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Temperature-Dependent Hydrolysis Reactions of U(VI)
Studied by TRLFS
J.-Y. Lee and J.-I. Yun*

Korea Advanced Institute of Science and Technology

Abstract : Temperature-dependent hydrolysis behaviors of aqueous U(VI) species were investigated with time-resolved laser
fluorescence spectroscopy (TRLFS) in the temperature range from 15 to 75°C. The formation of four different
U(VI) hydrolysis species was measured at pHs from 1 to 7. The predominant presence of UO2

2+, (UO2)2(OH)2
2+,

(UO2)3(OH)5 
+, and (UO2)3(OH)7

- species were identified based on the spectroscopic properties such as fluores-
cence wavelengths and fluorescence lifetimes. With an increasing temperature, a remarkable decrement in the flu-
orescence lifetime for all U(VI) hydrolysis species was observed, representing the dynamic quenching behavior.
Furthermore, the increase in the fluorescence intensity of the further hydrolyzed U(VI) species was clearly
observed at an elevated temperature, showing stronger hydrolysis reactions with increasing temperatures. The
formation constants of the U(VI) hydrolysis species were calculated to be log K0

2,2 = -4.0 ± 0.6 for (UO2)2(OH)2
2+,

log K0
3,5 = -15.0 ± 0.3 for (UO2)3(OH)5 

+, and log K0
3,7 = -27.7 ± 0.7 for (UO2)3(OH)7

- at 25°C and I = 0 M. The
specific ion interaction theory (SIT) was applied for the extrapolation of the formation constants to infinitely dilut-
ed solution. The results of temperature-dependent hydrolysis behavior in terms of the U(VI) fluorescence were
compared and validated with those obtained using computational methods (DQUANT and constant enthalpy equa-
tion). Both results matched well with each other. The reaction enthalpies and entropies that are vital for the com-
putational methods were determined by a combination of the van’t Hoff equation and the Gibbs free energy equa-
tion. The temperature-dependent hydrolysis reaction of the U(VI) species indicates the transition of a major U(VI)
species by means of geothermal gradient and decay heat from the radioactive isotopes, representing the necessity
of deeper consideration in the safety assessment of geologic repository.
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1. INTRODUCTION

Understanding of the chemical behaviors of radionuclides
in deep geological system is a matter of importance for
the safety assessment of high level waste repository due
to the mobility of radionuclides which is highly affected
by various geochemical reactions in aquifer system [1].
Therefore, comprehensive knowledge of the chemical
thermodynamic properties such as hydrolysis, sorption,
complexation, precipitation, and colloid formation is
indispensable for reliable prediction of radionuclide
migration behavior in natural groundwater system.

Since the 1940s, a number of studies on the complicat-

ed chemical reactions of U(VI) have been performed
using various analytical methods such as spectrophotom-
etry [2, 3], ion exchange [4], colorimetry [5], potentiom-
etry [6], and so on. However, there have been large dis-
crepancies between literature data by some orders of
magnitude due to the complexity and difficulty in mak-
ing exact chemical speciation of U(VI). Temperature,
one of the major thermodynamic parameters, may affect
various chemical reactions such as pH, hydrolysis con-
stant, solubility, and sorption reaction, etc. However,
most chemical thermodynamic data have been achieved
at room temperature, without considering the decay heat
from high-level waste including used nuclear fuel and
the geothermal gradient in deep geologic repository as
well. The geothermal gradient in Korea is estimated to
be approximately 2 - 3°C/100 m [7], which causes the
repository temperature to be higher than the room tem-
perature as reference temperature for thermodynamic
database. In addition, there has been a large deviation
among the thermodynamic data reported in various liter-
atures. Therefore, more detailed investigation regarding
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chemical behavior of aqueous U(VI) species is needed
for reliable safety assessment of deep geologic disposal
affected by significant temperature effects [8]. The
objective of this study is to investigate the temperature-
dependent hydrolysis reactions of aqueous U(VI) species
using time-resolved laser fluorescence spectroscopy
(TRLFS). The fluorescence spectra of the U(VI) species
were measured in the temperature range from 15 to 75°C
under acidic to neutral pH conditions. The formation
constants of the U(VI) hydroxide species were deter-
mined from the fluorescence intensity factor as a conver-
sion parameter with respect to the aqueous U(VI) con-
centration. In addition, the activation energies were eval-
uated by the inverse of the temperature-dependent fluo-
rescence lifetimes according to the Arrhenius equation.
The reaction enthalpies and entropies of the U(VI)
hydroxide species were calculated using the van’t Hoff
equation coupled with the Gibbs free energy equation.
The temperature-dependent formation constants obtained
from the present work were compared with those calcu-
lated by computational methods such as DQUANT
model [9] and the constant enthalpy equation [10]. 

