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ABSTRACT: Herein, neptunium(V) carbonates containing sodium
or potassium cations were synthesized via chemical precipitation.
Various techniques such as scanning electron microscopy, energy-
dispersive X-ray spectroscopy, thermogravimetry combined with
differential scanning calorimetry, X-ray diffraction, and X-ray
absorption spectroscopy were used to analyze the microstructures
and elemental compositions of these samples. The crystal structures of
hydrated NaNpO,CO;-3H,0 (P1, a = 4.3420(2) A, b = 4.8962(2) A,
¢ = 10.0933(11) A, a = 91.014(7)°, B = 77.834(11)°, and y =
90.004(10)°) and KNpO,CO; (P6y/mmc, a = b = 5.0994(2) A, ¢ =
10.2210(15) A) were determined for the first time using the Rietveld
method. The synthesized carbonates exhibited distinct structural
features and decomposition behaviors, as demonstrated through
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thermogravimetry analysis, which revealed the presence of crystalline hydrate water in sodium neptunium(V) carbonate.
Furthermore, calcium-containing neptunium(V) carbonates were synthesized and characterized. Samples with the general
composition CaysNpO,CO; were obtained using the ion exchange method and chemical precipitation from solutions containing
competing cations (Ca**, Na*, K*, and Mg**). The synthesis conditions notably affected the diffraction patterns of the obtained
calcium neptunium(V) carbonates. This investigation enhances our understanding of the structural properties and thermodynamic
stability of neptunium(V) carbonates in the presence of diverse cations commonly found under radioactive waste disposal

conditions.

B INTRODUCTION

Nuclear power generation yields a long-term radioactive waste
challenge, necessitating their secure storage for centuries."””
Countries with developed nuclear power industries are

species.
waste repository through aqueous pathways, understanding the
composition and properties of solubility-controlling Np phases
and their solubility product constants (Kj,) is vital."*~'® Np

191 To predict the maximum Np mobilization from a

concerned about creating reliable and protected storage
facilities for high-level wastes. Various host rock concepts for
deep geological waste disposal have been proposed.” However,
the potential intrusion of water in the near-field of a nuclear
waste repository may mobilize radionuclides via aqueous
pathways.”® Thus, understanding radionuclide behavior in
solutions is pivotal for safety analysis and performance
assessment in the final disposal of nuclear waste in deep
geological repositories.””®

»’Np is among the most dangerous radionuclides owing to
its long halflife (T,, = 2.144 X 10° years) and high
radiotoxicity as it is an a emitter.” Spent nuclear fuel contains
<1% of Np; however, **'Np contribution to long-term waste
activity grows owing to the increased Np content in nuclear
waste from **'Am decay over 5000 years. Under oxidizing
conditions, as envisioned with oxygenated groundwater
contacting the wastes, Np may dissolve as mobile Np™MO,*
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speciation in solution is affected by local geochemistry,
including the nature and concentrations of aqueous system
components such as complexing ligands, redox-active species,
or dissolved background electrolyte ions.

Np(V) has a high affinity for carbonate ions in the solid
phase.'”” Np mixed carbonates are formed in the presence of
alkali and alkaline earth metal cations. Initial discussion on Np
chemistry in carbonate media dates back to the 1950s and
1960s, with the earliest studies describing the preparation of
hydrated KNpO,CO; through chemical precipitation in
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K,CO; media.'®"? The structures and composition of
MYNpO,CO; (M(I) = Cs*, Rb*, NH,*, K*, Na*, and Li")
compounds have been revealed through thermogravimetric
analysis and laboratory X-ray diffraction (XRD).”"~** Depend-
ing on the alkali cation radius, M(I)NpOZCO3 phases with
different crystalline structures could be formed. KNpO,CO;
crystallizes in a hexagonal crystal family similar to pentavalent
Pu and Am carbonates.'¥** NH,NpO,COj crystallizes in the
same hexagonal crystal family.”>** Volkov et al. studied Np(V)
carbonates with various M(I) cations in the struc-
ture,”"">>?°7*" highlighting morphotropic transformations
from hexagonal to orthorhombic crystal structure as one
moves from K to Na in the series of pentavalent Np
monocarbonates with Cs*, Rb*, NH,", K", Na*, and Li*.
Although structural data for NaNpO,COj; are obtained from
powder diffraction patterns, the refinement of its crystal group
Pm2n and atom positions was limited to anhydrous
NaNpO,CO;.*" To the best of our knowledge, hydrated
NaNpO,CO;xH,0 structures lack reliable structure data,
despite evidence indicating that different amounts of water
molecules in the NaNpO,CO;-xH,O structure could consid-
erably change the position of the primary diffraction
reflections.”’

To estimate the Np concentration in an aqueous solution
equilibrated with solids, understanding the solubility of
different Np-containing solid phases is essential. Thermody-
namic data exist for MUNpO,CO; compounds. Maya first
proposed a reliable K, value for hydrated NaNpO,CO;(s) in a
1 M NaClO, aqueous solution.”” Lemire et al. determine the
solubility of hydrated NaNpO,CO; and KNpO,CO; at
different temperatures.”’ The K, values of hydrated
NaNpO,CO; and Na;NpO,(COs;), at various ionic strengths
were determined by Neck et al.”' Vitova et al. observed the
preferential precipitation of K-solid phases of Np(V) over Na
when K and Na concentrations were comparable.””

