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Effect of underground water composition on the chemical species distribution of plutonium

ZHENG Qi WANG Fan ZHANG Fan LI Cong CHEN Lifeng WEI Yuezhou

(School of Nuclear Science and Technology, University of South China, Hengyang 421001, China)

Abstract  [Background] Plutonium is an important element for nuclear energy production and radioactive waste
disposal, and evaluating its species distribution in natural water systems is essential for investigating its migration
behavior. Recently, with the advancements in related research, some new plutonium species have been discovered
and confirmed, hence previous related research is now inadequate for accurately describing the species distribution of
plutonium in solutions. [Purpose] This study aims to understand the speciation distribution of plutonium in different
water composition systems. [Methods] The geochemical calculation software PHEEQC was employed to
systematically evaluate the effects of the pH value and coexisting ion concentration on the species distribution of
plutonium. The plutonium species proportion in different natural water systems was estimated in according with the
latest thermodynamic data embedded into PHEEQC software. [Results] The results reveal that hexavalent plutonium
in oxidized groundwater with low hardness mainly exists as PuO,”" or PuO,CO, under acidic conditions, whereas
PuO,(CO,),” or PuO,(CO,)," dominate under neutral or alkaline conditions. Although PuO,”* and PuO,CO, are the
main species of plutonium in acidic environments, CaPuO,(CO,),” is the dominant species under neutral or basic
conditions whereas the calcium concentration is high in the solution. [Conclusions] Therefore, the hardness of water
(particularly, the calcium concentration) can be concluded to be among the important factors affecting the species of

plutonium and must be carefully considered in the geological disposal of plutonium.
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Table1 Thermodynamic data for plutonium

)i Substances

A% [ B Chemical reaction

P45 4 1gK Equilibrium constant 1gK

PuO,” PuO,HPO, = PuO,” + HPO,” ~12.607 4
PuO,0H’ PuO,” + H,0 =PuO,0H" + H' ~5.6379"
PuO,(OH), PuO,” + 2H,0 = PuO,(OH), + 2H" ~132°
PuO,(OH),” PuO,(OH), + H,0 = PuO,(OH), + H' -9.7°9
(Pu0,),(OH),” 2Pu0,” + 2H,0 = (Pu0,),(OH),” + 2H" -8.2626"
(PuO,),(OH),” 3Pu0,” + 5H,0 = (Pu0,),(OH)," + SH" -21.655
(Pu0,),(OH),” 4Pu0, + 7H,0 = (Pu0,),(OH),” + 7TH" -29.11"
PuO F* PuO,” +F =PuO,F' 5.6674°
PuOF, PuO,” + 2F = PuO,F, 10.966 9 ¥
PuO,F,” PuO,” + 3F = PuOF, 15.916 "
PuO,F” PuO,” + 4F = PuO,F,> 18.7628 "
PuO,CI PuO,” + CI' = PuO,CI ~0.208 4"
PuO,Cl, PuO,” +2CI = PuO,Cl, -1.15°
PuO,NO," PuO,” + NO, = PuO,NO,’ ~1.14"Y
Pu0,SO, PuO,” + SO,” = Pu0,SO, 32658
PuO,(SO,),” PuO,” +280,> = PuO,(SO,),” 44°
PuO,H,PO," PuO,” + H' + HPO,” = PuO,H,PO," 11.2059
Pu0,CO, PuO,” + CO,> = Pu0,CO, 959
Pu0,(CO,),” PuO,” + 2HCO, = Pu0,(CO,),” + 2H" -5.7428"
PuO,(CO,)," PuO,” +3CO,” = Pu0,(CO,)," 18.0°
MgPu0,(CO,),” Mg + Pu0,(CO,)," = MgPu0,(CO,),” 4299
CaPu0,(CO,),” Ca® + Pu0,(CO,),* = CaPu0,(CO,),> 6.05"

71 a) SRUR T PHREEQC %1 ) 1inl. dat 2308 42 o iR 44 /0 24 250308 5 b) SAUE T~ Cowan 58508 3 R /K v (K1 S AL 20 o 1) B 28 51 o) SRV T A
JRFBENLI (JAEADTE 2020 4F 53 U MEAZ R 3 2 50 T 5 ) Jo S5 115045 HE I B IX i 0 22 4R

Notes: a) is derived from the thermodynamic data from the llnl.dat database in the PHREEQC software; b) is from the final report by Cowan, et al. on
the superuranic chemical substances in groundwater!'”; ¢) is from the updated radioactive isotope thermodynamic database by the Japan Atomic
Energy Agency (JAEA) in 2020""; d) represents the thermodynamic data for plutonium calculated by Jo, et al."®

R2 AT EMXA TR
Table 2 Composition of groundwater from three different areas
D% & Content/ mg-L™
Composition  yycca 11 F 7K™ Nakdong 4RI = Ff 1 HL T 7K Calabar jn] 7K™
Yucca mountain groundwater ~ Groundwater in the adjacent delta of Nakdong Calabar river

Ca” 11.62 262.00 2.35
Mg** 1.75 375.74 7.44
Na’ 45.06 3014.66 132.5
K’ 5.32 80.19 4.4
Mn’* 0.001 1 2.62 —
Fe(ll+1I)  0.045 0.08 —

Li’ 0.062 — —
Al 0.027 — —
Cu* — 0.04 —
Zn* — 0.14 —
HCO,” 140.34 355.33 34.23
cr 6.381 5298.33 207.37
F 2.09 0.09 —
NO, 9.9216 2.93 6.15
SO, 96.06 22.00 18.96
Pu(VI) 0.000 23 0.054 97 0.054 97
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Fig.1 Effect of pH value on the distribution of hexavalent
plutonium in pure water
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Table 3 Species distribution of Pu(VI) in the groundwater from three different areas
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Calabar river (pH=6.45)
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Fig.6 Effect of pH value on the species distribution of plutonyl ion in groundwater
(a) Yucca Mountain groundwater, (b) Nakdong adjacent delta groundwater, (c) Calabar River water
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