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ABSTRACT: Understanding interactions between iron (oxyhydr)oxide nanoparticles
and plutonium is essential to underpin technology to treat radioactive effluents, in
cleanup of land contaminated with radionuclides, and to ensure the safe disposal of
radioactive wastes. These interactions include a range of adsorption, precipitation, and
incorporation processes. Here, we explore the mechanisms of plutonium sequestration
during ferrihydrite precipitation from an acidic solution. The initial 1 M HNO3
solution with Fe(III)(aq) and

242Pu(IV)(aq) underwent controlled hydrolysis via the
addition of NaOH to pH 9. The majority of Fe(III)(aq) and Pu(IV)(aq) was removed
from solution between pH 2 and 3 during ferrihydrite formation. Analysis of Pu−
ferrihydrite by extended X-ray absorption fine structure (EXAFS) spectroscopy
showed that Pu(IV) formed an inner-sphere tetradentate complex on the ferrihydrite
surface, with minor amounts of PuO2 present. Best fits to the EXAFS data collected
from Pu−ferrihydrite samples aged for 2 and 6 months showed no statistically
significant change in the Pu(IV)−Fe oxyhydroxide surface complex despite the
ferrihydrite undergoing extensive recrystallization to hematite. This suggests the Pu remains strongly sorbed to the iron
(oxyhydr)oxide surface and could be retained over extended time periods.

KEYWORDS: Plutonium, ferrihydrite, hematite, nanoparticle, XAS, sorption

■ INTRODUCTION

Plutonium is highly radiotoxic, long-lived (e.g., 239Pu t1/2 =
24,100 years) and ubiquitous in spent nuclear fuel and many
radioactive wastes. It is a key risk driving radionuclide in
contaminated land,1 legacy nuclear facilities such as the
Hanford Tanks and Sellafield Ponds,2,3 and the treatment of
radioactive effluents.4 A key control on plutonium environ-
mental mobility is via sorption reactions (i.e., surface
adsorption and/or incorporation) with common mineral
phases including iron (oxyhydr)oxides, e.g., ferrihydrite.
Characterizing the atomic scale interactions of plutonium
with mineral nanoparticles as they form is key to assessing its
fate within contaminated environmental and radioactive waste
geological disposal systems and in the development of effluent
treatment technologies.
Ferrihydrite is the first Fe(III) hydrolysis product that forms

from aqueous solution and is ubiquitous in environmental
systems including natural waters, soils/sediments and living
organisms.5 Ferrihydrite nanoparticles (1−7 nm) have a large

surface area (>200 m2/g)6 and high capacity to adsorb
dissolved actinide aqueous species, including those of U, Np,
and Pu.7−9 Ferrihydrite forms via the hydrolysis of aqueous
Fe(III) which proceeds via a multistep pathway where various
polymeric ions form and coalesce to create nanoparticles.10

Recently, it has been shown that the α-Fe13 Keggin ion can be
a precursor to ferrihydrite formation when formed from an
acid solution and that there is structural continuity from the
Fe13 moiety to ferrihydrite.10−12 The sorption properties of
ferrihydrite are exploited in nuclear abatement technologies
which sequester radionuclides from radioactive effluent
streams. For example, the Enhanced Actinide Removal Plant
(EARP; Sellafield Ltd.; U.K.) uses ferrihydrite precipitation to
remove actinides including highly radiotoxic Pu and Am
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isotopes from acidic effluents.4,13 In addition, precipitation of
Fe(III) to decontaminate radioactive effluents has been
explored in the context of the Fukushima Daiichi nuclear site
in Japan.14

Several studies have characterized adsorption and redox
processes occurring during the interaction of Pu with iron
(oxyhydr)oxide surfaces.9,15−23 The adsorption of Pu(V) to
hematite (Fe2O3) and goethite (α-FeOOH) initiates a surface
mediated reduction to Pu(IV), which can lead to the formation
of PuO2+x·nH2O ([Pu]tot ≥ 10−9 M).20 The mechanism(s)
controlling Pu(V) reduction have not been resolved with a
range of processes proposed including electron shuttling,
disproportionation, Pu(IV) stabilization at the surface, and
Nernstian favorability of Pu(IV) complexes and colloids.17 The
adsorption of Pu(V) to magnetite (Fe3O4) leads to a surface
mediated reduction to Pu(III). Here, X-ray absorption
spectroscopy (XAS) in combination with Monte Carlo
modeling indicates Pu(III) binds via three oxygens to three
edge-sharing FeO6 octahedra.18 Other work has studied
Pu(VI) interactions with goethite and showed the initial
formation of an inner-sphere Pu(VI) adsorption complex
which then underwent reduction to Pu(IV).19 These Pu(IV)
species are comparable to mononuclear U(IV) complexes
which have been shown to form on iron (oxyhydr)oxide
surfaces,24−26 e.g., magnetite, upon reduction from U(VI).
Overall, past work has indicated that Pu can adsorb to iron
(oxyhydr)oxide surfaces via a variety of inner-sphere
complexes and/or form discrete PuO2 particles.

