexation of
Calix[4] + MODB)/SiO2-P for Cs(I). The relevant adsorption reaction
as described as follows:

Cs+ + NO3
− + (Calix[4] + MODB)/SiO2-P

0.3–3.0 M HNO3� CsNO3

·(Calix[4] + MODB)/SiO2-P (2)
In excess of 3.0 M HNO3, the adsorption of (Calix[4] +
ODB)/SiO2-P for Cs(I) decreased. It was caused probably by the

rotonation of Calix[4]arene-R14 molecule through association of
xygen atom in 18-crown-6 with HNO3 via hydrogen bonding. The
ing Journal 159 (2010) 58–66 63

possible mechanism was represented as follows:

HNO3 + (Calix[4] + MODB)/SiO2-P
3.0–7.0 M HNO3� HNO3

·(Calix[4] + MODB)/SiO2-P (3)

In comparison with Eqs. (2) and (3), the adsorption of Cs(I) onto
(Calix[4] + MODB)/SiO2-P at low concentration of HNO3 increased
obviously with an increase in the HNO3 concentration. Namely,
Eq. (2) might be dominant in the HNO3 concentration from
0.3 M to 3.0 M. In this case, monovalent Cs(I) was able to be
strongly complexed with the supramolecular recognition agent
Calix[4]arene-R14 inside (Calix[4] + MODB)/SiO2-P, and form to a
stable complex formation, CsNO3·(Calix[4] + MODB)/SiO2-P. How-
ever, in excess of 3.0 M HNO3, the adsorption of Cs(I) onto the
(Calix[4] + MODB)/SiO2-P composite gradually decreased. Eq. (3)
was hence considered to be the dominant reaction due to the proto-
nation of Calix[4]arene-R14 with HNO3 through hydrogen bonding.
It probably made the available concentration of Calix[4]arene-R14
inside the (Calix[4] + MODB)/SiO2-P composite being capable of
complexing Cs(I) significantly lower. The 3.0 M HNO3 was therefore
determined to be the optimum adsorption acidity.

The recognition property of Calix[4]arene-R14 for Cs(I) results
from two functional groups, a hydrophilic 18-crown-6 and a
lipophilic calix[4]arene. It was found that in an acidic solution,
almost all of the derivatives of the macrocyclic crown ethers such
as dicyclohexano-18-crown-6 (DC18C6) and DtBuCH18C6, etc. are
usually able to associate with HNO3, HCl, HCN, and the others
through hydrogen bonding and form to the stable complex [30–32].
This phenomenon was consistent with the results observed in the
experimental conditions. Therefore, the decrease in the distribution
coefficient (Kd) of Cs(I) onto the (Calix[4] + MODB)/SiO2-P compos-
ite in excess of 3.0 M HNO3 was ascribed to the effective association
of 18-crown-6 inside the Calix[4]arene-R14 molecule with HNO3.
However, the detailed composition and structure of the associated
complex of HNO3 and Calix[4]arene-R14 have not been investi-
gated. The relevant investigation is being carried out.

3.3. Dependence of the tested elements adsorption on
temperature

To understand the temperature effect, the adsorption behav-
ior of Ru(III), Pd(II), and Cs(I) onto the (Calix[4] + MODB)/SiO2-P
polymeric composite in 3.0 M HNO3 was investigated. The exper-
imental temperature was controlled in the range of 293–333 K
utilizing the TAITEC MM-10 Model auto-thermostatted water bath
shaker. It was carried out at phase ratio of 0.25 g/5 cm3, the metal
concentration of 5.0 × 10−3 M, and contact time of 120 min. The
corresponding results are depicted in Fig. 7.

Fig. 7 shows the effect of the operation temperature on
the adsorption of the tested Ru(III), Pd(II), and Cs(I) towards
the macroporous silica-based (Calix[4] + MODB)/SiO2-P polymeric
composite. Obviously, their distribution coefficient (Kd) decreased
with an increase in temperature, reflecting that the adsorption of
the tested metals onto (Calix[4] + MODB)/SiO2-P was exothermic.
Therefore, increasing temperature is not of great beneficial to the
adsorption of (Calix[4] + MODB)/SiO2-P for Ru(III), Pd(II), Zr(IV), and
Cs(I).

