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Abstract: Green rust (GR) as sodium sulphate form,
NaFe(I)sFe(II);(OH),4(SO,), - 12H,0, is reacted with an
aqueous solution of neptunyl ions (NpO, ") and the result-
ing Np(IV) solid phase is investigated at a nanometer scale
by different transmission electron microscopy (TEM) tech-
niques, including high-resolution TEM (HRTEM), high-
angle annular dark-field scanning TEM (HAADF-STEM),
energy-dispersive X-ray spectroscopy (EDXS), and electron
energy-loss spectroscopy (EELS). The aim of the analy-
ses is to achieve insight into the potential immobilization
mechanism for Np(V) in the context of safety assessment of
a nuclear-waste repository. The neptunium is found to be
immobilized at the edge of the green rust platelets, ina rim
composed of nanocrystallites about 2—3.5 nm in size. The
EELS results and more particularly the HRTEM findings are
consistent with NpO, crystallizing in a fluorite-type struc-
ture. Furthermore, the Np-O, 5 edges recorded by EELS at
the Np(IV) phase are presented, expanding the EELS-data
set currently available in the literature for Np.
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1 Introduction

Nuclear waste will be disposed within steel canisters in
deep underground repositories. To assess the long-term
safety of the repository, all possible processes that might
have an impact on the release and transport of radionu-
clides in the environment must be taken into account.
Particularly, the possibility of water gaining access to the

waste cannot be excluded. Indeed, water is a prevailing
transport medium for contaminants — including radionu-
clides — in the environment [1]. Furthermore, the envi-
ronmental fate of radionuclides is primarily controlled
by their solubilities depending on oxidation states which
strongly depend on their interaction with redox-active ma-
terials in the near- and far-field of the repository [1, 2.

The present study is more particularly focused on
the fate of the actinide *’Np. It is a minor component
(about 0.05 wt %) of spent U-based nuclear fuel but has
a long half-life, T = 2.144 x 10° years, and its concen-
tration will increase during the first 5000 years of disposal
by a-decay of **'Am (T j2 = 432.2 years). Thus, it will
be a contributor to the long-term radiotoxicity of the nu-
clear waste [2]. Furthermore, it is of primary environmen-
tal concern because of its high solubility in the pentava-
lent state [1]. Hence, when water has access to the waste,
neptunium may become particularly mobile in the form
of neptunyl ions Np(V)0, *. In contrast, Np(IV)-species are
orders of magnitude less soluble and have a high tendency
to form aqueous complexes [1, 2]. Finally, Np is taken as
a representative of redox-sensitive waste-borne radionu-
clides, showing distinctly different chemical behaviour at
different oxidation states.

Green rust (GR) belongs to a family of Fe(II)-Fe(III)
layered double hydroxides which oxidize in the pres-
ence of oxidising agents. It crystallizes in thin hexagonal
platelets consisting of the stacking of positively charged
brucite-like layers of Fe(II),Fe(Il)-hydroxide with anions
(e.g. CI', CO32_, or SOi_), sometimes also cations (e.g.
Na*), and water structurally arranged in the interlayers
[e.g., 3-6]. It may form in anoxic groundwater [7] and is
likely to evolve as a product of steel-canister corrosion
in a nuclear-waste repository following groundwater ac-
cess. Indeed, the formation of GR has for instance been
observed during the corrosion of zerovalent-iron reactive
media [e.g., 8-10]. Furthermore, several studies reported
the ability of GR to reduce a variety of redox-sensitive
species including Cr(VI), Tc(VII), Se(IV,VI), Hg(Il), U(VI),
and Np(V) [11-22]. Hence, owing to its strongly reduc-
ing properties, GR is a potential candidate for attenuat-
ing the migration of redox-sensitive radionuclides in the
environment.



Transmission electron microscopy (TEM) is a unique
and versatile characterization technique enabling struc-
tural and chemical analysis of materials at a nanometer
scale [e.g., 23]. Because green rust particles are quite thin
(~ 40 nm thick or less for GRy, 5o, synthesized by Chris-
tiansen et al. [6], the platelets are by nature “electron
transparent” in the electron microscope, and thus, are well
suited for TEM investigations [e.g., 4, 15, 19]. Furthermore,
TEM has already been successfully employed to study the
properties of a variety of actinide materials [e.g., 24]. Par-
ticularly, O’Loughlin et al. [15] demonstrated by means of
TEM that the reduction of uranyl Uu'h by GR results in the
formation of UO, crystalline nanoparticles.

