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C. Nebelung a, V. Brendler a, T. Stumpf a, K. Schmeide a,* 

a Helmholtz-Zentrum Dresden-Rossendorf, Institute of Resource Ecology, Bautzner Landstr. 400, 01328 Dresden, Germany 

b Paul Scherrer Institute, Laboratory for Waste Management, 5232 Villigen PSI, Switzerland 

Abstract 

The influence of ionic strength up to 3 mol kg-1 (background electrolytes NaCl or CaCl2) on U(VI) sorption 

onto montmorillonite was investigated as function of pHc in absence and presence of CO2. A multi-method 

approach combined batch sorption experiments with spectroscopic methods (time-resolved laser-induced 

fluorescence spectroscopy (TRLFS) and in situ attenuated total reflection Fourier-transform infrared 

spectroscopy (ATR FT-IR)). In the absence of atmospheric carbonate, U(VI) sorption was nearly 99% above 

pHc 6 in both NaCl and CaCl2 and no significant effect of ionic strength was found. At lower pH, cation 

exchange was strongly reduced with increasing ionic strength. In the presence of carbonate, U(VI) sorption 

was reduced above pHc 7.5 in NaCl and pHc 6 in CaCl2 system due to formation of aqueous UO2(CO3)x
(2−2x)

 

and Ca2UO2(CO3)3 complexes, respectively, as verified by TRLFS. A significant ionic strength effect was 

observed due to the formation of Ca2UO2(CO3)3(aq), which strongly decreases U(VI) sorption with increasing 

ionic strength. 

The joint analysis of determined sorption data together with literature data (giving a total of 213 

experimental data points) allowed to derive a consistent set of surface complexation reactions and constants 

based on the 2SPNE SC/CE approach, yielding log 𝐾
≡SSOUO2

+
0  = 2.42 ± 0.04, log 𝐾

≡SSOUO2OH
0  = −4.49 ± 0.7, 

and log 𝐾
≡SSOUO2(OH)3

2−
0  = −20.5 ± 0.4. Ternary uranyl carbonate surface complexes were not required to 

describe the data. With this reduced set of surface complexes, an improved robust sorption model was obtained 

covering a broad variety of geochemical settings over wide ranges of ionic strengths and groundwater 

compositions, which subsequently was validated by an independent original dataset. This model improves the 

understanding of U(VI) retention by clay minerals and enables now predictive modeling of U(VI) sorption 

processes in complex clay rich natural environments.  
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1. Introduction 

 Radioactive waste generated in the nuclear energy production will preferably be stored in deep geological 

formations, where it has to be prevented from migrating towards the biosphere by technical, geotechnical and 

geological barriers. Argillaceous rocks are discussed in many countries as potential host rocks for deep 

geological repositories (ANDRA, 2005; Bock et al., 2010; Hoth et al., 2007; Nagra, 2002; Ojovan and Lee, 

2005; ONDRAF/NIRAS, 2013), because of their favorable properties such as very low permeability, chemical 

buffering capability, high plasticity and swelling capacity ensuring self-sealing of potential fractures and 

fissures, and high retention capacities for contaminants and radionuclides. The clay mineral montmorillonite 

is a component of argillaceous host rocks and, moreover, the main component of bentonite, which is foreseen 

as a possible buffer and backfill material in high-level radioactive waste repository systems. In addition, as a 

ubiquitous mineral in nature, montmorillonite can contribute to the retention of (technologically enhanced) 

naturally occurring radioactive material (NORM), which includes uranium, resulting from activities such as 

burning coal, uranium mining, fertilizer production and use, as well as from oil and gas production (Al-Masri 

et al., 2019; IAEA, 2003; Papastefanou et al., 2000). Montmorillonite is a 2:1 phyllosilicate mineral composed 

of Al octahedral sheet sandwiched between two Si tetrahedral sheets (Grim, 1968; Van Olphen, 1966). It carries 

a permanent negative surface charge, arising from isomorphic substitutions in the octahedral, which is balanced 

by the presence of hydrated cations in the interlayer cation exchange. Adsorption at the clay-water interface 

occurs via cation exchange reaction in the interlayer and/or via surface complexation on the amphoteric 

hydroxyl edge sites (Sposito, 2008).  

 Spent fuel elements contain over 90 % uranium, with nearly 99% 238U (half life t1/2 = 4.468 × 109 a) and 

around 1% of remaining 235U (t1/2 = 7.038 × 108 a) and the activation product 236U (t1/2 = 2.342 × 107 a). Beside 

spent nuclear fuel and vitrified high-level waste, there are further potential sources of uranium contaminations 

such as uranium ore mining and processing, effluents from phosphate and rare earth production, the storage of 

long-lived intermediate-level and low-level waste, geothermal plants, and ammunition based on depleted 

uranium. Some of these uranium contamination sources relate to high ionic strength waters. In addition to its 

radiotoxicity, uranium also exhibits a high chemotoxicity. For any assessment of remediation measures, 

reduction of uranium release by technological processes or a safety case, knowledge about the retention of 

uranium by the surrounding soil and rock components is indispensable. Thermodynamic data that describe 

these processes are essential in reactive transport calculations, which are an integral part of such assessments. 
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 Many studies have focused on the interaction of actinides with clay minerals at low ionic strengths, (Amayri 

et al., 2016; Bradbury and Baeyens, 2002; Catalano and Brown, 2005; Fralova et al., 2021; Glaus et al., 2020; 

Joseph et al., 2017; Joseph et al., 2013a; Joseph et al., 2013b; Křepelová et al., 2007; Meleshyn et al., 2009; 

Pabalan and Turner, 1997; Schmeide and Bernhard, 2010; Semenkova et al., 2018; Tran et al., 2018). In 

contrast to the clay rock-porewater systems investigated in Switzerland, France or Belgium (De Craen et al., 

2004; Pearson et al., 2003; Vinsot et al., 2008), the electrolyte concentration in groundwaters of North German 

clay deposits is well above 1 mol L−1 (Brewitz, 1982). These groundwaters can reach ionic strengths up to 

4 mol L−1 in the relevant depths, with calcium concentrations up to 0.6 mol L−1. Furthermore, several 

measurements confirm the presence of significant amounts of HCO3
−. Similar high ionic strengths are expected 

in potential sites for radioactive waste repositories in sedimentary rocks in Canada (Mazurek, 2004) and Japan 

(Hama et al., 2007). 

 Even within one specific site, electrolyte concentration and pH can vary depending on depth or mineral 

inventory. Both, ionic strength, which in turn has an influence on the activity coefficients of the ions in solution, 

and pH dependence of sorption processes, need to be investigated as they influence radionuclide speciation 

and sorption. Besides uranium, further fission and activation products are relevant, e.g., Am, Pu, and Np. Due 

to the high radiotoxicity of trivalent actinides and their difficulty handling in the lab, the lanthanides Ln(III) 

are often used as analogues with similar chemical behavior. Schnurr et al. (2015) investigated the Eu(III) and 

Cm(III) uptake onto illite and montmorillonite. They found no significant influence of ionic strength on Eu(III) 

uptake on illite above pHc 6.5. On montmorillonite, the contribution of cation exchange to overall sorption is 

suppressed with increasing ionic strength and for pHc values between 6 and 8-9, higher ionic strengths decrease 

Eu(III) sorption. Cm(III) was used as a fluorescence probe in laser fluorescence spectroscopy. It was found 

that the same Cm(III) surface species are present at low and high ionic strengths. The authors used literature 

values from (Bradbury and Baeyens, 2006, 2009) to model Eu(III) sorption and applied the Pitzer equations to 

account for the high ionic strength environment. For illite, the model considerably underpredicted sorption at 

higher ionic strengths, while for montmorillonite, the Eu(III) sorption curves could be reproduced more 

accurately. The authors ascribed this to the aggregation of montmorillonite at higher ionic strengths (cf. (Abend 

and Lagaly, 2000), which reduces the number of available surface sites. Marsac et al. (2017) investigated the 

uptake of Pu on illite du Puy. They found that Pu(IV) sorption onto illite is not influenced by ionic strength, 

while at pHc < 6, where Pu(III) is the predominant oxidation state in solution, there is a decrease of Pu sorption 

with increasing ionic strength due to the ionic strength dependency of Pu3+–Na+ cation exchange. No evidence 
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was found for the precipitation of PuO2 (am,hydr). Surface complexation modeling (SCM) was performed with 

the Specific Ion Interaction Theory (SIT) to account for the high ionic strengths. The authors used literature 

values for Pu(IV) sorption from Banik et al. (2016) and, as an analogue for Pu(III), Eu(III) surface 

complexation constants from Bradbury and Baeyens (2005). The experimental pHc and pe of each data point 

were used as input due to the sensitivity of Pu redox speciation to these parameters. With the literature values 

and these parameters, Pu sorption was well reproduced. Poetsch and Lippold (2016) observed a strong decrease 

of Tb(III) and Eu(III) sorption on Opalinus Clay with increasing ionic strength. This effect was especially 

pronounced in CaCl2 and MgCl2 background electrolytes. Nagasaki et al. (2016) investigated Np(V) sorption 

on illite, shale and MX-80 montmorillonite in Na–Ca–Cl solutions in absence of CO2. For the first two minerals 

they found that ionic strength had no significant influence on Np(V) uptake. On MX-80, Np(V) sorption 

decreased for ionic strength changes from 0.1 to 1 mol L−1, with no significant ionic strength influence above 

1 mol L−1. Additionally, Np(V) sorption on all three sorbents was decreased by an increasing Ca2+ 

concentration in solution. 

