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ABSTRACT: In this study, Np(V) retention on Illite du Puy (IdP) was
investigated since it is essential for understanding the migration behavior of Np in
argillaceous environments. The presence of structural Fe(III) and Fe(II) in IdP
was confirmed by Fe K-edge X-ray absorption near-edge structure (XANES) and
57Fe Mössbauer spectroscopy. In batch sorption experiments, a higher Np sorption
affinity to IdP was found than to Wyoming smectite or iron-free synthetic
montmorillonite. An increase of the relative Np(IV) ratio sorbed onto IdP with
decreasing pH was observed by solvent extraction (up to (24 ± 2)% at pH 5,
c0(Np) = 10−6 mol/L). Furthermore, up to (33 ± 5)% Np(IV) could be detected
in IdP diffusion samples at pH 5. Respective Np M5-edge high-energy resolution
(HR-) XANES spectra suggested the presence of Np(IV/V) mixtures and
weakened axial bond covalency of the NpO2

+ species sorbed onto IdP. Np L3-edge extended X-ray absorption fine structure
(EXAFS) analysis showed that significant fractions of Np were coordinated to Fe�O entities at pH 9. This highlights the potential
role of Fe(II/III) clay edge sites as a strong Np(V) surface complex partner and points to the partial reduction of sorbed Np(V) to
Np(IV) via structural Fe(II).
KEYWORDS: neptunium, clay, high-energy resolution X-ray absorption near-edge structure (HR-XANES) spectroscopy, sorption,
diffusion, solvent extraction

■ INTRODUCTION
Many countries favor final disposal in deep geological
formations as a long-term management strategy for high-level
nuclear waste (HLW).1−3 HLW contains long-lived radio-
nuclides of high radiotoxicity4 and redox sensitivity such as
237Np. Pentavalent Np, Np(V), is stable under oxidizing to
redox-neutral conditions. Np(V) can theoretically be present
in the near-field of a repository through radiolysis or in
disposal concepts where oxygen intrusion cannot be excluded.5

The redox behavior of Np(V) might be also of interest in the
context of contaminated land sites.6 Np(V) forms a well-
soluble7 trans-dioxo ion (NpO2

+) in aqueous solution.
Tetravalent Np prevails under reducing conditions8 and
forms by about 5 orders of magnitude less soluble9 hydroxo
complexes.
Illite, a dioctahedral phyllosilicate, is a ubiquitous clay

mineral in argillaceous rocks discussed as potential host rocks
for nuclear waste repositories.10−12 The structure of illite
consists of two sheets of Si, which can be isomorphically
substituted by Al3+ or Fe3+, tetrahedrally (T) coordinated by
oxygen and one sheet of Al, with potential isomorphic
substitutions of Fe3+, Fe2+, or Mg2+, octahedrally (O)
coordinated by oxygen (TOT). The negative charge of the
TOT layers, caused by these substitutions, is compensated by
K+ ions in the TOT interlayer space of illite.13

Np(V) sorption on illite (Na-Illite du Puy, IdP) was
modeled by Bradbury and Baeyens14 using data determined by
Gorgeon15 under aerobic conditions. The authors found
moderate sorption for Np(V) with distribution coefficients of
about log KD = 1 to 2 L/kg (c0(Np) = 10−6 mol/L) at neutral
pH. However, the surface complexes were not investigated
experimentally on a molecular scale. Marsac et al.16

investigated the sorption of Np(V) on IdP under anaerobic
conditions and found a higher log KD. They concluded a partial
reduction of Np(V) to Np(IV) on IdP surface at measured
redox potentials (Eh referred to the standard hydrogen
electrode), where only Np(V) species were expected to be
present. The potential presence of structural Fe(II) as a redox
partner was discussed as one possibility for the observed Np
reduction. A thermodynamic sorption model based on
measured Eh values was derived, resulting in thermodynami-
cally favored Np(V) reduction in the presence of a sorbing
mineral phase under given redox conditions.16 In the literature,
surface-mediated redox reactions of actinides are intensively
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investigated17 and discussed.18−20 On the one hand, proposed
mechanisms involve the presence of structural or adsorbed
Fe.18 On the other hand, reduction of actinides on materials
containing no Fe(II) as a reductant is reported.19,20

