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ABSTRACT: For the first time, detailed molecular information
on the Np(V) sorption species on amorphous Al(OH)3 and
crystalline gibbsite was obtained by in situ time-resolved
Attenuated Total Reflection Fourier-Transform Infrared (ATR
FT-IR) and Extended X-ray Absorption Fine Structure
(EXAFS) spectroscopy. The results consistently demonstrate
the formation of mononuclear inner sphere complexes of the
NpO2

+ ion irrespective of the prevailing atmospheric condition.
The impact of the presence of atmospheric equivalent added
carbonate on the speciation in solution and on the surfaces
becomes evident from vibrational data. While the 1:1 aqueous
carbonato species (NpO2CO3

−) was found to become
predominant in the circumneutral pH range, it is most likely
that this species is sorbed onto the gibbsite surface as a ternary inner sphere surface complex where the NpO2

+ moiety is directly
coordinated to the functional groups of the gibbsite’s surface. These findings are corroborated by results obtained from EXAFS
spectroscopy providing further evidence for a bidentate coordination of the Np(V) ion on amorphous Al(OH)3. The
identification of the Np(V) surface species on gibbsite constitutes a basic finding for a comprehensive description of the
dissemination of neptunium in groundwater systems.

■ INTRODUCTION
The migration behavior of radioactive heavy metal contami-
nants like actinyl ions (UO2

2+, NpO2
+) in aquifers is mainly

controlled by sorption processes, i.e., the chemical reactions of
the dissolved ions at the water−mineral interfaces.1 Hence, the
investigation of the interactions of actinides with metal oxides,
serving as model phases for more complex, naturally occurring
minerals in aqueous solution, is essential for the assessment of
distribution paths of highly toxic and long-lived radionuclides in
the geosphere. A comprehensive description of these processes
at a molecular scale is indispensable for reliable safety
assessments and can be achieved by thorough investigations
of the surface speciation of the contaminants on well-defined
mineral phases only showing one particular functional group at
their surfaces or with a known surface topology.
Among the radionuclides contributing to the radiotoxicity

inventory of high level nuclear waste repositories, the isotope
237Np is of special interest. Due to the decay of 241Am (half-life
of 432.7 years), 237Np, with its half-life of 2.14 × 106 years, is
increased in concentration with time.2 Therefore, the survey of
data of the Np chemistry at mineral surfaces and in the aqueous
medium is necessary for the safety assessment over the long
term.
In aqueous solution, the pentavalent form of Np, i.e., the

neptunyl(V) ion, NpO2
+, represents the thermodynamically

most stable form and shows a high solubility compared to other

oxidation states.3 Thus, the fully hydrated NpO2
+ ion

dominates the aqueous speciation in the acidic and circum-
neutral pH range irrespective of the prevailing atmospheric
conditions.4−6 However, in the presence of atmospherically
derived CO2 or due to the carbonate concentration in natural
groundwater, the migration behavior of Np might change due
the strong complexation ability of the anions HCO3

− and
CO3

2− toward neptunyl ions.7 As a consequence, the
thermodynamical properties of Np carbonate species in the
aqueous solution system with high carbonate concentration
have been extensively investigated by many researchers over the
past decades.3,7−11 It was found that NpO2

+ ions form relatively
stable carbonato complexes.8 Depending on the pH and
carbonate concentration, three main complexes were identified,
i.e., NpO2(CO3)n

(1−2n) (n = 1, 2, 3).3,7−10

The chemical reactions of these Np species with mineral
oxide surfaces are widely unknown today. Among the different
metal oxides, aluminum oxides and hydroxides are of particular
interest because they represent the main components of a vast
number of minerals and rocks, such as clays and granites,
respectively, considered for deep ground repositories. In
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particular, gibbsite serves as a model system, because it is not
only the most common crystalline aluminum hydroxide, but
also a ubiquitous weathering product of alumosilicate minerals.
Furthermore, the elemental structural unit of gibbsite, that is
the Al(OH)6 octahedron, considerably contributes to the
structure of important clays like kaolin.12

For the sorption processes of NpO2
+ on aluminum oxides

and hydroxides under ambient conditions, only limited data
exists and the impact of atmospherically derived carbon dioxide
on this sorption system is scarcely investigated.12−16 From
batch experiments, strong influence of crystal structure,
crystallinity, specific surface area, pH, and carbonate concen-
tration was derived. The variation of the ionic strength showed
no effect on the sorption irrespective of the presence or absence
of carbonate, indicating chemisorption as the predominant
process on the gibbsite surface.12 This was also derived from
our recent spectroscopic study of the Np(V) sorption processes
on the surfaces of TiO2, SiO2, and ZnO where the formation of
inner sphere complexes on these surfaces was postulated.4

In this work, the sorption processes of NpO2
+ ions on

gibbsite are investigated in the absence and presence of
atmospherically derived CO2 in detail by a combined
methodical approach using Attenuated Total Reflection
Fourier-transform Infrared (ATR FT-IR) and Extended X-ray
Absorption Fine Structure (EXAFS) spectroscopy for the first
time. The spectroscopic results potentially provide comple-
mentary molecular information on the sorption species because
of the different molecular scales probed by each technique. IR
spectra generally reflect the molecular environment of func-
tional groups in the nanometer range by the characteristic
frequencies of the vibrational modes. Moreover, the application
of the ATR technique as a flow cell experiment, where the
mineral phase is prepared as a stationary phase, allows the
acquisition of spectral data during the sorption and subsequent
desorption processes in real time4,17−20 providing additional
information about the reversibility of the surface processes and
allows the derivation of the type of sorption complex-
ation.18,19,21,22 EXAFS data provide detailed information of
interatomic distances of a strongly scattering atom but on a
much smaller range (≤6 Å). This technique allows the
exploration of the coordination sphere of the metal atom in
detail.

