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Abstract: Neptunium and uranium are important radionuclides in many aspects of the nuclear
fuel cycle and are often present in radioactive wastes which require long term management.
Understanding the environmental behaviour and mobility of these actinides is essential
in underpinning remediation strategies and safety assessments for wastes containing these
radionuclides. By combining state-of-the-art X-ray techniques (synchrotron-based Grazing Incidence
XAS, and XPS) with wet chemistry techniques (ICP-MS, liquid scintillation counting and UV-Vis
spectroscopy), we determined that contrary to uranium(VI), neptunium(V) interaction with magnetite
is not significantly affected by the presence of bicarbonate. Uranium interactions with a magnetite
surface resulted in XAS and XPS signals dominated by surface complexes of U(VI), while neptunium
on the surface of magnetite was dominated by Np(IV) species. UV-Vis spectroscopy on the aqueous
Np(V) species before and after interaction with magnetite showed different speciation due to the
presence of carbonate. Interestingly, in the presence of bicarbonate after equilibration with magnetite,
an unknown aqueous NpO2

+ species was detected using UV-Vis spectroscopy, which we postulate
is a ternary complex of Np(V) with carbonate and (likely) an iron species. Regardless, the Np
speciation in the aqueous phase (Np(V)) and on the magnetite (111) surfaces (Np(IV)) indicate that
with and without bicarbonate the interaction of Np(V) with magnetite proceeds via a surface mediated
reduction mechanism. Overall, the results presented highlight the differences between uranium and
neptunium interaction with magnetite, and reaffirm the potential importance of bicarbonate present
in the aqueous phase.
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1. Introduction

Uranium and neptunium are important radionuclides in many aspects of the nuclear fuel
cycle [1] and are often present in higher activity radioactive wastes requiring long term management
and disposal strategies [2–4]. In most countries, the preferred long term management strategy of
radioactive wastes is through their disposal in deep geological facilities [1]. Additionally, uranium is
present in many contaminated land situations associated with, for example, reprocessing and mining
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activities [5–8]. Understanding the environmental behaviour and mobility of these actinides is essential
to underpin remediation strategies and safety assessments, and due to the prevalence of Np(V) in
oxidized environments, Np could be a credible analogue for investigation of plutonium geochemistry.

In natural and engineered environments iron oxide minerals are ubiquitous [9] and have the
potential to affect the mobility of radionuclides significantly through both incorporation and surface
complexation processes [10–21]. In aerobic environments the redox states of the actinides (U, Np and
Pu) are dominated by relatively soluble hexa- and pentavalent species, while under anoxic and
progressively more reducing conditions, poorly soluble tetra- and trivalent species dominate [22].
Moreover, under reduced environments, magnetite (Fe(II)Fe(III)

2O4) will be a significant iron oxide
phase present in many geological disposal situations [9] and form as a corrosion product from zero
valent iron in construction materials and stored wastes. Magnetite has been shown to affect the mobility
of uranium [12,17,23–27], neptunium [16,28] and plutonium [13,17] through Fe(II) oxidation coupled
to reduction of these actinides to less soluble (tri- and) tetravalent species including incorporation (U)
and adsorption (U, Np, Pu) processes. It is postulated that the reduction of U(VI) occurs concurrently
to oxidation of magnetite to maghemite [23,29,30]. This was observed for U(VI) interactions with
magnetite surfaces [23,29,30] which reportedly occurs through the initial adsorption and subsequent
reduction of adsorbed U(VI) to pentavalent uranium (U(V)) coupled with the oxidation of Fe(II)
to Fe(III) [26]. On the surface of magnetite, U(V) subsequently disproportionates to U(IV) and
U(VI) [31–34] and forms as a final reduction product either surface bound U4+ (at low surface coverage)
or nanoparticulate uraninite (UO2) (at elevated surface coverage) [24]. Conversely, in the case that
U(V) incorporates into the structure of magnetite, it has been shown that this disproportionation to
U(IV) and U(VI) is inhibited [18,21]. Finally, the U(VI) reduction rates and extent of reduction to U(IV)
show a strong dependency on the stoichiometry of magnetite (Fe(II)/Fe(III)) [23] and are inhibited by
aqueous bicarbonate through the formation of uranyl carbonate (surface) complexes [27,35].

The interaction of Np(V) with magnetite surfaces reportedly occurs through the initial adsorption
of Np(V) followed by the reduction to surface Np4+ or nanoparticulate NpO2 species [16,28,35]. In the
case of plutonium, it is postulated that aqueous plutonium species (e.g., Pu4+ and PuO2

+) interact with
redox active (magnetite) and inactive (e.g., goethite and montmorillonite) mineral surfaces through
adsorption followed by reduction to tetravalent and trivalent plutonium [13,17,36,37]. Interestingly,
no detailed information is available on the mechanisms of Np(V) reduction on magnetite surfaces,
specifically on the influence of bicarbonate species in solution on these mechanisms.

