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1 Introduction 

 

Colloids ubiquitous in natural water are called aquatic colloids. The chemical compo-

sition, number density and size distribution of aquatic colloids vary widely depending on the 

geochemical conditions of their provenance [1,2]. They may be composed of inorganic ele-

ments with oxo-bridges [3-5], of organic polyelectrolytes, like humic acid loaded with inor-

ganic elements by complexation [6-9], or of tiny inorganic particles peptized by organic 

molecules [10-12]. The size distribution of predominant number density has been observed in 

general at < 100 nm, but very often at < 50 nm, as referred to an average hard sphere diameter 

[2,6,7]. The number density varies widely from 108 to 1014 particles per litre water depending 

on the geochemical environment [6,13]. Groundwater rich in organic substances, e.g. humic 

acid, contains abundant aquatic colloids [6,8], whereas groundwater poor in organic sub-

stances, e.g. granite water, contains a relatively smaller number density of aquatic colloids 

[13,14]. 

Aquatic colloids may play a significant carrier role for the radionuclide migration in a 

variety of aquifer systems [14-16]. Particularly radioactive elements of higher oxidation 

states, for example actinides with their strong tendency towards oxobridge building or com-

plexation, possess a high potential for stable incorporation into aquatic colloids [2,6,14]. The 

formation of such aquatic colloid-borne actinides (called pseudocolloids of actinides) has not 

been well understood, besides the surface complexation of actinide ions onto aquatic colloids 

[17-19]. In the case the actinide ions are incorporated into the chemical structure of aquatic 

colloids, the colloid-borne actinides may remain stable as suspended in a given natural water 

and migrate along the water flow path with little chemical interaction with the surface of sur-

rounding geomatrices [8,9]. Therefore, the provenance of aquatic colloids and the generation 

of aquatic colloid-borne actinides have become of great interest for a better appraisal of the 

chemical behaviour of actinide ions in natural aquifer systems [14,15,20] and also of the col-

loid facilitated actinide migration in aquifer systems [15,20-22].  

The present work deals with the generation of aluminosilicate colloids, which are con-

sidered as a kernel for various aquatic colloids. Formation of the aluminosilicate binding is 

well known [23] and incorporation of traces of trivalent lanthanides and tetravalent elements 

like Th, has been observed in nature abundantly [24]. However, the generation of colloidal 

species of aluminosilicates and the chemical incorporation of actinides in such colloids have 

not yet been systematically understood. As the colloidal species of aluminosilicates are omni-
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present in natural aquifer systems [1], the appraisal of their chemical interaction with tri- and 

tetravalent actinides is the main objective of the present investigation. For this purpose, the 

parameters controlling the formation of aquatic colloids through condensation of groundwater 

constituents, i.e. Si and Al, are identified, and the optimum conditions for aluminosilicate 

colloid formation are determined. The behaviour of the selected actinides Am(III), Cm(III) 

and Th(IV), either as contestants in the nucleation process of Si and Al, or as additives to pre-

formed aluminosilicate colloids, is analyzed.  

Am is the most abundant trivalent actinide in nuclear waste to be disposed of [2,25] 

and its chemical homologue Cm is smaller in waste amount but spectroscopically sensitive for 

the unperturbed speciation [26], thus allowing the study of its chemical behaviour conven-

iently. Th with its stable tetravalent oxidation state is the ideal model element to investigate 

the geochemical reactions of actinides with multiple oxidation states like Pu, U, Np and Tc 

which are the main components of long-lived radionuclides in nuclear waste and expected to 

be reduced to the tetravalent state at low redox potentials in the near field of a nuclear reposi-

tory [25].   

 

2 Natural and actinide aquatic colloids 

 

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 

 

Fig. 1 (upper part) illustrates how elements with high oxidation state (≥ 3), such as Al(III),  

Si(IV) or actinides (An(≥III)) tend to minimize their positive charge by surrounding them-

selves as much as possible with oxygens through hydration, hydrolysis and polymerization. 

This process for colloid formation is called condensation and  includes the formation of a su-

persaturated solution, the relieve of supersaturation by the formation of nuclei or by conden-

sation upon nuclei already present, followed by growth to larger particles. The reverse process 

for colloid formation, namely dispersion (shown in Fig.1 (lower part)), involves weathering of 
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the parent solid material, which can be either physical disintegration or chemical decomposi-

tion, or both, and suspension of the small detached particles in the liquid phase. 

Under certain optimum conditions, nanoparticles can thereby be stabilized in the col-

loidal phase, a process which is far from completely understood. This is partly due to the quite 

recent development of methods, such as ultrafiltration [6,8,9,14], laser-induced breakdown 

detection (LIBD) [27-32] or atomic force microscopy [33-37], which are capable to character-

ize small colloids (< 100 nm) in the low concentrations as they exist in nature, without pertur-

bation. Numerous theoretical considerations concerning colloid generation and stabilization 

try to identify the underlying parameters and to describe their correlations in different models. 

Fundamental knowledge relevant to the present experimental investigations is conceptually 

summarized in the following.  

 

2.1      Formation of colloids: theoretical background [1,38-43] 

 

Colloidal interface free energy 

 

The behavior of colloids is governed primarily by their large interfacial area. The in-

terface is defined as the boundary between the adjoining bulk phases that comprise the colloid 

system, e.g. liquid/solid in the case of aquatic colloids. Within each bulk phase, forces acting 

on a molecule from all directions are balanced (Fig. 2). Molecules in the interface, however, 

interact simultaneously with molecules from both liquid and solid phases. Since forces of at-

traction are greater between the molecules of the solid phase than between those of the liquid 

phase, molecules in the interface are attracted more strongly towards the solid phase. The en-

ergy input, required to compensate for this imbalance of intermolecular forces, is the origin of 

the colloidal interface free energy. The high reactivity of colloids (activated solid state) stems 

from the tendency to minimize the free energy. 

The questions are, where does this activation energy comes from, what kind of energy 

transfers do occur at deactivation, which mechanisms inhibit a complete deactivation so that 

the colloidal state, although thermodynamically unfavorable, persists over a long time span 

and how can we control the underlying parameters? Theoretical thermodynamic and kinetic 

approaches to the generation and stabilization of aquatic colloids, which might  be helpful to 

conceive the appropriate experiments for answering such questions, are summarized in the 

following. 
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Formation of colloids through condensation  

 

Spontaneous growth of particles out of their solution requires the formation of nuclei. 

The free energy of the formation of a nucleus, ∆G, consists of energy gained from making 

bonds and of work required to create a surface as expressed in thermodynamic terms: 

 

∆Gj = - 4 π r3 kBT ln S / 3 V +  4 π r2 γ          Eq.1 

 

where r is the radius of the nucleus, V the molecular volume, kB the Boltzmann constant, T 

the absolute temperature, S the supersaturation, ratio of actual concentration and solubility 

equilibrium concentration, and γ the interfacial energy (γ = = r kT ln S / 2 V). Fig. 3a shows 

the free energy of formation of a spherical nucleus as a function of its size, calculated for dif-

ferent supersaturation ratios (a/a0). The height of the maximum, ∆G*, is the activation barrier 

to the nucleation process of nuclei of radius rj. Obviously, the activation energy ∆G* as well 

as the size of the critical nucleus decrease with increasing supersaturation. Introduction of 

foreign solid surfaces for catalyzing the nucleation process by reducing the energy barrier of 

nucleation is the princip of heterogeneous nucleation, the predominant formation process for 

colloid and crystal formation in natural waters. If the foreign substrate is similar to the prod-

uct of nucleating components, the interfacial energy between the two solids is smaller than the 

interfacial energy between the product and the solution, and nucleation may take place at 

lower supersaturation on a solid substrate surface than in solution. Temperature will also af-

fect the value of the critical superaturation ratio. 

This ratio decreases with rising temperature probably because of an increase in the 

number of collisions of atoms or molecules per unit concentration. The critical supersatura-

tion ratio decreases when a system is subjected to turbulent effects, because of the probability 

of increasing concentration fluctuations in the form of some minute volumes of the solution 

with very high concentration. 

The rate of formation of the nuclei, V1, may be expressed by 

 

V1 = A exp (- ∆G* / k T )            Eq.2 

 

where A is a factor related to the efficiency of collisions of ions or molecules. Accordingly, 

the rate of nucleation is controlled by the interfacial energy, the supersaturation, the collision 
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frequency efficiency, and the temperature. Fig.3b vizualizes the nucleation rate as a function 

of the critical supersaturation (∆G*) calculated for the following assumptions: γ = 100 mJ m-2, 

molecular volume = 3 x 10-23 cm3 and a collision frequency efficiency of 1030 cm-3 s-1. At 

high supersaturation (low activation energy) the nucleation rate is high. Nucleation is ulti-

mately superseded by growth of existing nuclei.  

The rate of particle growth is determined by diffusion of substance from supersatu-

rated volumes within the bulk towards those particles that are surrounded by thin envelopes of 

solution in equilibrium with the solid. It may be expressed by the general equation  

 

V2 = A (lnS)n             Eq.3 

 

where A and n are adjustable parameters.   

The relative velocities of nucleation and growth, both processes competing for mate-

rial in the supersaturated solution, determine the number as well as the size of the particles. At 

high supersaturation, the nucleation rate may be so fast that most of the excess dissolved mass 

is transformed in critical nuclei, leaving little material for further growth. Many small parti-

cles are formed. Few particles of huge size may be built at low supersaturation. Inhomogenity 

of the system with volumes of different degrees of supersaturation results in particles of vari-

ous sizes (polydisperse system).  

 

Colloidal electric double layer 

 

Most substances acquire a surface electric charge when brought into contact with a po-

lar (e.g. aqueous) medium, possible charging mechanisms being ionization, ion adsorption 

and ion dissolution. Ionization of functional groups depends strongly on the pH of the solu-

tion and leads to positively or negatively charged molecules at low pH and high pH, respec-

tively. A net surface charge can further be acquired by the unequal adsorption of oppositely 

charged ions. Ion adsorption may involve positive or negative surface excess concentrations. 

Surfaces in contact with aqueous media are more often negatively charged than positively 

charged. This is a consequence of the fact that cations are usually more hydrated than anions 

and have the greater tendency to reside in the bulk aqueous medium, whereas the smaller, less 

hydrated and more polarizing anions have the greater tendency to be specifically absorbed. 

Surfaces which are already charged (e.g. by ionization) usually show a preferential tendency 
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to absorb ions of opposite charge, especially those with a high charge number. It may even 

cause a reversal of charge. If surfactant ions are present, their adsorption will usually deter-

mine the surface charge. In addition to specific adsorption, the net particle charge of some 

solids may arise either from the preferential dissolution of some ions and from lattice imper-

fections at the solid surface or by isomorphous replacements within the lattice. 

  The surface charge influences the distribution of nearby ions in the polar medium. 

Counter-ions are electrically attracted by the oppositely charged solids. At the same time, 

however, these ions have a tendency to diffuse away from the surface toward the bulk of the 

solution, where their concentration is lower. The net result of the two competitive tendencies 

is an equilibrium distribution of ions in which their concentration gradually decreases with 

increasing distance from the solid surface. Simultaneously, there is a deficiency of co-ions in 

the vicinity of the surface, since these ions, which have an electric charge with the same sign 

as the particle, are repelled. There is a gradual increase of co-ion concentration with the dis-

tance from the solid surface. The result is the generation of an electric double layer (EDL) at 

the solid-liquid interface, consisting of three regions with distinct dielectric behaviour (see 

Fig. 4): (1) the Stern layer, a layer of preferentially oriented water molecules in contact with 

the boundary, where the specific adsorbed bare ions are without their hydration shells; (2) the 

outer Helmholtz layer, a region of both free water molecules and molecules attached to hy-

drated ions, and defined by the closest approach of a fully hydrated charge ion to the bound-

ary; (3) the Gouy-Chapman diffuse layer is the region where the concentration of the counte-

rions decreases with increasing distance from the plane interface. The electric potential at the 

surface, Ψ0, or the electric potential in the Stern plane, Ψδ, are not accessible by direct ex-

perimental measurement, but the surface potential can be calculated from the experimentally 

determined surface charge. The shear plane separates the hydrodynamically immobile liquid 

that moves together with the surface from the mobile liquid, which has non-zero relative ve-

locity with respect to the surface. The electric potential in the shear plane is reflected by the 

measurable potential gradient that arises across the mobile part of the double layer, the elec-

trokinetic ζ potential. The double-layer thickness is given by the reciprocal Debye length: 

 

1/κ = (ε R T / 8 π F2 c z2)1/2       Eq.4 
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where ε is the dielectric constant of the medium, F is the Faraday constant, c and z are the 

concentration and the valence of the electrolyte, respectively. Increase of the ionic strength 

decreases the thickness of the double-layer. 

 

Brownian motion of colloids 

 

Water molecules in permanent random thermal movement hit the colloidal particles 

from opposite sides. The smaller the particles, the less the probability of the molecular bom-

bardment being exactly balanced and the more intensive will be the movement. A conse-

quence of this Brownian movement is the diffusion of colloid particles. When a certain phase 

is dispersed along the x axis, the mass, dm, transferred across an area O, during an  interval, 

dt, as a result of a concentration gradient, dc/dx, is given by Fick´s first low: 

  

dm/dt = - D O (dc/dx)         Eq.5 

 

where D is the diffusion coefficient. D depends on the properties of the disperse phase and the 

dispersing medium. For colloid particles D is related to the friction coefficient, B, between the 

particles and the dispersing medium by the expression D = kBT/ B. The magnitudes of B and 

D depend on the dimensions and shapes of the particles. For spherical particles having a ra-

dius r, when the viscosity of the dispersing medium is η, Β ������ 6 πη� ���  

 

D = kBT/ 6 πη�        Eq.6 

 

The Brownian motion is the dispersing energy of colloids and also the reason for frequent 

collisions between them. Depending upon wether the interaction forces between the particles 

during such collisions are attractive or repulsive, the colloids will agglomerate or stabilize 

(elaborated below). The movement of small colloids (e.g. < 100 nm), as they occur in the 

natural environment, is diffusion-limited (due to Brownian motion only). Other colloid trans-

port mechanisms based on differential gravitational settling or caused by laminar shear being 

important only for large particles (≥ 1µm) are therefore not considered here. 
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Colloid stability: DLVO theory 

 

Two suspended particles of like charge approaching each other as a result of their 

Brownian movement until their diffuse double layers interpenetrate and deform, is the basis 

for the quantitative description of particle-particle interaction by the DLVO (Derjagin, Lan-

dau, Verwey, Overbeek) theory. The potential energy of interaction (Et) is calculated  as the 

superposition of the electrostatic repulsive energy (ER, conventionally considered positive), 

which is approximately an exponential function of the interparticle distance (d) with a range 

of the order of the thickness of the double layer (1/κ), and the van der Waals attractive energy 

(EA, considered negative), which decreases as an inverse power of the interparticle distance, 

by the following equation (simplified and valid for thick plate particles, e.g. clay tactoids):   

 

Et = ER + EA = (64 c R T Γ2 / κ) (e-κd) – (K / 2 d2)    Eq.7 

 

where K is a constant depending on the nature of the dispersing medium, the particle thick-

ness and its chemical composition, and Γ is defined as follows: 

 

Γ = [(exp(z F Ψδ / 2RT)) –1] / [(exp(z F Ψδ / 2RT)) +1]   Eq.8 

 

Two general types of potential energy curves are presented in Fig. 5: in (a) ER > EA and the 

total potential energy curve (Et) shows a repulsive energy maximum, whereas in (b) the van 

der Waals attraction (EA) predominates at any interparticle distance. The maximum in the 

energy curve is an energy barrier. If the potential energy maximum is large compared with the 

thermal energy of the particles (RT), the system should be stable; otherwise, the system 

should agglomerate.  

The height of this energy barrier to agglomeration depends on the magnitude of Ψδ 

(and ζ ) (Eq.8) and upon the repulsive forces (i.e. upon 1/κ) (Eqs 4, 7). The DLVO theory to 

explain stabilization of colloids has been extended and may include, besides van der Waals 

attraction and electrostatic repulsion forces, also steric forces (generally repulsive) as well as 

polymer bridging forces (attractive) induced by adsorbed long-chain polymer. 
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Colloid stability: kinetics 

 

Colloid stability depends on an energy barrier and is therefore also a question of kinet-

ics and rates of agglomeration. In kinetics of the agglomeration process rapid and slow ag-

glomerations are distinguished. In the case of rapid agglomeration so much electrolyte has 

been added that the energy barrier is reduced and is absent or too small to prevent particles 

from coming into contact (critical electrolyte concentration). Every collision results in irre-

versible agglomeration. In such a case the time-dependent decrease in concentration of parti-

cles (N = number of particles per cm3) in a monodisperse suspension due to collisions by 

Brownian motion can be represented by  

 

- dn/dt = kp N2         Eq.9 

 

where  kp is the rate constant (cm3 s-1). As given by von Smoluchowski, kp can be expressed 

as 

 

kp = 8 D π r          Eq.10 

  

The diffusion coefficient in Eq. can be subtituted in Eq. 

 

- dn/dt = 4 kBT N2 / 3 η       Eq.11 

 

and it may be concluded that in monodisperse systems the rate of fast coagulation is not de-

pendent on the size of the particles (r). 

In practice, the right hand side of eq. is multiplied by αp. αp is the fraction of collisions 

leading to permanent agglomeration. It is an operational parameter for the stability ratio, the 

Fuchs-factor, W = 1/αp. αp is the ratio of the slower agglomeration rate (in the presence of an 

energy barrier) and the fastest, diffusion controlled agglomeration rate (in the absence of an 

energy barrier), determined under the corresponding appropriate experimental conditions.  

The extended Smoluchowski theory for polydisperse systems shows that the rate of coagula-

tion between particles of different sizes is much greater than the rate of coagulation of parti-

cles of the same size. The smaller particles disappear much more quickly than the larger one. 
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 2.2      Actinide colloid generation pathways 

 

Actinides may become aquatic colloids by two processes as illustrated in Fig. 6: (1) by 

binding to natural aquatic colloids and formation of so-called „pseudocolloids“ of actinides. 

The binding can proceed either by conucleation of actinides with dissolved groundwater com-

ponents or by sorption of actinides to existing natural colloids; (2) by the formation of „real 

colloids“ either through nucleation of actinides in the order [14] 

 

An4+ > AnO2
2+ > An3+ > AnO2

+

  

or through dispersion of a solid actinide matrix. 

 

2.3  Methods selected for actinide colloid analysis 

 

Investigations of the geochemical behaviour of the sparingly soluble actinides (usually 

below 10-6 mol l-1) in presence of ubiquitous small aquatic colloids (< 50 nm) in low concen-

trations (ppb range or less) require sophisticated analytical methods which have been devel-

oped in the last decade [26-35,44,45]. A brief overview of the principals of those methods, 

which have been used in this study for the nanoscopic analysis of aquatic actinide species 

under minimal perturbation of the system is presented here.  

 

Laser spectroscopic methods 

 

Conventional absorption spectroscopy on the transitions of the 5f-electron shell of ac-

tinides is a useful speciation method for the characterization of oxidation and complexation 

states. The spectroscopic resolution of actinide transition bands is in general very high but 

their intensity is relatively weak [46]. The low solubility of actinides under natural conditions 

necessitates a speciation method of high sensitivity. To that purpose, a number of spectro-

scopic methods have been developed in the recent past based on laser as a light 

source.Various laser spectroscopic techniques appropriate for the speciation of trace level 

actinides are illustrated schematically in Fig. 7.  

The enhancement of sensitivity is attained by a direct measurement of different relaxa-

tion processes of photon excited states, instead of transmission measurement as practiced in 
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conventional absorption spectroscopy [47]. The methods shown in Fig. 7 can be classified in 

the following four categories: photo-thermal spectroscopy, luminescence spectroscopy, light-

scattering and plasma generation. From those methods, TRLFS (time-resolved laser fluo-

resence spectroscopy) and LIBD (laser-induced breakdown detection) are used in this work. 

TRLFS is based on the measurement of radiative relaxation of a light induced excitaton state 

as illustrated in Fig. 8 for the example of Cm(III). The characteristic of this method is the se-

lective excitation of the ground state combined with the selective time-resolved measurement 

of emission by an optical multichannel analyzer consisting of a polychromator and a time-

gateable intensified photodiode array. All these provide a high sensitivity in the actinide 

speciation. However, the method is limited to the elements with fluoresence emission, to 

which belong some rare earth elements (REE(III)) and Cm(III) [20,26], Am(III) [48] and U 

[49,50] as actinides. With these elements, the aquatic chemical behaviour of trivalent and 

hexavalent actinides can be investigated in the nano-mole concentration range.  

LIBD has been developed to quantify groundwater colloids with low number density 

and small average size [28,29]. The method is based on the plasma generation of colloidal 

particles by intense laser light absorption [30] as illustrated by Fig. 9.  

The event takes place, upon multi-photon absorption, through the excitation and ioni-

zation avalanche of delocalized electrons within a colloidal composite and hence it is called 

breakdown. As the treshold energy density required for solid is much lower than for liquid, 

the plasma generation occurs with colloids selectively in their suspension medium. The 

breakdown event can be detected by measuring the plasma light emission with a charge-

coupled-device (CCD) camera or by detecting the photo-acoustic signal with a piezo electric 

detector (PZT). The two-dimensional distribution of 8000 plasma events is measured in paral-

lell as well as perpendicular to the laser beam direction (Fig. 10). The distribution width is 

correlated to the mean particle size (Fig. 11). By calibration of LIBD with polystyrene refer-

ence particles, a mean particle diameter and a number density of given colloids can be derived 

[27-32] as shown in Fig. 12. A sensitivity comparison of LIBD with that of light scattering 

methods, i.e. static light scattering and photon correlation spectroscopy (PCS) is shown in 

Fig. 13. In the low part of particle size, LIBD appears distinctively more sensitive than light 

scattering over many orders of magnitude.  

In the course of plasma relaxation, the discrete plasma or atomic emission takes place 

after the recombination of electrons as shown in Fig. 9. The process can be used, as laser-

induced breakdown spectroscopy (LIBS), for the characterization of colloid-borne elements 
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selectively in solution [31,32]. Accordingly, actinides present as ionic and colloid-borne spe-

cies in aquatic systems can be differentiated by LIBS, since the colloid-borne actinides are 

better excited than their aqueous ions by the same laser energy intensity. This is a particular 

speciation method to detect pseudocolloids of actinides in groundwater, which may be used in 

our further continued study. 

 

Atomic force microscopy (AFM) 

 

AFM is a nanotopographic method scanning the repulsive and attractive forces be-

tween atoms of a SiN3-tip, used as a sensor, and surface atoms of the sample at a separation 

distance of a few Å. Detection of the corresponding movements of the cantilever-tip is per-

formed as shown in Fig.14, by sending laser light on the sample and registering the reflected 

light by a 4-quadrant photodetector. Interatomic force is calculated from the light intensity 

differences in the four quadrants. The attained resolution is 0.01 nm (0.1 Å) and the sample 

surface is 1nm up to 1 µm. Nano-topographical changes in the sample, e.g. during dissolution, 

colloid growth, sorption, etc. can be observed in situ. This is an advantage over electron mi-

croscopy requiring a vacuum resistent sample preparation.     

 

Conclusions of section 2 

 

Inorganic aquatic colloids in general and real colloids of actinides in particular may 

be generated either by condensation of dissolved elements or by dispersion of the solid ma-

trix. The anabolic formation of inorganic aquatic colloids through condensation is based on 

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

duce their positive charge through polymerization. The activation energy required to generate 

a solid surface out of dissolved elements originates from the supersaturation state of the solu-

tion. The degree of needed supersaturation varies with particle size. Supersaturation can 

partly be replaced by the presence of a foreign surface in the solution on which the nucleation 

can take place (heterogeneous nucleation). The generated particles follow the thermal move-

ment 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 surface charge through ionization, ion adsorption or ion dissolution; (2) the forma-

tion of an electric double layer around the charged particle with the aid of a well optimalized 
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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 barrier to agglom-

eration) under well balanced conditions of surface charge and colloidal double layer thick-

ness. 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 parameters are the 

parameters of solubility. The catabolic dispersive formation of inorganic aquatic colloids 

proceeds through the reversal of polymerization reactions. A further possibility to transfer 

actinides into the colloidal state is the formation of pseudocolloids of actinides either through 

co-condensation with natural elements in solution or through binding with preformed natural 

aquatic colloids.  

The experimental investigation of the mentioned possible processes for the generation 

of natural as well as actinide aquatic colloids may rely on modern methods such as TRLFS, 

LIBD and AFM, which are capable to analyze the behavior of nanoconcentrations of acti-

nides interacting with colloidal nanoparticles in ppb concentrations. 

 

3 Synthesis of natural aquatic colloids 

 

From the forgoing theoretical considerations (section 2.1) we have learned which pa-

rameter influence colloid formation and why they do so. We have also recognized that colloid 

formation and stabilization is a very complex process depending on the subtile tuning of a 

hughe number of parameters which can influence each other reciprocally. It is therefore not 

amazing that the conditions for the formation of aquatic colloids cannot be predicted theoreti-

cally but should be deduced from empirical experiences. The following section is based on 

colloid theory but concentrates on an experimental approach to colloid generation. 

 

3.1 The choice of aluminosilicate colloids 

 

The most common condensation process occurring in the hydrosphere is the hydroly-

sis of polyvalent cations (e.g. Si4+ and Al3+), the formation of sparingly soluble hydroxides 

and hydrous oxides and the neoformation of clay minerals at coprecipitation. It seems there-

fore meaningful to choose clays as a representative example for answering questions about 

the formation of natural aquatic colloids as well as about their interaction with actinides. But 
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before concentrating on the synthesis of aquatic clay colloids, lets have a look on their closest 

relatives, the clay minerals.  

Clay minerals are essentially hydrous layer aluminosilicates (phyllosilicates), with Mg 

and Fe acting as proxy wholly or in part for the Al in some minerals and with alkali metals 

and alkaline earth metals present as essential constituents in some of them. As illustrated in 

Fig. 15 [51], there are three types of phyllosilicates, namely, (1) the 1:1 type unit layer sili-

cates (also known as the TO type), e.g. kaolinite, in which there is one tetrahedral sheet for 

every octahedral sheet, (2) the 2:1 type unit layer silicates (TOT type), e.g. smectite, illite, and 

(3) the 2:1:1-tape unit layer ([TOT]O[TOT], in which brucite (Mg(OH)2-mineral)-type sheets 

lie between the parallel 2:1-type silicate layers, e.g. chlorite. The phyllosilicates are divided 

into groups according to the net charge of the unit layer. 

A further subdivision is based on the number of available octahedral sites occupied: 

Those minerals containing divalent cations are called trioctahedral since all the available 

cation sites are filled, whereas minerals containing trivalent cations are called dioctahedral, 

having only two-third of the octahedral sites filled. Another subdivision is based on whether 

or not the stacked 1:1- or 2:1-type unit layers can be expanded and on the ease of swelling of 

the interlayer space either with water (compare illite and smectite) or with organic liquids. 

Each subgroup contains the different clay mineral species, which are distinguished by their 

chemical compositions. An additional group includes those clay particles with more than one 

type of layer present, termed mixed-layered minerals. These minerals belong to the sepiolite-

palygorskite group. A further special type of highly hydrated secondary aluminosilicates are  

allophane and imogolite with an Si/Al-ratio of 0.5-1.0. They consist of small hollow spheres 

or cylindrical particles with a diameter of 3.5-5.0 nm (see Fig. 16). The AlOH outer surface is 

connected with the SiOH inner surface [52,53] through O-bridges. Their structure is limited to 

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

erals. Recently much attention has been paid to aqueous hydroxy-aluminosilicates (HAS) of 

the imogolite type in many diverse contexts [23,54,55]. Besides their geochemical relevance, 

HAS play an important role in the oil industry, the paper industry, the production of zeolites, 

molecular sieves and catalysts. HAS seem further to be involved in biochemical reactions 

related to the toxicity of Al and discussed as inducers for a variety of plant, animal and human 

disorders, e.g. Alzheimer and Parkinson disease. The review article by Swaddle et al. [23] 

summarizes the present knowledge on silicate complexes of Al(III) in aqueous systems. He 

concludes: „The biomedical implications of the kinetic studies on Al(III)-Si(IV) interactions 
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at high pH by the NMR method are that simple hydroxyaluminosilicate (HAS) probably form 

and dissociate quickly even at low to neutral pH, so that their physiological behavior is ther-

modynamically controlled. However, the sequestration of Al(III) by oligomeric Si(IV), which 

the results of Taylor et al. [56] suggest, may be much more physiologically important, may 

yield kinetically inert HAS species - indeed, the apparently high stability of such complexes 

may well reflect the slow dissociation kinetics. Thus, a significant part of the protection af-

forded by silicic acid against Al(III) toxicity in biological systems may derive from the in-

ferred kinetic inertness of ring or cage HAS structures which, once formed, may retain the 

Al(III) for long periods. The geological implication is that small acyclic HAS species and not 

the ring HAS solutes are the active agents in the hydrothermal crystallization of zeolites. The 

inert cage aluminosilicate solutes may act merely as reservoirs for the slow hydrolytic release 

of the small, active, acyclic species responsible for crystal growth.“   

The above statements reflect not only the high probability that very stable aqueous 

aluminosilicate colloids may be formed even under common environmental conditions, but at 

the same time they show that current knowledge, as far as colloid stability or generation 

mechanisms are concerned, is quite poor and that there is need for research. For this purpose, 

we intend in a first approach to coprecipitate Si and Al under conditions of supersaturation 

and to analyze in a coprecipitation parameter screening experiment whether and if yes, under 

which circumstances, the process is accompanied by the formation of aluminosilicate col-

loids.  