■ EXPERIMENTAL SECTION
Preparation and Characterization of Np(V) Solutions.

Caution! Neptunium (237Np) is a radioactive isotope and an α-
emitter. It must be handled with care within laboratories
appropriate for research involving transuranic elements to avoid
health risks caused by radiation exposure. Highly concentrated
Np solutions were handled in a reduced pressure box.
The characteristic vibrational mode of the fully hydrated

Np(V)O2
+ ion is generally observed in the spectral range below

850 cm−1 where strong interferences with modes from bulk
water are observed. Therefore, the vibrational spectroscopic
sorption experiments have to be performed in deuterated water
(D2O). The diluted Np(V) solutions were freshly prepared and
characterized as already described.4 All chemicals were of
analytical grade. Ionic strength was controlled by the use of
0.001 to 2 M NaCl and pH was adjusted by adding aliquots of
NaOD or DCl. pD values were then calculated from pH values
using the equation pD = pH + 0.4.23 The preparation steps of
the Np(V) solutions were performed in a glovebox (N2
atmosphere) to avoid contamination with atmospheric H2O.

To simulate ambient conditions, equivalent amounts of
Na2CO3 were added to obtain the required carbonate
concentration (0.22 mM). For all Np(V) solutions with
maximum concentration of 50 μM, the formation of
precipitates or colloids at pH 7.5 was ruled out by photon
correlation spectroscopy (PCS, Brookhaven Instr. 90).

Gibbsite Preparation and Characterization. Recently, a
thorough characterization of the acid−base properties of
different gibbsite samples demonstrates large varieties even
though they nominally share the same crystal structure and
elemental composition.24 From these findings, it is suggested
that many published results might not accurately reflect the
acid−base properties of gibbsite which is possibly due to the
superposition of several not yet unambiguously identified
processes related to the solid phase. With respect to these
inconsistencies, the mineral phases investigated in this work
were freshly synthesized.19 Depending on the sample treat-
ment, the solid phases obtained were analyzed showing
significantly different specific surface areas and degrees of
crystallization.
Briefly, gibbsite was synthesized by slowly adding NaOH to a

AlCl3 solution until pH 4.5 is reached. The Al(OH)3 precipitate
was freeze-dried and subsequently characterized (sample 1). A
fraction of the amorphous sample was suspended in Milli-Q
water and dialyzed (Spectra Pore Biotech Cellulose Ester (CE)
dialysis membrane) in a 2 L beaker with Milli-Q water for 5
weeks. The dialysis led to a significant loss of the solid and only
20% of the weighted sample was recovered. After subsequent
freeze-drying the solid was weighted and analyzed (sample 2).19

The characterizations, that is, determination of the isoelectric
point (IEP) and of the specific surface area (SSA), were carried
out as described elsewhere.21 Samples 1 and 2 are amorphous
Al(OH)3 and crystalline gibbsite with a specific surface area
(SSA) of 4.5 m2/g and 165 m2/g, respectively. Additionally, the
samples were characterized by X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), and Scanning Trans-
mission Electron Microscopy (STEM). The results obtained
have already been presented.19

With respect to the small amount of the crystalline gibbsite
with a high SSA value recovered after dialysis, EXAFS
measurements were performed with the amorphous Al(OH)3
(sample 1). For IR experiments, only a small amount of the
solid phase is needed and, thus, both samples were used for
comparative in situ analysis.

In Situ ATR FT-IR Spectroscopy. The principle of the in
situ ATR FT-IR experiments of the sorption processes is based
on the detection of the absorption changes of a solid mineral
film occurring after the induction of selective sorption
processes. The mineral film is deposited directly on the surface
of the ATR crystal and is subsequently rinsed by an aqueous
solution at a constant flow rate (100 μL min−1) using a flow
cell. A detailed description of the preparation of the mineral
film, the flow cell setup, acquisition and evaluation of spectral
data is given by Müller et al.4 Briefly, the preparation of the
mineral film is accomplished by alternately pipetting aliquots of
1 μL of the respective suspension (2.5 g/L; 1:1 H2O/MeOH)
directly onto ATR crystal’s surface and water evaporation by a
gentle flow of nitrogen. The maximum thickness of the film was
controlled after each drying step by the decrease of the IR
transmission signal.4 After preparation, the in situ sorption
experiment is performed in three subsequent steps: first,
conditioning of the solid phase, second, Np(V) sorption, and
third, flushing. During the conditioning and flushing steps, the
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mineral film is rinsed with a blank solution for 30 min. The
sorption of Np(V) is performed during a time period of 60 min
using a 50 μM Np(V) solution. For all solutions, the pH is
adjusted to pH 7.5, whereas the ionic strength was varied from
0.001 to 2 M (NaCl) for the different experiments.
Infrared spectra were measured on a Bruker Vertex 80/v

vacuum spectrometer equipped with an ATR accessory (DURA
SamplIR II, Smiths Inc.), a horizontal diamond crystal (A =
12.57 mm2) with nine internal reflections on the upper surface
and an angle of incidence of 45°, and a Mercury Cadmium
Telluride (MCT) detector (cut off: 580 cm−1). The spectra of
the sorption processes shown in this work were calculated from
single beam spectra recorded before and at distinct time points
after sorption was induced. In analogy, the spectra of the
aqueous Np(V) solutions were obtained by subsequently
flushing the flow cell with a blank solution and the respective
solution containing 50 μM Np(V). Each single beam spectrum
was averaged over 256 scans (scan time: ∼25 s) at spectral
resolution of 4 cm−1.
X-ray Absorption Spectroscopy. For EXAFS spectros-

