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a b s t r a c t

Recent experimental data on the hydrolysis of U(VI), Pu(VI), Np(V), and Th(IV) at variable temperatures
are summarized in this review. Data indicate that the hydrolysis reactions of U(VI), Pu(VI), Np(V), and Th
(IV) are all enhanced when temperature is increased from 283 to 358 K. In general, the tendency of acti-
nide elements in different oxidation states toward hydrolysis follows the order: An(IV) > An(VI) > An(V),
which can be well described by the electrostatic model. The enhancement of hydrolysis at higher temper-
atures can be attributed to the increase of ionization of water with the increase of temperature. A few
theoretical thermodynamic approaches for predicting the effect of temperature, including the constant
enthalpy approach, the constant heat capacity approach, the DQUANT equation, and the Ryzhenko-
Bryzgalin model, are tested with the experimental data.

� 2017 Elsevier Ltd.

1. Introduction

The studies of the effect of temperature on the hydrolysis of
actinide elements are of significant importance at both the funda-
mental and applied levels. At the fundamental level, the properties
of water, including the ionization product (Kw = [H+][OH�]) and the
dielectric constant, vary significantly as the temperature is chan-
ged. When the temperature is raised from 273 to 373 K, the ionic
product increases by almost three orders of magnitude [1] and
the dielectric constant decreases by about 35% [2]. Such changes
are expected to have great impact on the energetics of the hydrol-
ysis reactions involving the interactions between the actinide
cations and the water molecules in the hydration sphere of the
cations as well as in the bulk solvent. Therefore, the studies of
the hydrolysis of actinide elements at elevated temperatures could
provide insight into the fundamental mechanism of the hydrolysis.
At the applied level, since the high level nuclear wastes (HLW) con-
taining large quantities of actinide elements are eventually to be
disposed of in an underground geological repository, it is of great
concern how the actinide elements would migrate in the reposi-
tory where the temperature could be significantly higher than
the ambient due to the heat release of the HLW. Among many reac-
tions, hydrolysis reactions could dominate the transport behavior
of actinide elements in the repository because most actinides have
strong tendency toward hydrolysis and the surroundings of the

repository could be nearly neutral in acidity/basicity. Studies of
the hydrolysis of actinide elements at elevated temperatures pro-
vide data to understand or predict the transport behavior of acti-
nide elements.

Uranium, thorium, neptunium, and plutonium are the most
abundant actinide elements in nuclear wastes. They exist in vari-
ous oxidation states in solution and exhibit different hydrolysis
behavior. For example, thorium, one of the most abundant radioac-
tive elements on earth and the nuclear fuel used in the thorium
fuel cycles of the advanced nuclear energy systems, exists in the
tetravalent state that has the strongest tendency toward hydroly-
sis. In contrast, neptunium, the most problematic actinide element
in terms of environmental transport, probably exists in its most
stable oxidation state, Np(V) or NpO2

+, in the chemical environment
around the waste repository. It has much weaker tendency toward
hydrolysis than the tetravalent actinides and could become highly
‘‘mobile” in the repository. The tendency toward hydrolysis of the
hexavalent or trivalent actinides (AnO2

2+ or An3+) is between the
tetravalent and pentavalent actinides (An4+ and AnO2

+). Whether
the tendencies are strong or weak, the hydrolysis of actinides in
different oxidation states is expected to be affected by the change
in temperature. Experimental studies of the hydrolysis of actinides
at different temperatures help to evaluate the magnitude of the
temperature effect on actinides in different oxidation states and
provide data to aid the performance assessment of the nuclear
waste repository.

There are a few theoretical thermodynamic approaches that
could be used to estimate the equilibrium constants of the
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hydrolysis reactions at any desired temperature, provided that the
values of the enthalpy and entropy of hydrolysis at the reference
temperature (e.g., 298.15 K) and their temperature dependencies
are known. The theoretical approaches most extensively discussed
in the literature include the constant enthalpy approach [3], the
constant heat capacity approach [3], the DQUANT equation [4],
the Ryzhenko-Bryzgalin model [5], and the revised Helgeson-
Kirkham-Flowers (HFK) equation [6–9]. The applicability of these
approaches was previously discussed in many systems, but has
not been extensively tested for actinide hydrolysis systems mainly
because experimental data on the hydrolysis of actinides at tem-
peratures above 298 K were rarely available in the literature.

In recent years, systematic studies have been conducted to
investigate the hydrolysis of actinides in tetra-, penta-, and hexa-
valent oxidation states at variable temperatures [10–13]. Equilib-
rium constants of hydrolysis, and enthalpy and entropy of hydrol-
ysis of U(VI), Pu(VI), Np(V), and Th(IV), in a temperature range of
283 K to 358 K were determined experimentally. From these data,
the heat capacities of hydrolysis were also obtained. The availabil-
ity of these thermodynamic parameters allows the evaluation of
several above-mentioned theoretical approaches.

In this paper, the experimental data of the hydrolysis of U(VI),
Pu(VI), Np(V), and Th(IV) in a temperature range of 283 K to
358 K are summarized and the evaluation of the theoretical
approaches using these data is presented. To help readers to get
familiar with the thermodynamic techniques used in the studies
of actinide hydrolysis, brief descriptions of the twomost frequently
used techniques, potentiometry and microcalorimetry, are also
provided.

