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Safety assessments for geologic disposal of radioactive waste generally use solubilities of
radioactive elements as the parameter restricting the dissolution of the elements from a waste
matrix. This study evaluated americium, plutonium and technetium solubilities under a variety
of geochemical conditions using the geochemical model EQ3/6. Thermodynamic data of
elements used in the analysis were provided in the JAERI-data base. Chemical properties of
both natural groundwater and interstitial water in buffer materials (bentonite and concrete) were
investigated to determine the variations in Eh, pH and ligand concentrations (CO,*, F,, PO,*,
SO,*, NO, and NH,*). These properties can play an important role in the complexation of
radioactive elements. Effect of the groundwater chemical properties on the solubility and
formation of chemical species for americium, plutonium and technetium was predicted based on
the solubility analyses under a variety of geochemical conditions. The solubility and speciation
of the radioactive elements were estimated, taking into account the possible range of chemical

compositions determined from the groundwater investigation.

Keywords: Geochemical Model, Solubility, Chemical Property, Groundwater,
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1. Introduction

In the safety assessment for geologic disposal of radioactive waste, the solubility of
radioactive elements has been generally used as the parameter restricting the dissolution of the
elements from a waste matrix. To provide data with safety assessment, the solubility has been
experimentally measured for various chemical compounds of the elements of interest. The
thermodynamic data have also been reported for possible aqueous species and solid phases
formed in a solution. In parallel with these experimental works, solubilities of the elements
under specific geochemical conditions in a disposal system have been evaluated with geochemical
models such as PHREEQE™ and EQ 3/6 @ using thermodynamic data. Thus SKB®), SKI* and
YJT® have indicated the solubility and speciation calculated for some typical groundwaters
under reducing and oxidizing conditions. In the reports of PNC® and PSI?®, the chemical
property of groundwater characterized by chemical interaction with buffer materials and natural
groundwater was predicted with the geochemical models, and the solubility and the dominant
species were calculated under the predicted property. These analyses are based on the assumption
that the geochemical interactions between these materials and groundwater are approximately
described by the thermodynamic equilibrium modelling. This is because, considering that the
groundwater velocity in buffer materials is extremely low, the time scale for these chemical
interactions is supposed to be long enough to be equilibrated.

Geochemical model performance depends on the quality of thermodynamic data. The
data base supporting the geochemical code should consist of reliable thermodynamic data for
chemical species, of which the existence is experimentally identified in a groundwater system.
The thermodynamic data for americium, uranium and technetium were reviewed and provided
in the data base by Yamaguchi, T. and Takeda, S (1999)®. This data base also includes temporary
thermodynamic data for other elements, which are referred from some existing data bases. Using
this thermodynamic data base, referred to here as the Japan Atomic Energy Research Institute
(JAERI) data base, the solubility and speciation of americium, plutonium and technetium in a
reducing groundwater are estimated using the geochemical model, EQ3/6.

Solubility and speciation depend on the chemical properties of groundwater, such as pH,
redox-potential (Eh), concentrations of dissolved elements and solid phase. Chemical
characteristics of geologic disposal system are controlled by chemical reactions between
groundwater and buffer materials. PNC® assumed that the buffer material in high level radioactive
waste repository is a bentonite and predicted four typical chemical properties, fresh water (high
pH and low pH) and saline water (high pH and low pH), to calculate the solubility limits of
radioactive elements. In Japan, no decision has been made on the geologic setting, disposal
repository site, inventory of radionuclides, type of buffer materials for radioactive waste from
the fuel reprocessing cycle and research activities. This study focuseson the effect of variations
in chemical properties such as Eh-pH condition and concentrations of several important ligands,.
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CO%, F, PO 2 80,7, NO, and NH,*, on solubility. The chemical properties of groundwater
and interstitial water in buffer materials are determined from groundwater survey. The survey
of natural groundwater was intended for the chemical properties measured in Japan and Sweden.
Buffer materials were assumed to be bentonite or concrete. The survey for interstitial water in
bentonite or concrete was based on measurements, experiments and model prediction. Solubility
and speciation analysis for americium, plutonium and technetium were carried out under the
various chemical conditions. The possible range of Eh-pH value and ligand concentrations is

estimated from the groundwater survey. The objectives of this study are;

—to provide realistic solubility estimate in a reducing groundwater,

—to understand the effect of Eh-pH condition and ligand concentrations (carbon, phosphate,
fluoride, sulphur and nitrogen on solubility and speciation, and

—to estimate conservative solubility, taking account of the possible range of Eh-pH value and
ligand concentrations.

2. Geochemical Characteristic of Groundwater
2.1 Investigation of chemical property

Wikberg, P.(1987)19 classified the chemical property of the groundwater measured in the
granitic rock in Sweden into four types of groundwater as shown in Table 2.1. Considering the
discussion above and the results investigated by Wikberg, P., the chemical composition of
groundwater is characterized by the concentration of specific cationic and anionic forms, Na*,
Ca*, HCOB', Cl and SO 42". It is of importance to grasp the variation of the concentration for
their dissolved elements so as to discuss quantitative geochemistry of radioactive elements. It is
considered that the concentration of some ligands has an influence on the solubility and speciation
of radioactive elements. For example, the formation of carbonate complexes for radioactive
elements is dependent on carbon concentration in a solution and may change its solubility. The
chemical properties of both the measured natural groundwater and the interstitial water in the
buffer materials (bentonite and concrete) were investigated to determine the possible range of
Eh, pH and ligand concentrations.

2.1.1 Chemical property in natural groundwater

Chemical property of groundwater used in the study is from granitic rock in Sweden and
sedimentary rock in Japan. TheSwedish data on the chemical properties for granitic rocks were
used as there is not much information on chemical property for a granite in Japan and Eh data is
comparatively abundant in Sweden. Twenty three samples in Sweden were collected??, The -

._.2._.
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Table 2.1 Classification of the chemical composition measured in the granitic rock of Sweden,
according to Wikberg, P.(1987)00,

Type A has the chemical composition of a typical
granitic water. Calcite are dissolved. The

Type A Na-HCO3 type concentration of Na* is high because of the cation
exchange. The pH value ranges from neutraity to
weak alkalinity.

Type B is the groundwater isolated in discontinuous
fracture found in a rock for long time periods. The
Type B | Na-CI-HCOstype |high concentration of Na* and CI” is caused by
weathering of minerals. The pH value of Type B is a
litte higher than that of Type A.

Type C is isolated in a rock for long-term periods and
has the high pH influenced by the interaction with
Type C Na - Ca-Cl type minerals. The high pH and Ca®* concentration have
resulted in precipitation of calcite and hence a
decrease in the HCO3™ concentration.

Type D is the groundwater of a marine origin at
neutral pH. The difference between Type Cand D is
especially characterized by SO42" concentration and
pH.

Type D | Na - Ca-Cl- SO4 type

depth of sampling ranges from 70 to 860m. These data were divided between the fresh and
saline water. The data of the fresh water are represented by Na-HCO, type and Na-Cl * HCO,
type while those of the saline water belong to Na * Ca-Cl type and Na - Ca-Cl * SO, type as
shown in Table 2.1. Table 2.2 shows the average values and the range of the chemical properties
measured in the granitic rock in Sweden. The hexa-diagrams for the fresh and saline water are
given in Fig. 2.1. The pH value of each classified groundwater varies from neutrality to alkalinity,
and the Eh value indicates reducing environment. The concentrations of the dissolved elements
for the fresh water are much lower than those for the saline water.

Most of the reported chemical properties in Japan were measured in comparatively shallow
sedimentary layer formed in Quaternary and Neogene period!*@%. The data measured in the
depth over S0m were intended for the investigation of natural groundwater in Japan. On account
of few measurements on the redox-potential (Eh) in Japan, the data, which was judged from the
quantity of dissolved O, and the ratio of Fe(II) / total Fe, were treated as the reducing groundwater
in Japan. The total number of the chemical properties investigated in Japan amounts to 102.
The range of the collected data is shown in Table 2.3. Fig. 2.2 shows the hexa-diagram obtained
from the property survey in Japan. The average concentration of the dissolved elements in the
fresh water in Japan is hardly different from that in Sweden. The characteristic of the hexa-
diagrams for the fresh water in Japan is almost consistent with one in Sweden as shown in Fig.

— 3 —
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Table 2.2 Average values and range of chemical compositions measured in granitic rock in

Sweden(M(2

Measured chemical compositions of natural groundwater in Sweden
Type of water Saline water Fresh water
Depth m 329 (89~860) 500 (71~860)

“pH 8.0 (7.3~9.0) 7.7 (6.9~8.2)
Eh mV -251 (-350~50) -259 (-350~40)
Na* mg/l 1341 (300~3902) 30.3 (9.5~65)
Kt mg/l 8.1 (1.3-19) 1.8 (1-3.2)

ca®* mg/l| 1117 (40~4400) 27.4 (8.3~76)

Mg?*  |mg/ 62.6 (0.2~250) 3.2 (1~6.3)

HCO3" (total) | mg/l 107.7 (10.4~285) 129.6 (78~220)

cr mg/l| 4058 (470~13000) 23.9 (1.5~61)
F mg/i 0.8 (0.55~1.1) 2.32 (<2.32)
S04? (total) | mg/l 253 (0.14~720) 2.1 (0.05~8.3)
NOs" (total) | mg/l 0.043 (<0.2) 0.05 (<0.1)
PO4%" (total) | mg/l 0.034 (<0.14) 0.05 (<0.1)
SiOz2 (total) | mg/! 7.2 (3.1~11.8) 7.1 (6.2~8)
Fe (total) |mg/l 0.69 (0.005~5.3) 1.16 (0.013~9)
Fe?* mg/l 0.68 (0.004~5.3) 1.14 (0.012~8.9)

cation (meg/l)

anion (meg/l)

150 100 50 0 50 100 150
Mg2* 3042'
(a) Measured 24
saline water in Ca HCOS'
Sweden \ cl’
+ o+ e
Na +K
cation (meg/l) anion (meg/l)
6 4 2 0 2 4
2+ 2-
(b) Measured Me 54
fresh water in cat HCOa'
Sweden
Na®+k*t ;
Fig. 2.1 Hexa-diagram for saline and fresh water in Sweden
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2.2. As compared between two hexa-diagrams of the saline water, however, the concentration
of each ion in Japan is much lower than that in Sweden. The saline groundwater in Sweden,
which are isolated in granitic rock for long-term periods, contains a large quantity of NaCl at
high pH, while the quantity of NaCl including in the saline water of neutral pH in Japan is not so
high. Therefore, it is inferred that the saline water in Sweden belongs to the type of Na*Ca-Cl
(Type C) and one in Japan is close to the type of Na * Ca-Cl * SO, (Type D) as shown in Table
2.1. The saline water in Japan is also characterized by the high concentration of SiO, because
the main geological features corresponds to igneous rock and Tertiary rock.

Table 2.3 Average values and range of chemical compositions estimated from the measured
groundwater in Japan!'¥-29

Measured chemical compositions of natural groundwater in Japan
Type of water Saline water Fresh water
Depth m 110 (54~171) 119 (50~397)

pH 6.9 (6~7.5) 7.4 (6~9.1)
Na* mg/l| 118 (18.2~734) 25.7 (3.7~107)
K+ mg/l 6.6 (2.1~21.2) 2.4 (0.17~12.4)
Ca?t mg/| 41.0 (20~78) 15.7 (0.7~47.7)
Mg+ mg/l 25.6 (4.5~135) 4.4 (<17.4)
HCO3" (total) | mg/! 152 (43~394) 110 (16.5~308)
cr mg/l| 248 (19~1742) 14 (0.9~85)
F mg/l 0.7 (—) 3.9 (—)
S04 (total) { mg/! 45 (0.5~365) 6.6 (<34)
NOs" (total) |mg/l 1.7 (<6.9) 1.2 (<16)
PQ43" (total) | mg/l 0.15 (<0.58) 0.3 (<1.5)
SiOz2 (total) | mg/! 40.8 (27~53) 43 (11.3~81)
Fe (total) | mg/l 3.6 (0.05~7.3) 1.3 (0.02~6.1)
Fe?* mg/l 3.5 (0.04~7.3) 1.1 (0.01~6)
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cation (meg/l) anion (megq/l)
15 10 5 0 5 10 15
(a) Measured
saline water in
Japan \.
Nat+K™ cl
cation (meq/l) anion (megq/l)
-6 -4 -2 0 2 4 6
Mg>* gig 50,2
(b) Measured
fresh water in ‘ Ca2+ HC03.
Japan
Na++K+ _
l Cl

Fig. 2.2 Hexa-diagrams for saline and fresh water in Japan

2.1.2 Chemical property in buffer materials

The chemical characteristic of water in an engineered barrier is expected to be different
from that of natural groundwater in geosphere because groundwater chemistry in an engineered
barrier is controlled by the chemical interaction between natural water and buffer materials over
long time periods. In order to understand the characteristic of the interstitial water in bentonite,
experimental and modelling studies have been performed. Snellman, M.(1987)@Y examined the
change of the synthetic groundwater in contact with sodium bentonite under the reducing
condition. This result after 540 days is shown in Table 2.4. They reported that pH value shifted
to alkalinity and Eh value dropped as the experimental time passed. They suggested that the
concentrations of Na* and HCO, increase according to the equilibrium with sodium bentonite.
Table 2.4 also shows chemical property of bentonite interstitial water modeled by Curti, E.
(1993)™. The property of bentonite interstitial water was calculated using alternatively two
redox-controlling assemblages, based on two measured properties. One redox-potential was
controlled by the ternary equilibrium of pyrite-magnetite-hematite, and the other Eh value was
calculated by assuming the equilibrium of magnetite-goethite. The chemical properties in
bentonite interstitial water were stimated from cation exchange model between solution and
clay minerals. The chemical composition of the bentonite water in equilibrium with pyrite-
magnetite-hematite is given in Table 2.4. The range of the property shown in Table 2.4 is based
on four results calculated by Curti, E.. The estimated pH value is alkaline and the Eh value is

_..6__
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Table 2.4 Chemical compositions of bentonite water, measured by Snellman, M.(1987)@? and
simulated by Curti, E.(1993)™.

Chemical composition of | Modelled composition of
reference bentonite water measured |bentonite pore water
by Snellman,M.1987. according to Curti, E. 1993.
pH 9.2 9.0 (8.5~9.0)
Eh mV -300 -397 (-397~1085)
Nat mg/l 251 1803 (1785~5520)
K* mg/l 2.7 6.5 (6.4~22)
ca?+ mg/| 11.3 0.43 (0.43~2.2)
Mg** mg/| 3.7 1.6 (1.6~1.7)
HCO3" (total) | mg/l 400 3096 (1104~3096)
cr mg/l 66 ~ 107 (107~6639)
F mg/l 0.5 13.3 (3.6~13.3)
S042" (total) | mg/l 6 432 (432~1555)
PO4*" (total) | mg/I 0.8 0.15 (0.15~0.18)
SiO2 (total) | mg/l 15 24.6 (17.7~24.6)
Fe (total) |mg/l 0.08 0.00002 (<0.00002)

calculated to be about -400mV. High Eh value of +105mV was obtained from the equilibrium
modelling of magnetite-goethite. The tendency that the concentrations of Na* and HCO,' is
comparatively high is qualitatively consistent with that in measurements by Snellman, M..
With respect to experimental and modelling studies on interaction between water and
cement materials, the remarkable chemical properties in water-cement system are high pH and
high Ca concentration [Atkinson, A. et al. (1985)©“? and Berner, U. (1990)®¥]. Atkinson, A. et
al. (1985)@? has estimated the time dependance of pH within the repository using their simple
mass transfer model and equilibrium data in CaO-SiO,-H,O (C-S-H) i.e., calcium-silicate-
hydrates system. Their modelling of leaching behavior for cement materials depends on a Ca/Si
molar ratio. The decreasing pH value with time was evaluated from the dissolution controlled
by solid phase of Ca(OH),(s) and CaO-SiO_-H,O as a function of Ca/Si ratio. In their prediction,
the evaluated pH would be maintained above 10.5 for about 4x10° years, and the maximum pH
value was calculated to be about 13. Berner, U. (1990)@ also has indicated the thermodynamic
modelling of the cement property. The incongruent solubility behavior of C-S-H was described
using the simplified equilibrium model. In his model, the leaching property of cement was
controlled by the dissolution of three solid phases on hydrated calcium silicates. Apparent
solubility products for these solid phases were given as a function of Ca/Siratio. He also predicted
the high pH level up to 13 in interstitial water. With respect to the experimental studies for
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leaching behavior of cement paste, Anderson, K. et al. (1984)@) measured the chemical property
in interstitial water squeezed from ordinary portland cement (OPC) paste with .water/cement
ratio of 0.4. Mihara, M. et al. (1997)@ also carried out the leaching experiments of cement
paste to investigate effects of including the silica into cement and measured the chemical property.
However, no Eh data in C-S-H system has been indicated by previous studies.