However, limited information is available on the structure
and thermodynamic data of Np(V) carbonates mixed with
divalent cations with the general formula M(H)O_SNpOZCO3
(M(II) = Mg*, Ca, Sr**, Ba*', etc.). The potential formation
of M(H)O_SNPOZCO3 via jon exchange with the hydrated
NaNpO,CO; phase has been previously reported.”® However,
detailed characterizations of the reaction products and other
studies investigating similar phases are notably scarce. These
compounds can play an essential role in Np migration,
especially in repository-relevant systems where Mg** and Ca**
are common background electrolyte ions, alongside Na*, K7,
and CI” ions."

Thus, enhancing the reliability of structural information for
M(I)NpOZCO3 compounds is essential. Moreover, compre-
hensive elucidation of the synthesis methods for
M(II>0.5NpOZCO3 compounds, with the scarcity of available
structural information being pronounced in this case, is in
demand. This work aimed to synthesize and characterize the
M(I)NpOZCO3 (MW = Na* and K*) structure and explore the
potential formation of similar phases with divalent cations. The
synthesis of alkali-mixed Np(V) carbonates involved the
chemical precipitation of Np(V) in carbonate solutions
containing Na and K. The Ca-containing Np(V) carbonate
phases were obtained using different synthesis routes.
Synchrotron methods were used to study the local environ-
ment of Np atoms (extended X-ray absorption fine structure
spectroscopy (EXAFS)) and long-range order of the samples
(XRD). Synchrotron radiation offered high signal-to-noise data

from small sample quantities, which is especially important
when working with radioactive samples. Scanning electron
microscopy (SEM) was used to investigate the sample
morphology and local elemental composition. This combina-
tion of methods yielded reliable structural information for
hydrated M(I)NpOZCO3 and M(H)O.SNpOZCO3 compounds.

B MATERIALS AND METHODS

Caution! *’Np is a radioactive isotope and an a-emitter. Radioactive
samples were handled in specialized facilities equipped to mitigate the
potential health hazards associated with radiation exposure.

Synthesis. All solutions were prepared by using ultrapure water
from a Milli-Q (Millipore) apparatus. The Np source used was NpO,,
which was dissolved in concentrated nitric acid. Subsequently, Np was
oxidized in concentrated HCIO, at 200 °C. To stabilize Np(V) in the
solution, aliquots of a 0.1 M NaNO, solution were added to a stock
solution at room temperature. Ultraviolet—visible (UV—vis) spec-
troscopy (UV-1900i, Shimadzu) confirms the final pentavalent Np
oxidation state, which shows characteristic peaks at 979, 616, and 475
nm (Figure S1). Liquid scintillation counting with a—f discrim-
ination determined the **’Np concentration in the stock solution
(Quantulus GCT 6220, PerkinElmer).

Samples labeled A-D were synthesized to obtain Np carbonates
with Na and K. Sample A was synthesized from an Np(V) solution
with a concentration of 2 X 107> M by adding NaHCO, and NaOH
to reach a pH of 8.8. Samples B—D were synthesized from Np(V)
solution with an initial concentration of 4 X 107> M under a pH range
of 7—8. During the synthesis of these three samples, K* and Na* were
present in the initial solution, together with Np. The exact
concentrations of [Na*] and [K*] in the synthesis and the pH values
are listed in Table S1.

Several synthesis procedures were used to obtain Ca-mixed Np
carbonates (Samples E—G). Sample E was prepared using an ion
exchange method, where Sample D was immersed in a 0.1 M CaCl,
solution for 3 days. Once a day, the solid phase was separated via
centrifugation for matrix solution update. Np concentration in the
solution was controlled during the synthesis to confirm the absence of
phase dissolution. The final solid phase was further characterized.
Sample F was obtained via precipitation from a solution containing
0.005 M Np(V) in 0.05 M CaCl, solution with a pH of 8 achieved by
adding NaOH. To prepare Sample G, an aliquot of the Np(V) stock
solution was added to a simulated natural hard water solution with a
predominant concentration of Ca (Table S1). The pH of the resulting
mixture was set to 8 using NH;-H,O.

All syntheses were conducted under oxic conditions at 25 °C. The
colors of the resulting samples varied from white to dark blue
depending on the synthesis condition. Glass combination electrodes
(InLab Semimicro, Mettler Toledo) calibrated with standard pH
buffers were used to determine the pH of the solutions. Redox
potentials E(mV) were measured with a Pt electrode relative to an
Ag/AgCl reference electrode, and the results were converted to Eh
(Eh(mV) = E(mV) + 208 mV). The Eh values were directly measured
in the Np-containing suspensions, and measurements were performed
until the Eh value remained stable within 5 mV over 30 min. During
the syntheses, the redox potential was within 0.58—0.70 V (Eh vs
HSE). According to the Pourbaix diagram, these redox conditions
correspond to Np(V) in solution, as shown in Figure S2. Before
characterization, all solid phases were washed 1 to 2 times with Milli-
Q water to remove residual reagents.

X-ray Diffraction. Synchrotron XRD data for Np-containing
samples were collected at the XSA beamline® of the Kurchatov
Synchrotron Radiation Source (Moscow, Russia) using a Rayonix
SX165 detector. Diffraction patterns were obtained by using
monochromatic radiation (wavelength = 0.75 A) focused on a 400
pm spot of the sample held in a quartz capillary. The exact wavelength
of the monochromatic radiation was specified before the experiments
using LaBg standard calibration.

To obtain XRD data for phase analysis, the intensity vs scattering
angle patterns were derived from two-dimensional (2D) patterns
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using the Dionis software,* and the signal from an empty capillary
was extracted as a background reference. XRD patterns for Samples A
and D, utilized for structure solution and refinement, were obtained
by processing 2D frames using Dioptas v.0.5.0 software® calibrated
with a LaBg reference sample. The patterns were ab initio indexed
using the dichotomy method® and LSI-index algorithm.?” Full profile
refinement with le Bail decomposition to extract structure factors and
subsequent Rietveld refinement were performed within JANA2006
software.*®

The refined unit cell parameters and the overall XRD pattern of
Sample D closely resembled those of the KPuO,CO, analog.*® The
KPuO,COj; structure was used as a starting model for structure
refinement by using the Rietveld method. In this process, the
positions of O1 and O2 were refined, while other atoms were placed
at special positions. K and Np were refined with anisotropic thermal
parameters, while other atoms were treated isotropically.

