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INTRODUCTION 

This poster presents the collaborative project VESPA 
with its main objectives and the research to be carried 
out by the single four project partners. VESPA was 
started in July 2010 and is designed for three years.  

DESCRIPTION OF THE COLLABORATIVE 
PROJECT VESPA 

Long term safety analyses are an essential element of 
the safety assessment of potential repositories for 
nuclear waste. For the analysis of the safety case, 
various scenarios are modelled, in order to predict 
radionuclide mobilization over geological timescales. 
Reliable predictions of radionuclide solubility and 
retention processes are required. But due to limited 
information on related geochemical key processes, in 
many long term safety calculations it is assumed that 
anionic fission products such as 14C, 79Se, 129I, and 99Tc 
do not adsorb at all, do not form insoluble solid phases 
and thus are highly mobile. As a consequence, these 
elements contribute often significantly to the calculated 
dose. 

As an answer to this situation, the key objective of the 
project VESPA is to establish an experimental and 
conceptual basis for a better understanding of the 
chemical behavior of the anionic fission and activation 
products 14C, 79Se, 129I, 99Tc and 135Cs. With the results 
of VESPA conservative assumptions for the named 
long-lived radionuclides in long term safety analyses 
shall be reduced. Therefore different experimental 
investigations by the four involved research institutions 
are carried out aiming to improve the model like 
description and quantitative modelling of radionuclides 
significantly. Research will be carried out concerning 
sorption and precipitation of anionic radionuclides 
under conditions found in the near field of nuclear 
waste repositories established in salt and clay 
formations in order to identify and quantify important 
retention mechanisms. Investigations on solubility and 
complex building of long-lived fission products are 
done in order to derive thermodynamic data for 
modelling. Experiments are carried out in a temperature 
range from 25°C to 90°C.   

The intercomparison was based upon different redox 
determination methods, i.e. static electrodes (platinum, 
gold glassy carbon, single/combined electrodes), 
dynamic electrochemical measurements, amperometric 
measurements, optodes (optical fibres with oxygen 
sensitive tips) and thermodynamic calcula-tions based 
on chemical composition and physico-chemical 
properties (such as pH, ionic strength and temperature). 
For this purpose, a wide set of samples was used with 
three different types of origin and properties, namely  
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INTRODUCTION 

Natural clay rocks are considered as possible host rock 
formation for high-level nuclear waste repositories in 
different European countries (e.g. Belgium, France, 
Germany, Switzerland). For the planning of such a 
repository, it is necessary to investigate the interactions 
between the potential host rock and the different 
radionuclides that are important with respect to the 
long-term storage of the waste material. Besides long­
lived fission products, especially the transuranium 
elements (Np, Pu, Am, Cm) have to be studied in detail. 

237NpIn the case of neptunium the long-lived 
(2.1 × 106 a) will contribute significantly to the 
radiotoxicity of the waste.  

Sorption and diffusion are the most important 
mechanisms regulating transport and retardation of 
actinides in clay. While most migration studies are 
performed under ambient conditions, less is known 
about the sorption and diffusion behaviour of actinides 
at elevated temperatures that could occur due to a 
significant heating of the environment of the storage 
place. An increase in temperature might change the 
physical and chemical properties of the clay and 
influence the interaction processes with radionuclides. 

The aim of our study was to investigate the interaction 
between Np(V) and natural clay at room temperature 
(RT) and 60 °C and to compare the results of diffusion 
and batch sorption experiments. Therefore, Opalinus 
Clay (OPA) from Mont Terri, Switzerland, was used as 
a representative for a natural clay rock. 

DESCRIPTION OF THE WORK 

Three cylinders of OPA (d ≈ 25.5 mm, h ≈ 11 mm) 
were prepared from the OPA bore core BLT 14. Two 
samples were used in the diffusion experiments; the 
third one was pulverized and sieved to a particle size of 
less than 150 µm. This powder was used in two batch 
sorption experiments with 8 µM Np(V) under ambient 
air conditions in OPA pore water (pH 7.6, I 0.4 M) at 
RT and 60 °C, respectively. In the sorption experiments, 
the solid-to-liquid (S/L) ratio was varied between 4 and 
20 g/L. The OPA suspensions were preconditioned in 
the pore water for 72 h, then aliquots of the Np(V) stock 
solution (≈ 20 mM) were added. After a contact time of 
72 h, the solid and liquid phases were separated by 
centrifugation (108,800 g) and the amount of Np(V) in 
the supernatant solution was analyzed by γ-ray 
spectroscopy to obtain the related distribution 
coefficients (Kd). 

The diffusion experiments were performed as described 
in [1]. After sandwiching the cylinder between to filter 
plates, the clay was inserted into a diffusion cell. Both 
the filters and the cell were made from stainless steel. 
The samples were preconditioned by circulating pore 
water along both sides for at least two months. The set­
up is shown in detail in [2]. The clay was than 
characterized by through-diffusion of tritiated water 
(HTO). After out-diffusion of HTO, Np(V) was added 
to one reservoir (total concentration 8 µM). The time 
for in-diffusion of Np was about one month. One day 
before the end of this period, 22Na+ was added to the 
reservoir containing Np to determine the diffusion and 
distribution coefficients for sodium as well. The cell 
was opened and the clay was removed in slides of 10­
30 µm from the core using the abrasive peeling method 
[3]. After measuring the 237Np and 22Na activities in 
each slide via γ-ray spectroscopy, the effective diffusion 
(De) and distribution coefficients (Kd) as well as the 
rock capacity factor (α) were calculated using 
Mathematica 8. A detailed description of the theoretical 
background of the data evaluation can be found in [4]. 

RESULTS 

Fig. 1 shows the result of the batch experiments 
performed at RT and 60 °C. It becomes clear that 
sorption increases continuously with increasing 
temperature and S/L ratio. The corresponding average 
Kd-values amount to 34 ± 10 L/kg at room temperature 
and 157 ± 52 L/kg at 60 °C, indicating that the sorption 
of Np(V) on OPA is an endothermic process. 

The characterization of the diffusion samples with HTO 
delivered similar porosities of 0.20 ± 0.01 and 
0.19 ± 0.01, respectively. De increased with increasing 
temperature from 1.97 ± 0.14 to 3.13 ± 0.22 ×10-11 m2/s. 
Figures 2 and 3 show the diffusion profiles of Np(V) in 
OPA at room temperature and 60 °C together with the 
fit curves. The resulting coefficients are summarized in 
Tab. 1 together with the results for Na+. The results 
show that diffusion of Na+ is not significantly affected 
by the temperature. The shapes and positions of the 
bacterial titration curves in 2 and 4 M NaClO4 are in 
agreement, within experimental uncertainty (Figure 1), 
indicating that the effect of ionic strength on proton 
adsorption/desorption to the bacterial surface is 
negligible over this range of ionic strength. 
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Fig. 3: Diffusion of 8 µM Np(V) in OPA under ambient 
Fig. 1: Sorption of 8 µM Np(V) on OPA in dependence air conditions in OPA pore water (pH 7.6, I 0.4 M) at 
of S/L ratio and temperature in OPA pore water 60 °C. 
(pH 7.6, I 0.4 M) under ambient air conditions. 

Tab. 1: Fit-results of Np(V) and Na+ diffusion in OPA 
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RT 110 (3) 2.3 (2) × 10-11 46 (3) 
60 °C (1 comp.) 148 (2) 1.0 (1) × 10-11 19 (1) 
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169 (2) 2.1 (2) × 10-12 29 (2) 
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RT 0.44 (1) 2.5 (4) × 10-11 97 (8) 

60 °C 0.40 (1) 3.5 (7) × 10-11 91 (7) 
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Fig. 2: Diffusion of 8 µM Np(V) in OPA under ambient 
air conditions in OPA pore water (pH 7.6, I 0.4 M) at 
RT. 

Further, previous titrations of non-halophilic gram­
positive and gram-negative bacteria show a similar 
extent of buffering in these pCH+ ranges indicating that 
the halophilic bacteria used in this study exhibits similar 
protonation/deprotonation behavior as common non­
halophilic soil bacteria.Therefore, it can be concluded 
that the interaction mechanisms between Np(V) and 
OPA during sorption and diffusion are significantly 
different pointing out that the processes that determine 
the endothermic behaviour in batch experiments are 
almost not relevant in diffusion experiments. With 
respect to the safety assessment of a nuclear waste 
repository, the usage of sorption data would lead to an 
overestimation of Np(V) uptake by OPA at 60 °C, while 
room temperature data seem to be sufficient for 
conservative estimations. 

