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1. Introduction

Visible-NIR absorption spectroscopy study of
the formation of ternary plutonyl(vi) carbonate
complexest

Yongheum Jo,? Hye-Ryun Cho® and Jong-Il Yun @ *2

We present the first experimental evidence for the ternary complexation of calcium and magnesium
ions with plutonyl(vitricarbonate species in carbonate-containing aqueous solutions using visible-NIR
spectrophotometric titration. Prior to studying the ternary plutonyl(v) carbonate complexation,
visible-NIR absorption spectral information of PuO,(COs),2~ and PuO,(COs)s*~ was successfully
obtained. PuO»(C0Os),%~ has a prominent peak at 853 nm and its molar absorptivity was determined to
be egs3, puo,coy,>- = 49.0 + 4.2 M~t.cm™. The spectrophotometric titration results by adding calcium
or magnesium to the plutonyl(v) carbonate system consisting of PuO,(COx),°~ and PuO,(COsz)s*~
indicate the formation of CaPuO,(COs)3?~ and MgPuO,(COs)s>~ complexes and provide the formation
constants at 0.1 M H/NaClO, for MPUO,(COs)s>~ from PuO,(COs)s*", logK = 4.33 + 0.50
and 258 + 0.18 for M = Ca®* and Mg®*, respectively. In addition, the formation constants of
CaPu0,(CO3)5>~ and MgPuO,(CO3)s2~ from PuO,(COs)s*~ at infinite dilution (logK°) were proposed
to be 6.05 + 0.50 and 4.29 + 0.18, respectively, based on the correction of ionic strength using the
Davies equation. The absorption spectrum of the ternary plutonyl(vi) complexes of CaPuO,(COx)s>" is
similar to that of PuO,(COs)s*~ with the exception of a characteristic absorption peak at 808 nm
(€808, capuo,(cop,z- = 42.9 + 1.6 M™.cm™). According to the calculated aqueous plutonyl(vi) speciation
including the ternary plutonyl(viy complexes, CaPuO,(COs3)s°~ is considered the dominant Pu(vi)
species under environmental conditions, and plutonyl(v) may be more mobile than expected in pre-
vious assessments.

chemical behaviour of plutonium in the environment because
plutonium can simultaneously exist in multiple oxidation

Plutonium is generally produced during nuclear power gene-
ration and by nuclear weapons programmes and is one of the
most strictly regulated elements in the world because of
national security, nuclear proliferation, and radiological
hazard concerns. Anthropogenic activities such as nuclear
weapons testing,' severe accidents in nuclear power plants,
improper waste management, and disposal of legacy waste®
can cause plutonium contamination in the environment. The
fate and transport of plutonium in the environment must be
assessed for the remediation of polluted sites and nuclear
waste management.” However, it is very difficult to predict the

“Department of Nuclear and Quantum Engineering, KAIST, 291 Daehak-ro,
Yuseong-gu, Daejeon 34141, Republic of Korea. E-mail: jiyun@kaist.ac.kr

bNuclear Chemistry Research Team, Korea Atomic Energy Research Institute,

111 Daedeok-daero 989 beon-gil, Yuseong-gu, Daejeon 34057, Republic of Korea
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
DODTO01982H

This journal is © The Royal Society of Chemistry 2020

states (+3, +4, +5, and +6) in a single aquatic system, and
aquatic plutonium (bio)geochemistry is exclusively governed
by the oxidation state.” For instance, tetravalent plutonium, Pu
(v), is considered insoluble and readily adsorbed, but Pu(iv)
transport can be facilitated by colloids. However, hexavalent
plutonium, Pu(vi), is relatively soluble and behaves as an
aqueous species due to its complexation with a variety of in-
organic and organic ligands.”

Natural waters such as rainwater, groundwater, and sea-
water can not only leach plutonium from plutonium-bearing
pollutants but also transport plutonium. The oxidation state
and aqueous speciation of plutonium are of utmost impor-
tance for the understanding of plutonium transport and
migration via natural fluids. In contact with atmospheric air,
natural waters are oxidizing, and the higher oxidation states of
plutonyl ions, namely, Pu(v) and Pu(vi), are widely observed in
oxic rainwater, surface groundwater, seawater, and drinking

water.>®™ Radiolysis also plays an important role in the oxi-
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dation of plutonium and the stabilization of a high oxidation
state.”'° In the weakly acidic to weakly alkaline pH range (pH
5-9) of natural water, carbonate ion (CO,;”") is one of the most
influential ligands in aquatic chemistry due to its high concen-
tration and strong affinity for cations. In oxidizing natural
waters of neutral to weakly alkaline pH, plutonyl(v,vi)carbonato
species such as PuO,CO;~ and PuO,(CO;),>” are expected to
be the dominant aqueous plutonium species>''* based on a
thermodynamic database'? and modelling.

