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The sorption of pentavalent neptunium, Np(V), on corundum (a-Al2O3) was investigated in the absence
and presence of trivalent europium or gadolinium as a competing element under CO2-free conditions. The
objective of this study was to investigate how a trivalent metal ion with a higher charge than that of the
neptunyl(V) ion would affect the sorption of Np(V) when allowed to adsorb on the mineral surface before
the addition of Np(V). Batch sorption experiments conducted as a function of pH (pH-edges) and as a
function of Np(V) concentration (isotherms) in the absence and presence of 1 � 10�5 M Eu(III) showed
no sign of Eu being able to block Np sorption sites. Surface complexation modelling using the diffuse dou-
ble layer model was applied to the batch data to obtain surface complexation constants for the formed Np
(V) complexes on corundum. To account for potential changes occurring in the coordination environment
of the neptunium ion in the presence of a trivalent lanthanide, X-ray absorption spectroscopy (XAS) mea-
surements were carried out on the samples containing only Np(V) and Np(V) + Gd(III). The results reveal
the presence of a bidentate Np(V) edge-sharing complex on the corundum surface in the absence of Gd
(III), while the coordination environment of Np(V) on the corundum surface could be changed when Gd
(III) is added to the sample before the sorption of Np(V).
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1. Introduction

In many countries the final disposal of spent nuclear fuel (SNF)
in different geological host rock formations, such as clay, salt, and
crystalline rock, will take place during the next few decades, start-
ing in Finland from 2020. To account for the safety of these SNF
repositories various radionuclide (RN) release scenarios and the
subsequent transport of RNs by ground water or their retention
on solid surfaces have to be considered. RN uptake studies, where
sorption distribution coefficients (Kd or Rd values) onto essential
metal retaining surfaces present in the near- and far fields of the
candidate host rock formations are determined, are often con-
ducted using a single element at a time. In reality, however, there
is a wide variety of other dissolved radioactive and stable elements
in different concentrations present that could compete for mineral
surface sites and, thus, affect the extent of retardation of the
radionuclides released from the SNF over time. The understanding
of competitive sorption reactions and their causes is vital when
drawing conclusions about complex environmental systems, such
as the sorption of radionuclides in bedrock [1,2], which is of impor-
tance when assessing nuclear waste disposal safety. Despite this,
only a limited amount of literature is available on RN sorption
competition reactions on solid surfaces.

In competitive sorption investigations by Bradbury and Baeyens
[3],metal ion competition for sorption sites onmontmorillonitewas
found to occur when two metals with the same oxidation state and
similar hydrolysis behavior were present simultaneously in the
montmorillonite suspension. The authors found that trivalent met-
als Eu(III), Nd(III) and Am(III) show clear competitive effects when
added together, as doNi(II), Co(II) andZn(II).When introducingmet-
als with different oxidation states, however, no competitive behav-
ior for the montmorillonite surface could be detected. For example
Co(II) or Zn(II) at different concentrations was not found to affect
the sorption of Eu(III), suggesting that sorption competition is selec-
tive and that different surface sites are responsible for the uptake of
metal ions with different chemistries. In agreement with the study
by Bradbury and Baeyens, Trivedi et al. [4] observed the competition
betweenNi(II) and Zn(II) on goethite at pH 5–7when the totalmetal
ion concentrationwas close to surface site saturation. At lowermetal
concentrations,when thegoethite sorptionsiteswerenot fullyoccu-
pied, no competition was found between both metals. This implies
that at least the sorption of Ni(II) and Zn(II) is taking place on the
same goethite surface sites. Also Heidmann et al. [5] observed a
decrease in the Cu(II) uptake by illite in the presence of Pb(II). A sim-
ilar observation was done by Christl and Kretzschmar [6], who
showed that Pb(II) reduces the sorption of Cu(II) on hematite. How-
ever, interestingly the effect of Cu(II) on Pb(II) adsorption was not
equally strong, suggesting that there could be other factors influenc-
ing sorption competition of metals than the oxidation state alone. A
study by Soltermann et al. [7] investigating the competitive uptake
of Fe(II) and Zn(II) by montmorillonite also contradicts the theory
of BradburyandBaeyens. Soltermannet al. [7] found that Fe(II) influ-
ences the sorptionof Zn(II) in the trace concentration range,whileZn
(II) has no influence at all on Fe(II) despite their identical oxidation
states. The lack of competition was explained by the oxidation of
Fe(II) to Fe(III), that has ahigher affinity towards the surface sorption
sites on montmorillonite compared to Zn(II). This hypothesis of
Soltermann et al. [7] would imply that metals with stronger com-
plexation strengths for solid surfaces would be able to take over or
block some of the surface sites from the metal that is more weakly
complexed onto the surface. However, competition betweenmetals
with different complexation strengths does not agree with the
results obtained by Bradbury and Baeyens [3], implying that the
uptake behavior of metals in the presence of competing elements
is rather intricate and in general not a verywell understood process.
In the present study sorption competition on the aluminum
oxide mineral corundum has been investigated from the perspec-
tive of the relatively mobile pentavalent Np(V) ion in the presence
of trivalent lanthanide (Ln) ions Eu(III) and Gd(III), taken as ana-
logues for the trivalent actinides Pu(III), Am(III), and Cm(III). Nep-
tunium is a relevant radionuclide to be considered in safety
assessments of the final disposal of SNF. Because of its long half-
life (2.144 � 106 years), 237Np will be one of the most important
dose affecting radionuclides in SNF after 1 � 105 years [8]. Under
reducing final disposal conditions, Np is expected to exist as poorly
soluble Np(IV) in the nuclear waste matrix. In contact with oxic
groundwater, however, Np may be oxidized to Np(V) with a signif-
icantly higher solubility in comparison to other actinides.

