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Abstract 

This study investigates the retention of trivalent actinides (Cm3+) and their lanthanide 

analogues (Eu3+) on monoclinic zirconia (ZrO2), a solid phase known to form on the zircaloy 

cladding material surrounding spent nuclear fuel (SNF) rods. Two zirconia solids with 

varying carbon content were utilized. The influence of carbon impurities on the ZrO2 surface 

charge was investigated via zeta-potential measurements. Batch data was collected for various 

Eu3+ concentrations, while the Cm3+ surface speciation was studied on the molecular level 

with laser spectroscopy (TRLFS). The spectroscopic sorption data was modeled using the 

Diffuse Double Layer (DDL) model. The ZrO2 surface charge measurements yielded a pHIEP 

of 6 which was influenced by the presence of inorganic and organic carbon species. The pH-

dependent uptake of Eu3+ showed a maximum sorption above pH 5.5, with no impact of the 

carbon concentration. The speciation of the trivalent metal, however, was different in the 

presence of intrinsic organic carbon in the sample, resulting in the formation of an organic 

Cm3+-complex on the surface. This ternary complex was absent on the ZrO2 material with low 

carbon content. Here, the surface speciation was dominated by Cm3+ and Cm3+-hydrolysis 

complexes which could be well described by our DDL model. 

 

Keywords: Cm3+, Eu3+, zirconia (ZrO2), laser spectroscopy (TRLFS), sorption, surface 

complexation modeling 
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1. Introduction 

Zirconia, ZrO2, is a frequently studied material from many points of view, one of them being 

the final disposal of spent nuclear fuel (SNF). In this context, zirconia will be present as a 

corrosion product of nuclear fuel rod zircaloy cladding used in water cooled reactors. The use 

of zircaloy as cladding material has been developed since the early 1950s and has experienced 

several advances since then. Although zircaloy is a collective term for many different alloy 

compositions they all share a very high zirconium content of above 95%.[1] This alloy has 

very good characteristics regarding the low thermal neutron capture cross-section as well as 

high corrosion stability in contact with water at elevated temperatures. Nevertheless, it has 

been shown that corrosion of the alloy, producing mainly ZrO2, occurs during reactor 

operation, and is likely to proceed in a final repository for nuclear waste.[2] A key topic of 

research in the field of final repository safety is the investigation of immobilizing interactions, 

such as sorption and incorporation, between solid surfaces present in such a repository, and 

actinides (e.g. Np, Pu, Am) which are considered the most ecologically and toxicologically 

problematic contents of SNF after about 100 years after removal from the reactor core, when 

the short-lived fission products have mostly decayed. Many studies can be found for the 

interaction of actinides with various clay minerals in host rock formations [3–10] or in 

envisioned buffer and back-fill materials [11–26]. In addition several studies report on 

actinide sorption reactions with crystalline (host) rock [27–30], various iron minerals as 

corrosion products from SNF steel canisters [31–35] and aluminium-bearing solids as 

representatives for aluminosilicates [36–40] or iron containing solid phases [31,41–44]. 

However, the interaction of radionuclides, especially the actinides, with the zirconia surface in 

aqueous systems has received very little attention. Some studies have been performed on the 

sorption of U(VI) on zirconia [45–47] while only two studies can be found on the sorption of 

trans-uranium elements, i.e. Pu(IV) [48] and Pu(IV) and Np(V) [49]. To our knowledge no 

studies can be found on the sorption of trivalent actinides on zirconia, even though these 

actinides are of great importance for the safety case of final waste repositories, as two 

Am(III)-isotopes (Am-243 and Am-231) as well as Pu(III) (mainly Pu-239) are the 

dominating sources of the long-term radiotoxicity in SNF.[50] After water ingress to a final 

repository, meaning that water has made its way through the geological barrier (the host 

rock), the geotechnical barrier (the backfill) and the technical barrier (the SNF container), the 

corrosion of the zircaloy cladding will lead to the formation of zirconia in direct contact with 

dissolved elements from the SNF matrix. The contact of water with the fuel can lead to 

oxidative dissolution of the matrix followed by mobilization of radionuclides including the 
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actinides. Therefore, interactions of actinides with zirconia are highly relevant for analyzing 

the risk of actinide mobilization in a repository system. 

Zirconia is a very complex material with several different crystalline polymorphs with 

monoclinic, orthorhombic, tetragonal, and cubic crystal systems, which are stable at different 

pressures and temperatures. The tetragonal and the cubic structures are present at high 

temperatures, i.e. above 1170 °C and 2370 °C [51], respectively, while the orthorhombic 

structure is formed at high pressure. Therefore, the monoclinic phase of zirconia is 

thermodynamically the most stable phase at conditions present in a radioactive waste 

repository. In addition, the surface properties of zirconia are very diverse, which is apparent 

when looking at e.g. published data for the isoelectric point of the zirconia surface, for which 

values ranging from 4 to 10, have been reported.[52] 

Zirconia has been claimed to be the only metal oxide with a surface showing acidic and 

alkaline as well as oxidizing and reducing properties.[53] The alkaline properties of the 

surface lead to the formation of stable carbonate species on zirconia, which form either from 

the adsorption of CO2 from air or due to the dissolution of CO2 in aqueous solutions.[54] In 

addition, the crystal structure has been shown to influence the coordination of sorbents on the 

surface, where especially bicarbonates as well as monodentate and bidentate carbonate 

species have been observed at the surface of monoclinic zirconia. Besides carbonate species, 

also organic compounds have a high tendency to chemically sorb on the material as has been 

shown for pyridine or diphenylamine for example.[53] Commercial production paths of 

zirconia often involve organic surfactants to improve its properties in different ways. Various 

different surfactants are used, ranging from fatty acid esters, phenyl ethers to polymers of 

carboxylic acids.[55] How the presence of such organic compounds or chemisorbed carbonate 

complexes influences the surface properties of zirconia is not well understood and, hence the 

effect on the surfaces behavior is often neglected. Therefore it is of great importance to 

minimize the amount of any remaining surfactant when performing surface investigations to 

be able to achieve reproducible results as well as to gain knowledge relevant to the safety case 

of a final SNF repository. 

The aim of this study is to investigate the uptake of trivalent cations (Cm3+ and Eu3+) on 

monoclinic zirconia. Comparative adsorption investigations on a commercial, untreated 

zirconia and the same solid phase after heat-treatment at 1000 °C have been done to study the 

influence of organic and inorganic impurities on zirconia on the surface properties of the 

mineral as well as on the surface complexation reaction. The mineral properties before and 
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after calcination have been studied by means of x-ray diffraction, dissolved organic and 

inorganic carbon measurements, zeta potential measurements, and scanning electron 

microscopy. The surface sorption behavior of the trivalent metal cations has been investigated 

in batch-sorption investigations using Eu3+, while the speciation was studied with time-

resolved laser-fluorescence spectroscopy (TRLFS) of Cm3+. To support our findings, surface 

complexation modelling was performed to create a sorption model for Cm3+ on ZrO2, based 

on the spectroscopically determined surface speciation. The Diffuse Double Layer model was 

used to describe the system. 
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2. Materials and methods 

Two ZrO2 materials were used in this study, differing in their pre-treatment procedures only. 