 SCM, often in combination with ion exchange reactions, are used to quantitatively describe experimental 

adsorption results and to predict the retention of metal cations as well as anionic ligands onto solid phases 

(OECD/NEA, 2012; Payne et al., 2013). Such models use defined reactions between solution species and 

specific binding sites on mineral surfaces or even on biological matter (Ams et al., 2013). Several SCMs have 

been developed for simulating adsorption behavior of metals onto clay minerals, mostly differing in their 

treatment of the electric double layer (Bradbury and Baeyens, 1997; Grambow et al., 2006; Tertre et al., 2009; 

Tournassat et al., 2013; Tournassat et al., 2018), the number of surface protolysis steps, and the denticity and 

strengths of the binding sites. From these SCMs, the quasi-mechanistic two-site protolysis non-electrostatic 

surface complexation and cation exchange (2SPNE SC/CE) sorption model by Bradbury and Baeyens (1997) 

is the most often used model for argillaceous systems (see e.g. (Banik et al., 2016; Bradbury et al., 2005; 

Bruggeman et al., 2010; Cao et al., 2020; Ghayaza et al., 2011; Hartmann et al., 2008; Marsac et al., 2017; 

Schnurr et al., 2015; Sugiura et al., 2021)). It has been applied to U(VI) sorption by Bradbury and Baeyens 

(2005) and Marques Fernandes et al. (2012). In the former study, sorption of U(VI) and other trace metals on 

montmorillonite was modeled to determine a linear free energy relationship between aqueous hydrolysis 

constants and surface complexation constants. Surface complexation constants on strong and weak sorption 

sites and cation exchange coefficients for U(VI) sorption on several Na and Ca montmorillonites were derived, 

by which U(VI) sorption in the absence of CO2 can be described in a wide pH range. The second study is 
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concerned with quantifying the influence of CO2 on U(VI) sorption. For this, U(VI) sorption on Wyoming 

montmorillonite in the absence of CO2, in the presence of micromolar amounts of HC O3
−  and under 

atmospheric conditions was modeled, using cation exchange and sorption on strong and weak edge sites. Two 

approaches were tested: (i) reducing aqueous uranyl carbonate complexation constants which yielded a bad fit 

(and was rejected) and (ii) considering the formation of uranyl carbonate surface complexes. 

 SCM requires a set of surface species. However, this assignment of surface species is usually based on a 

number of assumptions or even only on numerical “best fit” criteria. It does not necessarily reflect the true 

surface speciation in the experimental system nor follow the principle of parsimony, i.e. to choose the simplest 

model that can reasonably describe a given data set. Consequently, it is advisable to check these assumptions, 

e.g., disregarding surface precipitation of U(VI) as a U(VI) uptake mechanism, making the modeling more 

robust and reliable. In addition to a macroscopic description of surface reactions by means of distribution 

coefficients (Kd values), a detailed understanding of the prevalent species in solution and of the sorption 

mechanisms is crucial. Spectroscopic experiments are expected to provide such molecular structural 

information. Attenuated total reflection Fourier-transform infrared (ATR FT-IR) spectroscopy and time-

resolved laser-induced fluorescence spectroscopy (TRLFS) offer an insight into the chemical environment of 

several lanthanides and actinides and enable an analysis of trace metal speciation in aqueous solution but also 

in situ at mineral-water interfaces (e.g. (Chang et al., 2006; Collins et al., 2011; Comarmond et al., 2016; 

Drobot et al., 2015; Marques Fernandes et al., 2016; Moulin et al., 1998; Müller et al., 2012; Neumann et al., 

2021; Philipp et al., 2019; Rabung et al., 2005; Richter et al., 2016; Wolter et al., 2019b)). In particular, these 

spectroscopic methods are important tools to identify and characterize molecular species, e.g. giving hints to 

the number and formation of species being present simultaneously, stoichiometries in absence and presence of 

different ligands, to different types of surface complexes (inner-sphere, outer-sphere, oligomerization and 

precipitation) and thus, finally to validate thermodynamic and theoretical predictions. 

 A robust model to be applied for U(VI) interaction with clay in a broad variety of geochemical settings has 

to be able to describe these interactions over wide ranges of ionic strengths and groundwater compositions in 

general. Furthermore, such a model has to take competing cations (ref. e.g., (Marques Fernandes and Baeyens, 

2020)) into account, e.g. alkaline earth ions, as they not only contribute to the overall ionic strength but might 

affect the aqueous speciation, can sorb themselves on the mineral, thus blocking binding sites, and might induce 

(co-)precipitation. The impact of calcium (Ca2+) is one of the important issues in long-term safety assessment 

of repositories and has been studied e.g. by Hennig et al. (2020), Missana and Garcia-Gutierrez (2007), Philipp 
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et al. (2019), Richter et al. (2016), Sugiura et al. (2021), Szymanek et al. (2021), and Wolter et al. (2019a). 

And last but not least, the set of thermodynamic parameters used needs to be internally consistent. This is most 

easily achieved by simultaneously fitting all raw experimental data to the full model, as is done in this work. 

 The aim of this study was a systematic investigation and description of the influence of ionic strength and 

various types of background electrolytes (NaCl and CaCl2) on the retention processes of U(VI) by the clay 

mineral montmorillonite. Therefore, U(VI) speciation in high ionic strength solutions and U(VI) sorption onto 

montmorillonite at increased salinities were investigated by batch sorption experiments and spectroscopic 

methods (TRLFS, ATR FT-IR). The experimental data of this study and published batch sorption data from 

comparable experimental U(VI) sorption studies on montmorillonite were used to develop a comprehensive 

SCM, that describes pH dependent sorption (edges) in various background electrolytes, to improve our 

understanding of U(VI) retention by clay minerals. Finally, to verify the robustness of the derived model, a 

blind prediction of additional uranium sorption data that was not part of the fit pool was performed and 

compared to the reported sorption curves. 

2. Materials and methods 

2.1. Materials 

 A Na-montmorillonite (SWy-2, Crook County, WY, USA) was used as model clay mineral. It was purified 

according to Baeyens and Bradbury (1997). This purification consists of transforming the clay into its Na-form 

and elimination of soluble salts and solid phases (e.g. carbonates), a size separation step to enrich the < 0.5 µm 

fraction, an acidification step to eliminate hydroxides of low solubility and lastly a dialysis against deionized 

water (until a residual conductivity of ≤ 10 S cm−1 was achieved) and a freeze-drying step. The purified clay 

was then analyzed by inductively coupled plasma mass spectrometry (ICP-MS, mod. ELAN 9000, Perkin 

Elmer, Waltham, MA, USA) after microwave digestion to obtain the phase composition (cf. Table S1 in the 

Supplementary Information - SI). X-ray diffraction (XRD, mod. Diffractometer D8, Bruker AXS GmbH, 

Karlsruhe, Germany) yielded diffractograms that closely resemble the reference patterns for size-separated 

SWy montmorillonite (not shown, Chipera and Bish (2001)). Furthermore, the specific surface area (SSA) was 

determined by the N2-Brunauer-Emmett-Teller (BET) method (mod. Coulter SA 3100, Beckman Coulter, 

Brea, CA, USA) and yielded a SSA of 41.1 ± 0.8 m2 g−1. 