The trivalent actinides are rather soluble (depending on pH),
but they show a strong complexation for solid surfaces in the cir-
cumneutral to alkaline pH range (e.g. [9–12]), which reduces their
mobility in the geosphere. The general tendency for hydrolysis and
complex formation of actinides follows the order An4+ > AnO2

2+ >
An3+ > AnO2

+ [13,14]. Furthermore, the strength of hydrolysis of
the sorbing metal has been shown to directly affect the surface
complexation strength: a linear correlation between the aqueous
hydroxide species of various actinides and their corresponding sur-
face complexation constants has been observed in e.g. Bradbury
and Baeyens [2], for montmorillonite and in Dzombak and Morel
[15], for hydrous ferric oxides. Thus, we expect that trivalent lan-
thanide analogues used in the present study would form stronger
surface complexes on corundum in comparison to Np(V), and
therefore to possibly influence the complexation of Np(V) on the
mineral surface. Corundum (a-Al2O3) was chosen for this study
since the surface structure of the oxide is relatively simple and well
characterized, consisting of Al–OH groups that act as sorption sites
for the actinides.

To account for potential sorption competition reactions
between Np(V) and Ln(III) in the present study, the macroscopic
Np(V) sorption behavior on corundum as a function of pH (pH-
edges) and Np(V) concentration (isotherms) has been investigated
both in the absence and presence of competing Eu(III). Surface
complexation modelling (SCM) has been applied to the batch sorp-
tion data to obtain surface complexation constants for Np(V) on
corundum and to help interpreting the experimental batch sorp-
tion data. To shed light on microscopic sorption processes, such
as changes in the Np(V) surface speciation or its coordination
geometry in the presence/absence of Ln(III), X-ray absorption spec-
troscopy (XAS) was performed on the samples containing Np(V)
with and without Gd(III) as a representative of Ln(III).

2. Materials and methods

2.1. Corundum characterization

Commercially available corundum, a-Al2O3 (from Taimei
Chemicals, Tokyo, Japan, Taimicron TM-DAR) was used in the
experiments. X-ray powder diffraction (XRD) analysis using the
PANalytical X’Pert PRO multipurpose X-ray diffractometer con-
firmed the material to be alpha phase corundum and no impurities
were found. The specific surface area of the mineral has previously
been determined to be 14.5 m2/g with the N2-BET technique [12].
The particle size and shape of the material was determined with
field emission scanning electron microscope (FESEM). The spheri-
cal particles showed a homogenous particle size distribution with
the size ranging from 100 nm to 200 nm. The isoelectric point (IEP),
i.e. the pH value where the electrokinetic charge of the surface is
zero, of the corundum particles was determined by measuring
the n-potential (Malvern Zetasizer Nano) of the mineral as a
function of pH. The n-potentials were measured in three different
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solutions; MilliQ-water, 0.01 M NaClO4 and 0.1 M NaClO4 using a
mineral concentration of 1.0 g/l. The IEP of the corundum was
found to be at pH 9.7 (see supporting information Fig. SI1). The
potentiometric titrations were carried out by Metrohm 907
Titrando. The additions of 5 mM acid solution were done in small
increments controlled by a Metrohm software and the pH was
measured two minutes after addition of titrant. The titration was
started from a basic starting pH and the initial suspension in
0.01 M NaClO4 was equilibrated overnight under humidified argon.
During the titration a stream of humidified argon was flowing over
the suspension to minimize intrusion of carbon dioxide. Initial
solid content was 9.6 g/l in 50 ml of electrolyte solution. The rela-
tive surface charge density r (C/m2) was calculated from the raw
data by subtracting the blank. The independently measured iso-
electric point was used to transfer the relative to absolute surface
charge densities. The surface titration data were fitted using Dif-
fuse Double-Layer model, see supporting information for more
details.

It is well known, that the surface of aluminum oxides can
change during the hydration process when mineral is contacted
with aqueous solutions [16]. Thus, the corundum suspension was
always freshly prepared from dry powder for batch experiments
to avoid unnecessary aging of the mineral suspension and modifi-
cations of the surface. In the surface complexation modelling (dis-
cussed later in the text) the surface of corundum is considered to
consist of Al–OH groups that protonate or deprotonate, depending
of the pH.

