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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Single phase manganese-doped (3–12 
wt%) magnetites were synthesized. 

• Neptunium(V) interaction with Mn- 
doped magnetites in neutral pH 
condition. 

• HR-XANES confirmed single speciation 
of Np on undoped and doped 
magnetites. 

• Mn-O sites participates through Fe(II)/ 
Mn(III) redox couple in reducing Np(V).  
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A B S T R A C T   

Speciation and fate of radionuclides in environment are strongly dependent on their interaction with various 
mineral surfaces. Presence of impurity atoms in minerals modifies these interactions. 237Np, a long-lived 
component of nuclear high-level waste, is highly mobile in environment as neptunyl (NpO2

+) cation. Role of 
impurities in defining its interaction with mineral surfaces present in natural and engineered systems is yet to be 
completely understood. Manganese is a ubiquitous impurity present in naturally occurring iron corrosion 
product, magnetite. Here, a series of manganese (Mn)-doped magnetites (FM) was synthesized and the evolution 
of solid-sorbed speciation of Np(V) was investigated as a function of Mn doping (3–11 wt%) in near neutral pH 
condition. Combining Mn K-edge and Np L3-edge X-ray absorption fine structure spectra with Np M5-edge high 
energy-resolution X-ray absorption near-edge structure spectra, we found nanoparticulate NpIVO2 solid as the 
single speciation of Np sorbed on both doped and undoped magnetites. Without changing the surface speciation 
of Np, Mn-O sites did show preference for sorbing Np(V) vis-á-vis Fe-O sites. Mn participates through Fe(II)/Mn 
(III) redox couple in reducing sorbed Np(V). Its participation, however, becomes significant only when the 
doped-magnetite contains a critical minimum concentration (> 6 wt%) of Mn. This study highlights the sig
nificant role of impurity atom wherein it interacts with sorbing species through redox process.  

Abbreviations: XAFS, X-ray absorption fine structure spectroscopy; HR-XANES, High-energy resolution X-ray absorption near edge Spectroscopy; FM, Magnetite; 
HLW, High level radioactive waste; FCC, face cantered cubic; ICP-MS, Inductively coupled plasma-mass spectrometry; XRD, X-ray diffraction; SEM, Scanning electron 
microscopy; XPS, X-ray photoelectron spectroscopy. 
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1. Introduction 

Deep geological disposal of high-level radioactive waste (HLW) is 
widely agreed upon as the solution for the long-term biospheric isolation 
of radiotoxic, long lived actinides, fission and activation products pre
sent in HLW [1]. The safety and performance analysis of the nuclear 
disposal facilities, therefore, require a comprehensive understanding of 
the mechanism of radionuclides interactions with mineral surfaces in the 
geochemical conditions of the disposal site [2–4]. 

In a deep underground repository, biotic as well as abiotic corrosion 
of metallic canisters/overpacks containing HLW may produce several 
iron oxides in the near-field areas of the radioactive source [5,6]. 
Magnetite (FeIIFeIII

2O4), one of such oxides, exhibits reducing surfaces, 
causing immobilization of several mobile radionuclides [7,8]. Magnetite 
crystallizes in inverse spinel structure, Fe(II)/Fe(III) sharing octahedral 
(Oh) sites of the oxide (O2-) FCC lattice while only Fe(III) populates the 
tetrahedral sites [7]. The presence of the Fe(II)/Fe(III) redox couple in 
Oh sites causes high electron conductivity through the magnetite lattice 
and thereby makes magnetite a redox-sensitive oxide. Naturally occur
ring magnetites are, however, ubiquitously substituted by divalent (Co, 
Ni, Mn etc.), trivalent (V, Cr, etc.) or tetravalent (Ti) transition elements 
in their lattice [9]. Literature studies investigating impurity atom dis
tribution indicates substitution of Fe(II), Fe(III) or both Fe(II) and Fe(III) 
by the doped atoms [10,11]. Al-Rashdi et al. observed the substitution of 
octahedral Fe(III) by Mn(II) at low level of doping; increased Mn(II) 
doping replaces Fe(III) present in tetrahedral sites as well [11]. Higher 
Mn content in the solids results in the formation of higher oxidation 
states (III and IV) of Mn. This leads to the activation of additional redox 
couples (Mn(II)/Mn(III) and Fe(II)/Mn(III)) in magnetite lattice [9,12]. 
In a detailed investigation on the structural effect of Ti doping in 
magnetite nanoparticles [13], Ti(IV) was found replacing Fe(III) and the 
charge compensation was achieved by the conversion of Fe(III) to Fe(II) 
in the unit cell. These structural changes have been related to the 
physico-chemical changes in the reactivity of the doped magnetites [9, 
14,15]. 