  

3.2 Conditions for coprecipitation of Si and Al 

 

Key information on how to attain supersaturation and coprecipitation of Si and Al is 

gained from thermodynamic solubility data for Si, Al and aluminosilicates. The main solubil-

ity parameter are temperature, pressure, pH, ionic strength, kind and concentration of water 

borne anions (ligands such as carbonate, sulphate, humate) and water borne cations (Na+, K+, 

Ca2+, Mg2+, Fe2+/3+). Solubilities of Si, Al and some aluminosilicates as a function of pH at 

constant normal temperature, pressure and 0.03 mol l-1 NaCl are calculated from: 

 

(1) The solubility products of the amorph solid phases of Al and Si, namely Al(OH)3 and 

SiO2, and of the mixed solid phases of Al and Si, namely Al2SiO5 (sillimanite), 

Al2Si2O5(OH)4 (kaolinite) and NaAlSi3O8 (low albite) based on the reactions: 
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Al(OH)3(am) + 3 H+    Al3+ + 3 H2O    pKsp
0 = -9.66 

SiO2(am) + H2O      H4SiO4
0      pKsp

0 =  2.71 

Al2SiO5 + 6 H+     2 Al3+ + H4SiO4
0 + H2O   pKsp

0 =  -15.45 

 Al2Si2O5(OH)4  + 6 H+
      2 Al3+ + H4SiO4

0 + H2O pKsp
0 =  -7.30

NaAlSi3O8 + 4 H+ 
 + 4 H2O      Na+ + Al3+ + 3 H4SiO4

0  pKsp
0 =  -2.76 

 

(2) The hydrolysis constants for the reactions: 

 

Al3+ + 2 H2O      Al(OH)2+ + H3O+    pK11 = 5.02 

Al3+ + 4 H2O      Al(OH)2
+ + 2 H3O+    pK12 = 9.30 

Al3+ + 6 H2O      Al(OH)3
0 + 3 H3O+    pK13 = 14.99 

Al4+ + 8 H2O      Al(OH)4
- + 4 H3O+     pK14 = 23.33 

Al5+ + 10 H2O      Al(OH)5
2- + 5 H3O+    pK15 = 34.24 

2 Al3+ + 4 H2O      Al2(OH)2
4+ + 2 H3O+    pK22 = 7.69 

 

(3) The dissociation constants for the reactions: 

 

H4SiO4
0      H3SiO4

- + H+      pKa10 = -9.71 

H4SiO4
0      H2SiO4

2- + 2 H+     pKa20 = -22.98 

 H4SiO4
0        HSiO4

3- + 3 H+     pKa30 = -32.85 

 H4SiO4
0       SiO4

4- + 4 H+      pKa40 = -45.95   

 4 H4SiO4
0      H6Si4O12

2- + 2 H+ + 4 H2O    pKa64 = -13.32 

 

The given equilibrium constants [57-65] permit to calculate the concentration of each species 

as a function of pH, namely Al3+, Al(OH)2+, Al(OH)2
+, Al(OH)3

0, Al(OH)4
-, Al(OH)5

2-, 

Al2(OH)2
4+, for Al (Fig. 17); H4SiO4

0, H3SiO4
- , H2SiO4

2- , HSiO4
3-  , SiO4

4- , H6Si4O12
2-, for 

Si (Fig. 18); H4SiO4
0, Al3+, Al(OH)2+, Al(OH)2

+, Al(OH)3
0, Al(OH)4

-, Al(OH)5
2-, Al2(OH)2

4+, 

for aluminosilicates. Summation of the separate solubility curves gives the total solubility 

curve.  

Fig. 19 compares the total solubility curves for Si, Al, and for the mentioned alumi-

nosilicates. The pH range of interest, in which colloids can be formed in the course of copre-

cipitation, is selected according to the low solubility region of the different aluminosilicate 

compounds. Among them, sillimanite is the most soluble, whereas kaolinite is the least solu-
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ble in the near neutral pH range, both following the similar pH dependency and showing the 

lowest solubility at pH 6.0. Low-albite shows the solubility behaviour different from that of 

sillimanite and kaolinite, decreasing sharply from pH 4.0 to 6.0 and remaining low with pH 

increase. Amorphous Al(OH)3 is similarly soluble as sillimanite, while SiO2 shows a constant 

solubility up to pH 9. Following Fig.19, the pH range for the present investigation is chosen 

from 4 to 9. Three initial concentrations of Si, namely 10-4, 10-3 and 10-2 mol l-1, below and 

above the saturation concentration (2 x 10-3 mol l-1) are combined with varying Al concentra-

tions from 10-7 to 10-3 mol l-1. 

 

3.3 Parameter screening experiment for colloid formation 

 

The screening experimental princip, namely oversaturate solutions of Si and Al by 

changing the pH  and trace colloid formation by observing the behaviour of 241Am as a con-

testant in the coprecipitation process of Si and Al, is realized in three steps as shown in Fig. 

20: (1) an acidic Al-solution traced with 241 Am (10-7 mol l-1) is titrated with an alkaline Si-

solution to a preset pH; (2) the precipitate is removed from the coprecipitation sample by fil-

tration at 450 nm pore size and the colloids are removed from the solution (ionic+ colloidal 

species) by ultrafiltration at 1.8 nm pore size; (3) after different conditioning times, from 3 h 

to 35 days, the activity fraction in solution with and without colloids is measured by liquid 

scintillation counting and the activity fraction (%, related to the input activity) in solution 

(non-colloidal),  colloids and precipitate is evaluated. The special advantage of using Am to 

trace colloid formation is to restrict automatically the screening to such colloids which are 

prone to incorporate actinides.  

A typical experimental result is shown in Fig. 21, for which 10-3 mol l-1 Si, 10-5 mol l-1 

Al and 4.9 x 10-8 mol l-1 Am are mixed initially at the ionic strength of 0.03 M NaCl. The Am  

activity fraction, evaluated as a function of pH, is shown for the first filtrate (at 450 nm pore 

size) normalized to the initial activity, and for the second filtrate (at10 kD-pore size) normal-

ized to the Am activity of the first filtrate. Fig. 21a shows the pH dependent Am activity frac-

tion, comprising the ionic and colloidal species (so called „mobile“ species), namely the Am 

activity fraction in the first filtrate separated from the precipitate by a filter of 450 nm pore 

size. The aging of the solution from 0 to 35 days does not lead to a significant change in the 

Am activity in solution. However, the solution pH changes slightly to acidic with time and 

stabilizes after some time. The lowest Am activity fraction in solution is found around pH 6, 
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which corresponds to the lowest solubility of aluminosilicate compounds as shown in Fig. 19 

for sillimanite and kaolinite. This fact suggests the incorporation of Am into aluminosilicate 

formation. As the initial Al concentration taken for this experiment (Fig. 19) is at 10-5 mol l-1, 

the precipitation is expected around pH 6. If the primary aluminosilicate precipitate is either 

sillimanite or kaolinite like (cf. Figs. 15 and 19), their solubility changes sensitively in the pH 

region of 4-9. The Am activity fraction observed in the solution changes sensitively in the pH 

range of 5-7, suggesting its incorporation into aluminosilicate formation. A separate experi-

ment with a pure Am solution of 4.9 x 10-8 mol l-1 (also in Fig. 21a) shows a decrease of its 

activity fraction in the filtrate at 450 nm pore size with increasing pH and the Am activity 

fraction in solution remains low at pH > 6.5, being significantly different from that of alumi-

nosilicate solutions.  

The Am activity measured in the pure Am solution follows closely the solubility be-

haviour of an amorphous Am(OH)3 precipitate (cf. Fig. 22) [66]. The difference of the Am 

activities between the aluminosilicate solution and its pure solution at pH > 6.5 appears an-

other indication that Am is associated with aluminosilicate formation. Fig. 21b illustrates the 

colloid-borne Am activity fraction as a function of pH, which is normalized to the activity in 

the first filtrate from 450 nm pore size, i.e. the colloid fraction within the solution after the 

separation of precipitate. The colloid-borne Am in the first filtrate prevails at pH > 5 after 35 

days of reaction time. At pH 4 about 20% Am appears colloid-borne and its fraction within 

the solution increases at pH ≥ 5 to more than 95%, then remains constant up to pH 9. Aging 

of the composite solution up to 35 days does not show a visible change in the colloidal Am 

fraction at pH > 6. Only at pH 5, the colloidal Am fraction increases with time. Fig. 21b indi-

cates that the predominant solution species of Am at pH > 6 is colloidal and remains stable 

under present experimental conditions. The colloidal Am fraction in solution appears inde-

pendent of different degrees of precipitation observed in Fig. 21a. The experiment shown in 

Fig. 21 is further conducted for a wide variety of the initial Si and Al concentrations and their 

different ratios in order to ascertain the conditions for the colloid formation. The main result 

of the screening experiment for aluminosilicate colloid formation is summarized in two time 

dependent contour diagrams representing the colloid-borne Am fraction (%) as a function of 

pH in mixture solutions of Si and Al after 3 hours up to 35 days sample conditioning time for 

two concentration levels of Si in the mother solution, just below (Fig. 23) and above (Fig. 24) 

the Si saturation concentration (2 x 10-3 mol l-1), each of them combined with increasing con-

centrations of Al from 10-7 to 10-3 mol l-1. Two characteristic pH regions are distinguished for 
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the colloid formation: around pH 5 for a minor fraction and between pH 7 and 9 for a major 

fraction. As the solubility of aluminosilicate compounds is lowest at pH 6 (see Fig.19), the 

colloid formation appears to be accordingly minimal around this pH region. The equilibrium 

for colloid formation is slowly reached in case that Si in the mother solution is under-

saturated (Fig. 23), but the reaction of the Al3+ ion (also Am) with over-saturated Si as start-

ing reactant (Fig. 24) proceeds promptly, reaches equilibrium within 3 hours and the result is 

not changed virtually up to 35 days and longer. 

Fig. 25 illustrates an overview of the formation of colloid-borne Am as a function of 

pH for different Si/Al ratios in the mother solutions 35 days after mixing Si, Al and Am. Es-

sentially three characteristic regions for optimum formation of stable colloids are differenti-

ated. The first and second optimum arise from the slightly undersaturated Si solution at pH 5-

6 and pH 8-9, respectively, and the third optimum from the 6.4 times saturated Si solution at 

pH 8-9, in each case a Si/Al ratio in the mother solutions of 100, namely for the following two 

optimalized concentration combinations: 

 

I: [Si] = 10-3 mol l-1 (0.7 x  sat.) + [Al] = 10-5 mol l-1 ([Si]/[Al] = 100) 

II: [Si] = 10-2 mol l-1 (6.4 x sat.) + [Al] = 10-4 mol l-1 ([Si]/[Al] = 100) 
 

The distinct screening patterns for colloid formation as a function of pH as well as of time, 

depending on whether Si in the mother solution is under- or oversaturated might be related 

with the expected different polymerization kinetics of Si as a function of pH and at increasing 

concentration [67], and prompts us to check the polymerization behaviour of Si under our 

experimental conditions. The understanding of the conditions for the formation of mono- and 

polysilanol is especially important since polysilanol is known to possess a 106 times higher 

affinity for Al than monosilanol [56]. The fact implies that the formation processes of alumi-

nosilicate colloids and hence their interaction with Am may also be different, depending on 

whether monosilanol or polysilanol is involved as an initial reactant.  

 

 3.4      Mono- and polysilanol for condensation with Al 

 

The following experiments serve the general comprehension of the generation of 

polysilanol under possible dynamic environmental conditions, not only out of solution 

through nucleation at oversaturation (polymerization of Si), but also out of the solid geoma-
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trix through dispersion (depolymerization of Si). Within that study, special attention is drawn 

to the polymerization behaviour of Si under the previously mentioned optimum conditions for 

colloid formation at coprecipitation of Si, Al and Am. 

The formation of polysilanol from sodium-waterglass (7.0 M Si in 4.0 M NaOH) are 

examined, as illustrated in Fig. 26, via two different approaches, respectively: By dilution to 

the alkaline pH = 12, monosilanol remains prevailed (see Fig. 19) and after subsequent adjust-

ing the pH to neutral (pH = 5 - 9), monosilanol is converted to polysilanol under the condition 

of over-saturation (approach A); By dilution to the neutral pH range, polysilanol is produced 

by over-saturation of silanol in its low solubility region (approach B). The two approaches 

show the Al effect on the polymerization and depolymerization of Si in solution, respectively, 

and give an insight into the formation of aluminosilicate colloids.  

Polymerization of Si is analyzed by approach A (Fig. 26) and made by dilution of so-

dium-waterglass to 2x10-3 – 4.2x10-2 mol l-1 Si at pH 12, in which monosilanol prevails. The 

solution is then neutralized to pH = 5 – 9 to make over-saturation of silanol, i.e. 1 - 21 times 

of the solubility saturation concentration of amorphous silica (2x10-3mol l-1) in the given pH 

range [68-71]. A conversion of monosilanol to polysilanol as a function of time is quantified 

by the molybdenum-test [67,72]. The result is illustrated in Fig. 27 and shows that the polym-

erization rate of silanol e.g. for the 6.4 times over-saturation (optimum conditions II) is pH 

dependent and completed after 5 days to a level of solubility constrains of amorphous silica, 

namely to about 85% mole fraction of polysilanol. Under the same condition, as expected, the 

polymerization does not take place in the non-saturated Si solution (< 2x10-3 mol l-1 Si) (op-

timum conditions I).  

The Si concentration effect on the polymerization is summarized in Fig. 28 for differ-

ent pH and after different time intervals, namely 1 day (Fig.28, upper part) and 10 days (Fig. 

28, lower part). At 4.2x10-2 M Si (21 x saturation concentration), the polymerization proceeds 

promptly and reaches a polysilanol mole fraction of 95%, as expected from the solubility of 

amorphous silica. A slower polymerization is observed at 1.3x10-2 M Si (6.4 times saturation 

concentration), especially at low pH. At 5x10-3 M Si (2.5 times saturation concentration), the 

completion of polymerization is considerably slow and at pH 5.5 it takes over 200 days. The 

upper limit of polymerization depends on the original Si concentration, which corresponds to 

a thermodynamic solubility level of amorphous silica, whereas the kinetics of polymerization 

is directly influenced by pH as well as concentration of Si. At low pH and at low Si concen-

tration, the polymerization rate is low.  
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Depolymerization of Si is tested following approach B (Fig. 26). After polysilanol is 

produced by neutralizing dilution of sodium-waterglass to 4.2x10-2 M Si at pH = 7 (21x over-

saturation, cf. Fig. 28), the depolymerization is measured, as illustrated in Fig. 29, at different 

degrees of dilution in the pH range of 6 - 8. By dilution of polysilanol to 5x10-3 M Si, the de-

polymerization takes place to a steady level of about 60%, which corresponds to the solubility 

of amorphous silica. The polymerization of monosilanol at the same Si concentration appears 

to reach the same level. At further dilution to < 2x10-3 M Si, the depolymerization is quantita-

tive. As is apparent from Figs. 27-29, the polymerization and depolymerization of Si are re-

versible processes, unless foreign metal ions of higher charged state ( 2+ < z < 4+) are present 

[67]. The effect of Al will be discussed later (see section 8.2). 

At this point, we can further define the optimal experimental conditions for the alumi-

nosilicate colloid formation: 

 

I [Si] = 10-3 mol l-1 (monosilanol = 100%) +  [Al] = 10-5 mol l-1  (pH 5-6 & 8-9) 

II [Si] = 10-2 mol l-1 (polysilanol ≤  85%)    +  [Al] = 10-4 mol l-1  (pH 8-9) 

 

 3.5       Quantification and characterization of colloids 

 

The hitherto used methods to trace aluminosilicate colloid formation, namely separa-

tion of colloids by ultrafiltration and determination of the Am activity in the colloidal frac-

tion, have been fast, effective and convincing. However, they are indirect methods, which 

cannot give any information on the quantity or type of the generated colloids. Therefore we 

introduce now sophisticated techniques such as LIBD, AFM and SEM-EDXS to analyze the 

synthetized colloids directly. 

 

Appraisal of aluminosilicate colloid formation by LIBD 

 

  To ascertain how the colloidal Am species is formed, the colloid formation in alumi-

nosilicate solutions without addition of Am is examined by LIBD. As shown in Fig. 30, the 

acidic Al solution of 10-5 mol l-1 is titrated by an alkaline Si solution of 10-3 mol l-1 (optimum 

conditions I).  The maximum colloid formation emerges at pH 5.5, the minimum at pH 6.5, 

and at pH ≥ 8.0 the colloid generation increases again. The results of the LIBD experiment are 

comparable to the screening experiment made by filtration with addition of Am as shown in 
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Figs. 23 and 25. Around pH 6.5, the absolute amount of generated colloids is found to be 

minimal, being in accordance with the lowest solubility of aluminosilicate compounds (e.g. 

sillimanite) as appeared in Fig. 19. A relatively low amount of colloids observed at pH 4.0 

may be ascribed to an acidic pH effect that asserts oxygenbridge breaking and hence less col-

loid formation. This is comparable to the colloid-borne Am fraction shown in Fig. 21(b). 

Since all chemical solutions for laboratory use contain more or less colloids as impurities, 

their influence on the present experiment is examined separately.  

The original Al and Si solutions are pH titrated separately, both in about 10-3 mol l-1, 

in order to ascertain whether they contain colloids originally or colloids are generated on the 

pH change that are detectable by LIBD. The results are shown in Fig.30. The Al solution 

shows a realtively small amount of colloid generation by changing pH from 4 to 7 and above 

7 no colloids can be detected. The initial Al concentration of 10-3 mol l-1 may undergo pre-

cipitation of Al(OH)3 with increasing pH and its solubility is the lowest at pH 6 (cf. Fig. 19). 

Therefore, the colloid generation, as confirmed by LIBD, in the pH region of 4-7 may be at-

tributed to an oversaturation of Al that is conducive to polynucleation. The Al concentration 

of 10-5 mol l-1 with addition of Am (4.9 x 10-8 mol l-1) also indicates, as shown in Fig.25 

(down part), the generation of colloidal species in a small amount at pH 4-7 even in the ab-

sence of Si. The pure Si solution shows the presence of colloids in a relatively small amount 

in the whole pH range investigated. As the effect of pH change on the colloid concentration is 

only marginal, it is supposed that the original Si solution contains colloidal impurities. The 

element analysis indicates about 10 ppb of Al as an impurity in the original Si solution, which 

may induce a trace amount of aluminosilicate colloids detectable by LIBD as shown in 

Fig.30. As a conclusion, the original Al and Si solutions are also found to generate colloids or 

contain colloidal impurities for different reasons. However the amounts detectable by LIBD 

are distinctively lower than the colloid generation taken place in aluminosilicate solutions 

(Fig. 30). Such difference corroborates the formation of aluminosilicate colloids. 

 

Particle size, number density and Si/Al ratio 

 

The average size of corresponding aluminosilicate colloids is determined at pH values 

6.0 and 7.5. The experimental results of LIBD are shown in Fig. 31. Two-dimensional distri-

butions of optical detection of plasma generated on colloid breakdown are shown in the upper 

part of Fig. 31, which are concentrated in the centre of effective laser focal volume. Counting 
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of all breakdown events at each given pH is then made as a statistical distribution on the z-

axis as shown in the lower part of Fig. 31. A twice value of the full width at half maximum 

(FWHM) is taken for the evaluation of an avergae colloid size in hard sphere diameter ac-

cording to the previous calibration [28]. The average size is found to be 13± 1 nm at pH 6.0 

and 11± 2nm at pH 7.5. The two values are virtually the same within the experimental preci-

sion. The average size remains unchanged with time, indicating the stability of aluminosili-

cate colloids in the investigated pH range. The AFM measurement is also performed as shown 

in Fig. 32.  Therefore the supernatant of the colloidal precipitate at pH 7 is brought onto a 

mica plate for the AFM study under non-contact mode. The particle analysis results in 5-10 

nm height and 10-50 nm length for the spherical or egg shaped particles of preponderance as 

shown in Fig. 32. This value closely corroborates LIBD results of the present experiment as 

evaluated for a hard sphere diameter. Breakdown events scattered mostly around a narrow 

sphere of y-z axes in Fig. 31 suggest a small range of the colloid size distribution. The colloid 

number density determined by LIBD ranges from 1011 – 1014 particles per litre water depend-

ing on the experimental condition (pH, Al and Si concentrations). The analog analysis of alu-

minosilicate colloids generated under the optimum conditions II shows a comparable average 

size of 10-20 nm as well as number density. The atomic Si/Al ratio of aluminosilicate colloids 

from conditions I and II is determined by SEM-EDXS and found to be 0.71±0.05 and 

1.23±0.03, respectively. It is amazing that the Si/Al ratio in the colloids is almost independent 

on the degree of polymerization of Si in the mother solution. The atomic ratio of about one is 

evocative for a kaolinite or imogolite like composition of the aluminosilicate colloids [59] 

such as hydroxy aluminosilicate colloids also called HAS [54,55]. Taking into account the 

Si/Al ratio of HAS colloids approximately one, their formation from polysilanol can be pre-

sumed as 

 

n Al(OH)3-y
y + SinOn-1(OH)2n+2      AlnSinO4n+2-x(OH)x

x-n-4 + (7+ny-x) H+ + (2n-ny-1) H2O 

 

where the y value varies from –1 to +3 following the degree of hydrolysis within the present 

experimental pH range (4 – 9) and the x value determines the anionic charge of HAS colloids. 

Polynuclear species of hydrolysed Al ions become important only at pH < 5 [62,63]. Whereas 

the Al3+ ion undergoes hydrolysis, thus forming different hydroxyl species in the given pH 

range [62-65], the predominant silanol species appears to be Si(OH)4, unless the Si concentra-

tion is over-saturated [23,38,56,59,67] (see section 3.4). Therefore, a general polysilanol form 
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of neutral charge is envisaged as a reactant for the above-formulated reaction. The n value is 

too complicated to be ascertained. This formulation may correspond to the formation of the 

Cm-HAS(III) species via isomorphic substitution of Cm to a multidentate oxo-bridging of Al. 

Because only a small amount of colloids is generated in the present experiments (10-

50 ppb), their structure characterization is not directly possible. It is important to note that the 

characteristic values for the aluminosilicate colloids we have synthesized are typical for alu-

minosilicate colloids as they are found in the nature:   

 

Natural system  Present system

• Particle size   very often < 50 nm  10 - 50 nm 

• Number density  108 - 1014 particles l-1  1011 - 1014 particles l-1

• Si/Al ratio   imogolite: 0.5 - 1.0  0.7 - 1.2 

 

Conclusions of section 3 

 

In an elaborated parameter screening experiment, optimum conditions for alumi-

nosilicate colloid formation have been recognized from their capability to incorporate Am, 

which has been added in a tracer concentration as contestant in the condensation process of 

Si and Al. The optima correspond to mother solutions made at pH 5-6 and pH 8-9, with a 

Si/Al concentration ratio of 100, but at two different Si concentration levels, namely in a 

slightly undersaturated and in a 6.5 times oversaturated solution.  

The corresponding colloids, as analyzed by LIBD, AFM and SEM-EDXS, all belong to 

a unique colloid type which is very similar to the natural aquatic colloids of the imogolite 

type with a Si/Al atomic ratio of ca 1, namely hydroxy aluminosilicate (HAS) colloids. They 

are small colloids (10 - 50 nm) with a low number density (1011 – 1014 particles l-1). 

 Different optimum formation conditions for a solely colloid type may reflect different 

colloid generation mechanisms with distinct interaction potentials for Am. Such differences 

may be connected with pH and concentration of Si in the mother solutions, which have been 

shown to influence the degree of polymerization of Si. The hypothesis urges us to further in-

vestigate the interaction of Am with HAS colloids in the moment of formation, also called 

HAS colloids in statu nascendi.  
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4   Interaction of trivalent actinides with aluminosilicate colloids in statu nascendi 

 

The study of the interaction of trivalent actinides with aluminosilicate colloids in the 

course of their generation by coprecipitation, also called aluminosilicate colloids in statu nas-

cendi, comprises the following steps: (1) identify and characterize the binding state of 

Am(Cm) within the colloids; (2) analyze the underlying reasons for differentiated incorpora-

tion of Am(Cm) into colloids; (3) test the stability of the colloid-borne Am(Cm); (4) deter-

mine the capacity of the aluminosilicate colloids to incorporate increasing amounts of 

Cm(Am).  

 

4.1    Speciation of colloid-borne Cm by TRLFS 

 

TRLFS is the method par excellence to follow the binding state of trace amounts (up to 

10-8 mol l-1) of Cm in vivo, e.g. at the titration experiment for condensation of Si and Al. The 

optimal conditions I and II (cf. section 3) for the formation of aluminosilicate colloids from 

monosilanol and polysilanol, respectively, are selected for the purpose. 

 

Formation of aluminosilicate colloid-borne Cm from monosilanol (condition I) 

 

Typical TRLFS spectra of colloid-borne Cm are shown in Fig. 33, for which the initial 

concentrations of Si and Al are taken 10-3 and 10-5 mol l-1, respectively, with an addition of a 

Cm concentration at 4.9x10-8 mol l-1. The acidic Al solution containing Cm is titrated by the 

alkaline Si solution. The pH dependent evolution of the fluorescence spectrum is illustrated in 

the upper part of Fig. 33, whereas the deconvolution of a composite spectrum is shown in the 

middle part of Fig. 33. The spectroscopic speciation shows the presence of three different Cm 

species: the free Cm3+ aquo-ion with the emission peak at 593.8 nm and two different colloid-

borne Cm species, indicated as HAS (hydrated aluminosilicate) species I and II, with the 

emission peaks at 598.5 and 601.8 nm, respectively. The red shift of the emission band is at-

tributed to the formation of inner-sphere complexes. An exchange of water molecules of the 

inner coordination sphere by complexing ligands causes a change in the ligand field of the 

aquo Cm3+ ion, which results in a bathochrome shift of the fluorescence spectrum [26,44]. 

 All spectra recorded at pH 2-8 are deconvoluted and individual species present at each 

pH are quantified. The fractions of each Cm species thus evaluated are shown in Fig. 33 
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(lower part) as a function of pH, in which the formation of colloidal Cm species can be ap-

praised. The species Cm-HAS(I) is formed between pH 3 and pH 8 with its maximum around 

pH 6, while the Cm-HAS(II) species appears at pH 5 onwards to higher pH and becomes the 

prevailing colloidal species at pH > 7.  

 The characterization of the two colloidal species, Cm-HAS(I) and Cm-HAS(II), is 

further pursued by measuring their relaxation times of fluorescence at 598.5 and 601.8 nm, 

respectively, as designed for the colloidal species in Fig.33, to ascertain the number of hydra-

tion water molecules bound to Cm. The species Cm-HAS(I) and Cm-HAS(II) show a relaxa-

tion time of 83.5±3.7 µs and 88.3±5.2 µs, respectively. Based on these data and relative to the 

free Cm3+ ion, which is assumed to contain 9 coordinated water molecules [73] and has a 

fluoresence relaxation time of 65±2 µs, the numbers of hydrated water molecules are calcu-

lated according to Horrocks [74] and Kimura et al. [75]. According to Kimura et al., the re-

maining water molecules of Cm for the colloidal species Cm-HAS(I) and Cm-HAS(II) are 

calculated to be 7±0.5 and 6±0.5, respectively. This fact infers that the colloid-borne Cm has 

either bidentate oxygen bridges or tridentate oxygen bridges to Al-O- and Si-O- moieties 

within HAS colloids. According to Fig. 33, Cm appears colloid-borne in the near neutral pH 

region. This result supports the Am colloid formation as ascertained by filtration experiments 

given in Figs. 23 and 25.  