2.2. Chemicals

All sorption and speciation investigations were performed in a
glove box, under nitrogen atmosphere, to exclude the formation
of metal-carbonato-complexes on the mineral surface or in solu-
tion that could affect the uptake of the metals by the corundum
mineral. The neptunium experiments were performed with a
237Np-tracer that was confirmed to be Np(V) by UV–VIS prior to
the experiments. The europium stock solution used in the batch
sorption investigations was either prepared by dissolving EuCl3 � 6
H2O in 0.01 M HClO4, or by diluting a commercial Eu 1000 ppm
standard to the desired concentration. The gadolinium stock solu-
tion for XAS measurements was prepared from GdCl3 � 6 H2O sim-
ilarly to the Eu(III) stock solution. TRIS (tris(hydroxymethyl)
aminomethane) and CHES (N-Cyclohexyl-2-aminoethanesulfonic
acid) buffers (concentration 0.01 M) were used in isotherm and
kinetic experiments to stabilize the suspension pH at pH 8 and
pH 9, respectively. Buffers were not found to affect the metal ion
complexation. All the experiments were performed in 10 mM
NaClO4 solutions and NaOH and HClO4 were used for pH adjust-
ments. All chemicals were carbonate free and at least of analytical
grade.

2.3. Batch sorption experiments

The experimental conditions in terms of mineral concentration
from 0.5 g/l to 5.0 g/l and equilibration time from 1 to 14 days were
optimized by investigating the uptake of 10�6 M Np(V) and Eu(III)
as a function of corundum concentration or as a function of equili-
bration time, respectively, at a constant pH of 8 in 0.01 M NaClO4.
Based on these investigations the pH-dependent Np(V) uptake
experiments and the Np(V) isotherm experiments as a function
of Np(V) concentration in the absence and presence of Eu(III) as
competing metal were performed at two solid concentrations of
0.5 g/l and 5 g/l using an equilibration time of one week, as will
be explained later.

The pH-dependent sorption investigations in the absence of Eu
(III) were performed with initial Np(V) concentrations of
1 � 10�9 M, 1 � 10�6 M and 1 � 10�5 M in 0.01 M NaClO4. After
Np(V) addition to the corundum suspension the pH was adjusted
within the pH-range 3–12 using 0.01–0.1 M HClO4 or NaOH. The
samples containing the competing metal Eu (1 � 10�5 M) were
prepared by adding Eu(III) to the corundum suspension in a first
step at low pH, followed by pH adjustment of the samples to the
desired pH-value (slow increase of pH to avoid precipitation). After
an equilibration time of 2 days 10�9 M or 10�6 M Np(V) was added
to the samples and the pH was readjusted to correspond to the val-
ues before Np(V) addition. After equilibration (one week), the
phase separation was done by centrifugation, either with an
ultracentrifuge at 90,000 rpm or at 6,000 rpm for one hour and
the supernatant was used for measuring aqueous Np(V) and Eu
(III) concentrations. Np isotherms were done in TRIS or CHES-
buffered solutions at approximately pH 8 and 9. Isotherm samples
were prepared similarly to the pH-edge samples described above,
except the initial Np concentration was varied between
2.5 � 10�10 M and 5 � 10�6 M.

Inductively coupled plasma-mass spectrometry (ICP-MS) was
used for determination of the low concentration Np samples and
liquid scintillation counting (LSC) was used for the samples with
higher concentration. The concentrations of Eu and Gd were deter-
mined from the supernatants by ICP-MS.

2.4. X-ray absorption spectroscopy - sample preparation and
measurements

For XAS measurements, Gd(III) was employed as a competing Ln
(III) instead of Eu(III), in order to avoid potential reduction of Eu(III)
to Eu(II) by the strong irradiation of synchrotron X-rays. Two
corundum (5.0 g/l) suspension samples were prepared in 240 ml.
In the first sample an initial Gd concentration of 2 � 10�5 M was
added to the mineral suspension. To avoid precipitation of Gd
(OH)3 from oversaturated solutions when increasing the pH of
the suspension, the pH adjustment was done very slowly over
several days until the desired pH of 9 was reached. Thereafter,
the sample was equilibrated for one day before addition of
2 � 10�5 M Np and the pH was readjusted to 9. As discussed later,
the batch experiment showed that the sorption of 1 � 10�5 M Np
(V) is significant only above pH 8.5, thus pH 9 was chosen for
XAS samples to ensure the sufficient sorption of Np(V) onto the
mineral surface. In the second sample, an initial Np concentration
of 4 � 10�5 M was used and the pH of the suspension was adjusted
to pH 9. After Np addition, both samples were equilibrated in a
shaker for at least two days before centrifugation at 6,000 rpm.
The supernatant was decanted and the samples were placed in
Teflon sample holders as a wet paste, which were sealed in the
N2-glove box, frozen, and stored in liquid nitrogen until the mea-
surement. The equilibrium concentrations of Np and Gd in the
solutions were determined by LSC and ICP-MS, respectively.
Around 100% of initial Gd(III) and 74% of Np(V) were adsorbed at
the corundum surface which corresponds to surface loadings of
700 mg/kg or 1,400 mg/kg of Np and 480 mg/kg of Gd.

