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Summary 

 

 Migration of colloid-borne actinides in the geosphere is a well recognized, but hitherto 

non-quantifiable fact, that still questions the safety of nuclear repositories. The underlying 

reason is insufficient knowledge about the mechanisms of colloid formation and stabilization, 

hence of colloid/actinide interaction. The present investigation concentrates on whether acti-

nides are incorporated into the colloidal phase, either through formation of real colloids or by 

binding to natural aquatic colloids. The irreversibility of such processes is a condition sine 

qua non for the colloidal actinide migration and therefore a central question in this study. 

The first part of the work deals with how aquatic hydroxy aluminosilicate (HAS) col-

loids are generated in the nature via conucleation of Si and Al, eventually in the presence of 

Ca, and moreover how actinides with different oxidation states are integrated into the process. 

For the experiment, either 241Am(III) or 234Th(IV) or 237Np(V) or 233U(VI) are introduced into 

a HAS colloid generating mother solution. Colloids thus formed are separated from precipi-

tate and solution by sequential filtrations at 450 and 1.5 nm pore size. Formation of the col-

loid-borne actinide species is ascertained radiometrically by determining the phase distribu-

tion of the actinide. Varying the pH from 4 to 9, the concentration of reaction components 

involved, sample conditioning time and temperature, a broad screening experiment is carried 

out. Speciation of HAS-borne Cm, replacing Am, is made by time-resolved laser fluorescence 

spectroscopy (TRLFS). Replacement of Cm coordination water molecules through Si-ligands 

is observed. Speciation of HAS-borne Eu(Am), Th, Np and U is additionally performed by 

extended X-ray fine structure spectroscopy (EXAFS). Structural parameter values, such as 

coordination numbers and bond distances, also in comparison with notorius related sub-

stances, are determined. In addition, stability tests are applied on HAS colloids and on col-

loid-borne actinides. Longterm stability, pH reversibility as well as EDTA-resistance, are ex-

amined. The result substantiates the incorporation of Am(Cm)(Eu), Th and U into the HAS 

colloidal structure. Np does not interact with HAS colloids. Maximum affinity of Am, Th and 

U to HAS colloids, leading to their isomorphic substitution for either Al or Si in HAS can be 

correlated with conditions of maximum element (actinide) hydrolysis, namely, high pH, high 

concentration of involved elements (Al, Si and actinide), increased temperature, long aging 

time and actinide oxidation state following the order An(IV) ≥ An(VI) > An(III) >> An(V). 

Corresponding pseudocolloids of actinides exhibit, besides longterm stability and a Ca-

induced stabilization up to 10-3 M Ca on the one side, pH reversibility on the other side. Col-

loid-borne Am(III) and Al(III) are released from HAS, starting from pH 5 and pH 3 down-
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wards, respectively. The pH reversibility of the aluminosilicate binding induces per se that of 

colloid-borne Th(IV) and U(VI). Resistance against complexation with EDTA is observed for 

colloid-borne Al(III), Th(IV) and U(VI), whereas colloid-borne Am(III) desorbs readily from 

HAS on EDTA addition. The stability tests corroborate the correlation: “The more the acti-

nide is hydrolyzed, the better its conucleation with Si and Al or HAS colloids”. 

The second part of this study analyzes the mechanisms regulating the binding affinity 

of humic colloids to actinides. For the experiment, 241Am(III) or 234Th(IV) or 233U(VI) are 

conditioned with purified 14C-labelled humic acid. Formation of colloid-borne humic acid and 

actinide in the neutral pH range is ascertained radiometrically by determining the phase distri-

bution of 14C as well as of the actinide, varying the pH from 6.6 to 7.8, the concentration of 

reaction components, conditioning time as well as temperature in an extensive screening ex-

periment. Binding affinities of humic colloids to actinides are appraised from the ratio be-

tween the fractions of colloid-borne 14C and actinide and further evaluated by ligand dis-

placement with EDTA. The binding affinity of Am, Th and U, leading to their incorporation 

into the colloidal phase, can be correlated with their different tendencies to hydrolyze. The 

less hydrolyzing actinide ion, Am3+, is favoured at the complexation with humic acid. The 

actinide/humic colloid interaction mechanism follows the rule: “The more the actinide is 

cationized, or the less the actinide is hydrolyzed, the better its complexation with humic col-

loids”. However, the original hydrolysis potential of the ion can be suppressed and its binding 

affinity to humic acid correspondingly enhanced, by changing values of thermodynamic as 

well as kinetic solubility parameters. For example, the EDTA-resistant humic colloid-borne 

fraction of likely hydrolyzed Th4+ ions becomes gradually enhanced at decreasing pH, in-

creasing concentration of humic acid, prolonged aging time or raising temperature. 

The third topic of investigation concerns the interaction of aluminosilicate as well as 

humic colloids with tri-, tetra- and hexavalent actinides. The first experimental system con-

sists of four components: Si, Al, humic acid and 241Am(III), where competition takes place for 

the complexation of two trivalent metal ions, Al and Am, each with two different ligands: 14C-

labelled humic acid and silicic acid. Formation of the colloid-borne Al and Am in the neutral 

pH range is ascertained radiometrically by determining the phase distribution of 14C and Am, 

respectively. Varying the pH as well as the concentration of reaction components involved, a 

comprehensive parameter screening experiment is carried out. The result indicates the syner-

gic action of HAS and humic colloids for binding Am. Replacing Am by Cm, the speciation 

of colloid-borne Cm is made by TRLFS, exciting at two wavelengths. A direct excitation is 

made at 382 nm, whereas an indirect excitation is followed at 370 nm to confirm the sensi-
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tized Cm excitation via Cm-borne humic acid. The result proves the formation of colloid-

borne Cm in a mixed structure of HAS and humic acid aggregated. Affinity of Am and Al 

binding to silicic and humic acid, leading to incorporation into the colloidal phase, is directed 

by their different hydrolysis behaviour. The Am3+ ion, less hydrolyzing than the Al3+ ion, is 

favoured for complexation with humic acid and thus discriminated in the conucleation with 

silicic acid. In the pH range where the Am3+ becomes hydrolyzed (pH ≥ 6.6), a synergic bond 

coupling of cationic-hydrolyzed Am species yields mixed hybrid of HAS-Am-humic colloids. 

As measured by laser-induced breakdown detection (LIBD), colloids thus formed reveal an 

average particle size of about 15 ± 5 nm hard sphere diameter. The value is comparable to that 

of Am-HAS colloids and remains consistent for a 2-month period of observation. The second 

experimental system replaces 241Am(III) by either 234Th(IV) or 233U(VI) for analyzing the 

HAS/humic colloid competition at binding actinides. Radiometric screening of influencing 

parameters proves that the synergic action of HAS and humic colloids to bind cationic-

hydrolyzed actinide species is a general phenomenon, not only applicable to trivalent acti-

nides but generally valid, also for actinides of the tetra- and hexavalent oxidation state. The 

ligand displacement method with EDTA is further demonstrated as a method that permits 

quantification of the humic- and HAS-borne actinide fractions within the mixed pseudocol-

loids. The influence of environmental conditions on the formed colloid-borne actinide species 

is stressed. The study shows that in natural aquifer systems containing both, HAS as well as 

humic colloids, actinides become colloid-borne via different but redundant or synergic 

mechanisms. Enhanced stability region of colloid-borne actinides is the result. 

The fourth and last part of this study is to ascertain under what conditions actinide ions 

undergo aggregation via oxobridging to form stable colloidal species through actinide self-

organization. Eu and Th are taken for this purpose as trivalent and tetravalent homologue 

ions, respectively. For verification of the effects of impurities in chemicals on the colloid gen-

eration, pH is adjusted either by a conventional acid-base titration or by coulometry without 

addition of NaOH. The colloid generation is monitored by highly sensitive laser-induced 

breakdown detection in varying pH from 3 to 7, first in dilute Eu and Th solutions separately 

and then in a mixture of both, all in 0.5 M HCl/NaCl. The formation of stable colloids is ob-

served particularly in a mixed solution of Eu and Th, suggesting that aggregation via mutual 

oxobridging of trivalent and tetravalent metal ions results in surface polarization, leading to 

stable hydrophilic particles of 20 – 30 nm in diameter. When Eu is replaced by Cm in the 

mixed solution in favour of the high fluorescence intensity of the latter, the chemical speci-

ation is determined on colloid-borne Cm by TRLFS. Two different colloid-borne Cm species, 
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oxobridged with Th, are identified: a minor at 598.0 nm (denoted as Cm-Th(1)) and a major 

amount at 604.8 nm (Cm-Th(2)). The former is found as a transitional state, which converts to 

the latter at increasing the pH and prevails at pH > 5.5. In conclusion, a mixed oxobridging of 

tri- and tetravalent actinides elicits the generation of stable colloids, whereas individual ions 

in their pure state form colloids under oversaturation at near neutral pH only as a transitional 

state for precipitation. The formation mechanism of “real” colloids of actinides follows that of 

natural HAS colloids, that is an Al(An)(III)-controlled polymerization of Si(An)(IV) through 

a built-in charge deficit and generation of mutually repulsing negatively charged nanoparti-

cles.   
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1 Introduction 

 

Aquatic colloids are ubiquitous in all natural waters. Depending on their provenance, 

aquatic colloids vary widely in their average size, number density and chemical composition 

[1-5]. The average size of the prevailing number density is usually smaller than 50 nm in di-

ameter [1,2,4] and in this size range, the number density varies from 108 to 1014 particles per 

litre water [5]. The chemical composition is of inorganic or organic nature or a mixture of 

both [1,2,4]. Humic substance plays a major role to generate aquatic colloids of organic nature 

[1,2], which is always complexed with inorganic elements or agglomerated with inorganic 

polynuclear species [4-6]. Aquatic colloids of inorganic nature are heterogeneous polynuclea-

tion composites, made up mostly of polyvalent metal ions through oxobridge building [7-10]. 

As the element Si is abundant in all minerals and soluble in aquifer systems to a considerable 

concentration up to or over its saturation at 2x10-3 mol l-1 [5], many polyvalent trace elements 

may undergo complexation with silanol moieties, either monomer or polymer. As a conse-

quence, metal ion silicates are potential kernels of aquatic colloids [11,12]. A notable example 

is aluminosilicate colloids [5,13], which incorporate generally different trace elements present 

in aquifer systems [4].  

Aquatic colloids, though present in a relatively high number density, are not easily de-

tectable directly by a conventional optical method based on light scattering [4,14], because 

they are are generally small in size (< 50 nm) and low in concentration (< some ppb). How-

ever, they can be monitored by ultrafiltration at very small pore size [1,2,15,16], visualized by 

atomic force microscopy (AFM) [4,13,14,17] and quantified by laser-induced breakdown de-

tection (LIBD) without perturbation [18-21]. 

Aquatic colloids may play a carrier role for the migration of radionuclides in a variety 

of aquifer systems [15,16,22]. As the radioactive elements of higher oxidation state, like acti-

nides, have a strong affinity towards complexation via oxobridge building, they are easily 

incorporated into aquatic colloids [1,2,7] and carried onto migration as colloid-borne species 

[15,16,22]. The generation process of such colloid-borne actinides has become subject to in-

tensive investigations [7,23,24] because they are the only perpetual water-soluble species that 

facilitate the actinide migration in natural aquifer systems [23-27]. The issue under discussion 

is therefore of cardinal importance for the longterm safety assessment of a given nuclear 

waste repository [23], in which the appraisal of geochemical processes for generating such 

colloid-borne actinides is a matter of the utmost concern. Such processes have been observed 

as surface sorption [15,16,28,29], complexation [29,30] and migration [22,31]. However, the 
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underlying chemical reaction mechanisms for the aquatic colloid formation are hitherto not 

well understood. Therefore, a better appraisal of aquatic colloids entails a systematic investi-

gation in dept on their provenance. Such knowledge gives in turn a deep insight into the acti-

nide behaviour in natural aquifer systems and hence makes a predictive assessment possible 

for the colloid-facilitated migration of actinides from a given nuclear waste repository [23] in 

the far-off time after its closing.  

The present investigation is a continuation of our previous study on the generation and 

characterization of pseudocolloids of tri- and tetravalent actinides based on hydroxy-

aluminosilicate (HAS) colloids [5,32-37]. This work intends to answer the question of irre-

versible incorporation of actinides of different oxidation states, namely 241Am(III) or 
248Cm(III), 234Th(IV), 237Np(V) and 233U(VI), not only in stable inorganic HAS colloids but 

also in stable organic colloids made of 14C-labelled humic acid. Another topic of this investi-

gation is to further analyze the possible incorporation of actinides into the colloidal phase 

without the aid of natural groundwater colloids, e.g. through actinide self-nucleation. The 

methodological approaches are radiometric tracing of actinides coupled with phase separation 

by filtration and ultrafiltration, colloid characterization by LIBD, appreciation of acti-

nide/colloid binding affinity by the ligand displacement method, X-ray absorption spectros-

copy (EXAFS) and, for the spectroscopically sensitive Cm, time-resolved laser fluorescence 

spectroscopy (TRLFS).   
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2 Aquatic colloids and actinides: literature 

 

2.1 Theoretical concepts of aquatic colloid formation 

 

The two general ways in which aquatic colloids may be formed, are by building up 

particles from dissolved molecular or atomic units, or by breaking down particles from the 

solid matrix, termed respectively condensation and dispersion: 

 

          dispersion                dissolution 

solid phase                         colloidal phase                         liquid phase 

          precipitation               condensation 

 
Depending on whether dissolved and solid material is of geological or biological origin, or 

both, distinction is made between inorganic, organic and mixed colloids (Fig. 1). 

The processes of colloid formation are far from understood, but numerous theoretical 

considerations try to identify the underlying parameters and to describe their correlations in 

different models [37-44]. Essential aspects of those theoretical approaches, as far as they are 

relevant to the present study, are conceptually summarized in the following (see more details 

in Ref. [37]).   

The anabolic formation of aquatic colloids through condensation (Fig. 2) is based on 

the tendency of polyvalent cations of natural or radioactive elements such as actinides to re-

duce their positive charge through polymerization. Activation energy is required to generate a 

solid surface out of dissolved elements (nucleation) in order to compensate for the imbalance 

of intermolecular forces exerted on molecules at the interface. This energy is called colloidal 

free energy and originates from the supersaturation state of the solution. The degree of needed 

supersaturation varies with particle size. Supersaturation can partly be replaced by the pres-

ence of a foreign surface in the solution on which the nucleation can take place (heterogene-

ous nucleation). The generated particles follow the thermal movement of the water molecules, 

collide with one another and agglomerate.  

Three conditions to prevent agglomeration and to stabilize the particles at colloidal 

size are: (1) the generation of a particle charge by reactions such as ionization of functional 

groups (pH dependent), unequal adsorption of oppositely charged ions (specific adsorption), 

adsorption of surfactant ions like humic acid and preferential dissolution of some ions. In ad-

dition, the net particle charge may arise from lattice imperfections at the solid surface or by 

isomorphous replacements within the lattice, e.g. replacement of Si through Al in aluminosili-
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cate; (2) the formation of an electric double layer around the charged particle with the aid of a 

well optimalized ionic strength in the solution; (3) the presence of a repulsive maximum in the 

potential energy curve as a function of the interparticle distance (formation of an energy bar-

rier to agglomeration) under well balanced conditions of surface charge and colloidal double 

layer thickness. Colloid generation as well as stabilization depend on energy barriers and are 

therefore not only a question of thermodynamics but also of kinetics. The underlying parame-

ters are the thermodynamic as well as kinetic parameters of solubility.  

The catabolic dispersive formation of inorganic aquatic colloids proceeds through the 

reversal of polymerization reactions. Investigations on the underlying chemical processes are 

practically inexistent.  

 

2.2 Natural aquatic colloids for the laboratory system 

 

Hydroxy-aluminosilicate (HAS) and humic colloids are selected as representative examples 

for inorganic and organic colloids, respectively. HAS colloids are of the imogolite or allo-

phane mineral type with an Si/Al ratio of 0.5-1.5. They consist of small hollow spheres or 

cylindrical particles with a diameter of 3.5 - 5.0 nm (see Fig. 3). The Al(OH) outer surface is 

connected with the SiOH inner surface through O-bridges [45,46]. Their structure is limited to 

the range of very small particles (short-range order) which is in contrast to the other clay min-

erals. We have synthesized them in the laboratory at normal temperature and pressure by neu-

tralizing an acidic Al-solution with an alkaline Si-solution to a preset pH either in a titration 

procedure or by mixing with a buffer [32-37]. The chosen concentrations of Si and Al to at-

tain conditions of aluminosilicate supersaturation, HAS colloid formation and precipitation, 

are derived from the thermodynamic solubility curves of Si, Al and several aluminosilicate 

minerals as given in Fig. 4. The resulting colloid mother solutions are subjected to sequential 

filtrations at pore sizes of 450 nm and 1.5 nm in order to separate precipitate (particles ≥ 450 

nm), colloids (particles ≥ 1.5 nm and ≤ 450 nm) and ions in solution (≤ 1.5 nm). Experimental 

details are found elsewhere [5,32,33]. The synthetic HAS, generated out of mother solutions 

with a Si/Al concentration ratio of 100 (see section 3.1.1) have an Si/Al ratio of about one 

(0.7 – 1.2), independently on the Si/Al concentration level. Other colloid characteristics are 

also quite similar to those of natural HAS colloids [5, 37], as obvious from Table 1.  
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Table 1. Characteristics of natural and synthetic HAS colloids 

 

                                           Present system                 Natural system

  Particle size   10-50 nm(LIBD)    normally at < 100 nm 

    5-10 nm height (AFM)   mostly at < 50 nm 

    10-50 nm length (AFM) 

  Number density   1011 - 1014 particles/L (LIBD)  108 – 1014 particles/L 

  Si/Al ratio   0.7 - 1.2 (AFM, SEM-EDX)  0.5 – 1.5   
       
 

  

The humic colloids used in this study originate from a natural humic acid, as illus-

trated by Fig. 5, isolated from the deep Gorleben aquifer (named Gohy-573) in Germany, pu-

rified and characterized by Buckau [48] in accordance with the procedure described elsewhere 

[49]. The proton exchange capacity (PEC), measured by potentiometric titration, is 4.82 ± 

0.05 meq/g. This humic acid is labelled with 14C (T1/2 = 5730 years) via diazotization and azo-

coupling reaction (covalent binding at the carbon skeleton of humic acid as shown in Fig. 6). 

For this purpose, [14C]-aniline hydrochloride (Amersham) is converted with sodium nitrite to 

the diazonium ion in a hydrochloride solution at 0 ºC, which is then brought to react with aro-

matic components of humic acid at pH ≅  9 and 0 - 5 ºC. The resulting product: 4 500 mg/L 

[14C]-humic acid with a specific activity of 1.76 x 108 Bq/g is again purified and characterized 

by size exclusion chromatography. The labelling details are given elsewhere [50]. 

 

2.3 Behaviour of actinides in the natural aquatic system ( from Ref. [52]) 

 

Fundamental chemical properties of actinides (An) 

 

Actinides, present in nuclear fuel or waste and therefore relevant to this study, are Am, 

Cm, Pu, Th, Np and U. The aquatic chemical properties of actinide ions are largely governed 

by their effective charges, which are connected with their oxidation states. The latter are the 

result, not only from their 5f electronic state, but also from the pH related redox-potential of 

the aquatic system. Under aquatic conditions, favourable for colloid formation, e.g. near neu-

tral pH, we expect Am(III), Cm(III), Pu(III-VI), Th(IV), Np(V) and U(VI). Pu may be present 

in four different oxidation states. This is due to the disproportionation reaction of Pu(IV):  
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2 Pu(IV) ⇔ Pu(III) + Pu(V), which further proceeds  

2 Pu(V) ⇔ Pu(IV) + Pu(VI) and Pu(III) ⇔ Pu(IV).  

 

For that reason, following investigations use Th instead of Pu as a representant of the tetrava-

lent oxidation state. Effective charge, hydrolysis and complexation of actinides follow the 

order: 

 

An4+(IV) > AnO2
2+(VI) > An3+(III) > AnO2

+(V)   Eq.1 

 

The fact that AnO2
2+ has an effective charge greater than the An3+ ion may be explained by a 

linear bonding structure of the O-An-O2+ ion, in which the charge at the equatorial side be-

comes exposed. Such a structure results in the effective charge of AnO2
2+ and AnO2

+ corre-

sponding to 3.3 ± 0.1 and 2.3 ± 0.2, respectively. The effective charge state can be directly 

appraised from the hydrolysis behaviour of different oxidation states. A typical example is 

shown below by comparing thermodynamic constants of primary hydrolysis reactions:  

  

An(III)   Am(OH)2+  logβ11 =   6.3 ± 0.3 

An(IV)   Pu(OH)3+  logβ11 = 12.3 ± 0.3 

An(V)   Np(OH)0  logβ11 =   2.7 ± 0.2 

An(VI)   Pu(OH)+  logβ11 =   8.3 ± 0.3 

 

The given constants reflect the hydrolysis tendency of each actinide oxidation state, which is 

the primary parameter for understanding chemical reactions of actinides, i.e. the higher is the 

hydrolysis tendency, the lower is the solubility. 

 The electronic state of actinides is distinguished by 5f shells. Each actinide has 

uniquely resolved energy levels and therefore distinctive spectroscopic properties. Applying 

such properties, the spectroscopic chemical speciation of some actinides (e.g. An(III)) in trace 

concentrations is possible, especially using laser as a light source. The spectroscopic speci-

ation is the only possibility for the moment to appraise straightforwardly nanoscopic chemical 

reactions of actinides in aquatic systems. 
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Aquatic chemical behaviour of actinides 

 

 Natural water contains a large number of metal ions as well as counterpart anions. 

Some of the aquatic anions complex with actinides and stabilize them as aqueous ions. Com-

plexation increases the actinide solubility as opposed to the hydrolysis reaction. The primary 

complexation constants (β11) for actinides of different oxidation states are comparatively illus-

trated in Fig. 7, which shows a general overview of the actinide behaviour in aquatic systems, 

as characterized by each oxidation state. The complexation tendency follows closely the rela-

tion depicted by Eq.1. Fig. 7 points out the most important aquatic reactions of actinides: 

complexation with carbonate ion and humic acid that compete with the hydrolysis reaction. 

The last one controls the actinide solubility, facilitates at the same time colloid formation via 

oxobridging and/or leads to sorption onto mineral phases also by oxobridging. At the same 

time, the hydrolysis reaction is counterbalanced by complexation, for example with carbonate 

or with humic acid. As a result, ternary complexation and colloid formation are the dominant 

aquatic chemical reactions of actinides.  