2. EXPERIMENTAL

2.1 Instruments

The aqueous U(VI) samples were excited using the
pulsed laser beam of a Nd:YAG laser (Continuum,
Surelite II-20). The forth-harmonic laser beam with a
wavelength of 266 nm was employed for the TRLFS
measurements. The laser pulse energy was maintained at
3.0 mJ with a pulse duration of 6 ns. The laser energy
was measured by a laser energy meter (Gentec·eo, XLD
12-1S-H2-DO). The incident laser pulse energy was
monitored continuously by measuring a fraction of ca.
5% laser beam reflected to fast photodiode detector
(Gentec·eo, XLE4) during the fluorescence measure-
ments. The fluorescence emission was collected by a cus-
tomized bundle-type optic fiber and then delivered into
the Czerny-Turner type spectrometer (Andor, SR-303i-A)
coupled with ICCD camera (Andor, DH734-18F-C3) sys-
tem. The gate delay and gate width of the ICCD camera
was controlled with a software program (Andor, SOLIS)
and was continuously monitored with an oscilloscope
(Tektronix, TDS380P) system. The optical window to
investigate the U(VI) hydrolysis reaction was set to the
wavelength range of 460 - 600 nm. The spectral respon-
sivity of the whole measurement system was corrected
with a fluorescence standard reference material (NIST,

SRM 936a). The data evaluation of the fluorescence sig-
nal was conducted with commercial software programs:
GRAMS/AI (Thermo Scientific) and MATLAB
(Mathworks).

2.2 Sample Preparation

All chemicals used in the present work were analytical
grade and the preparation and measurement of all sam-
ples were performed under aerobic condition. The stock
solutions of U(VI) were prepared by dissolution of uranyl
nitrate hexahydrate (UO2(NO3)2·6H2O, Merck, ACS
reagent 98% ~ 102%) in 10-2 M nitric acid (HNO3,
Merck). The U(VI) concentration was maintained at 10-4 M
and 4×10-6 M by addition of deionized water obtained
from the water purification system (Millipore, Milli-
Q/RiOs). The acidity of the U(VI) solutions was con-
trolled by using a perchloric acid (HClO4, Sigma-A
ldrich, ACS reagent) and sodium hydroxide (NaOH,
Merck) solution. The ionic strength of the aqueous sam-
ples was maintained at 0.5 M with sodium perchlorate
(NaClO4, Sigma-Aldrich, ACS reagent ≥ 98%). The pH
of the U(VI) solutions was measured by using a glass-
type combination electrode (Thermo Scientific, 8203BN)
filled with 3 M potassium chloride (KCl, ThermoScientific,
810007 ROSS filling solution) and a pH meter (Thermo
Scientific, 3-Star plus pH portable meter). The calibration
of the pH electrode was achieved with pH buffers
(Thermo Scientific, 916099 pH buffer bottles) of the known
hydrogen ion concentrations. For the equilibration of the
U(VI) aqueous samples, the pH was monitored for sever-
al months.The potential formation of U(VI) carbonate
species was excluded in the present work due to the rela-
tively low solubility of aqueous carbonate and bicarbon-
ate ions ([CO3

2-]tot 1.4×10-4 M at pH 7.0 at I = 0.5 M) [11].
The supernatant of the aqueous U(VI) sample was
employed for further analysis. During the fluorescence
measurement, the U(VI) samples were maintained in a
quartz cuvette (Hellma GmbH & Co KG, 117.100F-QS)
with a sealable cap preventing evaporation of the aqueous
sample. The solution temperature was adjusted from 15 to
75°C by using a hollowed copper block with a sample
cuvette and maintained the temperature by circulation of
tempered water.