In this study, we aimed to provide a direct comparison of the interactions of actinide species
(specifically U(VI) and Np(V)) with magnetite in order to obtain detailed information on their
mechanisms of interaction including the influence of carbonate on these mechanisms. To achieve
this we performed experiments on U(VI) and Np(V) interactions with single crystal magnetite with
near-atomically flat (111) crystal faces to enable surface specific analyses of these mechanisms. We used
two surface sensitive X-ray techniques (grazing incidence X-ray absorption spectroscopy (GI-XAS)
and X-ray photoemission spectroscopy (XPS)) to obtain detailed information on the mechanisms of
interaction of U(VI) and Np(V) with magnetite (111) surfaces.

2. Materials and Methods

All experiments were performed in an anaerobic chamber with solutions that were purged with
argon gas. Single (near-)stoichiometric, natural magnetite crystals of 10 by 10 by 0.5 mm with the
(111) crystal face polished were purchased from SurfaceNet GmbH, Germany. The crystals were used
in the experiments as received. In total 4 experiments were performed at pH 7 in different buffer
systems. The buffer solutions used were: 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS); and
5 mM NaHCO3. Two experiments were performed in buffer solutions (with either MOPS or NaHCO3

buffers) with 10 ppm (42 µM) depleted uranium (as U(VI)O2
2+) (U MOPS and U NaHCO3). A second

set of two experiments was performed in the same buffer solutions with 6 ppm (25 µM) neptunium-237
as Np(V)O2

+ (Np MOPS and Np NaHCO3) [38].
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The 5 mM NaHCO3 and 10 mM MOPS buffer solutions were prepared by dissolving MOPS or
NaHCO3 in 18.2 MΩ in a controlled atmosphere (CO2 free anaerobic COY chamber) and the pH was
adjusted to 7 using NaOH or HCl, respectively. The experiments were spiked with 600 ppm (2.5 mM)
UO2

2+ (in ~6 mM HCl) or 20 kBq/mL (3 mM) Np(V)O2
+ (in ~15 mM HCl, obtained from LEA-Cerca)

stocks. At this stage magnetite single crystals were added to the buffer solutions and reacted for 14
days to ensure that the interaction of the actinides with the magnetite had completed [39]. Additionally,
U(VI) and Np(V) spiked buffer solutions without magnetite were retained throughout the experiment
to determine any removal of U(VI) and Np(V) from solution due to oversaturation. After 14 days,
the magnetite crystals were removed from the aqueous phase and placed on aluminium holders with
a Kapton cover and placed inside sealed PP bags and stored in a Kilner jar within the anaerobic
chamber until further analyses (GI-XAS and XPS). Additionally, after 14 days, the aqueous phase of
all buffer solutions was filtered through 0.2 µm nylon syringe filters and analysed for total uranium
using an Agilent 7500cx ICP-MS and for neptunium using a Tri-Carb 2800tr liquid scintillation counter
(LSC). The neptunium solution phases from experiments before and after reaction with magnetite
single crystals were also analysed for UV-Vis spectroscopy on a Jenway 6850 spectrophotometer
using a quartz cuvette to assess the speciation of aqueous neptunium in solutions equilibrated with
magnetite or in the absence of magnetite. Combined, UV-Vis spectroscopy and electroplating followed
by α- spectroscopy confirmed that the Np experiments were performed at 6 ppm (25 µM) NpO2

+.
Interestingly, the (3 mM) Np(V) stock also had ultra-trace concentrations (several µM) of 239,240Pu
present resulting in estimated concentrations of several ppb (tens of nM) of Pu in the Np MOPS and
NaHCO3 experiments. This Pu trace in the NpO2

+ stock solution (15 mM HCl) did not have a defined
oxidation state speciation. PHREEQC [40] calculations were performed using the specific interaction
theory database (sit.dat) [22] to evaluate the equilibria between different aqueous and solid (redox)
species of Fe, U, Np and Pu at concentrations relevant to the experimental systems.