For the purpose of comparison, the Cm speciation is also made in a pure Si solution of 

10-3 mol l-1 without the addition of Al and in a pure Al solution of 10-3 mol l-1 without the 

addition of Si, to both of which 4.9x10-8 mol l-1 Cm is added. Fig. 34b shows Cm emission 

spectra measured as a function of pH in the pure Si solution. As Al impurity is present 

(3.7x10-7 mol l-1) in the original Si solution, a certain amount of latent aluminosilicate colloids 

is expected, in which Cm may be incorporated and become colloid-borne species. However, 

as the Si concentration is 10-3 mol l-1, while the Al impurity concentration is so low, the plau-

sible assumption is that the interaction of Cm with silanol groups may prevail in this solution. 

The radiometric assay shows that Am(III) added to the pure Si solution without Al addition 

becomes partially colloid-borne species with pH between 5 and 9 (Fig. 25) and the rest re-

mains as ionic species, either Am3+ aquo-ion or Am-silicate complex. Cm is, therefore, ex-

pected to behave accordingly. The emission peaks of Cm observed in the pure Si solution are 

the same as in the Si/Al solution (Fig. 34a) at 593.8 nm, 598.5 nm and 601.8 nm. Fluores-

cence lifetimes of the three emission peaks are nearly the same as well, suggesting that the 

prevailing interaction of Cm takes place with Si in both solutions. The number of hydrated 

 28



waters appears the same as well in both solutions, i.e. 7 H2O for the complex species (I) and 

about 6 H2O for the complex species (II). These numbers surmise the bidentate and tridentate 

bindings to oxo-bridges, respectively. 

 The speciation results shown in Fig. 34c indicate that in the pure Al solution Cm is 

incorporated into Al hydroxides, which slowly undergo precipitation. The Cm emission peak 

is changing with pH from the Cm aquoion at 593.8 nm via gradual bathochrome shift to a new 

species at 604.1 nm. This species has a longer lifetime of 110.5 µs, being distinctively differ-

ent from the interaction of Cm with Si. The total emission intensity of Cm in the Al solution 

is decreasing with increasing pH in the course of time. This fact infers the coprecipitation of 

Cm in Al hydroxide, because the Al concentration of 10-3 mol l-1 under investigation is sub-

stantially higher than its solubility in the pH region 5-9 [62,63]. Therefore, the spectra shown 

in Fig. 34 are recorded while stirring the solution. This experiment is to demonstrate that the 

incorporation of Cm in aluminosilicate colloids (Fig. 34a) shows the spectroscopic properties 

clearly different from its incorporation into Al hydroxide precipitate. The fact that the emis-

sion peak at 604.1 nm appears only in the pure Al solution, not in the mixed solution of Si and 

Al (Fig. 34a), means the non-attendance of Al hydroxide precipitation in the presence of Si, 

exceeding the Al concentration. The species fractions as a function of pH are evaluated for the 

pure Si solution and compared with the species distribution for the mixed solution.  

Fractional appearances of the two Cm complex species (I) and (II) in Fig. 33 as a func-

tion of pH are found to be nearly the same for the two solutions. The fluoresence lifetimes of 

the two complexes in the two solutions are nearly the same for each corresponding species 

(Table 1) and hence the number of hydration water molecules for Cm can be assigned to 

seven and six for the complex species (I) and (II) in both solutions, respectively. The only 

difference is the amount of colloid-borne Cm species that is significantly larger in the mixed 

solution of Si and Al than in the pure Si solution (cf. Fig. 25). In the former solution, Cm un-

dergoes incorporation into aluminosilicate colloids as a contestant of Al, whereas in the latter 

solution Cm is complexing with silanol moieties and thus results in either colloidal or ionic 

complex state, in which partial precipitation of Cm-silicate complex takes place.    

 

Formation of aluminosilicate colloid-borne Cm from polysilanol (condition II) 

 

Titration of an acidic Al solution containing Cm by an alkaline Si solution with the fi-

nal concentrations 1.34x10-2 M Si, 1x10-4 M Al and 4.8x10-8 M Cm, which is accompanied by 
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the formation of polysilanol (cf. Fig. 26, approach A and Fig. 27), is traced for colloid-borne 

Cm by recording the TRLFS spectra at pH 2-8. The speciation results for Cm are shown in 

Fig. 35. The upper part of Fig. 35 demonstrates a pH-dependent evolution of fluorescence 

spectra as a function of pH, while the down part of Fig. 35 illustrates the deconvoluted emis-

sion spectra of four different Cm species present in the solution. The emission peak for the 

Cm3+ aquo-ion appears at 593.8 nm with a lifetime of 67.1±2.5 µs, corroborating the known 

value [26,44,45]. The first colloid-borne Cm species, entitled as Cm-HAS(I), becomes visible 

at 598.5 nm with a lifetime of 83.5±3.7 µs and the second colloid-borne Cm species Cm-

HAS(II) emerges at 601.8 nm with a lifetime of 88.3±5.2 µs. The third colloid-borne Cm spe-

cies: Cm-HAS(III), comes forward at 606.8 nm with a longer lifetime of 518±25 µs, which 

appears to be unique for Cm in the aluminosilicate colloid formation from polysilanol and has 

not been observed in its reaction with monosilanol. 

The titration of polysilanol interacting with Cm in the absence of Al under the same 

condition gives rise to nearly identical speciation results. The emission spectral evolution 

shown in Fig. 36, i.e. peak positions and each corresponding lifetime, are the same as in Fig. 

35. The observed species are named Cm-HPSi(I) (hydroxy-polysilanol), Cm-HPSi(II) and 

CmHPSi(III). These species come out as three different kinds of complexation of Cm with 

polysilanol moieties. Their similar spectroscopic characteristics to the Cm-HAS species indi-

cate that in the aluminosilicate colloids Cm interacts preferentially with silanol moieties as a 

substitution to Al. From the lifetime measurement of each emission peak, one may deduce the 

number of water molecules, which remain coordinated with Cm in colloids. Cm-HAS(I) and 

CmHAS(II) are found to have 7 and 6 coordinated water molecules, whereas Cm-HAS(III) 

has one or none. The number of coordinated water molecules of each colloid-borne Cm spe-

cies puts forward that the oxo-bridging state of Cm in aluminosilicate coilloids is a bidentate 

for Cm-HAS(I) and a tridentate for Cm-HAS(II). A complete structural incorporation of Cm 

is then conceivable for the Cm-HAS(III) species, as Cm in this species has virtually no hydra-

tion water. The same interpretation can be made for the species Cm-HPSi(I), Cm-HPSi(II) 

and Cm-HPSi(III) as well, according to the similar number of hydration water molecules ap-

praised for each of these species based on their lifetimes.  

Overall speciation results are summarized in Fig. 37 for all species of Cm-HAS and 

Cm-HPSi as a function of pH. In the upper part of Fig. 37, the Cm-HAS(I) species comes into 

view only in the low pH region as a minor fraction with the maximum of 23% at pH 5.8. The 

second species, Cm-HAS(II) emerges gradually from pH 5 to a maximum fraction of 35% 
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around pH 6.5. From pH 6.5, the Cm-HAS(II) species disappears rapidly and the third spe-

cies, Cm-HAS(III), suddenly built at pH 6.5, becomes predominating in the whole pH range 

under investigation increasing its fraction with an increase of pH and becoming prevalent at 

pH > 7. A comparable formation pattern can be observed in the lower part of Fig.37 for the 

species: Cm-HPSi(I), Cm-HPSi(II) and Cm-HPSi(III). The similarity of the two-speciation 

results is a direct corroboration for the same kind of chemical bindings of Cm, either in Cm-

HAS or in Cm-HPSi species. This fact infers that the oxo-bridging of Cm in aluminosilicate 

colloids converges rather on silanol moieties than on alumina oxygen. The speciation results 

shown in Fig. 37 are totally different from the speciation performed on the Cm-HAS species 

(also Cm-silanol) in the previous experiment, which are produced from monosilanol as an 

initial state (see Fig.33).   

 

4.2   Isomorphic substitution of Al for Am(Cm) 

 

Fig. 38 summarizes the hitherto results and illustrates the correlation between the binding 

strength of Cm to aluminosilicate colloids (colloid-borne Cm species) and the polymerization 

of Si (Si-species). The presence of polysilanol in the mother solution at pH ≥ 7 is a condition 

for isomorphic substitution of Al for Am(Cm) in HAS colloids. Since the polymerization of 

Si depends on pH as well as on the concentration of Si, which are not only thermodynamic 

but also kinetic parameter (see section 3.4), it becomes obvious that the binding strength of 

Am(Cm) to HAS colloids is also a question of kinetics. The experimental fact can be under-

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

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

degrees of supersaturation an activation barrier to the nucleation (conucleation of 

Am(Cm)(Al) with Si) persists, which can be annihilated whenever a foreign solid surface (e.g. 

polysilanol) with interfacial free energy is already present as a catalyzer. The logic conse-

quence of such an explanation for the isomorphic substitution of Si for Al and even for 

Am(Cm) would be that, instead of a catalyzer, increased temperature or very long aging times 

might also be appropriate to overcome the activation barrier to the conucleation of Si, Al, 

Am(Cm)).  

In order to test the hypothesis, a coprecipitation sample is prepared at 25°C on the basis of 

mono-silanol by mixing an alkaline solution of Si (10-3 mol l-1) with an acid solution of Al 

(10-4 mol l-1) and Cm (5.0x10-8 mol l-1). The pH is adjusted to 7.5, and the temperature of the 
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sample is increased to 90°C. After different conditioning times at 90°C, from 5 up to 87 days, 

aliquots are taken and cooled to 25°C for analysis by TRLFS and LIBD in order to speciate 

the colloid-borne Cm and simultaneously characterize the colloid formation.  

The Cm fluorescence spectra after different heating periods compared with the spectrum 

before heating are illustrated by Fig. 39. It is obvious that increased temperature effectuates a 

strong red shift of the emission band at 601.9 nm with a lifetime of 87.7±4.8 µs, which is 

characteristic for the Cm-HAS(II) species, (cf. section 4.1) to 606.7, 607.7 and 608.5 nm after 

periods of 5, 16 and 39 up to 87 days, respectively. The shifted emission bands have a com-

posite lifetime. Fitting the data to a biexponential law, the two lifetimes 86.2±4.8 µs and 

306.1±30.0 µs are derived. They are attributed to the Cm-HAS(II) with 6.7 H2O and the Cm-

HAS(III) species with 1.8±0.5 H2O in the inner coordination sphere of Cm, respectively. The 

result corroborates our hypothesis, that the activation energy to incorporate Cm completely 

into the structure of aluminosilicate colloids, can be provided by either increased temperature 

or with the catalytic aid of the polysilanol surface as outlined above. 

The question whether the observed temperature effect on the Cm(Am) binding to HAS 

colloids is equivalent with aging time, as the Arrhenius equation [77] 

 

  ln k2/k1 = Ea / R (1/T1 – 1/T2)       Eq.12 

 

where k1 and k2 are the rate constants at temperatures T1 and T2, Ea is the Arrhenius activation 

energy (e.g. 80 KJ/mol), and R is the gas constant, suggests, or overlapping processes other 

than aging have also taken place, cannot be answered by this experiment. A more intensive 

investigation including experiments at different temperatures is required to obtain such infor-

mation.  

Fig.40 summarizes the results of the speciation of colloid-borne Cm and indicates the in-

fluencing parameters: the higher the pH, the concentration of Si and the temperature, the 

stronger the binding of Cm to HAS colloids.  

   

4.3   Stability of colloid-borne Cm(Am) 

 

Irreversible bindings of actinides to stable aquatic colloids may lead to an unhindered ac-

tinide migration along the water flow path. The question whether Cm-HAS(I), Cm-HAS(II) 

and Cm-HAS(III) correspond to „irreversible bindings“ and „stable colloids“ seems to be a 
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question of definition and related to eventually changing environmental conditions such as 

pH, temperature, the presence of anionic ligands etc.. Within this study, 3 different stability 

tests are considered: (1) change from radioactive to inactive medium and measuring radiomet-

rically the desorption of Am activity from the colloidal fraction; (2) change from high to low 

pH environment and determining the colloid-borne Cm distribution as a function of pH with 

TRLFS; (3) change from ambient to increased temperature and monitoring the colloidal aver-

age size with LIBD. 

 

Activity in colloids after desorption with inactive medium 

 

In a first stability test for Am binding to HAS colloids, two desorption experiments for 

Am are performed on Am-HAS colloids. One experiment uses colloids generated under con-

dition I and another uses colloids formed under condition II , based on the conucleation of 

Am and Al with prevailing monosilanol and polysilanol, respectively. The chosen pH´s of 

colloid formation for each experiment are 5, 7 and 9. In all cases, the sample conditioning 

time is seven days. For desorption, the colloidal fraction is first separated from the mother 

solutions by ultrafiltration and than brought into contact with a similarly prepared inactive 

ultrafiltrate during one day. The procedure is repeated three times. A fourth desorption is per-

formed with bidistilled water at pH 6. The colloid-borne Am fraction remained in the colloids 

after the accumulated washing procedures in relation to the initial colloid-borne Am fraction 

before desorption is evaluated. Fig. 41 shows the result of the stability tests for the pseudocol-

loids of Am in question, namely generated at three different pH´s on the basis of HAS-

monosilanol (upper part of Fig. 41) and on the basis of HAS-oligosilanol (lower part of Fig. 

41). The least desorption of Am from HAS colloids is observed at pH 9 indicating over 90% 

of Am remained stable as colloid-borne species for both HAS-monosilanol and HAS-

polysilanol. At pH 7, the value decreases slightly but remains still over 80% for HAS-

monosilanol and 70% for HAS-polysilanol. However, at pH 5 only 33% and 50% of the ini-

tially incorporated Am remains in the colloids from HAS-mono- and -polysilanol, respec-

tively, suggesting that the colloid-borne Am species is chemically unstable. Compared to the 

speciation of Cm at interaction with HAS colloids, as shown in Figs. 33, 37 and 38, the results 

of the desorption experiment can be interpreted as forming the colloidal species Am-HAS(I) 

at pH 5 and Am-HAS(II) or Am-HAS(III) from pH 7 to pH 9 in accordance with the forma-

tion of Cm-HAS(I) and Cm-HAS(II) or Cm-HAS(III). According to Fig.41, the colloidal spe-
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cies Am-HAS(II) (tridentate) as well as Am-HAS(III) (isomorphically substituted) seems to 

be structurally stable in solution, in which Am or Cm appears irreversibly incorporated under 

given conditions.    

 

Cm-HAS(III) species at decreasing pH 

 

A second stability test investigates the pH-reversibility behaviour of the Cm-HAS(III) 

species. Therefore the Cm-HAS(III) species is formed at pH 9 by titration of an alkaline solu-

tion of Si (1.34x10-2 mol l-1) with an acid solution of Al (1x10-4 mol l-1) and Cm (4.8x10-8 mol 

l-1)  as previously described for colloid formation on the basis of polysilanol, condition II (see 

section 3.4). The mixed sample at pH 9 is divided in 8 aliquots, each of which are titrated 

with HCl to a lower pH unit (inverse titration), namely from pH 9 down to pH 2 in accom-

pany with the spectroscopic speciation. A dilution of the elements concentration upon titration 

is maintained within 3%. The speciation results for colloid-borne Cm as a function of pH in 

the course of the inverse titration of the sample containing Cm-HAS(III), are shown in Fig. 42 

(lower part). The formation pattern for the species Cm-HAS(I), Cm-HAS(II) and Cm-

HAS(III) is similar to that for the direct titration (see Fig. 42, upper part), except that Cm-

HAS(III) becomes the predominating colloid-borne Cm species in the whole pH range under 

investigation, increasing gradually its fraction with an increase of pH and becoming prevalent 

at pH > 7. A decrease of pH from 9 down to 2 converts the Cm-HAS(III) species to Cm-

HAS(II) gradually. Both Cm-HAS(III) and Cm-HS(II) disappear slowly at pH < 6, while Cm-

HAS(I) is appearing at lower pH. The Cm3+ aquo-ion fraction increases on the other hand 

with decreasing pH, suggesting ist dissociation from colloids. The dissociation of Cm with 

lowering pH is not directly from Cm-HAS(III) but takes place from Cm-HAS(II) at first and 

than from Cm-HAS(I). 

The stability of the Cm-HAS(III) species at each pH is observed as a function of time 

up to 63 days, as shown in Fig. 43. At pH 9, only the Cm-HAS(III) species prevails and re-

mains stable with time. The fraction of Cm-HAS(III) decreases with lowering pH but at each 

pH the corresponding Cm-HAS(III) fraction remains stable with time again after 15 days. At 

pH ≤ 5, the initial fraction of Cm-HAS(III) decreases with time for the first few days and then 

remains constant. At pH 3, Cm-HAS(III) disappears almost after a few days.   
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HAS colloidal size at increasing temperature 

 

 The stability of HAS colloids made at room temperature from monosilanol at pH 7.5 

and heated to 90°C (see section 4.2) is monitored by LIBD as a function of heating time (up 

to 7 days) by determining the average colloidal size from two-dimensional recordings of 

plasma light emission generated by breakdown of colloids within the laser beam focus vol-

ume. The result is given in Fig. 44. The unchanged 2-D distribution (x,z-plane) of the break-

down events around the center of the optical focus of the laser beam, before and after pro-

longed heating periods, proves that periods of increased temperature do not irreversibly 

change the colloidal state.  

 

4.4   Capacity of colloids to incorporate Am(Eu) 

 

The maximal amount of trivalent actinides which can possibly be incorporated into HAS col-

loids in statu nascendi either formed from monosilanol (formation condition I) as well as from 

polysilanol (formation condition II) is determined. To this purpose, increasing amounts of Eu 

up to 5x10-4 mol l-1 are included in the colloid generation process in addition to a constant 

tracer amount of Am (5x10-8 mol l-1). A similar behaviour of Am and the somewhat better 

soluble Eu is thereby assumed. The fraction of Am activity in the three phases (ionic, colloids 

and precipitate)  is measured as a function of pH and also as a function of time, from 3 hours 

to 35 days. Blank experiments without Si and Al are also performed in order to trace sepa-

rately the colloid formation behaviour of Am(Eu) by itself, without the binding to HAS col-

loids. The result for the Am(Eu) fraction incorporated into the colloidal phase of the copre-

cipitation samples after 35 days conditioning time as a function of the (Am+Eu) concentration 

is given by Fig.45. The following observations are made:  

(1) The maximum concentration of incorporated Am(Eu) amounts to ca. 90% of 5x10-

5 mol l-1 in HAS colloids formed at pH 7-9 out of a mother solution containing 1.3x10-2 mol l-

1 Si (85% polysilanol at pH ≥ 7) and 1.5x10-4 mol l-1 Al. In that case, about one out of two or 

three Al in the colloids is isomorphically substituted for Am(Eu). A further increase of the 

Am(Eu) concentration destroys the HAS colloidal state;  

(2) HAS colloids in statu nascendi generated out of a mother solution, consisting of a 

1x10-3 mol l-1 monosilanol and 1x10-5 mol l-1 Al, have a somewhat lower capacity to hold 

Am(Eu). In that case, the maximum is observed at pH 9 for a Am(Eu) concentration of 2x10-6 
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mol l-1. Thereby 1 out of 5 Al in HAS colloids is poorly replaced by Eu(Am) in a tridendate 

binding;  

(3) The binding capacity of HAS colloids (from mono- as well as from polysilanol) for 

trivalent actinides decreases with decreasing pH and is in line with the An(III)- colloid bind-

ing strength.  

(4) At pH 4 to 6, the activity in the colloidal phase has not to rely on HAS, since the 

colloidal Am(Eu), which is formed in the presence of Si and Al is found to the same amount 

in the blank experiment with Am(Eu) only, without HAS colloids. Another mechanism for 

colloid formation is postulated. The phenomenon will be discussed later (section 9).  

 

Conclusions of section 4 

 

Trivalent actinides such as Am(III) or Cm(III) are incorporated into HAS colloids in 

statu nascendi and undergo thereby oxo-bridging into the structural position of Al(III). The 

different incorporation patterns as well as kinetics of Am(Cm), depending on whether HAS 

colloids are built from mono- or polysilanol, reflect correspondingly different incorporation 

mechanisms. The binding strength of Am(Cm) to the HAS colloids increases with increasing 

concentration of Si and increasing pH and is shown to be related with the faster polymeriza-

tion kinetics of Si. HAS colloids, formed from a slightly undersaturated Si-solution (monosi-

lanol) mixed with Al  (Si/Al ratio = 100) in the presence of tracer amounts of Am(Cm), build 

the colloid-borne Cm species Cm-HAS(I) at pH 5 – 6 and Cm-HAS(II) at pH 8 – 9 corre-

sponding to bidentate and tridendate bindings to the colloids, respectively. HAS colloids, 

generated from an oversaturated Si-solution (polysilanol), which is mixed with Al (Si/Al ratio 

= 100) at pH 7 – 9, form the colloid-borne Cm species Cm-HAS(III) where Cm(Am) substi-

tutes isomorphically for Al in the aluminosilicate colloid structure. The result is explained by 

the interfacial energy of polysilanol, which seems to be necessary to overcome the activation 

energy barrier for the complete incorporation of Am(Cm). The explanation is corroborated by 

the fact, that isomorphic substitution of Am(Cm) can also take place without polysilanol sur-

face, e.g. from monosilanol and Al, at increased temperature, e.g. 5 days at 90°C, which is 

another way to provide activation energy.  

The generated pseudocolloids of Am(Cm), corresponding to the Cm-HAS(II) or Cm-

HAS(III) species, are extremely stable as a function of time, against desorption with inactive 

medium (irreversible Am(Cm)-colloid bindings), and at increased temperature. Their forma-
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tion is, however, pH reversible, and in line with the lower stability of the Cm-HAS(I) species 

built at pH 5 – 6.  

The maximum capacity of HAS colloids to incorporate Am(Eu) is reached for HAS 

colloids generated from polysilanol at pH 8-9, when about one third of the Al in colloids is 

substituted by Am(Eu) and the HAS colloids have lost their original identity. 

 Am in the colloidal fraction at pH 4 – 6 is due to a process for colloid formation, 

which is different from the binding with HAS colloids. The corresponding mechanism will be 

further discussed and is still under investigation. 

 

5 Interaction of tetravalent actinides with aluminosilicate colloids in statu nascendi 

 

Follows now the interesting question whether Th(IV), present at the conucleation of Si 

and Al, will follow the behavior of Si(IV) and incorporate irreversibly into HAS colloids in 

statu nascendi just like Am(III) served as a substitute for Al(III). Although no direct spectro-

scopic speciation of colloid-borne Th like by TRLFS is possible for tetravalent actinides, we 

expect that, on the basis of the acquired knowlegde about the pseudocolloid formation of 

Am(Cm), an intelligent comparative tracing of the  activity of Th in the liquid, colloidal and 

solid phases may provide us a conclusive answer to that question. Starting from the prepara-

tion of 234Th through separation from natural 238U, the study includes the determination of the 

Th incorporation kinetics into HAS colloids in statu nascendi as a function of the pH, of the Si 

concentration and of the Th concentration, as well as the analysis of the reversibility of the 

process.  

 

5.1 Separation of Th from U 

 

As obvious from the 238U decay scheme (Fig. 46, upper part), 234Th (T1/2= 24.1 d) may 

be prepared by milking natural uranium. The separation of Th is performed in two consecu-

tive steps [78,79]:  

(1): 25 g UO2(NO3)2.6 H2O (p.a, Merck) is brought into the chloride form UO2Cl2 by 

addition of conc. HCl, evaporation to dryness, dissolution in 8 M HCl and applied to a col-

umn (4.4 cm ø, 72 cm length) filled with 750 ml of the anion exchange resin Dowex®1-X8 

(100-200 mesh). Th(IV), unlike U(VI) and Pa(V), does not form anionic chlorocomplexes and 

is eluted with 8 M HCl. The eluate is evaporated, dissolved in conc. HNO3 and H2O2 and 
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evaporated 3 times until all organics are destroyed. The residue is dissolved in 8 M HNO3 for 

the second purification step. 

(2): The hexanitratocomplex of Th is now sorbed on a small column filled with 80 µl 

anion exchange resin Dowex®1-X8. Remaining U and Pa impurities are washed out with 8 M 

HNO3. Th is eluted with 8 M HCl. The eluate is evaporated several times with conc. HNO3 to 

dryness and redissolved in 0.1 M HCl, resulting in about 150 kBq 234Th. A typical elution 

diagram is shown in Fig. 46.   

 

5.2 Incorporation of Th(IV) and Am(III): comparison 

 

Similarly to the foregoing experiments for the estimation of incorporation of Am(III) in 

HAS colloids in statu nascendi, a constant tracer amount of Th, dissolved in acid, is added to 

an acid Al solution in 0.03 mol l-1 HCl and titrated with an alkaline Si solution in 0.03 mol l-1 

NaOH to a preset pH, to give the following end concentrations in six series of mother solu-

tions, each serie including six samples with different pH in the range from 4 to 9: 

 

(1) Only Th: [Th] = 5x10-8 mol l-1 

(2) Th+Al: [Th] = 5x10-8 mol l-1, [Al] = 10-5 mol l-1 (also [Al] = 10-4 mol l-1) 

(3) Th+monosilanol.: [Th] = 5x10-8 mol l-1, [Si] = 10-3 mol l-1 

(4) Th+monosilanol+Al: [Th] = 5x10-8 mol l-1, [Si] = 10-3 mol l-1, [Al] = 10-5 mol l-1 

(5) Th+polysilanol: [Th] = 5x10-8 mol l-1, [Si] = 10-2 mol l-1 

(6) Th+polysilanol+Al: [Th] = 5x10-8 mol l-1, [Si] = 10-2 mol l-1, [Al] = 10-4 mol l-1 

 

The mother solutions (4) and (6) generate HAS colloids on the basis of monosilanol and 

polysilanol, respectively (cf. section 3.4: optimum conditions I and II), whereas the other so-

lutions serve the blank experiments for the purpose of comparing the behaviour of Th with 

and without HAS colloid formation. From each sample, aliquots are taken after different con-

ditioning times from 3 hours up to 35 days, and the partition of Th over the three phases, 

ionic, colloidal and precipitate, is determined. The result for the fraction of Th incorporated in 

the colloidal phase after 35 days of sample conditioning time as a function of pH is illustrated 

in a contour diagram (Fig. 47, left part) and compared with the previous results for the incor-

poration of Am (Fig. 47, right part). As far as Th is concerned, we make the following obser-

vations.  
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Th blank without any addition (1) is not in the colloidal phase but in the precipitate in 

the whole pH region. After addition of either only Al (2) or only monosilanol (3), Th persists 

in the precipitate. The presence of both, Al as well as monosilanol (4) (condition I for colloid 

formation) is necessary to transfer Th from the precipitate into the colloidal phase at neutral 

pH (7 – 9). The shift of the equilibrium Thsoln  Thcoll  Thprec from the right to the left can 

only be explained by the binding of Th to the HAS colloids. Polysilanol without addition of 

Al (5) is also capable to incorporate Th at neutral pH. Polysilanol with addition of Al (6) and 

forming of HAS colloids (condition II for colloid formation) is mostly efficient for transfer-

ring Th into the colloidal fraction in the broad pH region from 4 to 9, with a maximum at pH 

7. The fact that almost 100% of the Th input is found in the colloidal fraction is amazing. If 

we assume that Th behaves just like Si, we would expect that only 1% of Th in the mother 

solution may become colloid-borne Th, since Si/Al concentration ratio in the mother solution 

is 100 and the Si/Al atomic ratio in the colloids is ca 1. The observed result infers that the 

affinity of the Al cation for the Th-oxyhydroxide ligand is at least 100 times higher than for 

the polysilanol ligand.  

