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Abstract: One of the most challenging components of the UK nuclear legacy is Magnox sludge,
arising from the corrosion of Mg alloy-clad irradiated metallic U fuel that has been stored in high pH
ponds. The sludges mainly comprise Mg hydroxide and carbonate phases, contaminated with fission
products and actinides, including Pu. Cementation and deep geological disposal is one option for the
long-term management of this material, but there is a need to understand how Pu may be leached
from the waste, if it is exposed to groundwater. Here, we show that cemented Mg(OH)2 powder
prepared with Pu(IV)aq is altered on contact with water to produce a visibly altered ‘leached zone’,
which penetrates several hundred microns into the sample. In turn, this zone shows slow leaching
of Pu, with long-term leaching rates between 1.8–4.4 × 10−5 % of total Pu per day. Synchrotron
micro-focus X-ray fluorescence mapping identified decreased Pu concentration within the ‘leached
zone’. A comparison of micro-focus X-ray absorption spectroscopy (µ-XAS) spectra collected across
both leached and unleached samples showed little variation, and indicated that Pu was present in
a similar oxidation state and coordination environment. Fitting of the XANES spectra between single
oxidation state standards and EXAFS modeling showed that Pu was present as a mixture of Pu(IV)
and Pu(V). The change in Pu oxidation from the stock solution suggests that partial Pu oxidation
occurred during sample ageing. Similarity in the XAS spectra from all samples, with different local
chemistries, indicated that the Pu oxidation state was not perturbed by macro-scale variations in
cement chemistry, surface oxidation, sample aging, or the leaching treatment. These experiments
have demonstrated the potential for leaching of Pu from cementitious waste forms, and its underlying
significance requires further investigation.
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1. Introduction
The UK’s first generation of civil nuclear reactors were fueled with natural uranium metal, clad in
an Mg-based alloy (Magnox) [1]. After removal from the reactor, and before reprocessing, the fuel is
stored in water-filled ponds that are maintained at high pH. In some of the facilities at the Sellafield
site, Magnox fuel has been stored for several decades, and the fuel elements are now extensively
corroded [2]. This has led to the accumulation of Mg-rich fine particulate sludges in the fuel ponds,
which are mainly composed of brucite (Mg(OH)2 ), contaminated with spent fuel particles, associated
actinides, and fission products [2,3].
This sludge is sufficiently radioactive to be classified as intermediate level radioactive waste (ILW;
in the UK, ILW is defined as radioactive waste containing over 4 GBq tonne−1 alpha activity or 12 GBq
tonne−1 beta/gamma activity, but for which the heat output need not be considered in the design of storage
or disposal facilities). The total volume of sludge is around 5000 m3, and it contains a wide range of fission
and activation products, including plutonium, which is released due to the corrosion of the fuel cladding [2].
The plutonium content is in the range 0.1 to 10 mg Pu g−1 sludge, which implies a total Pu inventory of up
to a few tonnes [3,4].
The management of the fuel ponds and their contents is one of the most pressing tasks in the
management of the UK’s nuclear legacy. Retrieval and immobilization of the sludges to create a wasteform
that is suitable for storage and eventual disposal is a major challenge that is currently unresolved [5].
The intention is for UK ILW to be immobilized in cement, and packaged in stainless steel
containers [6] for eventual disposal in a geological disposal facility (GDF) [7]. The GDF vault will then
be backfilled with a cement-based material which is intended to maintain hyperalkaline conditions for
long periods after GDF closure and groundwater inundation [8]. Further, groundwater in the GDF will
likely become strongly reducing, owing to steel canister corrosion, and the combination of low redox
potential and high pH is expected to restrict the mobility of most radionuclides, including Pu [9].
In the longer-term (>5000 years), the actinides are substantial contributors to the radiological
impact of such a repository, and Pu is perceived to be among the more hazardous components of the
waste [10]. In the post-closure GDF safety case, no credit is taken for the waste packages, so the backfill
and the geosphere are the principal barriers restricting the return of radionuclides to the biosphere [11].
In practice, however, the waste packages will contribute significantly to limit radionuclide release,
and the retention of radionuclides within the waste matrix will be an additional significant safety
function [12]. To date, the behavior of Pu in Mg-rich, Pu-containing, cemented wasteforms has not
been evaluated. As the Mg-rich cement may serve to lessen Pu release into the backfill and geosphere
(thus reducing overall Pu migration risk from the GDF), here, we evaluate the performance of this
material in Pu leach tests, making use of micro-focus X-ray absorption spectroscopy to determine Pu
location and speciation in the cement during aging and leaching.
2. Materials and Methods
2.1. Safety
The possession and use of radioactive materials is subject to statutory controls. Radioactive
materials should only be used in appropriate facilities by suitably qualified and experienced personnel,
after appropriate risk assessment.
2.2. Preparation of Plutonium Solutions
242 Pu