copy of the Np(V) sorption samples, suspensions of
amorphous Al(OH)3 were adjusted to pH 7.5 and equilibrated
in an overhead shaker for one day in N2 or ambient
atmosphere. Subsequently, a Np(V) stock solution (56.4
mM) was added to obtain the chosen concentrations as given
in Table 2. During the contact time, the samples were placed in
the shaker at room temperature for 60 h and the pH value was
checked every 24 h. Small pH alterations of ≤0.5 pH units
occurred. After centrifugation (187,000 g, 45 min), the
supernatant was decanted and the precipitates were placed in
the EXAFS sample holders. Afterward, the samples were frozen
and stored in liquid nitrogen until the measurement.
EXAFS measurements were carried out at the Rossendorf

Beamline (BML20) at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). Neptunium LIII-edge
spectra of frozen sorption samples were collected in
fluorescence mode using a 13-element-germanium detector
and a helium cryostat at 15 K. For each sample, 14 spectra were
accumulated.
The software package EXAFSPAK25 was applied in order to

perform the energy calibration by using the first inflection point
of the first derivative of the yttrium absorption spectrum
(17038 eV), the averaging of the multiple sample spectra, the
dead time correction of the 13 fluorescence channels, the
isolation of the EXAFS spectrum, and the shell fitting. The
theoretical scattering phase and amplitude functions were
calculated with the code FEFF 8.2026 by using a hypothetical
cluster which contains all relevant scattering possibilities.

■ RESULTS AND DISCUSSION
Aqueous Speciation of Np(V) in Ambient Atmos-

phere. The adequate interpretation of spectroscopic data of
the sorption processes requires the detailed knowledge of the
aquatic species predominating in solution under the prevailing
conditions. Therefore, the expected composition of the Np(V)
solutions were calculated by the thermodynamic modeling code
package EQ3/627 based on the updated thermochemical
database (TDB) of the Nuclear Energy Agency (NEA)28 in
the pH range from 6 to 10. The Np(V) concentration was set
to 50 μM in 0.1 M NaCl corresponding to the spectroscopic
sorption experiments performed. For ambient atmosphere, the
calculations predict a total number of four species, that is
NpO2

+, NpO2CO3
−, NpO2(CO3)2

3−, and NpO2(CO3)3
5−

(Figure S1, Supporting Information), where the fully hydrated
NpO2

+ ion is the dominating species below pH 8. The NpCO3
−

complex becomes significant only at pH > 8, and contributions
of the 1:2 and 1:3 carbonato species can be neglected below pH
9.
Under inert gas conditions, the calculated speciation is less

complex. The fully hydrated NpO2
+ ion is the predominate

species throughout the pH range <11, as was shown in our
recent work of the Np(V) sorption processes on various metal
oxides.4 In that work, the theoretical prediction was verified by
vibrational spectra where the characteristic absorption band
representing the antisymmetric stretching vibration of the
NpO2

+ moiety, that is, the ν3(NpO2) mode was observed at
818 cm−1 (Figure 1A, gray trace). A formation of further
species was not derived from the spectroscopic data.4

The formation of hydrolysis products or carbonato
complexes generates a shift of the v3 mode of fully hydrated
actinyl ions to lower frequencies.4,18,19 The IR spectrum of an
aqueous Np(V) solution containing the atmospheric equivalent
added carbonate (AEC) recorded at pH 7.5 is shown in Figure
1A (black trace) for the first time. The ν3(NpO2) mode is
shifted of about 22 cm−1 to 796 cm−1 which must be due to the
formation of another aqueous Np(V) species. Hence, the fully
hydrated NpO2

+ ion is not the dominating species at pH 7.5,
which is in contrast to the calculated speciation. Such
discrepancies between spectroscopic findings and calculated
speciation were already found for U(VI)29 and Np(VI).30

Figure 1. IR spectra of aqueous solutions of Np(V) (A) and of Np(V)
sorption complexes on gibbsite (B,C) in the spectral region of the
ν3(NpO2) mode. Normalized spectra of aqueous Np(V) solutions in
inert gas atmosphere (A, gray trace) and containing atm. equivalent
added carbonate (AEC) (A, black trace). Spectra of the sorption
complexes of Np(V) on amorphous Al(OH)3 (B) and crystalline
gibbsite (C) under inert gas conditions (N2) and in D2O medium
containing AEC ([Np(V)]init. = 50 μM, 0.01 M NaCl, pH 7.5, sorption
time: 60 min). Spectra in (B) and (C) are equally scaled (1.0 mOD/
tick). Indicated values are in cm−1.
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Thermodynamic data may be insufficient due to extrapolation
of potentiometric results from the millimolar to the micromolar
range, thus producing misleading speciation calculations.
The extent of the frequency shift of the ν3(NpO2) mode

most probably reflects the formation of the NpO2CO3
− species.

