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Recent results of thermodynamic studies on the complexation
of actinides (UO,*", NpO," and Pu*") with F, SO, and
H,PO,/HPO,* at elevated temperatures are reviewed. The
data indicate that, for all systems except the 1:1 complexation
of Np(V) with HPO,”, the complexation of actinides is
enhanced by the increase in temperature. The enhancement is
primarily due to the increase in the entropy term (7AS) that
exceeds the increase in the enthalpy (AH) as the temperature is
increased. These data bridge the gaps in the chemical
thermodynamic database for nuclear waste repository where
the temperature could remain significantly higher than 25°C
for a long time after the closure of the repository.
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INTRODUCTION

One of the strategies for the safe management of nuclear wastes is to store
the high-level nuclear wastes (HLW) in underground geological repositories
such as the proposed Yucca Mountain (YM) repository in U.S.A. According to
the estimated inventory of the YM repository, some radionuclides, including
238U’ 235U, 234U, 233U, 239Pu, 237Np, 241Am, 129L 99TC, Se and 36CL are
considered to be the most important contributors to dose at different times after
the closure of the repository (/). Among these, uranium is the most abundant
and neptunium is one of the few most soluble radionuclides that might be
mobilized from the degraded waste forms and carried out of the repository. This
could happen if the engineered barrier systems (waste packages and drip
shields) gradually deteriorate and eventually lose the integrity (2). A scenario
projected by both the TSPA-SR (Total System Performance Assessment for Site
Recommendation) and the TSPA-LR models (Total System Performance
Assessment for License Application) indicate that **’Np, I and *Tc are the
major contributors to the total annual dose beyond 10,000 years and the
fractional dose attributed to 2*’Np will reach 67% at 75,000 years (2, 3). As a
result, the migration of actinides, particularly neptunium (because of its mobility
and high dose in a long-term) as well as uranium (because of its abundance in
the source term) in the postclosure chemical environment of YM repository is of
great concern to long-term repository performance.

The postclosure chemical environment is expected to be at near neutral pH,
slightly oxidizing, and at elevated temperatures (2). Figure 1 shows that the
projected temperature in the vicinity of the waste form in the YM Repository is
around 80-100°C one thousand years after the closure of the repository (2). As a
result, predictions of the migration behavior of actinides in the repository cannot
be made without taking into consideration the effect of temperature on the
complexation of actinides with the ligands that may exist in the groundwater of
the repository (e.g., OH, F", SO4*, PO,* and CO5?).

Until recently, there had been very few thermodynamic data on the
complexation of actinides at temperatures above 20-25°C (4, 5, 6) so that gaps
exist in the thermodynamic database available for the performance assessment
of the YM repository. Consequently, the chemistry model currently used for the
YM repository relies on the reaction paths calculated at 25°C (2, 7, 8). In the
cases where the equilibrium constant and the enthalpy of complexation at 25°C
are available, the Van’t Hoff approach assuming a constant enthalpy could be
used to extrapolate the equilibrium constant to higher temperatures. However,
such extrapolation could introduce high uncertainties in the calculated
concentrations of actinides, or even result in erroneous data if the enthalpy of
complexation is significantly temperature-dependent and/or the temperature
range for extrapolation is wide. Therefore, the dissolved concentration limits
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calculated by the model used for the performance assessment of the repository
inherently have high uncertainties, which could lead to decisions that are too
conservative with unnecessarily large and costly safety margins. For example, a
recently revised estimation of the solubility limits of *’Np and other nuclides
could easily reduce the total annual dose by a factor of more than five (2, §).
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Figure 1 Temperature profile at 1,000 years along NS#2 cross section of
the Yucca Mountain Repository (with ventilation) from the Mountain-
Scale Thermal-Hydrologic Model (2).

