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Dissolution behavior 
of radiocesium‑bearing 
microparticles as a function 
of solution compositions
Taiga Okumura 1*, Noriko Yamaguchi 2 & Toshihiro Kogure 1

More than a decade has passed since the Fukushima nuclear accident in 2011 and contamination 
around the nuclear power plant is primarily caused by 137Cs. One of the materials retaining radiocesium 
in the environment is radiocesium-bearing silicate glass microparticles (CsMPs), which have not been 
reported in previous nuclear accidents. Although the prediction of environmental fates of CsMPs is of 
interest because of their extremely high specific radioactivity, knowledge about their physicochemical 
properties is still limited. Here we show that the dissolution behavior of CsMPs is comparable to 
that of silica-rich glass and significantly depends on the surrounding environment. CsMP dissolution 
experiments were conducted in solutions with various solute components and pH levels at 60 °C. 
In neutral and basic solutions, the estimated dissolution rate was accelerated by alkali ions such as 
Na+, which is known to play a catalytic role for the dissolution of silica. In contrast, the dissolution in 
acid was slow even in the presence of alkali ions. The dissolution under acid conditions was possibly 
retarded by a thin amorphous silica layer formed on the CsMP surfaces. Such characteristics of the 
dissolution are consistent with that of silica-rich glass. To infer the dissolution behavior of CsMPs in the 
human body, the dissolution rate in Ringer’s solution at 37 °C was estimated as 1.00 ± 0.37 μm/year.

The nuclear accident at the Tokyo Electric Power Company’s Fukushima Dai-ichi Nuclear Power Plant in March 
2011 caused radioactive contamination around the plant. More than a decade after the accident, the main cause 
of the high air dose rate is attributed to 137Cs, which has a relatively long half-life (30.2 years). A large amount 
of radiocesium (RCs) was originally released in a gaseous form and sorbed to the surfaces of specific minerals 
such as partially vermiculitized biotite1,2. The RCs was strongly fixed to these minerals and thus remains in the 
soil surface over time3. Apart from this form, RCs-bearing silicate glass microparticles (hereafter abbreviated 
to CsMPs) were first reported by Adachi et al. in 20134 and subsequently identified in various contaminated 
environmental samples, such as soil5–7, agricultural materials8, plants9, and river and ocean sediments10,11. Since 
CsMPs contain uranium and its fission products, they were formed inside the damaged reactor and released into 
the environment12. CsMPs are distinguished from RCs-sorbed minerals by their very high specific radioactivity 
(108–9 Bq/mm3) and small size (a few micrometers). CsMPs smaller than 0.5 μm in diameter were also found13. 
CsMPs must have been widely spread as they were discovered in areas more than 250 km from the nuclear 
plant14,15. The present study focuses on CsMPs with diameters of a few micrometers, but larger silicate glass par-
ticles (40–400 μm) containing RCs have also been found in the vicinity of the nuclear plant. The differences of 
the properties and origins between these two types of the radioactive particles are discussed in a review paper16.

Knowledge about physicochemical properties of CsMPs is still limited17–19. One of the properties of our inter-
est is their dissolution behavior in the environments. As mentioned above, CsMPs mainly consist of silicate glass 
containing Na, Cl, K, Fe, Zn, Rb, Sn, and Cs8,20. The dissolution behavior of silicate glass is an orthodox topic and 
a number of results have been reported to date. However, since the composition of CsMPs is specific and there 
are no analogous glasses, it is probably a shortcut and certain way to investigate their dissolution properties using 
CsMPs themselves. Although the particles are so tiny, their dissolution rate can be approximately monitored by 
the loss of their radioactivity. Our previous dissolution experiments indicate that CsMPs dissolve far more rapidly 
in seawater than in pure water. At 13 °C (the approximate annual mean temperature in Fukushima City), the dis-
solution rate is approximately one order of magnitude higher in seawater than in pure water18. Further dissolution 
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experiments showed that CsMPs dissolve as slowly in acidic solutions as in pure water9. On the contrary, Suetake 
et al.19 reported that the dissolution rate of CsMPs in seawater and pure water was almost identical, which is 
controversial to the property of common silicate glasses that dissolve faster in seawater than in pure water21,22. 
Moreover, comprehensive dissolution behavior of CsMPs should be elucidated, in order to discuss the dynamics 
of CsMPs in various environments. Since numerous knowledge about the dissolution of other silicate glasses 
has been obtained to date (e.g., Gin et al.23), the obtained dissolution characteristics of CsMPs can be compared 
to these accumulated knowledge to predict the environmental fates of CsMPs. Considering the minute size of 
CsMPs, solutions surrounding them in the environment will be far from equilibrium, except those in soils where 
the interstitial water is saturated with silica. Therefore, the relatively rapid initial dissolution rate proposed in 
previous studies can be comparable with the dissolution of CsMPs. The initial dissolution rate of silicate glass 
has been reported to increase in both acidic and basic regions24. It is necessary to investigate whether this trend 
is also true for CsMPs, and whether their dissolution rates are affected by solution compositions. In this study, 
CsMP dissolution experiments are conducted in solutions with various solutes and pH levels, revealing that the 
dissolution behavior of CsMPs is comparable with that of silica-rich glass. Furthermore, owing to their sub-
micron to micron size, CsMPs can be suspended in the atmosphere and widely transported as an aerosol14. These 
microparticles are easily re-suspended, risking internal exposure by inhalation. In fact, CsMPs were found on 
masks worn during cleaning activity in residential areas near the nuclear plant25. To infer the dissolution behavior 
of CsMPs in the human body, we conducted another CsMP dissolution experiment in a simulated body fluid at 
the human body temperature (37 °C).

