*Revised manuscript with no changes marked
Click here to view linked References

1 Submitted to Chemosphere

2 February 18", 2019

3 Revision submitted on May 25, 2019
4

5 Dissolution of radioactive, cesium-rich microparticles released from the
6 Fukushima Daiichi Nuclear Power Plant in simulated lung fluid, pure-

7  water, and seawater

10  Mizuki Suetake,! Yuriko Nakano,' Genki Furuki,' Ryohei Ikehara,' Tatsuki Komiya,' Eitaro Kurihara'
11  Kazuya Morooka,! Shinya Yamasaki,? Toshihiko Ohnuki,* Kenji Horie,*> Mami Takehara*, Gareth T.
12 W. Law, ® William Bower,® Bernd Grambow,” Rodney C. Ewing,® and Satoshi Utsunomiya,!”

13

14

15 "Department of Chemistry, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
16 2Faculty of Pure and Applied Sciences and Center for Research in Isotopes and Environmental
17 Dynamics, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577 Japan

18  S3Laboratory for Advanced Nuclear Energy, Institute of Innovative Research, Tokyo Institute of



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan

“National Institute of Polar Research, 10-3, Midori-cho, Tachikawa-shi, Tokyo, 190-8518, Japan

SDepartment of Polar Science, The Graduate University for Advanced Studies (SOKENDAI), Shonan

Village, Hayama, Kanagawa, 240-0193, Japan

¢ Radiochemistry Unit, Department of Chemistry, The University of Helsinki, Helsinki Finland, 00014

"SUBATECH, IMT Atlantique, CNRS-IN2P3, the University of Nantes, Nantes 44307, France

8Department of Geological Sciences and Center for International Security and Cooperation, Stanford

University, Stanford, CA 94305-2115 USA

*Correspondence: utsunomiya.satoshi.998@m.kyushu-u.ac.jp



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Abstract

To understand the chemical durability of highly radioactive cesium-rich microparticles (CsMPs)

released from the Fukushima Daiichi Nuclear Power Plant in March, 2011, we have, for the first time,

performed systematic dissolution experiments with CsMPs isolated from Fukushima soils (one sample

with 108 Bq and one sample with 57.8 Bq of 13’Cs) using three types of solutions: simulated lung fluid,

ultrapure water, and artificial sea water, at 25 and 37 °C for 1-63 days. The *’Cs was released rapidly

within three days and then steady-state dissolution was achieved for each solution type. The steady-

state 13’Cs release rate at 25 °C was determined to be 1.3x103, 1.3x103, and 4.7x10° Bq:m2s™! for

simulated lung fluid, ultrapure water, and artificial sea water, respectively. This indicates that the

simulated lung fluid promotes the dissolution of CsMPs. The dissolution of CsMPs is similar to that

of Si-based glass and is affected by the surface moisture conditions. In addition, the Cs release from

the CsMPs is constrained by the rate-limiting dissolution of silicate matrix. Based on our results,

CsMPs with ~2 Bq, which can be potentially inhaled and deposited in the alveolar region, are

completely dissolved after >35 years. Further, CsMPs could remain in the environment for several

decades; as such, CsMPs are important factors contributing to the long-term impacts of radioactive Cs

in the environment.
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1. Introduction

In March 2011, ~10'® Bq of radioactive Cs was released from the Fukushima Daiichi

Nuclear Power Plant (FDNPP) (Buesseler et al., 2017; Stohl et al., 2012), and the surface environment

remains contaminated today, mainly with radioactive '3*Cs (half-life of 2.1 y) and ¥’Cs (half-life of

30 y) (Kaneko et al., 2015; Yamasaki et al., 2016). The Cs speciation at the time of release from the

reactors was either as a soluble form (e.g., CsOH and CsCl) or as sparingly soluble microparticles

enriched in Cs (Adachi et al., 2013). These Cs-rich microparticles (CsMPs) constitute a condensed-

matter material that formed during meltdown inside the reactors (Furuki et al., 2017; Imoto et al.,

2017a). In general, CsMPs are composed mainly of O, Si, Fe, Zn, and Cs. High-resolution transmission

electron microscopy (HRTEM) analysis revealed that SiO,-glass-matrix-encapsulated Fe-Zn-oxide

nanoparticles that adsorb Cs and other fissionogenic products (Furuki et al., 2017; Imoto et al., 2017a,

2017b). Particle sizes range from sub-micron to a few pm in diameter. The Cs concentration in the

particles is as high as 8 to 46 wt.% and the radioactivity per unit mass is typically ~10'! Bq-g™! (Ikehara

et al., 2018). Recent work has shown that CsMPs account for a significant amount of Cs in soils close

to FDNPP, and that there are up to ~300 CsMPs per gram of soil (Ikehara et al., 2018).