To help achieve more accurate predictions of the transport behavior of
actinides in the HLW repository, bridge the gap in the thermodynamic data on
actinide complexation at elevated temperatures, and improve our fundamental
understanding of the thermodynamic principles governing the release of key
radionuclides from the waste packages, a number of recent studies have been
conducted on the complexation of actinides with a few ligands, including OH’,
F’, SO,* and PO, at elevated temperatures (9 - 27). This paper summarizes the
thermodynamic data for the systems of F, SO, and PO,”, and discusses the
effect of temperature on the speciation of actinides under conditions relevant to
the proposed YM repository.
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BASE CONCENTRATIONS OF THE LIGANDS
CONSIDERED FOR THE PROPOSED YM REPOSITORY

Based on the strength of complexation with actinides and the chemical
composition of the groundwater on the YM site, the model used for the YM
project defines three categories of ligands: primary (OH", CO,”), secondary (F,
SO,%, HPO42'), and tertiary (CI', NOj3"). The primary ligands, including OH™ and
HCO;/CO5>, form strong complexes with actinides and their concentrations are
dependent on the fugacity of carbon dioxide (fco,) and pH. The secondary
ligands, including F~, SO, and H,PO,/HPO,*/PO,>, form actinide complexes
with moderate strength and could affect actinide solubilities if they are present
in sufficiently high concentrations. The tertiary ligands, including C1" and NOs’,
are not considered in the modeling because they form very weak complexes
with actinides and do not occur in sufficiently high concentrations (8).

“Base” concentrations of the ligands were selected as the starting point to
develop the solubility models for the YM project. However, the concentrations
of ligands could vary significantly in different scenarios, including 1)
commercial spent nuclear fuel (CSNF) waste package breached under normal
conditions or by seismic activity, 2) codisposal waste package with alteration by
water from condensation only, and 3) codisposal waste package with alteration
by seepage water and CSNF waste package breached by igneous activity.
Therefore, concentrations of 1, 10, 100 and 1000 times of the base
concentrations were used to accommodate different scenarios and test the
sensitivity of the models (8). The base concentrations of a few ligands are
shown in Table 1.

Table I Base concentrations of the ligands (§8).

Component Concentration (mg/L)
F 2.18
S0, 18.4
H,PO, /HPO,*/PO,> 0.1
pH 7.41
Alkalinity (HCOy) 128.9

COMPLEXATION OF ACTINIDES WITH FLUORIDE AT
VARIABLE TEMPERATURES

The concentration of fluoride, a fairly strong complexant, in the
groundwater of the proposed YM repository is in the range of 0.1 mM, but

Rao-Bridging the gap Printed 12/21/2009 4



could be much higher than this in the presence of various breached waste
packages. Therefore, its complexation with actinides could play an important
role in the speciation and transport of actinides in the repository. However, few
studies on the complexation of actinides with fluoride had been conducted at
elevated temperatures and the data of enthalpy of complexation directly
determined by calorimetry were very scarce (4, 5, 6).

Recently, equilibrium constants and the enthalpy of complexation have
been determined for U(VI)/fluoride complexes by spectrophotometry (/7), for
Np(V)/fluoride complexes by spectrophotometry (/2) and solvent extraction
(13), and for Pu(IV)/fluoride complexes by solvent extraction (/J5), in the
temperature range from 25 to 70°C. The data are summarized in Table II.

U(VD)/fluoride

Four successive U(VI)/fluoride complexes (UO,F', UO,Fx(aq), UO,F5, and
UO,F/*) have been identified by absorption spectroscopy and the stability
constants of the four complexes at 25, 40, 55 and 70°C have been calculated
(Table II) (17). The data indicate that the complexation of U(VI) with fluoride is
fairly strong and becomes stronger at higher temperatures. When the
temperature is increased from 25°C to 70°C, the stability constants of UO,F",
UO,F,(aq), UO,F; and UO,F,* increase by about 2, 3, 8 and 11-fold,
respectively. The enthalpies of complexation for UO,F", UO,F,(aq), UO,F; and
UO,F4* at 25°C are directly measured by titration calorimetry and the entropies
of complexation are calculated from the stability constants and the enthalpy of
complexation.

The enthalpy and entropy data in Table II indicate that the complexation of
U(VD) with fluoride is slightly endothermic. The positive entropy of
complexation is the thermodynamic driving force for the formation of
U(VD)/fluoride complexes. Release of water molecules from the hydration
spheres of both UO,”" and F~ to the bulk water contributes to the overall entropy
of complexation.