Methods
Dissolution experiments of multiple CsMPs.  The dissolution experiments were conducted for “mul-
tiple CsMPs” attached to a non-woven fabric cloth laid on a vegetable field in Fukushima Prefecture. After 
approximately six months following the accident, the cloth was removed from the field, cut into (15 × 15) mm2 
pieces, and exposed to an imaging plate (IP; BAS-2500, Fujifilm) for 10 min. Multiple CsMPs were confirmed 
as bright spots in the read-out images. The RCs sorbed to the mineral particles was removed by immersing the 
cloth fragments in 20 mL of 0.1 M hydrochloric acid at 90 °C for 24 h. After this treatment, most of the RCs-
bearing materials attached to the cloth fragments were considered as CsMPs9. The fragments were tightly folded 
to a size of (2 × 2) mm2 and their 137Cs radioactivity was measured by a germanium semiconductor gamma-ray 
spectrometer (GCW2523S, Canberra). The 137Cs radioactivity was corrected to those on 14 March of 2011. The 
detection efficiency was calibrated with a filter paper onto which a 137Cs solution (CZ005, Japan Radioisotope 
Association) of 100 Bq was dropped and dried. After the measurements, the cloth fragments were wrapped in 
a hydrophilic Teflon filter (pore size 0.1 μm, H010A025A, Advantec) to prevent detachment of CsMPs from 
the cloth. The wrapped cloth fragments were immersed in 20 mL of various solutions (see Table 1) and placed 
at 60 °C. The temperature of 60 °C was adopted in this study because the temperature was suitable for rapidly 
determining the dissolution behavior of CsMPs based on the previous research18. The solutions were periodically 
exchanged and the radioactivity of 137Cs eluted into the solutions was measured using a germanium detector. 
The detection efficiency of the solution analysis was calibrated with a 137Cs standard solution (CZ005) supplied 
by the Japan Radioisotope Association.

Dissolution experiments of single CsMP.  The structural changes of the CsMPs caused by dissolution 
were investigated in another experiment using isolated single CsMPs. The individual CsMPs were collected as 
previously described26. The CsMPs attached to the non-woven fabric cloth were transferred to 10 mL of ion-
exchanged water via ultrasonication. After removing the cloth from the water, the water was divided into 0.5-mL 
aliquots. The aliquots containing CsMPs were identified by measuring their radioactivity with an automatic 
gamma counter (Wizard2480, PerkinElmer). The volume of each selected aliquot was increased to 10.5 mL by 
adding 10 mL of ion-exchanged water. The aliquots were then subdivided into 20 0.5-mL and rechecked for 
CsMPs. After several repeats of this process, individual CsMPs were isolated from other unrelated particles. 
The water suspending the CsMP was dropped onto a plastic plate previously coated with carbon and dried at 
ambient temperature. The CsMPs were observed using a scanning electron microscope (SEM; S-4500, Hitachi) 
equipped with an energy-dispersive X-ray spectrometer (EDS; UltraDry and NORAN System 7, Thermo Scien-

Table 1.   Solutions used in the dissolution experiments.

Solution Preparation method

Citrate buffer Mixed solution of 0.1 M citric acid solution and 0.1 M trisodium citrate solution with pH adjusted to 3.0

Ringer’s solution A commercial product (SOLYUGEN F INJECTION, KYOWA CritiCare)

Seawater A commercial product (Daigo’s Artificial Seawater SP, Nihon Pharmaceutical)

Carbonate buffer Mixed solution of 0.1 M sodium carbonate solution and 0.1 M sodium bicarbonate solution with pH adjusted to 
9.7 or 10.0

Carbonate buffer + NaCl
Mixed solution of 0.1 M sodium carbonate solution, 0.1 M sodium bicarbonate solution, and 5 M sodium 
chloride solution with pH adjusted to 9.7 or 10.0 (final concentration of sodium chloride solution adjusted to be 
0.5 M)

Hydrochloric acid 0.001 M HCl (pH 3.0)

Pure water Ion-exchanged water (pH 5.2 because of CO2 absorption from the atmosphere)

