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The recently emerged actinide (An) M4,5-edge high-energy resolution X-ray absorption near-edge
structure (HR-XANES) technique has proven to be very powerful for oxidation state studies of acti-
nides. In this work, for the first time, Np M5-edge HR-XANES was applied to study Np sorption on illite.
By improving the experimental conditions, notably by operation of the spectrometer under He atmo-
sphere, it was possible to measure Np M5-edge HR-XANES spectra of a sample with z 1 mg Np/g illite
(1 ppm). This is 30e2000 times lower than Np loadings on mineral surfaces usually investigated by X-ray
absorption spectroscopy. A newly designed cryogenic configuration enabled sample temperatures of
141.2 ± 1.5 K and successfully prevented beam-induced changes of the Np oxidation state. The described
approach paves the way for the examination of coupled redox/solid-liquid interface reactions of actinide
ions via An M4,5-edge HR-XANES spectroscopy at low metal ion concentrations, which are of specific
relevance for contaminated sites and nuclear waste disposal studies.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction

The concept for high-level nuclear waste repositories in deep
geological formations consists of a multiple barrier system. Pro-
found understanding of the radionuclide interactions with the
installed barriers is crucial in the event of a water-mediated release
of radionuclides from thewaste containers [1]. The multiple barrier
system consists of engineered, geo-engineered and geological
barriers. The host rock is part of the geological barrier, and clay rock
is one of several candidate host geologies [2e4]. The clay mineral
illite is a component of the clay fraction in potential clay host rocks
for high-level waste repositories, e.g., the shaly facies of Opalinus
Clay [5], Rupelian Boom Clay [6], or Callovo-Oxfordian Clay [7]. The
interaction behaviour of long-lived, radiotoxic and redox-sensitive
radionuclides of the high-level waste such as 237Np with clay
minerals such as illite is intensively investigated in order to un-
derstand the type of retention mechanism [8e10].

X-ray absorption near edge structure (XANES) spectroscopy has
proved to be a valuable tool for chemical speciation of radionu-
clides. The spectroscopic technique allows for the identification of
oxidation states and provides insight into the electronic structure of
the actinide (An) elements [11e15]. The extended X-ray absorption
fine structure (EXAFS) technique is used to study the local atomic
environment around an absorbing atom. Generally, XANES contains
a considerable amount of information, additionally to the oxidation
state it is also sensitive to structural changes. However, its inter-
pretation is still often based on fingerprint analyses, which strongly
depend on the availability of suitable reference systems. Quantum
chemical computations and modelling of spectra could be very
successful [16,17], but the use of these methods for geochemical
systems is still challenging due to the complexity of the systems.
The An M4,5-edge high energy-resolution (HR-) XANES technique
offers significant advantages [18e23] over the widely applied
conventional An L3-edge XANES spectroscopy [24], in particular: 1)
application of an X-ray emission spectrometer improves spectral
resolution and 2) the sensitivity to changes in chemical bonding is
enhanced by directly probing the An 5f unoccupied states. These
aspects cause a significantly improved ability to differentiate be-
tween different An oxidation states in mixed redox systems. While
there are various examples on the application of U and Pu M4,5-
edge HR-XANES spectroscopy technique [18e20,22e27], to the best
of the authors’ knowledge, there are only three studies on Np M5-
edge HR-XANES spectroscopy available in the literature examining
Np(VI) in aqueous solution and precipitated Np solid phases
[18,21,28]. This method is still unexplored for analysis of diluted Np
samples. The present study probes samples, where Np is adsorbed
on illite surfaces at trace concentrations and it required significant
instrumental development. Such investigations are essential for
improving the understanding of mineral surface-induced redox
reactions. In general, the examination of the chemical nature of Np
sorbed on various surfaces, such as redox state and coordination, is
linked with experimental challenges. The following paragraphs
discuss relevant issues referring to published Np L3-edge XANES
and EXAFS spectroscopic studies. The literature review highlights
the obstacles researchers face by investigating Np sorbed on min-
eral surfaces using X-ray absorption spectroscopy (XAS). It does not
present a comparison between the techniques of EXAFS and
XANES, instead the focus of this study is, how the Np M5-edge HR-
XANES technique specifically overcomes the described obstacles by
several experimental developments. Those improvements are not
explicitly relevant for the EXAFS technique. This is the first report
describing Np M5-edge HR-XANES investigations of surface sorbed
Np.
2