Np(V)/fluoride

In a study by spectrophotometry (/2), the absorption spectra in the near IR
region were best-fitted with successive formation of 1:1 and 1:2 complexes
represented by eq.1 and eq.2. The stability constants of NpO,F(aq) and NpO,F,’
at 10, 25, 40, 55 and 70°C were listed in Table II.

NpO," + F = NpO,F(aq) (1)
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Table II Thermodynamic parameters for the complexation of actinides
with fluoride.

Actinide Reaction t°C log B log AH A8 Ref.
I=1.0M I1=0 kJmol’  JK'-mol’
U(VI) U0 +F S 25 460+0.02  5.20+0.07 28404 (11)
UO,F™ 40 4.62 +0.02 5.25+0.07
55 4.67+0.04  5.32+0.07
70 480+0.02  545+0.07
UO,> +2F 25 8.07+0.04  8.74+0.07 52+0.8
S UOFa(aq) 40 821+0.04  891+0.07
55 832+0.06  9.06+0.08
70 852+0.02  9.31+0.06
UO,* +3F 25 10.62+0.04 11.25+0.09 34=+1.1
S UO,Fy 40 10.78 +0.04  11.44 +0.09
55 1121+0.06 11.91+0.10
70 11.55+0.02  12.29 +0.09
UO,> +4F 25 11.92+0.14 12.01+0.18 0.2+3.3
S UOLF,” 40 1227+0.02 12.38+0.11
55 12.59+0.06 12.73+0.12
70 12.95+0.04 13.12+0.11
Np(V) NpO, +F S 10 1.19 £ 0.05 1.32+0.12 (12)
NpO,F(aq) 25 1.25+0.05 1.39+0.12 81+1.0 51+5
40 1.36 +0.05 1.51+0.12 8.8+0.6 5444
55 1.39 +0.05 1.55+0.12 102+05 58+4
70 1.44 +0.05 1.62+0.12 112426 60+11
25 142 +0.10 20.8 97 (13)
35 1.63 +£0.03
50 1.77 £ 0.04
60 1.80 + 0.03
NpO," +2F 10 137+£0.10  1.50+0.15 (12)
S NpO,F, 25 1.77+£0.09  1.92+0.14 142+31 82+12
40 1.99+0.10  2.15+0.15 186+1.6 98+7
55 2044008 221+0.13 36.0+1.4 149+7
70 211+0.09 230+0.14 40.8+88 159+32
PulV) P +F S 25 8.86+0.21 94+50 20117 (15
PuF’”* 40 8.95 +0.20
55 9.01 +0.20
P +2F S 25 1591+021 150+8.0 355+27
PuF,”" 40 16.02 +0.20
55 16.15+0.20
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NpO," + 2F = NpO,F,’ )

However, only the first complex, NpO,F(aq), was observed in the study by
solvent extraction (/3). Also, the stability constants of NpO,F(aq) obtained by
solvent extraction are somewhat larger than those obtained by
spectrophotometry (/2) at corresponding temperatures (Table II). The reason for
the difference probably lies in the neglect of the formation of NpO,F, in fitting
the data from solvent extraction. Nevertheless, both studies show that the
complexation of Np(V) with fluoride is enhanced by the increase in the
temperature: a 2-fold and 5-fold increase in the stability constants of NpO,F(aq)
and NpO,F,, respectively, as the temperature is increased from 10 to 70°C.

The enthalpy of complexation at different temperatures was determined by
variable-temperature calorimetry and found to become increasingly endothermic
at higher temperatures (/2). With these results, it was possible to calculate the
heat capacities of complexation for NpO,F(aq) (76 + 30 J-K'mol™) and
NpO,F,” (860 + 100 J-K'mol™). Including the values of heat capacity of
complexation in the thermodynamic data base for the nuclear waste repository
could lead to more accurate predictions of the temperature effect than assuming
that the heat capacity is zero and the enthalpy of complexation is constant.

Similar to the complexation of U(VI) with fluoride, the thermodynamic
parameters (AH and AS) indicate that the complexation of Np(V) with fluoride
is entropy driven. As the temperature is increased, both the enthalpy and entropy
of complexation increase. The favorable contribution from the entropy term
(TAS) exceeds the unfavorable contribution from the enthalpy (AH), resulting in
the enhancement of complexation at higher temperatures.