 A 238U(VI) stock solution (5 × 10−4 mol L−1 238UO2Cl2 in 0.01 mol L−1 HCl) was used for all experiments. 

To prepare the background electrolyte, NaCl (p.a., ≥ 99.5 %, Roth, Karlsruhe, Germany) or CaCl2·2H2O 
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(p.a., Merck, Darmstadt, Germany) was dissolved in deionized water (18 MΩ cm−1; mod. Milli-RO/Milli-Q-

System, Millipore, Schwalbach, Germany). 

 The pH values were adjusted with diluted HCl (Roth) and NaOH (p.a., Merck) (0.01 or 0.1 mol L−1 each). 

For experiments in absence of CO2, NaOH prepared from rinsed NaOH pellets (p.a., Roth) was used. The pH 

values were measured with laboratory pH meters (inoLab pH 720, WTW, Weilheim, Germany and pMX 

3000/pH coupled with Multiplex 3000/pMX, WTW) with SenTix®Mic pH microelectrodes (WTW), calibrated 

with standard buffers at pH 1.679, 4.006, 6.865 (WTW) and 9.18 (Hanna Instruments, Woonsocket, RI, USA). 

 At high ionic strength, the usage of pH as the negative decadic logarithm of the hydrogen ion activity is not 

feasible due to the strong dependency of activity on ionic strength. Instead, pHc is used, the negative decadic 

logarithm of the molal hydrogen concentration. For practical measurement, a correction function that correlates 

the value displayed by the pH meter (pHexp) with the pHc is applied. For this, the approximations recommended 

by Altmaier et al. (2003) and Altmaier et al. (2008) were used. 

2.2. Batch sorption experiments 

 For the batch sorption experiments, 40 mg of the purified montmorillonite were weighed into 15 ml 

centrifuge tubes (PP, Cellstar, Greiner Bio-One GmbH, Frickenhausen, Germany). Then, pre-calculated 

amounts of NaCl or CaCl2 were weighed to the clay. The batch sorption experiments were carried out as 

function of pHc (NaCl: 4 - 10; CaCl2: 4 - 9) and ionic strength (0.1 - 3 mol kg−1). The experimental conditions 

are summarized in Table S2 in SI. 

 For the experiments under well-controlled ambient conditions (𝑝CO2
= 10−3.5 atm, T = (23 ± 2) °C), 8.5 g of 

deionized water were added. Then, pre-calculated amounts of 1 mol L−1 NaHCO3 (> 99.5 %, p.a, Merck) were 

added to achieve near-instant equilibrium with atmospheric CO2. The samples were shaken continuously in an 

overhead shaker (mod. Reax 20, Heidolph, Schwabach, Germany). The samples were pre-equilibrated for 10 

days (NaCl) or 4.5 weeks (CaCl2), during which pHc was adjusted frequently until pHc stability was reached. 

Then, further deionized water was added so that the samples contained 10 g of water each (solid-liquid ratio, 

SLR: 4 g kgwater
−1 ). After an additional pHc adjustment, an aliquot of U(VI) stock solution was added to achieve 

the initial U(VI) concentration (cm,U(VI) = 1 × 10−6 mol kg−1). After 4 to 7 days, during which pHc was 

repeatedly adjusted, the sorption step was completed, as shown by preliminary experiments (cf. Section 3.2). 

 Samples equilibrated under CO2-free conditions were transferred into a N2-glove box (T = (23 ± 2) °C), 

where 8.5 g of degassed deionized water were added. The samples were loaded into an air-proof shaking vessel 
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and transferred to an overhead shaker. Pre-equilibration took 4.5 weeks with frequent pHc adjustments until 

pHc stability (± 0.2) was reached, after which the samples were filled up to contain 10 g of water in total. 

Following an additional pHc adjustment, U(VI) stock solution was added to achieve the initial U(VI) 

concentration (cm,U(VI) = 1 × 10−6 mol kg−1). Sorption was found complete after 1 week, with frequent pHc 

adjustments during this week, which affected the overall SLR to less than 2 %. This was backed by sorption 

kinetic experiments (cf. Fig. S1 in SI) with 18 single data points performed at pHc 5.3 with an initial 238U(VI) 

concentration of 1 × 10−6 mol kg−1, a SLR of 4 g kgwater
−1  and an ionic strength of 2 mol kg−1 NaCl under 

ambient CO2 conditions. Sorption times ranged from 30 minutes to 1 week, with 10 data points on the first day 

of sorption. 

 When sorption was complete, the samples were centrifuged (mod. Avanti J-20XP, Beckman Coulter, Brea, 

CA, USA, 30 min, 4500g) and then filtered (PES syringe filter, 0.2 µm, vwr, Radnor, PA, USA) into new 

centrifuge tubes. Photon correlation spectroscopy (mod. BI90, Brookhaven Instruments, Holtsville, NY, USA) 

showed that this treatment was sufficient to remove colloids. Subsequently, an aliquot of the solution was 

acidified to 1 % HNO3 and analyzed for U by ICP-MS. Analysis for Na and Ca was done by flame atomic 

absorption spectroscopy (F-AAS, mod. AAS-4100, Perkin Elmer). Ion chromatography (mod. IC Separation 

Center 733, IC Detector 732, Deutsche Metrohm GmbH & Co. KG, Filderstadt, Germany) was used to 

determine chloride and carbonate content in solution. Container wall sorption was determined by shaking the 

empty vials used in the batch sorption experiments afterwards with 1 mol L−1 HNO3, with subsequent analysis 

for U by ICP-MS. 

 Parallel to the ionic strength and pHc dependency experiments, leaching experiments without addition of 

U(VI) and control experiments without clay mineral were performed (single data points, not shown here). The 

conditions were identical to the sorption experiments. After completion, the solutions were analyzed for Na, 

Mg, Al, Si, P, K, Ca, Ti, Mn, Fe, and U by ICP-MS and AAS. 

2.3. Spectroscopic methods 

 To check the theoretically calculated aqueous U(VI) speciation and to study U(VI) sorption on molecular 

level, TRLFS and in situ ATR FT-IR spectroscopy, respectively, were applied.  
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2.3.1. Time-resolved laser-induced fluorescence spectroscopy (TRLFS) 

 In a first attempt, TRLFS was tested to identify U(VI) surface species on montmorillonite. However, the 

very noisy spectra obtained, also due to severe quenching by the solid and the missing signals from carbonate 

species did not allow any sensible speciation analysis. But it was decided to utilize TRLFS at least to identify 

U(VI) species in 3 mol kg−1 NaCl and 1 mol kg−1 CaCl2 solutions in absence and presence of CO2 as a function 

of pHc. Apart from UO2CO3, the uranyl carbonate complexes do not show fluorescence at room temperature 

(Wang et al., 2004). Due to this and because of an increase of fluorescence intensity providing access to lower 

U(VI) concentrations, the TRLFS measurements were conducted at cryogenic conditions. The spectral 

resolution will also increase (Wang et al., 2008). The U(VI) solution (1 × 10−6 mol kg−1) was filled into plastic 

cuvettes (polystyrene one-time cuvette, Roth) and shock frozen with liquid nitrogen. These samples were 

attached to a sample holder and cooled down to 153 K by using a cryogenic cooling system (mod. TG-KKK, 

KGW-Isotherm, Karlsruhe, Germany). The U(VI) luminescence was measured using a Nd:YAG laser system 

(mod. Minilite, Continuum, Santa Clara, CA, USA) as described in Steudtner et al. (2011), after excitation with 

laser pulses at 266 nm with an averaged pulse energy of 1 mJ. The emitted luminescence light of the samples 

was recorded with a spectrograph (mod. iHR 550, HORIBA Jobin Yvon, Unterhaching, Germany) and an 

ICCD camera (mod. ICCD-3000, HORIBA Jobin Yvon) in the wavelength range from 369.8 to 669.2 nm by 

accumulating 250 laser pulses and using a gate time of 200 µs. Time-resolved spectra were recorded by 

measuring at dynamic delay times ti (µs), which were calculated according to the following equation. 

 𝑡𝑖 = 𝑖 +  
𝑖4

300
 (1) 

where i stands for the number of steps in series. An average of 50 measurements was used for each delay time. 