One solid has been used as received from ChemPUR without any further treatments, in the 

following referred to as ZrO2-untreated. The other has been heat-treated by means of 

calcination for 5 h at 1000 °C under ambient atmosphere in a ceramic crucible (ZrO2-calc.). A 

heating rate of 200 °C/h was used. After the completed calcination time, the oven was 

switched off and left to cool. The calcined product was ground using an agate mortar and 

pestle. Both solid phases were subjected to the same characterization methods as described 

below. 

2.1. ZrO2 characterization methods 

The phase purity and crystallinity of the untreated and calcined solids were determined by 

powder x-ray diffraction (PXRD) using a MiniFlex 600 (Rigaku) diffractometer. For detailed 

measuring conditions see the supplementary information (SI). To obtain information on the 

phase composition the Rietveld method was brought to use by using the PDXL software 

(version 2) from Rigaku. 

For the determination of the reflex half-widths (full width at half maximum, FWHM) the 

average FWHM of the two most intense reflexes at positions of 28.2 ° (111̅)𝑚 and 31.5 ° 

(111)𝑚 was used. The FWHM is mainly dependent on two parameters being the crystallite 

size and the crystallinity. Small crystallites will yield broader peaks than larger crystallites, 

while an increasing crystallinity of the sample will result in narrower diffraction patterns. 

Therefore, the Scherrer equation [56] can be used to calculate the crystallite size from the 

PXRD pattern, see SI, equation SI1. 

The average crystallite sizes 𝐷ℎ𝑘𝑙 obtained for the two most intense reflections (see above) 

was used. For further information the reader is referred to the SI. 

 

The specific surface area of the zirconia powder was investigated using N2-BET physisorption 

method. These studies were done using a Micromeritics Gemini V, model 2365. Further 

details are given in the SI. 

The morphology and particle size as of the zirconia particles was investigated with SEM. For 

the SEM investigations, a Quanta 650 SEM of the company ThermoFisher Scientific was 

used. 
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Total carbon (TC), total organic carbon (TOC), and total inorganic carbon (TIC) 

determinations of the solid phases were performed with a COULTER SA 3100 of the 

Beckman company. The TIC was calculated from the measured TC and TOC concentrations. 

For a detailed description the reader is referred to the SI. 

 

To investigate the surface properties of the samples and the possible influence of organic and 

inorganic carbon impurities in the ZrO2 solids on their electrophoretic behavior, zeta-potential 

measurements were conducted using untreated and calcined zirconia with a Zetasizer Nano 

(Malvern Panalytical). Due to the surface basicity of ZrO2, carbon dioxide has a tendency to 

adsorb on the solid, which alters the surface charge of the mineral. Thus, zeta-potential 

measurements of both solids were conducted in the absence and presence of atmospheric CO2. 

The sample rows were prepared using a mineral concentration of 1 g/L for ZrO2-untreated and 

0.5 g/L for ZrO2-calc because of its lower suspension stability. For all samples 10 mM 

NaClO4 was used as electrolyte. All measurements were done after three days equilibration of 

the suspensions. 

 

2.2. Eu3+ Batch sorption experiments on ZrO2 

Batch sorption experiments, examining the sorption of Eu3+ on both zirconia materials as a 

function of pH were performed. All samples and reagents were prepared in a glove box under 

nitrogen atmosphere (O2 < 1 ppm) to exclude any influence from atmospheric CO2. Carbonate 

free MilliQ water was used in the preparation of all solutions. 10 mM NaClO4 was used as 

background electrolyte. Several different Eu3+ concentrations in the range from 1∙10-7 M to 

1∙10-5 M were used and the solid concentrations were varied from 0.5 g/L – 5.0 g/L. A 

detailed summary of the experimental conditions used in these investigations is given in Table 

S1. 

The samples were shaken for a minimum period of three days. Samples were separated by 

centrifugation with a relative centrifugal force of 4025 g for one hour. The Eu3+ concentration 

in the supernatant was measured with inductively coupled plasma-mass spectrometry (ICP-

MS). 
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2.3. TRLFS studies of the Cm3+ surface complexation on ZrO2 

The spectroscopic investigations of the Cm3+ surface complexation and in-situ speciation 

were done at a Cm3+ concentration of 5∙10-7 M and a solid concentration of 0.5 g/L in all 

samples if not specified differently. 

TRLFS was utilized to obtain luminescence emission spectra which gives information on 

changes in the first coordination sphere of Cm3+. The luminescence lifetime measurements 

yield information on the number of luminescence quenching entities, mainly OH- and H2O, in 

the first coordination sphere of Cm3+. This is done by correlating the measured luminescence 

lifetime (τ) with the number of hydration water molecules using the semi-empirical Kimura 

equation [57] (Equation 1): 

𝑁𝐻2𝑂 =
0.65

𝜏𝐶𝑚3+(𝑚𝑠)
 − 0.88                 (1) 

The pH dependent sorption and speciation of Cm3+ on ZrO2 was investigated with parallel 

samples containing Cm3+, ZrO2 and 10 mM NaClO4 as electrolyte. The pH of the samples was 

increased stepwise from pH 3 to pH 12. After each pH adjustment the samples were 

equilibrated for two days while constantly stirred. For the TRLFS measurements the samples 

were pipetted into cuvettes which were sealed in the glove box. After the measurements, the 

samples were brought back into the glove box and pipetted back to the sample vials, followed 

by pH adjustments of the complete sample volume. 

The TRLFS sorption analyses were performed using a pulsed dye-laser (NarrowScan, Radiant 

Dyes) with a 1:1 dye mixture of Exalite 389 and Exalite 398, coupled to a Nd:YAG 

(Continuum, Surelite) pump laser. The Cm3+ luminescence emission spectra were recorded 

between 570 - 640 nm, 1 µs after the exciting laser pulse with a wavelength of 396.6 nm. The 

laser pulse energy was measured by a pyroelectric energy sensor and was found to be between 

2 – 3 mJ in each measurement. Luminescence emission was detected by an optical 

multichannel analyzer (Shamrock 303i) with 300, 600 or 1200 lines/mm grating and an 

ICCD-Camera (iStar, Andor). Lifetime measurements were performed by monitoring the 

luminescence emissions with 5 µs – 20 µs time delay steps between the laser pulse and the 

camera gating. 
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2.4. Surface complexation modelling 

To create a model based on a chemically realistic surface speciation, the calculated species 

distribution on the calcined material ZrO2-calc was used to fit the formation constants (logK°) 

for the three different surface species, obtained from TRLFS (see sections 3.2 and 4). The 

number of water molecules in the coordination sphere of the proposed species have been 

calculated from the recorded luminescence lifetime data using the Kimura equation (see 

sections 2.3 and 3.2). The deprotonation of the surface hydroxyl-entities upon Cm3+ sorption 

on the ZrO2 surface was tested for various degrees of deprotonation (dissociation of only one 

hydroxyl-entity upon full dissociation of all participating surface OH-groups). The reactions 

described below showed the best fits and were therefore used in the final calculations. 