was supplied by AEAT Harwell as PuO2 powder. This was dissolved in 0.2 M HF/8 M
HNO3 . Fluoride was masked by complexation with Al3+ , followed by the conditioning of Pu to Pu(IV)
with 5 mg solid NaNO2 and anion exchange purification (adsorption on to BioRad AG1-X8 resin,
followed by washing with 8 M HNO3 , conversion to Cl− form with 12 M HCl and elution of Pu
as Pu(III) with 0.2 M HI/11.8 M HCl). This procedure also eliminated 241 Am, generated in situ by
241 Pu decay, which would interfere with radiometric measurement. The Pu was then evaporated
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to dryness, dissolved in 6 M HCl, and conditioned to Pu(IV) with a trace of concentrated HNO3 .
The Pu was precipitated by addition of a small excess of 0.1 M NaOH, and re-dissolved in a small
excess of 1.5 M HCl. The oxidation state was confirmed as Pu(IV) by UV-Vis-NIR spectroscopy, by the
identification of characteristic optical absorption bands at 470 and 630 nm [13], and an absence of
characteristic absorption bands for Pu(V) or (VI). The final molar Pu concentration of the stock solution
was 0.12 M in 0.1 M HCl. Due to the presence of small amounts of other Pu isotopes, notably 238 Pu,
the specific α-activity of the stock was ~ 185 MBq g−1 Pu. 239 Pu was supplied by LEA-CERCA
(Pierrelatte, France) as a certified solution of 800 kBq mL−1 in 3 M HNO3 . This was conditioned to
Pu(IV), precipitated, and re-dissolved in a small excess of 0.1 M HCl, as described above.
2.3. Cement Preparation
For leaching experiments, four cement samples were prepared by blending brucite (Mg(OH)2 )
(Sigma-Aldrich), Ordinary Portland Cement (OPC), blast furnace slag (BFS) and water, and then spiked
with 43 µg 239 Pu (in 0.1 M HCl) to give a mass concentration of 21.5 µg g−1 239 Pu. Prior to leaching,
each of the samples was allowed to cure for 13 or 130 days, as summarized in Table 1. The OPC and BFS
are both commercial products used in radioactive waste immobilization in the UK [8]. The elemental
composition of the OPC and BFS (as determined by XRF analysis) is detailed in the supplementary
materials (Table S1). The BFS/OPC mixtures were prepared by blending Mg(OH)2 :OPC:BFS:water in
the mass ratios 4:4:12:7, and the pure OPC samples by blending Mg(OH)2 :OPC:water in the mass ratios
1:4:2. The acidity of the Pu solutions added was sufficiently small, such that it did not significantly
perturb the pH of the cement mixture, and the volume of liquid added with the Pu was taken
into account in defining the cement blend. The cement samples were cast into cylindrical pellets
(~12 mm diameter × 8 mm high) in a polythene mold.
Table 1. Summary of Pu-containing sample preparation and pre-treatment. Samples containing 239 Pu
were used for leaching experiments, while those containing 242 Pu were used for spectroscopic studies.
Leached and unleached examples of the 242 Pu-containing samples were prepared.
Sample

Sample ID

Pu Spike

Cure Time (Days)