2.3.2. In situ attenuated total reflection Fourier-transform infrared (ATR FT-IR) spectroscopy 

 Infrared spectra were measured on a Vertex 80/v vacuum spectrometer (Bruker) equipped with a Mercury 

Cadmium Telluride (MCT) detector. Spectral resolution was 4 cm−1 and spectra were averaged over 256 scans. 

The ATR accessory DURA SamplIR II (Smiths Detection, Watford, Herts, UK) used here is a horizontal 

diamond crystal (A = 12.57 mm2) with nine internal reflections on the upper surface and an angle of incidence 

of 45°. The IR measurements were based on the principle of reaction-induced difference spectroscopy that has 

been previously described in Müller et al. (2012) and Müller et al. (2013). In short, after pre-equilibration of 

montmorillonite in a diluted NaCl solution for 1 week, the 2.5 g L−1 montmorillonite suspension was deposited 

on the ATR crystal as stationary phase until a film density of approximately 0.05 mg cm−2 was achieved. The 
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film was then flushed with solutions containing the background electrolyte at a certain pH with and without 

U(VI). Changes at surface were monitored with a sub-minute time resolution by recording single-beam spectra. 

Difference spectra were calculated at distinct time intervals. 

 The IR measurements were performed in 3 and 0.3 mol L−1 NaCl, at pHc 6.8, under N2 atmosphere. 

However, IR measurements in presence of CO2 were not evaluable as explained in Section 3.3. To increase the 

signal-to-noise ratio, D2O was used instead of H2O. The U(VI) concentration in the sorption step 

(2 × 10−5 mol L−1) was slightly higher than that used in the batch sorption experiments. This ensures that a 

decent signal-to-noise ratio for the evaluation of the surface complexes is achieved while the U(VI) speciation 

in solution is still reasonably similar to solutions with 1 × 10−6 mol L−1 U(VI) (cf. Section 3.3). Signals from 

precipitates were not detectable in the IR spectrum and can be excluded. They are distinguished from surface 

complexes and aquatic species by their appearance at particular frequency (~ 940 cm−1) as sharp and intense 

peaks. 

2.4. Surface complexation modeling and parameter derivation 

 The derivation of the surface complexation parameters was performed with the geochemical speciation 

code PHREEQC version 3.5.2 (Parkhurst and Appelo, 2013) coupled with the parameter estimation program 

UCODE 2014 version 1.004 (Poeter et al., 2014). Thermodynamic parameters were taken from the PSI/Nagra 

thermodynamic database version 12/07 (Thoenen et al., 2014). This database included uranium data based on 

the NEA TDB (Guillaumont et al., 2003) and was updated as necessary e.g. for calcium uranyl carbonates from 

the THEREDA Release 2020 (www.thereda.de) or the NEA Second Update, Vol. 14 (Grenthe et al., 2020) as 

given in Tables S3 and S4 in SI. The aqueous chemical speciation of U(VI) was calculated in equilibrium with 

montmorillonite as well as with the carbonate concentration as given by the original publications (𝑝CO2
= 

10−3.5 atm). The solubility product for a Na-montmorillonite (type: Montmorillonite-BCNa with the formula 

Na0.34Mg0.34Al1.66Si4O10(OH)2) was taken from the latest version of the ANDRA Thermodynamic Database 

(ThermoChimie-TDB_v10a, (Giffaut et al., 2014)). The formation of crystalline U(VI) phases was not 

considered due to the relatively short duration of the sorption experiments (< 7 days). However, due to the high 

ionic strengths (up to 3 mol kg−1), more amorphous solid phases such as metaschoepite (UO3:2H2O), 

Na-compreignacite (Na2(UO2)6O4(OH)6:7H2O) or clarkeite (Na(UO2)O(OH)) could precipitate and were 

consequently checked in our model. Thereby, the solubility product for clarkeite was taken from Gorman-

Lewis et al. (2008) with log K° = 9.4. This value is derived from solubility experiments with lower reaction 

http://www.thereda.de/
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time and points rather to amorphous phases. For the CaCl2 system, the precipitation of calcite was expected 

and considered in the model. Here too, it is unlikely that in the relatively short time of seven days in which 

U(VI) was present in solution, potential Ca-U(VI) solid phases such as becquerelite (CaU6O19:11H2O) were 

formed. 

 To correct the activity coefficient γ for higher ionic strengths (up to 3 mol kg−1 in this work) the Specific 

Ion Interaction Theory (SIT) (Guggenheim and Turgeon, 1955) was used in modeling calculations. However, 

no interaction coefficients between negatively charged uranyl hydroxides or uranyl carbonates and Ca2+ are 

available in the literature, decreasing the accuracy of the calculated U(VI) speciation under these high ionic 

strength conditions. All relevant thermodynamic data for the formation of aqueous species and solid phases for 

U(VI) as well as SIT ion interaction coefficients ε (kg mol−1) used in this work were mainly taken from the 

PSI/Nagra thermodynamic database version 12/07 (Thoenen et al., 2014) and are compiled in Tables S3 and 

S4 in SI.  

 To consider the sorption of U(VI) onto montmorillonite (surface complexation and cation exchange 

reactions), the 2SPNE SC/CE model (Bradbury and Baeyens, 1997) was used. This model combines SCM and 

ion exchange. It disregards electrostatic effects and uses two types of surface binding sites: One, strong 

(≡SSOH), with a high affinity site but a lower overall site capacity, and another more numerous site types, weak 

(≡SW1/W2OH), with lower sorption affinity. In case of trace metal sorption, cations will mainly bind to the strong 

sites and only when the strong sites begin to saturate at higher metal concentrations, cation uptake will also 

take place on the weak sites. Based on this 2SPNE SC/CE model we developed a specific SCM model for 

U(VI) sorption on montmorillonite (U(VI) model) tailored to the precise conditions encountered in the present 

experiments. The U(VI) concentrations lie below the sorption site capacity for strong sorption sites: at a SLR 

of 4 gclay kgwater
−1  and a surface site capacity of 2 × 10−3 mol kgclay

−1  (cf. Table 1), the number of available strong 

surface sorption sites is 8 × 10−6 mol kgwater
−1 , which is 8 times larger than the initial U(VI) concentration in 

solution, 1 × 10−6 mol kg−1. Therefore, we focused on the strong sites for SCM parameter derivation. Surface 

complexes on weak sorption sites can be discounted completely under these conditions, as was also done by 

Bradbury and Baeyens (2009). The surface site capacities and protolysis constants for montmorillonite derived 

by Bradbury and Baeyens (1997) were used as non-adjustable parameters in the surface complexation model 

in this work (cf. Table 1). The SSA, as determined in the present study is given in Table S2 in SI. The cation 

exchange capacity (CEC), the cation exchange reactions and corresponding selective coefficients (Kc Na/U and 

Na/Ca) are considered as further non-adjustable parameters as given in Table 1. 
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Table 1: Summary of site types, surface site capacities and protolysis constants for Na-montmorillonite (Bradbury and Baeyens, 1997) as 

well as cation exchange reactions for Na/U (Bradbury and Baeyens, 2005) and Na/Ca (Bradbury and Baeyens, 1999) used as non-adjustable 

parameters in this work. 

Site types Site capacity 

≡SSOH 2 × 10−3 mol kg−1 

≡SW1/W2OH 4 × 10−2 mol kg−1 

Cation exchange capacity 8.7 × 10−1 eq kg−1 

Surface protolysis reactions log K° 

≡SS,W1OH + H+ ⇌ ≡SS,W1OH2
+ 4.5 

≡SS,W1OH         ⇌ ≡SS,W1O– + H+ -7.9 

≡SW2OH + H+  ⇌ ≡SW2OH2
+ 6.0 

≡SW2OH           ⇌ ≡SW2O– + H+ -10.5 

Cation exchange reaction log Kc 

2Na-clay + Ca2+ ⇌  Ca2+-clay + 2Na+ 0.61 

2Na-clay + UO2
2+ ⇌  UO2

2+-clay + 2Na+ 0.15 

To develop a robust U(VI)-model able to describe properly a wide range of geochemical conditions, the 

following experimental data from different studies on U(VI) sorption onto montmorillonite were aggregated: 

a) the experimental data of the present work (NaCl and CaCl2 system), and b) U(VI) sorption data obtained 

from Nebelung et al. (2007), Marques Fernandes et al. (2012) as well as Bradbury and Baeyens (2005). 