Species 1: 2 ZrOH + Cm3+ + 7 H2O → (ZrO)2Cm(H2O)7
+ + 2 H+  

Species 2: 3 ZrOH + Cm3+ + 6 H2O → (ZrO)3Cm(H2O)6
±0 + 3 H+ 

Species 3: 5 ZrOH + Cm3+ + 4 H2O → (ZrO)5Cm(H2O)4
2− + 5 H+ 

The surface site density (SSD) of ZrO2 was calculated using a crystallographic approach. The 

morphology of ZrO2 crystals was calculated with the BFDH (Bravais-Friedel-Donnay-Harker) 

model using the software package “Mercury CSD 3.9” [58] and the crystallographic data from 

Smith and Newkirk [59]. For each surface plane, the number of oxygen atoms per square-

nanometer was determined assuming that each surface oxygen atom is equivalent to one 

hydroxylic group that is capable for metal-ion binding reactions. Only the oxygen atoms of 

the Zr-O-octahedron corners in the uppermost layer were considered, since these are directly 

accessible for a sorption reaction. For the overall SSD value, the mean SSD value of all 

planes was calculated and weighted by the relative BFDH area of each plane. For the surface 

protolysis reactions, the data from Blackwell and Carr [60] was used. For the fitting procedure 

the parameter estimation software ‘UCODE2014’ [61] was coupled with the geochemical 

speciation code ‘PHREEQC’ [62] using the aqueous speciation and mineral solubility data 

based on the ‘PSI/Nagra Chemical Thermodynamic Database 12/7’ [63]. 
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3. Results 

3.1. Mineral characterization 

Both used materials, the untreated (ZrO2-untreated) and the pretreated (ZrO2-calc), show the 

diffraction pattern of the monoclinic phase (Figure 1). However, the untreated material 

additionally shows a small percentage (~ 4%) of the tetragonal phase. The ZrO2-untreated 

shows narrow diffraction peaks (FWHM ~ 0.49 °), which decrease in half-width after heat 

treatment to approximately 0.19 °. Using the Scherrer equation (equation SI1) the crystallite 

size of ZrO2-untreated could be calculated (see explanations in section 2.1. and SI) to be 

around 20 – 25 nm which correlates well with the size of 20 nm given by the producer. In 

contrast, the heat treated product has a calculated crystallite size of approximately 45 nm 

assuming a constant crystallinity. 

 

Figure 1: X-ray diffraction pattern of the untreated (ZrO2-untreated) and the calcined material (ZrO2-calc) using Cu-

Kα radiation. The reflexes of the monoclinic and the tetragonal phases of ZrO2 are indicated with bars in the figure. 

The particle size distribution of ZrO2-untreated (Figure 2, left) and ZrO2-calc (Figure 2, right) 

gives a size of 135 ± 27 nm and 96 ± 32 nm, respectively. This implies that the particle size of 

the calcined material subjected to both calcination and grinding is similar to the original 

product (Figure 2, top). The particle size differs strongly from the crystallite size, therefore, 

the observed particles consist of multiple crystallites. 
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Figure 2: ZrO2-untreated, applied to the sample holder as powder (top left) and from suspension (bottom left), ZrO2-

calc, applied to the sample holder as powder (top right) and from suspension (bottom right). 

In Figure 2, bottom, the agglomerate size of both samples is shown when applied to the 

sample holder from aqueous suspension. Although the particle size was shown to be very 

similar, the size of the agglomerates of ZrO2-untreated is smaller, i.e. 3 ± 2 µm compared to 

13 ± 6 µm for ZrO2-calc which manifests in its higher suspension stability. 

The BET surface area of the commercial material (ZrO2-untreated) is 21.8 ± 0.2 m2/g while 

the area of the calcined and mortared material (ZrO2-calc) is considerably smaller with a 

value of 5.6 ± 0.1 m2/g. The micro pore area for both materials is 1.26 ± 0.02 m2/g. 

The ZrO2-untreated shows a total carbon content of 0.98 ± 0.06 mg/g while the distribution of 

organic to inorganic carbon is about 50% each (Table 1). Upon calcination of the ZrO2-

untreated the carbon content decreases drastically to 0.13 ± 0.03 mg/g, most likely due to the 

combustion of an organic carbon source initially present in the sample as well as the removal 

of carbonate species from the surface. Here, the detection limit does not allow any 

distinguishing between organic and inorganic carbon. However, due to the high calcination 

temperature it can be assumed that all carbon sources initially present on the surface have 

been removed and it seems reasonable to assume that the remaining carbon is re-adsorbed 

CO2 and therefore inorganic carbon from air.[64–66] 
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Table 1: Measured total carbon (TC), total organic (TOC) and total inorganic carbon (TIC) concentrations in the 

zirconia phases. 

 TC [mg/g] TOC [mg/g] TIC [mg/g] 

ZrO2-untreated 0.98 ± 0.06 0.48 ± 0.03 0.50 ± 0.03 

ZrO2-calc 0.13 ± 0.03 - - 

 

In the presence of CO2, both solids show very similar surface charge behavior as a function of 

pH in 10 mM NaClO4 (Figure 3, open symbols). An isoelectric point (IEP) between pH 6.8-

7.3 can be determined but no apparent correlation between the IEP and the TC can be found. 

The pH dependent zeta-potential curves at inert conditions of ZrO2-untreated (Figure 3, top, 

filled symbols) and ZrO2-calc (Figure 3, bottom, filled symbols), however, differ strongly 

from each other. The IEP of the ZrO2-untreated is found to be 9 while ZrO2-calc has an IEP of 

5.8. This clear difference in the IEP in dependence of the pre-treatment method is a strong 

indication for a surface contamination initially present before the heat-treatment. 

The zeta-potential of the ZrO2-calc shows strongly scattered values. This is because of bad 

suspension stability, as observed during the experiments, which is caused by the high 

agglomeration tendency of the treated material, although a lower solid to liquid ratio (0.5 g/l 

instead of 1.0 g/l) was used. 

At inert conditions the IEP of both materials differs strongly from each other, however, at 

ambient conditions the IEP is nearly identical. Therefore it can be assumed that the influence 

of CO2 on the surface charge exceeds the effect of the presumed organic contamination. 