Tris–HCl buffer Tris–HCl buffer solution with pH adjusted to 8.3
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tific), and their radioactivity was determined using a germanium detector. The CsMPs on the plastic plates were 
immersed in 20 mL of various solutions with varying degrees of acidity and placed at 60 °C. The radioactivity 
of 137Cs eluted to the solutions was periodically measured as described above. After the immersion period, the 
CsMPs on the plates were recovered and dried at ambient temperature, observed using SEM, and subsequently 
thinned to an electron-transparent thickness using a focused ion beam system (FIB) with a micro-sampling unit 
(FB-2100, Hitachi). These thin specimens were analyzed using a scanning transmission electron microscope 
(STEM; JEM-2800, JEOL) operated at 200 kV with a silicon drift detector for EDS analysis (X-MaxN 100TLE, 
Oxford Instruments).

Dissolution experiments in Ringer’s solution at 37 °C.  To simulate the dissolution environment in 
the human body, we adopted Ringer’s solution as a simulated body fluid. The composition of Ringer’s solution 
is listed in Supplementary Table S1. Unlike the previous study, we did not use the simulated lung fluid because 
the solution is supersaturated with phosphates and precipitates are formed during the experiment, which may 
change the solution properties19. We preliminarily treated two fragments of non-woven fabric cloth with hydro-
chloric acid as described above. The radioactivity changes were monitored by IP autoradiography in this experi-
ment to ensure whether individual CsMPs were dissolved in Ringer’s solution. During the measurements, the 
cloth fragments were contacted with the IP in an enclosure of lead blocks for 72 h to determine the distribution 
of radioactive particles. The radioactivity of the particles was then estimated from the integrated photostimu-
lated luminescence intensity in the IP read-out image (FLA-7000, Fujifilm) calibrated by the radioactivity of 
CsMPs, which had been preliminarily determined with a germanium detector. Each fragment was immersed in 
20 mL of Ringer’s solution and then placed at 37 °C. After immersion, the fragments were recovered from the 
solution, washed three times with ion-exchanged water, and dried at ambient temperature. The radioactivity 
change of each radioactive particle was determined by IP autoradiography of the fragments following the same 
process.

Results and discussion
Dissolution rates of CsMPs in various solutions.  The changes of 137Cs radioactivity in the CsMPs 
before, during, and after immersion in various solutions are summarized in Supplementary Tables S2 and S3, and 
Supplementary Fig. S1 plots the residual 137Cs radioactivity as a function of immersion time based on the results 
shown in these tables. Although the CsMP radioactivity (or the number of particles) was different among the 
experiments, the decrease trends are approximately identical for each solution. Accordingly, the solutions were 
always far from equilibrium because the glass-surface-to-solution-volume (S/V) ratio was less than 10−6 m−1. In 
addition, the slopes of the plots are approximately linear in all solutions, indicating that there are no significant 
changes in the dissolution rates during the immersion periods. Therefore, the pretreatment with hydrochloric 
acid had little effects on subsequent dissolution experiments. The decrease in radioactivity was converted to a 
decrease in radius (r) of the CsMPs as previously reported18. In the dissolution experiments of single CsMPs, the 
radii of the CsMPs were measured from SEM images of the CsMPs before dissolution; in the experiments with 
multiple CsMPs, the radii were unknown so were originally assumed as 1.06 μm, the average radius of 10 CsMPs 
of which we have measured both size by SEM and radioactivity by the germanium detector.

Supplementary Table S4 summarizes the dissolution rates k (m/s) of the radii of the CsMPs and Fig. 1 plots 
the dependence of k on pH in solutions with and without sodium ions. Sodium ion concentrations in each 
solution are also listed in the table. It should be noted that the dissolution rates contain some uncertainty and 
may be reduced by half, as evaluated in the previous research18, considering the presence of CsMPs where Cs is 
concentrated near the surface27,28. In that case, the logarithm of k becomes smaller by approximately 0.3. In the 

Figure. 1.   Dependence of dissolution rates (k) on pH at 60 °C, where k (m/s) is the decrease rate of the CsMP 
radii in the presence (open symbols) and absence (closed symbols) of sodium ions. Blue lines plot the calculated 
dissolution rates of silica glass in the solutions containing sodium ions at different molar concentrations 
(indicated on the plots). The rate equation given in the literature29 was used in this calculation.
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absence of sodium ions, the dissolution rate did not largely depend on pH. The dissolution rate of CsMPs was 
significantly higher than that of silica glass29, probably because CsMPs contain a large amount of alkali elements 
and most of iron is divalent, which was confirmed using scanning transmission X-ray microscopy in the previous 
reseach20,30,31, and relatively slower than those of soda-lime glasses32 (Supplementary Table S5). On the contrary, 
when sodium ions were present, the dissolution rate increased with increasing pH as previously reported for 
silica glass and quartz29,33,34. This trend suggests that sodium ions catalyze the detachment of Si–O–Si linkages. 
Figure 1 also plots the calculated dissolution rates of silica glass in the solutions containing sodium ions (blue 
curves). The following rate equation used in this calculation is given in the literature29 (J: dissolution flux (mol/
m2 s), T: temperature (K), mNa+: sodium concentration (molal), aH+: hydrogen ion activity).