This assignment is corroborated by the relatively large complex
formation constant found for this Np(V) carbonato species,
whereas Np(V) complexes with other common inorganic
ligands, such as OH−, SO4

2−, PO4
3−, or F−, show considerably

lower values.8,28 In addition, from carbonato complexes of the
uranyl(VI) ion, a linear correlation between the number of
ligands and the calculated frequency of the ν3 mode is derived
corresponding to a decrease of ∼24 cm−1 for each additional
carbonato ligand.31 Assuming that the extent of the frequency
shift is similar for both actinyl ions, the frequency of the
ν3(NpO2) mode observed in the spectrum of the aqueous
carbonato species can be attributed to a 1:1 complex, that is,
NpO2CO3

−. With respect to the discrepancies found for the
calculated speciation and the spectroscopic findings, it has to be
noted that contributions from further Np-carbonato species to
the spectrum shown in Figure 1A (black trace) cannot be
completely ruled out.
Vibrational Spectroscopy of in Situ Sorption of Np(V)

On Amorphous Al(OH)3 and Gibbsite. The sorption
processes were induced at an initial Np concentration of 50
μM. Under the prevailing conditions, after sorption times of
about 60 min no further spectral changes were observed. The
time-resolved spectra are characterized by increasing band
amplitudes reflecting the proceeding formation of surface
complexes with ongoing sorption (see Figure S2, Supporting
Information). Since all spectra show no change of the band
positions or of their shapes with time, only the spectral regions
of the ν3(NpO2) mode (Figure 1B,C) and the ν3(CO3) modes
(Figure 2A,B) obtained at the end of the sorption processes are
representatively considered here. The spectral region between
1200 and 1000 cm−1 is characterized by strong vibrational
modes of the solid phases (see Figure S2, Supporting
Information). As these bands are generally less specific and

cannot be accurately assigned to distinct molecular functional
groups, a detailed interpretation cannot be given here.
The sorption species of the neptunyl moiety are mainly

reflected by the ν3(NpO2) mode in the spectral range below
850 cm−1. For the sorption experiments performed on
amorphous Al(OH)3 (Figure 1B) and crystalline gibbsite
(Figure 1C), the bands representing this mode are observed
at 789 and 784 cm−1, respectively, regardless of the prevailing
atmospheric conditions. Thus, the formation of similar sorption
complexes can be suggested in the absence or presence of
carbonate ions. It has to be noted that in the spectra of the
gibbsite phase an additional band around 935 cm−1 is observed
(Figure 1C and Figure S2B, Supporting Information). This
band can be most likely assigned to a surface mode of the solid
phase contributing to the sorption spectra.19 Again, a detailed
interpretation of such modes on a molecular level can not be
given today.
In comparison to the fully hydrated neptunyl ion (Figure 1A,

gray trace), the frequencies of the ν3(NpO2) mode is lowered
by about 31 and 36 cm−1 (see Table 1). These extensive shifts
suggest strong interactions of the actinyl ions with the gibbsite
surface as it is expected for inner sphere complexation. This
assumption is obviously corroborated by the spectra recorded
during flushing the mineral film with blank electrolyte solution
subsequently to the sorption procedure. No significant release
of actinyl surface species can be derived from these spectra (see
Figure S2A, Supporting Information). Moreover, an outer
sphere coordination of the neptunyl ions is expected to
generate a less extended shift of the ν3(NpO2) mode under
inert gas conditions and, in addition, a significant release of
surface species during the flushing step as was previously
observed for outer sphere complexes.21 Furthermore, the
suppression of outer sphere complexation in sorption studies
of U(VI) and Se(VI) was revealed by an increase of the ionic
strength of the electrolyte in the in situ IR sorption
experiments.4,18,21 Hence, a series of Np(V) sorption experi-
ments on gibbsite was performed at different ionic strengths
ranging from 0.01 to 2 M (NaCl). The spectra did not show
any correlation between band intensities in the sorption spectra
and the ionic strength of the electrolyte assuming that outer
sphere complexation is of minor relevance (Figure S3,
Supporting Information).
In the presence of atmospheric equivalent added carbonate

(AEC), the ν3(NpO2) modes of the sorption species are not
further shifted compared to those obtained in inert gas
atmosphere (Figure 1B,C). This is homologous with recent
results from ternary U(VI) carbonato complexes on ferrihydrite
where the uranyl ions form inner sphere surface complexes and
no impact of the carbonato ligand on the frequency of the
ν3(UO2) was observed.

20

For evaluation of the contribution of the carbonate ions to
the Np sorption complexes, a thorough investigation of the
vibrational modes of these anions was carried out. With respect
to the absorption properties of the solvent D2O providing
access to the spectral range below 800 cm−1, it is hardly feasible
to explore the spectral range of the carbonate modes between
1600 and 1200 cm−1 accurately. This is due to contributions of
slight HDO contaminations interfering in this frequency range
which cannot be completely avoided and which are hard to
reproduce. Consequently, sorption experiments of atmospheri-
cally derived CO2 on both phases, i.e., amorphous Al(OH)3 and
gibbsite, were performed in H2O solutions in the absence and

Figure 2. IR spectra of the sorption complexes of atmospherically
derived carbonate ions on amorphous Al(OH)3 (A) and gibbsite (B)
in the spectral region of the ν3(CO3) modes. Gray and black traces
represent the sorption spectra obtained in the absence (−Np) and
presence (+Np) of Np(V), respectively ([Np(V)]init. = 50 μM, 0.01 M
NaCl, pH 7.5, H2O, sorption time: 60 min). Spectra are equally scaled
(1.0 mOD/tick). Indicated values are in cm−1.
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presence of Np(V). Prior to that, the stationary phases were
prepared and equilibrated under inert gas conditions.
The sorption spectra obtained are displayed in Figure 2A and

B for amorphous Al(OH)3 and crystalline gibbsite, respectively.
Generally, the CO3

