




in 0.5 M NaCl with pHexp 3, and in 0.1 M NaClO4 with pHexp
2, respectively. UV−vis spectroscopy (Figure 1) confirmed the

prevalence of the intended oxidation states, and liquid
scintillation counting (LSC) conducted before and after 10
kDa ultrafiltration confirmed the absence of significant
amounts of PuO2 colloids in the stock solutions. Note that
the relatively strong Pu(VI) peak in the spectrum of the Pu(V)
stock solution corresponds to less than 10% Pu(VI) impurity
due to the much higher molar absorption coefficient of Pu(VI)
in relation to Pu(V).
Pu-Magnetite Coprecipitation. Experiments were con

ducted with either Pu(V) or Pu(III). Five milliliters of Fe(II)/
Fe(III) solutions were prepared by mixing 2.5 mL of 0.8 mol·
L−1 FeCl2 solution with 2.5 mL of 1.6 mol·L−1 FeCl3 solution
and adjusted to pHexp 1.5. Pu(V) or (III) stock solutions were
then added to the iron solutions (1.8 mL for Pu(V) and 1.35
or 4.72 mL for Pu(III)). UV−vis spectroscopy showed a rapid
reduction of Pu(V) to Pu(III) for the first sample (Figure 1),
whereas the oxidation state in the two Pu(III) samples
remained stable. Further experiments were hence conducted
only with the two Pu(III) samples, labeled Pu Mag 1300 and
Pu Mag 4400 with the numbers referring to the target Pu
concentration in each sample in μg/g (ppm). Pu coprecipi
tation with in situ formed magnetite was induced by rapidly
pouring the Fe/Pu solutions into 3.3 mL of a 6 M NaOH
solution. pHexp and pe were determined in the black

suspensions after 5 min when stable potentials were reached.
Pu Mag 1300 had a pHexp of 12.4 and a pe of −11.1, while Pu
Mag 4400 had a pHexp of 12.5 and a pe of −11.3. After
centrifugation, a 1 mL aliquot of the supernatant was separated
for further wet chemical analysis. The bottom slurry of
magnetite was washed three times with 5 mL of degassed
water, and after centrifugation, the resulting wet paste was
isolated for further XRD and XAFS analyses.

Fe-Enforced Recrystallization Procedure.We adapted a
procedure from Boland et al.52 to enhance recrystallization of
the iron oxide phases through concomitant Fe(II)/Fe(III)
electron exchange, oxide growth, and reductive dissolu
tion.53−56 An aliquot equivalent to ∼225 mg of dry Pu Mag
1300 and Pu Mag 4400 samples was added under stirring into
100 mL of a solution containing 1 mM Fe(II) and buffered at
pHexp 6.5 by 50 mM MES buffer (2 (N morpholino)
ethanesulfonic acid). After 5 days of reaction, the solid
samples were centrifuged and isolated as wet paste for further
XAFS and XRD analyses (samples Pu Mag 1300 rec and Pu
Mag 4400 rec).

Supernatant Characterization. The Pu content in the
supernatant was measured by LSC. In all four samples, both
before and after aging, Pu concentration in the supernatant was
below the LSC detection limit (<10−9 mol L−1), i.e., most Pu
was associated with the solid phase.

Magnetite Characterization. XRD patterns (Cu source)
of Pu Mag 1300, Pu Mag 4400, Pu Mag 1300a, and Pu Mag
4400a demonstrate the phase identity and purity by showing
only the 220, 311, 400, 511, and 440 reflections of the
magnetite cubic cell (Fd3m) (Figure 2). The broadening of the
diffraction bands as evaluated by the Debye−Scherrer equation
provides an average crystallite size of 10 nm, which we could
not confirm by TEM, but which should beaccording to

Figure 1. UV−vis spectra of Pu(III) and Pu(V) stock solutions and of
the mixed Fe(II)/Fe(III)/Pu solutions before coprecipitation. The
two most prominent absorption bands of Pu(III) are marked with
green hatched lines, the bands of Pu(V) and Pu(VI) are marked in
blue hatched lines. For clarity, the spectra of the Pu(V) and Pu(III)
stock solution were rescaled by a factor of 2 and 0.5, respectively, to
account for the different molar absorption coefficients. In addition,
the spectra have been vertically shifted by 0, 0.02, 0, 0.005, and 0.02
absorption units from bottom to top for better readability. Note the
strongly curved background of the mixed solutions due to the broad
absorption bands of Fe(II) and Fe(III) species below 550 and above
750 nm.