1.1. The detection limit for speciation analysis obstacle

High Np loadings on mineral samples are usually applied to
obtain EXAFS spectra with sufficiently high signal-to-noise ratio (S/
N). Studies of Np sorbed on ironminerals [29e34], such as hematite
or siderite, used by the majority Np loadings > 2000 ppm
(Table SI1). For EXAFS studies with Np sorbed on cementitious
materials, Np loadings of even > 9000 ppm were reported [35,36].
Sorption mechanisms differ depending on the concentration of
sorbing metal ions. Inner-sphere surface complexation of mono-
nuclear An species predominates at relatively low concentrations,
while oligomerisation, surface co-precipitation and precipitation of
An oxyhydroxides gain relevance at elevated metal ion concentra-
tions [37]. In the case of redox-sensitive elements such as Np,
coupled redox and surface sorption reactions take place in envi-
ronmental systems concomitantly with either (surface) precipita-
tion of Np(IV) oxyhydroxides or sorption of mononuclear Np
species depending on the studied concentration ranges [1]. The
exact mechanism of surface-induced redox reactions is still a topic
of research. However, under the conditions of contaminated sites or
in the vicinity of a repository for radioactive waste, Np concentra-
tions will be mostly much lower than traditionally used in XAS
studies. Therefore, batch sorption studies with clay rock, specific
clayminerals ormodel minerals reflecting themajor surface sites in
clay were performed using Np(V) concentrations ranging mostly
from 10�9 mol/L to 10�6 mol/L (cf. Table SI2) [8,9,38,39]. XAS in-
vestigations were used in many of these studies to gain knowledge
on the chemical nature of surface sorbed Np. However, due to the
apparent low sensitivity of XAS, samples with up to four orders of
magnitude higher initial Np concentrations than the concentra-
tions used in the respective batch sorption samples were prepared
(Table SI2) [9,38,39]. The XAS results obtained at relatively high
metal coverages of mineral surfaces obviously cannot be trans-
ferred per se to the low concentration range (see e.g. Scheinost et al.
[31]). This known ‘dilemma’ is also described by Kalmykov et al.
[40], who analysed samples collected from a contaminated aquifer
of the Mayak site. In order to allow for the detection of Np via
XANES analysis, samples had to be spiked with additional Np. The
seeming limitations of XAS sensitivity impairs the applicability of
the results to unaltered systems. The complex assessment of the
transferability can be eliminated, if an experimental approach is
found which allows consistent Np loadings on the mineral surface
throughout all experimental methods. In samples, where An phases
with comparatively high An content (e.g. AnO2 nanoparticles) are
heterogeneously distributed, m-XAS, e.g. equipped with a confocal
set-up providing high spatial resolution, can be applied to tackle
the problem. For instance, Denecke [41] and Terzano et al. [42]
reported XANES spectra of 10e60 mm large hot spots of hydrolysed
Np(IV) particles despite the very low overall Np content of about
1 ppm. Similar observations were made by Reich et al. [43].

1.2. The beam-induced sample damage obstacle

Oneway to improve detection sensitivity is to use an X-ray beam
with high photon flux [42]. Scheinost et al. [44] discussed that with
state-of-the-art beamlines, detection limits of even sub ppm levels
are possible. In reality, hitherto reported studies still used relatively
high actinide concentrations even though high photon flux syn-
chrotron beamlines were used (e.g. > 1012 ph/(s$mm2) at ROBL,
ESRF) [45]. There, Np loadings of about 91e140 ppm (on gibbsite,
calcite and Opalinus Clay) could be investigated by EXAFS spec-
troscopy [46e48]. Heberling et al. [49,50] were able to perform
EXAFS analysis of 52 ppm Np sorbed on calcite and Roberts et al.
[51] measured XANES of 30 ppm Np co-precipitated with magne-
tite. However, irradiation of samples with high photon flux very
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often bears the risk of beam-induced transitions in the samples,
including redox changes, which are frequently not discussed
[46e51].

Different types of irradiation effects have been observed for Np-
containing samples. Wilk et al. [52] found significant reduction of
Np(V) to Np(IV) in their sorption samples of Np on manganese
oxide minerals as well as in aqueous solution. In contrast, Denecke
et al. [53] observed photo-oxidation of Np(IV) to Np(V) in aqueous
solution. It is obvious that effects, often called ‘radiation damage’ or
beam-induced changes, prevent reliable redox speciation notably
in water containing samples such as wet environmental samples
and wet pastes prepared from batch sorption samples. Those
sample changes depend not only on photon flux but also, for
instance, on the given sample composition [54e56]. That is why it
is important to verify potential beam-induced changes with a Np
reference sample in the same physical state and similar matrix [52].
Thorough test measurements are crucial to exclude this obstacle for
XAS studies and to ensure the reliability of the data. Additionally,
the results of these tests should be comprehensively communi-
cated. The tests can be short repetitive energy scans over the most
prominent features of the spectrum, monitoring if the shape is
changing with irradiation time. Alternatively, a time-dependent
intensity scan at the energy position of the main resonant feature
can be conducted to verify if the intensity of this feature is changing
[57]. A different way of monitoring beam-induced changes was
performed by Arai et al. [34] during the analysis of their data. The
authors studied the Np surface speciation on the hematite surface.
They found no loss of axial oxygen atoms during their experiment
and consequently, excluded beam-induced reduction.

If the beam-induced changes are found to be negligible for a
certain time span but prominent after longer X-ray irradiation, the
probed region of a sample can be changed after each scan [9]. This
approach, however, requires a homogenous species distribution
within the sample. Another strategy for suppression of beam-
induced changes is to cool the samples below 180 K using a N2/
He cryostat as conducted in the present study [55,56].