2. Brief descriptions of potentiometry and microcalorimetry

2.1. Potentiometry

In an H+-potentiometric titration, the electromotive force (EMF,
in millivolts) of the titration cell is measured by using a pH meter
equipped with an H+-electrode and a reference electrode. The EMF
in acidic and basic regions can be expressed by Eqs. (1) and (2),
respectively.

E ¼ Eo þ RT � ln½Hþ�
F

þ cH½Hþ� ð1Þ

E ¼ Eo þ
RT � ln Kw

½Hþ�

� �
F

þ cOH½OH�� ð2Þ

where R is the gas constant, F is the Faraday constant and T is the
temperature in K. Kw = [H+][OH�]. The last term is the electrode
junction potential for the hydrogen ion or the hydroxide ion (DEj,
H+ or DEj,OH�), assumed to be proportional to the concentration of
the hydrogen or hydroxide ions. Prior to each titration, an acid/base
titration with standard acid and base is performed to obtain the
electrode parameters of E0, cH and cOH. These parameters allow
the calculation of hydrogen ion concentrations from the EMF in
the subsequent titration.

For the systems of metal ion hydrolysis, the hydrogen ion con-
centration is a function of the equilibrium constants of the hydrol-
ysis reactions and the concentrations of reactants participating in
the hydrolysis reactions. Therefore, by fitting the titration curve
([H+] vs. volume of titrant), the hydrolysis constants are deter-
mined. To ensure that the potentiometric titrations are conducted
in homogeneous aqueous solutions and equilibrium data are
obtained, it is essential to select the appropriate region of acidity
for the titration so that precipitation of metal hydroxides is
prevented.

2.2. Microcaloimetry

Though the enthalpy of complexation can be calculated from
the temperature dependency of stability constants: d(lnK)/d(1/T)
= �(DH)/R, titration calorimetry is the technique that can be used
to directly measure the enthalpy of complexation at desired tem-
peratures. Moreover, both the enthalpy and stability constants
can be determined by titration calorimetry, provided that the con-
centrations of the reactants and the magnitude of stability con-
stants are in appropriate ranges.

The principles of measuring the reaction heat by a calorimeter
vary according to the types of calorimeters (e.g., the isothermal,
isoperibol, or adiabatic calorimeters). For an isothermal calorimet-
ric titration, the observed reaction heat is a function of the specia-
tion and the enthalpies of reactions involved in the titration
system. Again, the enthalpy of reaction is determined by fitting
the data of reaction heat. In special cases where the magnitudes
of equilibrium constant (K) and enthalpy (DH) of a reaction are
within certain ranges, calorimetric titrations can be applied to
simultaneous determination of the equilibrium constant and
enthalpy. Detailed information on the application of
microcalorimetry to the studies of actinide hydrolysis and com-
plexation is provided in the literature [14].

3. Hydrolysis of U(VI) and Pu(VI) at 283–358 K

The hydrolysis of U(VI) or Pu(VI) is expressed by reaction (3),
where An denotes U or Pu.

mAnO2þ
2 þ nH2O ¼ ðAnO2ÞmðOHÞð2m�nÞþ

n þ nHþ ð3Þ
For U(VI), numerous hydrolyzed species have been reported and

the values of n and m range from 1 to 5 and 1 to 9, respectively
[15]. For Pu(VI), much fewer studies have been conducted, proba-
bly due to the difficulty in handling the highly radioactive pluto-
nium and the possibility of the reduction of Pu(VI) to lower
oxidation states such as Pu(V) and Pu(IV). In most studies of U
(VI) or Pu(VI), the experiments were conducted at or near 298 K
and only the equilibrium constants (⁄bn,m = ([(AnO2)m(OH)n(2m�n)+]
[H+]n)/[AnO2

2+]m) were determined.
In the study of U(VI) hydrolysis by Zanonato et al. [10] and the

study of Pu(VI) hydrolysis by Rao et al. [12], the equilibrium con-
stants and enthalpy of hydrolysis of U(VI) and Pu(VI) were deter-
mined by potentiometry and microcalorimetry, respectively, in a
wide temperature range from 283 to 358 K. From the enthalpies
of hydrolysis at different temperatures, the heat capacity of hydrol-
ysis was calculated from the experimental data for the first time.
Optical absorption of U(VI) and Pu(VI) and time-resolved laser-
induced fluorescence of U(VI) were used to provide additional
information on the hydrolysis and the speciation of U(VI) and Pu
(VI) in solution at variable temperatures.

3.1. Equilibrium constants at different temperatures

The hydrolysis of U(VI) was studied by potentiometry at 283–
358 K in 0.10 mol dm�3 (C2H5)4NClO4, instead of NaClO4, to avoid
the formation of sodium uranate salts that could start to precipi-
tate even at low pH [10]. The hydrolysis of Pu(VI) was studied at
283–343 K in I = 1.0 mol�dm�3 NaClO4 [12]. Representative poten-
tiometric titrations of the hydrolysis of U(VI) and Pu(VI) are shown
in Fig. 1.

The best model that fits the titration data in the region of pCH
from 2.5 to 5.5 shown in Fig. 1 includes three hydrolysis species,
i.e., the (1,1), (2,2) and (5,3) species defined by the following
reactions:
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