Molar volume of the silica glass was assumed to be 27.3 cm3/mol. Although silica glass generally dissolves 
more slowly than CsMPs, the pH-dependent increase in the dissolution rate in the presence of sodium ions is 
consistent with the present results. In conclusion, the dissolution behavior of CsMPs is comparable with that 
of silica-rich glass.

These results imply that CsMPs dissolve very quickly in high-pH solutions such as seawater but less quickly 
in forests where the pH levels of stemflow and forest soil are generally low35,36. Most of the CsMPs that fell into 
the ocean immediately after the accident have probably dissolved completely at present, but those deposited on 
forests are expected to remain. Thus, knowing the surrounding environment is important for understanding 
the dynamics and fates of CsMPs.

Dissolution behavior of CsMPs in acidic solutions.  As stated above, sodium ions accelerated the dis-
solution rates of CsMPs in neutral and basic solutions but exerted minimal effect on the dissolution rates in 
acidic solutions. In general, silicate glass in acid dissolves via ion exchange between protons and alkali ele-
ments in the glass before the silicate network is hydrolyzed, thus forming an alkali-depletion layer on the glass 
surface31. To investigate whether the same dissolution processes occur in CsMPs, we observed the CsMPs before 
and after immersion in acidic solutions using electron microscopy.

Panels a and b of Fig. 2 are SEM images of a CsMP particle before and after immersion in hydrochloric acid 
(pH 3.0), respectively. During the dissolution process, the 137Cs radioactivity of this particle decreased from 
1.52 to 0.78 Bq. After immersion, the particle was slightly decreased in size and many wrinkles appeared on its 
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Figure 2.   CsMP before and after immersion in hydrochloric acid. SEM (secondary electron) images before (a) 
and after (b) immersion. (c) Annular dark field (ADF) image and corresponding elemental maps of the CsMP 
after immersion in hydrochloric acid. (d) Profiles of the constituent elements along the line X–Y indicated in the 
ADF image in (c). Arrow points to the profile of an amorphous silica layer formed on the particle surface.
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surface. The post-immersion particle was processed into an electron-transparent thin section using FIB and 
subjected to STEM–EDS analysis (Fig. 2c). The profiles of the constituent elements along the line X–Y indicated 
in the ADF image in Fig. 2c are also shown in Fig. 2d. As evidenced by this line profile, a thin layer (a few dozen 
nanometers thick) composed solely of Si and O was observed on the surface. Transmission electron microscopy 
(TEM) showed no diffraction contrast in this layer, suggesting that it is amorphous (Supplementary Fig. S2a). In 
previous research on silicate glass dissolution, such an amorphous silica layer at the interface was suggested to 
reflect the incongruent dissolution of glass37. However, the CsMP dissolution was probably congruent because 
the concentration of alkali elements did not change between the surface just inside the amorphous silica layer 
and interior of the CsMP although the incongruent dissolution should cause a concentration gradient. Some 
researchers proposed that an interfacial layer forms through the congruent dissolution of glass and reprecipita-
tion of amorphous silica38. However, in our study, the S/V ratio was less than 10−6 m−1 and the solution condi-
tion was far from equilibrium, suggesting that reprecipitation was unlikely to occur through dissolution of the 
CsMPs. The formation mechanism of the amorphous silica layer in CsMPs needs to be revealed in future work.

Figure 3 shows the results of a CsMP immersed in citrate buffer solution (pH 3.0). A back-scattered electron 
image is shown only for the CsMP before immersion because a secondary electron image could not be obtained 
due to charge-up. The characteristics of this particle were similar to those of the particle immersed in HCl. 
After immersion, the 137Cs radioactivity of the particle decreased from 0.76 to 0.37 Bq and the surface became 
wrinkled (Fig. 3a, b). The particle remained almost unchanged in size although its radioactivity halved because 
the Cs concentration was higher near the surface than in the interior of the particle (see STEM-EDS results in 
Fig. 3c). Figure 3d shows the profiles of the constituent elements along the line X–Y indicated in the ADF image. 
A silica layer with a thickness of a few dozen nanometers formed on the surface of the CsMP immersed in cit-
rate buffer solution. This layer was evidenced as amorphous by TEM (Supplementary Fig. S2b). The Na map in 
Fig. 3c shows Na-rich areas outside of the CsMP, which are probably precipitates formed when the remaining 
citrate buffer solution dried. Neither increase in Na nor decrease in concentrations of other alkali ions at the 
CsMP surface were observed even when sodium ions were present in the solution, suggesting that the dissolu-
tion proceeded congruently.