Recently, Skovbjerg et al. [21] and Christiansen
et al. [22] investigated the interaction of NpO, * with green
rust of sodium sulphate form (GRy, so,) (the two papers
partially report the same experiments). They showed
that Np(V) is immobilized via reduction and formation
of less soluble Np(IV)-species. The authors performed
preliminary TEM investigations (conventional TEM imag-
ing, EDXS), however with a limited resolution (e.g. no
high resolution TEM). Their results showed that Np was
enriched at the GR-edges but gave no direct experimental
proof concerning the nature of the Np(IV) phase formed.
Christiansen et al. [22] suggested that it is hydrated NpO,.
However, this conclusion was not based on experimental
evidence but the authors drew it through discussion, no-
tably by comparing their findings with those of O’Loughlin
et al. [15] — who studied the interaction between uranyl
and GR - and those of Neck et al. [25] — who studied
the reduction of Np(V) in aqueous solutions. Skovbjerg
et al. [21] hypothesized that the Np(IV) phase could be
NpO, or a Np-substituted iron- (oxyhydr)oxide. Hence,
further investigations are required to clearly determine
the nature of the Np(IV)-phase formed, and thus to
achieve a safer understanding of the Np-immobilization
mechanisms.

The present study continues the work of Skovbjerg
et al. [21] and Christiansen et al. [22] and GRy, o, Te-
acted with NpO, " is investigated using a high-resolution
field-emission transmission electron microscope. In this
study we focus on the fate of Np. The first aim is the de-
termination at a nanometer scale of the location where
Np is immobilized on the GR particles. The second aim is
to gather more information about the Np(IV)-containing
phase formed. For these purposes, several TEM techniques
are employed, including high-resolution TEM (HRTEM),
high-angle annular dark-field scanning TEM (HAADF-
STEM), energy-dispersive X-ray spectroscopy (EDXS), and
also electron energy-loss spectroscopy (EELS). Provided
that appropriate reference data are available for materials

of known phases, EELS is a powerful tool to analyze an un-
known compound [e.g., 26, 27]. The present work extends
the scarce EELS-data set available up to now in the litera-
ture for the Np-O, 5 edges.

2 Experimental details

2.1 Materials and specimen preparation

Two types of specimens are analyzed: GRy,so, stan-
dard alone (GR) and after reaction with 237Np(V)
(Np-GR). The GRy,so, standard, of nominal formula
NaFe(II)cFe(III);(OH),4(SO,),-12H, 0, was prepared inside
an anoxic glove box from a solution of FeSO, - 7H,0
by adding NaOH to bring the Fe/OH ratio to 0.6. As pH
increased Fe(OH), precipitates. When pH reached 8.4,
the suspension was oxidized by bubbling CO,-free air.
Yield of transformation to GR is found out optimum at
the inflection point reached at ~ pH8—8.4 and pe - 7
according to Christiansen et al. [6]. The green rust material
were prepared > 48 h prior to the experiments and kept
sealed and anoxic, Oswald ripening of the green rust [28]
is thus not expected to influence the experiments. The
reaction with Np(V) was also performed in an anoxic
glove box by mixing 20 uL of a NpO," stock solution
(~ 7.74 mM/L, preparation described by Christiansen
et al. [22] with 80 uL of a GR slurry (5.5 g/L) resulting
in 1.55 mM/L Np in total and a Np(V):GR molar ratio of
about 1 : 2.3, which is the same as a Np(V) : Fe(II) s molar
ratio of approximately 7 : 100. After 10 min reaction, the
Np concentration in the supernatant (pH ~ 8, pe ~ —6.7)
was less than 1.7x107° M/L (detection limit of liquid
scintillation counting) indicating that Np was removed
from the solution. Furthermore, X-ray photoelectron
spectroscopy (XPS) of the solid phase showed a reduction
of Np(V) to Np(IV) [21, 22]. In the following, the green
rust interacted with neptunyl ions is denominated by the
acronym Np-GR.

Specimens were prepared for TEM analyses by de-
positing few-uL droplets of GR or Np-GR suspensions on
copper TEM grids covered by holey carbon films. The spec-
imens were rinsed by a couple of MilliQ-water droplets to
remove the loosely bound particles, and let to dry at ambi-
ent temperature after the excess solution was removed by
means of a paper tissue.

Some regions of the Np-GR specimens were contami-
nated by a Si-containing compound present on the TEM-
specimen holder used to investigate the radioactive mate-
rial. When necessary, this contamination was taken into
consideration while analyzing the results. Contact to air



could not be avoided during the transfer of the specimens
from the preparation glove box to the microscope. It is thus
possible that some Fe(II) were oxidized in the green rust
samples at this moment. This could also be the case for Np-
GR samples. Np(IV) re-oxidation to Np(V) was, however,
not observed. In addition, the high vacuum conditions in
the specimen chamber of the transmission electron micro-
scope (approximately 10~° Pa) probably induced a dehy-
dration of the (Np-GR). In spite of these possible transfor-
mations of the original specimens, the acronyms GR and
Np-GR are used throughout this study to designate the in-
vestigated materials.