Beyond the binary carbonato complexes, ternary complexes
containing divalent alkaline earth ions were found for hexa-
valent uranium, U(v1),"* and are regarded as the major U(vi)
complexes. Over the past two decades, the formation of ternary
species (M,UO,(CO;);>* %, M = Ca®>" and Mg>") has been inten-
sively studied and the M,UO,(CO;);**~* complexes are the
dominant aqueous U(vi) species in the presence of naturally
abundant Ca®* and Mg** ions in groundwater and
seawater.”” > In addition to their overwhelming predomi-
nance in aqueous U(vi) species in natural waters, the ternary
complexes are U(vi) species with significantly increased mobi-
lity resulting from decreased U(vi) sorption®**® and hindered
reduction to immobile tetravalent uranium.>*>? In a field
study, the occurrence of Ca,UO,(CO;);(aq) was observed even
in deep, reducing, Fe(u)-containing groundwater (E, — 140 mV,
~500 metres below sea level).** A study of uranium speciation
in sea urchins identified the uptake of uranium in the form of
ternary calcium carbonato species.’® Although ternary com-
plexation is very striking with respect to the common fate of
uranium under various environmental conditions, it has not
been reported for hexavalent actinides other than U(vi).

Here, we identify the ternary complexation of plutonyl(vi)
tricarbonate with calcium and magnesium ions for the first
time. Visible-near infrared (vis-NIR) absorption spectroscopy is
employed to elucidate the chemical interaction of Ca®* and
Mg>* with plutonyl(vi) carbonate species. Among the various
chemical models, a chemical model involving the formation of
CaPu0,(CO5);>~ confirms our spectrophotometric results.
Finally, the noticeable impacts of the ternary complexation of
Pu(vi) on its aqueous chemistry and mobility in the environ-
ment are discussed based on the obtained formation constants
for CaPu0,(C0;);>~ and MgPuO,(CO5);>".

2. Experimental section

2.1. Cautions

Plutonium is radioactive and toxic. For experiments with pluto-
nium, a restricted area with appropriate safety equipment and
authorization is required. In this work, the plutonium solu-
tions were carefully handled in a chemical fume hood and
negative pressure glove box.

2.2. Chemicals

Plutonium stock solution was prepared by the dissolution of
PuO, (ORNL, ***Pu: 99.932% with trace levels of ***pu, **°Pu,
24%py, **'py, and >**Pu) with concentrated HNO; and a small
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amount of HF. “"Am generated from the p-decay of “* Pu was
separated from the plutonium stock solution by anion
exchange (AG 1-X8, Bio-Rad). The background electrolyte
(HNO; and HF) was converted to HClO, by fuming with con-
centrated HClO, solution before drying and re-dissolution.
The absence of the oxidation states of plutonium other than
+6 was confirmed by vis-NIR absorption spectroscopy.
Ultrafiltration (10 kDa, Ultracel YM regenerated cellulose mem-
brane, Centricon-10, Millipore) was employed to eliminate par-
ticulates and the breakdown probability obtained using laser-
induced breakdown detection (LIBD) of the Pu(vi) stock solu-
tion was comparable to that of ultrapure water (Milli-Q, Merck
Millipore), which indicates the absence of particulates in the
solution. The concentration of the Pu(vi) stock solution was
determined to be 6 mM by liquid scintillation counting (LSC).
The detailed experimental setups for LIBD have been
described elsewhere.*>*® Aliquots of plutonium stock solution
were taken to obtain the desired plutonium concentration.
Stock solutions of 0.5 M Na,CO; and 1.5 M NaClO, were
prepared by the dissolution of anhydrous Na,CO; (99.999%,
Aldrich) and hydrate NaClO, (99.99%, Aldrich), respectively, in
Milli-Q water. Pu(vi) samples for vis-NIR spectrophotometric
titration were prepared with a Pu concentration of
0.35-0.40 mM. The initial carbonate concentration was set to
18 mM. To minimize the reduction of Pu, NaOCl was spiked at
a 0.2 mM concentration of hypochlorite in the samples. HCIO,
(99.999%, Aldrich) was used to adjust the pH of the Pu
samples. The pH was measured using a combination glass
Ross-type electrode (Thermo Scientific Orion) filled with 3 M
KClI calibrated with pH buffers (pH 4.01, 7.00, and 10.01,
Thermo Scientific Orion). The pH measurement was carried
with a separated and duplicated sample solution in each titra-
tion step. The pH values mentioned throughout this manu-
script are the measured values. The magnesium and calcium
titrants were prepared by the dissolution of Mg(ClO,),-4H,0
(99%, Aldrich) and Ca(ClO,),-4H,0 (99%, Aldrich) in 0.1 M
NaClO, to obtain 0.23 M Mg>" and 0.14 M Ca**. The ionic
strength of the Pu(vi) sample was set to 0.1 M H/NaClO,.
All solutions were prepared with ultrapure Milli-Q water (18.2
MQ cm™"). The plutonium concentration was measured using
LSC (Tri-Carb 3110TR, PerkinElmer) and the concentrations of
magnesium and calcium were analysed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES).