Due to the low hydraulic conductivity of clay rock
(<10−12 m/s),21 diffusion is the predominant transport process
for migrating Np when clay rock is used as geo-engineered
barrier or host rock. Laboratory diffusion experiments focused
on natural clay rocks, containing accessory Fe(II)-bearing
minerals.22−24 Spot-wise agglomerations of Np close to Fe(II)-
bearing minerals were observed as well as a partial reduction to
Np(IV). Alternatively, reducing conditions were induced by
adding reducing agents such as Na2S2O4 to the connected
reservoir.25 An increased level of Np sorption was found
inferring the majority of Np to be present as Np(IV). Sorption
and reduction during Np diffusion through pure clay minerals
containing only structural Fe and no accessory Fe-bearing
minerals were not investigated so far.
One powerful investigation method for studying the

interaction of Np with clay is X-ray absorption spectroscopy
(XAS). Np L3-edge extended X-ray absorption fine structure
(EXAFS) probes type, number, interatomic distances of atoms
neighboring Np, and local structural disorder.26 Recently, high-
energy resolution X-ray absorption near-edge structure (HR-
XANES) spectroscopy27−31 at the Np M5-edge was shown to
be a valuable tool for oxidation state studies on Np loadings
down to 1 ppm.32−34 In addition, the Np M5-edge HR-XANES
spectra are very sensitive to changes of the Np bonding
properties.28,34

This study combines different experimental approaches to
study the role of Fe in the IdP structure on the Np retention in
sorption and diffusion experiments. Fe K-edge XANES
spectroscopy, 57Fe Mössbauer spectroscopy, transmission
electron microscopy (TEM), and fluorescence microscopy
were applied for comprehensive characterization of Fe in IdP.
Batch sorption data of Np on clay minerals with different Fe
content were compared. Electronic structure, bonding proper-
ties, and local atomic environment of selected IdP samples
were probed using Np M5-edge HR-XANES and L3-edge
EXAFS spectroscopy. Complementary to the spectroscopic
studies, solvent extraction35 was carried out to determine
fractions of Np(IV) and Np(V) sorbed on IdP as a function of
pH and contact time (tc). Similarly, Np was characterized in
IdP segments as a function of diffusion depth.

■ MATERIALS AND METHODS
All experiments were performed under Ar atmosphere (p(O2)
< 0.1 ppm; p(CO2) < 0.1 ppm) at room temperature
(22 ± 1) °C, if not stated otherwise. Milli-Q water
(18.2 MΩ·cm; Milli-Q Plus, Merck Millipore, Germany) was
degassed by boiling and subsequently purged with Ar in three
cycles before use.
Clays and Np Stock. In previous studies,36,37 samples of

IdP38 were purified (procedure in SI 1) and characterized by
X-ray fluorescence. The Fe2O3 content amounted to
6.94 wt.%.37 This batch was referred to as IdP A. In the
present study, IdP A was further characterized by 57Fe
Mössbauer spectroscopy, TEM−energy-dispersive X-ray spec-
troscopy (TEM-EDX), electron energy loss spectroscopy
(EELS), and fluorescence microscopy (SI 1). Wyoming
smectite (SWy) and illite samples referred to IdP B were
treated with a slightly different conditioning procedure.39 Iron-
free synthetic montmorillonite (IfM) was obtained from the

Laboratoire des Mateŕiaux Mineŕaux (Mulhouse, France). It
was synthesized in an acidic fluoride medium following
Reinholdt et al.40,41 The 237Np(V) stock solution (c(Np(V))
= (6.0 ± 0.2) × 10−2 mol/L) was thoroughly characterized
previously42 and in equilibrium with its daughter nuclide 233Pa.
Batch Sorption Experiments. Batch sorption experi-

ments with 237Np and IdP A or IdP B were performed at
c0(Np(V)) = 1 × 10−6 mol/L under anaerobic conditions (Ar,
1 ppm O2 atmosphere) at pH 5, 7, and 9, under aerobic
conditions at pH 5, and under anaerobic conditions at
c0(Np(V)) = 1 × 10−8 mol/L at pH 9 in quadruplicate.
Batch sorption samples under anaerobic conditions with 237Np
and IdP B, SWy, or IfM were investigated at c0(Np(V)) = 1 ×
10−6 mol/L and c0(Np(V)) = 1 × 10−8 mol/L in the pH range
from 4.3 to 12. Precipitation of NpO2(am) or Np(V) solid
phases was not expected based on speciation calculations using
PHREEQC43 (version 3.4.0) and the thermodynamic model of
Marsac et al.16 under the chosen conditions. However, there is
an uncertainty associated with Eh measurements in systems
with low amounts of redox-active materials and suspensions.
Therefore, the presence of Np solid phases was double-
checked by EXAFS spectroscopy. All suspensions were
preequilibrated in 0.1 mol/L NaCl to reach a solid-to-liquid
ratio (S/L) of (2 ± 0.05) g/L (details in SI 2 and elsewhere32).
Details on pH and Eh measurements are given in SI 3. Np was
contacted with the clay suspensions from 7 to 1033 days.
Subsequently, the samples were centrifuged (15,000 rpm =
12,500g, 80 min; LLG-uniCFUGE 5, Lab Logistics Group
GmbH, Germany) and the amount of Np in the supernatant
was determined by inductively coupled plasma−mass spec-
trometry (ICP−MS).
Diffusion Experiment. A 237Np(V) through-diffusion

experiment with cylindrically compacted IdP A (sample
length: 11.5 mm, diameter: 25.6 mm, dry density:
1600 kg/m3) was conducted under aerobic conditions
according to the procedure described in Van Loon et al.44

