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Leaching Behavior and Mechanism of Ceramic Waste Forms
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Abstract: The radionuclides in high-level radioactive waste (HLW) forms may be leached out over geological time
and enter the human environment with groundwater circulation after deep geological disposal. This is likely the poten-
tial way for radionuclides to enter the biosphere. Therefore, the long-term chemical durability of HLW waste forms is
the key issue for selecting suitable waste forms. Ceramic waste forms, regarded as the second generation of HLW
forms, are of long-range ordered structures, whose physical properties can be easily characterized quantitatively. It is
of great importance and significance to study the leaching mechanism of ceramic waste forms. However, not only the
studies of leach mechanisms, but also the evaluation methods of ceramic waste forms are in their infancy. There is also
lack of the standards of ceramic waste forms received by the repository. The present paper summarizes the research
methods and key points of chemical durability, reviews the research status of hydrothermal alteration of related ce-
ramics, and analyzes the leaching rate of radionuclides. In addition, the paper also discusses the influencing factors and
their influencing modes, and finally concludes the leaching mechanisms and existing problems.
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Table 1 Advantages and disadvantages of glass
immobilization and ceramic immobilization'”!

Parameters Glass Ceramic
Loading of waste/wt% 10-30 15-30
Density/(g-cm™) 2.5-2.8 3.0-5.8
Leach rate/(g-cm >-d™") 10%-1077 1075-107"°
Anti-pressure ability Low High
Radiation tolerance/Gy 107 ~107
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Table 2 Main mineral of ceramic waste forms'®

Mineral Formula Immobilized nuclide®
Zircon ZrSi0, An
Titanite CaTiSiOs Ln, An
Apatite Cas(POy4);(OH, F, O) U, Th, REE, I, Cs
Monazite CePOy4 Ce, La, Eu, Gd, U, LREE
Xenotime YPO, HREE
Pyrochlore CaUTi,0, Ln, An
Baddeleyite 7r0O, Ln, An
Perovskite CaTiOs Sr, REE, Fe, Na, An
Zirconolite CaZrTi,0, Ln, An, Fe, Ni, Cr, Zr
Brannerite UTi,0¢ Ln, An
Rutile TiO, Zr
Psiﬁlllflaell;ne BaA1,TigO) Cs, Sr, Ba, Rb, Al

% An, Ln, REE represent actinides, lanthanides, and rare earth
elements, respectively.
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Table 3 Standard leaching test methods for
nuclear waste forms

Sample State Tempf:éature/ (gﬂ/?{) Dtlll;la etjzn
MCC-1  Static 40, 70, 90 10 3,7, 14,28
MCC-2  Static 150, 200, 250 10 3,7,14,28
MCC-3  Static 90, 150 680

MCC-4 Dynamic 75

PCT-A  Static 90 1000 7
PCT-B  Static 90 1000° 28
PCT-C  Static 40, 70, 90 1000° 28
PCT-D  Static 90 1000° 56, 182, 364...
PCT-E  Static 40, 70, 90 1000° 56, 182, 364...
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Table 4 The reaction layer and second phase upon
ceramics after hydrothermal alteration

Hydration layer Second phase
Thickness Method
Titanite!" 100 nm~  SIMS TiOy, etc  EDX
9 30 um~  EMP m/it-ZtO,  EMP
Zirconolite”” 1-90 nm Calcalation® Ti-, Zr(OH), ICP-MS

Monazite®"  (Sub) nm BSE

Ceramic -
Constituent Method

Zicon

Rhabdophane Raman

[22] Brannerite,

rutile XRD

Pyrochlore

Apatite!'s) APOy,

‘. The sample thicknesses were equivalent covered from con-
centrations of cations released into solution
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Table 5 Effect of pressure on alteration upon zircon

Ref.  Liquid Temperature/’C Pressure/Pa

The influence mode of pressure on zircon

Conclusion

0.1 mol/L 0-1.5x10° No significant change of IR Special SiO, structure
.1 mo
[30] HCI 400 2.5x10° The IR peak at 1050 cm ' splitting into appears under 2.5 kbar
1049 cm ™' and 1087 cm™'
0 33.1x1077 mol/g **°Pb, 101x107" mol/g 2**U Pressure may accelerate the
400 1x10°  11.4x107 mol/g>*Pb, 19.2x10 7 mol/g ¥y Penetration of liquid “into
L g P 206 > 238 zircon matrix at 400 C
[31] 2 mo 5%10 0.18x10"" mol/g “"Pb, 82.0x10"" mol/g ~°U
Na,CO; 8 = 206 =7 238 : o .
1x10 0.67x10"" mol/g~"Pb, 126.0x10™" mol/g ~"°U Little variation of U in
800 5x10° 0.68x10"7 mol/g 2°°Pb, 92.4x10"7 mol/g?**U zircon, but significant

variation for Pb
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Table 6 Chemical durability study of ceramic containing radiation damage

Ref. Radiated material

Effect of radiation damage on leaching rate

Conclusion

[35] Incorporate radionuclides
with short half-lives,
28py (87.7 years) and
2%Cm (17.6 years)

The leaching rates (x107, g/(m”-d) of synthetic rock containing 1wt% Cm is
100 times of that containing 4x10 *wt% Cm

Effective

Compared the samples containing >**Pu (regard as irradiated damage) with  Little
samples containing **’Pu (2.41x10* years half-life, regard as no-radiation

effective

damage), the leaching rates of Pyrochlore (12.35wt% PuO,, 20.82wt% UQ,),
Pyrochlore-Rich Baseline (1.88wt% PuO, 23.67wt% UQO,), Zirconolite
(7.39wt% Pu0Q,) appear with approximately equal (3.2x10* g/(m*.d))

[36] Natural minerals con-
taining radionuclides

[37] Accelerator ion
implantation

The leaching rate of Zr from irradiated zircon (1.8x1072 g/(m*d) is 10-100
times than that of undamaged zircon

The dissolution rate of pyrochlore bombarded by heavy ion is 50 times higher
than that of non-bombarded

Effective

Effective
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—
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o (=]
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Rim thickness, x / pm
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nn = T

0.1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1.0
Fraction of amorphous domains, p
K1 KRR SRR AR p (12 REY
Fig. 1
amorphous degree p

Relationship between hydration layer thickness and
[38]
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Structural disorder in crystalline zircon domains
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’ Highly disordered (gradual) (temerature dependent)
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(sink for Ca, Al, Fe)

Nano-scale porosity

Damage cascade with low density
core and polymerized rim
Diffusion of a hydrous species
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crystalline remnants » Outward transport

Dissolution-reprecipitation

®) front Zircon-fluid interface
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MSiOQ, inclusions
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