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Abstract  14 

FEBEX clay is considered a reference material in engineered barriers for safe storage of nuclear 15 

waste and uranium is a minor component of high-level radioactive waste (HLRW) and a main 16 

component of the spent nuclear fuel (SNF). Here, the kinetics of reaction of uranium with FEBEX 17 

was investigated in addition to the uranium immobilisation ability and the structural analysis of 18 

the reaction products. Hydrothermal treatments were accomplished with UO2
2+ and tetravalent 19 

actinide simulator ZrO2+, also present in HLRW. The quantification of the reaction was performed 20 

through gamma spectrometry of uranium. Two mechanisms for UO2
2+ retention by FEBEX were 21 

detected: adsorption and formation of stable and insoluble new phases. The structural analyses 22 

performed using ZrO2+, confirmed the uranium adsorption and the presence of new phases, ZrO2 23 

and Zr(SiO4), that emphasise the existence of a chemical reaction with the bentonite. The analysis 24 

of the velocity of reaction uranium-clay minerals revealed temperature dependence. An 25 
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exponential fitting suggested that the removal of uranium from solution at temperatures over 200 26 

ºC could be completed in less than a year. For lower temperatures, several years are needed. 27 

Milliequivalents of UO2
2+ immobilised by the clay depended on temperature and time and were 28 

over cation exchange capacity (CEC) of FEBEX even at 100 ºC (reaching 600% of CEC). The 29 

reaction with steel, also temperature dependent, was finally analysed. At 200 ºC 40% -70% of 30 

uranium reacted with steel. But only 30%-15% reacted at 300ºC and 100ºC. The reactions provide 31 

a stable immobilisation mechanism for uranium even when its sorption and swelling capacities 32 

fail. Our experiments will be of particular interest for very deep borehole disposals were higher 33 

temperatures and pressures are expected. 34 

 35 
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1. Introduction 39 

In many countries, the development of Deep Geological Repositories (DGR), for the storage 40 

of high-level radioactive waste (HLRW) and spent nuclear fuel (SNF), is based on a multiple 41 

barriers system. Most of the safety of the repositories relies on the engineered barrier which is 42 

mainly constituted by clay minerals [1]. Clay minerals have low permeability, high sorption and 43 

swelling capacity, which makes them ideal materials for natural and engineered barriers for 44 

nuclear waste isolation [2, 3]. Under specific experimental conditions a clay minerals barrier is 45 

able to delay the diffusion and immobilise radionuclides through mechanisms such as adsorption 46 

[4]. At the present time, bentonite is accepted as the most suitable clay mineral for the engineered 47 

barrier in DGRs [5]. Furthermore, very deep borehole disposal (DBD), are now emerging as a 48 

realistic alternative to mined repositories for spent nuclear fuel, reprocessing waste and plutonium 49 

[6]. Many different variants of the basic DBD concept have been proposed and, essentially, these 50 
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fall into two main categories that can be referred to as ‘high temperature’ (> ~700˚C) and ‘low 51 

temperature (250 ºC) [7].  52 

Regarding the adsorption properties of the clay mineral [8], recent studies highlight the 53 

existence of an additional retention mechanism [9, 10]. The systematic study of the interaction of 54 

the rare earths cations (REE), such as La, Lu, Nd, Sm - as actinides chemical analogues, with 55 

natural and artificial clay minerals - revealed a reaction mechanism, based on the interaction 56 

between the lanthanide cations and the orthosilicate anions of the lamellar structure [11, 12]. At 57 

subcritical conditions (temperature and pressure), an insoluble and chemically stable phase, 58 

REE2Si2O7, is generated [13]. This might provide a stable immobilisation mechanism if the 59 

sorption and swelling capacities of the bentonite fail [14]. 60 

Initially, the studies focused on the structural analysis of REE2Si2O7 after the hydrothermal 61 

reaction between REE cations and clay minerals [9, 12, 14]. More recently, Alba et al., [11] 62 

quantified the Eu3+ immobilization by a standard saponite and Villa-Alfageme et al. [15] studied 63 

Eu3+ retention mechanisms by FEBEX and MX-80 bentonites, two of the recommended bentonites 64 

for the construction of barriers. Results proved that two mechanisms were involved in Eu3+ 65 

retention by the bentonites: adsorption in specific and unspecific sites and a chemical reaction 66 

consisting on the formation of europium disilicates.  67 

Uranium is the major component of HLRW and SNF from nuclear power plants, for this 68 

reason it is essential to analyse the role that silicates play in the retention of uranium. The previous 69 

hydrothermal treatment experiments analysed the retention of HLRW using actinides simulators. 70 

Uranium interaction properties should be evaluated, as well as its influence on the retention 71 

capacity of bentonites for the REE and other radionuclides from HLRW and SNF.  72 

Previous experiments were not undertaken using uranium, on the contrary REE were the major 73 

components. This work is focused on the analysis of uranium and zirconium retention by FEBEX 74 
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bentonite and the quantification of the immobilisation mechanisms through hydrothermal 75 

treatments with uranium and zirconium.   76 

The HLRW containers are one of the barriers that should be able to protect the repository 77 

systems. As such, container corrosion and the chemical interactions of corrosion products with the 78 

clay buffer are of great interest for the long-term performance of a repository [16, 17]. Several 79 

studies concerning the corrosion of candidate metals for the container, as well as the interaction of 80 

their corrosion products with bentonite, have been reported in the literature [18-20]. Regarding the 81 

steel-bentonite interactions, the transformation of bentonite into other minerals as a result of its 82 

interaction with the corrosion products of the metallic container has been observed [21, 22]. The 83 

effect of container corrosion on the stability of clay mineral depends mainly on factors such as pH, 84 

temperature, the crystal chemistry of the clay, the water/solid ratio and the iron/clay mass [23].  85 