The clay-confining diffusion cell was connected on each end
plate to a reservoir, respectively, filled with 0.1 mol/L NaCl at
pH 5. The clay was conditioned for 6 months. Subsequently,
one reservoir was replaced by the “source” reservoir containing
the tracer (V = 100 mL, c0(Np(V)) = 1.4 × 10−5 mol/L ≡ 90
Bq/g, I = 0.1 mol/L NaCl, pH 5). The other reservoir (V = 20
mL) was referred to as the “receiving” reservoir. It was
regularly replaced by receiving reservoirs with fresh tracer-free
electrolyte solution. The diffusion experiment was terminated
after 1050 days. The diffusion sample was introduced into an
Ar box and separated in cylinder length steps of about 100 μm
in 103 segments (details in SI 4 and elsewhere45).
Solvent Extraction and Acid Digestion. Batch sorption

samples in quadruplicate and every 5th segment of the
diffusion sample were analyzed by solvent extraction (details in
SI 5) according to the procedure of Bertrand and Choppin.35

With this method, the fractions of sorbed Np(V) (dissolved in
the aqueous phase) and sorbed Np(IV) (dissolved in the
extractant) on IdP A and B were determined. The clay, the
aqueous phase, and the extractant, containing xylene and 2-
thenoyltrifluoroacetone, were vigorously shaken for 10 min
and then carefully separated by centrifugation (15,000 rpm (=
12,500g), 80 min). In the case of the batch sorption samples,
the extractant was back extracted with 8 mol/L HNO3 (see
flow chart in SI 5). Both, the aqueous phase and the HNO3
extract of the organic phase were analyzed for 237Np content by
ICP−MS. After solvent extraction, the clay residue of one
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single extraction sample of each batch sorption experiment was
digested in acid (HNO3/HCl/HF) to determine the non-
desorbable fraction of Np. To determine the amount of total
Np in the diffusion segments, 15 mg (± 0.5 mg) of each
segment was extracted for 5 days with 4 mol/L HNO3 and
analyzed with liquid scintillation counting (LSC, SI 6).
Samples Studied with X-ray Absorption Spectrosco-

py. Np present in only one oxidation state, i.e., Np(IV) or
Np(V) (c(Np) = 0.02 mol/L), in aqueous solutions were used
as reference samples. To obtain Np(IV), ion exchange resin
purified and isotopically pure 0.02 mol/L 237Np(V) in
1.5 mol/L HCl was electrochemically reduced using a Pt
mesh type working electrode, a Pt rod type counter electrode, a
Ag/AgCl reference electrode in 3 mol/L KCl at +0.30 V vs
Ag/AgCl, and a potentiostat (scanning potentiostat model 362,
Princeton Applied Research).
Three types of solid XAS samples were prepared: (1) pure

IdP A samples, (2) IdP A from Np batch sorption experiments
after centrifugation, and (3) about 2 mg of ground IdP A
segments of the diffusion experiment at varying diffusion
depths. All samples were placed in sample holders specifically
designed for these experiments and were encapsulated with

two barriers of Kapton (8 μm) under inert gas atmosphere
(SI 7).
The samples were studied with Np M5-edge HR-XANES

and Np L3-edge EXAFS spectroscopy at the ACT part of the
CAT-ACT beamline for catalysis and actinide science at the
KIT Light Source (KLS), Karlsruhe, Germany.46 Further
details on the beamline and experimental conditions can be
found in SI 8. Beam-induced changes in Np oxidation state
were excluded by extensive testing with various methods.32

The oxidation state of Fe in IdP A was examined via Fe K-edge
XANES spectroscopy at the Synchrotron Laboratory for
Environmental Studies (SUL-X) beamline47 also at KLS (cf.
SI 9). For analysis of the XAS spectra, the programs Origin,
ATHENA, and ARTEMIS48 were used (SI 10).

■ RESULTS AND DISCUSSION
Characterization of IdP A. A detailed discussion of the

characterization results can be found in SI 11. Briefly, the
comparison of the Fe K-edge XANES spectra inflection points
of nontronite (Fe(III)-rich smectite) and olivine (Fe(II)
neosilicate) with IdP A (Figure 1A) showed that Fe is
predominantly present as Fe(III) with a minor fraction of

Figure 1. (A) Fe K-edge XANES spectra of olivine (red), IdP A (blue), and nontronite (green). The first inflection points of nontronite and olivine
are marked with an arrow. (B) EXAFS spectrum in R-space of Fe in IdP A (black circles) and the best fit (red line). The contributions of each path
are shown vertically shifted. The k3-weighted χ(k) (black line), the used window (blue line), and the best fit (red line) are in the embedded figure
(top right).