2.2 [Establishment of groundwater for analyses

As mentioned above, chemical property of groundwater in a disposal system is determined
from several chemical reactions between natural groundwater and minerals, and has qualitative
tendency on pH, Eh and concentration of dissolved ions. In order to estimate the effects of the
chemical properties in groundwater on solubility and dominant aqueous species for radioactive
elements, 10 kinds of the reducing groundwater as follows are assumed with the basis of the

groundwater survey.

@ case A - Saline water in Japan (indicated in Table 2.3).
@® case B : Fresh water in Japan (indicated in Table 2.3).
@ case C : Interstitial water in bentonite (according to Curti, E.(1993) in Table 2.4).
@® case D : Groundwater in pH range of 6.0 to 13.0 at constant Eh-200mV.
@ case E : Groundwater in Eh range of -200 to +200mV at constant pH6.0.
. Interstitial water in bentonite in Eh range of -400 to +100mV at constant pH9.0.
@ case F * Groundwater assuming various concentration of CO,* ligand.
@ case G * Groundwater assuming various concentration of PO,* ligand.
@ case H : Groundwater assuming various concentration of F- ligand.
@ case I : Groundwater assuming various concentration of SO,* ligand.
@®case J:Interstitial water in cement assuming various concentration of NO,” or NH,* ligand.

The chemical properties of the groundwater in case A to case J are listed in Table 2.5. The
values of chemical properties of groundwater for cases A and B is are the average values for
saline and fresh water in Japan, respectively. Few Eh measured for Japanese groundwater is
available, so the value is -200mV based on the Eh measurements in Sweden. The bentonite
interstitial water of case C in an engineered barrier is established from the simulated property
according to Curti, E.(1993)7. This bentonite water indicates the tendency that the concentrations
of Na* and HCO," are comparatively high. The chemical property is qualitatively consistent
with that in measurements by Snellman, M. as discussed in Section 2.1.2. Seven kinds of the
groundwater of case D to case J are used in order to estimate the effect of pH, Eh and the
concentrations of the dissolved ions. The chemical properties in case D to case J are not
independently determined from change of noticed chemical condition, but from equilibrium

__8__



Table 2.5 Chemical compositions of the groundwater of case A to case J used in analyses

case case A case B case C case D case E case F case G case H case | case J
6.0 8.0 6.0 6.0 6.0 8.0
pH 6.9 74 90 | 130 | 60 90 | ~130 | ~80 | ~80 | ~80 | ~13.0
200 | -400 -100 -200 -200 -200 -400
Eh |mv) -200 | -200 | -397 | -200 | _ 500 | ~4100 | ~-400 | ~50 | ~-50 | ~-50 | ~-100
+
(::,?af) mg/| 118 25,7 1803 257 257 1803 33.7 18.1 18.1 118 23
K+
cota) [M¥| 66 2.4 6.5 2.4 2.4 6.5 1.6 21 21 6.6 39
CaZ+
total) [M91| 410 15.7 0.43 15.7 15.7 0.43 1.8 18 18 41.0 800
Mg?+ _
tota) || 256 4.4 16 4.4 4.4 16 0.6 3.7 3.7 25.6 2.0
HCO3" 6.1 6.1
oral) |9 152 110 3096 110 110 3096 | _3j00 | 622 62.2 152 | 2100
(tg’t;) mgi| 248 14 107 14 14 107 5.1 17.5 17.5 248 20
F | 0.019
(total) mg/l 0.7 39 13.3 3.9 3.9 13.3 0.7 0.1 ~190 0.7 .
S04 0.96
total) |M91| 45 66 432 6.6 6.6 432 10.4 24.3 243 | Zpeo. | 200
NOs~ __ — . _ _ 0.05
(total) mg/l 1.7 1.2 1.2 1.2 1.7 ~3100
P04 0.095
total) |M9N| 015 03 0.15 0.3 0.3 0.15 0.3 980 0.1 0.15 ;
Si02 | oAl 408 43 24.6 43 43 46 62 4 408 30
(total) | ™9 - : V 24. 42 2 _
(t:ti,) mgi| 3.6 13 |o0.00002| 13 13 |0.00002| 0.1 5.4 5.4 3.6 )

LY0-66 UOIERSRY-TIHVI
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witth the other chemical conditions. In case D, the range of pH change used in this analysis is
assumed to vary from 6.0 to 13.0 at constant En-200mV. This pH range is determined from the
result of groundwater survey. The chemical property besides pH value in case D is cited from
one of the data for fresh water in Japan. The influence of redox-potential on solubility and
speciation was estimated from the analyses in case E. The calculation for the Eh change is
carried out under two pH conditions, pH6.0 and 9.0. The redox-potential in bentonite interstitial
water, according to Curti, E. in Table 2.4, has been predicted to increase up to about +100mV.
Based on his modelling results, the Eh range of the bentonite water used here is assumed to be
from -400 to +100mYV at pH9.0. The Eh measurements in Sweden as shown in Table 2.2 indicates
the upper limit of Eh+50mV. The Eh range at pH6.0 was established to be from -200 to +200mYV,
taking account of a slightly higher Eh value than +50mV.

The concentrations of ligands with complexation may also have an effect on solubility and
speciation of radioactive elements. The main aqueous species in a solution are considered to be
hydroxide, carbonate, phosphorus, sulphur, fluoride, chlorine, nitrate complexes and so on. The
ligands needed for the formation of these aqueous species are OH-, CO,*, F, PO,*, SO 2, CI,
NO,, and so on. The trend in strengths of the complexation of these ligands may slightly vary
with radionuclides, and the general trend has been indicated by Silva, R. J. and Nitsche, H.
(1995)@" as follows. ’

OH’, CO,> > F, PO}, SO, > CI, NO;

The ligands with respect to the dominant complexation are especially supposed to be CO,7,
F, PO 43' and SO %, from this trend in strengths of the complexation. The relation between the
concentration of these ligands and solubilities for radioactive elements is examined from the
calculations in case F to case I, assuming various concentration of each ligand. The groundwater
of case F was cited from one property belonging to the Na-HCO, type measured at high pH in
Japan because the influence of CO,* may appear to be more remarkable at alkaline pH. The
carbonate concentration used in analysis ranges from 6.1 to 3100mg/l (1x10* to 5x102mol/l) as
shown in Table 2.5. Two kinds of the groundwater, case G and case H, assuming various
concentrations of PO,* and F were based on a chemical property measured at weak acid pH in
Japan. The concentrations of PO,* and F- vary from 0.095 to 950mg/1 (1x10¢ to 1x10mol/1)
and from 0.019 to 190mg/1 (1x10° to 1x10mol/l), respectively. The concentration of SO,* is
considered to be high in saline water, so that the groundwater of case I based on the assumption
of various concentration of SO,* is established from the property of the saline water shown in
Table 2.3. The sulphur concentration used in calculation is assumed to be in the range of 0.96 to
2880mg/1 (1x107 to 3x10mol/l). It is considered that the effect of OH and CO,* on strong
complexation gradually tends to grow down with decreasing pH. Therefore, the calculations for
various concentrations of PO,*, F and SO, are particularly performed under acid or neutral pH
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condition.

In the case of waste dispersal from reprocessing cycle, it is considered that the chemical
property in a buffer material may be effected by the dissolution of NO, owing to leaching from
waste matrix, bituminized radioactive waste, including a large quantity of NaNO,(s). The
calculation for case J examined the influence of nitrogen concentration from bituminized waste
in cement buffer materials. Akimoto, T., Nakayama, S. et al. (1999)®® made a literature survey
on leachability of bituminized radioactive waste. In their report, the leachability of bituminized
waste especially depends on a type and quantity of salts including in bituminized waste. High
salt concentration causes the deterioration of bituminized matrix, so that it enhances the leach
rate. From comparison of leach tests for bitumen and cement, the leach rates of Na and '*’Cs in
bitumen is about 2 order of magnitude lower than those in cement [TIAEA (1970)]“®Y. From the
lower leach rate of bitiumen, it is assumed that the chemical property used in case J was basically
controlled by cement buffer materials. The chemical properties without nitrogen concentration
were determined from the experimental and modelling data for cement materials®-®), Nitrogen
concentration enhanced by the dissolution of NaNO,(s) was treated as the possible range in case
J. There is no previous study on the dissolution of NO," from bituminized waste matrix in
reducing environment® . Taking account of the lower leach rate of Na in bitumen than in
cement, the possible upper limit of nitrogen concentration was conservatively assumed to be
2x10* mol/l based on the solubility of Ca(OH),(s) which indicates the highest solubility in

Table 2.6 Possible range of pH, Eh and ligand concentrations determined from investigation
on natural groundwater and interstitial water in buffer materials (bentonite and cement)

parameters Possible Ranges
pH 6.0 ~ 13.0
Eh -200 ~ +200mV (pH6.0)
-400 ~ +100mV (pH9.0)
HCOs (total) | 107-3100mg/)
| (1.6x1074~5.0x10"%mol/l)
PO43- total 0.0001~1 5mg/l
(total) (1.0x10719~1.6x10 5 mol/)
E 0.5~13.3mg/l
(2.6x1075~7.0x104mol/)
(5.2x10°7 ~1.6x10 2mol/l)
(8.1x1077~2.0x10"2mol/l)
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calcium-silicate-hydrates system as mentioned in section 2.1.2. The lower limit was determined
from the groundwater survey. The analyses for nitrogen concentration in case J were carried out
under various conditions of Eh-pH and carbon concentration.

It was assumed that the divergence of charge balance on calculations from case A to case
Jisrevised by Na* or CI.. The influence of the ligand concentrations on solubility and speciation
for radioactive elements should be estimated within possible range of their concentrations.
Therefore, the possible range of each ligand was decided from the investigation of chemical
property. Table 2.6 shows the possible range of pH, Eh and the concentration of each ligand
determined from investigation on groundwater and interstitial water in buffer materials. As
mentioned above, the possible range of nitrogen concentration is assumed to be restricted by the
solubility of Ca(OH),(s). The sensitivity of solubility and speciation to various chemical property
is estimated under this possible condition of Eh, pH and ligand concentration.

3. Thermodynamic Data

Thermodynamic data has been provided in the data base by Yamaguchi, T. and Takeda, S
(1998)®. This data base is used in this solubility and speciation analysis. The summary of
selected thermodynamic data for americium, plutonium and technetium are indicated in the
following section.

3.1 Americium thermodynamic data

Americium has oxidation states ranging from III to VI. The Nuclear Energy Agency
(NEA) indicated the reliable thermodynamic data of americium from the review of the published
data®). The americium thermodynamic data from III to VI are mostly cited from the NEA data
base. The NEA has established only the thermodynamic data for the chemical species having
certain experimental evidence that can prove their existence. According to the concentration
level for ligand complexation, it is supposed that there are several species of which the formation
can not be ignored for chemical property in disposal site. Therefore, taking account of the latest
thermodynamic data and the effect of ligand concentration discussed in section 2, the data of
americium(III) hydroxy-carbonate, nitrate, ammoniate and sulphate complexes have been added
in JAERI-data base®. The americium thermodynamic data used here are listed in Table A1 of
appendix.

Several experimental studies have concluded that the experimental results in carbonate
media can be interpreted with the assumption that only americium(III) carbonate complexes and
hydrolysis products are formed. Based on this conclusion, the equilibrium constants of americium
(I1I) hydroxide-carbonate complexes i.e., AmOHCO,(aq), Am(OH),CO,” and AmOH(CO,) %,
are not presented in the NEA review®. The NEA also indicates that further experimental work
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is needed to confirm or deny the existence of these species in aqueous solutions. In the review
of Yamaguchi, T. and Nakayama, S. (1996)®P, however, some experimental data reported
previously can be more rationally reinterpreted assuming the existence of hydroxide-carbonate
complexes, so that the formation of americium(IIl) hydroxide-carbonate complexes is supported.
The stability constants of americium(IIl) hydroxide-carbonate complexes, AmMOHCO,(aq), Am
(OH),CO, and AmOH(CO,),?, according to Yamaguchi, T. and Nakayama, S. (1996) are
established in this data base.

With respect to Am(NO,) ** (n=1 to 6), only the data of AmNO,* has been accepted in
NEA review owing to the agreement with some reviewed experimental data. The formation of
Am(NO,) *" (n=2, 3) was also pointed out by only the experimental study performed by Lahr,
H. (1970)¢%. The NEA rejected the equilibrium constants of Am(NO,) ** (n=2, 3) obtained at
high concentration of HNO, solution because of the proble\m on accurate extrapolation to zero
ionic strength. Brown, P. L. and Wanner, H.(1987)® predicted the data of Am(NO,) *" (n=1to
6) using the unified theory of metal ion complex formation constants. Taking account of the
effect of nitrate ion leaching from waste matrix, the existence of Am(NO,) *" (n=2 to 6) is also
assumed in this data base, according to Brown, P. L. and Wanner, H.(1987). The NEA review
selected no data of americium ammoniate complexes, Am(NH3)n3+ (n=1 to 6), and sulphate
complexes, Am(SO,) *** (n=3 to 5). Judging from importance on the formation of these complexes
as well as nitrate complexes, the data obtained from Brown, P. L. and Wanner, H.(1987) are
considered in this data base.

3.2 Plutonium thermodynamic data

Plutonium thermodynamic data in the oxidation state of III to VI have been indicated in
many reports, such as Nitsche, H. (1991)%%, Puigdomenech, I. (1991)®9, Robert, J. and Lemire,
R.J. (1989)¢9 TAEA (1992)¢7. Based on these previous data base, Yamaguchi, T. and Takeda,
S (1999)® decided temporary thermodynamic data of plutonium. Table A2 of the Appendix
shows the selected data and their references. This data base considers the data of both plutonium
(IV) carbonate and hydroxide-carbonate complexes. The experimental studies with respect to
plutonium(IV) carbonate or hydroxide-carbonate complexes have been reported by Kim, J. I.
(1983)@®, Lierse, C. and Kim, J. 1.(1986)%%, Yamaguchi, T.(1994)“® and Nitsche, H.(1996)“",
Several authors have indicated that plutonium(IV) hydroxide-carbonate complexes are more
dominant than carbonate complexes. Tait, C. D. et al. (1995)“? pointed out the possibility of the
existence of hydroxide-carbonate complexes from the results measured using photoacoustic
absorption spectroscopy (PAS). However, their experiments were insufficient for the
identification of hydroxide-carbonate complexes. The existence of hydroxide-carbonate
complexes has been reported by Yamaguchi, T. et al. (1994)“% and Eriksen,T. E. (1993)“%, but
the estimated hydroxide-carbonate complexes are different among these two. Two kinds of data
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set on plutonium(I'V) hydroxide-carbonate complexes are assumed in the calculation owing to
the uncertainty of the formation of plutonium(IV) hydroxide-carbonate complexes. The following
equilibrium constants of Pu(OH) (CO,),"(n=2,4) obtained from Yamaguchi, T. et al. (1994) and
Pu(OH) CO,*"(n=3,4) from Eriksen,T. E. (1993), is considered in data set A and data set B,
respectively.

Pu* + 2CO,> + 2H,0 = Pu(OH),(CO,),> logK=19.9 (in data set A)
Pu* + 2CO,> + 4H,0 = Pu(OH)(CO,),* logK=-3.7 (in data set A)
Pu* + CO,> + 30H = Pu(OH),CO; logK=45.7 (in data set B)
Pu* + CO,* + 40H = Pu(OH),CO* logK=49.8 (in data set B)

In order to estimate the reliable data on plutonium(IV) hydroxide-carbonate complexes,
the solubility calculations using two data sets are compared with plutonium solubility
measurements. The thermodynamic data of sulphate, nitrate and ammoniate complexes with
plutonium(I1I) to (VI), which can not be taken from experiments, are based on the predicted data
by Brown, P. L. and Wanner, H.(1987)¢3.

