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 Within the scope of the JAEA thermodynamic database project for performance 

assessment of geological disposal of high-level and TRU radioactive wastes, the refinement of the 

thermodynamic data for the inorganic compounds and complexes of tetravalent Zirconium was 

carried out.  Refinement of thermodynamic data for the element was performed on a basis of the 

thermodynamic database for zirconium published by the Nuclear Energy Agency in the 

Organisation for Economic Co-operation and Development (OECD/NEA).  Additionally, the 

latest data after publication of Zirconium thermodynamic data by OECD/NEA were reevaluated 

to determine whether the data should be included in the JAEA-TDB. 

Keywords: Thermodynamic Database, Performance Assessment, Geological Disposal, High-Level 

Radioactive Waste, Zirconium  
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1.JNC-TDB

Zr

FP

Zr-93 1.53 x 106

1)

Zr 4

JNC-TDB2) Zr

Zr(OH)4(aq) Zr(OH)5
- Zr

OECD/NEA

3) JNC-TDB

Zr Zr

2005 OECD/NEA 3)

OECD/NEA

OECD/NEA

2.Zr

Nagra-PSI ) 2002 Zr

SKB5) 2006 Nagra-PSI Zr

2

3

OECD/NEA3) 2005

Nagra-PSI )
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3. Zr

JAEA-TDB fG°m

K° rG°m = -RT ln K° R T

298.15 K 0

SIT 3)

OECD/NEA TDB-1 6)

NEA-TDB 2 Nagra/PSI-TDB 4

Zr 2005 OECD/NEA 3)

OECD/NEA

OECD/NEA

pHc

JAEA-TDB

ZrO2(am) ZrO2(cr) 7, 8, 9)

OECD/NEA 3)

OECD/NEA
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4.Zr

4.1 ZrO2(am)

OECD/NEA2) Kovalenko et al.10), Bilinski et al.11) , Veyland12), C. Ekberg

et al.13) Kovalenko et al.10)  C. Ekberg et al.13)

NEA

Bilinski et al.11), Veyland12) 4.3

 (1)

(Table 1)

 Zr4+ + 2H2O = ZrO2(am) + 4H+     (1) 

JAEA-TDB OECD/NEA (Cho et al. 7), Sasaki et 

al.8)) Fig.1

Cho et al.7)

Bilinski et al.11), Veyland12)

Sasaki et al.8) Bilinski et 

al.11), Veyland12) pH

Cho et al.7) Sasaki et al.8) OECD/NEA4)

Cho et al.7) 0.5M HCl/NaCl

ZrOCl2 Zr

Laser-Induced Breakdown Detection (LIBD) 10-100nm

Sasaki et 

al.12) 3000

Flory 8) 100

Zr4(OH)15+ 4

4.3 JAEA-TDB

JAEA-TDB OECD-NEA

Sasaki et al.8) Flory

Sasaki et al.8)
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Table 1 Stability constants of Zr4+ + 2H2O = ZrO2(am) + 4H+

log Ks°* Reference 

-4.23 ± 0.04 Kovalenko et al.10)

3.19 ± 0.04 Bilinski et al.11)

3.29 ± 0.01 Veyland12)

-5.55 ± 0.84 Ekberg et al.13)

3.24 ± 0.1 OECD/NEA4)

2.9  ± 0.5 Cho et al. 7)

0.94 ± 0.32 Sasaki et al.8)

3.24 ± 0.1  Selected value for JAEA-TDB 

*uncertainties are 95% 

Fig. 1 Solubility of ZrO2(am).   

Plots are experimental data, and lines are concetntration of species of 

Zr(IV) calculated by OECD/NEA. 
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4.2 ZrO2(cr) 

OECD/NEA ZrO2 Pouchon et al.14)

JAEA-TDB OECD/NEA (Kobayashi et al.14))

Kobayashi et al.9) ZrO2 Zr(OH)4

X (XRD)

Zr

 (2) Table 2

Zr4+ + 2H2O = ZrO2(cr) + 4H+     (2) 

OECD/NEA Pouchon et al.14) Kobayashi et al.9)

JAEA-TDB OECD/NEA

Table 2 Stability constants of Zr4+ + 2H2O = ZrO2(cr) + 4H+

log Ks° Reference 

7.0   ± 1.6 OECD/NEA4)