In previous studies we observed that during hydrothermal treatments in a steel reactor, the 86 

cations Eu3+, Sm3+ and ZrO2+ reacted not only with clay minerals, but also with the steel [11, 24, 87 

25]. Furthermore, it was found that both reactions compete. Here, we expand our analysis to the 88 

retention of uranium by steel containers. Few studies to study the role of the backfill material in 89 

the kinetics and the corrosion mechanisms of steel containers have been conducted to date. An 90 

understanding of the sorption/retention of radionuclides on the materials used to construct the 91 

engineered barrier (clay and container waste) is necessary to adequately predict the long-term 92 

performance of radioactive waste disposal facilities. 93 

Concerning the hydrothermal conditions conducted in our experiments, it should be noted that 94 

they are not completely expected in the geological repositories currently under consideration: 95 

initial storage temperatures in DGR are expected to be greater than 200 ºC, with temperatures 96 

falling below 150 ºC several hundred years after emplacement [26]. But most important, pressure 97 

in DGR is expected to be below the maximum subcritical pressure conditions used in the 98 

hydrothermal treatments,  100 atm. Nevertheless, the studies described here have practical 99 
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interest firstly because the hydrothermal conditions of high pressure and temperature are used to  100 

measure in reasonable times the reactions, many studies have been carried out by simulating the 101 

deep geological disposal at temperatures up to 350 °C to increase the reaction rate [1, 14, 27]. 102 

Besides, experiments will be of particular interest for DBD repositories were higher temperatures 103 

and pressures are expected [6, 7, 28]. 104 

The aims of this work are, i) to quantify the retention of uranium and zirconium by FEBEX 105 

bentonite, i.e., reaction velocities, retention levels, dependence with temperature, etc, ii) to 106 

characterise the chemical reaction of uranium and zirconium with bentonites; and finally; iii) to 107 

estimate the role of steel in the retention of uranium, and its competition with the bentonites. 108 

 109 

2. Materials and methods 110 

2.1. Bentonite. 111 

The FEBEX bentonite was extracted from the Cortijo de Archidona deposit (Almería, Spain). 112 

The processing at the factory consisted of disaggregation and gently grinding, drying at 60 °C and 113 

sieving by 5mm [29, 30]. The montmorillonite content of the FEBEX bentonite was above 90% 114 

(92±3%) [31]. The main characteristics of FEBEX bentonite are the following: 115 

(Ca0.5Na0.08K0.11)(Si7.78Al0.22)(Al2.78FeIII
0.33FeII

0.02Mg0.81)O20(OH)4 is the structural formula, total 116 

charge/u.c. is 1.19 and the theoretical cation exchange capacity (CEC) value, deduced from the 117 

molecular formula, is 158.2 meq/g [32]. 118 

 119 

2.2. U and Zr solutions 120 

Two sets of reaction solutions were prepared. In order to make the structural characterisation 121 

of the sample after the hydrothermal reactions, a first set was prepared containing only the 122 

tetravalent actinide simulator ZrO2+ [33]. 1.382 g of ZrO(NO3)2·7H2O, were used to get 3.09 123 

mmol ZrO2+, that were dissolved in 40 ml distillate water. 124 
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A second set was prepared using 0.016 mmol 238U and completed with 1.103 g of 125 

ZrO(NO3)2.7H2O (Sigma-Aldrich). The stable analogous, ZrO2+, was added to the uranium to 126 

obtain higher concentrations of U-ZrO2+. 3.09 mmol (*) were dissolved in 40 ml distillate water. 127 

238U was obtained from solid 6-hydrated uranyl nitrate, UO2(NO3)2·6H2O (Panreac). Initial 128 

activity of the prepared solution was approximately 50 Bq. Since uranium is radioactive, it is 129 

possible to directly quantify the reaction measuring the uranium activity before and after the 130 

hydrothermal treatment. 131 

 132 

2.3. Hydrothermal treatments 133 

Three hundred milligrams of powdered sample (FEBEX bentonite) and 40 ml of the solution 134 

with Zr or Zr-U were transferred into an 71 ml stainless steel T316SS hydrothermal reactor [34]  135 

and heated under autogenous pressure. Reaction products were collected by filtration using 0.45 136 

m Milipore filters and air-dried at 60ºC.   137 

In the DGR bentonite surrounds the steel and not the opposite; however, these experiments 138 

cannot be designed accordingly, given that the conditions of temperature and pressure needed for 139 

an hydrothermal treatment are actually attained when the bentonite is placed inside a sealed steel 140 

reactor that is placed in a stove.  141 

Temperatures, vapour pressure and reaction times are summarized in Table 1.  142 

 143 

2.4. Structural characterization methods.  144 

The analysis of the hydration state of the interlayer space after the treatments and the detection 145 

of new crystalline phases were undertaken using X-ray diffraction (XRD) and a semiquantitative 146 

standard method (Δ2θ=3-70º; step=0.015º; t=0.1s; tube conditions: 40 kV y 30 mA; divergence 147 

                                                 
* ZrO2+ is added to these set of experiments, and uranyl is not exclusively used, to get a concentration of reagents of the order of mmols. This will 
maintain the concentrations of the cations similar to the ones of the first set, were only Zr was used.  Furthermore, this way uranium concentrations 
are kept below the legal limits of uranium for scientific purposes 