Liang et al. attributed increasing Pb(II) adsorption capacity with Mn 
doping to the variations in microstructure and physicochemical prop
erties of the doped magnetite samples [9]. Latta et al. [16] argued the 
effect of Ti doping as controlling redox reactivity of titanomagnetite 
through changing bulk Fe2+/Fe3+ratio. In reaction of U(VI) with tita
nium substituted magnetites (Fe3− xTixO4), the presence of structural Ti 
(x 0.2–0.53) causes the formation of U(IV) species that lack the 
bidentate U-O2-U bridges of uraninite (UO2) forming on undoped 
magnetite surface [16]. Similar reduction and species were obtained in 
Np(V) reaction with titanomagnetite at low Np concentration [17]. 
X-ray absorption fine structure spectroscopy (XAFS) revealed a Np(IV) 
binding exclusively to the terminal Ti-O sites as opposed to Fe-O sites 
[17]. To the best of the authors’ information, effect of Mn doping on 
actinides sorption on magnetite is absent in literature. Though less 
abundant than iron in environment, Mn exists as dopant as well as in 
form of its various oxides [18,19]. Strong sorption and speciation 
dependence of actinides on composition have been observed in case of 
manganese oxides [18]. A synchrotron-based micro X-ray fluorescence 
study observed plutonium (Pu(V)) being predominantly associated with 
manganese oxides (rancieite;(Ca,Mn2+)0.4Mn4+O2⋅3H2O) and smectite 
clay but not with iron oxides (hematite; α-Fe2O3) [20]. 

In the present study, Np(V) sorption and speciation have been 
investigated on magnetite (Fe3O4) and Mn-doped magnetites 
(Fe3− xMnxO4). Doping of Mn(II) was constrained to content below 12 wt 
% so as to isomorphously disperse Mn in the magnetite lattice and to 
avoid the formation of any new crystalline phase. Aims of the experi
ments were to explore (1) speciation of Np on Mn-doped magnetite vis- 
á-vis undoped magnetites and thereby, (2) if there existed, compared to 
Fe-O sites, any preference of sorbing Np toward Mn-O sites. Higher 
spectral resolution achieved with the High-energy resolution X-ray ab
sorption near edge structure (HR-XANES) spectroscopy at Np M5 

absorption edge was employed to distinguish Np species forming on 
magnetites. The present study is important as the electronic structures of 
Mn and Fe are very different, they form oxides having different struc
tural arrangement of cations [21], and they exhibit significantly 
different reactivity towards contaminants in the environment [20,22]. 

2. Material and methods 

All sample preparations, manipulations and measurements were 
carried out in argon (Ar) or helium-filled glove boxes with < 0.1 ppmv 
O2. Mineral synthesis was carried out in anoxic condition under Ar flow. 
Experiments were carried out at room temperature using degassed 
(argon saturated) ultrapure water (18.2 MΩ cm) and analytical grade 
chemicals (Sigma-Aldrich, Germany). 

2.1. Magnetite synthesis and characterization 

Magnetite particles (FMs) were synthesized by NaOH precipitation of 
Fe(II)solutions [23]. Briefly, 0.90 M Fe(II) (FeSO4⋅7H2O) solution was 
prepared in pH ~1 HCl medium and heated to 90 0C under constant 
stirring. Equal volumes of a solution containing 4.0 M NaOH and 0.9 M 
NaNO3 were added dropwise to the heated Fe(II) solution over a period 
of ~ 5 h. Subsequently, the suspension was left for cooling under room 
temperature in anoxic condition. During the whole reaction sequence, 
flow of Ar gas through the precipitating solutions was ensured to prevent 
air oxidation of Fe(II) ions. Synthesized particles were separated by 
centrifugation at 5000 rpm for 5 min, washed with warm water three 
times and dried under the anaerobic atmosphere. Mn-doped (3–11 wt%; 
FM1–3) magnetites were synthesized by substituting the required 
amount of Fe(II) by Mn(II) (MnSO4⋅H2O) keeping the starting cation 
concentration the same (0.90 M). 

