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Immobilisation of actinides
ÅHigh-purity Pu (weapons-grade, i.e. mostly 239Pu with low 

amounts of 238, 240Pu) can be used in new generation of power 

plants in MOX (mixed oxide) fuel. 

ÅLower quality Pu, ñscrapò etc. is not suitable economically for 

MOX => must be safely immobilised (in US ~20 metric 

tonsé+ Russia, UK, France, Chinaé). 

Composition of waste for immobilisation heavily depends 

on initial fuel chemical and isotopic composition, cladding 

type, burn-up degree.

No universal form (matrix) for all waste types can be 

made!!

Waste separation for subsequent separate immobilisation is 

extremely important.



Isotope Activity

(microCi/(microgram))

230Th 0.1/(5)

232Th 100/(900 grams)

233U 1/(100)

235U 1/(50000)

238U 100/(300  grams)

237Np 0.1/(140)

238Pu 0.1/(0.006)

239Pu 0.1/(0.03)

244Cm 0.1/(0.001)

Amount of a radionuclide which does NOT require special 

permission to handle (Soviet Radiation safety rules from 1987)

2500 g 239Pu

238Pu



Pu-doped glasses

Two ñcomplementaryò mechanisms of An-doped 

waste forms degradation:

1) Thermomechanicalstresses

2) Radiation damage (swelling, 

amorphisation/disorderingé.)



Pu-doped single crystals

Zircon dopedwith 2.4 wt% 238Pu(T1/2=87.7 y),
grown in July 2001.

~7x1017 decays/gram.

(Eu,Pu)PO4 monazitedopedwith 4.9 wt% 238Pu,grown in

Dec. 2003. Now approx. ~2x1019 decays/gram.

At ~1.1x1018 decays/gram dispersed particles has

appeared; at~5.2x1018 decays/gramñpeelingòhasstarted.

Images: B.E. Burakov



Pu decay
He range Ò n·10 µmU range ~ n·10 nm

µm



Pu-loaded glasses
(Lanthanide borosilicate ïLaBS

and 

borosilicate SON68-like)



Lanthanide-Borosilicate glass

ÅMaximum PuO2 concentration in conventional

borosilicate glasses is ~3-4 wt.%. Lanthanide-

Borosilicate (LaBS) glassesare potentially capableto

dissolveup to ~10 wt.% PuO2. They are much more

durablein watersolutionsthanconventionalborosilicate

glass(Strachanetal., 1998).

ÅBehaviour of Pu and of some other constituents in

LaBSglassesis still poorlyconstrained.



Glass preparation

ÅPuO2 powdermixed with chemicals,heatedto 1500 C̄ at

a rateof 10 C̄/min, keptfor 30min andquenched.

ÅIn contrast to Pu-free glassesof the samecomposition

(PuŸHf) it is verydifficult to obtainhomogeneousglassif

high PuO2 loads are used. In some runs the sample is

clearlysegregatedinto crystal-like andglassyparts.

Al2O3 B2O3 Gd2O3 HfO2 La2O3 Nd2O3 PuO2 SiO2 SrO

8-20 10-22 8-12 4-14 11-18 11-14 0-9.5 18-28 2.5

Range of target chemical compositions (wt%)



The LaBS glassseemsto be homogeneous

on mm-scale(RBS data),but is markedly

heterogeneouson sub-mm scale if high

PuO2 loads(>5 mass%) areused.
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Phase composition of the LaBS glass 
(9.5 wt% PuO2)

PuO2

Britholite

Identified phases (XRD+SEM/EDX)

PuO2: crystalliteswith sizesof >50 nm.

Solid solution of (Pu,Hf)O2 with a

fluorite structure(SEM/EDX/XRD)

Britholite : (approx. REE10Si6O24(OH)2) is

añrealòpowder.
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ÅHeterogeneously distributed britholite

ÅNon-stochiometric PuO2 (?)

ÅThe silicate network is depolimerised 

(mostly Q2 units)



XAS results: Pu L III -edge
Å Puis mainly tetravalent(XANES andXPS)

Å First shell shows similarity to PuO2+x
(PuO2.2?)

Å The main fraction of Pu is in the vitreous
phase.

Å With increasingstoragetime the splitting of
thefirst spherebecomesmorepronounced. In
the fresh glassit comprisestwo subspheres,
whereasfor the2 y.o. glassïthree(similar to
Conradsonetal., JACS,126, 13443, 2004).
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Sample Atom Distance, ɸ Occupation

2 y.o. glass ʆ 1.87-1.92 0.15-0.47

ʆ 2.09-2.12 ~1.2

ʆ 2.20-2.27 4Ñ1

Pu 3.74 2Ñ0.5

Fresh glass ʆ 2.13 1.3

ʆ 2.25-2.28 5

Pu 3.66-3.69 2.5Ñ0.5

FT peak of the first coordination
shell is asymmetric ïsuperposition
of contributions from various
phases.



Evolution of Pu environment with glass storage 
time: Wavelet approach
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ÅSharpeningof the maxima in R-

spaceindicatesbetter separationof

contributions from glassy and

crystallinephases.

ÅPuO2 and britholite grains are

precipitated, the grain size and

crystallographic perfection

increases.



XAS results II: Hf L III -edge

ÅThe nearestoxygenis at 1.8 Å;
smallamountof aheavyelement
(possibly Pu) is presentaround
2.5 Å; at 3.6 Å minor oxygen
coexists with a heavy element
(mostlikely REE).

Å The peaks due to the second
coordinationsphereareweak=>
Hf is mostly in the vitreous
phasewith coordinationnumber
closeto 6.