2.2 Transmission electron microscopy (TEM)

The specimens were analyzed using a high-resolution FET
Tecnai G* F20 X-Twin transmission electron microscope
located in a radioactive control area at the Fusion Mate-
rials Laboratory (IAM-WBM-FML) of the KIT. The instru-
ment is equipped with a field emission gun and oper-
ates at 200 kV with a point resolution of 0.25 nm. It al-
lows high-resolution TEM (HRTEM), can be operated in the
scanning TEM (STEM) mode, and is equipped with a high-
angle annular dark-field (HAADF) detector (Fischione),
and an energy-dispersive X-ray spectroscopy (EDXS) sys-
tem (EDAX). In addition, a post-column Gatan imaging fil-
ter (GIF) Tridiem allows electron energy-loss spectroscopy
(EELS) as well as recording of images by a 2k x 2k Ul-
traScan CCD camera. The acquisition and post-acquisition
treatments of images and spectra were performed with
the Gatan Digital Micrograph or TEM Imaging and Analy-
sis (FEI) software.

The fast Fourier transform (FFT) of the acquired
HRTEM images was computed. For any crystalline mate-
rial, the FFT exhibits spots, whose position in reciprocal
space is related to the orientation and spacing of lattice
planes in real space.

EDXS and EELS were performed in the STEM mode by
means of an electron probe of about 1-2 nm in diameter.
Direct positioning of the electron beam on a nanometer-
sized feature was, however, not accurate. A few-nm dis-
crepancy could be observed between the set position
and the position effectively measured by the electron
beam. The most useful results were obtained by means
of line scans: series of measurements are consecutively
performed along a predefined line on the specimen. Here
also, a discrepancy could be stated between the set posi-
tions and the measured positions. However, the discrep-
ancy was systematic during one and the same line scan,
so that the relative positioning of the electron beam during

the scan - i.e. the distance between two consecutive mea-
surements — was quite precise, allowing to probe the pres-
ence of an element on a nanometer scale. In addition, line
scans are particularly interesting for the investigation of
a sharp edge: even if the absolute positioning of the beam
is not perfect, the edge may be hit at a certain moment of
a line scan. Furthermore, the HAADF signal can be mea-
sured simultaneously to EDX or EEL spectra, giving a fur-
ther indication on the exact location of the electron beam
during the scan.

The EELS spectra were acquired with convergence and
collection semi-angles of about 16 mrad and 13 mrad re-
spectively. The energy resolution amounted to approxi-
mately 1.8 eV. When indicated, the EEL spectra were cor-
rected for background as follow. The background was fit-
ted within an energy window positioned immediately be-
fore the edge of interest and extrapolated beyond the
edge onset. A power-law function was used for that pur-
pose [29]. The extrapolated background was then sub-
tracted from the edge.

3 Results and discussion

3.1 Localization of the neptunium

The first aim of the TEM analyses is determining the exact
location where GR immobilizes Np. Figure 1 shows conven-
tional bright-field TEM images of GR and Np-GR particles.
It can be noted that the exposition of the GR particles to
air and the possible dehydration (cf. Sect. 2.1) did not affect
their characteristic hexagonal morphology. A few nm-wide
dark rim is observed at the edge of the Np-GR platelets (Fig-
ure 1b), whereas such a rim is not visible for GR standard
(Figure 1a).

Figure 2 shows a HAADF-STEM of Np-GR. On this
image, the superposition of multiple platelets appears
brighter and brighter as the total thickness probed by the
electron beam increases. However, at constant thickness,
the HAADF contrast is directly related to the atomic num-
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Fig. 1: Bright-field TEM images of GR standard (a) and Np-GR (b).
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Fig. 2: HAADF-STEM image of Np-GR. In the insert, the contrast was
digitally changed with respect to the rest of the image, in order to
allow a better visualization of the rim.

ber Z [e.g., 30]. Thus, the rim, which appears in that case
bright around the Np-GR platelets, suggests the presence
of a high-Z element like neptunium.