2− anion exhibits a doubly degenerated
stretching mode ν3 which is split into an antisymmetric (ν3,as)
and a symmetric (ν3,s) mode upon coordination to a central
metal atom or to surfaces.32 In the absence of Np(V), the
ν3,as(CO3) and ν3,s(CO3) modes representing surface-coordi-
nated carbonate anions are observed at 1500 and 1421 cm−1 on
amorphous Al(OH)3 (Figure 2A, gray trace) as previously
reported.19 In contrast, on gibbsite, the respective spectrum
demonstrates that no sorption complexes of carbonate ions are
formed (Figure 2B, gray trace). This is in agreement to earlier
vibrational spectroscopic results obtained from batch samples
where gibbsite was found to be less reactive with bicarbonate
and carbonate.32 In analogy to our work, no sorption species of
carbonate anions on gibbsite were observed at carbonate or
bicarbonate concentrations below 0.1 M.32 The lower reactivity
of gibbsite is most probably due to a limited number or to a
reduced accessibility of functional groups at the gibbsite surface.
In the presence of Np(V), bands representing sorbed

carbonate species are observed for both phases at 1495 and
1405 cm−1 (Figure 2, black traces). It is noteworthy that the
bands in the spectrum of the amorphous phase show
considerably greater band widths (Figure 2A, black trace).
This is obviously due to contributions of the two carbonate
surface species observed at 1500 and 1421 cm−1 and at 1495
and 1405 cm−1 on amorphous Al(OH)3 in the absence and
presence of Np(V), respectively (see Table 1).
The spectral splitting of the ν3(CO3) modes (Δν) observed

for metal complexes correlates with the polarizing power of the
central cation and, therefore, generally serves as a reference
value for the character of coordination of the anion not only to
metal ions but also to surfaces. For monodentate coordination,
Δν values of about 100 cm−1 were found, whereas for bidentate
coordination Δν values in the range of 300 cm−1 were
observed, which may increase to more than 400 cm−1 for
bridging structures. These values were derived from well-known
structures of transition metal complexes33 and were recently
reproduced by quantum-chemical calculations of mineral
surfaces.34,35 In the case of actinyl cations, the Δν values are
considerably reduced due to the reduced polarizing power of
the actinyl moiety. For instance, for the well characterized
aqueous UO2(CO3)3

4− complex a Δν value of ∼125 cm−1 is
observed representing a relative small value for a bidentate
coordination.29 Hence, an unequivocal assignment to a distinct
coordination of the carbonate ion to the neptunyl moiety, that

is, mono- or bidentate, based on the Δν value of 90 cm−1

observed for the Np surface complex on crystalline gibbsite
(Figure 2B) might not be feasible. However, assuming that this
surface species represents a ternary Np carbonato surface
complex, a monodentate coordination of the ligand to the
actinyl moiety is hardly conceivable because carbonate ions
generally coordinate in a bidentate manner to actinyl
ions.11,36,37 The small Δν value observed might be related to
intrinsic properties of the pentavalent NpO2

+ ion and of the
gibbsite surface as well.
In summary, the IR spectroscopic results strongly suggest the

formation of inner sphere neptunium surface complexes on
gibbsite in the circumneutral pH range. The inner sphere
coordination is derived from the extensive frequency shift of the
ν3(NpO2) mode upon sorption in inert gas atmosphere, the
insignificant release of sorption species during the flushing step,
and the absent impact of the ionic strength on the sorption
processes. The frequency of the ν3(NpO2) mode of this surface
species is obviously dominated by the interactions of the
neptunyl moiety with functional groups of the gibbsite surface,
because spectral changes of the surface complexes are not
observed in spite of the formation of ternary neptunyl
carbonato surface complexes. The ternary surface species are
clearly evidenced by the spectral characteristics of the ν3(CO3)
modes particularly from the experiments on crystalline gibbsite
(Figure 2B).

X-ray Absorption Spectroscopy of Batch Samples.
Complementary information on the surface species on an
atomic scale can be achieved from EXAFS spectroscopy. Batch
samples with an initial Np(V) concentration of 3 μM were
prepared in the presence and absence of atmospherically
derived carbonate (Table 2).
In Figure 3, the EXAFS spectra (inset) and the respective

Fourier transformation (FT) are shown (black traces). The
corresponding fits are also displayed (gray traces). From the
results, a slight spectral change, labeled as “C” in Figure 3, is
observed with respect to atmospherically derived CO2. The
structural parameters obtained are given in Table 2.
In the absence of carbonate, the environment of Np(V)

consists of 2 Oax. at 1.84 Å and 5 Oeq. at 2.46 Å. These atomic
distances correspond well with literature data for aqueous
complexes38 and surface complexes of NpO2

+.38,39 The
remaining peak at around 3.5 Å can be fitted with one
aluminum atom at 3.48 Å indicating the formation of an inner
sphere bidentate complex. This Np-metal distance was also
found for an inner sphere bidentate Np(V) complex on
hematite by Arai et al.39

Table 1. Vibrational Frequencies of the ν3(NpO2) and ν3(CO3) Modes Observed for Aqueous (aq.) and Surface Species on
Amorphous Al(OH)3 and Crystalline Gibbsite

sample ν3(NpO2) (cm
−1) ν3,as/ν3,s(CO3) (cm

−1) assigned species ref.