Pu(IV)/fluoride

Complexation of Pu(IV) with fluoride was studied by solvent extraction at
25, 40 and 55°C in 2.2 mol-kg™ HCIO, (15). Two complexes, PuF*" and PuF,*",
were identified under the conditions in this work and the stability constants at
25, 40 and 55°C were determined from the distribution data. The enthalpies of
complexation were calculated from the Van’t Hoff plot of the stability constants
at variable temperatures. Data from this work indicate that the complexation of
Pu(IV) with fluoride is also enhanced by the increase in the temperature (Table
I). Similar to the complexation of U(VI) and Np(V) with fluoride, the
complexation of Pu(IV) with fluoride is endothermic and entropy-driven. This is
typical of the formation of inner-sphere complexes and is not surprising because
both Pu*" and F ions are strongly hydrated and a significant amount of energy is
expected to spend on dehydrating the ions, resulting in unfavorable enthalpy.
Meanwhile, the dehydration of both the cation and anion and the re-arrangement
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of the water structure in the vicinity of the complex (PuF*" and PuF,*") as well
as in the bulk creates a high degree of disorder, resulting in large positive
entropy.
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Figure 2 Recent data on the complexation of U(VI) (11), Np(V) (12) and
Pu(1V) (15) with fluoride at variable temperatures (I = 0).

COMPLEXATION OF ACTINIDES WITH SULFATE AT
VARIABLE TEMPERATURES

Sulfate, one of the inorganic constituents in the groundwater of nuclear
waste repository, could affect the migration of radioactive materials by forming
complexes even under acidic conditions. In recent studies, equilibrium constants
and the enthalpy of complexation have been determined for U(VI)/sulfate
complexes by spectrophotometry (/6), for Np(V)/sulfate complexes by
spectrophotometry (/4, 18) and solvent extraction (/3), and for Pu(IV)/sulfate
complexes by solvent extraction (/9), in the temperature range from 25 to 70°C.
The data are summarized in Table III and discussed below.
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Table III Thermodynamic parameters for the complexation of actinides
with sulfate.

Actinide Reaction t°C log B log AH A48 Ref.
I=1.0M I=0 kJmol’  JK'-mol’
NaClO,
U(VI) UO,>" +S0.5 25 1.96+0.06  3.23+0.08 17.7+03  96+1 (16)
=U0,S04(aq) 40 204+0.06  3.35+0.08 21.0£04 106+ 1
55 220+0.06  3.56+0.08 228+0.6 11142
70 232+0.03  3.7440.08 259+0.7 120+2
Uo,> + 25 297+0.03  422+0.15 432409 201+3
280, = 40 334+0.03  4.63+0.15 37.8+04 184+1
UOx(SO.." 55 3714006 5.06+0.16  382+12 187+4
70 3.94+0.15 534+0.16 375+0.7 18442
Np(V) NpO," + S0, 10 043+0.11  0.92+0.22 (18)
=NpO,SOs 25 0.53+0.14  1.03+0.25 2117 81 +25
40 0.56+0.04  1.09+0.15 24+5 87 + 17
55 0.60+0.12  1.1540.20 34+2 11549
70 0.62+0.08 12140.18 53+5 166 + 18
25 0.49 +0.31 17.8 69 (13)
40 0.65+0.19
50 0.73+0.16
Pu(IlV)  Pu* +S0/ 25 378 £0.05  6.82+0.12"  23.0° 149 (19)
S PuSO,* 40 3.93+0.03  7.08+0.12°
55 4.15+0.03* 7.40+0.12°
Pu*" +2S0,5 25 6.73+0.04° 930+0.18"  25.6° 214
S 40 6.94+0.04° 9.58+0.18"
Pu(SOq4)a(aq) 55 7.14+0.04* 9.78+0.18"

I = 2.0 M HCIO,. *Calculated by using the ion interaction parameters for U(IV)/sulfate
complexation from ref (4, 5). “Calculated by using the Van’t Hoff equation.

U(VI)/sulfate

Results from spectrophotometric titrations show that U(VI) forms
moderately strong complexes with sulfate, UO,SO4(aq) and UO,(SO4),”, and
the complexes become stronger as the temperature is increased: 2-fold and 10-
fold increases in the stability constants of UO,SO4(aq) and UOz(SO4)22',
respectively, when the temperature is increased from 25°C to 70°C (Table III).