The crystal structure of Sample A was determined ab initio within
several stages. First, the charge flipping method in Jana2006>® was
applied to determine the position of Np1, C1, and O1—0S5 within the
NpO,CO; layer. Then, the partial structural model of Sample A was
refined by using the Rietveld method with geometrical restraints. The
positions of Nal and O6—08 in the interlayer space were obtained
through Monte-Carlo simulation using FOX software* while keeping
the layer geometry fixed. H atoms of H,O molecules were calculated
geometrically. The final structural model was refined using the
Rietveld method, incorporating one set of anisotropic thermal
parameters for the O4=Npl=O0S$ group and three isotropic
parameters for other atoms (one each for Nal, Cl and O1-03
group, and O6—08 group). Geometrical constraints were applied to
maintain the linearity of the group of 04=Np1=0S$ with equal Np—
O distances and the planarity of the CO; group with similar C—O
distances and O—C—O angles. After that, the unit cell showed neither
any noticeable Fourier peaks nor free cavities that could be attributed
to additional water molecules. Notably, the triclinic unit cell can be
transformed by the matrix (—1, 0,2, 1, 0, 0, 0, 1, 0) into a C-centered
pseudomonoclinic cell with refined cell parameters a = 19.7369(10)
A b = 434242(9) A, ¢ = 4.89603(10) A, @ = 90.010(4)°, B =
91.005(4)°, and y = 90.283(5)°. Thus, the y parameter remarkably
deviated from 90°. Moreover, despite the nearly orthogonal symmetry
of the NpO,COj layer, describable in a monoclinic cell, the interlayer
Nal and H,0O molecules break the symmetry; therefore, the overall
structure of Sample A was refined in the triclinic unit cell.

X-ray Absorption Spectroscopy. X-ray absorption spectroscopy
(XAS) data were collected at the Structural Materials Science
beamline*" of the Kurchatov Synchrotron Radiation Source (Moscow,
Russia). A storage ring with an electron beam energy of 2.5 GeV and a
current of 80—100 mA was used. Np L; edge XAFS was measured
with a Si (220) channel-cut monochromator, yielding an energy
resolution of AE/E ~ 2 X 10~* The suppression of high-energy
harmonics was achieved through monochromator geometry dis-
tortions. Energy calibration was performed by using the XAFS
spectrum of the Np(V) standard sample. As a standard sample, an
aqueous solution of Np(V) with a concentration of 107> M was used.
All experimental data were collected in transmission mode using two
ionization chambers, one filled with a mixture of Ar/N, (in a 2/3
ratio) and the other filled with Ar. At every energy point in the X-ray
absorption near-edge structure (XANES) region, the signal was
integrated for 1 s, with an energy step of 0.8 eV. In contrast, for the
EXAFS region, the integration time was set to 1 s at the beginning of
the region and increased to 4 s at the end of the region. Samples for
Np L; measurements were held in polymer holders during the
measurements. To monitor sample radiation damage, fast and long-
time scans were compared in the XANES region, revealing no
observable radiation damage. The beam size for Np L; XAS spectra
was chosen to cover the homogeneous area of the samples, but it was
not <500 gm X 500 ym to ensure an appropriate signal/noise ratio.
At least three spectra were collected and merged for all samples using
the IFEFFIT software.*

The EXAFS data analysis was first performed using the standard
procedure implemented in IFFEFIT software.*” The absolute value of

the Fourier transformed k**-weighted oscillation component of the
EXAFS function was fitted within an R range of 1.1-5.2 A. The
theoretical EXAFS function was expressed as a sum of partial
contributions y;, with each component calculated using the standard
EXAFS equation

NE(k 22
(k) = sg—l'{'fk ) 2R 02 o, + (k)

1
where A(k) is the photoelectron mean free path, F(k) is the
amplitude, and ¢@,(k) is the phase shift of scattered photoelectron
wave calculated ab initio using the FEFF8* program based on atomic
clusters derived from crystallographic structures determined through
XRD experiments. Interatomic distances (R;), coordination numbers
(N;), and Debye—Waller factors (6®) were determined through
nonlinear fitting of theoretical spectra to experimental data. The
semiempirical amplitude reduction factor Sy* considers many-body
losses; after preliminary tests, Sy* was fixed at 0.9 for all data analyses.

The reverse Monte Carlo (RMC) method is a simulation technique
that provides the three-dimensional (3D) atomic structure of a
material by minimizing the difference between experimental signals
and a configuration-averaged theoretical curve calculated from the
simulated atomic positions. The evolutionary algorithm of the RMC
method was used for the EXAFS spectra fitting as implemented in the
EvAX code.** A critical advantage of the RMC method is the
automatic handling of multiple scattering (MS) paths. The inclusion
of MS paths in conventional EXAFS fitting leads to a drastic increase
in the number of fitted parameters, often compromising the result
reliability. In EvAX, the configuration-averaged EXAFS signal y(k) is
obtained using the ab initio real-space MS FEFF8 code,* embedded
in the EvAX distribution. Experimental and theoretical spectra were
compared in wavelet transform (WT) space. The minimization
procedure was performed in the k*-weighted WT,* considering a k
range of 3—14 A™' and R range of 1-6 A. The RMC-EXAFS
procedure was applied to a S X S X 2 supercell under periodic
boundary conditions. The amplitude reduction factor S,* was fixed at
0.9 throughout the calculations. At each RMC iteration, new supercell
configurations were generated by randomly displacing all atoms
within the simulation box with a maximum displacement of 0.4 A.
Eight simulations were performed using different initial random seed
numbers to obtain radial distribution functions (RDFs) with the
appropriate statistics. The final EXAFS fit and RDF curves were
calculated by averaging the results from all of these calculations.

