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Abstract: The solubility, aqueous speciation, and solid
phase formation of trivalent plutonium, Pu(III) was
investigated for the first time in pH near-neutral 0.10 M
NaCl solutions under the presence of carbonate at
T = (23 £ 2) °C in the frame of a comprehen-
sive experimental study. Crystalline PuCO;OH(cr) was
synthesized by long-term equilibration of the binary
hydroxide Pu(OH);(am) in aqueous Na,CO; solu-
tions and comprehensively characterized by VIS/NIR
absorption spectroscopy, SEM/EDX, powder XRD and
Rietveld analysis, and Pu L3-edge EXAFS. Batch sol-
ubility experiments with PuCO;OH(cr) equilibrated in
0.10 M NaCl-Na,CO; solutions were performed from
undersaturation as a function of pH,, and followed
over time for up to 90 days. A chemical model was
derived and the corresponding thermodynamic constants
evaluated. These novel data demonstrate that under
specific conditions Pu(III) equilibrium concentrations are
up to three orders of magnitude lower when controlled
by the PuCO;O0H(cr) compared to the concentration
level defined by Pu(OH);(am), and reveal a remarkable
stabilization of the entire Pu(IIl) oxidation state in
carbonate containing aqueous solutions. The relevance of
the new data for geochemical modeling of environmental
systems and nuclear waste repositories is discussed.

Introduction

The aqueous chemistry of early actinides (Th—Cm) provides
important insights into their reactivity and interactions in
aquatic systems relevant to nuclear engineering, waste dis-
posal, and environmental chemistry. Today, the context of
many applied studies on actinides is related to assess their
environmental and geochemical properties.'l This concerns
on one hand the already existing large-scale distributions of
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transuranium elements in the environment at trace levels due
to nuclear weapon tests and releases from nuclear (legacy)
sites. On the other hand, being the focus of the present study,
the potential radionuclide release from nuclear waste reposi-
tories on future timescales is of great interest. Investigations
into repository science also address one of the challenges of
the nuclear fuel cycle. The direct disposal in deep geological
formations is the internationally favored option for the safe
long-term storage of nuclear waste.[>3] Initially emplaced
as materials immobilized in solid structures, namely by
placing fuel assemblies and vitrified waste in specific steel
casks, potentially contacting aqueous solutions, e.g. inflowing
groundwater, may lead to corrosion of the waste matrixes and
subsequent release of radionuclides. Migration of the latter
into the biosphere pose a radiological risk on long-time scales,
which is evaluated as part of the Safety Case for nuclear
waste repositories.>**! Studies on the aqueous chemistry and
thermodynamics of radionuclides are relevant in this context
and provide the required input parameters (chemical models,
equilibrium constants, activity coefficients) to reliably predict
geochemical reactions like solubility equilibria, complexation,
redox reactions, sorption, and incorporation into mineral
phases, etc., and their respective dependence on relevant
solution parameters, e.g., pH, redox potential, ionic strength,
etc.

Plutonium is the main transuranic element in spent nuclear
fuel.[%”] Notorious for its pronounced redox sensitivity, Pu
can be present in aqueous solution particularly in the
oxidation states + III to + VL1 Under the strongly
reducing conditions expected for operative repositories in
deep geological formations,['>!3] Pu(III) and Pu(IV) are the
predominant oxidation states.[’l In the absence of other lig-
and systems, equilibrium reactions between the (hydr)oxide
phases Pu(OH);(am) or PuO,(s, hyd), and dissolved hydroly-
sis complexes Pu(OH),’~* with x = 0-3 and Pu(OH),*~ with
y = 0-4, control the solubility of Pu(IIT) and Pu(IV) (Figure
S1), respectively. PuO,(s, hyd) is the least soluble binary
Pu-oxyhydroxo phase of all Pu oxidation states, and limits
dissolved Pu(IV) to, e.g., log [Pu(IV)] ~ —10.5 at pH > 7. The
solubility of Pu(OH);(am) is about six orders of magnitude
greater at pH 7, but approaches the low solubility level of
PuO,(s, hyd) at high alkalinity with pH,, > ~ 11.['*] The
excerpt of the Pu Pourbaix diagram displayed in Figure 9 is
based on the data of the thermochemical database project
of the OECD (Organization for Economic Co-operation and
Development)-Nuclear Energy Agency (NEA-TDBIP). It
highlights the stability fields of the different Pu species and
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oxidation states as a function of pH and the redox potential
pe (with pe = 16.9-F; at T = 298.15 K).['*1°] The position
of the Pu(IIl)-Pu(IV) transition borderline calculated for
[Puit] = 2 mM (grey dashed line) is only slightly above the
lower decomposition line of water at pe+pH = 0,I'] revealing
that Pu(III) is only stable under strongly reducing conditions
whereas Pu(IV) is the predominant Pu oxidation state over
a wide ranges of pe and pH conditions. The corresponding
diagram showing the stability fields in absence of solid Pu
phases is provided in the Figure S1.