3. RESULTS AND DISCUSSIONS



3.1 Spectroscopic Properties

Fig. 1 represents TRLFS results performed at two dif-
ferent U(VI) concentrations in the pH range of 1 ~ 7. The
fluorescence spectra at pH 1.2 and 2.0 were not changed
with respect to the spectroscopic properties, e.g. fluores-
cence wavelength and shape of the UO2

2+ free ions.
However, the hydrolysis reactions for both U(VI) samples
at 10-4 M and 4×10-6 M were observed as the pH was
increased. The decrease in the fluorescence intensity of
the UO2

2+ free ions was measured at pH 4.0, and the
fluorescence peak positions were gradually shifted to
longer wavelengths (so-called red shift) by further
hydrolysis reactions. Both fluorescence spectra at pH 4.4
in Fig. 1(a) and at pH 4.6 in Fig. 1(b) represent strong
hydrolytic reactions at higher U(VI) concentration, which
were strongly related with the formation of the oligomeric
U(VI) hydroxide species.

Fig. 2(a) shows the temperature-dependent hydrolysis
reactions at pH 4.0. Two distinctive fluorescence spectra

were identified at 15°C at pH 4.0, revealing the presence of
two competitive U(VI) hydrolysis species. The fluorescence
intensity ratio between two different U(VI) species
remarkably changes as the solution’s temperature increases.
The fluorescence intensity of the UO2

2+ free ions
decreased with an increasing temperature, while the further
hydrolyzed U(VI) species appeared predominantly and
remained unchanged up to 75°C As shown in Fig. 2(b),
the fluorescence peak shape at pH 4.8 at 15°C was com-
parable with that for the (UO2)2(OH)2

2+ species, which
was also measured at the lower pH of 4.0 but at an elevated
temperature of 75°C. In contrast, at strongly acidic condi-
tions of pH 1.2, the unchanged fluorescence spectrum of
the UO2

2+ free ions was observed regardless of the ambi-
ent temperature (data not shown).

The temperature-dependent hydrolysis reactions were
spectroscopically identified by TRLFS measurements at
various pHs and temperatures. The effect of the ambient
temperature on the hydrolytic reactions of U(VI) changed
with the pH of the solution, except for strongly acidic
conditions, where the hydrolysis reaction of U(VI) was
not yet initiated.

In order to identify the pure U(VI) hydrolysis species,
the peak deconvolution has been applied based on the
measured fluorescence spectroscopic data. As represented
in Fig. 3, the result reveals four individual U(VI) species
including UO2

2+, (UO2)2(OH)2
2+, (UO2)3(OH)5

+, and
(UO2)3(OH)7

- at both U(VI) concentrations of 10-4 M and
4×10-6 M. Relatively low fluorescence intensity for
(UO2)3(OH)7

- was observed due to the relatively low
fluorescence yield and low solubility of the U(VI) in the
neutral pH range. Nevertheless, the fluorescence peak
positions and shapes matched well with literature data [2, 3,
12-15] regardless of the total U(VI) concentration. The UO2

2+
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Fig. 1. Fluorescence spectra of the U(VI) hydrolysis species as a function of
pH at different U(VI) concentrations of (a) 10-4 M and (b) 4×10-6 M
at 25°C, I = 0.5 M H/NaClO4 (gate delay = 1 µs, gate width = 5 µs).

Fig. 3. Fluorescence spectra of the U(VI) species at different U(VI) concen-
trations of [U(VI)] = 10-4 M (---) and 4×10-6 M ( ) at 25°C and I =
0.5 M H/NaClO4 (gate width = 5 µs).