Leached

Spectroscopy

BFS/OPC Short cure
BFS/OPC Long cure
OPC Short cure
OPC Long cure
OPC Short cure
OPC Short cure
OPC Long cure
OPC Long cure

A
B
C
D
1
2
3
4

100 kBq 239 Pu
100 kBq 239 Pu
100 kBq 239 Pu
100 kBq 239 Pu
460 kBq 242 Pu
460 kBq 242 Pu
460 kBq 242 Pu
460 kBq 242 Pu

13
130
13
130
13
13
130
130

Yes—322 days
Yes—322 days
Yes—322 days
Yes—322 days
No
Yes—98 days
Yes—64 days
No

No
No
No
No
Yes
Yes
Yes
Yes

A further four OPC samples (two samples with duplicates) with higher Pu concentrations, to allow
for spectroscopic study, were prepared in the same way. 242 Pu was used to reduce potential hazards.
Each sample contained 3.1 mg 242 Pu to give a mass concentration of 1550 µg g−1 242 Pu. As for the
239 Pu samples for the leaching study, each set of duplicate samples were cured for either 13 or 130 days
before leaching, as summarized in Table 1. Inactive samples, identical except for the absence of Pu,
were also prepared for stable element leaching.
2.4. Leaching Experiments
Leaching experiments were carried out based on a modified dynamic tank test [14]. This test is
semi-dynamic, with periodic replacement of the contact solution. The cement samples were suspended
in 100 mL of de-ionized water by a nylon thread, and kept dark and at a constant 20 ◦ C, to maintain
constant reaction rates and to limit biological activity. A 1 mm hole in the lid of each leaching vessel,
and several cm of headspace allowed for an exchange with atmosphere. At each sampling point (0.25,
1, 2.25, 4, 9, 16, 32, 64, 98, 152 and 322 days), each sample was removed and placed in a fresh solution
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with the leaching solution and vessel retained for analysis. Whenever the cement was contacted with
a fresh leaching solution, the pH rose to 11–11.5 over ~ 24 hr. The leaching experiments were conducted
for up to 322 days.
The activity of Pu in solution and Pu associated with precipitates and the surface of the leaching
vessel were
measured independently. Pu in solution was measured by carefully decanting 4the
leachate,
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Between one and four spectra were collected at each sample location (see Supplementary XRF maps).
XAS spectra were analyzed using the Demeter package [16] with energy calibration, background
subtraction and linear combination fits performed using Athena. Samples were compared to standards
of aqueous Pu(IV) [17] and Pu(V) [17], both in 1 M HClO4 . EXAFS were fit in the Artemis program
using paths calculated with FEFF v8.0. [18].
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Figure 2. XRD patterns of Mg(OH)2, with OPC, 3:1 BFS/OPC, and 9:1 BFS/OPC with and without
20 wt % Mg(OH)2 . No phases from reaction of Mg(OH)2 with cement samples can be identified in the
patterns. Ancillary XRD patterns are supplied in the Supplementary Materials Figure S1.
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3.2. Leaching Behavior
3.2.1. OPC Versus BFS
Stable elements (Ca, Na, K) were more readily leached from the 100% OPC samples than the OPC/BFS
blended samples (Figure 3), suggesting the pure OPC cement samples had greater permeability, as previously
observed [21]. The addition of BFS to cement matrices lowers the heat of hydration and decreases
permeability [20,22]. Though the concentration of these elements was significantly higher in the pure
OPC samples (Supplementary Materials Table S1), the similarity of stable elements leached from the 3:1 and
9:1 BFS:OPC samples, with a 3-fold reduction in OPC concentration, suggests that permeability was the
dominant controller over the leach rate, rather than the effect of relative concentration. Comparison of the
leach rates from the 3:1 BFS:OPC and 9:1 BFS:OPC samples was in agreement, with lower leaching rates
with increasing BFS concentration. This difference in permeability could be explained with the ingrowth of
calcium aluminum silicate hydrate (C-A-S-H) cement phases in the BFS cements in place of more soluble
Ca(OH)
the OPC
cements
[22].
2 in2018,
Geosciences
8, x FOR
PEER REVIEW
7 of 14
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3.2.2. Effect of Mg(OH)2 on Leaching
Ca leaching was enhanced with the addition of 40% Mg(OH)2 (Figure 3). This increase was
significant, with over double the quantity of Ca leached from several samples. This enhanced Ca
leaching contrasted with leaching of Na and K from the same samples (with one exception, 9:1
BFS:OPC), where the most Na and K was leached from samples containing no Mg(OH)2.
The difference in the range of stable elements leached with different Mg(OH)2 loading was also
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3.2.2. Effect of Mg(OH)2 on Leaching
Ca leaching was enhanced with the addition of 40% Mg(OH)2 (Figure 3). This increase was
significant, with over double the quantity of Ca leached from several samples. This enhanced Ca
leaching contrasted with leaching of Na and K from the same samples (with one exception, 9:1
BFS:OPC), where the most Na and K was leached from samples containing no Mg(OH)2 .
The difference in the range of stable elements leached with different Mg(OH)2 loading was also
interesting, with a large difference in Ca leaching rates, with a comparatively small range of leaching
rates for Na and K.
As no reaction was observed between the Mg(OH)2 and the cement (Figure 2), the changes
in leaching rates are proposed to be due to Mg(OH)2 physically modifying the permeability of the
samples. We anticipate that there will be an optimal loading capacity of Mg(OH)2 ; however, further
investigation was beyond the scope of this study.
3.2.3.
Leaching Rates
Geosciences 2018, 8, x FOR PEER REVIEW
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Figure 4. Release of 239 239
Pu from cement samples over time. Samples are 100% OPC and 3:1 BFS:OPC.
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Figure 4. Release of Pu from cement samples over time. Samples are 100%
For comparison, this figure is shown as cumulative leached activity vs time in Supplementary
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Materials Figure S2.
Materials Figure S2.
Table 2. Initial and long-term leach rates of 239Pu from cement samples.