The aim of the present study was to obtain speciation infor-
mation, notably on the redox state of Np adsorbed on the clay
mineral illite at low metal ion loadings, using Np M5-edge HR-
XANES spectroscopy while avoiding beam-induced oxidation
state changes. To lower the detectable Np loadings, the experi-
mental set-up was optimised; this included the emplacement of
the spectrometer within a tight but flexible He flushed casing and
applying a liquid N2 cryostat set-up for cooling the sample during
measurements. The experiment was equipped with a multi-sample
cell for X-ray emission spectroscopy optimised for both tender and
hard X-ray regions including An M4,5- and L2,3-absorption edges.
Technical details can be found in Schacherl et al. [58]. The Np
oxidation state was studied in the range from 1 to 209 ppm Np on
illite by the advanced Np M5-edge HR-XANES spectroscopic tech-
nique. The effects of beam-induced changes at temperatures of
141.2 ± 1.5 K and 300.0 ± 1.5 K were investigated. This study
demonstrates that Np M4,5-edge HR-XANES spectroscopy is appli-
cable for samples with Np loadings obtained in batch sorption
experiments.

2. Materials and methods

2.1. Illite and Np stock

Samples of Illite du Puy (IdP) [59] containing 6.94 wt.% Fe2O3
[60] were purified [61] prior to the batch sorption experiments. The
237Np(V) stock solution, c(Np(V)) ¼ (6.0 ± 0.2) � 10�2 mol/L in
0.1 mol/L HCl, was thoroughly characterized [62] and in secular
equilibrium with its daughter nuclide 233Pa.
3

2.2. Np reference samples

Aqueous Np solutions, where Np is present exclusively either in
the oxidation state Np(IV) or Np(V) (c(Np)¼ 0.02 mol/L in 1.5 mol/L
HCl), were measured at the Np M5-edge (further details are avail-
able in SI). The Np oxidation state was verified by visible-near
infrared (Vis-NIR) spectroscopy before and after the HR-XANES
experiments. Np(V) carbonate co-precipitated with uranium car-
bonate (“Np(V)-cp” ¼ K3Na[U,NpO2(CO3)3] � H2O) was used to
record Np Ma1 fluorescence scans. Its synthesis and characterisa-
tion can be found in Vitova et al. [21].

2.3. Solubility calculations

To cover a certain range of Np loadings on illite, samples at pH 5,
7, and 9 were investigated. Speciation calculations with PHREEQC
[63] (version 3.4.0; thermodynamic data taken from Guillaumont
et al. (2003) [64]) showed that no precipitation of NpO2(am) or
Np(V) solid phase was expected for c0(Np(V)) ¼ 1 � 10�6 mol/L at
pH values from 5 to 9 under the redox neutral to slightly reducing
conditions present during the batch sorption experiments (redox
potential referred to the standard hydrogen electrode amounted to
Eh ¼ 280 ± 50 mV). Thus, initial Np(V) concentrations in the batch
sorption experiments were selected that solubility limits were not
exceeded.

2.4. Batch sorption experiments

A detailed description can be found in SI. Briefly, batch sorption
experiments of 237Np on IdP were performed under controlled
anaerobic conditions (Ar, 1 ppm O2 atmosphere) at pH 5, 7 and 9 in
triplicate. All suspensions were pre-equilibrated in 0.1 mol/L NaCl
at a solid-to-liquid ratio (S/L) of 2 g/L. Initial Np concentrations
were selected for series A with c0(Np(V)) ¼ 1 � 10�6 mol/L, for
series B with c0(Np(V)) ¼ 1 � 10�7 mol/L and for series C with
c0(Np(V)) ¼ 1 � 10�8 mol/L. Np contact times ranged from 11 days
(referred to as ‘fresh’) to 811 days (referred to as ‘aged’). To deter-
mine the Np loading on IdP, the samples were centrifuged
(15 000 rpm ¼ 12 500�g, 80 min) and the amount of Np in the
supernatant was determined by inductively coupled plasmaemass
spectrometry (ICP‒MS). The amount of Np sorbed onto illite was
calculated as the difference between the initial Np concentration
(Np without illite at pH 1) and the Np remaining in solution (cen-
trifugate). A full sample list can be found in Table 1.

2.5. Np M5-edge HR-XANES spectroscopy

A glove box encapsulating the X-ray emission spectrometer and
the cryostat with the sample holder were developed. A constant He
flow enabled a stable oxygen content below 150 ppm during the
measurements, which reduced notably the attenuation of tender
energy X-ray photons. AMicrostat He cryostat (Oxford Instruments,
UK) was modified for HR-XANES experiments in the tender X-ray
region (2000‒5000 eV). A cryostat sample holder was specifically
developed to enable very low Np loadings in the HR-XANES ex-
periments. The technical details are described in Schacherl et al.
[58]. After centrifugation, the wet Np sorbed illite paste was
transferred into the sample holder. It was encapsulated and sealed
tightly by two 8 mm Kapton foils under inert gas atmosphere (Ar,
1 ppm O2 atmosphere). Due to the setup geometry, meaningz 45�

between sample and incident beam, this resulted in a total path
length of 41 mm through the Kapton foils of the sample holder in
the cryostat for the primary and emitted X-ray photons. The sample
holder was emerged in liquid N2 before insertion into the cryostat.
Selected samples, detailed in Table 1, were studied with Np M5-



Table 1
Overview of samples prepared in batch sorption experiments and investigated by HR-XANES spectroscopy (uncertainty of the pH value: ± 0.05), including the noise level
(snoise) and signal-to-noise ratio (S/N) of each averaged sample spectrum.

