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Abstract: The solubility of Np(V) was investigated at
T=22+2°C in alkaline NaCl solutions of different ionic
strength (0.1-5.0 M). The solid phases controlling the solu-
bility at different ~log,  m,.(pH, ) and NaCl concentration
were characterized by XRD, quantitative chemical analysis,
SEM-EDS and XAFS (both XANES and EXAFS). Aqueous
phases in equilibrium with Np(V) solids were investigated
for selected samples within 8.9 < pH_ <10.3 by UV-vis/NIR
absorption spectroscopy. In 0.1 M NaCl, the experimental
solubility of the initial greenish NpO,0H(am) solid phase is
in good agreement with previous results obtained in NaClO,
solutions, and is consistent with model calculations for
fresh NpO,0H(am) using the thermodynamic data selection
in NEA-TDB. Below pH_~11.5 and for all NaCl concentra-
tions studied, Np concentration in equilibrium with the
solid phase remained constant during the timeframe of this
study (~2 years). This observation is in contrast to the aging
of the initial NpO,OH(am) into a more crystalline modifica-
tion with the same stoichiometry, NpO,0H(am, aged), as
reported in previous studies for concentrated NaClO, and
NaCl. Instead, the greenish NpOZOH(am) transforms into a
white solid phase in those systems with [NaCl] >1.0 M and
pH_=11.5, and into two different pinkish phases above
pH_~13.2. The solid phase transformation is accompanied
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by a drop in Np solubility of 0.5-2 log, -units (depending
upon NaCl concentration). XANES analyses of green, white
and pink phases confirm the predominance of Np(V) in
all cases. Quantitative chemical analysis shows the incor-
poration of Na* in the original NpO,0H(am) material, with
Na:Np < 0.3 for the greenish solids and 0.8 < Na:Np < 1.6
for the white and pinkish phases. XRD data confirms the
amorphous character of the greenish phase, whereas white
and pink solids show well-defined but discrepant XRD pat-
terns. Furthermore, the XRD pattern collected for one of
the pink solid phases match the data recently reported for
NaNpO,(OH),(cr). UV-vis/NIR spectra collected in 0.1-5.0 M
NaCl solutions show the predominance of NpO,* (>80%) at
pH_<10.3. This observation is consistent with the Np(V)
hydrolysis scheme currently selected in the NEA-TDB. This
work provides sound evidences on the formation of ter-
nary Na—Np(V)-OH solid phases in Na-rich hyperalkaline
solutions and ambient temperature conditions. Given the
unexpectedly high complexity of the system, further exper-
imental efforts dedicated to assess the thermodynamic
properties of these solid phases are needed, especially in
view of their likely relevance as solubility controlling Np(V)
solid phases in Na-rich systems such as saline and cement-
based environments in the context of the safety assessment
for nuclear waste disposal.

Keywords: Np(V), solubility, hydrolysis, thermodynamic
data, Na—Np(V)-OH solid phases.

1 Introduction

Neptunium-237 (¢, p=214x 10° years) is produced via
neutron irradiation of °U in nuclear reactors, and is ini-
tially present at relatively low concentrations in spent
nuclear fuel (SNF). In the context of high level waste dis-
posal, Z'Np is considered as a relevant dose contributor in
the long term due to its ingrowth in SNF by the « decay of
1Am (¢, p=432.2 years). On the other hand, traces of nep-
tunium present in the environment are mostly originating
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from atmospheric testing of nuclear weapons. In addition,
accidents and releases from weapons production and
reprocessing facilities (i. e. Hanford and Mayak sites) are
responsible for most of the localized neptunium (point
source) contamination [1-3].

Investigations on Np solubility and speciation
reported in the present study are relevant to reliably
assess the maximum Np concentration in the aqueous
phase in the near-field of a nuclear waste repository (so-
called source term) due to a potential intrusion of water.
The source term is a highly relevant factor in the perfor-
mance assessment of a nuclear waste repository as it sets
the upper limit concentration for the Np inventory poten-
tially mobilized from a waste repository via an aqueous
pathway.

Hydrolysis and carbonate complexation are the most
relevant chemical reactions governing the chemical
behavior of actinides (and metal cations in general) in
the environment. A comprehensive overview on several
aspects related to actinide and Np solubility and specia-
tion in aqueous media has been previously reported else-
where [4-6]. Although in some cases kinetic factors can
strongly hinder this type of reaction, solution thermody-
namics remains as a very accurate approach to describe
hydrolysis and solubility phenomena under given pH and
ionic strength conditions. The thermochemical database
project (TDB) of the Nuclear Energy Agency (NEA) com-
prises a comprehensive selection of equilibrium constants
and parameters currently available for actinides and
fission products in aqueous solutions and is widely recog-
nized as the most authoritative source of thermodynamic
data for radionuclides and other elements relevant in the
field of nuclear waste disposal, e. g. Fe [7-13]. Based on the
NEA-TDB, it is predicted that Np(IV) will be the dominant
redox state under the reducing conditions expected to
prevail in deep geological repositories. On the other hand,
Np(V) will dominate the chemistry of neptunium under
anoxic to oxidizing redox conditions as those expected in
the biosphere or in the early stage of a repository closure.
Np(IV) sorbs very strongly to many mineral surfaces
[14-17] and forms sparingly soluble oxyhydroxides over
a wide pH-range [8], whereas Np(V) generally has a sig-
nificantly lower tendency towards sorption (except under
hyper-alkaline pH conditions) [16, 18-22] and has much
higher equilibrium solubility concentrations at many
repository relevant pH conditions. In this framework, an
accurate knowledge of the aqueous Np(V) species prevail-
ing in solution as well as the solid Np(V) phases controlling
the maximum solubility is required for the understanding
of the chemical behavior of neptunium in the context of a
deep geological disposal.
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All available experimental studies (until 2003)
dealing with Np(V) hydrolysis and solubility were criti-
cally reviewed within the NEA-TDB project [7, 8]. Although
the use of different experimental approaches was reported
(potentiometric titrations, spectrophotometry, solubility,
electro migration, paper-electrophoresis, etc.) ([23-29],
among others), the final thermodynamic data selection
included the first and second hydrolysis constants of
Np(V), and mostly relied on the solubility study by Neck
and co-workers [28] conducted over uncharacterized
NpO,0H(am). The uncertainty assigned to the second
hydrolysis constant (log,, *ﬁ°(u)) was increased, to be con-
sistent with the solubility study by Itagaki and co-workers
[27], also conducted over NpO,OH(am). The NEA-TDB
review in [7] already acknowledged that the hydrolysis
constants derived from solubility measurements with
uncharacterized NpO,0H(am) should be accepted only
with considerable caution, and encouraged new experi-
mental efforts dedicated to tackle these uncertainties. In
a posterior and very comprehensive study conducted by
Rao and co-workers, the hydrolysis of Np(V) was inves-
tigated in TMA-OH solutions combining potentiomet-
ric, spectroscopic and calorimetric techniques [30]. The
stability constants derived in [30] differed significantly
from those selected in the NEA-TDB, leading to a so far
unsolved discussion on the validity of the current chemi-
cal and thermodynamic models for Np(V) [31, 32]. Relevant
experimental shortcomings were identified in both inves-
tigations. In the potentiometric and spectroscopic study
by Rao and co-workers, the presence of carbonate and
the possible formation of Np(V)-CO, aqueous species was
suspected based on the NIR absorption bands at 991 and
1020 nm. Provided the lack of solid phase characterization
in the solubility study by Neck and co-workers [28], Rao
and co-workers proposed a new chemical model for the
interpretation of the solubility data with NaNpO,(OH),(s)
as solubility-controlling phase and consistent with the
hydrolysis scheme derived in [30]. Indeed, the formation
of ternary Na—Np(V)-OH solid phases in concentrated
NaOH solutions under hydrothermal conditions but also
at room temperature has been described by a number of
authors [33-37]. Recently, Fellhauer and co-workers inves-
tigated the solubility of Np(V) at T=22+2°C in dilute to
concentrated alkaline CaCl, solutions [38, 39]. Sparingly
soluble ternary Ca—Np(V)-OH and quaternary Ca—Np(V)-
OH-Cl solid phases were found to control the solubility
of Np within the investigated pH_-range (8-12) and CaCl,
concentrations (0.25-4.5 M). The authors observed also
the formation of very stable ternary CaprOZ(OH)yMX*V
species in the aqueous phase (x=1and 3; y=2 and 5), in
line with previous studies available for An(III) and An(IV)
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in alkaline CaCl, solutions [40-42]. No further experimen-
tal studies dedicated to shed light on the relevant topic of
Np(V) solubility and hydrolysis in NaCl systems have been
reported after the discussion between Neck and Rao.