Figure 2. Powder XRD for samples Pu Mag 1300, Pu Mag 1300 rec,
Pu Mag 4400, and Pu Mag 4400 rec (from top to bottom) and
calculated powder pattern from Wright et al.60 for magnetite (red
line) and for the europium pyrochlore type structure from Chtoun et
al.61 (green line).



previous work where both methods were availablein line
with TEM derived particle diameters of magnetite.57,58 The
Fe(II)/Fetot ratio in the two nonaged magnetite samples was
determined by dissolving the solid samples and then
determining the Fe(II) concentration spectrophotometrically59

in ultrafiltrated (10 kDa) aliquots before (= structural Fe(II))
and after Fe reduction with NH2OH HCl (= structural total
Fe). The structural Fe(II)/Fetot ratios of 0.32 (Pu Mag 1300)
and 0.30 (Pu Mag 4400) were close to the ideal ratio of
stoichiometric magnetite (0.33).
X-ray Photoelectron Spectroscopy (XPS). A VersaProbe

II (ULVAC PHI) was used with monochromatized Al Kα
radiation (1486.7 eV). Calibration of the binding energy scale
of the spectrometer was performed using pure metals
(monochromatic Al Kα: Cu 2p3/2 at 932.62 eV, Au 4f7/2 at
83.96 eV).62 Binding energies of elemental lines of the samples
are charge referenced to O 1s (oxide) at 530.0 eV. The
background pressure in the analysis chamber was about 7 ×
10−8 Pa. Samples were prepared by pressing the wet paste from
a 2 mL centrifuge tube onto indium foil and then transferred
with a vacuum vessel (PHI model V5000 K) from the
glovebox into the XPS entry chamber, where pumping
overnight removed associated water.

X-ray Absorption Fine-Structure (XAFS) Spectrosco-
py. XAFS spectra were collected at The Rossendorf Beamline
at the European Synchrotron Radiation Facility (ESRF,
Grenoble). Its experimental station is a dedicated α laboratory
to measure actinides in double confinement sample holders.
The energy of the X ray beam was tuned by a double crystal
monochromator operating in channel cut mode using a
Si(111) crystal pair. Two platinum coated Si mirrors before
and after the monochromator were used to collimate the beam
into the monochromator and to reject higher harmonics. Pu
L3 edge spectra were collected in fluorescence mode using a
13 element energy dispersive solid state Ge detector (Canber
ra) together with a digital signal processing unit (XIA XMap).
Spectra were collected at 15 K using a closed cycle He cryostat
(CryoVac). Energy calibration was performed using the zero
crossing of the second derivative of the K edge of metallic Zr
(17998 eV) measured simultaneously to the sample scans.
Dead time correction of the fluorescence signal, energy
calibration, and the averaging of the individual scans were
performed with the software package SixPack.63 Normal
ization, transformation from energy into k space, subtraction of
a spline background, and shell fits were performed with
WinXAS following standard procedures.64 All fits were carried

Figure 3. Pu LIII edge XAFS spectra of magnetite coprecipitation samples and selected references from Kirsch et al.36 (a) XANES spectra, (b) k3

weighted EXAFS spectra, (c) corresponding Fourier transform magnitudes. For b) and c), black lines are experimental data, and blue lines are
ITFA derived reproductions by two components. Using Pu Mag sorb (bottom) as one end member component, the second end member
component (comp. 1) was extracted from the full data set (see text).