6.46 ± 0.10 Kobayashi et al.9)

7.0   ± 1.6 JAEA-TDB 

4.3

4) OECD/NEA

4)

ZrOH3+ Zr3(OH)48+

OECD/NEA hydrolysis 4)

Zr(OH)3+

4.3.1 ZrOH3+ Zr3(OH)48+

OECD/NEA ZrOH3+ Norén15)

Davydov et al.16) Norén15)

Davydov et al.16)

SIT (3) (logb° = 0.32 ± 

0.22)
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Zr4+ + H2O = ZrOH3+ + H+     (3) 

OECD/NEA Zr3(OH)48+ Zielen et al.17),

Tribalat et al.18) Vasil'ev et al.19) (4)

 (log b34° = 0.4 ± 0.3) 

3Zr4+ + 4H2O = Zr3(OH)48+ + 4H+    (4) 

JAEA-TDB ZrOH3+ Zr3(OH)48+

OECD/NEA

4.3.2 Zr(OH)22+, Zr(OH)4, Zr(OH)62-, Zr3(OH)93+, Zr4(OH)88+,Zr4(OH)15+, Zr4(OH)16

Zr(OH)22+ 4)

OECD/NEA 4) Zr(OH)4(aq)

Zr4(OH)15+ 4 Zr Th

OECD/NEA

Bilinski et al.8), Veyland9) pH

Zr4(OH)15+ Zr4(OH)15+ Zr4(OH)16

4.3.1

hydrolysis Zr4(OH)15+ Zr4(OH)16

Zr(OH)62-  Ekberg et al.10)

Zr3(OH)93+, Zr4(OH)88+, Zr(OH)4 Zielen20) Connick et al.21)

Zr4(OH)15+ Zr4(OH)16 Bilinski et al.11),

Veyland12) 3000

Sasaki et al.12) JAEA-TDB Zr4(OH)15+
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4.4

OECD/NEA ZrCl3+ ZrCl4 ZrOHCl2+

4) Table 3 ZrCl3+

ZrCl22+ SIT (5) (log b°)

Zr4+ + nCl- = ZrCln4-n      (5) 

OECD/NEA ZrOHCl2+

ZrOH3+ Zr4+ ZrOHCl2+

ZrCln4-n ZrCl3+ ZrCl4

JAEA-TDB ZrCl3+ ZrCl22+ OECD/NEA Table 4

4) ZrOHCl2+ OECD/NEA ZrCln4-n

ZrCl3+ ZrCl4 SIT log b° ZrCl3+ 2

25, 26) Fig. 2 e(ZrCl3+, ClO4) = 0.88  ± 0.45

log b° = 3.00 ± 0.45 e(ZrF3+,

ClO4) = 0.20 ± 0.06 2

3 e(ZrCl22+, ClO4) = 0.84 ± 0.11 e(ZrCl3+, ClO4) =0.87 ± 0.10

e(ZrF22+, ClO4) = 0.3 ± 0.1 e(ZrF3+, ClO4) =0.563 ± 0.10 Zr-Cl-

e(ZrCl3+, ClO4) = 0.88 ZrCl4

1 25) log b°= -1.23 ± 0.50

2 2M Zr4+

ZrCl4
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Table 3 Experimentally obtained stability constant of chloride complexes of Zr 

Ionic Medium T (°C) log b° Reference 

Zr4+ + Cl- = ZrCl3+

6.54 M H(Cl-, ClO4
-) 25 0.75 ± 0.08 Levitt et al.24)

2 M H(Cl-, ClO4
-) r.t. 0.03 ± 0.08 Marov et al.25)

4 M H(Cl-, ClO4
-) r.t. 0.05 ± 0.15 Marov et al.25)

2 M H(Cl-, ClO4
-) 20 0.04 ± 0.02 Prášilová et al.26)

Zr4+ + 2Cl- = ZrCl22+

6.54 M H(Cl-, ClO4
-) 25 1.08 ± 0.10 Levitt et al.24)

2 M H(Cl-, ClO4
-) r.t. -0.31 ± 0.18 Marov et al.25)

4 M H(Cl-, ClO4
-) r.t. -0.64 ± 0.38 Marov et al.25)

2 M H(Cl-, ClO4
-) 20 -0.46 ± 0.10 Prášilová et al.26)

Zr4+ + 3Cl- = ZrCl3+

4 M H(Cl-, ClO4
-) r.t. -1.21 ± 0.41 Marov et al.25)

2 M H(Cl-, ClO4
-) 20 -1.0 ± 0.2 Prášilová et al.26)

Zr4+ + 4Cl- = ZrCl4

4 M H(Cl-, ClO4
-) r.t. -1.51 ± 0.27 Marov et al.25)

ZrOH3+ + Cl- = ZrOHCl2+

4 M (H+, Na+)

(Cl-, ClO4
-)