2.1. Grazing Incidence X-ray Absorption Spectroscopy (GI-XAS)

Single magnetite crystals from the 14 days equilibrated U and Np experiments were analysed
for fluorescence detected GI-XAS [41] on the uranium and neptunium LIII-edges to determine the
speciation of uranium and neptunium on the magnetite surfaces. These analyses were performed at
beamline I18 at Diamond Light Source, UK, using a Si(111) monochromator and a 4-element silicon
drift fluorescence detector [42]. The energy of the beam was calibrated using the K-edge spectrum of
an yttrium foil. The samples were mounted on an eight-axis sample stage (Newport) and the crystals
were aligned by positioning them parallel to the beam direction and attenuating to half of the beam
intensity as measured by the ion chamber. Next the crystals were rotated along the axis perpendicular
to the beam direction to optimise the total external reflection and maximise the intensity of the
uranium and neptunium Lα1 fluorescence lines. To minimize the potential of beam induced changes
to the magnetite (111) surface (e.g., drying and subsequent decrease in the intensity of the detected
fluorescence), the crystals were moved horizontally and realigned during analyses. The uranium and
neptunium X-ray absorption spectra collected were inspected for Bragg peaks, merged, normalized
and background subtracted using Athena [43]. Athena was also used to determine potential changes in
the XANES spectra during the analyses, and confirmed no beam induced damage occurred during the
XAS analyses. FEFF8 [44] was used to calculate theoretical scattering paths using the crystallographic
information for schoepite [45], magnetite [46] and NpO2 [47] and the Fourier Transform (in R-space) of
the EXAFS spectra were fitted using Artemis [43]; the amplitude correction factor (S0

2) was fixed at
1 throughout and the statistical validity of the addition of each scattering path was tested using the
F-test [48].

2.2. X-ray Photoemission Spectroscopy (XPS)

In addition to the GI-XAS analyses we performed additional analyses using X-ray photoemission
spectroscopy (XPS) to provide further insight into the actinide oxidation state in the reacted
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samples [31,49–51]. The magnetite crystals that were analysed using GI-XAS were returned to the labs
and stored anaerobically at room temperature prior to XPS analysis (SPECS Near-Ambient Pressure
XPS system); the XPS analyses were performed at 25 mbar. This allowed us to obtain higher resolution
XPS data on the redox speciation of Fe, U, Np (and Pu) on the surface of the equilibrated magnetite
crystals. As discussed earlier, trace (ppb) levels of Pu were also present in the Np(V) stock solution
and interestingly, these were also detected in the XPS analyses. For the XPS analyses, monochromatic
Al Kα X-rays (1486.6 eV) were used. Wide scans were recorded with an analyser pass energy of 60 eV
and a step size of 0.5 eV. Narrow scans were recorded with an analyser pass energy of 30 eV and a
step size of 0.1 eV. The XPS spectra were processed and analysed using the CasaXPS software package
(Casa Software Ltd., UK). The photoelectron binding energies were calibrated by setting the C 1s
adventitious carbon peak to 284.8 eV [52]. A Shirley background was used for spectra with high signal
to noise ratio, otherwise, a linear background was used. The Fe 2p 3/2 transition was analysed for
the Fe(II) and Fe(III) contributions using the methodology described by Biesinger et al. [53]. For the
fits to the Fe 2p 3/2 transitions a symmetrical Gaussian Lorentzian peak shape (GL(30)) was used
and to minimize the number of independent variables, the relative peak positions and full width
half maximum of all peaks were constrained. Furthermore, the relative peak intensities of all Fe(II)
peaks were constrained as were all the relative peak intensities for all Fe(III) peaks to the relative peak
intensities determined by Biesinger et al. [53]. The analyses of the actinide 4f transitions were based on
the methodology described by Ilton et al. [32,51]. The primary peaks for the uranium, neptunium and
plutonium 4f transitions were fitted using an asymmetric Gaussian/Lorentzian peak shape (uranium:
A(0.35,0.5,0)GL(45), neptunium and plutonium: A(0.25,0.3,0)GL(45)). Any satellite peaks were fitted
using a symmetrical Gaussian peak shape (GL(0)). The doublet separation between the actinide 4f
7/2 and 5/2 transitions was kept constant at 10.85, 11.8 and 12.875 eV for uranium, neptunium and
plutonium, respectively [54–57] and the ratio of the peak area of the 4f 7/2 and 5/2 transitions was
fixed at 0.714 [54–57].