The incorporation patterns for Th in the HAS colloids are different depending on 

whether the colloids are generated on the basis of mono- or polysilanol. They reflect corre-

spondingly different incorporation mechanisms. The comparison of the respective incorpora-

tion patterns of Th with those of Am (Fig. 47, right part) further indicates distinct incorpora-

tion pathways for tri- and tetravalent actinides. 

The kinetics for the incorporation of Th and Am into HAS colloids from mono- as 

well as polysilanol  are also compared and the result is given in Fig.48. In the case of HAS-

monosilanol (Fig. 48, lower part), the colloid-borne Th fraction as well as the colloid-borne 

Am fraction decreases with time in the pH region of 6 to 8 or remains constant at pH 9. In the 

case of HAS-polysilanol (Fig. 48, upper part), the colloid-borne Am fraction at pH = 6 - 9 

remains unchanged as a function of time, whereas Th grows into the colloids with time. This 

special behaviour of Th appears to reflect the polymerization kinetics of Si (cf. Figs 27 and 

28). The differences in incorporation kinetics for Th and for Am in HAS from mono- and 

polysilanol are, besides the different incorporation patterns as mentioned above, further indi-

cations of correspondingly distinct incorporation mechanisms. 

 

 

 

 39



5.3 Stability of pseudocolloids of Th 

 

The reversibility of Th incorporation into HAS colloids is tested in  desorption ex-

periments on 2 series of samples resulting from the titration of an acid solution of Th and Al 

with an alkaline solution of monosilanol and polysilanol, respectively. Each series contains 3 

samples, namely at pH 5, 7 and 9, respectively. After a conditioning time of seven days, the 

colloids are separated and washed four times, 3x with a similar but inactive ultrafiltrate and 

1x with bidistilled water, pH 6. The contact time with the wash water is one day for each de-

sorption. The stable colloid-borne Th fraction (%) is evaluated and shown in Fig. 49. It is ob-

vious, that Th has been irreversibly incorporated in the whole pH range. Merely at pH 5, a 

slight desorption can be remarked. The repetition of the experiment for Th desorption after a 

sample conditioning time of 35 days, shows a further stabilization of Th colloidal incorpora-

tion, even at pH 5, with a remaining colloid-borne Th fraction after desorption of 98%. The 

result shows that Th is irreversibly incorporated into both colloids, HAS-poly- as well as 

HAS-monosilanol in the whole investigated pH range. It suggests that colloid-borne Th is 

more stable than colloid-borne Am. The result is in agreement with the previously demon-

strated higher affinity of Th for Al as compared with Si (see section 5.2). It is therefore as-

sumed that Th is isomorphically substituted into the aluminosilicate structure of colloids. 

 

5.4 Capacity of colloids to incorporate Th 

 

The Th concentration incorporable into HAS colloids in statu nascendi, which are gen-

erated from either mono- or polasilanol (cf. section 3.4), is evaluated as a function of Th con-

centration. This is realized by determining the distribution of Th activity (initial activity from 

1.3x10-12 mol l-1 234Th) in the ionic, the colloidal and the solid phase as a function of condi-

tioning time of the titration sample (3 hours – 35 days) for several pH´s (6 – 9) and at each 

pH, for several Th concentrations (7x10-9 mol l-1 - 1x10-3 mol l-1). Blank experiments without 

Si and Al are also included in order to distinguish between Th colloids and colloid-borne Th. 

Fig. 50 shows the Th activity fraction (%) in colloids after 35 days sample conditioning time 

as a function of the Th concentration for different pH´s. We observe the following facts: 

(1) The incorporable amount of Th depends on the formation conditions of HAS col-

loids, namely on the pH as well as on the Si species in the mother solution (mono- or polysi-

lanol).  
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(2) The maximal colloid-borne Th is found at pH 9 for HAS colloids formed from 

polysilanol, a result which is similar to that for the maximal incorporation of Am(Eu) (Fig. 

45). This maximal amount corresponds to about 80 % of 1.6x10-4 mol l-1, i.e. 1.3x10-4 mol l-1 

Th. The amount of Si in colloids with a Si/Al atomic ratio of 1.2 (section 3.5) is 1.2% of the 

Si concentration in the mother solution (1.3x10-2 mol l-1), which is 1.6x10-4 mol l-1 Si. It 

means that about 80% of the Si in HAS is substituted for Th. Four out of five (Si+Th) colloi-

dal atoms are Th. This relation is reversed at pH 6: one out of five (Si+Th) colloidal atoms is 

Th.  

(3) HAS colloids formed from monosilanol have a much lower capacity for incorpo-

rating Th. The maximal incorporated Th incorporation is at pH 9 and  a hundred times lower 

as for HAS from polysilanol. 

(4) At low pH (pH 4), Th starts to generate colloids by itself when its concentration 

depasses 10-5 mol l-1, as obvious from the blank experiment without HAS colloids. A similar 

observation has been made for Am, but at a lower concentration and a broader pH region (cf. 

Fig. 45). The possible generation of  „real“ Th colloids is discussed later (see section 9).        

 

Conclusions of section 5  

 

Tetravalent actinides such as Th(IV) are incorporated into HAS colloids in statu nas-

cendi and undergo thereby oxo-bridging into the structural position of Si(IV). The growing of 

Th in colloids with time reflects the polymerization kinetics of Si and is therefore promoted in 

presence of Al, at increased pH and at increased Si concentration (more Th incorporation in 

HAS-polysilanol than in HAS-monosilanol). The fraction of Th migrating from the mother 

solution into the colloids is a hundred times higher than that of Si, namely 100% and 1%, 

respectively. The observed facts indicate that the affinity of anionic ligands for trivalent 

cations is in the order:  

 

Th-oxyhydroxide > polysilanol > monosilanol > OH. 

 

The generated pseudocolloids of Th are extremely stable as a function of time as well 

as highly resistent against desorption with inactive medium (irreversible Th-colloid bindings) 

or bidistilled water at pH 6.  
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The maximum capacity of HAS colloids to incorporate Th is given for HAS colloids 

formed  out of polysilanol at neutral pH (6 – 9) after a conditioning time of several days,  and 

correspond almosts to the Al concentration in the mother solution which also determines the 

Si concentration in the colloids (Si/Al = ca. 1). In that case about 80% of Si in colloids is sub-

tituted by Th. 

The different incorporation patterns as well as kinetics of Th, depending on whether 

HAS colloids are built from mono- or polysilanol, reflect correspondingly distinct incorpora-

tion mechanisms. The incorporation processes of Th into HAS colloids in statu nascendi also 

differ from those of Am as far as pH dependency, kinetics, quantity as well stability are con-

cerned. The general tendency is that, unlike colloid-borne Am, colloid-borne Th enhances the 

overall HAS colloid stability.     

At low pH (4) and at high concentration (≥ 10-5 mol l-1) Th becomes  colloidal without 

the aid of HAS colloids. The corresponding mechanism will be discussed later and is still un-

der investigation. 

 

6 Simultaneous interaction of tri- and tetravalent actinides with aluminosilicate 

colloids in statu nascendi 

 

So far we have learned that tri- and tetravalent actinides substitute for Al(III) and 

Si(IV), respectively, in stable HAS colloids at the moment of their formation through hetero-

geneous nucleation. In the real situation, actinides (or other elements) of different oxidation 

state might occur simultaneously and we want to know what do actinides decide in such a 

situation. Do they still behave independently or does an eventual mutual interaction provides 

them with a new incorporation character? An answer to that question is aimed in the follow-

ing investigation.  

 

6.1 Incorporation of the (Am(III)+Th(IV)) mixture 

 

Trace amounts of Am and Th, each at a concentration of 5x10-8 mol l-1 , are together 

integrated into  the HAS colloid generation process, and their behaviour of incorporation into 

colloids is first observed radiometrically. Therefore, an acid solution of Am+Th+Al is titrated 

with Si in base to a preset pH in the range of 4 – 9 under the optimum colloid formation con-

ditions I (monosilanol species) as well as conditions II (polysilanol, prevailing from pH 6) to 
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give „mixed“ samples. After different time intervals, from 3 hours up to 35 days, filtration 

and ultrafiltration procedures are applied on the samples, and the respective distributions of 

Am and Th activities between solution, colloids and precipitate are determined. Figs. 51 and 

52 show the distribution of Th (left part of the figs) and of Am (right part) in the three phases 

of 35 days old samples from condition I (HAS-monosilanol) and II (HAS-polysilanol) as a 

function of pH, respectively. In each figure, the results for the mixed samples containing both 

Th and Am (Fig. 52, lower part) are compared with previous results for the corresponding 

separate samples with either only Th or only Am (Fig. 52, upper part).  It is obvious, that the 

originally distinct patterns for the separate incorporation of Th and Am (upper part of Figs. 51 

and 52) become more similar to one another if colloids are generated in the presence of a 

Th+Am mixture (lower part of Figs. 51 and 52). This characteristic is mostly pronounced in 

the neutral pH range 6 – 9. In this pH region, a general decrease of activity (Am or Th) in the 

colloidal fraction is found for the mixed samples. In the low pH region 4 to 6, however, an 

increased activity (Th or Am) is observed in the presence of HAS-polysilanol (Fig. 52, lower 

part) in comparison with the separately incorporated Th and Am (Fig. 52, upper part).  

In the special case of HAS-polysilanol (Fig. 52) formed at pH 9, we also observe that 

Th as well as Am are partly driven from the colloidal phase (separate samples) (Fig. 52, upper 

part) to the solution (mixed samples) (Fig. 52, lower part) only through the fact that the acti-

nide of the different oxidation state is also present.  

  

Th(Am)solution  Th(Am)colloid  Th(Am)precipitation 

 

 

The shift of the equilibrium from the right to the left means that the polymerization of 

Th is inhibited by Am and vice versa. It also indicates that Th and Am become not only 

bound to HAS colloids but also to one another. This findings clamour for speciation of Cm in 

the presence of Th by TRLFS.   

      

6.2 Speciation of colloid-borne Cm in presence of Th by TRLFS 

 

TRLFS spectra of Cm, without and with the presence of Th, are recorded at the 

abovementioned titrations for the generation of HAS-monosilanol and HAS-polysilanol. The 

result is illustrated in Fig. 53. Spectra shift due to Th are observed (compare in Fig. 53 the 
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upper part (Cm) with the lower part (Cm+Th)) in both cases, at generation of HAS-

monosilanol as well as at the formation of HAS-polysilanol (compare left and right part of 

Fig. 53) and reflect an interaction of Th with Cm. 

Peak deconvolution of a composite spectrum as illustrated by Fig. 54 clarifies the ap-

pearance of different Cm species. In the presence of Th and HAS-monosilanol (lower part, 

left), three Cm species, the free Cm3+ aquo-ion (emission peak at 593.8 nm) and two colloid-

borne Cm-species, named as Cm-Th(I) at 598,0 nm and Cm-Th(II) at 603,6 nm are identified. 

Exactly the same species are found if, instead of monosilanol, polysilanol is used for colloid 

generation (lower part, right). The result is in clear contrast to the behaviour of Cm without 

the presence of Th (upper part), which also shows the species at 593.8 nm and 598.5 nm, 

namely the Cm3+ aquo-ion and the Cm-HAS(I) but two further different colloid-borne Cm-

species, one at 601.8 nm, named Cm-HAS(II), and another at 606.8 nm, unique for HAS-

polysilanol and corresponding to the completely incorporated Cm species, namely Cm-

HAS(III).  

The fraction of each Cm species as a function of pH, as shown in Fig. 55, indicates 

roughly similar incorporation patterns for Cm with or without Th after replacing Cm-Th(II) 

either by Cm-HAS(II) or by Cm-HAS(III) depending on the original Si species at HAS for-

mation.  

A further characterization of Cm-Th(I) and Cm-Th(II) is made by the measurement of 

the fluoresence relaxation time which can be related with the number of Cm coordinated wa-

ter molecules. Cm-Th(I) and Cm-Th(II) have a relaxation time of 134.0±1.8 µs and 342.9±8.6 

µs (mean values for HAS-monosilanol- and HAS-polysilanol colloid-borne Cm) respectively, 

which correspond to four and one or no water molecules remaining in the coordination sphere 

of Cm. 

Table 2 gives an overview of the characteristics of the different Cm-species. There-

from we conclude that the affinity of Cm(III) for Th(IV) is higher than for mono- or even 

polysilanol. It infers a binding of Cm to Th and corroborates the above outlined results from 

radiometric measurements (see section 6.2). We postulate that a complexed form of Cm and 

Th is conucleating with Si and Al at colloid formation. The Cm-Th complex has a complex or 

„mixed“ behaviour at its interaction with HAS colloids in statu nascendi. The ambivalent be-

haviour of Cm+Th seems to resemble more that of Am at low pH from 4 to 6 and that of Th at 

neutral pH from 6 to 9. In the latter case, Cm is incorporated indirectly into the colloids via its 
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strong binding with Th and becomes more stably incorporated into colloids, in line with the 

stronger binding of Al with Th as compared with Si (cf. section 5.3).    

 

6.3 Stability of pseudocolloids of (Am+Th) 

 

The fact that the simultaneous interaction of Th and Am with HAS colloids in statu 

nascendi leads on the one side to a general somewhat lower quantity of incorporated activity 

in the colloidal fraction (cf. section 6.1), but on the other side to a stronger binding of Cm to 

the colloids (cf. section 6.2), encourages us to test the stability of the corresponding pseu-

docolloids of (Th+Am) by means of desorption experiments. The pseudocolloids are therefore 

generated at pH 5, 7 and 9 on the basis of mono- and polysilanol, conditioned in their mother 

solution for 7 days, and separated by ultrafiltration. The desorption consists of four washing 

procedures, three of them restore the original samples through addition of separately prepared 

inactive ultrafiltrates of the same composition as well as pH, and one uses bidistilled water at 

pH 6. The contact time with each wash-water is 1 day. The activity fraction remained in col-

loids after desorption and related to the originally incorporated fraction is evaluated. The re-

sult is shown in Figs. 56 and 57 for pseudocolloids from HAS-monosilanol and HAS-

polysilanol, respectively, and compares the stable colloid-borne activity fraction (%) of Am 

(upper part) and of Th (lower part) in the separate samples (only Am or only Th) with that in 

the mixed sample (Am+Th). The conclusion of irreversible binding of Th as well as Am to 

HAS colloids remains valid, independently of their separate or simultaneous incorporation. 

 

Conclusions of section 6 

 

 Tri- and tetravalent actinides such as Am(Cm) and Th, participating simultaneously in 

the HAS colloid generation, either on the basis of mono- or polysilanol, show a „mixed“ be-

haviour of incorporation into the colloids. The underlying reason is the high affinity of Th for 

Cm, in line with its high affinity for Al. This characteristic is indirectly visible from the activ-

ity distribution in the 3 phases, ionic, colloids and precipitate, and directly proven by com-

paring the TRLFS speciation of Cm without and in the presence of Th at incorporation in 

HAS colloids in statu nascendi. Differences in incorporation patterns as well as in type and 

number of Cm species, as previously observed at the conucleation of Cm (without Th), Al and 

either mono- or polysilanol, are cancelled out if Cm is accompanied with Th. In the case of 
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(Cm+Th), only two Th-borne Cm species, namely Cm-Th(I) at 590 nm and Cm-Th(II) at 603.6 

nm, with fluorescence life times of 134.0 µs and 342.9 µs, corresponding to four and no wa-

ters in the coordination sphere of Cm, respectively, are identified for both, HAS-mono- as 

well as HAS-polysilanol. The interaction behaviour of the Cm-Th complexes with HAS col-

loids resembles more that of Cm(Am) at low pH from 4 to 6 and more that of Th at neutral pH 

from 6 to 9.  

The stability of the generated pseudocolloids against desorption with inactive medium 

remains, notwithstanding Cm-Th complex formation and altered incorporation mechanism, 

almost unchanged. Consequently, the statement of irreversible Am(Cm)- and Th- colloid bind-

ings remains valid, also in the case of their simultaneous incorporation.  

 

7 Behaviour of aged aluminosilicate colloids in presence of tri- or tetravalent acti-

nides 

 

The interaction of actinides with aluminosilicate colloids in statu nascendi has been 

used to simulate the formation of pseudocolloids through conucleation. An appropriate model 

to study the generation of pseudocolloids by the alternative way of actinide sorption to col-

loids may be the use of aged aluminosilicate colloids. Fig. 58 illustrates the corresponding 

experimental pathways.   

 

7.1 Influence of colloid age on incorporation of Am and Th 

 

HAS colloids are synthesized through conucleation of Si and Al on the basis of mono- 

as well as polysilanol under the optimum conditions I and II (see section 4.3) at six different 

pH´s from 4 to 9. After different sample conditioning or colloid aging times, namely 1, 7 and 

24 days, each co-nucleation sample is spiked either with Am or with Th to achieve a final 

concentration of 5x10-8 mol l-1. After activity contact time from 3 hours up to 35 days, the Am 

or Th fraction incorporated in colloids is determined. Fig. 59 illustrates the result of the incor-

poration of either Am (left part) or Th (right part) into the HAS-monosilanol (upper part) as 

well as HAS-polysilanol colloids (lower part) of different age after an activity contact time of 

35 days and includes the corresponding results for HAS colloids in statu nascendi for the pur-

pose of comparison. Aged colloids (e.g. from 7 days) are not tied up to bind Am, but the af-

 46



finity for Th is unchanged or even higher, suggesting a displacement mechanism of Si in 

HAS.  

The influence of the activity contact time on sorption into the colloids is further ana-

lyzed by comparing the status after 3 hours with that after 35 days (Fig. 60). Fig. 60 shows the 

result for Am and Fig. 61 the result for Th. As far as Am is concerned, we observe that aged 

HAS-monosilanol colloids (Fig. 60, upper part) loose their sorption capacity for Am from the 

very beginning, e.g. already after 7 days aging and 3 h activity contact time, whereas 7 days 

aged HAS-polysilanol colloids (Fig. 60, lower part) initially sorb Am, desorbing it again with 

time. As far as Th is concerned (Fig. 61), different sorption patterns as well as kinetics for Th 

sorption into HAS-mono- and HAS-polysilanol (compare upper and lower part of Fig. 61) 

reflect correspondingly different sorption mechanisms. In the case of HAS-monosilanol (Fig. 

61, upper part), the Th incorporation mechanisms either through sorption or condensation 

(compare aged HAS with HAS in statu nascendi) are very similar. Aged HAS-polysilanol 

colloids, however, (Fig. 61, lower part) sorb Th much faster than HAS-polysilanol colloids in 

statu nascendi, which may be related with the omitted waiting time of colloid formation.   

 

7.2 Influence of colloid age on stability of pseudocolloids of Am(Th) 

 

Activity desorption with inactive medium 

 

The pseudocolloids of Am and Th, which have been generated from 27 days aged 

HAS-polysilanol colloids at pH 5, 7 and 9 after a contact with activity during ≥35 days, are 

subjected to a desorption procedure consisting of three one-day-equilibrations with ultrafil-

trate from duplicate but inactive samples. The stable colloid-borne activity fractions (%) are 

evaluated and the result is shown for Am and Th in Fig. 62b and Fig. 62c, respectively. Obvi-

ously, a small amount of incorporated Am fraction as well as the almost quantitatively incor-

porated Th fraction (cf. Fig. 59) are irreversibly bound. An exception is the association of Am 

at pH 5, which is a completely desorbed. Less aged pseudocolloids of Am at pH 5, e.g. 7 days 

old at the moment of contact with activity, keep still a 65% of the incorporated Am after de-

sorption (Fig. 62a). We assume that some Am which is irreversibly bound in aged colloids is 

nothing but a reflection of a non completed colloid formation. The irreversible incorporation 

of Th, however, is not dependent on conuleation. The high affinity of Th for Al immediately 

displaces Si out of the HAS colloids and causes the most stable incorporation at all pH.  
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Activity desorption with EDTA 

 

The stability of Th sorption into aged colloids is further tested with the aid of EDTA. 

Desorption experiment is performed as follows. Al is condensed with monosilanol as well 

with polysilanol (conditions I and II) at pH 5, 7 and 9 for colloid formation and the samples 

are conditioned for 27 days. Th is than introduced to make a final concentration of 4.8x10-8 

mol l-1. After a contact time with Th of 35 days, aliquots of each sample are taken to evaluate 

the incorporated Th activity fraction related to the input Th activity, and EDTA is added to an 

end concentration of 1x10-4 mol l-1. After different contact times with EDTA, the remained or 

„EDTA-stable“ activity fraction as compared with the initially incorporated Th fraction is 

determined. Fig. 63 shows the result of the Th desorption kinetics from aged pseudocolloids 

with EDTA. Th sorbed to either aged HAS-mono- or HAS-polysilanol colloids shows fast 

EDTA desorption kinetics at pH 5 within the first three days. However, a ≥ 20% fraction of 

incorporated Th remains even after 30 days contact time with EDTA. At neutral pH (7-9), Th 

sorbed to HAS-polysilanol colloids (Fig. 63, lower part) cannot be displaced by EDTA, in 

contrast to Th associated with HAS-monosilanol colloids (Fig. 63, upper part), which is at 

least partially (a 50%) desorbable within a few days of contact time with EDTA. This and 

other experiments with competitive ligands for the better comprehension of the formation of 

different colloid-borne Th species, leading to distinct overall stabilities of the pseudocolloids 

of Th, are still in progress. 

 

Conclusions of section 7 

 

Tri- and tetravalent actinides, e.g. Am and Th, are incorporated into HAS colloids, not 

only at the moment of colloid generation through conucleation, but also through sorption on 

aged colloids as they may exist in the aquifer system either from condensation or dispersion. 

The sorption of Am is small and merely the result of a still proceeding colloid formation un-

der the given experimental colloid aging times (≤ 27 days). The sorption of Th into HAS col-

loids, however, is almost independent of the colloid age. The underlying reason is the exis-

tence of different incorporation pathways for Th. If present at the moment of colloid forma-

tion, Th follows the conucleating behaviour of either mono- or polysilanol with Al. Later, Th 

interacts with preformed HAS colloids by displacing Si in a very fast sorption process. Th 

sorption is mosty pronounced for colloids, formed from polysilanol, reflecting the stronger 
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affinity of the Th-oxyhydroxide anionic ligand for the Al3+ cation, a characteristic which has 

been observed from a number of other experiments as described in previous sections. 

 The corresponding pseudocolloids of Th are extremely stable against desorption with 

inactive medium, and the Th-(aged HAS colloid)-bindings are called irreversible. Their de-

creasing stability against desorption with EDTA with decreasing pH, e.g. from 100% and 

50% at neutral pH (7-9) for HAS generated from poly- and monosilanol, respectively, to a 

20% at pH 5 for both HAS after 35 days EDTA contact time, reflects the existence of several 

colloid-borne Th species. Isomorphic substitution of Th for Si through sorption on aged HAS-

polysilanol colloids at neutral pH is ascertained.    

 

8.    Tri- and tetravalent actinides: tracers for the aluminosilicate colloid generation  

 

In the previous considerations, actinides have been the main subject of interest. Colloids 

have been seen as vehicles, which may bind actinides irreversibly and transport them without 

hindrance in the geosphere. Now we turn our interest to the colloids and consider the irre-

versibly bound actinides, Am(III) and Th(IV) as tracers for Al(III) and Si(IV), respectively, in 

order to better understand the process of aluminosilicate colloid formation. 

 

8.1    Colloid and pseudocolloid generation mechanisms  

 

HAS-monosilanol colloids 

 

In recent publications, Doucet et al.[54,55] describe two types of HAS, formed from 

undersaturated Si in acidic solutions at pH = 6 and differentiated by NMR spectroscopy, and 

visualize their structures by AFM. One is rectangular with 25 nm length and another has a 

discoid shape with 18 nm diameter. They correlate the different structures as well as distinct 

Si/Al ratios in HAS, namely 0.5 and 1.0, with different Si/Al concentratio ratios in the mother 

solutions, and postulate a reaction mechanism for the formation of HAS via the competitive 

condensation of silicic acid Si(OH)4 at a hydroxylaluminum template. Our findings, e.g. HAS 

colloids with a Si/Al atomic ratio of 0.7 (cf. section 3.5), are in good agreement with the men-

tioned concept for HAS formation. Therefore, we propose a similar reaction mechanism, 

which has been adapted to our experimental conditions for HAS colloid generation by titra-

tion of Al dissolved in acid with Si dissolved in base to beyond acid (pH = 4 – 9), and which 
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selects such HAS colloids capable to incorporate trivalent actinides. Fig. 64 illustrates the 

template formation [54,55]: If Al is in excess, Al hydrolyzes, dimerizes and builds a hydroxy-

alumino template. Si(OH)4 condensates at the preformed template under formation of a hy-

droxy-aluminosilicate (Si/Al ratio = 0.5). If Si is in excess, HAS(I) acts as a template for fur-

ther reactions with Si(OH)4 and forms HAS(II) with Si/Al = 1. In HAS(II), 50% of the Al has 

changed from the octahedral to the tetrahedral geometry. This kind of nucleation has to build 

up a surface on ist own, starting from a dimeric Al template. Fig. 65 illustrates the mentioned 

self catalyzing reaction, less efficient to incorporate trivalent actinides (An(III)) as compared 

with Al, allowing only bidentate and tridendate bindings to the colloids.  

 

HAS-polysilanol colloids 

 

The aluminosilicate colloids, which have been synthesized from HAS-polysilanol and 

from HAS-monosilanol are quite similar, e.g. both, formed out of mother solutions with a 

Si/Al concentration ratio of 100 have a Si/Al atomic ratio of about one (cf. section 3.5). Their 

completely different behaviour at the interaction with actinides, however, e.g. different incor-

porations patterns as well as incorporation kinetics for Am and Th, different colloid-borne Cm 

species as identified by TRLFS, different stability characteristics, clearly reveal distinct reac-

tion mechanisms for the HAS-monosilanol and the HAS-polysilanol colloid generation. We 

propose an inner surface complexation model for the formation of HAS-polysilanol colloids, 

which takes into account the high affinity of polysilanol for the Al3+ cation [56], allows for 

isomorphic substitution of Cm for Al in the colloidal aluminosilicate structure as well as for 

the growth of Th into the colloids with time. Fig. 66 shows the consecutive steps: (1) the re-

placement of coordination water of Al (or Cm) by Si-polysilanol-anions; (2) the strong Al-

binding weakens the Si-O-binding; (3) a product with an Si/Al ratio = 1 is splitt off. Th can 

either copolymerize with Si and form poly-Si(Th)- anions (Fig. 67) or displace Si in the HAS 

product, depending on wether the interaction of Th with Si and Al is simultaneous or a poste-

riori.     

 

8.2   Role of Si and Al in colloid formation 

 

The suggestion of Exley et al. [80,81] that the mechanim of HAS formation at low pH 

involves the poisoning of aluminium hydroxyde polymerization by silicic acid, bases on an 
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older mechanistically proposal of Birchall [82] to describe the retardation of ordinary portland 

cement (calcium hydroxide lattice) by sugars. The applicative know-how is even older and 

dates back to the construction of the chinese wall and the use of rice water as an additive in 

the mortel. Inspired by such points of view, we postulate that the HAS colloid formation as 

we observed at neutral pH (≥ 7) results from the reverse effect, namely the inhibitory effect of 

small amounts of Al on the polymerization of Si, which is present in the mother solution in a 

hundredfold Al-concentration. Fig. 68 visualizes the conception. Elements with high oxida-

tion state such as Si(IV) neutralize their positive charge by surrounding themselves to a 

maximum extend with oxygens in the processes of hydration, hydrolysis and polymerization. 

Precipitation is the inevitable consequence. In the presence of Al, an isomorphic substitution 

of Al for Si takes place. Negative charges are induced into the forming silicate structure. The 

mutual repulsion between HAS particles hinders a further aggregation, the process which cor-

responds to an extremely retarded polymerization of Si through the binding of Al. We may 

say that an Al-controlled polymerization of Si enables kinetically the thermodynamically un-

favourable colloidal state. Such a stabilization of the colloidal state has been formulated in 

theoretical terms by the DLVO theory (see section 2.1).  The Al effect is de facto a shift of the 

equilibrium Sisolution  Sicolloids  Siprecipitate from the right to the left.  