3.4. Chromatographic partitioning of Cs(I)
performed utilizing the (Calix[4] + MODB)/SiO2-P polymeric com-
posite packed column at 298 K. The column dimensions used
were 10 mm in inner-diameter and 300 mm in length. To effec-
tively adsorb the tested elements, the silica-based adsorbent was
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ig. 7. Dependence of the distribution coefficient (Kd) of Pd(II), Ru(III), and Cs(I) onto
Calix[4] + MODB)/SiO2-P with a change in temperature in the range of 293–333 K in
.0 M HNO3. Metal content: ∼5.0 × 10−3 M, phase ratio: 0.25 g/5 cm5, contact time:
80 min.

re-equilibrated using a 3.0 M HNO3 prior to experiment. The con-
entrations of the tested Ru(III), La(III), Y(III), Rh(III), Mo(VI), Pd(II),
s(I), and Zr(IV) in feed solution were around 5.0 × 10−3 M. The
ow rate was controlled to 1.0 cm3/min using a NPG-50UL Model
ressure gage and a 2GN15K Model pressure limiter. Following the
ample was collected, the pH value in corresponding effluent was
etermined. The mass balance before and after the separation was
alculated. The relevant partitioning results utilizing 3.0 M HNO3
nd water as eluents are illustrated in Fig. 8.

As feed solution was supplied to the column, the tested ele-
ents Ru(III), La(III), Y(III), Rh(III), Mo(VI), Pd(II), and Zr(IV) showed

lmost no adsorption and quickly leaked out the column along
ith 3.0 M HNO3. Such the easy adsorption behavior of these

ested metals in the column separation operation is quite similar
o those of in the batch experiments. It was considered to result
rom the weak complexation of the supermolecular recognition
ompound Calix[4]arene-R14 with these metals. Meanwhile, Cs(I)
as adsorbed by (Calix[4] + MODB)/SiO2-P and did not appear in

ffluent.

Based on the separation behavior of La(III) and Y(III), it is pre-

icted that in 3.0 HNO3 solution, all of trivalent REs(III) such as Y(III),
nd from La(III) to Lu(III), and trivalent MAs (III) such as Am(III),
m(III), etc. usually contained in the acidic HLW have no adsorp-
ion onto (Calix[4] + MODB)/SiO2-P, and can flow into effluent along

ig. 8. Chromatographic separation of Cs(I) from a 3.0 M HNO3 containing some typ-
cal fission products by (Calix[4] + MODB)/SiO2-P packed column at 298 K. Column:
D 10 mm × h 300 mm, flow rate: 1.0 cm3/min.
ng Journal 159 (2010) 58–66

with La(III), Y(III), and 3.0 M HNO3. Namely, these metals may have
no adverse impact on the separation of Cs(I) from HLW.

Subsequently, with a supply of water to the adsorption col-
umn in the form of continuous way, Cs(I) adsorbed onto the
(Calix[4] + MODB)/SiO2-P composite was eluted efficiently. The elu-
tion band observed was narrow, sharp, and showed almost no
elution tailing in elution curves, reflecting that Cs(I) was eluted
from the loaded (Calix[4] + MODB)/SiO2-P polymeric composite,
then quickly leaked out the adsorption column, and flowed into
effluent. It indicated that the silica-based polymeric adsorption
composite materials had rapid elution kinetics for Cs(I). The satis-
factory elution of Cs(I) in the experiment was ascribed to the quick
decomposition of the complex of Cs(I) and (Calix[4] + MODB)/SiO2-
P with a rapid decrease in the NO3

− concentration in the resin bed.
The elution equation was probably described as follows:

[Cs(Calix[4] + MODB)/SiO2-P]NO3
H2O
� Cs+ + NO3

− + (Calix[4]

+ MODB)/SiO2-P (4)

In terms of the mass balance, the recovery percent of the tested
metals was calculated to be 99.2% for Cs(I) and in the range of
98.3–102.5% for the others. A satisfactory partitioning and recovery
of Cs(I) from the tested metals was achieved.

The pH value in effluent was measured by pH-meter. As the
loaded (Calix[4] + MODB)/SiO2-P composite was eluted by 3.0 M
HNO3 and then by water, the pH value was found to increase
from 0.91 to around 2.19 and then gradually to 3.02. The fact
that in the elution process of Cs(I) with water, the pH value
in effluent was below 3.5 showed that in the adsorption of the
tested metals onto (Calix[4] + MODB)/SiO2-P, a part of HNO3 in
feed solution composed of 3.0 M HNO3 and 5.0 × 10−3 M of metal
ions was simultaneously associated by the (Calix[4] + MODB)/SiO2-
P composite and probably formed to 1:1 type of the complex,
HNO3·(Calix[4] + MODB)/SiO2-P, which might result in a compar-
atively slow increase in pH value in effluent. The elution of the
loaded (Calix[4] + MODB)/SiO2-P by water decreased the stabil-
ity of HNO3·(Calix[4] + MODB)/SiO2-P and then released the HNO3
molecule into effluent from the associated complex. So, the pH
value less than 3.5 in the elution process of Cs(I) was observed.
The association and disassociation of the complex formation of
Calix[4]arene-R14 with HNO3 were probably described as follows:

HNO3 · (Calix[4] + MODB)/SiO2-P
H2O
�

3.0 M HNO3

HNO3 + (Calix[4]

+ MODB)/SiO2-P (5)

In comparison with the adsorption of the (Calix[4] +
MODB)/SiO2-P composite material for some typical alkali and
alkaline-earth metals [29], it was found that in 3.0 M HNO3, almost
27 of the typical fission and non-fission products such as Na(I), K(I),
Sr(II), Ba(II), Y(III), from La(III) to Lu(III), Am(III), Cm(III), Mo(VI),
Pd(II), Ru(III), Rh(III), and Zr(IV) showed no adsorption onto
(Calix[4] + MODB)/SiO2-P with the exception of Rb(I). Recently,
the preliminary research was found that U(VI), Pu(III), and Np(V)
also had almost no adsorption onto (Calix[4] + MODB)/SiO2-P. It
reveals these metals have no adverse impact on the loading and
elution of Cs(I) from HLW. As a result, the actual application of the
silica-based (Calix[4] + MODB)/SiO2-P composite material in effec-
tive partitioning of Cs(I), one of the main emitting heat nuclides,

from HLW in the SPEC process by extraction chromatography is
promising.

On the other hand, another emitting heat nuclide, Sr(II),
was demonstrated to be separated effectively from a 2.0 M
HNO3 effluent containing Cs(I). It was achieved by utilizing
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he macroporous silica-based N,N,N′,N′-tetraoctyl-3-oxapentane-
,5-diamide (TODGA) or DtBuCH18C6 impregnated compos-

te, DtBuCH18C6/SiO2-P or TODGA/SiO2-P [33]. Compared to
ODGA/SiO2-P, DtBuCH18C6/SiO2-P showed better separation
roperty for Sr(II). Therefore, using two novel macroporous
ilica-based (Calix[4] + MODB)/SiO2-P and DtBuCH18C6/SiO2-P
omposites in the SPEC process to partition Cs(I) and Sr(II) from
LW solution is feasible. The relevant verification of Cs(I) and Sr(I)

eparation from a genuine HLW by the hot experiment is currently
eing carried out.

. Conclusions

For the purpose of safe treatment and disposal of the hazardous
ighly active liquid waste, effective partitioning of the heat gener-
tors, Cs(I) and Sr(II), from HLW has always been one of the most
hallenging works. Based on the SPEC process developed recently,
n advanced separation technology of Cs(I) and Sr(II) by extrac-
ion chromatography has been established. Under the framework
f the SPEC process, a novel macroporous silica-based supramolec-
lar recognition polymeric material containing Calix[4]arene-R14
as demonstrated to be promising for selectively complexing Cs(I).
owever, the lipophilic calix[4]arene and hydrophilic crown ether

nside Calix[4]arene-R14 molecule made synthesis of the compos-
te unsatisfactory. In addition, the optimum concentration of HNO3,
.0 M, in the separation of Cs(I) in the SPEC process was higher
han that of 3.0 M in genuine HLW. To overcome the disadvantages,
n improved macroporous silica-based supramolecular recognition
omposite, (Calix[4] + MODB)/SiO2-P, was synthesized by molecu-
ar modification of Calix[4]arene-R14 with MODB.

The adsorption of some typical fission products Ru(III),
a(III), Y(III), Rh(III), Mo(VI), Cs(I), Pd(II), and Zr(IV) onto
Calix[4] + MODB)/SiO2-P was investigated. It was found that in
.0 M HNO3, (Calix[4] + MODB)/SiO2-P had high adsorption ability
nd excellent selectivity for Cs(I) over all of the tested elements.

target of the optimum HNO3 concentration close to that in
enuine HLW in the adsorption of Cs(I) was achieved. The chro-
atographic partitioning of Cs(I) from a 3.0 M HNO3 containing
5.0 × 10−3 M of the tested elements was performed. It was con-
ucted by (Calix[4] + Oct)/SiO2-P packed column by using 3.0 M
NO3 and water as eluents. Cs(I) adsorbed by (Calix[4] + Oct)/SiO2-
was effectively eluted out by water. A satisfactory separation of
s(I) from the tested elements by extraction chromatography was
chieved.

The experimental results demonstrated that in 3.0 M
NO3, the macroporous silica-based polymeric composite,

Calix[4] + MODB)/SiO2-P, is promising to application in parti-
ioning of Cs(I) in the SPEC process. It is of great beneficial to the
ignificant reduction of potential risk of radioactive wastes to
nvironment.
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