Fig. 2. Temperature-dependent hydrolysis reactions of the aqueous U(VI)
species at (a) pH = 4.0 and (b) pH = 4.8 with [U(VI)] = 10-4 M and I =
0.5 M H/NaClO4 (gate delay = 1 µs, gate width = 5 µs).



free ions show six individually well-resolved fluores-
cence peaks at 471, 489, 511, 535, 561, and 589 nm,
which agree well with literature data obtained by Moulin
et al. [3] and Meinrath et al. [2]. The fluorescence lifetime
of the UO2

2+ free ions was calculated by means of time-
resolved fluorescence intensity measurement. The tem-
poral fluorescence intensity as a function of the delay
time followed a mono-exponential decay curve, showing
the fluorescence lifetime range from 1.16±0.26 µs at
15°C to 0.11±0.03 µs, at 75°C. A considerable decline in
the fluorescence lifetime with an increasing temperature
evidently represents dynamic quenching behavior [16].

The fluorescence spectrum of (UO2)2(OH)2
2+ was measured

in the pH range from 3 to 5. The red-shifted fluorescence
peak positions at 481, 499, 520, 542, and 565 nm were
identified compared with those of the UO2

2+ free ions.
The marginally broadened and red-shifted fluorescence
peaks of  (UO2)2(OH)2

2+ indicate the additional vibration
modes originated by the OH-  complexation [3]. The
fluorescence lifetime was determined to be 8.8±4.2 µs at
15°C and 1.4±0.5 µs at 75°C. The spectroscopic proper-
ties of (UO2)2(OH)2

2+ obtained in the present work are in
good agreement with literature data [3, 13]. The forma-
tion of the further hydrolyzed U(VI) species, i.e.
(UO2)3(OH)5

+, was identified under weakly acidic to
neutral conditions at pH 5~7 at fluorescence wavelengths
of 499, 515, 535, 559, and 585 nm. The exceedingly
broadened spectrum of (UO2)3(OH)5

+ compared with that
of  (UO2)2(OH)2

2+ could be explained by the increased
number of OH- ligands in the surrounding of the central
U(VI) metal ion. The fluorescence lifetime of

(UO2)3(OH)5
+ was evaluated to be 15.9±9.2 µs and 2.1±

0.6 µs at 15°C and 75°C, respectively. The fluorescence
lifetimes reported in literatures differ to each other.
Kirishima et al. [15] and Eliet et al. [14] determined relatively
longer fluorescence lifetimes of 33.3±5.2 µs and 25.3±
3.6 µs, respectively, while Kato et al. [12] reported a
fluorescence lifetime of 7±1 µs, which is in relatively
good agreement with the data obtained in the present
work, 11.0±4.8 µs at 25°C. The fluorescence of
(UO2)3(OH)7

- formed in the neutral pH range of 6 ~ 7 was
measured at the fluorescence peak positions of 504, 525,
549, and 579 nm and with a fluorescence lifetime of 118
±23 µs at 25°C. However, the spectroscopic properties
of (UO2)3(OH)7

- had been reported with significant dis-
crepancy in terms of fluorescence lifetimes of 230±23 µs
for Moulin et al. [3] and 10±2 µs for Eliet et al. [13]. Fig. 4
represents the temperature-dependent bi-exponential decay
of fluorescence intensity from two different U(VI)
hydroxide species, (UO2)3(OH)5

+ and (UO2)3(OH)7
- at pH

6.6. The fluorescence lifetime for (UO2)3(OH)5
+ drastically

decreased with the increasing temperature, while the
fluorescence lifetime for (UO2)3(OH)7

- showed relatively
unchanged trend, presenting lower activation energy of
(UO2)3(OH)7

- than that of (UO2)3(OH)5
+.

The effect of temperature on the reaction kinetics can
be characterized by the Arrhenius law [15], which
describes the activation energy of U(VI) hydrolysis
species correlated with the transition probability and
temperature, as expressed in Eq. (1).

where Ea is the activation energy, R is the gas constant, T
is the absolute temperature, and Kobs is the transition prob-
ability, i.e. the inverse of the fluorescence lifetime. As
shown in Fig. 5, the activation energies for the U(VI)
hydrolysis species can be calculated based on the linear
slope of the temperature-dependent transition probability.
The UO2

2+ free ions provided the highest activation ener-
gy among the U(VI) hydrolysis species observed in the
present work, whereas the (UO2)3(OH)7

- showed the low-
est value.