XAS measurements were conducted at the Rossendorf beamline
(ROBL) at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. X-ray absorption spectra including both X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) regions were recorded at the
Np LIII-edge (17,610 eV) under dedicated ring operating conditions
of 6 GeV and 150–200 mA. A Si(1 1 1) double-crystal monochroma-
tor was used to monochromatize the incoming synchrotron X-rays.
The fluorescence spectra were collected with a 13-element Ge solid
state detector (Canberra) and ionization chambers. The measure-
ments were performed at 15 K with a cryostat in order to reduce
thermal noise and to avoid the radiation-induced reduction of
neptunium during the measurements. Energy calibration of the
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collected spectra was performed by the simultaneous measure-
ment of the absorption spectrum of yttrium foil (Y K-edge defined
as 17,038 eV). A minimum of four spectra were collected for each
sample, and the spectra were averaged for data analysis according
to standard procedures [17] with the software WinXAS, version 3.2
[18]. The threshold energy, Ek=0, was defined as the first inflection
point of the Np LIII-edge absorption edge. Theoretical fitting of the
extracted EXAFS spectra was performed both in the k- and R-
spaces. EXAFS theoretical phase and amplitude functions were cal-
culated by using the ab-initio code FEFF 8.20 [19]. The amplitude
reduction factor, S02, was fixed at 0.9, while the shifts in energy
threshold, DE0, were varied but constrained to be the same value
for all the shells. Detailed descriptions of EXAFS structure parame-
ters can be found in e.g. Bunker [20] and Newville [21]. For the
FEFF calculations a hypothetical structure of a Np(V) edge-
sharing sorption complex [22] was used.
2.5. Surface complexation modelling

Surface complexation modelling (SCM) of Np sorption on corun-
dum was based on the batch sorption results. For the fitting of the
data we applied the experimentally determined specific surface
area (14.5 m2/g [12]), surface protolysis constants determined by
potentiometric titrations within the Diffuse Double-Layer model
(DLM). For the surface site density we used the value recom-
mended by Davis and Kent [23], i.e. 2.31 nm�2. The selected model
is implemented in various geochemical codes. The modelling was
performed with PHREEQC version 3.1.7 [24] coupled with the
parameter estimation software UCODE 2005 [25]. Thermodynamic
parameters for aqueous speciation were taken from the NEA TDB
including its update [26,27].
Fig. 1. Sorption of 1 � 10�9, 1 � 10�6 and 1 � 10�5 mol/l Np on 5.0 g/l corundum as
a function of pH in 0.01 M NaClO4.
3. Results and discussion

3.1. Batch sorption investigations

3.1.1. Effect of solid/liquid ratio and the equilibration time on Eu(III)
and Np(V) sorption

Np sorption at three different mineral concentrations, 0.5, 2.0
and 5.0 g/l was studied at pH 8. Uptake of Np increased from 24%
to 76% with increasing mineral concentration, resulting in an aver-
age logKd of 2.76 ± 0.05 l/kg. For further batch sorption experi-
ments, corundum concentrations of 0.5 g/l and 5.0 g/l were
chosen. Eu sorption at varying mineral concentration could not
be accurately determined, due to the exceeding of the analytical
detection limits at pH 8 where (almost) quantitative sorption
occurs.

To estimate the surface saturation for the chosen mineral con-
centrations and at different metal ion concentrations, we used a
site density value of 2.31 nm�2, recommended by Davis and Kent
[23]. This value is an estimation that represents the surface sites
which can be protonated and be used for cation binding. Using this
approximation and assuming a monodentate complexation, we
achieve surface saturation of 36% and 3.6% for 1 � 10�5 M Eu on
0.5 g/l and 5.0 g/l corundum, respectively. For 1 � 10�5 M Eu
+ 1 � 10�6 M Np, corresponding to a total metal concentration of
1.1 � 10�5 M, we get surface loadings of 40% and 4% for 0.5 g/l
and 5.0 g/l corundum, respectively. Hence, at the higher mineral
concentration, 5.0 g/l, mineral surface sites are considered to be
sufficient and competitive sorption effects are less likely to happen.
However, at the lower mineral concentration, 0.5 g/l, the surface
loading is already substantial, and competition could occur.

Eu and Np sorption kinetics were tested by studying the sorp-
tion percentages of metals at different contact times with corun-
dum at pH 8 (see supporting information Fig. SI3). Equilibration
time of one week was found to be sufficient for both Eu and Np
to reach a steady-state in the batch experiments.
3.1.2. Sorption of Np(V) on corundum as a function of pH
In the batch sorption experiments the uptake of Np as a func-