7 
 

slit: fixed 0.5º; sample with spin = 30 rpm; using nickel filter). A D8I powder diffractometer, 148 

located at Centro de Investigación, Tecnología e Innovación Universidad de Sevilla, CITIUS was 149 

used (θ:θ, Bruker, D8 Advance A25 model, Cu anticathode, incidence slits variable or fixed, soller 150 

slits, Ni filter in the diffracted beam, linear detector). 151 

29Si MAS-NMR spectra were recorded in a Bruker DRX 400 spectrometer with a 152 

multinuclear probe. Solid samples were packed in 4 mm zircon rotors and were spun under the 153 

magical angle to a frequency of 10 kHz. The spectra were registered at 79.49 MHz, 2.66 μs 154 

(π/2=7.98 μs) of pulse length and 3s of delay time. The values of chemical shift were expressed in 155 

ppm, using tetramethylsilinate as external reference. Spectra were simulated using the DMFIT 156 

software [35] assuming infinite spinning speed. A Gaussian-Lorentzian model was used for all the 157 

peaks, and fitted parameters were: amplitude, position, linewidth and Gaussian-Lorenztian ratios. 158 

 159 

2.5. Radioactive measurements 160 

A Canberra hyper-pure germanium gamma detector (HPGe), from Radioisotope Service at 161 

CITIUS, was used to measure natural 235U activity in the sample, from which 238U activity was 162 

calculated. Counting efficiency was experimentally determined using 235U spiked standards so 163 

natural uranyl was added to the two standards of the geometries used: a 0.45 m Millipore filter 164 

and a 100 ml cylindrical beaker. Efficiency was verified for both geometries through Montecarlo 165 

simulations using LABSOCS program [36]. 166 

A calibration fitting (Figure 1) using diluted uranium standards is applied to calculate 238U 167 

concentration in the sample from the 235U gamma measurement. Measured 235U cps were linearly 168 

related to 238U concentration in the sample. 169 

 170 

3. Results and discussion 171 

3.1. Structural characterization  172 
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The study of the evolution of the crystalline phases after the hydrothermal treatment with 173 

ZrO2+ was carried out by XRD (Figure 2). The difractogram of the initial FEBEX is in agreement 174 

with a montmorillonite with hydrated cations Na+ and Ca2+ in the interlayer space [37].  175 

The XRD after the hydrothermal treatment at 150 ºC for 14 days, Figure 2a, caused a weak 176 

reflection of the FEBEX bentonite and an increase of the background due to the lamellar structure 177 

breakdown and the formation of amorphous phases. After 28 days, those weak FEBEX reflections 178 

still remained but new zirconium crystalline phases were formed. Among ZrO2, a phase 179 

containing zirconium and silicate, ZrSiO4, was observed, which implies a chemical reaction 180 

between ZrO2+ and FEBEX framework. 181 

The FEBEX damage increased with temperature and reaction time, and after the treatment at 182 

300 ºC for 2 days no FEBEX reflections were observed (Figure 2c). This might be due to the 183 

chemical reaction of ZrO2+ with the FEBEX bentonite and to the low pH values reached in the 184 

treatments (pH=1.0-1.5). At T> 150 ºC. Secondary phases were generated from the destruction of 185 

the bentonite, i.e. kaolinite, bayerite and (Ca,Fe,Mg)SiO3 and from the steel reactor corrosion, 186 

Fe2O3. With the increase of temperature the number of phases containing Zr increased and the 187 

number of secondary phases decreased. 188 

The quantification of siliceous species in the hydrothermal treatment was performed through 189 

29Si MAS NMR, i.e. Figure 3 shows the spectra of the hydrothermal treatment at 300 ºC. For 190 

lower temperatures spectra are qualitatively similar and the only differences are in the 191 

quantification. 192 

The initial spectra of the sample showed a peak at -93.6 ppm due to Q3(0Al) environment 193 

associated to montmorillonite [38]. After the hydrothermal treatment at 300 ºC, this signal 194 

decreased abruptly and ever more significantly with the reaction time. New signals are detected at 195 

-91.2 ppm, due to kaolinite [39], at -81.0 ppm , due to ZrSiO4 [40], and at -108 ppm, due to 196 
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Q4(0Al) of tridimite [41]. The amount of Si associated to those environments depends on both 197 

temperature and reaction time and were in good agreement with the XRD results. 198 

The 29Si MAS NMR spectra were deconvoluted and the percentage of Si environment of 199 

FEBEX (original sample), Kaolinite (secondary phase from FEBEX breakdown) and ZrSiO4 200 

(phase originated by chemical reaction between ZrO2+ and FEBEX) were analysed as a function of 201 

temperature, Figure 4a, and time reaction, Figure 4b. 202 

Figure 4a displays the evolution of the phases with temperature at the maximum time reaction. 203 

An increase of temperature causes a decrease on the Si signal intensity associated to a decrease in 204 

FEBEX content (phyllosilicate 2:1) and an increase of the Si signal intensity of kaolinite 205 

(phyllosilicate 1:1). However, the intensity of the Si signal of ZrSiO4 remains almost constant, 206 

18%. Time effect is shown in Figure 4b and follows a similar trend. A progressive decrease of 207 

FEBEX and an increase of kaolinite were observed as reaction time increases. The ZrSiO4 phase 208 

remained also constant, ca. 18%, except for 5 days reaction time, where the phase decreased to ca. 209 