aq.; ambient atm. (pH < 6) 818 − NpO2
+ 4

aq.; inert gas (pH 7.5) 818 − NpO2
+ 4

aq.; AECa (pH 7.5) 796 n.d. NpO2CO3
− this work

am. Al(OH)3 (pH 7.5); ambient − 1500/1421 binary carbonato surface complex 19, this work
gibbsite (pH 7.5); ambient − − − this work
am. Al(OH)3 (pH 7.5); + Np(V); inert gas 789 − binary inner sphere surface complex this work
am. Al(OH)3 (pH 7.5); + Np(V); ambient or AECa 789 1495/1405 ternary inner sphere surface complex this work
gibbsite (pH 7.5); + Np(V); inert gas 784 − binary inner sphere surface complex this work
gibbsite (pH 7.5); + Np(V); ambient or AECa 784 1495/1405 ternary inner sphere surface complex this work

aAtmospheric equivalent added carbonate.
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In the presence of carbonate, the best fit is obtained with 2
Oax at 1.83 Å and 5 Oeq at 2.45 Å. The spectral feature labeled
as “C” in Figure 3 can be fitted with 2.05 C at 2.9 Å. In case of
U(VI) sorption complexes with ferrihydrite and gibbsite, it was
shown that the C signal contained an artifact which leads to an
overestimation by one C atom by the shell fit.19,40 If one
assume for Np(V) sorption complexes a similar situation, then
the coordination number of carbonate may also be over-
estimated by one carbon atom. Consequently, this may lead to
a final coordination number of one carbonato group.
Additionally, the peak at 3.42 Å can be attributed to one
aluminum atom supporting the postulation of an inner sphere
bidentate Np-carbonato complex formed at the gibbsite surface.

The results obtained from EXAFS spectroscopy are
consistent with the conclusions of the formation of inner
sphere complexes derived from vibrational spectroscopic data.
The values of the interatomic distances and coordination
numbers, which are in concordance with those found for inner
sphere bidentate complexation on hematite,39 strongly suggest
that the neptunyl ion forms bidentate surface complexes on
Al(OH)3. Moreover, in the presence of atmospherically derived
CO2, the EXAFS spectra strongly suggest the formation of a
Np(V)-carbonato surface species. The value of RNp−C of ∼2.92
Å fit well with values obtained for the aqueous species like
NpO2CO3

−.36 This implies a bidentate coordination of the
carbonate ligand also for the surface complex. As further
interatomic distances for Np−C and Np−Al can be derived
from the EXAFS spectra, and as strongly suggested from IR
spectroscopic data, the formation of an inner sphere bidentate
Np(V) carbonato surface complex on the Al(OH)3 surface is
most likely.
The results of the present study provide detailed molecular

information of the Np(V) sorption species on amorphous
Al(OH)3 and crystalline gibbsite obtained by in situ ATR FT-IR
and EXAFS spectroscopy in the circumneutral pH range. The
results consistently demonstrate the formation of mononuclear
inner sphere bidentate complexes of the NpO2

+ ion irrespective
of the prevailing atmospheric condition. In particular, from
vibrational data the impact of the presence of atmospheric
equivalent added carbonate on the speciation in solution and
on the surfaces becomes evident. While the 1:1 carbonato
species (NpO2CO3

−) is predominant in solution, it is most
likely that this species is sorbed onto the gibbsite surface as an
inner sphere ternary surface complex where the NpO2

+ moiety
is directly coordinated to the functional groups of the gibbsite’s
surface (Figure 4).

The results presented in this work are of relevance for the
assessment of the migration behavior of neptunyl ions in
groundwater systems. At near neutral pH values, where gibbsite
shows the lowest solubility in aqueous medium implicating a
high thermodynamic stability,41 it can be suggested that Al-
hydroxides effectively retard the dissemination of neptunyl ions
in water-bearing host rocks. Independent of the atmospheric
conditions and the crystallinity of the gibbsite phase, the
formation of inner sphere Np(V)-complexes has to be
considered.

■ ASSOCIATED CONTENT
*S Supporting Information
Diagram of the calculated aqueous speciation of 50 μM Np(V)
in ambient atmosphere, full range (time-resolved) mid-IR
spectra of the Np(V) sorption and desorption processes on
amorphous Al(OH)3 and crystalline gibbsite, and IR spectra of
Np(V) sorption processes on amorphous gibbsite performed at

Table 2. Experimental Parameters of Batch Samples Used
for EXAFS Spectroscopya

Atmosphere: inert gas ambient
Initial concentration (μM): 3 3
Surface loading (mg/kg): 139 121

Atom Parameter

Oax R (Å)b 1.840(6) 1.836(6)
σ2 • 103 (Å2)c 8.3(6) 7.3(5)
CNd 2* 2*

Oeq R (Å)b 2.460(8) 2.450(9)
σ2 • 103 (Å2)c 12.0(7) 10.0(6)
CNd 5.0* 5.0*

C R (Å)b 2.92(1)
σ2 • 103 (Å2)c / 3.0*
CNd 0.8(3)g

Al R (Å)b 3.48(2) 3.43(2)
σ2 • 103 (Å2)c 5.0(6) 5.0f

CNd 0.9(2) 0.9(2)
ΔE0 (eV)e −1.1(7) −1.6(9)

aTotal volume: V = 0.25 L; total mass Al(OH)3: m = 0.3 g; ionic
strength: I = 0.1 M (NaCl) and shell fit structural parameter for Np
LIII-edge EXAFS spectra. bAtomic distance. cDebye−Waller factor.
dCoordination number. eShift in threshold energy. fFixed during shell
fit procedure, CN ± 20%, R ± 0.02 Å, amplitude reduction factor S0 =
0.9. gValues correspond to fitted CN−1. Fitted k-range: 2.5−9.5 Å−1.
The standard deviations of the variable parameters as estimated by
EXAFSPAK are given in parentheses.