Carbonate is ubiquitous in environmental systems and
known to strongly interact with actinides in all their oxida-
tion states.['®°] The carbonate influence on the solubility,
speciation, and solid phase formation of radionuclides can
be important in geochemically based long-term safety assess-
ments for nuclear waste repositories. The impact of carbonate
on solubility equilibria of Pu(IV) was investigated in several
studies,[?*?] revealing that binary Pu(CO;),*?* aqueous
species with x = 4-5 can form particularly at high pCO,
whereas mixed Pu(OH),(CO;),**~% are relevant for low to
intermediate pCO, and in solubility controlled systems. To
the best of our knowledge, there are no systematic studies
on the solubility behavior of Pu(IIl) in the presence of
carbonate. Carbonate was found to have a major influence on
the solubility and speciation of the chemical analogs Am(III)
and Ln(IIT) due to the formation of carbonate containing
complexes (An(IIT)(CO3),32")?28] and solid phases like
AnCO;OH(cr), Any(CO3);3-xH,0(s), NaAn(CO3),-xH,O(s)
and NazAn(CO3);-xH,0(s).*?1 In pH near-neutral car-
bonate containing NaCl solutions, AmCO;OH(cr) is con-
siderably more stable and hence less soluble than the
corresponding hydroxide phase, Am(OH);(am).[72530] A
comparable stabilization likely exists for Pu(I1I), significantly
impacting the Pu(III)-Pu(IV) redox borderline, but this
has not been demonstrated yet based on experimental
evidence. While the hydrothermal synthesis and character-
ization of PuCO;OH(cr) was reported previously,*!l no
experimental study was dedicated to its solubility, speci-
ation, and thermodynamics in aqueous solutions at room
temperature.

In the present work, we report the synthesis, char-
acterization and first comprehensive solubility study on
PuCO;OH(cr) in carbonate containing 0.10 M NaCl solutions
and reveal its significant impact on aqueous Pu systems under
reducing conditions.

Results

Pu Solid Phase Characterization

Figure 1 shows the VIS/NIR spectrum of the Pu(III) trans-
formation product, PuCO;OH(cr), digested in 0.5 M HClO,
(black) and measured directly after digestion in comparison
to the reference spectrum of Pu*t(aq) in 1 M HCIO, (red)
reported by Cohen.[*?] The excellent agreement of both
spectra confirms that the transformation product is a pure
Pu(IIT) compound. No indications for other Pu oxidation
states were detected in the spectrum.
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Figure 1. VIS/NIR spectra of Pu(OH)3(am) digested in 1 M HCI (blue),
PuCO30H (cr) digested in 0.5 M HCIO, (black), Pu* (aq) in 1M HCIO,4
reference reported by Cohen (red)[32! and Pu** in 1 M HCIO, (green).[™!

Table 1: Elemental EDX composition [Atom%] and C : Pu : O ratio of
PuCO3OH (cr). Average value includes EDX results from the first and the
second synthesis (reproduction) listed in the (Table S1).