The rim appears sometimes quite diffuse, for instance
at the positions indicated by solid-line arrows in Fig. 2,
with a width up to 15 nm and a moderate HAADF bright-
ness. However, it appears much sharper at other positions
as pointed out by the dashed-line arrows in Fig. 2, with
a higher brightness and a width of only about 2.5-3 nm.
Also, two distinct sharp parallel rims are observed at the
position indicated by a dotted-line arrow (Figure 2). Hence,
it suggests that at the “diffuse positions”, the edges of
the green-rust sheets are not perfectly superposed in the
direction of the electron beam, leading to terraces that
might be only few monolayers high but are surrounded by
their own sharp rim. Some irregular chains or networks
are also sometimes observable, e.g. at the position marked
by an oval in Figure 2. They could correspond to an alter-
ation of the shape of certain green-rust sheets, or to rim-
constituting particles left behind by some Np-GR platelets
removed during the specimen preparation.

To accurately correlate the high HAADF signal with
the presence of Np, EDXS was performed by an electron
probe of about 1-2 nm in diameter. Fig. 3 presents the re-
sults of a line scan performed across the rim with 16 spec-
trarecorded on a 32 nm path (line in Figure 3a). The inten-
sity of the HAADF signal is shown in Figure 3b as a func-
tion of the position of the electron probe during the scan.
Three representative spectra are shown in Figure 3c. In
spite of the imperfection of the absolute positioning of the
electron beam (cf. Sect. 2.2), the rim of interest was hit dur-
ing the line scan (point 2 in Figure 3b, corresponding to
spectrum 2 in Figure 3c). A strong Np signal dominates the
spectrum recorded at the rim (spectrum 2). In addition, Np
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Fig. 3: EDX line scan across the edge of Np-GR. a) HAADF-STEM
image, the line marks the 32 nm path along which 16 spectra were
recorded. b) HAADF signal as a function of the position of the
electron probe during the line scan. c¢) EDX spectra representative
for the vacuum region (1), the rim (2), and the inside of Np-GR (3).
The Cu signal results from the TEM grid.

cannot be detected inside the GR particle (spectrum 3 in
Figure 3c). The spectrum 3 representative for the inside of
Np-GR was recorded only approximately 13 nm away from
the spectrum 2 exhibiting the highest Np signal (cf. Fig-
ure 3b). Hence, Np is clearly localized at the edge of the GR
platelets. Thus, the high spatial resolution achieved in the
present work allows to confirm and to extend the observa-
tions of Christiansen et al. [22], who performed EDXS on
comparable Np-GR particles. The authors concluded that
Np is found enriched at the green-rust edges.

In addition, the results shown in Figure 3 clearly
demonstrate the correlation between the strong HAADF
signal (Point 2 in Figure 3b) and the presence of Np (spec-
trum 2 in Figure 3c). It illustrates the power of HAADF-
STEM for the imaging of high-Z actinides, as pointed
out by Utsunomiya et al. [30]. The method is especially
efficient when actinide nanomaterials are enclosed in
a heterogeneous system with other materials composed of
lighter elements. In the present case, it allows a direct vi-
sualization of the nm-sized Np-rich regions with a strong
contrast with respect to green rust (Figs. 3a and 3b).

3.2 Characterization of the Np-containing
phase

XPS analyses showed that the interaction between NpO, *
and GR results in the reduction of Np(V) to Np(IV) [21, 22].
The second aim of the TEM analyses is to gather more infor-
mation concerning the Np(IV)-containing phase formed.



This phase could be a Np dioxide or a Np-substituted iron
oxide mineral. Indeed, O and Fe signals are also present
in the EDX spectrum recorded at the edge (spectrum 2 in
Figure 3c). However, a Cu signal is also measured in all
the spectra, even in the one representative for the vacuum
region (spectrum 1 in Figure 3c). It is an artifact resulting
from the Cu TEM grid (Cu is the predominant element in
the TEM specimen). As a matter of fact, not all of the X-rays
measured by EDXS come from the region of interest where
the primary electron beam is focused [e.g., 23]. Thus, it can
be noted that the Cu peak is stronger at the Np-containing
rim (spectrum 2 in Figure 3c) than inside the green rust
(spectrum 3) or in the vacuum (spectrum 1). Indeed, Np is
a strong electron scatterer (cf., e.g., the strong HAADF sig-
nal in Figure 3b), so that a high amount of scattered elec-
trons may hit other parts of the specimen, e.g. the Cu grid
bars or the C-film, generating X-rays. Hence, “spurious” Cu
and C peaks are particularly intense in spectrum 2. Since
Fe in the green rust is also present in high amount in the
immediate vicinity of the primary electron beam, it is pos-
sible that a part of the Fe signal recorded in spectrum 2
results from such an artifact.