Because of the high local B and y radiation, there have been concerns about adverse health

effects stemming from inhalation of these particles (Imoto et al., 2017a), since no published data are

available for the dose conversion coefficient for the sparingly soluble microparticles with high-density
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radioactivity (ICRP, 2012, 1993). In addition, a recent study reported the association of discrete debris

fragments with CsMPs (Ochiai et al., 2018). The debris fragments contain intrinsic uranium dioxides

within Fe-oxides, that also contain other fission products such as Mo and Tc. As such, inhalation of

these materials gives a possibility of internal dose by alpha radiation. On the other hand, it is well

known that the plume containing CsMPs spread to the Kanto region, including the metropolitan city

of Tokyo located ~230 km south of the FDNPP (Adachi et al., 2013; Imoto et al., 2017a; Tanaka et al.,

2013). Compared with the CsMPs found near FDNPP, the radioactivity of the individual CsMP

characterized in the city of Tokyo, was much lower (0.094-2.3 Bq), indicating that the CsMPs

transported across longer distances were generally small, < a few micron in size (Imoto et al., 2017a).

Originally, CsMPs were reported to be insoluble in water (Adachi et al., 2013). Considering

the properties of CsMPs which have a glassy matrix, they may yet dissolve in ambient conditions;

however, knowledge on their dissolution behavior and residence time has been limited to a recent

study that reported the dissolution in pure water and seawater (Okumura et al., 2019). The present

study demonstrates dissolution experiments involving CsMPs in simulated lung fluid to better

understand the mechanisms and kinetics of CsMP dissolution, the residence time, and Cs leaching in

human lungs. Additional experimental conditions are tested in ultrapure water and seawater to

investigate the CsMP dissolution in the ambient environment
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2. Methods

2.1. Isolation of Cs-rich microparticles and particle preparation for dissolution experiments

CsMPs with high radioactivity, >100 Bq, are rarely found in Fukushima soil samples;

however, highly radioactive CsMPs were necessary for the dissolution experiments presented here in

order to permit direct determination of Cs radioactivity leached into solution. Two such particles (>100

Bq) were successfully prepared in the present study. The CsMPs were isolated from surface soils

collected from Ottozawa and Koirino, Okuma town in the Fukushima prefecture. Both sites are within

5 km of FDNPP. The soil samples were labeled KU-312 and -150, respectively, in the Kyushu

University Fukushima sample archive. However, within the present article, the isolated CsMPs are

labeled OTZ and KOI, which, to avoid confusion, differ from the labels used in our previous studies

(Furuki et al., 2017; Imoto et al., 2017b; Ochiai et al., 2018). Isolation of the CsMPs followed the

procedure described in our previous study (Furuki et al., 2017). First, the soil samples were sieved

through a 114-pm mesh. The samples were dispersed on an Al board and covered with a plastic sheet;

an imaging plate (IP, Fuji film, BAS-SR 2025) was then placed on the samples for 5-25 minutes. The

autoradiograph image was recorded with a pixel size of 100 um using an IP reader (GE, Typhoon FLA

5100). After identifying the positions of intense radioactive spots, droplets of pure water were added

to the positions and then taken up using a pipet to make a suspension with a small amount of soil

particles. During this procedure, the sample was wet for a limited time compared to the duration of
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the dissolution experiments. The procedure was repeated until the suspension did not contain a

significant amount of soil particles. Subsequently, the position containing a highly radioactive spot

was sampled using double-sided adhesive carbon tape (Nissin EM Inc.) for scanning electron

microscopy. The piece of carbon tape with the radioactive particle was cut into smaller pieces using a

blade.

After isolation, each CsMP was adhered to the surface of double-sided adhesive carbon tape

with the dimension of ~50x50 um and then fixed to a 1x1 cm? Al plate. Given the size of the CsMPs,

this method was necessary to fix the CsMPs in place during our dissolution method (see below). A

caveat of this method is that the fraction of each CsMP attached to the carbon tape would likely

experience lower rates dissolution. Unfortunately, the difficulty of obtaining and extracting CsMP

samples, and the complexity of completing dissolution experiments with single particles of <6 pm

diameter, makes this caveat unavoidable. However, the dissolution rates presented herein is within the

same order of magnitude of results that could be obtained if experiments were completed without

CsMP adhesion. Also, of note, the CsMPs used in the study were not carbon-coated, even for scanning

electron microscopy (SEM) observations.

After isolation of each CsMP, some soil particles, including clays, remained, surrounding

the CsMP on the carbon tape (see Fig. 1a for case of KOI and Fig. S1 for the case of OTZ). To prevent

reactions between the remaining clays and the dissolved Cs ions, or dissociation of Cs previously
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adsorbed to the clays, the entire surface of the specimen (except the CsMP) was coated with tungsten

(W) by using a focused-ion-beam system (Quanta 3D 2001, FEI). The result of this procedure was that

only the CsMP surface was in contact with the solution because it was not coated by W. Further, during

the W treatment on the surrounding soil particles, observation with the ion-beam in the FIB was

minimized to maintain the CsMP surface as undamaged due to the absence of W coat. To test the

efficiency of this W-coating strategy, a dissolution experiment was conducted on a specimen (prepared

in the same way) with no CsMP. The gamma spectrum revealed no peak at the position of '37Cs,

confirming that the W-coated soil particles were not reactive in the experiments (Fig. S2). In addition,

the potential for re-adsorption of Cs onto double-sided adhesive carbon tape and Al plate was

investigated. We prepared the same material without any CsMPs; that is, a small piece of double-sided

adhesive carbon tape on Al plate. The material was immersed in 5 ml of the simulated body fluid with

1.79+0.01 Bq of '37Cs for 6 days at 25 °C. After immersion, the radioactivity of '3’Cs of the solution

was measured as 1.78+0.02 Bq, indicating that no Cs adsorbed to the double-sided adhesive carbon

tape and Al plate. As such, it is highly unlikely that there would have been any re-adsorption of the

radioactive Cs leached from the CsMP during the dissolution experiment.