10%. The lowest pH in the final solution (pH=1.2) was obtained at 300 ºC after five days reaction 210 

time.  211 

The structural analysis has demonstrated that the hydrothermal treatment not only caused the 212 

adsorption of ZrO2+ by FEBEX, but also two other mechanisms, the crystallization of ZrO2 and 213 

the chemical interaction with the bentonite, were involved. At the lowest temperature, 150 ºC, the 214 

kinetic of reaction allowed to detect that before the formation of ZrSiO4, the lamellar structure was 215 

broken-down and a reconstructive mechanism was followed. 216 

 217 

3.2. Quantification of the reactivity of bentonite with UO2
2+ 218 

The structural analysis showed the existence of a chemical reaction with the clay mineral that 219 

includes the formation of new stable and insoluble phases of zirconium silicates. To quantify the 220 
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immobilisation, instead of using uniquely zirconium, as the trivalent stable element analogous to 221 

uranium, uranium was added to zirconium in the hydrothermal treatment (see section 2).  222 

Hydrothermal treatments at 300 ºC, 200 ºC and 100 ºC were performed as described in the 223 

methods section. The percentages of immobilised uranium measured after the treatments are 224 

shown in Table 2.  225 

El Mrabet et al.  [24, 25] observed that part of the initial zirconium was retained on the walls of 226 

steel reactors, as it reacts with bentonite, and both reaction mechanisms compete. For this reason, 227 

the percentage of retention by FEBEX bentonite had to be calculated considering that part of the 228 

uranium reacted with the steel. This percentage was calculated as uranium measured in the filter to 229 

total uranium; and total uranium was obtained as the uranium measured after the hydrothermal 230 

reaction in both filter and solution.  This way, this percentage corresponds exclusively to the 231 

uranium immobilised in the solid phase, not in the steel, either due to adsorption onto the 232 

bentonite, precipitation or due to the formation of a new phase (silicates or oxides).  233 

The general trend within uncertainties was an increase of the retention of uranium with 234 

temperature and time. This behavior was already reported for europium retention and several clay 235 

minerals (saponite, FEBEX and MX-80) [11, 15]. 236 

A second parameter to study was the amount of UO2
2+ - ZrO2+ retained by the bentonite; for 237 

that, the miliequivalents (meq) of UO2
2+ - ZrO2+ /100g bentonite were calculated and are shown in 238 

Figure 5. Meq were evaluated using the percentage of uranium retained by the bentonite and using 239 

a factor of conversion to correlate this percentage to the miliequivalents of uranium and zirconium 240 

per 100 g bentonite. Figure 5 shows the calculated milliequivalents versus reaction time, together 241 

with the amount of uranium necessary to satisfy the cation exchange capacity (CEC) of FEBEX 242 

bentonite (pointed line). 243 

Cation Exchange capacity (CEC) for FEBEX bentonite is 158.8 meq/100 g. For hydrothermal 244 

treatments of two days (t=2 days) and per 100 g of bentonite, only at 300 ºC the UO2
2+ - ZrO2+ 245 
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immobilised milliequivalents were over CEC, 700 ± 40. For reaction times longer than two days, 246 

the UO2
2+ - ZrO2+ immobilised milliequivalents were over CEC at 300ºC, 200 ºC and 100 ºC. The 247 

highest amount of milliequivalents retained by 100 g of  bentonite were found at 300ºC for 26 248 

days, 1200 ± 70, and at 200ºC for 28 days 1150 ± 70. Milliequivalents of retained uranium were 249 

over CEC even for short hydrothermal treatments; this result emphasises that processes of 250 

formation of new phases, additional to the adsorption, did occur. In the previous section the 251 

structural study revealed that the insoluble and stable phases detected were silicates and oxides.  252 

The retained zirconium/uranium was directly compared to the CEC in order to quantify the 253 

immobilization ability of FEBEX due to chemical reaction. At 300 ºC the retention was 440-770% 254 

over CEC, but it decreased progressively with temperature, 0-730% at 200 ºC and 130-600% at 255 

100 ºC. These percentages point out that the retention over CEC was significant for almost every 256 

analysed time and temperature. 257 

Uranium-zircon immobilization ability was compared to that of europium from previous 258 

studies [11, 15]. The immobilization ability of FEBEX was considerably higher for uranium than 259 

for europium, since in the case of FEBEX the bentonite was only able to retain europium over 260 

CEC at 300 ºC and below 300 ºC the amount of retained europium was of the same order of CEC. 261 

Here, regardless the reaction time, at 100 ºC and higher temperatures, the mechanism of 262 

retention of uranium due to chemical reaction dominates over the immobilisation of the uranium 263 

through adsorption. This in an important conclusion in the study of the HLRW and SNF, because 264 

uranium is one of its major components and the formation of stable phases implies that the storage 265 

capacity of HLRW HLRW and SNF by the FEBEX bentonite might be higher than expected. 266 

Furthermore, our conclusions have direct impact in the study of DBD because they were obtained 267 

from hydrothermal experiments at subcritical pressure conditions (10 MPa), which are closer to 268 

the expected conditions in the DBD (200 ºC- 700 ºC and 40 - 150 MPa) [7]. 269 

 270 



12 
 

3.3. Reaction rate of UO2
2+-FEBEX bentonite interaction 271 

Figure 6 presents the amount of uranium dissolved in the water after treatments at 300 ºC, 200 272 

ºC and 100 ºC versus several reaction times. After the reaction, uranium was measured in the 273 

filtered bentonite (reacted) and in the remnant solution (dissolved). Total uranium involved in the 274 

reaction was obtained from the uranium in bentonite and solution (i.e. it was not considered the 275 

uranium reacted with steel). The percentage of unreacted uranium was calculated as the ratio 276 

uranium in the solution after the hydrothermal treatment to total uranium, calculated as described 277 

in section 3.2. 278 

 Roughly, the percentage of unreacted uranium decreased with temperature. The results were 279 

fitted to a decreasing exponential function with time (first order reaction) with good regression 280 

coefficients (Table 3). The exponent of the fitting provided the value of the reaction rate 281 

coefficient, k, following 282 

ܫ ൌ  ଴݁ି௞௧                                                                        (1) 283ܫ