NaCl is a common background electrolyte in the bio-
sphere (e. g. ~0.5 M in sea water), but also in the context of
nuclear waste disposal where NaCl-dominated salt brines
(up to 5 M NaCl) are expected to form in the unlikely event
of water intrusion into a salt-rock based repository. Cemen-
titious wasteforms and the use of cement based materials
as construction materials in nuclear waste repositories
are planned in several countries for the disposal of low
and intermediate level wastes. This will result in aqueous
systems characterized by hyperalkaline pH conditions
and presence of rather high Na* and K* concentrations
(~0.1and ~0.2 M, respectively) in the early stage of cement
degradation even in low ionic strength solutions.

In this work, undersaturation solubility experiments
in dilute to concentrated NaCl solutions were performed at
22+2°C to assess the thermodynamic properties of Np(V)
hydrolysis species and solid compounds forming in near-
neutral to hyperalkaline pH conditions. Special emphasis
was put on the identification of the solid phases control-
ling the solubility of Np(V) under the investigated pH
and ionic strength conditions, which were characterized
by XRD, SEM-EDS, quantitative chemical analysis and
XAFS techniques. A significant effort was also dedicated
to assess the presence of carbonate in the investigated
systems, and to evaluate the possible formation of Np(V)-
carbonate aqueous species and solid compounds.

2 Experimental

2.1 Chemicals

All reagents used in this study were of analytical grade.
NaOH (Titrisol®), HCI (Titrisol®) and NaCl were obtained
from Merck. Carbonate impurities in fresh 1.0 M NaOH
(Titrisol) were quantified as (3+1) x10° M using a Shi-
madzu TOC5000 equipment. All solutions were prepared
with ultrapure water purified with a Milli-Q-academic
(Millipore) apparatus and purged with Ar before use. All
solutions and samples were prepared and handled inside
an inert gas (Ar) glovebox at 22+2°C.

About 1.5 g of »"Np were purified from trace impuri-
ties of Pu and Am using an ion exchange method [43]. The
resulting oxidation state pure Np(V) stock solution (0.32 M
Z7Np in 0.01 M HCl) was characterized by inductively-cou-
pled plasma mass spectrometry (ICP—MS), y spectrometry,
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liquid scintillation counting (LSC), UV-vis/NIR and « spec-
trometry, which confirmed both the chemical and radio-
chemical purity of the ?’Np stock solution.

2.2 Solid phase preparation and solubility
experiments

Aliquots of the Np stock solution were precipitated in dilute
NaOH at pH ~11.5. The resulting greenish NpO,OH(am)
was washed twice with Milli-Q water and diluted NaOH,
and the supernatant replaced with NaCl-NaOH solutions
of different ionic strength (0.1, 1.0, 3.0 and 5.0 M, or con-
versely 0.10, 1.02, 3.20 and 5.61 m, mol - kg_) resulting in
a total of 36 independent batch samples adjusted to differ-
ent proton concentrations. The inventory of ?’Np in each
sample was ~2 mg.

Samples were equilibrated for up to 2 years and sys-
tematically monitored for pH and [Np]. The aqueous
concentration of Np was measured after 10 kD (~2-3 nm)
ultrafiltration (Pall Life Sciences) by liquid scintillation
counting (LSC) with a 1220 Quantulus instrument (Perkin
Elmer). A small volume of the filtered sample (50-100 uL)
was acidified with 2% HNO, and mixed with 10 mL of
LSC-cocktail Ultima Gold XR (Perkin-Elmer); «-radiation
resulting from the decay of 2’Np was measured after a/S-
discrimination of the counts from the daughter nuclide
3Pa. Neptunium concentrations measured in molar units
(M) were converted to molal scale (m) using the conver-
sion factors reported for NaCl solutions in the NEA-TDB
[8]. Three additional Np(V) samples in 5.0 M NaCl availa-
ble from a previous study aged for ~6 years were analyzed
following the same protocol as described above.

Selected samples with pH < 10.3 and m >3 X 10-®
m were centrifuged in a glovebox at 4020 g to remove
suspended solid phase particles, and UV-vis/NIR
spectra of the supernatant solutions (2 mL) recorded at
400 nm < A <1200 nm with a high-resolution UV-vis/NIR
spectrometer (Cary 5, Varian, USA). A second spectrum
was recorded after addition of 20 uL 1 M HCl to a respec-
tive UV-vis/NIR sample aliquot in the cuvette (resulting
pH_~2). Differences in the prominent NIR peak of Np(V)
at A = 980-981 nm (corresponding to NpO,*) between both
measurements were attributed to the presence of Np(V)
hydrolysis species in the alkaline aliquot.

The proton concentration (molal scale, pH_=-log, m,.)
was measured using a combination pH electrode (type
ROSS, Orion) calibrated against standard pH buffers (pH
8-13, Merck). At elevated ionic strengths, the measured pH
(pHeXp) is an operational apparent value related to m,. by
the expression pH_=pH__+A_, where A_is an empirical

exp
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factor entailing the real activity coefficient of H* and the
liquid junction potential of the combination electrode for
a given NaCl concentration [44]. In NaCl-NaOH solutions
with m_, >0.03 m, the H* concentration was calculated
from the given m_, and the conditional ion product of
water.

2.3 Solid phase characterization

The solubility samples listed in Table 1 are a representa-
tive set covering different ionic strength and pH conditions
and were selected for exhaustive solid phase characteriza-
tion based on different experimental methods. In these 13
samples, the solid phase was separated from the superna-
tant solution by centrifugation at 4020 g and washed five
times with ethanol to remove traces of NaCl background
electrolyte. The largest fraction of the resulting mate-
rial was resuspended in ethanol and placed on a capped
silicon single crystal sample holder (Dome, Bruker) in the
glovebox under inert Ar atmosphere. XRD spectra of the
neptunium solids were collected with a D8 Advance dif-
fractometer (Bruker) in the 26 angle range 5-60°. After-
wards, the solid XRD sample was dissolved in 2% HNO, and
analyzed for neptunium and sodium content by LSC and
inductively coupled plasma optical emission spectrometry
(ICP-OES, Optima 2000 by Perkin Elmer), respectively.