Further diffusion experiments including analysis of Np 
speciation in the OPA core are needed to gain a better 
understanding of the relevant interaction mechanisms 
during the migration process. 
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INTRODUCTION 

Sorption data used in PA are usually derived at 298.15 
K. However, a SF/HLW repository may remain “hot” 
for extended periods of time. For example, in the 
current Swiss SF/HLW waste concept temperatures are 
expected to reach up to 90 °C after about 1000 years, 
and remain at temperatures as high as 50 °C up to 
10000 years after closure. Sorption parameters may be 
significantly altered under these conditions with regard 
to the usually involved temperature of 25 °C common 
for most laboratory adsorption studies. The present 
contribution provides a preliminary assessment as to 
how temperature may affect the sorption behaviour of 
Uranium(VI) onto bentonite in a temperature range that 
may be relevant for PA (though U(VI) probably is not 
relevant due to expected reducing conditions). 
Adsorption processes are affected through aqueous 
speciation and potentially by solubility. Increased 
temperature tends to favor complex formation in 
solution and increase solubility. Complications arise, 
when temperature changes cause phase transformations.  
Surface related properties have been studied in some 
detail with respect to temperature changes. Thus, it is 
well established that variable charge properties of 
minerals are affected by temperature changes through 
variation of points of zero charge and absolute surface 
charge densities: The increase in temperature yields a 
decrease in point of zero charge. It also results in an 
increase in absolute proton related surface charge. It is 
also known that an increase in temperature yields an 
increase in cation adsorption at intermediate and low 
pH, while studies on anion adsorption appear to indicate 
that an increase in temperature yields a decrease in 
anion sorption at high pH. Both tendencies can be 
understood from the change of the point of zero charge 
with temperature. The electrostatic contributions to the 
free energy of adsorption would favor cation adsorption 
and decrease anion adsorption with increasing 
temperature. However, exceptions to this general rule 
may occur. 

DESCRIPTION OF THE WORK 

The objective of this excercise was to obtain a tentative 
prediction of the temperature dependence for U(VI) 
adsorption to bentonite from data available in the 
literature. In the first step we extracted surface 
complexation parameters from Pabalan et al. [1] and 

simulated U(VI) adsorption data set for a relevant solid 
concentration of bentonite (4.5 kg/l) at total uranium 
concentration (TOTU) of  1 µM. The simulation results 
were subsequently fitted to the existing two site non­
electrostatic acid/base model for bentonite. Ion 
exchange was not considered, because the adsorption of 
U(VI) is very strong at low pH. In absence of better 
data, the thermodynamic parameters for Cd on hematite 
and rutile from Fokking [2] are model independent. We 
further use the fact that the difference in reaction 
enthalpy for Cd and H for rutile and hematite was 
nearly constant. This information can be used for the 
bentonite along with proton adsorption enthalpies 
obtained from equations by Kulik [3] and can be 
applied to the 2-pK bentonite surface complexation.  
With these values it is possible to calculate the reaction 
enthalpy for U(VI) adsorption to bentonite (table 1).  

The procedure includes some obvious uncertainties, 
involving assumptions (e.g. bentonite and 
montmorillonite parameters are merged), 
simplifications (e.g. reduced aqueous speciation) and 
inconsistencies (e.g. reaction enthalpies for Cd 
adsorption on two oxides are simply applied to U(VI) 
adsorption   to bentonite). All calculations are 
performed using MINTEQA2 [4]. 

RESULTS 

Figures 1 and 2 show the predicted adsorption 
behaviour of U(VI) to bentonite. At low pH uranyl 
shows the typical cation-like behaviour, where 
adsorption increases with increasing pH (Fig. 1).  
In the intermediate range at all temperatures nearly 100 

% U(VI) is adsorbed and no effect of temperature is 
observed.  
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Fig. 1: Predicted Kd values for U(VI) adsorption onto 
bentonite at low pH (Figure 2).  

Fig. 2: Predicted Kd values for U(VI) adsorption onto 
bentonite at low pH.  

Finally at still higher pH, the adsorption of Uranyl 
decreases with increasing pH, because of its aqueous 
solution speciation. Again the higher temperature still 
involves higher adsorption, although one would expect 
anionic behavior in this case, for which literature 
usually suggests a decrease in adsorption with 
increasing temperature. However, in the model only 
cationic species are involved in adsorption reactions and 
the predicted temperature dependence arises only from 
the basic charging model and the temperature dependent 
speciation. 

The discussed uncertainties strongly suggest that a 
larger experimental basis of results is required to apply 
simulations procedures as those discussed in this 
contribution with sufficient accuracy. In particular we 
note that anion-like behavior that might be relevant for 
U(VI) at higher pH cannot obviously not be simulated 
based on the thermodynamic adsorption data used in the 
present approach. 
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Fig. 3: Predicted Kd values for U(VI) adsorption on 
bentonite at low pH at two different temperatures and 
two different solid concentrations.  
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INTRODUCTION 

The radioactive isotope Selenium-79 is a long-lived 
fission product found in nuclear waste. Due to its long 
half live of 3.27 · 105 years [1] it is expected to be one 
of the most contributing isotopes concerning safety 
assessments of nuclear waste underground repositories. 
The control of the mobility and bioavailability of 
selenium is therefore of great importance for a safe 
disposal of radioactive waste. 

One major process controlling selenium mobility and 
bioavailability is the adsorption onto mineral surfaces of 
both the geological and engineered barrier. In the past, 
many studies on selenium retention onto several mineral 
surfaces were performed; primarily regarding the 
selenium oxyanions (SeO4

2- and SeO3
2-). Most of these 

studies were conducted at 25°C. However, high level 
and long-lived radioactive waste is well-known to 
increase the temperature in the vicinity of the waste 
disposal site for at least 10,000 years. Thus, it is 
important to understand to what extent the retention of 
selenium is influenced at elevated temperatures. So far, 
only a few sorption studies at higher temperatures [2-6], 
are available. They showed a lowering of Se sorption 
with increasing temperature.  

The present study focuses on the impact of temperature 
on the sorption of selenate (SeO4

2-) onto anatase (TiO2). 
Because of its abundance in rocks and its well-known 
crystal structure, anatase represents an ideal model 
system for the study of sorption behaviour of Se onto 
transition metal oxide phases. The sorption of selenate 
onto anatase at different temperatures (25°C – 60°C) 
was investigated both with batch experiments and ATR 
FT-IR spectroscopy. In order to explain possible 
differences in sorption at higher temperatures, the 
surface of the anatase was investigated. 

DESCRIPTION OF THE WORK 

For batch experiments samples were prepared by 
diluting 20 mg of anatase in 40 ml NaCl (I = 0.1 M) 
getting a solid-to-solution ratio of 0.5 g L-1. The initial 
Se(VI) concentration was 10-5 mol L-1. The suspensions 
were equilibrated for 48 hours in a thermostatically 
controlled head-over-head shaker. The pH values 
(pH 3.5 – pH 7) of the suspensions at different 
temperatures (25°C, 40°C, 60°C) were adjusted by 
addition of either HCl or NaOH. Prior, the pH­
electrodes were calibrated at every temperature using 
buffer solutions. All preparations were conducted in N2­

atmosphere. After thermostatically controlled 
centrifugation during two hours at 12,000 g, the 
remaining selenium concentration in the supernatant 
was determined by ICP-MS. 

The selenate sorption reactions onto anatase were 
investigated by ATR FT-IR spectroscopy, in 
comparison to a recent study at 25°C [7]. For the in situ 
sorption experiments a flow set-up with integrated 
temperature monitoring of the solutions and the ATR 
crystal was used. 

The impact of temperature (25°C and 60°C) on the 
variable surface charge of anatase (pH 3.5-11) was 
evaluated by a zeta potential measurement using laser 
Doppler electrophoresis. Anatase samples were 
prepared like described for the batch experiments, but in 
ambient air, since no difference was observed in a 
recent study [7]. 