3. Results and Discussion

Figure 1 shows the percentage of uranium and neptunium removed from solution in the MOPS
and NaHCO3 buffered experiments. Without carbonate present in solution, U(VI) was almost
completely removed from solution after 14 days (99%, U MOPS) while when carbonate was present
in solution only ~7% of the added U(VI) was removed from solution after 14 days (U NaHCO3).
PHREEQC modelling using the specific ion interaction theory database ([22], and references therein)
predicts that U(VI) exists dominantly as positively charged polynuclear uranyl hydroxide complexes
(72%: (UO2)3(OH)5

+, and 22%: (UO2)4(OH)7
+) during the U MOPS experiment and dominantly as

negatively charged uranyl carbonate complexes (51%: UO2(CO3)2
2−, 34%: UO2(CO3)3

4−, and 10%:
(UO2)2(CO3)(OH)3

−) during the U NaHCO3 experiment (Table S1). Previous studies have shown
that uranyl carbonate species inhibit reduction to U(IV) by decreasing the concentration of aqueous
UO2

2+ [58]. Furthermore, at pH 7, the interaction of the negatively charged uranyl carbonate species
with negatively charged surfaces is also expected to be inhibited [35]. Indeed, it is likely that the
inhibition of adsorption and reduction due to the presence of uranyl carbonate complexes also occur
on the (111) magnetite surface in the presence of carbonate [59].

In both the Np MOPS and NaHCO3 experiments approximately 28% of the added Np(V) spike
activity was removed after 14 days of reaction. PHREEQC using the specific ion interaction theory
database ([22], and references therein) was used to model the Np(V) speciation in both buffer solutions.
Np(V) speciation was predicted to consist of 100% NpO2

+ in the Np MOPS experiment and of 86%
NpO2

+ and 14% NpO2CO3
− in the carbonate experiment. Interestingly, the predicted presence of a

significant but not dominant contribution from the negatively charged Np(V) carbonate species did
not significantly influence the removal of Np(V) from solution (Figure 1).
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Figure 1. The percentage of removal of uranium and neptunium from solution during the MOPS and
NaHCO3 experiments after two weeks of reaction with magnetite.

3.1. Uranium Interaction with Magnetite

The U LIII-edge GI-XAS (a-c) and the Fe 2p and U 4f XPS (d and e) results from the magnetite
crystals equilibrated with the U MOPS and NaHCO3 buffer solutions are summarised in Figure 2.
The XANES spectra from the magnetite crystals equilibrated with both the U MOPS and NaHCO3

buffer solutions were similar to the U(VI) standard rather than the U(IV) standard. This suggests that
the uranium speciation on the magnetite crystals was dominated by U(VI) even though magnetite has
previously been shown to be able to reduce U(VI) to U(IV) [12,33]. Furthermore, the best fits to the
EXAFS analyses (Figure 2b,c, and Table 1) include 2 oxygen backscatterers at 1.77–1.79Å (reducing the
number of oxygen backscatters resulted in an increase in the R-factor) diagnostic for uranyl speciation.
Additionally, the fit to the EXAFS from the magnetite crystal equilibrated with the U NaHCO3 buffer
solutions included 5 oxygen backscatterers at 2.31 Å and the fit to the EXAFS from the magnetite crystal
equilibrated with the U MOPS buffer solution included 6 oxygen backscatterers at 2.21 and 2.41 Å.
The best fit to the U MOPS equilibrated magnetite crystal could also be fitted with 0.5 Fe backscatters
at 3.49 Å. This suggests that U(VI) interaction with the magnetite (111) surface occurred through the
formation of an inner sphere complex as predicted by Missana et al. [60] for uranyl adsorption onto
magnetite, and observed in iron oxides, for example, for uranyl adsorption to ferrihydrite [20]. The data
quality of the spectrum from the magnetite crystal equilibrated with the U NaHCO3 buffer did not
allow detailed interpretation of the species on the surface of magnetite. As observed for the interaction
of uranyl with sheet silicates in the presence of carbonate [35] and ferrihydrite [20] this is likely a
ternary uranyl-carbonate surface complex, which corresponds with the aqueous speciation of uranyl
which is dominated by uranyl carbonate species (Table S1). Overall, the XANES and EXAFS results
indicate that uranium removal from solution occurred predominantly through surface complexation
of uranyl (U(VI)) species to the magnetite surface.
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Figure 2. Uranium LIII-edge GI-XAS and the XPS data. Uranium LIII-edge GI-XAS results: (a) XANES
with U(IV) and U(VI) in-house standards; and (b,c) the EXAFS (green lines) and corresponding fits
(purple lines) to the U MOPS and U NaHCO3 samples; XPS data for the iron 2p 3/2 transition (d) and
the uranium 4f 7/2 and 5/2 transitions (e) (black lines) and the fits (coloured lines, blue and purple
lines represent Fe(III) and Fe(II), respectively, and the orange and green lines represent U(VI) and U(IV),
respectively) to the spectra of the U MOPS and U NaHCO3 samples, in the iron 2p 3/2 plot (d,e), the
fitted Fe(II) and Fe(III) peaks have been merged for clarity; the U MOPS sample was analysed for XPS
on two locations, denoted by −1 and −2.
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Table 1. Summary of the fits to the uranium and neptunium LIII-edge EXAFS for spectra in (Figure 2b,c)
U MOPS and U NaHCO3 and Np MOPS and Np NaHCO3 (Figure 3b,c) (CN: coordination number, R:
radial distance, σ2: Debye-Waller factor and S0

2: amplitude correction factor, MS: multiple scattering);
included is also the size of the XANES edge step before normalization (Figure 2a and Figure 3a).