Sample c0(Np(V))/mol/L pH Np contact time/d Np sorbed/ppm snoise S/N

Reference samples
Np(IV)aq 2 � 10�2 0 3.8 � 10�3 258
Np(V)aq 2 � 10�2 0 4.1 � 10�3 246
Np(V)-cp 8.4 � 10�5

Sorption samples
9Afresh 1 � 10�6 9.2 11 83 ± 2 2.4 � 10�2 42
9Bfresh 1 � 10�7 9.2 11 11.9 ± 0.2 6.7 � 10�2 15
9Cfresh 1 � 10�8 9.2 11 1.24 ± 0.04 1.1 � 10�1 9
9Aaged 1 � 10�6a 8.4 811 209 ± 4 1.6 � 10�2 63
7Aaged (141 K) 1 � 10�6a 6.9 811 54.6 ± 0.9 4.5 � 10�2 22
7Aaged (300 K) 3.3 � 10�2 30
5Aaged 1 � 10�6 5.2 811 9.8 ± 0.1

a Spiked a second time up to 1 � 10�6 mol/L Np after 11 days of sorption.
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edge (3664 eV) HR-XANES spectroscopy at the CAT-ACT beamline
for catalysis and actinide science at the KIT Light Source at KIT,
Karlsruhe [65]. Further details on the beamline and measurement
conditions can be found in the SI.

2.6. Statistical evaluation

The spectra were normalised to [0,1] by setting the maximal
signal to unity after subtracting the data point with the lowest
signal from each data point of a given spectrum. Subsequently, the
noise level, snoise, was determined as the standard deviation (s) of
the absorption signal in the energy pre-edge region
(3658 eVe3661.5 eV) of the respective sample spectrum according
to Eq. (1). Note, no absorption features are present in this spectral
region, thus all derivations of the signal from a constant offset is
attributed to noise. AE is the absorption signal at a defined incident
energy E, A is the average signal and n is the number of data points.

snoiseðsampleÞ ¼ s½Að3658 eVe3661:5 eVÞ �

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPE¼3661:5 eV

E¼3658 eV ðAE � AÞ2
ðn� 1Þ

s
1

For each sample spectrum, the respective absorption intensity at
the energy position of the white line (WL) maximum was divided
by the respective snoise value to determine S/N (see Table 1). This
methodology lowered the importance of sample and measurement
parameters and increased the comparability of spectra obtained at
different beamlines or for different sample systems using the
respective S/N. To compare two spectra, the incident energies were
rebinned on an energy grid with a step size of 0.2 eV. Two spectra
were identified as statistically significant different, when the dif-
ference obtained by subtracting the normalised absorption signals
from each other, D, exceeds ± 2s (cf. Fig. 1B). The 2s confidence
interval for the difference of two independent spectra was calcu-
lated using the error propagation law (Eq. (2)):

2s
�
D1;2

�
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2sðspectrum sample 1ÞÞ2 þ ð2sðspectrum sample 2ÞÞ2

q
2

The impact of possible beam-induced changes often called ‘ra-
diation damage’ was examined by comparing spectra of a sample
exposed for different time periods to synchrotron radiation. In or-
der to identify possible changes, the 2s variation of individual data
points of a spectrum averaged from 9 individual spectra was
examined.
4

3. Results and discussion

3.1. Spectral features of Np(V)aq and Np(IV)aq and sorbed Np species

Np(V) in an acidic to pH-neutral aqueous solution forms cova-
lent, trans-dioxo bonds (NpO2

þ, neptunyl) with fivewater molecules
weakly bound in the equatorial plane [66,67]. Np(IV) in strongly
acidic aqueous solution is bound to approximately ten water mol-
ecules [66e68]. The Np M5-edge HR-XANES spectrum of Np(V)aq
shows a strong absorption peak at 3664.1 eV (A), also called white
line (WL), and a distinct shoulder feature at 3667.15 eV (B) (Fig. 1A).
The spectrum of Np(IV)aq exhibits a relatively broad and intensive
WL with its maximum trending to slightly higher energies
compared to Np(V)aq (A). The peak shows a sharp decrease in in-
tensity in the higher energy region with no clear second peak.
Usually, a higher energy position of peak Awould be expected for a
higher metal oxidation state. The shift to a lower energy for the
higher Np oxidation state can be explained with the covalency of
the trans-dioxo bond. It leads to charge transfer from the oxygen
atoms to Np(V) resulting in a higher electron density on Np and
increasing screening of the nuclear charge of Np(V)aq compared to
Np(IV)aq. Similar effects can be observed in Np L3-edge XANES
spectra, where also a higher energy position for the absorption
edge would be expected for higher oxidation states. Instead, the
absorption edge of Np(V)aq is at the same position as the absorption
edge of Np(IV)aq [12,68,69]. Feature B can be assigned to electronic
transitions of 3d electrons to the unoccupied s-antibonding orbital
of NpO2

