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ABSTRACT

Around the world large quantities of sludge wastes derived from nuclear energy production are

currently kept in storage facilities. In the UK, the British government has marked sludge removal as a

top priority as these facilities are nearing the end of their operational lifetimes. Therefore chemical

understanding of uranium uptake in Mg-rich sludge is critical for successful remediation strategies.

Previous studies have explored uranium uptake by the calcium carbonate minerals, calcite and

aragonite, under conditions applicable to both natural and anthropogenically perturbed systems.

However, studies of the uptake by Mg-rich minerals such as brucite [Mg(OH)2], nesquehonite

[MgCO3·3H2O] and hydromagnesite [Mg5(CO3)4(OH)2·4H2O], have not been previously conducted.

Such experiments will improve our understanding of the mobility of uranium and other actinides in

natural lithologies as well as provide key information applicable to nuclear waste repository strategies

involving Mg-rich phases. Experiments with mineral powders were used to determine the partition

coefficients (Kd) and coordination of UO2
2+ during adsorption and co-precipitation with brucite,

nesquehonite and hydromagnesite. The Kd values for the selected Mg-rich minerals were comparable

or greater than those published for calcium carbonates. Extended X-ray absorption fine structure

analysis results showed that the structure of the uranyl-triscarbonato [UO2(CO3)3] species was

maintained after surface attachment and that uptake of uranyl ions took place mainly via mineral

surface reactions.

KEYWORDS: hydromagnesite, nesquehonite, magnesium carbonates, Magnox sludge waste remediation.

Introduction

LARGE quantities of sludge wastes derived from

nuclear power are currently housed in storage

facilities around the world. In the UK, over 1000

m3 of radioactive waste from the first generation

Magnox fuel cans are currently stored under water

at high pH (>11) at the Sellafield facility (Daniel

and Acton, 2006; Hastings et al., 2007). Magnox

is the industrial name for the Mg/Al alloy fuel

cladding (the name signifies ‘magnesium, non-

oxidizing’). During its operational service,

Sellafield’s Magnox Storage and De-canning

Facility (MSDF) reprocessed 27,000 t of fuel

(Topping and Bruce, 2006). However, during the

mid-1970s significant clean-up challenges were

created. Most importantly, spent fuel was stored
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in the ponds for longer than the designed period.

As a result the fuel cladding became extensively

corroded and instead of an easy removal of the

fuel rods from the cladding, a complex and highly

contaminated waste has been produced.

Additionally, in the absence of waste manage-

ment, significant amounts of intermediate-level

waste have accumulated creating some of the

most complex radiological remediation and clean

up challenges in the world (Topping and Bruce,

2006). Moreover, limited records exist of what

exactly was stored in these facilities, due to

changing priorities at the time (Horsley and

Hallington, 2005).

The British government has marked sludge

removal and reprocessing as a top priority. With

the ponds approaching their end of their design

life, waste retrieval and decommissioning strate-

gies are essential (Hastings et al., 2007).

Characterization and understanding of the slud-

ge’s behaviour is critical, as geological disposal is

the final goal. Its heterogeneous nature, potential

for solid/liquid separation, and poorly understood

chemistry all create difficulties in formulating a

remediation strategy. In fact, there is limited

information available of the composition of the

sludge, except for the likelihood that magnesium

hydroxides and magnesium carbonates appear to

dominate. In this contribution, uptake experi-

ments of uranium onto three mineral powders are

described.

Uranium in solution

Uranium is the most common radionuclide

contaminant in soils and groundwaters and is

one of the most toxic elements (Schindler and

Putnis, 2004). There is a real need for information

concerning actinide speciation (Denecke, 2006).

This importance stems from the fact that whatever

form the nuclide takes has an influence on the

solubility, mobility, bioavailability, toxicity and

consequently risk for human health. In water and

in contact with air, uranium exists predominantly

in the U(VI) oxidation state as the (UO2
2+) uranyl

cation (Hudson et al., 1999), which is very mobile

compared to the U(IV) oxidation state. The U(VI)

state readily forms complexes with several

naturally occurring organic ligands which are

known to increase its environmental mobility

(Clark et al., 1995; Bargar et al., 1999; Schindler

and Putnis, 2004; Denecke, 2006). Changes in

U(VI) speciation, temperature and solution

composition all affect the attachment of uranyl

to the solid phase and thereby control its mobility.