9,15−23 Despite
this, there is currently no detailed information on the
mechanism of Pu(IV) partitioning to solids during ferrihydrite
formation. This information is crucial to determine key
mechanisms of Pu uptake and retention during the radioactive
effluent treatment process and, more broadly, within
contaminated environments where both Pu and iron
(oxyhydr)oxide phases are present.
Here, we characterize the mechanism of Pu(IV) uptake

during ferrihydrite formation from an acidic solution
containing Fe(III) and Pu(IV).4,12 We gained a detailed
insight into the speciation and molecular scale mechanisms of
Pu(IV) sorption during nanoparticulate ferrihydrite formation
and aging using a combination of aqueous chemical analyses,
thermodynamic speciation modeling, and extended X-ray
absorption fine structure (EXAFS) spectroscopy. Best fits to
the EXAFS data show that Pu(IV) formed an inner-sphere
tetradentate complex with the ferrihydrite and there was no
statistically significant change in the Pu(IV) surface complex
during sample aging despite clear evidence for crystallization of
ferrihydrite to hematite and goethite. This provides important
insights into the pathway of Pu uptake by ferrihydrite with
implications for effluent treatment and understanding of Pu
fate in engineered and natural environments.

■ METHODOLOGY
242Pu is a highly radiotoxic, α-emitting radioisotope, and its
possession and use is subject to strict statutory controls. A
previously conditioned, 8 M HNO3 and 0.03 M 242Pu(IV)
stock solution was used in these experiments, and UV−visible
spectrophotometric (Shimadzu UV-2600) measurements
taken on the stock immediately prior to the experiment
confirmed the dominant oxidation state was Pu(IV) (see
Figure S1).27

The Pu(IV) was spiked into a 1 M HNO3, 7.2 mM Fe(III),
solution to a final concentration of 2.0 μM 242Pu(IV) (75 Bq

mL−1) and equilibrated overnight. This acidic solution is
representative of typical EARP effluents treated at the Sellafield
nuclear facility.4,12 To initiate Fe(III) precipitation, an
automated reaction vessel was used to control the pH during
the addition of NaOH.12 Initially, 7 M NaOH was introduced
at a rate of 1.5 mL min−1 until pH 2.3, and then, the addition
rate was reduced to 0.3 mL min−1 until pH 3. Finally, 0.2 M
NaOH was added at a rate of 1.5 mL min−1 to pH 9 with the
total reaction taking approximately 45 min. A control
experiment without Pu was also undertaken to allow
characterization of parallel, non-radioactive iron (oxyhydr)-
oxide samples.
At selected points during the neutralization reaction,

samples were removed and filtered (polyethersulfone, <0.22
μm). 242Pu concentrations in solution were determined using
α/β discriminated liquid scintillation (Quantulus). Dissolved
Fe(III) concentrations were determined using hydroxylamine
as a reductive agent coupled with the ferrozine assay
method.28,29 After 1 h at pH 9, a Pu−ferrihydrite suspension
sample was removed and centrifuged (5000g; 5 min) to isolate
the Pu doped ferrihydrite solid. The remaining Pu−ferrihydrite
suspension was stored at 40 °C, and further solid samples were
collected at 2 and 6 months of aging. A pH check on these
aged samples confirmed the pH was maintained at 9 during
aging. The fresh solid product and 2-month-aged sample from
the non-radioactive control experiment were analyzed via X-ray
diffraction (XRD,BrukerD8 Advance). An oxalate extraction
method was used to quantify any recrystallization of Pu−
ferrihydrite at the 6-month time point.5 Here, 1 mL of Pu−
ferrihydrite suspension was added to 1 mL of 0.02 M
ammonium oxalate and 0.02 M oxalic acid at pH 3. The
sample was then reacted in the absence of light for 2 h to
dissolve any noncrystalline component (i.e., ferrihydrite).
Pu LIII-edge XAS spectroscopy analyses were conducted on