RESULTS 

The sorption of Se(VI) onto anatase as a function of pH 
is similar at 25°C and 60°C, i.e. a decrease of the 
sorption with increasing pH (figure 1). However, the 
sorption capacity of anatase towards Se(VI) is lowered 
at a higher temperature. Furthermore, the pH value 
above which no Se(VI) sorption occurs is shifted to 
lower pH values. 
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 Fig. 1: Se(VI) sorption edges onto anatase at 25°C and 
60°C [(Se(VI)]ini = 10-5 mol L-1, m/v = 0.5 g L-1, 
I = 0.1 M NaCl). 

As shown in figure 2, the isoelectric point of anatase 
was located at pH 6.3 at 25°C. At higher temperatures 
the pHIEP was shifted towards lower pH with a value of 
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5.5 at 60°C; being in good agreement with data from At higher temperatures, ATR FT-IR measurements 
literature where the pHPZC of different oxides and show a reduction of the band intensity of the v3(Se-O) 
hydroxides were experimentally determined and mode, providing evidence for an overall decrease of 
calculated at different temperatures [5,8].   In addition, selenium(VI) sorption capacity onto anatase (Fig. 3). 
the absolute values of the zeta potential were lowered at This is in agreement with macroscopic batch 
higher temperatures. Both findings were in good experiments. However, since only a very small blue 
agreement with the batch experiments.  shift (885 cm−1) of the v3(Se-O) mode, but no splitting 

of the band was observed, no significant structural 
changes on the sorbed selenium(VI) surface complexes 
are predicted at higher temperature. 
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8. KULIK, “Thermodynamic properties of surface 
species at the mineral-water interface under 

950 900 850 800 hydrothermal conditions:...” Geochim. Cosmochim. 
Wavenumber / cm-1 Acta 64, 3161-3179 (2000). 

 Fig. 3: IR spectra of the Se(VI) sorption onto anatase 
(Se(VI) = 500 µM; pH = 3.5, I = 0.1 M NaCl). 
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Effect of Temperature on Selenate Adsorption by Goethite 

Michael Kersten1, Nataliya Vlasova1 

1First Geosciences Institute, Johannes Gutenberg-University Mainz, Germany 55099
 email: kersten@uni-mainz.de 

INTRODUCTION 

Despite a growing number of studies on surface 
complexation modeling, and although a major source of 
oxyanions are hydrothermal waters, not much is known 
yet about the effect of temperature on oxyanion 
adsorption. Data for silicate and arsenite have recently 
been reported from our laboratory [1,2]. Selenate is 
known to form both inner- and outer-sphere surface 
complexes. This continuum of adsorption mechanisms 
is strongly affected by both pH and ionic strength, but, 
as we will show here for the first time, also by 
temperature. 

EXPERIMENTS 

The sorbent goethite phase was precipitated from ferric 
nitrate solution under highly alkaline conditions, aged at 
elevated temperature (90 °C) for at least one week, and 
ultimately dialyzed in cellulose tubing with deionized 
boiled water at room temperature during a further week. 
BET surface area of the thus produced goethite was as 
low as 20 m2  g-1 indicating well crystallized material. 
All experiments were carried out in plastic vessels 
under bubbling argon to minimize silica and carbonate 
contamination, which may severely interfere with 
oxyanion adsorption. For the batch titration and 
adsorption experiments, suspensions with final goethite 
concentrations of 1 g L-1 were prepared. Background 
electrolyte concentrations of 0.01, 0.05, and 0.1 M were 
fixed using nearly inert NaNO3. In each of the 50 mL 
polypropylene bottles, 30 mL of suspension was filled 
with argon in the headspace, and heated in a water bath 
to the desired temperature of between 20°C to 75°C in 
steps of 25°C. Selenate was added at 10, 50, and 100 
μM final concentrations. The dissolved adsorbate 
concentrations in centrifuged and additionally 
membrane-filtered (0.2 μm) solutions were analyzed by 
HG-AAS.  

RESULTS 

Adsorption model parameterization was carried out 
using the speciation code ECOSAT coupled to the 
optimization code FIT [3]. For all batch systems, the 
pHPZC is continuously decreasing from the starting 
value at 10°C to a 1.2 pH unit lower value at the 
maximum 75°C [1]. Input of the surface charge 
parameters was made in the “goethite-BS” mode, i.e. by 
applying the Basic Stern option as the electrostatic 
model (BSM). Site density for the multi-site surface ion 
complexation (MUSIC) model was assumed at 3.45 nm­

2 for the singly coordinated groups, and 2.7 nm-2 for one 

third part of the μ3-hydroxo groups according to a 
recommendation by Hiemstra & Van Riemsdijk [4]. 
The logKH value for the protonation of both sites is set 
equal to the pHPZC = 9.1 determined from both batch 
titration and electroacoustic measurement results [1]. 
The presence of background electrolyte in the outer 
Stern layer was considered by fixed intrinsic 
equilibrium reaction constants for an outer-sphere 
surface complexation logKNa = logKNO3 – logKH = -1 
[4]. Stern layer capacitance C1 = 0.97 F m-2 for 
columbic term correction to obtain the intrinsic 
constants in the BSM option was derived from non­
linear regression of proton surface charge data [1]. The 
charge distribution (CD-MUSIC) model was used to fit 
the oxyanion adsorption data. It can distinguish not only 
between inner- and outer-sphere complexation, but also 
between bidentate and monodentate complexes [4]. The 
net charge introduced in the Stern layer region can be 
formulated as Δz0 = n0 + nH0 for the inner, and Δz1 = n1 
for the outer Stern layer, respectively, in which n0 and 
n1 represent the ion charge proportion allocated to the 
respective plane, and nH0 is the additional proton(s) 
introduced in the inner plane. 

The % adsorption vs. pH curves reveal distinct 
adsorption edges below the goethite pHPZC value. Based 
on the hypothesis of a mono-dentate outer-sphere and a 
bi-dentate inner-sphere surface complex formation, the 
adsorption reactions may be formulated in terms of the 
CD-MUSIC approach with these charge distribution 
(CD) parameters: 

2− Δz Δz≡FeOH-0.5 + SeO + H+ ↔ ≡FeOH 0 SeO 1
4 2 4 

(1) 
2− Δz Δz2≡FeOH-0.5 + SeO + 2H+ ↔ (≡FeO) 0 SeO 1 + 2H2O4 2 2 

(2) 

The outer-sphere surface complexation reaction (1) 
compares with that of the background electrolyte nitrate 
anion, but the difference is that the sum of the charge 
distribution (CD) values for the bivalent oxyanion is not 
entirely located in the outer plane (i.e., Δz1 < -2). For 
reaction (1), the CD values were rather fixed with Δz0 = 
0.67 at the 0-plane (with nH0 = 1), and Δz1 = -1.67 at the 
outer plane. This choice implies an outer-sphere surface 
complexation with a slightly higher affinity towards the 
surface than that for the nearly inert nitrate background 
electrolyte. For the bidentate inner-sphere surface 
complexation reaction (2) where two moles of water are 
desorbed, the CD parameters were set at Δz0 = 1 (nH0 = 
2) and Δz1 = -1, as suggested for a bidentate surface 
complex of a bivalent oxyanion [4]. These CD 
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parameters were fixed to fit the whole range of 
experimental data of pH, ionic strength, and 
temperature with only variation in the logK values of 
reactions (1) and (2). Fitting with ECOSAT-FIT 
ultimately led to a unique set of surface complexation 
constants reproducing the entire data set (n > 500) with 
r2 ≥ 0.97. 

Generally, the higher the temperature, the less amount 
of selenate is adsorbed on the goethite surface at the 
same total Se concentration. The effect is similar to that 
of increasing ionic strength. This indicates an influence 
by the temperature dependent electrostatic properties of 
the goethite surface. The decrease of surface acidity 
(pHPZC) with temperature results in a lower screening of 
the negative charge of the surface complex, i.e., more 
repulsion will occur at a higher temperature. This leads 
to a shift in the selenate adsorption edge by about 0.2 
units per 10 °C towards the more acidic region. 
Consequently, the pH value at which the proportion of 
both inner- and outer-spheric surface species is equal 
(i.e., the point at which their curves crosses) decreases 
with increasing temperature. Opposite to the effect of 
ionic strength, the higher the temperature, the higher is 
now the proportion of the outer-sphere complexes at the 
same selenate surface loading and pH value (Figure 1). 
This indicates a strong weakening of the overall 
adsorption affinity for selenate with increasing 
temperature. 