Figure 2. Distribution coefficients (log KD) of Np(V) on clay minerals (A) in dependence on pH at c0(Np(V)) = 1 × 10−8 mol/L; (B) log KD of
Np(V) in dependence on pH and contact time (tc) at c0(Np(V)) = 1 × 10−6 mol/L; Illite du Puy (IdP A�green signs, IdP B�blue signs),51

Wyoming smectite (SWy�red circles),52 Fe-free montmorillonite (IfM�empty black squares).40 The error bars refer to ±0.25 log KD units on the
single sorption experiments and to the 95% confidence interval of the quadruplicate sorption experiments.
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Fe(II) in IdP A. Fe K-edge EXAFS spectroscopy (Figure 1B
and Table SI 2) allocated Fe as predominantly present in the
octahedral sheets of IdP A. Both, EXAFS and TEM−energy-
dispersive X-ray spectroscopy (EDX) (Figures 1B and SI 6)
identified a homogeneous distribution of Fe across the clay
sample and the absence of Fe oxide nanoparticles.
Furthermore, crystallites of a Ca-phase were found in IdP A
by TEM and EELS. Bradbury and Baeyens39 removed the Ca-
silicate phase in their illite purification procedure, applied in
the present study to purify IdP B. To examine if this phase has
an effect on Np sorption, illite batches with (IdP A) and
without (IdP B) this phase were investigated in Np batch
sorption experiments in this study. 57Fe Mössbauer spectros-
copy (Figure SI 8 and Table SI 3) found approximately (34.0
± 0.5) at.% Fe(III) in octahedral sheets, (58.0 ± 0.5) at.%
Fe(III) in tetrahedral sheets, (6.0 ± 0.5) at.% Fe(II) in
octahedral sheets, and (2.0 ± 0.5) at.% Fe(II) in tetrahedral
sheets of IdP A. The exact quantification of the actual redox-
active Fe is not trivial;49,50 however, the fact that Fe(II) exists
in IdP in a low percentage is of relevance for the present study.
Fluorescence microscopy with live-death staining (Figure SI 9)
confirmed no living or dead organic matter in the clay. The
results of all of the various analysis methods combined
excluded the presence of microorganisms and Fe oxide
nanoparticles in the IdP A batch and hence, confirmed that
the only redox-couple present in IdP A was structural Fe(II)/
Fe(III). The presence of structural Fe(II) in the IdP despite
purification under aerobic conditions is surprising and needs
further investigation.
Sorption and Solvent Extraction Results. Sorption of

Np on IdP A, IdP B, SWy, and IfM. Np(V) sorption was
studied for three different clay minerals (Figure 2 and Table SI
4). Although the structural Fe in IdP A was thoroughly
characterized and the presence of Fe oxide nanoparticles and
microorganisms excluded, in the case of IdP B, SWy, and IfM,
no such detailed characterization was performed. However, the
materials were characterized previously.39,53−55 Consequently,
the presence of Fe oxide nanoparticles in the clay suspensions
could be excluded for all clays studied. In comparison to SWy,
IdP A, and IdP B, Np(V) exhibited the lowest log KD onto IfM
(Figure 2A,B). A slightly increased log KD was noticeable for
Np(V) sorbed on SWy. The highest log KD was found for
Np(V) onto IdP A and IdP B. The clay minerals contained
about 3.7 wt.% Fe2O3 (SWy) and 6.94 wt.% Fe2O3 (IdP A/B),
respectively.
In the literature, differing sorption affinities are sometimes

related to differing surface areas of the studied sorbent.56

However, in this study, the N2-BET surface areas of IdP B
(97 m2/g),39 SWy (35 m2/g),55 and IfM (123 m2/g)54 could
not account for the differences in sorption. The total amount
of sorbed Np increased in all cases with increasing pH due to
increasing clay edge-site deprotonation.14,54,57 The contact
time beyond 13 days did not seem to influence the total
amount of sorbed Np on IdP (Figure 2B). This is in
accordance with the findings of Marsac et al.16 The
comparison of the sorption data of illite treated with different
purification procedures, namely, IdP A and IdP B (Figure 2),
did also not show a significant difference in the overall Np
sorption. Since there is no difference between IdP A and B, the
Ca-phase crystallites detected in IdP A by TEM (Figures SI 6
and 7) probably did not play a major role in the sorption of
Np. KD values for both initial Np concentrations (c0(Np(V)) =
1 × 10−8 mol/L and 1 × 10−6 mol/L) are congruent to those