In contrast to EDXS, EELS, which measures forward
transmitted electrons, is not affected by such an effect.
Two EEL spectra of the inside and the rim of a Np-GR
platelet, acquired under the same experimental condi-
tions during one and the same line scan, are shown in Fig-
ure 4. The spectrum acquired inside the platelet is charac-
terized by strong Fe-M, ; edges. At the rim, Np-O, ; edges
appear at around 100 eV, whereas the intensity for the Fe
edges almost completely vanishes (the intensity under the
Fe edges is reduced by a factor of more than 15 with respect
to the spectrum taken inside Np-GR). In addition, the po-
sitioning of the electron beam on the rim is not particu-
larly accurate (cf. Sect. 2.2) and the edges of the green-rust
sheets may be imperfectly superposed in the direction of
the electron beam (cf. Sect. 3.1). Hence, the residual Fe sig-
nal at the rim likely comes from the electron beam pass-
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Fig. 4: EEL spectra taken “inside” a Np-GR platelet and at its rim.
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Fig. 5: HRTEM of Np-GR. a) HRTEM image. b) Detail of (a). The
Si-containing background results from a contamination. c) FFT of an
HRTEM image (same specimen region as shown in (a), but slightly
different focus conditions). The arrow indicates the position of

a spot resulting from the rim with respect to the center of the FFT. d)
Detail of the rim. The lattice-fringe pattern and the corresponding
FFT are consistent with [110]-oriented NpO, (fluorite-type structure).

ing through the Np-containing rim and hitting some un-
derlying or adjacent GR region, resulting in the weak sig-
nal (a part of the Fe signal recorded in the EDX spectrum
2 of Figure 3c likely has a similar origin). Thus, the EELS
results strongly suggest that Fe is not present at the rim to-
gether with Np in one and the same phase, i.e. that the rim
does not consist of a Np-substituted iron oxide phase.
HRTEM provides further insight into the Np-phase at
the rim. The observed lattice-fringe patterns indicate that
the rim is composed of nanocrystallites about 2-3.5 nm
in size. Figure 5a,b shows, for example, two distinct Np-GR
platelets and their associated rims comprised of nanocrys-
tallites. The platelets are superposed on an amorphous
contamination film stemming from the specimen holder.
Nevertheless, this thin amorphous background does not
inhibit measurement of the Np-GR lattice-fringe patterns.
When the intense electron beam is focused on the GR
platelets to perform HRTEM, some radiation damage oc-
curs. A HRTEM image of GR standard was recorded as
quickly as possible after the HRTEM beam conditions were
set and its FFT is shown in Figure 6a. The same GR spec-
imen region was exposed to the HRTEM beam conditions
for about ten more minutes. As a result, several new spots
appear in the FFT (Figure 6b) compared to the initial FFT
(Figure 6a), indicating a beam-induced reorganization of
the atoms in the crystal structure. The same effect was
observed investigating Np-GR. Complete understanding of
this phenomenon is beyond the scope of the present work.



Fig. 6: FFTs of HRTEM images of GR standard. a) Immediately after
the HRTEM beam conditions were set; b) about ten minutes later.

However it is necessary to include this effect when ana-
lyzing the HRTEM images of Np-GR. That way, some ad-
ditional spots can be identified in the FFTs, which clearly
originate from the Np-containing nanocrystallites at the
rim, and not from beam-damaged GR. In contrast to the GR
platelets, the rim was not observed to exhibit beam dam-
age during the HRTEM experiments.

The position of some spots corresponding to the rim
is measured with respect to the center of the FFT (see Fig-
ure 5¢). FFTs of different images gave an average lattice-
plane spacing d of about 3.14 +0.05 A (the given precision
corresponds to +o, with o the standard deviation deter-
mined from 18 measurements of d). This value is in very
good agreement with the d-spacing of 3.1370 A determined
from crystallographic data [31] for the {111} crystal-plane
spacing in NpO,. In addition, the measured spots are the
nearest from the center of the FFT that can be attributed
to the nanocrystallites. This aspect is also in accordance
with NpO, and its fcc fluorite-type structure (Fm3m space
group), where the {111} crystal planes are the planes of
highest d-spacing expected in the FFT.

The selection of only a small part of an HRTEM image
for FFT calculations results in a FFT of lower definition,
and thus limits the reliability of d-spacing measurements.
However, by selecting only particular details of the rim, the
influence of the signal induced by the inside of Np-GR be-
comes negligible. That way, a further family of rim-specific
spots can be identified, confirming the fluorite-type struc-
ture of NpO,. Other d-spacing values of about 2.7 A or 2.8 A
are found (results from five measurements), which are in
good agreement with the nominal value d ~ 2.7167 A ex-
pected for the {002} crystal planes of NpO, (d-value calcu-
lated from Fahey et al. [31]. Figure 5d exhibits a detail of
the rim. The observed lattice-fringe pattern and the corre-
sponding FFT are consistent with the NpO, structure in the
[110] orientation. Recently, Powell et al. [32] investigated
[110]-oriented PuO, nano-colloids by HRTEM. PuO, and
NpO, are isostructural (fcc fluorite-type structure, Fm3m

space group). As a result, the HRTEM data for the [110]
zone axis are very similar.