To test the hypothesis, the effect of Al is analyzed under our experimental working 

conditions for aluminosilicate colloid formation, e.g. the behaviour of a 2.5 times over-

saturated Si solution (5x10-3 mol l-1) (100%) at pH 7 in presence of 100% Al (5x10-3 M) and 

1% Al (5x10-5 M) at depolymerization and polymerization, respectively. The experimental 

approaches as shown in Fig. 26 and molybdenum-tests for the quantification of mono- and 

polysilanol are used.  The result is illustrated in Fig. 69 and shows that addition of minute 

amounts of Al (1% of Si) enhance at first the polymerization rate of Si but shift the equilib-

rium between mono- and polysilanol in favour of monosilanol (∆ = 10%). The fact corrobo-

rates the hypothesis of the inhibitory effect of the Al binding on the polymerization of Si. Fig. 

69 further demonstrates the instantaneous reaction of Al with polysilanol, both present in 

equal concentration, and the complete inhibition of the depolymerization of Si through alumi-

nosilicate formation. The findings not only infer the formation of the aluminosilicate binding, 

but they also confirm that the chemical affinity of the Al3+ ion towards complexation is pref-

erentially marked with polysilanol [23,56].  

The Al effect is further pursued radiochemically from Am as illustrated by Fig. 70. To 

a constant concentration of dissolved Si (1.3x10-3 M) in base, increasing concentrations of Al 
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dissolved in acid are given and the bebaviour of Am, added as a tracer, is observed. At pH 5 

and low Al-concentration, Am is in the precipitate. Through addition of more and more Al, 

Am migrates from the precipitate into the colloids and even to the solution. The same happens 

at pH 8: at increasing the Al concentration, Am is transferred from the precipitate to the col-

loids, and than returns to the precipitate. The explanation: The equilibrium Am(Al)solution  

Am(Al)colloids  Am(Al)precipitate is shifted to the left through binding of Am(Al) with Si and 

indirectly through the inhibition of the polymerization of Si by Al. Once Si is saturated with 

Al, the overlapping hydrophobic effect of excess, non-binding Al drives the colloidal HAS 

including the colloid-borne Am into precipitate. In theoretical terms, the process is called the 

„colloid destabilization by decrease of the thickness of colloidal electric double layer through 

increase of the ionic strength of solution“ (see section 2.1). The experiment nicely shows the 

dual character of Al, either inhibitor of the polymerization of Si or activator of the agglomera-

tion of HAS colloids, and demonstrates why colloids are built only under well-tuned parame-

ter conditions, which we have called „optimum“ conditions. In nature, such conditions are 

obviously not the exception but the underlying rule; otherwise we would not find colloids in 

all groundwater.  

 

Conclusions of section 8 

 

The high oxidation state of Si(IV) induces polymerization. Doping the Si(IV) mother 

solution with Al(III) programms the end of polymerization at colloidal size. Stabilization of 

the colloidal state is due to isomorphic substitution of Si for Al, inducing thereby negative 

charges into the silica structure. Repulsion of the negatively charged particles and an extreme 

retardation of the Si polymerization is the consequence. 

Two different mechanisms for colloid formation are postulated on the basis of the in-

teraction of tri- and tetravalent actinides with HAS colloids in statu nascendi. One model 

starts from monosilanol condensing with Al in a self catalyzing template mechanism, which is 

not very efficient to bind tri- or tetravalent actinides. The other is an inner surface complexa-

tion model which starts from a preformed and very effective polysilanol surface for catalyzing 

the conucleation of Si and Al and proceeds under expulsion of the HAS product. In such a 

process, tri- and tetravalent actinides easily substitute isomorphically for Al and Si, respec-

tively.  
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9       Actinide analogs of aluminosilicate colloids 

 

The controlled polymerization of Si to the colloidal size through binding with Al is 

understood as a play of elements with high and different oxidation state and the induction of 

charge. The question whether such a mechanism is unique for Si and Al or generally valid,  

for example also for tri-and tetravalent actinides, motivates us to search for colloid formation 

at the  coprecipitation of Th and Am.   

 

9.1       Parameter screening for colloid formation of Th and Am 

 

Solubility data for amorphous (am) Th(OH)4 [83] and Am(OH)3 [66] as a function of 

pH are given in Fig. 71, lower and upper part, respectively. Oversaturation with colloid for-

mation within the pH range from 4 to 9 might be expected in a rather broad concentration 

range of about 10-9 to 10-6 mol l-1 for Th and 10-9 and 10-7 mol l-1 for Am. A screening ex-

periment to ascertain conditions for colloid formation is conducted for a corresponding vari-

ety of the initial Th and Am concentrations  and their different ratios (from 0.1 to 6.5). Each 

coprecipitation sample is prepared by titrating an acid solution of Th and Am in 3x 10-2 mol l-

1 HCl with 3x 10-2 mol l-1 NaOH (suprapur, Merck) to a preset pH. After different condition-

ing times, the distribution of Th as well as of Am in the three phases (ionic, colloids and pre-

cipitate) is determined. Blanks with only Th or only Am are also made for the purpose of 

comparison.  

Figs. 72-75 show the result for 4 levels of Th concentration, i.e. at 1x10-9, 7.0x10-9, 

4.6x10-8, 3.2x10-7 mol l-1, each of them combined with Am to cover the above indicated 

screening area, as well as for the corresponding separate samples (only Am or only Th). The 

figures represent the activity fraction (%) in the colloidal phase after 3 hours conditioning 

time for the mixed and the separate samples of Th and Am, as a function of the pH. Under all 

analyzed conditions, the changing behaviour of „only Th“ as well as „only Am“ when ac-

companied by Am (measurement of Th in (Th+Am) sample) or Th (measurement of Am in 

(Th+Am) sample), respectively, is striking. Especially at pH = 6 – 9, Th starts to behave like 

Am and vice versa. What more is, Th as well as Am, are transferred from the precipitate to 

the colloidal state, only through mutual interaction. This is a clear indication for the binding 

of Th with Am, which will be verified with TRLFS (see next section 9.2). It is also the ex-

pression of the mutual inhibitory effect on their polymerization. The patterns for incorpora-
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tion into the colloidal phase for the mixed and single samples of Th and Am are also different 

in the acidic region pH = 4 to 6. In this region, Am is well soluble and Th shows a sharp solu-

bility decrease (see Fig. 71).  It is therefore amazing to find some Th and even Am in the col-

loidal phase of the separate samples. The effect might be partly due to „impurities“ in the 

samples. Ubiquitous elements like Si may be present in concentrations, which are comparable 

to the solubility concentrations of actinides, and therefore not negligible. However, the com-

parison of the behaviour of Am and Th, separately, with that of the (Am+Th)-mixture under 

the exactly same conditions is still allowed and can give useful information.  

Fig. 76 summarizes the results given in Figs. 72-75 without the blanks and shows the 

activity in the colloidal fraction (%) after 3 hours (Fig. 76, left part) and after 35 days (Fig. 

76, right part) in order to allow a better comparison of colloid formation, not only at different 

concentration levels and ratios, but also after an increased sample conditioning time. The 

view of activity incorporation into the colloidal phase after 3 hours (Fig. 76, left part) clearly 

shows the similar behaviour of Th and Am in the mixed samples at neutral pH at all concen-

tration levels of Th. At pH = 4 – 6, however, Th and Am behave differently. At increasing 

concentration, Th is oscillating between the colloidal phase and the precipitate, whereas Am 

is oscillating between the colloidal phase and the solution. The view of activity in colloids 

after 35 days (Fig. 76, right part) reveals that the colloids, which have been generated at neu-

tral pH at relatively high concentrations of Th and Am as compared with their solubilty con-

centrations are quite unstable as a function of time. The fact may be due to the lower induced 

polarization by substituting Th(IV) for Am(III) as compared with Si(IV) substitution for 

Al(III), or reverse. Another reason for the low colloid stability may be related with the con-

centration levels of actinides we have used: too high to form stable colloids, but too low as 

compared with system impurities, which interactions become visible now.  

In the region of higher solubility of Th and Am, namely at pH = 4 - 5, we observe an 

interesting colloid stabilization with time. Let us take the example of the sample with Th at 

10-7.3 mol l-1 and Am at 10-8.1 mol l-1 (ratio Th/Am = 6.122) at pH = 4. Colloid stabilization 

(compare corresponding left and right parts of Fig. 76) is expressed not only by an increased 

activity in the colloidal fraction with time but also by a synchronization of the polymerization 

of Am and Th as expressed by a pH shift for the maximal Am-activity after 35 days. Fig.77 

illustrates the corresponding kinetics and illustrates the partition of the activity in the three 

phases (soln / coll. / prec.). The upper part of Fig. 77 shows the behaviour of the separate Th 

and Am samples (Th at the left and Am at the right part of Fig. 77). Th is fully precipitated at 
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all times. Am is dissolved at 60% but becomes 60% colloidal with time. The middle part of 

Fig. 77 gives the kinetic behaviour of Th and Am in the mixed sample and shows that Th is 

transferred from the precipitate to the colloidal phase and even to the solution only through 

mixing (binding) with Am. The effect of mixing Th with Am is the partial inhibition of po-

lymerization (precipitation) of Am in favour of Am in colloids Am and in solution. After 

some days, the polymerization kinetics of Th and Am become synchronized, both with a 60% 

in the colloidal phase. After 89 days we calculate a colloidal Th/Am atomic ratio = 7.88, re-

flecting almost the Th/Am concentration ratio in the mother solution, which is 6.12.  

The possibility to achieve a better colloid stabilization by substituting tri- or tetrava-

lent cations for divalent cations in order to increase the induced polarization is further ana-

lyzed. Therefore Mg is added in a concentration of 10-2 mol l-1 to the mixed (Th+Am) sample 

(Fig. 77, middle part) at pH = 4 with Th at 10-7.3 mol l-1 and Am at 10-8.1 mol l-1. The Mg-

effect is shown in the lower part of Fig. 77. The equilibrium of Th in the mixture is shifted in 

favour of the precipitate. Only 20% instead of 60% of the original Th remains colloidal, but 

very stable with time. Am is colloidal at about 60% and shows a synchronized behaviour with 

Th from the very beginning. The colloids have now an atomic Th/Am ratio, e.g. after 111 

days of 2.17, instead of 7.88 for the analog sample without Mg. The experiment clearly dem-

onstrates that the colloid composition and the related colloid stability can be directed by diva-

lent cations in the medium. This interesting effect will be further analyzed.   

 

9.2       Interaction of Th with Cm analyzed by TRLFS 

 

  From the previous radiometric experiments coupled with ultrafiltration, we have found 

conditions where Th and Am conucleate, and by doing so, stabilize actinides into the colloidal 

state. We now want to verify spectroscopically the interaction of Cm with Th with the aid of 

TRLFS, directly at the titration of an acid solution (3.5x10-7 mol l-1 Th and 5x10-8 mol l-1 Cm 

in 0.03 mol l-1 HCl) with 0.03 M NaOH (suprapure, Merck). The fluoresence spectra in the 

course of the titration are shown in Fig. 78 (upper part) and the deconvoluted spectra in Fig. 

78 (middle part). Two Th-borne Cm species are observed, namely Cm-Th(I) and Cm-Th(II) 

with  emission peaks at 598.0 nm and 604.8 nm, respectively. The fluorescence life times are 

also measured to ascertain the number of hydration waters molecules bound to Cm. Cm-Th(I) 

and Cm-Th(II) have a relaxation time of 135.5 µs and 331.0 µs, corresponding to 3.9 and 1.1 

remaining water molecules of Cm, respectively. The pentadentate binding for the Cm-Th(I) 
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species and the complete incorporation of Cm into the structure of Th for the Cm-Th(II) spe-

cies are thereby ascertained. Overall speciation results are summarized in Fig. 78 (lower part) 

for the free Cm ion as well as the Th bound Cm species as a function of pH. The Cm3+-aquo-

ion is predominating in the low pH region from 1 to 4. At the same time the Cm-Th(I) species 

is built to a maximum of 25% at pH = 5 – 6. The incorporated species Cm-Th(II) emerges 

from pH 4 and increases its fraction sharply at pH 6 to more than 95% in the pH region from 

6 to 9. The colloid-borne Cm species, as identified by TRLFS, correspond to the optimum 

regions for colloid formation, as identified in the screening experiment (cf. Fig. 76), which 

corroborates spectroscopically the indications from radiometric measurements (section 9.1) 

that „americiothoronate“ colloids are generated. We also remark that Cm-Th(I) and Cm-

Th(II) without HAS are very similar, although not completely same, as compared to the Cm-

Th(I) and Cm-Th(II) which are found in presence of HAS (see section 6.2, Table 2).  

The question whether the americiothoronate binding is a conditio sine qua non for col-

loid formation is still open. We expect more information from the analysis of actinide colloid 

formation with LIBD, as described in the following. 

 

9.3       Interaction of Th with Eu traced by LIBD 

 

In a similar titration experiment as performed for the TRLFS measurement, we trace 

colloid formation directly at the titration of 6.5x10-7 mol l-1 Th with 1x10-7 mol l-1 Eu in the 

pH range of 1 to 10. Eu is used as inactive substitute for Am(Cm). We compare the break-

down probability as a function of pH for four samples: (1) blank without Th and Am; (2) Eu 

only; (3) Th only; (4) mixture of Th+Eu. Fig. 79 shows the result. The relatively high back-

ground at pH ≥ 6 resulting even from suprapure chemicals or from leaching of the vessel 

walls of the LIBD instrumentation limits the observation window to the low pH region. How-

ever, the result is clear. At pH = 4 – 5, the generation of colloids by mixing Th and Eu, clearly 

surpasses a certain colloid formation in the separate Th and Eu samples and corroborates the 

previous findings of colloid generation through polarization at heterogeneous nucleation (po-

lymerization) of elements with different oxidation state and therefore with different rates of 

polymerization (see section 8.2). Comparing the present result with the result of radiometric 

measurement as shown in Fig. 7 and Fig. 77, we may even assume that the europiothoronate 

colloids as detected by LIBD are similar to the americiothoronate colloids formed at pH 4 

after 3 hours with a Th/Am activity fraction ratio of 59.4% / 6.4%, multiplied with the Th/Am 
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concentration ratio in the original solution, namely 6.12, giving the atomic Th/Am ratio in 

colloids: (Th/Am)colloids = 57. Investigations on this subject are currently pursued. The impor-

tant result leads to a new view of actinide colloids and also to a new definition of „real col-

loids“, which might quite different from what we have been used to in the past.  

 

Conclusions of section 9 

 

Americio- and europiothoronate colloids have been synthesized in analogy with alu-

minosilicate colloids. The colloid generation is explained as a controlled polymerization of 

actinides of one oxidation state through conucleation with actinides of different oxidation 

state. The control consists of the retardation of polymerization through mutual binding, as 

confirmed by TRLFS, and the stabilization of the colloidal state, as shown by LIBD, through 

polarization of the particles. The hypothesis that one element, present in a single oxidation 

state, cannot build „real colloids“ of actinides will be further verified. 

 The Th/Am atomic ratio in the americiothoronate colloids is, in contrast to that in 

HAS colloids, the same as the Th/Am concentration ratio in the mother solution. Divalent 

cations, such as Mg can alter the Th/Am atomic ratio in the colloids and influence the colloid 

stability correspondingly.   

 

10 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 pour knowledge about the mechanisms of colloid formation, colloid stabilization 

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

and how tri- and tetravalent actinides are incorporated into the colloidal phase, either through 

formation of real colloids or by binding to natural aquatic colloids, e.g. aluminosilicate col-

loids. The irreversibility of such processes is a conditio sine qua non for the colloid facilitated 

actinide migration and therefore a central question in this study. 

The first part of the work deals with the synthesis of aluminosilicate colloids under 

normal conditions of temperature and pressure from supersaturated mother solutions through  

conucleation of Si(IV) and Al(III). It includes the identification, analysis and intercorrelation 

of the thermodynamical and kinetic solubility parameter of Si and Al on theoretical and ex-
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perimental basis, as well as the characterization of the generated colloids. In an elaborated 

parameter screening experiment, optimum conditions for the formation of aluminosilicate 

colloids are recognized from the behaviour of Am, added as a tracer in the condensation proc-

ess of Si and Al. The optima are reflected by maxima of Am activity in the colloidal fraction 

of mother solutions made at pH 5 - 6 and pH 8 - 9, with a Si/Al concentration ratio of 100, but 

at two different Si concentration levels, namely in a slightly undersaturated and in a 6.5 times 

oversaturated solution, containing monosilanol and polysilanol, respectively. The correspond-

ing colloids, as characterized by LIBD, AFM and SEM-EDXS, all belong to a unique colloid 

type which is very similar to the natural aquatic colloids of the imogolite type with a Si/Al 

atomic ratio of ca. 1, namely hydroxy aluminosilicate (HAS) colloids. The particle size is 10 - 

50 nm and the number density amounts to 1011 – 1014 particles per litre. 

The second part of this study investigates the interaction of trivalent actinides with 

HAS colloids in formation (in statu nascendi) and comprises the speciation of colloid-borne 

Cm with TRLFS, stability tests of the generated pseudocolloids of Am(Cm) by means of 

LIBD and desorption experiments, and determination of the capacity of HAS colloids to bind 

Am(Cm).  The TRLFS analysis shows a red shift of the typical fluorescence emission band of 

the Cm3+ aquo-ion at 593.8 nm to 598.5 nm, 601.8 nm and  606.8 nm indicating the formation 

of three colloid-borne Cm species, namely Cm-HAS(I), Cm-HAS(II) and Cm-HAS(III), re-

spectively. The spectral shift is proven to be characteristic for the interaction of Cm with Si. 

The respective increased fluorescence relaxation times from 65.2 µs for the Cm aquo-ion to 

83.5 µs, 88.3 µs and 518.0 µs, are correlated with the number of replaced Cm coordination 

waters through silanols, and reveal the three colloid-borne Cm species as a bidentate, a triden-

tate and a completely incorporated Cm into the aluminosilicate structure of colloids. The rela-

tive Cm species distribution as a function of pH at the two above mentioned concentrations of 

Si for optimum colloid formation shows that the binding strength of Am(Cm) to HAS colloids 

increases with increasing pH and increasing  concentration of Si. The effect is correlated with 

the faster polymerization kinetics of Si at high pH and high Si concentration, as demonstrated 

by a number of molybdenum tests for the quantification of the polysilanol fraction as a func-

tion of time under our experimental conditions for colloid generation. The isomorphic substi-

tution of Am(Cm) for Al in the aluminosilicate colloid structure is further correlated with the 

interfacial energy of polysilanol, which seems to be necessary to overcome the activation en-

ergy barrier for the complete incorporation of Am(Cm). The explanation is corroborated by 

the fact that Cm-HAS(III) is also built at increased temperature, e.g. 5 days at 90°C, from 
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undersaturated Si (monosilanol) as an alternative way to provide activation energy. The gen-

erated pseudocolloids of Am(Cm), corresponding to the Cm-HAS(II) and Cm-HAS(III) spe-

cies are extremely stable as a function of time, against desorption with inactive medium (irre-

versible Am(Cm)-colloid binding), and at increased temperature. Their formation is, however, 

pH reversible, and in line with the relatively low stability of Cm-HAS(I) built at pH 5-6. The 

maximum capacity of HAS colloids to incorporate Am(Eu) is reached for HAS colloids, gen-

erated from polysilanol at pH 8 - 9 when about one third of the Al in colloids is substituted by 

Am(Eu) and the HAS colloids start loosing their original identity. 

The third topic of investigation is the interaction of tetravalent actinides with HAS col-

loids in statu nascendi, and includes the determination of the activity incorporation patterns as 

well as kinetics for Th, stability tests of the generated pseudocolloids of Th, and determina-

tion of the capacity of HAS colloids to bind Th. The incorporation of Th into HAS colloids 

increases with increasing time, pH and Si concentration, and reflects the polymerization kinet-

ics of Si. The behaviour of Th is yet different from that of Si: the fraction of Th migrating 

from the mother solution into the colloids is a hundred times higher than that of Si, namely 

100% and 1%, respectively, indicating a much higher affinity of Th-oxyhydroxide for the Al3+ 

cation in comparison with mono- and even polysilanol. The pseudocolloids of Th show a high 

resistance against desorption with inactive medium. The Th-HAS bindings are therefore con-

sidered to be irreversible. The incorporation of Th differs from that of Am as far as pH de-

pendency, kinetics, quantity as well as stability are concerned. The general tendency ist that 

Th incorporates slower, more and in a broader pH region as compared with Am. Colloid-

borne Th, unlike colloid-borne Am, stabilizes the HAS colloids. The highest concentration of 

Th, possibly hold by HAS colloids, is given at colloid formation from polysilanol at neutral 

pH from 6 to 9, and after a conditioning time of several days. In that case about 80% of the Si 

in colloids is substituted by Th. Since the Si/Al atomic ratio in colloids is ca. 1, the Al con-

centration in the mother solution can serve as an indicator for the amount of potentially incor-

porated Th in the colloids.  

The fourth part of this study analyzes the interaction behaviour of a mixture of tri- and 

tetravalent actinides with HAS colloids in statu nascendi by comparing it with their separate 

behaviour. To this purpose, Am(Cm) and Th activity phase distribution patterns, time-

resolved laser fluoresence spectra shifts, Cm species distributions and activity desorption 

measurements are evaluated. Incorporation of Am as well as of Th out of their mixture still 

takes place. Differences in incorporation patterns as well as in type and number of Cm spe-
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cies, as previously observed at the formation of HAS colloids, either from mono- or polysi-

lanol, are cancelled out if Cm is accompanied with Th. Only two colloid-borne Cm species, 

namely the Th-borne Cm species, Cm-Th(I) at 590.0 nm, and Cm-Th(II) at 603.6 nm, with 

fluorescence life times of 134.0 µs and 342.9 µs, corresponding to four and no waters in the 

coordination sphere of Cm, respectively, are now identified. They reflect the interaction be-

haviour of Cm-Th complexes with HAS colloids. This interaction resembles more that of 

Cm(Am) at low pH from 4 to 6, and more that of Th at neutral pH from 6 to 9. The stability of 

the generated pseudocolloids against desorption with inactive medium remains, notwithstand-

ing the Cm-Th complex formation, almost unchanged. Consequently, the (Cm+Th)-HAS 

bindings are irreversible. 

The fifth topic of this work concerns the incorporation behaviour of tri- and tetravalent 

actinides into aged HAS colloids through sorption, and comprises the evaluation of Am and 

Th activity incorporation patterns as well as stability tests of the corresponding pseudocol-

loids. Aged colloids are not tied up to sorb Am. Their capability to sorb Th, however, is high, 

and comparable to that of HAS colloids in statu nascendi. The high stability of the pseudo-

(aged)-colloids of Th against desorption with inactive medium corresponds to irreversible Th-

(aged HAS colloid)-bindings. A gradually decreasing stability against desorption with EDTA, 

from 100% to a 20% after 35 days EDTA contact time, reveals different colloid-borne Th 

species with decreasing Th-colloid binding strength in the order: Th-HAS-polysilanol (pH 7-

9) (containing Th isomorphically substituted for Si) > Th-HAS-monosilanol (pH 7-9) > Th-

HAS-poly-silanol or Th–monosilanol (pH 5).  

The sixt part of the work is the trial to find out how colloids are thinking by reviewing 

the gained results from the standpoint of colloids, traced by actinides, and to postulate mecha-

nisms for colloid formation. Key words of colloidal language are „controlled polymerization“ 

through „polarization“ and „optimal conditions“. They are elaborated in the experimentally 

corroborated conception. The high oxidation state of Si(IV) induces polymerization. Doping 

the Si(IV) mother solution with Al(III) programms the end of polymerization at colloidal size. 

Stabilization of the colloidal state is due to isomorphic substitution of Si for Al, inducing 

thereby negative charges into the silica structure. Repulsion of the negatively charged parti-

cles and an extreme retardation of the Si polymerization is the consequence. An optimal Si/Al 

ratio in the mother solution is prerequisite to stable HAS colloids. An excess of Al promotes 

colloid agglomeration through solvation effect.  Two different mechanisms for colloid forma-

tion are postulated on the basis of the interaction of tri- and tetravalent actinides with HAS 
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colloids in statu nascendi. One model starts from monosilanol condensing with Al in a self-

catalyzing template mechanism, which is not very efficient to bind tri- or tetravalent actinides. 

The other is an inner surface complexation model which starts from a preformed and very 

effective polysilanol surface for catalyzing the conucleation of Si and Al and proceeds under 

expulsion of the HAS product. In such a process, tri- and tetravalent actinides easily substitute 

isomorphically for Al and Si, respectively.  

The seventh and last part of this study is devoted to the question whether actinide ana-

logs of aluminosilicate colloids such as americiothoronate colloids do exist, also without the 

aid of Si or Al. This part contains a parameter screening experiment for colloid formation out 

of supersaturated solutions of Th and Am, based on activity measurements in the ionic, col-

loidal and precipitated fraction, speciation of colloid-borne Cm with TRLFS, and monitoring 

of colloid formation by LIBD. Optimum conditions for the formation of stable amerciothoro-

nate colloids are found at pH 4 – 6, for several Th concentration levels between 10-9 and 10-6 

mol l-1 , and at pH 9,  for one Th concentration namely 10-9 mol l-1, each of them combined 

with Am to give a Th/Am ratio in the mother solutions between 0.1 and 6.5. The optima are 

correlated with two colloid-borne Cm species, Cm-Th(I) at 598.0 nm and Cm-Th(II) at 604.8 

nm, with fluoresence life times of 135.5 µs and 331.0 µs, corresponding to four and no water 

molecules in the coordination sphere of Cm, respectively. The species are very similar to 

those found at simultaneous incorporation of Am(Cm) and Th in HAS colloids in statu nas-

cendi. LIBD measurements corroborate that precipitating Th, mixed with precipitating Eu, are 

transferred into the colloidal state through Th-Eu-binding. The Th/Am atomic ratio in the 

americiothoronate colloids is the same as the Th/Am concentration ratio in the mother solu-

tions. We propose therefore a simple conucleation of Th with Am(Cm, Eu) as a binding 

mechanism. This is in contrast to the nucleation mechanism of Si with Al, namely the forma-

tion of a solid solution, with (Si/Alcoll. = 1) << Si/Alsoln= 100). Divalent cations, such as Mg, 

can alter the Th/Am atomic ratio in the colloids and influence the colloids stability corre-

spondingly. The Mg effect is shown to be an effect on the polymerization rate of Th (retarda-

tion through binding) as well as on the polymerization rate of Am (acceleration through solva-

tion effect). Investigations on this subject are continued, since they may lead to a new view of 

actinide colloids, to a new definition of „real colloids“, which is quite different from the one 

we have been used to in the past, and especially to a better understanding of the fundamental 

rules for colloid stabilization in general. 
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Fig. 1: General pathways for the formation of inorganic aquatic 
colloids such as aluminosilicate colloids.
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Fig. 3: (a) Free energy of nucleus formation calculated as a function of the radius 
for different supersaturated ratios (Eq.1). The maximum ∆G* is the activation 
barrier to the generation of nuclei of radius rj; (b) Nucleation rate calculated as 
a function of the critical supersaturation.
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Fig. 5: Potential energy of particle-particle interaction 
(Et) calculated as the sum of the electrostatic repulsive 
energy (ER) and the van der Waals attractive energy 
(EA) (Eqs. 7 and 8): (a) ER > EA: particle repulsion and 
colloid stabilization; (b) EA > ER: particle attraction and 
colloid agglomeration.
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Fig. 18: Solubility of silica (amorph) calculated from the data in refs [32-39]
(upper part); Si species distribution as a function of pH (lower part).
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Fig. 29: Polymerization of silanol and depolymerization by dilution (approach A and B
in Fig.25, respectively): an illustration of the reversibility under present experimental 

conditions.
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Fig. 31: LIBD experiment for the quantification of an average size of HAS colloids at pH 
6.0 and 7.5: two-dimensional recordings of plasma light emission generated by breakdown 
of colloids within the laser beam focus volume (upper part) and statistical distribution of 
breakdown events on the z-axis. FWHM of breakdown event distribution is directly related 
to the average size of colloids of preponderance in solution.
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Fig. 32: Atomic force microscopic (AFM) characterization of colloids generated in a sample
mixture of 10-3 mol l-1 Si and 10-4 mol l-1 Al at pH 7: (a) a non-contact mode AFM image 
of hydroxy aluminosilicate (HAS) colloids; (b) Size distribution of 70 particles (a mean particle 
diameter at about 27 nm and the maximal number at 19 nm).