3.3 Technetium thermodynamic data

Rard, J. A. (1983)“? estimated technetium thermodynamic data from experimental papers.
The data base are referred by Isherwood, D.(1985)“> and Robert, J. and Lemire, R. J.(1989)¢6,
The latest thermodynamic data base has been indicated by Puigdomenech, 1. (1995)“6), The data
base of Puigdomenech, 1. (1995) is basically cited from the data of Rard, J. A. (1983). However,
Lemire, R. J. and Jobe, D. J. (1996)“” pointed out some arithmetic errors in the estimation of
TcO, thermodynamic data given by Rard, J. A. (1983). Yamaguchi, T. and Takeda, S (1999)®
have recalculated thermodynamic data which should be revised account of the change of TcO,
thermodynamic data. The thermod‘ynamic data selected in the data base of Yamaguchi, T. and
Takeda, S (1999) is listed in Table A3 of appendix. This data base includes the thermodynamic
data of technetium(IV) sulphate, nitrate and ammoniate complexes, predicted using the unified
theory of metal ion complex formation constants by Brown, P. L. and Wanner, H.(1987)%%,
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4. Americium Results
4.1 Saline water (case A), fresh water (case B) and simulated bentonite water (case C)

First of all, the solid phase limiting americium solubility is examined through the solubility
and speciation analysis for three kinds of the typical groundwater, saline water (case A), fresh
water (case B) and simulated bentonite water (case C). The stable solid phases are considered to
be Am(OH),(c), Am,(CO,),(c) and AmOHCO,(c). Table 4.1 shows the americium solubility
and speciation for each solid phase in case A, case B and case C. The solubility of AmOHCO,
(c) tends to be the lowest in all the solid phases. The stabilities of these americium solid phases
depend on carbonate concentration in groundwater. The range of log Pco,, in which each solid
phase is stable, is calculated from each equilibrium constant as shown in Table 4.2 . The logarithm
of CO, partial pressure in each typical groundwater is also shown in Table 4.3. All the values of
CO, partial pressure calculated in the groundwater of case A to case C lie within the Pco, range
of AmOHCO,(c). It is considered that high solubilities of both Am(OH),(c) and Am,(CO,),(c)
are impractical and the realistic solubility of americium is controlled by AmOHCO,(c) in each
typical groundwater . The maximum solubility of AmOHCO,(c) amounts to 8.6x10” mol/l for
the saline water (case A). The dominant aqueous species of americium were estimated to be

Table 4.1 Americium solubilities and speciation for saline water (caseA), fresh water
(case B) and simulated bentonite water (case C)

H lubility (mol/l
Type of Eh solubilty (moliy speciation (%)
water | vy | Am(OH)s(c) |Am2(CO3)3(c) | AmOHCO3(c)
AmCO3* 70.0
AmOH?* 14.1
Saline 6.9 Amet 54
water | 500 | 2.0x10 3.0x10°® 8.6x107 | AmSOa* 4.7
(case A) AmOHCO3 29
Am(COa)2” 1.1
Am(OH)z*+ 1.0
AmCOs* 69.3
Fresh 74 ':mg':lgo 192'1
‘ . . - R m 3 5
(c‘g:;eé ) |-200 2.0x1075 1.6x108 2.7x1077 Am(CO2)2" 23
Am{OH)z*+ - 3.0
Amt 12

AMOH(COs3)22~ 43.3
Simulated Am(OH)2CO3~ 19.2
bentonite | 8.9 6 - .7 | Am(COs3)3* 17.2
water -397 6.3x10 7.5x10 5.0x10 Am(COa)z' 14.0
{case C) AmOHCO3 5.1
AmCQOa* 09
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Table 4.2 Range of log Pco, for Am solid phases calculated from equilibrium constants

Solid phase log Pco2
Am(OH)3(c) <-4.2
AmOHCOs3(c) -4.2 to -0.8
Am2(CO3)3(c) >-0.8

Table 4.3 Calculated log Pco, in each typical groundwater

. Simulated
Saline water Fresh water :
Type of water bentonite water
(case A) (case B) (case C)
calculated 19 24 30
log Pcoz

americium(III) carbonate complex in case A and case B. The formation ratio of AmCO,* accounts
for about 70% of americium aqueous species and the ratio of AmOH?** exists over 10%. In
" alkaline groundwater (case C), all the dominant species are composed of americium(III)

hydroxide-carbonate and carbonate complexes.
4.2 Effect of pH and Eh conditions (case D and case E)

The effect of pH condition on americium solubility and speciation is evaluated from the
calculation for the groundwater of case D. The variable pH value of 6.0 to 13.0 was assumed in
the groundwater of case D under constant Eh condition of -200mV. Fig. 4.1 shows americium
solubility and speciation as a function of pH in case D. Americium solubility is high at low pH
condition and decreases with changing up to about pH8.0. The solubility profile goes up in the
pH range of 8.0 to 9.0 and again goes down over 9.0. The solubility decreases to about 2x10-1°
mol/1 at pH13 owing to the americium solid phase changing from AmOHCO,(c) to Am(OH),(c)
with increasing pH. The solubility over pH8.0 depends on the concentration of Am(OH),CO, .
Cationic forms such as Am*, AmOH?*, AmF** and AmCO,* are dominant in low pH range.
Americium aqueous phase consists of many chemical forms under acid and neutral pH condition.
The dominant species change to Am(OH),CO," with increasing pH.

The groundwater of case E, assuming the constant pH and variable Eh, is used to estimate
the effect of Eh condition at weak acid and alkaline pH. The Eh value is allowed to change from
-200 to +200 mV at pH6.0. The Eh range at pH9.0 is assumed to be from -420 to +100 mV. The
result of americium solubility at pH6.0 is shown in Fig. 4.2. The solubility of AmOHCO,(c) is
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Fig. 4.1 Americium solubility and speciation for the groundwater (case D) assuming
the constant Eh (-200mV) and the pH range of 6.0 to 9.0
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Fig. 4.2 Americium solubility and speciation for the groundwater (case E) assuming
the constant pH6.0 and the Eh range of -200 to +200mV
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estimated to be about 4x10°mol/l in the Eh range of -200 to +200mV. The dominant aqueous
species are Am*, AmSO A AmOH?* and AmCO,*, but the concentration of AmSO,* decreases
under Eh-160mV. Because H,S(aq) or HS" is more stable than SO,* under Eh-160mYV at pH6.0,
americium(III) sulphur complex is hardly formed under this Eh condition. Fig. 4.3(a) shows the

:1E‘4 A T
3 Am(OH),(c); AmOHCO,(c)
E1E5 I R
Z d
Z 1E-6
=
§1E-7 pH=9.0
<
1E_8 l L | | ' 1
-450 -400 -350 -300 -250
Eh (mV)
(a) Am solubility
100 [ ; T T 7
- Am(OH),* ) ]
80 - (O ] AM(CO,), Y
5 ¥ Am(OH),CO, / ]
< 60 | o = 9
S ¥ 2- ]
g 10 | /AmOH(COa)Z E
= : —k — »
3 X L/ Am(COy),
O B L | T Q I I 1 T v ) I ¢
-450 -400 -350 -300 -250
Eh (mV)
(b) Fraction of Am aqueous species
;\3100 - T T
g 60 | HCO,
S E 2-
‘g 40 o NaHCO3 (aq) CO,4
S 20 E /
2 -
8 0 - I & | L 1 I $ 1 1 I L
-450 -400 -350 -300 -250
Eh (mV)
(c) Fraction of aqueous species for carbon
Fig. 4.3 Effect of the Eh condition on americium solubility and speciation at pH9.0



JAERI-Research  99-047

result of calculated solubility at pH9.0. The Eh change of -420 to -390 mV has an effect on the
americium solubility. In respect of the solid phase limiting americium solubility, Am(OH),(c)
which is stable under the strong reducing condition of < -400mV changes into AmOHCO,(c)
with increasing Eh. The solubility of AmOHCO,(c) is about two orders of magnitude higher
than that of Am(OH),(c). The change of americium aqueous species for Eh value is shown in
Fig. 4.3(b). The predominant species of americium also vary at about -400mV. Americium(III)
hydroxide complexes, Am(OH),*, are transformed to americium(III) carbonate and hydroxide-
carbonate complexes i.e., Am(CO,),* and AmOH(CO,),*, with increasing Eh. As shown in Fig.
4.3(c), this transformation of americium dominant species depends on the change of carbon
aqueous species. Under the low Eh condition of <-400mV, the formation of americium(III)
carbonate complexes is not promoted because CH (aq) is stable in this carbonate solution. The
americium solubility increases on account of the formation of americium(III) carbonate and
hydroxide-carbonate complexes . In the Eh range of -350 to +100mV, the solubility of AmOHCO,
(c) is constant at 2.6x10° mol/l and not influenced by the redox-potential.

4.3 Effect of various ligand concentration
4.3.1 Effect of CO,* concentration (case F)

Several experimental studies have concluded that the experimental results in carbonate
media can be interpreted with the assumption that only americium(III) carbonate complexes and
hydrolysis products are formed. Based on this conclusion, the equilibrium constants of americium
(ITT) hydroxide-carbonate complexes i.e., AmOHCO,(aq), Am(OH),CO,” and AmOH(CO,) z,
were not established in the NEA (1995)®” data base. The NEA (1995) also reported that further
experimental work was needed to confirm or deny the existence of these species in aqueous
solutions. In the review of Yamaguchi, T. and Nakayama, S. (1996)®V, however, experimental
data could be more rationally reinterpreted assuming the existence of hydroxide-carbonate
complexes, so that the formation of americium(III) hydroxide-carbonate complexes was
supported. Based on their conclusion, the thermodynamic data base in this study takes account
of the data of both americium carbonate and hydroxide-carbonate complexes.

The effect of carbonate concentration in a solution is analysed for case F for various
carbonate concentrations of 1x10to 5x10 mol/l. The Eh-pH dependance for the complexation
of carbon is also investigated in this calculation. Figure 4.4 shows the pH dependance of the
americium solubility at Eh-200mV and the total carbon concentration of 5x102mol/l. This
solubility result can be compared with that in case D as shown in Fig. 4.1. In alkaline pH region,
the maximum solubility in case F is approximately two orders of magnitude higher than that in
case D because of the higher carbon concentration (5x102 mol/l) in case F. The pH condition
indicating the peak solubility in case F shifts to more alkaline (pH10). The Eh change from -400
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Fig. 4.4 pH dependance of the americium solubility at Eh-200mV and total carbon
concentration of 5x102mol/l

to -100mV has no effect on the solubility curve at the pH range of 8.0 to 13.0. In high pH
condition controlled by the dissolution of cement materials, the solubility profile in the pH
range of 10.0 to 13.0 indicates the change by about four orders of magnitude. This decrease in
solubility is based on the change of solid phase from AmOHCO,(c) to Am(OH),(c).

Figure 4.5 (a) and (b) show the americium solubility and speciation at pH9.0 and 10.0,
respectively, as a function of the total carbon concentration. In accordance with increasing
carbon concentration from 1x10* to 5x102 mol/l, the solubility at pH9.0 rises from 3.2x10® to
2.9x10°% mol/l and at pH10.0 increases from 8.0x10” to 1.5x10-° mol/l. It is suggested that
americium solubility at alkaline pH is strongly dependent on pH value and carbon concentration
in a solution. With respect to americium solid phase limiting solubility, Am(OH),(c) changes
into AmOHCO,(c) at pH9.0 at comparatively low carbon concentration of > 7x10* mol/l, but at
pH10.0 at high carbon concentration of > 2x102 mol/l. In this range of carbon concentration,
americium aqueous phase almost consists of carbonate and hydroxide-carbonate complexes at
alkaline pH. In accordance with increasing carbon concentration, americium dominant species
changes as follows, based on both the results at pH9.0 and 10.0.

Am(OH),CO,” = AmOH(CO,),* — Am(CO,),*

The maximum carbonate concentration estimated from the investigated chemical
composition data amounts to 5x102mol/l. If this carbonate concentration limit is allowed in
chemical composition, americium solubility is suggested to increase up to about 1.5x10 mol/l
with increasing carbon concentration. This maximum solubility effected by carbon concentration
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is analyzed at pH10 and carbon concentration of 5x102 mol/l. The relation between the calculated
CO, partial pressure and the solubilities at pH9.0 and 10.0 is shown in Fig. 4.6. The logarithm
of CO, partial pressure is estimated to be about -2.5 atm at pH9.0 and carbon concentration of
5x102mol/l. If the stable solid phase at alkaline pH changes into Am,(CO,), (c), carbon
concentration in groundwater must be quite higher than the possible carbon concentration of
5x10? mol/l. It is considered that Am(OH),(c) or AmOHCO,(c) is appropriate to the solid phase
limiting americium solubility in the possible carbon concentration range.

4.3.2 Effect of PO concentration (case G)

The thermodynamic data for Am(H,PO,) *"(n=1, 2, 3) are considered in this data base.
The Eh-pH dependence of the formation of Am(H,PO 4)‘13'n (n=1, 2, 3) is examined under some
Eh-pH conditions. The phosphorus concentration ranges from 1x10¢ to 1x10? mol/l. Figure
4.7 shows total fraction of americium(III) phosphorus complexes at pH6.2, 6.5 and 6.8. The
formation of Am(H2P0 4)“3‘“(n=1 , 2) is promoted with increasing phosphorus concentration at
these Eh-pH conditions. The increase of the fraction is striking under the lower pH condition.
The fraction drops under 10 % at the higher pH7.0. The formation of americium(IlI) phosphorus
complexes dose not change in the Eh range of -200 to -50mV. Fig. 4.8 shows the americium
speciation at pH6.2 and Eh-200 mV, indicating the most remarkable effect of phosphorus
complexes. At the phosphorus concentration of < 1x10mol/l, the solubility of AmOHCO,(c) is
constant, and the dominant aqueous species is estimated to be Am** and AmOH?*. However, if
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phosphorus concentration in groundwater is more than 1x10- mol/l, the americium solubility is
especially controlled by the formation of AmH,PO,?. The formation of Am(H2P04)n3"‘(n=2, 3)
besides AmH,PO ** is not recognized in this range of phosphorus concentration.

The possible phosphorus concentration, which is estimated from the investigated chemical
composition data, is in the range of 1x10'% to 1.6x10° mol/l and is very low level. No americium
(II1) phosphorus complexes is supposed be formed, based on the calculation in this possible
range of phosphorus concentration. It is suggested that there is no possibility that phosphorus
concentration in groundwater has an effect on americium solubility.

4.3.3 Effect of F- concentration (case H)

For americium(III) fluoride complexes, the existence of AmF_*"(n=1, 2) has been proven
by experimental studies, and there are reliable thermodynamic data for AmF_*"(n=1, 2). The
groundwater of case H shown in Table 2.6 is used to estimate the influence of fluoride
concentration. Several Eh-pH conditions in case H are established in the range of pH6.0 to 8.0
and of Eh-200 to -50mV. The fluoride concentration in case H is assumed to vary from 1x10%
to 1x102 mol/l. The total fraction for americium(III) fluoride complexes at Eh-200mV is shown
in Fig. 4.9. The formation of AmF_*"(n=1, 2) can be confirmed in the pH range of 6.0 to 8.0.
‘The existence of Aan3‘“ (n=1, 2) accounts for over 90% at pH6.2. The lower the pH value is,
the higher the ratio of AmF _*"(n=1, 2) is. Fluoride concentration strikingly has an effect on
americium solubility under the low pH condition. This trend for fluoride concentration is also
recognized at other Eh conditions of up to -50mV. Figure 4.10 shows the result of the solubility
and speciation analysis at pH6.2, which indicates the highest fraction of AmF_*"(n=1, 2). The
predominant aqueous species of americium vary from the cationic forms such as Am*, AmCO,*
and AmOH* to AmF *7(n=1, 2) at the fluoride concentration of >5x10*mol/l. The solubility of
AmOHCO,(c) tends to rise because of the increasing formation ratio of AmF_*"(n=1, 2).
Americium fluoride solid, AmF,(c), is more stable than AmOHCO,(c) at the fluoride
concentration of >5x10°mol/l. The solubility of AmF,(c) decreases under the high fluoride
concentration condition. The maximum ratio of AmF_ >n(n=1, 2) accounts for over 90%.

The possible fluoride concentration, which is obtained from the results of groundwater
investigation, ranges from 2.6x107° to 7x10*mol/l. If americium solubility is evaluated on the
basis of this possible range of fluoride concentration, it is suggested that there is the possibility
that AmF, * is predominant at the high fluoride concentration of about 7.0x10*mol/l. Under the
condition of this fluoride concentration, americium solubility is considered to increase up to
2.0x10°mol/l. Fluoride concentration in groundwater must be over 5.0x10*mol/l so that AmF,
(c) changes to the predominant solid phase. It is supposed that the americium solubility is
hardly limited by AmF,(c) in a natural groundwater, taking account of the possible range of
fluoride concentration.
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4.3.4 Effect of SO concentration (case I)

For americium sulphate complexes, the formation of Am(SO,) **" (n=1 to 5) is considered
in a groundwater system. The effect of sulphur concentration on americium solubility is estimated
from the analyses in the saline water of case I because there is the possibility that sulphur
concentration tends to be high in a saline water. Several Eh-pH conditions are assumed in the
calculation of case I. The total fraction of americium(III) sulphate complexes at the high sulphur
concentration of 3.0x102mol/l is shown in Fig. 4.11. In spite of this high sulphur concentration,
the formation of Am(SO 4)n3'2“ (n=3 to 5) can not be recognized from the calculation of case I. In
the Eh range of -150 to -50mV, the fraction of Am(SO 4)n3‘2“(n=1, 2) increases according to
decreasing pH value and accounts for over 90% at pH6.1. The formation of Am(SO4)n3‘2“(n=1,
2) is especially conspicuous in the pH range of weak acidity to alkalinity. However, the fraction
of americium(III) sulphate complexes decreases below pH6.5 at -200mV. Americium sulphate
complexes are not dominantly formed because SO,* is unstable under the strong reducing
condition (below pH6.5 at -200mV) as mentioned on the analysis for the influence of the Eh
condition (case E). The result at the condition of Eh-100mV and pH6.1, which indicates the
highest ratio of Am(SO,) ***(n=1, 2), is shown in Fig. 4.12. The total sulphur concentration
used in calculation ranges from 1x10° to 3x102 mol/l. The americium solubility is controlled
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Fig. 4.11 Fraction of Am(lll) sulphur complexes under Eh-pH conditios
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by the concentration of Am(SO,) **"(n=1, 2), which become predominant at the sulphur
concentration of >1x10” mol/l.