A fraction of the washed solid phase was separated
and characterized by scanning electron microscope —
energy disperse spectrometry (SEM—-EDS). SEM images
were obtained with a CamScan CS 44 FE (Cambridge
Instruments) at an accelerating voltage of 15 kV. Energy-
dispersive X-ray spectra were collected in several spots
of the sample surface, and the atomic composition deter-
mined for Np, Na and Cl.
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Selected solid samples were further investigated by
XAFS at the INE-Beamline for Actinide Research at ANKA
[45]. For these measurements, a suspension with ~1 mg of
the solid material was transferred to a 400 uL polyethyl-
ene vial and centrifuged for 10 min at 4020 g. The centri-
fuge vial was then mounted in a gas-tight cell inside the
Ar-glovebox and transported to the beamline. XAFS meas-
urements were conducted under Ar atmosphere.

A tuneable monochromatic beam was delivered by the
Ge(422) crystal pair in the Lemonnier-type double crystal
monochromator (DCM). Higher harmonics were rejected
from the two mirrors in the optics of the INE-Beamline
by detuning the second crystal at a constant, controlled
70% from the rocking curve maximum [46]. Neptunium
L, spectra were recorded at room temperature in fluores-
cence mode using a LE-Ge 5 element detector (Canberra-
Eurisys). All Np spectra were calibrated in energy with
the first inflection point in the XANES spectra of a Zr foil
(17.998 keV), which was measured simultaneously.

XANES/EXAFS data treatment and analysis were per-
formed with the ATHENA/ARTEMIS package following
standard procedures [47, 48]. Scattering amplitude and
phase shift data calculation to fit EXAFS data of white
solids was based on the structure of Na,U,0(cr) [49] with
the substitution of the central U atom by Np. The struc-
ture of NaNpO,(OH),(cr) [37] was considered for the fit
of the pinkish solids from the highest pH. Alternatively,
single path scattering files for phase and amplitude were
used in those cases where none of the previous options
led to a stable fit. All fits were performed in the R-space
with k*weighted data. For those samples with positive
match with a crystalline structure, the available struc-
tural information was considered in the fit and thus the
coordination number fixed to the expected value and S ?
allowed varying. On the contrary, coordination numbers

Table 1: Summary of samples and experimental methods used in this study for the characterization of neptunium solid phases.

Sample lonic strength [M] pH, Color XRD SEM-EDS CA XANES EXAFS
1 0.1 9.4 Green - - - v -
2 0.1 10.6 Green v v v - v
3 0.1 11.6 Green v v v - -
4 0.1 12.5 Green v v v -

5 1.0 10.3 Green v v v - -
6 1.0 11.8 White v v v - -
7 1.0 13.3 Violet-pink v v v v v
8 3.0 10.6 Green v v - v -
9 3.0 12.1 White v v v v v
10 5.0 9.6 Green - - - v v
11 5.0 11.2 Green v v - v v
12 5.0 12.6 White v v v v v
13 5.0 14.4 Violet-pink v v v - v
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were left free and S’ was fixed to 1 in the case of amor-

phous phases.

3 Results and discussion

3.1 Solubility of Np(V) in NaCl solutions

Neptunium(V) solubility data determined in this work in
0.1, 1.0, 3.0 and 5.0 M NaCl solutions are summarized in

A very good agreement is observed between Np(V)
solubility data in 0.1 M NaCl (present work) and 0.1 M
NaClO, systems [28]. Both datasets show also an excel-
lent agreement with thermodynamic calculations using
the NEA-TDB. Three well-defined regions are observed
with slopes (log m, Vs. pH ) of -1 (9<pH_<11), O
(11<pH_<121) and +1 (121<pH_<12.8). Neck and
co-workers interpreted this behavior according with the
solubility reactions (1)—(3). The same chemical model was
afterwards selected by the NEA-TDB.

Figure 1. The figure also shows previously reported solu- NpO,0OH(am, fresh) + H" < NpO," +H,0 @)
bility data of Np(V) in 0.1-3.0 M NaClO, [28], 0.98 M NaClO,
[50], 1.0-5.0 M NaCl [51] and 5.0 M NaCl [29], as well as NpO,0H(am, fresh) < NpO,0H(aq) )
solubility data of Am(V) in 5.0 M NaCl [29]. Experimental
data are compared with thermodynamic calculations con- NpO,0OH(am, fresh) + H,0 < NpO,(OH),” +H" 3)
sidering log, *K"S’O(NpOzOH(am, fresh)), Np(V) hydrolysis
constants and corresponding SIT ion interaction coeffi- Within the timeframe of this study (2 years), no aging

cients reported in the NEA-TDB [8].
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observed for pH_ <115 in any of the investigated NaCl
systems. This observation is in disagreement with previ-
ously reported solubility data in concentrated NaClO, and
NaCl (=1.0 M, [28, 29]), where the aging of the initial solid
phase and the consequent decrease in Np(V) concentra-
tion took place within a very short timeframe (few hours
to few days). Note that the observations reported in [28]
and [29] were considered in the review by [7] for the defi-
nition of a new solid phase, NpO,0H(am, aged), with a
log,, "K°, , 0.6 log,-units lower than the value selected for
NpO,0H(am, fresh).

A solid phase transformation occurs in our samples
above pH_~11.5 and 1>1.0 M NaCl, where the original
greenish phase converts into a white solid over several
weeks to months. This is accompanied by a significant
decrease in the Np solubility (0.5-2 log, -units) with
respect to experimental data in NaClO, systems and
thermodynamic calculations with NpO,OH(am, fresh).
A similar decrease in solubility was observed for those
samples aged 6 years. The drop in solubility is more pro-
nounced at elevated NaCl concentrations, thus hinting to
the formation of a Na-bearing solid phase. Such a solid
phase transformation and abrupt decrease in solubility
was not observed in any of the previous solubility studies
conducted at I >1.0 M NaCl or NaCIO, [28, 29, 50-52]. Note
that all these studies considered significantly shorter
equilibration time and greater ?’Np inventory than in the
present work [50]: t,,=2 days, ~1 g *’Np; [28]: t,=1day
to 4 weeks, 10-30 mg *'Np; [51] and [52]: t,,=37 days,
~8 mg *'Np; [29]: ¢, =several weeks, unreported *’Np
inventory; present work: t,,=2years, ~2mg *’Np. In view
of the observations gained in this work, we hypothesize
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that the equilibration time considered in previous studies
was insufficient to allow the complete transformation of
the original NpO,0OH(am) material, which remained as
solubility-controlling phase in the system.

The further increase of pH_ (above 13-13.5, depend-
ing upon NaCl concentration) results in the relatively fast
transformation of the white phase to a violet-pinkish solid
within few days. The solubility of both solid phases (white
and violet-pink) increases steadily with pH_ with a slope
of +1to +2 at pH_ >12.5. The increase in solubility is well-
reproduced in those samples aged 6 years.

3.2 Aqueous speciation by UV-vis/NIR

In order to get more information about the aqueous Np(V)
equilibrium speciation, supernatant solutions of selected
solubility samples with a sufficient Np concentration
level (i. e. the least alkaline samples with pH_ < 10.3, see
Table 2) were analysed by vis/NIR absorption spectros-
copy. Figure 2 shows the relevant NIR region of the UV-vis/
NIR spectra recorded for the untreated alkaline samples
in 0.1-5.0 M NaCl (pH, = 8.9-10.3) and the corresponding
aliquots after addition of 20 uL 1M HCI (resulting pH_ ~2).
All spectra are very similar to the one reported for the
unhydrolysed Np(V) aquo ion, NpO,(OH,),*, in non-com-
plexing 2 M HCIO, [53] with its characteristic absorbance
at 1 =980.2 nm (¢ =395 L-mol? cm™). The slight devia-
tions in the spectral features observed are due to contri-
butions from Np(V) chloro complexes, NpO,(OH,),  Cl ™™,
and Np(V) hydrolysis species, NpO,(OH,), (OH) '™, and
are discussed in the following.