The results from calorimetric measurements at different temperatures
indicate that the complexation is endothermic. The enthalpy of complexation for
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U0,S04(aq) increases as the temperature is higher (17.7 kJ'mol'at 25°C, 25.9
kJ-mol™ at 70°C), while the enthalpy of complexation for UO,(SO,),” remains
nearly constant (Table III). From these data, the heat capacities (AC,) of the
complexation of UO,SO4(aq) and UOZ(SO4)22' are calculated to be 180 + 14 J-K~
mol™ and ~ 0 J-K™"mol ™, respectively.

Data in Table III show that, in the temperature range from 25°C to 70°C,
both the enthalpy and entropy of complexation of U(VI) with sulfate are
positive. Therefore, the complexation is entropy-driven, characteristic of "hard
acid” and “hard base” interactions and inner-sphere complexation (22).
Dehydration of both the cations (UO,*") and anions (SO4*) plays the most
significant roles in the complexation, the energy required for dehydration
contributing to the positive enthalpy and the number of water molecules
released from the hydration sphere contributing to the positive entropy. For the
formation of UO,SO4(aq), both the enthalpy and entropy of complexation
increases as the temperature is increased, making opposite contributions to the
temperature effect on the Gibbs free energy (and thus on the stability of the
complex). The complexation is enhanced at higher temperatures because the
increase in the entropy term (7TAS) exceeds the increase in the enthalpy. The
increase of entropy with the temperature in interpreted as the consequence of a
more disordered bulk water structure at higher temperatures due to the
perturbation by thermal movements. In the process of complexation, the
solvating water molecules are released to an already expanded and more
disordered bulk solvent (23). As a result, the net gain in the complexation
entropy is larger at higher temperatures.

Np(V)/sulfate

Results from spectrophotometric titrations show that the complexation of
Np(V) with sulfate is weak but slightly enhanced by the increase in temperature
(18). The stability constants of NpO,SO, at 10, 25, 40, 55 and 70°C are listed in
Table III. Data from calorimetric titrations show that the complexation of Np(V)
with sulfate is endothermic and becomes increasingly endothermic at higher
temperatures (/8). From the temperature dependency of the enthalpy, the heat
capacity of complexation is calculated to be (720 % 170) J-K™mol™".

The AH and AS values for the complexation of Np(V) with sulfate (NpO,"
+ S04* = Np0,S0y) are both significantly larger (more positive) than those for
the complexation of Np(V) with fluoride (NpO," + F~ = NpO,F(aq)) (see Table
IT). This could be rationalized by assuming that the desolvation of SO, (-2
charge) requires more energy than the desolvation of F* (-1 charge). In addition,
SO,* could complex metal ions in mono- and bi-dentate modes while F  is a
monodentate ligand. More water molecules would be released from the
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solvation spheres of bidentate SO,* ligand and the metal ions, creating larger
entropy changes upon complexation with SO,

Pu(IV)/sulfate

The complexation of plutonium(IV) with sulfate at variable temperatures
from 25° C to 55° C has been investigated by the solvent extraction method (79).
The decrease of the distribution ratio of Pu(IV) between the organic and
aqueous phases was interpreted as being due to the formation of 1:1 and 1:2
Pu(IV)-SO,* complexes in the aqueous phase and the stability constants of
Pu(SO4)*" and Pu(SO,)(aq) at different temperatures were accordingly
calculated.

The stability constants of Pu(SO,)*" and Pu(SO,),(aq) increase with
increasing temperature, consistent with positive enthalpies of complexation.
Again, the complexation of Pu(IV) with sulfate is entropy driven, similar to the
complexation of Pu(IV) with fluoride, as well as the complexation of U(VI) and
Np(V) with sulfate and fluoride. The dehydration of both the cations and anions
plays important roles in the energetics of complexation.