found by Marsac et al.16 Note, the lower log(KD) values for the
IdP samples at higher Np(V) concentrations cannot be
attributed to a strong/weak site complexation effect because
the Np loading at 1 × 10−6 mol/L Np was still significantly
below the available amount of strong sites at pH 7 and 9 (2 ×
10−6 mol/g × 2 g/L = 4 × 10−6 mol/L).58 Consequently, the
strong sites should not be saturated with Np in this pH range.
Np(V) sorption onto IdP under aerobic conditions and
published by Bradbury and Baeyens14 showed similarly low
sorption as obtained in this study for IfM. Marsac et al.16

explained the differences in Np(V) sorption on IdP under
anaerobic conditions and those of Bradbury and Baeyens14

under aerobic conditions by a surface-induced reduction of
Np(V) to Np(IV). Since Np(IV) exhibits stronger sorption
onto surfaces than Np(V), this indicates that more Np(IV) is
formed under anaerobic conditions. A higher Np(IV) fraction
at lower total Np loading also explains the increased log KD at a
low initial Np concentration.
Solvent Extraction of Np Sorbed on IdP A. In order to

verify the assumption of Np(V) reduction at IdP surfaces,
solvent extraction experiments were carried out with Np batch
sorption samples of contact times up to tc = 1033 days (Table
SI 5). The amount of Np left on the clay after solvent
extraction was determined by total acid digestion of some
samples since mass balance calculations revealed that a certain
fraction of Np did not desorb. Surface-sorbed Np(V) should
be very easily desorbable. The strong binding of Np to clay
even under acidic conditions is, thus, explained by the
reduction of Np(V) to strongly binding Np(IV) species. In
Table SI 5, this fraction is assigned as “Np(IV) clay digestion”
and added to the Np(IV) fraction determined by solvent
extraction (before digestion “Np(IV) desorbed”; after
digestion “total Np(IV) on illite” Table SI 5). Even then,
mass balance calculations revealed that a part of Np (≈ 6 to
18% of the initially added Np in the majority of samples) could
not be recovered. Consequently, the Np(IV) fraction in Table
SI 5 can be considered as lower limit. The nonretrievable
fraction could be Np lost by wall sorption during the various
processing steps.
The fraction of total Np(IV) on illite detectable by solvent

extraction and clay digestion increased with decreasing pH.
The fraction of total Np(IV) was very small at pH 9 − between
2 and 10%. At these low amounts, the uncertainties become
significant. At pH 7, the relative amount of Np(IV) ranged
from 6 to 15% (Table SI 5). At pH 5, the corresponding
digestion and solvent extraction yielded a Np(IV) fraction of
11 to 24%. In order to rationalize this observation, one may
have another look to Figure 2B. Sorption data revealed that at
near-neutral pH, the extent of Np(V) sorption onto IdP is
significantly increased relative to the sorption on IfM.
Assuming surface-mediated reduction taking place as proposed
in the literature, this is the consequence of the much stronger
sorption of Np(IV) than of Np(V) notably at low pH. The
difference in distribution coefficient, KD, values clearly
decreases at high pH, indicating that the thermodynamic
driving force for Np(V) reduction to Np(IV) is higher at low
pH than at high pH. The experimentally observed increase of
Np(IV) with decreasing pH is compatible with the variation in
sorption and thermodynamic considerations.
In a further test, the Np sorption onto IdP A at aerobic and

anaerobic conditions at pH 5 was compared. NpO2
+(aq)

dominated the solution speciation in both systems. IdP A
contained, also under aerobic conditions, structural Fe(II).
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The average distribution coefficient after tc = 11 days
amounted to log KD = (1.27 ± 0.19) L/kg under aerobic
conditions and log KD = (1.9 ± 0.1) L/kg under anaerobic
conditions. In the aerobic samples, the redox potential, Eh, was
controlled by dissolved oxygen, which caused a decreased
amount of sorbed Np(IV) resulting in a lower amount of total
sorbed Np. The Eh values in the anaerobic sorption sample
were significantly lower compared to the aerobic experiment
and controlled by the Fe(II)/Fe(III) couple of IdP A.
However, reliable Eh measurements in systems with low
concentrations of redox pairs are difficult.
While the general trend of experimental redox speciation

data is compatible with the assumed surface-mediated
reduction concept, the presented results are in some
disagreement with respect to the quantity of reduced Np
compared to the data reported by Marsac et al.16 They found a
sorbed Np to Np(IV) reduction of (41 ± 10) % for the
extraction of one sample at pH 7, which is higher than the 6 to
15% measured in the present study. However, Marsac et al.16

proposed for their L3-edge XANES analysis samples only 14%
Np(IV) contribution at pH 7.4 and 5% Np(IV) at pH 9.6.16