2.2. Dissolution experiment with Cs-rich microparticles

The CsMPs used in the present experiment were isolated from the natural environment one
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(KOIJ) and six years (OTZ) after deposition from the FDNPP. As such, they would have already

experienced some degree of post depositional alteration under wet and dry conditions. This cannot be

quantified.

In our dissolution experiment approach, each prepared CsMP (see section 2.1) was statically

immersed in a 5.0 mL solution (see below for solution types and the immersion sequence for each

CsMP) in a 10 mL Perfluoroalkoxy alkane (PFA) vessel sealed with a screwed lid to avoid evaporation.

In order to simulate the possible conditions of exposure for CsMPs after deposition in the

natural environment, which could include either wet, or wet/dry cycles, two types of immersion

conditions were prepared in the dissolution experiments: (i) wet and dry, and (ii) wet only. The

conditions are summarized in Fig. 2a. For condition (i), the CsMP being studied was immersed in an

aliquot of solution, reacted, and then removed from the solution after an arbitrary period. Next, the

solution was analyzed using gamma spectrometry. The CsMP was left to dry in air during the gamma

measurements, which typically lasted for 1-7 days depending on counting statistics. After counting,

the CsMP was then immersed again in the same solution to continue the dissolution processes for the

desired time. This process was repeated until the end of the reaction period. For condition (ii), the

CsMP being studied was immersed in an aliquot of solution and removed after a certain time. The

CsMP was then quickly immersed in ultra-pure water (UPW) to maintain its wet surface and also to

rinse the surface. Soon thereafter, the CsMP was immersed in another aliquot of solution, which had
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the same initial composition as the previously used solution, but without any leached Cs. The solutions

after the reactions of all durations were analyzed by gamma spectrometry.

The sequence of immersion for each particle is summarized in Fig. 2b. The KOI CsMP was

first immersed and reacted in simulated lung fluid (SLF) (Marques et al., 2011) at 25 °C for 31 days,

with occasional solution sampling completed under wet and dry conditions (i.e. condition (i); Fig. 2a;

Seq. 1). The composition of the SLF is given in Table S1. After reaction in the SLF, the same CsMP

was then immersed in the ultra pure water (UPW; 18.2 MQcm) and reacted at 25 °C for 43 days as a

control experiment (Seq. 2), with occasional solution sampling taking place under condition (i). After

reaction in the UPW, the CsMP was immersed in SLF again, but at 37 °C for 63 days (Seq. 3), with

occasional solution sampling under condition (i). After reaction, the CsMP was rinsed with UPW,

because secondary phase precipitation was observed over the sample. The rinsing process efficiently

removed the precipitates. The same CsMP was then immersed in artifical seawater (ASW) purchased

from Daigo Inc. at 25 °C for 30 days (Seq. 4), with occasional solution sampling under condition (i).

Table S1 gives the composition of the ASW. Finally, the CsMP was immersed in SLF at 25 °C for 30

days (Seq. 5), with occasional solution sampling under the wet only condition (i.e. condition (ii); Fig.

2a). The UPW, ASW, and SLF had a pH of 7.0, 7.8, and 7.4, respectively, as measured by using a

TOKO TPX-999i pH meter (PCE108CW-SR) equipped with an calibrated electrode (PCE108CW-SR).

The OTZ CsMP was immersed (Fig. 2b) in UPW at 25 °C for 30 days (Seq. 1), with

10
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occasional solution sampling under condition (i). Then, the OTZ CsMP was immersed in SLF at 25 °C

for 10 days (Seq. 2), with occasional solution sampling under condition (i).

The SLF after the experiments was further used for an evaporation test; here, the SLFs for

KOI (from the initial SLF treatment) and OTZ CsMPs were condensed at 15 and 9.1 times by

evaporating under air, respectively. The pH of the condensed SLF droplets of ~0.3 ml was measured

by using a compact pH meter (LAQUAtwin-pH-22B; HORIBA).

2.3. Scanning electron microscopy

Secondary-electron images and the elemental maps were obtained by using SEM

(Shimadzu, SS-550) equipped with energy dispersive X-ray analysis (EDX, EDAX). The

acceleration voltage was 15-25 kV.

2.4. Gamma spectrometry

The radioactivity of **Cs and '*’Cs in the CsMPs was determined by using gamma

spectrometry. The point-source standard prepared in our previous study (Furuki et al., 2017) was

used for calibration to analyze the microparticles. The Cs radioactivity of the solutions in sealed

Teflon vessels was also measured after reactions. To calibrate the gamma spectrum for the solution

sample, 5 mL of the solution with a known concentration of radioactive Cs in a PFA vessel of the

11
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same shape was measured and used as the standard. The radioactivity measurements were made by

using germanium semiconductor detectors GMX23 and GMX40 (all from SEIKO E&G) at the

Center for Radioisotopes of Kyushu University. The acquisition time ranged from 1 to 162 hours so

that the net area of the 1**Cs and !¥’Cs peaks both exceeded 1000 counts. Reaching over 1000 counts

results in a relative uncertainty better than 3%. The errors in gamma measurements were calculated

in Gamma Studio (SEIKO EG&G).