The spectroscopic properties such as fluorescence
wavelengths, fluorescence lifetimes, and activation ener-
gies for the U(VI) hydrolysis species obtained in the pre-
sent work are summarized in Table 1. The activation
energies determined from the present work are in good
accordance with those reported in the literatures, except
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Fig. 4. Time-resolved fluorescence intensities of (a) (UO2)3(OH)5
+ and (b)

(UO2)3(OH)7
- at various temperatures with [U(VI)] = 10-4 M at pH 6.6

(gate width = 5 µs).

(1)



for (UO2)3(OH)7
- due to the lack of data to be compared.

3.2 Formation Constants

For the calculation of formation constants of the U(VI)
hydrolysis species identified in the present work, the total
U(VI) concentrations in the aqueous samples were determined
by inductively coupled plasma-mass spectrometry (ICP-MS).
Fig. 6 presents the solubility curve calculated with the
formation constants from the OECD-NEA thermodynamic
database [17]. Two different solubility limiting phases,
UO3 2H2O(cr) in acidic condition and Na2U2O7(s) in neu-
tral to alkaline conditions, were considered separately
with increasing pH. The quantitatively analyzed
U(VI) concentrations with ICP-MS lie within the uncer-
tainty range of calculated U(VI) solubility limits.
Therefore, the U(VI) concentrations were applied for the
further analysis of the hydrolytic reactions of U(VI)
species as well as the fluorescence intensity (FI) factor.

The formation constants of the U(VI) species were
determined using TRLFS coupled with ICP-MS. The
equilibrium equation for the U(VI) hydrolytic reaction
can be formulated as given in Eqs. (2) and (3):

The concentrations of various U(VI) hydrolysis
species, (UO2)m(OH)n

2m-n, can be calculated with the FI
factors from the linear relationship between the concentration
of the U(VI) species and the measured fluorescence

intensity, as described in Eq. (4).

Under the condition that a single U(VI) species formed
predominantly, the FI factor of the target U(VI) species
can be specified by combining the fluorescence intensity
and concentration of U(VI). The partial concentration of
the U(VI) species can be evaluated by peak deconvolution
of the overlapped fluorescence spectra and the FI factor
of the known U(VI) species sequentially.

The hydrogen ion concentration can be determined
from the acidity measurement of the aqueous U(VI) sample.
However, due to the sensitivity of the hydrogen ion
concentration to temperature, the dissociation constants
for H2O at various temperatures [18], pKw, were
employed to evaluate the hydrogen ion concentration at
elevated temperatures.

The formation constants of three different U(VI)
hydrolysis species were characterized with Eq. (3). The
fluorescence intensity factors of the U(VI) species were
determined as a function of temperature. As a result, the
formation constants of (UO2)2(OH)2

2+, (UO2)3(OH)5
+, and

(UO2) 3(OH)7
- were determined to be log K′22 = -4.3±0.6,

log K′35 = -15.4±0.3, and log K′37 = -28.2±0.7 at 25°C,
respectively. Table 2 shows the temperature-dependent
formation constants, indicating more enhanced hydrolytic
reaction of U(VI), which were increased by three orders
(log K′22) or six orders (log K′35 and log K′37) of magnitude
with temperature. The formation constants obtained at
I = 0.5 M Na/HClO4 medium were extrapolated to an infi-
nite solution (I = 0 M) by the specific ion interaction theory
(SIT) [19, 20].
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terms of temperature-dependent fluorescence lifetimes measured in
the pH range from 1.2 to 7.1 for [U(VI)] = 10-4 M and from 2.0 to 6.5
for [U(VI)] = 4×10-6 M.
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Fig. 6. Solubility curve for U(VI) with uncertainty at I = 0.5 M (SIT applied).
The symbols represent the aqueous U(VI) concentrations measured by
ICP-MS in the present work.