Table 2: Overview of the solubility samples studied by vis/NIR absorption spectroscopy.

Sample lonic strength [M] pH_ AAbs at 980nm (%) Spectral features of acidified aliquots (mean values)
A, (nm) FWHM (nm) g(M-1-cm™)

1 0.1 8.93 1 980.2 7.4 384+6

2 0.1 9.48 4

3 0.1 10.14 15

4 1.0 8.98 1 980.2 7.5 381+17

5 1.0 9.43

6 1.0 10.26 21

7 3.0 9.18 1 980.4 7.9 374+15

8 3.0 9.57 4

9 3.0 10.24 18

10 5.0 9.27 1 981.0 8.5 358+15

11 5.0 9.41

12 5.0 9.93 7

The total concentration of Np(V) hydrolysis species under the alkaline conditions is estimated by evaluating the differences in the prominent
NIR peak of Np(V) at 1 =980-981 nm (corresponding to unhydrolysed Np(V) species) before and after acidification of the vis/NIR aliquot
with HCl. Spectral features of the prominent Np(V) absorbance in the acidified aliquots are listed in the right part.
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Figure 2: Near-IR absorption spectra of the saturated, supernatant solutions in equilibrium with NpO,0H(am, fresh) in 0.1, 1.0, 3.0 and

5.0 M NaCl (m

waa = 0-10,1.02, 3.20 and 5.61 m). The vis/NIR sample aliquots were acidified in the cuvette with HCl after the measurement,

and a second spectrum recorded. The total contribution of Np(V) hydrolysis species is estimated from the difference of the main peaks’

heights (“A”) in both spectra.

The impact and relevance of Np(V) chloro complexes
in [NaCl] £5 M can be obtained from the spectra of the
acidified sample aliquots (pH,_ ~2) where contributions
of Np(V) hydrolysis species are negligible. Spectral fea-
tures of the prominent Np(V) peak are listed in Table 2.
Up to the maximum chloride concentration (5.0 M), only
small changes are observed: with increasing [CI], 4__ is
shifted from 980.2 nm to 981.0 nm, FWHM increases from
74 to 8.5 nm, and the extinction coefficient decreases from
& =384-358 L-mol*-cm™ (the uncertainty of the ¢ values
is about +20, corresponding to an absolute analytical error
of 5% in the LSC determination of [Np]). Similar results
for Np(V) in NaCl and LiCl solutions were reported in [54]
and [55], respectively. The slight changes indicate a rather
small contribution of Np(V) innersphere chloro species.
This is supported by the EXAFS study of Np(V) in 3-10 M
LiCl [56], which showed that uncomplexed NpO,* is the
predominant Np(V) species for [Cl-] < 6 M, whereas the
monochloro complex, NpO,(OH,),Cl(aq), prevails only for

[CI] > 7. In the following discussion of the pH dependence
of the vis/NIR spectra, the uncomplexed NpO," aquo ion
is therefore assumed to be the main unhydrolysed Np(V)
species even in 5.0 M NaCl.

In the spectra of the untreated, alkaline sample ali-
quots, the absolute absorbance of unhydrolysed Np(V) at
A =980.2-981.0 nm systematically decreases with increas-
ing pH_ value, see Figures 2 and Al in the Appendix. A
plot of log Abs,, .. vs. pH_ vields a slope of -1.1£0.1, as
expected for the equilibrium between NpO,0OH(am, fresh)
and NpO,* according to equation 1.

The total contribution of Np(V) hydrolysis species is
estimated by comparing the spectral features of the prom-
inent Np(V) peak at4__ = 980.2-981.0 nm in the untreated
alkaline and the corresponding acidified aliquot of a
sample. Up to pH_~9.5, the differences in the molar
extinction (and width) are <5%, i. e. more than 95% of the
Np(V) is present as unhydrolysed NpO,*. For the respec-
tive most alkaline sample (pH_=9.9-10.3 in 0.1-5.0 M
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NaCl), the contribution of Np(V) hydrolysis species is
between 7% and 20%, accordingly. A small shoulder at
about 4 ~991-992 nm (the absolute absorbance is about
5-8 x 10 which is close to the detection limit of the vis/
NIR device, 3+1x 10™) is visible in all “alkaline spectra”
but disappears upon acidification. For the same ionic
strength, the absolute absorbance of the shoulder is con-
stant, i. e. independent of the pH value in the samples. It
can therefore be attributed to the first Np(V) hydrolysis
species, NpOZOH(aq), as its concentration controlled by
NpO,0H(am, fresh) is also independent of pH according
to equation 2.!

3.3 Solid phase characterization
3.3.1 XRD, SEM-EDS and quantitative chemical analysis

XRD patterns collected for the Np(V) solid phases listed in
Table 1are shown in Figure 3. All green NpO,0OH(am, fresh)
solid samples are X-ray amorphous, and, accordingly,
reveal non characteristic XRD patterns with extremely
broad reflexes (no entry in the JCPDS database). The posi-
tion of these broad peaks may roughly be indicative of
nanocrystalline Np,O,(cr) (JCPDS-File 18-0871), however
given the broad spectral features this remains largely spec-
ulative. The amorphous character of green solid phases is
further confirmed by SEM pictures (Figure 4, upper line).

White solid phases controlling the solubility of Np(V)
above pH_~11.5 in 3.0 M and 5.0 M NaCl exhibit distinct
XRD patterns with sharp reflexes corresponding to a crys-
talline structure. The JCPDS database gives no match for
the diffractograms recorded for these compounds. SEM
pictures of these phases show a well-defined platelet-like
morphology. On the contrary, the white solid phase col-
lected at pH_ = 11.8 in 1.0 M NaCl shows broad XRD patterns
corresponding to an amorphous structure. This compound
sets a greater Np(V) solubility compared to the crystalline
phases forming at higher pH_ or NaCl concentration, but
incorporates a larger Na-content in its stoichiometry com-
pared to the greenish material (see Table 3). These obser-
vations likely hint towards an intermediate product in
the transformation of the amorphous NpO,0H(am, fresh)
material into a crystalline Na—Np(V)-OH phase.

1 Note that the first Np(V) carbonato complex, NpO,CO,, has evident-
ly an absorbance atA = 991 nm [57-59]. Although very close in position
to the shoulder observed in the present work, we argue NpO,CO," not
to be responsible for this absorption (which further implies the pres-
ence of carbonate impurities in the system) as the expected pH de-
pendence of the peak was not observed.
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In spite of the similar needle-like structure (see SEM
pictures in Figure 4, bottom line), the violet-pink solid
phases controlling Np solubility in 1.0 and 5.0 M NaCl,
respectively, have remarkably different XRD patterns
(Figure 3). The XRD pattern of the former solid shows a
perfect agreement with the structure of NaNpO,(OH),(cr)
described by Almond and co-workers [37]. Note that the
latter authors prepared the NaNpO,(OH),(cr) phase by
hydrothermal reaction of Np(V) and 1 M NaOH. The solid
phase obtained was mostly consisting of transparent
magenta needles, similar in morphology and color to the
solid phase characterized in the present study.