þ as identified for neptunyl, as well as uranyl and plutonyl
solid and liquid phases in Vitova et al. [18,21,70e72]. Therefore, this
feature with strong intensity can be used to detect neptunyl spe-
cies. The large ligand field splitting of the 5f unoccupied orbitals
leads to the well resolved peak B in the An M4,5-edge HR-XANES
spectra, which is characteristic for the actinyl series.

According to geochemical calculations, neither Np(IV) nor Np(V)
precipitates should form under the chosen experimental condi-
tions. Consequently, spectra for Np-illite samples represent exclu-
sively Np species sorbed on illite surfaces. The spectrum of sample
9Afresh (83 ± 2 ppm Np, Fig. 1A) shows a distinct shoulder (B0). This
shoulder feature shows an energy shift towards lower energies
compared to feature B in the Np(V)aq spectrum. The energy splitting
between features A and B0 is approximately 0.85 eV smaller than
between features A and B in Np(V)aq. This trend is also well visible
in the difference plot D(9Afresh, Np(V)aq)¼9Afresh-Np(V)aq (red
spectrum) and D(9Afresh, Np(IV)aq) (green spectrum) with a confi-
dence interval of ± 2s, respectively, marked in Fig. 1B. The hori-
zontal orange straight line represents D(9Afresh, 9Afresh). At the
approximate energy position of shoulder B’ (vertical orange dashed



Fig. 1. A) Np M5-edge HR-XANES spectra of the aqueous references Np(V)aq and Np(IV)aq and the sorption samples 9Afresh (83 ± 2 ppm), 9Bfresh (11.9 ± 0.2 ppm) and 9Cfresh
(1.24 ± 0.04 ppm). The features A, B and B0 are indicated. All spectra of Np-illite samples were recorded at 141.2 ± 1.5 K. B) Difference plots of the sample spectra in A), the shaded
green and red areas correspond to a confidence interval of ± 2s. (Please refer to the online version for a coloured figure.)
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line), the difference plot D(9Afresh, Np(V)aq) shows a maximum
while a minimum occurs at the energy position for feature B (ver-
tical dark red dashed line). This finding illustrates that the spectrum
of 9Afresh contains additional speciation information beyond the Np
oxidation state. In detail, it indicates the decrease of the Np(V)-Oax
bond covalency for sorbed Np [18] and reflects differences in the
Np(V) bonding environment at the illite surface as compared to
Np(V) in aqueous solution. Qualitatively, the relatively narrow WL
feature shows that Np(V) was the predominant oxidation state in
this sample. The interpretation of the slight trend to higher en-
ergies of feature A for Np-illite samples as compared to Np(V)aq still
needs to be discussed (cf. vertical green line in Fig. 1 as compared to
the dark red line marking the WL position of the Np(IV)aq and
Np(V)aq spectrum, respectively). This shift might be a consequence
of Np(V) coordination to clay surface hydroxyl groups. However,
theWLmaximum lies close to that of the Np(IV)aq spectrum. Partial
reduction of Np(V) on the illite surface as proposed by Marsac et al.
[9] may, therefore, also explain the observed energy shift. This
observation highlights the need for further X-ray spectroscopic
studies on Np surface complexes. For quantitative speciation
analysis, for instance using linear combination least squares fit
analyses, precise and comprehensive analyses of appropriate
reference systems needs to be performed [13,21]. This will be
subject to future studies.

3.2. Detection limit estimate for speciation studies of Np sorbed on
illite

Major components of air such as O2 and N2 absorb and strongly
5

scatter X-rays with energies in the tender X-ray region
(2000e5000 eV). Consequently, X-ray spectra at these energies are
best recorded in the absence of air. Furthermore, traces of Ar in
sample containments should be ideally avoided, since the Ar K-
edge absorption energy is at 3206 eV, i.e. near theMa1 fluorescence
energy of Np (3261 eV). The presence of Ar would result in a drastic
reduction of intensity of both the incident X-ray beam and the
emitted Np Ma1 fluorescence. The investigation of samples with
very low Np loading (1e80 ppm) was only possible in the present
study by major improvements of the equipment, i.e. (1) a tight
glove box filled with He enclosing the X-ray emission spectrometer;
(2) the investigation of cooled samples by including a cryostat for
tender X-ray energies in the experimental setup; and (3) a sample
holder equipped with three thin Kapton windows (12.5 mm and
2 � 8 mm) with a new tightening concept. The experimental set-up
is described in detail in Schacherl et al. [58].