3. Results and Discussion

3.1. Properties of CsMPs used in dissolution experiment

The radioactivity and the associated parameters of the two CsMPs; KOI and OTZ, prior to

the dissolution experiments, are summarized in Table 1. The ratio of the radioactivity of '3*Cs to that

of 37Cs, decay-corrected to March 12, 2011, is ~1, indicating that the CsMPs originated from FDNPP.

The experimental results reported hereinafter are based only on non-decay-corrected '3’Cs, because

its radioactive decay is negligible due to its half-life of 30 years being much longer than the duration

of the experiments.

Figure 1 shows the SEM images and the elemental maps of the major constituents. The

particle size is 5.64 pm for KOI and 4.20 pm for OTZ. The elemental distribution of major constituents

within the CsMPs appears to be same as that of CsMPs in previous studies, which include examples

12
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of CsMPs transported over large distances from the FDNPP (Adachi et al., 2013; Furuki et al., 2017;

Imoto et al., 2017a, 2017b; Yamaguchi et al., 2016).

3.2. Dissolution experiments with CsMPs

Figure 3 shows the time course of '3’Cs radioactivity release during the dissolution

experiments with KOI from seq. 1 to seq. 5. The measured radioactivities are also given in Table 2. In

the present experiment, the radioactive Cs leached from the CsMP was successfully determined using

gamma spectrometry despite the extremely low concentrations. The maximum radioactivity of '3’Cs

~2 Bq in 5 ml solution is equivalent to only ~9 X 10-'3 mol/L. This low concentration of Cs is negligible

in evaluating the effects on the solution chemistry. Based on the composition of CsMP (Furuki et al.,

2017), it is likely that the amount of the other major constituents (Si, Fe, and Zn) that leached from

the CsMP were very low.

In seq. 1 — 3, the '¥’Cs radioactivity rapidly increase after immersing the CsMP, and then

reaches steady state after 3 days. We calculate the '37Cs release rate after the release rate attains an

apparent steady state, meaning that the radioactivity data can be approximated by a regression line.

For the SLF at 37 °C (seq. 3) the Cs release did not reach a clear steady state, as the data after 63 days

deviates lower than the linear trend (Fig. 3), which likely is due to precipitation of secondary phases

observed after 63 days at 37 °C. For experiments at 25 °C (seq. 1, 2, and 4) under condition (i), the

13
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137Cs release rate is calculated to be 4.68x103, 1.33x103, and 1.29x10° Bq:m 2-s™! for SLF, UPW, and
ASW, respectively. The release rate in the SLF is clearly greater than that in UPW (by a factor of 3.5).
Based on the '¥’Cs release rate, we calculate the radioactivity over time due to the dissolution of CsMP

by using

t k
Dtx:{D0137—47ka (ro——t>
, ’ 0 d

kr, k? _
= {D0'137 - 47Tk (T'Ozt - —Otz + —t3>} X e( tXlnz/T1/2,x)

2

4 t} o otxn2/r, )

d 3d?

(1)

where D; , and Dy, , are the *Cs radioactivity of the CsMP at time ¢ and time zero in Bq. The x denotes
the mass of the Cs isotope: 134 or 137, 7y is the radius of CsMP at time zero (time is in units of minutes),
k is the '3’Cs radioactivity leach rate determined based on the 3’Cs release per unit area of CsMP
(Bg'm2s7!), d is the radioactivity per unit volume of CsMP (Bq-m™), and 712« is the half-life of *Cs
(seconds). In this dissolution model, the CsMP was approximated as a sphere and the decreasing rate
of radius was assumed to be constant, which was calculated based on the '¥’Cs leach rate. This model
accounts for the decrease in the surface area of the CsMP as a function of time.

Based on the release rate of *’Cs, the duration for the complete dissolution (tiotar) and for
dissolution to particle sizes less than 100 nm (tioonm) Were calculated for all conditions (Table 3).

Because the solubility of particles of size less than 100 nm is greater than that of the bulk sample

14
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(Stumm, 1992), the dissolution rate after reaching tioonm can be greater for these particles, and actual

total time can be less than til. In this calculation, tio1 Was calculated based on the equation (1); thus,

the actual total time may be plotted between tigonm and tia1. The estimated time course of radioactivity

is calculated for all conditions based on the ¥’Cs release rate, and the results are shown in Fig. 4.