0

20

40

60

80

100

1 2 3 4 5 6 7 8 9

Fr
ac

tio
n 

(%
)

pH

Cm-HAS(I)

Cm-HAS(II)

Cm3+

1000

500

0

1500

2000

2500

Si : 10-3 mol/L
Al: 10-5 mol/L

In
te

ns
ity

 / 
C

ou
nt

s

580 590 600 610 620
Wavelength / nm

Cm3+

Cm-HAS(I)

Cm-HAS(II)

(593.8)
(598.5)

(601.8)

R
el

at
iv

e 
In

te
ns

ity

Cm-HAS(II)
(601.8)

Cm3+

(593.8)

Cm-HAS(I)
(598.5)

Cm-HAS(II)
(601.8)

1.50
2.01
2.59
3.21
3.63
3.99
4.22
4.52
4.95
5.31
5.57
5.86
6.22
6.45
7.33
7.68
7.98
8.50
9.00

6.79
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Fig. 34: Speciation of Cm by TRLFS in a mixture solution of 10-3 mol l-1 Si and 
10-5 mol l-1 Al (a), in a pure Si solution of 10-3 mol l-1 (b) and in a pure Al solution 
of 10-3 mol l-1 (c). The solution pH is varied from 1.5 or 2.0 upwards to 9.0.



Fig. 35: Speciation of HAS colloid-borne Cm by TRLFS upon the pH titration from 1 to 9
in a mixture solution containing 10-2 mol l-1 Si, 10-4 mol l-1 Al and 4.9x10-8 mol l-1 Cm: 

the pH dependent spectrum evolution (upper part) and the deconvoluted spectra of different 
Cm species present in the solution (lower part).
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Fig.36: Speciation of Cm by TRLFS in a pure Si solution of 1.35x10-2 mol l-1. The 
solution pH is varied from 2.0 upwards to 9.0: the pH dependent spectrum evolution 
(upper part) and the deconvoluted spectra of different Cm species (lower part).



Fig. 37: The relative Cm species distribution as a function of pH in a mixture solution of 
10-2 mol l-1 Si and 10-4 mol l-1 Al (upper part) and compared with that of a pure solution 
of 10-2 mol l-1 Si (lower part).

0

20

40

60

80

100

0

20

40

60

80

100

1 2 3 4 5 6 7 8 9

Si: 10-2 mol/L only

Fr
ac

tio
n 

(%
)

pH

Cm 3+

Cm-HPSi(I) Cm-HPSi(II)

Cm-HPSi(III)

Fr
ac

tio
n 

(%
)

Cm3+

Cm-HAS(I)
Cm-HAS(II)

Cm-HAS(III)Al: 10-4 mol/L

Si: 10-2 mol/L



80-9070-8060-70
50-6040-5030-4020-3010-200-10

%

Formation of HAS colloid-borne actinides(III)

Cm-HAS(I)Cm-HAS(I) Cm-HAS(II)Cm-HAS(II) Cm-HAS(III)Cm-HAS(III)

4 5 6 7 8 9

-7

-6

-5

-4

-3

pH

-7

-6

-5

-4

-3

log[Al] (M)

log[Si]
= -3 M

log[Si]
= -2 M

poly-silanol
at pH > 6.5

poly-silanol
at pH > 6.5

mono-silanol
at all pH

mono-silanol
at all pH

Fig. 38: : A contour diagram of the colloid-borne Am fraction (z-axis) normalized to the initial 
Am concentration after 35 days of conditioning in different pH. Different Si and Al concen-
trations are indicated on the left and on the right y-axis, respectively. The regions for the forma-
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Fig.41: Colloid-borne Am fraction (%) in a sample after the desorption experiment. 
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0

20

40

60

80

100

Fr
ac

tio
n 

(%
)

Cm 3+

Cm-HAS(I)
Cm-HAS(II)

Cm-HAS(III)

Al: 10-4 mol/L / Si: 10-2 mol/L

pH

0

20

40

60

80

100

2 3 4 5 6 7 8 9

Fr
ac

tio
n 

(%
)

Cm 3+

Cm-HAS(I)

Cm-HAS(II)

Cm-HAS(III)

Fig. 42: The relative Cm species distribution upon pH titration from 9 to 2 (inverse 
titration) (lower part) and from 2 to 9 (upper part) in a mixture solution containing 
1.3x10-2 mol l-1 Si, 10-4 mol l-1 Al and 4.9x10-8 mol l-1 Cm. 



Fig. 43: Stability of the HAS colloid-borne Cm: Cm-HAS(III) as a function of time 
at different pH (cf. Fig.42).
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Fig. 44: LIBD experiment for the quantifica-
tion of an average size of HAS colloids at pH 
7.5 after heating to 90°C for different periods 
of time: two-dimensional recordings of plasma 
light emission generated by breakdown of coll-
oids within the laser beam focus volume on 
which basis the average size of colloids of pre-
ponderance in solution can be estimated. The
average size remains unchanged with time.
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Fig. 45: Colloid-borne Am-activity fraction (%) as a function of the (Am+Eu)-concentration 
for different pH´s in three series of samples indicated as HAS-monosilanol, HAS-polysilanol 
and no HAS, respectively, and containing mixture solutions of: 
(1): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Am, varied concentration of Eu; 
(2): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Am, varied concentration of Eu; 
(3): 5x10-8 mol l-1 Am, varied concentration of Eu.



Fig. 46: Typical elution diagrams of 150 kBq 234Th at separation from 25 g uranylnitrate
by chloride anion exchange (upper part) followed by nitrate anion exchange (lower part).
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Fig, 47: A contour diagram of the colloid-borne activity fraction (%) (z-axis) normalized
to the initial input activity after 35 days of sample conditioning time in different pH 

for Th (left part) and for Am (right part). Different Si and Al concentrations are indicated 
in the middle part of the fig. and on the right y-axis, respectively.
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Fig. 49: Colloid-borne Th fraction (%) in a sample after the desorption experiment. 
The initial sample is prepared at different pH with 10-3 mol l-1 Si, 10-5 mol l-1 Al and
5x10-8 mol l-1 Th (upper part) and 10-2 mol l-1 Si, 10-4 mol l-1 Al and 5x10-8 mol l-1 Th 

(lower part) and conditioned for 7 days.
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Fig. 50: Colloid-borne Th-activity fraction (%) as a function of the Th concentration for 
different pH´s in three series of samples indicated as HAS-monosilanol, HAS-polysilanol 
and no HAS, respectively, and containing mixture solutions of: 
(1): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1, varied concentration of Th; 
(2): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Am, varied concentration of Th; 
(3): Varied concentration of Th.



Fig.51: Activity fraction (%) in solution, colloids and precipitate as a function of pH for
samples formed from HAS-monosilanol and containing solutions of:
(1): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Th (upper left part)
(2): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Am (upper right part)
(3): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Th, 5x10-8 mol l-1 Am (upper left and
upper right part for Th and Am measurement, respectively).



Fig.52: Activity fraction (%) in solution, colloids and precipitate as a function of pH for
samples formed from HAS-polysilanol and containing solutions of:
(1): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Th (upper left part)
(2): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Am (upper right part)
(3): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Th, 5x10-8 mol l-1 Am (upper
left and upper right part for Th and Am measurement, respectively).
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Fig.55: The relative Cm species distribution as a function of pH (cf. Figs 53 and 54).



0

20

40

60

80

100

St
ab

le
 c

ol
lo

id
-

bo
rn

e 
Th

-fr
ac

tio
n 

(%
)

5 7 9
pH

Th in HAS-monosilanol (7d)

Th

Am
+

Th

0

20

40

60

80

100

St
ab

le
 c

ol
lo

id
-

bo
rn

e 
A

m
-fr

ac
tio

n 
(%

)

5 7 9
pH

Am in HAS-monosilanol (7d)

Am
+

Th
Am

Fig. 56: Colloid-borne activity fraction (%) in a sample after the desorption experiment. 
The initial sample is prepared at different pH with 10-3 mol l-1 Si (monosilanol), 10-5

mol l-1 Al and 5x10-8 mol l-1 Am or Th or Th+Am and conditioned for seven days.
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Fig. 57: Colloid-borne activity fraction (%) in a sample after the desorption experiment. 
The initial sample is prepared at different pH with 10-2 mol l-1 Si (polysilanol), 
10-4 mol l-1 Al and 5x10-8 mol l-1 Am or Th or Th+Am and conditioned for seven days.
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Fig. 59: Colloid-borne activity fraction (%) normalized to the initial activity as a function of 
pH after 35 days sample conditioning time for colloids of different ages (from 0 to 24 days): 
for Am (left part) and Th (right part) incorporation into colloids generated from HAS-mono-
silanol (upper part) and from HAS-polysilanol (lower part).
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Fig. 60: Colloid-borne Am fraction (%) normalized to the initial activity as a function of pH 
after 3 hours and 35 days activity contact time (left and right part, respectively) for colloids 
of different ages (from 0 to 24 days) generated from HAS-monosilanol (upper part) and from 
HAS-polysilanol (lower part).
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Fig. 61: Colloid-borne Th fraction (%) normalized to the initial activity as a function of pH 
after 3 hours and 35 days activity contact time (left and right part, respectively) for colloids 
of different ages (from 0 to 24 days) generated from HAS-monosilanol (upper part) and 
from HAS-polysilanol (lower part).



St
ab

le
  c

ol
lo

id
-

bo
rn

e 
A

m
 

fr
ac

tio
n 

(%
)

0

20

40

60

80

100

5 7 9
pH

Am in 7 d aged HAS-polysilanol colloids
(Am-contact time: 35 d)

1 2 3

0

20

40

60

80

100

St
ab

le
  c

ol
lo

id
-

bo
rn

e 
A

m
 

fr
ac

tio
n 

(%
)

5 7 9
pH

Am in 27 d aged HAS-polysilanol colloids 
(Am-contact time: 35 d)

1 2 3

Fig. 62: Colloid-borne activity fraction (%) in a sample after the desorption experiment. 
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(a) 5x10-8 mol l-1 Am is added after 7 days aging time and the Am contact time is 35 days;
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Desorption experiment is performed in three sequential equilibria each with fresh solution.
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Fig. 63: Colloid-borne Th activity fraction (%) in a sample at desorption with 1x10-4 mol l-1

EDTA as a function of time. The initial sample is prepared at different pH with
(upper part): 10-3 mol l-1 Si (monosilanol), 10-5 mol l-1 Al 
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After an aging time of 27 days, 4.8x10-8 mol l-1 Th is added; The Th contact time is 35 days. 
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Fig. 64: Template mechanism for the formation of hydroxy aluminosilicates as proposed 
by Doucet et al. [Geochim. Cosmochim. Acta 65 (15) 2461 (2001)].
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Fig. 65: Postulated mechanism for the formation of colloid-borne An(III) or An(IV) in 
HAS(monosilanol) colloids.
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Fig. 66: Postulated mechanism for the formation of colloid-borne Am(Cm) from 
HAS(polysilanol) colloids with Si/Al atomic ratio: ca 1.
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Fig. 67: Postulated mechanism for the formation of colloid-borne Th(IV) by 
heterogeneous nucleation with Si.
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Fig. 71: Thermodynamic solubility of Th(OH)4 (am) and Am(OH)3 as a function of pH
from literature. Conditions expected for colloid formation are indicated by dotted area.
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Fig. 72: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time in 
four sample series at different pH: two mixed samples containing 1x10-9 mol l-1 Th and 
1x10-9 or 8x10-9 mol l-1 Am (Th+Am) and two separate samples containing 1x10-10 mol l-1

Th (Th only) and 8x 10-9 mol l-1 Am (Am only). 
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Fig. 73: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time in 
four sample series at different pH: two mixed samples containing 7x10-9 mol l-1 Th and 
8x10-9 or 5.4x10-8 mol l-1 Am (Th+Am) and two separate samples containing 7x10-9 mol l-1

Th (Th only) and 8x10-9 mol l-1 Am (Am only). 
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Fig. 74: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time 
in four sample series at different pH: two mixed samples containing 4.6x10-8 mol l-1 Th 
and 7x10-9 or 6x10-8 mol l-1 Am (Th+Am) and two separate samples containing 4.6x10-8

mol l-1 Th (Th only) and 1x10-8 mol l-1 Am (Am only). 
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Fig. 75: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time in 
three sample series at different pH: two mixed samples containing 3.2x10-7 mol l-1 Th and 
5x10-8 mol l-1 Am (Th+Am) and two separate samples containing 3.2x10-7 mol l-1 Th (Th only)
and 5x10-8 mol l-1 Am (Am only).
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(series of mixed samples (Th+Am), separate samples (Th or Am only)) at different pH after 
different sample conditioning times, 3 hours and 35 days as illustrated in the left and the right 
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Fig.77: Colloid-borne activity fraction (%) as a function of the conditioning time without and with 
Mg: one mixed and two separate samples containing 4.6x10-8 mol l-1 Th and 7x10-9 mol l-1 Am 
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Fig. 78: Speciation of Th-borne Cm by TRLFS on the pH titration from 1 to 9 in a mixture 
solution containing 3.5x10-7 mol l-1 Th and 5x10-8 mol l-1 Cm: the pH dependent spectrum
evolution (upper part) and the deconvoluted spectra of different Cm species present in the 

solution (middle part). The species distribution is given in the lower part.
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Fig. 79: Colloid generation observed by LIBD on the pH titration from 1 to 10 in 
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Table 1: F luorescence emission properties of Cm in dif ferent solutions: a comparison.
The Cm3+ aquoion has a emission peak at 593.8 nm with a life time of 65 µs and 9 inner
sphere hydration water molecules

Solution      Parameter          Species (I)    Species (II) Reference

Mixture of      Emission peak (nm) 598.5 601.8 this work
10-3 mol/l Si         Life time (µs) 83.5±3.7 88.3±5.2
10-5 mol/l Al        H2O molecule 6.9 6.4

10-3 mol/l Si      Emission peak (nm) 598.5 601.9 this work
     Life time (µs) 85.5±6.1 88.1±8.5
     H2O molecule 6.8 6.5

10-3 mol/l Al      Emission peak (nm) 598.2 604.1 this work
     Life time (µs) 82.0±2.9 110.5±6.7
     H2O molecule 7.1 5.0

Colloidal              Emission peak (nm) 601.2 603.3 ref. 64
γ-Alumina      Life time (µs) 110 110

     H2O molecule 5.0 5.0

Suspension      Emission peak (nm) 598.8 603.3 ref. 18
of smectite      Life time (µs) 110 110
& kaolinte      H2O molecule 5.0 5.0

Colloidal       Emission peak (nm) 602.3 604.9 ref. 76
Silica       Life time (µs) 220±14 740±35

      H2O molecule 2.1 0



Table 2: Comparison of colloid-borne Cm species without and with Th

HAS-Monosilanol HAS-Polysilanol

Cm
Species

Peak
Max.
(nm)

Relax.
Time
(µs)

Coord.
Water

(number)

Cm
Species

Peak
Max.
(nm)

Relax.
Time
(nm)

Coord. Water
(number)

Cm Cm-HAS(I) 598.0 83.5 7 Cm-HAS(I) 598.5 83.5 7
Cm-HAS(II) 601.8 88.5 6 Cm-HAS(II) 601.8 88.3 6

Cm-HAS(III) 605.2 518.5 0-1

Cm+Th Cm-Th(I) 598.0 132.8 4 Cm-Th(I) 598.5 135.3 4
Cm-Th(II) 603.6 336.9 0-1 Cm-Th(II) 603.6 349.0 0-1
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1 Introduction 

 

Colloids ubiquitous in natural water are called aquatic colloids. The chemical compo-

sition, number density and size distribution of aquatic colloids vary widely depending on the 

geochemical conditions of their provenance [1,2]. They may be composed of inorganic ele-

ments with oxo-bridges [3-5], of organic polyelectrolytes, like humic acid loaded with inor-

ganic elements by complexation [6-9], or of tiny inorganic particles peptized by organic 

molecules [10-12]. The size distribution of predominant number density has been observed in 

general at < 100 nm, but very often at < 50 nm, as referred to an average hard sphere diameter 

[2,6,7]. The number density varies widely from 108 to 1014 particles per litre water depending 

on the geochemical environment [6,13]. Groundwater rich in organic substances, e.g. humic 

acid, contains abundant aquatic colloids [6,8], whereas groundwater poor in organic sub-

stances, e.g. granite water, contains a relatively smaller number density of aquatic colloids 

[13,14]. 

Aquatic colloids may play a significant carrier role for the radionuclide migration in a 

variety of aquifer systems [14-16]. Particularly radioactive elements of higher oxidation 

states, for example actinides with their strong tendency towards oxobridge building or com-

plexation, possess a high potential for stable incorporation into aquatic colloids [2,6,14]. The 

formation of such aquatic colloid-borne actinides (called pseudocolloids of actinides) has not 

been well understood, besides the surface complexation of actinide ions onto aquatic colloids 

[17-19]. In the case the actinide ions are incorporated into the chemical structure of aquatic 

colloids, the colloid-borne actinides may remain stable as suspended in a given natural water 

and migrate along the water flow path with little chemical interaction with the surface of sur-

rounding geomatrices [8,9]. Therefore, the provenance of aquatic colloids and the generation 

of aquatic colloid-borne actinides have become of great interest for a better appraisal of the 

chemical behaviour of actinide ions in natural aquifer systems [14,15,20] and also of the col-

loid facilitated actinide migration in aquifer systems [15,20-22].  

The present work deals with the generation of aluminosilicate colloids, which are con-

sidered as a kernel for various aquatic colloids. Formation of the aluminosilicate binding is 

well known [23] and incorporation of traces of trivalent lanthanides and tetravalent elements 

like Th, has been observed in nature abundantly [24]. However, the generation of colloidal 

species of aluminosilicates and the chemical incorporation of actinides in such colloids have 

not yet been systematically understood. As the colloidal species of aluminosilicates are omni-
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present in natural aquifer systems [1], the appraisal of their chemical interaction with tri- and 

tetravalent actinides is the main objective of the present investigation. For this purpose, the 

parameters controlling the formation of aquatic colloids through condensation of groundwater 

constituents, i.e. Si and Al, are identified, and the optimum conditions for aluminosilicate 

colloid formation are determined. The behaviour of the selected actinides Am(III), Cm(III) 

and Th(IV), either as contestants in the nucleation process of Si and Al, or as additives to pre-

formed aluminosilicate colloids, is analyzed.  

Am is the most abundant trivalent actinide in nuclear waste to be disposed of [2,25] 

and its chemical homologue Cm is smaller in waste amount but spectroscopically sensitive for 

the unperturbed speciation [26], thus allowing the study of its chemical behaviour conven-

iently. Th with its stable tetravalent oxidation state is the ideal model element to investigate 

the geochemical reactions of actinides with multiple oxidation states like Pu, U, Np and Tc 

which are the main components of long-lived radionuclides in nuclear waste and expected to 

be reduced to the tetravalent state at low redox potentials in the near field of a nuclear reposi-

tory [25].   

 

2 Natural and actinide aquatic colloids 

 

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 

 

Fig. 1 (upper part) illustrates how elements with high oxidation state (≥ 3), such as Al(III),  

Si(IV) or actinides (An(≥III)) tend to minimize their positive charge by surrounding them-

selves as much as possible with oxygens through hydration, hydrolysis and polymerization. 

This process for colloid formation is called condensation and  includes the formation of a su-

persaturated solution, the relieve of supersaturation by the formation of nuclei or by conden-

sation upon nuclei already present, followed by growth to larger particles. The reverse process 

for colloid formation, namely dispersion (shown in Fig.1 (lower part)), involves weathering of 
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the parent solid material, which can be either physical disintegration or chemical decomposi-

tion, or both, and suspension of the small detached particles in the liquid phase. 

Under certain optimum conditions, nanoparticles can thereby be stabilized in the col-

loidal phase, a process which is far from completely understood. This is partly due to the quite 

recent development of methods, such as ultrafiltration [6,8,9,14], laser-induced breakdown 

detection (LIBD) [27-32] or atomic force microscopy [33-37], which are capable to character-

ize small colloids (< 100 nm) in the low concentrations as they exist in nature, without pertur-

bation. Numerous theoretical considerations concerning colloid generation and stabilization 

try to identify the underlying parameters and to describe their correlations in different models. 

Fundamental knowledge relevant to the present experimental investigations is conceptually 

summarized in the following.  

 

2.1      Formation of colloids: theoretical background [1,38-43] 

 

Colloidal interface free energy 

 

The behavior of colloids is governed primarily by their large interfacial area. The in-

terface is defined as the boundary between the adjoining bulk phases that comprise the colloid 

system, e.g. liquid/solid in the case of aquatic colloids. Within each bulk phase, forces acting 

on a molecule from all directions are balanced (Fig. 2). Molecules in the interface, however, 

interact simultaneously with molecules from both liquid and solid phases. Since forces of at-

traction are greater between the molecules of the solid phase than between those of the liquid 

phase, molecules in the interface are attracted more strongly towards the solid phase. The en-

ergy input, required to compensate for this imbalance of intermolecular forces, is the origin of 

the colloidal interface free energy. The high reactivity of colloids (activated solid state) stems 

from the tendency to minimize the free energy. 

The questions are, where does this activation energy comes from, what kind of energy 

transfers do occur at deactivation, which mechanisms inhibit a complete deactivation so that 

the colloidal state, although thermodynamically unfavorable, persists over a long time span 

and how can we control the underlying parameters? Theoretical thermodynamic and kinetic 

approaches to the generation and stabilization of aquatic colloids, which might  be helpful to 

conceive the appropriate experiments for answering such questions, are summarized in the 

following. 
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Formation of colloids through condensation  

 

Spontaneous growth of particles out of their solution requires the formation of nuclei. 

The free energy of the formation of a nucleus, ∆G, consists of energy gained from making 

bonds and of work required to create a surface as expressed in thermodynamic terms: 

 

∆Gj = - 4 π r3 kBT ln S / 3 V +  4 π r2 γ          Eq.1 

 

where r is the radius of the nucleus, V the molecular volume, kB the Boltzmann constant, T 

the absolute temperature, S the supersaturation, ratio of actual concentration and solubility 

equilibrium concentration, and γ the interfacial energy (γ = = r kT ln S / 2 V). Fig. 3a shows 

the free energy of formation of a spherical nucleus as a function of its size, calculated for dif-

ferent supersaturation ratios (a/a0). The height of the maximum, ∆G*, is the activation barrier 

to the nucleation process of nuclei of radius rj. Obviously, the activation energy ∆G* as well 

as the size of the critical nucleus decrease with increasing supersaturation. Introduction of 

foreign solid surfaces for catalyzing the nucleation process by reducing the energy barrier of 

nucleation is the princip of heterogeneous nucleation, the predominant formation process for 

colloid and crystal formation in natural waters. If the foreign substrate is similar to the prod-

uct of nucleating components, the interfacial energy between the two solids is smaller than the 

interfacial energy between the product and the solution, and nucleation may take place at 

lower supersaturation on a solid substrate surface than in solution. Temperature will also af-

fect the value of the critical superaturation ratio. 

This ratio decreases with rising temperature probably because of an increase in the 

number of collisions of atoms or molecules per unit concentration. The critical supersatura-

tion ratio decreases when a system is subjected to turbulent effects, because of the probability 

of increasing concentration fluctuations in the form of some minute volumes of the solution 

with very high concentration. 

The rate of formation of the nuclei, V1, may be expressed by 

 

V1 = A exp (- ∆G* / k T )            Eq.2 

 

where A is a factor related to the efficiency of collisions of ions or molecules. Accordingly, 

the rate of nucleation is controlled by the interfacial energy, the supersaturation, the collision 
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frequency efficiency, and the temperature. Fig.3b vizualizes the nucleation rate as a function 

of the critical supersaturation (∆G*) calculated for the following assumptions: γ = 100 mJ m-2, 

molecular volume = 3 x 10-23 cm3 and a collision frequency efficiency of 1030 cm-3 s-1. At 

high supersaturation (low activation energy) the nucleation rate is high. Nucleation is ulti-

mately superseded by growth of existing nuclei.  

The rate of particle growth is determined by diffusion of substance from supersatu-

rated volumes within the bulk towards those particles that are surrounded by thin envelopes of 

solution in equilibrium with the solid. It may be expressed by the general equation  

 

V2 = A (lnS)n             Eq.3 

 

where A and n are adjustable parameters.   

The relative velocities of nucleation and growth, both processes competing for mate-

rial in the supersaturated solution, determine the number as well as the size of the particles. At 

high supersaturation, the nucleation rate may be so fast that most of the excess dissolved mass 

is transformed in critical nuclei, leaving little material for further growth. Many small parti-

cles are formed. Few particles of huge size may be built at low supersaturation. Inhomogenity 

of the system with volumes of different degrees of supersaturation results in particles of vari-

ous sizes (polydisperse system).  

 

Colloidal electric double layer 

 

Most substances acquire a surface electric charge when brought into contact with a po-

lar (e.g. aqueous) medium, possible charging mechanisms being ionization, ion adsorption 

and ion dissolution. Ionization of functional groups depends strongly on the pH of the solu-

tion and leads to positively or negatively charged molecules at low pH and high pH, respec-

tively. A net surface charge can further be acquired by the unequal adsorption of oppositely 

charged ions. Ion adsorption may involve positive or negative surface excess concentrations. 

Surfaces in contact with aqueous media are more often negatively charged than positively 

charged. This is a consequence of the fact that cations are usually more hydrated than anions 

and have the greater tendency to reside in the bulk aqueous medium, whereas the smaller, less 

hydrated and more polarizing anions have the greater tendency to be specifically absorbed. 

Surfaces which are already charged (e.g. by ionization) usually show a preferential tendency 
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to absorb ions of opposite charge, especially those with a high charge number. It may even 

cause a reversal of charge. If surfactant ions are present, their adsorption will usually deter-

mine the surface charge. In addition to specific adsorption, the net particle charge of some 

solids may arise either from the preferential dissolution of some ions and from lattice imper-

fections at the solid surface or by isomorphous replacements within the lattice. 

  The surface charge influences the distribution of nearby ions in the polar medium. 

Counter-ions are electrically attracted by the oppositely charged solids. At the same time, 

however, these ions have a tendency to diffuse away from the surface toward the bulk of the 

solution, where their concentration is lower. The net result of the two competitive tendencies 

is an equilibrium distribution of ions in which their concentration gradually decreases with 

increasing distance from the solid surface. Simultaneously, there is a deficiency of co-ions in 

the vicinity of the surface, since these ions, which have an electric charge with the same sign 

as the particle, are repelled. There is a gradual increase of co-ion concentration with the dis-

tance from the solid surface. The result is the generation of an electric double layer (EDL) at 

the solid-liquid interface, consisting of three regions with distinct dielectric behaviour (see 

Fig. 4): (1) the Stern layer, a layer of preferentially oriented water molecules in contact with 

the boundary, where the specific adsorbed bare ions are without their hydration shells; (2) the 

outer Helmholtz layer, a region of both free water molecules and molecules attached to hy-

drated ions, and defined by the closest approach of a fully hydrated charge ion to the bound-

ary; (3) the Gouy-Chapman diffuse layer is the region where the concentration of the counte-

rions decreases with increasing distance from the plane interface. The electric potential at the 

surface, Ψ0, or the electric potential in the Stern plane, Ψδ, are not accessible by direct ex-

perimental measurement, but the surface potential can be calculated from the experimentally 

determined surface charge. The shear plane separates the hydrodynamically immobile liquid 

that moves together with the surface from the mobile liquid, which has non-zero relative ve-

locity with respect to the surface. The electric potential in the shear plane is reflected by the 

measurable potential gradient that arises across the mobile part of the double layer, the elec-

trokinetic ζ potential. The double-layer thickness is given by the reciprocal Debye length: 

 

1/κ = (ε R T / 8 π F2 c z2)1/2       Eq.4 
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where ε is the dielectric constant of the medium, F is the Faraday constant, c and z are the 

concentration and the valence of the electrolyte, respectively. Increase of the ionic strength 

decreases the thickness of the double-layer. 

