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Dissolution behaviors of PuOs(cr)
in natural waters
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Hee-Kyung Kim*! and Wooyong Um?*

Nuclear Chemistry Research Team, Korea Atomic Energy Research Institute, Daejeon, Republic of Korea,
2Radiochemisty in Nuclear Science and Technology, University of Science and Technology, Daejeon,
Republic of Korea, *Division of Advanced Nuclear Engineering, Pohang University of Science and
Technology, Pohang, Republic of Korea

PuOs(cr) dissolution in natural water was investigated at 25°C and 60°C under
atmospheric conditions. The concentration of Pu in solutions [Pu], was monitored
for 1 year of reaction time. PuO,(cr) dissolution in natural water reached a steady
state within 2 months at 25°C. The [Pu] in groundwater and seawater at pH 8 were
in the range of [Pu] = 0.9-34 and 3.4-27 nM, respectively. The [Pu] in concrete
porewater (rainwater equilibrated with concrete) at pH 8.1-10.9 was in the range
of 0.1-3.2 nM. The [Pu] and pH values of groundwater were similar to those of
seawater samples having a high ionic strength. The measured [Pu] at equilibrium in
all samples was higher than the calculated solubility curves for PuO,(am, hyd).
Experimental evidence is insufficient to confirm the oxidation state of Pu in
solution and solid phases. However, the results of geochemical modeling
indicate that PuO,(am, hyd) and aqueous Pu(lV) species are dominant in
natural water samples of this work. The dissolution behavior of PuOs(cr) in
natural waters is comparable to the oxidative dissolution of PuO,(am, hyd) in
the presence of PuOs(coll, hyd). The dissolution of PuO, in groundwater
decreased at higher temperatures, whereas the influence of temperature in
seawater and porewater was not significant under these experimental conditions.
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1 Introduction

The safety of radioactive waste disposal facilities can be guaranteed by strictly isolating
radionuclides (RNs) until their toxicity is reduced to the level of natural radioactivity (IAEA,
2011). RNs can dissolve in natural water, react with various ligands, adsorb on engineering
and natural barriers (clays and rocks), diffuse through barriers, and migrate along the flow of
natural water (Kim, 2006). The disposal environment in each country and region differs by
waste type, radioactive level, selected engineering and natural barriers, and natural water
properties (Choi et al., 2013; Grambow, 2016; Zhang et al., 2020). The underground disposal
environment is generally expected to be at high temperatures, anaerobic, and reducing and
neutral or weakly basic pH conditions. In near-surface disposal facilities, aerobic conditions
should be considered and depending on the location of the repository, the potential intrusion
of seawater should also be considered. The migration behavior of RNs through natural water
is estimated by geochemical modeling using thermodynamic data, such as solubility,
formation constants, enthalpy and entropy of reaction, and sorption/diffusion properties
of RNs. Several thermodynamic databases (TDB) have been developed by OECD NEA
(Ragoussi and Brassinnes, 2015), ThermoChimie (Giffaut et al, 2014), NAGRA/PSI
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TABLE 1 Isotopic inventory of PuO,(s) (ORNL, USA) and its activities.

Isotope Ty, (Y)* 1990 2020 (p.w.)
Atom (%) Atom (%) Activity (a, %)
25py 87.7 0.001 0.0008 020
29py 241 x10° 99.75 99.7477 92.54
#0py 6.56 x10° 0.061 0.0609 021
21py (B) 143 0.178 0.0418
*Am 432.6 0 0.1363 7.05
22py 3.75 x10° 0.012 0.0120 0.00
24py 8.13 x107 0.0005 0.0005 0.00
Total - 100 100 100

*IAEA Chart of Nuclides (https://www-nds.iaea.org).

(Thoenen et al., 2014), and JAEA (Kitamura, 2020) to increase the
reliability of geochemical modeling.

Plutonium chemistry in aqueous solutions is complex because of
the redox sensitivity of Pu (Romanchuk et al., 2016) and reliable
thermodynamic data on the dissolution, redox reaction, hydrolysis,
complexation, efc., of Pu are insufficient compared to other
actinides. The thermodynamic constants recommended by the
latest NEA-TDB (Grenthe et al.,, 2020) are related to only 9, 16,
6, and 18 reactions in aqueous solutions for Pu(III), Pu(IV), Pu(V),
and Pu(VI), respectively, which are much lower than the 25 and
127 data for U(IV) and U(VI), respectively. Various essential data
for the geochemical modeling of Pu in natural water, such as the
reactions of Pu(III-VI) with OH~, CO5*, and Cl', are summarized in
Supplementary Table S1. Data on the dissolution of various Pu solids
are insufficient compared to those on the formation of aqueous Pu
species. Reaction enthalpy and entropy are scarce and study for
determination of the values has recently been encouraged for the
reliable estimation of chemical behaviors of Pu at high temperatures
(Cho et al.,, 2022). The geochemical modeling of Pu in repository
environments contains a relatively large uncertainty; therefore, site-
specific investigation of the chemical behavior of Pu is often required
for the safety assessment of radioactive waste disposal facilities.