 All natural waters contain aquatic colloids made of inorganic or organic-inorganic 

composition. They are formed either by nucleation of metal ions via oxobridging, some being 

additionally complexed with organic ligands, e.g. humic acid, or by dispersion from the min-

eral surfaces via weathering effects (cf. Fig. 2). Actinide ions are prone to interact with ubiq-

uitous aquatic colloids and hence become colloid-borne species. Therefore, the appraisal of 

the actinide behaviour in natural aquatic systems calls for the comprehension of interactions 

in a three-phase system: ionic, colloidal and mineral matrix phases. Potential chemical reac-

tions of actinides in such a relationship are illustrated in Fig. 8, which distinguishes between 

  

  Mobile state:  complexed anionic and colloidal state 

  Immobile state: precipitate, solid solution and surface sorbed state 

  

Quantification of the probable distribution of actinides in either mobile or immobile 

state in aquifer systems of a given repository environment is the primary task for the long-

term safety assessment of nuclear waste disposal. Dynamic equilibrations as illustrated by 

Fig. 9 have to be evaluated. For quantifying the three phase interactions of actinides, it is nec-

essary to determine the solubility product (Ksp), complexation constants (β) and surface dis-

tribution coefficients (Rs) of each actinide ion, in addition to evaluate the aquatic colloid for-

mation. Direct in-situ determination of these parameters for each actinide ion is practically 
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impossible. Therefore, laboratory experiments under simulated conditions are generally prac-

ticed, starting from the appraisal of solubility, distribution of solid-water interface and genera-

tion of colloid-borne actinides. The following investigations concentrate on the formation 

mechanisms of actinide colloids, either through irreversible incorporation of actinides into 

natural aquatic colloids under the generation of “pseudocolloids” of actinides or through acti-

nide self-condensation with formation of “real” colloids of actinides. 

 

Migration behaviour of actinides 

 

Fig. 10 illustrates the migration processes of both ionic as well as colloidal actinide 

species. Ionic species migrate in a given aquifer slowly as compared with the water flow ve-

locity because of their intensive interaction with oxygen-rich, negatively charged, mineral 

surfaces. Depending on the available concentration of complexing anionic ligands, ionic acti-

nide species are sorbed to the solid geomatrix with fast or slow kinetics. Therefore, the retar-

dation coefficient (Rf) of ionic species is always larger than one. On the other hand, once acti-

nides become colloidal, their migration is found to be faster than, or at least equal to the water 

flow velocity. The process results in Rf ≤ 1, because aquatic colloids undergo little interaction 

with mineral surfaces and in addition their advection promotes migration. A number of labo-

ratory [22,31,53,54] and field [21,25,27,55] experiments have confirmed that actinides indeed 

migrate along the aquifer system and that they are therefore essentially disguised as aquatic 

colloids.  

 

2.4 Spectroscopic approaches to actinide colloids ( from Ref. [52])  

 

Speciation of nanoscopic geochemical reactions of actinides submerged in aquatic 

multi-component tracer-interactions requires sophisticated methodological approaches. Spec-

troscopic methods with extremely high sensitivity as well as selectivity have been developed 

in the past to analyze actinides with very low solubility (< 10-6 M) in combination with col-

loids, small in size (< 50 nm) and low in concentration (< some ppb). 

 

Laser-induced spectroscopy  

      

As mentioned already, the 5f-electron configuration of actinides provides the possibil-

ity of speciating their chemical reactions sensitively by means of various optical methods with 
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laser as a light source. A typical example of various optical methods associated with the acti-

nide speciation can be appreciated from Fig. 11. A fine-tuned modulation of the incident light 

source, as modern laser, enables a specific excitation of aquatic trace actinides and the result-

ing relaxation processes can be monitored by different sensor-techniques. 

 

(1) Non-radiative relaxation, producing heat on the probe, can be measured by acous-

tic detection or optical deflection of a probe laser for the chemical speciation of oxidation and 

complex states at trace level. The sensitivity of such methods (e.g. laser-induced photo-

acoustic spectroscopy (LPAS)) for actinides is superior by 100 times or over to conventional 

absorption spectroscopy.  

 

(2) Radiative relaxation proceeds with emission of fluorescence via different discrete 

energy levels at each specific lifetime. A combination of both energy selective excitation and 

monitoring of definite relaxation, together with lifetime differentiation, gives rise to a high 

spectroscopic sensitivity for fluorescing actinides, e.g. Am(III), Cm(III), U(VI). A typical 

example is time-resoved laser fluorescence spectroscopy (TRLFS), which provides the speci-

ation sensitivity for Cm(III) at about 10-10 M. The method enables a sensitized excitation via 

ligands as well and is thus applicable for appraising the complexation state in detail (Fig. 12). 

 

(3) Multiphoton ionization by a modulated intense light source facilitates selective 

characterization of aquatic colloids. A typical application is known as laser-induced break-

down detection (LIBD). The principle is based on the distinctive threshold irradiance neces-

sary for each probe phase in a series of Isolid < Iliquid < Igas. Physical nature of LIBD incites a 

breakdown event preferentially on colloids (solid phase) in water at an irradiance level lower 

than the threshold value of water. Generation of plasma at a breakdown event can be mini-

tored optically or acoustically. A spatial distribution of breakdown events along with the ir-

radiance gradient within a laser focus volume can be correlated with the average size of pre-

ponderant colloidal particles (Fig. 13). The LIBD method is superior to a conventional light 

scattering technique by a factor of 104 – 107 for particles of a size < 100 nm, which corre-

sponds to the natural size range of ubiquitous aquatic colloids. 
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Synchrotron-based X-ray absorption spectroscopy 

 

Fig. 14 shows a typical X-ray absorption spectrum below 100 keV resulting from pho-

toeffect and describing the change of the X-ray absorption coefficient, μ, multiplied with the 

sample thickness, d, as a function of photon energy, E. We recognize two regions: (1) the X-

ray absorption near-edge structure (XANES), region within ~ 40 eV of the main absorption 

edge, when the photon energy reaches one of the deep inner shell ionization energies of the 

atom. The position and shape of the absorption edge inform about oxidation state and coordi-

nation geometry of the absorbing element, respectively; (2) the extended X-ray absorption 

fine structure (EXAFS), the oscillatory part of the spectrum, ranging from ~ 30 eV to 1000 eV 

above the absorption edge. EXAFS arises from the wavelike nature of the final photoelectron 

state. When a X-ray photon is absorbed, an inner shell electron is preferentially ejected as a 

photoelectron with kinetic energy equal to the difference between the photon energy and the 

inner-shell binding energy. According to quantum theory, this photoelectron can be visualized 

as an outgoing spherical wave centred at the excited atom. The photoelectron wavevector is k 

= 2π / λ. This electron wave is scattered by neighbour atoms, and the new waves emanating 

from each scattering site are superposed to the initial outgoing wave. The interference of the 

initial and scattered waves at the absorbing atom affects the probability for photoeffect. With 

the increasing photon energy the wavevector of the photoelectron wave increases, leading to 

alternating constructive and destructive interference. This region informs about neighbour 

types (Z ± 1),  coordination numbers (precision: 20-25 %) and distances (± 0.02 Å) to near 

neighbors in the first few coordination spheres (up to 5-6 Å) surrounding a specific absorbing 

element. 

  The oscillatory part of the absorption coefficient is normalized by the smooth absorp-

tion background μ0, defining the EXAFS signal: χ = (μ – μ0) / μ0. The corresponding EXAFS 

function, χ(k), where the X-ray energy is converted to photoelectron wavevector k (Å-1), is 

often weighted with kn (n = 1 - 3) in order to accent the dampened oscillations at higher k. 

The function χ(k) can be written in terms of structural interesting parameter, N = the number 

of scattering atoms, R = absorber-scatterer distance and σas
2 = mean-square disorder in ab-

sorber-scatterer distance (Debeye-Waller factor) by the following equation: 
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where the sum is from a contribution of each spherical shell, i, grouping the scattering from 

several chemically similar atoms, all at approximately the same distance from the absorber.  

fi (k, π) is the backscattering amplitude function for the neighboring atom type. φ (k, R) is the 

total phase shift of the photoelectron. S2
0, the amplitude reduction factor, is introduced to de-

scribe effects of multielectron excitations. l is the angular momentum quantum number, and  

λ(k) the mean free path length of the photoelectron. The functions fi (k, π) and φ (k, R) are 

dependent on the backscatterer type. This dependency allows identification of the type of ele-

ments comprising a coordination shell. These functions are unknown and must be extracted 

empirically from EXAFS data of reference compounds with known structure or theoretically 

calculated.  

For better visualizing the information content of an EXAFS spectrum, the EXAFS os-

cillations are Fourier transformed. χ(k) or the Fourier transformed data are fitted to the 

EXAFS equation in order to obtain quantitative information on the structure environment of 

the absorbing atom. The result is expressed as FT magnitude as a function of R (Å) giving a 

pseudo-radial distribution around the metal. 

 EXAFS is very useful for the speciation of actinides in solution and amorphous pre-

cipitates which cannot be characterized with X-ray diffraction and also for non-fluorescing 

actinides on which TRLFS cannot be applied. Limitations of the EXAFS method are the not 

always available synchrotron source and also the required concentration level of actinides, 

namely ≥ 10-4 M. As far as speciation of colloid-borne actinides is concerned, one should be 

aware of the possible influence of the elements (actinide) concentration on their hydrolysis 

reactions and therefore also on their colloid formation.  
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3 Interaction of actinides(III-VI) with aluminosilicate colloids 

 

 The study of the interaction of actinides of different oxidation states, namely 

241Am(III), 248Cm(III), 234Th(IV), 237Np(V) and 233U(VI) with hydroxy-aluminosilicate (HAS) 

colloids in statu nascendi, e.g. with conucleating Si and Al, is an extension of our previous 

work on the incorporation of tri- and tetravalent actinides into HAS colloids [5,32-37]. The 

present investigations concentrate on following topics: identification of the conditions for the 

formation of HAS pseudocolloids of actinides including kinetic aspects of the actinide incor-

poration into HAS colloids, determination of the capactity of HAS colloids to incorporate 

increasing amounts of actinide, spectroscopic characterization of the actinide binding state 

within HAS colloids and analysis of the stability of the HAS colloid-borne actinides at chang-

ing conditions, which are likely to occur in an open natural aquatic system. 

  

3.1 Conucleation of Si, Al and actinide(III)/(IV)/(V)/(VI) 

 

3.1.1 Formation of colloid-borne actinides: parameter screening 

 

 The parameter screening experimental princip is outlined in detail in our previous 

work [5,32-37]. It consists in oversaturating the Si/Al solutions by changing the pH (range 4 - 

9) as well as the concentration of Al and Si (mono- and polysilanol, that is, below and over 

the SiO2 solubility at 2x10-3 M [11]) (cf. section 2.2, Fig. 4) and tracing the colloid formation 

by observing the behavior of each actinide as a contestant in the coprecipitation process of Si 

and Al. The screening princip is realized in four steps: (1) an acidic Al-solution traced with 

actinide is titrated with an alkaline Si-solution to a preset pH; (2) the precipitate is removed 

from the coprecipitation sample, which is also called colloid mother solution, by filtration at 

450 nm pore size; (3) the colloids are removed from the solution (ionic + colloidal species) by 

ultrafiltration at 1.5 nm pore size; (4) after different conditioning times, from 3 hours to 35 

days, the activity fraction in solution with and without colloids is measured by liquid scintilla-

tion counting and the activity fraction, related to the input activity, in solution, colloids and 

precipitate is evaluated.  

 As preliminary blank tests, the behaviour of each actinide blank without Si and Al, e.g. 

the activity distribution in three phases: solution, colloids and precipitate is determined as a 

function of the actinide concentration at different pH in the region 4 - 9. The result is shown 

by Fig. 15. The chosen actinide trace concentrations for the screening experiment are indi-
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cated by the dotted lines and correspond to the lowest actinide concentrations, that are still 

measurable by liquid scintillation counting with sufficient statistical precision (± 0.1%), 

namely:  

 

5x10-8 M 241Am  (T1/2 = 433 y) 

5x10-8 M 234Th  (T1/2 = 4.1 d) 

7x10-6 M 237Np  (T1/2 = 2.14x106 y) 

8x10-7 M 233U  (T1/2 = 1.59x105 y) 

 

In the blank solutions, Am is mainly in the precipitate at neutral pH from 6 - 9, Th is fully 

precipitated, Np is still in the solution and U is found in the three phases, but generally over 

60% in the precipitate from pH 6 on. The effect of addition of either Al or Si or both, Al as 

well as Si (either mono- or polysilanol), is examined. In this overall screening experiment, we 

constrain ourselves to the optimum conditions for HAS colloid formation, which have been 

recognized in our previous work [5,32,37] from tracing Am in the colloidal phase. Optimal-

ized composition of corresponding colloid mother solutions within the pH region from 4 – 9 

are: 

 

I: [Si] = 10-3 M (0.7x sat., 100% monosilanol)   +   [Al] = 10-5 M ([Si]/[Al] = 100) 

II: [Si] = 10-2 M (6.4x sat.,  ≤ 85% polysilanol)   +   [Al] = 10-4 M ([Si]/[Al] = 100) 

 

Differentiation between HAS colloids, generated from monosilanol and HAS colloids, formed 

from polysilanol is especially important, since polysilanol is known to possess a 106 times 

higher affinity for Al than monosilanol [57]. The fact implies that the formation processes of 

HAS colloids and hence their interaction with actinides may also be different, depending on 

whether monosilanol or polysilanol is involved as an initial reactant.  

  The result of the experimental parameter screening experiment is illustrated by Fig. 

16. Contour diagrams show the activity fraction (%) in colloids after 35 days sample condi-

tioning time (z-axis) as a function of pH (x-axis) for different concentrations of Si and Al as 

indicated on the left and right y-axis, respectively, for Am(III), Th(IV), Np(V) and U(VI). 

As far as Am, Th and U are concerned, we observe an enhanced activity fraction in the 

colloidal phase in the samples containing Si and Al as compared with the blank samples, es-

pecially at pH ≥ 6. The activity transfer from precipitate (in the blank samples) to colloids 

indicates that those actinides bind to HAS colloids. We further observe that the actinide in-
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corporation patterns are different, depending on whether HAS colloids are generated on the 

basis of mono- or polysilanol. This fact suggests different incorporation mechanisms depend-

ing on the conditions of colloid formation. The actinide/colloid incorporation behaviour also 

depends on the actinide oxidation state. Colloid-borne Am(III) exhibits several maxima: one 

at pH 5 and and one at pH 7 - 9 for HAS-monosilanol colloids, and another in the pH range 8 

- 9 for HAS-polysilanol colloids. In contrast, generation of colloid-borne Th(IV) and U(VI) is 

poor for HAS colloids generated from monosilanol but reaches a maximum, once polysilanol 

is used for HAS formation, even higher and within a broader pH region from 6 to 9 as com-

pared with colloid-borne Am(III). We conclude that Th and U possess a similar incorporation 

behaviour, that is different from the incorporation mechanism for Am. The pentavalent Np 

does not interact with the HAS colloids. Only a small fraction of 13.5% is found in the colloi-

dal phase of HAS formed from polysilanol at pH 9. 

The result of the screening experiment explains that the most favourable conditions for 

an actinide to become HAS colloid-borne are also the conditions promoting actinide hydroly-

sis, namely high pH, high concentration of Si and, as far as the actinide is concerned, high 

concentration (e.g. [U] = 16x [Th]) and an oxidation state following the order as given by Eq. 

1: An(IV) > An(VI) > An(III) > An(V). Such conditions may be appreciated from the speci-

ation diagrams for the hydrolysis of corresponding actinides in trace amounts as shown in Fig. 

17, where the maxima of the first hydrolysis species are indicated by red dotted arrows and 

occur at pH 3.8 for Th(IV), at pH 6.2 for U(VI), at pH 8.2 for Eu(III) or Am(III) and at pH 

11.7 for Np(V) (cf. also section 2.3). 

 

 3.1.2 Kinetics of actinide incorporation into colloids 

 

The question, in how far kinetics may play a role in the above suggested relation be-

tween actinide hydrolysis and actinide incorporation into HAS colloids through conucleation 

with Si and Al by means of oxobridging is analyzed in the following. Fig. 18 illustrates com-

paratively the actinide fraction in the colloidal phase of HAS generated from mono- and 

polysilanol as a function of pH in the range 6 – 9 for Am, Th and U, and in the range 10 – 12 

for Np, where hydrolysis of Np is expected (Fig. 17). The result shows that, as a function of 

time, the association of actinides with the HAS colloidal phase may either decrease, remain 

constant or even increase. If the actinide/colloid interaction is weak, reversible sorption may 

be reflected by the time-instability of the formed pseudocolloids. This is especially the case at 

low pH and at low concentration of Si (monosilanol), almost independently on the actinide 
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oxidation state. On the contrary, strong actinide/colloid interaction should be fast. This is gen-

erally observed at high pH and in the presence of polysilanol. But at lower pH, even at high 

concentration of Si, the kinetics of the conucleation reaction are relatively slow. The effect is 

pronounced for U and Th and attributed to the wellknown polymerization kinetics of Si 

[11,33].     

Fig. 19b demonstrates this effect. Samples containing only Si are prepared in the same 

way as the HAS (polysilanol) colloid mother solutions (Fig. 19a, pathway A), namely by neu-

tralizing an alkaline Si solution (e.g. 6.4 x solubility of SiO2, pH 12) where monosilanol pre-

vails, to different pH´s from 4 to 12, where Si becomes oversaturated and polymerizes (see 

Fig. 4). The fraction of polysilanol, generated in each sample, is determined by Molybden 

tests [11,33,58] as a function of pH for two sample conditioning times: one day and 10 days. 

The example clearly demonstrates the monosilanol hysteresis due to the abrupt change of pH, 

where time is needed to achieve the thermodynamic equilibrium between mono- and polysi-

lanol. We conclude that the observed growth of Th(IV) as well as U(VI) into HAS colloids 

with time, especially at low pH, reflects the behaviour of Si(IV) at the conucleation process. It 

indicates that the polymerization of Si is the rate-limiting step in the formation of HAS col-

loid-borne Th or U. It also shows, that we should be aware of the fact that kinetics as de-

scribed above may be misleading at the interpretation of laboratory data. Fig. 19a, pathway B, 

shows the experimental possibility to prepare polysilanol in a transient state, even at under-

saturation, allowing to better control the generation of polysilanol-based HAS, free from po-

lymerization kinetics of Si. On the other hand, the example also shows that sudden changes of 

parameter values, typical for open systems as they occur in the nature, cannot be evaluated by 

thermodynamic approaches only, and that kinetic effects have always to be taken into ac-

count.  

 

3.1.3 Capacity of colloids to incorporate actinides 

 

The question of the maximum amount which can possibly be incorporated into HAS 

colloids and the further question whether the actinide concentration itself influences its conu-

cleation with Si and Al is analyzed. Fig. 20 depicts the activity fraction in the colloidal phase 

of HAS from mono- and polysilanol at pH 7 – 9 after 35 days sample conditioning time for 

Am, Th and U (Np is not incorporated). The behaviour of the blank actinide without HAS is 

also shown for the purpose of comparison.  
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The result explains that the maximum actinide concentration that might be incorpo-

rated into HAS colloids amounts to 80% of 10-4 M for HAS generated from polysilanol at pH 

9, independently on the actinide oxidation state. The apparent higher amount of U that may be 

incorporated is obviously due to the formation of U-real colloids (blank), either additionally 

to HAS-colloid-borne U or in some way associated with HAS colloids. The limitation on the 

capacity of HAS colloids to bind actinides arises from the maximum amount of HAS (Si/Al 

atomic ratio ≅ 1) generated out of a mother solution which contains 10-2 M Si and 10-4 M Al, 

namely 80% of 2x10-4 M. Assuming that the actinide isomorphically substitutes for either Si 

or Al, about one out of two HAS atoms (Si or Al) might be maximally replaced by an acti-

nide.  

To characterize the actinide/colloid binding, we need further methodological ap-

proaches. Whether or not the presumed substitution of the actinide within the HAS colloidal 

structure takes place, will be analyzed spectroscopically in the next section. We further re-

mark that HAS colloids, generated from monosilanol, have generally a lower capacity to bind 

actinides as compared with HAS-polysilanol colloids. This may be due to the ten times lower 

concentration of Al in the colloid mother solution and therefore to the lower concentration of 

HAS-monosilanol colloids. However, the fact that the actinide/HAS-monosilanol-colloid 

binding capacity depends not only on pH but also on the actinide oxidation state following the 

order: Am(III) > Th(IV) ≥ U(VI), again indicates that the degree of polymerization of Si also 

directs the formation mechanism for HAS-pseudocolloids of actinides.  

The results presented so far, based on radiometric measurements coupled with phase 

separation through sequential filtrations, have evidenced the conditions for optimum forma-

tion of HAS pseudocolloids of actinides with different oxidation states from III to VI. The 

findings indicate that different actinide/HAS colloid binding affinities exist, which can be 

correlated with the potentiality of all involved elements (Al, Si, actinides) to hydrolyze and 

conucleate with one another. Hydrolyzed species are favoured at increasing pH, increasing 

element concentration and longer sample conditioning times, overcoming eventually slow 

kinetics of hydrolysis reactions. Element-specific characteristics such as oxidation state etc. 

further influence hydrolysis and therefore also formation of actinide/Al/Si oxobridges. The 

question, whether the hypothesis  

 

“The more the actinide is hydrolyzed, the better its conucleation with HAS colloids” 
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can be corroborated by direct spectroscopic analysis is analyzed in the following. Speciation 

of presumably different colloid-borne actinide species as detected from the above described 

parameter screening experiment is made by TRLFS for actinide(III) and by EXAFS for acti-

nide(III)/(IV)/(V)/(VI). 

 

3.2 Spectroscopic speciation of aluminosilicate colloid-borne actinides 

 

3.2.1 HAS-borne Cm(III): analysis by TRLFS 

 

Characterization of HAS-colloid-borne Cm(III) with TRLFS has been performed in 

our previous work [5,32,33,36,37]. In this report, we briefly summarize the main conclusions 

from that TRLFS study for the purpose of comparison with results from other methodological 

approaches, e.g. EXAFS (see section 3.2.2) at a later moment in time. 

Fig. 21 makes connection between the result of the parameter screening experiment 

(cf. section 3.1.1, Fig. 16) and the result from TRLFS, that is to say, correlates actinid/colloid 

incorporation conditions (Fig. 21, upper left) with actinide/colloid binding affinities. The lat-

ter are recognized from the position of the fluorescence emission peak (Fig. 21, upper right) 

as well as from the fluorescence life time. The example of the neutralization of acidic 10-4 M 

Al including Cm-tracer with polymerizing alkaline Si (10-2 M) to pH from 4 to 9, as seen by 

TRLFS, reveals 4 Cm-species: In addition to the Cm-aquoion with emission peak at 593.8 nm 

and a life time of a 65 ± 2 μs, three Cm-HAS species are identified upon increasing the pH: 

Cm-HAS(I), Cm-HAS(II) and Cm-HAS(III) with emission peaks at 598.5 nm, 601.8 nm and 

606.8 nm, and life times of 83.5 ± 3.7 μs, 88.3 ± 5.2 μs and 518 ± 25 μs, respectively. Based 

on the life time data and relative to the free Cm3+ ion, which is assumed to contain 9 coordi-

nated water molecules [59], the numbers of hydrated water molecules are calculated accord-

ing to Horrocks et al. [60] and Kimura et al. [61]. At increasing pH, Cm-coordination water is 

progressively displaced by the Si-ligand, up to complete substitution. Fig. 22 shows the result 

of the increasing Cm-HAS binding affinity: successive generation of bidentate, tridentate 

bindings and ultimately full incorporation into the HAS structure. 