The origin of the analytical deviations for Np(IV) is
presently unclear. Differences in the outcome of solvent
extraction experiments might be due to different experimental
boundary conditions (extracting agents, contact times) or
reoxidation during the extraction. In the case of 237Np
quantification by LSC as described in Marsac et al.,16 matrix
effects may have interfered the α/ß-discrimination, resulting in
incomplete separation of the high energetic ß−-radiation of
233Pa from the α-radiation of 237Np. Both artifact types can
result in under- and overestimation of Np(IV) fractions,
respectively. For this reason, ICP−MS was used as the 237Np
detection method in the batch sorption experiments in the
present study. In addition, special care was taken to purify the
solvents from oxygen impurities before use in the experiments.
Solvent Extraction of Np in Diffusion Samples. A diffusion

experiment with compacted IdP A and Np(V) was conducted
at pH 5 for 1050 days to study the clay-induced Np(V)

reduction at a higher S/L ratio and under dynamic
conditions.44 The Np diffusion profile was determined by
acid and solvent extraction for six segments representing
diffusion depths ranging from 0.6 to 9.6 mm. Np(IV) and
Np(V) contents above the detection limit (2 ppm) were
detected in every clay segment extracted. The Np(IV) content
ranged from (7 ± 2)% to (33 ± 5)% of extracted Np with
strong scattering throughout the diffusion sample (Figure 3).
Detailed results of this diffusion experiment are reported in
Beck et al.45 It is however interesting to note that modeling
results of the in- and out-diffusion data during the first
230 days (referred to as Np-2 in Beck et al.45) resulted in a
relatively high log KD = (1.78 ± 0.04) L/kg which resembles
the Kd value measured in the anaerobic sorption samples
(Table SI 4). Such a high Kd value is incompatible with the
sorption of Np(V) to IdP (see discussion above) and can be
explained by a much lower oxygen abundance in the pore
system compared to the aerobic conditions in the reservoirs,
which results in the partial reduction of the Np(V) on the clay.
The range of 7−33% Np(IV) in the clay determined in this

study, is lower than 63% Np(IV) found onto bentonite by Xia
et al.25 In contrast to the here analyzed experiment with an Eh
(source reservoir solution) of about 350−500 mV, Xia et al.25
added Na2S2O4 to the source reservoir solution which lead to
an Eh of about −200 to −400 mV. Eh values in the pore volume
are difficult to measure so that further analysis of the diffusion
profile by reactive transport modeling could help to clarify the
distinct contributions of Np sorption and reduction processes
on diffusive transport. Reich et al.23 found (80 ± 5)% Np(IV)
at 450 μm and (26 ± 5)% at 525 μm diffusion distance by Np
L3-edge XANES spectroscopy for the Np diffusion through
Opalinus Clay. They attributed it to the presence of accessory
Fe(II)-mineral phases such as pyrite which were detected but
not quantified as a function of depth. Invasive speciation
techniques such as extractions, where chemical conditions are
significantly varied during the analysis, can be subject to
systematic errors to some extent. For this reason, the segments
were also analyzed spectroscopically.

Figure 3. (Left) Vertically shifted Np M5-edge HR-XANES spectra of selected diffusion segments and aqueous Np(IV) and Np(V) reference
solutions. (Right) Amounts of Np(IV) in orange and Np(V) in green found by solvent extraction in the desorbable fraction of Np from the IdP A
segments between 0.6 and 9.6 mm diffusion depth. Black dots indicate the amount of Np desorbed by oxidative acid extraction.
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Spectroscopic Findings. Np M5-edge HR-XANES Spec-
troscopy of Np Sorbed on IdP A. The spectra of Np(V) and
Np(IV) aqueous reference solutions (c(Np) = 20 mmol/L)
and of three batch sorption samples (pH 5 and 9) are depicted
in Figure 4. The different features are described in detail in

Schacherl et al.32 Briefly, the spectrum of Np(V)aq shows a
strong peak at 3664.1 eV (A) and a distinct shoulder at
3667.14 eV (B). Feature B can be correlated with the 3d
transition to the unoccupied σ* orbital of the axial Np�O
bond.28,32,34 The spectrum of Np(IV)aq exhibits a relatively
broad white line (WL) with its maximum (A) trending to
slightly higher excitation energies compared to A of Np(V)aq
but descends quickly hereafter. The spectrum of Np sorbed on
IdP A at pH 9 shows a feature B′ shifted to lower energies

compared to feature B in the spectrum of Np(V)aq, pointing to
a decreased bond covalency of Np�Oax. The energy position
of the first intense peak A is similar for Np(V)aq and Np sorbed
onto IdP A. This observation indicates a similar electron
density on the central Np atom despite decreased Np�Oax
bond covalency. This suggests stronger covalent interaction
between the Np(V) sorbed and Oeq of the clay binding site
compared to Np(V)aq. Similar empirical observations have
been made for U(V) complexes (compounds 2 and 7).59