ÅSome(minor) fraction entersthe
phasewith approximateformula
GdHfO1.75.

ÅNo evolution of Hf
environmentwith time.
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Hf in Pu-free glass
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No spectralmanifestationsof HfO2 asaseparatephase.

Hf is mostlyin vitreousenvironment,butweak

secondcoordinationsphereis alsopresent.

Strongdependenceonglasscomposition.



The ñheavy spotsò

Glass piece after 2 years of storage.

Many bright dots; look like some dusté



The ñheavy spotsò: a closer look

Silicates

Precipitates of (Pu, Hf)O2 solid solution and of REE-Al phase!!

Dendritic morphology consistent with CaF2-structural type dendrites

Exsolution (rapid?) of excess PuO2?



LaBS glass with 9.5 wt% PuO2: 
SEM of partly crystallized sample

ÅPrecipitation of britholite (?) REE10Si6O24(OH)2. The glass retains Al, Hf (supports XAS).

ÅREE, Sr and Si partition to the precipitate.

ÅPuconcentrations are roughly similar for the glass and the precipitate. 



The Pu-rich LaBS sample is a 

glass-crystalline ceramics. 

Britholite is resistant to radiation. 

Buté.

What happens if hot water 

contacts the glass?



Surface alteration:

Pu-free glass

Formation of altered layer, which may crack and detach from underlying bulk

Rather uniform process on the whole glass surface



Alteration of Pu-rich glass in water



SON68-like glass with 238Pu
56 days at 90 ÁC in distilled water



SON68 with 238Pu

Changesin the photoluminescence

spectraof Eu admixtureindicate

moreorderedenvironmentof Eu

in the alteration layer in

comparisonwith the bulk glass.

Possiblythis is relatedto higher

Al/Si ratio.



Real life examples

Just a scientific curiosity?



Cracking of the Chernobyl lava

Infra-red spectroscopy shows

presenceof OH-groupsin (Zr, U)O2

andin chernobylite(notin UO2!)

Moisture-induced spontaneous

transition of tetragonal zirconia to

monoclinicphaseis accompaniedby

considerable volume increase:

possible mechanism of the lava

cracking.



UO2+x inclusions in Chernobyl lava

Undissolved fuel pellet?

UO2 precipitated from the melt 

alwayscontains Zr admixture

Variable morphology :

ÅDendrites (quenched supersaturated solution?)

ÅRounded (ñmoltenò) pieces

Cracks!!



Aerosols

Aerosols(2011-2013 ʛʛ)



Spontaneouslydetached glass particles

ÅSizes of the glass chips 

reach 150x200 ɛm2. 

ÅUO2+x inclusions are 

between ~1-2 and 5-7 ɛm.



Secondary mineralisation

-htracks:
10 min 2h

Particle size: 200x100 ɛm!
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Mineral -like ceramics



Image by R.E.Williford, 

PNNL

11 years after the synthesis:
ÅXANES confirms that Pu is tetravalent, i.e. most likely it 

substitutes Zr4+ in zircon lattice.

ÅSC-XRD: S.G. I 41/amd, a=6.52, c=5.94 Å

Zircon as a form for actinides immobilisation

Flux-grown zircon with 

2,4 wt% of 238Pu
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Principal problem: degradation due 

to self-irradiation

Zircon amorphises under irradiation 

(metamictisation). Still conflicting results on 

amorphisation dose and chemical resistance of 

metamict zircon.
Images: B.E. Burakov



XAFS of Pu in monazite

ÅInitially Pu(III) occupies REE 
sites. Self-irradiation may 
convert to Pu(IV).

ÅComplex ordered environment.

-5 0 5 10 15 20

1

2

3

4

5

6

k, A-1

R
, A

0 1 2 3 4 5 6

F
T

 m
ag

n
it

u
d

e

R, A



SC-XRD

(Eu, Pu)PO4 (12 y after synthesis)

S.G. P 21/n

a = 6.3864(11) Å                   Ŭ= ɔ= 90

b = 6.8668(12) Å                  ɓ= 104.028(7)

c = 6.6654(11) Å                  V = 283.59(8) Å3

Slow swelling with accumulated doseé



What is the fate of recoil uranium?
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Single crystal of Eu0.937Pu0.063PO4
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Single crystal of Eu0.937Pu0.063PO4

300 nm 120 nm



Single crystal of Eu0.937Pu0.063PO4

40 nm
10 nm



Single crystal of Eu0.937Pu0.063PO4

300 nm

4.11 Å 

(100)
3.06 Å 

(20-2)

1.8 Å 1.7 Å

Reflections 

from 

misoriented 

crystallites



Single crystal of Eu0.937Pu0.063PO4



Single crystal of Eu0.937Pu0.063PO4



Single crystal of Eu0.937Pu0.063PO4: ñblistersò

300 

nm



Nanoparticlesunder impact



Actinides and colloids

ÅNovikov A.P., et al., Colloid 

Transport of Plutonium in the 

Far-Field of the Mayak 

Production Association, Russia. 

Science, 2006

ÅKersting et al., 1999

Silica colloids may migrate 

and transform to stable 

SiO2 phases

Silica colloids may be 

exceptionally stable (time 

scale of ~107 years!)

Prokofiev V.Yu., et al., Fluid inclusions with colloid 

solutions in chalcedony, TBG XIII Proceedings (2009)

Prokofiev V.Yu., et al., Geology, 2017



Fresh SiO2 colloids with adsorbed Pu

TEM

No internal 

structure

SEM

No surface 

features 

observableeven in 

low-energy mode



Control experiment (no Pu) ïhigh 
temperature

13 days at 150 ÁC