SEM and TG-DSC Measurements. The morphology and
chemical composition of the samples were studied using a Jeol JSM
IT-500 SEM instrument with a tungsten thermionic cathode and
equipped with an Oxford X-Max-n energy-dispersive spectrometer.
The samples deposited on a silicon substrate were covered with 20—
25 nm-thick conductive carbon films in a vacuum evaporator. Electron
images in secondary and backscattered electrons (SEs and BSEs,
respectively) and analytical measurements were conducted at an
accelerating voltage of 20 kV. For energy-dispersive X-ray (EDX)
analysis, the electron probe current was set at 0.7 nA, and the
exposure time was 60 s. Detection thresholds for all analyzed elements
were reached at concentrations of 0.1—0.2 wt %. The obtained spectra
were processed using the INCA program (version 21b) with
corrections according to the XPP model. The concentrations of
unstable elements were calculated by using internal standards, while
stable elements were analyzed by using standards of their simple
stoichiometric compounds under identical measurement conditions
for the standards and samples.

Thermogravimetry and differential scanning calorimetry (TG—
DSC) measurements were performed using a Netzsch STA Jupiter
449 F3 thermoanalytical complex. Heating occurred at a rate of 5 °C/
min within the temperature range of 40 to 1000 °C. Pt—Rh crucibles
and Pt—Rh sample carriers were used, and the atmosphere was a N,—
20% vol O, mixture with a purity of @ (N, + O,) = 99.999%.
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B RESULTS AND DISCUSSION

Characterization of Na, K— Np Mixed Carbonates.
Sample A was obtained from Np(V) stock solution through
chemical precipitation in a substantial excess of NaHCO,
(INpO,*] = 2 X 10 M and [Na*] = 3 x 107" M). The
XRD pattern of Sample A is shown in Figure la. This sample
has diffraction peaks similar to those found in previously
reported mixed Na—Np carbonate NaNpO,CO;-«H,0.”"*!
Samples B—D were synthesized to study the behavior of Np in
the presence of competing K* and Na* ([NpO,*] =2 x 1073
M, [Na*] =7 x 107> M, [K'] =2 X 107> M and pH = 7-8
under oxic conditions). These samples were characterized

(a) In presence Na*
Sample A
5
<
>‘ T T T T T T T T
[ NaNpO,CO5-3H,0
_9 (p-w.)
C
ELL Ll g
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(b) In presence Na* and K*
Sample B
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Figure 1. Synchrotron-based XRD patterns: (a) Comparison of
Sample A obtained in the presence of Na* with the literature data for
NaNpO,CO;-«H,0 from Neck et al.>' (ICDD PDF-4+ database) and
with the structure NaNpO,CO;-3H,0 refined the present work
(pw). (b) XRD patterns for Samples B, C, and D obtained in the
presence of different Na* and K* concentrations, along with the
literature data for KNpO,CO; from Keenan and Kruse work'®
(ICDD PDF-4+ database).

through XRD, revealing their different diffraction patterns
(Figure 1b). Sample D consists of a single phase, with its
diffraction pattern closely resembling data published for the
KNpO,CO; structure.'®'”*” Conversely, Samples B and C
contain two phases of Np carbonates with clearly distinguish-
able scattering reflections attributed to NaNpO,CO;xH,O
and KNpO,COj phases. Notably, Np in Na and K carbonate
structures remains in the pentavalent state, as confirmed using
the XANES spectra (Figure S3), which were compared to
those of an Np(V) reference compound.

Despite K and Na-mixed Np carbonates have been reported
to form under various conditions.???%*%* nho reliable
structural data and morphological characteristics exist for the
compounds NaNpO,CO;-«H,0 and KNpO,CO;. Herein, the
solids KNpO,CO; (Sample D) and NaNpO,CO;xH,O
(Sample A) are analyzed by using multiple techniques to
identify their morphology, crystal structure, and Np local
coordination environments.

The SEM images of Samples A and D are displayed in
Figure 2a,b. These images reveal large-scale, uniform, flower-
like microstructures obtained under specific synthesis con-
ditions. Close observation revealed that each flower-like
structure consists of several plates aligned radially from a
center point. The thickness of each plate is between S0 and
100 nm. EDX analysis conducted alongside SEM measure-
ments confirmed the differences in the phase composition of
Np precipitates. In Sample A, the EDX analysis revealed the
presence of Na in the local elemental composition. The
average Na/Np atomic ratio at various points in the sample
confirmed the general formula for Sample A to be
NaNpO,CO; (Table S2 and Figure S4a). For Sample D,
EDX measurements revealed the presence of K, Na, and Np
(Table S2 and Figure S4b). Synthesis residues in the sample
can explain the presence of Na in some areas of Sample D.
Notably, with SEM—EDX, detecting characteristic X-ray lines
of K at a low concentration alongside intense Np lines can be
challenging because of their substantial spectral overlap.