and Pu Mag 4400 could not be fit with this approach. Several
other fit approaches using single or split Pu−O and Pu−Fe
shells did not provide satisfactory results because of (1) poor
spectral reproduction (approach 1 in Table SI 1, Figure SI 2
top), (2) oxygen coordination numbers of >12 and hence far
higher than those expected for octahedral magnetite positions
(6) or the typical tricapped prismatic coordination of trivalent
lanthanide and actinide aquo complexes (9) (approaches 2 and
3 in Table SI 1, Figure SI 2 center and bottom), and (3)
Debye−Waller factors hitting the upper and lower limit of a
physically reasonable range (0.002 and 0.015 Å2). Further
more, wavelet analysis70 of the Fourier peak around 3 Å clearly
revealed the presence of backscattering from a medium heavy
atom like Fe, and not from a heavy atom like Pu, excluding, for
instance, the formation of Pu2O3 with Pu−Pu distances of 3.62
and 4.16 Å.71 Therefore, we had to assume the existence of two
or more coexisting Pu species, which cannot be resolved by
shell fitting because of the limited resolution (≥0.17 Å at the
given k range of 2 to 11 Å−1). In such cases, iterative
transformation factor analysis (ITFA) has shown to be a
valuable approach to determine the number of spectral
components (often commensurate to number of species) and
to extract the spectra of the pure end member species.32,66 In
fact, the spectra of all four precipitation samples are well
reproduced by only two components (compare blue and black
traces in Figure 3b,c), suggesting that two structurally
distinguishable Pu species are present in these samples.
Furthermore, adding the spectrum of Pu(III) sorbed to
magnetite (Pu Mag sorb) to the other four spectra did not
increase the number of significant components, which indicates
that this species is indeed one of the two components, as
already suggested by the spectral similarity with the two
recrystallized samples. Using this information, we could extract
the spectrum of the other, unknown component (“comp. 1”
shown as top red trace in Figure 3b,c) and calculate the
fractions of the two species in each sample spectrum (Figure 4
left). Surprisingly, the fresh precipitates contain already 50 ±
5% of component 2, the Pu(III) sorption complex, and its
percentage even increases with the recrystallization procedure
to about 70 ± 5%. Therefore, even the spectra of the fresh
precipitates contain only 50 ± 5% contribution from
component 1, which explains the failure of shell fitting for
solving its structure. When using the ITFA extracted spectrum
of component 1, however, we could fit all shells out to a
distance of 5.5 Å (R + Φ), well reproducing the EXAFS chi
function as well as magnitude and imaginary parts of the
Fourier transform (Figure 4 right). The fit parameters are
given in Table 1.
In component 1, Pu(III) coordinates to about eight oxygen

atoms at two different distances, 2.22 and 2.45 Å. Not
surprisingly because of the size mismatch between Pu(III) and
Fe(II,III), this coordination is very different from the six
coordinated Fe site in magnetite with a much smaller Fe−O
distance of 2.06 Å. The larger distance of 2.45 Å is identical to
that of the Pu(III) aquo ion and sorption complexes of Pu or
Am with 9 fold oxygen coordination.36,72 The split shell with
an additional shorter Pu−O distance suggests, however, a
coordination environment much more distorted than in the
trigonal tricapped prism arrangement typical for trivalent
lanthanides and actinides in aqueous environment, where the
variation of bond distances is commonly too small to be
resolved by EXAFS.