For the dissolution experiment of the particle designated as 1906c with Tris–HCl buffer, the results of SEM 
observations before and after immersion and STEM-EDS analysis after immersion are shown in Supplementary 
Fig. S3. Like the CsMPs dissolved in pure water18, this particle was unchanged except for a decrease in size, and 
precipitates of iron oxides were observed around the particle. Another particle (MP2020-2) was also immersed 
in Tris–HCl buffer, but unfortunately it could not be recovered after immersion, thus only the SEM image before 
immersion is shown in Supplementary Fig. S4. No amorphous silica layer was observed on the CsMPs immersed 

Figure 3.   CsMP before and after immersion in citrate buffer solution. SEM images before (a) and after (b) 
immersion. Panels (a) and (b) show back-scattered electron and secondary electron images of the CsMP, 
respectively. (c) ADF image and corresponding elemental maps of the CsMP after immersion in citrate buffer 
solution. (d) Profiles of the constituent elements along the line X–Y indicated in the ADF image in (c). Arrow 
points to the profile of an amorphous silica layer formed on the particle surface.
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in seawater, pure water18, and Tris–HCl buffer although non-dense precipitates were formed around the CsMPs. 
Therefore, the dissolution process in acidic solutions must differ from that in neutral and basic solutions. The 
amorphous silica film might play a role of a passivation layer that affects the dissolution rate in acidic solutions39. 
In addition, tin-rich precipitates on the outer surfaces of both CsMPs were probably formed in the environment 
before collection27,40.

Dissolution rate of CsMPs in Ringer’s solution at 37  °C.  Figure  4 shows the IP read-out images 
acquired before and after each immersion treatment. The uniform luminescence intensity almost disappeared 
after the acid treatments because the RCs-sorbing minerals lost their radioactivity through dissolution of the 
mineral surface9. Some bright spots completely disappeared after the treatment because the corresponding 
CsMPs were detached from the cloth. The remaining bright spots were ascribed to CsMPs attached to the cloth 
fragments. The intensities of all spots were decreased after immersion in Ringer’s solution at 37 °C, confirming 
the dissolution of CsMPs. The radioactivity of each CsMP after immersion in Ringer’s solution was calculated 
from the integral intensity of the corresponding spot in the IP read-out images. Radioactivity assessments were 
made only for isolated spots but not overlapped ones. Some spots disappeared after the treatments because the 
corresponding CsMPs were completely dissolved or were detached from the cloth during the experiments. The 
radioactivity changes of the CsMPs after treatment are summarized in Supplementary Table S6. The total radio-
activity of the 19 spots shown in this table was originally 1.39 Bq and decreased to 1.17 Bq (residual ratio: 84%) 
after the pretreatment with hydrochloric acid. Meanwhile, the radioactivity of the CsMP immersed in hydro-
chloric acid shown in Fig. 2 decreased from 1.52 to 0.78 Bq (residual ratio: 51%), and in this case, an amorphous 
silica layer of a few dozen nanometers was formed on its surface. Therefore, even though an amorphous silica 
layer was generated by the pretreatment, it might be less than a few dozen nanometers in thickness and probably 
have little effect on the subsequent dissolution in Ringer’s solution. As stated above, the decrease in radioactiv-
ity was converted into a decrease in radius (r) of the CsMPs. The radius r, which cannot be determined by IP 
autoradiography, was calculated from the radioactivity assuming a specific radioactivity of 0.35 Bq/μm3, the 
average value of 10 CsMPs of which we have measured both size by SEM and radioactivity by the germanium 
detector so far.

The dissolution rate in Ringer’s solution was estimated as 1.00 ± 0.37 μm/year at 37 °C, indicating that CsMPs 
with radii smaller than 1 μm can completely dissolve in this condition within one year. Thus, the internal dose 
due to inhalation of CsMPs estimated in a previous study41 may be overestimated because it assumed that CsMPs 
are completely insoluble. In addition, internal dose for Tokyo Electric Power Company employees who worked 
on site during the accident was periodically monitored with a whole-body counter. The effective half-life of the 
RCs determined from these measurements was longer than that predicted by the biokinetic model, which was 
attributed to residual CsMPs inside the body42. However, the present study suggests considerable dissolution of 
the CsMPs within the measurement period. It is worth noting that the intracellular environment of the lungs 
has a slightly lower pH (~ 4.5)43, implying that it will take a longer time for the CsMP dissolution if CsMPs are 
engulfed by macrophages. Further studies are needed on the dynamics of CsMPs in the human body.