2.3. Vis-NIR spectrophotometry and data processing

A 2.5 mL Pu sample was contained in a sealable quartz cell
(Hellma Analytics) with an optical path length of 1 cm, and
the cell was mounted in a temperature-controllable cuvette
holder (Agilent Technologies) during the measurement. The
vis-NIR absorption spectra were recorded by a spectrophoto-
meter (Cary 5000, Agilent) at 25 °C. To increase the concen-
trations of H", Mg>", and Ca*", aliquots of HCIO, and titrants,
Mg(Cl0O,), and Ca(ClO,), in 0.1 M NaClO,, were added, and
the sample was equilibrated for 10 min with magnetic stir-
ring before the absorption measurements. The equilibrium
constants and absorption spectra of each species were calcu-

This journal is © The Royal Society of Chemistry 2020
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lated from the recorded spectra using a minimization
program (Hypspec2014).>” For the fitting of the spectrophoto-
metric results and the calculation of formation constants
and absorption spectra of CaPuO,(CO;);>”, the aqueous
species H,CO3;, HCO3;~, NaHCO;, NaCO;™, CaHCO;", CaCO;,
Pu0,(C0O;),>7, PuO,(CO;);*", H', and OH™ were included in
the model as the existing species in the system. The equili-
brium constants were obtained from ref. 13 and 38 and cor-
rected to those at 0.1 M H/NaClO, based on the specific ion
interaction theory (SIT)*° and the corresponding coefficients
in ref. 40 and 41. The absorption spectrum in the range of
873 nm to 899 nm was excluded from data processing due to
the meaningless signals with noisy fluctuation generated
while exchanging the detectors of the spectrometer. All
experiments were performed in triplicate. Errors of the data
obtained in this work represent +1¢. The formation constant
of CaPu0,(CO;);*~ was calculated to inherently include the
errors of the formation constants of PuO,(CO;),>” and
Pu0,(CO;);*" since the log K values of PuO,(CO;),>” and
Pu0,(CO;);*~ were taken into account in the calculation with
their errors (+0.50). On the other hand, the error for the log K
of MgPuO,(CO5);>~ was obtained independent of the errors
for PuO,(CO;),>~ and Pu0,(CO;);* .

The stepwise formation constants of MgPuO,(CO;);*~ and
CaPu0,(CO5);>” species (10g Knipuo,(co,),2- M> + PuO,(C0O3);*™ <
MPuO,(CO;)*", M = Mg and Ca) at infinite dilution were deter-
mined using the Davies equation.*?

2.4. Geochemical modelling

PHREEQC (version 3)** was used to calculate the aqueous
Pourbaix diagram (E,-pH diagram) and Pu(vi) speciation with
PH at 25 °C and infinite dilution. The thermodynamic data for
Pu(vi) species were basically obtained from NEA-TDB in
PHREEQC format (updated in November, 2018).*> For the for-
mation constants of MgPuO,(CO;);>~ and CaPu0,(CO;);>7, the
data obtained in this work were used. For the aqueous and
solid species for calcium, magnesium, and carbonate, the
thermodynamic data of WATEQ4F*® were used. In the calcu-
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lations, calcite, magnesite, dolomite, PuO,CO;(cr), and
PuO,(OH),-H,0(cr) were taken into account as solubility limit-
ing phases. The Pourbaix diagram was illustrated using
PhreePlot software.*®