B18 at Diamond Light Source at room temperature in
fluorescence mode using a 32-element Ge detector and a
bespoke transuranic sample holder for X-ray absorption
spectroscopy to allow triple containment (Figure S2). All
XANES data were calibrated against an in-line zirconium foil.
Background processing was performed using Athena, and
EXAFS modeling was carried out using Artemis (Demeter;
0.9.19)30 and FEFF8.5L with self-consistency enabled.31 XAS
data were collected from solids (∼1000 μg of 242Pu g−1)
separated 1 h after the experiment was complete, and after
aging the Pu−ferrihydrite suspension at pH 9 and 40 °C for 2
and 6 months. All speciation and saturation thermodynamic
calculations were performed using PHREEQC (3.3.7)32

coupled with R, a statistical programming language,33,34

using the ANDRA SIT database (ThermoChimie v. 9a 2014).

■ RESULTS AND DISCUSSION

Analysis of the supernatant from the inactive control
experiment indicated that Fe(III) was rapidly removed from
solution between pH 1.5 and 3 (Figure 1). The behavior of
Fe(III) was controlled via the precipitation of ferrihydrite and
was consistent with thermodynamic predictions (Figure 1) and
the results of previous studies.4,12 The solid phase end product
was two-line ferrihydrite, again consistent with past work4,12

(Figure S3). XRD of the 2-month non-radioactive aging
experiments confirmed significant recrystallization of ferrihy-
drite to dominantly hematite with minor goethite present
(Figure S3). Oxalate extraction on the aged, Pu doped sample
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at 6 months confirmed >95% recrystallization to more ordered
forms (e.g., hematite).
During base addition, the solution Pu concentration as a

function of pH (Figure 1) showed approximately 85% of Pu
was removed from solution contemporaneous with Fe(III)
removal between pH 1.5 and 3. The remaining Pu
(approximately 15%) was removed from solution as the base
addition progressed to pH 9 (<0.2 Bq mL−1 detection limit).
Interestingly, PHREEQC modeling of Pu(IV) concentration as
a function of pH, which assumed that PuO2·2H2O(am)
precipitation controlled Pu(IV) concentration, reproduced a
result broadly consistent with the experimental data except for
the relatively slow removal of ∼15% of the Pu between pH 3
and 9 (Figure 1). However, the XAS data show that
precipitation was not the dominant Pu(IV) sequestration
mechanism (see below) and illustrates the essential value of
experimental data underpinning thermodynamic modeling
when inferring sorption processes.
The Pu XANES spectra from all samples were compared to

published standards for Pu(III, IV, V, and VI) (Figure S4).35

The edge position and structure of the XANES for all samples
were essentially identical and closely matched the Pu(IV)
standard, confirming that Pu was dominated by the +IV
oxidation state in all of the samples. The background
subtracted EXAFS spectra and corresponding Fourier trans-
forms are shown in Figure 2. The EXAFS spectrum of the Pu
associated with the freshly precipitated ferrihydrite was
successfully modeled with an oxygen shell with eight scatterers
at 2.34(1) Å. The substantial peak in the Fourier transform at
2.8 Å was attributed to Fe backscatterers and could best be
modeled with four Fe atoms at 3.38(2) Å. The Debye−Waller
factors are elevated (i.e., 0.014 and 0.015 Å2, respectively)
above those which would be normally expected for shells at
these distances, typically ≤0.01 Å2. This may indicate the O
and Fe atoms surrounding the Pu are disordered and/or
distributed over a range of distances. Additional fits with both
O and Fe shells split yielded improved fits to the data and
support the interpretation that both the O and Fe atoms are
present at a range of distances, i.e., O = 2.22−2.40 Å and Fe =
3.28−3.45 Å (Table S1; Figure S5). However, the k range
(3.0−10 Å−1) of the EXAFS data suggests that the interatomic
distance resolution will be approximately ±0.22 Å;36 therefore,
the data do not allow full resolution of interatomic distances in