The sulphur concentration estimated from the investigation of chemical composition data
varies from 5.2x107 to 1.6x102 mol/l. Based on this possible range of sulphur concentration, it
is suggested that the dominant aqueous species changes into Am(SO,) **'(n=1, 2). The formation
ratio of americium(IIl) sulphate complexes is in excess of 90% under the low pH condition. The
americium solubility under the influence of sulphur concentration is estimated to increase up to
2.0x10*mol/l.

4.3.5 Effect of NO, and NH,_* concentration (case J)

The JAERI data base includes the thermodynamic data of americium nitrate and ammoniate
complexes, Am(NO,) *" (n=1 to 6) and Am(NH,) ** (n=1 to 6). The formation of the americium
ammoniate complexes is especially considered in reducing environment. The nitrogen
concentration in natural groundwater is comparatively low on the basis of the investigation of
chemical composition for natural groundwater. In engineered barrier, however, the nitrogen
concentration may be enhanced owing to leaching NaNO,(s) from bituminized waste matrix.
Figure 4.13 shows the result on pH dependence, calculated in case J at Eh-200mV and total
nitrogen concentration of 5x10?mol/l. The various carbon concentration is assumed in calculation
to research the competition on the complexation with carbon and nitrogen. The formation ratio
of Am(NH,) * (n=1 to 6) tends to be high at low carbon concentration in the pH range of 8 to
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9.5. The ratio decreases under the condition of high carbon concentration owing to the stronger
complexation with carbonate than with ammoniate. The maximum ratio approximately amounted
to 50% at pH9.0 and total carbon concentration of 5x10*mol/l. From the calculation assuming
various Eh conditions, there is no effect of Eh value on the formation of Am(NH,) ** (n=1to 6)
in alkaline pH. No formation of americium nitrate complexes is recognized in the calculation of
case J.

Figure 4.14 shows the solubility and speciation as a function of total nitro gen concentration
at pH9.0, Eh-200mV and carbon concentration of 5x10*mol/l, indicating the most remarkable
effect of nitrogen concentration on americium ammoniate complexes. The concentration of
americium ammoniate complexes starts to rise over total nitrogen concentration of 1x102mol/l.
The dominant americium species consists of cationic species such as Am(NH,) * (n=3 to 6)
under the influence of high ammoniate concentration. Based on the discussion on the possible
range of nitrogen concentration in section 2.3, the maximum nitrogen concentration in engineered
barrier is assumed to be 2x102mol/l. When this maximum concentration is applied to the result
in Fig. 4.14, it is suggested that there is little effect of nitrogen concentration on americium
solubility. The thermodynamic data for Am(NH3)n3+ (n=1 to 6) are estimated from model
prediction by Brown, P. L. and Wanner, H. (1987)%%. The more reliable data with a basis of
experimental studies must be provided to estimate the effect of the formation of ammoniate
complexes more accurately.
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4.4 Americium solubility and speciation of case A to case J

The results of americium solubility and speciation of case A to case J are summarized as
follows.

@ case A, case B and case C: The solubilities of Am(OH),(c), Am(CO,),(c) and
AmOHCO,(c) are calculated in three types of groundwater (case A, B and C). All values of CO,
partial pressure calculated in each groundwater lie within the Pco, range in which AmOHCO,(c)
is stable. It is suggested that realistic solubility of americium is controlled by AmOHCO,(c).
The dominant aqueous species of americium are estimated to be AmCO,* at neutral pH and
AmOH(CO,),* and Am(OH),CO," at alkaline pH.

@ case D (pH condition) :  With respect to americium speciation, several cationic forms such
as Am*, AmOH* and AmCO,* change into americium(IIl) hydroxide-carbonate complexes,
Am(OH),CO, , with increasing pH. Americium solubility is enhanced up to about 4x10°mol/l
at low pH condition but decreases with changing to high pH value. The americium solubility
decreases to 2.1x10"° mol/l because of the americium solid phase changing from AmOHCO,(c)
to Am(OH),(c).

@ case E (Eh condition) : There is no effect of Eh condition on americium solubility at pH6.0.
However, americium solubility and speciation may vary under strong reducing condition at
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pHO9.0 for the reason that CH,(aq) is more stable than carbonate and bicarbonate ion.

@ case F (carbonate concentration) : At total carbon concentration of 5.0x102 mol/l,
americium solubility increases up to 1.7x10° mol/l at pH10 and falls down to 3x10”° mol/l at
pH13. This decrease of solubility in highly alkaline pH is based on the change of solid phase
from AmOHCO,(c) to Am(OH),(c). With increasing total carbon concentration of 1.6x10* to
5.0x10% mol/l, dominant aqueous species of americium changes as follows; Am(OH),CO,” —
AmOH(CO,),> — Am(C03)33‘. From the calculation under the various conditions of pH, Eh
and carbon concentration, it is suggested that americium solubility is controlled by either Am
(OH),(c) or AmOHCO,(c).

@ case G (phosphorus concentration) : Americium phosphorus complexes are hardly
formed in the possible range of phosphorus concentration in natural groundwater. It is considered
that there is no possibility that phosphorus concentration has an effect on americium solubility.

@ case H (fluoride concentration) : AmF?* of 30 % exists in the possible range of fluoride
concentration at low pH. Americium solubility slightly increases under the influence of the
formation of AmF?+, '

@ case I (sulphur concentration) : In the pH range of weak acidity to alkalinity, the
dominant aqueous species changes into Am(SO,) **"(n=1, 2) with increasing sulphur
concentration. Americium solubility increases up to 2.0x10* mol/l, which is about one order of
magnitude higher than that at low sulphur concentration.

@ case J (nitrogen concentration) : The effect of ammoniate concentration is estimated
under the assumption of the maximum nitrogen concentration determined from the solubility
limit of Ca(OH),(s) in cement system. The calculation suggests that there is little effect of
nitrogen concentration on americium solubility within this nitrogen concentration level.



JAERI-Research 99-047
5. Plutonium Results
5.1 Saline water (case A), fresh water (case B) and simulated bentonite water (case C)

Plutonium has the oxidation state of III or IV under reducing condition. Based on the
thermodynamic data for plutonium (III) or (IV) solid phases, PuO,(c), Pu(OH)3(s), Pu(OH),
(am), PuOHCO,(s) and Pu(OH)2CO3(s) are given as the solid phase limiting plutonium solubility
in the calculation for saline water (case A), fresh water (case B) and simulated bentonite water
(case C). The boundary between Pu(OH),(am) and Pu(OH),(s) in Eh-pH diagram, determined
from their equilibrium constants, is close to the lower stability limit of water. The stable Eh-pH
region of Pu(OH),(s) hardly exist in reducing groundwater system. It is considered that there is
little possibility that realistic plutonium solubility is controlled by Pu(OH),(s). The speciation
analysis for plutonium(IV) and (III) hydroxide-carbonate solids, Pu(OH),CO,(s) and PuOHCO,
(s), have been carried out by PNC (1992)® and PSI (1995)®, respectively. The thermodynamic
data of Pu(OH),CO,(s) have been analogized from thorium(IV) [Kim, J.I. (1983)®¥] and have
not been cited from experimental studies. The thermodynamic data of PuOHCO,(s) is also
based on analogizing from AmOHCO,(s). The calculation of solubility for Pu(OH),CO,(s) and
PuOHCO,(s) is excluded as there is no evidence that can prove their formation from previous
experimental studies. Plutonium(IV) oxide and hydroxide, PuO,(c) and Pu(OH),(am), are selected |
as the solid phase limiting plutonium solubility. The selected thermodynamic data of PuO,(c) is
cited from Kim, J.1.(1989)“®. Kim, J. L. (1989) estimated the solubility product of PuO,(c) from
the measurements of solubility after three years and compared their results with several values
reported previously. Kim, J. I. (1989) reported that large differences among the compared data
are caused by the influence of PuO,*nH,O formed on the surface of PuO,(c). The two solubility
products of PuO,(c), one (1ogK=60.2) of which was obtained from the experimental work of
Kim, J. I. (1989), and another (logK=63.8) of which was recalculated by Kim, J. I. (1989) from
the review of some previous data, are selected here.

The results of plutonium solubility analyses in case A, B and C are given in Table 5.1.
The solubilities of PuO,(c) for two logK values make a difference of 3 or 4 orders of magnitude.
The solubilities of PuO,(c) are about 2 orders of magnitude lower than that of Pu(OH),(am).
The highest solubility of Pu(OH),(am) is calculated to be 3.8x10"mol/l in case C. Taking into
account the concervative solubility, the solid phase limiting plutonium solubility is adequate to
be Pu(OH),(am). The dominant aqueous species in case A are plutonium(IIl) cationic forms,
PuCO,* and PuSO,*. Plutonium(IIl) cationic forms transform into plutonium(IV) hydroxide-
carbonate complex, Pu(OH),(CO,),*, under the pH condition of neutrality to alkalinity. The
formation ratio of Pu(OH)z(COB)zz' accounts for about 100% in case C.
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Table 5.1 Plutonium solubilities and speciation for saline water (caseA), fresh water
(case B) and simulated bentonite water (case C). '

i pH solubility (mol/1)
T%Z?e? Eh speciation (%)
(mV) PuOz2(c) Pu(OH)4(am)
-10 PuCOs* 69.0
Saline 3.0x10 PUSO4* 163
6.9 | (logk*=60.2) -8 2
water | o0 14 6.5x10 Pu(OH)2(CO3)22~ 9.0
(logK®=63.8) Pu(SO4)2" 1.0
Fresh 3.0x10"
water 7.4 | (logK*=60.2) 6.5x102 Pu(OH)2(C03)22~ 77.5
- - : +
(case B) 200 7.0x10°18 PuCOs 217
(logK*=63.8)
Simulated 1.7x107°

bentonite | 8.9 | (logK*=60.2)
water -397 4.3x10°13

3.8x107 | Pu(OH)2(CO3)22" 99.9
(case C) (logK*=63.8) '

* logK for the reaction : Pu* + 40H = PuQ,(c) + 2H,0

5.2 Effect of pH and Eh conditions (case D and case E)

The pH dependence of plutonium solubility is estimated from the analyses for the
groundwater of case D, assuming the constant Eh (-200mV) and the pH range of 6.0 to 13.0.
The result in case D is given in Fig. 5.1. According to the pH change, the dominant plutonium
species are divided into three groups as shown in Fig. 5.1. The dominant species are estimated
to be cationic forms of plutonium(III) under the pH condition of 6.0 to 7.0. In the pH range of
7.0 to 11.5, they change into plutonium(IV) hydroxide-carbonate complex, Pu(OH)2(C03)22‘.
Over pH11.5, the major aqueous species consists of Pu(OH) 4(C03)z4" The solubility profile
depends on the concentration of these dominant species in each pH region. Although the dominant
aqueous forms have the oxidation state of I1I at weak acid pH, the stable solid phase of plutonium
is estimated to be in the state of IV. The solubility of Pu(OH) (am) basically decreases with
increasing pH. The maximum plutonium solubility at pH6.0 is approximately calculated to be
8.0x10¢ mol/l.

In order to investigate the effect of Eh condition in the acid and alkaline groundwater of
case E, various Eh values are assumed at two pH conditions, pH6.0 and pH9.0. The plutonium
solubility at pH6.0 is shown in Fig. 5.2. The Eh value ranges from -200 to +200mV. Based on
the discussion on the solid phase limiting plutonium solubility in section 5. 1, plutonium solubility
is assumed to be controlled by Fu(OH),(am). With respect to the dominant aqueous species,
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Fig. 5.2 Plutonium solubility and speciation for the groundwater (case E) assuming
the constant pH6.0 and the Eh range of -200 to +200mV.




JAERI-Research 99-047

1E-4 E* T T ] T LA DL AL B LR A LA
Pu solubility
1E5 E o *—=n o o
~ 1E-6 E 2.
3 Pu(OH),(CO,)
Q
£ 1E7 | 2\v-g/2 :
s - ]
S 1E9 L ]
8 E / PuCO,* 3
g 1E-10 E E
€ 111 | ]
pH=9.0 1
1E-12 E F'U(O'_l)4("“q) solid phase: Pu(OH)4(am) ]
1E_13 - — i | | | bk I | | ! i L i l 1 Il L I 1 i L 1 ! [ | l—i
-500 -400 -300 -200 -100 0 100 200
Eh (mV)

Fig. 5.3 Plutonium solubility and speciation for the groundwater (case E) assuming
the constant pH9.0 and the Eh range of -400 to +100mV.

plutonium(III) cationic forms such as Pu*, PuSO .- and PuCO,* are stable under the Eh condition
of -200 to +150 mV. The dominant species change into plutonium(IV) hydroxide-carbonate
complex, Pu(OH)z(CO3)22', over Eh+150mV. The solubility of Pu(OH),(am) rises with increasing
Eh value. The highest plutonium solubility, about 6.0x10°mol/l, is calculated at pH6.0 and Eh-
200mV. The plutonium solubility at pH6.0 indicates the change of about five orders of magnitude
owing to the Eh variation. It is suggested that the Eh condition has an effect on the plutonium
solubility at weak acid pH.

Figure 5.3 shows the plutonium solubility influenced by the Eh condition at pH9.0. The
effect of Eh parameter on plutonium solubility appears at the strong reducing condition of about
-400mV. At about -400mV, plutonium solubility remarkably increases up to 6.5x10°mol/l as
shown in Fig. 5.3 . This change of the plutonium solubility under about -400mV is controlled by
the change of dominant carbon species. CH (aq) is more stable than COSZ' or HCO," under the
Eh condition of < -400mV at pH9.0, so that plutonium(IV) carbonate complexes are not
dominantly created under this strong Eh condition. The superior formation of plutonium(IV)
carbonate complexes under the Eh condition of > -400mV leads to the increase of plutonium
solubility. In the Eh range of -380 to +100mV, the solubility is constant and not dependent on
the Eh condition. The dominant aqueous species is estimated to be Pu(OH)z(CO3)22', at the Eh
condition of > -400mV. No existence of the chemical forms of plutonium(V) or (VI) is recognized
from the calculation under the various Eh condition at pH6.0 and pH9.0. From the results in
case E, the plutonium solubility within the Eh-pH condition under which plutonium(III) aqueous
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species is dominant strongly depends on Eh parameter. In the case that plutonium(IV) aqueous
species predominantly formed, plutonium solubility is hardly effected by Eh condition besides
low Eh condition under which the formation of plutonium(IV) hydroxide-carbonate complexes
is inhibited.

5.3 Effect of various ligand concentration
5.3.1 Effect of CO* concentration (case F)

Two kinds of data set on plutonium(IV) hydroxide-carbonate complexes are assumed in
the calculation owing to the uncertainty of the formation of hydroxide-carbonate complexes as
mentioned in section 3. The formation of Pu(OH) (CO,),"(n=2,4) according to Yamaguchi, T.
(1994)“? and Pu(OH) CO,*"(n=3,4) according to Eriksen,T. E. (1993)“?, is considered in data
set A and data set B, respectively. The effect of carbon concentration on plutonium solubility is
estimated from the calculation for the groundwater of case F assuming various total carbon
concentration. The Eh-pH dependance for the complexation of carbon is also investigated in
this calculation. Figure 5. 4 shows the result in case F analyzed at Eh-200mV and total carbon
concentration of 5x102mol/l using data set A. This result can be compared with the calculation
for pH parameter in case D. The solubility profile in case F is similar to that in case D. Both the
solubilities are controlled by the formation of hydroxide-carbonate complexes, Pu(OH) (CO,),~
(n=2,4). The solubility at weak alkaline pH (8 < pH < 9) is about two orders of magnitude
higher than that at strong pH (> pH11) at total carbon concentration of 5x102mol/l. Owing to
the higher carbon concentration in case F, the plutonium solubility in case F is about three orders
of magnitude higher than that in case D. The effect of Eh change of -400 to -100mV is also
examined. However, there is no effect of Eh value on the solubility curve at the pH range of 8.0
to 13.0.