SEM Pu [Atom%)] C [Atom%)] O [Atom%] EDXPu:C:0O
Figure2b 18.4 (+£0.6) 18.2(£0.5) 581 (£14) 10:0.9:3.2
Figure2c  18.2 (£ 0.6) 16.2 (+0.4) 614 (+14) 10:09:34
Figure2d 19.9 (£0.7) 176 (£0.5) 583 (+£14) 10:0.9:29
Figure2e 197 (£1.0) 172 (£07) 59.0 (£2.1) 1.0:09:3.0
Average  19.5 (£ 0.8) 20.0(£0.6) 548 (£17) 10:1.0:28

The SEM images displayed in Figure 2 reveal that the
transformation product in both syntheses, PuCO;OH(cr),
was obtained as a homogeneous material. The first syn-
thesis yielded crystals varying in size from 20-100 um
(Figure 2a). Figure 2b,c highlights that the individual crystals
are agglomerates of small (lamellar) platelets. The morphol-
ogy of PuCO;OH(cr) differs significantly from the amorphous
precursor Pu(OH);(am) which consists of ill-defined agglom-
erated particles with very small particle size (~few nm), see
Figure S2. PuCO3;OH(cr) obtained in the second synthesis
showed diminished crystallinity, with crystallites sizes ranging
from 1-5 pm (Figure 2d). Figure 2e reveals that the shape
of the individual crystallites still resembles the lamellar
platelets observed in the first synthesis. Exchanging the
matrix solution twice in the second synthesis appears to
promote the formation of smaller crystals. Table 1 shows the
elemental composition by SEM-EDX of the crystals depicted
in Figure 2b-e as well as the average composition. The
C : Pu : O ratios are close to the formal composition of
PuCO;O0H(cr).

Figure 3 shows the powder diffraction patterns of the
starting material, Pu(OH);(am), and the transformation



Figure 2. a)—e) Scanning electron microscope images of PuCO3;OH (cr).
a) to ¢) first synthesis, d) to e) second synthesis.

product, PuCO;OH(cr), obtained in the present work in
comparison to reference patterns for NdCO;OH(cr)[*! and
PuCO;O0H(cr).*®"l In contrast to the X-ray amorphous
Pu(OH);(am), the diffraction patterns of PuCO;OH(cr) show
sharp and well-defined peaks, corroborating its crystalline
morphology. The excellent agreement with the diffraction
patterns of orthorhombic NdCO;OH(cr) and PuCO;OH(cr)
indicates that all three phases are isostructural.

From the results of VIS/NIR spectroscopy, SEM/EDX,
and XRD, the transfromed Pu solid can unequivocally be
identified as PuCO;OH(cr).

Structural parameters for PuCO;OH(cr) were derived
from Rietveld analysis and Pu L3-edge EXAFS. Comple-
mentary to the refinement of the unit cell parameters based
on powder XRD, EXAFS-as short range structural probe—
provides additional details on the local Pu(III) coordination
environment in PuCO3;OH(cr). Pu L3 EXAFS results are in
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Figure 3. XRD patterns of the starting material Pu(OH)3(am) (green),
the transformation product PuCO3OH (cr) (turquoise/black), and the
references of previously reported NdCO3OH (cr) (red)!**! and
PuCO30H (cr) (blue).B!

accordance with the crystal structure obtained by Rietveld
analysis and the isostructural NdCO;OH(cr) system.

The experimental raw powder in XRD pattern was
indexed on the orthorhombic unit cell (space group Pnma,
no. 5) reported for NdCO;OH(cr) by Feng 2007.1331 After
replacing Nd by Pu in the Rietveld refinement, the unit cell
parameters for PuCO;OH(cr) were evaluated, see Table S2.
The corresponding Rietveld Fit is shown in Figure S3. The
Plutonium atom is coordinated by 8 O atoms from 5 carbonate
groups (2 terminal and 3 bidentate) and 2 O atoms from 2
OH~. The Pu—O bond lengths are between 2.35 to 2.76 A
and O—Pu—O bond angles range from 49.4° to 156.7°. Each C
atom is coordinated by 3 O atoms with a bond length of (1.27-
1.30) A and O—C—O bond angles of (119.38-120.18)°. Each
OH™ group bridges two plutonium atoms forming a [Pu—0O],
chain. These chains are connected by carbonate groups and
thus form a three-dimensional network. Figure 4 shows the
elementary cell of PuCO;OH(cr) along the spatial directions
(a-d).