3.3 EELS of neptunium dioxide

Up to now, only a few published studies involved EELS
to investigate Np-containing materials. In addition, most
of the data available in the literature concern the investi-
gation of the elemental metal «-Np in the frame of larger
studies of the electronic and magnetic structure of actinide
metals by means of the O, ; and N, ; edges [33-37], or the
detection of low levels of Np in uranium-bearing solids us-
ing principally the M, ; edges [38-44]. Buck et al. [44] an-
alyzed the Np-M, ; edges of a NpO, standard in a study
correlating the actinide M,/M; intensity ratios with the
number of 5f electrons, but they did not publish the cor-
responding EEL reference spectrum. Hence, a comprehen-
sive set of EELS reference data for Np materials of known
phases is still missing. However, such data would be a pre-
requisite for the accurate EELS investigation of an un-
known Np compound.

Furthermore, EEL spectra are to some extent similar
to X-ray absorption spectroscopy (XAS) data [45]. In the
present work, the Np-O, 5 edges were recorded by EELS,
whereas, to our knowledge, no XAS data were published
up to now for the Np-O, 5 edges.

The EEL spectrum recorded at the rim of Np-GR (Fig-
ure 4) is shown in Figure 7 after subtraction of the back-
ground under the Np-O, ; edges. Altogether, the previous
results from XPS [22], EELS, and more particularly HRTEM
(this study) exhibit that the rim is composed of crystalline
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Fig.7: EEL spectrum recorded at the rim of Np-GR (cf. Figure 4):

Np-O, ;s edges after background subtraction, and after subsequent
calculation of the second derivative.



NpO,. Hence, it is the first time that the Np-O, 5 EEL spec-
trum is presented for NpO,, or more generally for a Np(IV)
phase.

The Np-0O, ; edges are mainly attributed to the transi-
tion of Np 5d electrons to unoccupied 5f states. The spec-
trum is characterized by a sharp pre-peak followed by
a broader second bump (Figure 7). The splitting between
the two peaks is approximately 12 V. In addition, a shoul-
der is observable on the lower-energy side of the broad
bump. The second derivative of the Np-O, 5 spectrum is
also shown in Figure 7. It improves the visibility of the
shoulder by enhancing fast varying features and removing
non-varying features [43]. The splitting between the shoul-
der and the peak of the bump is about 5-6 €V. The spec-
imen position where the spectrum was taken was slightly
contaminated by a Si-containing compound. The onset of
the Si-L, ; edges is at about 99 €V, which could perturb the
measurement of the Np-O, 5 edges. However, the Si signal
is very weak compared to the Np signal and is hardly visi-
ble on the raw spectrum taken inside Np-GR (Figure 4, no
pronounced signal around 100 €V). As a test, the weak Si
signal measured inside GR was subtracted from the EEL
signal measured at the rim. It did not affect the observed
structure of the Np-O, ; edges, exhibiting that the Si signal
can be neglected.

To date, uranium is the actinide that has been inves-
tigated most by means of EELS. A structure similar to that
obtained in the present work for Np-O, 5 (sharp pre-peak
and broad second peak) was reported by Moore and van
der Laan [33] for the U-O, 5 edges of U metal and UO,.
The authors also presented the second derivative of the
EEL spectra, and whereas a shoulder was hardly recog-
nizable on the lower-energy side of the broad peak for U,
apronounced shoulder was visible for UO,, exhibiting that
the shoulder is sensitive to the bonding environment. Rice
et al. [46] investigated the U-O, ; edges for different ura-
nium oxides and fluorides and suggested that the shoulder
allows the distinction between different oxidation states:
where a shoulder was observed for the compounds having
uranium in the 4+ state (UO,, UF,), the uranium 6+ com-
pounds (UO,, UO,F,) did not exhibit this feature (however,
no second derivative was calculated). Hence, the shoulder
should be considered as a feature characteristic for the ox-
idation state rather than a phase-specific property. Butter-
field et al. [37] presented the O, ; EEL spectra for different
actinide elemental metals, including «-Np. The Np-O, 5
spectrum was also found to consist of a pre-peak followed
by a broader second peak. Nevertheless, it is difficult to
distinguish a shoulder on the second peak of the spec-
trum published for a-Np [37] (the second derivative, how-
ever, was not calculated), whereas a shoulder is clearly

visible in the present work, even on the original spectrum
obtained without second derivative (Figure 7). Hence, the
pronounced shoulder measured in the present work on the
Np-O, ; edges (Figure 7) - similar to that observed for UO,
by Moore and van der Laan [33] — once again appears con-
sistent with NpO,.

