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ABSTRACT

Background: Various characteristics such as size distribution, chemical component and radioactivity have been analyzed for radioactive aerosols released from Fukushima Daiichi Nuclear
Power Plant. Measured results for radioactive aerosols suggest that the potential transport medium for radioactive cesium was non-sea-salt sulfate. This result indicates that cesium isotopes
would preferentially attach with sulfate compounds. In the present work the attachment behavior of fission products to aqueous solution aerosols of sodium salts has been studied using a generation system of solution aerosols and spontaneous fission source of 248Cm.
Materials and Methods: Attachment ratios of fission products to the solution aerosols were
compared among the aerosols generated by different solutions of sodium salt.
Results and Discussion: A significant difference according as a solute of solution aerosols was
found in the attachment behavior.
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Conclusion: The present results suggest the existence of chemical effects in the attachment behavior of fission products to solution aerosols.
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Introduction
Radioactive aerosols were released from Fukushima Daiichi Nuclear Power Plant
and spread in the environment. The radioactive aerosols have been collected and measured for their activity, size distribution, chemical composition and others up to date.
In order to identify transport mediums for radioactive materials, both activity size distributions of radioactive isotopes and mass size distributions of aerosol species were
measured [1-6]. As the results, it was found that sulfate compounds were the potential
transport medium for radioactive cesium isotopes. This result suggests that cesium
isotopes would preferentially attach with sulfate compounds. But there is no report
about such selectivity for other radioisotopes.
In the present work the attachment behavior of fission products on aqueous solution
aerosols of sodium salts has been studied using a generation system of solution aerosols and spontaneous fission source of 248Cm. The solution aerosols were generated by
three kinds of aqueous solution of sodium salts of chloride, bromide and iodide. Attachment ratios of fission products to the solution aerosols were compared among the
solution aerosols of different sodium salts in order to elucidate a roll of chemical effects
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in the attachment behavior of fission-product to solution
aerosols.

Materials and Methods
Solution aerosols were generated using a combined system of an atomizer 3076 (TSI, Shoreview, MN), furnace, diffusion dryer, neutralizer as shown in Figure 1. Various concentrations of aqueous solutions of sodium chloride, sodium
bromide and sodium iodide (Wako, Osaka, Japan) were used
as raw materials in the atomizer. Nitrogen gas was supplied
at pressure of 2.5 kg·cm-2 to the atomizer to discharge solution aerosols. The aerosols were passed through the furnace,
which was kept constant at 80˚C and the diffusion dryer with
an infill of silica gel sequentially to be a primary solution
aerosol. Particle size distributions of the primary aerosols
ejected from the diffusion dryer were measured using a
scanning mobility particle sizer (SMPS) spectrometer. The
SMPS spectrometer was composed by an electrostatic classifier 3080L (TSI, Shoreview, MN) and condensation particle
counter 3025A (TSI, Shoreview, MN) to measure the size distribution of submicron range. The primary aerosols were injected into the fission product chamber in which 248Cm
spontaneous fission source covered with a Havar foil of 2.5
µm thickness was placed. The activity of 248Cm which undergoes spontaneous fission with a branching ratio of 8.39% [7]
was 40 kBq that corresponds to emissions of about three
thousand fission products per second in the chamber. Some
of fission products emitted from the 248Cm source attached to
the primary aerosol particles, and then radioactive aerosol
was generated. The radioactive aerosol was ejected from the
chamber and collided against a greased filter paper to be collected for thirty minutes. The collection time of thirty minutes is suitable for measuring gamma-rays emitted from fission products which half-life is a few tens of minutes. After
seven minutes from the end of the collection, gamma-ray
spectrometry for the filter was performed using Ge-detector

Fig. 1. Experimental setup for generation of radioactive solution
aerosols and measurement of particle size distribution.
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GC4020 (Canberra, Meriden, CT). The gamma-ray measurements for ten minutes were repeated six times continuously.
Whole fission fragments emitted in the chamber from the
248
Cm source for thirty minutes was also measured by the following manner; a greased filter paper was located above the
source for thirty minutes to collect whole fission products
and after seven minutes of the collection the gamma-ray
spectrometry was carried out using the same routine as the
radioactive aerosol sample. Four nuclides of 104Tc (T1/2 18.3
min), 107Rh (T1/2 21.7 min), 131Te (T1/2 25.0 min), and 134I (T1/2
52.5 min) were observed in the all experiments.