 At the lower concentration of Si (undersaturated), a similar trend is found, but only 

Cm-HAS(I) and Cm-HAS(II) are progressively formed as pH is increased up to 9. Tempera-

ture increase from 23 ºC to 90 ºC, applied during a five day period on the HAS-monosilanol 

mother solution at pH 7.5, converts the original Cm-HAS(II) to the Cm-HAS(III) species. The 

wellkown relation between time and temperature, as expressed by the Arrhenius equation: 
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ln (k2/k1) = Ea/R (1/T1 – 1/T2)    Eq. 3 

 

where k1, k2 are reaction velocities at temperatures T1 and T2, Ea the activation energy and R 

the gas constant, insinuates that the actinide/HAS-colloid binding affinity may be also af-

fected by the reaction time. This aspect will be analyzed in a later section (3.3.2). 

 The results from TRLFS corroborate the previously established correlation between 

the increase of An(III)/ HAS-colloid binding affinity and the increase of the values of all 

thermodynamic as well as kinetic parameter promoting hydrolysis reactions, such as pH, the 

concentration of Si and Al, the reaction temperature, etc. The experimental facts can be un-

derstood in the light of theory, saying that activation energy is necessary to bring about nu-

cleation. Activation energy can be delivered at the allivation of supersaturation in solution. At 

low degree of supersaturation, an activation barrier to the conucleation persists which can be 

annihilated whenever a solid surface (e.g. polysilanol or preformed HAS) with interfacial free 

energy is already present as a catalyzer. Increased temperature or long aging times may re-

place the catalyzer to induce the polymerization reaction. 

 

3.2.2 Colloid-borne actinide(III)/(IV)/(V)/(VI): analysis by EXAFS 

 

 The selected experimental conditions for EXAFS investigations on actinides of differ-

ent oxidation states from III to VI, namely high pH values and high concentration of Si(Al), 

correspond to those where the parameter screening experiments indicate maximum affinity of 

actinides for the HAS colloids, as discussed in section 3.1.1. Due to the limited EXAFS sensi-

tivity, the actual actinide concentrations are much higher than in the radiometric experiment 

and vary in the present EXAFS samples from 1x10-3 to 5x10-3 M. The Si and Al concentra-

tions are approximately a tenfold higher than their concentration in the synthesis of HAS-

polysilanol colloids. For the purpose of comparison, the speciation of Th(IV) and U(VI) is 

investigated also in pure Si solution, without addition of Al. For Th(IV) in aluminosilicate 

solution, experiments are carried out at two different Th concentrations in order to observe 

potential changes in the Th(IV) speciation induced by the increased concentration. Character-

sitics of the samples analyzed in this work such as the element concentration, pH, etc., are 

given in Table 2. Further experimental details concerning the sample treatment, the collection 

of the An-LIII X-ray absorption spectra at the ANKA-XAS beamline and the EXAFS curve 

fitting procedure, are given elsewhere [62].  
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The results are illustrated by Figs 23-27 and compiled in Table 3. Figs 23-26 show the 

k3-weighted actinide LIII EXAFS functions, χ(k), and their corresponding Fourier transforms, 

FT, together with the theoretical fits for all analyzed samples containing Eu(III), Th(IV), 

Np(V) and U(VI), respectively. Table 3 summarizes the metrical parameters obtained in the 

best fits, coordination number (N), bond distance (R), the relative mean squared difference in 

the interatomic distances or Debye-Waller factor (σ2) and the relative shifts in the ionization 

energy (ΔE0). Fig. 27 gives a comparative overview of the main EXAFS results for the ana-

lyzed actinides concerning their binding environment within HAS. 

 

 Eu(III) 

 

Eu/HAS and Eu/Si samples 

The FT spectra, shown in the right part of Fig. 23, exhibit two significant peaks corre-

sponding to backscattering from oxygen and silicon atoms in the first and second Eu coordi-

nation sphere. The Eu incorporated into silica colloids (Fig. 23, lower part) is surrounded by 

5-6 O atoms (coordination number as fit result, N = 5,7) at a distance of 2.39 Å and 3-4 Si 

atoms (N = 3.4) at a distance of 3.65 Å. The Eu-O and the Eu-Si distances of Eu imbedded in 

HAS (Fig. 23, upper part) are 2.40 Å and 3.70 Å, displaying coordination numbers of 7-8 for 

O atoms (N = 7.8) and 5 (N = 4.8) for Si atoms. Differentiation between Si and Al in the sec-

ond coordination shell of sample 2 is not possible since they are Z+1 elements (see section 

2.4). The smaller half-width of the Eu-O peak and the lower Debye-Waller factor of the refer-

ence sample (Table 3) indicate a more symmetrical coordination of Eu in silica than in HAS. 

The results are in agreement with the results from TRLFS, confirming the incorporation of 

trivalent actinides into the structure of either silica [36] or HAS [33]. 

 

Th(IV) 

 

Th/HAS(1) sample 

  The FT spectra (see Fig. 24, upper part) show approximately 6 O atoms at an average 

distance of 2.41 Å. The large asymmetry of the O coordination shell, reflected by a σ2 value 

of 0.013 Å2, indicates a large variation in the Th-O bonds. The relative low coordination 

number of the O atoms is comparable to that of 6-8 atoms found for Th incorporated in sili-

cate glasses [63] or Th sorbed onto amorphous silica [64]. In the second Th coordination 

shell, 3-4 Si(Al) atoms are located at an average distance of 3.79 Å. Similar bond lengths have 
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been observed for Th sorbed onto amorphous silica and montmorillonite and for Th coordi-

nated across SiO4 tetrahedral edges in huttonite [64,65]. For the similar system, Farges [63] 

reports the presence of Th-Si(Al) contributions at two distances 3.25 - 3.5 Å and 3.8 - 3.9 Å. 

We do not detect any splitting in the Th-Si interatomic distances. We do find however an 

asymmetric Th-Si(Al) distribution, reflecting a variation in the distances. The observed Si(Al) 

coordination number (3-4 atoms) is larger than that found for Th species sorbed onto amor-

phous silica and montmorrilonite (1-2 atoms) [64,65]. This indicates the presence of multiple 

links and/or bridging of Si(Al) polyhedra by Th units. No contribution of any Th-Th distance 

is detected and thus there is no evidence for the formation of polynuclear Th complexes or 

surface precipitate. This fact, combined with the large Si(Al) coordination number, proves the 

incorporation of Th into the HAS structure. 

 

Th/HAS(2) and Th//Si(reference) samples 

 The EXAFS results for the Th/HAS(2) and Th/Si-reference samples, both with a two 

times higher Th content as compared with Th/HAS(1), namely at 2x10-3 M Th versus 4x10-3 

M Si(Al) in HAS precipitate with an Si/Al ratio of about one, are given by Fig. 24, middle 

part. The very similar FT spectra show that the coordination environment of Th in Th/HAS(2) 

is similar to that of Th/Si, the reference sample without Al, but different from that of 

Th/HAS(1). The fact indicates that the Th concentration may influence the Th speciation. The 

Th-O interatomic distances for Th/HAS(2) and Th/Si, at an average distance of 2.36 Å, are 

0.05 Å shorter as compared with that for Th/HAS(1). We also observe that for the samples 

with higher Th content, the second neighbour (Si or Al) has a lower N of about 2 and appears 

at much shorter distances: 3.24 Å in the HAS and 3.28 Å in the Si sample. These bond lengths 

are significantly shorter than the Th-Si(Al) distances for Th sorption onto amorphous silica 

[64] or montmorillonite [65] discussed above and close to those found for Th dissolved in 

silicate glasses [63] and leachates [66]. Another distinct feature of the spectra for the 

Th/HAS(2) and Th/Si samples as compared with Th/HAS(1) is the presence of a Th-Th dis-

tance. About 1 Th atom is observed at 3.84 Å and 3.80 Å, respectively. This suggests a 

polynuclear Th species and/or a surface precipitate formation. At this level of Th concentra-

tion, the interaction between the hydrolyzed Th species becomes important. A similar Th-Th 

interaction (0.7 Th atoms at 3.77 Å) is described for Th sorbed onto montmorillonite at pH 5 

[65]. The Th-Th distances in the samples Th/HAS(2) and Th/Si are however different from 

those observed in Th(OH)4(am) or Th colloids (3.96 Å and 3.99 Å) [67]. 
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 Th/Al sample 

 As obvious from Fig. 24, lower part, the Th LIII edge k3-weighted EXAFS spectra and 

the corresponding FT for the Th/Al sample differs completely from the previously analyzed 

Th samples. The O atoms shell is split into two distances. The majority of O atoms are located 

at an average distance of 2.41 Å (O1) and a smaller O contribution of about 1 atom (O2) is 

found at about 3.03 Å. Such a O coordination environment of Th, with respect to the split of 

the O shell at the corresponding distances, resembles to that encountered in Th(OH)4(am) and 

in amorphous Th colloid samples as described by Rothe at al. [67]. 

 The FT peak at R-Δ about 3.5 Å is well modelled using a shell of Al atoms. However, 

the fit is possible only by constraining the Debye-Waller factor of the O2 to positive values. 

The FT peak representing the Th-Th interaction in this sample is pronounced and the fits yield 

coordination numbers of about 4-5 Th atoms, but with a large disorder (σ2 = 0.021 Å2). The 

presence of Th neighbours at 3.92 – 4.0 Å has been reported for Th(OH)4(am) and for micro-

crystalline ThO2 [64,67]. Giaquinta et al. [68] describe the environment of Th sorbed onto 

bentonite clay under hydrothermal conditions (with Th-Th interactions at 3.93 Å) as a ThO2-

like polynuclear species with a Th/Th distance at 3.93 Å. 

 We remark that the chosen Th/Al concentration ratio of one in the sample (Table 2) is 

too low to be significant for the interpretation of the results as far as the incorporation of Th in 

HAS colloids is concerned. Since Th reflects the behaviour of Si at the formation of HAS 

colloids, the Th/Al concentration ratio in the blank sample should be comparable to the Si/Al 

concentration ratio in the HAS colloid mother solution and have a value of ≈ 100 instead of 1. 

 

Np(V) 

 

 Np/HAS sample 

 The FT of the EXAFS spectrum for the Np/HAS sample at pH 12 (Fig. 25) exhibits 

two peaks, ascribed to the axial O atoms (Oax) and to the equatorial O atoms (Oeq). EXAFS 

analysis (see also Table 3) yields approximately two O atoms at about 1.85 Å, characteristic 

for the pentavalent neptunyl cation with Np-Oax distances reported to vary in the range from 

1.83 to 1.85 Å [69-71]. The second shell consists of approximately five Oeq atoms at an aver-

age distance of 2.40 Å. The Np-Oeq distance is significantly shorter than expected for the aqua 

cation (2.49-2.53 Å) [69-71]. 

 The Np coordination sphere appears to be highly asymmetric, as indicated by the rela-

tively large Debye-Waller factor of about 0.014 Å2. The large asymmetry is likely the result 
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of the contribution of different ligands, such as coordination water molecules, OH groups and 

aluminosilicate ligands. We do not detect any Si(Al) coordination shell as for the other sam-

ples that would have been a direct proof of inner sphere complexation with the aluminosili-

cate ligand. There is also no evidence for the formation of a surface precipitate in the sample 

since Np/Np interactions are absent. Our result for the coordination environment of Np in 

HAS is similar to that reported for Np embedded in borosilicate glasses [73]. In the glass ma-

trix the authors observed about 4 Oeq atoms at a mean distance of 2.35 Å. Here, too, no further 

neighbour distances are detected. The result suggests that Np may be embedded in the colloid 

bulk but with a large amount of statistic disorder. 

 

U(VI) 

 

U/HAS and U/Si(reference) samples 

 The U LIII EXAFS spectra and FT for the U/HAS and U/Si samples, shown in Fig. 26, 

have similar characteristics, namely two significant FT peaks. The major FT peak results from 

contributions from the axial and equatorial O atoms. The second, smaller peak, which appears 

at longer distance, is attributed to Si(Al) backscatterers in the third U(VI) coordination sphere. 

The results yield Oax at distances of 1.73 and 1.78 Å for U/HAS and U/Si, respectively. These 

values compare well with other EXAFS results for U-Oax interatomic distances reported for 

uranyl species in inorganic compounds, e.g. 1.75 to 1.81 Å [72,74,75]. Approximately 6 Oeq 

are found at an average distance of 2.25 Å. This is significantly shorter than that expected for 

uranyl aquo-complexes of 2.41–2.43 Å [76-78] and indicate a strong inner-sphere complexa-

tion of the uranyl cation. The observed U-Oeq distance of 2.25 Å is 0.09 Å shorter than that 

reported for the inner-sphere complexes of uranyl in naturally occuring Al/Si gels found in 

uranium deposits (2.34 Å), 0.06 Å shorter than that in silicate minerals such as soddyte (2.31 

Å), and comparable to that in U(VI) oxides precipitate formed at pH values above 7 or in 

uranyl hydroxides formed under alkaline conditions (2.26 Å) [76,78-81]. Our results com-

pare the best with the oxygen coordination environment reported for the uranyl cation 

in silicate glasses and melts, where approximately 5 O atoms are observed at a dis-

tance of 2.23 - 2.25 Å [74,82]. 

 The coordination numbers and the average interatomic distances obtained in the pre-

liminary fit for the second neighbour, Si or Al in the HAS sample and Si in the silicate sam-

ple, suggest that both samples have a similar U(VI)coordination environment. However, a 

significant better fit of the data for the U/HAS sample is obtained with the third shell split into 

 29



two distances Si(Al)(1) and Si(Al)(2). In case of the U/Si sample, there is not enough resolution 

in the interatomic distance due to the limited k range. The fits using the split shell model yield 

interatomic distances of about 3.2 and 3.4 Å. The splitting of the Si(Al) shell into two dis-

tances observed in the HAS sample indicates that U(VI) exists in different coordination envi-

ronments. The U-Si distances are comparable with the U-Si distances observed in uranyl sili-

cate minerals soddyte or uranophane (3.1 – 3.2 Å) and boltowoodite (3.5 – 3.6 Å) [77-79,83].  

 The coordination number determined experimentally for Si(Al) atoms of about 3 sug-

gests a strong interaction of the uranyl with HAS. Generally, not more than one Si(Al) atom 

has been found for uranyl surface complexes with silica-containing compounds or alumi-

nosilicate minerals [65,72,78,83,84]. In another EXAFS study [75] concerning the structural 

analysis of U(VI) coprecipitated with zeolite precursors from alkaline solutions and at tem-

peratures from 50 – 90 ºC, approximately 2 and 3 Si(Al) atoms are detected at 2.93 Å and 

3.60 Å, respectively, together with about 3 U atoms in the third coordination shell. The results 

are interpreted by the authors as formation of mixed uranyl phases, U(VI) oxide/hydroxide 

together with U(VI) silicate. Our EXAFS spectra do not indicate the presence of any signifi-

cant FT peak, which could be attributed to U-U distances similar to those reported for 

schoepite, soddyte or uranyl sorbed onto silica compounds (3.7 to 3.9 Å) [75,77,79,83]. This 

indicates that there is no formation of an uranyl polynuclear complex or surface precipitate, 

despite the fact that under these conditions of high pH and high U concentration, U colloids 

are detected by radiometry in the blank solutions (cf. section 3.1.1, Fig. 15 and section 3.1.3, 

Fig. 20). 

Fig. 27 gives an overview of the EXAFS results on the incorporation of actinides with 

different oxidation state into the HAS structure. We can summarize them as follows. The 

EXAFS study proves that Eu(III), Th(IV) as well as U(VI), form inner-sphere complexes with 

HAS. In contrast, Np(V) interacts weakly with HAS. The results based on EXAFS corrobo-

rate the findings from TRLFS and from radiometric measurements and strengthen the hy-

pothesis that conditions enhancing element (also actinide) hydrolysis also increase the acti-

nide/HAS colloid binding affinity. In a later section (3.3.2) we will apply a further experimen-

tal approach to this question, namely the ligand displacement method, in order to achieve the 

best possible validated result as far as the mechanism for the incorporation of actinides into 

HAS colloids is concerned. 
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Table 2.  Compostion of the samples analyzed by X-ray absorption spectroscopy (EXAFS) 
 

 Sample log[An] (M) log[Si] (M) log[Al] (M) pH [Si]/[Al] [An]/[Al] [An]/[Si] 
An(III) Eu/HAS -2.86 -1.00 -2.86 8.6 72 1.00 0.014 

 Eu/Si (ref.) -2.85 -1.00 - 8.6 - - 0.014 
An(IV) Th/HAS (1) -3.00 -1.05 -2.70 8.6 45 0.50 0.011 

 Th/HAS (2) -2.66 -1.08 -2.70 8.6 39 1.10 0.026 
 Th/Si (ref.) -2.64 -1.14 - 8.6 - - 0.032 
 Th/Al (ref.) -2.72 - -2.72 8.7 - 1.00 - 

An(V) Np/HAS -2.30 -1.05 -2.74 12.0 49 2.78 0.056 
An(VI) U/HAS -2.31 -1.09 -2.92 8.6 68 4.07 0.060 

 U/Si (ref.) -2.28 -1.09 - 8.6 - - 0.064 
 
 

Table 3. Fit results of the An LIII-edge EXAFS spectra for the samples with composition given in Table 2 
 

 Sample Shell N R (Ǻ) σ2 (Ǻ2) ΔE0 (eV) R a)  
An(III) Eu/HAS O 7.8 2.40 0.0140 - - 

  Si(Al) 4.8 3.70 0.0150 -  
  Eu/Si (ref.) O 5.7 2.39 0.0039 - - 
  Si 3.4 3.65 0.0024 -  

An(IV) Th/HAS (1) O 5.8 2.41 0.0130 b) 2.57 0.7 
  Si(Al) 3.3 3.79 0.0060 b) -4.04  
 Th/HAS (2) O 6.5 2.36 0.0130 -1.82 7.6 
  Si(Al) 1.8 3.24 0.0080 -1.57  
  Th 0.8 3.84 0.0020 4.62  
 Th/Si (ref.) O 8.5 2.36 0.0170 -1.79 8.9 
  Si 1.7 3.28 0.0060 3.10  
  Th 0.6 3.80 0.0010 1.96  
 Th/Al (ref.) O1 7.2 2.41 0.0095 -0.61 4.9 
  O2 1.2 3.03 0.0001 c) -0.61  
  Al 0.7 3.55 0.0023 13.00  
  Th 4.2 3.97 0.0210 1.98  

An(V) Np/HAS Oax 1.9 1.85 0.0003 2.05 8.8 
  Oeq 4.7 2.40 0.0130 2.05  

An(VI) U/HAS Oax d) 2.0 g) 1.73 0.0030 -6.27 4.0 
  Oeq d) 5.4 2.25 0.0080 -6.27  
  Si(Al)(1) d) 1.1 3.20 0.0100 9.24  
  Si(Al)(2) d) 2.1 3.40 0.0120 9.24  
  Oax e) 2.0 g) 1.74 0.0020 -3.22 0.4 
  Oeq e) 4.0 2.27 0.0060 -3.22  
  Si(Al)(1) e) 2.5 3.40 0.0190 13.50  
 U/Si (ref.) Oax f) 2.0 g) 1.78 0.0040 -4.96 1.0 
  Oeqf) 6.7 2.25 0.0130 -4.96  
  Si f) 3.7 3.38 0.0260 8.96  

  
a) R (Residual): rel. difference between experimental and theoretical data (indicator for the fit quality); 
b) σ2 includes the 3rd cumulant correction; c) σ2 is constrained to positive values during the final fit;  
d) k range: 2.8 – 12 (Winxas); e) k range: 2.1 – 10.2 (Fefffit); f) k range: 2.1 – 10.6 (Fefffit)   
g) N is fixed during the final fit. 
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3.3 Stability of aluminosilicate colloid-borne actinides 

 

A condition sine qua non for the colloidal actinide migration is the irreversible binding 

of actinides to stable colloids. In the case of HAS pseudocolloids of actinides, not only the 

irreversibility of the actinide/HAS binding is questioned, but also the irreversibility of the 

aluminosilicate binding itself. The problem is: what does it mean “irreversible” binding? Is it 

a question of methodological approach? Or does it mean a stability in time? Or is it the pres-

ervation of a given colloid-borne species upon changes in environmental conditions like 

variations in pH, temperature, ionic strength, concentration and concentration ratio of multiple 

ubiquitous inorganic as well as organic anionic and cationic species?  

In the previous sections, we have used closed systems in the laboratory, applied ther-

modynamics and considered kinetics. We have defined stability of colloid-borne actinides as 

time-stability or from a spectroscopic point of view. TRLFS has defined irreversible binding 

as a complete replacement of the coordination water molecules of trivalent actinides by Si-

ligands. EXAFS has decided that a binding is irreversible or not from structural parameter 

values such as coordination numbers and bond distances, also in comparison with related sub-

stances which structure is more or less well-understood.  

In the following, we want to test the resistance of “stable” colloid-borne actinides rela-

tive to changes which are likely to occur in natural open systems, namely decrease of the pH, 

occurence of anionic ligands such as EDTA, and presence of cations like Ca2+.  

 

3.3.1 pH reversibility of colloid-borne actinide(III) and -Al 

 

 Cm-HAS(III), formed through interaction of trivalent Cm with HAS colloids gener-

ated from polysilanol at pH 9, is recognized as the most stable colloid-borne species by 

TRLFS. In order to test its pH reversibility, spectroscopic speciation is carried out on a series 

of corresponding HAS colloid mother solutions wherein the pH is stepwise decreased from 

originally 9 to 8, from 9 to 7, etc.. For each mother solution, speciation is followed by TRLFS 

as a function of time, from minutes up to 63 days after neutralization of the acidic Al+Cm 

solution with the alkaline Si solution to pH 9 and further adjusted to the lower pH. Fig. 28 

shows the result. The upper part of the figure displays the distribution of the Cm-species as a 

function of pH at the moment of conucleation (neutralization). It shows that the pH decrease 

induces a gradual conversion of the Cm-HAS(III) species to Cm-HAS(II) and Cm-HAS(I), 

while an increasing fraction of the Cm aquoion emerges. It means that Cm, seen by TRLFS to 
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be “isomorphically substituted within the HAS colloidal structure”, is pH reversible. The 

middle part of Fig. 28 shows the fraction of Cm-HAS(III) at each pH as a function of time. 

We observe that at pH values above 5, the Cm-HAS(III) fraction remains stable within the 

observation time. At decreasing the pH to ≤ 5, Cm-HAS(III) becomes  more and more unsta-

ble with time. 