Moore and van der Laan [33] and Butterfield et al. [37]
also showed that both the O, and O, peaks are in fact en-
capsulated in the broad second bump, whereas the sharp
pre-peak corresponds toa dipole-“forbidden” transition in-
duced by the finite spin-orbit interaction. Hence, the shoul-
derinFigure 7 could be considered asa manifestation of the
Np-O; peak (5ds,, — 5ftransition) and the peak of thebump
mainly attributed to Np-O, (5d;,, — 5ftransition).

3.4 Immobilization process and outlook

In the present work, the term “immobilization” refers to
the removal of the Np(V) from the aqueous solution and
its incorporation as Np(IV) into a solid phase. This way
the otherwise high mobility of the neptunyl ions is low-
ered. However, the decrease of the mobility does not mean
that the transport of Np in the environment would stop
completely even if it is bound to GR. Indeed, GR and the
nanoparticles attached to it could still be transported as
colloids along the water flow path. In addition, Np could
be released later as a function of the environmental con-
ditions. This last problem was partly addressed by Chris-
tiansen et al. [22] who reported encouraging results. They
showed that a major part of the Np attached to GR remains
incorporated, in its tetravalent form, into a solid phase,
even if the redox conditions turn from reducing to oxidiz-
ing. In any case, it is clear that GR can attenuate the migra-
tion of Np.

The HAADF-STEM, HRTEM, EDXS and EELS investiga-
tions exhibit the preferential immobilization of Np at the
edge of the Np-GR particles and confirm the previous obser-
vations by Skovbjerg et al. [21] and Christiansen et al. [22].
There is, thus, no evidence for neptunyl entry into the GR
interlayers. If the neptunyl ions have access to the inter-
layer space (about 9 A thick, [21)), they do not seem to be
able to be trapped there by incorporation. Different types
of GR exist, varying in their interlayer anion and conse-
quently in the interlayer thickness. For instance, beside GR
sulphate, carbonate and chloride forms occur in nature [7,
47, 48]. Previous studies have shown that the ability of
a given species to be incorporated in the GR interlayer de-
pends on its charge, size, and geometry with respect to the
interlayer thickness and anion type [19, 21]. For instance,
the tetrahedral chromate anion (CrOi‘) is similarin charge,



size, and geometry to sulphate (SOi_) and was found to
be incorporated into the GRy, o, interlayer. In contrast
the neptunyl ion (NpO, ") is positively charged and linear.
Hence, it is not surprising if the ability of these species to
substitute into the GR-sulphate structure is restricted. In-
deed, O’Loughlin et al. [15] investigated the reduction of
uranyl (UO?, linear) by GRg,, and also reported the immo-
bilization of U(IV) at the edge of the GR in the form of UO,
nanoparticles. Hence, in spite of slightly different charges,
uranyl and neptunyl cations behave quite similarly with re-
spect to GRgy,. In the present study, Na* cations are also
associated into the interlayer structure (GRy, so4). Never-
theless, the fact that Na” and NpO, " have the same charge
does not seem to be a sufficient condition for NpO, " to
be able to substitute for Na* in the GR interlayer, because
these cations strongly differ in size and geometry.

A priori, the location of the Np at the Np-GR edges
tends to indicate that in the present case the high sur-
face area and the layered structure of GRy, 504 do not play
a decisive role in its high reactivity. Nevertheless, Wan-
der et al. [49] demonstrated that charge transport is facile
along the hydroxyl layers. Hence, the layered structure
may favor charge transfer being a sub-step of neptunyl re-
duction at the edge.

Thus, the preferential immobilization of Np at the rim
suggests the fast sorption within 10 min of the neptunyl
ions at the GR edge followed by their reduction and the
subsequent growth of NpO, nanoparticles [22]. However,
there might be other possible mechanisms. Indeed, some
of the neptunyl could be reduced by aqueous Fe(Il) in the
supernatant. Neck et al. [25] studied the reduction of Np(V)
to Np(IV) in aqueous solutions and described the forma-
tion of colloidal hydrated NpO, particles. Following the in-
terpretation that Neck et al. [25] made of their results, at
least three competing processes could be envisaged of how
the observed Np-containing rim could be generated:

1. Initial sorption of the neptunyl at the GR edge, then
reduction, finally growth of NpO, nanoparticles.

2. Initial reduction of the neptunyl in the aqueous solu-
tion, and sorption of the formed Np(IV) species at the
GR edge, finally growth of NpO, nanoparticles.