Figure 5.5 shows the plutonium solubility and speciation at pH9.0 as a function of total
carbon concentration, based on data set A. The range of the carbon concentration used here is
from 1x10* to 5x10?mol/l. In this carbon concentration range, a major aqueous species is
plutonium(I'V) hydroxide-carbonate complex, Pu(OH),(CO,),>. The solubility of Pu(OH),(am)
depends on the formation of Pu(OH)Z(CO3)22’. The solubility increases up to about 6.5x10°
mol/l and is 5 orders of magnitude higher than that at the low carbon concentration of 1x10*
mol/l. Figure 5. 6 shows the result calculated usihg data set B. The solubility increases at
carbon concentration of >1x10?* mol/l owing to the formation of Pu(OH) CO,*"(n=3,4). The
solubility amounts to 2.0x10'°mol/] at carbon concentration of 5x10?mol/l. The comparison of
the plutonium solubilities calculated using data set A and B is shown in Fig. 5.7. The measured
solubility data in the pH range of 9.0 to 11.5, according to Lierse, CH. (1986)®” and Yamaguchi,
T. (1994)“9, are also plotted in Fig. 5.7. Two solubilities were measured as a function of carbon
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concentration. The increasing trend of measured plutonium solubility owing to high carbon
concentration is in good agreement with the result calculated using data set A. Based on the
comparison between calculation and measurement, it is suggested that the thermodynamic data
of plutonium(IV) hydroxide-carbonate complex in data set A is more reliable than those in data
set B. Data set A has been used in all the calculations except for case F.

The maximum carbon concentration in solution, discussed in section 2.3, is approximately
5x102 mol/l. If this carbon concentration limit is allowed in groundwater, the plutonium solubility
increases up to about 6.5x10° mol/l with increasing carbonate concentration. Taking account of
the possible range of carbon concentration shown in Table 2.6, the dominant plutonium species
in alkaline groundwater are estimated to be Pu(OH) (CO,),*(n=2,4).

5.3.2 Effect of PO> concentration (case G)

With respect to the phosphorus complexes of plutonium, the thermodynamic data for both
Pu(H2P04)n3'“ (n=1, 2) of plutonium(III) and Pu(H,PO,) *"(n=1, 2, 4) of plutonium(IV) are
considered in the JAERI data base. The formation of Pu(HPO,) “*"(n=1-4) has been estimated
from the experimental study of Denotkina, R. G.(1960)“?, His data are referred in data base of
Puigdomenech, 1. (1991)®9. However, Cowan, C. E. (1985)¢® and the TAEA (1992)¢” have
judged it difficult to prove the complexation of plutonium(IV) with HPO > with the basis of
experimental results of Denotkina, R. G. (1960). They have removed the Pu(HPO,) **" (n=1-4)

Bl 62 E pHe4 [ pHES pH6.8

1
_ solid phase: Pu(OH) 4(am)

total phosphorus concentration : 1x1 02 (mol/)

Fraction for Pu(H2P04)n3'n (n=1,2) (%)

-200 -150 -100 -50
Eh (mV)

Fig. 5.8 Fraction of Pu(lll) phosphorus complexes at several Eh-pH conditions
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data in their data bases. In this study, the Pu(HPO,) “*"(n=1-4) data are treated as the auxiliary
data. The thermodynamic data on the plutonium phosphorus complexes are considered as the
following data set A and B.

— data set A : Pu(H,PO,) **(n=1, 2) and Pu(H,PO,) ** (n=1, 2, 4)
— data set B : Pu(H,PO,) ** (n=1, 2), Pu(H,PO,) ** (n=1, 2, 4) and Pu(HPO,) *» (n=1-4)

The effect of the phosphorus concentration on plutonium solubility is estimated from the
analyses for the groundwater of case G assuming the various phosphorus concentration. Plutonium
solubilities in case G are calculated in the Eh range of -200 to -50mV and pH range of 6.0 to 8.0.
Figure 5.8 shows the fraction of plutonium phosphorus complexes at the phosphorus concentration
of 1x10?mol/l. The data set A is used in analyses. Plutonium(III) phosphorus complexes, Pu
(H,PO 4)n3‘“ (n=1, 2), are dominantly created, however, the formation of plutonium(IV) phosphorus
complexes, Pu(H,PO,) **(n=1, 2, 4), is not recognized under these chemical compositions. The
fraction of plutonium(IIl) phosphorus complexes tends to increase under low Eh-pH condition.
The maximum fraction of plutonium phosphorus complexes accounts for about 25% at Eh-
200mYV and pH6.2. The solubility and speciation at Eh-200mV and pH<6.2, which is the most
remarkably influenced by phosphorus concentration, are shown in Fig. 5.9. The solubility of
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Fig. 5.9 Effect of phosphorus concentration on Pu solubility and speciation calculated
using the thermodynamic data set A, Pu(H,PO,) *" (n=1, 2) and Pu(H,PO,) *" (n=1, 2,
4).
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Fig. 5.10 Effect of phosphorus concentration on Pu solubility and speciation calculated
using the thermodynamic data set B, Pu(H,PQO,) *"(n=1, 2), Pu(H,PO,) “"(n=1, 2, 4)
and Pu(HPO,) **'(n=1-4)

Pu(OH) (am) slightly increases at the phosphorus concentration of > 1x10* mol/l owing to the
formation of Pu(H,PO 4)n'ﬁ"“(n=1, 2). The concentration of Pu®* or PuCO,* as the dominant aqueous
species is higher than that of PuH,PO ?* in the range of the phosphorus concentration of 10 to
10 mol/l. The result for the data set B assuming the existence of Pu(HPO,) **'(n=1-4) is given
in Fig. 5.10. If the thermodynamic data of Pu(HPO,) **"(n=1-4) is also considered in this data
base, the solubility of Pu(OH),(am) strongly depends on the phosphorus concentration of >
2x10-mol/l as shown in Fig. 5.10. The formation of Pu(HPO,) * with increasing phosphorus
concentration has an effect on plutonium solubility.

The range of the phosphorus concentration, which is estimated from the chemical
composition data survey, is from 1.0x10° to 1.6x10° mol/l in Table 2.6. Pu(HPO,),* of about
12% may exist at phosphorus concentration of 2x10°mol/l. If the results in case G are estimated
in this range, plutonium(IV) phosphorus complexes are hardly created for both calculations
shown in Fig. 5.9 and Fig. 5.10.

5.3.3 Effect of F- concentration (case H)

Plutonium fluoride complexes formed under a reducing condition are considered to be
PuF *"(n=1, 2) of plutonium(IIl) and PuF ** (n=1,2) of plutonium(IV). The thermodynamic
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Fig. 5.11 Fraction of Pu(lll) fluoride complexes at several Eh-pH conditions

data of PuF **(n=1, 2) have been reported by the model prediction and hardly estimated from an
experiment. The data of PuF *" (n=1, 2) analogized from the data of americium(III) fluoride
complexes were selected in the data base indicated by Nitsche, H.(1991)®%. In order to investigate
the influence of fluoride concentration on the plutonium solubility, the data of both PuF **(n=1,
2) and Pan“'"(n=1,2) are considered in this data base. The groundwater (case H) assuming that
the fluoride concentration ranges from 10 to 10>mol/l is used in this analysis. Several Eh-pH
conditions are assumed to be in the Eh range of -200 to -50mV and the pH range of 6.0 to 8.0.
The fraction of plutonium fluoride complexes at the fluoride concentration of 10’mol/l is indicated
in Fig. 5.11. The fraction of PuF **(n=1, 2) seems to increase at low pH and accounts for over
50% at pH6.2 in the Eh range of -200 to -50mV. The fraction of Pan3'“ (n=1, 2) also tends to
become high with decreasing Eh. No formation of PuF *"(n=1,2) is confirmed under this Eh-pH
condition. The solubility and speciation analyzed at pH6.2 and Eh-200mV, showing the most
conspicuous effect of fluoride concentration, are given in Fig. 5.12. The concentration of PuF?*
increases at the fluoride concentration of > 10 mol/l, but this increase negligibly enhances the
solubility. Pu(OH),(am) restricting the plutonium solubility changes into PuF,(s) at the fluoride
concentration of > 5x10-mol/l, so that the plutonium solubility decreases with increasing fluoride
concentration. The predominant aqueous species is PuF?* under the condition of the fluoride
concentration at which PuF (s) is stable, ‘

As shown in Table 2.6, the possible range of the fluoride concentration, determined from
the investigated chemical composition data, is from 2.6x107 to 7.0x10* mol/l. Taking into
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Fig. 5.12 Effect of fluoride concentration on plutonium solubility and speciation

account this range of the fluoride concentration, if a natural groundwater contain fluoride ion of
about 7.0x10* mol/l, plutonium aqueous phase consists of PuF?>* over 30%. The solubility
slightly changes from 1.6x10° to 2.4x10-mol/l with increasing fluoride concentration. It is
suggested that the possibility that Pu(OH),(am) changes into PuF,(s) as the solid phase limiting
plutonium is low in this possible range of fluoride concentration.

5.3.4 Effect of SO* concentration (case I)

Plutonium sulphate complexes, of which the formation is considered in a reducing
groundwater, are Pu(SO,) **"(n=1, 2) of plutonium(III) and Pu(SO,) “*" (n=1, 2) of plutonium
(IV). The influence of sulphur concentration on the plutonium solubility is investigated by the
calculation for the saline water (case I). The complexation of sulphur concentration depends on
the Eh-pH condition. The Eh and pH values in case I are assumed to vary from -200 to -50mV
and from 6.0 to 8.0, respectively. Figure 5.13 shows the calculations for the various Eh-pH
conditions at the sulphur concentration of 3x102 mol/l. Plutonium(III) sulphate complexes, Pu
(80,) **(n=1, 2), are dominantly created in this Eh-pH range, while the remarkable formation
of plutonium(IV) sulphate complexes, Pu(SO4)n4‘2“(n:=1, 2), is not recogniied in these analyses.
In the Eh range of -150 to -50mV, the fraction of Pu(SO,) **"(n=1, 2) rises with decreasing pH
value and accounts for over 90% at pH6.1 and pH6.5. The formation of Pu(SO,) **(n=1, 2) is
especially conspicuous in the pH range of weak acidity to neutrality. However, the fraction of
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http:Fig.5.14

JAERI-Research 99-047

sulphur complexes decreases below pH6.5 at -200mV because of the stability of SO,* under
such strong reducing condition. ‘

The solubility and speciation at Eh-150mV and pH6.1, indicating the most conspicuous
influence of SO,*, are given in Fig. 5.14. The dominant aqueous species changes into PuSO,* at
the sulphur concentration of > 5.0x10*mol/l. The concentration of Pu(SO,),” dominantly increases
at the higher sulphur concentration. The change of the plutonium solubility is controlled by
increasing concentration of Pu(SO 4)113"2"‘(n:1 , 2) at the sulphur concentration of > 5.0x10“mol/l.

The sulphur concentration estimated from the investigated chemical composition data varies
from 5.2x107 to 1.6x10” mol/l as shown in Table 2.6. If the results in case I are estimated based
on this range of sulphur concentration, it is suggested that Pu(SO,) >*(n=1, 2) of maximum
98% are dominantly formed in the reducing groundwater at low pH. The maximum solubility in
the possible range of sulphur concentration is calculated to be about 1.3x10* mol/l. This solubility
is two orders of magnitude higher than that with no influence of SO,* ligand. High sulphur
concentration causes a significant change of plutonium solubility and speciation from acid to
neutral pH.

5.3.5 Effectof NOS' and NH,* concentration (case J)

Nitrogen concentration may be enhanced in groundwater owing to leaching NaN 0,(s)
from bituminized waste matrix. The effect of nitrogen concentration on plutonium solubility is
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Fig. 5.15 Fraction of Pu(lV) nitrate complexes at Eh-200mV and total nitrogen con-
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estimated from the calculation for groundwater case J under various conditions of Eh-pH and
carbon concentration, using the thermodynamic data of plutonium nitrate and ammoniate
complexes in oxidation state of IIl to V1. The various carbon concentration is also assumed in
calculation to research the competition on the complexation with carbon and nitrogen. Figure
5.15 shows the evaluation at Eh-200mV and total nitrogen concentration of 5x102mol/l in alkaline
pH. Plutonium (IV) ammoniate complexes are formed in reducing condition at high formation
ratio in the pH range of 8 to 9.5. The fraction of the ammoniate complexes falls down over
pH10. High carbon concentration in groundwater causes the decreasing formation of ammoniate
complexes. The calculation at various Eh value from -400 to -100mV indicates the same results.
Figure 5.16 shows the change of plutonium solubility as a function of total nitrogen concentration
at pH9.5, Eh-200mV and total carbon concentration of 5x10*mol/l. High nitrogen concentration
over 1x102mol/l causes the increase of plutonium solubility . Dominant aqueous species changes
into Pu(NH,)** . Based on the discussion on the possible range of nitrogen concentration in
section 2.3, the maximum nitrogen concentration in engineered barrier is assumed to be 2x10?
mol/l. Taking account of the maximum level of nitrogen concentration, plutonium solubility
may be about one order of magnitude higher owing to the formation of plutonium(IV) nitrate
complexes. Figure 5.17 shows the dependance of plutonium solubilities on both nitrogen and
carbon concentration. The effect of nitrogen concentration on plutonium solubility is restricted
at low carbon concentration of < 1x10°mol/l and at high nitrogen concentration of > 1x102mol/
1. From the results for both case F and case I, plutonium solubility is more sensitive to the
change of total carbon concentration than that of nitrogen concentration. It is suggested that
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Fig. 5.16 Effect of nitrogen concentration on plutonium solubility and speciation
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Fig. 5.17 Dependence of Pu solubilities on both nitrogen and carbon concentration at
alkaline pH (total carbon concentration : [CT] = 5E-4, 1E-3 and 1E-2 mol/l)

nitrogen concentration hardly has an effect on plutonium solubilityv at alkaline pH.
5.4 Plutonium solubility and speciation of case A to case J

The results of the solubility and speciation analyses of case A to case J for plutonium are
summarized as follows.

@ case A, caseB, case C (typical groundwater) : From the results in case A to C, the
reasonable solid phase limiting plutonium solubility can be basically regarded as Pu(OH),(am)
. The dominant aqueous species in case A are plutonium(Il) cationic forms, PuCO,* and PuSO,*.
Under the pH condition of neutrality to alkalinity, plutonium(III) cationic forms change into
plutonium(I'V) hydroxide-carbonate complexes, Pu(OH),(CO,),%.

@® case D (pH condition) : The dominant species are estimated to be cationic forms of
plutonium(III) under the pH condition of 6.0 to 7.0. In the pH range of 7.0 to 13.0, they change
into plutonium(IV) hydroxide-carbonate complex, Pu(OH),(CO,),> or Pu(OH),(CO,),*. The
maximum plutonium solubility at acid pH is approximately 8.0x10% mol/l.

@ case E (Eh condition) : At pH6.0, the decrease of plutonium solubility is caused by the
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change of the dominant aqueous species of plutonium(IIl) to (IV) with increasing Eh. At pH9.0,
plutonium solubility is basically constant at higher Eh condition than about -400mV. The
plutonium solubility within the Eh-pH condition under which plutonium(III) aqueous species is
dominant depends on Eh parameter. In the case that plutonium(IV) aqueous species predominantly
formed, plutonium solubility is hardly effected by Eh condition besides low Eh condition under
which the formation of plutonium(IV) hydroxide-carbonate complexes is inhibited.

@ case F (carbon concentration) : Plutonium solubility increases up to about 6.5x10° mol/l,
taking account of the possible range of carbon concentration from 1x10* to 5x102mol/l. The
solubility at weak alkaline pH (8 < pH <9) is about two orders of magnitude higher than that at
strong pH (> pH11) at total carbon concentration of 5x102mol/l. Dominant plutonium species
in alkaline groundwater are estimated to be Pu(OH) (CO,),™ (n=2,4) from the comparison between
calculated and measured solubilities.

@ case G (phosphorus concentration) : In the possible range of phosphorus concentration
estimated from measurements, phosphorus ligand hardly have an effect on the plutonium
solubility.

@ case H (fluoride concentration) : Taking into account the maximum level of fluoride
concentration, PuF?* accounts for over 30% of aqueous plutonium species at the low pH. The
solubility slightly changes from 1.6x10 to 2.4x10°mol/l with increasing fluoride concentration.
It is suggested that the possibility that Pu(OH),(am) changes into PuF,(s) as the solid phase
limiting plutonium is low in this possible range of fluoride concentration.

@ case I (sulphur concentration) : The maximum ratio of Pu(SO,) **"(n=1, 2) amounts
to about 98% under the influence of SO,> ligand. The plutonium solubility is suggested to
increase up to about 1.3x10* mol/l on account of the formation of Pu(SO,) **(n=1, 2). High
sulphur concentration causes a significant change of plutonium solubility and speciation from
acid to neutral pH.