According to the TG—DSC data, the hydrated Na-
containing Np(V) carbonate decomposes in two stages,
starting at 98 °C (Figure 2c). The first stage exhibits a notable
endothermic effect with a minimum at 115 °C, causing a 5.5%
weight loss in the sample at 40—200 °C. The second stage
begins at 395 °C, with intense decomposition accompanied by
heat absorption with a minimum at 416 °C. At 200—500 °C,
the observed weight loss for hydrated NaNpO,COj is 9.8%. A
pronounced drop in Sample A mass during the first stage of
decomposition indicates the elimination of chemically bound
water of crystallization. The second stage of the process likely
involves the decomposition of the carbonate ion and the
removal of CO,, consistent with literature data.”’

In contrast, the decomposition of the KNpO,CO; sample
differs from that of the Na form (Figure 2d). Hardly any
change in mass is observed for KNpO,COj; at 40—200 °C,
with a reduction of <1% in weight. Fluctuations in heat flow
occur during this temperature range but cannot be attributed
to any specific process. Intensive decomposition of the sample
begins at 493 °C. In this case, In the range of 200—600 °C, the
weight loss of the sample is 11.7%. Unlike the Na analogue, the
KNpO,CO; sample does not contain water of crystallization,
evident from the lack of substantial weight loss at 40—200 °C.
The slow weight decrease in this range results from the
removal of sorbed H,O molecules from the KNpO,CO;
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Figure 2. SEM images of (a) Sample A and (b) Sample D (insets: high-magnification images). TG—DSC data for (c) Sample A and (d) Sample D.

(b) I

O1iv

Figure 3. Crystal structure of NaNpO,C0O5-3H,0: (a) unit cell comprising an anionic layer of neptunyl carbonate and a layer of hydrated Na*; (b)
anionic layer within the ab plane. Symmetry codes: (i) —1 + &, y, z; (il) %, y, =1 + z; (iii) =1 + &, — L + y, z; (iv) 8, =1 + y, 2.

sample. The weight loss at 200—600 °C is most likely caused
by carbonate decomposition in the KNpO,CO; sample.

The crystal structures of Samples A and D were refined
based on synchrotron XRD data (Table S3 and Figure SS).
While there is a substantial lack of information about the
possible structures of the hydrated form of Na-containing
Np(V) carbonates, we discover the structure of hydrated
NaNpO,CO;-3H,0 for the first time. For Sample A, the
experimental XRD data are best described using a model based
on the structure with the general formula NaNpO,CO;-3H,0
(Figure SSa), providing a more accurate description of
reflections in Sample A compared to the literature’" (Figure
la). The proposed structure of NaNpO,CO;-3H,0 exhibits a

layered structure with alternating anionic layers
[NpO,CO;],"” and the interlayer cationic species [Na-
(H,0);],*" (Figure 3a). The anionic [NpO,CO;],*” layer
adopts a nearly orthorhombic structure similar to the layer
geometry in the anhydrous NaNpO,CO,*" (Figure 3b).
Within this layer, Npl and the carbonate anion (Cl and
01-03) lie in the ab plane, while O4 and OS atoms are
located above and below the ab plane, creating a linear O4=
Npl1=0S5 neptunyl fragment that is perpendicular to the ab
plane. The Np—O distance in the neptunyl NpO," is 1.79(4)
A. The hydrated cationic species [Na(H,0);],"" occupy the
space between the anionic layers, where Na* is enclosed in a
distorted octahedron formed by three water molecules. These
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Figure 4. Crystal structure of KNpO,COj5: (a) unit cell containing anionic layers of neptunyl carbonate and K*; (b) anionic layer in the ab plane.
Symmetry codes: (i) 1 —y, 1 — x,0.5 — z; (ii) =1+ x, 4 —y,0.5 —z; (ili)) —x +,%,05—z; (iv) 1 =y, 1 +x — 3,2, (V) x, L + x — 5, 0.5 — z; (vi) 1

- HxXx—yz

layers are stacked parallel to each other with a pronounced
mutual shift of [NpO,CO;],"” layers by 2.13 along the a-axis
only. This shift contrasts with the related anhydrous
NaNpO,COj; layers, which are shifted along two directions
by 2.18 and 2.43 and are inverted. The inclusion of water
molecules into the structure considerably increases the
interlayer separation from 5.34 to 10.09 A. The interlayer
atoms, Nal and H,O molecules, break the pseudomonoclinic
metric symmetry of NaNpO,COj;-3H,0, resulting in a triclinic
cell. Selected bond distances in the NaNpO,CO;-3H,0O
structure are presented in Table S4.

According to Volkov, the NaNpO,CO;-xH,O can undergo
reversible dehydration and ion exchange reactions that impact
its diffraction pattern,20 which led to the hypothesis that water
molecules are not directly associated with Np in the structure.
Instead, hydrated forms are thought to arise through the
interlayer water molecules. Our experimental results confirm
Volkov’s assumptions. The structures of the anionic layers
[NpO,CO;],”” in both anhydrous NaNpO,CO; and NaN-
pO,C0O;:3H,0 coincide, and the transition from anhydrous
carbonate to tetrahydrate increases the anion interlayer
distance and causes its shift.

For Sample D, the experimental XRD data best correspond
to the hexagonal KNpO,COj; structure (Figure SSb). This
compound KNpO,CO; crystallizes in space group P6;/mmc,
featuring a hexagonal structure comprising [NpO,CO;] layers
with K" located between the layers (Figure 4). Our findings
corroborate with the information regarding the space group
and unit cell parameters for KNpO,CO; provided in the
Keenan and Kruse study,'® where they refined the KNpO,CO,
crystal system based on powder diffraction and chemical
titration results. Herein, synchrotron XRD allowed us to refine
the space group and lattice parameters, present a reliable
structure model, and refine interatomic distances for the
KNpO,CO; compound (Table SS).

