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Solvent extraction of Zr and Hf from HCl by Aliquat 336 using a
flow-type extraction apparatus toward online chemical studies

of element 104, rutherfordium†
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Chemical studies of the transactinide (superheavy) el-
ements with atomic numbers Z ≥ 104 are imperative for
systematic understanding of all the elements in the pe-
riodic table. In particular, the influence of relativistic
effects on orbital electrons of superheavy elements could
cause their unique chemical properties. For chemical
experiments on superheavy elements which can be pro-
duced only by nuclear reactions, repetitive or flow-type
rapid chemistry apparatus connected with a gas-jet sys-
tem which rapidly transports the nuclear reaction prod-
ucts from the accelerator room to the chemistry labo-
ratory (“online” experiment) is required. The chemical
properties of heavy elements are discussed on the ba-
sis of comparison of their behaviors with those of the
corresponding homologues.

We plan to apply a flow-type solvent extraction ap-
paratus, having a chemical reaction unit which shortens
the time required for equilibrium, to transactinide chem-
istry in order to obtain equilibrium D values for short-
lived transactinide elements. Thus, we developed such a
solvent extraction apparatus for the online transactinide
chemistry and determined the conditions to rapidly ob-
tain equilibrium D values for Zr and Hf toward the ex-
traction of 261Rf. In addition, we carried out the online
extraction experiment as a model experiment for Rf us-
ing the developed apparatus.

First of all, we carried out the solvent extraction of
Zr and Hf by the conventional shaking (batch) method
to obtain the equilibrium D values using 88Zr and 175Hf
tracers. The D values were determined from the concen-
tration ratio of the tracers between organic and aqueous
solutions.

Then, we developed an online flow-type solvent ex-
traction apparatus: flow Injection Solvent Extraction
apparatus for heavy elements (ISE) for rapid solvent
extraction and phase separation toward the extraction
of 68-s 261Rf. The developed extraction apparatus is
equipped with a reactor tube filled with PTFE chips
to mix aqueous and organic solutions thoroughly (ex-
traction unit; EU).1) By this unit, the diffusion length
of metal complexes between the aqueous and organic
solutions decreases, which is expected to aid the rapid
achievement of equilibrium in the extraction reactions.
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Fig. 1. Schematic diagram of online solvent extraction ex-
periment for heavy elements.

For rapid phase separation between aqueous and organic
solutions, a flow-type phase separation unit (PSU) using
a PTFE membrane filter (pore size: 0.8 µm) is set down-
stream of the EU.2) The online extraction experiment
employing the ISE was carried out using the 89g,mZr
and 173Hf nuclides produced at the AVF cyclotron in
RCNP as shown schematically in Fig. 1.

The D values obtained with ISE in 7.8 M HCl are
clearly lower than the equilibrium D values, suggest-
ing that the equilibrium D values cannot be obtained
in 7 M HCl. When the extraction was carried out in
9.3 and 11.2 M HCl using a 30-cm-long EU packed with
250–500 µm PTFE chips, the D values obtained with
ISE are all equivalent with the equilibrium values, indi-
cating that the extraction reactions rapidly reach equi-
librium state under these conditions. It was also found
that the elution of almost all the isotopes from PSU was
accomplished within 55 s. Based on this time informa-
tion, the time taken for extraction and evaporation for
α measurements in Rf experiment can be estimated to
be <2 min, which is sufficiently fast in comparison with
the previous experiment of 261Rf (∼100 s).

A linear relationship was observed between the log-
arithm of D value and the logarithm of Aliquat 336
concentration for both Zr and Hf, suggesting that the
extracted chloride complex determined from the slopes
(net charge) could be [MCl6]2−. Similar discussion can
be made for Rf, which will help to understand the chlo-
ride complexation of Rf.
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Cation- and anion-exchange behavior and UV-vis spectroscopy of Zr in
HBr for chemical characterization of bromide complexes of Rf
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The chemical properties of superheavy elements
(SHEs) with atomic number Z ≥ 104 deviate from the
periodicity of their lighter homologues in the periodic
table because of the strong relativistic effects on valence
electron shells in these heavy atoms. Therefore, chemical
research studies on these elements are intriguing and of
great importance. However, the chemical study of these
elements is very difficult because the half-lives of these
elements are short and the production rates of these el-
ements are low.1)