@ case J (nitrogen concentration) : The effect of nitrogen concentration on plutonium
solubility is restricted at low carbon concentration of < 1x10®mol/l, at high nitrogen concentration
of > 1x10?mol/l. Under the nitrogen concentration limit of 2x102mol/l, plutonium solubility is
more sensitive to the change of total carbon concentration than that of nitrogen concentration. It
is suggested that nitrogen concentration hardly has an effect on plutonium solubility at alkaline
pH.
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6. Technetium Results
6.1 Saline water (case A), fresh water (case B) and simulated bentonite water (case C)

Solid phase limiting technetium solubility is examined through the solubility and speciation
analysis for three kinds of the typical groundwater, saline water (case A), fresh water (case B)
and simulated bentonite water (case C). In reducing environment, the solid phase limiting
technetium solubility is considered to be TcO,(c) or TcO,*2H,0. Table 6.1 shows the solubility
and speciation in case A, B and C. The solubilities of TcO,(c) and TcO, * 2H,0 are in same
order for these chemical compositions of case A to C. The various chemical composition in
three kinds of groundwater hardly have a influence on technetium solubility. The solubility of
TcO, * 2H,0 is calculated to vary from 5.7x10” to 6.4x10°mol/l. The solubilities of TcO, *
nH O have been measured by Meyer, R. E.(1991)¢" and Eriksen, T. E.(1993)*®. The measured
solubility of TcO, * nH,O by Eriksen, T. E.(1993) indicates the level of 10° to 10¢ mol/l at
constant CO, partial pressure at neutral pH. The solubility of TcO, * 1.63H,0 by Meyer, R. E.
(1991) ranges from 10 to 10® mol/l. Although the chemical composition in their experiments
are different from that used in these calculations, the analyzed solubilities of TcO, * 2H,0 are
consistent with these experimental data. The calculated solubility of TcO,(c) is approximately
4 orders of magnitude lower than that of TcO, * 2H,0. Technetium hydrous oxide, TcO, °
2H,0, is considered to be more suitable for the solid phase restricting the technetium solubility

Table 6.1 The solubilities and speciation of Tc for saline water (caseA), fresh water
(case B) and simulated bentonite water (case C).

pH solubility (mol/l)
Type of | p speciation (%)
(mV) TcO2(c) TcO2 - 2H20
Saline | oo TcO(OH)2(aq)  82.4
water | o0 | 3.2x10712 6.4x10° | Tc(OH)2CO3(aq) 16.3
(case A) (TcO2(OH)2)2(aq) 1.3
Fresh 74 TcO(OH)2(aq) 92.6
water | oo 2.8x10713 6.0x10° Tc(OH)2CO3(aq) 5.9
(case B) (TcO2(OH)2)2(aq) 1.5
Simulated
bentonite | 9.0 -13 -9 TcO(OH)z_(aq) 86.0
2.7x10 5.7x10 TcO(OH)3 2.0
water -397 TcO2(OH 15
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than TcO,(c), taking into account the concervative solubility. The dominant aqueous species is
suggested to be technetium(IV) hydroxide, TcO(OH),(aq), which accounts for over 80% of all
technetium aqueous species.

6.2 Effect of pH and Eh conditions (case D and case E)

The effect of pH condition on technetium solubility is investigated from the analyses for
the groundwater of case D shown in Table 2.5. The groundwater is assumed to be constant at
Eh-200mV and varying from pH6.0 to 13.0. The solubility and speciation for case D are given
in Fig. 6.1. The solid phase of technetium is assumed to be TcO,*2H,0. In the pH range of 6.0
to 9.6, the solubility is constant at about 6x10 mol/l, and the dominant aqueous species is
estimated to be TcO(OH),(aq). Over pH9.6, however, the solubility and aqueous speciation
vary dramatically. The solubility increases up to 1.0x102mol/l at pH11.5 owing to changing
into TcO,” as dominant species.

Technetium solubility for the groundwater of case E is calculated assuming the constant
pH and various Eh values. The solubility depending on Eh values is described at two kinds of
constant pH condition, pH6.0 and pH9.0. Figure 6.2 shows the solubility and aqueous speciation
at pH6.0. The Eh value at pH6.0 ranges from -200 to +200mV. The solubility of TcO, *2H,0
sharply increases over about +100mV because of the change of oxidation state from technetium
(IV) to (VII). In the Eh range of -200 to +100mV, TcO(OH), (aq) is predominant in technetium
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1E-3 Solid phase:TcO,, - 2H,0
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Fig. 6.1 Technetium solubility and speciation for the groundwater (case D) assuming
the constant Eh (-200mV) and the pH range of 6.0 to 13.0.
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Fig. 6.2 Technetium solubility and speciation for the groundwater (case E) assuming
the constant pH6.0 and the Eh range of -200 to +200mV.
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Fig. 6.3 Technetium solubility and speciation for the groundwater (case E) assuming
the constant pH9.0 and the Eh range of -400 to +100mV.
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Fig. 6.4 Technetium aqueous phase in Tc-O-H system

aqueous species, and the solubility is calculated to be constant. Over Eh+100mV, the change of
the technetium solubility is controlled by the increasing formation ratio of TcO,". The solubility
of TcO, - 2H,0 is calculated to increase up to 2.0x10mol/l at pH6.0 and Eh+200mV. »
Figure 6.3 shows the solubility profile calculated in case E at pH9.0. The Eh condition at
pH9.0 varies from -400 to +100mV. The solubility profile for TcO, * 2H,0 at pH9.0 indicates
the same trend for various Eh condition at pH6.0. The solubility of TcO,*2H,O sharply increases
at about -120mV owing to the enhanced formation of TcO,. The high solubility of > 1x10
mol/l is calculated over Eh £ OmV. :
From the results of case D and case E, the Eh-pH condition, under which TcO, is dominantly
formed, leads to the increase of the technetium solubility. It is suggested that the Eh-pH condition
has a great influence on the technetium solubility. Figure 6.4 shows the boundary between
technetium (IV) and (VII) in Eh-pH diagram of technetium. From the calculations in case E, it
is inferred that the technetium solubility is enhanced in the Eh-pH region where technetium

(VID) (TcO,) is stable.
6.3 Effect of various ligand concentration

6.3.1 Effect of C032‘ concentration (case F)

The complexation of ligand, CO,> with technetium (IV) has been described in the solubility
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experiment of Eriksen, T. E. et al. (1993)“Y, Eriksen, T. E. et al. (1993) indicated three kinds of
technetium(IV) hydroxide-carbonate complexes from their solubility experiment under constant
CO,(g) partial pressure. The equilibrium constants of Tc(OH),CO,(aq) and TcOH(CO,)," in
their experiment are selected in this data base. Yamaguchi, T. and Takeda, S. (1999)®, however,
pointed out that the equilibrium constant of Tc(OH),CO,” was overestimated, judging from pH
dependance of solubility experiment in Eriksen, T. E. et al. (1993). Yamaguchi, T. and Takeda,
S. (1999) modified the equilibrium constant of Tc(OH),CO," based on the equilibrium constant
for the hydrolysis of TcO(OH),(aq). The effect of carbonate concentration is estimated from the
analysis for the groundwater of case F, taking account of various carbon concentration. The pH
dependance on technetium solubility and speciation at the constant carbon concentration of
5x10?mol/l and Eh -300mV is shown in Fig. 6.5. The formation of Tc(OH),CO,(aq) indicates
high ratio at pH8.0 and decreases with increasing pH. Over pH10.0, the fraction of TcO(OH),’
exceeds that of Tc(OH),CO,(aq). The other technetium(IV) hydroxide-carbonate complexes,
Tc(OH),CO, and TcOH(CO,),", are hardly created in this chemical composition. With respect
to Eh dependance, this formation ratio does not change within the Eh conditions under which
technetium(IV) aqueous species become stable. Figure 6.6 shows the solubility and speciation
analyzed at pH8.0 and Eh-300mV, indicating the most conspicuous effect of carbon concentration.
The solubility of TcO,*2H,0 is nearly constant as shown in Fig. 6.5. The maximum formation
ratio of Tc(OH),CO,(aq) accounts for only 27% at the carbonate concentration of 5x102mol/l

1 00 - T L H Ll [ 1] T T T ‘ T L 11 1 j T T 1) T ‘ Ll T 1 E
90 Eh=-300mV, Solid phase:TcO, - 2H,0 E
80 total carbon concentration=5x10"2 mol/l 3

o TcO(OH),” é
60 | cO(OH)

50 | TC(OH),CO,4(aq) \ ;

40 £
30 |
20
10

L

N
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11 12
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Fig. 6.5 Formation ratio as a function of pH at En-300mV and high carbon concentration
of 5x102mol/l
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Fig. 6.6 Technetium solubility and speciation for the groundwater (case F) assuming
the range of carbon concentration of 1x10* to 5x102mol/l

according to increasing carbon concentration, but the dominant species remains TcO(OH),(aq)
in spite of carbon concentration level.

The possible carbon concentration determined from the investigated chemical composition
data ranges from 1.6x10™* to 5x10?mol/l as shown in Table 2.6. Tc(OH),CO,(aq) of 27% is
created in a reducing environment, based on this range of the possible carbonate concentration.
However, the increasing concentration of Tc(OH),CO,(aq) scarcely contribute to the change of
the technetium solubility. There is no formation of Tc(OH),CO,(aq) under high pH condition of
> pH10.0. The speciation under the high pH condition is controlled by technetium hydroxides,
TcO(OH),(aq) and TcO(OH),. It is suggested that the concentration of C032' ligand does not
especially influence on the technetium solubility at alkaline pH.

6.3.2 Effect of SO, concentration (case I)

Formation of technetium(IV) sulphate complexes, TcO(SO 4)n2’2" (n=1 to 5), is inferred
under a reducing condition. The effect of sulphur concentration on the technetium solubility is
estimated from the calculation for the saline water of case I. Several Eh-pH conditions used
here are assumed to be in the Eh range of -200 to +50mV and the pH range of 6.0 to 8.0. From
the calculation assuming high sulphur concentration of 3x10?% mol/l, the dominant aqueoils species
is estimated to be TcO(OH),(aq) or TcO, within this Eh-pH range. The formation of sulphate
complexes, TcO(SO,) >* (n=1to 5), is not predominantly recognized in this chemical composition
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of case I. The maximum concentration of SO,* estimated from the investigated composition
data is 1.6x102 mol/l as shown in Table 2.6. Based on the possible range of sulphur concentration,
it is inferred that the technetium solubility and speciation are hardly influenced by sulphur
concentration in a natural groundwater.

6.3.3 Effect of NO, and NH,* concentration (case J)

In an engineered barrier system, nitrogen concentration may be enhanced owing to leaching
from the waste matrix including a large quantity of NaNO,(s). The thermodynamic data for
nitrate and ammoniate complexes, TcO(NOs)HZ‘“ (n=1 to 5) and TcO(NH,) ** (n=1 to 5) are
considered in this data base to estimate the effect of nitrogen concentration. The effect of nitrogen
concentration on technetium solubility is examined in calculation for groundwater of case J.
Figure 6.7 indicates formation ratio of technetium aqueous species at alkaline pH, Eh-300mV,
carbon concentration of 5x102mol/l and nitrogen concentration of 5x102mol/l . Technetium
(IV) ammoniate complex, TcO(NH,).*, is dominantly formed in the pH range of 8 to 12. The
formation of TcO(NH,)** also appears under other pH-Eh condition for case J listed in Table
2.5. Figure 6.8 shows the solubility change as a function of nitrogen concentration at pH9.5 and
Eh-300mV. At nitrogen concentration of > about 1x10-* mol/l, technetium solubility increases
owing to the formation of TcO(NH,),*. Technetium solubility is evaluated to be over 1x10°
mol/l at the nitrogen concentration of 2x102mol/l. The maximum nitrogen concentration
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Fig. 6.7 Formation ratio as a function of pH at Eh-300mV, carbon concentration of
5x102mol/l and nitrogen concentration of 1x10™" mol/l
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Fig. 6.8 Effect of nitrogen concentration on technetium solubility and speciation

including in groundwater is assumed to be 2x102mol/l as discussed in section 2.3. Taking
account of such concentration level, high nitrogen concentration of > 1x10? mol/l may enhance
technetium solubility in reducing environment. This calculation indicates that technetium
solubility at alkaline pH and reducing Eh is enhanced owing to high nitrogen concentration.
The thermodynamic data for TcO(NO,) >" (n=1 to 5) and TcO(NH,) ** (n=1 to 5) have been
estimated from model prediction by Brown, P. L. and Wanner, H. (1987)®%, In order to estimate
the effect of nitrogen concentration on technetium solubility more accurately, it is necessary to
provide the more reliable data with a basis of experimental studies.

6.4 Technetium solubility and speciation of case A to case J

The results analyzed for all the case of technetium are summarized as follows.

@ case A, case B, case C (typical groundwater) : There is no difference of the solubilities
and speciation of technetium for three kinds of the typical groundwater. TcO,*2H,0 is more
suitable for the solid phase restricting the technetium solubility than TcO,(c). Solubility of
TcO, * 2H,0 is evaluated to be about 6x10°mol/l. The dominant aqueous species is suggested

to be technetium(IV) hydroxide, TcO(OH),(aq), which accounts for over 80% of all technetium
aquious species.

® case D (pH condition) :  Technetium solubility varies from 6x10° to 1x10? mol/l because
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dominant aqueous species changes from TcO(OH),(aq) to TcO, .

@ case E (Eh condition) :  The solubility of TcO, * 2H,O sharply increases owing to the
change of oxidation state from technetium (IV) to (VII). The Eh-pH condition, under which
TcO, is dominantly formed, leads to the increase of the technetium solubility. It is suggested
that the Eh-pH condition has a great influence on the technetium solubility.

@ case F (carbonate concentration) : Tc(OH),CO,(aq) of 27% is formed in a reducing
environment at total carbon concentration of 5x102mol/l. However, the increasing concentration
of Tc(OH),CO,(aq) scarcely contribute to the change of the technetium solubility. There is no
formation of Tc(OH),CO,(aq) under high pH condition of > pH10.0. The speciation for
technetium is controlled by technetium hydroxides, TcO(OH),(aq) and TcO(OH),. Itis suggested
that the concentration of CO,* ligand does not especially influence on the technetium solubility
at alkaline pH. '

@ case G and H (phosphorus and fluoride concentration) : There is no existence of
technetium phosphorus and fluoride complexes which has been proved by experimental study.

@ case I (sulphur concentration) : The formation of TcO(SO,) **" (n=1 to 5) is not
predominantly recognized in the Eh range of -200 to +50mV and the pH range of 6.0 to 8.0. It
is inferred that the technetium solubility and speciation are hardly influenced by sulphur

concentration in a natural groundwater.

@ case J (nitrogen concentration) : At nitrogen concentration of > about 1x10- mol/l,
technetium solubility increases owing to the formation of TCO(NH,) **. Technetium solubility
is evaluated to be over 1x10° mol/l at nitrogen concentration of 2x10-2mol/l and strongly depends
on nitrogen concentration at alkaline pH and reducing Eh.
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7. Conclusion

Solubility and speciation of americium, plutonium and technetium were calculated for 10
different chemical properties characterized by various pH-Eh condition and ligand concentration.
In this study, the effect of these chemical properties on the solubility and speciation is discussed
with for two pH regions. This is based on the following:

— Solubility and speciation of elements basically depends on pH condition.
— Natural groundwater in reducing environment indicates neutral or weak-alkaline pH, while
interstitial water in bentonite or cement materials indicates higher alkaline pH .

- Taking account of the discussion in section 2, the pH range z\ipplied in the calculations is divided
into pH region I (6<pH<8) for natural groundwater and pH region II (8<pH<13) for interstitial
water in buffer materials. The realistic solubility of each element is evaluated based on the
result for the simulated bentonite water (case C).

7.1 Americium solubility and speciation in a reducing groundwater

Solid phase and realistic solubility Table 7.1 shows the summary of americium solubility
and speciation analyses in a reducing groundwater. Taking into account the condition of CO,
partial pressure in groundwater, the solid phase limiting the americium solubility is adequate to
be AmOHCO,(c). However, Am(OH),(c) is considered to be more stable than AmOHCO,(¢c)
under the condition of low carbonate concentration, strong alkaline pH or low Eh condition at
which carbonate or bicarbonate ion is unstable. The realistic solubility of AmMOHCO,(c) in
reducing environment is estimated to be 5.0x10" mol/l from calculation in case C.