Where I is the percentage of unreacted uranium after the hydrothermal treatment and I0 is the 284 

initial uranium in the solution (100%). The values obtained from exponential fitting are displayed 285 

in Table 3 The half-life of the duration of the reaction, T1/2, was deducted from k as 286 

 ଵܶ ଶ⁄ ൌ
௟௡ଶ

௞
                                                                   (2) 287 

k value is the same order of magnitude for 300 ºC (k = 14·10-3 days-1) and 200 ºC (k = 27·10-3 288 

days-1) and their values are very close according to their uncertainties. To analyse the kinetic of 289 

reaction at 100 ºC longer reaction times are needed to obtain a good precision for the reaction 290 

constant. For a hydrothermal treatment of two months, the associated uncertainty for k and its 291 

regression coefficient were unsatisfactory (Table 3). Thus, at 100 ºC the reaction constant could 292 

only be obtained in order of magnitude (k  2·10-3 days-1). 293 
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The value of the reaction constant, k, seems to be temperature dependent. Results from Table 3 294 

provided evidences of a change in the reaction rate with temperature. Thus, for temperatures 295 

ranged between 300-200 ºC, corresponding half-live times had a mean value of ca. 1 month. 296 

However, the half-life is, in order of magnitude, longer than one year for 100 ºC. That means that 297 

at 200-300 ºC, the uranium could be completely removed from the solution in six months, when 5 298 

times the half-lives are completed; but six years would be needed for the total removal of uranium 299 

with FEBEX at 100 ºC. It is remarkable that both periods of time are not significant in comparison 300 

to the half-life of the uranium isotope (4.47 109 years). 301 

The kinetic study of the reaction of europium with saponite, FEBEX and MX-80 showed a 302 

similar behaviour [15]. For T ≥ 200 ºC the time needed to remove completely the europium was 303 

always lower than one year (k  10·10-3 days-1) for all the studied clay minerals. On the contrary, 304 

for T< 200 ºC, several years were required (k  10-3 days-1).  305 

k obtained for saponite, FEBEX and MX-80 in europium and uranium for any temperature is 306 

always between 10-2 and 10-3 days-1 [15].  307 

It is worth mentioning that the kinetic at 200 ºC is especially fast, as the reaction constant k 308 

was higher at 200 ºC (k  3·10-2 days-1) than at 300 ºC (k  10-2 days-1). Besides, at 28 days the 309 

same amount of uranium reacted at 200 ºC and at 300ºC.   310 

 311 

3.4.  Reaction of Uranium with the steel 312 

The immobilisation of uranium with steel was also analysed and the results are plotted on 313 

Figure 7. This figure shows the ratio of uranium immobilised by the steel reactor to the spiked 314 

uranium. The uranium immobilised by the steel was calculated subtracting the uranium measured 315 

in filter and solution to spiked uranium. The retention by the steel depends on temperature and, as 316 

for the bentonite, uranium retention by steel presents a singularity at 200 ºC. At 200 ºC, a strong 317 
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linear dependence (R2 =0.93) with the reaction time is observed and the amount of immobilised 318 

uranium by the steel increases from 40%, at the beginning of the treatment, up to 70%. However, 319 

at 300 ºC and 100 ºC the uranium retention by steel is lower and remains constant: 30% and 15% 320 

of uranium is sorbed at 300 ºC and 100 ºC, respectively. The results are compatible with previous 321 

ones for Eu3+, Sm3+ and ZrO2+ [11, 24, 25]. 322 

After a first hydrothermal treatment, an unwashed steel reactor was reused for a new 323 

hydrothermal treatment using 40 ml water and 0.3 g of FEBEX, at 300 ºC for seven days, with the 324 

purpose of evaluating the reversibility of the immobilisation of uranium by the steel. Final 325 

precipitate was filtered and no uranium traces were measured in filter and remnant solution. The 326 

uranium concentration in solid and liquid fraction after the desorption treatment was below the 327 

limit of detection and, therefore, the retention of uranium by steel does not seem to be reversible at 328 

subcritical conditions and neutral pH. 329 

It is worth reminding that the reaction uranium-steel steel depends on many other parameters, 330 

such us the uranium concentration, the total amount of uranium, solid-to-liquid (clay-water) 331 

ratio… All this suggests that further studies should be performed to further constraint the 332 

mechanisms of this reaction. 333 

 334 

4. Summary and conclusions 335 

The structural analysis has demonstrated that the hydrothermal treatment not only provoke the 336 

adsorption of ZrO2
+ (chemical analogous of uranium) by FEBEX, but also two other mechanisms, 337 

the crystallization of oxide and the chemical interaction with the bentonite, were involved. At 338 

150ºC it was detected that before the formation of ZrSiO4, the lamellar structure was broken-down 339 

and followed a reconstructive mechanism. 340 

The kinetics of reaction uranium-clay minerals is a first-order reaction and exhibit Arrhenius 341 

dependence with temperature. Removal of uranium from solution by the bentonite at temperatures 342 
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over 200 ºC would be completed in less than a year. When the temperature diminished below 200 343 