Figure 3. Fourier transformation (black traces) of the EXFAS spectra
of the batch samples of Np(V) on amorphous Al(OH)3 with
corresponding fits (gray traces). Inset: EXAFS spectra (black traces)
and corresponding fits (gray traces).

Figure 4. Schemes of the proposed Np(V) binary (left) and ternary
(right) surface species on gibbsite.
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different ionic strengths. This material is available free of charge
via the Internet at http://pubs.acs.org.
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(6) Fröhlich, D. R.; Amayri, S.; Drebert, J.; Reich, T. Sorption of
neptunium(V) on Opalinus Clay under aerobic/anaerobic conditions.
Radiochim. Acta 2011, 99 (2), 71−77.
(7) Ikeda-Ohno, A.; Tsushima, S.; Takao, K.; Rossberg, A.; Funke,
H.; Scheinost, A. C.; Bernhard, G.; Yaita, T.; Hennig, C. Neptunium
carbonato complexes in aqueous solution: an electrochemical,
spectroscopic, and quantum chemical study. Inorg. Chem. 2009, 48
(24), 11779−11787.
(8) Maya, L. Hydrolysis and carbonate complexation of
dioxoneptunium(V) in 1.0 M NaClO4 at 25 °C. Inorg. Chem. 1983,
22 (14), 2093−2095.
(9) Neck, V.; Runde, W.; Kim, J. I. Solid-liquid equilibria of
neptunium(V) in carbonate solutions of different ionic strengths. 2.
Stability of the solid-phases. J. Alloys Compd. 1995, 225 (1−2), 295−
302.
(10) Runde, W.; Neu, M. P.; Clark, D. L. Neptunium(V) hydrolysis
and carbonate complexation: experimental and predicted neptunyl
solubility in concentrated NaCl using the Pitzer approach. Geochim.
Cosmochim. Acta 1996, 60 (12), 2065−2073.
(11) Clark, D. L.; Hobart, D. E.; Neu, M. P. Actinide carbonate
complexes and their importance in actinide environmental chemistry.
Chem. Rev. 1995, 95 (1), 25−48.
(12) Wu, T.; Amayri, S.; Reich, T. Neptunium(V) sorption onto
gibbsite. Radiochim. Acta 2009, 97 (2), 99−103.
(13) Del Nero, M.; Ben Said, K.; Made,́ B.; Clement, A.; Bontems, G.
Effect of pH and carbonate concentration in solution on the sorption
of neptunium(V) by hydrargilite: Application of the non-electrostatic
model. Radiochim. Acta 1998, 81 (3), 133−141.
(14) Del Nero, M.; Made,́ B.; Bontems, G.; Clement, A. Adsorption
of neptunium(V) on hydrargilite. Radiochim. Acta 1997, 76 (4), 219−
228.
(15) Li, W. J.; Tao, Z. Y. Comparative study on Np(V) sorption on
oxides of aluminum and silicon: effects of humic substance and
carbonate in solution. J. Colloid Interface Sci. 2003, 267 (1), 25−31.
(16) Tochiyama, O.; Yamazaki, H.; Mikami, T. Sorption of
neptunium(V) on various aluminum oxides and hydrous aluminum
oxides. Radiochim. Acta 1996, 73 (4), 191−198.
(17) Lefev̀re, G.; Noinville, S.; Fed́oroff, M. Study of uranyl sorption
onto hematite by in situ attenuated total reflection-infrared spectros-
copy. J. Colloid Interface Sci. 2006, 296 (2), 608−613.
(18) Müller, K.; Foerstendorf, H.; Meusel, T.; Brendler, V.; Lefev̀re,
G.; Comarmond, M. J.; Payne, T. E. Sorption of U(VI) at the TiO2 -