Typical oxide structures capable of hosting large (∼1.00 Å)
trivalent lanthanide and actinide cations alongside much
smaller transition metal cations are pyrochlores and perov
skites.73 In perovskites with the general formula ABO3, the
large cation site A is coordinated to 12 oxygen atoms, which
significantly deviates from the observed 8 fold coordination for
Pu. In pyrochlores with the general formula A2B2O7, however,
the large A cation is coordinated to eight oxygen atoms, well
matching the fit value (Table 1). Furthermore, in most
pyrochlores the A site typically deviates from the perfect cubic
coordination, causing a split coordination shell.61,74 For
instance, in a pyrochlore with the trivalent cations Eu, Fe,
and Ti, hence similar in diameter to those in our system,
Eu(III) is coordinated to eight oxygen atoms at 2.20 and 2.48
Å, distances well in line with those in component 1 (structure
in lower left corner of Figure 4 left).61 The shortest fitted Pu−
Fe1 distance of 3.68 Å corresponds also fairly well with the
shortest Eu−Fe distance of 3.60 Å, arising from the edge
sharing linkage between Eu hosting polyhedra and the nearest
Fe hosting octahedra in pyrochlore. The next shell of Fe atoms
(Pu−Fe2) occurs at a distance of 3.93 Å, which suggests that
their octahedra are linked to the actinide polyhedra through
corners with a strongly bent Pu−O−Fe axis. Finally, the fitted
two long Pu−Fe distances of 5.17 and 5.47 Å do not occur in
the pyrochlore structure; they correspond instead reasonably
well (only 0.05 to 0.06 Å longer) with Fe−Fe distances in
magnetite and are well fit with corresponding coordination
numbers of 12 and 8, respectively (Table 1). The absence of
the longer range order of pyrochlore contradict that a separate
pyrochlore phase trapped Pu (note that the small amount of
this phase may not be detectable by XRD). Based on the fitted
shell distances and coordination numbers, the structure of
component 1 can be conceptualized as Pu(III) entrapped in
magnetite by adopting a pyrochlore like structure with a radius
of less than 4 Å, which is embedded in the magnetite structure
seen beyond 5 Å from the Pu centers.
This experimental data is in clear contradiction to the result

of a recent quantum mechanical approach, where structural
incorporation into the Oh site of magnetite was predicted.75

Furthermore, it also does not confirm a postulated 6 fold
coordination for Am in magnetite after 2 years of aging at pH
≈ 12,50 where shell fitting might have been biased by a mix of
sorbed and occluded Am species similar to our results before
separating their spectral contributions with ITFA. It is well in

Table 1. EXAFS Shell Fit Parameters for Component 1
along with the Crystallographic Data for the Fe Occupied
Oh Site in Magnetite and the Local Structure of Component
2 (Sorbed Pu(III)) Taken from Kirsch et al.36

component 1: incorporated
Pu(III)c

magnetite Oh
site #

component
2: sorbed
Pu(III)

paths CN R/Å σ2/Å2a CN R/Å CN R/Å

Pu O1 4.5 2.22 0.0089a 6 2.06
Pu O2 3.8 2.45 0.0089a 9 2.45
Pu Fe1 2.7 3.68 0.0032b 6 2.95 3 3.54
Pu Fe2 1.9 3.93 0.0032b 6 3.46 3 4.20
Pu Fe3 12.0b 5.17 0.0150c 12 5.11
Pu Fe4 8.0b 5.47 0.0150c 8 5.42