Sample Scattering Path CN R (Å) σ2 (Å2) S0
2 R-factor

U MOPS 1 U-Oax 2 2 1.788 (4) 0.0045 (5) 1 2 0.007
Edge step: 1.7 U-Oeq 3 2 2.205 (7) 0.0051 (9)

U-Oeq 3 2 2.408 (8) 0.0035 (9)
U-Fe 0.5 2 3.49 (3) 0.006 (3)

U-Oax (MS) 6 2 3.575 2 0.0089 2

U NaHCO3 U-Oax 2 2 1.80 (7) 0.010 (8) 1 2 0.01
Edge step: 0.039 U-Oeq 5 2 2.35 (13) 0.014 (11)

Np MOPS Np-O 8 2 2.34 (4) 0.009 (2) 12 0.03
Edge step: 0.013

Np NaHCO3 Np-O 8 2 2.32 (3) 0.011 (2) 1 2 0.03
Edge step: 0.018

1 All added scattering paths have a confidence level > 90%, calculated using the F-test for EXAFS [48]; 2 Fixed or
constrained values.

The XPS data and their respective fits are summarized in Figure 2d,e and Tables 2 and S2. The fits
to the Fe 2p 3/2 transition are representative of magnetite and fitting using the methodology by
Biesinger et al. [53], resulted in calculation of the relative amounts of Fe(II) and Fe(III) in magnetite
assuming the area under the fitted peaks is linearly proportional to the respective fraction of Fe. Table 2
shows that the Fe(II) contribution to the 2p 3/2 transition varied from 23.6% to 29.4%, compared to
a predicted Fe(II) contribution of 33.3% in stoichiometric magnetite. This shows that the magnetite
crystals were (slightly) sub-stoichiometric and suggesting partial oxidation of the surface. A variation
in the contribution of Fe(II) to the 2p 3/2 transition was also observed for two different spots on the
same crystal (U MOPS-1: 23.6% and U MOPS-2: 26.5%). The (polished) crystals were prepared from
natural magnetite samples and used as received, hence, we postulate that this variation resulted either
from variations in the ratio of octahedrally and tetrahedrally coordinated iron on the surface [61],
or from variations in magnetite oxidation to maghemite (i.e., variations in a magnetite-maghemite
solid solution) at the surfaces of such a natural sample [29,30].

Table 2. Summary of the fits to the XPS results from the U (Figure 2d,e) and the Np (Figure 3d,e)
samples; the values represent the percentages of the fitted areas of the peaks associated with the
different redox states of Fe, U, Pu and Np; the U MOPS sample was analysed on two locations, denoted
by −1 and −2.

Fe(II) Fe(III) Pre-peak Satellite (Fe(III)) U(IV) U(VI) Pu(III) Pu(IV) Np(IV)

U MOPS-1 26.5 67.3 0.7 5.5 43.8 56.2 - - -
U MOPS-2 23.6 71.2 1.0 4.2 15.5 84.5 - - -
U NaHCO3 29.4 65.5 1.0 4.1 37.5 62.5 - - -

Np/Pu MOPS 27.5 66.5 1.0 5.0 - - 65.6 34.4 100
Np/Pu NaHCO3 26.9 67.6 0.9 4.6 - - 53.0 47.0 100