However, as the batch sorption and spectroscopic investigations in the present study were 

conducted in the absence of CO2, the different surface charge properties of the two sorbents 

may have an influence on the uptake and speciation of the trivalent metal cations on the two 

zirconia materials. To compare the behavior in the absence and presence of atmospheric CO2 

the zeta-potential curves of both materials are replotted for inert conditions and for ambient 

conditions in Figure S1. 
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Figure 3: Zeta-potential as a function of pH for untreated (top) and calcined (bottom) zirconia prepared in a CO2-free 

glove box (filled symbols) and after exposure to the atmosphere (open symbols). The black dotted line is added to 

visualize the very similar pHIEP of both materials at ambient conditions and the strongly differing pHIEP at inert 

conditions. 

 

3.1.1.  Eu3+ Batch-sorption experiments on ZrO2 

The batch-sorption curves of ZrO2-untreated at various conditions ranging from 1∙10-7 M Eu3+ 

on 5 g/L up to 6∙10-6 M on 2 g/L, which corresponds to a range from 2∙10-8 mol/g to 

3∙10-6 mol/g, show a very similar curve shape in Figure 4, left. Only at a concentration of 

1∙10-5 M on 0.5 g/L (2∙10-5 mol/g) a shift of the sorption edge can be observed, which could 

be the result of reaching a high surface coverage. Therefore, it can be assumed that at 

concentrations higher than 3∙10-6 mol/g different sorption sites (strong vs. weak sites), 

repulsion between already adsorbed Eu3+ and Eu3+ ions in solution, or steric effects on the 

surface, influence the sorption reaction. The sorption curve of the pre-treated material shows a 

very similar curve shape when a low metal to solid ratio of 2∙10-7 mol/g (1∙10-7 M on 0.5 g/L) 
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is used (Figure 4, right). However, a slight shift of the sorption curve becomes apparent at a 

Eu3+ concentration of 6∙10-6 M on 2 g/L ZrO2-calc (3∙10-6 mol/g). 

 

Figure 4: Eu3+ batch-sorption curves of ZrO2-untreated (left) and ZrO2-calc (right) in varying metal to mineral ratios 

with 10 mM NaClO4 background electrolyte. 

The reason for the higher sorption capacity of the untreated material could be due to various 

reasons. The largest influence, however, will be the surface area, which is almost four times 

higher for the untreated material (21.8 ± 0.2 m2/g) compared to the calcined one 

(5.6 ± 0.1 m2/g), as the surface area for a given amount of solid correlates with the absolute 

amount of surface sites. Thus, to allow for better comparison of the batch sorption curves, 

obtained Eu3+ sorption distribution coefficients were normalized with respect to the specific 

surface area of the ZrO2 materials and selected curves with relevant metal to solid ratios were 

compared (Figure S2). 

The edge position remains rather constant for the batch sorption curves in the relevant 

concentration range, implying that the observed differences in the percentage of adsorbed 

Eu3+ on the two different zirconia materials can be attributed to differences in the specific 

surface area and that maximum sorption occurs from a pH of about 5.5. Some minor 

differences can be seen for the sorption curve of 1∙10-7 M on ZrO2-calc. This may be an effect 

of experimental error only, however, the lower IEP measured for the calcined material and 

consequently the predominance of negatively charged surface groups above pH 6 could 

enhance the sorption of positively charged cations in comparison to the untreated material 

with a very high IEP (pHIEP = 9). Surface saturation can be excluded as the reason for the 

small shift as the surface coverage for the sorption of 6∙10-6 M Eu3+ on 2 g/L ZrO2-calc can be 
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calculated to be 19% at a surface site density of 7.56 sites/nm2. This site density was obtained 

by calculations based on the BFDH model (as explained in 2.4). 

 

3.2. TRLFS studies of the Cm3+ surface complexation on ZrO2 

Recorded emission spectra for Cm3+ sorption on untreated and calcined ZrO2 are presented in 

Figure 5. For the calcined product, the emission spectra show a continuous bathochromic shift 

as a function of pH, a behavior which is typically noted for the pH-dependent sorption of 

Cm3+ on various mineral surfaces (see e.g. references given in Table 2). 

 

Figure 5: Emission spectra of 5∙10-7 M Cm3+ on 0.5 g/L ZrO2-untreated (left) and on 0.5 g/L ZrO2-calc (right) in 

dependence of the suspension pH (λex = 396.6 nm).  

The situation is different for the untreated product, where a red-shifted shoulder appears in the 

mildly acidic pH-range. This is visualized in Figure 6 for two different sets of samples. 

 

Figure 6: Selected emission spectra of 5∙10-7 M (left) and 1∙10-7 M of Cm3+ (right) sorbed onto ZrO2-untreated (λex = 

396.6 nm), both showing unexpected peak shift behavior. 

On the left in Figure 6, the emission spectra in the pH region from 5.1 to 5.4 are presented, 

showing a strong shift first to lower, then to higher wavelengths despite of relatively small pH 
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changes. The emission spectra are taken from three different samples, prepared in parallel 

under constant conditions. Since all samples were prepared from the same mineral and Cm3+ 

stock solutions, significant variations in their concentrations are not to be expected. In Figure 

6, right, a clearly visible shoulder appears from a pH of 5.5. Here, two samples have been 

used at pH 5.5 and 6.3 and the pH of these samples has been raised to 6.1 and 6.9, 

respectively. The observed differences in the spectra can be interpreted as a blue shift with 

increasing pH which cannot be explained in a pure two component sorption system. Within 

this pH region the shoulder is at times more, at times less pronounced in a non-systematic 

manner. These observations make it very clear that another component is taking part in the 

sorption process altering the sorption behavior of curium at the zirconia surface. 

To obtain single component spectra from the emission spectra, we performed a species 

deconvolution. For that, a subtraction of the emission spectrum of the aquo ion is performed 

from the spectrum where the first species differing from the aquo ion is observed. By this 

procedure, a pure spectrum of the first species, species 1, can be obtained. This spectrum can 

thereafter be used together with the spectrum of the aquo ion to extract the next species, 

appearing at increasing pH. For a more detailed description of this process, the reader is 

referred to the SI. 

The extraction of single component spectra from this set of data is difficult, due to the 

incongruent spectral evolution as a function of pH. Several species are present simultaneously 

in the suspension, and a situation where only one sorbed species on the zirconia surface is 

present at a time in addition to the aquo ion in solution, hardly exists. Nevertheless, a tentative 

deconvolution was performed, resulting in four single component spectra for sorbed Cm3+-

species with emission peak maxima at 600.4, 604.1, 608.8 and 613.3 nm (Figure 7, left). 