 

Brownian motion of colloids 

 

Water molecules in permanent random thermal movement hit the colloidal particles 

from opposite sides. The smaller the particles, the less the probability of the molecular bom-

bardment being exactly balanced and the more intensive will be the movement. A conse-

quence of this Brownian movement is the diffusion of colloid particles. When a certain phase 

is dispersed along the x axis, the mass, dm, transferred across an area O, during an  interval, 

dt, as a result of a concentration gradient, dc/dx, is given by Fick´s first low: 

  

dm/dt = - D O (dc/dx)         Eq.5 

 

where D is the diffusion coefficient. D depends on the properties of the disperse phase and the 

dispersing medium. For colloid particles D is related to the friction coefficient, B, between the 

particles and the dispersing medium by the expression D = kBT/ B. The magnitudes of B and 

D depend on the dimensions and shapes of the particles. For spherical particles having a ra-

dius r, when the viscosity of the dispersing medium is η, Β ������ 6 πη� ���  

 

D = kBT/ 6 πη�        Eq.6 

 

The Brownian motion is the dispersing energy of colloids and also the reason for frequent 

collisions between them. Depending upon wether the interaction forces between the particles 

during such collisions are attractive or repulsive, the colloids will agglomerate or stabilize 

(elaborated below). The movement of small colloids (e.g. < 100 nm), as they occur in the 

natural environment, is diffusion-limited (due to Brownian motion only). Other colloid trans-

port mechanisms based on differential gravitational settling or caused by laminar shear being 

important only for large particles (≥ 1µm) are therefore not considered here. 
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Colloid stability: DLVO theory 

 

Two suspended particles of like charge approaching each other as a result of their 

Brownian movement until their diffuse double layers interpenetrate and deform, is the basis 

for the quantitative description of particle-particle interaction by the DLVO (Derjagin, Lan-

dau, Verwey, Overbeek) theory. The potential energy of interaction (Et) is calculated  as the 

superposition of the electrostatic repulsive energy (ER, conventionally considered positive), 

which is approximately an exponential function of the interparticle distance (d) with a range 

of the order of the thickness of the double layer (1/κ), and the van der Waals attractive energy 

(EA, considered negative), which decreases as an inverse power of the interparticle distance, 

by the following equation (simplified and valid for thick plate particles, e.g. clay tactoids):   

 

Et = ER + EA = (64 c R T Γ2 / κ) (e-κd) – (K / 2 d2)    Eq.7 

 

where K is a constant depending on the nature of the dispersing medium, the particle thick-

ness and its chemical composition, and Γ is defined as follows: 

 

Γ = [(exp(z F Ψδ / 2RT)) –1] / [(exp(z F Ψδ / 2RT)) +1]   Eq.8 

 

Two general types of potential energy curves are presented in Fig. 5: in (a) ER > EA and the 

total potential energy curve (Et) shows a repulsive energy maximum, whereas in (b) the van 

der Waals attraction (EA) predominates at any interparticle distance. The maximum in the 

energy curve is an energy barrier. If the potential energy maximum is large compared with the 

thermal energy of the particles (RT), the system should be stable; otherwise, the system 

should agglomerate.  

The height of this energy barrier to agglomeration depends on the magnitude of Ψδ 

(and ζ ) (Eq.8) and upon the repulsive forces (i.e. upon 1/κ) (Eqs 4, 7). The DLVO theory to 

explain stabilization of colloids has been extended and may include, besides van der Waals 

attraction and electrostatic repulsion forces, also steric forces (generally repulsive) as well as 

polymer bridging forces (attractive) induced by adsorbed long-chain polymer. 
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Colloid stability: kinetics 

 

Colloid stability depends on an energy barrier and is therefore also a question of kinet-

ics and rates of agglomeration. In kinetics of the agglomeration process rapid and slow ag-

glomerations are distinguished. In the case of rapid agglomeration so much electrolyte has 

been added that the energy barrier is reduced and is absent or too small to prevent particles 

from coming into contact (critical electrolyte concentration). Every collision results in irre-

versible agglomeration. In such a case the time-dependent decrease in concentration of parti-

cles (N = number of particles per cm3) in a monodisperse suspension due to collisions by 

Brownian motion can be represented by  

 

- dn/dt = kp N2         Eq.9 

 

where  kp is the rate constant (cm3 s-1). As given by von Smoluchowski, kp can be expressed 

as 

 

kp = 8 D π r          Eq.10 

  

The diffusion coefficient in Eq. can be subtituted in Eq. 

 

- dn/dt = 4 kBT N2 / 3 η       Eq.11 

 

and it may be concluded that in monodisperse systems the rate of fast coagulation is not de-

pendent on the size of the particles (r). 

In practice, the right hand side of eq. is multiplied by αp. αp is the fraction of collisions 

leading to permanent agglomeration. It is an operational parameter for the stability ratio, the 

Fuchs-factor, W = 1/αp. αp is the ratio of the slower agglomeration rate (in the presence of an 

energy barrier) and the fastest, diffusion controlled agglomeration rate (in the absence of an 

energy barrier), determined under the corresponding appropriate experimental conditions.  

The extended Smoluchowski theory for polydisperse systems shows that the rate of coagula-

tion between particles of different sizes is much greater than the rate of coagulation of parti-

cles of the same size. The smaller particles disappear much more quickly than the larger one. 
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 2.2      Actinide colloid generation pathways 

 

Actinides may become aquatic colloids by two processes as illustrated in Fig. 6: (1) by 

binding to natural aquatic colloids and formation of so-called „pseudocolloids“ of actinides. 

The binding can proceed either by conucleation of actinides with dissolved groundwater com-

ponents or by sorption of actinides to existing natural colloids; (2) by the formation of „real 

colloids“ either through nucleation of actinides in the order [14] 

 

An4+ > AnO2
2+ > An3+ > AnO2

+

  

or through dispersion of a solid actinide matrix. 

 

2.3  Methods selected for actinide colloid analysis 

 

Investigations of the geochemical behaviour of the sparingly soluble actinides (usually 

below 10-6 mol l-1) in presence of ubiquitous small aquatic colloids (< 50 nm) in low concen-

trations (ppb range or less) require sophisticated analytical methods which have been devel-

oped in the last decade [26-35,44,45]. A brief overview of the principals of those methods, 

which have been used in this study for the nanoscopic analysis of aquatic actinide species 

under minimal perturbation of the system is presented here.  

 

Laser spectroscopic methods 

 

Conventional absorption spectroscopy on the transitions of the 5f-electron shell of ac-

tinides is a useful speciation method for the characterization of oxidation and complexation 

states. The spectroscopic resolution of actinide transition bands is in general very high but 

their intensity is relatively weak [46]. The low solubility of actinides under natural conditions 

necessitates a speciation method of high sensitivity. To that purpose, a number of spectro-

scopic methods have been developed in the recent past based on laser as a light 

source.Various laser spectroscopic techniques appropriate for the speciation of trace level 

actinides are illustrated schematically in Fig. 7.  

The enhancement of sensitivity is attained by a direct measurement of different relaxa-

tion processes of photon excited states, instead of transmission measurement as practiced in 
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conventional absorption spectroscopy [47]. The methods shown in Fig. 7 can be classified in 

the following four categories: photo-thermal spectroscopy, luminescence spectroscopy, light-

scattering and plasma generation. From those methods, TRLFS (time-resolved laser fluo-

resence spectroscopy) and LIBD (laser-induced breakdown detection) are used in this work. 

TRLFS is based on the measurement of radiative relaxation of a light induced excitaton state 

as illustrated in Fig. 8 for the example of Cm(III). The characteristic of this method is the se-

lective excitation of the ground state combined with the selective time-resolved measurement 

of emission by an optical multichannel analyzer consisting of a polychromator and a time-

gateable intensified photodiode array. All these provide a high sensitivity in the actinide 

speciation. However, the method is limited to the elements with fluoresence emission, to 

which belong some rare earth elements (REE(III)) and Cm(III) [20,26], Am(III) [48] and U 

[49,50] as actinides. With these elements, the aquatic chemical behaviour of trivalent and 

hexavalent actinides can be investigated in the nano-mole concentration range.  

LIBD has been developed to quantify groundwater colloids with low number density 

and small average size [28,29]. The method is based on the plasma generation of colloidal 

particles by intense laser light absorption [30] as illustrated by Fig. 9.  

The event takes place, upon multi-photon absorption, through the excitation and ioni-

zation avalanche of delocalized electrons within a colloidal composite and hence it is called 

breakdown. As the treshold energy density required for solid is much lower than for liquid, 

the plasma generation occurs with colloids selectively in their suspension medium. The 

breakdown event can be detected by measuring the plasma light emission with a charge-

coupled-device (CCD) camera or by detecting the photo-acoustic signal with a piezo electric 

detector (PZT). The two-dimensional distribution of 8000 plasma events is measured in paral-

lell as well as perpendicular to the laser beam direction (Fig. 10). The distribution width is 

correlated to the mean particle size (Fig. 11). By calibration of LIBD with polystyrene refer-

ence particles, a mean particle diameter and a number density of given colloids can be derived 

[27-32] as shown in Fig. 12. A sensitivity comparison of LIBD with that of light scattering 

methods, i.e. static light scattering and photon correlation spectroscopy (PCS) is shown in 

Fig. 13. In the low part of particle size, LIBD appears distinctively more sensitive than light 

scattering over many orders of magnitude.  

In the course of plasma relaxation, the discrete plasma or atomic emission takes place 

after the recombination of electrons as shown in Fig. 9. The process can be used, as laser-

induced breakdown spectroscopy (LIBS), for the characterization of colloid-borne elements 
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selectively in solution [31,32]. Accordingly, actinides present as ionic and colloid-borne spe-

cies in aquatic systems can be differentiated by LIBS, since the colloid-borne actinides are 

better excited than their aqueous ions by the same laser energy intensity. This is a particular 

speciation method to detect pseudocolloids of actinides in groundwater, which may be used in 

our further continued study. 

 

Atomic force microscopy (AFM) 

 

AFM is a nanotopographic method scanning the repulsive and attractive forces be-

tween atoms of a SiN3-tip, used as a sensor, and surface atoms of the sample at a separation 

distance of a few Å. Detection of the corresponding movements of the cantilever-tip is per-

formed as shown in Fig.14, by sending laser light on the sample and registering the reflected 

light by a 4-quadrant photodetector. Interatomic force is calculated from the light intensity 

differences in the four quadrants. The attained resolution is 0.01 nm (0.1 Å) and the sample 

surface is 1nm up to 1 µm. Nano-topographical changes in the sample, e.g. during dissolution, 

colloid growth, sorption, etc. can be observed in situ. This is an advantage over electron mi-

croscopy requiring a vacuum resistent sample preparation.     

 

Conclusions of section 2 

 

Inorganic aquatic colloids in general and real colloids of actinides in particular may 

be generated either by condensation of dissolved elements or by dispersion of the solid ma-

trix. The anabolic formation of inorganic aquatic colloids through condensation is based on 

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

duce their positive charge through polymerization. The activation energy required to generate 

a solid surface out of dissolved elements originates from the supersaturation state of the solu-

tion. The degree of needed supersaturation varies with particle size. Supersaturation can 

partly be replaced by the presence of a foreign surface in the solution on which the nucleation 

can take place (heterogeneous nucleation). The generated particles follow the thermal move-

ment 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 surface charge through ionization, ion adsorption or ion dissolution; (2) the forma-

tion of an electric double layer around the charged particle with the aid of a well optimalized 
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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 barrier to agglom-

eration) under well balanced conditions of surface charge and colloidal double layer thick-

ness. 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 parameters are the 

parameters of solubility. The catabolic dispersive formation of inorganic aquatic colloids 

proceeds through the reversal of polymerization reactions. A further possibility to transfer 

actinides into the colloidal state is the formation of pseudocolloids of actinides either through 

co-condensation with natural elements in solution or through binding with preformed natural 

aquatic colloids.  

The experimental investigation of the mentioned possible processes for the generation 

of natural as well as actinide aquatic colloids may rely on modern methods such as TRLFS, 

LIBD and AFM, which are capable to analyze the behavior of nanoconcentrations of acti-

nides interacting with colloidal nanoparticles in ppb concentrations. 

 

3 Synthesis of natural aquatic colloids 

 

From the forgoing theoretical considerations (section 2.1) we have learned which pa-

rameter influence colloid formation and why they do so. We have also recognized that colloid 

formation and stabilization is a very complex process depending on the subtile tuning of a 

hughe number of parameters which can influence each other reciprocally. It is therefore not 

amazing that the conditions for the formation of aquatic colloids cannot be predicted theoreti-

cally but should be deduced from empirical experiences. The following section is based on 

colloid theory but concentrates on an experimental approach to colloid generation. 

 

3.1 The choice of aluminosilicate colloids 

 

The most common condensation process occurring in the hydrosphere is the hydroly-

sis of polyvalent cations (e.g. Si4+ and Al3+), the formation of sparingly soluble hydroxides 

and hydrous oxides and the neoformation of clay minerals at coprecipitation. It seems there-

fore meaningful to choose clays as a representative example for answering questions about 

the formation of natural aquatic colloids as well as about their interaction with actinides. But 
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before concentrating on the synthesis of aquatic clay colloids, lets have a look on their closest 

relatives, the clay minerals.  

Clay minerals are essentially hydrous layer aluminosilicates (phyllosilicates), with Mg 

and Fe acting as proxy wholly or in part for the Al in some minerals and with alkali metals 

and alkaline earth metals present as essential constituents in some of them. As illustrated in 

Fig. 15 [51], there are three types of phyllosilicates, namely, (1) the 1:1 type unit layer sili-

cates (also known as the TO type), e.g. kaolinite, in which there is one tetrahedral sheet for 

every octahedral sheet, (2) the 2:1 type unit layer silicates (TOT type), e.g. smectite, illite, and 

(3) the 2:1:1-tape unit layer ([TOT]O[TOT], in which brucite (Mg(OH)2-mineral)-type sheets 

lie between the parallel 2:1-type silicate layers, e.g. chlorite. The phyllosilicates are divided 

into groups according to the net charge of the unit layer. 

A further subdivision is based on the number of available octahedral sites occupied: 

Those minerals containing divalent cations are called trioctahedral since all the available 

cation sites are filled, whereas minerals containing trivalent cations are called dioctahedral, 

having only two-third of the octahedral sites filled. Another subdivision is based on whether 

or not the stacked 1:1- or 2:1-type unit layers can be expanded and on the ease of swelling of 

the interlayer space either with water (compare illite and smectite) or with organic liquids. 

Each subgroup contains the different clay mineral species, which are distinguished by their 

chemical compositions. An additional group includes those clay particles with more than one 

type of layer present, termed mixed-layered minerals. These minerals belong to the sepiolite-

palygorskite group. A further special type of highly hydrated secondary aluminosilicates are  

allophane and imogolite with an Si/Al-ratio of 0.5-1.0. They consist of small hollow spheres 

or cylindrical particles with a diameter of 3.5-5.0 nm (see Fig. 16). The AlOH outer surface is 

connected with the SiOH inner surface [52,53] through O-bridges. Their structure is limited to 

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

erals. Recently much attention has been paid to aqueous hydroxy-aluminosilicates (HAS) of 

the imogolite type in many diverse contexts [23,54,55]. Besides their geochemical relevance, 

HAS play an important role in the oil industry, the paper industry, the production of zeolites, 

molecular sieves and catalysts. HAS seem further to be involved in biochemical reactions 

related to the toxicity of Al and discussed as inducers for a variety of plant, animal and human 

disorders, e.g. Alzheimer and Parkinson disease. The review article by Swaddle et al. [23] 

summarizes the present knowledge on silicate complexes of Al(III) in aqueous systems. He 

concludes: „The biomedical implications of the kinetic studies on Al(III)-Si(IV) interactions 
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at high pH by the NMR method are that simple hydroxyaluminosilicate (HAS) probably form 

and dissociate quickly even at low to neutral pH, so that their physiological behavior is ther-

modynamically controlled. However, the sequestration of Al(III) by oligomeric Si(IV), which 

the results of Taylor et al. [56] suggest, may be much more physiologically important, may 

yield kinetically inert HAS species - indeed, the apparently high stability of such complexes 

may well reflect the slow dissociation kinetics. Thus, a significant part of the protection af-

forded by silicic acid against Al(III) toxicity in biological systems may derive from the in-

ferred kinetic inertness of ring or cage HAS structures which, once formed, may retain the 

Al(III) for long periods. The geological implication is that small acyclic HAS species and not 

the ring HAS solutes are the active agents in the hydrothermal crystallization of zeolites. The 

inert cage aluminosilicate solutes may act merely as reservoirs for the slow hydrolytic release 

of the small, active, acyclic species responsible for crystal growth.“   

The above statements reflect not only the high probability that very stable aqueous 

aluminosilicate colloids may be formed even under common environmental conditions, but at 

the same time they show that current knowledge, as far as colloid stability or generation 

mechanisms are concerned, is quite poor and that there is need for research. For this purpose, 

we intend in a first approach to coprecipitate Si and Al under conditions of supersaturation 

and to analyze in a coprecipitation parameter screening experiment whether and if yes, under 

which circumstances, the process is accompanied by the formation of aluminosilicate col-

loids.  

  

3.2 Conditions for coprecipitation of Si and Al 

 

Key information on how to attain supersaturation and coprecipitation of Si and Al is 

gained from thermodynamic solubility data for Si, Al and aluminosilicates. The main solubil-

ity parameter are temperature, pressure, pH, ionic strength, kind and concentration of water 

borne anions (ligands such as carbonate, sulphate, humate) and water borne cations (Na+, K+, 

Ca2+, Mg2+, Fe2+/3+). Solubilities of Si, Al and some aluminosilicates as a function of pH at 

constant normal temperature, pressure and 0.03 mol l-1 NaCl are calculated from: 

 

(1) The solubility products of the amorph solid phases of Al and Si, namely Al(OH)3 and 

SiO2, and of the mixed solid phases of Al and Si, namely Al2SiO5 (sillimanite), 

Al2Si2O5(OH)4 (kaolinite) and NaAlSi3O8 (low albite) based on the reactions: 
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Al(OH)3(am) + 3 H+    Al3+ + 3 H2O    pKsp
0 = -9.66 

SiO2(am) + H2O      H4SiO4
0      pKsp

0 =  2.71 

Al2SiO5 + 6 H+     2 Al3+ + H4SiO4
0 + H2O   pKsp

0 =  -15.45 

 Al2Si2O5(OH)4  + 6 H+
      2 Al3+ + H4SiO4

0 + H2O pKsp
0 =  -7.30

NaAlSi3O8 + 4 H+ 
 + 4 H2O      Na+ + Al3+ + 3 H4SiO4

0  pKsp
0 =  -2.76 

 

(2) The hydrolysis constants for the reactions: 

 

Al3+ + 2 H2O      Al(OH)2+ + H3O+    pK11 = 5.02 

Al3+ + 4 H2O      Al(OH)2
+ + 2 H3O+    pK12 = 9.30 

Al3+ + 6 H2O      Al(OH)3
0 + 3 H3O+    pK13 = 14.99 

Al4+ + 8 H2O      Al(OH)4
- + 4 H3O+     pK14 = 23.33 

Al5+ + 10 H2O      Al(OH)5
2- + 5 H3O+    pK15 = 34.24 

2 Al3+ + 4 H2O      Al2(OH)2
4+ + 2 H3O+    pK22 = 7.69 

 

(3) The dissociation constants for the reactions: 

 

H4SiO4
0      H3SiO4

- + H+      pKa10 = -9.71 

H4SiO4
0      H2SiO4

2- + 2 H+     pKa20 = -22.98 

 H4SiO4
0        HSiO4

3- + 3 H+     pKa30 = -32.85 

 H4SiO4
0       SiO4

4- + 4 H+      pKa40 = -45.95   

 4 H4SiO4
0      H6Si4O12

2- + 2 H+ + 4 H2O    pKa64 = -13.32 

 

The given equilibrium constants [57-65] permit to calculate the concentration of each species 

as a function of pH, namely Al3+, Al(OH)2+, Al(OH)2
+, Al(OH)3

0, Al(OH)4
-, Al(OH)5

2-, 

Al2(OH)2
4+, for Al (Fig. 17); H4SiO4

0, H3SiO4
- , H2SiO4

2- , HSiO4
3-  , SiO4

4- , H6Si4O12
2-, for 

Si (Fig. 18); H4SiO4
0, Al3+, Al(OH)2+, Al(OH)2

+, Al(OH)3
0, Al(OH)4

-, Al(OH)5
2-, Al2(OH)2

4+, 

for aluminosilicates. Summation of the separate solubility curves gives the total solubility 

curve.  

Fig. 19 compares the total solubility curves for Si, Al, and for the mentioned alumi-

nosilicates. The pH range of interest, in which colloids can be formed in the course of copre-

cipitation, is selected according to the low solubility region of the different aluminosilicate 

compounds. Among them, sillimanite is the most soluble, whereas kaolinite is the least solu-
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ble in the near neutral pH range, both following the similar pH dependency and showing the 

lowest solubility at pH 6.0. Low-albite shows the solubility behaviour different from that of 

sillimanite and kaolinite, decreasing sharply from pH 4.0 to 6.0 and remaining low with pH 

increase. Amorphous Al(OH)3 is similarly soluble as sillimanite, while SiO2 shows a constant 

solubility up to pH 9. Following Fig.19, the pH range for the present investigation is chosen 

from 4 to 9. Three initial concentrations of Si, namely 10-4, 10-3 and 10-2 mol l-1, below and 

above the saturation concentration (2 x 10-3 mol l-1) are combined with varying Al concentra-

tions from 10-7 to 10-3 mol l-1. 

 

3.3 Parameter screening experiment for colloid formation 

 

The screening experimental princip, namely oversaturate solutions of Si and Al by 

changing the pH  and trace colloid formation by observing the behaviour of 241Am as a con-

testant in the coprecipitation process of Si and Al, is realized in three steps as shown in Fig. 

20: (1) an acidic Al-solution traced with 241 Am (10-7 mol l-1) is titrated with an alkaline Si-

solution to a preset pH; (2) the precipitate is removed from the coprecipitation sample by fil-

tration at 450 nm pore size and the colloids are removed from the solution (ionic+ colloidal 

species) by ultrafiltration at 1.8 nm pore size; (3) after different conditioning times, from 3 h 

to 35 days, the activity fraction in solution with and without colloids is measured by liquid 

scintillation counting and the activity fraction (%, related to the input activity) in solution 

(non-colloidal),  colloids and precipitate is evaluated. The special advantage of using Am to 

trace colloid formation is to restrict automatically the screening to such colloids which are 

prone to incorporate actinides.  

A typical experimental result is shown in Fig. 21, for which 10-3 mol l-1 Si, 10-5 mol l-1 

Al and 4.9 x 10-8 mol l-1 Am are mixed initially at the ionic strength of 0.03 M NaCl. The Am  

activity fraction, evaluated as a function of pH, is shown for the first filtrate (at 450 nm pore 

size) normalized to the initial activity, and for the second filtrate (at10 kD-pore size) normal-

ized to the Am activity of the first filtrate. Fig. 21a shows the pH dependent Am activity frac-

tion, comprising the ionic and colloidal species (so called „mobile“ species), namely the Am 

activity fraction in the first filtrate separated from the precipitate by a filter of 450 nm pore 

size. The aging of the solution from 0 to 35 days does not lead to a significant change in the 

Am activity in solution. However, the solution pH changes slightly to acidic with time and 

stabilizes after some time. The lowest Am activity fraction in solution is found around pH 6, 
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which corresponds to the lowest solubility of aluminosilicate compounds as shown in Fig. 19 

for sillimanite and kaolinite. This fact suggests the incorporation of Am into aluminosilicate 

formation. As the initial Al concentration taken for this experiment (Fig. 19) is at 10-5 mol l-1, 

the precipitation is expected around pH 6. If the primary aluminosilicate precipitate is either 

sillimanite or kaolinite like (cf. Figs. 15 and 19), their solubility changes sensitively in the pH 

region of 4-9. The Am activity fraction observed in the solution changes sensitively in the pH 

range of 5-7, suggesting its incorporation into aluminosilicate formation. A separate experi-

ment with a pure Am solution of 4.9 x 10-8 mol l-1 (also in Fig. 21a) shows a decrease of its 

activity fraction in the filtrate at 450 nm pore size with increasing pH and the Am activity 

fraction in solution remains low at pH > 6.5, being significantly different from that of alumi-

nosilicate solutions.  

The Am activity measured in the pure Am solution follows closely the solubility be-

haviour of an amorphous Am(OH)3 precipitate (cf. Fig. 22) [66]. The difference of the Am 

activities between the aluminosilicate solution and its pure solution at pH > 6.5 appears an-

other indication that Am is associated with aluminosilicate formation. Fig. 21b illustrates the 

colloid-borne Am activity fraction as a function of pH, which is normalized to the activity in 

the first filtrate from 450 nm pore size, i.e. the colloid fraction within the solution after the 

separation of precipitate. The colloid-borne Am in the first filtrate prevails at pH > 5 after 35 

days of reaction time. At pH 4 about 20% Am appears colloid-borne and its fraction within 

the solution increases at pH ≥ 5 to more than 95%, then remains constant up to pH 9. Aging 

of the composite solution up to 35 days does not show a visible change in the colloidal Am 

fraction at pH > 6. Only at pH 5, the colloidal Am fraction increases with time. Fig. 21b indi-

cates that the predominant solution species of Am at pH > 6 is colloidal and remains stable 

under present experimental conditions. The colloidal Am fraction in solution appears inde-

pendent of different degrees of precipitation observed in Fig. 21a. The experiment shown in 

Fig. 21 is further conducted for a wide variety of the initial Si and Al concentrations and their 

different ratios in order to ascertain the conditions for the colloid formation. The main result 

of the screening experiment for aluminosilicate colloid formation is summarized in two time 

dependent contour diagrams representing the colloid-borne Am fraction (%) as a function of 

pH in mixture solutions of Si and Al after 3 hours up to 35 days sample conditioning time for 

two concentration levels of Si in the mother solution, just below (Fig. 23) and above (Fig. 24) 

the Si saturation concentration (2 x 10-3 mol l-1), each of them combined with increasing con-

centrations of Al from 10-7 to 10-3 mol l-1. Two characteristic pH regions are distinguished for 
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the colloid formation: around pH 5 for a minor fraction and between pH 7 and 9 for a major 

fraction. As the solubility of aluminosilicate compounds is lowest at pH 6 (see Fig.19), the 

colloid formation appears to be accordingly minimal around this pH region. The equilibrium 

for colloid formation is slowly reached in case that Si in the mother solution is under-

saturated (Fig. 23), but the reaction of the Al3+ ion (also Am) with over-saturated Si as start-

ing reactant (Fig. 24) proceeds promptly, reaches equilibrium within 3 hours and the result is 

not changed virtually up to 35 days and longer. 

Fig. 25 illustrates an overview of the formation of colloid-borne Am as a function of 

pH for different Si/Al ratios in the mother solutions 35 days after mixing Si, Al and Am. Es-

sentially three characteristic regions for optimum formation of stable colloids are differenti-

ated. The first and second optimum arise from the slightly undersaturated Si solution at pH 5-

6 and pH 8-9, respectively, and the third optimum from the 6.4 times saturated Si solution at 

pH 8-9, in each case a Si/Al ratio in the mother solutions of 100, namely for the following two 

optimalized concentration combinations: 

 

I: [Si] = 10-3 mol l-1 (0.7 x  sat.) + [Al] = 10-5 mol l-1 ([Si]/[Al] = 100) 

II: [Si] = 10-2 mol l-1 (6.4 x sat.) + [Al] = 10-4 mol l-1 ([Si]/[Al] = 100) 
 

The distinct screening patterns for colloid formation as a function of pH as well as of time, 

depending on whether Si in the mother solution is under- or oversaturated might be related 

with the expected different polymerization kinetics of Si as a function of pH and at increasing 

concentration [67], and prompts us to check the polymerization behaviour of Si under our 

experimental conditions. The understanding of the conditions for the formation of mono- and 

polysilanol is especially important since polysilanol is known to possess a 106 times higher 

affinity for Al than monosilanol [56]. The fact implies that the formation processes of alumi-

nosilicate colloids and hence their interaction with Am may also be different, depending on 

whether monosilanol or polysilanol is involved as an initial reactant.  

 

 3.4      Mono- and polysilanol for condensation with Al 

 

The following experiments serve the general comprehension of the generation of 

polysilanol under possible dynamic environmental conditions, not only out of solution 

through nucleation at oversaturation (polymerization of Si), but also out of the solid geoma-
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trix through dispersion (depolymerization of Si). Within that study, special attention is drawn 

to the polymerization behaviour of Si under the previously mentioned optimum conditions for 

colloid formation at coprecipitation of Si, Al and Am. 