3. Results and discussion

3.1. Vis-NIR absorption spectral properties of Pu0,(CO;),>~
and Pu0,(CO;);*~

Prior to the investigation of Ca®* complexation with plutonyl(vi)
carbonate species, the vis-NIR absorption characteristics of
Pu0,(CO;),>” and PuO,(CO;);*~ species were identified. Fig. 1a
and b show the results of a vis-NIR spectrophotometric titration
with decreasing pH. At the starting point of the spectrophoto-
metric titration (pH 9.78, Fig. 1a and b), the aqueous Pu(vi) spe-
ciation is calculated to be 100% PuO,(CO;);*~ by thermo-
dynamic modelling based on the critically reviewed NEA-TDB
(ESI, Fig. S17), and the recorded spectrum at pH 9.78 is identical
to the absorption spectrum of Pu(vi) observed under concen-
trated carbonate conditions at a strongly alkaline pH (2 M
Na,COj3, pH 12.6) in a previous study."” It is therefore assumed
that the spectrophotometric titration starts at 100%
Pu0,(CO5);*", and the observed spectrum of Pu(vi) at the initial
point (pH 9.78) is ascribed to the characteristic absorption spec-
trum of PuO,(CO;);*". The characteristic sharp absorption peak
of PuO,*" ions at 830 nm completely disappears due to carbo-
nato complexation, and instead, broad absorption from 500 nm
to 650 nm (molar absorptivity ¢ = 55.7 + 2.8 M™' cm™" at the
peak position of 569 nm) is observed. In addition, the observed
absorption bands in the ranges of 840-870 nm, 900-960 nm,
and 1000-1120 nm are comparable to the reported absorption
bands of Pu(vi) carbonate species in previous work.*”*®

As the pH decreased, the recorded absorption spectra
gradually changed (Fig. 1a and b), indicating chemical
changes in the aqueous Pu(vi) species. A decrease in absor-
bance with a continuous hypsochromic shift in the broad
absorption between 500 nm and 650 nm and the appearance
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Fig. 1 Representative results of the spectrophotometric pH titration of the plutonyl(vi) carbonate system ([Pu(v)] = 0.36 mM, [CO5* Jiora = 18 MM,
pH 9.78 (black line) to 7.73 (red line), and / = 0.1 M H/NaClO,4) with decreasing pH in the wavelength ranges of (a) 500-870 nm and (b)
900-1120 nm. The arrows indicate a gradual increase (up) and decrease (down) in absorbance due to acidification. (c) Vis-NIR absorption spectra
(500-1120 nm) of PuO,(CO3)35*~ (solid line, measured at pH 9.78) and PuO,(COs),%~ (dotted line, determined from the equilibrium constant of the

transition reaction, PuO,(COs)s*~ < PuO,»(CO3),2~ + COs27).
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of isosbestic points at 540, 654, 823, 953, and 1054 nm
representing a one-to-one transition of PuO,(CO;);*” to
Pu0,(CO;),>” are observed with decreasing pH. With acidifica-
tion, absorption bands at 853 nm and 1010 nm appear and
gradually grow, whereas the intensity of the double peaks in
the 1000-1120 nm region decreases.

In addition to the characteristic changes in the absorption
spectra, the calculated equilibrium constant also supports a
change in aqueous Pu(vi) species from PuO,(CO;);*” to
PuO,(CO;),>” after comparison with the reported thermo-
dynamic data. The chemical reaction is as follows:

Pu0,(C03),"” < Pu0,(CO;3),>” + CO3>~ (1)

From the results of the spectrophotometric titration, the
equilibrium constant (log K) of reaction (1) is calculated to be
—4.02 + 0.19 at 0.1 M H/NaClO, by the data processing soft-
ware®” and is corrected to —3.15 + 0.20 at infinite dilution by
SIT*® using ion interaction coefficients from previous work.*"
The corrected formation constant of —3.15 + 0.20 is very com-
parable to the value of —3.30 + 1.02, which resulted from
the difference in the Gibb’s free energies of formation for
Pu0,(CO;),>” and PuO,(CO;);*~ species.”® These critically
reviewed formation constants of reactions (2) and (3) are 14.7 +
0.50 and 18.0 + 0.50, respectively.