 In an analog experimental series, we analyze the pH reversibility of maximum HAS-

borne aluminium. The latter is determined in each colloid mother solution as follows. The Al 

in solution or “free” Al is separated from Al in colloids and precipitate or “bound” Al by ul-

trafiltration at 1.5 nm and quantified colorimetrically by the chromazurol test (purchased from 

Merck), that is optimalized for the purpose. The Si-bound Al fraction, relative to the total Al 

input, is determined as a function of time at different pH´s.  Fig. 28, lower part, illustrates 

selected results. It shows that upon decreasing the initial solution pH of 9 to the value of 4, the 

Si-bound Al fraction remains stable during the 63 days of observation. From pH 3 down, the 

proton induced Al dissolution is evident, but nevertheless, a significant fraction of Al of about 

50% is still stably incorporated in HAS. At higher acidity, e.g. pH 1, the aluminosilicate bind-

ing is strongly destabilized within a few days. Although Al follows the behaviour of trivalent 

actinides as far as the pH reversibility of their binding within HAS is concerned, the release of 

Al starts at pH 3, that is at two pH units lower than the release of Cm out of Cm-HAS(III), 

occurrng at pH 5. Otherwise expressed, the aluminosilicate binding is more resistant against 

increasing proton concentration in the medium as compared to the Cm(Am)-O-Si binding 

within HAS.  

 

3.3.2 EDTA resistence of colloid-borne actinide(III)/(IV)/(VI) and -Al 

 

EDTA is a wellknown chelating agent which forms very stable complexes with most 

metals, including actinides, as obvious from the complexation constants at 20 ºC and an ionic 

strength of 0.1 M. log K is 7.4x10-17 for Al3+, 6.9x10-19 for Am3+, 3.5x10-19 for Cm3+, 5.0x10-

26 for Th4+ and 4.1x10-17 for PuO2
2+ [85,86]. EDTA potentially competes with Si-ligands for 

binding actinides or Al and may promote their release from the HAS pseudocolloids through 

the formation of soluble EDTA complexes. In the following EDTA desorption tests, we make 

distinction between two modes of actinide/colloid interaction, prior to EDTA addition, in or-

der to simulate potentially realistic conditions. In the first mode, actinides interact with conu-

cleating Si and Al, called HAS colloids in statu nascendi. In the second mode, actinides are 
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added to previously conditioned mother solutions containing aged colloids as models for col-

loids generated through dispersion. 

 

Interaction of actinides with HAS colloids in statu nascendi (conucleating Si and Al)  

  

In the first experimental series, HAS-polysilanol mother solutions are made, contain-

ing 10-2 M Si, 10-4 M Al and 8.6x10-7 M actinide either Am or Th or U at pH 7 – 9, ensuring 

maximum actinide incorporation into the HAS-polysilanol colloids in statu nascendi. After 

one day conditioning time, EDTA is added in a tenfold concentration of Al. The EDTA-

resistant activity fraction (%) in colloids is measured as a function of the EDTA-contact time. 

Fig. 29 gives the result. Colloid-borne Am is not EDTA-resistant. Within 2 days of EDTA 

contact, Am is completely desorbed from the colloids. In contrast, Th and U remain stably 

bound to the colloids, also in presence of EDTA over a long time span.  

The EDTA-resistence of colloid-borne Th or U implies that the HAS colloids them-

selves are not destroyed. The fact urges us to test the EDTA effect on the Al-O-Si binding, 

generated not only on the basis of polysilanol at pH 9, but also under conditions of lower pH 

(e.g. pH 5), lower concentration of Si (monosilanol), and after various conditioning times of 

the colloid mother solutions from 3 hours up to 9 months. A separate experiment series is ad-

ditionally carried out under the same conditions but with changed sequence of component 

addition in order to test whether reaction equilibrium is achieved within the time of observa-

tion. In the latter case, Al is first complexed with EDTA and after 3 h conditioning time, ei-

ther mono- or polysilanol is added. Fig. 30 gives the overall result. The most stable alumi-

nosilicate binding is found in HAS-polysilanol at pH 9, even just after 3 hours Si/Al conuclea-

tion time and also when Si is added to EDTA-complexed Al, as obvious from Fig. 30b. How-

ever, such a binding formed at pH 5 (see Fig. 30a) is less stable and Al desorbs within 5 days. 

Still, a marginal amount of a 20% Al remains HAS-borne for a long time period. Aging of the 

mother solution, e.g. for 9 months, may largely compensate for the destabilizing effect of 

lower pH. In case that HAS is formed from monosilanol (see Fig. 30c,d) the Al-O-Si binding 

becomes more EDTA vulnerable. The effect is again pH and time dependent as expected. The 

result corroborates the previous findings that the binding affinity between actinides or Al and 

the Si ligand is influenced by kinetics which may be enhanced by increasing the pH, the con-

centration of Si as well as time/temperature (cf. section 3.2.1). 

For the moment we know that the binding affinity for polysilanol is higher for Th, U 

and Al than for Am. The previously observed fact that Th and U follow the behaviour of Si 
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(see section 3.1.2), suggests that they occur as oxohydroxide ligands. The further fact that 

only 1% of the Si concentration in the mother solution (Si/Al ratio = 100) is used to build col-

loids (Si/Al = 1) on the one hand, but 100% of the Th or U in the mother solution incorporates 

into the colloids (see section 3.1.2) on the other hand, indicates that Th- or U-oxohydroxide 

should be able to displace Si in aged colloids. This possibility is further examined as follows. 

 

Interaction of actinides with aged (dispersed) HAS colloids 

 

  Following the second mode of actinide/colloid interaction, inactive mother solutions 

for generating HAS-monosilanol as well as HAS-polysilanol colloids at pH 5, 7 and 9, are 

conditioned for 7 days prior to activity (Am, Th or U) addition. After 5 days of actinide incor-

poration, EDTA is added in a tenfold concentration of Al. The activity fraction (%) in colloids 

is measured as a function of the EDTA-contact time. The result, presented in Fig. 31, shows 

that Am activity is again removable from HAS-polysilanol colloids (Fig. 31, upper part) by 

EDTA, whereas Th and U are not, at least not at pH 7 and pH 9. At the lower pH 5, Th or U 

sorption onto the preformed colloids within the first five days is fast. However, the kinetics of 

ligand displacement, necessary for their stable incorporation, are obviously slow. As far as the 

interaction of actinides with aged HAS-monosilanol colloids (Fig. 31, lower part) is con-

cerned, we observe the decreased EDTA resistence of colloid-borne Th and U, even at pH 9, 

which reflects the instability of the HAS colloids themselves against EDTA desorption (see 

Fig. 30).  

The overall result is in agreement with our assumption that Th and U, contrary to Am, 

act as oxohydroxide ligands that displace Si in HAS colloids originating either from nuclea-

tion or dispersion. 

 

3.3.3 Influence of Ca on colloid-borne actinide(III) 

 

 The influence of divalent cations on formation and stability of HAS colloid-borne 

Am(III) is analyzed by adding Ca(II) in environmental relevant concentrations ranging from 

10-5 to 10-2 M [40] to several HAS colloid mother solutions with different pH´s, varying from 

4 to 9.  241Am(III) and 45Ca (T1/2 = 23.3 weeks) are added as tracers for colloid formation at 

6x10-8 M and 10-10 M, respectively. Figs 32 and 33 show the fractions (%) of Am activity that 

are incorporated into solution, colloids (indicated in red) and precipitate as a function of pH 

for HAS-monosilanol, formed in the presence of 3x10-4 M Ca and HAS-polysilanol, formed 
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in the presence of 6x10-4 M Ca, respectively. In each case, comparison is made with “blank” 

samples without Ca (left parts of the Figs 32 and 33). Colloid-borne Am, without Ca, appears 

to be unstable with time, especially from pH 7 upwards. The effect is reproducible, as appar-

ent from the indicated error bars, expressing the standard deviation of the mean value from 6 

determinations. Addition of Ca (see right parts of the Figs) stabilizes the colloids. This effect 

is explained by the replacement of Al through Ca, inducing thereby a higher charge deficit 

into the silica structure and therefore a higher negative particle charge. For example at pH 9, 

Ca may have replaced Al in HAS-polysilanol almost completely. It follows from Fig. 34, 

showing simultaneously the incorporation of Am and that of 45Ca into HAS-polysilanol col-

loids after 35 days as a function of pH. We notice that, in the mother solution at pH 9, a 20% 

of 6x10-4 M Ca, that is 1.2 x10-4 M Ca is colloid-borne; this amount equals about the Al con-

centration in the mother solution, which determines the Al concentration in HAS colloids 

(Si/Al atomic ratio = 1), as we have seen before.  

The question, whether the stabilizing effect of Ca on the formation of HAS colloid-

borne Am is dependent on the concentration of Ca, is answered by the experimental result 

shown in Fig. 35. We observe that the stabilizing effect of Ca at neutral pH is limited. Once 

the capacity of HAS colloids to bind Ca is exhausted (at about 10-3 M Ca, pH 9), excess Ca 

contributes to increase the ionic strength of the medium and ultimately leads to the collapse of 

the colloidal electric double layer and to precipitation of the colloids. 

 

3.4 Mechanism for the interaction of actinides with aluminosilicate colloids  

 

Formation of aluminosilicate colloids 

 

The most stable HAS colloids are generated in colloid mother solutions at pH 9, 

wherein Si(IV) is oversaturated. A surface of polysilanol catalyzes the conucleation with the 

fully hydrolyzed Al(III) species (see Fig. 39, upper part). The strong Al-binding weakens the 

Si-O-binding and a product with Si/Al ratio = 1 (HAS colloids) is splitt off. The resulting alu-

minosilicate binding is pH irreversible up to pH 4 and EDTA resistant. Decreasing the pH 

and/or the concentration of Si also lowers the binding affinity of Si, e.g. monosilanol, for the 

now less hydrolyzed Al species. The gradual formation of a HAS surface with self-catalyzing 

properties out of dissolved (undersaturated) Si and Al has slow kinetics. However, the stabili-

zation of such an aluminosilicate binding can be achieved after long conditioning times 
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(years). Alternately, increased temperature may replace the catalyzing surface to overcome 

the activation energy necessary to form a solid surface out of dissolved elements. 

 

Interaction of actinides with aluminosilicate colloids 

 

Am(III) follows the behaviour of Al(III), but with a generally lower affinity to Si. 

Most stable HAS colloid-borne Am, generated from interaction with polysilanol and Al at pH 

9, is pH irreversible only up to pH 6 and not EDTA resistant. Underlying reason is the lower 

potential of Am(Eu) to hydrolyze as compared with Al (cf. Fig. 39). On the contrary, Th(IV) 

and U(VI) are completely hydrolyzed at pH 9 (cf. Fig. 17). Therefore they conucleate ex-

tremely well with polysilanol and form EDTA resistant colloid-borne species. At decreasing 

the pH of the conucleation of Th(IV) or U(VI) with Si and Al, e.g. to pH 5, the polymeriza-

tion of Si becomes the rate-limiting step (see section 3.1.2), which is reflected by the incorpo-

ration behaviour of those actinides into the HAS colloidal phase. Th(IV) and U(VI) seem to 

grow into the colloids with time. Np(V) shows very little interaction with conucleating polysi-

lanol and Al at pH 9, because its hydrolysis starts  only at pH > 10 (cf. Fig. 17). 

The formation of a stable aluminosilicate binding and of stable HAS colloid-borne ac-

tinides can be considered as the neutralization of a Lewis acid (electron acceptor) with a 

Lewis base (electron donor). In interaction with polysilanol as the Lewis base, Am is the 

weaker Lewis acid as compared with Al. For the latter, Th or U oxohydroxid ligands are the 

stronger Lewis bases as compared with polysilanol. The resulting bindings within the most 

stable HAS colloid-borne actinides as illustrated in Fig. 36, follow the stability order:  

 

-An(IV)(VI)-O-Al-  >  -Si(IV)-O-Al(III)-  >  -Si-O-An(III)-. 
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4 Interaction of actinide(III)/(IV)/VI) with [14C]-humic colloids 

 

 Humic acid is omnipresent in natural waters, shows a strong affinity to complex with 

metal ions of higher charges (z ≥ 3) [1,4,15,16] and has colloidal properties [7]. Therefore, its 

impact on the conucleation of Si, Al(III) and actinides(III-VI) under the formation of HAS 

colloid-borne actinides is expected to be significant. But, before asking the question about the 

influence of humic acid on the interaction of actinides with HAS colloids in statu nascendi, 

we first analyze the colloidal behaviour [14C]-humic acid itself, also after metal complexation. 

For the above mentioned reasons, this part of the work concentrates on Al and acti-

nides(III)/(IV)/(VI) for interacting with humic acid instead of with mono- or polysilicic acid. 

 

4.1 Purified humic acid as colloids: influencing parameters 

 

Unloaded [14C]-humic acid 

 

 The fraction (%) of unloaded [14C]-humic acid that is present in the colloidal phase is 

ascertained by measuring the activity in the 450 nm and 1.5 nm filtrates and determining the 

activity phase partition as usual. In the first experiment, the influence of pH and of the humic 

acid concentration itself on its distribution in solution, colloids and precipitate is tested. In one 

sample series, the humic acid concentration is kept constant at 6.5 mg/L, while varying the pH 

from 4 to 9. In another sample series, the pH is kept constant at 6.6 in 0.01 M MOPS buffer, 

while increasing the humic acid concentration gradually from 0.02 to 8.0 mg/L. The pH de-

pendent results are shown in Fig. 37, upper part. In the neutral pH region, the fraction re-

garded as humic colloids after 35 days of sample conditioning is found to reach 80%. A 

somewhat elevated fraction of precipitate is recognized at pH ≤ 5 due to the beginning of 

saturated proton association at functional sites of humic acid. At pH 6 – 9, the fractions of 

humic acid distributed in solution, colloids and precipitate remain largely consistent, inde-

pendently on pH. Variation of the humic acid concentration at pH 6.6 does not affect the col-

loid fraction, remaining consistent at around 80%. The results point towards that the 14C-

activity measurement will facilitate, in the experiments to come, analyzing the colloidal be-

haviour of humic acid as well as its interaction with the water-borne components of interest, 

e.g. Al and/or actinides. 
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Metal-complexed [14C]-humic acid 

 

 In the next step, the influence of metal complexation on the formation of humic col-

loids is analyzed. In one sample series, the effect of addition of 10-5 M Al to gradually in-

creasing amounts of humic acid at pH 6.6 on the phase partition of 14C-activity is analyzed at 

pH 6.6 and pH 7.8. The chosen Al concentration corresponds to the lowest effective level for 

the formation of HAS colloids as discussed in section. 

The result is shown in Fig. 37, lower part. At low humic acid concentration (≤ 1 

mg/L), the Al ions destabilize and precipitate humic colloids entirely or partially depending 

on the degree of saturation of proton exchange functional groups of humic acid (4.8x10-3 

eq/g). For humic acid concentrations ≥ 1.5 mg/L, about 80% appear to be colloidal as compa-

rable to the colloidal fraction of pure humic acid shown in Fig. 37, upper part. Noticeable is a 

slight decrease of the solution fraction upon addition of Al, conversely a slight increase of 

precipitate. At pH 6.6, the introduced Al concentration (10-5 M) exceeds slightly its hydroxide 

solubility (cf. Fig. 4) but its hydrolyzed species, e.g. Al(OH)2
+ (cf. Fig. 39) may undergo 

weak interactions with humic acid to generate humic colloids. However, from a similar ex-

periment performed at pH 7.8 (not shown here), we do not recognize any colloid destabiliza-

tion effect through the same concentration of Al ions and the amount of humic colloids re-

mains consistent around 80% independently on the humic acid concentration. It is thus con-

cluded that the prevailing Al(OH)4
- at pH 7.8 (cf. Fig. 39, upper part) does not interact with 

humic acid. 

 A similar experiment is carried out at pH 6.6 by adding only a trace amount of Am 

(5x10-8 M) without Al as shown in Fig. 38. It is to note that the Am3+ ion is a prevailing spe-

cies at pH 6.6 at the moment of its introduction (cf. Fig. 39, lower part). 14C and 241Am activi-

ties are measured in parallel. Colloidal fractions measured by the Am-activity are somewhat 

more elevated than those measured by the 14C-activity. The 14C-activity measurement speci-

fies humic colloids, as defined by “solution ≤ 1 nm ≤ colloid ≤ 450 nm ≤ precipitate”. The 

Am-activity measurement distinguishes a distribution of Am3+ by complexation with humic 

acid. As a result, it is recognized that the Am complexation is favoured by the colloidal frac-

tion of humic acid. Colloidal fractions appraised by 14C-activity are slightly lowered as com-

pared to the values in Fig. 37. This can be explained by coagulation of humic acid upon com-

plexation with the Am3+ ions and thus some humic colloids become larger in size, e.g. over 

450 nm. As a result, the precipitate fraction is accordingly increased somewhat in Fig. 37 as 
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compared to Fig. 37. This form of humic colloid coagulation has been previously ascertained 

by atomic force microscopy [87].  

 The results discussed so far outline that the parameters that appear to play a determin-

ing role in the formation of humic colloids in the neutral pH range are: the kind and concen-

tration of the complexing metal ion, relative to that of humic acid, as well as the pH influenc-

ing the charge of the metal ionic species. 

 

4.2 Complexation of Al and actinide(III)/(IV)/(VI) with humic colloids 

 

 This part of the study analyzes the interaction of [14C]-humic colloids with Al and ac-

tinides of different oxidation states. It intends, not only to assess the optimum conditions for 

the generation of aluminohumate colloid-borne actinides from parameter screenings, but also 

to understand the why. 

 

4.2.1 Formation of colloid-borne actinides: parameter screening 

 

 In a first, rough parameter screening experiment, the incorporation of trace amounts of 

the actinides of interest (5x10-8 M Am(III), 5x10-8 M Th(IV) and 8x10-7 M U(VI)) into alumi-

nohumate colloids is tested. Therefore the activity fraction (%) in colloids after 35 days sam-

ple conditioning is determined as a function of pH in the range from 6.6 to 7.8 (0.01 M MOPS 

buffer) for two Al concentrations, namely 10-5 M and 10-4 M at a constant concentration of 

humic acid (6.5 mg/L). At the chosen concentration of humic acid with a PEC of 4.8x103 eq/g, 

10-5 M metal cations, charge 3+, are necessary for complete complexation and neutralization 

of humic acid. Blank samples without humic acid and/or without Al are also analyzed for the 

purpose of comparison. The contour profiles for the formation of colloid-borne actinides are 

illustrated in Fig. 40. In absence of humic acid, Am and Th are precipitated. A marginal col-

loidal fraction is generated in case of U without Al at pH 6.6 – 7.2, but addition of Al in over-

saturation causes destabilization of the U colloidal fraction followed by precipitation. Upon 

addition of 6.5 mg/L humic acid (upper part contours), we observe an enhanced activity frac-

tion in the colloidal phase. The transfer of initially precipitated actinides to the colloidal phase 

in presence of humic acid proves that each actinide binds to humic acid. Formation of hu-

mate-colloid-borne actinides is generally very efficient up to 10-5 M Al. However, among the 

actinides, a slightly decreased incorporation into humic colloids is found in the order: Am(III) 

> Th(IV) > U(VI), especially at lower pH or higher Al concentration. 
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 Follows a fine-tuned parameter screening experiment that traces not only the actinide 

incorporation into colloids, but also observes the behaviour of [14C]-humic acid simultane-

ously. Carried out in a similar way as before, it changes the humic acid/Al concentration ratio 

over a broader range. Two sample series are made, one at pH 6.6 and another at pH 7.8. In 

each series, a constant concentration of Al (10-5 M) and actinide, either Am (5x10-8 M) or Th 

(5x10  8 M) or U (8x10-7 M) is added to gradually increasing amounts of humic acid, ranging 

from 0.2 to ≥ 100 mg/L. Such humic acid concentrations are commonly encountered in the 

nature [39]. For practical reasons, the given humic acid/Al concentration ratios are achieved 

experimentally, either by adding increasing amounts of [14C]-humic acid (0.2 - 8 mg/L) to 10-

5 M Al, or by adding decreased amounts of Al (< 10-5 M) to 6.5 mg/L [14C]-humic acid. The 

actinide- and 14C-fractions (%) in the colloidal phase are determined in the same samples after 

different conditioning times up to 35 days as a function of the concentration of humic acid 

(mg/L).  

Fig. 41 situates the conditions of the fine-tuned experiment (lower figure part) within 

the rough one (upper figure part) and illustrates the result after 35 days reaction time. The 

behaviour of the actinides in interaction with aluminohumate colloids after 35 days reaction 

time as a function of the concentration of humic acid is described from the view of actinides 

(An-curves in red) as well as from the view of humic acid (14C-curves in black). The curves 

reflect the transition of precipitated actinides and Al to the colloidal phase due to their binding 

with a gradually increasing amounts of humic acid (x-axis: from left to right) or reversely, the 

neutralization of negatively charged humic colloids with a relatively increasing amount of 

cationic metal (An and Al) species, followed by precipitation (x-axis: from right to left). The 

point of HA-neutralization ([HAN]) (or precipitation) informs us about the amount of HA that 

can possibly complex with the introduced amount of  metal (An/Al) species with charge z: 

 

z = [HAN]mg/L x PECmeq/L / [An]mM 

 

For the interpretation of Fig. 41, we have to remember the previous results for the in-

teraction of 10-5 M Al (without actinide) with gradually increasing amounts of humic acid 

(see section 4.2.1), namely, at pH 6.6, a HAN < 1mg/L and, at pH 7.8, no interaction of 

Al(OH)4
- with HA. We observe now that the addition of trace amounts of Am or Th or U to 

10-5 M Al and humic acid, unexpectedly influence the humic colloid formation. At pH 6.6, we 

find a HAN ≅ 1 mg/L, independently of the actinide oxidation state. At pH 7.8, we notice pre-

cipitation of humic acid due to Am- or Th-binding, but almost no interaction of U with humic 
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acid. Through addition of actinides, the HA/Al neutralization curves are generally shifted to 

the right. The right-shifts indicate that the actinides, binding with humic acid, are less hydro-

lyzed than Al, thus have the higher cationic charge. 

Further interpretation of the results bases on the comparison of the relative positions of 
14C- and An-curves. Complete curve overlapping is expected, when only one complexing cati-

onic metal species is present. But, what we observe is, that the ratio between the fractions of 

colloid-borne An and -14C changes as a function of the HA/An concentration ratio, from ≤ 1 

to > 1. It insinuates, that at least two metal species are present with different binding affinities  

to humic acid. The colloidal fraction of humic acid seems to favour Am- over Al-

complexation since the actinide fraction in colloids depasses the 14C-fraction at increased hu-

mic acid concentration, e.g. > 1 mg/L for Am and > 6 mg/L for Th or U. To find out the rea-

son why humic acid may prefer Am- over Al-binding, is the subject of the further study. 