PH region I (6<pH<8) Dominant aqueous species are estimated to be cationic forms of
americium(III) such as AmCO,*, AmOH* and Am* in pH region I (6<pH<8). Under the effect
of fluoride and sulphur concentration, the maximum ratio of formation for AmF,* and Am(SO,)
#(n=1, 2) accounts for about 30% at pH6.2 and 90% at pH6.1, respectively. The chemical
factors which have an effect on americium solubility within this pH region are considered to be
pH condition, carbon and sulphur concentrations. Americium solubility increases with decreasing
pH value. In particular, Americium solubility is calculated to increase up to about 2.0x10“*mol/
1 owing to the formation of Am(SO4)n3'2“(n=1, 2) from case I. Phosphorus and fluoride

concentrations in groundwater hardly have an effect on americium solubility.

PH region Il (8<pH<13) Americium solubility and speciation in pH region II
(8<pH<13) especially depends on pH condition and carbon concentration. In accordance with
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Table 7.1 Americium solubility and speciation in pH region | (6<pH<8) and pH region
Il (8<pH<13)

Region]  :AmCO3*, AmOH2*, Am®t,
(6<pH<8) AmF2* (max. 30%, pH6.2),
speciation Am(SO4)n32(n=1,2) (max. 90%, pH6.1)
Region il : Am(OH)2C032+ — AmOH(C03)22- — Am(CO3)33-

(8<pH<13)  (according to increasing CO32" concentration )

Solid phase : AmOHCO3(c) or Am(OH)3(c)
(low Eh, strong alkaline pH or low CO32" concentration)

Realistic solubility : 5.0x10°7 ( from case C )
solubility

(mol/l) Region! : Max. 2.0x10™
(6<pH<8)  (Key parameter : pH, CO32" and SO42" concentration)

Regionll : Max. 2.0x10°°
(8<pH<13)  (Key parameter : pH and CO32" concentration )

increasing carbon concentration, americium dominant species changes in this pH region as the
following ; Am(OH),CO,” — AmOH(CO,),> —Am(CO,),*. At total carbon concentration of
5.0x102 mol/l, americium solubility increases up to about 2.0x10°mol/1 at pH10 and falls down
to 3x10° mol/l at pH13 as shown in Fig. 4.4. This decrease of solubility in strong alkaline pH is
based on the change of solid phase from AmOHCO,(c) to Am(OH),(c). The maximum solubility '
is 2.0x10° mol/l at pH10 and total carbon concentration of 5.0x10> mol/l. The effect of ammoniate
concentration can be ignored based on the calculation in case J.

7.2 Plutonium solubility and speciation in a reducing groundwater

Solid phase and realistic solubility Table 7.2 shows the summary of plutonium solubility
and speciation analyses in a reducing groundwater. Taking into account the conservative solubility
value, the solid phase limiting plutonium solubility is adequate to be Pu(OH),(am). The realistic
solubility of Pu(OH),(am) in reducing environment is estimated to be 4.0x107 mol/l from the
calculation in case C.

PH region 1 (6<pH<S8) Dominant aqueous species are estimated to be cationic forms of
plutonium(IIl) such as PuCO,* and Pu** in pH region I (6<pH<8). Such plutonium(III) aqueous
species changes into plutonium(IV) hydroxide-carbonate complex, Pu(OH),(CO,),> at about
pH7.5. The maximum ratio of formation for Pu(HPO,),* and PuF** accounts for about 12% at
pH6.2 and 30% at pH6.2, respectively, taking account of the possible range of phosphorus and
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Table 7.2 Plutonium solubility and speciation in pH region | (6<pH<8) and pH region i
(8<pH<13)

Region!  :PuCO3*, Pud*— Pu(OH)2(CO3)22" (over about pH7.5)
(6<pH<8) Pu(HPO4)44" (max. 12%, pH6.2),

PuF2+ (max. 30%, pH6.2),
speciation Pu(S04)n3-2"n=1,2) (max. 98%, pH6.1)

Region It : Pu(OH)2(CO3)22" — Pu(OH)4(CO3)2*
(8<pH<13)  (according to increasing pH value )

Solid phase : Pu(OH)4(am)

Realistic solubility : 4.0x107 ( from case C )

solubilit . i
(mom)y Region! : Max. 1.3x10™

(6<pH<8) (Key parameter : Eh, pH, CO32" and SO42" concentration)

Region il : Max. 6.5x10®
(8<pH<13)  (Key parameter : pH and CO32" concentration )

fluoride concentration. Plutonium(III) sulphur complexes, Pu(SO,) **(n=1, 2), of maximum
98% may exist at pH6.1 and Eh-150mV. Key chemical parameters are estimated to be Eh-pH
condition, CO,* and SO > ligands. Plutonium solubility is enhanced by the Eh-pH condition
under which plutonium(IIl) aqueous species is dominantly formed. In pH region I, plutonium
solubility has a great effect on sulphur concentration and increases up to 1.3x10“*mol/1 at sulphur
concentration of 1.6x102mol/l.

PH region 11 (8<pH<13) Plutonium solubility and speciation in pH region II are
controlled by chemical factors of pH and CO,* ligand. Dominant aqueous species of plutonium
changes from Pu(OH)z(CO3)22‘ to Pu(OH) 4(C03)2“‘ according to increasing pH value. The
solubility of Pu(OH),(am) in weak alkaline pH range (8<pH<9) is about 2 orders of magnitude
higher than that in strong alkaline pH range (> pH11) at total carbon concentration of 5x10
mol/l. The solubility increases up to about 6.5x10 mol/l, taking account of the possible range
of carbon concentration from 1x10* to 5x102mol/l. From the result in case J, nitrogen
concentration hardly has an effect on plutonium solubility at alkaline pH.

7.3 Technetium solubility and speciation in a reducing groundwater

Solid phase and realistic solubility Table 7.3 shows the summary of technetium solubility
and speciation analyses in a reducing groundwater. Technetium hydrous oxide, TcO,*2H,0, is
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Table 7.3 Technetium solubility and speciation in pH region | (6<pH<8) and pH region
Il (8B<pH<13) '

Region | : TcO(OH)2(aq) or TcO4™ ( at pH6 over Eh+100mV )
{6<pH<8)
speciation| Regionll  : TcO(OH)2(aq) — TcO(OH)3™ (with increasing pH value )

(8<pH<13)  or TcO4™ ( at pH9 over Eh-140mV )
Tc(OH)2CO3(aq) (max. 27%, pHS)
TcO(NH3)s2* (max. 100%, over NH4* con. of 10™ mol/l)

Solid phase : TcOz2 + 2H20

Realistic solubility : 6x107 ( from case C )

solubilit
(mol/l)y Region!  : Max. 2.0x10

(6<pH<8)  (Key parameter : Eh-pH condition)

Region Il : Max. > 107" (high solubility)
(8<pH<13) (Key parameter : Eh-pH condition and NH4* concentration)

-considered to be more suitable for the solid phase restricting the technetium solubility than TcO,
(c), taking into account the concervative solubility. The realistic solubility of TcO, * 2H,O is

estimated to be 6x10?° mol/l from calculation in case C.

PpH region I (6<pH<8) Technetium dominant aqueous species is either TcO(OH),(aq) or
TcO, in the pH region 1. The formation ratio of TcO, increases over Eh+100mV at pH6.0. The
change from technetium(IV) to (VII) depends on Eh-pH condition and enhances the solubility
of TcO, * 2H,0. From the calculation in case F, the solubility is evaluated to increase up to
2,0x10*mol/l owing the formation of TcO,.

PpH region II (8<pH<I3) In pH region I (8<pH<13), dominant aqueous species varies
from TcO(OH),(aq) to TcO(OH),’, according to increasing pH value. At pH 9 over Eh-140mV,
the dominant species also changes from TcO(OH)Z(aq) to TcO,. Technetium(IV) hydroxide-
carbonate complex, Tc(OH),CO,(aq), is estimated to exist at maximum ratio of 27%. This
suggests that carbon concentration in groundwater has little influence on technetium solubility
under alkaline pH conditions. The formation of TcO(NH,)** is recognized over high ammoniate
concentration of 1.0x10 mol/l. Chemical factors of Eh-pH condition and ammoniate
cencentration have a significant effect on technetium solubility and speciation. Maximum
solubility of TcO, * 2H,0 is calculated to be over 1x10"'mol/l in pH region II.
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Appendix

Thermodynamics Data for Americium, Plutonium and Technetium

NOTATION
A G/ : Standard Molar Gibbs energy of formation
logK?® : Equilibrium Constant

Table A-1 Americium thermodynamic data- -« -----=-=-----" (66)
Table A-2 Plutonium thermodynamic data ===« rvvee (68)
Table A-3 Technetium thermodynamic data- -« ----- " (71)
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Table A~1 Americium thermodynamic data, according to Yamaguchi,T. and Takeda, S.
JAERI-Data/Code (1998). ‘

species AG¢* reaction log K°
: (kJ/mol)
Am(II)
Am? -376.8 Am* + 0.5H,0 = Am** + H* + 0.250:(g) : -38.9
Am(III)
Am’* -598.7 master specles
AmOH?* -799.3 Am** + H,0 = AmOH* + H' -6.4
Am(OH).,* -992.5 Am* + 2H,0 = Am(OH)." + 2H* -14.,1
Am(0H),® -1163.4 Am’ + 3H,0 = Am(OH),* + 3H* -25.7
AmCO,* ~1171.1 Am* + CO;* = AmCO;* 7.8
Am(CO;:) . -1722.4 Am™ + 2C0:* = Am(CO;) 11.9
Am(CO;),*> -2269.2 Am> + 3C0," = Am(CO;),* 15.2
Am(OH)CO,® -1361.5 Am’ + H,0 + CO,» = Am(OH)CO,* + H* -0.4
Am(O0H).CO, -1550.0 Am’ + 2H.0 + CO,* = Am(0OH).CO,” + 2H"* -8.9
AmQH(CO;).* -1912.1 Am* + H,0 + 2C0,* = AmOH(CO;).* + H* 3.6
AmS0.* ~1364.7 Am** + SO0 = AmSO.' 3.85
Am(S04) . -2117.5 Am* + 2504 = Am(S04) 5.40
Am(80:)5* -2859.2 Am* + 350. = Am(S0.) s 5.0
Am(S0.) -3597.5 Am*™ + 480, = Am(S0.).*" 4.0
Am(S0.) s ~4329.0 Am* + 550 = Am(S0,)s"" 1.8
AmNH,* -645.9 Am* + NH,* = AmNH,** + B* -5.6
Am(NH,),* -688.6 Am*> + 2NH,' = Am(NH,),** + 2H" -12.1
Am(NH;);* -727.9 Am’* 4+ 3NH = Am(NH;),* + 38* -19.1
Am(NH,) -763.1 Am** + 4NH,* = Am(NH,)** + 48 -26.8
Am(NH,)s** -796.1 Am** + 5NH* = Am(NH;)s* + 5H* -35.0
Am(NH,) -825.7 Am* + 6NH. = Am(NH,)¢* + 6H* . -43.7
AmN,* -260.0 Am* + N, = AnN,* 1.67
AmNO,* Am* + NO,” = AmNOQ,** 2.10
AmNO,? -717.1 Am** + NO,” = AmNO,** 1.33
Am(NO;)." -826.6 Am®* + 2NO,” = Am(NO;)." 1.1
Am(NO;),° -933.4 Am** + 3N0;" = Am(NO;),° 0.4
Am(NO;:) -1036.2 Am* + 4NO," = Am(NOs) -1.0
Am(NO,) s -1136.1 Am** + SNO, = Am(NO,)s* -2.9
Am(NO;)¢* -1232.1 Am** + 6NO,” = Am(NO,) > -5.5
AszQ —899 . 6 AmJG + F- = AmFl’ 3 . 40
Asz‘ "1194 . 9 Am” + 2F = Asz’ 5 .80
AmC1% -735.9 Am** + Cl- = AmC1?® 1.05
AmSCN? -513.4 Am* 4+ SCN™ = AmSCN** 1.30
AmH,PO* -1753.0 Am** + H,PO. = AnH, PO 3.00
Am(0H);(am) -1213.1 Am* + 3H,0 = Am(OH);(am) + 3H* -17.00
Am(OH);(cr) -1223.4 Am* + 3H,0 = Am(OH);(cr) + 3H* -15.20
Am,0;(cr) -1613.3 2Anm> + 3H.0 = Am,0;(cr) + 6H* -51.8
Am,(CO0;s)s(cr) -2971.7 Am*+ 1.5C0," = 0.5Am.(C0s)s(cr) 16.7
AmQHCO:(cr) -1404.8 Am + OH + CO;>" = AmQHCO;(cr) 21.2
AmF;(cr) -1518.8 Am* + 3F = AmF;(cr) 13.3
AmCl;(cr) -910.7 Am* + 3C1 = AmCl;(cr) -14.3
Cs;NaAmCl:(cr) -2164.8 Am’ + 2Cs*+Na*'+ 6Cl = Cs,NaAmCl.(cr) -11.6
AmOCl(cr) -902.5 Am* + H,0 + C1- = AmOCl(cr) + 2H' -11.3
_ AmBr;(cr) ~-786.5 Am** 4+ 3Br = AmBr;(cr) -21.7
AmOBr(cr) -861.3 Am** + H,0 + Br = AmOBr(cr) + 2H* -13.7
AmI;(cr) ~-613.3 Am** + 31" = AmI;(cr) ~24.,6
AnPO.(am,hydr) Am** + PO = AmPO.(am, hydr) 24.79
Am(IV)
Am* -346.4 Am* + H* + 0.2502(g) = Amn* + 0.5H.0 -23.
Am(CO;),s* -3210.2 Am* + 5C0,* = Am(CO;);* 39.4
AmOQ,(cr) -874.5 Am** + 2H,0 = AmO,(cr) + 4B* 9.4
AnF.(cr) -1616.8 Am* + 4F = AmF.(cr) 25.3
Am(V)
AmO;* -739.8 Am** + H,0 + 0.50:(g) = Am0,* + 2H* -16.8
Am(VI)
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Am0,* -585.8 Am* + 0.5H,0 + 0.750:(g) = Am0,* + H* -23.0

other americium comzounds )
AmH,(cr) -134.7 Am’ + 2,5H,0 = AmH;(cr) + 1.250,(g) + 3H* -185.2
Am,Cs(ecr) -156.1 2Am™ + 3C0,* = Am,Cs(cr) + 4.50.(g) -459.9




Table A~2 Plutonium thermodynamic data, according to Yamaguchi,T.
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S. JAERI-Data/Code (1998).