Np(V) shows a great affinity towards carbonate,
which leads to the formation of strong aqueous com-
plexes and moderately soluble solid compounds ([25,
29, 59, 62-64], among others). At low carbonate concen-
trations and weakly alkaline conditions (mCO , <10° m;
pH_ <10 - depending upon NaCl/NaClO, ‘concentra-
tion), [63] and [29] reported the solubility of Np(V) to be
controlled by NaNpO,CO,-3.5H,0(cr). Above this car-
bonate concentration, Na,NpO,(CO,),-nH,O(cr) instead
of NaNpO,CO,-3.5H,0(cr) is responsible for the solubil-
ity control. As the samples were strictly prepared and
kept under carbonate-free conditions in an Ar-glovebox,
XRD patterns reported for Na  NpO,(CO,),,-2.5H,0(cr)
[65], NaNpO,(CO,)-nH,0(cr) (n=0, 1, 2, 3, and 3.5, [61]),
Na,NpO,(CO,), - nH,0O(cr) and Na,NpO,(CO,),. - nH,0(cr) [66]
as expected did not provide any positive match with the
XRD data collected for white and pink solid phases. Refer-
ence XRD patters of NaNpO,CO, - 3.5H,0(cr) are exemplarily
shown in Figure 3.

The Na:Np ratio in the selected solid phases is sum-
marized in Table 3, as quantified by chemical analysis
and SEM-EDS. Analytical errors in chemical analysis by
LSC and ICP-OES can be safely considered below 10%,
whereas uncertainty associated to SEM—-EDS lies typically
within 10-40% (as standard deviation of 10 individual
measurements).

Table 3 shows that all white and pink solids have a
high Na-content (0.8 < Na:Np < 1.6). This is in good agree-
ment with the NaNpO,(OH),(cr) structure identified in
sample 7 by XRD. Unexpectedly, both chemical analysis
and SEM-EDS confirm that Na is also present in com-
paratively minor amounts in the amorphous green phases
(Na:Np < 0.3). The fraction of Na in these solid phases
appears to be independent of NaCl concentration and
pH_ in the corresponding solubility sample. Furthermore,
SEM-EDS confirms that no (or only a very minor fraction
of) Cl- is present in the green precipitate, and thus that Na
is associated to the Np solid phase and is not present as
NaCl impurity.
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Figure 3: XRD spectra of selected solid phases from Np(V) solubility experiments in 0.1, 1.0, 3.0 and 5.0 M NaCl (m

=0.10, 1.02, 3.20 and

NaCl

5.61m). Green color of XRD spectra attributed to green solids, black color — to white solids, pink color - to pink solids. Circles, triangles
and squares mark peak positions and relative intensities reported for Np,0,(cr) [60], NaNpO,CO, - 3.5H,0(cr) [61] and NaNpO,(OH),(cr) [37],

respectively.

3.3.2 XANES and EXAFS

Figure 5 shows the XANES spectra of the solid phases
described in Table 1. The comparison of these spectra with
Np(IV), Np(V) and Np(VI) reference spectra reported else-
where [67] clearly indicates that neptunium is predomi-
nantly found as +V in all solid phases characterized in
this study.

Experimental and theoretical k*weighted Np L -
edge EXAFS spectra and their corresponding Fourier
transforms are shown in Figure 6. Structural parameters

resulting from the fits are listed in Table 4. Note that for
pink solid sample Nr. 7, the k range was not sufficient to
fit the data to the whole structure. Instead, only the shells
corresponding to the main features were used, allowing
the coordination number to vary.

The fit of EXAFS spectra of green solids in 0.1 M, 3.0 M
and 5.0 M NaCl indicates the absence of Np—-Np backscat-
tering, as expected for amorphous structures. The dis-
tance determined for Np-0,, is in average longer than
the distance recently reported for freshly precipitated
NpO,0H(am) in TMA-OH solutions (2.35+0.03 A [67].
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Figure 4: SEM images of the Np(V) solid phases controlling the solubility in NaCl solutions. Upper line: green solids (samples 2 and 8,
respectively); middle line: white solids (samples 6 and 12); bottom line: violet-pink solids (samples 7 and 13).

This difference likely reflects slight modifications in the
solid crystallinity between a solid phase aged 7 days [67]
and ~2 years (present work).

High quality EXAFS spectra up to k ~14 A were
collected for green solids in 0.1 M NaCl (samples 2
and 4). The fit of these EXAFS data is improved by the
incorporation of Na-shells with relatively low coordi-
nation numbers and large Debye-Waller factors. This

observation is in agreement with chemical analysis and
SEM-EDS data.

Both Na- and Np-backscattering atoms are required
to fit the EXAFS spectra collected from white and pink
neptunium solids. This observation confirms that Na
belongs in both cases to the structure of the neptunium
solid phase and that both structures are well-ordered
and rather crystalline. Nevertheless, the fit of EXAFS
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Table 3: Na:Np ratio determined in selected Np(V) solid phases by
quantitative chemical analysis and SEM-EDS.

Sample lonic pH_ Color Na:Np ratio

strength [M] Chemical SEM-EDS

analysis

1 0.1 9.4 Green - -
2 0.1 10.6 Green 0.2 0.1
3 0.1 11.6 Green 0.2 0.2
4 0.1 12.5 Green 0.3 0.1
5 1.0 10.3 Green 0.3 0.2
6 1.0 11.8 White 0.8 0.6
7 1.0 13.3 Violet-pink 1.1 0.9
8 3.0 10.6 Green - 0.3
9 3.0 12.1 White 0.8 0.7
10 5.0 9.6 Green - -
11 5.0 11.2 Green - 0.2
12 5.0 12.6 White 1.6 1.0
13 5.0 14.4 Violet-pink 1.1 0.8

Reference Np(IV) aq

Reference Np(V) solid ]

Reference Np(VI) solid ]

Normalized fluorescence intensity

T T T T T
17,600 17,650 17,700
Energy (keV)

17,550 17,750

Figure 5: Experimental Np L, XANES spectra collected in this work
for neptunium solid phases in alkaline NaCl solutions compared to
Np(IV), Np(V) and Np(VI) reference spectra reported in [67].
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spectra reflects major differences between the structures
of both solid phases. In the first case, a successful fit is
obtained based on the crystalline structure of Na,U,0.(cr)
(‘diuranate’ structure), where the central U-atom was sub-
stituted by Np. The structural parameters determined are
very similar for white solids in 3.0 M and 5.0 M NaCl with
Na- and Np-backscatterers at distances of 3.84 A and 3.91-
3.93 A, respectively. Despite sharing a similar structure,
distances Np(V)-O_ and Np(V)—Oeq determined in this
work (1.83 A and 2.38-2.39 A) differ significantly from
those originally resolved by XRD for Na2U207(cr) (192 A
and 2.31 A). This is mostly due to the differences in effec-
tive charge between NpO,* (Z = 2.3) and UO* (Z . =3.2)
cations [68, 69] and the implications of this difference on
the electrostatic interaction taking place between AnO,™
and OH/O-ligands in the equatorial plane.

EXAFS spectra of pink solids in samples 7 and 13 (see
Table 1) could not be fitted on the basis of the Na,U,0,(cr)
structure. Instead, a successful and stable fit is obtained
using the cif structure of NaNpO,(OH) (cr) as reported in
Almond et al. [37]. This is consistent with the positive
match obtained for the XRD pattern of sample 7 and XRD
data reported by Almond and co-workers (see Section
3.2.1). The structure reported by these authors is a three-
dimensional net built from chains connected through
bridging hydroxyl group [Np'O,JO(OH), bipyramids,
whereas Na,U,0,(cr) (and by turn the white Np(V) phase
characterized in the present work) has a layered structure
with Na-atoms allocated in the interlayer.