The structures proposed from XRD were used to perform
experimental EXAFS spectral fitting procedures. These spectra
show different local surroundings of Np in the structures of
Na- and K-containing Np carbonates (Figure S). The RMC
analysis was applied to extract structural information from the
EXAFS spectra. Conventional EXAFS data analysis used for
symmetrical molecular or crystalline systems encounters
limitations in accounting for MS paths, owing to restricted
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4
k (A1)

(b)| Np-Ou ---- fitting

— Np-Oeq

% &
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=l

>
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Figure S. Np L;-EXAFS R-space fitting results for (a, b)
NaNpO,CO;-«H,0 (Sample A) and (¢, d) KNpO,CO; (Sample

D). The colored solid lines indicate the Fourier transform magnitude
of EXAFS data, while the dashed lines represent the fitting magnitude.

parameters. Herein, EXAFS RMC calculations incorporated
the MS formalism including the scattering paths up to the
fourth order. Given that the RMC technique is applied to
crystalline systems with determined cell parameters, the
structural parameters that we obtained are more reliable than
those determined using conventional EXAFS data treatment.

The experimental and RMC-fitted k*-weighted EXAFS
spectra y(k)k* and their absolute values of Fourier transforms
are shown in Figure 5. A good agreement is observed between
the experimental and RMC-fitted data in both the k- and R-
spaces, indicating the high quality of the crystalline structures
determined by XRD and their suitability for accurately
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Table 1. Structural Parameters Obtained from the Fitting of the EXAFS Spectra

coordination coordination interatomic Debye—Waller interatomic distance (R) interatomic distances
sample shell number (CN)  distance (R) (A)  factor (o) (A?) R-factor from EvAX fit (A) from XRD data (A)
sample A Np-O 2 1.87 + 0.07 0.0010 R = 0.026 1.82 1.81
Np—O 4 249 + 0.01 0.0030 k range = 3—12 2.50 245 X 2; 2.50 X 2
Np-O 2 2.64 £ 0.06 0.0030 2.56 X 2
Np—-C 2 3.04 + 0.06 0.0076 2.94 2.90
Np—-C 2 3.51 + 0.09 0.0076 3.67 3.72
Np—Np 2 436 % 0.01 0.0033 4.34 4.34
sample D Np-O 2 1.83 + 0.02 0.0032 R =0.013 1.79 1.80
Np—O 6 2.56 + 0.01 0.0063 k range = 3—12 2.56 2.56
Np—-C 3 2.96 + 0.02 0.00SS 2.95 2.94
Np—-K 6 4.20 + 0.30 0.0085 3.90 3.90
Np-O 6 4.28 + 0.10 0.0004 4.24 4.21
Np—Np 6 S.19 + 0.09 0.0089 S.10 5.10
reproducing the experimental EXAFS spectra. The structural (a) 1.0
parameters derived from the RMC-fitted structures are listed in
Table 1. A comparison of distances from Np to its nearest 0.8+
neighbors shows that the RMC analysis produces interatomic c _’gg'f(’o:??; 15 [NEA (2020)]
with higher accuracy compared to conventional EXAFS fitting. 2 064 ¥ i
. |3} — NaNpO,CO3;
For Samples A and D, the distance from the Np atom to the o logK, = - 11.0 [Neck (1995)]
axial oxygens (O,,) is quite close, measuring 1.82 and 1.79 A, L 0.4+ ‘
respectively. In the NaNpO,CO;-3H,0 structure, EXAFS . =~ Np soluble species
analysis yields six equatorial oxygens (O,,) at an average “
distance of 2.50 A, whereas in the KNpO,CO; structure, O .04 ' ' .
of Np are more ordered, with six O, atoms at 2.56 A. The 6 7 8 9 10
pronounced splitting of the Np—C peak was observed on the pH
EXAFS spectra of Sample A, revealing two C atoms (b)1 Py
backscattered at 2.94 A and two additional C atoms ' K
backscattered at 3.67 A. This splitting suggests different 0.8 |
functions of the O group in the [NpO,CO;] Ilayer, c — KNpO,CO;
encompassing chelating and bridge functions. The results 206 logK, = = 10.3 [NEA (2001)]
showed good convergence in the values of the interatomic 8 — NaNpO-CO,4
. . logK, = — 11.0 [Neck (1995)]
distances obtained from the XRD and EXAFS data (Table 1). - 0.4+
Thermodynamic Aspects of Np(V) Carbonate Precip- = = - Np soluble species
itation in the Presence of Na* and K*. Conducting 0.21
experiments on Np precipitation in the presence of competing N
cations is critical for understanding the phase that controls the 00 5 7 8 9 10

Np solubility in natural waters. Samples B, C, and D were
obtained in a competitive environment containing Na* and K.
The concentrations of these cations were close in the solutions
used to prepare all three samples: [NpO,*] ~ 4 X 107> M,
[Na*] ~# 7 X 1072 M, and [K'] & 2 X 1072 M. There was a
slight difference in the concentrations of carbonates and pH
values during the precipitation of Np(V) carbonates.
Specifically, Sample B was obtained at pH = 8, while Samples
C and D were prepared at pH = 7. As mentioned above,
Sample D consists of a single KNpO,CO; phase. Based on the
XRD data, the composition of Sample B consists of 75%
NaNpO,C0;-3H,0 and 25% KNpO,CO;, while Sample C
consists of 43% NaNpO,CO;-3H,0 and 57% KNpO,CO;.