Under condition (ii), the '37Cs release rate from the KOI CsMP was 1.5x103 Bg'm2-s™! in

SLF (Fig. 3). The release rate is only one third of that for condition (i) (wet and dry), which clearly

indicates that the wet condition on the CsMP surface is a critical factor in addition to the sequence of

the alteration. There was no visible secondary precipitates over the CsMP surface. The effects of the

drying surface can be explained by the increasing solute concentration due to the evaporation of the

water layer on the CsMP surface. For the SLF, pH change upon evaporation was also possible. Thus,

the SLF after the experiments (seq. 1 in case of KOI) was further used for the evaporation test, in

which the SLFs for KOI and OTZ were condensed at 15 and 9.1 times by evaporation under air,

respectively. The pHs of SLF for KOI and OTZ changed from 7.4 to 5.7 and 5.9, respectively. Thus,

the further condensation of water results in lower pH conditions in the SLF under condition (i). The

lowered pH in the condensed SLF is most likely the major factor accelerating the dissolution rate;

indeed, several previous studies have reported faster dissolution at acid pH as well as alkaline pH

(Abraitis et al., 2000; Gislason and Oelkers, 2003a). In addition to the pH decrease, the evaporation

increases the ionic strength, which can affect the dissolution rate by influencing the surface potential

15
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(Icenhower and Dove, 2000; Vogelsberger et al., 1999). However, the dissolution in ASW is no faster

than that in UPW, indicating that the ionic strength has little effect on the dissolution rate. Indeed,

previous studies have pointed out minimal effects of ionic strength on glass dissolution in the case of

saline brines (Braithwaite, 1980; Grambow, 1990). Thus, the slow dissolution under condition (ii)

without evaporation can be explained by pH decrease due to the evaporation. Rapid initial release

of Cs was also recognized in the sequence 1 — 3. There are some factors that can potentially cause this

rapid release, such as cation exchange at initial stage of glass dissolution; however, the most plausible

reason in the case of this experiment was sample treatment before starting the sequence as revealed in

Fig. 3. Here, the CsMP was dried after seq. 1 and 2 followed by the immediate use in the subsequent

experiment, whilst the CsMP was thoroughly rinsed after seq. 3. Thus, relatively high concentrations

of Cs that remained on the dried surface likely account for the rapid increase at the initial stage.

For the OTZ sample, the '37Cs release rate Rcs, at 25 °C, was determined to be 5.5x10? Bq

m 2 s! for UPW, while the Cs release did not reach the steady state in case of SLF after 10 days. Thus,

only the maximum dissolution rate was estimated for SLF; <1.0x10° Bg-m 2s™! (Fig. 5, Table 2).

Dissolution in SLF can be accelerated compared with that in UPW due to the effects of organic matter

and other ions in the SLF, since previous studies have reported that silica dissolution is enhanced by

organic matter through the formation of carboxylate-Si complexes and the nucleophilic attack onto the

Si in the Si—O network (Braun et al., 2016; McMahon et al., 1995). The time course of radioactivity

16
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calculated for OTZ based on the '*’Cs release rate is plotted in Fig. 6.

Note also that secondary phases precipitated onto the surface of OTZ after 10 days in SLF,

whereas such precipitates were scarcely present in the dissolution experiment of KOI up to 30 days.

The precipitates were characterized by SEM-EDX to be mainly Ca phosphate (Fig. 7). The

precipitation of Ca phosphate is consistent with the results of calculation for the saturation index of

the SLF solution using the thermodynamic calculation code, the Geochemist’s workbench version 7

and the thermodynamic database of thermo.com.v8.r6+ (Table S2). Thermodynamically, the initial

SLF solution is supersaturated with respect to hydroxylapatite and whitlockite. As described above,

the amounts of leached constituents from the CsMP are extremely low, in the order of 1013 — 1012

mol/L. Hence, the effects on the ionic strength and saturation index of the solution are negligible in

the present experiment; that is, intrinsic Cs phase cannot precipitate on the surface during the

dissolution experiment.

Regarding the timing of Ca phosphate formation, OTZ should contain a higher Si

concentration, because CsMP with low Cs content typically contains high Si content (Furuki et al.,

2017). The difference in timing of phosphate formation may be attributed to the different amount of

SiO; gel layer, as a previous study suggested that the hydrate silica provides favorable sites for the

apatite nucleation (Ohtsuki et al., 1992). In the present study, the dissolution experiment was stopped

at the onset of precipitation so that the dissolution rate was not significantly affected by the reaction

17
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progress for either KOI or OTZ. Experiments for longer periods than reported herein would likely lead

to complete coverage of the CsMP surface with Ca phosphate. Such a process is highly probable in an

actual alveolar region, depending on the flow-rate of fluid in contact with the CsMP. The Ca-phosphate

coating may serve as a passive layer, leading to a slower dissolution rate as compared with that

determined in the present study. Indeed, a previous study reports that the formation of a Ca-phosphate

coating slowed the dissolution of core materials in simulated body fluid (Cabrini et al., 1997; Wen et

al., 2009).

3.3. Possible mechanisms of CsMP dissolution

Table 3 summarizes the '37Cs release rates for all conditions. First, we assume the simplified

model; a constant Cs/Si concentration ratio in the glass as well as congruent dissolution at the scale of

the present experiment. Then, the rates can be converted to Si release rates,

Rsi = Res X (Mes20 / Msio2) X (Wsio2 / Weso0) / 2, 2)

where R; is the release rate of 13’Cs or Si (mol m™2 d '), M; is the molecular weight, and W; is the mass

fraction of species i (wt.%). Dividing the release rate of Cs in Bq:m2-d"! by the Cs inventory in the

glass in Bqg-g' and assuming homogeneous distribution of Cs in the glass gives overall glass

dissolution rates in g:-m?2-d"!. The composition of OTZ is required for the conversion; however, the

composition of OTZ was difficult to determine precisely using SEM-EDX because of the X-ray signals

18
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emitted from the surrounding particles and the Al substrate. Thus, the composition of OTZ is assumed

to be similar to that of the other CsMP, which has a similar radioactivity. OTZ22 (KU archive label)

is the other CsMP, which contains 65 wt.% SiO», 13 wt.% Cs,0, and 7.9 wt.% ZnO. (See Table S3 for

a full list of chemical compositions determined by TEM-EDX and the radioactivity with the associated

parameters. Figure S4 provides further TEM results). OTZ22 has a radioactivity per unit mass

(3.38x10" Bq-g™") similar to that of OTZ (3.15x10'! Bq-g™!) (Table 1). Note that the conversion from

Bg-g! to Cs wt% was not straightforward because of unknown composition of the other Cs isotopes.