The chemical composition of the synthesized magnetites was deter
mined by dissolving ~ 0.05 g of magnetite in HCl medium followed by 
inductively coupled plasma - mass spectrometry (ICP-MS) measure
ments. Solid particles were characterized by recording x-ray diffraction 
(XRD) patterns, using a Bruker D8 Advance diffractometer equipped 
with a Cu Kα radiation source and an energy-dispersive detector (Sol-X). 
A small suspension of the solids was dried on an air-tight low back
ground sample holder to ensure anoxic conditions during measure
ments. DIFFRAC.EVA v. 3.1 program was used to analyse the XRD data. 
The specific surface area of the synthesized particles was measured by 
the Brunauer-Emmett-Teller (BET) method following N2 adsorption/ 
desorption at 77 K. 

2.2. Sorption experiments 

Sorption experiments were carried out in 15 mL polypropylene 
tubes. An aliquot (~ 50 µL) of 0.013 M 237Np(V) solution (in 0.1 M HCl 
medium) was spiked into 3.00 (± 0.01) g L-1 magnetite suspensions 
(0.01 M NaCl medium) to achieve a final Np(V) concentration of 2.1 (±
0.1) × 10-5 M in each sample. pHs of the suspensions were adjusted to ~ 
7 employing slow addition of NaOH solution. The tubes were left for 
equilibration, with periodic shaking. After a period of 30 days, pHs of 
the suspensions were measured and the two phases were separated using 
centrifugation. The supernatant was mixed with 2% HNO3 solution for 
ICP-MS based chemical analysis of dissolved Fe and Mn and for the 
determination of the left-over (aqueous) Np. After the experiment, tubes 
were washed with ultrapure water twice to softly remove the solid 
particles. Subsequently, 10 mL of 2% HNO3 solution was contacted with 
the tubes over 24 h to check Np sorption on tube wall. Np sorption on the 
tube walls was found negligible. 

2.3. XPS and SEM characterization of Np sorbed solid surfaces 

To determine the oxidation state of Np present on the magnetite 
surface, X-ray photoelectron spectroscopic (XPS) measurements were 



carried out with Np(V) contacted magnetite samples. Moist Np- 
magnetite samples were dried on indium foil under Ar atmosphere 
and mounted on a sample holder. Samples were transferred into the 
photoelectron spectrometer using an O-ring sealed vacuum transfer 
vessel. XPS measurements were carried out using a ULVAC-PHI Versa 
Probe II instrument equipped with a monochromatized Al Kα X-ray 
source (1486.7 eV) operated at 33 W source power. The spectrometer 
has a hemispherical capacitor analyzer and a detector consisting of a 
micro channel plate with 16 anodes. Calibration of the binding energy 
scale of the spectrometer was performed using well established binding 
energies of elemental lines of pure metals (surface cleaned by Ar ion 
beam sputtering, monochromatic Al Kα: Cu 2p3/2 at 932.62 eV, Au 4f1/ 

2at 83.96 eV). To evaluate the effect of sorbing Np on Fe and Mn 
oxidation states of magnetites, XPS measurements were also carried out 
for higher Mn doped magnetite samples and were compared with the 
corresponding Np(V) contacted samples. 

Evolution of the morphology of magnetite particles upon interaction 
with Np in the sorption experiment was investigated using scanning 
electron microscopy (SEM). High resolution-SEM images of the 
magnetite samples were recorded with a FEI Quanta 650 FEG ESEM 
instrument. 

2.4. X-ray absorption spectroscopic (XAS) measurements 

Samples for XAS measurement were prepared similar to the sorption 
samples. After separation from the supernatant, Np(V) contacted 
magnetite particles were filled under Ar-atmosphere in doubly con
tained sample holders for Np L3, Mn K and Np M5 edge measurements. 
They were stored temporarily in an anaerobic chamber and brought to 
the beamline just before the measurement. 