Anion-exchange studies in HF and HCl have been re-
ported for element 104, Rf.2,3) The observed adsorption
strength on the anion-exchange resin is Zr ≈ Hf > Rf in
1.9–13.9 M HF2) and Rf > Zr > Hf in 7.0–9.0 M HCl.3)
We are interested in the anion-exchange result of Rf in
HBr because the adsorption sequence is different between
HF and HCl media. There is one report on the bromide
complex of Rf.4) In this report, the solvent extraction of
Rf and its homologous elements were performed. Rf was
not extracted from 7.75–9.0 M HBr, while Zr and Hf were
extracted. Further study on the bromide complexation
of Rf is required to understand the halide complexation
of Rf in detail, In this work, cation and anion exchanges
of Zr were performed to obtain the comparison data for
Rf. The UV-vis spectra of Zr in HBr solution was mea-
sured to discuss the ion-exchange behavior of Zr.

The 88Z was produced in the 89Y(d, 3n) reaction us-
ing the RIKEN AVF cyclotron; further, 88Zr was purified
by an anion-exchange method. The cation- and anion-
exchange of Zr were performed by employing the batch
method in 1.1–8.8 M HBr, which is the same procedure
an in Ref. 5). Further, control experiments without the
resin were performed to determine the standard radioac-
tivity of the solution sample. The distribution coefficient
(Kd) was obtained according to Kd = (Ac −As)V/Asw;
here, Ac and As denote the radioactivities in the con-
trol and exchanged solutions, respectively. V denotes
the volume of the solution, and w denotes the weight of
the ion-exchange resin.

Fig. 1. Variation of the Kd values of Zr on the cation ex-
change resin as a function of [HBr].
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Fig. 2. UV-vis spectra of Zr in 1.1–7.9 M HBr.

The UV-vis spectra of 0.016–0.33 M Zr in the 1.1–
7.9 M HBr solution were measured with UV-vis spectro-
spectrophotometer (JASCO Co., V-730) to obtain the
structural information on the Zr species in HBr.

In the anion exchange, the Kd values of Zr are low (<
10 mL g−1) for all [HBr] studied in this work, indicating
which implies Zr does not form anionic species at 1.1–
8.8 M. This anion-exchange behavior is consistent with
that using macro amounts of Zr.6) The variation of the
Kd values of Zr on the cation exchange resin are shown
in Fig. 1. The Kd values decrease with an increase in
[HBr] in the range 1.1–7.0 M, and they increase above
7.0 M.

The UV-vis spectra of Zr in HBr solution are shown
in Fig. 2. At 1.1–5.2 M, one adsorption band is seen
at λmax = 410–421 nm, and its molar adsorption coef-
ficient (∆ε) increases with an increase of [HBr]. Above
6.0 M, the UV-vis spectra shows two adsorption bands at
λmax = 390–391 and 463–467 nm, and both increase with
an increase in [HBr], which indicates that the dominant
Zr species is changed. This spectral change at 6.0 M is
reasonably reflected on the variation of the Kd values in
Fig. 1: bromide complexes are increasingly formed with
an increase in [HBr], and above 7.0 M, a different bro-
mide complex is adsorbed on the cation-exchange resin.
It is possibility that the oxybromide complex of Zr is
protonated and the cationic species of Zr increases.

In the future, we plan to measure the Raman spectra
of ZrBr4 in the HBr solution and the mass spectra of the
solvent extracted Zr species to determine the Zr species
in the HBr solution.

References
1) A. Türler, V. Pershina., Chem. Rev. 113, 1273 (2013).
2) H. Haba et al., J. Am. Chem. Soc. 126, 5219 (2004).
3) H. Haba et al., J. Nucl. Radiochem. Sci. 3, 143 (2002).
4) D. C. Kacher et al., Radiochim. Acta 75, 127 (1996).
5) T. Yokokita et al., RIKEN Accel. Prog. Rep.53, 164 (2020).
6) Gmelin Handbuch der Anorganishchen Chemie Uranium

Suppl. Vol. D3, edited by R. Warncke (Springer-Verlag,
Berlin, Heidelberg, New York, 1982).

1
- 151 -

RIKEN Accel. Prog. Rep. 54 (2021)III-3. Radiochemistry & Nuclear Chemistry




