
Americium and plutonium association with magnesium hydroxide
colloids in alkaline nuclear industry process environments

Zoe Maher a, Peter Ivanov b, Luke O'Brien c, Howard Sims d, Robin J. Taylor a,
Sarah L. Heath e, Francis R. Livens e, David Goddard f, Simon Kellet g, Peter Rand g,
Nick D. Bryan c, *

a National Nuclear Laboratory, Sellafield, Cumbria, CA20 1PG, United Kingdom
b The National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 0LW, United Kingdom
c National Nuclear Laboratory, Chadwick House, Birchwood, Warrington, WA3 6AE, United Kingdom
d National Nuclear Laboratory, Harwell Business Centre, Didcot OX11 0QJ, United Kingdom
e The Centre for Radiochemistry Research, School of Chemistry, The University of Manchester, Oxford Road, Manchester, M13 9PL, United Kingdom
f National Nuclear Laboratory, Preston, Lancashire, PR4 0XJ, United Kingdom
g Sellafield Ltd, Seascale, Cumbria CA20 1PG, United Kingdom

h i g h l i g h t s

� Am and Pu in Mg-rich alkaline effluents from nuclear fuel storage ponds are mainly associated with colloids.
� In true solution, i.e. material passing through a 1 nm filter, the plutonium appears to be in oxidation state þV.
� In model brucite (magnesium hydroxide) colloid systems, Am(III) is preferentially associated with larger colloids.
� At pH ¼ 10.4, carbonate concentrations >10�2 M are able to prevent the binding of Am(III) to colloids.
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a b s t r a c t

The behaviours of Pu, Am and colloids in feed solutions to the Site Ion-exchange Effluent Plant (SIXEP) at
the Sellafield nuclear reprocessing site in the U.K. have been studied. For both Pu and Am, fractions were
found to be associated with material in the colloidal size range, with ~50% of the Pu in the range 1
e200 nm. The concentration of soluble Pu (<1 nm) was ~1 nM, which is very similar to the solubility
limit for Pu(V). The soluble Am concentrationwas of the order of 10�11 M, which was below the solubility
limit of americium hydroxide. The size, morphology and elemental composition of the particulates and
colloids in the feed solutions were investigated. Magnesium is homogeneously distributed throughout
the particles, whereas U, Si, Fe, and Ca were present in localised areas only. Amongst some heterogeneous
material, particles were identified that were consistent with hydrotalcite. The distribution of 241Am(III)
on brucite (magnesium hydroxide) colloids of different sizes was studied under alkaline conditions
representative of nuclear fuel storage pond and effluent feed solution conditions. The morphology of the
brucite particles in the bulk material observed by ESEM was predominantly hexagonal, while that of the
carbonated brucite consisted of hexagonal species mixed with platelets. The association of 241Am(III)
with the brucite colloids was studied by ultrafiltration coupled with gamma ray-spectrometry. For car-
bonate concentrations up to 10�3 M, the 241Am(III) was mainly associated with larger colloids
(>300 kDa), and there was a shift from the smaller size fractions to the larger over a period of 6 months.
At higher carbonate concentrations (10�2 M), the Am was predominantly detected in the true solution
fraction (<3 kDa) and in smaller size colloidal fractions, in the range 3e100 kDa.
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waste into forms suitable for storage and disposal are among the
major challenges in the UK's nuclear clean-up and decom-
missioning programme. These wastes include large amounts of
sludge that have arisen from the corrosion of spent nuclear fuel
cladding as well as associated nuclear fuel storage pond liquors. It
has been estimated that at Sellafield alone several thousand cubic
metres of sludges containing 104 TBq of a-particle emitters have to
be processed [1,2]. The Magnox spent fuel elements, which were
used in the UK's first generation nuclear reactors, comprise a nat-
ural uranium metal core, clad by a magnesium-rich alloy. Spent
nuclear fuel has been wet stored in dedicated ponds for several
decades, and during this period, corrosion of the cladding and fuel
has occurred. Several studies on the corrosion of magnesium and
magnesium-rich alloys in water have been published, and these
indicate that the initial corrosion product is primarily brucite
(Mg(OH)2), formed by the hydration of theMgO layer on the surface
of the magnesium metal in the presence of moisture and air [3e5].
Further, it has been shown that colloidal species form in a solution
in contact with bulk brucite [6].

Liquid wastes arising from fuel storage ponds and decanning
operations typically contain significant amounts of 137Cs, 90Sr and
magnesium hydroxide (from the corrosion of fuel cladding in the
ponds). At Sellafield, such wastes are treated in the Site Ion-
exchange Effluent Plant (SIXEP). Feed solutions to SIXEP that may
contain solids are allowed to settle in Bulk Storage Tanks (BST) for
times between 10 h and a week, after which the liquor is decanted
off and fed into SIXEP. In the plant, the radionuclide contaminants
are removed by passing the solution through sand bed filters, fol-
lowed by a carbonation step that reduces the pH from approxi-
mately 11 to neutral. The carbonated solution then passes through
ion-exchange clinoptilolite (zeolite) beds, which are selected to
remove 137Cs and 90Sr. Gregson et al. [1,7] studied the chemical
form of sludges and suspended particles and colloids from an
alkaline storage pond at Sellafield. They found that the morphology
of the magnesium-containing phases was consistent with brucite,
but perhaps with some incorporation of Al to form hydrotalcite-like
phases.