Np L3-edge (17,610 eV) and Mn K-edge (6539 eV) XAS measure
ments were carried out for Np-contacted magnetite samples in fluores
cence mode using a five element Ge solid state fluorescence detector 
(Canberra-Eurysis) at INE beamline, KIT synchrotron light source, 
Karlsruhe, Germany [24]. Gas filled ionization chambers were used for 
measuring the incident X-ray beam and the transmitted beam for energy 
calibration purpose. The monochromator, Ge(422) double-crystal setup, 
was calibrated using the first inflection point of the K-edge spectrum of 
an yttrium foil for Np L3 edge measurements. For Mn K edge measure
ments, the monochromator was equipped with a pair of Si(111) crystals 
and an iron foil served for energy calibration purpose. Np M5-edge 
(3664 eV) high-energy resolution X-ray absorption near edge structure 
(HR-XANES) measurements were carried for Np-contacted magnetites 
using a Johann type X-ray emission spectrometer installed at the ACT 
station of the CAT-ACT beamline, KIT synchrotron light source [25,26]. 
The incoming X-ray beam was monochromatized by a Si(111) 
double-crystal monochromator and HR-XANES spectra were acquired 
by following the intensity of the Mα emission (3261 eV) diffracted by five 
spherically bent Si(220) crystal analyzers (1 m bending radius) aligned 
at 81.920 Bragg angle (corresponding to the maximum of the normal 
emission line well above the M5-edge). A single diode VITUS silicon drift 

detector in a vertical Rowland geometry (diameter 1 m) was used to 
detect the crystal-scattered radiation. A gas tight box, enclosing the 
spectrometer and the sample, maintaining constant He atmosphere 
during the measurements was used to minimize intensity losses of 
impinging and emitted radiation due to scattering in the air atmosphere. 
The experimental energy resolution was found 1 eV by measuring the 
full width at half maximum of the elastically scattered incident beam. 

K- and L3-edge XAS spectra were analyzed using the ATHENA and 
ARTEMIS interfaces to the IFFEFIT suit of programs [27]. Analysis was 
carried out by extracting the extended X-ray absorption fine structure 
(EXAFS) spectra (χ(k)) from the raw data, followed by its Fourier 
transform to frequency space which gives a spectrum (called in R-space) 
corresponding to the radial distribution of distances of neighboring 
atoms around the probed atom. The data in R-space was modeled using 
scattering paths from various Np (NpO2) and Mn standards (MnIIO, 
MnIII

2O3) [28–30]. For the scattering paths, phase and amplitude func
tions were generated using the Feff 8.4 software [31]. The amplitude 
reduction factor was set to 1.0 in the analysis. Uncertainties on the fitted 
parameters found in the modeling exercise have been listed in table S1. 
The fit quality was quantified by Rf factor [27], giving an idea on the 
deviation of modeled data from the experimental one. Analysis of Mn 
K-edge data were carried out by considering Mn substitution in Fe 
tetrahedral or octahedral site of magnetite lattice. HR-XANES spectra 
were processed using the PyMCA software [32]. Spectra were subse
quently normalized to the white-line peak maximum. 

Table 1 
Experimental conditions for the reaction of Np(V) with magnetite and Mn-doped magnetites.  

Sample Symbol pHf N2- based BET specific surface area (m2 g-1) [Np (V)]i, mol/L [Np (V)]f, mol/L [Mn (aq)]i, mol/L [Mn (aq)]f, mol/L 

Magnetite (Fe3O4) FM0  7.08  12.3 2.1 × 10-5 5.9 × 10-8 – – 
3.6 wt% Mn-magnetite 

(Fe2.85Mn0.15O4) 
FM1  7.16  13.2 2.0 × 10-5 4.0 × 10-8 3.5 × 10-5 3.1 × 10-5 

5.5 wt% Mn-magnetite 
(Fe2.77Mn0.23O4) 

FM2  7.05  11.9 2.1 × 10-5 7.4 × 10-8 4.5 × 10-5 4.5 × 10-5 

10.9 wt% Mn-magnetite 
(Fe2.54Mn0.46O4) 