these samples. Regardless, within the resolution available, the
data are entirely consistent with the formation of a Pu(IV)
inner-sphere adsorption complex on the ferrihydrite surface.
The EXAFS data from the 2- and 6-month-aged samples
(Figure 2) were fitted with an essentially identical Pu local
coordination environment, indicating that the Pu(IV) remains
as a surface complex that was statistically indistinguishable
from that associated with the freshly precipitated ferrihydrite
(Table 1). Finally, there was an additional feature in the
Fourier transform present in all samples at approximately 3.8 Å
(Figure 2). It was possible to fit this peak with Pu scatterers at
interatomic distances of ∼3.8 Å (Table S2, Figure S6). This
interatomic distance is consistent with the Pu−Pu distance in
PuO2 (3.82 Å)37 and suggests a small fraction of Pu in the
sample may be present as PuO2. The Pu−Pu coordination
number increases (0.6 to 0.9) from the fresh to the 6-month-
aged sample and suggests that PuO2 accounts for approx-
imately 5−8% of the Pu present in the samples assuming bulk
PuO2 formation (where 12 Pu atoms would be expected). The
change in the Pu−Pu coordination numbers appears to cause
the subtle changes in the EXAFS as a function of sample aging
in the k = 7−10 Å−1 region. This is consistent with previous
studies which have noted the formation of PuO2 on the surface
of hematite.21 However, it is clear that, even when considering
the possibility of PuO2 in the samples, the predominant species
is a Pu(IV) inner-sphere tetradentate tetranuclear adsorption
complex at all time points and that the rate of PuO2 formation
is slow.

■ PLUTONIUM SORPTION DURING FERRIHYDRITE
FORMATION AND CRYSTALLIZATION

The presence of multiple iron scatterers in the fits to the
EXAFS data clearly shows that Pu(IV) was directly associated
with the iron (oxyhydr)oxide nanoparticles. This is interesting,
as tetravalent actinide species are generally considered to
undergo rapid hydrolysis to form AnO2 solid phases,38,39 and
the dissolved Pu concentration with pH matches with
thermodynamic predictions assuming PuO2·2H2O(am) forma-
tion (Figure 1). However, the EXAFS fits do not support PuO2
precipitation, as the overriding mechanism controlling Pu(IV)

Figure 1. Normalized Pu (red) and Fe (blue) concentrations in
supernatant. Red and blue lines represent model predictions assuming
precipitation of PuO2·2H2O(am) and ferrihydrite, respectively.

Figure 2. Right: Background subtracted Pu LIII-edge EXAFS spectra
for fresh (bottom), 2-month (middle), and 6-month (top) samples.
Left: Corresponding EXAFS Fourier transforms.
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behavior in these systems as Pu(IV) in a PuO2 environment
would be coordinated by a single shell of 8 O atoms at ∼2.36 Å
and 12 Pu at 3.82 Å.36,37 This incompatibility with the PuO2
structure and the clear identification of multiple Fe scatterers
in the EXAFS data confirm that the large majority of Pu forms
an inner-sphere complex with the ferrihydrite nanoparticles
following coprecipitation and during crystallization to hema-
tite.
Combining the information from the EXAFS fits with the

ferrihydrite structure and formation mechanism, a model for
the Pu(IV) sorption process can be constructed. The structure
of ferrihydrite is based on the Fe13 Keggin moiety.11

Furthermore, other work12 showed that, in non-radioactive
ferrihydrite formation experiments parallel to those in the
current study, Keggin clusters form in solution below pH 1 and
then aggregate with low molecular weight species (e.g.,
monomers) above pH 2 to form ferrihydrite nanoparticles.
In the current experiment, the removal of Pu(IV) from
solution was concomitant with both Fe removal from solution
and ferrihydrite nanoparticle formation (Figure 1). In addition,
approximately 15% of the Pu adsorbs following ferrihydrite
precipitation after pH 3 and up to pH 9. Overall, the EXAFS
data indicate that the Pu(IV) is sequestered via adsorption to
the ferrihydrite nanoparticles. The variation in Pu−O distances
observed for the adsorption complex (i.e., Pu−O distance from
2.22 to 2.4 Å, Table S1) is consistent with previous studies of
Pu and other +IV actinide species, e.g., Th(IV), adsorption to
iron (oxyhydr)oxides.19,40 The shorter An−O distances are
attributed to binding via surface oxygens and the longer
distances as coordinating water molecules. The exact nature of
the Pu(IV) tetranuclear complex on the ferrihydrite/hematite
surface is unclear without additional information. However,
one possibility is binding to the “square” window of the Fe13
Keggin unit, which is the key structural unit of ferrihydrite.11 A
recent study showed that Bi(III) can bind to the Keggin unit
via this mechanism by attachment to four Fe−O octahedra,
with Bi−Fe distances of ∼3.3−3.4 Å. The crystal radii of
Bi(III) and Pu(IV) in 8-fold coordination are comparable
(1.31 Å vs 1.10 Å).41 Furthermore, the overall local
environment of Bi(III) associated with this surface adsorption
process is consistent with that of Pu(IV) associated with the
freshly precipitated ferrihydrite, as determined by EXAFS
analysis, i.e., four Pu−Fe 3.28−3.36 Å. The similarity in the
local coordination environment raises the possibility that
Pu(IV) is interacting with the surface of the ferrihydrite via a
similar mechanism (see the Abstract graphic). However, it
should be noted that the fits to the EXAFS data indicate that
the Pu(IV) local environment does not change during
ferrihydrite crystallization to hematite (Table 1), which does
not contain the Fe13 Keggin structural unit. Clearly, Pu(IV)
remains bound as an inner-sphere complex throughout