The extraction of pure components for Cm3+ sorption onto the calcined material from the pH 

dependent emission spectra yielded three pure component spectra with peak positions at 

602.3, 606.2 and 612.5 nm, Figure 7, right. The peak positions clearly differ from the species 

observed on the pristine material and are extremely red-shifted when comparing to peak 

positions observed for Cm3+ adsorbed on other mineral phases, see Table 2. 
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Figure 7: Deconvoluted single species emission spectra for the sorption of Cm3+ on ZrO2-untreated (left) and of ZrO2-

calc (right). 

Table 2: Comparison of the emission maxima of Cm3+ sorption species on zirconia to published values of various 

materials. 

Sorbent λmax species 1 in 

nm / 

fluorescence 

lifetime in µs 

λmax species 2 in 

nm / 

fluorescence 

lifetime in µs 

λmax species 3 in 

nm / 

fluorescence 

lifetime in µs 

λmax species 4 

in nm / 

fluorescence 

lifetime in µs 

ZrO2-untreated 600.4 / 

85 ± 15 

604.1 /  

100 ± 20 

608.8 /  

100 ± 20 

613.3 /  

140 ± 20 

ZrO2-calc 602.3 /  

90 ± 15 

606.2 /  

90 ± 15 

612.5 /  

190 ± 40 

- /  

- 

Synthetic 

kaolinite [36] 

598.8 /  

109 ± 10 

602.6  /  

116 ± 8 

607.4 /  

- 

610.9 /  

- 

Natural kaolinite 

[67] 

598.8 /  

116 ± 13 

602.2 /  

116 ± 13 

606.2 /  

132 ± 5 

609.4 /  

132 ± 5 

Corundum (α-

Al2O3) [68] 

600.7 / 

110 ± 10 

603.0 / 

110 ± 10 

605.4 / 

110 ± 10 

- / 

/ 

γ-Al2O3 [69] 600.6 / 

110 

602.5 /  

110 

605.7 /  

110 

- / 

- 

Bayerite [68] 600.6 /  

110 ± 10 

603.6 /  

110 ± 10 

606.7 /  

110 ± 10 

- / 

- 

Gibbsite [70] 603.5 /  

135 ± 7 

605.6 /  

110 

- / 

- 

- / 

- 

Silica colloids 602.3 /  604.9 /  - / - / 
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[71] 220 ± 14 740 ± 35 - - 

 

The surface sorbed species distributions for both materials were derived from peak 

deconvolution. To be able to obtain a relative speciation of the resulting species on both 

zirconia materials, relative fluorescence intensity factors (𝑓𝑖
𝑟𝑒𝑙) for each individual species (𝑖) 

are required. This is due to the change in the coordination environment of the complexed 

Cm3+ ion in comparison to the aquo ion, causing a shift of the emission maximum (𝜆𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛) 

as well as the absorption maximum, which is located at 396.6 nm (used excitation wavelength 

in the present study) only for the non-complexed aquo ion. To extract such relative 

fluorescence intensity factors, the overall intensity of the measured emission spectra are 

compared and normalized to the spectrum of the aquo ion. If some experimental conditions 

change, such as the overall curium concentration in the sample, the extraction of FI factors is 

hampered. As a minor amount of the calcined zirconia could be seen to adsorb on the cuvette 

walls as well as the pH electrode, the extraction of FI factors from the spectroscopic data 

cannot be achieved under these experimental conditions. Therefore, a new approach for 

determining the FI factors was brought to use. For this, literature values for FI factors of Cm3+ 

species on various minerals under CO2-free conditions were plotted together and fitted with 

an exponential curve (Figure 8). The resulting fit follows equation 2 which was used to 

calculate the FI factors for the zirconia system. 

𝑓𝑖
𝑟𝑒𝑙 = 1.2745 ∙ 1038  ∙ exp (−

𝜆𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

6.773
)         (2) 

 

Figure 8: FI factor calibration curve fitted to literature values for kaolinite and synthetic kaolinite [36], corundum 

[38,68], bayerite [68], γ-alumina [72], gibbsite [70] and silica colloids [71]. An exponential function was used to fit the 

experimental data. 
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The resulting FI factors for ZrO2-untreated are 0.40 for species 1 with its emission maximum 

of 600.4 nm, 0.23 for species 2 at an emission maximum of 604.1 nm, 0.12 for species 3 and 

its emission maximum of 608.8 nm and 0.06 for species 4, with an emission maximum of 

613.3 nm. For ZrO2-calc the received value for species 1 with its emission maximum of 

602.3 nm is 0.31, for species 2 with an emission maximum of 606.2 nm is 0.17 and for 

species 3 with an emission maximum of 612.5 nm the fluorescence intensity factor can be 

determined to be 0.07. It is important to bear in mind that the method described above for 

determining the FI factors must be seen as approximate with rather high uncertainties. This 

can be seen when calculating the FI factor for the aquo ion with an emission peak maximum 

of 593.8 nm resulting in an FI factor of 1.07 using Equation 2. Since the fluorescence 

intensity factors are normalized to the aquo ion, its FI factor should be equal to 1. The peak 

positions of species 4 and species 3 of the untreated and the calcined material, respectively, 

are out of the range for published FI-factors, increasing the uncertainty connected with the 

values obtained here. In addition, the FI factors of which the calibration curve is based on are 

for sorption species on inorganic surfaces only, meaning that any species that may be 

influenced by organics may not be correctly recalculated using our calibration method. 

The species distributions of both materials obtained after the FI correction can be seen in 

Figure 9. In both cases the percentage of the aquo ion is at 100% until a pH of about 3.5 

where it starts to decreases until a pH of about 5.5 where no aquo ion can be seen in the 

spectra anymore. On ZrO2-untreated, species 1 can be found in a very narrow pH range from 

about 4 to 5.5 only (Figure 9, left). From a pH of 4.5 onward, species 2 starts to grow in and 

stays present in a significant amount over a wide pH-range to pH > 9.5. Species 3 can be 

observed at very similar pH values as species 2 and stays present in the whole pH range from 

thereon. This species is responsible for the pH-independent behavior seen in Figure 6. Its 

percentage first peaks at pH ~ 6 with a fraction of 60% and then scatters around a rather 

constant percentage of about 30%, thus, referred to as the pH-independent species in the 

following text. At pH-values above 7, a fourth species starts to appear. This species becomes 

the prevailing one in the alkaline pH-range, above pH ~ 10. 

The species distribution on the calcined material ZrO2-calc shows a comparably systematic 

decrease and increase of the different species with increasing pH (Figure 9, right). The 

percentage of the aquo ion is at 100% until a pH of about 3.5 after which it slowly decreases 

while the first surface sorbed species (species 1) increases, reaching its maximum fraction of 

65% at a pH of 5.5. After that species 2 is dominating over a large pH range from pH 7 to pH 
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10.5 with a maximum fraction of 100% at pH 8.5. Species 3 starts to appear at a pH of 8.9 and 

increases above the 50% fraction at a pH of 10.5. 