ºC, several years would be needed for a complete removal. This reaction velocity was similar for 344 

europium and uranium. 345 

The UO2
2+ immobilised by the clay were temperature and time dependent and it also depended 346 

on the reacted elements. Furthermore, the immobilised amount of UO2
2+ was systematically over 347 

the cation exchange capacity of FEBEX at all explored temperatures (and increases to up 600-348 

700% for high reaction times).   349 

The results confirmed the presence of a new chemical phase to immobilise uranium and 350 

showed that in the reaction uranium-FEBEX under subcritical conditions, two mechanisms were 351 

involved: i) adsorption in specific and unspecific sites, and, ii) a chemical reaction with the clay 352 

mineral that includes the formation of a new stable and insoluble phase of mainly uranium 353 

silicates.  354 

Steel took active part in the sorption of uranium through irreversible adsorption of uranium in 355 

unspecific sites of the steel reactor. At 200ºC 40%-90% of the uranium reacted with steel. 356 

However, at 300 ºC and 100 ºC only a maximum of 30% of the uranium reacted with steel. 357 

These results have direct implications in our knowledge of the reaction mechanism of HLRW 358 

and SNF with the engineered barrier. The potential retention ability for one of the major 359 

radionuclides from the HLRW and SNF is higher than assuming exclusively adsorption by the 360 

clay minerals. In addition, the stability of the stored waste might be higher than expected, since 361 

uranium is immobilised by a new chemical phase, and not only by the clay minerals. The 362 

existence of a reaction with steel has important implications for the storage of HLRW when steel 363 

containers were used. Finally, this is of direct interest for very deep borehole disposals, DBD, 364 

were high temperatures (200 ºC- 700 ºC) and high pressures are expected (40-150 MPa). 365 

 366 

Acknowledgements. 367 



16 
 

We are grateful for the financial support from ENRESA (contract nº 0079000121) and 368 

from Junta de Andalucía and FEDER funds (Projects P12-FQM-567).  369 

 370 

References 371 

[1] D. Savage, N.A. Chapman, Hydrothermal Behavior of Simulated Waste Glass and Waste Rock 372 
Interactions under Repository Conditions, Chem Geol 36 (1982) 59-86. 373 
[2] R. Pusch, Engineered barriers, in: V.P.a.R. Pusch (Ed.) Disposal of Hazardous Waste in 374 
Underground Mines, Wessex Institute of Technology, UK2006, pp. 35–40. 375 
[3] R.O. Abdel Rahman, D.H.A. Zin El Abidin, H. Abou-Shady, Assessment of strontium 376 
immobilization in cement–bentonite matrices, Chemical Engineering Journal 228 (2013) 772-780. 377 
[4] X. Wang, Y. Sun, A. Alsaedi, T. Hayat, X. Wang, Interaction mechanism of Eu(III) with MX-378 
80 bentonite studied by batch, TRLFS and kinetic desorption techniques, Chemical Engineering 379 
Journal Accepted manuscript. Version online since 4 december 2014 (2014). 380 
[5] M.M. Fernandes, B. Baeyens, R. Dahn, A.C. Scheinost, M.H. Bradbury, U(VI) sorption on 381 
montmorillonite in the absence and presence of carbonate: A macroscopic and microscopic study, 382 
Geochim Cosmochim Ac 93 (2012) 262-277. 383 
[6] F.G.F. Gibb, K.P. Travis, K.W. Hesketh, Deep borehole disposal of higher burn up spent 384 
nuclear fuels, Mineral Mag 76 (2012) 3003-3017. 385 
[7] A.J. Beswick, F.G.F. Gibb, K.P. Travis, Deep borehole disposal of nuclear waste: engineering 386 
challenges, P I Civil Eng-Energy 167 (2014) 47-66. 387 
[8] D.-q. Pan, Q.-h. Fan, P. Li, S.-p. Liu, W.-s. Wu, Sorption of Th(IV) on Na-bentonite: Effects 388 
of pH, ionic strength, humic substances and temperature, Chemical Engineering Journal 172 389 
(2011) 898-905. 390 
[9] M.D. Alba, P. Chain, M.M. Orta, Chemical reactivity of argillaceous material in engineered 391 
barrier Rare earth disilicate formation under subcritical conditions, Appl Clay Sci 43 (2009) 369-392 
375. 393 
[10] J.M. Trillo, M.D. Alba, R. Alvero, M.A. Castro, A. Munozpaez, J. Poyato, Interaction of 394 
Multivalent Cations with Layered Clays - Generation of Lutetium Disilicate Upon Hydrothermal 395 
Treatment of Lu-Montmorillonite, Inorg Chem 33 (1994) 3861-3862. 396 
[11] M.D. Alba, M.A. Castro, P. Chain, S. Hurtado, M.M. Orta, M.C. Pazos, M. Villa, Interaction 397 
of Eu-isotopes with saponite as a component of the engineered barrier, Appl Clay Sci 52 (2011) 398 
253-257. 399 
[12] M.D. Alba, P. Chain, Interaction between Lu cations and 2 : 1 alumino silicates under 400 
hydrothermal treatment, Clays and Clay Minerals 53 (2005) 37-44. 401 
[13] M.D. Alba, P. Chain, M.M. Orta, Rare-earth disilicate formation under Deep Geological 402 
Repository approach conditions, Appl Clay Sci 46 (2009) 63-68. 403 
[14] M.D. Alba, P. Chain, Persistence of lutetium disilicate, Appl Geochem 22 (2007) 192-201. 404 
[15] M. Villa-Alfageme, S. Hurtado, M.D. Alba, M.A. Castro, S. El Mrabet, M.M. Orta, M.C. 405 
Pazos, Quantification and comparison of the reaction properties of FEBEX and MX-80 clays with 406 
saponite, as immobilizers of europium under subcritical conditions, Appl Clay Sci 101 (2014) 10-407 
15. 408 
[16] J. Wilson, G. Cressey, B. Cressey, J. Cuadros, K.V. Ragnarsdottir, D. Savage, M. Shibata, 409 
The efeect of iron on montmorillonite stability. (II) Experimental investigation, Geochimica 410 
Cosmochim. Acta 70 (2006) 323-336. 411 