FM3  7.06  15.6 2.1 × 10-5 4.5 × 10-8 13.8 × 10-5 13.2 × 10-5 

pHf represents the pH of the Np-equilibrated magnetite suspensions just before the supernatant-solids separation. Suspensions are having solids in 3.0 ± 0.1 g/L 
strength and 10 mL experimental volume of the suspensions. All equilibration experiments were carried out at room temperature and under Ar atmosphere. [Np(V)]i/f 
denotes added and finally measured Np concentration in supernatant. [Mn(aq)]i/f represents Mn concentration present in experimental supernatants before and after 
Np(V) contact. Uncertainties on the concentration data are estimated to be < ± 10%. 

Fig. 1. X-ray diffraction pattern of the magnetite samples. FM0 refers to 
undoped magnetite while FM1 to FM3 refer to magnetites with increasing Mn 
doping (~ 4, 6 and 11 wt%). Inset picture highlights the shift in the diffraction 
peak at 2 theta value ~ 56◦. 



3. Results and discussion 

3.1. Magnetites formation 

Elemental composition, percentage of Mn doping and BET surface 
area of the magnetite (FM0) and Mn-doped magnetites (FM1–3) are 
given in Table 1. X-ray diffraction (XRD) pattern (Fig. 1) of the syn
thesized solids showed diffraction peaks identical to those of magnetite 
(JCPDS card no. 87-0245) and no trace of any other solid was observed. 
It further showed shifting of diffraction peaks to lower 2θ values (inset, 
Fig. 1) commensurate with increasing doping level of higher ionic radii 
species (substitution of Fe(II)/Fe(III) by Mn(II)) in the magnetite lattice 
[33]. 

3.2. Np(V) sorption on magnetites and characterization of sorbed solids 

On equilibration, quantitative Np(V) sorption was achieved in all the 
magnetites suspensions (Table 1). Equilibrated pH of the suspensions 
was found to be 7.1 ± 0.1. Mn solubility in the supernatant was found 
significant for all the magnetites and increased with doping level; 
however, there was a small decrease in Mn solubility on Np contact 
(Table 1). SEM images of the Np-sorbed magnetites (FM2/3_Np) vs. bare 
magnetites (FM2/3) are shown in Fig. 2. For all the doping level, the 
octahedral shape of the magnetite crystals was clearly visible; at the 
highest level of Mn doping (~ 11 wt%) rounding of the edges of the 
octahedra was observed. Particle morphology of magnetite crystals did 
not undergo any significant change on Np contact. The observation that 
rounding of the edges is related to Mn doping is validated with the 
similar finding seen for MnFe2O4 and Mn1.8Fe1.2O4 solid oxides [34,12]. 

XPS and Mn K-edge XANES spectroscopy were carried out to follow 
possible change of Mn oxidation state on contact with Np(V). XPS, 
owing to ~ 2 nm depth sensitivity at Mn 2p3/2line energy, probes the 
oxidation state change confined to few surface layers while XANES being 
sensitive to the bulk of the matrix (Mn K-edge energy 6.539 keV) de
lineates the oxidative changes occurring on the scale of the whole ma
trix. Fig. 3 plots Mn(II)-intensity normalized XPS spectra of Mn doped 
magnetite samples and their Np(V) contacted counterpart. On contact 
with Np(V), Mn(III) vs. Mn(II) signal for magnetite doped up to ~ 6 wt% 
(i.e., FM1 and FM2 samples) did not change. In FM3, enhanced surface 
presence of Mn(III) lowered on contact with Np(V). Possible reasoning 
for lowering of Mn(III) signal could be: 1) reduction of Np(V) by Mn(III)/ 
Mn(IV) redox couple, 2) enhanced dissolution of Mn(III) from the sur
face, and 3) participation of Fe(II)/Mn(III) redox couple for the reduc
tion of Np(V). In the first case, Mn(III) provides an electron to Np(V) and 
thereby oxidizes into Mn(IV). Signal of Mn(IV) (2p3/2 binding energy 
642.95 eV) [12] was not found in XPS of Np contacted FM3 sample. In 
this scenario application of Mn(III)/Mn(IV) redox couple is rejected. 
Enhanced solubility of Mn(III) on Np(V) contact can be ruled out as the 
enhanced solubility was not observed in the present study (Table 1). Np 

Fig. 2. Scanning electron micrographs of Mn doped magnetites (FM2, FM3) and their Np(V) contacted counterparts (FM2_Np, FM3_Np).  