tion of pH shifts to higher pH values when increasing the initial
Np concentration from 1 � 10�9 mol/l to 1 � 10�5 mol/l (Fig. 1).
The pH at 50% Np sorption (pH50%) for 1 � 10�9, 1 � 10�6 and
1 � 10�5 mol/l Np is at pH 6.9, 7.6 and 8.3, respectively. According
to Dzombak and Morel [15] and Davis and Kent [23] this kind of
pH-edge shift is linked to either saturation of available sorption
sites, steric/electrostatic effects, where the attached metal exerts
a repulsive force on metal ions remaining in solution, or due to
heterogeneity of the surface binding sites, i.e. the presence of mul-
tiple site types on the mineral surface. A similar shift in the Np pH-
edge would be expected if the competing metal added to the sys-
tem is bound to the same surface sites, or if these surface sites
are (partially) blocked by electrostatic effects caused by other
attached metal cations on the surface. However, if the competing
metal is binding more weakly compared to the other metal or if
both metals are binding on different sites, adsorption of the com-
peting metal has only a minor effect on the position of the pH-
edge [1]. Thus, based on these facts, in case Eu occupies the same
sorption sites as Np, we should see a shift in the Np pH-edge posi-
tion when adding 1 � 10�5 mol/l Eu before 1 � 10�9 mol/l Np.
Fig. 1 shows that for Np this shift is considerable when Np concen-
tration is increased (pH50% 6.9 for 1 � 10�9 mol/l Np, compared to
pH50% 8.3 for 1 � 10�5 mol/l Np). Conversely competitive sorption
experiments performed by adding 1 � 10�5 mol/l Eu to the suspen-
sion two days before the addition of 1 � 10�9 mol/l or 1 � 10�6



Fig. 2. Sorption of 1 � 10�9 mol/l (left) and 1 � 10�6 mol/l (right) Np on 0.5 g/l and 5.0 g/l corundum with and without 1 � 10�5 mol/l Eu added to the solution prior to Np
addition.
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mol/l Np (Fig. 2) show no change in the pH-edge position, and,
therefore no indication of a significant competition between Eu
and Np. This implies that Eu(III) and Np(V) are occupying different
sites on the corundum surface, since there is no noticeable compe-
tition even whenmore strongly sorbing Eu is allowed to occupy the
preferred surface sites before introducing Np to the suspension.

3.1.3. Sorption of Np(V) on corundum as a function of Np(V)
concentration

Investigating the sorption competition between Np and Eu at
varying Np concentrations and constant Eu concentration provides
information on potential competitive effects taking place at speci-
fic site types e.g. so called strong sites that are high affinity sites
with low abundance [2]. Bradbury and Baeyens [3] showed that
sorption competition of metals was mainly visible at a trace con-
centration level of the index metal together with a high concentra-
tion of the blocking metal (i.e. competing metal), since this is the
area where strong sites prevail. Following this idea, we investi-
gated the effect of concentration on the sorption competition by
varying the Np concentration at fixed Eu concentration and con-
stant pH and compared these results with Np sorption in the
Fig. 3. Sorption isotherms of Np on 5 g/l (left) and 0.5 g/l (right) corundumwith (open sym
Np addition at pH 8 and 9. Dashed line: sorption complexation modelling.
absence of Eu. In these experiments the initial Eu concentration
(1 � 10�5 M) was relatively high compared to initial Np concentra-
tion (2.5 � 10�10–5 � 10�6 M). Isotherms were performed at
pH � 8 and �9 for both mineral concentrations of 0.5 g/l and
5.0 g/l (Fig. 3). Isotherms for two mineral concentrations were plot-
ted in separate figures (Fig. 3, left and right), however, this was
done only for clarification, and the mineral concentration did not
affect the result.

Generally the shape of the isotherm may denote the number of
different surface site types taking part in the sorption process. Np
was found to behave ideally at low initial concentrations, where
the slope of the isotherm is one and only at higher concentrations
the slope is less than one. This might be explained either by satu-
ration/electrostatic effects at higher surface loadings or, alterna-
tively, non-linear sorption isotherms could also indicate the
existence of at least two different site types with different affinities
towards sorbing metals. Often these different site types are
referred to as strong and weak sites. Strong sites have high sorp-
tion affinity but low abundance compared to weak sites that have
high capacity but low sorption affinity, and, therefore, strong sites
can be regarded as responsible for metal sorption onto mineral
bols) and without (closed symbols) 1 � 10�5 mol/l Eu added to the solution prior to



Table 1
Surface reactions for Np(V) surface complexation modelling and optimized equilib-
rium constants.

Reaction logK�

�(s/w)AlOH + H+ M �(s/w)AlOH2
+

�(s/w)AlOHM �(s/w)AlO� + H+
6.85
�12.43

2�(s)AlOH + NpO2
+ + 3 H2OM ((�(s)AlO)2H) NpO2(H2O)3 + H+

2�(w)AlOH + NpO2
+ + 3 H2OM ((�(w)AlO)2H)NpO2(H2O)3 + H+

�0.97
�4.21

�(s)AlOH + NpO2
+ + 4 H2OM �(s)AlONpO2(H2O)4 + H+

�(w)AlOH + NpO2
+ + 4 H2OM �(w)AlONpO2(H2O)4 + H

�1.33
�4.67
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surfaces at trace concentrations [28,29]. When strong sites are sat-
urated, weak sites become operative. If sorption competition
occurs, a significant effect would be expected mainly at the con-
centration region where strong sites are important, i.e. at trace
Np concentrations, as discussed in the previous section. Since there
are no signs of competition even at high Np concentrations, where
both strong and weak sites should be active, we exclude any sorp-
tion competition effects of Eu(III) on Np(V) sorption at different
site types. One of the reasons why corundum was chosen for this
study is the simplicity of its structure (see SI for more information),
and the existence of Al–OH surface groups that are also present on
the surface of more complex aluminosilicates. However, alumi-
nosilicates, such as some clay minerals, with permanent negatively
charged surface planes (such as montmorillonite, illite and biotite),
might show different results for competitive sorption of metals.
The permanent structural charge also allows for cation exchange
at low pH, which should be favored by trivalent metals over
NpO2

+ due to the higher positive charge, and this difference needs
to be taken into account if these results are extended to more com-
plex surfaces.