To determine the Np loading, which was still detectable by the
improved setup, highest comparability of the Np-illite spectra was
necessary. This was achieved by the application of similar sorption
conditions (pH 9, S/L ¼ 2 g illite/L, 0.1 mol/L NaCl, sorption
time ¼ 11 days). Only the initial Np concentration was stepwise
reduced by an order of magnitude each from sample 9Afresh over
sample 9Bfresh to sample 9Cfresh. Consequently, this resulted in a
stepwise decrease of Np loadings on illite. The spectra from the
three samples are depicted in Fig. 1A. Alongside feature A, the B0

feature is clearly visible in the spectra and the difference plots, this
indicates the predominance of Np(V) in both 9Afresh (83 ± 2 ppm
Np) and 9Bfresh (11.9 ± 0.2 ppm Np) samples (cf. Fig. 1B). The shift of
feature B’ to lower energies indicates a different Np speciation in



Fig. 2. Visible near-infrared spectra of A) Np(IV)aq and B) Np(V)aq samples measured
before and after HR-XANES spectroscopy (sample volume: 200 mL, cuvette path length:
2 mm).

Fig. 3. Np M5-edge HR-XANES spectra of the aqueous references Np(V)aq and Np(IV)aq,
and sample 7Aaged at 141.2 ± 1.5K (54.6 ± 0.9 ppm) and at 300.0 ± 1.5 K. Below: Dif-
ference plot for D(7Aaged (141 K),7Aaged (300 K)), the shaded blue area corresponds to a
confidence interval of ± 2s. (Please refer to the online version for a coloured figure.)
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9Afresh and 9Bfresh than in Np(V)aq. The features of the spectrum are
less pronounced in 9Bfresh, where the Np content is lower. By
averaging two scans measured 10 h each, it was possible to record
the spectrum of the 9Cfresh sample containing 1.24 ± 0.04 ppm Np
(Fig. 1A). The spectral shape is similar to 9Afresh and 9Bfresh. The
spectrum of 9Cfresh exhibits a relatively narrow WL feature and a
shoulder region, too. As expected, a significant snoise is present. The
S/N was quantified with 9, much lower than the S/N of 9Afresh (42)
and 9Bfresh (15) (Table 1). The larger influence of noise is also visible
in the larger ± 2s confidence interval area in the difference plots.
The detection limit criteria for any element or edge is S/N > 3. As a
conclusion, the WL signal for Np at the M5-edge of 9Cfresh with S/N
equal to 9 and a Np loading of about 1 ppm is considered above the
detection limit. However, based on the observable features and
under consideration of the ± 2s confidence interval in the respec-
tive difference plots, 1 ppm lies on the verge or shortly below the
limit of Np loading, where an oxidation state or speciation study of
Np sorbed on illite at the CAT-ACT beamlinewith the current set-up
is possible. Nevertheless, it can be stated, that in comparison to
previous studies [9,29e36,38,39,46e52], the spectra in the present
study are obtained for samples with a factor of 30e2000 lower Np
loading.

3.3. Elimination of beam-induced changes of Np oxidation state

Previously, the Np(IV)aq and Np(V)aq spectra were measured at
the Np M5-edge for samples with high Np concentrations
(c(Np) ¼ 2 � 10�2 mol/L) at room temperature. These measure-
ments were recorded with a previous He-box configuration, in a He
atmosphere with higher air content. Chemical changes of the Np
samples induced by irradiation were tested by recording quick HR-
XANES scans (1 min/scan). Within this illumination time, no
changes of the spectra indicating X-ray induced oxidation state
variations of Npwere found. This could be explained by the reduced
intensity of the incident X-ray beam as a result of the high air
content in the box encapsulating the spectrometer. Complemen-
tary, beam-induced changes in liquid samples were checked with
Vis-NIR spectroscopy. The energy positions and intensities of the
features in the ViseNIR spectra are very sensitive towards changes
of the Np oxidation state. The Vis-NIR measurements were per-
formed for Np(IV)aq and Np(V)aq before and after HR-XANES ex-
periments (Fig. 2). Both sets of spectra show similar features, which
is an additional strong indication, that beam-induced changes were
avoided for these highly concentrated Np samples.

In order to successfully measure Np oxidation states in the low
ppm range of Np, it was mandatory to reduce the amount of air in
the box enclosing the X-ray emission spectrometer. As a result of
this improvement, the emitted fluorescence photons were less
attenuated. However, the intensity of the incident photon flux also
increased. Consequently, beam-induced changes of the Np oxida-
tion state became visible in sorption samples measured at room
temperature already after a few minutes of X-ray irradiation. The
Np M5-edge HR-XANES spectrum of sample 7Aaged recorded at
300.0 ± 1.5 K is shown in Fig. 3. The spectrum exhibits a relatively
broad feature A and almost no shoulder B0, thus it resembles the
spectrum of Np(IV)aq. The disappearance of feature B0, typical for
Np(V), after extended irradiation time is strongly suggesting the
reduction of Np(V) to Np(IV). The beam-induced oxidation state
change of Np can be minimised by cooling the sample as demon-
strated for sample 7Aaged in Fig. 3. A narrow feature A and a
shoulder feature B’ are visible in the spectrum of the 7Aaged sample
measured at 141.2 ± 1.5 K. The difference between the spectra of the
sample 7Aaged measured at 141.2 ± 1.5 K and at RT is statistically
significant as visualised by the peak in the difference plot in Fig. 3
(cf. vertical dashed orange line). This finding demonstrates that
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sample 7Aaged measured at 300 K showed beam-induced changes
of Np, which most likely caused reduction to Np(IV).

