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Off-line experiments of isothermal gas chromatography  
for Zr and Hf tetrachlorides  

K. Shirai, 1 Y. Oshimi, 1 S. Goto, 1 K. Ooe, 1 H. Haba, 2 and H. Kudo 3

The periodic table today contains 118 elements, and 
elements with Z ≥104 are called superheavy elements. 
Gas-phase chemical separation is one of the most utilized 
techniques to study chemical properties of the superheavy 
elements. Gas-phase chromatography is a method for 
determining the adsorption enthalpy (ΔHads) of an element 
of interest in a volatile compound based on its 
adsorption-desorption processes on a column surface. To 
clarify chemical properties of element 104, Rf, gas 
chromatographic behaviors of chlorides of Rf and its 
homologs, Zr and Hf, have been studied. The reported 
sequence of volatility was Zr  Rf > Hf,1,2) but the relation 
between Zr and Hf chlorides differs from the sequence of 
sublimation expected from their vapor pressure curves in 
macro-scale.3) In this study, we investigated gas 
chromatographic behaviors of Zr and Hf chlorides at 
off-line to clarify this contradiction.

Radiotracers of 88Zr (T1/2=83.4 d) and 175Hf (T1/2=70 d) 
were produced via 89Y(d, 3n) and 175Lu(d, X) reactions, 
respectively, using a 24-MeV deuteron beam supplied by 
the RIKEN K70 AVF cyclotron. These tracers were 
chemically separated from the target materials by means of 
anion exchange chromatography and stored in 1 M HCl 
solution. The solution of radiotracers of 88Zr and 175Hf in 
tracer-scale, or MOCl2 8H2O (M=Zr, Hf) water solution 
mixed the tracer solution in the macro-scale, was infiltrated 
into a carbon filter plugged into the chlorination part (see 
Fig. 1). Oxychlorides of Zr and Hf were converted tooxide 
flushing air at 650 ̊C, and then the oxides were converted to 
tetrachlorides with carbon tetrachloride at 500 600 ̊C in 
He gas. The formed tetrachlorides of Zr and Hf were 
collected on a carbon filter at the MCl4 part. Then, ZrCl4
and HfCl4 evaporated at 400 ̊C and passed through an 
isothermal column (φ4.0 mm i.d. and 30 cm long) at various 
temperatures (macro-scale: 80, 100, 125, and 140 ̊C, 
tracer-scale: 140, 150, 160, and 170 ̊C). Cumulative yields 
of the volatile species passing through the column and 
collecting at the cooling part were obtained through γ-ray 
measurement.

Figure 2 shows the dependence of the yields of Zr and Hf 
on the temperature of the isothermal column for 4.5 min of 
collection time in the macro- and tracer-scale. In the 
macro-scale (ca.1018 molecules) the adsorption enthalpies of 
ZrCl4 and HfCl4 were considerd to be –82.8 and –78.4 kJ 
mol–1, respectively. The relationship between these 
adsorption enthalpies is in agreement with the relationship 
expected from the vapor pressure curves.
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On the other hand, the adsorption enthalpies of Zr and Hf 
tracer-scale (ca.1010 molecules) were –93.0 and –93.1 kJ 
mol-1, respectively, which differ from those at the 
macro-scale. In the macro-scale, ZrCl4 and HfCl4 cover the 
column surface, and interact with the same chemical species. 
In contrast, in the tracer-scale, the volatile compounds 
adsorbed on the quartz surface, and the strengths of 
interaction were almost the same for Zr and Hf. Because the 
retention time of chlorides of Zr and Hf chloride in the 
tracer-scale are smaller than those in the macro-scale, 
tetrachloride is subjected to strong interactions by the quartz 
surface.

Fig. 1. Schematic view of the experimental set-up for 
off-line isothermal gas-chromatography of ZrCl4 and HfCl4.