The inner structure of CsMP generally exhibits numerous heterogeneities, such as nanoscale

inclusions of various fission products and pores (Furuki et al., 2017). The nanoscale texture inside

CsMPs is schematically illustrated in Fig. 8. In most cases, Cs is distributed by association with Fe-

Zn-oxide nanoparticles (Furuki et al., 2017; Imoto et al., 2017a). The high radioactivity per unit mass

such as in KOI is generally ascribed to intrinsic Cs-nanoparticle inclusions. These nanoparticles

become embedded in the SiO; glass matrix. In these models, the Cs initially exposed to the surface of

the CsMP rapidly dissolves, and the Cs inside the particle is released as the surrounding SiO, glass

matrix dissolves, which proceeds through hydrolysis of Si—~O—Si bonds (Xiao and Lasaga, 1994). The

hydrolysis of Si-O bonds is expected to be the rate-limiting process in this case. At high concentrations

of dissolved orthosilicic acid in solution, glass dissolution rates are expected to drop (Grambow, 2011);

however, such conditions are not expected in the present experiments. The dissolution properties of
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the other constituents of CsMP, Fe-Zn-oxide nanoparticles, are unknown, although the dissolution of

the SiO; glass matrix is expected to release nanoparticles associated with Cs. A previous study reported

that Cs leaching from CsMP may occur at acidic pH (Yamaguchi et al., 2016). Although glass

dissolution proceeds by cation release at low pH, a previous study reported a congruent dissolution at

high pH (Abraitis et al., 2000). In the present study, the Cs leach rate is constrained by the dissolution

of Si0, glass matrix, which allows to approximate as an apparent congruent dissolution at “macro-

scale”. Hence, we use equation (2) to deduce the approximate dissolution rate of the microparticle for

roughly comparing the order of dissolution rate with that of other glasses. The dissolution rate (i.e.,

the Si release rate) is determined to be 1.26x107° and <2.39x107° mol m™2 d™! for OTZ immersed in

UPW and SLF, respectively. This may be compared with results of dissolution rates of various glasses

and the effects of glass composition on glass dissolution rates have been described extensively in the

literature (Grambow, 2011). Using the reported linear rate terms and activation energies, we obtain the

dissolution rates: 0.036 g-m2d-! for Corning soda lime glass, 0.016 g-m2d-' for PPG soda lime glass,

1.8x10* g'm?d-! for Kimble R6 soda lime glass, and 6x10° g-m2d"! for obsidian. Kimble RG soda

lime glass has the composition of 74 wt.% SiO,, 12.9 wt.% Na,O and 8.3 wt.% CaO, and obsidian has

the highest Si concentration (76 wt.%) and the lowest alkali content (8.6 wt.%). Thus, the dissolution

rate of the CsMP is close to pure silica glasses or low alkali glasses rather than to that of more complex

high alkali glasses. Indeed, the Cs content of the glasses of 13.5 wt.% is rather low compared with that
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in the above mentioned glasses, if presented in molar fraction. Dissolution of silica glass fibers at

37 °C in physiological gamble solution gave dissolution rates 1.1 nm-d!' or 4.2x10”° g'm2-d"! (Scholze,

1991). Dissolution rates of SiO; (62 wt.%)-ALO3(2-4 Wt.%)-B,03(6-8wt.%)-CaO(8 wt.%)-MgO(3.5-

4 wt.%)-Na>O(14-16 wt.%) glasses fibers in physiological solutions at 37 °C and pH 7.5 were much

higher, varying between 0.03 and 0.18 g-m?2-d"' (Potter and Mattson, 1991). Dissolution rates varied

as function of fiber diameter between 2 and 10 pm by as much as 27%. In vivo (rat lung tissue or

macrophages) dissolution rates of a glass fiber of similar composition varied between 0.0005 and

0.003 g'm?-d"!. For comparison, the dissolution rates of Si-based glasses (Abraitis et al., 2000;

Crovisier et al., 1987; Gislason and Oelkers, 2003b; Hamilton et al., 2000; Oeclkers and Gislason,

2001) and amorphous silica (Icenhower and Dove, 2000; Seidel et al., 1997) at near room temperature

(25 °C) are plotted in Fig. 9. Although the dissolution rate estimated for OTZ is greater than that of

amorphous silica, it is within the range of the dissolution rates of Si-based glasses reported in previous

studies. Thus, the kinetics of CsMP dissolution is similar to that of glass dissolution. Higher dissolution

rates may also be explained by the formation of a Cs silicate glass but we have too little information

to forward this interpretation.