Lower U�Oax bond covalency was found for 2, but the
electronic density on U remained similar as a result of
differences in the U-equatorial ligand interaction. Additionally,
the intensity of the shoulder B′ is lower in comparison to
shoulder B, indicating that a fraction of Np(IV) might also be
present.
The sample at pH 9 was studied after tc = 11 days and after

tc = 811 days. A clear improvement in signal-to-noise ratio
despite shorter acquisition time is visible (Figure 4), which was
achieved due to improvements in the experimental setup at the
beamline.32,33 Nevertheless, the spectral features remained the
same, an indication that no significant changes in the Np(IV)/
Np(V) ratio on the IdP A at pH 9 occurred even after longer
contact times.
The HR-XANES spectrum of the pH 5 batch sorption

sample after 811 days is also displayed in Figure 4. A high
noise level is preventing a detailed examination. However, the
trend of a broader WL feature A and a lower intensity of
feature B′ than in the pH 9 sample seems to progress, thus
resembling slightly more the Np(IV)aq spectrum. This hints at
a substantial Np(IV) amount in the batch sorption sample at
pH 5. The fraction of 11 to 24% Np(IV) found by solvent
extraction seems to be in agreement with this finding. The lack
of appropriate Np reference compounds hindered the
quantification of the Np(IV)/(V) ratio from the HR-XANES
spectral data. An appropriate Np reference system would
consist of an experiment, where redox conditions are
controlled in order to assure that clay adsorbed Np is either
pentavalent or tetravalent.
Batch sorption and spectroscopy studies appear to support

the interpretation of Marsac et al.16 of surface-mediated
reduction. Note, the amounts of Np(IV) found here were

Figure 4. Np M5-edge HR-XANES spectra of Np(V) and Np(IV) in
aqueous solution and Np sorbed on IdP A at pH 9 after 11 and
811 days of contact time as well as Np sorbed on IdP A at pH 5 after
811 days of contact time. For a better comparison, the spectra were
vertically shifted.

Figure 5. Fourier-transformed EXAFS spectrum in R-space of Np sorbed on IdP A at pH 9 (black circles), the imaginary part (rose triangles), and
the best fit (red line). The contributions of each path are shown vertically shifted. Embedded is the k3-weighted χ(k) (black line), the used window
(blue line), and the best fit (red line).
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lower than postulated by Marsac et al.16 The respective
mechanistic discussion listed structural Fe(II) as a possible
reductant inducing a relatively low redox potential. Further-
more, Ma et al.60 listed Fe(II)-containing minerals including
clay minerals with structural Fe(II) as the main electron donor
for the retention mechanisms of redox-sensitive radionuclides.
Speciation of Np Diffused through Illite. The same

diffusion segments as investigated by leaching and solvent
extraction with Np contents down to (18 ± 1) ppm were
selected for further spectroscopic analysis. For the first time,
these kinds of samples were studied by Np M5-edge HR-
XANES spectroscopy (Figure 3). As for the batch sorption
samples, all spectra showed feature B′ with variable intensity
and a broader feature A, which implied the presence of Np(V)
and Np(IV) in all segments. This indicated that a partial
reduction of Np(V) to Np(IV) took place by IdP A during the
diffusion process. The energy difference between features A
and B′ was similar to the energy shift detected in the batch
sorption samples (Figure 4), suggesting a similar Np(V)
species on the IdP A surface. In conclusion, also in this case, a
reduction reaction controlled by structural Fe(II) in IdP A
seemed to have occurred. This supports the findings of the
extraction studies: While aerobic conditions prevail in the
reservoirs, structural Fe(II) in the clay plug is capable to buffer
the Eh in the pore space and to establish a more reducing
environment.
Np L3-Edge EXAFS Spectroscopy of Np Sorbed on IdP A.

Np(V) reduction by structural Fe(II) requires close interaction
of Np(V) with Fe in order to allow for electron transition. To
examine the Np coordination environment, the EXAFS
spectrum (Figure 5) of an IdP A batch sorption sample at
pH 9 was analyzed. The analysis confirmed the presence of
solely sorbed mononuclear Np species, since the spectrum did
not reveal any Np�O�Np coordination characteristic for
NpO2 precipitates, in contrast to studies using higher initial Np
concentrations such as Kumar et al.61 The EXAFS analysis
(Table SI 6) yielded two O atoms at a relatively short Np�O
distance of (1.86 ± 0.01) Å, which were attributed to the axial
O atoms of the NpO2