3.2. Np(V) surface complexation modelling investigations

A bidentate inner-sphere surface complex of Np(V) on corun-
dum, spectroscopically identified in this study (see discussion later
in the text) was used as a basis for our surface complexation
model. Aluminol groups were treated as independent Al–OH
groups. For the fitting of the experimental pH-edge batch sorption
data with a solid/liquid ratio of 0.5 g/l and 5 g/l corundum and with
Np concentrations of 10�9, 10�6 and 10�5 M in 0.01 M NaClO4 solu-
tion, it was necessary to include the concept of strong and weak
binding sites as used by Dzombak and Morel [15]. The ratio of
strong binding sites was varied between 0.1 and 2% of total avail-
able sites. The best fit was obtained for 0.5% strong (�(s)AlOH) and
99.5% weak binding sites (�(w)AlOH). Thus, two logK values have
been obtained for the formation of the bidentate inner-sphere sur-
face complex (Eq. (1)). Aqueous complexation of Np(V) in CO2-free
conditions is discussed in detail in the supporting information. In
Eq. (1) only one of the two surface hydroxyl group involved in
the Np surface sorbed complex is assumed to be deprotonated.
However, modelling was also tested for a Np bidentate complex
with two deprotonated surface hydroxyl groups and release of
two protons (Fig. SI 6), resulting in a too steep pH dependent
uptake (at least at low metal ion concentrations where only strong
sites are involved).

2 � ðs=wÞAlOHþ NpOþ
2 þ 3H2O $

ðð� ðs=wÞAlOÞ2HÞNpO2ðH2OÞ3 þHþ ð1Þ
For comparison, we also considered modelling with monoden-

tate inner-sphere surface complexes (Eq. (2)), since it is widely
used in literature for Np sorption on aluminum and iron oxides
[30–32]. However, our spectroscopic investigations do not support
the formation of such monodentate complexes.

� ðs=wÞAlOHþ NpOþ
2 þ 4H2O $

ð� ðs=wÞAlOÞNpO2ðH2OÞ4 þHþ ð2Þ
Modelling was performed with the protolysis constants

obtained by potentiometric titrations. The protolysis constants
(pK1 = 6.85, pK2 = �12.43) give a calculated IEP of 9.64, which is
consistent with our experimentally determined IEP of 9.7 (see sup-
porting information). The equilibrium constants (logK� values) for
surface complexation reactions for Np obtained by surface com-
plexation modelling in this work are given in Table 1 and all the fit-
ting curves for the pH-edges are presented in supporting
information (Figs. SI 4–6). Modelling was tested for the isotherm
data, presented in Fig. 3, for the bidentate inner-sphere surface
complex with one deprotonated surface hydroxyl group, since this
model produced the best fit for pH-edge data. The obtained model
predicts reasonably well the uptake of Np at lower as well as
higher metal concentrations.

The ratio of strong and weak sorption sites (0.5 and 99.5%) is in
agreement with the earlier studies for iron oxide goethite [33]. The
sorption of Np(V) as a bidentate inner-sphere complex onto corun-
dum was also studied by Wang et al. [34]. Although they use a
bidentate inner-sphere surface complex, their model cannot
explain the shift of the experimentally obtained data points with
the solid-liquid ratio and the Np(V) concentration (see Fig. SI 7).
Wang et al. [34] also published models for the sorption of Np(V)
onto other aluminum-containing mineral phases than corundum,
c-Al2O3, boehmite (c-AlOOH) and gibbsite (c-Al(OH)3) but only
for corundum, a bidentate complex was assumed.

The suggested model, with bidentate Np surface complex with
one proton released from the surface, combines robustness, which
results from a wide range of experimental data, with a realistic
chemical speciation obtained by spectroscopic studies. However,
the fit of the used DLM to the experimental sorption data and to
the potentiometric titrations is not excellent, and a more complex
model might be needed to obtain a better fit for the experimental
results. The monodentate inner-sphere surface complex model also
resulted in a relatively good fit, but our spectroscopic results do not
support the formation of Np-monodentate complexes.
3.3. X-ray absorption spectroscopy and coordination geometry of
Np(V) on corundum

The k3-weighted Np LIII-edge EXAFS spectra of the corundum
samples and their corresponding Fourier transforms (FTs) are pre-
sented in Fig. 4. A summary of the obtained EXAFS structural
parameters is given in Table 2. A complete table of all the EXAFS
structural parameters obtained from theoretical fitting is provided
in Table SI 1 in the supporting information.