Sample

Sample ID

BFS/OPC Short Cure

A

Initial Leach Rate
% Pu per Day
6.0 × 10−4

Long Term Leach Rate
% Pu per Day
1.8 × 10−5
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Table 2. Initial and long-term leach rates of 239 Pu from cement samples.
Sample

Sample ID

Initial Leach Rate
% Pu per Day

Long Term Leach Rate
% Pu per Day

BFS/OPC Short Cure
BFS/OPC Long Cure
OPC Short Cure
OPC Long Cure

A
B
C
D

6.0 × 10−4
1.0 × 10−3
6.5 × 10−4
1.0 × 10−3

1.8 × 10−5
2.9 × 10−5
2.9 × 10−5
4.4 × 10−5

3.3. Characterization of Pu in Altered Cements—Plutonium Distribution and Speciation in Cements
In order to understand the processes controlling Pu behavior, the 242 Pu samples were analyzed
using synchrotron micro-focus techniques. Synchrotron µ-XRF mapping was used to determine the
spatial distribution of Pu relative to the cement-forming phases and leached zones, to identify from
which areas of the cement Pu had been removed. The µ-XRF maps were also used to identify spots
within the samples where the Pu chemistry could be probed by using µ-XAS.
Only OPC samples were prepared for synchrotron analysis, because the OPC matrix contained
fewer potential interfering elements. The XRF spectra showed Ca, Mn, Fe, Ni, Sr, and Pu; As/Pb
was also detected, but it could not be resolved, due to peak overlap. µ-XAS spectra were collected
from regions of high, medium, and low Pu concentrations, from sites with different local chemistry,
from multiple sites along a linear path from the sample surface into the bulk, and from multiple sites
along a linear path crossing the interface of the visibly leached zone into the unleached core of the
samples. Schematics of the samples with map locations are presented in the Supplementary Material.
X-Ray Fluorescence (XRF) Mapping
XRF mapping of the unleached samples (samples 1 and 4, Table 1, Figure 5A, and Supplementary
Materials XRF maps 5–11) showed that the elemental distribution was largely homogenous, although
some elements (Pu, Fe, Ca, and Sr) did show preferential accumulation in some areas, most likely due to
unreacted OPC minerals with Pu-rich inclusions in the interstitial pores. There was no obvious change
in Pu concentration or spatial distribution, due to the macroscale cement chemistry. This indicates
that Pu was only controlled by mechanical mixing during sample preparation, as expected from the
high pH of the cement pore fluid, which should lead to rapid hydroxylation and precipitation of Pu
as Pu(OH)4 .
Similar elemental distributions and concentrations were observed in the visibly unaltered cores
of the leached samples (Supplementary Materials XRF maps 3, 12, and 17). However, XRF mapping
across the interface between the unaltered core and the visibly altered leached zone (Figure 5B and
Supplementary Materials XRF maps 1 and 18) revealed substantial depletion of Pu, Ca, and Fe
from the leached zone. While the leached layer still contained some Pu, there were no longer any
Pu-rich inclusions.