and Takeda,

specles AG¢® reaction K°
(kJ/mol) log
Pu(III)
Pu®* -579.1" Pu*+ 0.5H,0 = Pu* + H*' + 0.250:(g) -3.8
PuOH* -770.3 Pu® + H,0 = PuOH* + H* -8.0%"
PuCO;* -1152.1 Pu’* + CO,* = PuCoO;* 7.9
PuS0.* -1348.8 Pu’ + 50 = PuS0,* 4,5
Pu(S0:). -2105.3 Pu’ + 2S0: = Pu(S04), 6.7
Pu(S04);* -2839.5 Pu™+ 350 = Pu(S0.)" 4,98
Pu(S04) -3577.8 Pu + 4S50 = Pu(S0.) 3.971
Pu(S80.)s" -4309.2 Pu’+ 580, =Pu(S0:)s" 1.77%
PuNH,* -625.8 Pu’* + NH* = PuNH;** + H* -5.7311
Pu(NH;),** -667.7 Pu’ + 2NH,* = Pu(NH,),** + 2H' -12.30™
Pu(NH,) * ~-705.6 Pu’* + 3NH,* = Pu(NH,),** + 3H* -19.58®
Pu(NH,) & -739.7 Pu’ + 4NH.* = Pu(NH,) &* + 48 -27.531
Pu(NH,)s* -770.1 Pu’* + 5NH,' = Pu(NH,)s** + 58" -36.111
Pu(NH,)¢* -797.0 Pu’* + 6NH,* = Pu(NH,)¢* + 6H* -45,310!
PuNOQ,* -697.9 Pu’* + NO;~ = PuNO,** 1.41®
Pu(NO;),;* -813.3 Pu* + 2NO," = Pu(NO,)," 2.22®
Pu(NO;),* -925.8 Pu’* + 3NO," = Pu(NO,),* 2.52%
Pu(NO,) ¢ -1013.9 Pu® + 4NO;” = Pu(NO,) . -1.48%
Pu(NOQ,) s -1111.7 Pu®* + 5N0;" = Pu(NO,) s -3.75%
Pu(NOQ;) ¢ -1205.8 Pu’*+ 6NO,” = Pu(NO;) ¢ -6.67'™
PufF® -880.0 Pu** + F- = PuF* 3.4
PuF,* ~1175.2 Pu* + 2F = PuF; 5.8
PuCl? -717.7 Pu*+ Cl- = PuCl® 1.3™
PuH,P0.* -1728.2 Pu’ + H,POs = PuH,PO* 2.1
Pu(H,P0.).* -2871.7 Pu* + 2H,PO," = Pu(H.P0:).* 3.2
Pu(OH):(cr) -1200.4 Pu* + 3H.0 = Pu(0H);(cr) + 3H* -15.8®
Pu,0;( ) -1580.0"" 2Pu** + 3H.0 = Pu,0,( 8 ) + 6H" -50.7
PuOHCO:(s) -1385.3 Pu* + H,0 + CO,> = PuOHCO:(s) + H* 7.211
Pu.S;(er) -979.0" 2Pu* + 3HS = Pu,S:(cr) + 38* -25.0
PuF,(cr) -1516 .47V Pu’* + 3F = PuF,;(cr) 16.2
PuCli(cr) -892.0"1 Pu*+ 3Cl = PuCli;(cr) -14.1
PuCl,-6H,0(s) -2364.9"'1Pu*+ 3C1l + 6H,0 = PuCl,-6H.0(s) -5.4
PuOCl(cr) -882.0" Pu*+ Cl +H,0 = PuOCl(cr) + 2H* -11.5
Pu(IV)
Pu* -482.1"" master species
PuOH** -715.9 Pu* + H,0 = PuOH* + H* -0.581
Pu(O0H).* -942.0 Pu* + 2H.0 = Pu(OH),* + 2H* -2.51
Pu(OH);* -1163.0 Pu* + 3H.0 = Pu(OH),* + 3H* -5.31@
Pu(OH).’ -1378.0 Pu* + 4H,0 = Pu(OH)." + 4H"* -9.,2%@
PuCO0,* -1080.2 Pu* + CO0,* = PuCO,* 12,302
Pu(CO0;s).° -1671.3 Pu*+ 2C0,> =Pu(CO0;),* 23,41
Pu(CO;),* -2237.2 Pu' + 3C0;* = Pu(CO;).* 30.014
Pu(C0O:) -2781.1 Pu* + 4C0,* = Pu(CO,).*" 32.8n
Pu(CO0;)s* -3315.2 Pu* + 5C0;* = Pu(CO0,)s* 33,91
Pu(O0H).(C0s),* -2125.5 Pu* + 2H,0 + 2C0;* = Pu(0H).(CO0:).* + 2H* 19,91
Pu(OH)«(CO:).*" ~2465.4 Pu* + 4H,0 + 2C0,> = Pu(OH)«(COs).* + 2H* -3,71
PuSO. -1268.8" Pu* + S0, = PuS0. 7.5
Pu(80.)." -2036.7" Pu*+ 250 = Pu(S0:),° 11.7
Pu(S04),* -2777.7 Pu* + 380" = Pu(S0:):* 11.141%
Pu(S504) -3528.7 Pu* + 450, = Pu(S0.)* 12,371
Pu(S04)s* -4273.4 Pu* + 580 = Pu(S04)s* 12.50%
Pu(S04)¢*" -5012.2 Pu* + 680:* = Pu(S04)¢*" 11.58™
PuNH,* -553.5 Pu* + NH.* = PuNH,*"* + B* -1.401
Pu(NH,),** -621.9 Pu** + 2NH* = Pu(NH,).** + 28* -3.33®
Pu(NH,)** -687.8 Pu** + 3NH.* = Pu(NH,).* + 3H* -5.691
Pu(NH;).* -751.7 Pu**t + 4NH,* = Pu(NH,) . + 4H* -8.41W
Pu(NH;)s** -813.7 Pu* + 5NH.* = Pu(NH,)** + 5H* -11.46"1
Pu(NH;) ~-873.9 Pu** + 6NH* = Pu(NH,)* + 6H* -14.821%
PuNO,** -607.7 Pu* + NO, = PuNO,* 2.6
Pu(NO,).** -722.8 Pu*t + 2NO;" = Pu(NO,),* 3.360

— 68 —


http:Pu(SO,),I-11.58
http:PU(SO,),Z-11.14
http:Pu(NO,h'--6.67
http:S2--3.75
http:Pu(NO,).--1.48
http:Pu(80,)/-1.77
http:Pu(SO,).s-3.97
http:Pu(80.h3-4.98

Pu(NO,)s
Pu(NO,;):°
Pu(NOQ;)s
Pu(NO;) ¢
PuF*
Pquz’
PuCl*

PuC 122'
PuH,PO*
Pu (H.PO,).,*
Pu (H,PO.)
PuHPO?*
Pu(HPO:),®
Pu(BPO.)s*
Pu(HPO.):"

Pu(OH).(am)

Pul,(cr)

Pu(SOL)z(Cl’)

PuF.(cr)

Pu(HPO.).(s)

PuQ.C0;s"
Pu0,80."
Pu0.(S0.).*"
Pqu( SOA) 35'
Pu0.(S0.) "
PquNHa'
Pu0,(NH;).*
PuO.(NH;),*
Pqu (NH:) A‘
Pu0,.(NH;)s*
PuO:NO;“
Pu0,(NO;),"
Pu0,(NO,),*
Pqu (NOJ) 63'
Pu0,(NO,)s*
Pu0.0H(s)

Pu(VI)
PuQ,*
PU.O:OH.

(Pu0;).(0H).*
(Pu0;);(0H)s*

Pu0.(0H).’
Pu0,(0H),"
Pu0.C0,°
Pu0,(CO,).*
Pu0.(C0;)s*"
Pu0.50:°
Pu0.(S0.) .
Pu0,(S0.),*
Pu0:(S0.)
PUOz(SOQ) sl_
PquNHW
Pqu(NH;) zz‘
Pu0.(NH;);*
PuO;;(NH;) &
Pu0.(NH,),*
Pu0.NO,*
PUO:(NO:) 20
Pu0.(NO;) s
Pu0,(NO;) &
Pu0.(NO,) 5"
PuO.F*
PquFz"

-834.8
-946.2
-1055.3
-1162.4
-811.7"
-1135.5"
-622.8
-756.8
-1647.5'"
-2804.0™
-5110.4"
-1652.3
-2811.2
-3958.6
-5111.7
-1441.0
-1001.2
~2012.910
-1752.9"4
-2834.0

-850.0"
-1031.
-1407.
-1602.
-2345.
-3080.
-3808.
-879.2
-904.5
-926.3
-945.1
-961.0
-961.9
-1068.2
-1170.6
-1269.5
-1365.1
-1060.1

PO O W

-756.0
-961.9
-1941.0
-3333.0
-1154.1
-1336.6
-1336.5
-1896.3
-2439.1
-1519.3
-2265.2
=-3009.1
-3747.0
-4479,1
-804.5
-850.4
-894.3
-936.4
-977.1
—870-3 .
-980.4

. -1087.7

-1192.7
-1295.8
-1063.6
-1366.1
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Pu** + 3NO;" = Pu(NO,);*

Pu* + 4NO," = Pu(NO;).°

Pu* + 5NO;" = Pu(NO,)s

Pu** + 6NO,™ = PU(NOQ)sz-

Pu* + F~ = PuF*»

Pu** + 2F" = PuF,;*»

Pu* + Cl = PuCl*

Pu** + 2C1 = PuCl,”

Pu* + H,PO. = PuH,PO.*
Pu** + 2H,P0," = Pu(H,P0.).*
Pu** + 4H,P0." = Pu(H.PO.)
Pu‘* + HPO = PuHPO.*
Pu** + 2HPO = Pu(HPO.),’
Pu** + 3HP0. = Pu(HPO.) >
Pu'* + 4HPO = Pu(HPO.)
Pu* + 4H,0 = Pu(OH).(am) + 4H*
Pu** + 2H,0 = Pu0.(cr) + 4H’
Pu* + 280& = Pu(S04):(cr)
Pu** + 4F = PuF.(cr)

Pu* + 2HPO.> = Pu(HPO:):(8)

Pu** + 1.5H,0 + 0.250,(g) = Pu0,* + 38"

PuQ;* + H,0 = PuQ,0H° + H*

Pu0.' + €0, = Pu0,C0;"

Pu0,;* + §0 = Pu0,S0+

Pu0,* + 250> = Pu0,(S0.).*
Puo:‘ + BSOAZ_ = Pqu(SO‘);"
Pu0,* + 4S04 = PuO;(SO‘)«"
Pu0.' + NH:,* = PuOQ.NH,* + B*
Pu0," + 2NH,' PUOz(NHa)z' + 28
PuQ,* + 3NH.* = PuQ,(NH;);* + 38*
Pu0;* + 4NH.* = Pu0Q.(NH,).* + 4H*
Pu0,* + 5NH.* = PuOQ.(NH;)s* + 5H*
Pu0.* + NO;” = Pu0,NO,°

Pu0," + 2NO;” = Pu0,(NO,),”
Pu0,* + 3NO;" = Pu0,(NO;)*
Pu0,* + 4NO;" = Pu0.(NO,) "

Pu0;* + 5N0;" = Pu02(N03)5"
Pu0,' + H:0 = PquOH(S) + H*

Pu* + H,0 + 0.50.(g) = Pu0,” + 2H"

Pu0.** + H,0 = Pu0,0H' + H*

2Pu0,* + 2H,0 = (Pu0.).(0H)* + 2H*
3Pu0,* + 5H,0 = (Pu0.),(0H);* + 5H*

Pqu" + 2H10 = PuO:(OH)z" + 2H*
Pu0,* + 3H,0 = Pu0,(0H), + 3H*
Pu0,* + C0,* = Pu0.C0y° )
Pu0,;** + 2C0;* = Pu0,(CO0;).*
Pu0,* + 3C0;* = Pu0.(C0;);*
Pu0,** + §0,* = Pu0,50.

Pu0.* + 280, = Pu0,(S0,).*"
PuQ,®* + 380.* = Pu0.(50,):*
Pu0,* + 480 = Pu0,(S04).5
Pu0,* + 5802 = PuO:(SOds"
Pu0.* + NH.* = PuQ.NH;* + H*
Pu0,* + 2NH:* = Pu0,(NH,).,** + 2H*
Pu0.* + 3NH.* = Pu0,(NH,),* + 3H*
Pu0,** + 4NH.* = Pu0.(NH;) " + 4H*
Pu0,** + SNH.* = Pu0,(NH,)* + 5H*
Pu0Q,* + NO;”- = PuQ,NO;*

Pu0.* + 2N0," = Pu0,(NQ,).’

PHOzz' + 3N03- = PUOz(N();)s-
Pu0,® + 4NO;" = PuQ,(NO,).»"
PUOzz* + SNOJ- = PUOz(NOJ) 53_
PuO;" +F = PUOzFJ‘ .

PUOz“ + 2F = PquFz“

14.0
13 .ollll
24,01
33 .oml
43,014
1. 85[15!
7,800
7.5
254
28,01

2.1
...9 . 7!11)
5.1200
1,410
1,239
-0. 30!5]
..3 '0865)
..8 '79I§!
-18.27%
-28.36"
-38.98"
-50.111
0,191
_0 .59ISI
-2.07
-4.16"
-6.81"
...4 .7llll

6.45
-5,509
-7.91
-21.1m
-13.3
-22.912
g, 21
14 .81
17 .40
3,370
3.71@%
3.69%
2.62"
0.54'
-5.411%
-11.28"!
-17.51%
-24.,04"
-30.83"
0.62™
0.49"
...0. 1315)
-1.14%
_2 .49(51
b.6™
8.2
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Pu0.F, ~-1656.6 Puo:z’ + 3F = Pu0.F, 9,8

PuQ.C1* -887.6 Pu0.,** + C1” = Pu0,C1* : 0.068®
Pu0.C1l," -1017.4 Pu0;* + 2C1l = Pu0,Cl,° -0.18™
PuQ.H.PO. -1915.6  Pu0,* + H,P0: = PuQ,H,P0O:* 3.que

PUOz(OH)z(S) -1205.3 PuO;“+2E:0=PuO;(OH)z(s) + 28 -4, 4123
Pu0.C0;(s) ~1368.7 Pu0,* + COs* = Pu0.C0,(s) 14,814
Pu0.HPO.(s) -1926.3 Pu0;* + HPO,* = Pu0,HPO.(5) 13.001#

(U0:):Pu0.(C0s)s*" see uranium thermodynamic data

plutonium hydride
PuH:(cr) -130.0% Pu* + 3H,0 = PuH;(cr) + 4H* + 1.50.(g) -186.3
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Table A-3 Technetium thermodynamic data, according to Yamaguchi,T. and Takeda,
S. JAERI-Data/Code (1998).

species AG<, reaction log K°
‘ (kJ/mol)
Te(II)
Te? +77.0 TeO, + 3H = Tc* + 1.5H,0 + 1.250.(g) -62.9
Te(III)
Te +88.0  TcO.o + 4H* = Te™ + 2H,0 + 0.(g) -44.0
Tc(OH)CL, -554,2 Tec*>+ 0H + 3C1l =Tc(OH)Cly 16.0
Te(OH).(CO:)." -1447.1 Te** + 20H + 2C0, = Tc(0H).(CO,s) 2" 28.9
Tc(IV)
Te0* -118.3 TcO+s + 3H*=Tc0* + 1,5H:0 + 0.750. -28.6
TcO(0H)"* -349,0 TcO0*+ H,0=TcO(OH)*+B* -1.13
TcO(0H), -569.2 TcO0* + 2H,0 = TcO(0H).® + 2H* -4,1
[TcO(OH).].,® ~-1175.5 2Tc0* + 4H,0 = [TcO(OH).].* + 4B* -1.7
TcO(OH)," -744,2 Tec0* + 3H,0 = TcO(OH), + 38" -15.0
Te (0H).CO, -970.4 TcO* + H,0 + CO,* = Tc(0H).CO,* 15.3
Tc(OH),COy -1144.7 TcO0* + 2H,0 + 2C0,> = Tc(0H),CO, + H* 3.0
TcOH(CO,)." -1319.1 TcO¥ + H*+ 2C0:* = TcOH(CO,) .~ 25.4
TeCls -540,7 TcO*+ 2H"+5C1 =TeCls + H,0 0.6
TeCle* -671.9 TcO* + 2H' +6C1l =TcCl¢ + H,0 0.6
TcONO,* -235.4 TecO0* + NO," = TcONOs* 1.1
TcO(NO,),* -347.3 TcO0* + 2NO; = TcO(NO;),* 1.3
TcO(NOs) s -455.8 TcO¥ + 3NO;," = TcO(NO,) s 0.9
TcO(NOs) -560.9 TcO* + 4NO0sy = TcO(NO,) -0.1
TcO(NOs) s -663.7 TcO* + 5N0;" = TcO(NO,) s> -1.5
TcONH,* -186.1 TcO* + NH, = TcONH,** 7.2
TeO(NH;),* -249.9 TcO0* + 2NH; = TcO(NH,),»* 13.7
TcO (NH;) -311.4 TcO* + 3NH; = TcO(NH,),* 19.8
TCO(NH;)‘” -370.1 TcO* + 4NH, = TCO(NH;)(.“ 25.4
TCO(NH;)s” ‘425'9 TcO* + SNH) = TCO(NHs)sz‘ 30-5
Tc0S0.° -882.8 TcO» + S0 = Tc0S0 3.6
Tc0(804),* -1638.3 TecO¥ + 2850 = Tc0(S04),> 5.6
Te0(S0.)," ~-2386.8 TcO* + 350 =Tc0(S0:):* 6.4
Te0(S0.) & ~3128.0 TcO0* + 4S50 = Tc0(S04)4 5.9
Tc0(S0.)s* -3862.3 TcO* + 550 = Tc0(S0.)s* 4,2
TeO:(cr) -404 TcO* + H,0 = TeO:(cr) + 2H* 8.5
Tc0.-2H,0(s) -853.7 TcO> + 3H,0 = Tc0,:2H,0(s) + 2H* 4,2
Te(V)
TcO -521.5 TcOo + H,0 = TeOs + 2H + 0.50.(g) -61.9
TcOCl+ -601.5 TcO3 + 6H* + 4C1 = TcOCLl: + 3H.0 46.7
TcOCls> =702.5 TecO + 6H' + 5C1 = TcOCLls> + 3H,0 41.4
Tec0.C1s ~791.8 TecOs + 48B* + 4C1-= Tc0,C1.* + 2H,0 38.5
Te(VI) .
TeO: =578.6 TcOs + 0.5H,0 =TcO2 +H*+ 0.250.(g) -31.1
HTcO04 -628.3 TcO& + H'=HTcO, 8.7
H:.TcO.* -630.0 TcO& + 2H*=H,Tc0.’ 9.0
Te(VII)
Tels -637.4 master species
HTc0.° ~638.0 TcO. + H* = HTcO.® -0.1
HTcO.(s) -589.8 TcO. + H*=HTcO0:(5) -8.3
Te.0:(cr) -935.6 2TcOs + 2H* = Te;05(cr) + H,0 -17.9
NaTcO.(s) -890.6 TcO:s + Na*=NaTc0«(s) -1.54
KTcO:(8) -933.0 TecO0:+ + K*=KTc0.(s8) 2.29