3.4. Estimation of residence time of inhaled CsMPs

As mentioned in the introduction, the size of CsMPs transported from the FDNPP over long
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distances were small (< a few um); however, these CsMPs were mainly comprised of silicate glass, as

per the larger CsMPs found closer to the FDNPP. Hence, it is reasonable to assume that the dissolution

processes occurring in inhaled CsMPs follow the mechanisms described above. To estimate the

residence time and the radioactivity transition of the potentially inhaled CsMPs, we assumed the

maximum dissolution rate of OTZ because the Cs concentration (based on the radioactivity per unit

mass) of KOI is too high and likely contains inclusions of intrinsic Cs nanoparticles. The maximum

release rate of 1¥’Cs, Rcs, for OTZ is normalized based on the '37Cs concentration (mole per m?® per

second). The typical size of the CsMPs ranges from ~0.5 to ~3 um and the Cs concentration ranges

from a few wt.% to ~30 wt.% (Furuki et al., 2017; Ikehara et al., 2018). According to Schlesinger,

microparticles in the same size range can potentially deposit in pulmonary region at ~20 — 40 %

(Schlesinger, 1989). It is noted that the microparticles are subject to several clearance pathways. Some

microparticles can be translocated to the lymphatic system, and the half-time of eliminating the

microparticles from lymph nodes was estimated to be tens of years (Roy, 1989).

In the following calculation, the size and '3’Cs concentration of a CsMP are set to 2 um and

1.09 Bq, respectively, as obtained from a previous study (Imoto et al., 2017a). The isotope ratio of

134Cs to ¥7Cs is set to 1.0, and we assume that inhalation occurs on March 15, 2011. Consequently,

tiotal and tioonm for the CsMP in the SLF are calculated to be 38.6 and 34.9 year, respectively, for

condition (i) (wet and dry), indicating that the CsMPs can persist to the present time (Fig. 10).
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The dissolution rate under condition (ii) (wet only) may be a somewhat slower than that

under condition (i). Uncertainty in the condition surrounding CsMPs in the alveolar region exists over

longer periods. Whether the CsMPs remain in the lung depends on the surrounding aqueous

conditions; humid in ordinary case, while often wet in case of pneumonia. In addition, the Ca-

phosphate coating should precipitate over the CsMPs and potentially slow the dissolution, which

would lead to a longer residence time than that estimated based on the simple dissolution experiments

discussed herein. Note also that, when CsMPs contain a high Zn concentration, their dissolution and

the precipitation of the Ca-phosphate may be retarded by soluble Zn (Ma et al., 2018). In case of

phagocytosis, the pH can be slightly acidic, 4.5, which may promote the dissolution of CsMPs.

4. Conclusions

Based on the present experimental study, we conclude that the CsMPs, which were

considered heretofore to be insoluble (Adachi et al., 2013), can dissolve in a manner similar to that of

a silicate glass. Although the number of CsMPs in the present dissolution experiments was limited due

to the scarcity of highly radioactive CsMPs (>100 Bq), this first experimental study provides crucial

insights into the dissolution behavior of CsMPs. Based on the present experiment, the dissolution rate

is controlled by various factors, such as (i) the CsMP composition, (ii) the wet and dry condition of

the CsMP surface, and (iii) the organic substances in SLF solution. In the present study, the ionic
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strength of seawater does not significantly affect the dissolution rate. Note also that a passive Ca-

phosphate layer may form upon extended contact with SLF, which may decrease the dissolution rate.

Consequently, when inhaled, CsMPs as small as ~ 2pm can potentially be deposited in the alveolar

region, and these particles are expected to be durable to chemical alterations in SLF for several decades.

In addition, CsMPs can potentially remain in various environments beyond several decades, which is

consistent with the fact that numerous CsMPs have been discovered under natural weather conditions

in the environment seven years after the nuclear disaster. CsMPs are readily transportable in river

water and the sedimentation in the ocean is expected to be slow due to their small size (Earle, 2015).

Considering the high radioactivity of CsMPs, their migration is one of the key processes governing

the dynamics of radioactive Cs in the contaminated environments around Fukushima Daiichi.
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Figure captions

Fig. 1. Scanning electron microscopy analysis of CsMPs used for dissolution experiments in the

present study. (a) Secondary-electron image of KOI CsMP associated with elemental maps. (b)

Secondary-electron image of OTZ CsMP and elemental maps.

Fig. 2. (a) A diagram showing the sequence of solutions used in the present dissolution experiment.

(b) A diagram illustrates the difference between two interval conditions: condition (i) and condition

(i1) during the interval for gamma measurement.

Fig. 3. Release of 1*’Cs from KOI CsMP in various solutions (Seq. 1 — 5) as a function of time under

either wet and dry condition (i) or wet-only condition (ii). The CsMP was immersed in a sequence of

various solutions; simulated lung fluid at 25 °C under condition (i) (Seq. 1), ultrapure water at 25 °C

under condition (i) (Seq. 2), simulated lung fluid at 37 °C under condition (i) (Seq. 3), artificial

seawater at 25 °C under condition (i) (Seq. 4), and simulated lung fluid at 25 °C under condition (ii)

(Seq. 5).