In this work, the dissolution of PuO,(cr) in natural water
contacted with air was investigated and compared to the
calculated  solubility
Groundwater, seawater, and rainwater were collected in the

curves of various Pu hydroxides.
vicinity of Gyeongju, Korea, where the disposal site for low- and
intermediate-level radioactive waste is located. The dissolution of
PuO,(cr) in various natural waters was observed for 1 year at 25°C
and 60°C under atmospheric pressure to evaluate geochemical

behaviors of Pu in near-surface disposal environments.

2 Materials and methods

2.1 PuOy(s) powder

PuO,(s) powder was purchased from Oak Ridge National
Laboratory (ORNL) in 1990, with **’Pu (99.75 atom %) and used
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as received. Table 1 shows the certified Pu isotope inventory (atom
%) for 1990 and half-life. As a result of decay, the isotopic content
and relative alpha activity changed in 2020 (over 30 years) and are
shown in Table 1. **' Am accumulated over time owing to the beta
decay of **'Pu. The alpha particles generated by **' Am-decay were
simultaneously counted with those generated by **’Pu using a liquid
scintillation counter (LSC) with an a/p discriminator.

2.2 Preparation of natural water samples

Three types of natural waters were used to investigate the
solubility of PuO,(s): groundwater (GW), seawater (SW), and
concrete porewater (PW, rainwater (RW) equilibrated with
concrete). The collection and preparation processes are as
follows: GW samples were collected at two locations in the
Gyeongju area every 3 months in a year (set A-D), considering
the domestic seasonal change, and equilibrated with crushed granite
or sedimentary rocks collected at the same site. Thus, 16 GW
samples were prepared. SW and RW were collected at four
different times (set A-D) and treated with seabed soil and
concrete, respectively. All solid phases (composition, see the
Supplementary Table S2) were crushed and sieved to prepare a
powder with particle size in the range of 0.075-0.15 mm and added
to natural water samples with a solid-liquid ratio of 10 g/L.
Equilibrium was achieved while in contact with air. The sample
reached a steady state after 1 month, which was confirmed by
monitoring the pH. The solid phase was separated by filtration
using a membrane filter with a pore size of 0.45 um. The prepared
natural water samples were stored in a refrigerator before use. The
chemical compositions of the natural water samples were measured
by inductively coupled plasma mass spectrometry (ICP-MS),
inductively coupled plasma optical emission spectroscopy (ICP-
OES), ion chromatography (IC), and a total organic carbon (TOC)
analyzer in a creditable analytical laboratory.

2.3 Preparation of Pu samples

Pu samples were prepared by adding PuO,(s) powder into
natural water. A total of 30 mL of GW samples and 60 mL of
SW and PW were prepared
(polyethylene). About 0.5-1.0mg of PuO,(s) powder was

samples in plastic bottles
collected using a disposable pipette with a tip of ~1 mm (see
Supplementary Figure S1A), and added to the natural water
samples (see Supplementary Figure S1B). The end of the
disposable pipette used for collecting PuO,(s) powder was cut
and placed in a sample bottle, which was not removed until the
solubility measurement was completed. Black PuO,(s) powder
settled down to the bottom of the sample bottle containing
natural water (see Supplementary Figure SIC). All samples were
stored in a constant temperature chamber at 25°C, and the
concentration of Pu ([Pu]) in natural water was periodically
measured for 1 year. Then, four of the GW samples and one of
the SW and PW samples (set A) were placed in a constant
temperature chamber at 60°C to observe the dissolution of
PuO,(s) at higher temperatures. An aliquot of the supernatant
was used for the determination of [Pu] which was quickly
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sampled outside the temperature-controlled chamber at 25°C and
60°C without phase separation. Phase separation by filtration could
not be applied because of the small volume of the sample solution,
which was limited by the amount of stocked PuO,(s) powder
(~20 mg). While trying not to disturb the samples to prevent the
floating of the settled PuO,(s), 0.5 mL of supernatant in GW samples
and 1.0 mL in SW and PW samples were collected into LSC vials in
triplicate.