Here we compare the dissolution rates of CsMPs in Ringer’s solution determined in this study and in simu-
lated lung fluid reported by a previous work19, in which the 137Cs release rates at 25 °C was determined as 4.68, 
1.54, and 1.04 × 103 Bq m−2 s−1 in three experiments with different specimens and conditions. Using the specific 
radioactivity (Bq/g) and the density of CsMPs (2.6 g/cm3) assumed in the previous study19, these values were 
converted to dissolution rates of 0.21, 0.07, and 0.06 μm/year, respectively. These values and the dissolution 
rates in Ringer’s solution were added to the Arrhenius plot adapted from our previous study18 (Supplementary 
Fig. S5). It is apparent that the dissolution rates are slightly lower in Ringer’s solution than seawater, but those 
in simulated lung fluid are even lower except for one data point. Although the origin for this discrepancy is not 

Figure 4.   IP read-out images of two fragments of non-woven fabric cloth (a,b) before and after the immersion 
treatments (HCl and Ringer’s solution).
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clear, one reason may be different chemical compositions of CsMPs. Silicate glasses are known to have different 
dissolution rates depending on their chemical compositions29,44,45. Another reason may be the different experi-
mental conditions and immersed solutions. Nevertheless, it can be concluded that the dissolution of CsMPs in 
these solutions proceeds at a certain rate at the human body temperature of 37 °C.

Conclusions
We conducted dissolution experiments of CsMPs in various solutions and estimated their dissolution rates. Alkali 
ions such as Na+ catalyzed the CsMP dissolution process in neutral and basic solutions but exerted little effect in 
acidic solutions, probably because dissolution is retarded by the thin amorphous silica layer formed on the CsMP 
surface under acidic conditions. As silica-rich bulk glasses have similar pH and alkali-ion dependences of their 
dissolution rates, the dissolution characteristics of CsMPs are considered to be close to them. The dissolution 
rate of CsMPs in Ringer’s solution at 37 °C was estimated as 1.00 ± 0.37 μm/year, suggesting that CsMPs dissolve 
at a certain rate in the human body although further research such as in vivo experiments is necessary to clarify 
the impact on human health. According to these findings, the dissolution behavior of CsMPs in various environ-
ments can be predicted from a lot of knowledge about silicate glasses accumulated to date.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 28 July 2022; Accepted: 13 March 2023

References
	 1.	 Kaneyasu, N., Ohashi, H., Suzuki, F., Okuda, T. & Ikemori, F. Sulfate aerosol as a potential transport medium of radiocesium from 

the Fukushima nuclear accident. Environ. Sci. Technol. 46, 5720–5726 (2012).
	 2.	 Mukai, H. et al. Speciation of radioactive soil particles in the Fukushima contaminated area by IP autoradiography and micro-

analyses. Environ. Sci. Technol. 48, 13053–13059 (2014).
	 3.	 Mukai, H. et al. Cesium desorption behavior of weathered biotite in Fukushima considering the actual radioactive contamination 

level of soils. J. Environ. Radioact. 190–191, 81–88 (2018).
	 4.	 Adachi, K., Kajino, M., Zaizen, Y. & Igarashi, Y. Emission of spherical cesium-bearing particles from an early stage of the Fukushima 

nuclear accident. Sci. Rep. 3, 2554 (2013).
	 5.	 Satou, Y., Sueki, K., Sasa, K., Adachi, K. & Igarashi, Y. First successful isolation of radioactive particles from soil near the Fukushima 

Daiichi Nuclear Power Plant. Anthropocene 14, 71–76 (2016).
	 6.	 Satou, Y. et al. Analysis of two forms of radioactive particles emitted during the early stages of the Fukushima Dai-ichi Nuclear 

Power Station accident. Geochem. J. 52, 1–7 (2018).
	 7.	 Furuki, G. et al. Caesium-rich micro-particles: A window into the meltdown events at the Fukushima Daiichi Nuclear Power Plant. 

Sci. Rep. 7, 42731 (2017).
	 8.	 Yamaguchi, N. et al. Internal structure of cesium-bearing radioactive microparticles released from Fukushima nuclear power plant. 

Sci. Rep. 6, 20548 (2016).
	 9.	 Okumura, T., Yamaguchi, N. & Kogure, T. Distinction between radiocesium (RCs)-bearing microparticles and RCs-sorbing miner-

als derived from the Fukushima nuclear accident using acid treatment. Chem. Lett. 49, 1294–1297 (2020).
	10.	 Miura, H. et al. Discovery of radiocesium-bearing microparticles in river water and their influence on the solid-water distribution 

coefficient (Kd) of radiocesium in the Kuchibuto River in Fukushima. Geochem. J. 52, 145–154 (2018).
	11.	 Miura, H. et al. First isolation and analysis of caesium-bearing microparticles from marine samples in the Pacific coastal area near 

Fukushima Prefecture. Sci. Rep. 11, 5664 (2021).
	12.	 Abe, Y. et al. Detection of uranium and chemical state analysis of individual radioactive microparticles emitted from the Fukushima 

nuclear accident using multiple synchrotron radiation X-ray analyses. Anal. Chem. 86, 8521–8525 (2014).
	13.	 Okumura, T., Yamaguchi, N. & Kogure, T. Finding radiocesium-bearing microparticles more minute than previously reported, 

emitted by the Fukushima nuclear accident. Chem. Lett. 48, 1336–1338 (2019).
	14.	 Kajino, M. et al. Deposition and dispersion of radio-cesium released due to the Fukushima nuclear accident: 2. Sensitivity to aerosol 

microphysical properties of Cs-bearing microparticles (CsMPs). J. Geophys. Res. Atmos. https://​doi.​org/​10.​1029/​2020J​D0334​60 
(2020).