aSuperscripts a, b, c, and d indicate correlated parameters.
bCoordination numbers fixed to crystallographic values during shell
fit. cΔE0 = 8.4 eV, χres = 11.1%.
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(49) Soldatov, M. A.; Göttlicher, J.; Kubrin, S. P.; Guda, A. A.;
Lastovina, A.; Bugaev, A. L.; Rusalev, Y. V.; Soldatov, A. V.; Lamberti,
C. Insight from X ray absorption spectroscopy to octahedral/
tetrahedral site distribution in Sm doped iron oxide magnetic
nanoparticles. J. Phys. Chem. C 2018, 122, 8543−8552.
(50) Finck, N.; Nedel, S.; Dideriksen, K.; Schlegel, M. L. Trivalent
actinide uptake by iron (hydr)oxides. Environ. Sci. Technol. 2016, 50
(19), 10428−10436.
(51) Frierdich, A. J.; McBride, A.; Tompkins, S.; Southall, S. C.
Nickel cycling and negative feedback on Fe(II) catalyzed recrystal
lization of goethite. ACS Earth Space Chem. 2019, DOI: 10.1021/
acsearthspacechem.9b00137.
(52) Boland, D. D.; Collins, R. N.; Payne, T. E.; Waite, T. D. Effect
of Amorphous Fe(III) Oxide Transformation on the Fe(II) Mediated
Reduction of U(VI). Environ. Sci. Technol. 2011, 45 (4), 1327−1333.
(53) Catalano, J. G.; Fenter, P.; Park, C.; Rosso, K. M.; Frierdich, A.
J.; Otemuyiwa, B. T. Fe(II) induced structural transformations of
hematite surfaces and their impact on contaminants. Geochim.
Cosmochim. Acta 2010, 74 (12), A150.
(54) Handler, R. M.; Beard, B. L.; Johnson, C. M.; Scherer, M. M.
Atom Exchange between Aqueous Fe(II) and Goethite: An Fe
Isotope Tracer Study. Environ. Sci. Technol. 2009, 43 (4), 1102−1107.
(55) Pedersen, H. D.; Postma, D.; Jakobsen, R.; Larsen, O. Fast
transformation of iron oxyhydroxides by the catalytic action of
aqueous Fe(II). Geochim. Cosmochim. Acta 2005, 69 (16), 3967−
3977.
(56) Jones, A. M.; Collins, R. N.; Rose, J.; Waite, T. D. The effect of
silica and natural organic matter on the Fe(II) catalysed trans
formation and reactivity of Fe(III) minerals. Geochim. Cosmochim.
Acta 2009, 73 (15), 4409−4422.
(57) Wan, J.; Cai, W.; Meng, X.; Liu, E. Monodisperse water soluble
magnetite nanoparticles prepared by polyol process for high
performance magnetic resonance imaging. Chem. Commun. 2007,
No. 47, 5004−5006.
(58) Wang, J.; Deng, T.; Dai, Y. J. Study on the processes and
mechanism of the formation of Fe3O4 at low temperature. J. Alloys
Compd. 2005, 390 (1−2), 127−132.
(59) Viollier, E.; Inglett, P. W.; Hunter, K.; Roychoudhury, A. N.;
Van Cappellen, P. The ferrozine method revisited: Fe(II)/Fe(III)
determination in natural waters. Appl. Geochem. 2000, 15 (6), 785−
790.
(60) Wright, J. P.; Attfield, J. P.; Radaelli, P. G. Charge ordered
structure of magnetite Fe3O4 below the Verwey transition. Phys. Rev.
B: Condens. Matter Mater. Phys. 2002, 66 (21), 214422.
(61) Chtoun, E. H.; Hanebali, L.; Garnier, P. X ray Rietveld analysis
of (1 x)A2Ti2O7 xFe2TiO5 (A= Eu,Y) solid solutions. Ann. Chim.
2001, 26 (3), 27−32.
(62) Seah, M. P.; Gilmore, L. S.; Beamson, G. XPS: Binding energy
calibration of electron spectrometers 5 Re evaluation of the
reference energies. Surf. Interface Anal. 1998, 26 (9), 642−649.
(63) Webb, S. M. Sixpack: a graphical user interface for XAS analysis
using IFEFFIT. Phys. Scr. 2005, T115, 1011−1014.
(64) Ressler, T. WinXAS: a program for X ray absorption
spectroscopy data analysis under MS Windows. J. Synchrotron Radiat.
1998, 5 (2), 118−122.
(65) Ankudinov, A. L.; Rehr, J. J. Relativistic calculations of spin
dependent x ray absorption spectra. Phys. Rev. B: Condens. Matter
Mater. Phys. 1997, 56, 1712−1728.
(66) Rossberg, A.; Reich, T.; Bernhard, G. Complexation of
uranium(VI) with protocatechuic acid application of iterative