2.4 pH, redox potential, and conductivity
measurements

The pH of the natural water before and after equilibration with
PuO,(s) was measured using a glass combination pH electrode
(8103BNUWP Ross Ultra, Orion) calibrated using pH buffers
(pH 4.01, 7.00, and 10.01, Orion) at room temperature (23°C *
2°C). The redox potential values were measured using a combination
ORP electrode (InLab® Redox, Mettler Toledo). The measured
potential values were converted to Ej (versus the standard
hydrogen electrode, SHE) by correcting the potential of the Ag/
AgCl reference electrode. Conductivity (EC) was measured using a
conductivity cell (TetraCon 925, WTW) calibrated with
0.001-1.0 M KCl solutions.

2.5 Liquid scintillation counter

A liquid scintillation counter (Tri-Carb4910TR, Packard)
with an «/f discriminator was employed to determine the [Pu].
An aliquot of the natural water sample was mixed with 15 mL of
LSC cocktail (Ultima Gold AB, PerkinElmer). The activity of
**Pu was 92.54% of the total alpha activity (7.05% for **'Am),
based on the certified isotope inventory of Pu, as shown in
Table 1. In considerations of the probable solubility difference
between Pu and Am, the ratio of ***Pu to total alpha activity in
natural water samples were checked at the end of experiments by
alpha spectrometry (Alpha analyst, CANBERRA). The ratio in
4 GW samples and a PW sample was 0.95 + 0.01 and 0.92,
respectively, which is comparable to the theoretical value
(0.9254) in the PuO, solid state. Although, it was difficult to
confirm the ratio in the SW samples due to the high salts
contents that interfere the detection of the alpha emissions
[Pu] in all the GW, PW, and SW samples were calculated
using the (0.9254) LSC
measurement. The limit of detection (LOD) was calculated

theoretical ratio from the
using the minimum detectable activity (MDA, Bq/mL), as in

Eq. 1 (Currie, 1968),

2.71 +4.65 x \/B x tg
TxV

MDA = (1)
where B (cps) is the count rate of the background material, tp
and T (s) are the
background and sample, respectively, and V (mL) is the

measurement times for the

sample volume.

Frontiers in Nuclear Engineering

10.3389/fnuen.2023.1118594

Intensity (a.u.)

PuO,(cr)

PuO,(cr)
PDF #75-2011

10 20 30 40 50 60 70 80
20 (degree)

FIGURE 1
XRD spectrum of PuO,(cr) measured before solubility study. XRD
spectrum of the blank sample without Pu is shown for comparison.

2.6 X-ray diffraction measurement

A shielded XRD system (D8 Advanced, Bruker AXS) with a
modified microbeam was used to confirm the crystallinity of the
PuO,(s) powder. The instrumentation has been described in detail
elsewhere (Park et al., 2013). An appropriate amount of PuO,(s)
powder was placed on an acrylic holder and covered with a
polyimide film. The powder XRD spectra were obtained by step
scanning in the range of 10°-80° (20) with a step interval of 0.02° (20)
for 25 s per count; the total measurement time was approximately
24 h. The measured XRD spectrum of the PuO,(s) powder was
compared with the reported powder diffraction file (PDF) (Gates-
Rector and Blanton, 2019).

3 Results and discussion
3.1 PuOsl(cr) characterization

Figure 1 shows the XRD data of the PuO, powder compared to
that of a blank sample prepared with an acrylic holder covered with a
polyimide film without Pu. Only one peak at approximately 28.7°
(marked with an asterisk), corresponding to the applied film
material, was observed. The picture in the inset of Figure 1
shows the upper side of the prepared sample, where the black
PuO, powder is located in the center, with a size of 0.5 x 4 mm®.
The collected XRD pattern of PuO, was identical to the reported
data for PuO,(cr) (PDF #75-2011) and no additional peaks were
observed.
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TABLE 2 Physical and chemical properties of representative natural water samples before and after equilibrated with the selected solid phase.