In addition to the analytical methods already mentioned
PuCO;OH(cr) was analyzed as dried material at the KIT
Light Source. The EXAFS spectra of the Pu L3-edge and the
corresponding R-space fits are shown in Figures 5 and 6.

Experimental EXAFS and Fourier transform are in good
agreement with the corresponding fits. The latter used the
crystal structure of PuCO;OH(cr) determined by Rietveld
analysis (see Figure 4).

Table 2 shows that two pure oxygen shells and two pure
carbon shells were required to reproduce the EXAFS spectra.
Pu—O2 is a combined shell of four different oxygen atoms
with very similar Pu-O distances.



Figure 4. Solid-state structure of PuCO3;OH(cr) looking into different
axes (Pu, black; O from carbonate group, red; C, brown; O from OH,
blue).
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Figure 5. Pu L3-edge EXAFS spectra of PuCO3;OH (cr), k®-weighted x (k)
(black solid line) and corresponding fit (red line with filled circles). The
fit range is indicated by dashed lines (grey).

Solubility Experiments and Thermodynamic Evaluation

The experimental molal solubility of PuCO;OH(cr) in car-
bonate containing 0.10 m NaCl solutions are displayed in
Figure 7 as red solid diamonds. The data are provided in

FT(k2.x(k))

—— FT magnitude of k?y (k)
—— fit
—— FT imaginary of k?x(k)

—— fit
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Figure 6. Fourier transform (FT) magnitude and imaginary part of
k%-weighted x (k) (black and blue solid lines) and corresponding R-space
fits (red and turquoise lines with filled circles). Window for forward FT is
indicated by dashed lines (grey).

Table 2: Structural parameters obtained in this work from EXFAS
evaluation of PuCO30H (cr).?

Sample Path CN R[A] 02[A2] AEy[ev] R-factor[%]
PuCO3;OH Pu-O1 2% 231 0.009% 27 0.7
Pu-02 &+ 252 0.0139
Pu-Cl 3% 294  0.0094
Pu-C2 2% 3.50 0.0015

3) Fit errors: CN, + 20%; 02, 0.0006 AZ; R, 0.02 A. * Held constant
during the fit.

the (Table S5). The calculated model for AnCO3;OH(cr) with
An = Am/Cm based on the data from NEA-TDB["! and
the specific ion interaction theory (SIT),**! and an updated
model for Pu(II) derived in the present work are shown in
Figure 7 as comparison. For the given experimental setup
with pCO, fixed to 1%, the total carbonate concentration in
the system systematically increases with pHy,. Consequently,
pH,, values higher than ~ 8.5 cannot be achieved in systems
with /7 = 0.10 m without exceeding the intended ionic
strength.

The samples were analyzed for pH,, and [Pu(IIl)] and
overall showed good consistency. Between pH,,, ~ 5.5 and
7.0, the solubility of PuCO;OH(cr) systematically decreases
by almost three orders of magnitude from log [Pu(IIl)] =~
—5 to —8. The slope of the experimental curve is rather
steep with m ~ —3 to —2. For pH,, ~ 7.0-8.0, the solubility
reaches a minimum at log [Pu(III)] ~ —8 and remains at
a constant, quasi pH,, independent level. The observations
can be explained by the solubility controlling equilibrium
reactions. Under the experimental conditions, both hydrolysis
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Figure 7. Experimental and calculated (SIT model) molal solubility of
PuCO3OH(cr) in 0.10 m NaCl under argon atmosphere with 1%
(10 mbar) CO,.

reactions and carbonate complexation of Pu** have to be
considered.['>?3-41] The general expressions of the relevant
equilibrium reactions in carbonate-containing NaCl solutions
as well as the nomenclature of the stability constants used
in the thermodynamic evaluation are summarized in Equa-
tions (1-4), where “a” and “b” are the stoichiometric numbers
of H* and CO;%~, respectively.
I. Hydrolysis:

Pu*t +aH,0 < Pu(OH)) “ 4+ aH* (1)
log* B, , = log [Pu(OH)z_“] +alog [H"] —log [Pu3+] (1.1)

log" B;, = log” ,8[;‘0 + log Yeuomy-e + @ log yu+

1.2
—log yps+ —a log ay (12)
with and
Solubility of PuCO;OH(cr) regarding hydrolysis:
PuCO;O0H (cr) 4 (a — 1) H,O < Pu(OH). ™ @
+CO3 + (a—1)H*
with
log" K., = log [Pu(OH); | + log [CO?] 21
+(a—1) log [H'] '
and
IOg* Kf‘l = IOg* K;a + IOg yPu(OH)ff” + IOg yCO%’ (22)
+(a—1)log yy+ —(a—1) log ay (2.2)

2. Carbonate complexation:
Pu*t 4+ hCO? & Pu(CO;), > (3)

with
log B, = log [Pu(CO3),3,72b] —b log [CO%‘} —log [Pu“]

(3.1)

and

10g ﬁ(a).b = log /3(/1,11 + 10g Vpu(co3)?)*2b -b lOg y(j()%’ - lOg Vpud+

(3.2)

Solubility of PuCO;OH(cr) regarding carbonate complex-
ation:

PUCO3OH (CI') —+ (b — 1) CO%’ + H o PU(CO3 2—2}7 + H20

(4)
with
log' K, , = log [Pu(OH); "] = (b— 1) log [CO}"] 1)
—log [H']
and
log"K?, = log*K;, + log Veuior? 2 + log ay 42)

—(b—-1)log Yeor — log yu+

The number of reported thermodynamic constants for
Pu(II) complexes with OH~ and CO;%" is rather limited. The
2020 compilation of the NEA-TDB lists indeed only data for
the species PuOH?*.[">] On the other hand, the interaction
with hydroxide and carbonate has been well studied for triva-
lent Am and Cm by means of solubility experiments and time-
resolved laser-induced fluorescence spectroscopy (TRLFS),
and comprehensive chemical and thermodynamic models
were developed.[1282939401 Both, Am(III) and Cm(III) are
considered highly reliable chemical analogs to model the
behavior of Pu(IIl) based on the principle of oxidation
state analogy.”>*#] In a first step, we have therefore
compared our experimental solubility data for PuCO;OH(cr)
to the chemical-thermodynamic model reported by the NEA-
TDBI™! for Am(I11)/Cm(III) which is based on the specific
ion interaction theory to account for ionic strength effects.
It includes the solubility constant of AmCO;OH(cr), the for-
mation constants of Am(OH)**, Am(OH),", Am(OH);(aq),
Am(CO3)*, Am(CO3),~, and Am(COs);*>~ and the corre-
sponding ion interaction coefficients,'>*] see Tables S3 and
S4. Constants and parameters for the inactive carbonate
system were taken from NEA-TDB as well. Innersphere An*
and Cl~ complexes are negligble at / = 0.10 m and have not
been included in the evaluation.[414443]

The Am(IIT)/Cm(III) model displayed as dashed curve
in Figure 7 describes the experimental solubility data for



Table 3: Selected thermodynamic data from NEA-TDBI"™! and Neck.[?’]

Species Logiok®
Am(OH)*+ —7.200
Am(OH),* —15.100
Am(OH)3(aq) —26.200
Am(CO3)* 8.000
Am(CO3),™ 12.900
Am(CO3)3%~ 15.000
Pu(OH)2*+ —6.180
AmCO30H x0.5 H,0O(cr) 22.400
AmCO;30H (cr) -22.7
Pu(OH)3(am) 14.58
CO;(aq) 6.354
CO,(g) 1.472
HCO;3~ 10.329

Reaction

Am3t 4+ H,0 = AmOH2+ + Ht
Am3* +2H,0 = Am(OH)J + 2H*
Am3* 4 3H,0 = Am(OH)3(aq) + 3H™
Am3* + COZ™ = AmCO3*

Am3* 4 2C0%™ = Am(CO3);

Am3* +3C0O5™ = Am(CO3);~

Pult + H,O = PUOH2+ + H*

Am** 4 CO2™ +0.5H,0(l) + OH™ =
AmCO30H x 0.5H,0(cr)

AmCO3;0H x xH,;0 =

Am3* (aq) + OH™ (aq) + CO%’ (aq) +xH,0()
Pu(OH)3(s)(am) + 3H" = Pu*+ (aq) +
3H,0(l)

H* 4+ HCO; = CO;(aq) + H20(l)
CO;(aq) = CO,(g)