 

4.2.2 Complexation behaviour of Al and actinide(III): comparison 

 

 The different effects of Al(III) and Am(III) on the humic colloid formation observed in 

Figs 37, lower part, 38 and 41 are further examined in detail by eliminating the concentration 

gap between both trivalent metals and modifying the experimental conditions as follows. By 

maintaining the Al and Eu (replacing Am) concentration at 10-5 M for each, to which 5x10-8 

M Am is added as a tracer for monitoring, the humic acid concentration is gradually in-

creased. The formation of colloid-borne Am monitored as a function of the humic acid con-

centration at pH 6.6 is presented in Fig. 42 and at pH 7.8 in Fig. 43.  

At pH 6.6, the given concentration of Eu is at [89] and of Al above their hydroxide 

solubility [88]. Eu appears to be precipitated at first in the low humic acid concentration 

range, where humic acid is found also precipitated upon oversaturation of functional groups 

by the Eu3+ ion. Identical results observed from measuring 14C and Am activities confirm the 

coprecipitation of Eu and humic acid. By further increasing the humic acid concentration, the 

precipitate is promptly transferred to the colloidal phase at 6.5 mg/L humic acid, as shown in 

Fig. 41a. Al is also coprecipitated with humic acid in the very low concentration range of hu-

mic acid and a conversion of the precipitate to the colloidal phase takes place at around 1.2 

mg/L humic acid as shown in Fig. 42b. The humic acid concentration required for the conver-

sion of precipitate to colloids is much smaller for Al than for Eu, although the same concen-

tration is maintained for both elements. The difference can be correlated with the speciation of 

both elements given in Fig. 39 and explained by a numerical comparison of equivalent con-
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centrations of given reactants. At pH 6.6, the equivalent concentrations of 6.5 mg/L humic 

acid with its PEC of 4.8x10-3 eq/g and 10-5 M Eu are calculated: 

 

Humic acid: 4.8x10-3 eg/g x 6.5x10-3 g/L ⇒ 3.1x10-5 eq/L 

Eu3+ ion: 10-5 mol/L x 3 ⇒ 3.0x10-5 eq/L 

 

The data explain that, once Eu3+ overloads the functional groups of humic acid, the precipita-

tion prevails as is apparent from Fig. 42a. It is known that overloading with metal ions makes 

humic acid hydrophobic and hence precipitating [1,2,12]. The precipitate becomes colloidal 

with increasing the humic acid concentration at ≥ 6.5 mg/L for the given Eu concentration at 

pH 6.6. The process can be regarded as a complexation of the Eu3+ ion with humic acid, lead-

ing either to precipitate by oversaturation or to colloids by undersaturation of functional 

groups. 

 The same calculation can be made for Al as follows in accordance with the Al speci-

ation (cf. Fig. 39, upper part) and 1.2 mg/L humic acid required. 

 

  Humic acid: 4.8x10-3 eq/g x 1.2x10-3 g/L ⇒ 5.8x10-6 eq/L 

 

By adjusting to the solubility of Al hydroxide at pH 6.6 (2x10-6 M) (cf. Fig. 4) as well as to 

the speciation at pH 6.6 as given in Fig. 39, upper part, e.g. 20% for Al(OH)3 and 8% for 

Al(OH)2
+, the concentration of a reactive Al species is estimated to be: 

 

  Al(OH)2
+ + Al(OH)3: 2x10-6 mol/L x 0.28 ⇒ ca. 5.6x10-6 eq/L 

 

This value corresponds closely to the humic acid concentration at which humic colloids are 

swiftly generated as shown in Fig. 42b. It appears that Al(OH)3 undergoes complexation with 

humic acid by substitution of OH. This fact explains the formation of ternary complexes of Al 

with humic acid, whereas the reaction of Eu concluded from Fig. 42a represents a binary com-

plexation at pH 6.6. It is apparent from Fig. 42 that humic colloids are formed when metal 

ions do not saturate all available functional sites by complexation and thus remain stable in 

the hydrophilic state. 

 When increasing pH to 7.8, as shown in Fig. 43, the formation of humic colloids re-

quires less humic acid concentrations than at pH 6.6. Three different Eu species (cf. Fig. 38, 

lower part) are possibly involved for the reaction with humic acid: Eu3+, Eu(OH)2+ and 
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Eu(OH)2
+, each of which has its own complexation affinity towards humic acid, as observed 

in the complexation of Am and Cm with humic acid in the same pH region [90,91]. In Fig. 

43a, the humic colloid formation via complexation with Eu starts at 2.2 mg/L humic acid, 

progressing slowly at first and then increasing swiftly at ≥ 3.6 mg/L humic acid. This non-

smooth correlation with the humic acid concentration displays the plausible reactions of dif-

ferent Eu species as can be correlated with Fig. 39, lower part. The ternary complexation of 

Eu forming its hydroxo-humate species requires less humic acid according to the metal ion 

charge neutralization approach to the metal ion-humate complexation [92]. The present ob-

servation in Fig. 43a follows closely this approach. As a result, the humic colloid formation 

progresses step-forwards via complexation of different Eu species one after the other. Accord-

ing to the speciation given in Fig. 39, lower part, the equivalent concentration of Eu species 

involved in complexation with humic acid can be estimated at pH 7.8: 

 

Eu3+(55%) + Eu(OH)2+(35%) + Eu(OH)2
+(10%): 10-5(3x0.55+2x0.35+1x0.1) = 2.45x10-5 eq/L 

 

This equivalent concentration of Eu species suggests that the formation of humic colloids re-

quires 5.1 mg/L humic acid to include all Eu species present, which is certainly lower than 

with the Eu3+ ion alone at pH 6.6. The value of 5.1 mg/L humic acid is well corresponding to 

the experiment shown in Fig. 43a. 

 As for the humic colloid formation with Al at pH 7.8, the starting concentration of 

humic acid appears, as shown in fig. 43b, at around 0.3 mg/L. Referring to the speciation 

given in Fig. 39, upper part, the prevailing species at pH 7.8 appears to be Al(OH)4-, which is 

as an anionic species not expected to interact with humic acid. The result shown in Fig. 43b 

indicates that more than 1.4x10-6 eq/L humic acid is required to form humic colloids. This 

means that a minor amount of Al hydroxide species present together with the trace Am spe-

cies is responsible for humic colloid formation. As the speciation of Eu and Al hydrolysis as a 

function of pH varies largely from one another, the formation characteristics of humic col-

loids are different accordingly as demonstrated in Figs 42 and 43. 

 The experiments discussed so far indicate that humic acid occurs generally as colloids 

as confirmed by 14C-activity measurement and also upon complexation with metal cations, as 

long as its functional sites are not overloaded. The hydrolysis behaviour of a given metal 

cation affects its charge and therefore the formation of humic colloids. Complexation of the 

less hydrolyzed metal species, e.g. of Am(III) as compared with Al(III), is favoured by the 
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colloidal fraction of humic acid. For the interaction of actinides with humic colloids, we for-

mulate the hypothesis in contrast with that for interaction with aluminosilicate colloids: 

 

“The less the actinide is hydrolyzed, the better its complexation with humic colloids” 

 

Does it mean that the actinide with the highest potential to hydrolyze, e.g. Th, has automati-

cally the lowest affinity to humic colloids? This question is analyzed in the following section. 

We intend firstly, to identify the actinide species that actually interact with humic colloids as 

a function of the HA/actinide concentration ratio, at different pH´s and for actinides with 

varying oxidation states. Secondly, we compare the identified actinide species with the corre-

sponding 14C/actinide colloid-borne fraction ratio, which presumably reflects the acti-

nide/colloid binding affinity.  

 

4.3 Speciation of humic colloid-borne actinide(III)/(IV)/(VI)  

 

 The previous experiment of 10-5 M Eu/Am(III) interacting in absence of Al with 

gradually increasing amounts of humic acid  at pH 6.6 and pH 7.8 (see Figs 42b and 43b, re-

spectively) is repeated for Th(IV) and U(VI). Fig. 44, upper part, gives an overview of all 

results and shows the formation of [14C]-humate colloid-borne fractions, observed by actinide 

as well as 14C-measurements as indicated by red and black colour, respectively, as a function 

of the humic acid concentration for samples at pH 6.6 as well as at pH 7.8, after 35 days sam-

ple conditioning time. Fig. 44, lower part, gives a close-up of the results, achieved at pH 6.6, 

and permits a detailed comparison of the interaction of each actinide with [14C]-humic acid in 

the concentration range from 0.2 – 20 mg/L. 

 The different complexation behaviour of each actinide, observed from Fig. 41, be-

comes now quite obvious. Let us first consider the result of the samples at pH 6.6. As we have 

seen before, precipitated Eu(Am) follows promptly the colloidal behaviour of humic acid, 

beginning from 6 mg/L humic acid. It is the point where the functional groups of humic acid 

start to be undersaturated and negatively charged colloids are formed. Only one Eu(Am)-

species is involved in complexation, namely (Eu)Am3+. Precipitated Th, originally present as 

Th(OH)4 [93], behaves quite differently on gradual addition of humic acid. Formation of col-

loid-borne Th starts earlier as in the case of Am, namely at ca 4 mg/L humic acid, but is first 

delayed in following the colloidal behaviour of humic acid. More than 10 mg/L humic acid 

are needed until the maximum Th-fraction in colloids is reached. Observed oscillations in the 
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Th-curve (see Fig. 44, lower part) indicate that, on increasing the concentration of humic acid, 

transition from one Th-species into another, with increasing cationic charge from 2+ to 3+ to 

4+, takes place. If all Th-species would occur simultaneously, the result would be a step 

curve. The change of Th-species is accompanied by the change of the Th/14C colloidal frac-

tion ratio. We observe an inversal of that ratio from < 1 to > 1. We conclude that the increase 

of the concentration of humic acid leads to the formation of Th-species with increasingly 

positive charge, thus increased effectivity at the complexation with humic acid.  

The behaviour of U compares to that of Th, although in a more pronounced form. 

Without HA, U is precipitated and to a certain degree colloidal (see Fig. 15), becoming suc-

cessively cationic U-species with charge 1+, 2+, 3+ and gradually humic colloid-borne as the 

humic acid concentration increases. 

 All the effects, described for actinide/humic acid interaction at pH 6.6 also occur at pH 

7.8. Differences are due to the fact that the actinides are more hydrolyzed at the higher pH. 

Longer delay in colloid formation, larger deviation between 14C- and An-curves, reflecting 

formation of different actinide species with a somewhat lower charge, hence lower complex-

ing affinity to humic acid are the consequence.  

 

4.4 Stability of humic colloid-borne actinides 

 

 In the previous sections, an indirect approach to appraise the stability of humic col-

loid-borne actinides is used. We have deduced binding affinities of [14C]-humic acid to acti-

nides by considering the ratio between fractions of colloid-borne 14C and colloid-borne acti-

nide. Maximum humic acid/actinide-binding affinities are found under the conditions, favour-

ing the formation of cationic actinide species with the highest possible charge. Such condi-

tions are given at low oxidation state of the actinide, low pH, high concentration of humic 

acid relative to that of the actinide, etc. Now, we want to test the stability of corresponding 

humic colloid-borne actinides more directly by measuring their EDTA-resistance. As an ex-

ample, we analyze the interaction of Th(IV) with humic acid, because it is a non-fluorescing 

actinide that cannot be analyzed by TRLFS. For the EDTA-resistance experiment, humic col-

loid borne Th is formed at constant pH 7.8 in 0.01 M MOPS under variation of: (1) HA/Th 

concentration ratio, (2) HA/Th interaction time, (3) HA/Th interaction temperature. The latter 

parameters are also introduced, because it is a wellknown fact that not only thermodynamics 

of solubility but also kinetics may influence the stability of metal bindings within the humic 

acid [94]. 
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 In the first series of samples, the HA/Th concentration ratio is varied by keeping the 

concentration of humic acid constant at 6 mg/L and increasing the concentration of Th from 

10-10 M to 10-4 M. After an aging time of 10 days, 5x10-4 M EDTA is added. After 1 day 

EDTA contact-time, distribution of Th in solution, colloids and precipitate is measured. Blank 

samples containing only Th, Th+HA and Th+EDTA are also made for the purpose of com-

parison. Fig. 45 gives the result. The blank samples containing only Th show that, independ-

ently on its concentration, Th is fully precipitated. After addition of humic acid, 80% of the 

total Th input is time-stably bound to the humic colloids, as long as the concentration of Th is 

below 10-7 M. At further increase of the Th concentration, the colloid-borne Th is destabilized 

and slowly precipitates. Once the capacity of humic acid is reached, e.g. at > 10-5.2 M for the 

Th4+-species (indicated by the dotted line in Fig. 45), fast precipitation of Th(OH)4 occurs. 

The blank sample containing only Th with EDTA ascertains that within the analyzed concen-

tration range, “free” Th, not bound to humic acid, is fully solubilized (thus not EDTA-

resistent) within 3 hours of EDTA-contact time and remains as such that during the 33 days of 

observation. The result for the samples of interest containing colloid-borne Th and subjected 

to EDTA desorption shows that, as the concentration of Th decreases, the solubilization of 

colloid-borne Th by EDTA is hindered through its complexation with humic acid, up to a cer-

tain level, where a 60% of all colloid-borne Th becomes EDTA-resistent. 

 The next experiment intends to study the role of kinetics at the complexation of Th 

with humic colloids. Therefore we make samples with colloid-borne Th just like before but 

vary the sample aging time as well as temperature. Fig. 46 illustrates the results and includes 

at the left, the previous result for comparison. Increasing the aging time from 10 to 33 days, 

leads to less solubilized Th, that means to more EDTA-resistant colloid-borne Th. Enhancing 

the sample temperature from 23 ºC to 50 ºC and to 90 ºC further stabilizes the Th-HA bind-

ings. At 90 ºC, humic acid itself begins to precipitate, as recognized also from 14C-

measurements (not shown here). According to the Arrhenius equation, relating reaction ve-

locities with corresponding temperatures (see section 3.2.1, Eq. 3), we can translate tempera-

ture into time: 4 days at 50 ºC  become 60 days at 23 ºC and 4 days at 90 ºC are equivalent 

with 4.5 years at 23 ºC. Underlying assumption is, of course, that the temperature has no other 

effect than to influence the kinetics.  

For a better overview of the obtained results presented in Fig. 46, we combine the es-

sence of them in one graph. Therefore, we calculate the non-solubilized, so-called EDTA-

resistant Th-fractions and normalize them to the non-solubilized Th-fractions from samples 

without EDTA (as shown by the thin lines in Fig. 46). The summarized results expressing the 
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Th/HA binding affinity, this time in terms of EDTA-resistance, is illustrated by Fig. 47, upper 

part (left). It shows the normalized EDTA-resistant Th-fraction as a function of the Th-

concentration at constant concentration of humic acid, namely 6 mg/L for samples at 23 ºC 

(black lines) after 10 and 33 days aging time, and for samples at 50 ºC and 90 ºC (red lines). It 

is obvious that increasing HA/Th concentration ratios, longer HA/Th interaction times and/or 

temperatures lead to enhanced Th/HA binding affinities.  

In a next step, we want to compare binding affinities, recognized from EDTA-

resistance (Fig. 47, upper left) with those, previously deduced from comparing the behaviour 

of the actinide with that of 14C-humic acid at the formation of colloid-borne Th (Fig. 47, 

lower right, relating binding affinities with charge of Th-species cf. also Fig. 44). Therefore, 

we recalculate the x-values of the left graph in Fig. 47 for the samples made at 23 ºC after 33 

days in terms of concentrations of humic acid at constant concentration of Th (10-5 M). The 

result, given in Fig. 47, upper right, is very interesting. Completely different methodological 

approaches come to the same conclusion and corroborate our earlier formulated hypothesis 

correlating the binding affinity of actinides to humic colloids with thermodynamic and kinetic 

parameters of actinide hydrolysis: parameter values corresponding with low actinide hydroly-

sis favour the actinide/humic colloid binding affinity.  

 

4.5 Mechanism for interaction of actinides with humic colloids  

 

 The mechanism that controls the interaction of actinides with humic colloids is sum-

marized in Fig. 48 gives insight into what´s behind the binding affinity of actinides to humic 

colloids. Behind the binding affinity of e.g. Th to humic acid stands the hydrolysis of Th. Be-

hind the hydrolysis of Th stand all thermodynamic and kinetic parameters of solubility. Low 

pH, small amounts of Th versus high concentrations of humic acid, long aging times and/or 

high temperatures, shift the equilibrium between cationic and hydrolyzed Th species to the 

left, in favour of the Th4+-cations that undergo extremely strong chelate complexation with 

humic acid. We understand now why the likelihood of Th to hydrolyze, which makes him 

very prone to conucleate with Si and Al is not necessarily in contradiction with the fact that its 

cation Th4+ can also form strong complexes with humic acid. Amphoteric Th can act either as 

a Lewis base or as a Lewis acid. Which Th species prevails, is just a question of environ-

mental conditions.     
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5 Competitive interaction of actinide(III)/(IV)/(VI) with aluminosilicate colloids 

and [14C]-humic colloids 

 

 At this point of the work, we understand that the interaction of aluminosilicate and 

humate colloids with actinides essentially depends on environmental conditions and can be 

described by the parameters that influence the hydrolysis reactions of involved elements, in-

clusive actinides. We recognize that all parameter values favouring the formation of alumi-

nosilicate colloid-borne actinides discriminate the generation of humate colloid-borne acti-

nides and vice versa. Since natural waters generally contain the whole colloid palette, we are 

curious to know what happens when actinides have the choice between the two colloid types, 

organic as well as inorganic. In an attempt to come closer to the natural conditions, we intend 

to analyze the formation of pseudocolloids of actinides in the four-component system: Si, Al, 

humic acid and actinide.  

 

5.1 Complexation of Al and actinide(III) with silicic and humic acid 

 

The investigation is confined to the neutral pH region where competition takes place 

between two ligands, namely silicic and humic acid for the complexation of trivalent Al and 

Am ions, incidentally for the formation of colloid-borne actinides. Colloidal species are again 

ascertained radiometrically by measuring 14C-labelled humic acid as well as colloid-borne 
241Am. Speciation of colloid-borne trivalent actinides is performed by TRLFS to appraise 

their binding either to humic or to HAS molecules, or to both. Average particle size and num-

ber density of colloids are determined by laser-induced breakdown detection (LIBD). 

 

5.1.1 Formation of colloid-borne actinide(III): parameter screening 

 

 The influence of [14C]-humic acid on the HAS-colloid-borne Am formation is exam-

ined by a parameter screening experiment in the neutral pH range, where the solubilities of 

HAS-components: SiO2(amorph), Al(OH)3(amorph) and different aluminosilicate minerals 

vary widely (cf. Fig 4). The neutral pH range is chosen to follow the low solubilities region of 

Al(OH)3 and aluminosilicate minerals, in which the HAS colloid formation is pronounced 

[22-24]. To examine closely the effect of polynucleation of Si as well, both over and under 

saturation states of the SiO2 solubility (2x10-3 M) are chosen for the present experiment. The 

concentration of humic acid is kept constant at 6.5 mg/L, which appears to be sufficient for 

 49



appraising the humic acid effect (see section 4.2.1, Fig. 41). Fig. 49 presents the results of 

colloid formation ascertained by Am and 14C-activity measurements. Colloidal fractions are 

distinguished by sequential filtrations as mentioned above after 35 days of sample condition-

ing, while varying pH and concentration of Si and Al. To all samples a trace amount (5x10-8 

M) is introduced. Three contour diagrams are presented for interactions of Am with different 

colloid types: (a) HAS colloids synthesized from Si and Al; (b) composite colloids of HAS 

and humic acid generated in solutions containing Si, Al and humic acid; (c) humic colloids 

complexed with Al. The behaviour of only Am or Am in presence of Al (d) is also monitored. 

 Contour profiles for the formation of HAS-colloid borne Am are shown in Fig. 49a for 

both over and under saturations of Si. Spectroscopic speciation by TRLFS [32] confirms that 

Cm (homologue of Am) is bound to HAS-colloids by coordination with Si ligands via dis-

placement of partial or all coordination water molecules of Cm. The formation depends on 

whether HAS colloids are produced from under- or oversaturated Si, respectively. Fractions 

of HAS colloid-borne Am are relatively low, because of low solubilities of HAS composites 

in the neutral pH region, as can be appraised in Fig. 4. Even under the condition of Si over-

saturation (10-2 M), the formation of HAS colloid borne Am is visibly enhanced.  

 Addition of humic acid converts precipitate into colloids and, as shown in Fig. 49b, 

colloidal fractions are thus increased in broad ranges of the Al concentration and pH. Increase 

of colloidal fractions by addition of humic acid (from Fig. 49a and b) suggests a conversion of 

HAS precipitate to HAS-humic colloids. Colloidal fractions measured by Am-activity (Fig. 

49b, left) are found to be somewhat higher than those measured by 14C-activity (Fig. 49, 

right), although the patterns of colloid formation are similar with respect to the Al concentra-

tion and pH. The two dissimilar results implicate that during the conversion of HAS precipi-

tate to HAS-humic colloids, Am appears to be preferentially incorporated into the colloidal 

fraction. As a result, fractions of colloid-borne Am are to some extent more elevated than 

those of HAS-humic colloids assessed by 14C-activity. 

 Fig. 49c shows contour profiles of the humic colloid formation in the presence of Al 

but without Si. Fractions of humic colloid-borne Am (Fig. 49c, left) are somewhat higher than 

those of humic colloids (Fig. 49c, right), while both profiles are comparable. The tendency is 

similar to the experimental results shown in Fig. 38, in which Am is disproportionately dis-

tributed in favour of the humic colloidal fraction. Once Si is present (Fig. 49b), the colloid 

formation patterns change from Fig. 49c to b and the colloid formation is overall enhanced. 

Both changes observed from comparing Fig. 49b with Fig. 49a and c can be considered as a 

synergic formation of HAS-humic colloids, to which Am is well incorporated.  
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The behaviour of Am is further examined under particular experimental conditions 

chosen from Fig. 49 (indicated by arrows), where the formation of colloid-borne Am depends 

sensitively on the presence of individual components under consideration, Si, Al and humic 

acid. The Al concentration of 10-4 M is chosen, because at this concentration the effects of Si 

and humic acid can be better compared for recognition of their ligand competition. Fig. 50 

presents the formation of colloid-borne Am under different conditions. 

In the blank Al(Am) solution (Fig. 50a), an oversaturation of Al (10-4 M) leads to co-

precipitation of Am in the given pH range and no colloid formation. Addition of HA results in 

the formation of humic colloid-borne Am to a small extent only at pH 7.8. The HAS colloid 

formation can be observed in Fig. 50b by addition of 10-3 M monosilanol (below the solubility 

limit of 2x10-3 M) at pH 7.8 only. The colloid formation is than enhanced by addition of hu-

mic acid, following the conversion of precipitate to colloids. On increasing the Si concentra-

tion to 10-2 M (Fig. 50c), in which polysilanol prevails [33], the formation of HAS colloid-

borne Am becomes significant even at lower pH. At the same time, humic acid further en-

hances the colloid formation under identical conditions. To the experimental solution of Fig. 