As a consequence, a knowledge of the probable

speciation in the aqueous phase enables us to

predict how uranyl will attach to magnesium-

bearing mineral surfaces and eventually partition

into bulk solids.

Previous studies have shown that the uranyl

triscarbonato (UO2(CO3)3)
4� species will domi-

nate at pH greater than 9 (Clark et al., 1995;

Greathouse and Cygan, 2005). In the cooling

ponds, the fluid pH is kept above pH 9 and in

some cases adjusted to pH 13 (Daniel and Acton,

2006) to prevent dissolution of the Magnox. The

high pH causes atmospheric CO2 to dissolve

readily, especially in these open air fluids,

meaning that carbonate complexation is an

important consideration in understanding these

sludge compositions. Uranyl, in these circum-

stances, forms strong complexes with CO3
2�

anions.

Uranium in carbonates

Sorption of uranium onto calcite has been well

studied (Reeder et al., 2000; Kelly et al., 2003,

2006) but research on uranyl uptake in magne-

sium-bearing minerals such as magnesite

[MgCO3], nesquehonite [MgCO3·3H2O] and

hydromagnesite [Mg5(CO3)4(OH)2·4H2O] has

not, to the best of our knowledge, been previously

conducted. The Mg�O bond distances in

magnesite (2.082 Å) are shorter than Ca�O in

calcite (2.35 Å). Total distortion of the octahedral

site in calcite is much greater compared to

magnesite (Finch and Allison, 2007). However,

the shorter bond distance for Mg could be

interpreted to indicate that partition coefficients

of uranyl into magnesite might be lower

compared to those for calcite.

Uptake of uranium is dependent on the

structure of the carbonate mineral (Sturchio et

al., 1998; Reeder et al., 2000, 2001). Uranyl is

preferentially incorporated into metastable arago-

nite [CaCO3] (orthorhombic) relative to calcite

(rhombohedral). The incorporation of uranyl in

calcite has been debated due to the size and shape

of the linear uranyl moiety (O=U=O)2+, which is

considerably different from that of Ca2+ for which

it substitutes (Russell et al., 1994). Moreover, the

structure of rutherfordine [UO2(CO3)] is orthor-

hombic (Christ et al., 1955), which is more

similar to aragonite. Additionally, chemical data,

from both experimental and analytical studies,

indicates that uranyl behaves as a dilute solid
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solution in aragonite and calcite (Russell et al.,

1994). The solid-solution distribution coefficients

measured for uranyl in aragonite are an order of

magnitude higher than that for uranyl into calcite,

indicating that aragonite is more compatible with

uranyl substitution than calcite (Kelly et al.,

2003). Incorporation of uranyl in the calcite

structure will significantly disorder the structure,

which suggests a less stable final structure

(Reeder et al., 2001).

Uranium attached on the surface

Uranium incorporation mainly takes place at the

mineral surface (Geipel et al., 1997). Surface

specific information about active sites where

adsorption takes place is important for making

predictions about how uranyl is incorporated. A

study using polarized extended X-ray absorption

fine structure (EXAFS) analysis to study uranyl

adsorption on the basal plane of montmorillonite

showed outer sphere complexation to dominate

and concluded no orientation information could

be extracted (Greathouse et al., 2005). In contrast,

polarized EXAFS results of uranyl adsorption

onto a-Al2O3 indicated a bidentate cation binding

onto the surface exposed oxygen atoms in such

way that the uranyl axis was parallel to the surface

at a distance of 1.76 Å from two surface oxygen

atoms (Denecke et al., 2003).

Identification of the minerals composing the

sludge, in combination with a detailed physical

and chemical understanding of the bulk coordina-

tion chemistry of the radionuclides are both

necessary to predict the transport of released

radionuclides into the environment (Denecke,

2006). Therefore in this study a laboratory bulk

adsorption experiment of uranyl onto brucite

[Mg(OH)2] and onto the metastable carbonate

phases nesquehonite [MgCO3·3H2O] and hydro-

magnesite [Mg5(CO3)4(OH)2·4H2O] was carried

out. Conditions were kept similar to that within

the ponds at Sellafield (i.e. at basic pH, at ambient

temperature, and with carbonate available in the

reactant solutions). Synthesized reactant solids

were characterized using X-ray diffraction

(XRD). The amount of uranium that was taken

up by the solid phase after reaction was

determined by the difference between induc-

tively-coupled plasma atomic emission spectro-

scopy (ICP-AES) analysis of the product and

reactant fluids. Finally, the coordination chem-

istry of the uranium within the product solids was

analysed at the uranium LIII-edge using EXAFS

analysis. The goals of this study are: (1) to

determine the extent of uranium adsorption onto

these solid phases through bulk solution analysis;

and (2) to provide information on how uranium is

bonded to these surfaces by using EXAFS. The

findings of this study provide valuable informa-

tion on the behaviour of the actinides.