At the CAT-ACT beamline, the flux density was determined to be



Fig. 4. Test for beam-induced changes of Np oxidation state in sample 9Aaged

(209 ± 4 ppm) (single scans) as a function of X-ray irradiation duration at 141.2 ± 1.5 K.
The average of all single scans is shown in black with the corresponding ± 2s confi-
dence interval calculated for each individual data point (grey area).
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(5.2 ± 0.2) � 1010 ph/(s$mm2) at 3664 eV incident energy. At 300 K,
Wilk et al. [52] found 78 ± 12% of Np(IV) in a NpO2

þ control solution
after X-ray irradiation. The X-ray irradiation time per sample is
unknown for Wilk et al. [52], but the flux density could be esti-
mated from the beamline characteristics [73] and amounted to
about 5 � 1010 ph/(s$mm2). This value is comparable with the
photon flux in the experiments described in the present study. The
present observations are also consistent with the studies of
G€ottlicher et al. [55] and Steininger et al. [56]. They found that
Cr(VI) sorbed onto kaolinite was reduced by X-ray radiation to
lower Cr oxidation states, since the Cr(VI) signal decreased, during
irradiation at 270 Kwith a photon fluxof 1.5� 1011 ph/(s$mm2). But
at temperatures below 180 K, beam-induced changes could be
prevented. The authors found, that for photon flux densities higher
than 1012 ph/(s$mm2), beam-induced changes of sorbed Cr(VI)
were inevitable over time even at a temperature of 15 K. These
findings are important to consider when investigating similar
samples at high photon flux beamlines.

The occurrence and extent of beam-induced changes of samples
depend on many factors, not only on the photon flux as shown by
Van Schooneveld and DeBeer [54]. In an extensive study, they
showed that there is no exclusive dose-photoreduction correlation
for Fe and Mn L-edge (640e720 eV) investigations of model sys-
tems such as K3[Fe(CN)6] and KMnO4. The authors discussed the
irradiation effects on different oxidation states and absorption
edges of Fe and Mn as well as the combination of factors like
temperature, pressure and sample conditions. Also, G€ottlicher et al.
[55] and Steininger et al. [56] highlighted the importance of the
sample matrix, for instance, cellulose being more susceptible to
beam-induced changes than boronitride. On the basis of these re-
sults, the selection of a representative reference system, where
beam-induced changes can be monitored, has high importance. In
the present study, 9Aaged (209 ± 4 ppm Np) was chosen for beam-
induced damage tests at 141.2 ± 1.5 K. The matrix and measure-
ment geometry of this sample was consistent with all other sorp-
tion samples analysed in this study. Repetitive measurements on
the same sample spot showed no substantial changes or trends in
the spectra within the 2s confidence interval calculated for each
point considering 9 single spectra (Fig. 4). This demonstrated that
no beam-induced changes were caused in this sample.

A total irradiation time of 240 minwas covered with these tests.
For very dilute samples, where even longer scan times were
needed, the total scan time was divided in at least two equally long
scans. The raw data of these scans were thoroughly compared for
any changed features in the spectra before averaging. As a result,
beam-induced changes could be ruled out in this system at
141.2 ± 1.5 K for up to 20 h total irradiation time. The snoise in the
single spectra were, in accordance with the central limit theorem,
larger than the snoise of the final averaged spectrum. These aver-
aged spectra with their individual snoise are compared in this study
(Fig. 1, Fig. 3, Fig. 4 black trace), they should and were not compared
to single scan spectra.

3.4. Potential for further optimisation

The presented results using the current set-up display a signif-
icant improvement for the An M4,5-edge HR-XANES spectroscopy
on dilute samples. But there is still potential for an increase of S/N,
which can lead to reliable oxidation state analyses for 1 ppm Np or
even lower Np loadings. For instance, the interference of the X-rays
elastically scattered from the sample and the characteristic fluo-
rescence emitted from other elements present in the clay can be
minimised in the detected signal. How both effects are influencing
the Np XANES spectrum shall be discussed briefly. Illite du Puy
contains significant amounts of potassium (7.82 wt.% K2O [60]). The
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K K-edge absorption energy is at 3607.4 eV. Fig. 5A depicts the K
Ka1,2 characteristic fluorescence lines of sample 5Aaged. These lines
have 50 eV energy difference compared to the NpMa1 fluorescence
emission and can be very well separated by the X-ray emission
spectrometer (energy resolution, DE z 1 eV [18], cf. Fig. 5A).
However, a small fraction of the K Ka-fluorescence, in every mea-
surement, directly reaches the detector (green arrow in the inset of
Fig. 5B). Unfortunately, the Np Ma and K Ka fluorescence signals
cannot be resolved by a solid-state detector (DE > 100 eV) used in
the present study. For samples with high analyte loadings, this
unwanted, interfering signal is negligibly small, but for low analyte
loadings, it can have a considerable effect. This is visible in Fig. 5B,
where the fluorescence spectrum of sample 9Afresh is depicted
measured by the detector for excitation energies (Einc) well above
(red spectrum) or below (green spectrum) the Np M5 absorption
edge. The elastically scattered incident beam contributes, too (blue
arrows in the inset of Fig. 5B). These effects are particularly sig-
nificant for low loading samples with relatively high fractions of
interfering elements (e.g. K in the case of Np). Then, the intensity of
the direct emission from the interfering element is significant
compared to the emission intensity from the element of interest.
One solution for minimising contributions of elastic scattering and
fluorescence signals from other elements than Np would be to
mount a slit with defined width in front of the detector. Besides the
detector modification, the sample holder geometry can be
improved. So far, the irradiated sample areas were only marginally
larger than the beam size, which led to signal loss due to minor
beam instability. This can be overcome with sample holders with
larger sample areas.