Results and Discussion
Size distributions of the primary solution aerosols generated by the present system using various concentrations of
each sodium salt solution have been measured by the SMPS
spectrometer. A log-normal size distribution was observed
for each measurement. The sizes of particles observed in the
present experiments were in the range from 15 to 660 nm,
which is a measurable range of the present setup of the
SMPS spectrometer. The geometric mean diameters (GMDs)
of the primary aerosols range from 40 to 100 nm, and the
GMD increases as the concentration of the raw solutions in
the atomizer increases. The geometric standard deviations
range from 0.54 to 0.58 for all primary aerosols. Total surface
area of the aerosol particles through the aerosol collection
was estimated for each primary aerosol on the basis of the
measured size distribution assuming that the solution aerosol were spherical in shape. Attachment behavior of fission
products is considered in the following discussion correlating with the total surface area.
An attachment ratio of fission products to the aerosol particles is used as an index to valuate the attachment behavior.
A ratio of fission products that attached to the aerosol particles was estimated by Caerosol/Call, where Caerosol and Call are net
counts of photopeaks in the gamma-ray spectra measured
for the radioactive aerosol and all fission products emitted
from 248Cm, respectively. The net counts of photopeaks were
calculated by Covell’s method [8]. The attachment ratio for
individual fission product could be estimated for four observed nuclides. Figure 2 shows the relationship between the
attachment ratios of four fission products (104Tc, 107Rh, 131Te,
and 134I) and the total surface area of the primary aerosol.
Squares, triangles and circles indicate the attachment ratios
for primary solution aerosols of sodium chloride, sodium
www.jrpr.org 351
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Fig. 2. Variation of the attachment ratio of each fission product as
a function of total surface area of the primary solution aerosol particles.

Fig. 3. Constant of proportionality between the attachment ratio
and the total surface area of the primary solution aerosol particles
for each fission product and the solute of solution aerosol.

bromide and sodium iodide, respectively. Error values were
estimated on the basis of statistic errors (one standard deviation) in the gamma-ray spectrometry. The similar tendency
of amplitudes of the attachment ratio among three kinds of
solutes is found, namely the ratio for iodide is the largest and
that for chloride is the smallest at the same total surface area.
This difference of attachment ratios among the solutes
means that four kinds of fission products observed in the
present experiment behave differently against the solution
aerosols composed by the different solute in generating process of radioactive aerosols.
The attachment ratios in Figure 2 seem to be proportionate to the total surface area except for 131Te to sodium iodide.
The proportional relation would be attributable to ratio of
physical collision between fission products and primary
aerosol particles. Each relation was fitted with linear function
based on a hypothesis that the physical collision is predominant in the attachment behavior of fission products. Because
the proportionate increase does not appear in attachment
ratios of 131Te to sodium iodide, the dominant attachment
process might not be the physical collision but other process.
But detailed analysis is difficult because of large error values
for the ratio of 131Te in the present work. The results of the fitting are shown by three lines for each fission product in Figure 2. Dotted, dashed and solid lines in the figure indicate
the fitted results for chloride, bromide and iodide, respectively. The slopes of fitted lines for four kinds of fission products are shown according to three solutes in Figure 3. Symbols of circle, square, diamond and triangle show the slope

for 104Tc, 107Rh, 131Te, and 134I. The error values shown by vertical bars indicate fitting errors. There is not a significant difference among the fission products but a distinct difference
between the slopes of sodium chloride and other two solutes. In the generation process of radioactive aerosols, the
attachment ratio is presumed to be proportionate to a geometric collision ratio, namely surface area of an aerosol particle. And if chemical state of an aerosol particle and/or an
attaching fission product affects the attachment behavior,
the constant of proportion would vary according as the
chemical state. The difference of the slopes according to the
solute shown in the present experiment suggests the existence of chemical effect in the attachment behavior. One of
the origins of the difference of the chemical effect would be
density profiles of the anions in solution aerosol particles.
Molecular dynamics simulations performed by L. Tuma et
al. reveals a propensity of halide anions for the water/vapor
interface, which increases in the series Cl– < Br– < I– [9]. The
propensity would cause differences of attracting force between halide ions in a solution aerosol particle and fission
product ions in the nitrogen gas phase.
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Conclusion
Attachment behavior of fission products to solution aerosols generated from aqueous solutions of sodium chloride,
sodium bromide and sodium iodide has been observed. Attachment ratios of fission products emitted from 248Cm
source have been estimated by gamma-ray measurements
https://doi.org/10.14407/jrpr.2016.41.4.350
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for all fission products emitted from the source and fission
products attaching to the aerosol particles. It was found that
proportional relationship exists between the attachment ratios and the total surface area except for 131Te to the solution
aerosol of sodium iodide. In comparison of slopes of the relationship, there found a significant difference according as a
solute of solution aerosols. The difference according to the
solute shown in the present work suggests the existence of
chemical effect in the attachment behavior of fission products to solution aerosols.
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