Fig. 4. Results of time course of '37Cs radioactivity of KOI CsMP at 25 °C in various solutions under
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wet and dry condition (i) or wet-only condition (ii) calculated based on '3’Cs release rate: (a) in SLF

under condition (i); (b) in UPW under condition (i); (c) in ASW under condition (i); (d) in SLF under

condition (ii). tioonm and twr represent the time required to reach 100 nm diameter and complete

dissolution, respectively.

Fig. 5. Release of 1*’Cs from OTZ CsMP in various solutions as a function of time under wet and dry

condition (i). The CsMP was sequentially immersed in ultrapure water at 25 °C and simulated lung

fluid at 25 °C.

Fig. 6. Results of time course of 1*’Cs radioactivity of OTZ CsMP at 25 °C in solutions under wet and

dry condition (i) calculated based on '*’Cs release rate: (a) in UPW and (b) in SLF. tioonm and tiotal

represent the time required to reach 100 nm diameter and complete dissolution, respectively. Note that

the case for SLF solution (b) reveals the minimum period because the maximum release rate was used

for calculation.

Fig. 7. (a) SEM image of OTZ before immersing in SLF associated with elemental maps of area

indicated by red square. (b) SEM image of the same OTZ particle after ten days of immersion, with

the elemental maps of the same area. (¢) SEM-EDX spectrum of secondary precipitate indicated by
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red square in panel (b).

Fig. 8. Schematic illustration of dissolution mechanisms for OTZ and KOI CsMPs. Illustration is based

on the inner texture of CsMPs with low and high Cs concentrations (Furuki et al., 2017; Imoto et al.,

2017a, 2017b).

Fig. 9. Comparison of dissolution rate calculated for OTZ with that of the other Si-based glasses

(Abraitis et al., 2000; Crovisier et al., 1987; Gislason and Oelkers, 2003b; Hamilton et al., 2000;

Icenhower and Dove, 2000; Oelkers and Gislason, 2001; Seidel et al., 1997) near room temperature.

As described in text, the rate for SLF at 25 °C is the maximum value and depicted by the arrow.

Fig. 10. Results of time course of Cs radioactivity for a potentially inhaled CsMP (2 um in size) in

SLF under wet and dry condition (i) calculated assuming the maximum !¥’Cs release rate of OTZ after

normalization by the composition. tigonm and til represent the time required to reach 100 nm diameter

and complete dissolution, respectively.
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Table 1. Radioactivity and associated parameters of CsMPs used for dissolution experiments.” The

radioactivity of Cs isotopes was decay-corrected to 15:36 on March 12, 2011. **Radioactivity per

unit mass was calculated assuming the spherical shape and a density of SiO; glass; 2.6 g/cm?

(Haynes et al., 2014).

Radioactivity (Bq) 134+137Cg
134CS/137CS
Particle size Radioactivity
radioactivity
(um) 134Cs 37Cs per unit mass
ratio

(Bqg )**

0TZ 420 63.5 (£1.0)* 57.8 (+£0.3)* 1.10 5.75x10!!

KOI 5.64 110 (£1)* 108 (+£0)* 1.02 4.47x10"
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Table 2. ¥7Cs radioactivity (Bq) released from CsMPs into various solutions as a function of time.

Errors are given in parentheses. The notation (i) indicates wet and dry condition and (ii) indicates

wet-only condition.

Duration KOI OTZ
(day) UPW  25°C SLF(i) 37°C SLF(i) 25°C SLF(ii) ASW UPW SLF
1 1.18 0.493 0.259 0.0585 0.0682 0.0235 0.0673
(+£0.02)  (+0.01) (£0.006) (F+0.0048) (£0.0069) (+0.0055) (+0.0060)
; 1.49 0.660 0.576 0.0785 0.105 0.0358 0.0937
(+£0.03)  (£0.02) (£0.009) (F+0.0048) (£0.006) (+0.0043) (£0.0053)
0 1.59 0.969 1.03 0.167 0.168 0.0501 0.129
(£0.02)  (+£0.02) (£0.02) (+0.005) (+0.005) (£0.0042) (£0.006)
%0 1.80 1.49 0.449 0.400 0.106
(+0.04) (+0.03)  (£0.008) (+0.009) (+0.005)
1.79
31 - - - - - -
(+0.04)
1.96
43 - - - - - -
(+0.03)
1.91
63 - - - - -
(£0.04)
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Table 3. Summary of '37Cs release rate Rcs from KOI and OTZ CsMPs at 25 °C. SLF (i) stands for

immersion in SLF under condition (i) (wet and dry cycle). Condition (ii) is wet only. tiotar and ti0onm

are the time for the complete dissolution and the time to reach 100 nm diameter. “‘n.a.” in the table

means that the data are not available. Note that the release rate from OTZ in SLF reveals the

maximum value.

SLF (i)

SLF (ii)

ASW

637
UPW

Rcs (103 Bgrm?2-s™) 4.68

KOI tiotal (year) 19.1

ti00nm (year) 18.5

Res (x10° Bqrm?-s™) <1.04
0Tz
tiotal (year) >81.6

t100nm (year) >77.7

1.54

58.1

56.0

1.29

69.5

67.0

n.a.*

n.a.*

n.a.*

638
1.33

639
67.6

640
65.2

641

642
0.549

643
154

644
147

645
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