Interpreting the experimental data from a thermodynamic
perspective presented certain challenges. Generally, predictions
of Np speciation in solutions or solids rely on thermodynamic
constants.”” Herein, the solubility constants of Na- and K-
containing Np carbonate phases appear to be the most
important factors. Figure 6 shows the possible Np(V) chemical
species that can exist in the Np(V)—Na—K carbonate system
under pH 6—10. The dependencies were calculated based on
available thermodynamic constants for Np solid compounds
and hydrolysis complexes.*”°

Figure 6. Thermodynamic modeling of Np speciation as a function of
pH in a system with competing Na* and K*, calculated based on
available thermodynamic constants under the following conditions:
[Np] =44 X 10 M, [Na*] =7.0 x 1072 M, [K*] =22 X 107> M,
and [CO,*] = 107> M. The dependencies illustrated in (a, b) were
calculated using different values of the solubility constant for
KNpO,CO; (as shown in the figure).

As reviewed in the Nuclear Energy Agency (NEA) chemical
thermodynamics database, most published solubility studies
indicate that hydrated NaNpO,CO; tends to dehydrate just
above room temperature.’’ The amount of water in the Np(V)
carbonate structure has minimal impact on its solubility
constant; therefore, the variation in solubility product values
for different NaNpO,CO; hydrated forms is insignificant.*®
For thermodynamic calculations shown in Figure 6, we used a
solubsi}ity constant, log K, = —11.0 (eq 1), as reported by Neck
et al.

Compared with the Na analogue, much less thermodynamic
information is found for the solubility constant of KNpO,CO;.
Some studies describe the dissolution reaction of the
KNpO,CO; with a solubility constant, log K, = —13*>***
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Figure 7. (a) EDX data for Ca-containing Np(V) carbonates. (b) SEM images of Sample G. (c) XRD patterns of Samples E—G compared to the
refined structures of NaNpO,CO;-3H,0 and KNpO,CO; in this study. (d) Schematic representation of Ca,{NpO,COj synthesis through different

routes.

(eq 2). Based on this value, the thermodynamic prediction
suggests that only KNpO,CO; would form under our
experimental conditions (Figure 6a). However, herein, the
KNpO,CO; phase precipitated only in the case of Sample D.
The differences between experimental data and thermody-
namic predictions may result from various experimental
conditions, such as ionic strength variations and the local
precipitation effect. Moreover, the experimental results imply
that the thermodynamic stability of alkali-mixed Np carbonates
still needs to be fully understood. Lemire et al.** reported that
the nature of the solid in the Np(V)—K carbonate system
changes gradually with alternations in the composition of
solutions. This suggests that definitive thermodynamic
parameters cannot be readily calculated from the KNpO,CO;,
solubility data. Consequently, the stability region of K-
containing Np carbonates may be smaller than that suggested
by the available thermodynamic data.

Another solubility constant for KNpO,CO;, which is log K,
= —10.3 (eq 3), has been documented in available databases.**
This value considerably differs from the previous one and was
estimated within the NEA based on experimental data from
Visyashcheva et al.”*** Using log K, = —10.3, calculation of the
Np fraction indicates a smaller stability region of KNpO,COj;
compared to NaNpO,CO;. The impact of the pH value is
substantial on the predominant Np fractions (Figure 6b).
These theoretical results are consistent with the experimental
data and elucidate the mixture of K- and Na-containing Np(V)
phases in Samples B and C, respectively.”"***

NaNp"’0,C0;(s) — NpV0,* + Na* + C0,>",
log K, = —11.0 (1)

KNp0,C0,(s) - NpV0,* + K + C0,>",
log K, = —13.15 (2)

KkNp"0,C0,(s) —» Np¥0,* + K* + C0O,>,
log K, = —10.3 (3)

Synthesis and Characterization of Ca-Containing
Np(V) Carbonates. Understanding the behavior of Np in
the presence of alkaline and alkaline earth cations is crucial for
radioactive waste storage and the study of radionuclide
migration. Particularly, the characteristics and potential
formation of M(II)-containing neptunium carbonates are of
interest, with a substantial gap in the literature regarding Np—
Ca carbonates. Our study has uncovered the formation of
various Ca-containing Np(V) carbonate phases under different
conditions. To obtain Ca-containing Np structures, the ion
exchange synthesis method was used after preparing the
layered structures of K and Na carbonates (Sample E).
Subsequently, we investigated whether a Ca-containing Np(V)
carbonate precipitate could directly form from the solution,
containing a 0.05 M CaCl, solution (Sample F) and simulated
natural water (Sample G). To confirm its morphology,
elemental composition, and local stoichiometry, we conducted
SEM—EDX measurements on the obtained samples. In
addition, this study presents XRD patterns of Ca-containing
Np(V) carbonates for the first time.

According to the EDX analysis, the compound with the
general chemical formula Cay sNpO,CO; was formed through
the ion exchange reaction (Table S6). No K was detected in
the solid after 3 days of ion exchange (Figure 7a), indicating
the complete replacement of K* by Ca** in the Np carbonate
structure. Figure 7c shows the XRD data of Sample E in
comparison with the prominent diffraction peaks of the
KNpO,CO; phase, which was the initial Np phase for ion
exchange (Figure 7d). XRD data revealed noticeable changes
in the initial sample structure after ion exchange. It could be
hypothesized that the CaysNpO,COj; phase is more preferred
thermodynamically than KNpO,CO; since the ion exchange
reaction was successful.
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Based on the EDX analysis, Samples F and G have the same
chemical formula CaysNpO,CO; (Figure 7a and Table S6).
Interestingly, during the precipitation of Sample G from
simulated natural water, where Ca**, Na*, Mg**, and K" cations
were present in comparable concentrations, only Ca was
absent in the sediment. SEM micrographs of Sample F shown
in Figure 7b reveal that it consists of nanoplates with a
thickness of 50—100 nm and a diameter of ~5 um. These
plates assemble into flower-like structures, resembling the K
and Na phases of Np carbonate discussed earlier (Figure 2a,b).