Although the EXAFS spectra of both pink samples
can be fitted based on the crystalline structure of
NaNpO,(OH),(cr) resolved by Almond and co-workers, the
resulting structural parameters summarized in Table 4
show significant differences. This disagreement confirms
the differences observed in the corresponding XRD pat-
terns (Section 3.3.1) also pointing towards markedly differ-
ent structural characteristics.

3.4 Implications of the newly generated data
on the Np(V) thermodynamic model in
NaCl systems

3.4.1 Hydrolysis of Np(V)

Thermodynamic data selection provided in the NEA-TDB
for the hydrolysis of Np(V) relies on solubility measure-
ments over uncharacterized NpO,0OH(am) solid phases
[28]. The NEA review team therefore acknowledged that
the selected hydrolysis constants should be considered
with caution. Thermodynamic calculations using the
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Figure 6: Experimental (solid line) and theoretical (dashed and dotted lines) (left) k>-weighted Np L, -edge EXAFS spectra and (right)
corresponding Fourier Transform (modulus and imaginary parts) for solid phases controlling the solubility of Np(V) in alkaline 0.1 M-5.0 M

NaCl solutions.

NEA-TDB selection predict the predominance of NpO,*
below pH_~11 (solid lines in Figure 7).

A number of publications using various experimen-
tal techniques (potentiometry, spectrophotometry, solu-
bility) and reporting greater hydrolysis constants were
disregarded in [7] because of the likely contribution of
Np(V)—carbonate species or unaccounted precipitation
of NpO,OH(am) ([23-25], among others). After the release
of the last NEA-TDB update book [8], Rao and co-workers
[30] comprehensively assessed the hydrolysis of Np(V) at
different temperatures using a combination of potentio-
metric, spectrophotometric and microcalorimetric tech-
niques. The stability constants derived by these authors
for the first and second hydrolysis species of Np(V) are
more than two orders of magnitude greater than those
selected in [7], and thus predict the predominance of

NpO,0H(aq) and NpO,(OH),” at pH_ above ~9 (dashed
lines in Figure 7?).

The fraction of NpO,* at pH_ < 10.3 quantified in the
present work by UV-vis/NIR spectroscopy (see Section
3.2) is shown in Figure 7 for the systems 0.1, 1.0, 3.0 and
5.0 M NaCl. These data are consistent with thermody-
namic calculations based on the NEA-TDB selection, and
clearly disregard an earlier onset of the Np(V) hydrolysis
as predicted using the hydrolysis constants reported in
[30]. Although Rao and co-workers took great care in their

2 Calculations in Figure 7 are performed with NaCl as background
electrolyte and considering SIT ion interaction coefficients for Np(V)
species reported in the NEA-TDB. Although experiments in [30] were
conducted in 1.0 M tetramethylammonium chloride (TMA-CI), these
authors considered ¢(X-, TMA*) = ¢(X-, Na*).
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Table 4: Structural parameters determined for solid phases controlling Np(V) solubility in 0.1 M-5.0 M NaCl.

Sample Backscatterer R (A) NP 62(A?) AE, (eV) R-factor
Green solid (Nr. 2) (N 1.86 1.2 0.002 9.0 0.4
/=0.1 M NaCl, pH_=10.6 0,, 2.43 3.8 0.013 9.0
(2.5 < k[A1] < 13.9) Na 3.32 1.8 0.015 3.0

Na 3.97 0.7 0.001 3.0
Green solid (Nr. 4) 0, 1.87 1.2 0.001 7.9 0.4
=0.1 M NaCl, pH_=12.5 0,, 2.42 4.5 0.013 7.9
(2.5 <k[A1]<13.9) Na 3.29 2.3 0.015 1.6

Na 3.97 1.1 0.001 1.6
Pink solid (Nr. 7) 0, 1.82 2.1 0.008 0.6 0.04
=1.0 M NaCl, pH_=13.3 0,, 2.40 4.0 0.008 0.6
(2.6 < k[A1] < 10.3) Na 3.30 0.7 0.003 -5.0

Np 3.90 1.4 0.006 3.4
Green solid (Nr. 8) 0, 1.89 1.8 0.001 2.2 0.4
/=3.0 M NaCl, pH_=10.6 0,, 2.35 6.0 0.013 2.2
(3.1 < k[A1] <10.0) Na 3.92 2.1 0.002 -0.9
White solid (Nr. 9) 0, 1.83 2% 0.005 5.0 0.4
/=3.0 M NaCl, pH_=12.1 0,, 2.38 6* 0.009 5.0
(2.7 <k[A]<10.3) Na 3.84 6* 0.005 -3.8
5,72=0.5 Np 3.91 6* 0.017 4.8
Green solid (Nr. 10) 0, 1.83 1.3 0.002 0.38 0.9
/=5.0 M NaCl, pH_=9.6 0,, 2.40 5.4 0.015 0.38
(2.7 < k[A-] < 10.5) MS 3.65 1.4 0.006 0.38
Green solid (Nr. 11) 0, 1.81 1.3 0.0007 -0.2 0.8
I=5.0 M NaCl, pH_=11.2 0,, 2.40 4.7 0.011 -0.2
(2.7 < k[A1] < 10.5) MS 3.62 1.4 0.003 -0.2
White solid (Nr. 12) 0, 1.83 2% 0.006 5.1 0.3
I=5.0 MNaCl, pH_=12.6 0,, 2.39 6* 0.009 5.1
(2.7 < k[A]<11.0) Na 3.84 6* 0.017 -3.5
5,2=0.61 Np 3.93 6* 0.007 3.9

0 4.67 12*% 0.017 5.1
Pink solid (Nr. 13) 0, 1.88 2% 0.001 6.9 1.1
I=5.0 MNaCl, pH_=14.4 0,, 2.39 5 0.007 6.9
(2.6 < k[A1]<14.7) Na 3.30 1* 0.002 6.9
5,2=0.619 Na 3.58 2% 0.004 6.9

Na 3.88 2% 0.001 6.9

Np 3.97 2% 0.002 8.4

Np 4.13 2% 0.004 8.4

*Parameter fixed in the fit; *Uncertainty associated to R is 0.02 A; ®Uncertainty associated to N is +20%.

Amplitude reduction factor (S ? fixed to 1.0 in all cases except indicated otherwise. Note that the amplitude of a given shellis given by S >N
so that N=1.2 with S >=1is identical to N =2 with 5 >= 0.6 Values in brackets corresponding to the k-range considered for the EXAFS fit in

each sample.

experimental approach, this discrepancy confirms the
hypothesis of carbonate contamination during the titra-
tion experiment and consequent formation of NpO,CO,",
with a reported absorption band at =991 nm ([57-59];
see also footnote 1).

In spite of the fair agreement with thermodynamic
calculations using NEA-TDB, spectroscopic data col-
lected in the present work support an earlier onset of

Np(V) hydrolysis (ca. 0.2-0.3 log, -units), thus pointing
to a slight overestimation of the first hydrolysis constant
selected in [7].