CO3™ + H* = HCO;

PuCO;0H(cr) overall quite well. This concerns both the
absolute Pu(IIT) concentration level as well as the shape of
the curve which reflects the pH,,, dependence. Still, the model
slightly overestimates the experimental Pu(III) solubility level
uniformly, i.e., over the entire pH,, range by about 0.4 log-
units, suggesting that the solubility controlling PuCO;OH(cr)
solid phase is more stable than the Am(III) analog. By
adjusting log *K°%, from —8.4 (£ 0.5 (Neck:—8.7 (+
0.4)*1) (Am value) to log *K°,y = —8.84 (£ 0.15), and
replacing the hydrolysis constant log *5° , for AmOH," by
the reported value for the analog Pu species, a model for
Pu(IIT) was evaluated. SIT ion-interaction coefficients and
complexation constants log By for the An(CO3),>~2? species
remained unchanged within the evaluation, see Table 3.

Speciation lines for the different Pu/Am(III) complexes
calculated from the new Pu model are displayed in the (Figure
S4). This plot reveals that the steep decrease in log [Pu(I11)] at
pHum & 5.5-6.0 is particularly due to an equilibrium between
PuCO;O0H(cr) and the Pu** aquo ion. Furthermore, the
changing slope of the curve in the region around the solubility
minimum at pH,, ~ 7-8 is related to the changing aqueous
speciation where the Pu(III) carbonate complexes PuCO;™"
and Pu(COs3),~ and the first hydrolysis species PuOH?>* are
predominant.

The results of the present study address relevant gaps
in the field of fundamental research of Pu, and are at the
same time of high relevance concerning the geochemical
assessment of Pu chemistry in the context of nuclear waste dis-
posal. In source term estimations performed within the safety
assessment for nuclear waste repositories, implementation
of solubility equilibria provides upper-limit concentrations
for hazardous elements including radioactive isotopes. For
Pu, two oxidation states are considered relevant under the
conditions of a deep geological repository, namely Pu(III)
and the sparingly soluble Pu(IV). The solubility of Pu(III) is
often evaluated by assuming Pu(OH);(am) as the equilibrium
solid phase.['>13] This compound is the principal oxyhydroxide
phase/precipitate of Pu(IIT) and holds rather high Pu(III)
concentrations in near-neutral to slightly alkaline solutions.
As direct evidence for the relevance of Pu(III)-carbonate

Pu(OH);(am)
2

-3

-4

log Mg,y
Ilim

-6
3.2 log-unjits
7Lk
IPuCO,OH(cr)
8L
| ‘[NaCI] =0.10M, pgo, =0.10 bar'

9 . 1 . 1 . 1
5 6 7 8 9 10 11

-log my-

Figure 8. Calculated molal solubility (SIT model) of PuCO3OH (cr) (red)
and Pu(OH)3(am) (blue) in 0.10 m NaCl with pCO, = 0.01 bar.

solid phases in aqueous solutions are lacking up to now,
Pu(OH);(am) is considered for host rock systems and scenar-
ios where carbonate is present. With the solubility constantly
derived in this work for PuCO;OH(cr), the picture changes
substantially. Figure 8 compares the calculated solubility of
Pu(OH);(am)!"! and PuCO;O0H(cr) for solutions with 0.10 M
NaCl and pCO, = 0.01 bar. For pH,, < 8.5, the solubility of
PuCO;OH(cr) is about 3.2 orders of magnitude lower than
that of Pu(OH);(am). At pH,, 7.5 the concentration of Pu(III)
approaches ~ —8§, i.e., a level that is close to that of the noto-
rious quasi insoluble Pu(IV) with log [Pu(IV)] ~ —7.9 (total
Pu(IV) including contributions from Pu(IV) colloids[“°l). The
fact that PuCO;OH(cr) forms spontaneously and in situ
from the precursor Pu(OH);(am) in presence of carbonate
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Figure 9. Pu Pourbaix diagram calculated for [Puiot] =2 mM in 0.10 M
NaCl solution in presence of carbonate pCO, = 0.01 bar. The grey
dashed line indicates Pu(Ill)-Pu(IV) transition borderline in the absence
of carbonate.