50a, 10-2 M Si is added to arrive at the same experiment as Fig. 50c in different sequences of 

component mixing. The outcome of the experiment (Fig. 50d) is the same as in Fig. 50c, indi-

cating that different sequences of adding components do not affect the final result after 35 

days sample conditioning. 

Observations made in Figs 49 and 50 confirm that under given experimental condi-

tions Am is bound to both humic acid and silicic moiety of HAS colloids and moreover imply 

that polysilanol and humic acid have a similar binding affinity towards Am. It further suggests 

that, in presence of polysilanol, Am changes its species from cationic to hydrolyzed cationic. 

The already strongly hydrolyzed Al cannot do anything else than copolymerize with polysi-

lanol. The result is a mixed, hybrid pseudocolloid where Am is the only link between humic 

and aluminosilicate colloids. Fig. 51 illustrates the presumed HAS-Am-humic colloidal struc-

ture. For obtaining a further insight into the suggested synergic formation of HAS/humic col-

loid-borne Am, spectroscopic speciation is conducted to ascertain the binding state of Am 

within such colloids. As a chemical analogue of Am, the optically sensitive Cm is chosen for 

the purpose. 
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5.1.2 Spectroscopic speciation of colloid-borne Cm(III) 

 

 Speciation of colloid-borne Cm is made by sensitized time-resolved laser fluorescence 

spectroscopy (TRLFS), measuring the fluorescence emission by exciting at 370 nm and 382 

nm (see Fig. 12). At the excitation wavelength of 370 nm, the light absorption by Cm is 

minimal but its absorption takes place mainly onto humic acid. On the other hand, at the exci-

tation wavelength of 382 nm, the light is absorbed primarily by Cm and to a less extent by 

humic acid. The light energy absorbed by humic acid undergoes intra-molecular energy trans-

fer from its triplet state to excite Cm, under the condition that Cm is complexed in a coordina-

tion bond to humic acid. On the basis of this principle, different kinds of colloid-borne Cm are 

characterized for their binding states. Fig. 52 presents the speciation results for three different 

colloid samples, prepared in the same manner as discussed above (Fig. 50) by adding Cm 

(5x10-8 M) to generate its colloid-borne species. The humic colloid-borne Cm species excited 

at two different wavelengths generates (Fig. 52a) two consistent emission peaks at 602.7 nm 

with comparable intensities at a ratio of 1.09. This ratio indicates that an indirect excitation 

via humic acid results in a slightly higher fluorescence emission, signifying small energy am-

plification. The emission peak at 602.7 nm corresponds to a ternary humate complex of 

Cm(OH)HA, as confirmed previously [91,92]. 

 The HAS-colloid-borne Cm species shown in Fig. 52b reveals two emission bands 

with identical peak position at 606.9 nm but distinctively different emission intensities: the 

larger one from direct excitation of Cm at 382 nm and the smaller one from indirect excitation 

at 370 nm. The latter is attributed to an absorption baseline tailing of Cm at 370 nm. The clear 

difference in emission intensities from direct and indirect excitations and the consistent emis-

sion peak position at 606.9 nm show that no energy transfer occurs. The results imply that Cm 

is incorporated into HAS-colloids, presumably into the octahedral structural unit of Al. A con-

siderably long emission lifetime of 518 ± 25 μs suggests no hydration water associated with 

Cm [33], which in turn verifies the structural incorporation of Cm in HAS-colloids. 

 The chemical state of HAS-colloid-borne Cm is changing upon addition of humic 

acid, as corroborated by Fig. 52c. The emission peak position of HAS colloid-borne Cm 

(606.9 nm) is changed to 604.3 nm, which is also different from the humic colloid-borne Cm 

value (602.7 nm). The emission intensity from indirect excitation is 70% of the value from 

direct excitation. The lifetime of emission is also changed from 518 ± 25 μs for the HAS col-

loid-borne Cm (606.9 nm) to 392 ± 15 μs after its contact with humic acid. These character-

sitics, together with the fact that the peak position does not change with delay time, prove that 
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Cm incorporated into HAS-humic colloids is bound to humic acid as well as to the silicic 

moiety of HAS colloids, hence forming a unique composite structure, and not a mixture of 

two colloid-borne Cm-species. 

 Based on the spectroscopic results in Fig. 52 and also on the screening experimental 

results in Figs 49 and 50, a bonding structure of Am(Cm) in HAS-humic colloids can be pos-

tulated as given in Fig. 51. The energy transfer upon indirect excitation corroborates, as dis-

cussed already, a partial Cm binding to humic molecules (cf. Fig. 52c), which is different 

from the humic colloid-borne Cm species made of ternary complexation (cf. Fig. 52a). 

 Hybrid HAS-Am-humic colloid formation in the four component system of Al, Si, 

humic acid and Am, is the result of the copolymerization of hydrolyzed Al with polysilanol at 

pH ≅ 8 under formation of HAS on the one side, and the ambivalent behaviour of Am, that 

can still copolymerize with polysilanol but at the same time form a chelate binding with hu-

mic acid on the other side. 

 

5.1.3 Kinetics of actinide(III) incorporation into the colloids 

 

 The competition between HAS and humic colloids at the formation of colloid-borne 

Am, described in the forgoing sections, is further examined for its reactions kinetics. The time 

between 3 hours and 35 days is considered, because the experiment under changed component 

addition sequence (Fig. 50a,d) shows that equilibrium is achieved after 35 days. Fig. 52 illus-

trates the generation of colloid-borne Am after 3 hours, 7 days and 35 days as a function of 

pH. The action of single colloids, either HAS colloids made from poly- or monosilanol (Fig. 

53a,c) or humic colloids (Fig.53e) is compared with the corresponding HAS/humic colloid 

competitions (Fig. 53b,d). The general observation is that for samples containing only HAS or 

only humic acid, the fraction of colloid-borne Am decreases with time and is accompanied 

with activity transfer to the precipitate. In contrast, for samples containing both, HAS and 

humic colloids, the colloid-borne Am fraction increases within the observation time of 35 

days. The effect is most evident under conditions indicated by white arrows in Fig. 52.  

 Kinetic effects at the generation of HAS(polysilanol)-humic colloid-borne Cm (cf. Fig. 

52c) are also observed by TRLFS. Fig. 54 gives the speciation results for two samples with 

the same content but with different component addition sequence (cf. Fig. 50a,c) at pH 8.5 

after 3 hours and after 20 days. Fig. 54, lower part, depicts the results for the colloid-borne 

Cm species formed in the solution where all reactants are mixed at the same time. In this case, 

the spectra obtained immediately after the sample preparation correspond to those (cf. Fig. 
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52c) already discussed, demonstrating the formation of a single mixed humic-HAS colloid-

borne Cm species. We observe that the position of the emission peaks obtained at direct and 

indirect excitation of Cm, as well as their intensity ratio remain consistent within 20 days ob-

servation time. The fact suggests that the equilibrium is rapidly attained in this case.  

Fig. 54, upper part shows the results for HAS colloid-borne Cm-species to which hu-

mic acid is added. TRLFS from indirect and direct Cm-excitation performed immediately 

after the sample preparation (Fig. 54, upper left) results into two distinct emission peaks at 

605.5 nm and 606.9 nm, respectively with a small peak intensity ratio of 0.23. The most in-

tense peak corresponds to Cm-HAS(III) as expected. After 20 days conditioning time, the 

emission peaks are shifted from 605.5 to 603.7 nm and  from 606.9 to 605.2 nm, respectively. 

The peak intensity ratio increases from 0.23 to 0.59. The result implicates the progressive 

complexation of Cm with humic acid under formation of a prevailing mixed humic-HAS Cm-

species. 

Fig. 55 illustrates the result of the corresponding fluorescence lifetime measurements 

and complements the result given in Fig. 54. Lifetime approach after 20 days sample condi-

tioning again reflects the effect of component addition sequence in the samples. The process 

of ligand displacement that is necessary in case that the Cm-HAS(III) has been formed before 

addition of humic acid is obvious. After 20 days the equilibrium of ligand displacement is 

almost reached. 

From both, spectroscopic (Figs 54 and 55) as well as radiometric (Fig. 53) results, we 

may conclude that the kinetics for the formation of a bonding structure of Cm(Am) in 

HAS/humic colloids reflect the ongoing ligand displacement reaction. 

 

5.1.4 Stability and average particle size of colloids  

 

The stability of the colloids under discussion, e.g. HAS-Am-humic colloids, is exam-

ined by laser-induced breakdown detection (LIBD) for monitoring their average size and 

number density as a function of time. To facilitate experimental handling of LIBD, Cm is re-

placed by its chemical homologue Eu. HAS-humic colloids are generated with and without 

addition of Eu (10-7 M) in a solution containing 10-4 M Al, 10-2 M Si and 8 mg/L humic acid 

at pH 8.5, following the condition applied for generating composite colloids (cf. Fig. 50c) and 

also for the afore mentioned speciation (cf. Fig. 52c, Table 4). Up to 58 days monitored re-

sults are shown in Fig. 56. The average size of predominant colloids is found to be around 20 

nm at the beginning in four separate samples, either with or without addition of Eu. After 10 
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days, colloids become dispersed somewhat, as a consequence, the average size is decreased 

slightly to over 10 nm, which remains nearly consistent up to 58 days. The number density 

observed by the breakdown probability is found from the beginning at a saturation state of the 

LIBD sensitivity, because of a high amount of colloids generated under given experimental 

conditions. The saturation state stayed on with time suggests that no colloid precipitation 

takes place. The results shown in Fig. 56 explain the stability of HAS/humic colloids. Accord-

ingly, actinides incorporated into such colloids are expected to remain stable in aquifer sys-

tems.  

 

5.2 Formation of pseudocolloid hybrids of actinide(III)/(IV)/(VI) 

 

 The question, whether the formation of pseudocolloid hybrids of actinides is a general 

phenomenon, for example also applicable to actinides with oxidation state other than three, is 

analyzed in the following. The eventual formation of pseudocolloid hybrids of Th(IV) and 

U(VI) is analyzed by the same procedure as that used for Am(III) (section 5.1). First we per-

form a parameter screening experiment to detect the formation of colloid-borne actinide in 

presence of: (a) only Si and Al (HAS colloids), (b) Si, Al and humic acid (HAS + humic col-

loids) and (c) only humic acid (humic colloids). Than we compare the colloid-borne actinide 

fractions in samples containing the colloid mixture with those containing each single colloid. 

We search for regions of synergic or inhibitory (negative synergic) effect of HAS and humic 

colloids (total more (less) than sum) to bring the precipitated actinide in the colloidal phase. 

Occurance of synergic effects (positive or negative) are strong indications for the binding of 

actinides to both colloid types. In a last step, we test an eventual formation of pseudocolloid 

hybrids of actinides by the means of a different methodological approach. Instead of TRLFS, 

applicable for this purpose only on Cm(III), we intend to use now the ligand displacement 

method with EDTA for Am(III) and Th(IV) as well. 

 

5.2.1 Detection of pseudocolloid hybrids of actinide(III)/(IV)/(VI) 

 

 Fig. 57 illustrates the result of the comparative screening experiment and shows the 

formation of colloid-borne Th(IV) and U(VI) under a broad variation of conditions  as con-

tour diagrams. The result for Am(III) (cf. Fig. 49) is also added for the purpose of compari-

son. Given is the actinide fraction (%), related to the input activity (5x10-8 M Am, 5x10-8 M 

Th, 8x10-7 M U), in the colloidal phase after 35 days conditioning time as a function of pH 
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(6.6 – 7.8) for different combinations of Si/Al concentrations as given in the y-axes, either 

without or in presence of humic acid (constant at 6.5 mg/L). For each actinide, 4 contour re-

gions are distinguished. They correspond to the generation of: (a) HAS colloid-borne acti-

nides, (b) HAS/humic colloid-borne actinides, (c) humic colloid-borne actinide and (d) acti-

nide “real” colloids.  

 Contrary to the behaviour of Am, where a generally increased actinide incorporation is 

found in the colloid mixture as compared to that in each single colloid, we observe in the case 

of Th and U, besides conditions of HAS/humic colloid synergy also conditions of HAS/humic 

colloid inhibition. For example, the incorporation of Th in HAS colloids made on the basis of 

polysilanol (10-2 M Si, 10-5 M Al) is impeded if humic acid is present. Another example is the 

inhibition of formation of humic colloid-borne U through addition of monosilanol or HAS 

colloids from monosilanol (10-3 M Si, either no Al or 10-5 M Al). Opposite examples demon-

strating the synergic action of HAS and humic colloids to generate colloid-borne actinides are 

found under conditions indicated in Fig. 57 by white arrows. They concern the interaction of 

Th or U with humic colloids in combination with 10-3 M Al and Si, either 10-3 M monosilanol 

or 10-2 M polysilanol (HAS colloids).  

Follows a more detailed analysis of the mentioned HAS/HA colloid synergic interac-

tion with either Th or U, also under variation of the sequence of component addition, as we 

have done for Am (cf. Fig. 50). The composition of  compared Th- and U-samples is given on 

top of the Figs 58 and 59, respectively. In each case, four samples are made containing the 

same concentration of actinide (tracer) and Al (10-3 M). Different is, either the concentration 

of Si, varying from zero to 10-2 M (Figs 58a-c and 59a-c) or the component addition sequence 

(Figs 58c,d and 59c,d). 

 In the blank samples containing Al/Th(U) (Figs 58a and 59a), the actinides are in the 

precipitate. After addition of HA, they remain in the precipitate. As discussed in section 4.2.1 

(Fig. 41), the offered HA concentration of 6.5 mg/L is much below the required one for the 

formation of Al/Th(U)-humic colloids at the present Al concentration (10-3 M). 

 In HAS solutions prepared out of monosilanol (Figs 58b and 59b), Th(U)-HAS are 

precipitated. After addition of HA, the conversion of precipitate- to colloid-borne actinide 

species can be observed for both, Th and U at pH 7.8. In HAS solutions prepared from polysi-

lanol (Figs 58c and 59c), minor fractions of colloids form only at pH 7.8. Addition of humic 

acid significantly enhances the fraction of colloid-borne Th in the entire pH range. In the case 

of U, the HA effect is pronounced only at pH 6.6. The results clearly indicate the synergic 

action of HAS and HA colloids at binding the actinides Th as well as U.  
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Figs 58d and 59d illustrate the results for the experimental solutions having the same 

final composition as those described in Figs 58c and 59c, but prepared by reversed sequence 

of reactant addition. The initially precipitated Al/Th(U)-humate are partially converted to col-

loids by addition of polysilanol. At this point, we can distinguish the different behaviour of Th 

and U. In the case of Th, the final result is almost same, independently on the sequence of 

component addition. In contrast, in case of U, the order of reactant addition affects the pseu-

docolloid formation at pH 7.2 and 7.8. Under these conditions, the fraction of colloid-borne U 

is larger at addition of polysilanol to the humic precipitate (Fig. 59d). The displacement of the 

Si-ligand through the humic acid ligand may be retarded and the equilibrium of colloid forma-

tion not attained within the 35 days of observation time. 

The achieved results from the comparative screening experiment strongly indicate that 

pseudocolloid hybrids of actinides are formed, not only in the case of Am(III), but also 

through competitive interaction of Th(IV) or U(VI) with HAS and humic colloids. 

 

5.2.2 Speciation of pseudocolloid hybrids of actinide(III)/(IV) 

 

The observed synergic action of HAS and humic colloids at the binding of actinides is 

further analyzed by the ligand displacement method with EDTA. Therefore, selected 

HAS(Si)/humic-, HAS(Si)-, and humic pseudocolloids of Am and Th are subjected to desorp-

tion tests with EDTA. In the experiment, mixed colloid mother solutions are made containing 

10-4 M Al, 5x10-8 M actinide, either 10-3 M monosilanol or 10-2 M polysilanol, and 6 mg/L 

humic acid in 0.01 M MOPS buffer at pH 6.6 or 7.8. Corresponding single colloid mother 

solutions, either without humic acid or without Si are also prepared. After 35 days condition-

ing time, the activity phase partition is determined, including the evaluation of the activity 

fraction (%) in colloids (cf. Fig. 57). In parallel sample series, 10-3 M EDTA is added to each 

35 days conditioned mother solution and the remaining activity fraction in colloids (%) is 

measured as a function of time. From the desorption kinetics, the EDTA-resistant fraction of 

the colloid-borne actinides is determined. The latter is defined as the activity fraction (%), that 

does not occur as soluble EDTA-actinide complex after one day EDTA contact. The EDTA-

resistant fraction is normalized to the non-soluble activity fraction in samples without EDTA. 

From the interpolation of the normalized EDTA-resistant fraction of the mixed HAS(Si)/ hu-

mic pseudocolloids between the normalized EDTA-resistant fractions of the single, either 

HAS(Si)- or humic pseudocolloids, the partition of the HAS(Si)- and humic-borne activities 

within the mixed pseudocolloids is determined. 
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The result is expressed by the Tables 4-6. The HAS- and humic-borne Am or Th frac-

tions (%) in the mixed HAS-actinide-humic colloids is given in Table 4, the silanol- and hu-

mic-borne Am or Th fractions (%) in the mixed silanol-actinide-humic colloids is given in 

Table 5, and the aluminol- and humic-borne Am or Th fractions (%) in the mixed aluminol-

actinide-humic colloids is given in Table 6.  

We notice, for example, that Am interacting 35 days with conucleating polysilanol 

(10-2 M) and Al (10-4 M) in presence of humic acid (6 mg/L) at pH 7.8 (Table 4), generates 

pseudocolloid hybrids with following Am/colloid binding partition: 69.1 % Am-humic acid 

and 30.9 % Am-HAS. Those values are in gut agreement with the result from TRLFS (cf. Fig. 

52). After corresponding interaction with Th, however, we find in the generated pseudocol-

loids of Th no bindings to humic acid but exclusively HAS-borne Th. The different binding 

affinities of Am(III) and Th(IV) to HAS and humic colloids, reflecting different acti-

nide/colloid binding mechanisms, can be correlated with their distinct tendencies to hydro-

lyse. In the mentioned example, Am(III) and Th(IV) are present as cationic-hydrolyzed and 

fully hydrolyzed species, respectively. The less hydrolyzed Am can from its hydrolyzed site, 

conucleate with Si and Al and at the same time from its cationized site, form a chelate com-

plex with humic acid. The EDTA ligand (added in excess) displaces the humic acid ligand. 

The fully hydrolyzed Th, on the contrary, conucleates extremely well with Si and Al. The lack 

of a cationic charge in its species, however, prevents a complexation either with humic acid or 

with EDTA. 

Under other conditions, e.g if Am or Th interacts 35 days with HAS colloids, gener-

ated on the base of monosilanol (10-3 M Si, 10-4 M Al) and 6 mg/L humic acid at pH 6.6, 

pseudocolloid hybrids with  different colloid-borne actinide partition are observed. In the case 

of Am, 82.8 % is humic- and 17.2 % HAS-bound, whereas for Th, 37.0 % humic- and 63.0 % 

HAS-bound. The result corroborates the previously made correlation between actinide/colloid 

binding affinity and actinide hydrolysis. At decreasing pH and lower concentration of Si, the 

tendency to hydrolyse is repressed, for Am and for Th as well. The mixed pseudocolloid of 

Am from the previous example is now more humic-borne (82.8 vs 69.1 % Am-humic) and 

Th, formerly only HAS-bound (0.0 % Th-humic), becomes now a humic-Th-HAS mixed col-

loid species (37.0 % Th-humic). 
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Table 4: HAS- and HA-borne actinide fractions (%) within mixed HAS-An-HA colloids from determination of 
normalized EDTA-resistant activity fractions (%) (procedure see text). 
 

 
Am(III) 

 

 
Th(IV) 

 

% in coll. % Am-HA % Am-HAS % in coll. % Th-HA % Th-HAS 

Colloids pH       

HASmono/HA 6.6 10.9 82.8 17.2 16.2 37.0 63.0 
HASmono/HA 7.8 63.9 77.3 22.7 56.7 39.6 60.4 
HASpoly/HA 6.6 73.4 -*) - 69.5 7.8 92.2 
HASpoly/HA 7.8 74.9 69.1 30.9 72.3 0.0 100.0 

 
Colloid mother solutions for HASmono/HA: 10-3 M Si + 10-4 M Al + 6 mg/L HA and for HASpoly/HA: 10-2 M Si + 
10-4 M Al + 6 mg/L HA in 0.01 M MOPS buffer. Actinide concentration is 5x10-8 M. *) no evaluation possible 
 
 
Table 5: Silanol- and humic-borne actinide fractions (%) within mixed Si-O-An-HA colloids from determination 
of normalized EDTA-resistant activity fractions (%) (procedure see text). 
 

 
Am(III) 

 

 
Th(IV) 

 

% in coll. % Am-HA % Am-O-Si % in coll. % Th-HA % Th-O-Si 

Colloids pH       

Simono/HA 6.6 76.0 100.0 0.0 70.9 - - 
Simono/HA 7.8 77.4 100.0 0.0 77.9 100.0 0.0 
Sipoly/HA 6.6 77.3 -*) - 70.8 0.0 100.0 
Sipoly/HA 7.8 79.2 49.5 50.5 87.3 0.0 100.0 

 
Colloid mother solutions for Simono/HA: 10-3 M Si + 6 mg/L HA and for Sipoly/HA: 10-2 M Si + 6 mg/L HA in 
0.01 M MOPS buffer. Actinide concentration is 5x10-8 M. *) no evaluation possible 
 
 
Table 6: Aluminol- and humic-borne actinide fractions (%) within mixed Al-O-An-HA colloids from determina-
tion of normalized EDTA-resistant activity fractions (%) (procedure see text). 
 

 
Am(III) 

 

 
Th(IV) 

 

% in coll. % Am-HA % Am-O-Al % in coll. % Th-HA % Th-O-Al 

Colloids pH   

Al/HA 6.6 0.2 100.0 0.0 0.0 100.0 0.0 
Al/HA 7.8 0.1 100.0 0.0 0.0 100.0 0.0 

 
Colloid mother solutions for Al/HA: 10-4 M Al + 6 mg/L HA in 0.01 M MOPS buffer. Actinide concentration is 
5x10-8 M.          
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5.3 Mechanism for interaction of actinides with aluminosilicate and humic colloids    

 

The essence of the hitherto results concerning the mechanisms for interaction of alu-

minosilicate and humic colloids with actinides is schematically illustrated in Fig. 60 and sum-

marized as follows: Different actinide species from cationized to hydrolyzed are in equilib-

rium. The actinide species dictates the actinide binding. The more the actinide is cationized, 

the better its complexation with humic colloids. The more the actinide is hydrolyzed, the bet-

ter its conucleation with aluminosilicate colloids. If hydrolyzed cationic species are predomi-

nating, a hybrid colloid-borne actinide may be observed. But: which actinide species prevails, 

depends not only on the actinide itself, e.g. its effective charge, concentration, but also on the 

environment, e.g. pH, ionic strength, kind and concentration of accompanying and competing 

anions and cations in the natural waters. Given the many possibilities of environmental condi-

tions, the simultaneous presence of HAS as well as humic colloids guaranties the higher sta-

bility region of pseudocolloids of actinides either through the redundant or synergic action of 

both colloid types.  
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6 Self-organization of actinide(III,IV) to actinide colloids 

 

 Tetravalent actinides show apparent solubilities many orders of magnitude higher than 

their true solubilities. The effect, illustrated in Fig. 61, is attributed to the high tendency of the 

tetravalent actinides to hydrolyze, polynucleate via oxobridging and form colloids [95-97]. 