transformation factor analysis to EXAFS spectroscopy. Anal. Bioanal.
Chem. 2003, 376 (5), 631−638.
(67) Cho, H. R.; Youn, Y. S.; Jung, E. C.; Cha, W. Hydrolysis of
trivalent plutonium and solubility of Pu(OH)(3) (am) under
electrolytic reducing conditions. Dalton Transactions 2016, 45 (48),
19449−19457.
(68) Tasi, A.; Gaona, X.; Fellhauer, D.; Boettle, M.; Rothe, J.;
Dardenne, K.; Schild, D.; Grive, M.; Colas, E.; Bruno, J.; Kallstrom,
K.; Altmaier, M.; Geckeis, H. Redox behavior and solubility of
plutonium under alkaline, reducing conditions. Radiochim. Acta 2018,
106 (4), 259−279.
(69) Dalodier̀e, E.; Virot, M.; Dumas, T.; Guillaumont, D.; Illy, M.
C.; Berthon, C.; Guerin, L.; Rossberg, A.; Venault, L.; Moisy, P.;
Nikitenko, S. I. Structural and magnetic susceptibility characterization
of Pu(V) aqua ion using sonochemistry as a facile synthesis method.
Inorg. Chem. Front. 2018, 5, 100−111.
(70) Funke, H.; Scheinost, A. C.; Chukalina, M. Wavelet analysis of
extended X ray absorption fine structure data. Phys. Rev. B: Condens.
Matter Mater. Phys. 2005, B 71, 094110.
(71) Chikalla, T. D.; McNeilly, C. E.; Skavdahl, R. E. The
plutonium oxygen system. J. Nucl. Mater. 1964, 12 (2), 131−141.
(72) Marques Fernandes, M.; Scheinost, A.C.; Baeyens, B. Sorption
of trivalent lanthanides and actinides onto montmorillonite: Macro
scopic, thermodynamic and structural evidence for ternary hydroxo
and carbonato surface complexes on multiple sorption sites. Water
Res. 2016, 99, 74−82.
(73) Daniels, L. M. W. Structures and Properties of Perovskites and
Pyrochlores from Hydrothermal Synthesis. PhD thesis, University of
Warwick, 2015.
(74) Belin, R. C.; Martin, P. M.; Valenza, P. J.; Scheinost, A. C.
Experimental insight into the radiation resistance of zirconia based
americium ceramics. Inorg. Chem. 2009, 48, 5376−5381.
(75) Bender, W. M.; Becker, U. Quantum mechanical investigation
of the structures and energetics of uranium and plutonium
incorporated into the magnetite (Fe3O4 lattice. ACS Earth Space
Chem. 2019, 3, 637−651.
(76) Um, W.; Chang, H. S.; Icenhower, J. P.; Lukens, W. W.; Serne,
R. J.; Qafoku, N. P.; Westsik, J. H.; Buck, E. C.; Smith, S. C.
Immobilization of 99 Technetium (VII) by Fe(II) Goethite and
Limited Reoxidation. Environ. Sci. Technol. 2011, 45 (11), 4904−
4913.
(77) Marshall, T. A.; Morris, K.; Law, G. T. W.; Mosselmans, J. F.
W.; Bots, P.; Parry, S. A.; Shaw, S. Incorporation and Retention of 99
Tc(IV) in Magnetite under High pH Conditions. Environ. Sci.
Technol. 2014, 48 (20), 11853−11862.
(78) Rajendran, M.; Bhattacharya, A. K. Nanocrystalline orthoferrite
powders: Synthesis and magnetic properties. J. Eur. Ceram. Soc. 2006,
26 (16), 3675−3679.
(79) Lumpkin, G. R.; Ewing, R. C. Alpha decay damage in minerals
of the pyrochlore group. Phys. Chem. Miner. 1988, 16 (1), 2−20.
(80) Wang, S. X.; Begg, B. D.; Wang, L. M.; Ewing, R. C.; Weber, W.
J.; Kutty, K. V. G. Radiation stability of gadolinium zirconate: A waste
form for plutonium disposition. J. Mater. Res. 1999, 14 (12), 4470−
4473.
(81) Sellin, P.; Leupin, O. X. The use of clay as an engineered barrier
in radioactive waste management A review. Clays Clay Miner. 2013,
61 (6), 477−498.
(82) Watson, E. B. A conceptual model for near surface kinetic
controls on the trace element and stable isotope composition of
abiogenic calcite crystals. Geochim. Cosmochim. Acta 2004, 68 (7),
1473−1488.
(83) Thien, B. M. J.; Kulik, D. A.; Curti, E. Modeling trace element
uptake kinetics in secondary minerals. In Proceedings of the Fourteenth
International Symposium on Water Rock Interaction, WRI 14,
Hellmann, R., Pitsch, H., Eds.; Elsevier Science: Amsterdam, 2013;
Vol. 7, pp 838−841.