The noise level of the acquired EXAFS data was estimated by
checking the FT peak magnitude at the longer R range between
15 and 20 Å of the FT spectrum, as only random fluctuations are
expected in this longer R range and, hence, no significant signal
should be detectable (Fig. SI8) [35]. This means that only the peaks
above this noise level could be considered as meaningful signals to
acquire structural information.

For the theoretical fitting of the acquired EXAFS data, a biden-
tate edge-sharing (ES) Np(V) complex (Fig. 5) was presumed, in
analogy with the precedent studies by Elo et al. [36] and Gückel
et al. [22]. We used similar input parameters for the fitting of
our sample spectra as previously used in Elo et al. [36], investigat-
ing the sorption of 2 � 10�5 M Np(V) on 5 g/l of the identical
corundum mineral supplied by Taimei Chemicals, Tokyo, Japan,
Taimicron TM-DAR. The bond distances of Np–Oax and Np–Oeq cal-
culated for our present samples containing 4 � 10�5 M Np(V) are in
good agreement with those reported by Elo et al. [36] (Table SI 1).



Fig. 4. k3-weighted Np LIII-edge EXAFS spectra (left) and corresponding Fourier transforms (right) of corundum samples containing 4 � 10�5 M Np or 2 � 10�5 M Np and
2 � 10�5 M Gd at pH 9. Solid lines; experimental data, dashed lines; theoretical fitting. Phase shifts (D) are not corrected in the FTs.

Table 2
EXAFS structural parameters obtained for Np(V) sorbed on corundum. CN = coordi-
nation number, R = interatomic distance between the Np center and neighboring
atoms, r2 = Debye-Waller factor (i.e. thermal disorder of the scattered atoms),
DE0 = shift in threshold energy, S02 = amplitude reduction factor, R% = fitting residual.

Sample Shell CN R (Å) r2 (Å2) DE0 (eV) S02 R% (%)

4 � 10�5 M Np Np–Oax 2.0a 1.86 0.0018 4.96 0.9a 7.0
Np–Oeq 4.5 2.50 0.0075
Np–Al 1.66 3.39 0.012

2 � 10�5 M Np +
2 � 10�5 M Gd

Np–Oax 2.0a 1.86 0.0023 4.60 0.9a 12.3
Np–Oeq 4.3 2.49 0.0072
Np–Al 1.6 3.30 0.015

a Fixed parameters.

Fig. 5. Suggested structure of the Np surface edge-sharing complex on corundum
surface adapted from Gückel et al. [22].
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The Np–Oax and Np–Oeq distances of our samples are also well
comparable to the values reported by Gückel et al. [22] for a biden-
tate edge-sharing sorption complex of Np(V) on gibbsite at pH 7.5,
where the Np–Oax and Np–Oeq distances are 1.84 Å and 2.46 Å,
respectively. The weak but significant signal at R +D = 2.5–2.7 Å
(Fig. 4) can be assigned to the Np–Al single scattering (SS) path
[36], while another peak at around R +D = 3.2 Å could be assigned
to multiple scattering (MS) paths of the linear Oax–Np–Oax arrange-
ment [37]. Both paths were included in the fitting of the two Np(V)
containing samples. The Np–Al distances determined in our sam-
ples (3.30 and 3.39 Å) are comparable to that obtained by Elo
et al. [36] (3.38 Å), but significantly shorter than that reported
for Np(V) sorbed on gibbsite (3.48 Å) [22]. This suggests that our
data can be reasonably fitted by assuming the coordination geom-
etry of a bidentate ES complex and that the speciation of Np(V)
remains unchanged even though the metal ion concentration has
been doubled in comparison to the precedent study by Elo et al.
[36]. When comparing our samples in the absence and presence
of Gd(III), the Np–Al distances show a contraction from 3.39 Å to
3.30 Å, while the Np–Oax and Np–Oeq distances remain unchanged.
Furthermore, our EXAFS-FT spectra show an additional peak at R
+D = 3.2 Å in the presence of Gd(III), which is not possible to
reproduce completely only by assuming the MS paths of the nep-
tunyl(V) arrangement [37]. These facts indicate that the presence
of Gd(III) causes some changes in the Np(V) speciation and its coor-
dination geometry. The EXAFS-FT peak appeared at R + D = 3.2 Å
for the Np(V) + Gd(III) sample could possibly arise from e.g. (1)
the scattering from heavy atoms, such as Gd(III) or, (2) other Np–
Al arrangements which have longer Np–Al distances than the ES
arrangement. The appearance of a Np(V)–Gd(III) peak due to clo-
sely located metal surface complexes on the corundum surface is
unlikely due to the relatively low amount of metal ions on the
corundum surface capable of saturating only 14% of available sur-
face sites. Due to the rather high concentration of the trivalent lan-
thanide in combination with the high pH required for sufficient Np
(V) sorption in the XAS samples, Gd(OH)3 and/or Al,Gd(OH)3 could
potentially precipitate on the corundum surface from oversatu-
rated solutions prior to the adsorption of Np(V). This could account
for the formation of other types of Np(V) sorption species which
would explain the EXAFS-FT peak R + D = 3.2 Å for the Np(V) +
Gd(III). The fitting of such a Np(V) complex, however, did not pro-
vide a satisfactory reproduction for our EXAFS data (see supporting
information for more discussion). Thus, further investigation is
required to interpret this peak.