Fig. 1: Ratio of outer-spheric (%-OS) to inner-spheric 
(%-IS) SeO4 surface complex formation in dependence 
of background electrolyte ionic strength (left curve, 
open dots) and temperature (right curve, black dots) at a 
pH = 4 (10 μM Se, 1.0 g L-1 goethite suspension). 

The fitted intrinsic logKT constants of both adsorption 
reactions change linearly with inverse temperature 
(1000/T when using the Kelvin scale). The linear fit to 

the logKOS,T vs. 1000/T data pairs for the outer-sphere 
complexation reaction (1) nearly parallels those of the 
surface protonation reaction. Such a correlation appears 
reasonable because of the direct influence of the 
temperature dependent electrostatic surface properties 
on binding of the outer-sphere surface complex as 
discussed above. However, there is no such simple 
relationship for the inner-sphere surface complexation 
reaction (2), because the slope for the linear fit to the 
respective logKIS,T data deviates significantly from that 
for the surface protonation reaction. With the 
reasonable assumption of zero heat capacity and hence 
constant ΔrS within the temperature range, the 
temperature behaviour of the equilibrium constants can 
be well represented by the common van’t Hoff two­
term equation. The limited experimental temperature 
range does not allow derivation of a reliable value for 
the heat capacity by a three-term extrapolation. Using 
the values for log KT determined in the temperature 
range, a linear least square fit yield values for the 
reaction enthalpy. From the general relationship 0Δ rG298 

= 2.3·R·298·pK298 = – 298·ΔrS0, the standard energy 0Δ r H 298 

and ultimately the standard entropy of the selenate 
adsorption reactions were determined. Note, however, 
that the entropy term is of the same order as the 
uncertainty in the enthalpy of reaction. The thus derived 
data can readily be applied in aqueous equilibrium 
speciation codes, which allow for implementation of 
adsorption enthalpy constants with the 1-pK BSM and 
CD-MUSIC option like ECOSAT, Visual-MINTEQ, or 
GEMS (http://gems.web.psi.ch/). 
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Influence of temperature on the sorption of Europium into Smectite: The role of organic contaminants 
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INTRODUCTION 

In the near field environment of a spent fuel or vitrified 
high level waste repository the temperature in the 
bentonite buffer will remain elevated for a long time 
period (> 70-90°C for 1000 years). To analyze the 
effect of temperature on the sorption, the sorption 
process of Eu(III) at 25°, 60° and 80°C was 
investigated. To examine the sorption process and the 
influence of organic contaminants, wet chemistry and 
time-resolved laser fluorescence spectroscopy (TRLFS) 
was used. 

DESCRIPTION OF THE WORK 

The Eu(III) sorption were measured at 20°, 60° and 
80°C as a function of pH in 0.1 M KClO4. All 
experiments were performed in a glove box under 
Argon atmosphere. After the addition of Eu(III) to the 
solution and the pH adjustment the 60° and 80°C 
samples were stored in an oven with an Argon 
atmosphere. The pH was adjusted by adding analytical 
grade KOH or HClO4. Various chemical and 
spectroscopic tests showed no difference in the 
behaviour of Eu(III) when added before or after raising 
the solution temperature. The experiments were per­
formed in high density polyethylene (HDPE) 20 ml 
Zinsser bottles (Zinsser Analytics, Frankfurt/M.) and 3 
ml quartz cuvettes with a solid/solution ratio of 0.25 
g/L. According to the manufacturer the HDPE bottles 
are made of 100 % pure HDPE and contain no traces of 
impurities. All the solutions were prepared with 
deionsed water (Milli-Q Reagent Water System from 
Millipore) with a resistivity of > 18 MΩ · cm-1. To 
avoid carbonate complexation of the metal ion CO2 free 
water and KOH solution was used. The initial DOC 
concentration of the Millipore Water was found to be 
0.08 mg/L.  

The Eu(III) stock solution used was a ICP/DCP 
standard solution (Alpha) containing 1 g/L of Eu. The 
Eu(III) concentration was fixed to 3.3 x 10-6 mol/L. 
Clay samples were equilibrated in 0.1 M NaClO4 at pH 
6.7 for one week in the dark. Kinetic tests were 
performed during a period between 0.1 h and 9600 
hours (400 days). Equilibrium was reached within 24 
hours at 25°C and within 1 hour at 80°C. Nevertheless 
batch samples were shaken periodically for at least two 
days. 

RESULTS 

The sorption mechanism of Eu(III) on smectite was 
studied by TRLFS. Single component spectra with 
mono-exponential decay behaviour are found for all 
temperatures for both reaction vessels at pH < 5. 
Fluorescence emission lifetimes were measured to be 
110 µs corresponding to the free Eu(III) aquo ion (Fig. 
1) indicating outer-sphere complexation [1]. 

Near-field chemical conditions: Anoxic corrosion 
will result in strongly reducing conditions that are at or 
even below the lower stability limit of H2O on an Eh-
pH diagram (see below).  In fact, fO2 is so low that H2O 
is unstable in the WIPP and H2O is reduced to H2 by 
low-C steels. 

T = 25°C 
pH 7.87 
τ = 180 μs (~ 5 H2O) 
inner-sphere sorption 

T = 80°C 
pH 7.82 
τ = 950 μs (0.5 H2O) 

T = 60°C 
pH 7.61 
τ = 740 μs (0.8 H2O) 

pH < 5 (Eu(III) aquo ion / outher sphere cpx); τ = 110 μs 

re
l. 

In
te

ns
ity

 

0 500 1000 1500 2000 

Delay time / μs 

Fig. 1: Fluorescence emission lifetimes of Eu(III) 
sorbed onto smectite at different temperatures in HDPE 
Zinsser bottles. At pH < 5 only the Eu(III) aquo ion was 
detected at any temperature. With increasing pH and 
temperature a different evolution of the fluorescence 
emission lifetimes was observed. 

At higher pH values and higher temperatures a different 
evolution for the different types of reaction vessels was 
observed. At 25°C (pH > 6) fluorescence emission 
lifetime of 180-200 µs was found for the two types of 
reaction vessels, corresponding to 5 water molecules in 
the first coordination sphere (Fig. 1). At 60° and 80°C 
(pH > 5) the fluorescence emission lifetime increased 
significantly in the Zinsser bottles up to 700-950 µs 
indicating almost a complete loss of water in the first 
coordination sphere of europium (Fig. 1). In the quartz 
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cuvettes under the same conditions, a fluorescence 
emission lifetime of 190-200 µs was measured (Fig. 2). 
The influence of the reaction vessel was verified by 
heating Eu(III) at 80°C for 48 hours in HDPE Zinsser 
bottles at a pH value of 6 without smectite. Under these 
conditions a fluorescence emission lifetime of 833 µs 
was found similar to the experiments with smectite (Fig. 
2). DOC measurements of the solutions as a function of 
pH showed that up to 6.5 mg/L organic material can be 
leached out of the HDPE Zinsser bottle (Fig. 3) at 60° 
and 80°C. DOC measurements of experiments at 25°C 
and of smectites in quartz cuvettes (25-80°C) showed 
no increase of organic material in solution. 

0 
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10 

80°C 

Millipore Water + KOH/HCl 

D
O

C
 (m

g/
L)

 

3  4  5  6  7  8  9 10  11  12  13  

e 14 

e 15 

e 16 

e 17 

e 18 

e 19 

Eu(III) in cuvette at 80 °C 
with smectite 
pH 7.7 

Eu(III) in Zinsser-bottle at 80 °C 
without smectite 
pH = 6.0 

τ = 199 μs (~ 5 H2O molecules) 

τ = 833 μs (~0.5 H2O molecules) 

re
l. 
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0 500 1000 1500 2000 2500 
Delay time / μs 

pH

 Fig. 3: Evolution of the DOC as function of pH in a 
HDPE Zinsser bottle at 80°C after 48 hour reaction 
time. Error bars correspond to the standard deviation of 
triplicates. 

The experiments clearly demonstrate that at elevated 
temperatures organic material with strong complexing 
properties towards (at least) trivalent lanthanides and 
actinides can be leached out from sample containers and 
affecting strongly the metal ion speciation [2].  