(3)

(2)mUO2
2+ + nH2O(l) (UO2)m(OH) n

2m-n + nH+

(4)Fluorescence Intensity = FI factor Ｘ [U(VI) species]
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3.3 Estimation Of The Formation Constants By
Computational Methods

The formation constants for various chemical species
highly depends on the ambient temperature. However,
comprehensive knowledge for the temperature-dependent
formation constants of U(VI) species has not yet been
thoroughly established due to the lack of experimental
results. However, computational approximations such as
the constant enthalpy equation [10] and DQUANT model
[9], coupled with thermodynamic parameters, e.g. reac-

tion enthalpy and entropy are adequate for estimating temper-
ature-dependent hydrolysis reactions and complexation
behaviors. 

The constant enthalpy equation is relatively simple
approximation method assuming the temperature-
independent molar reaction enthalpy, as shown in Eq. (5):

where K0 is the formation constant in an infinitely diluted
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Species T (°C) log K (I = 0.5 M) log K0 (I = 0 M, SIT) △rH0 (kJ/mol) △rS0 (kJ/mol)

(UO2)2(OH)2
2+

15
25
35
45
55
65
75

-4.9 ± 0.6
-4.3 ± 0.6
-3.6 ± 0.2
-3.0 ± 0.4
-2.6 ± 0.8
-1.8 ± 1.0
-1.8 ± 0.6

-4.6 ± 0.6
-4.0 ± 0.6
-3.3 ± 0.2
-2.7 ± 0.4
-2.3 ± 0.8
-1.5 ± 1.0
-1.4 ± 0.6

103.5 ± 5.7 265.0 ± 19.1

(UO2)3(OH)5
+

15
25
35
45
55
65
75

-16.2 ± 0.5
-15.4 ± 0.3
-14.6 ± 0.8
-13.4 ± 0.5
-11.7 ± 1.3
-10.5 ± 1.1
-9.5 ± 0.4

-15.8 ± 0.5
-15.0 ± 0.3
-14.2 ± 0.8
-12.9 ± 0.5
-11.2 ± 1.3
-9.9 ± 1.1
-8.7 ± 0.4

224.9 ± 15.6 458.9 ± 52.4

(UO2)3(OH)7
-

15
25
35
45
55
65
75

-29.1 ± 0.2
-28.2 ± 0.7
-27.0 ± 0.6
-25.8 ± 0.5
-23.9 ± 1.1
-22.6 ± 0.8
-22.0 ± 0.4

-28.7 ± 0.2
-27.7 ± 0.7
-26.6 ± 0.6
-25.3 ± 0.5
-23.3 ± 1.1
-21.9 ± 0.8
-21.2 ± 0.4

243.7 ± 14.5 277.5 ± 48.7

Table 2. Chemical thermodynamic data of the U(VI) hydroxide species determined using TRLFS coupled with ICP-MS at various temperature-
sand 0.5 M H/NaClO4

Species Wavelength (nm) Lifetime (µs) Activation energy (kJ/mol) I (H/NaClO4) Ref.

UO2
2+

471-489-511-535-561-589
470-488-509-533-559-588
473-488-510-534-560-587

488-510-533
-

0.73±0.12
2.0±0.1
0.9±0.3
2.3±0.4
2.2±0.5

36.8±1.8
- 
-

45.1±0.3
41.5±1.7

0.5 M
0.1 M
0.1 M
0.5 M
0.5 M

p.w.
[3]
[2]
[15]
[14]

(UO2)2(OH)2
2+

481-499-520-542-565
480-497-519-542-570-598

499-519-542-566
498-515-534

-

6.1±2.1
9±1

2.9±0.9
17.8±2.8
13.4±2.4

24.8±2.8
-
-

32.3±0.3
35.1±2.7

0.5 M
0.1 M
0.1 M
0.5 M
0.5 M

p.w.
[3]
[2]
[15]
[14]