However, in the presence of CO2 the system buffers since the NaOH is then completely converted to Na2CO3 

solution by the CO2 intrusion due to the carbonation reaction (2Na+ + 2OH- + CO2(g) = 2Na+ + CO3
2- + H2O). 

Therefore, all data points with pH > 9.5 were excluded in the carbonate-containing NaCl systems. Furthermore, 

two data points at pHc 8 at I = 0.3 mol kg−1 in the CO2-free CaCl2 sample series (marked with grey dots in 

Fig. 3) were excluded from the fit due to suspected carbonate content in these samples. For the experimental 

data of Nebelung et al. (2007) a deviation from the data of the carbonate-containing systems of this work and 

Marques Fernandes et al. (2012) can be seen in the alkaline range above pH > 6. This could be due to several 

reasons, such as an increased carbonate content or an increased Ca content in the system due to impurities in 

the samples, which leads to an increased formation of the aquatic calcium uranyl carbonate species and a 

decreased U(VI) sorption. Therefore, 8 data points above pHc > 6 from Nebelung et al. (2007) were excluded 
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from the fit (marked with grey dots in Fig. 5). This provided 213 experimental data points in total to derive the 

surface complexation constants (log K° values). 

 The experimental sorption values were defined as sum of sorbed and potentially precipitated percentage 

(U(VI) immobilized in %). The quantification of sorption in this form was preferred against Kd values or total 

concentrations as it provides implicitly a data weighing that mimics analytical uncertainties – remember that 

the primary ICP-MS result always is concentration of U(VI) remaining in the aqueous phase. All experimental 

boundary conditions, such as ionic strength, background electrolyte, pH range, initial U(VI) concentration, 

SLR, SSA, and absence or presence of CO2, were considered in the SCM model, for their values cf. Table S2 

in SI. As we assumed that the systems were in equilibrium, kinetic processes were not considered. The leaching 

experiments (not depicted) showed that the leachable U(VI) content in the montmorillonite did not affect the 

parameter estimation process and was therefore eliminated in an effort to keep the model as simple as possible. 

Container wall sorption was not included in the calculations, as it was also found to be negligible.  

 The fitting procedure utilized a combination of the codes PHREEQC and UCODE. A weighted residuals 

model was used to find the best fit. Thereby, the quality of the fit is assessed on the basis of the calculated error 

variance (CEV) as well as the standard deviation of the final log K° values as output parameter of UCODE 

(Poeter et al., 2014). The CEV is calculated by the sum of squared weighted residuals divided by the number 

of observations (here 213 experimental data points) minus the number of estimated parameters (here 3-4 

surface complexation constants). 

3. Results and discussion 

3.1. Aqueous U(VI) speciation 

 The calculated aqueous U(VI) speciation in the NaCl and CaCl2 electrolytes in the absence and presence of 

CO2 is shown in Figs. S2 and S3 in SI for I = 3 mol kg−1. The free uranyl cation, UO2
2+, and uranyl chlorides 

are the dominant species up to pHc 5.5. In absence of CO2 in both electrolytes, U(VI) forms various uranyl 

hydroxide species above pHc 5.5, whereas in presence of CO2 in NaCl uranyl carbonates dominate the 

speciation in the circumneutral and alkaline pHc range. In CaCl2, U(VI) predominantly forms the 

Ca2UO2(CO3)3(aq) complex. An ionic strength effect can be observed for the formation of the Ca2UO2(CO3)3(aq) 

complex in solution. Measurements of the carbonate content in samples with CaCl2 as electrolyte showed a 

decrease in carbonate content with increasing pHc. In the speciation and surface complexation calculations, the 

carbonate content in solution was therefore calculated by equilibrating the solution with air, followed by a 
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calcite precipitation step before the sorption step. The kinetic of calcite precipitation is well-described and 

reviewed by Morse et al. (2007) and takes effect at pHc > 7. Backdiffusion of CO2 was obviously slow in the 

experiments, so the carbonate content in solution turned small enough that uranyl hydroxides became once 

again the dominant U(VI) species at pHc 8.5. 

 In a second step, the calculated aqueous U(VI) speciation was spectroscopically checked and broadly 

confirmed at selected pHc values both in absence and presence of CO2 by TRLFS. The fluorescence emission 

spectra of the U(VI) solutions measured at 153 K are shown in Fig. 1 (NaCl) and Fig. 2 (CaCl2) with the band 

positions reported in Tables S5 to S7 in SI. 

 

 

Fig. 1: Cryo-TRLFS spectra of U(VI) (cm,U(VI) = 1 × 10−6 mol kg−1) in 3 mol kg−1 NaCl in absence (left) and presence (right) of CO2 as a 

function of pHc. Inset: Spectra normalized to maximum luminescence intensity. 

 As shown in Fig. 1 (left), the spectrum in 3 mol kg−1 NaCl in the absence of CO2 at pHc 4 reflects exactly 

the band position of the free UO2
2+ ion (cf. Table S5 in SI). With increasing pHc, a shift of the band positions 

towards higher wavelengths as well as a loss in fine structure can be observed. These changes in the 

luminescence spectra are typical for the formation of U(VI) hydrolysis species ((Drobot et al., 2015; Steudtner 

et al., 2010) and references therein). However, an assignment of distinct species by peak positions as well as 

fluorescence lifetime is not possible due to a lack of reference literature spectra of uranyl hydroxides recorded 

at cryogenic conditions comparable to those of this study. The spectra recorded in presence of CO2 (cf. Fig. 1, 

right) are clearly distinguished from the CO2-free system. These spectra are shifted to lower wavelengths in 

comparison to the free UO2
2+ ion (cf. Table S6 in SI), whereas the fine structure remains unaffected. At pHc 8.5 

the emission band positions correspond to literature values for UO2(CO3)3
4− (Götz et al., 2011; Wang et al., 

2004). With decreasing pHc value, the luminescence signal decreases, the peak ratios are changing and the 
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fluorescence lifetimes shorten. At pHc 6.8, the TRLFS spectrum corresponds to published spectra assigned to 

UO2CO3 (Wang et al., 2004), with a strong red-shift of 30 nm compared to the free uranyl ion. However, 

according to the U(VI) speciation calculations, the (UO2)2CO3(OH)3
− complex should be the dominant U(VI) 

species at this pHc (cf. Fig. S2 in SI). This discrepancy between thermodynamics and spectra assignment cannot 

be resolved at the moment and calls for a more systematic spectroscopic investigation of binary and ternary 

U(VI) carbonate complexes. 

 In 1 mol kg−1 CaCl2, spectra were recorded in presence of CO2 (cf. Fig. 2). The fluorescence lifetimes of 

around 1 ms and the emission band positions (cf. Table S7 in SI), which are shifted to even lower wavelengths 

than the spectra for uranyl carbonates found in absence of calcium, correspond to the spectral data of 

Ca2UO2(CO3)3(aq) (Wang et al., 2004). This effect of Ca2+ on U(VI) speciation, connected with a decrease of 

U(VI) sorption, can be observed already at millimolar concentrations of Ca2+ and will certainly be observed in 

high ionic strength groundwaters with Ca2+ concentrations in the order of hundreds of millimolar and presence 

of HCO3
− in solution (Philipp et al., 2019; Richter et al., 2016; Shang and Reiller, 2020). The reduced 

fluorescence intensity of the TRLFS spectrum at pHc 9.0 compared to pHc 7.5 at identical U(VI) concentrations 

confirms the reduced fraction of Ca2UO2(CO3)3(aq) in the U(VI) solution speciation in the higher pHc range. 

However, any suspected uranyl hydroxides could not be identified in this spectrum due to the much larger 

relative fluorescence intensity of Ca2UO2(CO3)3(aq).  