Fig. 2: Comparison of the fluorescence emission 
lifetime of Eu(III) after an experiment in a HDPE 
Zinsser bottle without smectite and an experiment 
performed in a quartz cuvette with smectite at 80°C. 

Because of the increase in layer charge and the 
fluorescence emission lifetimes of 700-950 µs (for the 
experiments in the Zinsser bottles) indicating a 
complete loss of the water coordination sphere, the first 
working hypothesis was that Eu(III) is incorporated into 
the crystal structure via dissolution/recrystallisation 
processes. We thought that this process might be 
responsible for the long fluorescence emission lifetimes. 
In comparing the results from the HDPE Zinsser bottles 
with the results from the quartz cuvettes it became 
evident that a third component coming from the Zinsser 
bottles might be responsible for this difference. DOC 
measurements of the solutions without clay clearly 
showed that organic material is released from the 
Zinsser bottles. In the tests we made (e.g. Fig. 2; pH 6) 
secondary Eu(III) phases are implausible because we 
were always at least one order of magnitude below the 
solubility limit of Eu(III) compounds. EQ3/6 
calculations also indicated that we were in nearly all  
experiments undersaturated with respect to any 
probable phase. 

The possibility of affecting experimental results by 
releasing organic material at elevated temperatures has 
to be checked out in all further experiments where 
organic surfaces are involved in. 
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INTRODUCTION 

Structure and thermodynamic data of actinide (An) ions 
in aqueous solution at elevated temperatures is scarce in 
the literature. Nevertheless, such information is 
essential, for example, for predicting actinide transport 
in the near-field environment to a nuclear waste 
repository. Depending on the waste load and the type of 
geo-engineered barrier, the temperature at the canister 
surface may indeed reach 200 °C due to the radioactive 
decay. Despite the lack of data at high temperatures, a 
primary step is to obtain a detailed picture about the 
local structure of the hydrated actinide ions at room 
temperature. 

EXAFS has been used to obtain bond distances and 
coordination numbers and for several An3+ aqua ions.1-3 

The results showed fairly consistently the An–O bonds 
to decrease with increasing Z, while the hydration 
numbers were scattered between nine and ten. Due to 
their similar structure chemistry to the trivalent 
lanthanides, the early An3+ ions are expected to be nine­
coordinated in aqueous solution while a “smooth” 
transition from nine- to eight-coordinated ions is 
believed to occur between Cm3+ and Es3+.1 We showed 
using time-resolved laser fluorescence spectroscopy 
(TRLFS) that the 6D7/2 → 8S7/2 spectrum of Cm3+(aq) 
was composed two emitting species, A and B, assigned 
to [Cm(H2O)9]3+ and [Cm(H2O)8]3+, respectively, and 
that the A:B intensity ratio decreased with increasing 
temperature due to a temperature-dependent 
equilibrium.4 

(1) 

Similar results were found in a recent molecular 
dynamics study.5 This paper summarizes key results of 
the TRLFS study4 and provides some new, unpublished 
data.6 

RESULTS 

Laser-induced excitation at 397 nm of Cm3+(aq) gives 
rise to a slightly asymmetric emission band at ~594 nm 
(Fig. 1). The asymmetry, which appears at the band’s 
blue side, increases with temperature from 20 to 200 °C 
due to the transitions from thermally populated crystal­
field levels of the first excited state (6D7/2) to the ground 

O2+ H3+]8O)2 [Cm(H ֖3+]9O)2[Cm(H 

state (8S7/2). In addition, the emission intensity 
decreases markedly with increasing temperature. Note 
that the total splitting of the excited state is appreciably 
larger than that of the ground state. 

Fig. 1: Curve-fitted and intensity-normalized emission 
spectra of Cm3+(aq) at 20, 100, 150, and 200 °C. 
Spectra are deconvoluted into A and B species and their 
combined hot bands (“*”). Experimental data are shown 
with black solid lines, fits to the data with black dashed 
lines, and the fitted component bands are shown with 
black solid lines (hot bands), blue (A) and red (B) lines. 

Typically, in Cm3+ aqua complexes the excited state 
splitting is in the range of 300–700 cm-1, while that of 
the ground state is 10–20 cm-1, although 35 cm-1 was 
reported for an octahydrated complex.7 Also, a shoulder 
develops at the red side of the band with increasing 
temperature. The main band and the shoulder are 
attributed to the nona (A) and octahydrated species (B), 
respectively. The A:B ratio is given by the equilibrium 
constant K(T) defined by eq 1. The assignment is 
rational spectroscopically and thermodynamically. 
Spectroscopic analysis of crystalline compounds 
showed that the crystal-field in [Cm(H2O)8]3+ is 
stronger than that in [Cm(H2O)9]3+ owing to the slightly 
contracted coordination shell of the former.4 Therefore, 
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an increase of the crystal-field splitting explains the 
redshift of the spectrum at elevated temperature, and a 
stronger crystal field of the octaaqua ion than the 
nonaaqua ion is also in accord with prior studies on 
crystalline reference compounds.4 

Fig. 2: (left) Relative concentration of species A and B 
vs temperature. (right) Van’t Hoff linear representation 
–ln K versus 1/T. 

Spectroscopic information of the A and B species and 
their mole ratios as a function of temperature was 
gained by peak deconvolution of the spectra into four 
component bands, which accounted for the main 
electronic transitions of A and B and for the asymmetry 
at the band’s blue side. The fitting results at four 
selected temperatures are shown in Fig. 1. Plotting the 
A/B mole ratios against temperature gave a near linear 
conversion of A to B with temperature, with A:B ratios 
of about 9:1 at 20 °C and 6:4 and 200 °C (Fig. 2a). By 
using a Van’t Hoff plot we obtained ΔH, ΔS, ΔG, and 
K(T), values of which are given in Tab. 1, which also 
lists the corresponding values of Ce3+(aq) obtained from 
absorption spectra,8 and K(298) of Cm3+(aq) from 
molecular dynamics simulations.5 

To investigate the temperature influence on the 6D7/2 
crystal field levels of Cm3+(aq), we recorded 8S7/2 →
6D7/2 excitation spectra at 20 and 200 °C while 
monitoring the corresponding emission spectrum. 
Clearly, the spectrum at 200 °C is broader than that at 
20 °C, most likely due to an increase of the splitting of 
the 6D7/2 crystal field levels. Again, this is consistent 
with a stronger crystal field of the [Cm(H2O)8]3+ ion 
than that of [Cm(H2O)9]3+.4 A stronger field of the 
former is presumably due to a more compact 
coordination shell than of the latter.  

To conclude, emission/excitation spectra of Cm3+(aq) 
show a slight redshift with increasing temperature from 
20 to 200 °C. We explain this shift by an increase of the 
mole fraction of octahydrated ions on the expense of the 
nonahydrated ions. ΔH, ΔS, ΔG, and K(T) for the 
reaction [Cm(H2O)9]3+ → [Cm(H2O)8]3+ + H2O were 
obtained. 

Tab. 1: ΔH0, ΔS0, and K(298) associated with the 
O2+ H3+]8O)2 [M(H ֖3+]9O)2forward reaction of [M(H

 Ce3+(aq) a Cm3+(aq) b Cm3+(aq) 
ΔH0(kJ mol-1) 
ΔS0(J mol-1K-1) 

13 
33 

13.1 ± 0.4 
25.4 ± 1.2 

K(298) 0.28  0.11 ± 0.05 c 

0.02 
a Ref. 8, b Ref. 4, c Ref. 5. 

Fig. 3: Excitation spectra of Cm3+(aq) at 20 and 200 °C. 
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INTRODUCTION 

Temperature is one of the parameters that will vary 
during the different phases of the operation of a High 
Level Nuclear Waste repository. Elevated temperature 
conditions (up to 200°C, depending on repository 
concept) will affect radionuclide behaviour in the near­
field of a HLW repository. This necessitates dedicated 
research efforts on the aqueous chemistry and 
thermodynamics at higher temperatures as basis for 
reliable long-term safety predictions. In spite of this, 
only a very few enthalpy data are available from 
experimental studies for aqueous species and solid 
compounds of actinides [1]. With respect to aqueous 
species, several estimation approaches have been 
developed in the past to fill in these thermodynamic 
gaps, most of them dealing with empirical correlations 
of entropy with charge, molar volumes, mass and ionic 
radii of the species involved [2-6, among others – see 
also 7].   