Colloids are known as potential controllers of radionuclide
speciation and transport due to their small size and high surface
area to mass ratio [8,9]. They are capable of binding radionuclides,
particularly the actinides, in forms that prevent treatment by the
effluent treatment technologies routinely used in the nuclear in-
dustry, such as sand bed filtration and ion exchange. Magnesium
hydroxide particles have been reported to retain various radionu-
clides efficiently [10e12]. Therefore, the physical and chemical
nature of the solution-borne colloids and their interactions with
radionuclides need to be better understood, in order to evaluate the
likely challenge to the effluent treatment process and to design
improvements [1].

Spent Magnox fuel has numerous radioactive components.
However, following irradiation, the majority of fuel by mass will
still be uranium. There will also be a range of fission products and
minor actinides formed by neutron capture reactions. In the efflu-
ents from the storage ponds and silos, the most significant fission
products are 137Cs and 90Sr, because of their relatively high solu-
bilities and the high radiotoxicity of 90Sr (they are found exclusively
in oxidation states (I) and (II), respectively). Plutonium and amer-
icium are significant species in spent nuclear fuel, because they are
formed in significant quantities and have high radiotoxicity. In the
storage ponds and during effluent treatment, Am would be ex-
pected to exist in oxidation state III only, whilst Pu is expected to
exist in oxidation states IV and V.

The sorption of Am(III) on various colloids has been investigated
in several previous studies [13e16], and it has been shown to
associate strongly with colloids. For example, Degueldre et al.

studied the sorption of 241Am (3 � 10�11 e 3 � 10�10 M) onto marl
groundwater colloids, with a distribution ratio in the range of
1e3 � 106 ml g�1 [15]. The distribution of Am soluble species was
calculated, and approximately 90% of the species were found to be
negatively charged. The strong sorption observed onto the nega-
tively charged clay colloids was considered to be due to the for-
mation of a ternary surface complex. Pitois et al. carried out a study
of the interaction of 152Eu(III), which was considered as a model for
Am(III) behaviour in nuclear fuel storage pond conditions, with
brucite bulk solid and colloids at pH 10.4 [6]. In the absence of
carbonate, the main 152Eu(III) activity was found to be associated
with the bulk solid phase andwith colloidal material when the bulk
phase was removed. Sorptionwas found to decrease significantly at
a carbonate concentration of 10�2 M.

The redox chemistry of Pu is much more complex than that of
Am, with several different oxidation states that may coexist,
although in the systems studied here, Pu(V) and Pu(IV) would be
expected to dominate the speciation [1]. Since Pu(V) exists in
aqueous solution as the PuO2

þ ion, it is less prone to hydrolysis than
Pu(IV). Pu(IV) sorption on brucite bulk and colloids has been shown
to occur rapidly and completely in alkaline conditions from pH 8 to
pH 13, and the interaction is sufficiently strong that it is not affected
by the presence of 10�3 M citrate (a competing complexing ligand).
Additionally, X-ray photoelectron spectroscopy (XPS) results indi-
cate that Pu is incorporated into the brucite subsurface at sub-
stantial concentrations and to a depth of at least 50 nm [10,11].
Strontium uptake by naturally occurring and thermally modified
brucite has been investigated and high sorption capacity and
relatively fast kinetics have been reported, particularly at alkaline
pH [12]. Parry et al. studied plutonium behaviour in a model
Magnox storage pond liquor containing Pu(IV), corroded Magnox
sludge (CMS) simulant, sodium carbonate, polyelectrolyte, and
silica [17]. The CMS particles were primarily composed of platy
brucite crystals, with a smaller quantity of acicular artinite crystals.
In the absence of CMS, 100% of Pu was able to pass a 100 nm filter,
but as CMS was added, the Pu was increasingly found in the
>200 nm fraction, and for CMS concentrations >10 ppm, virtually
all of the Pu was removed by a 200 nm filter. At lower CMS con-
centrations, the results depended on pH. For example, at 2 ppm of
CMS, approximately 25%, 60% and 90% of Pu was in the >200 nm
fraction at pH ¼ 10.8, 11 and 11.5, respectively. The presence of
carbonate ions (3 � 10�2 M) gave the greatest effect on the system,
allowing the majority of Pu to remain in the solution.

In the past, Pu(IV) was presumed as the dominant form of
plutonium in the ponds and silos at Sellafield [17]. However,
Gregson et al. [1] used analysis of storage pond water samples to
show that in certain parts of the pond, the concentrations are better
described assuming that Pu(V) dominates, but in other parts, the
datawere consistent with either Pu(IV) or Pu(V). Although for most
samples, the amount in true solution (<1 nm) was less than 1%, for
some samples up to 6.8% was observed, which strongly suggested
that the Pu was in oxidation state V. For all samples and locations in
the pond, they found that most of the Pu (>90%) was associated
with large particulates (>200 nm), but there was relatively little Pu
in the size range of 1e200 nm, which was interpreted as an absence
of intrinsic Pu(IV) oxyhydroxide polymeric or colloidal species.

The first aim of this study was to characterise the colloids in the
feed solutions to SIXEP and to study the distribution of Pu and Am
in the solutions. The second aimwas to study actinide behaviour in
a model system (brucite) that is relevant to the SIXEP feed solutions
(and the Magnox nuclear fuel storage ponds and silos). Although
the SIXEP plant was designed primarily to remove Cs and Sr from
effluents, it is also quite effective at removing a-activity in partic-
ulate form. Hence, another aim was to attempt to explain this
behaviour better. The association of 241Am species with various size
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