 

Figure 9: Fluorescence intensity corrected species distributions of Cm3+ sorption onto ZrO2-untreated (left) and ZrO2-

calc (right). The dashed lines are a visualization help only. 

The luminescence lifetimes recorded for the Cm3+ species in the ZrO2-untreated suspension 

show mono-exponential decay for pH-values below 4, followed by multi-exponential decay at 

higher pH-values (Figure S3, left). In the acidic pH-range a lifetime of 68 ± 2 µs can be 

obtained by a mono-exponential fit, which corresponds to the lifetime of the Cm3+ aquo ion. 

The multitude of species present in single samples of ZrO2-untreated in especially in the pH 

region of 4.5 to 5.5 complicates the determination of luminescence decay constants for each 

single species. Besides the lifetime of the aquo ion of 68 ± 2 µs, three other lifetimes can be 

obtained being 85 ± 15 µs, 100 ± 20 µs and 140 ± 20 µs. The short lifetime of 85 ± 15 µs is 

present in a pH range of 4.5 to 5.5 which correlates with the appearance of species 1 in the 

species distribution. This corresponds to 7.0 ± 1.4 water molecules in the first hydration 

sphere, according to Kimura’s equation. Since every other species appears in mixed systems 

only, any further assignment is rather speculative. However, it seems that species 2 and 

species 3 have rather similar lifetimes of around 100 µs, correlating to 5.8 ± 1.4 water 

molecules while species 4 seems to show the longest lifetimes of 140 ± 20 µs (N(H2O) = 

4.0 ± 0.8). 

Due to the low suspension stability of the ZrO2-calc material, the recorded lifetimes for this 

system are rather scattered (Figure S3, right). Nevertheless, the lifetimes derived from bi-

exponential fits of the Cm3+ luminescence decay of sorption species on ZrO2-calc give two 

lifetimes distinct from the one of the aquo ion, being 90 ± 20 µs which can be assigned to 

species 1 and 2 which have rather similar luminescence decay behavior and 190 ± 40 µs 
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which correlates with species 3 present at high pH values. The lifetimes of species 1 and 2 are 

in a similar range as the lifetimes obtained from ZrO2-untreated, while the lifetime of species 

3 seems to correlate with that of species 4 in the pristine system. Given the large errors of the 

luminescence lifetimes, the number of hydration water molecules can be estimated only 

roughly to be 7 ± 1.7 for species 1, 6 ± 1.7 for species 2, and 3 ± 1 for species 3. 

 

3.3. Speciation Modelling 

The Diffuse Double Layer model has been used to describe the sorption process. The obtained 

set of surface complexation modelling parameters is given in Table 3. 

Table 3: Parameter set for surface complexation modelling of Cm3+ sorption onto calcined ZrO2. 

Model parameter Value Ref. 

Site density [nm−2] 7.56 This work 

Protolysis constant 1 (pKa1°) 4.0 [60] 

Protolysis constant 2 (pKa2°) 8.1 [60] 

Formation constant for Cm3+ species 1 (log10K°) -3.04 This work 

Formation constant for Cm3+ species 2 (log10K°) -9.04 This work 

Formation constant for Cm3+ species 3 (log10K°) -22.45 This work 

 

The calculated SSD value is in good agreement with values from Jung and Bell [73] who 

report a value of 6.2 OH surface groups per nm2 surface area for a similar, monoclinic 

zirconia sample. 

The FI-corrected species distribution obtained for Cm3+ sorption on the calcined zirconia 

(ZrO2-calc) was used to obtain the surface complexation constants. Figure 10, left shows the 

modelled species distribution (lines) together with the experimental data points (filled 

symbols). The obtained surface complexation constants were thereafter used to model the 

resulting Cm3+ pH-edge, obtained by subtracting the percentage of adsorbed species from the 

aquo ion (line in Figure 10, right). Even though a rather good match between the modelled 

pH-edge (solid line) and the experimental data (filled symbols) is achieved, the species 

distribution clearly shows a discrepancy for species 2 and species 3. Assuming bidentate 
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coordination to the zirconia surface (coordination to surface assumed to be the difference 

between the overall coordination number of 9 and the number of coordinating water 

molecules which were estimated to be 7 from the obtained luminescence lifetime data), 

species 2 is clearly underestimated by this model. The opposite is true for species 3, which is 

overestimated by the surface complex coordinated to five surface hydroxyls on the zirconia 

surface. It can be excluded, that differences of the surface deprotonation cause the 

discrepancies between the modelled and the experimental data, as the degree of deprotonation 

of the participating surface hydroxyl groups has been varied in the model to include every 

chemically reasonable case. 

 

Figure 10: Comparison of the modelled species distribution (lines) to the experimental data (filled symbols) (left) and 

resulting sorption edge for Cm3+ sorption onto calcined ZrO2 (line) in comparison to the experimental data (filled 

symbols) (right). 

 

4. Discussion 

Both zirconium oxide materials used in the present study, although originating from the same 

starting material, reveal significant differences in their surface and sorption properties. 

Even though the SEM-EDX and BET investigations showed that the particle size and the 

micro pore volume of both the untreated mineral and the calcined product are very similar, the 

BET surface area of ZrO2-untreated was found to be almost four times larger than the one of 

ZrO2-calc. The lower surface area of the calcined product may be a result of the high 

agglomeration tendency of the material in comparison to the pristine one, however, the 

presence of rather significant amounts of both organic and inorganic carbon in the untreated 

product may contribute to the overall larger surface area of this material. 
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The carbon content could be considerably reduced through calcination even though small 

amounts of carbon were measured in the TC survey of the calcined zirconia. Due to storage of 

both minerals under ambient conditions, it can be assumed that this carbon source is re-

adsorbed CO2 from air forming inorganic carbonate species on the zirconia surface. Such 

carbonate adsorption could be shown to influence the surface charge of the solid phases. In 

the presence of atmospheric carbon dioxide, the IEP of the untreated solid decreased from 

pHIEP = 9 (at inert conditions) to approximately 7, while a slight increase from pHIEP = 6 (at 

inert conditions), again to approximately 7 was found for the calcined product.  

The comparison of both materials at inert conditions (Figure S1, top) shows a large difference 

of the IEP, although, when the measured suspensions are prepared at ambient conditions they 

both show a pHIEP of 7. 

Since both materials have been stored at ambient conditions and have therefore been in 

contact with ambient CO2 but still show a strong difference in their IEP it can be deduced that 

the organics are the major source of influence here. Arguably, a differing storage time in 

ambient conditions after calcination could alter the carbonate species concentration on the 

surface. However, the chemisorption of acidic CO2 is expected to lower the pHIEP but still, 

ZrO2-untreated has a much higher IEP at inert conditions than ZrO2-calc. Therefore, it can be 

deduced that the organic contaminant has a strong influence on the surface charge of the 

material. 