The uranium 4f 7/2 and 5/2 transitions were fitted to obtain more detailed information on the
uranium oxidation state (Figure 2a–c and Table 1) [49]. Here, the peaks of the uranium 4f 7/2 and 5/2
transitions were best fitted with two U species only: U(VI) and U(IV). The binding energy of the 4f 7/2
transition for these two species was fitted to be 380.2–380.7 eV and 381.6–382.2 eV (Table S2), with peak
separations (∆E) observed at 1.3–1.8 eV. These binding energies are within the range determined for
U(IV) and U(VI) [27,32,51,55,59,62,63]. Additionally, the observed peak separations (1.3–1.8 eV) are
larger than expected for a system with U(V) present (observed ∆E of the U 4f 7/2 transitions for U(V)
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and U(VI) is 0.8–1.0 eV; ∆E for U(IV) and U(VI) is 1.3–1.5 eV) confirming our interpretation that the
dominant species are U(VI) and U(IV) [52]. The observation of U(IV) on the magnetite (111) using XPS
compared to the lack of any observable U(IV) contribution to the EXAFS spectra may be the result of
heterogeneity, with the XPS analyses probing a much smaller area than the GI-XAS analyses. Also
there are often challenges associated in determining the uranium oxidation state using conventional
XAS techniques [49]. For example, possible preferred orientation of the uranyl moiety on the magnetite
surface combined with a (polarized) synchrotron X-ray beam could result in an overestimation of the
U-Oax coordination number based on the EXAFS analyses [41]. The two techniques should be probing
roughly the same depth. Singer et al. determined that on stoichiometric magnetite (111) surfaces
(Fe(II): 33.3%), the U(IV) accounts for 41–42% and 35–36% in the absence and presence of bicarbonate
respectively [27]. This is comparable to the presented results for U MOPS-1 (Fe(II): 26.5%; U(IV): 43.8%)
and U NaHCO3 (Fe(II): 29.4%; U(IV): 37.5%) (Table 2). On the other hand, the location on the magnetite
crystal equilibrated with the U MOPS buffer solutions with the lowest fitted Fe(II) contribution to
the Fe 2p 3/2 transition (Fe(II) = 23.6%) shows a U(IV) contribution to the uranium 4f 7/2 and 5/2
transitions (15.5% U(IV)) significantly lower than that expected for stoichiometric magnetite and
observed for U MOPS-1. These trends agree with past observations that lower Fe(II)/(III) ratios at the
surface of magnetite [23] and increased HCO3

− concentrations reduce the potential for U(VI) reduction
to U(IV) on the (111) surface of magnetite [27]. Interestingly, no U(V) contribution to the U 4f 7/2
and 5/2 transitions could be fitted on these single crystal magnetite experiments, and in contrast to
nanoparticulate magnetite systems where U(V) was observed [32,34].

The iron and uranium redox couples were further examined using PHREEQC modelling in the
presence of MOPS and HCO3

− buffers and summarized in Figure S1. This shows that U(VI) reduction
to U(IV) as uraninite (crystalline UO2) coupled to iron oxidation is thermodynamically favourable
(Figure S1). However, in natural systems reduction of U(VI) to U(IV) generally favours the formation of
nanocrystalline uraninite with a reported stability similar to amorphous UO2 phases [27,35]. PHREEQC
modelling suggests that the reduction of U(VI) to amorphous UO2 coupled with Fe(II) oxidation to
Fe(III) is thermodynamically unfavourable (Figure S1). This could explain the limited amount uranium
reduction on the magnetite surface (Figure 2a–c). Finally, the XPS data (Figure 2d–e) highlight the
influence of the surface Fe(II) in the magnetite crystal on the extent of U(VI) reduction consistent with
the observations of Latta et al. [23].

3.2. Neptunium (and Plutonium) Interactions with Magnetite

Figure 3 summarizes the Np LIII-edge GI-XAS data (a-c), the Fe 2p, Np and Pu 4f XPS data (d)
and the UV-Vis spectroscopy data (f) from the Np MOPS and NaHCO3 experiments. We also note
the presence of Pu in the XPS data resulting from an impurity in the Np stock. This nano molar Pu
concentration gave an XPS signal which we were able to fit (Figure 3e).
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Figure 3. Neptunium LIII-edge GI-XAS, XPS, and UV-Vis spectroscopy data. Neptunium LIII-edge
XAS results: (a) XANES with aqueous Np(IV) and Np(V) standards [64]; and (b,c) EXAFS (green lines)
and corresponding fits (purple lines) to the Np MOPS and Np NaHCO3 samples; XPS data for the
iron 2p 3/2 transition (d), and neptunium (and plutonium) 4f 7/2 and 5/2 transitions (e) (black lines)
and fits to the spectra (coloured lines, blue and purple lines represent Fe(III) and Fe(II), respectively,
the purple and orange lines represent Pu(IV) and Pu(III), respectively, and the olive lines represent
Np(IV) for the Np MOPS and Np NaHCO3 samples, in the iron 2p 3/2 plot (d), in the iron 2p 3/2 plot
(d), the fitted Fe(II) and Fe(III) peaks have been merged for clarity; and (f) the UV-Vis spectra for a pH
4 NpO2

+ (Np(V)) solution (prepared by diluting the stock solution in DI water only), two solutions
with 10 ppm neptunium and 10 mM MOPS (Np MOPS no magnetite) or 5 mM NaHCO3 (Np NaHCO3

no magnetite) and the aqueous phase after 14 days equilibration with magnetite (Np MOPS and Np
NaHCO3), the vertical grey lines represent the absorption bands observed in the spectra.
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3.2.1. Neptunium