makes PuCO;OH(cr) a realistic and highly relevant com-
pound in geochemical model calculations, representing a
potential sink for dissolved Pu(III) that dramatically reduces
its concentration in solution. Note, that the overall pH,,
dependencies of both solid phases and their solubility curves
is identical for the system with constant pCO, displayed in
Figure 8 (the formal replacement of two OH™ ligands in
Pu(OH);(am) by one CO;?~ to build PuCO3;OH(cr) leads to
the same pH/OH™ demands as the equilibrium concentration
log [COs%~] defined by CO,(g) + H,O = CO3>~ + 2H*
increases by a factor 2 per pH,, unit). The specified ionic
strength is / = 0.10 m. This means pH values greater than
8.5 are not possible. This is because the increasing carbonate
concentration would exceed the specified ionic strength. This
change in a system with fixed total carbonate concentration,
e.g., [Ciot] = 2 mM-a level typically found in pH near-neutral
systems where the total carbonate is limited by calcite (Figure
S5).

As PuCO;OH(cr) is significantly more stable/less soluble
than Pu(OH);(am), it will control the Pu(III) solubility once
sufficient carbonate is present in a Pu system, leading to
substantial changes in the position of the Pu(III)-Pu(IV)
redox borderline. The Pu Pourbaix diagram in Figure 9
highlights the result for the model case [Puyy] = 2 mM in
0.1 m NaCl with pCO, = 0.01 bar, where the Pu(III)/Pu(IV)
borderline shifts by up to 3.3 pe-units to higher values
compared to the carbonate free system indicated by the grey
dashed line. For the same model case, the changes in the
aqueous Pu(IIT) and Pu(IV) speciation due to formation of
Pu-COj; complexes leads to a net stabilization of the Pu(III)
oxidation state and a shift of the corresponding Pu(II)(aq)-
Pu(IV)(aq) borderline by up to 2 pe-units to more positive pe
values, see Figure 10, compared to the pure hydrolysis system
(Figure S1).121
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Figure 10. Pu Pourbaix diagram for aqueous Pu species calculated for
[Putot] = 11072 M in 0.10 M NaCl solution in presence of carbonate
pCO;, = 0.01 bar.

Conclusions

We report the first ever systematic solubility study on
PuCO;OH(cr), an important Pu(III) solid phase in the con-
text of nuclear waste disposal, and presents a comprehensive
chemical and thermodynamic model to describe Pu(III)
solubility and speciation in aquatic carbonate containing NaCl
solutions.

The PuCO;OH(cr) solid phase was successfully synthe-
sized from Pu(OH)s;(am) in aqueous solution with trace
concentrations of carbonate at 23 £+ 2 °C. It was charac-
terized by VIS/NIR, SEM/EDX, and powder XRD. The
crystal structure of PuCO;OH(cr) was determined by using
Rietveld analysis and visualized with VESTA program. The
Pu L3 edge EXAFS of PuCO;OH(cr) was investigated at
the KIT Light source and the experimental EXAFS and
Fourier transform of the L3 edge was successfully reproduced
using 2 pure oxygen shells and 2 pure carbon shells. In a
glove box with argon atmosphere and 10 mbar CO, partial
pressure, batch solubility experiments were performed in
0.10 m NaCl solutions (pH range 5.5-8.0). The experimental
solubility data fit excellently to calculated solubilities of a new
AnCO;OH(cr) SIT model. The thermodynamic solubility
constant log*K°, = —8.84 (£ 0.15) was calculated from
the experimental solubility data. The comparison of the
calculated solubilities of PuCO3;OH(cr) and Pu(OH);(am)
under repository-relevant conditions shows a significantly
lower solubility of PuCO;OH(cr) in a pH range of 4.5-10.0.
Under neutral pH conditions, the difference is up to 3 orders
of magnitude. The latter and the fact that PuCO;OH(cr)
spontaneous forms from Pu(OH);(am) in solutions with
trace levels of carbonate show that it can be realistically
considered for geochemical model calculations and source-
term estimations. In conclusion, traces of carbonate reduce



the mobility and solubility of trivalent plutonium due to the
formation of a sparingly soluble carbonate containing solid
phase.
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