6 2.0
U0,(S0,),> I ok |
gt
| = I T il
15F
5+ i ‘ Pu(S0O,),(aq)
SIE
" B i
3 10
ar NpO,(SO,) 8r
! RO, (R84} PU(SO,),2
.// 05F AL /
U0,50,(aq)
3+ I
1 1 I 1 L 1 1 0 0 I 1 L 1 1 1 1 6 1 1 1 1 1 1 £
0O 20 40 60 8 0 20 40 60 80 0 20 40 60 80
t/°C

Figure 3 Recent data on the complexation of U(VI) (16), Np(V) (18) and
Pu(1V) (19) with sulfate at variable temperatures (I = 0).
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COMPLEXATION OF ACTINIDES WITH PHOSPHATE AT
VARIABLE TEMPERATURES

In slightly acidic and near neutral solutions, H,PO4 and HPO.> are the
major species of phosphate. Data on the complexation of actinides with
phosphate at elevated temperatures are extremely scarce. In the recent studies,
complexation of Np(V) with H,PO, and HPO4 in the temperature range of 25
— 55°C were studied by solvent extraction. The stability constants and enthalpy
of complexation are shown in Table I'V.

Table IV Thermodynamic parameters for the complexation of actinides

with phosphate.
Actinide Reaction t°C log B AH AS Ref.
I=10M kJmol' JK"'mol'
Np(V)  NpO, +HPO,/ = 25 232+0.04 -20.7 25 (20)
NpO,(HPO,) 40 2.08 +0.06
55 1.99 +0.13
NpO," + 2HPO,> 25 3784035 27.7 165 (20)
=NpO,(HPO,),” 40  4.14+025
55 4224024
Np(V)  NpO, +H,PO/ = 25  1.18+0.10 28.1 117 @2
NpO,(H.PO4)(aq) 40 1.39 £ 0.06
55 1.63 +0.03
Np(V)/HPO*

Stability constants of two complexes, NpO,(HPO,)” and NpO,(HPO,),*", at
25, 40 and 55°C were calculated from the solvent extraction data. The stability
constants of NpO,(HPO,),” from this work (20) are the first such data at
temperatures above 25°C. The results show that the stability constant of
NpO,(HPO,) decreases at higher temperatures while the stability constant of
NpO,(HPO,),* increases at higher temperatures (Table IV). The enthalpies of
complexation were calculated to be -20.7 kJ'mol” for NpO,(HPO,) and 27.7
kJ'mol" for NpO,(HPO4),”. The negative enthalpy of complexation for
NpO,(HPO,), opposite to the positive enthalpies for all other complexation
systems discussed in this paper, could be explained by the hypothesis that this
complex is of the “outer-sphere” type where minimum dehydration of the cation
and anion is required. However, future studies of the complexation of Np(V)
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with phosphate in a wider temperature range and/or using different techniques
are necessary to test the hypothesis.

Np(V)/H2P04-

H,PO, is the dominant species of phosphate in slightly acidic aqueous
solutions. Data from solvent extraction indicate that one Np(V) complex,
NpO,(H,PO,)(aq), forms in aqueous solutions of pH ~ 5. The stability constant
increases by about 3 times as the temperature is increased from 25°C to 55°C.
The enthalpy of complexation was calculated by the Van’t Hoff approach to be
28.1 kI'mol™. As the data in Table 4 show, the complexation of Np(V) with
H,PO, is entropy-driven, suggesting that the energy for the dehydration of the
cation and anion is the dominant component in the energetics of the
complexation (27).

5

4 F
/TQ(HP‘ 04)23-

log g

Al

"NpO,(H,PO,)(aq)

20 30 40 50 60
t/°C

Figure 4 Recent data on the complexation of Np(V) with HPO,* (20)
and H-POy (21) at variable temperatures (1 = 1.05 molkg™).
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EFFECT OF TEMPERATURE ON THE SPECIATION OF
ACTINIDES

The recent data of the stability constants of actinide complexes at different
temperatures allow us to calculate the speciation of actinides at variable
temperatures in solutions containing the major inorganic ligands. Figures 5 and
6 show the speciation of U(VI) and Np(V) at 25°C and 70°C in the presence of
fluoride and sulfate (/ = 0).