The XANES spectra from the magnetite crystals equilibrated with the Np MOPS and NaHCO3

buffers had similar edge steps (0.013 and 0.018, respectively, Table 1) suggesting that the magnitude
of neptunium interaction with the magnetite (111) surfaces was similar. This confirms the aqueous
geochemistry data where removal was approximately 28% from both buffer solutions (Figure 1).
Additionally, the shape of the XANES from these two samples was comparable and very similar to
the Np(IV) standard (Figure 3a) indicating that the oxidation state of neptunium on the magnetite
(111) surface was dominated by Np(IV). Fitting the Np LIII-edge EXAFS spectra from the magnetite
crystals equilibrated with the Np MOPS and Np NaHCO3 buffer solutions was possible with a single
shell of 8 oxygen backscatterers at 2.32–2.34 Å (Figure 3b,c and Table 1). No statistical validity could
be achieved by adding Np(V)-Oax scattering paths at 1.8–1.9 Å confirming no significant dioxygenyl
Np(V) (NpO2

+) was present on the magnetite crystals. Additionally, due to the data quality of the
EXAFS spectra, no further backscatterers (Np or Fe) could be fit to the spectra and thus it was not
possible to distinguish between nanoparticulate NpO2 or surface bound Np4+ [16,35,38,65].

The fits to the neptunium 4f 7/2 and 5/2 transitions of the XPS spectra from both magnetite
crystals (Figure 3e) could be modelled as a single Np(IV) species with binding energies for the
neptunium 4f 7/2 and 5/2 transitions of 403.2–403.4 and 415.0–415.2 eV (Table S2), respectively. These
binding energies and the presence of satellite peaks for the neptunium 4f transitions match previously
determined binding energies for Np(IV) (4f 7/2: 402.8–403.8 eV and 4f 5/2: 414.3–414.6 eV) [54,56,
66–68] and further confirm Np(IV) as the dominant redox state of neptunium as observed from the
GI-XAS analyses. Furthermore, the fits to the Fe 2p 3/2 transition are representative of magnetite and
fitting using the methodology by Biesinger et al. [53] resulted in relative amounts of Fe(II) and Fe(III)
in magnetite assuming the area under the fitted peaks is linearly proportional to the respective fraction
of Fe. Table 2 shows that the Fe(II) contribution to the 2p 3/2 transition of 27.5% and 26.9% for the
magnetite crystal equilibrated with the Np MOPS and Np NaHCO3 buffer solutions, respectively,
compared to a predicted Fe(II) contribution of 33.3% in stoichiometric magnetite. This suggests
(slightly) sub-stoichiometric magnetite similar to the U experiments.

The results from the UV-Vis spectroscopy on the aqueous phase before and after equilibration
with magnetite are plotted in Figure 3f and include the spectra of a Np(V) standard solution at pH
4 (0.1 mM HCl), the Np MOPS and Np NaHCO3 buffer solutions equilibrated with the magnetite
single crystals and parallel Np MOPS and Np NaHCO3 controls which were not equilibrated with the
magnetite single crystals. The UV-Vis spectrum of the pH 4 Np(V) solution exhibits a single, intense
absorption band at 981 nm, consistent with NpO2

+ [69] and confirming the oxidation state of Np(V) in
the stock solution. The UV-Vis spectra of both of the Np MOPS buffer solutions (with and without
magnetite) also show this single absorption band at 981 nm confirming NpO2

+ dominated in solution
even after reaction with the magnetite crystal. The spectra of the Np NaHCO3 buffer not equilibrated
with magnetite shows a dominant absorption band at 991.5 nm and a shoulder at 981 nm (Figure 3f),
indicative of both NpO2CO3

− and (less) NpO2
+ [69]. Interestingly, the UV-Vis spectrum for the Np

NaHCO3 buffer equilibrated with magnetite does not exhibit the NpO2
+ absorption band at 981 nm,

rather an absorption band is observed at 1018 nm in addition to the NpO2CO3
− absorption band at

991.5 nm (Figure 3f). To the best of our knowledge, an absorption band at 1018 nm for neptunium
has not been observed, to date. The absorption band at 1018 nm is absent in the UV-Vis spectra for
the solutions not reacted with magnetite (Figure 3f). This suggests that this absorption band could
be a result of NpO2

+ complexing with, both, CO3
2− and Fe(II) or Fe(III). The identification of such

a potential ternary complex warrants further investigation but it appears to be similar to ternary
complexes of hexavalent uranyl with carbonate and alkaline earth metals [70] and the postulated
ternary complex of pentavalent uranyl with carbonate and iron [71].