17 
 

[17] J. Wilson, D. Savage, J. Cuadros, M. Shibata, K.V. Ragnarsdottir, The efeect of iron on 412 
montmorillonite stability. (I). Background and thermodynamic considerations, Geochim. 413 
Cosmochim. Acta (2006) 306-322. 414 
[18] L. Chuanhe, J. Samper, B. Fritz, A. Clement, L. Montenegro, Interactions of corrosion 415 
products and bentonite: an extended multicomponent reactive transport model 416 
, Physics and Chemistry of the Earth (2011) 1661-1668. 417 
[19] D. Guillaume, A. Neaman, M. Cathelineau, R. Mosser-Ruck, C. Peiffert, M. Abdelmoula, J. 418 
Dubessy, F. Villiéras, N. Michau, Experimental study of the transformation of smectite at 80 and 419 
300 °C in the presence of Fe oxides, Clay Mineral (2004) 17-34. 420 
[20] M. Perronnet, Réactivité des matériaux argileux dans un contexte de corrosion métallique. 421 
Application au stockage des déchets radioactifs en site argileux, Institut National Polytechnique de 422 
Lorraine, Nancy, France, 2004. 423 
[21] O. Bildstein, L. Trotignon, M. Perronnet, M. Jullien, Modelling iron-clay interactions in deep 424 
geological disposal conditions, Physics and Chemistry of the Earth (2006) 618-625. 425 
[22] M. Jullien, E. Kohler, J. Raynal, O. Bildstein, Physicochemical reactivity in clay-rich 426 
materials: tools for safety assessment, Oil & Gas Science and Technology - Revue d'IFP Energies 427 
(2005) 107-120. 428 
[23] A. Gaudin, S. Gaboreau, E. Tinseau, D. Bartier, S. Petit, O. Grauby, F. Foct, D. Beaufort, 429 
Mineralogical reactions in the Tournemire argillite after in-situ interaction with steels, Appl Clay 430 
Sci (2009) 196-207. 431 
[24] S. El Mrabet, M.A. Castro, S. Hurtado, M.M. Orta, M.C. Pazos, M. Villa-Alfageme, M.D. 432 
Alba, Competitive effect of metallic canister and clay barrier on the sorption of Eu3+ under 433 
subcritical conditions, Appl Geochem 40 (2014) 25-31. 434 
[25] S. El Mrabet, M.A. Castro, S. Hurtado, M.M. Orta, M.C. Pazos, M. Villa-Alfageme, M.D. 435 
Alba, Effect of the clay and the metal container in retaining Sm3+ and ZrO2+ and the reversibility 436 
of the process, Am Mineral 99 (2014) 696-703. 437 
[26] M.I. Ojovan, W.E. Lee, Performance Assessment,  An Introduction to Nuclear Waste 438 
Immobilisation, Elsevier, , Amsterdam, , 2014. 439 
[27] C.C. Allen, M.I. Wood, Bentonite in nuclear waste disposal: A review of research in support 440 
of the Basalt Waste Isolation Project, Appl Clay Sci 3 (1988). 441 
[28] F.G.F. Gibb, K.P. Travis, N.A. McTaggart, D. Burley, K.W. Hesketh, Modeling temperature 442 
distribution around very deep borehole disposals of HLW, Nucl Technol 163 (2008) 62-73. 443 
[29] ENRESA, Full-scale Engineered Barriers Experiment for a Deep Geological Repository for 444 
High Level Radioactive Waste in Crystalline Host Rock, in: ENRESA (Ed.) FEBEX project. Final 445 
Report, 1/2000, ENRESA, Madrid, 2000, pp. 354. 446 
[30] ENRESA, Full-scale engineered barriers experiment, ENRESA, Madrid, 2006. 447 
[31] M.V. Villar, R. Gómez-Espina, L. Gutiérrez-Nebot, Basal spacings of smectites in compacted 448 
bentonite, Appl Clay Sci 65-66 (2012) 95-105. 449 
[32] E. Galunin, M.D. Alba, M.J. Santos, T. Abrao, M. Vidal, Lanthanide sorption on smectitic 450 
clays in presence of cement leachates, Geochim Cosmochim Ac 74 (2010) 862-875. 451 
[33] N.A. Chapman, J.A.T. Smellie, Natural Analogues to the condition around the final 452 
repository for high-level radioactive wastes, Chem Geol (1986) 167-173. 453 
[34] A.C. Perdigón, Estudio del sistema saponita/Lu(NO3)3/H2O en condiciones hidrotérmicas, 454 
University of Sevilla, Spain, 2002. 455 
[35] D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calvé, B. Alonso, J.O. Durand, B. Bujoli, Z. 456 
Gan, G. Hoaston, Modelling one- and two-dimensional solid-state NMR spectra, Magnetic 457 
Resonance Chemistry (2002) 70-76. 458 
[36] S. Hurtado, M. Villa, An intercomparison of Monte Carlo codes used for in-situ gamma-ray 459 
spectrometry, Radiat Meas 45 (2010) 923-927. 460 