Similar elemental distributions and concentrations were observed in the visibly unaltered cores
of the leached samples (Supplementary Materials XRF maps 3, 12, and 17). However, XRF mapping
across the interface between the unaltered core and the visibly altered leached zone (Figure 5B and
Supplementary Materials XRF maps 1 and 18) revealed substantial depletion of Pu, Ca, and Fe from
the leached
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Figure 5.
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(B)
XRF
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3
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cure)
showing
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area marked with cross hairs. (B) XRF maps from sample 3 (leached, long cure) showing the interface
of the leached zone into the unleached area (interface marked with an X). XAS data were collected
from the spot marked with cross hairs on the boundary with the leached horizon. This probed Pu
chemistry at the front of the advancing dissolution zone where the Pu- and cement- elements (Ca, Fe)
were depleted.

3.4. X-ray Absorption Spectroscopy Discussion
The XANES from all samples (Figure 6) showed little variability, indicating no major change
in Pu speciation or the co-ordination environment between samples. A comparison to standards of
Pu(IV)aq and Pu(V)aq indicated that the Pu was present as a mixture of the two oxidation states. Linear
combination fitting using these standards suggested a slightly higher contribution from Pu(V) to the
spectra from the long cure samples (3 & 4, average = 56 ± 3% Pu(V)) compared with the short cure
samples (1 & 2, 45 ± 3% Pu(V)), although this was likely not to be beyond the uncertainty in the
method (See Supplementary Materials Table S2 for full LCF results). Minor differences between the
leached and unleached samples, the leached surface and the unleached core, and the short and long
cure samples suggests that oxidation of the Pu occurred during sample preparation (or very shortly
after) and continued as the sample aged. Previous studies have shown Pu(IV) to be readily oxidizable,
especially at a pH > 1.5 [23], which may explain the mixed Pu oxidation state observed in this study.