PuO,?" +2C0;3%" + Pu0,(CO;),*" (2)
Pu0,*" +3C0;>” < Pu0,(CO3),*~ (3)

The stability constants and interaction coefficients of Pu(vi)
carbonate species in 0.202 m NaClO, were recently revisited by
coupling capillary electrophoresis and ICP-MS.*' The newly
obtained stability constants at infinite dilution based on
the reactions (2) and (3) were 14.99 + 0.06 and 17.94 + 0.30,
respectively. This corresponds to —2.95 + 0.31 for reaction (1),
which is also comparable to our data (—3.15 + 0.20).

The aqueous Pu(vi) speciation from the spectropho-
tometry in this study and from the thermodynamic model-
ling with NEA-TDB are in good agreement (ESI, Fig. S17).
Along with the equilibrium constant of reaction (1), the
pure absorption spectrum of PuO,(COs;),>” is obtained
accordingly based on the results of the potentiometric titra-
tion (Fig. 1c). The molar absorptivity of the most prominent
peak of PuO,(CO;),>” at 853 nm is determined to be
49.0 + 4.2 M~' em™. Notably, a shoulder peak in the vicin-
ity of the PuO,(CO;),>~ band at 853 nm arises at approxi-
mately 843 nm below pH 8.2. Thermodynamic modelling
reveals the formation of plutonyl(vi) monocarbonate species
in very low abundance, <5%. To avoid interference from
Pu(vi) species other than PuO,(COs;),>” and PuO,(CO;);"",
the equilibrium constant and the absorption spectrum of
PuO,(CO;),>” species are determined using the result
obtained above pH 8.2.

3.2. Interaction of Ca>* with Pu(vi) carbonate species

On the basis of the absorption spectral information of
Pu0,(CO;),>” and PuO,(CO,);*", the ternary complexation of
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plutonyl(vi)carbonate species with Ca*" is investigated (Fig. 2).
At 808 nm, a new sharp peak, which is not observed in the
Pu0,(CO3),> /Pu0,(CO;);*~ system, appears after adding Ca**
and is thus a strong indication of the interaction of Ca*>" with
Pu(v1) carbonate species. Together with the growth of this peak
at 808 nm characteristic of the interaction with Ca**, the broad
absorption band between 500 nm and 650 nm, representing
the equilibrium of Pu0O,(CO3),>~ and PuO,(CO;);*~, undergoes
a bathochromic shift after addition of Ca®* even at a constant
PH of 7.9 during the titration. These spectral features are iden-
tical to other spectrophotometric Ca*" titrations with varying
starting pH values and different ratios of Pqu(Cos]ZZ_/
Pu0,(CO;);*~ (ESI, Fig. S21). This unambiguously indicates
that a simultaneous interaction of Ca®>" with PuO,(CO,),>~ and
Pu0,(CO;);*” is unlikely. In addition, the clear isosbestic
points at 540 and 651 nm are independent of the pH of the
Ca®" titration, indicating that only one Ca-Pu(vi) carbonate
species is formed: either Ca**-Pu0,(C0;),>~ or Ca*'-
Pu0,(CO5);*". The redshift in the broad peak (500-650 nm)
and the disappearance of absorbance at 853 nm correspond to
the change in the aqueous Pu(vi) species from PuO,(CO;),>” to
Pu0,(CO3);*". The absorption spectrum of the newly formed
Ca®>*-Pu(vi) carbonate species is similar to that of
Pu0,(CO3);*", except for a distinguishable absorption band at
808 nm. In addition, the characteristic peak of PuO,(C0O;),>” at
853 nm is attenuated by the addition of Ca** and nearly
vanishes at the end of the Ca*" titration ([Ca®'] = 0.72 mM),
which reflects a significant decrease in the PuO,(CO;),>~ con-
centration with Ca®>" addition. Thus, Ca** likely interacts with
Pu0O,(CO;);*™ rather than PuO,(CO;),>". This interaction is
also experimentally confirmed by the results of the spectro-
photometric titration at pH 9.1, showing the appearance of the
peak at 808 nm even in the absence of PuO,(CO3),>~ (Fig. 2b).