	15.	 Abe, Y. et al. Widespread distribution of radiocesium-bearing microparticles over the greater Kanto Region resulting from the 
Fukushima nuclear accident. Prog. Earth Planet. Sci. 8, 13 (2021).

	16.	 Igarashi, Y. et al. A review of Cs-bearing microparticles in the environment emitted by the Fukushima Dai-ichi Nuclear Power 
Plant accident. J. Environ. Radioact. 205–206, 101–118 (2019).

	17.	 Okumura, T., Yamaguchi, N., Dohi, T., Iijima, K. & Kogure, T. Loss of radioactivity in radiocesium-bearing microparticles emitted 
from the Fukushima Dai-ichi nuclear power plant by heating. Sci. Rep. 8, 9707 (2018).

	18.	 Okumura, T., Yamaguchi, N., Dohi, T., Iijima, K. & Kogure, T. Dissolution behaviour of radiocaesium-bearing microparticles 
released from the Fukushima nuclear plant. Sci. Rep. 9, 3520 (2019).

	19.	 Suetake, M. et al. Dissolution of radioactive, cesium-rich microparticles released from the Fukushima Daiichi Nuclear Power Plant 
in simulated lung fluid, pure-water, and seawater. Chemosphere 233, 633–644 (2019).

	20.	 Okumura, T. et al. Reactor environment during the Fukushima nuclear accident inferred from radiocaesium-bearing microparticles. 
Sci. Rep. 10, 1352 (2020).

	21.	 Icenhower, J. P. & Dove, P. M. The dissolution kinetics of amorphous silica into sodium chloride solutions: Effects of temperature 
and ionic strength. Geochim. Cosmochim. Acta 64, 4193–4203 (2000).

	22.	 Morin, G. P., Vigier, N. & Verney-Carron, A. Enhanced dissolution of basaltic glass in brackish waters: Impact on biogeochemical 
cycles. Earth Planet. Sci. Lett. 417, 1–8 (2015).

	23.	 Gin, S., Delaye, J.-M., Angeli, F. & Schuller, S. Aqueous alteration of silicate glass: State of knowledge and perspectives. NPJ Mater. 
Degrad. 5, 42 (2021).

	24.	 Strachan, D. Glass dissolution as a function of pH and its implications for understanding mechanisms and future experiments. 
Geochim. Cosmochim. Acta 219, 111–123 (2017).

	25.	 Higaki, S., Kurihara, Y., Yoshida, H., Takahashi, Y. & Shinohara, N. Discovery of non-spherical heterogeneous radiocesium-bearing 
particles not derived from Unit 1 of the Fukushima Dai-ichi Nuclear Power Plant, in residences five years after the accident. J. 
Environ. Radioact. 177, 65–70 (2017).

https://doi.org/10.1029/2020JD033460


8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:4307  | https://doi.org/10.1038/s41598-023-31519-6

www.nature.com/scientificreports/

	26.	 Kurihara, Y. et al. Isotopic ratios of uranium and caesium in spherical radioactive caesium-bearing microparticles derived from 
the Fukushima Dai-ichi Nuclear Power Plant. Sci. Rep. 10, 3281 (2020).

	27.	 Kogure, T. et al. Constituent elements and their distribution in the radioactive Cs-bearing silicate glass microparticles released 
from Fukushima nuclear plant. Microscopy 65, 451–459 (2016).

	28.	 Okumura, T., Yamaguchi, N., Dohi, T., Iijima, K. & Kogure, T. Inner structure and inclusions in radiocesium-bearing microparticles 
emitted in the Fukushima Daiichi Nuclear Power Plant accident. Microscopy 68, 234–242 (2019).

	29.	 Rimstidt, J. D., Zhang, Y. & Zhu, C. Rate equations for sodium catalyzed amorphous silica dissolution. Geochim. Cosmochim. Acta 
195, 120–125 (2016).

	30.	 Ribet, S., Muller, I. S., Pegg, I. L., Gin, S. & Frugier, P. Compositional effects on the long-term durability of nuclear waste glasses: 
A statistical approach. MRS Proc. 824, CC5.3 (2004).

	31.	 Frankel, G. S. et al. A comparative review of the aqueous corrosion of glasses, crystalline ceramics, and metals. NPJ Mater. Degrad. 
2, (2018).