DESCRIPTION OF THE WORK 

Experimental enthalpy and entropy data reviewed and 
selected in the NEA-TDB [1] for aqueous actinide 
species were used in this work to further develop an 
empirical approach for the estimation of S°m. 
Considering ΔfG°m from [1], enthalpies were internally 
calculated (ΔrG°m = ΔrH°m – TΔrS°m) and the 
temperature dependence of the equilibrium constant 
determined assuming constant enthalpy of reaction 
(van’t Hoff expression). In a first step, the purely 
electrostatic correlation applied in [3] to U(VI) and 
Th(IV) was extended to all actinides, redox states and 
inorganic ligands considered in [1] (Fig. 1). This 
approach allows explaining all experimental S°m data 
for aqueous species with -6 ≤ Z ≤ +4 with an 
uncertainty of ± 125 J⋅K-1⋅mol-1 (± 1.2 log K-units when 
extrapolating log K° to 90°C). For simple aquo-ions, the 
incorporation of size (as ZM / rM) in the empirical 
equation resulted in a significant decrease in the 
uncertainty to ± 40 J⋅K-1⋅mol-1 (± 0.4 logK-units at 
90°C). The difficulty in formulating this empirical 
correlation for complex species where water of the 
coordination sphere has been substituted by other 
ligands was addressed by looking for additional 
experimental parameters with a known charge and size 
dependence. In this framework, the case of ion 
interaction coefficients (according to the SIT theory) 
was evaluated and will be also presented. 
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INTRODUCTION 

The knowledge of thermodynamic data of actinide 
complexes with organic ligands is fundamental for the 
risk assessment of both potential nuclear waste 
repositories and contaminated soils or aquatic systems 
in the environment. Argillaceous rocks which are 
potential host rocks for nuclear waste repositories can 
contain dissolved organic matter like formate, citrate or 
lactate. Such small organic molecules can like the 
ubiquitous humic acid influence the migration 
behaviour of radionuclides. For the latter, different 
substituted benzoic acids mimic the main functionalities 
and are often used as model compounds for humic 
substances. The understanding of the complex 
behaviour of radionuclides with such natural organic 
matter and the thermodynamic quantification of the 
interaction is of great importance to simulate and 
predict their migration behaviour in the environment. 
Additionally, it is crucial to study the complex 
behaviour of radionuclides at elevated temperatures, 
because especially in the near field of nuclear waste 
disposals higher temperatures are prevailing. 

We investigated the complex behaviour of Am(III) and 
the inactive analogue lanthanide Eu(III) with lactate and 
salicylate at ambient and elevated temperatures with 
time-resolved laser-induced fluorescence spectroscopy 
(TRLFS). From the spectra we determined conditional 
complex stability constants at different temperatures 
and the resulting thermodynamic data (reaction 
enthalpy ΔRH, reaction entropy ΔRS). 

DESCRIPTION OF THE WORK 

For spectrophotometric TRLFS titration at different 
temperatures between 25 and 70 °C 2.5 mL of 
5 · 10-6 M Am3+ or Eu3+ at pH 5.0 or 6.0 and 0.1 M 
NaClO4 were titrated with aliquots (5, 10 or 20 µL) of 
ligand solution (5 · 10-3 M to 1 M, pH 5.0 or 6.0, 0.1 M 
NaClO4). 20 to 30 titration steps up to a ligand concen­
tration of 0.1 M were performed; every mixture was 
allowed to equilibrate for at least 15 min. At the 
beginning and after every titration step both a static and 
a time-resolved fluorescence spectrum was measured. 

The TRLFS measurements for Am(III) were carried out 
with a pulsed Nd:YAG-MOPO laser system from 
Spectra Physics (Mountain View, USA), combined with 

a delay generator from Spectrum One, a Spectrograph 
M270 and an ICCD camera system from Horiba-Jobin 
Yvon. The excitation wavelength was varied between 
503 and 508 nm. TRLFS spectra for Eu(III) were 
recorded using a pulsed flash lamp pumped Nd:YAG­
OPO laser system from Continuum (Santa Clara, CA, 
U.S.A.), combined with a spectrograph and an ICCD 
camera (Andor iStar) from Lot-Oriel. The excitation 
wavelength was 394 or 395 nm. The temperature was 
adjusted using a stirred temperature-controlled cuvette 
holder (Flash 300TM, Quantum Northwest, U.S.A.). 

RESULTS 

The Am(III) aquo ion shows at pH 3-6 and between 25 
and 65 °C a luminescence emission maximum at 691 
nm (the 5D1-7F1 transition) and a luminescence lifetime 
of 23.2-23.8 ns, corresponding to a number of 9 
coordinating water molecules in the first coordination 
shell [1]. Complexation with lactate causes a red shift of 
the luminescence maximum of about 5 nm. The 
luminescence lifetime is prolonged up to 37 ns which 
corresponds to a number of 5-6 remaining water 
molecules, indicating an exchange of about 3-4 water 
molecules with coordination sites of ligand molecules 
which implies the formation of 1:1, 1:2 and possibly 1:3 
complexes. The stability constants of the 1:1 complex 
remain nearly similar with rising temperature within the 
error bars (see Figure 1). Thermodynamic data were 
determined with the van’t Hoff plot to be 
ΔRH = 6.0 ± 6.6 kJ·mol-1 and ΔRS = 62 ± 20 J mol-1·K-1 

implying a temperature independent entropy-driven 
reaction. 

The luminescence spectra of Eu(III) show the typical 
changes with ligand addition which indicate a 
complexation: (i) the intensity of the hypersensitive 
5D0-7F2 transition at about 615 nm increases strongly, 
(ii) the symmetry-forbidden 5D0-7F0 transition appears, 
and (iii) the luminescence lifetime prolongs from 110 
µs (Eu3+(aq)) up to 225 µs for the lactate system and 
300 µs for the salicylate system. This corresponds to a 
number of 4 (lactate) and 3 (salicylate) remaining water 
molecules in the first coordination shell of Eu(III) [2].  
For both ligands the formation of 1:1, 1:2 and 1:3 
metal-to-ligand complexes with Eu3+ could be 
identified. The complex stability constants were 
determined for different temperatures between 25 and 
70 °C. The stability constants of the Eu(III) lactate 
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complexes are all nearly temperature independent (see 
Figure 1) like it was observed for the Am(Lac)2+ 

complex, and the reaction enthalpies are around zero 
within the error bars (ΔRH1:1 = 6.7 ± 9.2 kJ·mol-1, 
ΔRH1:2 = 3.3 ± 1.3 kJ·mol-1, ΔRH1:3 = -2.1 ± 1.6 
kJ·mol-1) The Eu(Lac)3 complex seems to be slightly 
exotherm. Similar observations were made in a recent 
study [3]. For the Eu(III) salicylate system the 
temperature dependent behaviour of the complex 
formation is different. The complex stability constant of 
the 1:1 complex Eu(Sal)2+ is also nearly temperature 
independent (see Figure 2), and the reaction enthalpy is 
around zero (ΔRH1:1 = -2.1 ± 4.9 kJ·mol-1) which is in 
accordance with literature [4]. The formation of the 1:2 
complex is with ΔRH1:2 = 12.7 ± 4.8 kJ·mol-1 endo­
thermic (similar to the literature value [4]), and the 1:3 
complex is with ΔRH1:3 = 23.7 ± 4.9 kJ·mol-1 even 
stronger endothermic. This complex has not been 
observed until now, possibly because former studies 
were carried out only at room temperature and this 
complex occurs only at elevated temperatures in 
observable amounts. 

This study shows that the temperature dependent 
complex behaviour of trivalent lanthanides and 
actinides with small organic molecules varies with 
different ligand. Both, exothermic or endothermic 
reaction can be observed; sometimes the complex 
formation reaction can be also temperature independent. 