Interestingly, the differences in the aqueous speciation of neptunyl observed in the UV-vis spectra
did not affect the removal of Np from solution during the interaction with the magnetite crystals
(Figure 1). Finally, the UV-Vis spectra indicate that Np in solution is dominated by Np(V), and the
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GI-XAS and XPS data confirm that Np on the magnetite (111) surface after two weeks is dominated
by Np(IV). Combined with the dominance of Np(V) species in solution in both buffer solutions, this
indicates that reduction of Np(V) on magnetite appears surface mediated [16,28], regardless of the
presence or absence of aqueous bicarbonate.

3.2.2. Plutonium

The XPS of the Np MOPS and NaHCO3 samples also show clear peaks representing the Pu 4f 7/2
and 5/2 transitions at similar intensities to the Np 4f 7/2 and 5/2 transitions (Figure 3e). Taking into
account that the experimental solutions contained in the order of 0.1% Pu by mass (compared to Np),
this indicates that that the interaction of Pu with magnetite is significantly stronger than that of Np(V).
Furthermore, the plutonium 4f 7/2 and 5/2 transitions could be fit with two species (Figure 3e), with
binding energies of 424.8–424.9 eV and 426.5–426.6 eV for the 4f 7/2 transitions and 437.6–437.7 eV
and 439.3–439.4 eV for the 4f 5/2 transitions (Table S2). These binding energies correspond very well
to previously reported binding energies for Pu(III) (4f 7/2: 424.4 eV; 4f 5/2: 437.2–437.6 eV) and Pu(IV)
(4f 7/2: 425.8–427.0 eV; 4f 5/2: 438.5–439.3 eV) [54,57,66,68,72,73] (Table 2). The observation of Pu(III)
and Pu(IV) on the surface of the magnetite crystals is compatible with previous observations of either
Pu(III) or Pu(IV) on the surface of magnetite [13,17], while more focused experimental investigations
are essential to determine the influence of HCO3

− on the surface reactivity and speciation of Pu(IV)
and Pu(III), including their respective aqueous speciation (Table S1).

4. Conclusions

Here we show that uranium (as UO2
2+ complexes) interacts with magnetite surfaces through

surface complexation of uranyl and partial reduction to U(IV). The surface complexation of UO2
2+

is highly dependent on the presence of bicarbonate in solution through the formation of negatively
charged aqueous uranyl carbonate complexes. By complementing GI-XAS with XPS analyses, we show
that uranium speciation on magnetite crystals is dominated by U(VI) surface complexes (GI-XAS)
and that the extent of uranium reduction is variable on a single magnetite crystal and dependent on
the stoichiometry of magnetite (XPS). Also, there was no evidence for pentavalent uranium in these
reactions with a (111) crystal face of magnetite and in contrast to interactions with nanoparticulate
magnetite or during the formation of nanoparticulate magnetite. For neptunium, and combining
GI-XAS, XPS and UV-Vis spectroscopy, we determined that the interaction of neptunium (as NpO2

+)
is independent of the presence of carbonate in solution and resulting aqueous complexes, with 28%
of Np removed from solution in in the presence and absence of carbonate, and exhibited a dominant
oxidation state of Np(IV) on the magnetite crystals. Even though the extent of interaction between
Np(V) and the magnetite (111) surface did not vary depending on the presence of bicarbonate, the
aqueous Np speciation (as detected by UV-Vis spectroscopy) was significantly different, with 100%
of the Np(V) present as NpO2

+ in the absence of carbonate. The aqueous speciation, in the presence
of carbonate was dominated by NpO2CO3

−, while after the interaction with magnetite we suggest a
previously unidentified aqueous species appeared as identified by the appearance of an absorption
band at 1018 nm in the UV-Vis spectra. Based on the aqueous chemistry of the experiments, we
propose that this is likely a ternary Np(V) complex with (bi)carbonate and iron. Finally, XPS analyses
showed Pu, from impurities in the Np stock, was strongly associated with the magnetite crystals
and displayed both Pu(III) and Pu(IV) oxidation states. Overall, the presented results highlight the
differences between uranium, neptunium and plutonium interaction with magnetite, and reaffirm the
importance of bicarbonate present in the aqueous phase.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/2/81/s1,
Figure S1: stability fields for the dominant redox species for Fe, U, Np and Pu based on geochemical speciation
modeling using PHREEQC, Table S1: dominant aqueous speciation of U, Np and Pu based on the geochemical
speciation modelling using PHREEQC, Table S2: summary of the binding energies (XPS) of the main peaks for the
actinide 4f transitions.

http://www.mdpi.com/2076-3263/9/2/81/s1
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