 

Fig. 2: Cryo-TRLFS spectra of U(VI) (cm,U(VI) = 1 × 10−6 mol kg−1) in 1 mol kg−1 CaCl2 in presence of CO2 as a function of pHc. Inset: 

Spectra normalized to maximum luminescence intensity. 
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3.2. U(VI) sorption onto montmorillonite as function of pHc, CO2 and ionic strength 

 The results of the kinetic experiments showed that sorption was constant already after 4 hours (cf. Fig. S1 

in SI) and remained so for at least 168 hours. In fact, the sorption process is fast enough that a relative sorption 

of 90 % was reached in less than 30 min. Nevertheless, for the pHc and ionic strength dependency experiments, 

longer sorption times were chosen to allow the detection of possible effects that may manifest within days 

instead of hours. In Fig. 3, the results of the pHc dependent U(VI) sorption onto montmorillonite are presented 

for the NaCl and CaCl2 systems for the different ionic strengths. The curves overlaying the experimental data 

points are surface complexation curves calculated from the derived surface complexation constants as 

described in Section 3.4. The individual surface complexes SC-1 to SC-3 are shown exemplarily for I = 0.3 

mol kg−1 in Fig. S4 in SI.  
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Fig. 3: U(VI) experimental batch sorption data for montmorillonite (symbols) and simulated results using the SCM model without ternary 

U-CO3-surface complex (SCM-A) (lines) for NaCl (above) and CaCl2 (below) (cm,U(VI) = 1 × 10−6 mol kg−1) as a function of pHc and ionic 

strength in absence (left) and presence (right) of CO2 (𝑝CO2
= 10−3.5 atm). (Marked with grey dots: Outlier as explained in Section 2.4). 

 The shape of the sorption edges for the NaCl system is in good agreement with results of comparable studies 

of U(VI) adsorption on montmorillonite (Bradbury and Baeyens, 2005; Marques Fernandes et al., 2012; 

Nebelung et al., 2007) as illustrated in Fig. 5. Below pHc 4 at low ionic strength, U(VI) is sorbing primarily to 

cation exchange sites in the interlayer. At high ionic strengths, cation exchange is strongly reduced, and from 

pHc 4 onwards sorption is taking place mainly at the edge sites of montmorillonite. For pHc > 4 an increasing 

U(VI) retention is observed caused by pHc-dependent surface complexation reactions due to the enhanced 

deprotonation of the surface sites. For the CO2-free NaCl system, a complete U(VI) sorption occurs above 

pHc 6. In the presence of carbonate, the sorption maximum is between pHc 6 and 7.5 and a very slight increase 

in U(VI) sorption with ionic strength was observed both in the absence and presence of CO2 as verified in the 

ATR FT-IR in situ sorption experiment (cf. Section 3.3). In the alkaline pHc range aqueous U(VI) carbonate 

complexes dominate and lead to a decrease of U(VI) retention above pHc 7.5. A slight deviation can be seen at 

pH > 9 which could be due to a reduced carbonate content in the experiments. The precipitation of Na-U(VI)-

solid phases such as metaschoepite (UO3:2H2O), Na-compreignacite (Na2(UO2)6O4(OH)6:7H2O) or clarkeite 

(Na(UO2)O(OH)) is not considered because a complete formation of such solid phases is not expected within 

the relatively short time of our seven-days sorption experiments. 

 The shape of the sorption edges for the CaCl2 system is comparable to the NaCl system. Above pHc 4 an 

increasing U(VI) retention is observed, with maximum values above pHc 6 in the absence of carbonate. The 

sorption values above pHc 6 are slightly lower than in the respective NaCl system, which is due to a slight 

competition of Ca2+ and UO2
2+ for sorption sites. In the presence of carbonate, U(VI) sorption decreases sharply 

between pHc 6 and 7. This is due to the formation of the strong aqueous Ca2UO2(CO3)3 complex which reduces 

U(VI) sorption to a much higher extent than the UO2(CO3)x
(2−2x)

 complexes occurring in the NaCl system 

(Fig. 3, right). This is confirmed by our TRLFS measurements and is in accordance with thermodynamic 

modeling (Fig. 2 and Figs. S2 and S3 in SI). The strong sorption decreasing effect of Ca2UO2(CO3)3(aq) agrees 

with literature data (Dong et al., 2005; Joseph et al., 2013a; Meleshyn et al., 2009; Philipp et al., 2019; 

Schmeide et al., 2014; Zheng et al., 2003). The mobility of this uncharged species in clay rock was verified by 

diffusion and modeling studies (Joseph et al., 2013b; Xiong et al., 2015). The ionic strength dependence 

observed for the sharp decrease in sorption at pHc > 6 is attributed to the shift of the Ca2UO2(CO3)3(aq) 
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dominance region to lower pH values with increasing Ca2+ concentration in solution associated with 

concomitant increasing ionic strength, as reported by Shang and Reiller (2020). This is supported by our U(VI) 

speciation calculations performed for I = 0.3 and 3 mol kg−1 (CaCl2) (cf. Fig. S3 in SI). Under alkaline 

conditions, the U(VI) retention increases again due to precipitation of calcite (CaCO3), which reduces the 

carbonate content in solution. This leads to a decreasing fraction of uranyl carbonate species and an increasing 

fraction of uranyl hydroxide species, as discussed in Section 3.1. The precipitation of Ca-U(VI)-solid phases 

such as becquerelite (CaU6O19:11H2O) is not considered because the TRLFS measurement of 1 × 10−6 mol 

kg−1 U(VI) in 1 mol kg−1 CaCl2 at pHc 9 (cf. Section 3.1) did not show evidence for the formation of a U(VI) 

precipitate suspended in solution. It is unlikely that in the relatively short time of seven days in which U(VI) 

was present in solution, an equilibrium with the potentially formed U(VI) precipitate was reached. 

3.3. In situ ATR FT-IR spectroscopic characterization of the sorption reaction 

 Fig. 4 (left) illustrates the course of a time-resolved ATR FT-IR in situ sorption experiment. The difference 

spectrum obtained from 60 min conditioning with blank solution reflects a sufficient stability of the 

montmorillonite film prepared as stationary phase on the ATR crystal (Fig. 4, left, lower trace). Nevertheless, 

there was some out-flushing of clay particles, which manifests in the bands visible in the > 1000 cm−1 

wavenumber range. The time-resolved spectra of the sorption stage (Fig. 4, left, middle traces) are 

characterized by an increasing band amplitude reflecting U(VI) accumulation on the mineral surface with 

ongoing sorption time. In the IR spectra, the antisymmetric stretching vibrational mode ν3 of the U(VI) moiety 

can be observed. The free uranyl cation in solution shows an absorption band of the ν3(UO2
2+) mode at 961 cm−1 

(Quilès and Burneau, 2000). Upon complexation in solution, e.g. with inorganic ions, or at mineral water 

interfaces the ν3 mode shifts to lower wavenumbers because of a decrease of the U=O force constant. At a 

U(VI) concentration of 0.1 mol L−1 (pH ≈ 4), Quilès and Burneau (2000) found (UO2)3(OH)5
+

 to be the 

dominant uranyl species in solution, characterized by an absorption band at 923 cm−1. At a considerably 

reduced U(VI) concentration of 2 × 10−5 mol L−1 at the same pH value of 4, the formation of a monomeric 

species was proposed with a very similar spectral response of ν3 at 922 cm−1, which was assigned to stem from 

the UO2(OH)2 species (Müller et al., 2008). 
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Fig. 4: In situ ATR FT-IR spectra of U(VI) sorption on montmorillonite in absence of CO2 (D2O, cU(VI) = 2 × 10−5 mol L−1, pHc 6.8): Left: 

Experiment at 3 mol L−1 NaCl. Right: Comparison of U(VI) uptake at 0.3 mol L−1 and 3 mol L−1 NaCl. Here only sorption spectra are 

shown. (The spectra of the sorption process were recorded at different times after induction as indicated on the right-hand side of the plot. 

Ordinate scaling is given by the bar in units of optical density. Other values indicated are in cm−1.) 

 During the U(VI) sorption process onto montmorillonite, a very broad band of ν3 emerges with a maximum 

at 910 cm−1, with a distinct shoulder at 900 cm−1 possibly indicating the presence of more than one surface 

species. The shift of more than 10 cm−1 in comparison to the predicted species in solution points to the 

formation of an inner-sphere uranyl complex on the montmorillonite surface. The in situ vibrational data of 

U(VI) sorbed onto other oxides of Al and Ti serving as references show similar shifts of the ν3 mode under 

identical U(VI) concentrations (Müller et al., 2013; Müller et al., 2012). A coordination of the actinyl ion by 

outer-sphere complexation (electrostatic attraction) is not expected to shift the absorption frequency to such an 

extent (Lefèvre, 2004). No further changes in the spectra are observed after prolonged sorption (120 min), 

indicating that the montmorillonite film is saturated with U(VI). 

 In the spectrum of the flushing stage (Fig. 4, left, upper trace), the absence of a negative band of ν3 around 

910 cm−1 indicates that none of the sorbed species were easily removed by flushing the mineral with the blank 

solution. This strengthens the assumption of the formation of an inner-sphere sorption complex. The very small 

negative band located at 923 cm−1 can be explained by flushing of remaining aqueous complexes from the 

pores of the mineral film. 