Fig. 2. Yields of Zr and Hf as a function of isothermal 
temperature. Circles and triangles show Zr and Hf,
respectively. Close and open symbols show macro- and 
tracer-scale, respectively. Curves indicate results of Monte 
Carlo simulation.4)
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Adsorption behavior of No with a TTA chelate extractant  
from HF/HNO3 acidic solutions 
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In a study on the fluoride complexation of a super-heavy 
element, rutherfordium (Rf), we focus on the extraction 
with an acidic chelate extractant, 2-thenoyltrifluoroacetone 
(TTA), which is sensitive to the valence of the metal 
complex. Recently, we developed a reversed-phase 
chromatography technique with TTA and performed Rf 
experiments with this technique in various HF/0.01 M 
HNO3 concentrations.1)

The isotope 261Rf used in the experiments decays into its 
daughter 257No. The -particle energies of 257No (E  = 8.22, 
8.32 MeV) are close to that of 261Rf (E  = 8.28 MeV). 
Therefore, these energies are difficult to distinguish from 
each other. In the Rf experiments, two types of 257No 

-events are expected to be observed. One is from 257No 
produced from the -decay of 261Rf after its chemical 
separation. It reflects the chemical behavior of Rf. The 
other is of 257No deposited during the collection of 261Rf, 
which reflects the chemical behavior of No. In order to 
correct the contribution of 257No, we observe the adsorption 
behavior of No in the same systems of the Rf experiments. 

Similar to the Rf experiments, the isotope 255No (T1/2 =
3.10 min) was produced in the 248Cm(12C, 5n) reaction with 
an 84 MeV 12C beam at the RIKEN K70 AVF cyclotron. 
The reaction products were rapidly transported with a 
KCl/He gas-jet system to a chemistry laboratory and were 
deposited on the collection site of the on-line Automated 
Rapid Chemistry Apparatus (ARCA) for 180 s. After 
deposition, the products were dissolved in 85 L of various 
HF/0.01 M HNO3 solutions and fed into a 1.6 mm i.d.  7.0
mm TTA resin column at a flow rate of 0.1 mL/min. The 
effluent from the column was collected on a Ta disk as 
fraction 1. The remaining products in the column were then 
stripped with 250 L of 0.1 M HF/0.1 M HNO3 solution at 
a flow rate of 1.0 mL/min and then collected on another Ta 
disk as fraction 2. Both samples were evaporated to dryness 
using hot He gas and a halogen heating lamp. The samples 
were assayed with a rapid /SF detection system for the 
aqueous chemistry of super-heavy elements at RIKEN. In 
order to determine the chemical yield, 162Yb was 
simultaneously produced from the Gd content in the Cm 
target and was measured by a Ge detector after the 
measurement of 255No. The average chemical yield of 162Yb  
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in all the experiments was approximately 17%.  
From 195 cycles of the No experiments, a total of 1042

-events indicating the production of 255No were registered 
in the energy range of 7.60 8.20 MeV. The adsorption 
probability, %ads, of No with a fixed volume of the effluent 
was evaluated using the following equation: 

%ads = Fr2 / (Fr1 + Fr2)  100,                   (1) 

where Fr1 and Fr2 are the radioactivities observed in 
fraction 1 and 2, respectively. The decay of No was taken 
into account in the correction for the %ads values. The 
results for %ads of 255No as a function of [F ]eq in the range 
of 1.93 10 5 to 1.66  10 3 M are shown in Fig. 1. In the 
Rf experiments, 1) the %ads values of 261Rf were constant at 
approximately 60% in the [F ]eq range up to 5  10 4 M and 
then steeply decreased at [F ]eq = 9 10 4 M. On the other 
hand, in the No experiments, it was found that the %ads 
values of 255No were less than 10% in the entire range of 
[F ]eq. 

In order to evaluate the %ads values of 261Rf, we assumed 
in the previous report1) that the adsorption of No was 
negligible. Based on the present work, it was confirmed that 
No was adsorbed to TTA to a small extent and the %ads 
values of 261Rf can be determined with greater precision. 

Fig. 1 Adsorption probability, %ads, of 255No plotted as a 
function of [F ]eq in TTA column chromatography. 
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