Unanswered questions are, under which conditions such colloids are formed and moreover 

whether they remain stable without precipitation by aging. Unclear is further the role of all 

kinds of natural elements ubiquitously present in all aquatic systems at the generation of the 

so-called “real” colloids of actinides. From theoretical as well as practical knowledge ac-

quired so far and based on our previous [37] and present studies, we have serious doubts 

whether actinides of a single oxidation state can form stable aquatic colloids through self-

nucleation, as the generally accepted definition of real colloids of actinides suggests. We can-

not recognize how negatively charged particles may possibly arize from a polymerizing single 

element, without the aid of other elements, molecular ions or other pre-existing colloids of 

different nature, such as humic acid. The present investigation aims to answer these questions, 

since they are of cardinal importance for a better understanding of the actinide migration be-

haviour, particularly of the tetravalent oxidation state, which has been hitherto either trivial-

ized or considered as significant. For this purpose, high-purity systems are analyzed by highly 

sensitive methods, e.g. LIBD for colloid monitoring, TRLFS for chemical speciation and ra-

diometric measurement for trace quantification.  

 

6.1 Conucleation of actinide(III) and actinide(IV) 

 

Following the aluminosilicate model for inorganic colloid formation in the nature 

through conucleation of Si(IV) and Al(III), Th(IV) and Eu(III) are taken as trivalent and tetra-

valent actinide homologues, respectively, in order to generate stable colloids of actinides. For 

the verification of the effects of impurities in chemicals on the actinide colloid formation, pH 

is adjusted either by a conventional acid-base titration or by coulometry without addition of 

NaOH. 

 

6.1.1 Colloid formation in acid-base titration 

 

 The measurement of latent colloidal impurities in chemicals and the appraisal of col-

loid generation upon pH change by the addition of only HCl and NaOH (without actinides) is 
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a prerequisite condition for investigating the actinide colloid formation of interest. Therefore, 

solutions of 1 – 5 M NaOH and 1 M HCl are diluted and analyzed by LIBD. The results are 

shown in Fig. 62. Whereas all HCl solutions are colloid-free, NaOH solutions generate col-

loids increasingly as dilution proceeds achieving a maximum between 10-1 and 10-3 M NaOH 

and gradually decreasing on further dilution to neutral pH. The colloid generation in NaOH of 

99.996% purity is attributed to trace inorganic impurities still present therein, presumably as 

anionic species, namely 7x10-7 M Al, 5x10-6 M Fe and 10-5 M Si. At dilution, pH decreases, 

the solubility of impurity elements becomes exceeded and polynucleation via mixed oxo-

bridging takes place. 

 The actinide colloid generation is examined for the initial acidic (0.03 M HCl) solu-

tions of: (1) only Eu (10-7 M), (2) only Th (6.5x10-7 M) and (3)  both, Eu and Th (mixture of 

(1) and (2)) by titrating with 0.03 M NaOH. A background titration without actinide is made 

in parallel. Fig. 63 gives the result. The colloidal background (HCl+NaOH) increases with pH 

and is due to unremovable impurities in NaOH. The acid-base titration of the Eu solution 

shows progressive colloid generation and follows a similar trend as the blank but at a higher 

level. Metal ion impurities present in the chemicals may have interacted with the Eu ion, and 

hence the colloid generation is enhanced. The pattern of colloid formation in the Th solution 

differs from that of the Eu solution. This difference is ascribed to the much lower solubility of 

Th as compared with that of Eu at neutral pH and beyond. As the pH edge of the Th solubility 

is around 4.5, a partial precipitation of colloid-borne Th takes place slowly, and hence the 

precipitation and colloid generation appears counter-balanced. Once the Th and Eu solutions 

are mixed, the pH dependent colloid generation appears notably different from the pure solu-

tion of each element. At pH 3, the colloid generation increases drastically in the mixture, de-

creases at pH > 5, and follows than the same trend as in the Eu solution. The presence of the 

Eu ion enhances the generation of Th colloids, suggesting that mixed oxobridging of different 

oxidation states results in enhanced colloid formation. However, trace metal ion purities in 

chemicals have a considerable impact on appraising the mixed colloid formation of tri- and 

tetravalent actinides at neutral pH and beyond. To avoid such an effect, coulometry instead of 

the use of NaOH is applied to adjust the pH. 

 

6.1.2 Colloid formation in coulometric experiments 

 

 In the coulometric experiment, the pH is controlled with a current ranging from 1 to 50 

μA. Applying 10 μA in a 40 mL sample solution corresponds to adding 9 μM hydroxide ions 
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per day. A variation of pH from 3 to 7 takes several weeks and is performed in steps of 0.1 pH 

units. After each step of pH increase, the current is turned off for 1 hour to attain equilibra-

tion, prior to conducting the LIBD measurement. This time is necessary to overcome inhomo-

geneous pH changes in the solution, immediately after each current increase. 

 Fig. 64 illustrates the results of the coulometric titration combined with LIBD for the 

solutions of 1.8x10-5 M Eu, 1.2x10-4 M Th and a mixture of both, each in 0.5 M NaOH in the 

pH range of 3 – 7. The laser pulse energy is kept constant below the threshold irradiance for 

0.5 M NaOH. Colloid-forming impurities in NaCl are eliminated in advance by a twice re-

crystallisation. Fig. 64, lower part, presents the solubility of Th oxohydroxide (dark line) and 

fresh Th hydroxide (dotted line) taken from the literature [95,96,98-103] for the purpose of 

the interpretation of the colloid generation in Th as well as Th+Eu solution. 

 As far as the Eu solution is concerned, no colloid formation is observed below pH 7.0, 

which is in contrast to the acid-base experiment (cf. Fig. 63). As the Eu concentration is main-

tained below its solubility limit [89,104,105], no colloid formation is actually expected. The 

present results (Figs 63 and 64) demonstrate that colloidal species of trivalent actinides may 

only be produced through the interaction with colloid-forming metal impurities present in 

solution. 

 By comparing upper and lower part of Fig. 64, the inception of colloid generation in 

the Th solution is recognized at the pH edge of its solubility (pH 3.7), and fresh colloids pre-

vail beyond pH 3.7 due to oversaturation. Further pH increase results in precipitation, hence 

leading to the next pH edge of the solubility (pH 4.2). Around this pH edge, some colloidal 

Th remains in the solution, about 20% of the total Th concentration. Further pH increase acti-

vates again colloid generation caused by a new oversaturation state of Th, followed by the 

second precipitation at pH 5.4. The remaining Th concentration beyond pH 5.4 is so low (<< 

10-8 M Th) that the amount of colloidal Th is not precisely measurable by LIBD (probably < 

10-9 M Th). In the Th solution, the colloid generation and subsequent precipitation follows the 

pattern of oversaturation accompanying the pH increase. Finally a typical solubility trait of Th 

oxohydroxide becomes apparent as ascertained in the lower part of Fig. 64, in which the solid 

black circles are previously determined LIBD experimental data, also in combination with 

coulometry [95,97]. The solubility equilibration can be written as in the region of pH  ≤ 4.2,  

 

n Th(OH)3+ + (n+x) H2O   ↔   ThnO2n-x(OH)2x (ppt) + 3 n H+   

↑↓       

        ThnO2n-x(OH)y
2x-y (coll) + (2x-y) OH- 
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where the Th colloidal species are in equilibrium with precipitate and their stability is pH sen-

sitive. When the pH approaches neutral, the colloidal species undergo precipitation as can be 

observed in Fig. 60 at pH > 5.4. Therefore, the amounts of Th colloids observed at pH 4.2 and 

pH > 5.4 are distinctively different. 

 As a result, the present experiment demonstrates that the real colloid formation of tet-

ravalent actinides can be ruled out in the high-purity solution, when the pH is approaching 

neutral. Metal impurities present in solution may instigate the generation of stable colloid-

borne species of tetravalent actinides as observed in Fig. 64. To verify this hypothesis, the 

same Th solution mixed with Eu is examined by the same procedure. 

 In the mixed solution of Th and Eu, the pattern of colloid generation as a function of 

pH is distinctively different from that in the Th solution. As can be seen in Fig. 64, the colloid 

generation oscillates already below the pH edge of the Th solubility (pH 3.7), followed by a 

sharp increase beyond its pH edge. Generated colloids remain in the solution without precipi-

tation up to pH 5.5 and above this pH undergo partial precipitation. The generation of the sta-

ble colloid-borne Th species in the mixed solution is attributed to the mixed oxobridge con-

figuration of tri- and tetravalent metal ions. As a consequence, the hydrophilic nature of thus 

ensuing colloids is enhanced by the surface polarization. 

 As the initial colloid formation depends on the metal ion concentration, the previous 

experiment is repeated with lower concentrations, 1.1x10-6 M Th, only as well as its mixture 

with 1.2x10-6 M Eu, to ascertain the concentration effect. The results are shown in Fig. 65. In 

the Th solution, no colloid generation is observed up to pH 5.0, although the solubility pH 

edge of Th oxohydroxide is expected at pH 4.5. The colloid generation can be appreciated 

only at pH ≥ 5 with large scattering, so far in a small amount, which decreases slowly with 

increasing pH. At the same time the Th concentration decreases in accordance with the solu-

bility of its oxohydroxide. The precipitation occurs on the vessel surface as adsorption. The 

observed colloid formation in the Th solution, as shown in Fig. 65, is attributed to the floccu-

lation of precipitate settled primarily on the vessel surface. Contrary to the Th solution, the 

colloid generation becomes clearly distinguishable at pH > 5 in the mixed solution of Th and 

Eu. The amount of colloids increases steadily with increasing pH, signifying once more that a 

mixture of metal ions of different oxidation states favours the colloid generation. 

 In the two experiments given in Figs 64 and 65, the average size of stable colloids, 

made of Th and Eu, as determined by LIBD, is found to be 20 - 30 nm in diameter and re-

mains unchanged over 30 days. In the Th solution, a gradual increase of colloid size over 100 
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nm by aging indicates a slow conversion to precipitation, which rate depends on the degree of 

oversaturation. 

 Enhancement of the Th colloid generation in the presence of Eu suggests that their 

interaction takes place to build a mixed oxobridging via conucleation, when the two metal 

ions become hydrolyzed under the condition of oversaturation. The result corroborates our 

previous findings from radiometric measurements [37] of samples from acid-base titrations, 

as illustrated by Fig. 66. It shows that, under conditions where either Am or Th are precipi-

tated e.g. 10-7 - 10-8 M Am and 7x10-9 M Th at pH ≥ 6 (cf. Fig. 15), each of them, Am as well 

as Th, become from precipitated to colloidal, once they are mixed together in one sample. The 

incorporation pattern of Am+Th into the colloidal fraction as seen by Am measurements is 

almost identical with the pattern from Th measurements. The fact proves that Am is bound to 

Th. The Am/Th element concentration ratio in the “americiothoronate” colloids equals the 

Am/Th concentration ratio in the colloid mother solutions. In that aspect it differs from alu-

minosilicate colloids with their Si/Al  element ratio = 1 vs a Si/Al concentration ratio = 100 in 

the mother solutions. To ascertain the existence of an americiothoronate binding, further in-

vestigation is pursued by TRLFS for the chemical speciation of colloidal species resulting 

from conucleation of tri- and tetravalent metal ions. 

 

6.2 Spectroscopic speciation of colloid-borne Cm(III) 

 

 Spectroscopic speciation is performed on the mixed solution of 1.5x10-7 M Cm and  

10-6 M Th in 0.03 M HCl starting at pH 2 and increasing progressively up to 9 in an acid-base 

titration experiment. The evolution of the Cm emission spectrum is shown in Fig. 31 as a 

function of pH. A peak deconvolution performed on all recorded spectra results in three dis-

tinctive spectra as shown in the bottom of Fig. 67. Peak maxima of these spectra are located at 

593.8 nm, 598.0 nm and 604.8 nm, which are attributed to the Cm3+ aquoion and two colloi-

dal species of Cm-Th(I) and Cm-Th(2), respectively. The lifetimes of corresponding fluores-

cence peaks are found to be 65 μs, 136 μs and 331 μs, respectively. The red shift of the fluo-

rescence band is attributed to a change in the ligand field of the Cm3+ aquoion through forma-

tion of inner-sphere complexes. Since the speciation experiment is performed by acid-base 

titration, the effects of impurities in solution on the formation of colloidal Cm-Th(1) and Cm-

Th(2) species are carefully examined in the following by comparing the spectroscopic charac-

teristics of all components possibly involved. 
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 A similar speciation experiment in absence of Th is performed on the Cm solution. 

Fig. 68 shows that, in the absence of Th, three different Cm species are formed: the Cm 

aquoion at 593.8 nm, the first colloidal Cm(I) species at 598.0 nm and the second colloidal 

Cm(II) species at 603.5 nm. The sum of Cm(I) and Cm(II) is very low, decreasing with in-

creasing pH. The colloidal Cm(I) species appears at pH 4.0, where Cm hydrolysis is not prob-

able at 1.5x10-7 M, implying that Cm is sorbed onto colloidal impurities generated during the 

acid-base titration. Because of the low fluorescence intensity and very broad band, the life-

time of Cm(I) species can only be estimated as less than 80 μs. The colloidal Cm(II) species 

has a lifetime of less than 83 μs, suggesting also Cm sorption onto colloidal impurities. The 

peak positions and lifetimes of Cm(I) and Cm(II) are comparable to the hydrolyzed Cm spe-

cies, Cm(OH)2+ and Cm(OH)2
+ [106], with emission peaks at 598.8 nm and 603.5 nm and 

corresponding lifetimes of 72 μs and 80 μs, respectively. However, the first hydrolysis ap-

pears at pH > 6, and the second at pH > 7, whereas in the present experiment Cm(I) appears 

already at pH 4.0, and Cm(II) at pH 5.0, where hydrolysis of Cm at 1.5x10-7 M is not ex-

pected. Differences in the comparison explain that the species Cm(I) and Cm(II) are bound to 

the surface of colloidal impurities. 

 Fluorescence peaks of Cm(I) and Cm(II) may overlap those of Cm-Th(1) and Cm-

Th(2). Nonetheless, a comparison of each pair of lifetimes, e.g. < 80 μs vs 136 μs for Cm(I) 

vs Cm-Th(1) and 83 μs vs 331 μs for Cm(II) vs Cm-Th(2), indicates that the formation of 

Cm(I) and Cm(II) species is largely suppressed in the presence of the Th ion. 

 The relative quantification of each Cm species in the mixed solution of Cm and Th is 

presented in Fig. 69. The first colloid-borne Cm species, Cm-Th(I), appears as a minor quan-

tity with a maximum amount of 20% around pH 5.5 and disappears with pH increase. The 

second colloid-borne species, Cm-Th(2), emerges at pH 4.5, grows rapidly and prevails at pH 

> 6.  

The results achieved by very different methodological approaches, namely LIBD (Figs 

64 and 65), radiometry coupled with ultrafiltration (Fig. 66), and TRLFS (Figs 67-69) can 

now be correlated to comprehend how colloids of mixed metal ions are generated. The colloi-

dal species of Cm-Th(I) may be considered as a transitional state, which is gradually con-

verted to a more stable state of Cm-Th(2) by pH increase. The number of associated water 

molecules estimated from the fluorescence lifetime [61] of each species supports this assump-

tion. The fluorescence lifetimes of 136 μs for Cm-Th(1) and 331 μs for Cm-Th(2) decipher 

hydration numbers of about 4 and < 1, respectively. The hydration numbers implicate the 

higher stability of Cm-Th(2) than Cm-Th(1) and make the conclusion possible that Cm is in-
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corporated into the colloidal structure of Th in the former and sorbed on the colloid surface in 

the latter. 

 

6.3 Mechanism for the formation of real colloids of actinides 

 

 In summary, we have learned that mixed oxobridging of hydrolyzed trivalent and tet-

ravalent actinides elicits the generation of stable colloids, whereas the individual actinide ions 

in their pure state form colloids under oversaturation at near neutral pH only as a transitional 

state for precipitation. We conclude that the mechanism for the formation of “real” colloids of 

actinides follows that of aluminosilicate colloids, which is a heterogeneous conucleation of 

elements with different oxidation states.  

Fig. 70 illustrates the mechanistic principles for the example of americiothoronate col-

loids. Copolymerization of Th(IV) and Eu(III) becomes possible only under the condition that 

both actinides are hydrolyzed, namely at pH ≥ 6. The result of such a conucleation of ele-

ments with different oxidation state is the induction of a negative particle surface charge. Re-

pulsive forces between negatively charged particles inhibit the agglomeration process and 

stabilize the colloidal particles. Consequently, “real” colloids in the sense of colloids consist-

ing of only one element (actinide) in only one oxidation state cannot exist. How do we define 

than real colloids of actinides?  Are actinide colloids “real” when they are the conucleation 

product of only one actinide but in different oxidation states? Or are they still real when dif-

ferent actinides are involved? And what about actinides conucleating with natural elements?  

For generating stable inorganic colloids, we need a built-in control mechanism of po-

lymerization that polarizes the particles in statu nascendi. As outlined in section 2.2, several 

possibilities for colloid stabilization exist. One of them is the heterogeneous conucleation of 

elements with different oxidation states, either only actinides or actinides combined with natu-

ral elements or only natural elements. We may appreciate that there is no clear boundary be-

tween all those types of inorganic colloids, which makes the definition of “real” colloids of 

actinides more or less obsolete. The comprehension of the underlying mechanism of colloid 

stabilization, however, enables us to better interpretate results from laboratory as well as natu-

ral systems. As far as the actinide migration is concerned, we understand now why the forma-

tion of stable aquatic colloids is expected in natural aquifer systems, where a variety of omni-

present trace metal ions may interact with actinide ions, more favourably with tetravalent ac-

tinides, to generate their pseudocolloids.          
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Fig. 5: Humic acid in the nature: loaded with metal cations (M) and binding to a clay mineral 
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Fig. 7: Primary complexation
behavior (β11) of actinides (An) 
of different oxidation states with
common aquatic ligands.
Distinction follows:

An(IV) > An(VI) ≥ An(III) > An(V)
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Fig. 19 (b): The pH dependent polymerization of silanol at different initial concentrations 
after one day and 10 days of pH adjusting (the original solution at pH 12) (approach A in 
Fig.19 (a)).

Fr
ac

tio
n 

of
 P

ol
ys

ila
no

l(
%

)

2.5 x 
Sat. conc.

6.4 x 
Sat. conc.

after
1 day
after

1 day

1 x Sat. conc. (2E-3 M Si)

21 x Sat. conc.

4 6 8 10 12
pH

100

80

60

40

20

0
1 x Sat. conc. (2E-3 M Si)

2.5 x 
Sat. conc.

6.4 x  
Sat. conc.

21 x Sat. conc. after
10 days
after

10 days

4 6 8 10 12
pH

Neutralizing dilution
=> 4.2x10-2 M Si at pH = 7
Instant polymerization to

=> equilibrium:
Monosilanol Polysilanol

(5%)        (95%)

Alkaline dilution
=> 4.2x10-2 - 2x10-3 M Si

at pH = 12
Monosilanol (100%)

Further dilution to
5x10-3 – 1x10-4 M Si

at pH = 5 – 9 =>
Depolymerization =f(time)

=> equilibrium:
Monosilanol Polysilanol

(60 - 100%)    (40 - 0%)

Neutralization to pH 5–9
=>

Polymerization = f(time)
=> equilibrium:

Monosilanol Polysilanol
(5 - 100%)    (95 -0%)

Generation of aluminosilicate colloids

Addition of Al

A B

Sodium-waterglass
7.0M Si in 4.0 M NaOH

<=>

<=>

<=>

Fig. 19 (a): Two experimental pathways for the generation of polysilanol and of HAS 
colloids from sodium-waterglass by (A): alkaline dilution and neutralization or (B): 
neutralization and dilution.



An only HAS from monosilicic acid HAS from polysilicic acidAn only HAS from monosilicic acid HAS from polysilicic acid

-8      -6      -4      

100
80
60
40
20
0

A
n-

A
ct

iv
ity

Fr
ac

tio
n

(%
) i

n 
C

ol
lo

id
s

(3
5 

d)

log[Actinide] (M)

pH 7pH 7

pH 9pH 9

pH 8pH 8

Am(III) Th(IV) U(VI)

100
80
60
40
20
0

100
80
60
40
20
0

-8      -6      -4      -8      -6      -4      -2

Fig. 20: Colloid-borne activity fraction (%) as a function of the actinide concentration at pH
7, pH 8 and pH 9 after 35 days sample conditioning time. Three sample series contain: (1) the
actinide only (white lines); (2) 10-3 M Si and 10-5 M Al, colloid mother solutions generating
HAS-monosilanol colloids (blue lines); (3) 10-2 M Si and 10-4 M Al, colloid mother solutions
generating HAS-polysilanol colloids (red lines). The dotted arrows indicate the maximum
actinide concentration above which the pseudocolloids are precipitated.



Act. Fract. (%) in Colloids (35 d)Act. Fract. (%) in Colloids (35 d)
pHpH

Am(III)

log[Si]
= -2 M

log[Si]
= -3 M

no
Si

log[Si]
= -2 M

log[Si]
= -3 M

no
Si

log[Al]
(M)

log[Al]
(M)

-4 
no Al

-5 
no Al

-5 
no Al

4   5   6   7   8   9

pH, Si(Al)-conc., Temp., kinetics

Max. at pH ≈ 4/5

Cm

SiSi

AlAl
SiSi

Max. at pH ≈ 6/7

Cm

SiSi

AlAl
SiSi

Prevails at pH > 6

Cm

AlAl
SiSiSiSi SiSi

SiSiSiSi

AlAl AlAl

SiSi

SiSi SiSi

SiSi

Cm-HAS(I)
7 H2O

Bi-dentate

Cm-HAS(II)
6 H2O

Tri-dentate

Cm-HAS(III)
no H2O

Isom. substitution

pH
2    3    4    5    6    7    8    9

M
ol

e 
fr

ac
tio

n 
(%

)

100

80

60

40

20

0

593.8, 598.5, 601.8, 606.8 nm

R
el

. I
nt

en
si

ty

Cm3+ Ion

Cm-HAS(I)

Cm-HAS(II)

Cm-HAS(III)

Fig. 21: Left part taken from Fig. 16: contour diagram showing conditions of formation of 
colloid-borne Am(III); Right part: speciation of HAS-colloid-borne Cm(III) by TRLFS on the
pH titration from 1 to 9 in a mixture containing 10-4 M Al, 10-2 M Si and 5x10-8 M Cm: the pH
dependent deconvoluted spectra of different Cm-species present in the solution (upper part). 
The species distribution as a function of pH is illustrated in the lower part.