Set Properties Raw sample Samples equilibrated with selected solid powders
GW1F GW2F GW1S GW2S SW PW
A pH 7.55 7.93 8.15 5.88 7.56 8.14 7.95 7.97 7.94 11.83
Ej, (mV) 220 213 134 303 134 140 147 148 135 48
EC (uS/cm) 2733 2433 47,650 30.0 232.9 235.8 217.2 212.0 47,990 836.7
Major (mg/L)
TOC 0.46 0.54 0.94 1.89 3.82 3.94 433 3.97 5.39 371
Mg 6.04 591 1,189 0.59 635 6.15 6.13 5.65 1,208.5 0.07
Na 19.90 21.25 10,103 5.09 2171 22.19 22.11 2246 10,084 8.22
K 2.13 2.79 378.18 0.28 4.67 452 4.88 3.94 385.0 436
Ca 11.03 13.96 361.63 0.33 13.49 16.62 10.19 10.97 401.5 54.77
Si 19.79 24.93 nd nd 17.02 13.20 3.29 45 nd 452
cl 13.43 14.40 15,283 7.94 14.54 15.18 15.16 15.31 20,356 9.20
SO, 27.68 9.30 2,614 2.11 29.82 10.05 3026 9.97 3,346 5.52
HCO, 429 52.3 67.3 32 472 59.4 37.7 50.5 703 97.5
Minor (ug/L)
Al 10.69 7.15 0.53 4.28 3.54 2.60 4.83 1.92 7.70 1,136.7
Li 4.96 6.78 141.78 0.09 8.36 7.67 12.46 7.10 134.36 475
Sr 0.79 1.53 6,282.92 2.72 54.67 45.43 3424 30.76 5431.6 160.27

*n.d.: not detected.

3.2 Natural water characterization

Representative data (set A) for raw natural water samples are
listed in Table 2, which include two groundwater samples (GW1 and
GW2) collected at different locations, seawater (SW), and rainwater
(RW). A pH of 8 was measured for both GW and SW, whereas that
of RW was weakly acidic (pH 6). The redox potentials for all natural
waters were confirmed to be weak oxidation conditions. A high
conductivity of SW containing excessive amounts of salt, such as
NaCl and MgCl, was found. GW and RW contained various ions of
Mg, Na, K, Ca, Si, Cl, and SO,* at the mg/L level, and Al Li, and Sr at
the pg/L level. The properties of natural water were changed by
equilibrating it with the selected solid powder, as shown in Table 2.
GW1 samples equilibrated with fractured granite (F) and
sedimentary (S) named GWIF and GWIS,
respectively. The pH of GW and SW remained at pH 8, whereas

rocks were
the pH of RW increased from 6 to 12 after equilibrating it with
concrete (PW). An increase in the concentrations of Ca, Si, Al, efc.,
in PW, was observed because of the leaching of components present
in the concrete. Because GW and SW were already in equilibrium
with the surrounding minerals and rocks at the time of collection,
the change in the chemical composition due to the additional
equilibrium step with the selected solids was not significant. The
TOC was increased by the solid-liquid equilibrium in all natural
waters.

The physicochemical properties of natural water samples do not
critically depend on the domestic seasonal change (see data for set

Frontiers in Nuclear Engineering

B-D in Supplementary Table S3). The pH of GW and SW was in the
range of 7.6-8.2 and 7.8-7.9, respectively, whereas the pH of PW
was in the range of 11.6-11.9. Although the E,, values were slightly
reduced after the reaction with solids, they maintained oxidizing
conditions. The conductivity of GW and SW did not change,
whereas that of PW increased approximately 10 times after the
reaction with the concrete. The TOC of GW, SW, and PW increased
to 1.49-4.33, 1.95-5.39, and 3.71-16.08 mg/L, respectively, and the
highest TOC was observed for the PW sample. The major cation
concentrations in GW were in the order of Na > Ca > Si > K > Mg,
and those in SW were in the order of Na > Mg > K = Ca. Al, Ca, and
Si, which are the major components of the concrete, were dominant
in the PW samples. In the case of anion species, HCO; > SO, = Cl
are present in the GW and PW, and Cl > SO, > HCOj; in the SW.