 In order to check the impact of ionic strength on the U(VI) sorption complex, the experiment was repeated 

using a 0.3 mol L−1 NaCl solution as background electrolyte. A comparison of the calculated ATR FT-IR 

difference spectra of the sorption stage is shown in Fig. 4 (right). The position of the spectral signal seems to 
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be identical, indicating the formation of equal sorption complexes. However, the intensity of the ν3 related band 

at 910 cm−1 is found to be slightly lower. This confirms the result of the batch sorption study, namely the 

slightly increase of the U(VI) sorption with ionic strength in NaCl at pHc ≈ 7. Experiments in 3 mol L−1 NaCl 

in presence of CO2 and in 1 mol L−1 CaCl2 showed a signal-noise ratio that prevented meaningful interpretation 

of the spectra. 

 As shown by ATR FT-IR spectroscopy, U(VI) speciation on the clay surface was mostly identical for low 

and high ionic strength under the applied experimental conditions. Schnurr et al. (2015) have made similar 

observations for Eu(III) and Cm(III) sorption to clay minerals. SCM in the present study was therefore 

conducted under the assumption that the processes responsible for U(VI) uptake are the same at low and high 

ionic strengths. 

3.4. Surface complexation modeling and parameter derivation 

 To derive surface complexation constants (log K° values) for the U(VI) sorption onto montmorillonite all 

experimental sorption data discussed in Section 2.4 (cf. Table S2 in SI) were fitted simultaneously. The 

proposed surface species based on the evidence provided by previous spectroscopic studies and published 

works. This choice replicates the most important patterns of the aqueous U(VI) speciation in a simplified 

version, i.e. U(VI) hydroxide complexes were assumed to be present on the clay mineral surface under 

conditions in which U(VI) hydroxides dominate the aqueous U(VI) speciation. We assumed monodentate 

surface complexes only to be as much as possible consistent to the original 2SPNE SC/CE application for this 

system in Marques Fernandes et al. (2012). Moreover, only strong sites were considered as mentioned in 

Section 2.4 due to the experimental conditions of the sorption studies and the available sorption site capacity. 

The surface site capacities and protolysis constants for montmorillonite derived by Bradbury and Baeyens 

(1997) as well as the parameter of the CE reaction published by Bradbury and Baeyens (1995) and Bradbury 

and Baeyens (2005) were used as non-adjustable parameters as given in Table 1 (cf. Section 2.4). As mentioned 

in Section 3.2, CE decreases with increasing ionic strength and only plays a role below pH 4. Keeping all this 

in mind, the only adjustable parameters were the stability constants for surface complexation reactions on 

strong sites for fitting the experimental sorption data. 

 The modeling procedure was carried out stepwise. Based on the original parameters as described in 

Bradbury and Baeyens (2005) as well as in Marques Fernandes et al. (2012) (cf. Table S8 in SI), the surface 

complexation reactions for the surface complexes on the strong sites were considered. However, it is expected 
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that the adsorption of carbonate species on the negatively charged montmorillonite can be neglected as 

described similarly for negatively charged feldspars (Neumann et al., 2021) or quartz (Vuceta, 1976). 

Tournassat et al. (2018) described that the U(VI) sorption on montmorillonite under real atmospheric 

conditions can be modeled without the formation of uranyl carbonate surface complexes (U-CO3-complexes). 

This was also attempted by Marques Fernandes et al. (2012). Thus, a SCM model without (SCM-A) and with 

a ternary U-CO3-surface complex (SCM-B) was developed to fit the data in this work. The surface complex 

≡SSOUO2(OH)2
− occurs between ≡SSOUO2OH and ≡SSOUO2(OH)3

2− as described in Marques Fernandes et 

al. (2012) and the inclusion of this complex in the set of surface complexes led to higher standard deviations 

of the final log K° values and the overall error CEV (cf. Section 2.4). Therefore, this surface complex 

≡SSOUO2(OH)2
− was excluded from the set of surface species. This leaves the surface complexes ≡SSOUO2

+, 

≡SSOUO2OH, and ≡SSOUO2(OH)3
2− for SCM-A to describe U(VI) surface complexation on montmorillonite 

(cf. Table 2). For SCM-B the surface complexes ≡SSOU O2
+ , ≡SSOUO2OH, ≡SSOUO2(OH )3

2− , and 

≡SSOUO2(CO3)2
3− were considered (cf. Table S8 in SI). The surface complex ≡SSOUO2CO3

− is expected to 

influence U(VI) sorption in nearly the same pHc range as the surface complex ≡SSOUO2OH and is therefore 

excluded from the set of surface species. The reduction of the number of parameters renders the model more 

robust and avoids insignificant species or species where stability constants are highly correlated. Here, it should 

be mentioned, that such a reduced set of the surface complexes might be too restrictive when expanding the 

boundary conditions well beyond the limits of this work. The results show that no ternary U-CO3-surface 

complex is required to fit the data. The surface complexation reactions for the considered U(VI) surface 

complexes and the fitted log K° values of the SCM-A model are given in Table 2. The standard deviation for 

the log K° values and the resulting CEV of 89 are taken from the UCODE output file. The dependence of the 

individual model parameters was checked using the correlation matrix calculated by UCODE as part of the fit 

procedure. Due to the given chemical correlations (same type of reactions, hydrolysis of the surface 

complexes), the log K° values of the surface complexation reactions show some minor correlation and are not 

completely independent of each other. However, with correlation coefficients of < 0.3, only weak 

interdependence is indicated (cf. Table S9 in SI). 

Table 2: Surface complexation reactions and log K° values derived in the present work, errors correspond to ± 2. Abbreviations for the 

surface complexes (SC) are used in Figs. 5, 6, S4, S8, S11 and S12. 
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 Surface complexation reactions log K° 

SC-1 ≡SSOH + UO2
2+ ⇌ ≡SSOUO2

+ + H+ 2.42 ± 0.04 

SC-2 ≡SSOH + UO2
2+ + H2O ⇌ ≡SSOUO2OH + 2 H+ −4.49 ± 0.7 

SC-3 ≡SSOH + UO2
2+ + 3 H2O ⇌ ≡SSOUO2(OH)3

2− + 4 H+ −20.5 ± 0.4 

 Figs. 3 and 5 show the SCM results obtained by applying the above SCM-A model. Obviously, the 

experimental data can be satisfactorily reproduced with this model at all the different experimental conditions. 

 

Fig. 5: U(VI) experimental batch sorption data for montmorillonite (symbols) and simulated results using the SCM model without ternary 

U-CO3-surface complex (SCM-A) (lines) from different studies: (a) Marques Fernandes et al. (2012) (cU(VI) = 9 × 10−8 mol L−1, I = 0.1 

mol L−1 NaClO4, in absence of CO2), (b) Marques Fernandes et al. (2012) (cU(VI) = 9 × 10−8 mol L−1, I = 0.1 mol L−1 NaClO4, in presence 

of CO2 (𝑝CO2
= 10−3.5 atm), (c) Bradbury and Baeyens (2005) (cU(VI) = 1.4 × 10−7 mol L−1, I = 0.1 mol L−1 NaClO4, in absence of CO2), (d) 

Nebelung et al. (2007) (cU(VI) = 1 × 10−6 mol L−1, I = 0.1 mol L−1 NaClO4, in presence of CO2 (𝑝CO2
= 10−3.5 atm). Designation of surface 

complexes SC-1 to SC-3 cf. Table 2. (Marked with grey dots: Outlier as explained in Section 2.4). 
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 The comparison with the surface complexation constants reported by Bradbury and Baeyens (2005) and 

Marques Fernandes et al. (2012) (cf. Table S8 in SI) shows that the constants derived in the present work are 

rather close to the parameters given in the aforementioned publications. Up to pH 6-7, the U(VI) sorption is 

approximately the same in carbonate-containing and carbonate-free systems as well as for both background 

electrolytes. In the NaCl/NaClO4 systems a complete U(VI) sorption occurs above pHc 6 in the absence of 

carbonate. In the presence of carbonate, the sorption maximum is between pHc 6 and 7.5 and a significant 

decrease in the U(VI) retention can be seen above pHc 7.5 down to nearly zero % sorption at pH 9 due to the 

formation of aqueous U(VI) carbonate complexes. Here, the difference of the experimental sorption data of 

Nebelung et al. (2007) at pHc > 6 to the data of the present work and of Marques Fernandes et al. (2012) as 

described in Section 2.4 can be seen and explain the deviation of the modeled sorption edge of Nebelung et al. 