r.t. -0.52 ± 0.14 Tribalat et al. 27)

log b values are reculcurated by OECD/NEA 

Table 4 Selected stability constant of chloride complexes of Zr 

Species log b° Reference 

ZrCl3+ 1.59 ± 0.06 OECD/NEA4)

ZrCl22+ 2.17 ± 0.24 OECD/NEA4)

ZrCl3+ 3.00 ± 0.45* Marov et al.25)

Prášilová et al.26)

ZrCl4 -1.23 ± 0.50* Marov et al.25)

*tentative value 
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Fig. 2 Extrapolation of stability constant of ZrCl3+ to Im=0  

Prášilová et al.26) Marov et al.25)
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4.5

OECD/NEA4) ZrNO33+ Zr (NO3)3+

Table 5

Zr NO33+ Zr (NO3)22+ SIT (6)

(log b°) Table 6

Zr4+ + nNO3
- = Zr(NO3)n4-n      (6) 

Zr (NO3)3+ 1

(log b°)

Zr (NO3)4

JAEA-TDB ZrNO33+ Zr(NO3)22+ OECD/NEA4)

Table 6 Zr (NO3)3+ Prášilová et al.26)

log b OECD/NEA4) +1

(0.22 ± 1.24) e(Zr(NO3)3+, ClO4)

(log b° = 1.04 ± 1.5) Table 6

Table 5 Experimentally obtained stability constant of nitrate complexes of Zr 

Ionic Medium T (°C) log b Reference 

Zr4+ + NO3
- = ZrNO33+

2 M HClO4
- r.t. 0.05 ± 0.08 Marov et al.25)

4 M HClO4
- r.t. -0.09 ± 0.05 Marov et al.25)

2 M HClO4
- 20 ± 1 -0.101 ± 0.007 Prášilová et al.26)

Zr4+ + 2 NO3
- = Zr(NO3)22+

2 M HClO4
- r.t. -0.36 ± 0.20 Marov et al.25)

2 M HClO4
- 20 ± 1 -0.54 ± 0.04 Prášilová et al.26)

Zr4+ + 3 NO3
- = Zr(NO3)+

2 M HClO4
- 20 ± 1 -1.5  ± 0.2 Prášilová et al.26)

log b values are reculcurated by OECD/NEA 

Temp.

r.t.
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Table 6 Selected stability constant of nitrate complexes of Zr 

Species log b° Reference 

Zr NO33+ 1.59 ± 0.08 OECD/NEA4)

Zr(NO3)22+ 2.64 ± 0.17 OECD/NEA4)

Zr(NO3)3+ 1.04 ± 1.5* Prášilová et al.26)

*tentative value 

4.6

OECD/NEA Zr Ca Altmaier et al28)

[Ca2+]>0.05 M pHc=10-12 Zr(IV)

Ca2[Zr(OH)6]2+, Ca3[Zr(OH)6]4+

Extended X-Ray Absorption Fine Structure (EXAFS)

Altmaier et al28) pHc

(7),(8)

0.2-3.0M SIT

Zr4+ + 2Ca2++ 6 OH-Ú  Ca2[Zr(OH)6]2+    (7) 

Zr4+ + 3Ca2++ 6 OH-Ú  Ca3[Zr(OH)6]2+    (8) 

JAEA-TDB EXAFS

(Table7)

Table 7 Selected stability constant of calcium complexes of Zr 

Species log b° Reference 

Ca2[Zr(OH)6]2+ 61.4 ± 0.3 Altmaier et al.28)

Ca3[Zr(OH)6]4+ 60.8 ± 0.3 Altmaier et al.28)
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5.Zr

Table 8

Table9

6.

ZrO2(am) OECD/NEA

OECD/NEA

Rai Enviro-Chem Rai
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