(UO2)3(OH)5
+

499-515-535-559-585
479-496-514-535-556-584

500-516-533-554
498-514-533

-

11.0±4.8
23±3
7±1

33.3 ±5.2
25.3±3.6

26.9±4.1
- 
-

36.6±0.3
22.9±2.1

0.5 M
0.1 M
0.1 M
0.5 M
0.5 M

p.w.
[3]
[12]
[15]
[14]

(UO2)3(OH)7
-

504-525-549-579
503-523-547-574

-

118±23
230±20
10±2

11.9±5.7
- 
-

0.5 M
0.1 M
0.5 M

p.w.
[3]
[13]

Table 1. Spectroscopic properties and activation energies of the U(VI) hydroxide species at 25°C

(5)



solution, R is the gas constant, T is the absolute temperature,
and △rH0

m is the molar reaction enthalpy. However, the
constant enthalpy method is only valid for the tempera-
ture range of (T - T0) ≤ 10°C and relevant to single-phase
chemical reactions or multi-phase reaction systems at a
constant total pressure [10] since the method assumes
that the enthalpy remains constant at various tempera-
tures. 

Eq. (6) represents DQUANT model, which is the enthalpy-
and entropy-based computational approximation method
suggested by Helgeson [9]:

where △rH0
m denotes the molar reaction enthalpy,

△rS0
m represents the molar reaction entropy, b = -

12.741, a = 0.01875 K-1, c = exp(b + a·T0), θ= 219 K,
and ω= (1+a·c·θ). Helgeson reported that the relative
uncertainties of the formation constants for various
chemical reactions obtained using the DQUANT model
and experimental results show less than 1 - 9% error in
the temperature range from 0 to 200°C, while the uncer-
tainty increases to 2 - 22% at 300°C [9]. 

Both the DQUANT model and constant enthalpy equa-
tion were employed to validate the temperature-depen-
dent formation constants determined in the present work.
The thermodynamic parameters, such as the reaction
enthalpy and entropy essential for the computational
methods, were achieved by combination of the van’t
Hoff equation and the Gibbs free energy equation, as
expressed in Eqs. (7), (8), and (9):

where K is the formation constant, T is the absolute tem-
perature, R is the gas constant, △G is the Gibbs free
energy, △H is the reaction enthalpy, and △S is the reac-
tion entropy.

In accordance with Eq. (7), the reaction enthalpy, △H,
was calculated from the slope analysis in terms of natur-
al logarithmic scaling of the formation constant versus
the inversed absolute temperature. The reaction enthalpy
of the U(VI) hydrolysis species was revealed to be 103.5
±5.7 kJ/mol for (UO2)2(OH)2

2+, 224.9±15.6 kJ/mol for

(UO2)3(OH)5
+, and 243.7±14.5 kJ/mol for (UO2)3(OH)7

-,
representing relatively complicated oligomeric U(VI)
penta-and hepta-hydroxide species which present higher
enthalpy values than the simple dimeric U(VI) di-
hydroxide species. The reaction entropy of the U(VI)
hydroxide species was determined to be 265.0±19.1
J/mol·K for (UO2)2(OH)2

2+, 458.9±52.4 J/mol·K for
(UO2)3 (OH)5

+, and 277.5±48.7 J/mol·K for (UO2)3(OH)7
-

according to Eqs. (8) and (9).
Fig. 7 summarizes the temperature dependent forma-

tion constants obtained from the computational methods
and experimental analysis. The formation constants of
the U(VI) hydroxide species obtained from the present
work represent slightly higher values compared with lit-
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Fig. 7. The formation constants of the U(VI) hydroxide species obtained by
TRLFS/ICP-MS ( ), constant enthalpy equation (---), DQUANT model ( ).
(×) data from Zanonato et al. [8] and (+) data from the literatures reviewed
in the OECD-NEA thermodynamic database[17, 21].

Fig. 8. Species distribution of U(VI) at different temperatures of 25°C (---)
and 75°C ( ) at [U(VI)] = 10-4 M and I = 0.5 M Na/HClO4 based on
the formation constants of the U(VI) hydroxide species determined from
the present work and the solubility product of UO3. 2H2O(cr) and
Na2U2O7(s) obtained from the OECD-NEA thermodynamic database[17]
as solubility limiting products.