3.3 Dissolution behavior of PuO,(cr) at 25°C

Figure 2 shows [Pu] as a function of reaction time at 25°C.
Each data point is the average of the measurements in triplicate
and error bar means standard deviation of triplicate (error bars
(<££0.05) were omitted when they are smaller than the symbol
size). The measured data for the six samples (set A) listed in
Table 2 are represented in Figure 2 (data for set B-D, see
Supplementary Figure S2). The dashed lines in Figure 2
indicate the LOD of 1.3 x 107'°M for 0.5 mL of GW samples
in Figure 2A and 0.6 x 107'° M for 1.0 mL of SW and PW samples
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FIGURE 2

Dissolution behaviors of PuO5(cr) at 25°C in (A) groundwater and

(B) seawater and concrete porewater (set A) as a function of the
reaction time. The dashed lines indicate the LOD by LSC under the
given experimental conditions.

in Figure 2B. A rapid decrease of [Pu] was observed at the
beginning of the experiments in all samples. This was caused
by the highly reactive site on the surface of PuO,(cr) powder
made during manufacturing process that would dissolve very
quickly in aqueous solutions. The high initial [Pu] decreased with
the precipitation of Pu in a solubility-limited solid phase in
equilibrium with the natural waters. All samples reached a
steady state after 1-2 months of reaction time. After reaching
equilibrium, the measured [Pu] was relatively high in a few
samples. Such sudden change could be an experimental error
caused by incomplete phase separation. Small PuO,(cr) particles
or colloids may have been included during the sampling of 0.5 or
1.0 mL of supernatant without filtration. Although the measured
[Pu] at the same reaction time were significantly different in a few
samples, all measured values had been averaged without
excluding any data. These samples showed large errors as
shown in Figure 2 for GW1S and PW samples.

As shown in Figure 2A, the dissolution of PuO,(cr) in most GW
samples reached equilibrium after 2 months. The characteristics of
the GW samples did not differ depending on the sampling season,
location, and type of equilibrium solid, as shown in Tables 2 and
Supplementary Table S3, and no significant correlation was
observed in the measured [Pu] in the various GW samples. The
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measured [Pu] after 3 months were in the range of 0.2-30 nM, and
after 1 year of reaction time were 0.9-34 nM (see Figure 2A and
Supplementary Figure S2A). The dissolution of PuO,(cr) in the SW
samples reached equilibrium after 2 months, and [Pu] at 1 year were
3.4-27nM (see Figure 2B and Supplementary Figure S2B). As
shown in Figure 2B (open circles), the lowest solubility of
PuO,(cr) was observed for PW, and some measured [Pu] were
below the LOD at reaction times longer than 1 month. The
measured [Pu] at 1 year in PW were 0.10-3.2nM (LOD =
0.06 nM, see Figure 2B and Supplementary Figure S2C). All
measured [Pu] at 1 year were listed in Table 3 (set A) and
Supplementary Table S4 (set B-D).

To check whether the characteristics of natural water changed
during the PuO,(cr) dissolution study, the pH and conductivity
of the samples were measured at the end of the experiments. GW
samples in the pH range of 7.6-8.2 maintained a pH of 8 after the
dissolution of PuO,(cr). An initial conductivity of 163-390 uS/
cm for the GW samples did not significantly change and was in
the range of 217-338 uS/cm. The conductivity of SW was slightly
changed from 45,900-59,500 to 46,900-50,700 uS/cm at constant
pH. The pH and conductivity of the PW decreased from 12 to
8.1-10.9 and 484-1,000 to 120-370 pS/cm, respectively. For the
six samples (set A), the measured pH and conductivity values
after 1 year with PuO,(cr) at 25°C are listed in Table 3 (pH of set
B-D, see Supplementary Table S4). To understand the pH change
of PW, the pH of the PW sample stored for the same period in a
refrigerator without PuO,(cr) was measured, which decreased
from 11.6-11.9 to 9.4-10.7. As described in the experimental
section, the concrete powder was removed from the equilibrated
PW solution by filtration and stored in contact with air. CO,
present in the ambient air continuously dissolves into the alkaline
PW sample, the concentration of dissolved inorganic carbon
increases, and therefore, the pH decreases over time (Beuvier
et al., 2014). The decrease in conductivity of PW indicates a
reduced concentration of dissolved ions, which could be induced
by precipitation at lower alkalinity. The major leached
components from the concrete in PW were Ca, Si, Al, and
CO,* ions at pH 12. The conductivity could be reduced owing
to the formation of precipitates at neutral pH conditions;
however, the change of dissolved ion concentration was not
confirmed because the residual amount of the sample was not
sufficient at the end of the experiments.

Figure 3 shows the measured [Pu] at 1 year in natural waters
compared with the solubility curves of Pu hydroxide calculated
based on the thermodynamic data listed in Supplementary Table
S1. The measured pH and [Pu] were displayed for 16 GW (O),
4 SW (x), and 4 PW (D) samples. As mentioned above, the pH in
PW samples was distributed in a relatively wide range of
8.1-10.9 and the [Pu] was 0.1-3.2 nM, which is lower than
that of SW or GW samples. The pH value of most GW
samples was maintained at approximately 8, and 4 GW
samples (set C) were acidified to pH 7.1-7.4. The range of
pH and [Pu] for GW and SW samples were similar.