Figure 7c shows the XRD patterns of Ca-containing Np
carbonate samples synthesized under different synthesis
conditions. Despite having identical chemical compositions,
samples E—G exhibit different structures. Based on the
distribution of diffraction maxima, Sample G appears to be a
single-phase sample, with a crystal structure resembling that of
the previously discussed NaNpO,CO;-3H,0 carbonate. The
XRD pattern of Sample G is best described in the
orthorhombic-P unit cell with cell parameters a = 10.33 A, b
=433 A, and ¢ = 4.88 A (Figure S6a). The presence of the
4.33 A X 4.88 A plane in the Sample G structure, as in Sample
A, indicates the preservation of the Na-type neptunyl layer
[NpO,CO;],"". In Sample E, the Ca-containing Np carbonate
phase is dominated by another crystal structure. The XRD
pattern of Sample E is best described in an I-centered
orthorhombic cell with cell parameters a = 18.85 A, b = 4.88 A,
and ¢ = 4.34 A (Figure S6b). This phase also contains a 4.34 X
4.88 A plane, indicating the Na-type neptunyl layer
[NpO,CO,],"". Sample F appears to be a mixture of Samples
E and G.

The presence of a Na-type neptunyl layer in the structure of
Ca/Np mixed carbonates is intriguing, particularly as K" to
Ca’" exchange reactions transform the Np carbonate anionic
layer structure from hexagonal to orthorombic. This aligns
with the existing literature that suggests cation radius affects
the anionic layer structure. Large cations (K, NH,", etc.) form
mixed Np(V) carbonates with a hexagonal neptunyl
layer,'®***>*7*% while small cations (Na* and Li*) form
mixed Np(V) carbonates with a orthorombic anionic layer.”"**
The radius of Ca®* (1.00 A) is close to that of Na* (1.02 A),
supporting this theory.”’ Coordination numbers (CNs) are
known to depend on ionic radii.’® Based on the structure
models of nonhydrated Na- and K-containing Np carbonates
proposed herein and the literature, the CN of a cation in the
anionic interlayer space can be 7 and 12, respectively.”"**
Thus, orthorombic-type neptunyl layers form with small
cations, while hexagonal-type neptunyl layers favor large
ones. Hydrated orthorombic-type Np(V) carbonates could
have water molecules within their interlayer space,””** forming
hydrogen bonds with O, shifting layers and producing various
structural forms, such as NaNpO,CO;-3H,0, as discussed
herei?_, or LiNpO,CO;2H,0, as discussed by Charushnikova
et al.”

Investigating the structures and thermodynamics of
M(H)O'SNPOZCO3 compounds with various divalent cations is
crucial owing to the observed formation of the stable
CaysNpO,CO; phase under a wide range of conditions.
These compounds may have a noticeable impact on Np
speciation in the environment, potentially more so than the
MYNpO,CO; phases. The discussion of thermodynamic data
for M(I)NpOZCOS and M(H)O.SNpOZCOy combined with
structural studies, is necessary for an adequate prediction of
the thermodynamically stable phase under environmental

conditions, which are vital for modeling and creating storage
facilities. Moreover, all trends discussed earlier are particularly
relevant in the context of the analogy between Np(V) and
Pu(V), another highly radioactive actinide. Structural data on
Pu-containing solids are even scarcer than those for Np.
However, it has already been shown that the structures of K-
and NH,"-containing Pu(V) and Np(V) mixed carbonates
coincide.'***' Consequently, the study of Np(V) mixed
carbonates would help to understand the potential formation
and crystal structures of Pu(V) mixed carbonates with both
M(I) and M(II) cations.

B CONCLUSIONS

Herein, the synthesis and characterization of different cation-
mixed Np carbonate phases were thoroughly explored.
Detailed information about the composition, morphology,
and structure of hydrated Na-, K-, and Ca-containing Np(V)
carbonates was obtained. SEM images revealed the formation
of flower-like microstructures in the synthesized Np(V)
carbonate samples. The XRD data revealed that hydrated
NaNpO,CO; crystallized in the triclinic P1 space group,
consisting of layers [NpO,CO;], with solvated Na* within the
interlayer space, resulting in a trihydrate structure, NaN-
p0O,CO;-3H,0. The Np—Na carbonate structure was analyzed
through TG—DSC, confirming the presence of crystallization
water. In contrast, the KNpO,CO; carbonate exhibited a
hexagonal P6;/mmc space group, consistent with the literary.
To the best of our knowledge, the local atomic environment of
Np in the structures of NaNpO,CO; and KNpO,CO; has
been achieved for the first time. The interatomic distances
calculated from XRD and EXAFS data were in good
agreement, highlighting the reliability of the structural
information. Therefore, the splitting of the Np—C coordina-
tion sphere in the NaNpO,COj;-3H,0 structure resulted from
a different function of O in the carbonate group. Thermody-
namic predictions on Np(V) phase formation in the presence
of K* and Na* vary considerably depending on the solubility
product constants used. Experimental results indicated that the
solubility product constants for the hydrated NaNpO,CO; and
KNpO,CO; phases are similar. During Np(V) precipitation in
carbonate-reached media with Na* and K* at neutral pH, a
mixture of NaNpO,CO; and KNpO,CO; is formed with a
high probability. However, during Np(V) precipitation in
carbonate media with competing Na*, K*, and Ca’**, a Ca-
containing Np(V) carbonate is formed. Moreover, the
compound CaysNpO,CO; could be easily obtained via ion
exchange with a KNpO,CO; substrate. These experimental
results underscore the high thermodynamic stability of
CaysNpO,CO; and emphasize the need for further inves-
tigation in this direction.
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