(6)

(7)

(8)

(9)

△G = — RT·lnK

= △H — T△S
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erature data which range from -4.95 to -8.2 for
(UO2)2(OH)2

2+ at 25°C, depending on the ionic strength.
Nonetheless, the results from the constant enthalpy equa-
tion and DQUANT model are in good accordance with
the experimental data for all U(VI) hydrolysis species in
the temperature range from 15 to 75°C.

3.4 Species Distribution of U(VI) Hydroxide
Species

The species distribution for the U(VI) hydrolysis
species was calculated in the pH range of 1 to 7. Two
different solubility-limiting phases, UO3·2H2O(cr) and
Na2U2O7(s), have been considered in the present work.
The solubility products for each solubility limiting phase
were obtained from the OECD-NEA thermodynamic data-
base [17]. As represented in Fig. 8, the U(VI) hydrolysis
reactions were heavily affected by the temperature. The
chemical species of UO2

2+,  (UO2)2(OH)2
2+ , and (UO2)3(OH)5

+

represent stronger hydrolysis reactions dependent on the
temperature, while the temperature dependence of the
(UO2)3(OH)7

- species was relatively weaker compared
with the other U(VI) hydroxide species.

4. CONCLUSION

The spectroscopic properties and chemical thermody-
namic data for various U(VI) hydroxide species were
analyzed in the temperature range from 15 to 75°C using
TRLFS coupled with ICP-MS. In the present work, four
different U(VI) hydroxide species, UO2

2+, (UO2)2(OH)2
2+,

(UO2)3(OH)5
+, and (UO2)3(OH)7

-, have been identified by
spectroscopic analysis over the pH range from 1 to 7.
The stronger hydrolysis reactions were definitely
observed with raising temperature, representing the
formation of further hydrolyzed U(VI) species. The
spectroscopic properties of the U(VI) hydroxide species
such as fluorescence wavelengths and lifetimes obtained
in the present work matched well with those in literatures
[2, 3, 12-15] except for the fluorescence lifetimes of
(UO2)3(OH)7

- due to the nonexistence of reported spec-
troscopic data.

The temperature-dependent hydrolysis reactions were
analyzed by determining the formation constants at various
temperatures (15 - 75°C) and cross-checked by employing
several computational methods, e.g. the DQUANT
model [9] and constant enthalpy equation [10]. The for-
mation constants for the U(VI) hydroxide species were
determined to be log K0

22 = -4.0 ± 0.6 for (UO2)2(OH)2
2+,

log K0
35 = -15.0 ± 0.3 for (UO2)3(OH)5

+, and log K0
37 = -

27.7 ± 0.7 for (UO2)3(OH)7
-, respectively, at 25°C and

I = 0 M according to the SIT [19, 20]. The values for the
(UO2)2(OH)2

2+ and (UO2)3(OH)7
- species were relatively

higher than those selected in OECD-NEA thermodynamic
database while the formation constant for (UO2)3(OH)5

+

was relatively comparable with each other.
The computational methods for the temperature-

dependent formation constants of the U(VI) hydroxide
species were employed with the reaction enthalpy and
entropy obtained by combining the van’t Hoff equation
and the Gibbs free energy equation. The results achieved
from the two different computational methods showed
excellent agreement with those obtained from the experi-
mental method. In addition, the activation energy for the
U(VI) hydroxide species was specified by employing the
Arrhenius equation with temperature-dependent fluores-
cence lifetimes.

The stronger hydrolytic reactions of the U(VI) species
at elevated temperature implicate the transition of the
predominant U(VI) chemical species by means of the
decay heat from the radioactive isotopes and geothermal
gradient in deep geologic repository. Therefore, the tem-
perature-dependent hydrolysis behavior for the U(VI)
chemical species investigated in the present work ought
to be considered in the safety assessment of deep geo-
logic repository since the chemical migration behaviors,
e.g. solubility, sorption reaction, complexation, and col-
loidal formation, are subordinate to the U(VI) chemical
species.
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