Speciation of U(VI)

The species that were considered in the calculations include UO,*", UO,F",
UOsFs(aq), UO.Fy, UOF>, UOy(SOs)(aq), UO,SO04),”", UO,(OH)',
(UO,),(OH),*" and (UO,);(OH)s". The equilibrium constants for the hydrolysis
of U(VI) at 25°C and 70°C are taken from the literature (9).

At 25°C and in the presence of 1 mM fluoride and sulfate (Figure 5A), the
fluoride complexes (UO,F" and UO,F,(aq)) are the dominant U(VI) species and
UO,(S04)(aq) amounts to about 10% when pH is below 5. When pH is above
5.5, the complexation of U(VI) with fluoride and sulfate at 1 mM cannot
compete with the hydrolysis of U(VI) and the (UO,);(OH)s" species becomes
dominant (Figure 5A). In contrast, at 25°C and in the presence of 10 mM
fluoride and sulfate, all U(VI) is in fluoride complexes and the hydrolysis of
U(V]) is effectively suppressed in the pH region up to 6 (Figure 5B).

At 70°C, the trends in speciation as the concentrations of fluoride and
sulfate are increased from 1 mM (Figure 5C) to 10 mM (Figure 5D) are similar
to those observed at 25°C. However, because both the hydrolysis of U(VI) and
the complexation of U(VI) with fluoride and sulfate are enhanced at higher
temperatures, the speciation at 70°C differs from that at 25°C. In particular, the
higher hydrolyzed species ((UO,);(OH)s") becomes dominant at a lower pH (~
5) in the presence of 1 mM fluoride (Figure 5C), while the higher fluoride
complexes (especially UO,F3") becomes more important in the presence of 10
mM fluoride (Figure 5D). Again, the presence of 10 mM fluoride completely
suppresses the hydrolysis of U(VI) at 70°C in the pH region up to 6.
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% U(VI)

Figure 5 Speciation of U(VI) in aqueous solutions containing fluoride
and sulfate at different temperatures (Cy = 1 mM). (4) — 25°C, Chuoriae =
Csulﬁzte = 1 mM (B) - 250C, Cﬂuoride = Csulfate = ]0 mM (C) - 700C,
Cﬂuoride = Csulﬁzte =1 WlM (D) - 700C, Cﬂuaride = Csulfate =10 mM.

Speciation of Np(V)

The species that were considered in the calculations include NpO,',
NpOsF(aq), NpO.Fy, NpOx(SOs), NpO»(OH)(aq) and NpO,(OH),. The
equilibrium constants for the hydrolysis of Np(V) at 25°C and 70°C are taken

from the literature (10).
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Figure 6 Speciation of Np(V) in aqueous solutions containing fluoride
and sulfate at different temperatures (Cy, = 1 mM). (4) — 25°C, Chuorize =

Csulﬁzte = 1 mM (B) - 250C) Cﬂuoride
Csulﬁzte = 1 mM (D) - 700C) Cﬂuoride

Cﬂuoride =

= Csulfate =10 mM (C) - 700C,
= Cyuifare = 10 mM.

The tendency of Np(V) toward hydrolysis and the complexation of Np(V)
with fluoride and sulfate are much weaker than that of U(VI). Therefore, when
the concentrations of fluoride and sulfate are low (1 mM), free NpO," remains
to be the dominant species in the pH region up to 8, where the first hydrolyzed
species (NpO,(OH)(aq)) starts to form. The percentages of NpO,F(aq) and
NpO,(SO,) are slightly higher at 70°C (Figure 6C) than those at 25°C (Figure
6A), but are less than 5% at both temperatures.

In the presence of higher concentrations of fluoride and sulfate (10 mM),
the percentage of NpO,F(aq) increases to 16% (25°C) and 25% (70°C), while
that of NpO,(SO,) increases to 8% (25°C) and 11% (70°C). For both fluoride
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and sulfate, the importance of ligand complexation increases as the temperature
is increased (Figure 6B and 6D).

SUMMARY

Recent studies have generated thermodynamic data on the complexation of
actinides with inorganic ligands at elevated temperatures. These data, while
bridging the gaps in the thermodynamic database for the proposed nuclear waste
repository, help to evaluate the effect of temperature on the speciation of
actinides and achieve more accurate prediction of actinide speciation at elevated
temperatures that are likely to be encountered in the proposed repository.
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