FIGURES 
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Fig. 1: Van’t Hoff plot of the Eu(III)/Am(III) lactate 
complex formation. 
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Fig. 2: Van’t-Hoff plot of the Eu(III) salicylate complex 
formation. 
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INTRODUCTION 

For the safety assessment of nuclear waste repositories, 
it is important to understand and predict the solubility of 
radionuclides. Since high level waste repositories will 
operate under elevated temperature conditions over a 
considerable time-span, the effect of temperature on 
solid phase stability, complex formation reactions, 
redox equilibria, and activity coefficients, which control 
the radionuclide solubility limit, needs to be 
investigated. 

In the current study, the temperature effect on the 
solubility of Zr(IV) hydroxide and solid phase 
characteristics is focused. At room temperature, it has 
been reported that the strong hydrolysis reaction of 
Zr(IV) leads to mononuclear, polynuclear, and colloidal 
hydrolysis species in aqueous systems [1]. The 
solubility of amorphous Zr(IV) hydroxide is defined as 
sum of these species, which are equilibrated with the 
amorphous hydroxide solid phase [1]. On the other 
hand, at elevated temperature, a transformation of the 
amorphous solid phase to more crystalline solid phase 
can be expected [2,3]. The Zr(IV) solubility at elevated 
temperature needs to be assessed taking such solid 
phase transformation into account.  

In this study, Zr(IV) sample solutions were kept in an 
oven at 50°C, 70°C and 90°C for several days. After 
cooling down the samples, solubility, size distribution 
of the soluble species, and solid phase were investi­
gated. The changes in solubility caused by high tem­
perature conditions are discussed with the identification 
of related changes in the solubility limiting solid phase. 

EXPERIMENTAL 

The sample solutions were prepared from 
oversaturation approach. A stock solution of Zr(IV) 
perchlorate was prepared from ZrCl4(Aldrich, 99.9%) to 
obtain 0.01 mol/dm3 (M) initial Zr sample solutions. 
The ionic strength (I) was fixed at I = 0.5 by adding 
appropriate amount of NaClO4, and the hydrogen ion 
concentration (pHc) adjusted within the pHc range of 0­
6 by addition of NaOH. The sample solutions were then 
kept in an oven controlled at 50ºC, 70ºC and 90ºC. 
After the given periods, sample solutions were taken out 
from the oven and slowly cooled down to room 
temperature. The pHc was then measured and the Zr 
concentrations were determined by ICP-MS (HP4500, 
Hewlett Packard) after filtration with various pore-sized 
membranes (Microcon NMWL 3k - 100 kDa filter, 
Millipore).  

The solid samples were treated in a similar manner in 
0.5 M NaCl to avoid potential problems caused by the 
disintegration of perchlorate salt in the measurement. 
The precipitates were separated by centrifugation and 
dried at room temperature. XRD (D8 ADVANCE, 
Bruker) and TEM (200 kV FEI Tecnai G2 F20 X-Twin) 
were used to investigate the crystallinity and particle 
size of the solid phase. 

RESULTS 

1. Solubility after heating at 90°C, 70°C and 50°C 

Figure 1 shows the solubility (3kD filtration) after 
heating at 90°C compared with the reference solubility 
data of Zr(OH)4(am) and ZrO2(cr) at room temperature 
[4,5]. The solubility after heating at 90°C significantly 
decreased within several days, and the values after 18 
days are rather close to the solubility of ZrO2(cr), 
suggesting the transformation of solubility limiting 
solid phase. At pHc 0.87 after 18 days, the solubility 
after the filtration with larger pore-sized filters showed 
higher values. This indicates the existence of Zr 
colloidal species in the solution even after heating at 
90°C.  

lo
g 

[Z
r]

 

 Starting from Zr(OH)4(am) 
Heated at 90°C 

3h 1d 4d 
9d 12d 18d  

 Room temperature 
 Zr(OH)4(am)
 ZrO2(cr) 

-2 

-4 

-6 

-8 

0 1 2 3 4 5 6 
pHc

Fig. 1 Zr(IV) solubility after heating at 90°C compared 
with Zr(OH)4(am) and ZrO2(cr) at room temperature. 

Similar trends were observed in the solubility after 
heating at 50°C and 70°C. Size distributions obtained 
by the filtration using different pore-sized filters also 
suggested the existence of Zr colloidal species in the 
solutions.  

Similar to the previous studies, where the size 
distribution of the colloidal species was treated with the 
Flory-Schulz distribution [4], the simple polymer model 
was also used to exclude the contribution of colloidal 
species to the solubility in the present study Provided 
that a “monomeric” unit connects linearly with a certain 
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probability (P) to form a “polymer”, the total number, that of larger particle [6]. As shown in Fig.3, the trend 
N(l1, l2), of monomeric units comprising the chain for Zr solid phase observed in the present study agrees 
molecules in the range l1 to l2 in size is given by with the theoretical curve based on the Schindler effect. 

2 -56 
  –56.9±0.3 [4]
  Zr(OH)4(am); 25°C 

–62.5±0.1 [5] 
ZrO2(cr); 25°C 
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  ZrO2(s); 70°C 
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-60 in solution. The fractional ratio of mononuclear species 
N1 to N0 is given by 

)2 (2) -62 
1 

The size of a monomeric unit was taken to be 0.5 nm, -64 

(N N P−=1 0 

assuming a cubic structure [4] and the P values were 
obtained from the analysis of size distribution data. 
Calculating the solubility of mononuclear species from 
obtained P values, solubility product at each 
temperature was determined in the least square analysis. 
In the analysis, the hydrolysis constants of mononuclear 
species were treated as fixed parameters [4]. 

2. Solid phase after heated at 90°C and 70°C 

The XRD spectra of the solid phase after heating at 
90°C for 34 days showed several sharp peaks 
corresponding to that of ZrO2(cr). The result of TEM 
analysis (Fig. 2) shows agglomeration of solid particles 
and growth in size.  

Fig. 2 TEM image of Zr(IV) solid phase at pH 1.9 after 
heating at 90°C. 

The average size of the agglomerated solid particle is 
about 80 nm, while the particle size of initial 
amorphous solid is about 2 nm. In the TEM image of 
the solid phase heating at 90°C, each agglomeration 
exhibits the same crystal orientation, supports the result 
of XRD, and indicating clearly that the initial 
amorphous solid phase transferred to the large 
crystalline Zr oxide. On the other hand, no 
agglomeration was observed in the solid phase after 
heating at 70°C for 5 days. 

Figure 3 shows a relationship between solubility 
product values and particle size of the solid phase. 
Because of the larger molar surface area of the smaller 
particle, the solubility is considered to be higher than 

1 10 100 1000 
Particle size (nm)

Fig. 3 Effect of particle size on solubility product of Zr 
oxides. The broken line represents calculated line for 
particle size effect. 

CONCLUSION 

Zr(OH)4(am) solubility after equilibration at 50°C, 
70°C, 90°C and subsequent cooling to RT are 
decisively lower than the values at 25°C. At 90°C, 
increased crystallization and the agglomeration of the 
solid phase particles up to 80 nm were observed. 
Solubility product values were calculated using a simple 
polymer model and the values correlated to predictions 
from “particle size” model. This work clearly supports 
the predicted trend to more crystalline and hence more 
stable / less soluble solid phases forming under elevated 
temperature conditions. 
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INTRODUCTION 

For the safety assessment of high-level nuclear waste 
repositories in deep geologic formations, the 
understanding of actinide migration behaviour is one of 
the most important issues. In recent decades, the 
solution chemistry, e.g. hydrolysis [1], complexation 
with inorganic ligands [1], but also the interactions of 
the actinides at interfaces with the geo- and biosphere 
have been intensely investigated [2]. However, because 
of the experimental difficulties, only few studies have 
been performed at temperatures outside the range 20 – 
30 °C which hampers the prediction of actinide reactive 
transport in the environment of heat generating high­
level nuclear waste repositories. The speciation of 
(radioactive) metal ions in solution will be affected by 
the thermal conditions, since the properties of water, 
e.g. density, dielectric constant, viscosity, ion product, 
are altered with temperature and pressure [3,4]. The 
formation and distribution of U(VI) hydrolysis species 
is predicted to depend strongly on the temperature. In 
particular the stability of U(VI) polynuclear hydroxo 
complexes, which are dominant species at 25°C may 
change. According to experimental studies of other 
metal ions, namely Al(III) and La(III), the nuclearity of 
polynuclear complexes decreases upon increasing 
temperature [5,6]. At 25°C several spectroscopic tech­
niques, namely UV-vis, TRLFS, EXAFS and vibra­
tional spectroscopy have been applied for identification 
and structural characterization of U(VI) hydroxo 
species [7-10]. At elevated temperatures, TRLFS was 
used for the determination of luminescent characte­
ristics of single hydroxo species as a function of the 
temperature [11,12]. But, approaches to examine 
alterations in the thermodynamic data itself are rare. 