The solid lines in Figure 3 were calculated using the reported
solubility ~ products of PuO,(am, hyd), Pu(OH);(am),
PuO,0H(am), and PuO,(OH),(am, hyd) and formation
constants for aqueous Pu-OH species (I = 0 M, at 25°C) listed
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TABLE 3 Representative [Pu], pH and conductivity of natural water samples with PuO, measured after 1 year of reaction time at 25°C and 60°C, respectively.

With PuO, after 1 year at 25°C

With PuO, after 1 year at 60°C

EC (uS/cm) [Pu] (mol/L) [Pu] (mol/L)
GWIF 8.02 289 14 x 1078 423 29 x 107
GW2F 8.13 301 2.0 x 10”° 5.00 1.9 x 107"
GWI1S 7.88 275 59 x 107 3.32 1.6 x 107°
GW2S 8.11 273 1.3 x107° 3.59 5.5 x 107"
SW 7.57 46,900 47 x 107° 7.81 28 x 1077
PW 9.10 120 32 x107° 6.70 1.8 x 10°°
-2 \ A
4 ‘ PuO,(OH)(am)
Piu(OH)3(am)
-6 ;
PuO,(OH),( =
2 ~
o B8 - &)
— PuO,(coll, hyd)
= -10 H o
&, — - - 2>
PuQ,(am, hyd
%D 12 5 yd)
—
106 E
GW o B E
-14 =
PuO,(cr) SW X [
6 PW O
. \__' _________ - g
I _ 0 glo-s Pu(SO,)
-18 8
4 5 6 7 8 9 10 11 12 ‘5
o
- log [H] &
-10
&0 0.
FIGURE 3 F Pu(OH),(aq)
Solubility of PuO,(cr) powder in natural water (GW, SW, and PW) C >
were compared with the calculated solubility curves for hydroxide and § S04)3 N Pu(OH),(CO;),
oxide compounds of Pu(lll-VI). 1012 3 ) PU(OH:‘ ) , )
5 6 7 8 9 10 11 12
pH
FIGURE 4

in Supplementary Table S1. Because reliable logK values of
Pu(OH)," and Pu(OH); species have not been
reported, —15.1 and —26.2 of Am(OH)," and Am(OH); species
were applied, respectively (Grenthe et al., 2020). The ionic strength
of GW and PW samples was as low as a few millimoles, so it can be
compared with the calculated solubility using
thermodynamic data at the standard state (Grenthe et al,

curve

2020). However, because the ionic strength of the SW samples
was high (0.5 M), a direct comparison of the SW samples’ results
with the solubility curves shown in Figure 3 is not possible. The
dissolution behaviors of PuO,(cr) in SW could be related to the
estimated solubility curves of Pu hydroxide at a 0.5M ionic
strength ([Cl"] = 0.5M) based on the specific ion interaction
theory (SIT). However, the ion interaction coefficients for the
Pu(III-VI) ions and Pu-OH species with Cl™ ions, such as ¢(Pu*',
CI'), e(Pu(OH)*", CI'), &(PuO,*, CI'), efc., have not yet been
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(A) Pourbaix diagram of Pu ([Pu] = 107'° M) was a result of
geochemical modeling at the GW1F condition (set A) and displayed
with the measured Ey, and pH values of GW (O) listed in Table 2 and
Supplementary Table S3. The dashed lines indicate the

boundaries of water stability: upper and lower limits for the oxidation
and reduction of water, respectively. (B) Species distribution at [Pu] of
107° M in the GW1F sample shows that low concentrations of
Pu(OH)4(aq) and Pu(OH),(COs),* species as dominant in this
experimental condition. Geochemical modeling was carried out using
Geochemist's workbench based on ThermoChimie v. 11a TDB.