Fig. 3. XPS spectra (Mn 2p3/2 lines) of Mn-doped magnetites and their Np(V) 
contacted counterparts. 



(V) reduction reaction with the redox couple Fe(II)/Mn(III) (E0 

0.74 V) [35], therefore seems responsible for the lowering of surface 
present Mn(III). Herein electron transfer from Fe(II) to Mn(III) will 

enhance Mn(II) in its proportion with Mn(III). The presence of primary 
redox couple, Fe(II)/Fe(III) (E0 0.77 V) [35], in magnetites and the 
observation that Fe(II)/Mn(III) participates only when Mn is present 
above 6 wt% points to the fact that a critical minimum concentration of 
Mn is required for Fe(II)/Mn(III) to play a role in the reduction of Np(V). 
Peng et al. [35] demonstrated the participation of Fe(II)/Fe(III) and Mn 
(II)/Mn(III) redox couples in the initial (< 70 min) and later (> 70 min) 
stages of methylene blue decomposition in neutral pH solution, 
respectively. Herein, however, in both stages of the catalytic perfor
mance of MnFe2O4 solid, the Fe(II)/Mn(III) redox couple accelerates the 
individual redox couples [35]. 

Mn K-edge XANES of Np(V)-contacted Mn-doped magnetites 
compared to that of standards (MnIIO and MnIII

2O3), shown in Fig. 4, 
indicates (1) no significant differences in spectral features and hence 
similar distribution of Mn(II) and Mn(III) in the bulk of all the three Np 
(V)-contacted magnetite samples, and (2) leaning of XANES features of 
magnetite samples towards that of Mn(II) standard. Liang et al. [10] 
observed shifting of the Mn K-edge to higher energy values with 
increasing Mn content in the bare Mn-doped magnetite. This shift was 
attributed to an increase in average oxidation state of Mn in the solid 
(observed for MnO and Mn2O3 solids in the present study). Overlapping 
spectral features observed in the present study for all the three 
Np-contacted magnetites therefore attest to the overall dominance of Mn 
(II) in doped magnetites, either due to non-interaction of Mn with Np as 
in FM1/2_Np or when Mn(III) gets reduced by Np(V) as in FM3_Np 
sample. 

3.3. Neptunium speciation on magnetites 

Fig. 5 depicts Np M5 absorption edge HR-XANES spectra of Np(V) 
contacted magnetite samples along with the spectrum of an amorphous 
Np(IV) oxide/hydroxide precipitate. For all FM solids, the white line 
spectral features overlay and closely match with resonances observed for 
NpIVO2 solid. This indicates Np presence on FM solids in + 4 oxidation 
state. HR-XANES, with capability to analyse fluorescence photon spectra 
with energy resolution better than the natural linewidth [36], has suc
cessively been employed to delineate the simultaneous existence of two 
species (CoO and Co nanoparticles) on carbon nanotube surface [37]. In 
view of this observation, the spectra in the present study, therefore, 
suggest the formation of a single speciation of Np (same or similar to 
NpO2(am.)) on FM solids. Fig. S1 shows the Np 4f XPS peaks for Np(V) 
contacted FM2 and FM3 samples. 4f5/2 and 4f7/2 peaks overlay for these 
samples and these two peaks match values reported for NpO2 solid 
(402.6, 414.3 eV, respectively) [38]. These evidences thus conclude the 
sorbed Np in a local structure very similar to NpO2 solid. 

Fourier transform (Fig. 6 [B]) of Np L3 edge EXAFS spectra (Fig. 6 

Fig. 4. Mn K edge XANES of Np-contacted magnetites and Mn standards. 
Spectra for the MnO and Np-contacted magnetites samples have been vertically 
shifted for better comparison of spectral features. 

Fig. 5. Np M5 absorption edge HR-XANES spectra of Np(V) contacted magne
tites and Np(IV) oxide/hydroxide precipitate. 

