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Superheavy elements (SHEs) with Z ≥ 104 are syn-
thesized by heavy-ion-induced nuclear reactions. It is
very difficult to investigate the chemical properties of
SHEs because of the low production rates and short
half-lives of these nuclides.1) In the solution chemistry of
SHEs, ion-exchange and extraction experiments were so
far performed for mainly element 104, Rf and 105, Db.
Especially for fluoride complexation, various interesting
data were obtained.1) To deepen the understanding of
the halide complexation of Rf, we aim at investigating
the chloride complexation of Rf. In our previous stud-
ies, we investigated the solid-liquid extraction behavior
of Rf using Aliquat 336 as an extractant by confirming
the extraction reaction equilibrium for the first time.2,3)

The distribution coefficient (Kd) of Rf was acquired. In
the results, the variation of the Kd value of Rf with HCl
concentration showed a slightly different tendency from
those of Zr and Hf, and the sequence of the Kd values
was different from that for fluoride complexation. In this
study, we developed an online solvent extraction appa-
ratus and performed solvent extraction experiments of
Zr, Hf, and Rf in the Aliquat 336/HCl system for further
investigation of the chloride complexation of Rf.

We first investigated the dependence of the distribu-
tion ratios (D) of Zr and Hf on Aliquat 336 concentration
([Aliquat 336]) by a batch method to determine the net
charge of the extracted anionic chloride complexes. We
used 7.8–11.2 M HCl as the aqueous phase and CHCl3
or CCl4 as the organic phase, and we used carrier-free
radiotracers of 88Zr (T1/2 = 83.4 d) and 175Hf (T1/2 =
70 d).

Consequently, the slopes in the logD versus log [Ali-
quat 336] plots of Zr and Hf were both 1.9 in CHCl3
as shown in Fig. 1, suggesting that the bivalent chloride
complex is extracted. On the other hand, the slopes
in CCl4 were 1.2 for both Zr and Hf, which suggests
that the monovalent chloride complex is dominantly ex-
tracted. These results imply that different chloride com-
plexes (net charge) would be extracted for different or-
ganic solvents: CHCl3 and CCl4.
A flow-type solvent extraction apparatus called the

flow Injection Solvent Extraction apparatus (ISE),
which is suitable for online extraction experiments with
short-lived isotopes of SHEs, was developed and its per-
formance was checked by solvent extraction with Zr and
Hf. Subsequently, as a model experiment of Rf, the
online liquid-liquid extraction using ISE was performed
with the AVF cyclotron in the Research Center for Nu-
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Fig. 1. Dependence of the D values of Zr and Hf on Aliquat

336 concentration in CHCl3 at 11.2 M HCl.

clear Physics, Osaka University (RCNP) by using 89mZr
(T1/2 = 4.18 min) and 173Hf (T1/2 = 23.4 h) produced
in the natSr(α, xn) and natYb(α, xn) reactions, respec-
tively. The D values acquired with ISE in 9.3–11.2 M
HCl were in good agreement with those acquired by the
batch method as shown in Fig. 1, suggesting applicabil-
ity of the present method to the Rf experiment.

Recently, we produced 261Rf (T1/2 = 68 s) and 169Hf
(T1/2 = 3.24 min) in the 248Cm(18O, 5n)261Rf and
natGd(18O, xn)169Hf reactions, respectively, by using the
RIKEN AVF cyclotron, and carried out the solvent ex-
traction of Rf in the Aliquat 336/HCl system (the or-
ganic solvent is CHCl3 or CCl4). The reaction prod-
ucts were transported by a He/KCl gas-jet system to
the chemistry room and dissolved in 9.3 M HCl with
a dissolution apparatus.3) The solution was injected to
ISE. After phase separation by ISE, we collected the two
phases on different Ta plates and the samples were as-
sayed by alpha-particle measurement by the automated
rapid α/SF detection system. After alpha particle mea-
surement, we measured γ-ray activities of 169Hf in the
samples with Ge detectors.