reported (Grenthe et al., 2020). Generally, the solubility of actinide
compounds increases at higher concentrations of [Cl7] in NaCl,
MgCl,, and CaCl, solutions (Altmaier et al., 2013). The measured
[Pu] in SW was comparable to the increased solubility curve of Pu
solids at I = 0.5 M.
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In this work, PuO,(cr) was applied to investigate dissolution in
various natural waters. The solubility product of PuOy(cr),
logK"Sp = —64.0 + 0.5, is included in ThermoChimie TDB v. 11a.!
The calculated solubility curve for PuO,(cr) shown in Figure 3,
which deviates significantly from the measured values. The solubility
product of PuO,(cr) was calculated using Gibb’s free energy of
formation A(G’,, for the well-defined crystalline phase. As
mentioned in the literature (Grenthe et al., 2020), the theoretical
stability of PuO,(cr) can be evaluated using this value; however, it is
difficult to interpret the dissolution behavior of PuO,(cr) in aqueous
solutions. In our dissolution study of PuO,(cr) in natural water
samples, a higher [Pu] than the solubility curve of PuO,(am, hyd)
was obtained for all the samples. This means that the crystallinity of
PuO,(cr) was not maintained and probably converted to an
amorphous solid phase. Amorphization by radiation effect has
been reported for a few Pu solid phases such as Pu-oxalate and
PuF,(cr) (McCoy et al.,, 2017; Corbey et al., 2021). Unfortunately,
solid-phase characterization to confirm the transformation of solids
could not be performed because of the limited amount of the
remaining PuO,(s) in the samples after the solubility experiments.

Geochemical modeling was carried out in order to evaluate
geochemical behaviors of Pu at the measured redox potentials under
all the examined natural water conditions. A commercial software,
Geochemist’s Work Bench (GWB, standard, 17.0) was used for the
modeling with ThermoChimie TDB v. 11a, which was updated with
the latest NEA-TDB (Grenthe et al, 2020). Redox behavior,
solubility limiting solid phase, and aqueous species distribution
of Pu at natural water conditions were evaluated. For the
modeling, the solubility product of PuO,(cr) was excluded,
because it was too low to explain our experimental results. Under
all natural water conditions, the solubility limiting solid phase was
identified as PuO,(am, hyd), and aqueous Pu(OH),(aq),
Pu(OH),(CO3),*, and Pu(OH);* species was dominant in a
pH of 7-12 (see Figure 4 for GWIF and Supplementary Figure
S3 for SW and PW of sample set A, respectively). The pH and E;, of
GW (O), SW (x), and PW (0O) samples are shown in Figure 4A,
Supplementary Figure S3A, S3C, respectively. Considering the
thermodynamic data included in ThermoChimie TDB v. 1la,
solid and aqueous species of Pu(IV) were dominant in the
investigated natural water samples.

In all samples of GW, SW, and PW, the [Pu] was higher than the
solubility curves of PuO,(am, hyd) as shown in Figure 3. The initially
settled black PuO,(s) remained until the end of experiments. The higher
[Pu] at the present experimental condition where tetravalent Pu is
dominant can be explained by the oxidative dissolution of PuO,(am,
hyd) in the presence of PuO,(coll, hyd). The formation of PuO,,(am,
hyd) during solubility measurement of PuO,(am, hyd) in the presence of
oxygen was reported by Neck et al. (Neck et al,, 2007). They described
that the (pe + pH) = 12.5 + 1.2 at pH > 4 (Region C of the literature, see
Supplementary Figure S4) can only be explained when considering the
dominant colloidal PuO, in neutral and alkaline solution. The initial (pe
+ pH) value of natural water samples was in a range of 9.5-11.8 in this
work, which is slightly lower than the Region C. Neck et al. (Neck et al,,
2007) reported log[Pu] = —8.3 + 1.0 in equilibrium with PuO,(coll, hyd)

1 https://www.thermochimie-tdb.com
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FIGURE 5

Dissolution behaviors of PuO,(cr) at 60°C in (A) groundwater and

(B) seawater and concrete porewater (set A) as a function of the
reaction time. The dashed lines indicate the LOD by LSC under the
given experimental conditions.

in the neutral and basic pH ranges which is shown by the grey box in
Figure 3. Dissolution behaviors of PuO,(cr) in various natural water are
comparable to the solubility of the hydrated amorphous PuO,,(am,
hyd) with the presence of hydrated PuO, colloids, PuO,(coll, hyd). Due
to the limited sample volumes, we were not able to perform phase
separation to monitor the existence of colloidal Pu in our samples until
the end of experiments. The GW samples (set B), SW and PW (set C)
were stored at 25°C for 3-year, and the measured (pe + pH) values
remained in a range of 12.9-13.4 at pH 7.7-8.1. The presence of colloidal
Pu was confirmed by [Pu] analysis before and after ultrafiltration using a
cellulose membrane filter (Amicon, Ultracel YM-10, 10 kD) which was
rinsed with 6 mL of a sample solution. The results showed that most of
Pu in the supernatant was colloidal Pu in GW and PW samples, and
colloidal Pu was not found in SW (see Supplementary Table S5).