extensive recrystallization of the ferrihydrite to more ordered
forms (i.e., hematite). However, despite the new insights from
the current work, the exact relationship of the Pu(IV)
absorption complex to the surface structures of ferrihydrite
and hematite is not fully resolved. In particular, it remains
unclear whether the Pu(IV) is associated with the surface of
the hematite or whether it becomes occluded in the hematite
particle structure. Regardless, the Pu(IV) local environment
derived from the EXAFS shows that Pu(IV) is stable as an
inner-sphere complex in this dynamic system.
This proposed Pu(IV) tetradenate adsorption complex is

consistent with similar Pu−Fe surface species reported in past
work. For example, Hu et al.19 observe Pu(IV) as an inner-
sphere complex occupying a site on goethite with multiple Fe
backscatterers (∼5) identified at ∼3.3 Å. Similarly, Kirsch et
al.18 observed that, upon reaction with magnetite, Pu(III) was
linked via three oxygen atoms to three edge-sharing FeO6
octahedra on the surface but with larger Pu−Fe distances (3.54
Å). The Pu(IV) adsorption complex is also comparable to
U(IV) mononuclear complexes which form on the magnetite
surface.26 However, studies suggest the U(IV) forms a
binuclear complex on magnetite at defect or lattice step/kink
sites,26 which is distinct from the tetradentate Pu(IV)
adsorption species observed in this study. A recent study42

also observed partial incorporation of Pu as Pu(III) following
coprecipitation with magnetite. Here the Pu had a split Pu−O
shell with four O scatterers at 2.22 and 2.45 Å attributed to a
pyrochlore-like coordination environment within the structure.
Overall, these results highlight that, for a range of environ-
mentally relevant iron (oxyhydr)oxides, Pu(III, IV) adsorbs
directly to the mineral surface and/or becomes incorporated.

■ IMPLICATIONS

Overall, the combined solution and EXAFS data presented
show that Pu(IV) strongly adsorbs via an inner-sphere complex
during ferrihydrite formation. The best EXAFS fit modeled for
the Pu(IV) complex shows Pu(IV) is associated with the iron
(oxyhydr)oxide surface via a tetradentate complex. This
confirms that the previously predicted PuO2 solid phase does
not dominate in this system and indicates that during
treatment of acidic radioactive effluents Pu(IV) will sorb
extensively during the formation of ferrihydrite particles. This
shows the highly effective nature of this treatment protocol for
decontaminating Pu containing effluents. In addition, the
Pu(IV)−Fe surface complex remains essentially unchanged
during aging and crystallization to hematite, which highlights
that Pu speciation is likely to remain stable during waste
encapsulation and storage. Finally, the clear identification of a
persistent and stable inner-sphere Pu(IV) adsorption complex
lends weight to the growing body of literature identifying
Pu(IV) adsorption complexes to iron (oxyhydr)oxides as

Table 1. EXAFS Fitting Statistics from Pu−Iron (Oxyhydr)oxide Samples (Single Shell Fits)

sample path Na R (Å) σ2 (Å2) ΔE0 S02
a R-factor

fresh Pu−O 8 2.34 ± 0.01 0.014 ± 0.001 5.64 1 0.014
Pu−Fe 4 3.38 ± 0.02 0.015 ± 0.002

2 months Pu−O 8 2.31 ± 0.01 0.016 ± 0.001 5.67 1 0.013
Pu−Fe 4 3.36 ± 0.02 0.017 ± 0.002

6 months Pu−O 8 2.29 ± 0.02 0.018 ± 0.001 5.31 1 0.016
Pu−Fe 4 3.34 ± 0.02 0.018 ± 0.003

aFixed parameters. N represents the coordination number; R denotes the interatomic distance; σ2 represents the Debye−Waller factor; ΔE0
represents the energy shift from the calculated energy Fermi level; S02 denotes the amplitude reduction factor.
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stable Pu species across a range of engineered and natural
environments.
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