That both samples show a very similar pHIEP when prepared at ambient conditions shows that 

the comparably high carbonate concentration, caused by the dissolution of atmospheric CO2 

especially in high pH suspensions, outweighs the surface charge effects, caused by sorbed 

organic carbon, visible at inert conditions. 

The different pH-dependent surface charges of the minerals under inert conditions could not 

be seen to significantly impact the pH-dependent adsorption of Eu3+ in the batch sorption 

experiments. On the other hand, large differences in the metal ion speciation could be 

observed in the spectroscopic studies. Here, the deconvolution of recorded Cm3+ emission 

spectra in the ZrO2-untreated suspension resulted in four sorption species while only three 

could be found on ZrO2-calc. Based on the obtained species distribution from the 

deconvoluted spectroscopic data, a very untypical, non-pH dependent species was identified 

on the ZrO2-untreated surface. The amount of this species (species 3) scatters around a 

constant value of about 30% over the range from pH 7 to 11.5 (Figure 9, left). The relative 

amounts of the three additional surface complexes (species 1, species 2, and species 4), 
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however, do strongly depend on the pH of the suspension. Such pH-dependent formation of 

multiple Cm-surface complexes on minerals has been shown to arise from hydrolysis 

reactions and the adsorption of such hydrolyzed species on the mineral surface in the absence 

of carbonate (see e.g. [36,37,68,69]). 

To be able to compare the pH-dependent speciation of Cm3+ sorption on ZrO2-untreated and 

ZrO2-calc, and potentially relate this pH-dependent evolution of the participating species to 

Cm3+-hydrolysis, the pH-independent species (species 3) was neglected from the species 

distribution in the ZrO2-untreated suspension and the resulting speciation plot was compared 

to the Cm3+ speciation on ZrO2-calc (Figure 11). 

 

Figure 11: Species distribution of the Cm3+ sorption on ZrO2-calc (filled symbols and dashed lines) and on ZrO2-

untreated, neglecting the pH-independent species (open symbols and dotted lines). Note that the overall percentage 

from a pH of about 4 does not sum up to 100% since species 3 is excluded. The dashed and dotted lines are a 

visualization help only. 

The overall percentages of the pH-dependent species on the ZrO2-untreated surface are lower 

than on ZrO2-calc due to the presence of the additional pH-independent species in this system 

(see Figure 9, left). However, when comparing the pH-range where the formation of each pH-

dependent species occurs, similarities can be found in both systems. The measured lifetimes 

for these species are also similar with lifetimes of 85 and 100 µs for species 1 and species 2 

on ZrO2-untreated compared to an average of 90 µs for these complexes on ZrO2-calc. For 

species 3 (ZrO2-calc) and species 4 (ZrO2-untreated), lifetimes of 190 and 140 µs, 

respectively were obtained. Therefore, there are reasons to believe that these species are 

similar Cm3+-surface complexes on both zirconia materials, where species 1 is a non-

hydrolyzed Cm3+ complex, species 2 the first hydrolysis species sorbed on the respective 
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minerals and species 3 (ZrO2-calc) / species 4 (ZrO2-untreated) the second surface sorbed 

hydrolysis complex. This assignment is done despite the fact that the Cm3+ emission peak 

positions of the pure component spectra obtained for the two minerals are different (see 

Figure 7). These differences of the peak positions can arise from the species deconvolution for 

example. Because of the large number of species present in a narrow pH-range in especially 

on ZrO2-untreated the derived single species spectra contain a degree of uncertainty because 

the derived species are co-dependent of each other. Furthermore, the presence of organic 

contaminants on ZrO2-untreated could have a slight influence on the Cm3+ environment of 

adsorbed species, leading to small changes in their emission peak positions in comparison to a 

contaminant-free surface (ZrO2-calc). 

When looking at the absolute values of the emission peak positions, especially for the 

calcined product where uncertainties related to the peak positions are smaller than for the 

untreated product, rather untypically red-shifted spectra are obtained in comparison to the free 

aquo ion at 593.8 nm. Species 3 of the calcined material as well as species 4 on ZrO2-

untreated show extraordinarily strong red shifts with peak positions of 612.5 nm and 

613.3 nm, respectively. The most red shifted sorption species found for different materials are 

reported at wavelengths of 605.7 nm on γ-Al2O3,[69] 607.1 nm on Ca-montmorillonite [12] or 

607.5 nm on calcite [74] to give just a few examples.  

A strong red-shift, i.e. a smaller energy difference between the emitting level and the ground 

state, means that Cm3+ is influenced by a strong ligand field. A strong ligand field may arise 

from e.g. a high coordination to the surface or an untypically short Cm-O bonding to the 

surface.  

Nonetheless, other reasons such as partial incorporation of Cm3+ into the mineral must be 

considered as well. The solubility of ZrO2 is very poor even at pH values between 9 and 12, 

where species 3 is observed.[75] However, it could be seen that the surface of zirconia shows 

a very high reactivity due to a high concentration of unsaturated valences on the surface 

which leads to a strong adsorption of ions and molecules in its environment, such as Cm3+ or 

water.[76] The dissociative adsorption of water leads to an alteration of the surface, resulting 

in surface layers of very differing properties to the bulk material. This surface alteration effect 

could be enhanced by organic species present on the surface or in the bulk yielding a less 

crystalline product and therefore making it easier to break down deeper layers of the bulk. 

Consequently species 4 found on ZrO2-untreated and species 3 on ZrO2-calc could be the 
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result of a partial incorporated species into such amorphous surface layers on the zirconia 

solids. 

So far the discussion of the pH-independent species (species 3) on the ZrO2- untreated surface 

was omitted. This species occurs already in the acidic pH range (pH ~ 5), and has an 

unusually red-shifted peak position of 608.4 nm. Such peak positions have never been 

recorded for inorganic Cm3+-complexes on mineral surfaces in the acidic pH-range, which is 

why it is assumed here, that this species is a Cm3+ complex formed between Cm3+ and the 

organic contaminant present on the ZrO2-untreated surface. Furthermore, Cm-complexation 

with organics has been shown to cause rather pronounced red-shifts of the recorded emission 

spectra.[77–79] However, due to the nearly complete removal of trivalent metals from 

solution at pH values above 5 (see Figure 4) this organic-bound Cm3+ complex cannot be a 

solution species but must be adsorbed on the zirconia surface.  