We carried out 667 extraction cycles. We observed
good reproducibility for the D values of Hf and the aver-
age D values of Hf are equivalent to the values obtained
in the batch experiment. The chemical yield including
dissolution efficiency was approximately 40%. In the
alpha-particle measurement, we detected 118 counts of
261Rf and 257No, and the D values of Rf are now under
analysis.
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Reversed-phase chromatography for element 105, Db
with Aliquat 336 resin from 2.7 M and 27 M HF solutions
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Elements with atomic number ≥ 104 are called super-
heavy elements. As aqueous chemical studies for element
105, Db, an anion-exchange experiment was performed
in 13.9 M hydrofluoric acid solution.1) However, the
chemical species of Db in HF solution is not still clear.
We have been studying a liquid-liquid and a solid-liquid
extraction of Nb and Ta which are lighter homologues of
Db with Aliquat 336 in solutions of various concentra-
tion of HF.2,3) In the liquid-liquid extraction, univalent
anionic complex of Nb and Ta were extracted, and it
was implied that the extracted species were [NbOF4]

−

or [NbF6] and [TaF6]
−.2) On the other hand, the results

of solid-liquid extraction with 52 wt% Aliquat 336 resin
lead indicated that the distribution coefficients, Kd, of
95gNb has the minimum value at 10 M HF, while those
of 179Ta gradually decrease with increasing HF concen-
tration.3) Because the adsorption behaviors of Nb and
Ta differed clearly, similarity with the homologues of
the character of Db could be clear by measuring the
dependence of Kd values of Db on HF concentration.
Because the results of Nb and Ta of on-line experiment
were good agreement with those of batch experiment in
2.7 M and 27 M HF, it is suggested that the chemical
formation of Nb and Ta of on-line experiment is same
with that of batch experiment.3) Therefore, 2.7 M and
27 M HF were decided as the condition of Db exper-
iment. In this study, we performed experiments of a
reversed-phase chromatography experiment of Db with
2.7 M and 27 M HF.
The isotope 262Db was produced in the 248Cm(19F,

5n)262Db reaction at the RIKEN K70 AVF cyclotron.
The small amount of natGd was induced in the Cm
target in order to monitor the state of the experi-
ment by measuring 170Ta which was produced in the
natGd(19F, xn)170Ta reaction. The reaction products
transported by the He/KCl gas-jet system were de-
posited on the collection part in Automated Rapid
Chemical Apparatus (ARCA) for 60 s. Then, the
products were dissolved in 2.7 M or 27 M HF solu-
tion and loaded on a small chromatographic column
(1.6 mm i .d . × 7.0 mm height) filled with the 52 wt%
Aliquat 336 resin at a flow rate of 1.0 mL/min. The
effluent was collected into a Ta disk as a primary frac-
tion. The adsorbed species on the column were stripped
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Fig. 1. The dependences of the adsorption yields of Nb, Ta,

Db on [HF]ini with 52 wt% Aliquat 336 resin.

with 6 M HNO3/0.015 M HF solution at a flow rate of
1.0 mL/min. The effluents was collected another Ta disk
as a secondary fraction. The both quantity of the pri-
mary and the secondary fraction was 150 µL. These Ta
disks were heated to dry the solution by halogen lamp,
then they were picked up into the automated rapid α/SF
detection system, RIDER, by robot arm to measure their
radioactivities. The Db experiments were performed for
596 times in 2.7 M HF and for 950 times in 27 M HF.
The average chemical yields of 170Ta were about 22% in
2.7 M HF and 18% in 27 M HF, respectively.
From the obtained α-spectra, the number of events

corresponding to 262Db (Eα = 8420–8740 keV)4) in
2.7 M HF were 10 in the 1st fraction and 2 in the 2nd
fraction. In 27 M HF, 24 events in 1st fraction and 3
events in 2nd fraction were observed. Considering the
contamination, the distribution of decay time and the
background, the adsorption yields on the 52 wt% Ali-
quat 336 resin which were estimated by radioactivity
ratio were 15.4% in 2.7 M HF and 14.8% in 27 M HF,
respectively. In Fig. 1, it was found that the adsorption
yields of Nb and Ta are almost 100% in the both cases of
2.7 M and 27 M HF, while those of Db are very smaller
than those of homologues. In addition, the adsorption
yields of Db are almost constant to [HF]ini. Therefore, if
the Kd values of Db are estimated from the adsorption
yield, the dependence of Kd values of Db on [HF]ini is
also constant. Because theKd values of Ta are decreased
with increasing [HF]ini,

3) the extraction behavior of Db
would not be like Ta at least. Therefore, it was sug-
gested that the fluoride complex formation of Db is not
similar to that of Ta.
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