Slope analysis (Fig. 2c) was conducted to determine
the stoichiometric number (x) of Ca** complexing with
Pu0,(CO;);*". The chemical reaction of Ca®>" with PuO,(CO;);*"
and its equilibrium constant of Ca,PuO,(CO;);>*"* (logK) are
described with the concentration ratio (R) of Ca**-complexed
and uncomplexed plutonyl(vi) species, i.e., [Ca,PuO,(CO;);,**~*]/
[Pu0,(CO;);* 7], as follows:

xCa®" + Pu0,(C0O;),"” < Ca,Pu0,(CO3),** "

log K = log R — x - log [Ca*"] (4)

At the first measurement point, the total Pu(vi) concen-
tration ([Pulira) is the sum of the concentrations of
Pu0,(C0O3),>~ and PuO,(CO;);*” in the absence of Ca®". In
each step of the titration, the concentration of PuO,(COs),>" is
determined from the absorbance (A4gs3) and the molar absorp-
tivity at 853 nm (egs3, puo,(co,),>-), Where the characteristic
peak of PuO,(CO;),>” is located. The concentration ratio
of Pu0,(CO3);*™ to PuO,(CO;),>” can be assumed to be con-
stant (C) in all steps of the Ca®" titration at a consistent
pH and CO;*~ concentration; thus, the concentration of
Ca,Pu0,(CO;);>* is calculated from the Pu(vi) concentration
balance. Accordingly, the concentration ratio (R) of Ca*"-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Results of the spectrophotometric Ca?* titration. (a) Representative results of the spectrophotometric Ca2* titration of the plutonyl(vi)car-
bonate system ([Pu(v)] = 0.39 mM, [COz® liorat = 17 MM, [Ca®*] = 0 to 0.72 mM, pH 7.9, and / = 0.1 M H/NaClO,) with increasing Ca* in the wave-
length range of 500-870 nm. The arrows indicate a gradual increase (up) and decrease (down) in absorbance due to Ca®" complexation. (b)
Increase in the peak at 808 nm under PuO,(COsz)s* -dominant conditions ([Pu(v)] = 0.39 mM, [COz® liotat = 17 mM, [Ca®*] = 0 to 0.11 mM, pH 9.1,
and / = 0.1 M H/NaClOy,). (c) Results of a triplicate slope analysis (log R vs. log [Ca®*];cta) With the slope (x) representing the stoichiometric number of
complexed Ca?* obtained from linear regression. (d) Deconvoluted vis-NIR absorption spectra of CaPu0,(COs)s?~ from the results of the spectro-

photometric Ca?* titrations.

complexed and uncomplexed Pu species is rearranged in
terms of the absorption properties as follows:

[Pu] o = [Pu0O,(CO;3),> |
+ [Pu0,(CO3),*" | + [Ca,Pu0,(CO;3),* ]
A A
_ 853 +C- 853
€853,Pu0,(C0O3),%~ €853,Pu0,(CO3),%~

+ [Ca,Pu0,(CO;),* ]

total

 [Ca,Pu0,(CO;),> ]
[Pu0,(CO;);*]

Agss

([Pu]total - -C-

Ags3 (5)
€853,Pu0,(CO;3),2~ €853,Pu0,(CO;3),2~
Ags3

€853,Pu0,(C0O3),%~

C -

As shown in Fig. 2c, the slope of log R vs. log[Ca**]ia iS
1.14 + 0.21, indicating that the stoichiometric number of Ca**

This journal is © The Royal Society of Chemistry 2020

ions complexing with PuO,(CO;);*” is close to 1 and
CaPu0,(C0;);>~ species are formed. The positive deviation of
the obtained slope from the ideal value of 1 may be attributed
to an overestimation of the free Ca®" ion concentration
because the amount of Ca*>" actually consumed by complexa-
tion is neglected. Taking into account the consumed Ca®" con-
centration based on the assumption of x = 1, the slope is deter-
mined to be 0.94 + 0.26 (ESI, Fig. S37).