+ ion (Oax). The Oax distances reported
in the literature for Np(V)aq range from (1.80 ± 0.02) Å62 to
(1.84 ± 0.01) Å.63 For sorbed Np(V) species, slightly longer
Np�Oax distances of (1.840 ± 0.006) Å on gibbsite at
pH 7.5,64 (1.86 ± 0.002) Å on corundum at pH 9,65 or (1.887
± 0.006) Å for Np(V) carbonate on hematite at pH 8.8166

were reported. The Np�Oax distance found for Np on IdP A
is comparable to literature data reported for surface-sorbed
Np(V) species. In addition, a Np�O distance of (2.41 ±
0.01) Å with a coordination number of N = 4.0 ± 0.3 was
detected for Np on IdP A at pH 9. This could be assigned to
water molecules and illite hydroxyl groups in the equatorial
plane of NpO2

+ (Oeq). This distance is not only shorter than
the Np�Oeq in Np(V)aq (2.484 to 2.49 Å),62,63 but also
shorter than found for Np(V) sorbed onto corundum65,67 and
gibbsite64 (2.45 to 2.50 Å). This hints at a stronger chemical
bonding in the equatorial plane for Np on IdP A. This might
also be the consequence of a partial reduction of Np(V) to
Np(IV), since Np�O distances for sorbed Np(IV) were
found to lie for the first shell between 2.24 and 2.27 Å and for
the second shell between 2.41 and 2.44 Å.68

A Np�Fe coordination shell was found at (3.05 ± 0.02) Å
suggesting that Np surface species were in close proximity to
Fe (N(Fe) = 1.0 ± 0.3) in IdP A. Al and Si, potentially present
in the second coordination sphere of Np on the IdP A surface,

were tested during the modeling of the EXAFS spectrum, too.
However, a reasonably good fit (goodness of fit = 0.013 χ2)
was only obtained considering Fe. An additional contribution
of Al to the second peak was not excluded; however, this mixed
model would be oversampling the data since the fit did not
significantly improve with the addition of this path. In addition,
a Np�Na coordination was postulated at a distance of (4.34
± 0.03) Å. This scattering path is reasonable since Na ions are
present in the electrolyte solution and are coordinated at the
basal surfaces and at the clay edges around the surface-sorbed
Np for charge compensation. Other potentially present cations,
such as Np, Al, Si, Mg, or K, were not appropriate to model
this feature. The absence of a Np�Np scattering path verified
that Np was present as a solely sorbed species on the clay
surface and no Np solid phases had formed. The results
suggest that Np(V) sorbed onto IdP A is coordinated to the
partially deprotonated hydroxyl groups surrounding the Fe
atoms on the clay surface. The finding that Np is coordinated
to Fe, in combination with the results of solvent extraction and
HR-XANES spectroscopy, points to Fe�O entities as a strong
complexation partner. The coordination of Cm(III) to
Fe�OH entities of IdP was also discussed by Rabung et
al.69 in a time-resolved laser-induced fluorescence spectroscopy
study. Due to a strong decrease in fluorescence intensity as a
result of static quenching, they concluded that a part of
surface-complexed Cm(III) must be directly coordinated to
Fe�OH groups. The presence of surficial Fe�OH ligands at
clay edges is likely due to the Fe/Al ratio of 0.3 in IdP.

■ ENVIRONMENTAL IMPLICATIONS
The exact mechanism of redox-sensitive radionuclide inter-
action with Fe(II)-containing clays is still controversially
discussed. Literature studies proposed that electrons in Fe-
containing clay minerals can be transferred either via Np
interaction with edge-site Fe(II)�O�Fe(III) groups,18

octahedral Al/Fe(II)�OH60 sites, or even with the basal
planes.70 In the present study, Fe(II) was detected in IdP A by
57Fe Mössbauer and K-edge XANES spectroscopy even though
the clay was previously treated and purified under aerobic
conditions. Moreover, it was shown that structural Fe in IdP A
was associated with Np(IV)/Np(V). It was hypothesized that
Fe(II/III) clay edge sites represent a strong complexation
partner and a possible source of reduction since Np(IV) was
found in sorption as well as diffusion samples, particularly, at
lower pH values (pH 5). Advanced X-ray absorption spectra
s u g g e s t e d t h a t s t r on g equ a t o r i a l b i nd i n g t o
Fe(II)/Fe(III)�OH entities was likely responsible for the
reduction of the axial bond covalency of the Np(V). Since clay
minerals containing Fe(II/III) are abundant in environmental
samples profound understanding of redox-sensitive element
interaction with respective minerals requires more studies
using sensitive spectroscopic methods. This study advances the
understanding of the mechanism behind strong Np retention
in some clay systems relevant in the context of contaminated
land sites and nuclear waste disposal.
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