3.4 Dissolution behavior of PuO, at 60°C

Among the natural water samples studied at 25°C, 4 GW, 1 SW,
and 1 PW samples (set A) were selected to evaluate the dissolution
behavior of PuO, at higher temperatures. Table 3 lists the pH and
[Pu] of six samples measured before (at the end of the experiment at
25°C) and after 1 year of reaction time at 60°C. Figure 5 shows [Pu]
as a function of reaction time at 60°C. Each data point is the average
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of the measurement for the 4 GW, 1 SW, and 1 PW samples in
triplicate and error bar means standard deviation of triplicate (errors
(<+0.05) were omitted when smaller than symbol size). In the 4 GW
samples [Pu] below 10® M observed at the initial time of reaction
was dramatically increased to 10> M after 50 days, as shown in
Figure 5A. Subsequently [Pu] gradually decreased over time. [Pu] in
GWI1F and GW2S reached a steady state after 6 months. At 1 year of
the reaction time [Pu] was 2-10 times lower than the results at 25°C
for GW1F, GW2F, and GW2S samples. The decrease of pH in GW
samples was observed at 60°C. A significant change was observed in
the GW1S sample, whose pH was 3.32 with a [Pu] of 1.6 uM. An
increase in the [Pu] of the SW sample was observed at the beginning
of the dissolution at 60°C, and then [Pu] gradually decreased. The
reaction equilibrium was reached after 3 months, and [Pu] in the SW
sample at higher temperatures was slightly decreased compared to
the solubility of PuO, at 25°C. The pH 7.57 of the SW sample
remained at pH 7.81 after 1 year at 60°C. In the PW sample, the
measured [Pu] after 1 day at 60°C was 100 times higher than the last
measured data at 25°C. The [Pu] continuously decreased over time
and reached minimum after 3 months and then slowly increased
until 1 year. The [Pu] in PW at 60°C was similar to or slightly lower
than that measured at 25°C. The pH of the PW sample decreased
from 9.10 to 6.70 during the 1-year experiment at 60°C.

The pH at 60°C significantly decreased in GW and PW, whereas no
change in pH was observed in SW as shown in Table 3. Notably, the pH of
GW samples at 60°C with a reaction time of 1 year dropped to 3.32-5.00,
which was too low to consider because of equilibration with air. Actinide
has been considered as a potential catalyst due to its electrical flexibility of
5 f-orbital and high reactivity in low oxidation states. The oxygen evolution
reaction (4OH™ — O, + 2H,0+ 4¢") in alkaline solutions can occur by
tetravalent actinides such as Th(IV) and U(IV), under mild conditions of
the sample solution (Hu et al,, 2019; Leduc et al., 2019). In this case, the
reduction of Pu(IV) to Pu(III) would have occurred, but the change in the
oxidation state in the liquid and solid phases of Pu could not be confirmed.
The decrease in the pH of the PW samples is in the pH range, which can be
interpreted as contact with air. No pH changes were observed in the SW
samples. The biggest difference between the SW and GW/PW samples is
the ionic strength (concentration of dissolved ions). It is considered that
high concentrations of ions, such as Na*, Mg**, Cl, and SO,* caused
different carbonate behaviors in the SW samples.

4 Conclusion

The dissolution behaviors of PuO,(cr) in various natural waters were
investigated, which is the basic parameter for the safety assessment of
radioactive waste disposal facilities. The results were compared with
geochemical modeling and estimated solubility curves of Pu hydroxides
using a thermodynamic database. Groundwater, seawater, and concrete
porewater were systematically prepared to consider various disposal
environments. The concentration of dissolved Pu in three different
natural waters that reached equilibrium with PuO,(cr) was monitored
at 25°C and 60°C in contact with air. The results at 25°C showed that the
dissolution behaviors of PuO,(cr) correspond to the oxidative dissolution
of PuO,(am, hyd) in the presence of PuO,(coll, hyd). During the
experimental period of 1 year, there was no significant change in the
properties, such as pH, of the natural waters used in the experiments at
25°C. However, the results at 60°C are not conclusive, as the properties of
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the examined waters, in particular pH values, were considerably changed
over time. To understand the dissolution behavior of Pu in natural waters
at higher temperatures of the underground disposal environment, the
influence of air contact should be excluded and high pressure should be
considered.
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