The formation of the monocalcium plutonyl(vi)tricarbonate,
CaPu0,(C0;);>", was also confirmed by the examination of
possible chemical models. A chemical model based on the for-
mation of CaPuO,(COs;);>~ shows a very successful fitting
result with the spectrophotometric titration, and the stepwise
formation constant of CaPuO,(CO5);>~ (log Kcapuo,(co,) ca® +
Pu0,(CO3);*” < CaPu0,(CO;);>7) corresponding to reaction
(4) with x = 1 is calculated to be 4.33 + 0.50 in 0.1 M H/NaClO,.
The absorption spectrum of CaPuO,(CO;);>” calculated from
the results of spectrophotometric titration is presented in
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Fig. 2d. The stepwise formation constant of the similar uranyl
(vi) species, CaUO,(CO;);>7, in 0.1 M H/NaClO, medium
(10g Kcavo,(co,)- Ca*' + UO,(CO3);"'™ < Cal0,(C05);>7) has
been reported to be 3.13 + 0.22%° and 3.00 + 0.25% in previous
work. Other chemical models presuming the formation of
neutral Ca,Pu0,(CO3);(aq) species show unsatisfactory spec-
trophotometric results with failures in the spectral fitting pro-
cedure (ESI, Fig. S4t1) and implausible formation constants.
Even though the ternary Ca®" complexation of PuO,(CO;);" is
more favourable than that of UO,(CO;);*", the di-calcium
species, which is frequently observed for U(vi) as
Ca,U0,(CO3)3(aq), appears to be difficult to form for
Pu0,(CO5);*". UO,(CO;);*™ can be dominant even at a low pH
and carbonate concentration, where a millimolar concen-
tration of Ca”" is sufficient to form di-calcium species that can
be dissolved. However, in the case of Pu(vi), the formation of a
considerable amount of PuO,(CO;);*” requires a relatively
high pH and carbonate concentration, but the amount of Ca**
ions needed to form di-calcium species is limited due to the
solubility limit imposed by the formation of CaCOj;(s) under
these conditions.

3.3. Mg>*-Pu0,(CO;);"~ system

Similar to Ca®>" complexation, an identical trend in spectropho-
tometric changes is also observed for the titration with Mg>*
ions (ESI, Fig. S51). However, the evolution of the absorbance
is more insensitive to the Mg** concentration than to the Ca**
system, which represents a stronger affinity of Ca>* than that
of Mg> for PuO,(CO;);*". Because of this small spectral
change in absorbance, even with a large variation in the Mg>*
concentrations compared to the Ca** system, data processing
by the minimization software®” and the convolution of the
characteristic absorption spectrum of MgPuQ,(CO;);>~ are pro-
blematic. Instead, the concentration balance used in the slope
analysis (eqn (4) and (5)) is utilized to quantitatively determine
the concentration of Mg**-complexed PuO,(CO;);*~ in each
step of the titration based on the assumed formation
of MgPuO,(CO5);>". The stepwise formation constant of
MgPuO,(C0;);*>~ at 0.1 M H/NaClO, (log Kngpuo,co,)-)
is calculated to be 2.58 + 0.18, which is smaller than
10g Kcapuo,(co,),>-- The favourability of Ca>" over Mg>" is widely
observed in Mg>*/Ca®*~U0,(CO;);*~ complexations as well.'®?%>*

To make the formation constants applicable to thermo-
dynamic modelling, the Davies equation®® is applied to
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correct the ionic strength to infinite dilution. The stepwise
formations of MgPuO,(CO;);>~ and CaPuQ,(CO;);>" at infi-
nite dilution are determined to be log K°umgpuo,(co,),-
4.29 + 0.18 and log K°capuo,(co,),>- = 6.05 + 0.50. To the best
of our knowledge, the formations of MgPuO,(CO;);> and
CaPu0,(C0;);>~ are reported for the first time in this work.
For that reason, the ion interaction coefficients of the
ternary plutonyl(vi) species are still unknown. Nonetheless,
it is worth noting that the use of the SIT approach®® with
the ion interaction coefficient of CaUO,(CO3);>~ with Na*
suggested from PSI/Nagra-TDB,*? £(CaUO,(CO;);*", Na*) = -
(0.1 + 0.1) kgmol™*, as a surrogate coefficient for
MPuO,(CO;);>~ shows insignificant differences in log K°
(4.27 + 0.19 and 6.02 + 0.50 for M = Mg>" and Ca*", respect-
ively) with the values obtained using the Davies equation.*’
Table 1 summarizes the formation constants of ternary plu-
tonyl(vi) complexes in 0.1 M H/NaClO, and at infinite
dilution (Davies equation®?).