An additional possibility for improvement of the S/N of Np M5-
edge HR-XANES spectra lies in the measurement parameters. As it
is performed in the present study, the XANES spectra are usually
recorded by positioning the analyser crystals at the maximum in-
tensity of the normal emission line. This is identified as the
maximum of the emission intensity at incident energies above the
absorption edge (Einc¼ 3700 eV). However, higher intensity is often
observed at the absorption edge itself at a different emission energy
(known as the resonant emission energy). If the resonant emission
energy is used to record the Np M5-edge HR-XANES spectra, it can



Fig. 5. A) Np Ma1 of sample Np(V)-cp (red) and K Ka of sample 5Aaged (green); B) The
solid-state detector signal collected for 90 s using excitation energy above (red,
Einc ¼ 3664 eV) or below (green, Einc ¼ 3654 eV) the Np M5-edge and below the K K-
edge (blue, Einc ¼ 3590 eV). The spectra are recorded of sample 9Afresh (red and green)
and of the Al2O3 sample holder (blue). The insets depict the set-up and origin of the
predominant signals for samples with high Np/K loadings (A) and low Np loadings (B).
The region of interest (ROI) integrated to obtain the spectra is marked with grey
dashed lines. (Please refer to the online version for a coloured figure.)
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improve the count rate by approximately 30% (exemplary for
sample Np-cp) [21]. Before this can be applied for samples with low
Np loading, the energy positions of the intensity maxima of the
resonant emission for the different Np oxidation states have to be
better understood and a procedure for measurement of references
has to be developed.

As a last point, analyser crystals with 0.5 m bending radius, as
opposed to 1 m in the current study, can be applied. This would
increase the photon collection efficiency. Since the Bragg angle
using the Si(220) reflection of the crystals is large (81.9�) and
therefore favourable for recording Np M5eedge HR-XANES spectra,
no substantial loss of spectral energy resolution is expected.
4. Conclusion

For the first time, Np M5-edge HR-XANES spectroscopy on Np
sorbed on illite was performed. Notably, M5-edge HR-XANES
spectra for this system were recorded down to 1.24 ± 0.04 ppm
of Np. Apparently, the chemical environment of adsorbed Np has a
significant impact on the spectral shape. Therefore, the unequivocal
discrimination of Np redox states requires further investigations
using appropriate reference samples. Detailed study and elimina-
tion of beam-induced changes of the Np on clay samples is
mandatory as illustrated in this study. It was shown that such
beam-induced Np oxidation state changes for the present photon
flux densities ((5.2 ± 0.2)� 1010 ph/(s$mm2) at 3664 eV) at the CAT-
ACT beamline could be excluded by cooling the samples down to
141.2 ± 1.5 K. With further experimental optimisation, a higher S/N
and thus Np speciation at 1 ppm or even lower Np loadings should
8

be achievable. These findings demonstrate that it is possible to
perform in parallel HR-XANES and batch sorption experiments over
a range of Np concentrations down to trace level. Note, based on the
instrumental improvements, the detection limit achieved is valid
for NpM5-edge HR-XANES spectroscopy. It is expected to be similar
for all An M4,5 and most M1-3 absorption edges from U to Cm. High
diffraction order for the used analyser crystals and an as close as
possible to 90� Bragg angle are required for low detection limits. In
the case of EXAFS spectroscopy, one of the described technical
improvements, i.e. cooling down the sample to cryogenic temper-
atures, will reduce beam-induced oxidation state changes. How-
ever, different experimental improvements are required to achieve
lower detection limits for EXAFS spectroscopy, which will be the
focus of future work. The described technique provides Np speci-
ation information for a large range of analyte concentrations, which
allows for a consistent understanding and modelling of molecular
scale spectroscopic data and macroscopic batch sorption data.
Spectroscopic methods optimised towards highest sensitivity will
allow as well for the direct examination of An oxidation states at
low loadings, which are very often observed in contaminated sites
and which are typical for the expected An behaviour in repository
systems.
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