An accurate evaluation of Np(V) aqueous speciation
using UV-vis/NIR is not feasible beyond pH_ ~10.5 (using
standard 1 cm cuvettes) because of the low m,, imposed
by NpO,OH(am, fresh) (or additional ternary Na—-Np(V)-
OH phases forming). Hence, the Np(V) hydrolysis scheme
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Figure 7: Fraction diagram of Np(V) within 7 < pH <11, as calculated using hydrolysis constants selected in the NEA-TDB (solid lines) and
reported by Rao and co-workers ([30], dashed lines). Symbols © correspond to the fraction of NpO,* quantified in the supernatant solution
of selected solubility samples as the difference in intensity of the 980-981 nm NIR peak before and after acidification of the solution (see

Section 3.2).

derived in [28] and later selected in the NEA-TDB [7] was
based on the slope analysis of solubility data, and strongly
relied on (i) the predominance of NpO,OH(am) over the
complete pH range investigated (see discussion in Section
3.4.2) and (ii) the absence of other Np(V) aqueous species
besides NpO,* and NpO,(OH) ' (e.g. carbonate com-
plexes). Carbonate impurities are ubiquitous in NaOH,
even for high purity commercial reagents. The system-
atic increase in carbonate concentration with increasing
pH_ can lead to the misinterpretation of the experimental
observations, if carbonate complexes of Np(V) instead of
hydrolysis species form/dominate. In the present work,
carbonate impurities are considered insufficient as to
impact the aqueous chemistry of Np(V). Note that the
highest carbonate concentration present in 0.1 M NaCl-
NaOH solutions is (3£1) x 107 m (corresponding to 0.1 M
NaOH), whereas m, was quantified as (5.6+£0.6) x 10°m
for the same pH and background electrolyte concentra-
tion (see Figure 1). The excellent agreement between solu-
bility data in dilute NaCl and NaClO, systems using two
different commercial NaOH (Titrisol Merck in the present
work, CO,-free NaOH from Baker Co. in [28]) further argues

in favor of the absence of carbonate impact on the Np(V)
solubility data.

On the other hand, the interpretation of Np(V)
aqueous speciation in concentrated NaCl systems
(>1.0M) and pH,_above~13isnotstraight forward. Because
of the solubility control exerted by ternary Na—Np(V)-
OH phases (see Section 3.3 and 3.4.2) and provided the
absence of carbonate aqueous species, the increase in sol-
ubility observed for these systems and pH-region can only
be explained by the formation of higher hydrolysis species
(NpYO,(OH) '~ or Np*'0,(OH) ** with x > 3). Tananaev [70,
71] reported the formation of the species NpO,(OH),>
and NpOZ(OH)f in alkaline NaOH and TMA-OH solu-
tions based on UV-vis/NIR investigations. Note that
the NIR peak at A =1020 nm attributed by Tananaev to
NpO,(OH),> was later assigned to ternary Np(V)-OH-
CO, species forming in carbonate bearing NaClO,~NaOH
[64] and TMA-CI/OH solutions [67]. In alkaline concen-
trated CaCl, systems, Fellhauer and co-workers [38, 39]
observed the formation of previously unreported Np(V)
species containing the moiety [NpO,(OH),]*. Such a neg-
atively-charged moiety was stabilized in solution by the
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inner-sphere coordination of three Ca?" atoms. It remains
uncertain whether, under hyperalkaline conditions, alkali
metals such as Na* can also stabilize these higher Np(V)
hydrolysis species. The Np(V)-Np(VI) redox border in
alkaline to hyperalkaline pH conditions was recently
assessed by Gaona and co-workers [67, 72]. Based on the
newly generated thermodynamic data for Np(VI) aqueous
species, the authors defined a stability field of Np(V)
under hyperalkaline conditions significantly smaller than
previously assumed. The oxidation of Np(V)-Np(VI) and
consequent predominance of Np"'0,(OH),* in the aqueous
phase could also explain the experimental observations
described above. Data collected within this study or avail-
able from literature prove to be insufficient to validate any
of these hypotheses.

3.4.2 Solubility of NpO,0H(am, fresh) and formation of
ternary Na-Np(V)-OH phases

Thermodynamic data currently selected in the NEA-TDB
for the solubility of NpO,OH(am, fresh) and hydrolysis
constants of Np(V) explain properly (within the provided
uncertainties) the experimental solubility data in both
0.1 M NaCl and NaClO, solutions within the pH _ range
9-13 (solid line in Figure 1 upper left). Furthermore, the
use of SIT ion interaction coefficients reported in the NEA—
TDB allow to qualitatively explain the trend observed
in this work for the solubility of Np(V) within 0.1 M < T
(NaCl) <5.0 M and pH_ < 11.5. These calculations slightly
overestimate Np(V) solubility at high NaCl concentra-
tions, but agree with experimental data if considering
the uncertainty reported in the NEA-TDB for s(NpO;,
Cl") =0.09+0.05mol - kg .

However, the observed high complexity of the Na-
Np(V)-OH system in terms of solid phase formation well
justifies doubts on the speciation scheme originally pro-
posed by Neck and co-workers, which strongly relied on
the predominance of the NpO,0H(am) phase (either fresh
or aged) over the entire pH_ range 9-14. In the present
work, the very well defined slope of -1 (log m, Vvs. pH_)over
~1.5 pH_-units in combination with the predominance of
NpO,* confirmed by UV-vis/NIR supports that equilibrium
reaction (1) - NpO,OH(am, fresh) + H* < NpO,"+H,0 - is
controlling the solubility of Np(V) below pH_~11. In spite
of this evidence, this hypothesis can be challenged by
the non-stoichiometric presence of Na identified in the
greenish phases controlling the solubility in 0.1 M NaCl
(whole pH-range) and concentrated NaCl systems with
pH_<11.5. Both the sorption of Na* on the surface of
NpO,OH(am, fresh) or the presence of minor amounts
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of a secondary Na—Np(V)-OH phase could explain the
presence of Na in the green solid phases. In view of the
structural parameters determined by EXAFS for Np(V)
solid phases in dilute NaCl solutions (Table 4), the latter
hypothesis arises as most likely. The incorporation or
adsorption of minor amounts of foreign ions by amor-
phous actinide solid phases was previously discussed by
Felmy and co-workers [73] in the framework of a solubil-
ity study with ThO,(am) in saline systems. The authors
proposed the incorporation of Na under formation of
Na,ThO,(cr), but concluded that the presence of minor
amounts of this crystalline phase, as well as ThO,(cr),
did not lead to a significant decrease in the solubility
of Th(IV), which remained controlled by amorphous
ThO,(am). The same reasoning/hypothesis is raised in the
present work to support NpO,0H(am, fresh) as solubility
controlling phase in the greenish amorphous material.

The results from the solubility experiments and the
extensive solid phase analysis clearly indicate that a com-
plete solid phase transformation takes place at pH_ >11.5
and I > 1.0 M NaCl. Under these boundary conditions, the
amorphous greenish material transforms into white and
pinkish crystalline phases with a ratio 0.8 < Na:Np < 1.6.
As indicated in Section 3.3.1, none of these phases is con-
sistent with XRD patterns reported for Np(V) carbonate
phases of the type NaNpO,CO, - nH,0(cr).?

The crystal structure reported in [37] for the anhy-
drous NaNpO,(OH),(cr) resulted in a positive match
with XRD patterns collected for the Np(V) solid phase in
1.0 M NaCl and pH_=13.3. Note also that ternary phases
of the type Na NpO,(OH), -nH,O(cr) with x=1-3 were
previously synthesized by Tananaev using solid state
reactions and precipitation from oversaturation condi-
tions in aqueous systems (both at room temperature
and hydrothermal conditions) [33-36]. For the synthetic
approach at room temperature in 0.1-2.0 M NaOH solu-
tions, Tananaev observed the predominant formation
of NaNpO,(OH),-nH,0(cr) with the minor presence of
Na NpO,(OH), - nH,0(cr) as impurity. These findings are
consistent with the in-situ solid phase transformations
observed in the present work, and confirm the relevant
role of ternary Na—Np(V)-OH phases in controlling the

3 Indeed, the transformation of NpO,0OH(am, fresh) into
NaNpO,CO, - 3.5H,0(cr) in the conditions of this study can bealso ruled
out based on thermodynamic calculations. Considering the greatest
carbonate concentration available in the 5.0 M NaCl-NaOH series
(3x10°Min 1.0 MNaOH + 4.0 MNaCl), the solid phase transformation
according with NpO,0H(am, fresh) +Na*+C0,* + H"+2.5H,0 < NaN-
p0,CO, - 3.5H,0(cr) is only expected at pH < 10.6.
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solubility of neptunium in alkaline concentrated NaCl
solutions.