In this study, we investigate the U(VI) hydrolysis 
reactions up to 60°C using a multi-methodical approach 
by application of TRLFS and ATR FT-IR spectroscopy. 
The spectral data is compared to computed speciation 
patterns based on state-of-the-art thermodynamic 
models. 

DESCRIPTION OF THE WORK 

The luminescence of U(VI) was measured after 
excitation with laser pulses at 266 nm (Minilite laser 
system, Continuum) and an averaged pulse energy of 
300 μJ. The emitted fluorescence light was detected 
using a spectrograph (iHR 550, HORIBA Jobin Yvon) 
and an ICCD camera (HORIBA Jobin Yvon). The 
TRLFS spectra were recorded from 450.0 to 649.9 nm 
by accumulating 50 laser pulses using a gate time of 20 

µs. For the time-resolved measurements 101 spectra 
were recorded during a delay time of maximum 100 µs. 
The first time step started 50 ns after the excitation 
pulse. 

ATR-FTIR spectra of aqueous solutions were measured 
on a Bruker Vertex 80/v vacuum spectrometer. The 
used ATR accessory (DURA SamplIR II, Smiths) is a 
horizontal diamond crystal with nine internal 
reflections. For adequate subtraction of the background 
a flow cell was used which allows an exchange of the 
sample solution with minimal external interference of 
the equilibrated system which was found to be an 
indispensable prerequisite for the detection of low 
absorption changes.  

RESULTS 

In Fig. 1 the luminescence spectra between 400 and 650 
nm of aqueous U(VI) solutions at 25 °C (left) and 60 °C 
(right) are shown. The U(VI) concentration was 
constant at 0.1 mM, and pH ranged from 2 to 5 (from 
bottom to top). In the strong acidic pH range the free 
UO2

2+ cation dominated the U(VI) speciation. At the 
elevated temperature the luminescence spectra (≤ pH 
3.0) are characterized by the typical emission bands at 
487.8, 508.7, 532.2 and 558.9 nm for the free UO22+ 
[8]. With increasing pH value to pH 5 the luminescence 
spectra at 25°C and 60°C are different. At 60°C the 
luminescence spectra are strong influenced by the 
formation of a U(VI) hydroxo complex. The respective 
peak maxima at 497.8, 518.0, 542.2 and 568.1 are 
attributed to U(VI) dimer hydroxo complex [8]. At pH 5 
the luminescence spectra (25°C and 60°C) are 
dominated by the U(VI) trimer hydroxo complex. 

In Fig. 2 the infrared spectra between 1050 and 850 
cm−1 of aqueous U(VI) solutions at 25 °C (left) and 60 
°C (right) are shown. The U(VI) concentration was 
constant at 10 mM, and pH ranged from 3.5 to 5 (from 
bottom to top). The strong infrared absorption is related 
to the asymmetric stretching vibration (v3) of the UO2

2+. 
At 25°C the transition of three distinct band positions at 
961, 943 and 922 cm−1 is detected as a function of pH. 
They can be assigned to the free UO22+ cation, 
predominantly at lower pH (≤ pH 3.5), the dimer 
hydroxo complex dominating at pH 4, and the trimer 
hydroxo complex (pH≥4.5) [13]. At 60°C the course of 
U(VI) hydrolysis is considerably changed. Although all 
three species were redetected, the transition between 
them seems to be faster and hydrolysis starts al lower 
pH compared to 25 °C. Additionally, the solubility 
seems to be reduced at higher temperature, because the 
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formation of a U(VI) precipitate with absorption 
maximum at 948 cm−1 is detected in the spectrum at 
pH 4.5. In contrast, at 25 °C precipitation in freshly 
prepared 10 mM occurs only at pH > 5. At the reduced 
concentration level of 0.1 mM U(VI) in TRLFS 
experiments the formation of colloidal species was not 
observed. 

Fig. 1 TRLF spectra of aqueous 0.1 mM U(VI) 
solutions (0.1 M NClO4, air) in the pH range from 2.0 
to 5.0 (from bottom to top) at 25°C (left) and 60°C 
(right). 

Fig. 2 ATR FT-IR spectra of aqueous 10 mM U(VI) 
solutions (0.1 NaCl, air) in the pH range from 3.5 to 5.0 
(from bottom to top) at 25°C (left) and 60°C (right) 

In summary, the obtained spectral data constitute a 
reference to a modified speciation in diluted millimolar 
U(VI) aqueous solutions at different temperatures. The 
formation of U(VI) hydroxo complexes shifts to lower 
pH at 60 °C. No indication for decrease in nuclearity of 
the polynuclear complexes was observed in the 
investigated concentration range (0.1 – 10 mM).  

REFERENCES  

1.Guillaumont, R. et al., Update on the chemical 
thermodynamics of uranium, neptunium, plutonium, 
americium and technetium. Chemical Thermodynamics 
Vol. 5, OECD Nuclear Energy Agency, Elsevier (2003). 

2.Brendler, V. et al., RES3T-Rossendorf expert system 
for surface and sorption thermodynamics, Journal of 
Contaminant Hydrology 281-291 (2003). 

3.Marshall, W.L. et al., Io product of water substance, 0 
- 1000°C, 1-10,000 bars - New international 
formulation and its background, Journal of Physical 
and Chemical Reference Data 2, 295-304 (1981). 

4.Fernandez, D.P. et al., A formulation for the static 
permittivity of water and steam at temperatures from 
238 K to 873 K at pressures up to 1200 MPa, including 
derivatives and Debye-Huckel coefficients, Journal of 
Physical and Chemical Reference Data 4, 1125-1166 
(1997). 

5.Mesmer, R.E. et al., Acidity measurements at elevated 
temperatures. 5. Aluminum ion hydrolysis, Inorg. 
Chem. 10, 2290-2296 (1971). 

6.Ciavatta, L. et al., The hydrolysis of the La(II) ion in 
aqueous perchlorate solution at 60°C, Polyhedron 6, 
1283-1290 (1987). 

7.Meinrath, G., Uranium(VI) speciation by 
spectroscopy, J. Radioanal. Nucl. Chem. 1-2, 119-126 
(1997).  

8.Moulin, C. et al., Time-resolved laser-induced 
fluorescence as a unique tool for low-level uranium 
speciation, Appl. Spectrosc. 4, 528-535 (1998). 

9.Müller, K. et al., Aqueous uranium(VI) hydrolysis 
species characterized by attenuated total reflection 
Fourier-transform infrared spectroscopy, Inorg. Chem. 
21, 10127-10134 (2008).  

10.Tsushima, S. et al., Stoichiometry and structure of 
uranyl(VI) hydroxo dimer and trimer complexes in 
aqueous solution, Inorg. Chem. 25, 10819-10826 
(2007). 

11.Eliet, V. et al., Time-resolved laser-induced 
fluorescence of uranium(VI) hydroxo-complexes at 
different temperatures, Appl. Spectrosc. 1, 99-105 
(2000). 

12.Kirishima, A. et al., Speciation study on 
uranium(VI) hydrolysis at high temperatures and 
pressures, Journal of Alloys and Compounds 1-2, 277­
282 (2004). 

13.Quilès, F. et al., Infrared and Raman spectra of 
uranyl(VI) oxo-hydroxo complexes in acid aqueous 
solutions: a chemometric study, Vib. Spectrosc. 2, 231­
241 (2000). 

178 



   
 

 

  

   

 

1st International workshop on High Temperature Aqueous Chemistry 9th Nov 2011 

Wolfgang Voigt TU BA Freiberg, Germany Wolfgang.Voigt@chemie.tu-freiberg.de 

Gabriela von Goerne Bundesministerium Umwelt, Naturschutz, 
Reaktorsicherheit, Germany gabriela.vongoerne@bmu.bund.de 

Stefan Wilhelm AF-Consult Switzerland Ltd stefan.wilhelm@afconsult.com 

184 