Fig. 6. [A] Np L3 edge EXAFS spectra for Np(V) contacted magnetite samples labeled FMx_Np: x = 0–3, and [B] their Fourier transform.  



[A]) contain peaks at ~ 1.7, 3.0 and 3.6 Å (phase uncorrected). The 
higher distance peak was modeled with a Np - Np scattering path rep
resenting photoelectron wave scattering by surrounding Np atom found 
in the Np – O – Np bridging of NpO2 solid. Modeling of the R-space data 
(Table S1) indicates the presence of 7–8 oxygen atoms at 2.33 Å. This 
radial distance matches the FCC unit cell of oxygen-octacoordinated Np 
(IV) confirming the formation of NpO2 as the surface speciation of Np 
sorbed on magnetites/doped magnetites [39,40]. Furthermore, a coor
dination number < 1 for Np – Fe/Mn scattering path was found at 
~ 3.41 Å. Owing to Z/Z + 1 character for the atomic numbers of Fe and 
Mn, it is not possible to differentiate between Fe and Mn in this fitting 
procedure. As there is higher uncertainty associated with coordination 
number [41], the presence of a Np – Fe/Mn scattering path simply in
dicates the sorption site of Np(V) on the solids before reduction to 
NpO2(s). 

To further confirm the sorption mechanism of Np(V) on magnetites, 
the Mn K – edge EXAFS spectrum for Np contacted FM3 sample was 
analyzed. Data was well modeled considering the structure of magnetite 
wherein Mn replaces the octahedral site Fe in magnetite lattice. Simu
lation of the data (Fig. S2 and Table S2) changed minimally (reduced 
chi-squared changed from 3.09 to 3.38) by including Mn – Np scattering 
path. The Hamilton test (based on R-factor of the fitting process) for the 
model with Mn – Np path, however, indicates 95% chances that there is 
improvement of fit on considering this scattering shell (Table S3) [41]. 
Fitting data for the Mn – Np shell match well with that for Np – Mn/Fe 
shell found in Np L3 edge data fitting. These results, thus, conclude to the 
formation of a single species of sorbing Np(V), i.e., nano-particulate 
NpIVO2 (solid), on magnetite as well as Mn-doped magnetites. Mn-O 
sites show some preference for sorbing Np(V) compared to Fe-O sites 
but the presence of Mn in the magnetite lattice does not change the 
surface speciation of sorbed Np. Mn participates through Fe(II)/Mn(III) 
redox couple in reducing sorbed Np(V) and its participation becomes 
significant only when the doped-magnetite contains a critical minimum 
concentration (> 6 wt%) of Mn. In light of this study, the role of Mn in 
the surface speciation of Np is significant only at higher level of Mn 
doping. 

4. Summary and conclusion 

The present study investigates spectroscopically the role of manga
nese (Mn) present as impurity in magnetite lattice in the sorption 
mechanism of neptunium. Homogenous distribution of Mn in magnetite 
was achieved by synthesizing magnetites with Mn doping over 3–12 wt 
%. X – ray diffraction pattern, however, revealed the shifting of 
diffraction peaks to lower 2 theta values in agreement with Fe(II)/Fe(III) 
replacement by Mn(II). Quantitative sorption of neptunium, Np(V), was 
observed on both undoped and doped magnetites in neutral pH condi
tion. Np(V) sorption suppressed Mn solubility in case of magnetite with 
highest Mn doping. In a surface sensitive investigation of Np(V) con
tacted magnetites by X-ray photoelectron spectroscopy, Mn(II) changing 
to Mn(III) was observed on interaction with Np(V), though the effect is 
pronounced only when the doping is above 6 wt%. Nanoparticulate 
neptunium(IV) oxide surface speciation was indicated in Np M5 edge 
HR-XANES measurement of Np(V) sorbed on Mn-doped as well as 
undoped magnetites and was confirmed using analysis of Np L3 edge 
EXAFS data. These observations conclude that Mn-O site does show 
preference for sorbing Np(V) vis-á-vis Fe-O site but participates only 
through Fe(II)/Mn(III) redox couple in deciding Np(V) surface specia
tion on magnetites. This study, thus, shows another end of impurity role 
wherein it does not affect the surface speciation coordinatively but only 
through its redox reaction. 
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