The formation of a white binary NpO,0OH(am, aged)
phase reported in previous solubility studies in concen-
trated NaClO, [28] and NaCl [29] solutions has not been
observed in the present work. Hence, for those systems
where no transformation to ternary Na—Np(V)-OH phases
occurred, the solubility of NpO,0H(am, fresh) remained
unaltered within the timeframe of this study (2 years).
A similar behavior of Np(V) solubility in dilute to con-
centrated NaCl systems was reported by Roberts and co-
workers within an equilibration time of 37 days [51, 52].
Although differences between NaClO, and NaCl back-
ground electrolytes could justify the discrepancies with
the observations reported by Neck et al. [28], we find no
explanation for the disagreement with solubility data
reported by Runde and co-workers [29].

4 Conclusions

The hydrolysis and solubility of Np(V) have been investi-
gated in dilute to concentrated NaCl solutions within the
pH_ range 9-14. Special focus was given to the identifi-
cation of the Np(V) solid phases controlling the solubility
under different pH_ and NaCl conditions, as well as to the
correct account of the impact of carbonate on the evalu-
ated systems. The newly generated data clearly show that
the aqueous Np(V)-NaCl system exhibits a very complex
chemical behavior, especially with regard to the solid
phases controlling the solubility of Np. This is an inter-
esting finding from the perspective of fundamental acti-
nide chemistry, but also directly affects the chemical and
thermodynamic models used to quantitatively describe
this important sub-system of direct relevance for certain
nuclear waste disposal scenarios.

The solubility curve of Np(V) in dilute NaCl systems
has three well-defined regions with slopes (log,, my,
VS. pHm) of -1, 0 and +1. UV-vis/NIR confirms the pre-
dominance of NpO," in the first region, consistently with
thermodynamic calculations using Np(V) hydrolysis
constants selected in the NEA-TDB. This supports the
hypothesis that the X-ray amorphous greenish phase
NpO,OH(am, fresh) controls the solubility under these
conditions, in spite of the non-stoichiometric fraction of
Na identified in the solid phase by quantitative chemi-
cal analysis, SEM—-EDS and EXAFS. The same greenish
material controls the solubility in concentrated NaCl
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solutions with pH_ below ~11.5. In all these systems,
m, in equilibrium with NpO,0H(am, fresh) remained
unaltered within the timeframe of this study (2 years).
Hence, no evidence of the aging of NpO,0H(am, fresh)
and consequent decrease in m has been observed in
this work, in contrast with previous findings obtained
in concentrated NaClO, and NaCl systems. The forma-
tion of crystalline ternary Na—Np(V)-OH phases with
0.8 < Na:Np £ 1.6 was confirmed by XRD, SEM-EDS,
quantitative chemical analysis and EXAFS. These solid
phases prevail in concentrated NaCl systems with pH_
above ~11.5, and show significantly lower solubility
than NpO,0OH(am, fresh). The increase in my, in equi-
librium with ternary Na-Np(V)-OH phases observed
at pH_ above ~12.5 is likely related with the formation
of Np'0,(OH) ** or Np"'0,(OH) ** aqueous species with
X 2 3. Solubility and spectroscopic data collected within
this study proves to be insufficient to validate any of
these hypotheses.

Until resolving the uncertainties identified in
the present work for ternary Na-Np(V)-OH phases
and aqueous speciation in alkaline NaCl systems, we
recommend the use of NpO,0OH(am, fresh) as Np(V)
solubility-controlling phase in combination with the
Np(V) hydrolysis scheme reported in the NEA-TDB
for source term estimations as robust and defendable
upper limit concentrations. Furthermore, we discour-
age the use of log,; "'K°  reported in the NEA-TDB for
NpO,0H(am, aged) for thermodynamics calculations in
NaCl media, as this may result in underestimated Np(V)
concentrations. Undersaturation solubility experi-
ments with well-defined ternary Na—Np(V)-OH phases
are on-going at KIT-INE to derive the thermodynamic
properties of these solid phases and gain conclusive
insights on the hydrolysis of Np(V) under hyperalkaline
conditions.
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Figure A1: Near-IR absorption spectra of the saturated, supernatant solutions in equilibrium with NpO,OH(am, fresh) in 0.1, 1.0, 3.0 and
5.0 M NaCl (mNaCl: 0.10, 1.02, 3.20 and 5.61 m). The vis/NIR sample aliquots were acidified in the cuvette with HCl after the measurement,
and a second spectrum recorded. The total contribution of Np(V) hydrolysis species is estimated from the difference of the main peaks’
heights (“A”) in both spectra.



18 =—— V. G. Petrov et al., Solubility and hydrolysis of Np(V) in dilute to concentrated alkaline NaCl solutions

DE GRUYTER

0.06 1 . | . | 0.020 i | . |
r 3.0 M NaCl | 3.0 M NaCl
0.05 “1%—"{\ pH_ =918 . pH,, = 9.57
- - - Before HCI addition 0.015 |- A~4% _-;. ’1 - - - Before HCI addition 7
0.04 - i —— After HCI addition 4 “ ll —— After HCI addition
g i 8 1
=4 = "
& 003 \ E s 0.010 - 1 E
2 2 \
=}
< o02f 1 =
1 0.005 B
0.01 / -
0.00 e . \—L . 0.000 . I s e
960 980 1000 1020 1040 960 980 1000 1020 1040
 Wavelength (nm) Wavelength (nm)
0.004 i T v 1 0.06 ' . | .
3.0 M NaCl A=1%— /| 5.0 M NaCl
pH,, = 10.24 005 III \ pH,, =9.27 1
0.003 -ﬂ,,. 18%—-/\ - - - Before HCI addition , - » - Before HCI addition
/ —— After HCI addition 0.04 |- f ——After HCI addition b
L , °
§ |-"'I § r f ]
= 0.002 £ 003 g
s 3 L |
a o \
=
< 0.02 / "n e
0.001 / \
0.01 | E
0.000 : v 0. ﬁ*’/ L e e
960 980 1000 1020 1040 960 980 1000 1020 1040
Wavelength (nm) Wavelength (nm)
0.04 ' : p . 0.010 ' . | .
5.0 M NaCl T Il 5.0 M NaCl
. pH,, = 9.41 0.008 | [ pH,, =9.93 i
0.03 - A= _'f - - Before HCI addition i I - - Before HCI addition
—— After HCI addition j ——— After HCI addition
8 0.006 | 1 .
g g +
§ oo2p | { £ Fo 1
5 . 8 0.004 | / 1
@ | 2 0. \
2 fo P
oot} [ . [
/ \ 0.002 .
0.00 r—’—’./ L \:KL‘M POt i~ 0.000 v : L . RO T WA LNt
960 980 1000 1020 1040 960 980 1000 1020 1040

Wavelength (nm)

Figure A1 (continued)
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