spectra from the long cure samples (3 & 4, average = 56 ± 3% Pu(V)) compared with the short cure
samples (1 & 2, 45 ± 3% Pu(V)), although this was likely not to be beyond the uncertainty in the
method (See Supplementary Materials Table S2 for full LCF results). Minor differences between the
leached and unleached samples, the leached surface and the unleached core, and the short and long
cure samples suggests that oxidation of the Pu occurred during sample preparation (or very shortly
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3. Short-cure samples 1 and 2 were best fit with a single equatorial O shell of 5.5–6 atoms (S1 = 2.27 ±
0.01 Å; S2 = 2.25 ± 0.02 Å). In the long-cure samples (3 and 4), the addition of an axial oxygen shell
(CN = 0.6 at ~ 1.80 Å) to the fitting models yielded a slight improvement to the overall fit, similar to
previous studies [26,27]. Shell addition was verified using an f-test, yielding an 85% (Sample 3) and
a 99% (Sample 4) confidence level that the addition of an axial oxygen shell was statistically relevant
(for comparison, the addition of an axial O in sample S1 yielded only 17% confidence, and was
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Table 3. Short-cure samples 1 and 2 were best fit with a single equatorial O shell of 5.5–6 atoms
(S1 = 2.27 ± 0.01 Å; S2 = 2.25 ± 0.02 Å). In the long-cure samples (3 and 4), the addition of an
axial oxygen shell (CN = 0.6 at ~ 1.80 Å) to the fitting models yielded a slight improvement to
the overall fit, similar to previous studies [26,27]. Shell addition was verified using an f-test, yielding
an 85% (Sample 3) and a 99% (Sample 4) confidence level that the addition of an axial oxygen shell
was statistically relevant (for comparison, the addition of an axial O in sample S1 yielded only
17% confidence, and was therefore excluded). Coordination numbers have been fixed in all cases;
however, shell occupancy refinement via EXAFS typically has an uncertainty of ±1.0. Whilst LCF of the
summed XANES suggested up to a 45–56% contribution from the Pu(V) standard, EXAFS data quality
prevented the confident fitting of Pu(V) axial contribution in certain samples. There is no discernible
difference between leached (Samples 1 and 4) and unleached (Samples 2 and 3) cement samples, which
could both be modeled by using contributions from Pu(V). It is worth noting that in all samples,
equatorial oxygen distances were shorter than expected for Pu(IV) (2.34 Å [27]); thus, the average
path-length may also indicate a contribution from oxidized Pu. The high levels of noise precluded
attempts to fit additional shells, including longer range oscillations, in the data to any reliable degree,
although additional fits (including the results of fitting a long-range Pu–Pu shell) are presented in the
Supplementary Materials (Table S3) for completeness.
Table 3. EXAFS fitting parameters and statistics for the four analyzed samples. Here, S02 denotes the
amplitude reduction factor, N denotes coordination number (shell occupancy), R denotes interatomic
distance, σ2 denotes the Debye–Waller factor and the ‘r-factor’ denotes the least squared residual for
the overall fit. Parameters marked ‘*’ were fixed during the fitting process. Numbers in brackets are
the number of spectra summed to provide the dataset for fitting. ‘ax’ and ‘eq’ denote the axial and
equatorial oxygen shells, respectively. Sampling locations are shown in the Supplementary Materials
XRF Maps 1–18.
Sample

Path

S02

Error ±

N

R

Error ±

σ2

Error ±

r-Factor

S1 (4)
S2 (3)
S3 (4)

Pu—Oeq
Pu—Oeq
Pu—Oax
Pu—Oeq
Pu—Oax
Pu—Oeq

0.80
0.93
0.90 *

0.10
0.11

5.5 *
6.0 *
0.6 *
6.0 *
0.7 *
6.0 *

2.27
2.25
1.81
2.29
1.8
2.25

0.01
0.02
0.04
0.02
0.01
0.02

0.002
0.009
0.002
0.006
0.002
0.009

0.002
0.003
0.007
0.001
0.003
0.001

0.009
0.013
0.017

S4 (3)

0.90 *

0.008

4. Conclusions
The reaction of cement phases with water is well understood. The Mg(OH)2 -containing cements
used in this study leach readily on contact with water, and results show that the addition of Mg(OH)2
can affect permeability and leaching behavior. The behavior of the cemented Mg(OH)2 powder in
this study is consistent with understanding of the incorporation of Mg(OH)2 into a cement matrix.
The Pu associated with cemented Mg(OH)2 is present as a mixture of Pu(IV) and Pu(V), and a small
proportion of the Pu is leached from the cemented Mg-containing materials on contact with water.
The leaching protocol used here is relatively aggressive, so that the leach rates observed are
likely to be higher than will be encountered in a geological disposal facility. The changes in
groundwater chemistry encountered in a geological disposal facility over time will also require
consideration. Nevertheless, these experiments have demonstrated the potential for the leaching
of Pu from cementitious wasteforms, and this underlying significance requires further investigation.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/1/31/s1,
Table S1: Composition of Ordinary Portland Cement and Blast Furnace Slag, determined by XRF. Figure S1:
Supplementary XRD Patterns. Figure S2: Release of 239 Pu from cement samples over square root time. Table
S2: Results of Linear Combination Fitting (LCF) using Athena for each of the spectra collected in the study.
Table S3: Additional EXAFS fitting parameters and statistics for select samples. Supplementary XRF maps and
sample schematics.
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