Experimental

Mineral synthesis

The brucite, nesquehonite and hydromagnesite

powders used in these experiments were synthe-

sized from MgCl2·6H2O following the methodol-

ogies described in Hänchen et al. (2008). Brucite

was synthesized at 25ºC under CO2 free

conditions. Nesquehonite was synthesized at

25ºC by adding 0.6 mol kg�1 Na2CO3 to a stock

magnesium chloride solution under 0.2 atm PCO2

in sealed reactors. Precipitates were filtered and

dried at 60ºC for 12 h. To form hydromagnesite,

the nesquehonite precipitates were placed in a

reaction vessel above 20 g of dry ice and placed in

an oven at 75ºC for 12 h. These procedures have

been reported to produce clean brucite, nesque-

honite and hydromagnesite surfaces. Analyses by

XRD showed the products to be crystalline

brucite, nesquehonite and hydromagnesite.

Reaction with uranium

Adsorption

A stock solution of 0.1 M U(VI) was prepared

from an isotopically depleted UO2
2+(NO3)2·6H2O

source. The adsorption experiments were

designed in such way that wherever possible the

total U(VI) present would be more than the

s o l u b i l i t y o f c r y s t a l l i n e s c h o e p i t e

[(UO2)8O2(OH)12·12H2O]. To produce the final

stock solution concentrations of 500 and 50 ppm

U(VI), 1.05 and 0.105 ml of stock solution were

diluted in 50 ml deionized water. Prior to the

dilution of uranyl, 2.0 mM of Na2CO3 was added

to improve solubility. The pH of the solutions

were adjusted drop-wise using NaOH to pH 8.25.

For reaction the synthesized powders were

transferred into 25 ml Falcon tubes and then

reactant fluids were added. The ratio of sample to

solution was 1:30. Contact time was ~48 h (�1 h)

after which the samples were centrifuged using an

IEC Clinical Centr i fuge at 5000 rpm

(4500�5000 g). The supernatant was decanted

and the removal of water from the wet solids was

accelerated by brief exposure to partial vacuum.
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Co-precipitation
For comparison to the adsorption experiments,

a single experiment was completed to determine

uranyl uptake into brucite as it was allowed to

precipitate from a supersaturated solution. In this

case, brucite was synthesized following the

methodology described above, however once a

steady-state pH was achieved during precipitate

formation 2 ml of 100 mM uranyl nitrate

hexahydrate stock was added to the solution.

The pH of the solution was then maintained at

10.07 via the incremental addition of 0.01 M

NaOH to the solution. The final uranium

concentration of this solution was 640 ppm.

Brucite precipitates were allowed to form for

approximately one hour. The solution was then

centrifuged at 300 rpm and precipitates were

filtered from the supernatant using 30 mm filter

paper. Precipitates were rinsed with deionized

water to dissolve any halite or other impurities

and mixed with deionized water within a

centrifuge tube and centrifuged for a final time.

Precipitates were again filtered. The precipitate

was then allowed to dry in a temperature

controlled oven at a constant temperature of 40ºC.

EXAFS measurements

The EXAFS measurements were performed at

beamline 11-2 at the Stanford Synchrotron

Radiation Lightsource (SSRL) of the SLAC

National Accelerator Laboratory, USA. This

beamline was specially set up for such experi-

ments. The energy of the beam was calibrated

against the first derivative of a Y foil, defined as

17,038 eV. The measurements were conducted in

transmission mode. The EXAFS data were

collected for all mineral products except the 50

ppm nesquehonite sample, which could not be

measured due to time constraints.

The EXAFS, w(k), were isolated from raw data

by the standard procedures (background subtraction,

normalization of absorption, conversion to

momentum, k, space). For each sample six spectra

were averaged in order to improve signal to noise

ratio. The spectra were analysed with SixPack and

phase/amplitude functions calculated with FEFF6L.