18 
 

[37] M.D. Alba, A.I. Becerro, M.A. Castro, A.C. Perdigon, Hydrothermal reactivity of Lu-461 
saturated smectites: Part II. A short-range order study, Am Mineral 86 (2001) 124-131. 462 
[38] C.A. Weiss, S.P. Altaner, R.J. Kirkpatrick, High-Resolution Si-29 Nmr-Spectroscopy of 2-1 463 
Layer Silicates - Correlations among Chemical-Shift, Structural Distortions, and Chemical 464 
Variations, Am Mineral 72 (1987) 935-942. 465 
[39] R.A. Kinsey, R.J. Kirkpatrick, J. Hower, K.A. Smith, E. Oldfield, High-Resolution Al-27 and 466 
Si-29 Nuclear Magnetic-Resonance Spectroscopic Study of Layer Silicates, Including Clay-467 
Minerals, Am Mineral 70 (1985) 537-548. 468 
[40] M. Magi, E. Lippmaa, A. Samoson, G. Engelhardt, A.R. Grimmer, Solid-State High-469 
Resolution Si-29 Chemical-Shifts in Silicates, J Phys Chem-Us 88 (1984) 1518-1522. 470 
[41] J.V. Smith, C.S. Blackwell, Nuclear Magnetic-Resonance of Silica Polymorphs, Nature 303 471 
(1983) 223-225. 472 
 473 
 474 

475 



19 
 

  476 

Table 1. Temperatures and times used in the 

hydrothermal treatments with FEBEX and UO2
2+ and 

ZrO2+. Stripes correspond to solutions where no 

radioactive tracer was added.  

T  

(ºC) 

P[a] 

(b) 

 Time (days) 

2 5 7 14 26 28 63 84 

100 1.01         

150 4.76         

200 15.54         

300 85.90         

[a] The maximum pressure corresponds to the water vapor 

pressure at this temperature 

 
Table 2. 238U reacted with FEBEX bentonite (%) 
collected in the filter after the hydrothermal treatment at 
300 ºC, 200ºC and 100ºC. In the calculation of the 
percentage it has been excluded the amount of uranium 
reacted with the steel reacted. Uncertainties correspond 
to 1 sigma and were calculated by error propagation of 
the 238U counts per second detected by gamma 
spectrometry. Except for the 7 and 14 days treatments at 
300º, that corresponds to the standard deviation of the 
results from two replicates. 
 

Treatment 
time 

 (days) 

238U measured in bentonite (%) 

300 ºC 200 ºC 100 ºC 

2 29 ± 2 0   

5 42 ± 3 

7 39 ± 6 14 ± 1 9 ± 1 

14 51 ± 3 33 ± 2 

26 50 ± 3 

28   49 ± 3 9 ± 1 

63   35  ± 2 

84     40 ± 3 
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 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 
Table 3. Kinetic parameter of adsorption-reaction of 

uranium with FEBEX 
 

T 
 (ºC) 

k·10-3  
(days-1) 

T1/2  
(days) 

R2 

300 14 ± 4 50 ± 10 0.693 

200 28 ± 3 25 ± 2 0.9782

100 2 ± 2 418 ± 415 0.2302
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Fig. 1. Uranium concentration versus 235U counts per second (cps) measured through gamma 493 

spectrometry. Calibration has been performed for a) liquid solution after hydrothermal treatment 494 

b) filter containing solid phase after treatment.  495 

Fig. 2. XRD of FEBEX bentonite after hydrothermal treatment at a) 150 ºC, b) 200 ºC, and, c) 300 496 

ºC at different time reactions. *= Zircon, ZrSiO4, (PDF 00-06-0226), + = Baddeyerite, ZrO2 (PDF 497 

00-3-515), ^= Hematite, Fe2O3 (PDF 00-33-664), a=Bayerite, Al2O3·H2O (PDF 00-08-096), 498 

k=Kaolinite (PDF 00-01-527), and, s=(Ca,Fe,Mg)SiO3 (PDF 00-03-623). 499 

Fig. 3. 29Si MAS NMR of raw FEBEX and after the hydrothermal treatment at 300 ºC at different 500 

times. 501 

Fig. 4. 29Si MAS NMR environment evolution as a function of reaction conditions: a) 502 

temperature, and, b) time. 503 

Fig. 5. Milliequivalents of UO2
2+ and ZrO2+ per 100g immobilized by FEBEX bentonite. Pointed 504 

line corresponds to CEC (Cationic Exchange Capacity) of FEBEX, 158.2 meq/100g. Uncertainties 505 

correspond to 1 sigma and were calculated by error propagation of the counts per second detected 506 

by gamma spectrometry. Uncertainties of the 7 and 14 days treatments at 300 ºC, correspond to 507 

the standard deviation of the results from two replicates. 508 

Fig. 6. 238U (%) collected in the solution after the hydrothermal treatment (unreacted uranium) at 509 

300 ºC, 200 ºC and 100 ºC. In the calculation of the percentage it has been excluded the amount of 510 

uranium reacted with the steel reacted. Results have been fitted to an exponential function. 511 

Fig. 7. 238U reacted with steel (%) after the hydrothermal treatment at 300 ºC, 200 ºC and 100 ºC. 512 

The percentages of steel reacted uranium have been obtained subtracting uranium measured in 513 

solution and filter after the treatment to the total spiked uranium. Uncertainties correspond to 1 514 

sigma and were calculated by error propagation of the counts per second detected by gamma 515 

spectrometry. Uncertainties of the 7 and 14 days treatments at 300 ºC, correspond to the standard 516 

deviation of the results from two treatments. 517 