3.4. Aqueous Pu speciation

Fig. 3 presents the Pourbaix diagram (Eh-pH diagram) and the
aqueous Pu(vi) species distribution based on the obtained
thermodynamic data of CaPuO,(CO;);*>~ and MgPuO,(CO3);>~
and the data from NEA-TDB." It is worth noting that the mod-
elling was performed at considerably reduced Pu concen-
trations (107° M) and carbonate amount (atmospheric CO,(g)
equilibrium) as compared to those used in the experiments
([Pu(v1)] = 0.35-0.40 mM and [CO5> Jinita1 = 18 mM). At weakly
alkaline pH under oxidizing conditions, CaPuO,(CO5);>" is the
dominant aqueous Pu(vi) species and the apparent Pu(vi/v)
Nernstian potential is shifted toward a less positive value,
which suggests a slight but further redox stabilization of
Pu(vi). As a consequence of the formation of CaPuO,(CO3);>",
the effect of PuO,(CO;),>~, which was expected to be the major
Pu(vi) species in previous work,>'""* would be weakened in
the presence of calcium at environmental (millimolar) concen-
trations. Based on the aqueous Pu(vi) speciation (Fig. 3b), the
predominance of CaPuO,(CO;);>~ and a correspondingly
decreased amount of PuOZ(CO3)22_ are expected in natural
waters such as rainwater, groundwater, and seawater. In
addition, the strong ternary complexation could increase Pu(v)
solubility up to approximately six times at pH 7.5-9.0
(ESI, Fig. S71).

Table 1 Equilibrium constants (log K) of Mg?*/Ca®* complexation with PuO,(COs)s*~

log K

Reactions I=0.1 M H/NaClO, I=0 M infinite dilution Ref.
PuO,>* +3C0;>" < Pu0,(CO3);5"*~ — 18.00 + 0.50 13
Mg>" + PuO,(CO;);"~ < MgPuO,(CO;),>~ 2.58+0.18 4.29 +0.18° pw.”
Mg>" + PuO,*" + 3C0;>~ < MgPuO,(CO;);>~ — 22.29 + 0.53 p-w.”
Ca”" + PuO,(CO;);"™ < CaPu0,(CO;)5>~ 4.33 +0.50 6.05 + 0.50" pw.*
Ca” + Pu0,” + 3C0;>~ < CaPu0,(CO3)5>~ — 24.05 + 0.50 pw.

“ present work. ” Corrected by using the Davies equation.*?
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Fig. 3 Environmental implications of the formation of CaPu0,(CO3)3%~
and MgPuO,(CO3)s%~ ([Pul = 1 x 107° M, [Ca®*] = [Mg?*] = 1 mM, in equi-
librium with pcozg = 1073* atm, at 25 °C and infinite dilution). (a)
Calculated Pourbaix (E,-pH) diagram of aqueous plutonium species. The
dashed line represents the boundary of apparent Pu(vi/v) Nernstian
potential in the absence of Ca®* and Mg?*. (b) Calculated aqueous Pu(vi)
species distribution. The abrupt change at pH 8.1 occurs due to the
solubility of Ca®* in the carbonate system. For the details of calculation,
see section 2.4.

4. Conclusions

The complexations of aqueous plutonyl(vi) carbonate species
with Ca®" and Mg>" were identified for the first time using vis-
NIR absorption spectroscopy. In Ca®>" or Mg>" titrations, a
characteristic absorption signal at 808 nm, which was not
observed in the plutonyl carbonate system, i.e. PuO,(COj3),>~
and Pu0,(CO;);*", appears and it is a clear indication of the

This journal is © The Royal Society of Chemistry 2020
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ternary complexation of plutonyl(vijcarbonate with alkaline
earth metals. The results of vis-NIR absorption spectroscopy
evidently show that Ca®" interacts with PuO,(CO;);*" rather
than with PuO,(CO;),>”, and the results of slope analysis
provide the stoichiometric number of Ca®>" complexing with
Pu0,(CO;);*™ as 1, indicating the formation of MPuO,(CO3);>~
(M = Ca* and Mg>"). Based on the results of spectrophoto-
metric titration and the correction of ionic strength using the
Davies equation, the formation constants of CaPuO,(CO3);>~
and MgPuO,(CO;);>~ from PuO,(CO;);* are determined to be
log K° = 6.05 + 0.50 and 4.29 + 0.18, respectively.

The prediction of the environmental behaviour of pluto-
nium based on the geochemical calculation considering
MPuO,(CO;);>~ suggests that CaPuO,(CO;);>~ would be the
most predominant Pu(vi) species and increase Pu(vi) solubility
in the natural waters. It may also affect the redox property of
plutonium and stabilize Pu in the hexavalent state by strong
complexation. Ternary Mg**/Ca®>"~Pu0,(CO3);*~ complexes can
enhance Pu migration in aqueous systems under oxidizing
conditions such as groundwater and seawater containing
abundant calcium, magnesium, and carbonate.
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