Fig. 22: Illustration of the three colloid-borne Cm species which form in the pH range from
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of 10-4 M Al, 10-3 M Si and 5x10-8 M Cm, pH 7, after heating 5 days at 90 ºC.



FT
 m

ag
ni

tu
de

( k
3
χ(

k)
 )

χ(
k)

k (Ǻ-1) R – Δ (Ǻ)

An(III)

0 1 2 3 4 5 6

1.5

1.0

0.0

-0.5

-1.0

-1.5

1.5
1.0
0.5
0.0

-0.5
-1.0

0.2

0.1

0.0

-0.1

-0.2

0.2

0.1

0.0

-0.1

-0.2

2 4 6 8

2 4 6 8

0 1 2 3 4 5 6

7-8 O at 2.40 Ǻ

5 Si(Al) at 3.70 Ǻ

3-4 Si at 3.65 Ǻ

5-6 O at 2.39 Ǻ
Eu/Si (ref.)Eu/Si (ref.)

Eu/HASEu/HAS

Fig. 23: Eu LIII edge EXAFS spectra (left) and corresponding Fourier transforms
(right), experimental data (solid lines) and theoretical fits (symbols) for the samples:
Eu/HAS and Eu/Si (reference) as described in Table 2. The outer envelope of the
FT´s is the amplitude and the oscillating inner line is the imaginary part of the com-
plex transform. The transform range is 1.5 – 8 Å-1 and the fit range is 0.9 – 3.2 Å.
The Fourier transforms are not corrected for EXAFS phase shifts, causing peaks to
appear at shorter distances relative to the real near-neighbour distances R – Δ. 



2 4 6 8 10 12

4

2

0

-2

-4

2 4 6 8 10 12

6

3

0

-3

-6

-9

0 2 4 6 8 10 12 14

0.8

0.4

0.0

-0.4

-0.8

2 4 6 8 10 12

4

2

0

-2

-4

0 1 2 3 4 5 6

~ 1 Th at 3.84 Å
1-2 Si(Al) at 3.24 Å

6-7 O at 2.36 Å0.04

0.02

0.00

-0.02

-0.04

0 1 2 3 4 5 6

< 1 Al at 3.5 Å
1-2 O at 3.03 Å

7-8  O at  2.41 Å

4-5 Th at  3.97Å

0 1 2 3 4 5 6

~ 2 Si at 3.28 Å
8-9 O at 2.36 Å

~ 1  Th at 3.80 Å

0 1 2 3 4 5 6

3-4 Si(Al) at 3.79 Å
~ 6 O at 2.41 Å

4
3
2
1
0

-1
-2
-3

0.008

0.004

0.000

-0.004

-0.008

0.06

0.03

0.00

-0.03

-0.06

An(IV)

Th/HAS(1)Th/HAS(1)

Th/HAS(2)Th/HAS(2)

Th/Al (ref.)Th/Al (ref.)

Th/Si (ref.)Th/Si (ref.)

FT
 m

ag
ni

tu
de

( k
3
χ(

k)
 )

k (Ǻ-1)

χ(
k)

R – Δ (Ǻ)

Fig. 24: Th LIII edge EXAFS spectra (left) and corresponding Fourier transforms (right), 
experimental data (solid lines) and theoretical fits (symbols) for the samples:Th/HAS(1); 
Th/HAS(2) and Th/Si (ref.); Th/Al (ref.) as described in Table 2. The outer envelope of 
the FT´s is the amplitude and the oscillating inner line is the imaginary part of the com-
plex transform. The transform range is 1.5(1.8)– 11.6(12.2) Å-1 and the fit range is 1(1.5) 
– 3.3(4) Å; () for Th/Al sample. FT´s are not corrected for EXAFS phase shifts, causing 
peaks to appear at shorter distances relative to the real near-neighbour distances R – Δ. 



0.8

0.4

0.0

-0.4

-0.8

χ(
k)

k (Ǻ-1)

An(VI)

0.8

0.4

0.0

-0.4

-0.8

U/Si (ref.)U/Si (ref.)

U/HASU/HAS

0 4 8 12

0 4 8 12

3-4 Si at 3.38 Ǻ

0 1 2 3 4 5 6

1.0

0.5

0.0

-0.5

-1.0

2 Oax at 1.78 Ǻ
6-7 Oeq at 2.25 Ǻ

0 1 2 3 4 5 6

FT
 m

ag
ni

tu
de

( k
2
χ(

k)
 )

R – Δ (Ǻ)

0.012

0.008

0.004

0.000

-0.004

-0.008

2 Oax at 1.73 Ǻ
5-6 Oeq at 2.25 Ǻ

~ 1 Si at 3.20 Ǻ
2-3 Si(Al) at 3.40 Ǻ

Fig. 26: U LIII edge EXAFS spectra (left) and corresponding Fourier transforms (right), 
experimental data (solid lines) and theoretical fits (symbols) for the samples: U/HAS and 
U/Si (ref.) as described in Table 2. The transform range is 2.0 - 12 Å-1 and the fit range is 
1 – 3.5 Å. The FT´s are not corrected for EXAFS phase shifts, causing peaks to appear 
at shorter distances relative to the real near-neighbour distances R – Δ. 

An(V)

FT
 m

ag
ni

tu
de

( k
3
χ(

k)
 )

R – Δ (Ǻ)
0 1 2 3 4 5 6

1.87 Oax at 1.85 Ǻ
4.66 Oeq at 2.40 Ǻ

0.08

0.04

0.00

-0.04

-0.08

χ(
k)

k (Ǻ-1)

8
6
4
2
0

-2
-4
-6

Np/HASNp/HAS

2 6 10 14

Fig. 25: Np LIII edge EXAFS spectra (left) and corresponding Fourier transforms (right), 
experimental data (solid lines) and theoretical fits (symbols) for the sample: Np/HAS as 
described in Table 2. The transform range is 3.4 – 14 Å-1 and the fit range is 1 – 2.5 Å. 



0.008

0.004

0.000

-0.004

-0.008

Eu(III)

Th(IV)

Np(V)

U(VI)

5.8 O at 2.41 Ǻ

1.9 Oax at 1.85 Ǻ
4.7 Oeq at 2.40 Ǻ

no Si              no Si              

2.0 Oax at 1.73 Ǻ
5.4 Oeq at 2.25 Ǻ

3.3 Si at 3.79 Ǻ3.3 Si at 3.79 Ǻ

1.1 Si at 3.20 Ǻ
2.1 Si at 3.40 Ǻ

1.1 Si at 3.20 Ǻ
2.1 Si at 3.40 Ǻ

7.8 O at 2.40 Ǻ

4.8 Si at 3.70 Ǻ4.8 Si at 3.70 Ǻ

0      1      2      3      4      5      6
R – Δ (Ǻ)

1.5
1.0
0.5
0.0

-0.5
-1.0

4
3
2
1
0

-1
-2
-3

FT
 m

ag
ni

tu
de

( k
n
χ(

k)
 )

0.06
0.04
0.02
0.00

-0.02
-0.04
-0.06

Fig. 27: Overview of the EXAFS results. Shown are the Fourier transforms, experimental 
data (solid lines) and theoretical fits (symbols), for the samples: Eu(III)/HAS, Th(IV)/HAS(1), 
Np(V)/HAS and U(VI)/HAS described in Table 2, and taken from Figs 23-26 and Table 3 
for the metrical parameters obtained in the best fits.



0
20
40
60
80

100

0 500 1000 1500

pH 3
pH 4
pH 5
pH 6
pH 7
pH 8
pH 9

C
m

-H
A

S(
III

) F
ra

ct
io

n
(%

)

Time at lower pH (hours)

0

20

40

60

80

100

2 3 4 5 6 7 8 9
pH

Fr
ac

tio
n

(%
)

Cm-HAS(III)
isomorphic
substitution

Cm-HAS(II)
Cm3+

Cm-
HAS(I)

Time at lower pH (hours)

B
ou

nd
A

l-F
ra

ct
io

n
(%

)

Al(III)Al(III)

0
20
40
60
80

100

0 500 1000 1500

pH 4

pH 3

pH 2

pH 1
2 M HCl

Am(III)Am(III)

Fig. 28: Upper figure part: Relative Cm species distribution as a function of pH at reverse titration
of a solution initially at pH 9 and containing 5x10-8 M Cm and 10-2 M Si, 10-4 M Al for formation of 
HAS-polysilanol colloids; Middle and lower figure part: Colloid-borne Cm-HAS(III) fraction and 
colloid-borne Al fraction, respectively, in corresponding solutions as a function of time for different 
pH values after decreasing the pH of the original solution.



0

20

40

60

80

100

0 5 10 15 20 25 30

Am(III)
Th(IV)
U(VI)

EDTA-Contact Time (d)

A
ct

. F
ra

ct
io

n
(%

) i
n 

C
ol

lo
id

s

Actinide
(III)
(IV)
(VI)

Actinide
(III)
(IV)
(VI)

(Al/EDTA) (3 h) + Si
(Al/Si) (3 h) + EDTA
(Al/Si) (9 m) + EDTA

Al(III)Al(III)

EDTA-Contact Time (d)

B
ou

nd
A

l-F
ra

ct
io

n
(%

)

0     10     20     30     0     10     20     30     

100
80
60
40
20
0

100
80
60
40
20
0

a)a)

d)d)c)c)

b)b)

pH 9pH 9

pH 9pH 9pH 5pH 5

HASpoly-Si
HASpoly-Si

HASmono-Si
HASmono-Si

Fig. 29: Desorption of
Am(III), Th(IV) or U(VI)
from HAS-polysilanol
colloids at pH 9 with
EDTA as a function of
the EDTA contact time.

HAS in statu nascendi: Conucleating Si, Al, An; after 1 day + EDTAHAS in statu nascendi: Conucleating Si, Al, An; after 1 day + EDTA

Fig. 30: Desorption of Al from HAS with EDTA: (a) HAS-polysilanol, pH 5; (b) HAS-
polysilanol, pH 9; (c) HAS-monosilanol, pH 5; (d) HAS-monosilanol, pH 9, as a function
of the EDTA contact time.



pH 5
pH 7
pH 9

Aged HAS (7 days) + actinide; after 5 days: + EDTAAged HAS (7 days) + actinide; after 5 days: + EDTA

0    5   10   15   20 0    5   10   15   20 0    5   10   15   20

100
80
60
40
20
0

100
80
60
40
20
0

HASpoly-Si
HASpoly-Si

HASmono-Si
HASmono-Si

Am(III) Th(IV) U(VI)

A
ct

iv
ity

Fr
ac

tio
n

(%
) i

n 
ag

ed
(7

 d
) C

ol
lo

id
s

Time (Days)

Fig. 31: Colloid-borne Am-, Th-, and U-fraction (%) as a function of time: sorption
of actinides (0 – 5 days) and subsequent desorption with 10-3 and 10-4 M EDTA from
HAS-polysilanol colloids (upper figure part) and HAS-monosilanol colloids (lower
figure part), respectively. Corresponding original colloid mother solutions containing
10-2 M polysilanol, 10-4 M Al and 10-3 M monosilanol, 10-5 M Al are made at pH 5 or
pH 7 or pH 9 and are aged for 7 days prior to the addition of actinides. 
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Fig. 32: Am-activity fraction (%) in solution, colloids and precipitate as a function
of pH after different sample conditioning times up to 35 days for samples containing
10-3 M Si, 10-5 M Al, 5x10-8 M Am for the formation of HAS-monosilanol colloids: 
without Ca (left figure part) and with addition of 3x10-4 M Ca (right figure part).
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Fig. 33: Am-activity fraction (%) in solution, colloids and precipitate as a function
of pH after different sample conditioning times up to 35 days for samples containing
10-2 M Si, 10-4 M Al, 5x10-8 M Am for the formation of HAS-polysilanol colloids: 
without Ca (left figure part) and with addition of 6x10-4 M Ca (right figure part).
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Fig. 34: 241Am and 45Ca fraction (%) 
in solution, colloids and precipitate
as a function of pH after 35 days
sample conditioning for mother
solutions generating HAS-polysi-
lanol colloids in the presence of 
6x10-4 M Ca.

Fig. 35: Am-activity fraction (%) in colloids as a function of the concentration of Ca
for samples at different pH (4 – 9) after 35 days conditioning time and containing
10-3 M Si, 10-5 M Al, 5x10-8 M Am forming HAS-monosilanol colloids (left figure part),
10-2 M Si, 10-5 M Al, 5x10-8 M Am forming HAS-polysilanol colloids (right figure part),



Fig. 36: Presumed structure of  stable HAS colloid-borne actinides as 
conucleation product of Si(IV), Al(III) and either Am(III), Th(IV) or U(VI).
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Fig. 37: 

Upper figure part: 
distribution of [14C]-humic 
acid (6.5 mg/L) in solution, 
colloids and precipitate as a 
function of pH after 35 days
sample conditioning time;

Lower figure part: 
distribution of [14C]-humic 
acid in presence of 10-5 M Al 
at pH 6.6 in solution, colloids
and precipitate as a function
of the concentration of humic
acid.

Fig. 38: Distribution of
[14C]-humic acid in presence
of 5x10-8 M Am at pH 6.6 in 
solution, colloids and precipi-
tate as a function of the con-
centration of humic acid;
14C-fraction: open symbols
241Am-fraction: dark symbols.
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Fig. 40: Parameter screening result given as contour diagrams for the colloid-borne
fraction (%) of Am(III), Th(IV) and U(VI) (z-axis) in samples with different concentra-
tions of humic acid and Al as indicated on the left and right y-axis, respectively, after
35 days sample conditioning time. Initial input concentrations of actinides are: 5x10-8 M
Am, 5x10-8 M Th and 8x10-7 M U.
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Fig. 41: Formation of [14C]-humate colloid-borne actinides of Am(III), Th(IV) and U(VI)
in the presence of 10-5 M Al and traces of actinide, 5x10-8 M Am, 5x10-8 M Th and 8x10-7

M U, respectively, as a function of the humic acid concentration at pH 6.6 (upper fig. part)
and at pH 7.8 (lower fig. part) after 35 days conditioning time. Dashed lines indicate same
experimental conditions, also within Fig. 39.
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Figs 42 (upper) and 43 (lower): Formation of [14C]-humate colloid-borne Am 
in the presence of (a): Eu (10-5 M) and Am (5x10-8 M); (b): Al (10-5 M) and 
Am (5x10-8 M) as a function of the humic acid concentration (mg/L) at pH 6.6 
(upper Fig. 42) and at pH 7.8 (lower Fig. 43) after 35 days sample conditioning. 
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Fig. 44: Upper figure part: Formation of [14C]-humic colloid-borne Am(III), Th(IV) and U(VI) at 
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of each actinide (10-5 M) after 35 days sample conditioning time; Lower figure part: close-up of the
results for the samples at pH 6.6 within the 0 – 20 mg/L humic acid concentration range.
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Fig. 45: Th-activity fraction (%) in solution, colloids and precipitate as a function of the concentration of 
Th for samples at pH 7.8 and containing: from the left to the right part of the figure: (1) Th, aged 35 days; 
(2) Th + humic acid (6 mg/L), aged 1 & 35 days; (3) Th + humic acid (6 mg/L), aged 10 days, + 5x10-4 M 
EDTA, 1 day contact time; (4) Th + 5x10-4 M EDTA, 1 & 33 days contact time.

Fig. 46: Th-activity fraction (%) in solution, colloids and precipitate as a function of the concentration of 
Th for samples at pH 7.8 and containing: from the left to the right part of the figure: (1) Th + humic acid
(6 mg/L), aged 10 days, + 5x10-4 M EDTA, 1 day contact time; (2) Th + humic acid (6 mg/L), aged 33
days, + 5x10-4 M EDTA, 1 day contact time; (3) Th + humic acid (6 mg/L), aged 6 days and heated for
4 days at 50 ºC, + 5x10-4 M EDTA, 1 day contact time; (4) Th + humic acid (6 mg/L), aged 6 days and
heated for 4 days at 90 ºC, + 5x10-4 M EDTA, 1 day contact time.
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Fig. 47:

Upper figure part:
Th(IV) in interaction with humic
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Th-fraction (%) in colloids after
different sample aging times and
temperatures as a function of: 
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Th(IV) in interaction with [14C]-humic 
colloids at pH 7.8: activity fraction
(%) in colloids after 35 days sample
aging at 23 ºC as a function of the 
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Fig. 48: Schematic illustration of the underlying mechanism for the interaction
of actinides with humic colloids: Behind the binding affinity of the actinide to 
humic acid (HA) colloids stands the hydrolysis of the actinide. Behind the
hydrolysis of the actinide stand all thermodynamic and kinetic parameters of 
solubility. The less the actinide is hydrolyzed, the better ist complexation with
humic colloids. 



6,6 7,2 7,8 6,6 7,2 7,8 6,6 7,2 7,8

no Al
-5
-4

-5
-4

no Al
-5
-4
-3

no Al
-5
-4
-3

pH

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100

log[Si]

-2 M

-3 M

-4 M

no Si

log[Al]
(M)

Am/Al 
+ 14C-HA
(6.5 mg/L)

Am/Al 
+ 14C-HA
(6.5 mg/L)

Am + HAS + 14C-HA (6.5 mg/L)Am + HAS + 14C-HA (6.5 mg/L)Am + HASAm + HAS

Am-241               Am-241            C-14 

Activity Fraction (%) in Colloids (35d)Activity Fraction (%) in Colloids (35d)

Am/Al

Fig. 49: Radiochemical screening experiment for the formation of colloids in the neutral pH range: 
(a) HAS colloids; (b) HAS-humic colloids; (c) humic colloids; (d) blank. Contours indicate colloid
fractions measured by 241Am-activity: (a), (b, left), (c, left) and by 14C-activity: (b, right) and (c, right).
Yellow arrows indicate conditions for the synergic action of HAS and humic colloids to transfer Am
from the precipitate into the colloidal phase.

(a)

(d) (c)

(b)



100
80
60
40
20
0

6.5  7.0  7.5  8.0 6.5  7.0  7.5  8.06.5  7.0  7.5  8.0 6.5  7.0  7.5  8.0
pH pHpH pH

A
m

-F
ra

ct
io

n
(%

) i
n 

C
ol

l. 
(3

5 
d)

Am: 5x10-8 M
Al:   1x10-4 M
Si:   1x10-3 M

Am: 5x10-8 M
Al:   1x10-4 M
Si:   1x10-2 M

Am: 5x10-8 M
Al:   1x10-4 M
HA:  6.5 mg/L

Am: 5x10-8 M
Al:   1x10-4 M
Si:   no

+ HA

+10-2 M Si

a)a)

+6.5 mg HA/L

b)b) c)c) d)d)

Humic
Colloids

HAS
Coll.

HAS
Coll.

Humic
Coll.

+ HA

Fig. 50: Humic acid (HA) effects on the formation of colloid-borne Am for: (a) Al(Am) + HA; 
(b) Al(Am) + monosilanol + HA; (c) Al(Am) + polysilanol + HA; (d) (a) + polysilanol.

O

Al AlAm

HO Si Si

RR

C

Fig. 51: Illustration of a presumed hybrid HAS-Am-humic colloidal structure
resulting from the synergic action of two colloid types, aluminosilicate & humic
colloids for the binding of Am.
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Fig. 55: Fluorescence emission as a function of time. Left and right figure parts result from
samples conditioned for 3 hours and 20 days, respectively. Black and yellow curves correspond
to samples with different component addition sequence (cf. Fig. 53, upper and lower part).
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log[Al (M)log[Al (M)

-3
-4
-5
no Al

-3
-4
-5
no Al

-3
-4
-5
no Al

Actinide Fraction (%) in Colloids (35 d)Actinide Fraction (%) in Colloids (35 d)

pHpH
6.6  7.8   6.6  7.8

0-10         10-20       20-30       30-40       40-50        50-60       60-70       70-80       80-90       90-100

Poly-Si: 
10-2 M

Mono-Si: 
10-3 M

no Si:
An & humic

colloids

Poly-Si: 
10-2 M

Mono-Si: 
10-3 M

no Si:
An & humic

colloids

6.6  7.8   6.6  7.8 6.6  7.8   6.6  7.8

Am(III) Th(IV) U(VI)

+HA+HA +HA+HA+HA+HA
HAS-colloids

Fig. 57: Radiochemical screening experiment for the formation of colloids in the neutral pH range: 
(a) HAS colloids; (b) HAS-humic colloids; (c) humic colloids; (d) blank. Contours indicate colloid
fractions measured by activity of (from left to right): 241Am, 234Th, 233U. White arrows indicate
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Fig. 59: Humic acid (HA) effects on the formation of colloid-borne U for: (a) Al(U) + HA; 
(b) Al(U) + monosilanol + HA; (c) Al(U) + polysilanol + HA; (d) (a) + polysilanol.

Fig. 58: Humic acid (HA) effects on the formation of colloid-borne Th for: (a) Al(Th) + HA; 
(b) Al(Th) + monosilanol + HA; (c) Al(Th) + polysilanol + HA; (d) (a) + polysilanol.
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Fig. 60: Schematic illustration of the underlying mechanisms for the simultaneous interaction
of hydroxy-aluminosilicate and humic colloids with actinides.
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Fig. 62: Colloid formation monitored by LIBD in NaOH upon dilution with water for a
variety of starting concentrations from 1 (□, ○, ♦) to 5 mol/L ( ). Dilution of 1 M HCl
(■) does not show colloid formation.

Fig. 63: Colloid formation observed by LIBD as a function of pH in acid-base titration:  
in a blank solution, in Eu (10-7 M) and Th (6.5x10-7 M) and in a mixture of both.
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Fig. 64: (A) Colloid formation as a function of pH in Eu (1.8x10-5 M) and Th (1.2x10-4 M) solutions
and a mixture of both determined by coulometric pH change in combination with LIBD. (B) Colloid
generation and precipitation is compared to the solubility of Th (oxo)hydroxide [93,95]. The solid 
and dotted lines represent the lower and upper solubility limits without and with colloids.  

Fig. 65: 
Colloid formation
as a function of pH
in solutions of only
Th (1.1x10-6 M) and  
its mixture with Eu 
(1.2x10-6 M). 
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Fig. 67: Speciation of colloid-borne Cm by TRLFS in a mixture of 1.5x10-7 M Cm and 10-6 M Th

Fig. 66: Contour diagrams for the colloid-borne fraction (%) (z-axis) of Am & Th as a function of
pH (x-axis) in 2 samples series with Th (7x10-9 M) and Am (as on the y-axis), either 10-7 or 10-8 M.
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Fig. 68: Comparison of Cm species monitored by TRLFS in a Cm solution (1.5x10-7 M)
and its mixture with Th (10-6 M) to ascertain the effect of colloid generation in acid-base
titration on the formation of Cm-Th(1) and Cm-Th(2) species given in Fig. 63. 
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Fig. 69: Distribution of different Cm species as a function of pH, as quantified by peak
deconvolution of the fluorescence spectra given in Fig. 63.
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Fig. 70: Synergic effects at mixed actinide colloid formation under the condition of actinide hydrolysis.
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