EXAFS data for Np adsorbed on oxide minerals are scarce, mak-
ing it difficult to assess our data to confirm whether or not a sur-
face complex, other than the bidentate edge-sharing one, could
be expected on the corundum surface. Müller et al. [38] investi-
gated Np(V) sorption onto the iron oxide mineral hematite, and
identified at least one binary edge-sharing Np(V) complex on the
surface with a Np–Fe distance of 3.70–3.73 Å. A fit including a sec-
ond Np–Fe peak at shorter distances (3.47 Å) was also considered.
However, this model resulted in a change of the coordination num-
ber (CN) from 1.3 to 1.9 of the Np–Fe complex at longer distances
which could be connected to a double corner-sharing (DCS) com-
plex with a CN of 2. In the paper by Gückel et al. [22] investigating
Np(V) sorption on gibbsite, only one Np(V) complex, corresponding
to the bidentate ES complex, has been identified. However, com-
pared to the surface loading of Np(V) in our samples, Gûckel
et al. [22] used relatively low surface loading (139 mg/kg) of Np
(V) and it is unlikely that Np(V) could be sorbed via different
geometries with such a low surface loading. Arai et al. [39] studied
the Np(V)-carbonate sorption on hematite and suggested Np(V)
ternary inner-sphere complexation via ES configuration, together
with outer-sphere complexation. There is no spectroscopic data
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for Np(V) complexation at a higher concentration range where
more than one surface configuration could be expected for surface
sorbed Np(V). For uranyl(VI) (UO2

2+), two different complexes have
been identified on gibbsite (a-Al(OH)3), a DCS and an ES inner-
sphere complexes [40]. The DCS complex might be further away
from the surface compared to ES complex, which is supported by
DFT-calculations for U(VI) sorption on goethite (a-FeOOH) [41].
The attachment of Np(V) to the surface with more than one geom-
etry might explain the differences between the two samples in this
study. However, with the very limited amount of data, additional
XAS investigations need to be performed to verify the proposed
influence of Gd(III) on the Np(V) sorption speciation.
4. Conclusions

The aim of this work was to study the sorption competition
between metals with different chemical characters. The question
was: could a trivalent metal, that is presumed to attach more
strongly onto the Al–OH groups of corundum, hinder or affect
the sorption of neptunium? Earlier studies on sorption competition
have showed competition between metals with similar chemis-
tries, i.e. hydrolysis properties and charge, but they have not taken
a closer look into the possible sorption competition between met-
als with dissimilar chemistries. In this work, we have combined
batch experiments with spectroscopic studies to give a compre-
hensive picture about the sorption of Np(V) in the absence and
presence of competing trivalent metals.

In the absence of the competing trivalent lanthanide element
(Eu(III) or Gd(III)) we found that depending on the initial Np(V)
concentration, sorption of 10�9 M Np on 5.0 g/l mineral starts
already at around pH 6, whereas for 10�5 M Np sorption starts at
around pH 7.5. This shift can be explained by the fact that the
higher concentration is already outside of the ideal concentration
range of Np, where the Kd is constant. With the isotherm experi-
ments at constant pH of 8 and 9, we found that at low Np concen-
trations the sorption of Np is independent of the initial
concentration and Kd remains stable. Only at higher Np concentra-
tions a decrease in sorption is observed, which might be caused by
the presence of different site types or saturation/electrostatic
effects taking place at increasing surface loadings. The addition of
the competing Ln(III) to the mineral suspension did not result in
any visible changes in the Np(V) uptake by corundum in the pH-
edge and isotherm experiments, suggesting that these metals do
use different sites upon sorption. The XAS measurements indicate
the presence of binary bidentate edge-sharing Np(V) complexes
(ES) in the absence of competing Ln(III). In the presence of Gd
(III), the Np–Al distance contracts from 3.39 Å to 3.30 Å and an
additional peak appears at R +D = 3.2 Å. This could indicate that
Np(V) is attaching to the surface in different geometries, e.g.
edge-sharing and double corner-sharing (DCS) configurations.
However, further detailed investigation is required to verify this
hypothesis.

Surface complexation modelling using the Diffuse Double-Layer
model was applied to the batch experiments. We included the con-
cept of strong and weak binding sites in the modelling and the best
fit was obtained for 0.5% strong (�(s)AlOH) and 99.5% weak bind-
ing sites (�(w)AlOH). We obtained logK for the Np(V) sorption as a
bidentate inner-sphere surface complex with one exchangeable
proton on strong and weak sites resulting in an improved model
for Np(V) uptake by corundum.

This study shows that the concept of competitive sorption is not
easily understandable and more research concerning the competi-
tion between metals with different or similar chemistries is
required. Furthermore, simple batch experiments do not necessar-
ily reveal the possible changes occurring on a molecular scale, such
as changes in the complex structure or metal ion speciation. Thus,
sorption competition research should, when possible, be accompa-
nied by spectroscopic methods.
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