Theoretical fits were performed in R-space.

Results and discussion

Synthesized minerals

The protocols developed for synthesizing the

minerals brucite, nesquehonite and hydromagne-

site were successful and their powder patterns

were verified by XRD (Fig.1). An examination of

the synthesized nesqhuehonite pattern suggested

that poorly crystalline artinite [Mg2CO3(OH)2
·3H2O] (reference pattern: JCP-01-070-0591) may

be present as a minor fraction. Only the most

intense artinite peak (2̄01) could be resolved; the

peak width relative to the nesquehonite peaks

suggested it to be poorly crystalline, and the

relatively low intensity indicates a minor

component of the synthesized solid. The quality

of the hydromagnesite powder pattern is slightly

poorer than the other phases, potentially due to

inclusions or small domains of MgCO3 or

Mg(OH)2 within the powder. However, the

quality and purity of the powders is good and

the XRD patterns of the synthesized minerals are

in good agreement with the known peak positions

of standard reference patterns for these minerals.

These results indicate that the developed proto-

cols are successful for the preparation of stable

and metastable Mg-bearing minerals.

Adsorption experiments

The Kd values determined from the reactions

between the magnesium mineral powders and

uranyl-bearing fluids are shown in Table 1.

Although this empirical model is extremely

limited in terms of predictive power (Vaughan

and Wogelius, 2000), it still gives valuable

information in a simplified system containing a

single mineral, an aqueous phase, and a single

sorbate. These Kd values also may be conveniently

compared to other similar experimental adsorption

data. In addition, the results obtained here detailing

surface atomic configurations may be used in more

complicated adsorption models. All solids showed

higher Kd values than those previously determined

for calcite [Kelly et al. (2003); representative Kd =

4.3 ml g�1]. In these experiments the highest Kd

value was observed as expected for the brucite co-

precipitated in the presence of 640 ppm uranium.

The other Kd values represent simple adsorption

onto a single mineral phase. Again, the highest

values were obtained for brucite, whereas nesque-

honite and hydromagnesite produced similar results

to each other. These results suggest that uranyl

binding is optimized on the magnesium hydroxide

mineral surfaces relative to the carbonates.

The XRD results showed no significant peak

shifts between the pure minerals and the post-

sorption minerals. Peak shifts might be particu-

larly important if uranyl were incorporated
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FIG. 1. Data from the X-ray diffraction analysis. (a) Brucite (reference pattern in red: JCP-00-007-0239).

(b) Nesquehonite (reference pattern in blue: JCP-00-020-0669) with minor artinite (reference pattern in red:

JCP-010-070-0591). (c) Hydromagnesite (reference pattern in red: JCP-00-025-0513).
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between the brucite octahedral layers which

would distort the basal plane distance (Hudson

et al., 1999). Our diffraction results suggest that

the brucite basal plane spacing is not significantly

distorted and this implies either that most U(VI) is

not concentrated within the interlayer or, less

probably, that U(VI) is somehow incorporated

with minimal structural distortion.

The EXAFS analyses

The radial distribution functions (RDF, Fourier

transform magnitudes) with their corresponding

fits analysed by EXAFS are shown in Fig. 2. The

data for all the samples reacted at different

concentrations all resemble reference spectra of

uranyl triscarbonato complexes. In addition, the

EXAFS spectra show remarkable similarities with

earlier published spectra for U(VI) adsorption

onto calcite (Elzinga et al., 2004).

All spectra show two well resolved oxygen

features, one for the axial and one for the

equatorial oxygen atoms. However, the spectrum

of brucite co-precipitated with uranyl nitrate is

different, with one well resolved peak and a

weaker broader peak, probably due to its less well

ordered crystallographic structure. Fits of the

RDF resulted in 7�8 oxygen atoms, 2 for the

axial uranyl oxygen atoms and 5�6 for the

equatorial oxygen atoms. The position of the

axial oxygen feature, at R ~1.81 Å, is consistent

with all other samples, which indicates that the

uranyl ion structure (O=U=O)2+ is unaffected by

precipitation within the brucite structure or

through adsorption on the other magnesium

solids. However, the equatorial oxygen shells (R

~2.35 Å) show an asymmetric feature at the

higher R-side, indicating splitting in the equatorial

shell for all but one sample. Shell-by-shell fits

confirm this observation (Table 2).