water interface: An in situ vibrational spectroscopic study. Geochim.
Cosmochim. Acta 2012, 76 (1), 191−205.
(19) Gückel, K.; Rossberg, A.; Brendler, V.; Foerstendorf, H. Binary
and ternary surface complexes of U(VI) on the gibbsite/water
interface studied by vibrational and EXAFS spectroscopy. Chem. Geol.
2012, 326, 27−35.
(20) Foerstendorf, H.; Heim, K.; Rossberg, A. The complexation of
uranium(VI) and atmospherically derived CO2 at the ferrihydrite-
water interface probed by time-resolved vibrational spectroscopy. J.
Colloid Interface Sci. 2012, 377 (1), 299−306.
(21) Jordan, N.; Foerstendorf, H.; Weiß, S.; Heim, K.; Schild, D.;
Brendler, V. Sorption of selenium(VI) onto anatase: macroscopic and
microscopic characterization. Geochim. Cosmochim. Acta 2011, 75 (6),
1519−1530.
(22) Jordan, N.; Ritter, A.; Foerstendorf, H.; Scheinost, A. C.; Weiß,
S.; Heim, K.; Grenzer, J.; Mücklich, A.; Reuther, H. Adsorption
mechanism of selenium(VI) onto maghemite. Geochim. Cosmochim.
Acta 2013, 103, 63−75.
(23) Glasoe, P. K.; Long, F. A. Use of glass electrodes to measure
acidities in deuterium oxide. J. Phys. Chem. 1960, 64 (1), 188−190.
(24) Adekola, F.; Fed́oroff, M.; Geckeis, H.; Kupcik, T.; Lefev̀re, G.;
Lützenkirchen, J.; Plaschke, M.; Preocanin, T.; Rabung, T.; Schild, D.
Characterization of acid-base properties of two gibbsite samples in the
context of literature results. J. Colloid Interface Sci. 2011, 354 (1), 306−
317.
(25) George, G. N.; Pickering, I. J. EXAFSPAK: A Suite of Computer
Programs for Analysis of X-ray Absorption Spectra; Stanford Synchrotron
Radiation Laboratory: Stanford, CA, U.S.A., 1995.
(26) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, S. D. Real-
space multiple-scattering calculation and interpretation of X-ray-
absorption near-edge structure. Phys. Rev. B 1998, 58 (12), 7565−
7576.
(27) Wolery, T. EQ3/6: A software package for geochemical
modelling of aqueous systems: Package overview and installation
guide. In Technical Report UCRL-MA-10662 PT I ed., 1992; Lawrence
Livermore National Laboratory.
(28) Guillaumont, R.; Fanghan̈el, T.; Fuger, J.; Grenthe, I.; Neck, V.;
Palmer, D. A.; Rand, M. H., Update on the Chemical Thermodynamics of
Uranium, Neptunium, Plutonium, Americium and Technetium, 1st ed.;
Elsevier: Amsterdam, 2003; p 970.
(29) Müller, K.; Brendler, V.; Foerstendorf, H. Aqueous uranium(VI)
hydrolysis species characterized by attenuated total reflection Fourier-
transform infrared spectroscopy. Inorg. Chem. 2008, 47 (21), 10127−
10134.
(30) Müller, K.; Foerstendorf, H.; Tsushima, S.; Brendler, V.;
Bernhard, G. Direct spectroscopic characterization of aqueous
actinyl(VI) species: a comparative study of Np and U. J. Phys. Chem.
A 2009, 113 (24), 6626−6632.
(31) Tsushima, S. On the “yl” bond weakening in uranyl(VI)
coordination complexes. Dalton Trans. 2011, 40 (25), 6732−6737.
(32) Su, C. M.; Suarez, D. L. In situ infrared speciation of absorbed
carbonate on aluminum and iron oxide. Clays Clay Mineral. 1997, 45
(6), 814−825.
(33) Busca, G.; Lorenzelli, V. Infrared spectroscopic identification of
species arising from reactive adsorption of carbon oxides on metal-
oxide surfaces. Mater. Chem. 1982, 7 (1), 89−126.
(34) Bargar, J. R.; Kubicki, J. D.; Reitmeyer, R.; Davis, J. A. ATR-
FTIR spectroscopic characterization of coexisting carbonate surface
complexes on hematite. Geochim. Cosmochim. Acta 2005, 69 (6),
1527−1542.
(35) Hausner, D. B.; Bhandari, N.; Pierre-Louis, A. M.; Kubicki, J. D.;
Strongin, D. R. Ferrihydrite reactivity toward carbon dioxide. J. Colloid
Interface Sci. 2009, 337 (2), 492−500.
(36) Clark, D. L.; Conradson, S. D.; Ekberg, S. A.; Hess, N. J.; Neu,
M. P.; Palmer, P. D.; Runde, W.; Tait, C. D. EXAFS studies of
pentavalent neptunium carbonate complexes. Structural elucidation of
the principal constituents of neptunium in groundwater environments.
J. Am. Chem. Soc. 1996, 118 (8), 2089−2090.

Environmental Science & Technology Article

dx.doi.org/10.1021/es4034183 | Environ. Sci. Technol. 2013, 47, 14418−1442514424

http://pubs.acs.org
mailto:foersten@hzdr.de


(37) Clark, D. L.; Conradson, S. D.; Ekberg, S. A.; Hess, N. J.;
Janecky, D. R.; Neu, M. P.; Palmer, P. D.; Tait, C. D. A multi-method
approach to actinide speciation applied to pentavalent neptunium
carbonate complexation. New J. Chem. 1996, 20 (2), 211−220.
(38) Combes, J. M.; Chisholm-Brause, C. J.; Brown, G. E.; Parks, G.
A.; Conradson, S. D.; Eller, P. G.; Triay, I. R.; Hobart, D. E.; Meijer, A.
EXAFS spectroscopic study of neptunium(v) sorption at the α-
FeOOH water interface. Environ. Sci. Technol. 1992, 26 (2), 376−382.
(39) Arai, Y.; Moran, P. B.; Honeyman, B. D.; Davis, J. A. In situ
spectroscopic evidence for neptunium(V)-carbonate inner-sphere and
outer-sphere ternary surface complexes on hematite surfaces. Environ.
Sci. Technol. 2007, 41 (11), 3940−3944.
(40) Rossberg, A.; Ulrich, K. U.; Weiß, S.; Tsushima, S.; Hiemstra,
T.; Scheinost, A. C. Identification of uranyl surface complexes on
ferrihydrite: advanced EXAFS data analysis and CD-MUSIC modeling.
Environ. Sci. Technol. 2009, 43 (5), 1400−1406.
(41) May, H. M.; Helmke, P. A.; Jackson, M. L. Gibbsite solubility
and thermodynamic properties of hydroxy-aluminum ions in aqueous-
solution at 25 °C. Geochim. Cosmochim. Acta 1979, 43 (6), 861−868.

Environmental Science & Technology Article

dx.doi.org/10.1021/es4034183 | Environ. Sci. Technol. 2013, 47, 14418−1442514425













































    





















































         
























































        


































 






























     



























 
