The surface complexation modeling in the present study was based on the surface speciation 

obtained for Cm3+ sorption on the calcined zirconia surface. The surface denticity of the 

modeled species were taken from the collected lifetime data in our laser spectroscopic 

investigations. As previously mentioned, lifetimes of species 1 and 2 on the zirconia solids 

ranged from 85 to 100 µs corresponding to 7 and 6 water molecules (rounded values are used) 

in the first hydration sphere of the actinide cation. To preserve an overall coordination number 

of 9, bidentate and tridentate coordination to the surface must occur for species 1 and species 

2, respectively. The long lifetime for species 4 (ZrO2-untreated) and 3 (ZrO2-calc) with an 

average value of 165 ± 25 µs corresponds to 3.2 ± 0.6 water molecules. Therefore, a higher 

surface coordination is to be expected. Assuming that –OH entities of a hydrolyzed Cm3+ 

cation have a slightly lower luminescence quenching effect than H2O molecules (non-

hydrolyzed Cm3+) we assumed a penta-dentate surface coordination for this species in the 

modeling. As discussed in the previous paragraph, such high coordination of Cm3+ to the 

surface might indeed explain the strongly red-shifted emission spectra recorded in our laser 

spectroscopic investigations. As seen in Figure 10, the surface complexation model 

reproduces the experimentally determined Cm3+ sorption edge rather well. From the 

experimentally derived species distribution (Figure 9), it is evident that the edge position is 

influenced mainly by species 1. 

The modeled species distribution, however, differs significantly from the experimentally 

determined one with regard to species 2 and 3. Since the assumed surface species, for which 

the formation constants were fitted, are based only on the information on the amount of water 
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molecules in the first hydration sphere and the probable number of surface groups bound in 

the complex, the speciation is associated with a high degree of uncertainty. 

Especially species 3 is highly overestimated by our model. This may be due to an 

over/underestimation of the surface coordination, however, discrepancies in the actual uptake 

mechanism and participating ligands may play an important role as well. The modeled Cm3+ 

species is assumed to be an ordinary surface complex coordinating to surface hydroxyls only. 

We know from the total carbon measurements that a carbon impurity, most likely, re-adsorbed 

CO2 is present on the ZrO2-calc surface. Carbonate species are known to form ternary surface 

complexes with trivalent Eu3+ and Cm3+ ions [80,81] resulting in rather long luminescence 

lifetimes due to the replacement of H2O/OH- entities by the carbonate ligand in the metal ion 

coordination spheres. Such an increase of the recorded lifetime due to the presence of 

carbonates on the mineral surface, would lead to an overestimation of the surface coordination 

predicted based on the number of H2O/OH- entities in the Cm3+ coordination sphere and 

further to an erroneous description of the surface complexation reaction used in our model. 

Another potential reaction leading to an incorrect surface complexation model is the 

previously discussed partial incorporation of Cm3+ in an amorphous layer forming on the 

zirconia surface. Thus, in order to improve the model, additional information of the Cm3+ 

speciation on ZrO2 would be required. For this, future studies providing information of the 

metal ion coordination sphere, such as x-ray absorption spectroscopy are planned to access 

the lacking data required for such a refinement of our surface complexation model. 
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5. Conclusions and Outlook 

As the major corrosion product of the zircaloy cladding material, the retention potential of 

ZrO2 towards released radioactive contaminants from spent nuclear fuel needs to be 

understood in detail. Thus, the present study focused on understanding the uptake of trivalent 

metal cations, including the actinide Cm3+, by monoclinic zirconia, which is expected to be 

the most stable polymorph of ZrO2 under repository conditions. Moreover, as the ZrO2 

surface is known to adsorb both inorganic and organic carbon species, which may alter the 

retention of metal ions on the mineral and their speciation on the surface, two different 

zirconia solids varying in their carbon content were used in parallel. The presence of both 

organic and inorganic carbon impurities were detected on the non-treated zirconia surface. 

Upon calcination, a large fraction of the total carbon concentration was removed, implying 

that sample pretreatment may be crucial to avoid artefacts caused by the presence of 

undesired impurities. The impurity on the ZrO2-untreated material was found to influence the 

electrophoretic mobility in terms of the measured zeta-potential in comparison to the heat-

treated material with less carbon contamination, resulting in an isoelectric point (IEP) at pH = 

9.0 for ZrO2-untreated in contrast to pH = 5.8 for ZrO2-calc. Despite of the rather different 

surface charges, the pH-dependent sorption of Eu3+ investigated in our batch-sorption studies 

showed no noteworthy differences for the two zirconia materials. Eu3+ was retained by both 

minerals in the mildly acidic pH-range (from pH 4 – 5.5) and above, indicating an excellent 

retention potential of the material toward trivalent contaminants. A similar conclusion was 

reached by Salem and Yakout [82] investigating Er3+ removal by sol–gel-derived zirconia, 

where the endothermic sorption reaction reached maximum Er3+ uptake at pH > 5 under the 

given experimental conditions. 

Our spectroscopic investigations using the luminescent actinide Cm3+ showed that the carbon 

source on the untreated ZrO2 surface has a large influence on the Cm3+ speciation, with results 

suggesting the formation of a Cm-organo-complex on the solid surface. On the ZrO2 material 

free of organic contaminants, three pH-dependent Cm3+ surface species were observed and 

their single species spectra, lifetimes, and species distribution were derived. Based on the 

experimental species distribution and the presumed surface speciation, surface complexation 

modeling using the Diffuse Double Layer model was conducted. Here, a good description of 

the surface complexes occurring in the neutral to alkaline pH-range could not be achieved, 

implying that additional processes such as carbonate complexation or partial incorporation of 

Cm3+ in the amorphous surface layers of zirconia may play a role in the metal ion speciation. 

Our spectroscopic results are the first to describe trivalent metal ion speciation on the ZrO2 



29 

surface. In addition, the surface complexation model has provided the first surface 

complexation constants quantifying the pH-dependent adsorption reaction of trivalent 

actinides on zirconia. Furthermore, the macroscopic uptake behavior observed in the 

experiments was in good agreement with the modelled sorption edge. In the future, the role of 

remaining trace carbonate species on the zirconia surface and their role in the actinide 

speciation must be clarified. In this context, re-adsorption of CO2 from air on the mineral 

surface should be prevented by calcination of zirconia under an inert gas atmosphere followed 

by storage of the material in N2/Ar glove boxes to help preserve a pristine mineral surface free 

of re-adsorbed carbon species. This may help elucidating the involvement of actinide 

incorporation reactions at the zirconia interface, especially when combining the sorption 

investigations on a fully carbon-free surface with spectroscopic methods sensitive to the 

surrounding actinide environment, such as x-ray absorption methods. 

Finally, in a waste repository for SNF, both inorganic and organic carbon sources will be 

present. The concentration of soluble carbon species will vary and depend on the various 

microbial and geochemical processes taking place in the deep underground. Organic material 

will be introduced in plastics, cellulose, surfactants, and cement additives and can be found as 

e.g. humic and fulvic acids in buffer and backfill materials. The main inorganic carbon 

sources are natural carbonate-containing minerals, cementitious barriers and grout. Thus, 

future studies should include ternary systems, where organic substances or carbonates are 

deliberately added to the investigated system, for a better understanding of the behavior of 

actinides at the zirconia interface.  
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