Carbon atoms were resolved at slightly greater

distance than the equatorial oxygen atoms. The

third and fourth peaks in the RDF are resolved as

Mg and U atoms. The amplitude of these peaks

are lower, but are large enough to be resolved. In

addition, three paths accounting for multiple

scattering off of the U�Oax (at twice the distance)

were included.

For all the reacted minerals, the EXAFS results

show that the structure of the uranyl cation is

maintained and it is not reduced to U(IV). All

reacted synthesized minerals showed that uranium

attaches onto the surface in a coordination

polyhedron which strongly resembles uranyl

triscarbonato [UO2(CO3)3
4�] complexes.

Additionally the remarkable similarities between

uranium adsorption on calcite and Mg-containing

minerals, suggests that calcite is a good analogue

for the adsorption of actinides onto Mg-

containing minerals.

The similarities between all EXAFS spectra

indicate that the adsorption of uranyl is compar-

able for all synthesized Mg-bearing minerals. In

all spectra one Mg atom could be resolved, and in

combination with the XRD results, this suggests

that the U(VI) atoms are attached directly onto the

surface of the minerals. Previous studies showed

that U(VI) is attached as an outer-sphere complex

with the uranyl axis parallel to the mineral surface

of vermiculite, hydrobiotite (Hudson et al., 1999),

and calcite (Denecke et al., 2005). It might be

expected that uranyl would be adsorbed onto Mg

mineral phases in a similar fashion. However, the

nature of this experiment could not resolve the

TABLE 1. Summary of U(VI) adsorption on Mg solids.

Sample description Mass solid (g) Volume (ml) Kd*

Brucite with 640 ppm U(VI) 0.933 50 53.5
Brucite with 500 ppm U(VI) 0.101 3 23
Brucite with 50 ppm U(VI) 0.21 6 10.6
Hydromagnesite with 500 ppm U(VI) 0.211 6 13.4
Hydromagnesite with 50 ppm U(VI) 0.21 6 7.5
Nesquehonite with 500 ppm U(VI) 0.106 3 15.1
Nesquehonite with 50 ppm U(VI)** 0.106 3 6.8

* Kd is the partition coefficient.
** EXAFS data are not available for this sample
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exact orientation of the uranyl surface complex.

Surface analysis using grazing incidence XAFS

(GIXAFS) is proposed to resolve the adsorption

and orientation of uranyl on these surfaces. In

combination with the polarization dependence of

the uranyl ion, as described in Hudson et al.

(1996), the orientation and thus the way uranium

is attached on the Mg mineral surface may be

determined.

Conclusions

The goals of this study were to provide detailed

information about three different aspects of

Magnox sludge: (1) to test synthesis protocols

for key Mg-rich phases; (2) to measure bulk

partition coefficients of uranyl onto these minerals

from basic solutions; and (3) to determine the

coordination environment of attached uranyl.

Results show that brucite and metastable carbo-

nates can be reliably prepared. Furthermore,

partitioning of uranyl onto magnesium hydroxides

and carbonates exceeds that previously reported

for calcium carbonates (Kelly et al., 2003).

Finally, EXAFS and XRD analyses show that

uranium atoms are attached directly to the mineral

surfaces with oxygen bond distances similar to

those observed for [UO2(CO3)3
4�] (Allen et al.,

1995; Elzinga et al., 2004), comparable to results

with calcium carbonates reported in previous

studies (Reeder et al., 2000; Elzinga et al.,

2004). These results allow us to predict the

mobility and partitioning of uranium during

various processing scenarios of spent Magnox

fuel. In addition, this work provides valuable

insights into how actinides may react during

transport through Mg-bearing backfill materials.
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TABLE 2. Shell-by-shell fit parameters for LIII-edge EXAFS data for the uranyl containing brucite,
hydromagnesite and nesquehonite samples.

Shell CN* R (Å){ s2 (Å2){
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U�Oeq1 3.342 2.319 0.00872
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U–C 3.287 2.896 0.00220
U–Mg 1.262 3.599 0.00577
U–U 1.338 3.878 0.00508

Brucite reacted with 500 ppm uranyl nitrate
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U–C 2.725 2.902 0.00349
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{ Debye�Waller factor.
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