3. [Initial reduction of the neptunyl in the aqueous
solution, then agglomeration of the formed Np(IV)
species into NpO, nanoparticles, finally sorption of
the nanoparticles at the GR edge.

Under these pH and pe conditions (pH ~ 8, pe ~ —6.7),
the predominance of species Np(OH),(aq) in the aqueous
phase is predicted according to thermodynamic data re-
ported in the NEA-TDB [50]. The second process seems
to be unlikely, as reduction in homogenous solution will

result in uncharged Np(OH),(aq) species which may not
preferentially adsorb at the edges of GR. In addition, ho-
mogeneous reduction of Np(V) by Fe(Il) ions is much
slower than in presence of of a Fe(Il) bearing solid as ob-
served by Nakata et al. [51] at pH 5.7 to 5.9 and magnetite.
By discussing how the GR basal planes, the GR edges, and
colloidal NpO, are charged, Christiansen et al. [22] con-
cluded that if NpO, nanoparticles were formed by homoge-
neous reduction and precipitation from solution (process
3), i.e. polymerisation of Np(OH), (aq) species and conden-
sation of OH bonds, their preferential attachment at the GR
edge would be unexpected.

In the present work, the GR edges are systematically
decorated by a dense and continuous rim (Figs. 1b, 2, 3a,
and 5a,b). Single nanoparticles are hardly recognizable.
After the reduction of UO%+ by GRgp,, O’Loughlin et al. [15]
clearly observed discrete UO, particles (~ 2—-9 nm in diam-
eter) by dark-field TEM imaging: by selecting only specific
diffracted beams to contribute to the image, some crystal-
lites might not be visible in the image, which emphasizes
the adequately oriented particles. This is not the case for
the TEM bright field, HRTEM, and HAADF STEM images
shown in the present work (Figures 1b, 2, 3a, and 5a,b).
These TEM images are projections in two dimensions of
the three dimensional specimen regions. Some particles
which appear to touch each other might in fact not be
in direct contact which each other, but only partly over-
laid in the direction of the electron beam. However, the
fact that the rim appears systematically continuous and
dense on the images strongly suggests that the constitut-
ing nanoparticles effectively are closely packed. This con-
stant and tight arrangement of the nanocrystallites ap-
pears more consistent with a growth of the NpO, solid di-
rectly at the GR edges (after the sorption step, processes 1
or 2), than with the initial formation of the NpO, nanopar-
ticles in the solution and subsequent deposition at the
edge (process 3).

The reduction of Np(V) to Np(IV) by green rust implies
the simultaneous oxidation of Fe(II) to Fe(IlI). Earlier in-
spections by using XPS could not recognize such variation
in Fe(Il)/Fe(III) ratio upon Np(V) reduction [22]. Possible
reasons are the relatively low Np(V):Fe(II);z molar ratio
(~ 7 : 100). Notably if we assume eventual charge transfer
between the center and the edge of the GR particle or ad-
ditional incorporation of Fe2+(aq) to compensate for the
oxidation of Fe(II) in the green rust structure, the identi-
fication of partial Fe(II) oxidation will be very challeng-
ing. Furthermore, Np-induced Fe(II) oxidation might be
masked by partial oxidation during sample transfer (see
discussion in the experimental section). A proper inves-
tigation of this important topic by TEM or spectromicro-



scopic methods implies an anoxic transfer of the specimen
between the preparation glove-box and the vacuum of
the microscope, a thorough understanding of beam dam-
age, and ideally the use of a technique to monitor the
Fe(Il)/Fe(III) ratio within the GR platelets, e.g. based on
EELS [e.g., 52, 53] in samples containing a higher Np/Fe
ratio.

4 Conclusion

In the present study, green rust in sodium sulphate form
was reacted with an aqueous solution of neptunyl ions
(NpO, ™), resulting in the formation of a Np(IV) solid
phase. TEM investigations at nanometer scale showed that
the neptunium is immobilized at the edge of green rust
platelets, in a rim composed of nanocrystallites about
2-3.5 nm in size. Findings of EELS and HRTEM of these
nanocrystallites are consistent with NpO,. Thus, in pres-
ence of green rust, Np(V) is effectively removed from
aqueous solution by reduction and formation of less sol-
uble tetravalent Np oxide, demonstrating one possible
immobilization mechanism for Np(V) in the context of
deep geological nuclear-waste disposal. Hence, green rust
is a promising material for attenuating the environmen-
tal migration of redox-sensitive waste-born radionuclides
like Np.
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