(2007) in the alkaline pH range. As can be seen in Figs. 3 and 5 no ternary U-CO3-surface complex is required 

to fit the data and four parameters (three binary surface complexation reactions and the CE reaction) are 

sufficient to describe the sorption edges of the U(VI)-montmorillonite system. However, the results of SCM-B 

with ternary U-CO3-surface complex (cf. Figs. S7 and S8 in SI) are still comparable to SCM-A, which indicates 

the low relevance of the U-CO3-surface complex. However, a slight underestimation of the experimental data 

of Marques Fernandes et al. (2012) in the presence of carbonate can be seen with SCM-A at pH > 7 (cf. Fig. 5b), 

which is acceptable due to the high error bars. With SCM-B the data at pH > 7 of Marques Fernandes et al. 

(2012) (cf. Fig. S8b in SI) are somewhat more accurately described but overestimate the sorption edges in the 

alkaline pH range of comparable systems as described in Section 3.4.1 (cf. Fig. 6). As the objective of this 

work was to develop a robust and comprehensive model for U(VI) sorption onto montmorillonite we prefer the 

SCM-A model without ternary U-CO3-surface complex as already recommended by Tournassat et al. (2018). 

Thus, U(VI) sorption on montmorillonite at various ionic strengths, which is almost completely governed by 

U(VI) surface complexation, can be well described. 

3.4.1. Validation of the final SCM model 

 To validate the developed SCM model, we compared U(VI) batch sorption results on montmorillonite 

published by Pabalan et al. (1998) (cU(VI): 2.45 × 10−7 mol L−1, pH: 2 ˗ 9, I: 0.1 mol L−1 NaNO3, SLR: 

3.2 g kgwater
−1 , SSA: 97 m2 g−1) to predictions computed with our SCM set of species and the associated log K° 

values derived in the present study (cf. Table 2 for SCM-A and in SI Table S8 for SCM-B), as well as the 

values for surface protolysis and binding site densities (cf. Table 1). As can be seen in Fig. 6 and Fig. S11 in 
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SI, the SCM-A without a ternary U-CO3-surface complex provides simulations in excellent agreement with the 

experimental data published by Pabalan et al. (1998). 

 It can be observed that the U(VI) retention is dominated by the surface complex ≡SSOUO2
+ (SC-1), followed 

by the ≡SSOUO2OH (SC-2), and ≡SSOUO2(OH)3
2− (SC-3). Below pH 3.5, U(VI) is sorbing primarily to cation 

exchange sites. At pH > 3.5, an increased U(VI) retention is observed caused by pH-dependent surface 

complexation reactions due to the enhanced deprotonation of the surface sites. The sorption maximum is 

between pH 5.5 and 7. Above pH 7, a significant decrease of the U(VI) retention can be seen down to nearly 

zero % sorption at pH 9, comparable to the experimental data of the present work and of Marques Fernandes 

et al. (2012) (cf. Figs. 3 and 5). This is due to the formation of aqueous U(VI) carbonate complexes in the 

alkaline pH range. The ternary U-CO3-surface complex ≡SSOUO2(CO3)2
3− (SC-4) is not required to simulate 

the U(VI) retention above pH 7.5. As can be seen in Fig. S12 in SI, the inclusion of this complex leads to an 

overestimation of the U(VI) sorption at alkaline conditions.  

 

 

Fig. 6: U(VI) experimental batch sorption data for montmorillonite from Pabalan et al. (1998) (symbols) (cU(VI) = 2.45 × 10−7 mol L−1, I = 

0.1 mol L−1 NaNO3, in presence of CO2 (𝑝CO2
= 10−3.5 atm) and predictive modeling results (lines) using the final SCM model without 

ternary U-CO3-surface complex (SCM-A) of this study. Designation of surface complexes SC-1 to SC-3 cf. Table 2. 
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 These simulations show that the predictive modeling using the SCM-A model as a simplified version of the 

2SPNE SC/CE model yields results that compare well with the U(VI) sorption data reported in the open 

literature, demonstrating the robustness of the developed SCM. 

4. Conclusions 

 New insights into the U(VI) sorption on the clay mineral montmorillonite at increased ionic strength were 

obtained, using a multi-method approach combining batch sorption experiments with spectroscopic methods 

(TRLFS, ATR FT-IR) as well as SCM. These investigations focused on a wide range of experimental 

conditions: absence and presence of CO2, variation of pHc, background electrolytes (NaCl and CaCl2) and ionic 

strength (up to 3 mol kg−1).  

In the absence of carbonate, U(VI) was almost quantitatively sorbed (nearly 99%) above pHc 6 in both NaCl 

and CaCl2 due to deprotonation of surface sites. No significant ionic strength effect was observed. Below pHc 4 

and at low ionic strengths, U(VI) is bound primarily to cation exchange sites in the interlayer. With increasing 

ionic strength, cation exchange is strongly reduced, in particular in the NaCl system. However, if the 

differences in ionic strength stay within one order of magnitude, the differences in U(VI) uptake are small 

(< 1%). 

 In the presence of carbonate, U(VI) sorption was reduced above pHc 7.5 in the NaCl system because of 

aqueous U(VI) carbonate complexes. In the CaCl2 system, U(VI) sorption is strongly reduced between pHc 6 

and 7 due to formation of the neutral Ca2UO2(CO3)3(aq) complex in aqueous solution, as confirmed by TRLFS 

in accordance with thermodynamic modeling. A significant ionic strength effect is observed here, caused by 

the formation of the thermodynamically stable, neutral Ca2UO2(CO3)3(aq) complex, which forms at lower pH 

values as Ca concentration and ionic strength increase. Under alkaline conditions, the U(VI) retention increases 

again due to the precipitation of calcite (CaCO3). As a result, the carbonate content and thus, the amount of 

uranyl carbonate complexes in solution is reduced at laboratory conditions. However, in a deep geological 

disposal setting, re-adsorption of carbonate in solution can be expected as a long-term effect. 

 Based on the batch sorption and spectroscopic data from this study, as well as from published U(VI) 

sorption studies on montmorillonite conducted under somewhat different experimental conditions, a robust and 

comprehensive surface complexation model, based on the 2SPNE SC/CE model of Bradbury and Baeyens 

(1997), was developed. It successfully describes the experimental data at various ionic strengths in the absence 

and presence of carbonates by considering only strong sorption sites. It was confirmed that ternary uranyl 
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carbonate surface complexes are not required to model the U(VI) sorption onto montmorillonite under 

atmospheric conditions as previously suggested by Tournassat et al. (2018). Four reaction parameters (three 

binary surface complexation reactions and the CE reaction) are sufficient to model the U(VI) sorption edges 

(at trace U concentrations) for different geochemical conditions. This is an improvement compared to the up 

to ten parameters previously used by Marques Fernandes et al. (2012), where in addition isotherms in the 

absence and presence of carbonate were considered. However, it should be noted, too, that the 2SPNE SC/CE 

model clearly reaches its limits of applicability at high ionic strengths, as can be seen especially for the high 

ionic strength data points in the pH range 5 to 6. 

 The obtained surface complexation constants (log K° values) are substantial for a realistic geochemical 

modeling of U(VI) transport in groundwaters. In particular, the obtained stability constants will extend the 

thermodynamic database for the smart Kd-concept (Stockmann et al., 2017), as a modern approach to simulate 

the radionuclide transport for a wide range of geochemical conditions. As the Kd paradigm is still the most 

often encountered approach in environmental chemistry and geochemistry, the results of this study have also 

been converted into Kd-based graphs that are compiled in SI. 

 With respect to the long-term safety assessment of a radioactive waste repository in argillaceous rock at 

elevated salinity levels, the results demonstrate that increased ionic strengths up to 3 mol kg−1 have no 

significant effect at environmentally relevant pH conditions. This is different in the presence of calcium, since 

uranium(VI) sorption is then restrained by the preferential formation of the Ca2UO2(CO3)3(aq) complex with 

increasing calcium concentration and thus increasing ionic strength. Predictive modeling of U(VI) sorption 

processes in complex clay rich natural environments should take this into account for safety assessments. 
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