	32.	 Perera, G., Doremus, R. H. & Lanford, W. Dissolution rates of silicate glasses in water at pH 7. J. Am. Ceram. Soc. 74, 1269–1274 
(1991).

	33.	 Dove, P. M. & Elston, S. F. Dissolution kinetics of quartz in sodium chloride solutions: Analysis of existing data and a rate model 
for 25°C. Geochim. Cosmochim. Acta 56, 4147–4156 (1992).

	34.	 Rimstidt, J. D. Rate equations for sodium catalyzed quartz dissolution. Geochim. Cosmochim. Acta 167, 195–204 (2015).
	35.	 Ikawa, R. Literature review of stemflow generation and chemical characteristics in Japanese forests. J. Jpn. Assoc. Hydrol. Sci. 37, 

187–200 (2007).
	36.	 Kanasashi, T., Miura, S., Hirai, K., Nagakura, J. & Itô, H. Relationship between the activity concentration of 137Cs in the growing 

shoots of Quercus serrata and soil 137Cs, exchangeable cations, and pH in Fukushima, Japan. J. Environ. Radioact. 220–221, 106276 
(2020).

	37.	 Gin, S. Open scientific questions about nuclear glass corrosion. Proc. Mater. Sci. 7, 163–171 (2014).
	38.	 Geisler, T. et al. Aqueous corrosion of borosilicate glass under acidic conditions: A new corrosion mechanism. J. Non. Cryst. Solids 

356, 1458–1465 (2010).
	39.	 Rebiscoul, D., Frugier, P., Gin, S. & Ayral, A. Protective properties and dissolution ability of the gel formed during nuclear glass 

alteration. J. Nucl. Mater. 342, 26–34 (2005).
	40.	 Yamaguchi, N. et al. Structures of radioactive Cs-bearing microparticles in non-spherical forms collected in Fukushima. Geochem. 

J. 51, 1–14 (2017).
	41.	 Manabe, K. & Matsumoto, M. Development of a stochastic biokinetic method and its application to internal dose estimation for 

insoluble cesium-bearing particles. J. Nucl. Sci. Technol. 56, 78–86 (2019).
	42.	 Nakano, T. et al. Three-year retention of radioactive caesium in the body of TEPCO workers involved in the Fukushima Daiichi 

Nuclear Power Station accident. Radiat. Prot. Dosimetry 170, 315–317 (2016).
	43.	 Cannizzaro, A., Angelosanto, F., Barrese, E. & Campopiano, A. Biosolubility of high temperature insulation wools in simulated 

lung fluids. J. Occup. Med. Toxicol. 14, 15 (2019).
	44.	 Tsomaia, N., Brantley, S. L., Hamilton, J. P., Pantano, C. G. & Mueller, K. T. NMR evidence for formation of octahedral and tetra-

hedral Al and repolymerization of the Si network during dissolution of aluminosilicate glass and crystal. Am. Mineral. 88, 54–67 
(2003).

	45.	 Pierce, E. M. et al. Experimental determination of the effect of the ratio of B/Al on glass dissolution along the nepheline (NaAlSiO4)–
malinkoite (NaBSiO4) join. Geochim. Cosmochim. Acta 74, 2634–2654 (2010).

Acknowledgements
This work was supported for the conduct of the research by the Japan Society for the Promotion of Science 
Grants-in-Aid for Scientific Research (19H01145, 20K19954); a research contract with the Japan Atomic Energy 
Agency for Fukushima environmental recovery; the University of Tokyo Advanced Characterization Nano-
technology Platform in the Nanotechnology Platform Project sponsored by the Ministry of Education, Culture, 
Sports, Science and Technology, Japan; and the Ministry of Agriculture, Forestry, and Fisheries contract research 
“Radioactivity surveys in Japan”.

Author contributions
T.O.: Conceptualization, funding acquisition, investigation, methodology, visualization, writing—original draft. 
N.Y.: Conceptualization, funding acquisition, investigation, methodology, resources, writing—review and editing. 
T.K.: Conceptualization, funding acquisition, supervision, writing—review and editing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​31519-6.

Correspondence and requests for materials should be addressed to T.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-023-31519-6
https://doi.org/10.1038/s41598-023-31519-6
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4307  | https://doi.org/10.1038/s41598-023-31519-6

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Dissolution behavior of radiocesium-bearing microparticles as a function of solution compositions
	Methods
	Dissolution experiments of multiple CsMPs. 
	Dissolution experiments of single CsMP. 
	Dissolution experiments in Ringer’s solution at 37 °C. 

	Results and discussion
	Dissolution rates of CsMPs in various solutions. 
	Dissolution behavior of CsMPs in acidic solutions. 
	Dissolution rate of CsMPs in Ringer’s solution at 37 °C. 

	Conclusions
	References
	Acknowledgements