The formation of polysilanol from sodium-waterglass (7.0 M Si in 4.0 M NaOH) are 

examined, as illustrated in Fig. 26, via two different approaches, respectively: By dilution to 

the alkaline pH = 12, monosilanol remains prevailed (see Fig. 19) and after subsequent adjust-

ing the pH to neutral (pH = 5 - 9), monosilanol is converted to polysilanol under the condition 

of over-saturation (approach A); By dilution to the neutral pH range, polysilanol is produced 

by over-saturation of silanol in its low solubility region (approach B). The two approaches 

show the Al effect on the polymerization and depolymerization of Si in solution, respectively, 

and give an insight into the formation of aluminosilicate colloids.  

Polymerization of Si is analyzed by approach A (Fig. 26) and made by dilution of so-

dium-waterglass to 2x10-3 – 4.2x10-2 mol l-1 Si at pH 12, in which monosilanol prevails. The 

solution is then neutralized to pH = 5 – 9 to make over-saturation of silanol, i.e. 1 - 21 times 

of the solubility saturation concentration of amorphous silica (2x10-3mol l-1) in the given pH 

range [68-71]. A conversion of monosilanol to polysilanol as a function of time is quantified 

by the molybdenum-test [67,72]. The result is illustrated in Fig. 27 and shows that the polym-

erization rate of silanol e.g. for the 6.4 times over-saturation (optimum conditions II) is pH 

dependent and completed after 5 days to a level of solubility constrains of amorphous silica, 

namely to about 85% mole fraction of polysilanol. Under the same condition, as expected, the 

polymerization does not take place in the non-saturated Si solution (< 2x10-3 mol l-1 Si) (op-

timum conditions I).  

The Si concentration effect on the polymerization is summarized in Fig. 28 for differ-

ent pH and after different time intervals, namely 1 day (Fig.28, upper part) and 10 days (Fig. 

28, lower part). At 4.2x10-2 M Si (21 x saturation concentration), the polymerization proceeds 

promptly and reaches a polysilanol mole fraction of 95%, as expected from the solubility of 

amorphous silica. A slower polymerization is observed at 1.3x10-2 M Si (6.4 times saturation 

concentration), especially at low pH. At 5x10-3 M Si (2.5 times saturation concentration), the 

completion of polymerization is considerably slow and at pH 5.5 it takes over 200 days. The 

upper limit of polymerization depends on the original Si concentration, which corresponds to 

a thermodynamic solubility level of amorphous silica, whereas the kinetics of polymerization 

is directly influenced by pH as well as concentration of Si. At low pH and at low Si concen-

tration, the polymerization rate is low.  
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Depolymerization of Si is tested following approach B (Fig. 26). After polysilanol is 

produced by neutralizing dilution of sodium-waterglass to 4.2x10-2 M Si at pH = 7 (21x over-

saturation, cf. Fig. 28), the depolymerization is measured, as illustrated in Fig. 29, at different 

degrees of dilution in the pH range of 6 - 8. By dilution of polysilanol to 5x10-3 M Si, the de-

polymerization takes place to a steady level of about 60%, which corresponds to the solubility 

of amorphous silica. The polymerization of monosilanol at the same Si concentration appears 

to reach the same level. At further dilution to < 2x10-3 M Si, the depolymerization is quantita-

tive. As is apparent from Figs. 27-29, the polymerization and depolymerization of Si are re-

versible processes, unless foreign metal ions of higher charged state ( 2+ < z < 4+) are present 

[67]. The effect of Al will be discussed later (see section 8.2). 

At this point, we can further define the optimal experimental conditions for the alumi-

nosilicate colloid formation: 

 

I [Si] = 10-3 mol l-1 (monosilanol = 100%) +  [Al] = 10-5 mol l-1  (pH 5-6 & 8-9) 

II [Si] = 10-2 mol l-1 (polysilanol ≤  85%)    +  [Al] = 10-4 mol l-1  (pH 8-9) 

 

 3.5       Quantification and characterization of colloids 

 

The hitherto used methods to trace aluminosilicate colloid formation, namely separa-

tion of colloids by ultrafiltration and determination of the Am activity in the colloidal frac-

tion, have been fast, effective and convincing. However, they are indirect methods, which 

cannot give any information on the quantity or type of the generated colloids. Therefore we 

introduce now sophisticated techniques such as LIBD, AFM and SEM-EDXS to analyze the 

synthetized colloids directly. 

 

Appraisal of aluminosilicate colloid formation by LIBD 

 

  To ascertain how the colloidal Am species is formed, the colloid formation in alumi-

nosilicate solutions without addition of Am is examined by LIBD. As shown in Fig. 30, the 

acidic Al solution of 10-5 mol l-1 is titrated by an alkaline Si solution of 10-3 mol l-1 (optimum 

conditions I).  The maximum colloid formation emerges at pH 5.5, the minimum at pH 6.5, 

and at pH ≥ 8.0 the colloid generation increases again. The results of the LIBD experiment are 

comparable to the screening experiment made by filtration with addition of Am as shown in 
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Figs. 23 and 25. Around pH 6.5, the absolute amount of generated colloids is found to be 

minimal, being in accordance with the lowest solubility of aluminosilicate compounds (e.g. 

sillimanite) as appeared in Fig. 19. A relatively low amount of colloids observed at pH 4.0 

may be ascribed to an acidic pH effect that asserts oxygenbridge breaking and hence less col-

loid formation. This is comparable to the colloid-borne Am fraction shown in Fig. 21(b). 

Since all chemical solutions for laboratory use contain more or less colloids as impurities, 

their influence on the present experiment is examined separately.  

The original Al and Si solutions are pH titrated separately, both in about 10-3 mol l-1, 

in order to ascertain whether they contain colloids originally or colloids are generated on the 

pH change that are detectable by LIBD. The results are shown in Fig.30. The Al solution 

shows a realtively small amount of colloid generation by changing pH from 4 to 7 and above 

7 no colloids can be detected. The initial Al concentration of 10-3 mol l-1 may undergo pre-

cipitation of Al(OH)3 with increasing pH and its solubility is the lowest at pH 6 (cf. Fig. 19). 

Therefore, the colloid generation, as confirmed by LIBD, in the pH region of 4-7 may be at-

tributed to an oversaturation of Al that is conducive to polynucleation. The Al concentration 

of 10-5 mol l-1 with addition of Am (4.9 x 10-8 mol l-1) also indicates, as shown in Fig.25 

(down part), the generation of colloidal species in a small amount at pH 4-7 even in the ab-

sence of Si. The pure Si solution shows the presence of colloids in a relatively small amount 

in the whole pH range investigated. As the effect of pH change on the colloid concentration is 

only marginal, it is supposed that the original Si solution contains colloidal impurities. The 

element analysis indicates about 10 ppb of Al as an impurity in the original Si solution, which 

may induce a trace amount of aluminosilicate colloids detectable by LIBD as shown in 

Fig.30. As a conclusion, the original Al and Si solutions are also found to generate colloids or 

contain colloidal impurities for different reasons. However the amounts detectable by LIBD 

are distinctively lower than the colloid generation taken place in aluminosilicate solutions 

(Fig. 30). Such difference corroborates the formation of aluminosilicate colloids. 

 

Particle size, number density and Si/Al ratio 

 

The average size of corresponding aluminosilicate colloids is determined at pH values 

6.0 and 7.5. The experimental results of LIBD are shown in Fig. 31. Two-dimensional distri-

butions of optical detection of plasma generated on colloid breakdown are shown in the upper 

part of Fig. 31, which are concentrated in the centre of effective laser focal volume. Counting 
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of all breakdown events at each given pH is then made as a statistical distribution on the z-

axis as shown in the lower part of Fig. 31. A twice value of the full width at half maximum 

(FWHM) is taken for the evaluation of an avergae colloid size in hard sphere diameter ac-

cording to the previous calibration [28]. The average size is found to be 13± 1 nm at pH 6.0 

and 11± 2nm at pH 7.5. The two values are virtually the same within the experimental preci-

sion. The average size remains unchanged with time, indicating the stability of aluminosili-

cate colloids in the investigated pH range. The AFM measurement is also performed as shown 

in Fig. 32.  Therefore the supernatant of the colloidal precipitate at pH 7 is brought onto a 

mica plate for the AFM study under non-contact mode. The particle analysis results in 5-10 

nm height and 10-50 nm length for the spherical or egg shaped particles of preponderance as 

shown in Fig. 32. This value closely corroborates LIBD results of the present experiment as 

evaluated for a hard sphere diameter. Breakdown events scattered mostly around a narrow 

sphere of y-z axes in Fig. 31 suggest a small range of the colloid size distribution. The colloid 

number density determined by LIBD ranges from 1011 – 1014 particles per litre water depend-

ing on the experimental condition (pH, Al and Si concentrations). The analog analysis of alu-

minosilicate colloids generated under the optimum conditions II shows a comparable average 

size of 10-20 nm as well as number density. The atomic Si/Al ratio of aluminosilicate colloids 

from conditions I and II is determined by SEM-EDXS and found to be 0.71±0.05 and 

1.23±0.03, respectively. It is amazing that the Si/Al ratio in the colloids is almost independent 

on the degree of polymerization of Si in the mother solution. The atomic ratio of about one is 

evocative for a kaolinite or imogolite like composition of the aluminosilicate colloids [59] 

such as hydroxy aluminosilicate colloids also called HAS [54,55]. Taking into account the 

Si/Al ratio of HAS colloids approximately one, their formation from polysilanol can be pre-

sumed as 

 

n Al(OH)3-y
y + SinOn-1(OH)2n+2      AlnSinO4n+2-x(OH)x

x-n-4 + (7+ny-x) H+ + (2n-ny-1) H2O 

 

where the y value varies from –1 to +3 following the degree of hydrolysis within the present 

experimental pH range (4 – 9) and the x value determines the anionic charge of HAS colloids. 

Polynuclear species of hydrolysed Al ions become important only at pH < 5 [62,63]. Whereas 

the Al3+ ion undergoes hydrolysis, thus forming different hydroxyl species in the given pH 

range [62-65], the predominant silanol species appears to be Si(OH)4, unless the Si concentra-

tion is over-saturated [23,38,56,59,67] (see section 3.4). Therefore, a general polysilanol form 
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of neutral charge is envisaged as a reactant for the above-formulated reaction. The n value is 

too complicated to be ascertained. This formulation may correspond to the formation of the 

Cm-HAS(III) species via isomorphic substitution of Cm to a multidentate oxo-bridging of Al. 

Because only a small amount of colloids is generated in the present experiments (10-

50 ppb), their structure characterization is not directly possible. It is important to note that the 

characteristic values for the aluminosilicate colloids we have synthesized are typical for alu-

minosilicate colloids as they are found in the nature:   

 

Natural system  Present system

• Particle size   very often < 50 nm  10 - 50 nm 

• Number density  108 - 1014 particles l-1  1011 - 1014 particles l-1

• Si/Al ratio   imogolite: 0.5 - 1.0  0.7 - 1.2 

 

Conclusions of section 3 

 

In an elaborated parameter screening experiment, optimum conditions for alumi-

nosilicate colloid formation have been recognized from their capability to incorporate Am, 

which has been added in a tracer concentration as contestant in the condensation process of 

Si and Al. The optima correspond to mother solutions made at pH 5-6 and pH 8-9, with a 

Si/Al concentration ratio of 100, but at two different Si concentration levels, namely in a 

slightly undersaturated and in a 6.5 times oversaturated solution.  

The corresponding colloids, as analyzed by LIBD, AFM and SEM-EDXS, all belong to 

a unique colloid type which is very similar to the natural aquatic colloids of the imogolite 

type with a Si/Al atomic ratio of ca 1, namely hydroxy aluminosilicate (HAS) colloids. They 

are small colloids (10 - 50 nm) with a low number density (1011 – 1014 particles l-1). 

 Different optimum formation conditions for a solely colloid type may reflect different 

colloid generation mechanisms with distinct interaction potentials for Am. Such differences 

may be connected with pH and concentration of Si in the mother solutions, which have been 

shown to influence the degree of polymerization of Si. The hypothesis urges us to further in-

vestigate the interaction of Am with HAS colloids in the moment of formation, also called 

HAS colloids in statu nascendi.  
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4   Interaction of trivalent actinides with aluminosilicate colloids in statu nascendi 

 

The study of the interaction of trivalent actinides with aluminosilicate colloids in the 

course of their generation by coprecipitation, also called aluminosilicate colloids in statu nas-

cendi, comprises the following steps: (1) identify and characterize the binding state of 

Am(Cm) within the colloids; (2) analyze the underlying reasons for differentiated incorpora-

tion of Am(Cm) into colloids; (3) test the stability of the colloid-borne Am(Cm); (4) deter-

mine the capacity of the aluminosilicate colloids to incorporate increasing amounts of 

Cm(Am).  

 

4.1    Speciation of colloid-borne Cm by TRLFS 

 

TRLFS is the method par excellence to follow the binding state of trace amounts (up to 

10-8 mol l-1) of Cm in vivo, e.g. at the titration experiment for condensation of Si and Al. The 

optimal conditions I and II (cf. section 3) for the formation of aluminosilicate colloids from 

monosilanol and polysilanol, respectively, are selected for the purpose. 

 

Formation of aluminosilicate colloid-borne Cm from monosilanol (condition I) 

 

Typical TRLFS spectra of colloid-borne Cm are shown in Fig. 33, for which the initial 

concentrations of Si and Al are taken 10-3 and 10-5 mol l-1, respectively, with an addition of a 

Cm concentration at 4.9x10-8 mol l-1. The acidic Al solution containing Cm is titrated by the 

alkaline Si solution. The pH dependent evolution of the fluorescence spectrum is illustrated in 

the upper part of Fig. 33, whereas the deconvolution of a composite spectrum is shown in the 

middle part of Fig. 33. The spectroscopic speciation shows the presence of three different Cm 

species: the free Cm3+ aquo-ion with the emission peak at 593.8 nm and two different colloid-

borne Cm species, indicated as HAS (hydrated aluminosilicate) species I and II, with the 

emission peaks at 598.5 and 601.8 nm, respectively. The red shift of the emission band is at-

tributed to the formation of inner-sphere complexes. An exchange of water molecules of the 

inner coordination sphere by complexing ligands causes a change in the ligand field of the 

aquo Cm3+ ion, which results in a bathochrome shift of the fluorescence spectrum [26,44]. 

 All spectra recorded at pH 2-8 are deconvoluted and individual species present at each 

pH are quantified. The fractions of each Cm species thus evaluated are shown in Fig. 33 
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(lower part) as a function of pH, in which the formation of colloidal Cm species can be ap-

praised. The species Cm-HAS(I) is formed between pH 3 and pH 8 with its maximum around 

pH 6, while the Cm-HAS(II) species appears at pH 5 onwards to higher pH and becomes the 

prevailing colloidal species at pH > 7.  

 The characterization of the two colloidal species, Cm-HAS(I) and Cm-HAS(II), is 

further pursued by measuring their relaxation times of fluorescence at 598.5 and 601.8 nm, 

respectively, as designed for the colloidal species in Fig.33, to ascertain the number of hydra-

tion water molecules bound to Cm. The species Cm-HAS(I) and Cm-HAS(II) show a relaxa-

tion time of 83.5±3.7 µs and 88.3±5.2 µs, respectively. Based on these data and relative to the 

free Cm3+ ion, which is assumed to contain 9 coordinated water molecules [73] and has a 

fluoresence relaxation time of 65±2 µs, the numbers of hydrated water molecules are calcu-

lated according to Horrocks [74] and Kimura et al. [75]. According to Kimura et al., the re-

maining water molecules of Cm for the colloidal species Cm-HAS(I) and Cm-HAS(II) are 

calculated to be 7±0.5 and 6±0.5, respectively. This fact infers that the colloid-borne Cm has 

either bidentate oxygen bridges or tridentate oxygen bridges to Al-O- and Si-O- moieties 

within HAS colloids. According to Fig. 33, Cm appears colloid-borne in the near neutral pH 

region. This result supports the Am colloid formation as ascertained by filtration experiments 

given in Figs. 23 and 25.  

For the purpose of comparison, the Cm speciation is also made in a pure Si solution of 

10-3 mol l-1 without the addition of Al and in a pure Al solution of 10-3 mol l-1 without the 

addition of Si, to both of which 4.9x10-8 mol l-1 Cm is added. Fig. 34b shows Cm emission 

spectra measured as a function of pH in the pure Si solution. As Al impurity is present 

(3.7x10-7 mol l-1) in the original Si solution, a certain amount of latent aluminosilicate colloids 

is expected, in which Cm may be incorporated and become colloid-borne species. However, 

as the Si concentration is 10-3 mol l-1, while the Al impurity concentration is so low, the plau-

sible assumption is that the interaction of Cm with silanol groups may prevail in this solution. 

The radiometric assay shows that Am(III) added to the pure Si solution without Al addition 

becomes partially colloid-borne species with pH between 5 and 9 (Fig. 25) and the rest re-

mains as ionic species, either Am3+ aquo-ion or Am-silicate complex. Cm is, therefore, ex-

pected to behave accordingly. The emission peaks of Cm observed in the pure Si solution are 

the same as in the Si/Al solution (Fig. 34a) at 593.8 nm, 598.5 nm and 601.8 nm. Fluores-

cence lifetimes of the three emission peaks are nearly the same as well, suggesting that the 

prevailing interaction of Cm takes place with Si in both solutions. The number of hydrated 
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waters appears the same as well in both solutions, i.e. 7 H2O for the complex species (I) and 

about 6 H2O for the complex species (II). These numbers surmise the bidentate and tridentate 

bindings to oxo-bridges, respectively. 

 The speciation results shown in Fig. 34c indicate that in the pure Al solution Cm is 

incorporated into Al hydroxides, which slowly undergo precipitation. The Cm emission peak 

is changing with pH from the Cm aquoion at 593.8 nm via gradual bathochrome shift to a new 

species at 604.1 nm. This species has a longer lifetime of 110.5 µs, being distinctively differ-

ent from the interaction of Cm with Si. The total emission intensity of Cm in the Al solution 

is decreasing with increasing pH in the course of time. This fact infers the coprecipitation of 

Cm in Al hydroxide, because the Al concentration of 10-3 mol l-1 under investigation is sub-

stantially higher than its solubility in the pH region 5-9 [62,63]. Therefore, the spectra shown 

in Fig. 34 are recorded while stirring the solution. This experiment is to demonstrate that the 

incorporation of Cm in aluminosilicate colloids (Fig. 34a) shows the spectroscopic properties 

clearly different from its incorporation into Al hydroxide precipitate. The fact that the emis-

sion peak at 604.1 nm appears only in the pure Al solution, not in the mixed solution of Si and 

Al (Fig. 34a), means the non-attendance of Al hydroxide precipitation in the presence of Si, 

exceeding the Al concentration. The species fractions as a function of pH are evaluated for the 

pure Si solution and compared with the species distribution for the mixed solution.  

Fractional appearances of the two Cm complex species (I) and (II) in Fig. 33 as a func-

tion of pH are found to be nearly the same for the two solutions. The fluoresence lifetimes of 

the two complexes in the two solutions are nearly the same for each corresponding species 

(Table 1) and hence the number of hydration water molecules for Cm can be assigned to 

seven and six for the complex species (I) and (II) in both solutions, respectively. The only 

difference is the amount of colloid-borne Cm species that is significantly larger in the mixed 

solution of Si and Al than in the pure Si solution (cf. Fig. 25). In the former solution, Cm un-

dergoes incorporation into aluminosilicate colloids as a contestant of Al, whereas in the latter 

solution Cm is complexing with silanol moieties and thus results in either colloidal or ionic 

complex state, in which partial precipitation of Cm-silicate complex takes place.    

 

Formation of aluminosilicate colloid-borne Cm from polysilanol (condition II) 

 

Titration of an acidic Al solution containing Cm by an alkaline Si solution with the fi-

nal concentrations 1.34x10-2 M Si, 1x10-4 M Al and 4.8x10-8 M Cm, which is accompanied by 
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the formation of polysilanol (cf. Fig. 26, approach A and Fig. 27), is traced for colloid-borne 

Cm by recording the TRLFS spectra at pH 2-8. The speciation results for Cm are shown in 

Fig. 35. The upper part of Fig. 35 demonstrates a pH-dependent evolution of fluorescence 

spectra as a function of pH, while the down part of Fig. 35 illustrates the deconvoluted emis-

sion spectra of four different Cm species present in the solution. The emission peak for the 

Cm3+ aquo-ion appears at 593.8 nm with a lifetime of 67.1±2.5 µs, corroborating the known 

value [26,44,45]. The first colloid-borne Cm species, entitled as Cm-HAS(I), becomes visible 

at 598.5 nm with a lifetime of 83.5±3.7 µs and the second colloid-borne Cm species Cm-

HAS(II) emerges at 601.8 nm with a lifetime of 88.3±5.2 µs. The third colloid-borne Cm spe-

cies: Cm-HAS(III), comes forward at 606.8 nm with a longer lifetime of 518±25 µs, which 

appears to be unique for Cm in the aluminosilicate colloid formation from polysilanol and has 

not been observed in its reaction with monosilanol. 

The titration of polysilanol interacting with Cm in the absence of Al under the same 

condition gives rise to nearly identical speciation results. The emission spectral evolution 

shown in Fig. 36, i.e. peak positions and each corresponding lifetime, are the same as in Fig. 

35. The observed species are named Cm-HPSi(I) (hydroxy-polysilanol), Cm-HPSi(II) and 

CmHPSi(III). These species come out as three different kinds of complexation of Cm with 

polysilanol moieties. Their similar spectroscopic characteristics to the Cm-HAS species indi-

cate that in the aluminosilicate colloids Cm interacts preferentially with silanol moieties as a 

substitution to Al. From the lifetime measurement of each emission peak, one may deduce the 

number of water molecules, which remain coordinated with Cm in colloids. Cm-HAS(I) and 

CmHAS(II) are found to have 7 and 6 coordinated water molecules, whereas Cm-HAS(III) 

has one or none. The number of coordinated water molecules of each colloid-borne Cm spe-

cies puts forward that the oxo-bridging state of Cm in aluminosilicate coilloids is a bidentate 

for Cm-HAS(I) and a tridentate for Cm-HAS(II). A complete structural incorporation of Cm 

is then conceivable for the Cm-HAS(III) species, as Cm in this species has virtually no hydra-

tion water. The same interpretation can be made for the species Cm-HPSi(I), Cm-HPSi(II) 

and Cm-HPSi(III) as well, according to the similar number of hydration water molecules ap-

praised for each of these species based on their lifetimes.  

Overall speciation results are summarized in Fig. 37 for all species of Cm-HAS and 

Cm-HPSi as a function of pH. In the upper part of Fig. 37, the Cm-HAS(I) species comes into 

view only in the low pH region as a minor fraction with the maximum of 23% at pH 5.8. The 

second species, Cm-HAS(II) emerges gradually from pH 5 to a maximum fraction of 35% 
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around pH 6.5. From pH 6.5, the Cm-HAS(II) species disappears rapidly and the third spe-

cies, Cm-HAS(III), suddenly built at pH 6.5, becomes predominating in the whole pH range 

under investigation increasing its fraction with an increase of pH and becoming prevalent at 

pH > 7. A comparable formation pattern can be observed in the lower part of Fig.37 for the 

species: Cm-HPSi(I), Cm-HPSi(II) and Cm-HPSi(III). The similarity of the two-speciation 

results is a direct corroboration for the same kind of chemical bindings of Cm, either in Cm-

HAS or in Cm-HPSi species. This fact infers that the oxo-bridging of Cm in aluminosilicate 

colloids converges rather on silanol moieties than on alumina oxygen. The speciation results 

shown in Fig. 37 are totally different from the speciation performed on the Cm-HAS species 

(also Cm-silanol) in the previous experiment, which are produced from monosilanol as an 

initial state (see Fig.33).   

 

4.2   Isomorphic substitution of Al for Am(Cm) 

 

Fig. 38 summarizes the hitherto results and illustrates the correlation between the binding 

strength of Cm to aluminosilicate colloids (colloid-borne Cm species) and the polymerization 

of Si (Si-species). The presence of polysilanol in the mother solution at pH ≥ 7 is a condition 

for isomorphic substitution of Al for Am(Cm) in HAS colloids. Since the polymerization of 

Si depends on pH as well as on the concentration of Si, which are not only thermodynamic 

but also kinetic parameter (see section 3.4), it becomes obvious that the binding strength of 

Am(Cm) to HAS colloids is also a question of kinetics. The experimental fact can be under-

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

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

degrees of supersaturation an activation barrier to the nucleation (conucleation of 

Am(Cm)(Al) with Si) persists, which can be annihilated whenever a foreign solid surface (e.g. 

polysilanol) with interfacial free energy is already present as a catalyzer. The logic conse-

quence of such an explanation for the isomorphic substitution of Si for Al and even for 

Am(Cm) would be that, instead of a catalyzer, increased temperature or very long aging times 

might also be appropriate to overcome the activation barrier to the conucleation of Si, Al, 

Am(Cm)).  

In order to test the hypothesis, a coprecipitation sample is prepared at 25°C on the basis of 

mono-silanol by mixing an alkaline solution of Si (10-3 mol l-1) with an acid solution of Al 

(10-4 mol l-1) and Cm (5.0x10-8 mol l-1). The pH is adjusted to 7.5, and the temperature of the 
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sample is increased to 90°C. After different conditioning times at 90°C, from 5 up to 87 days, 

aliquots are taken and cooled to 25°C for analysis by TRLFS and LIBD in order to speciate 

the colloid-borne Cm and simultaneously characterize the colloid formation.  

The Cm fluorescence spectra after different heating periods compared with the spectrum 

before heating are illustrated by Fig. 39. It is obvious that increased temperature effectuates a 

strong red shift of the emission band at 601.9 nm with a lifetime of 87.7±4.8 µs, which is 

characteristic for the Cm-HAS(II) species, (cf. section 4.1) to 606.7, 607.7 and 608.5 nm after 

periods of 5, 16 and 39 up to 87 days, respectively. The shifted emission bands have a com-

posite lifetime. Fitting the data to a biexponential law, the two lifetimes 86.2±4.8 µs and 

306.1±30.0 µs are derived. They are attributed to the Cm-HAS(II) with 6.7 H2O and the Cm-

HAS(III) species with 1.8±0.5 H2O in the inner coordination sphere of Cm, respectively. The 

result corroborates our hypothesis, that the activation energy to incorporate Cm completely 

into the structure of aluminosilicate colloids, can be provided by either increased temperature 

or with the catalytic aid of the polysilanol surface as outlined above. 

The question whether the observed temperature effect on the Cm(Am) binding to HAS 

colloids is equivalent with aging time, as the Arrhenius equation [77] 

 

  ln k2/k1 = Ea / R (1/T1 – 1/T2)       Eq.12 

 

where k1 and k2 are the rate constants at temperatures T1 and T2, Ea is the Arrhenius activation 

energy (e.g. 80 KJ/mol), and R is the gas constant, suggests, or overlapping processes other 

than aging have also taken place, cannot be answered by this experiment. A more intensive 

investigation including experiments at different temperatures is required to obtain such infor-

mation.  

Fig.40 summarizes the results of the speciation of colloid-borne Cm and indicates the in-

fluencing parameters: the higher the pH, the concentration of Si and the temperature, the 

stronger the binding of Cm to HAS colloids.  

   

4.3   Stability of colloid-borne Cm(Am) 

 

Irreversible bindings of actinides to stable aquatic colloids may lead to an unhindered ac-

tinide migration along the water flow path. The question whether Cm-HAS(I), Cm-HAS(II) 

and Cm-HAS(III) correspond to „irreversible bindings“ and „stable colloids“ seems to be a 
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question of definition and related to eventually changing environmental conditions such as 

pH, temperature, the presence of anionic ligands etc.. Within this study, 3 different stability 

tests are considered: (1) change from radioactive to inactive medium and measuring radiomet-

rically the desorption of Am activity from the colloidal fraction; (2) change from high to low 

pH environment and determining the colloid-borne Cm distribution as a function of pH with 

TRLFS; (3) change from ambient to increased temperature and monitoring the colloidal aver-

age size with LIBD. 

 

Activity in colloids after desorption with inactive medium 

 

In a first stability test for Am binding to HAS colloids, two desorption experiments for 

Am are performed on Am-HAS colloids. One experiment uses colloids generated under con-

dition I and another uses colloids formed under condition II , based on the conucleation of 

Am and Al with prevailing monosilanol and polysilanol, respectively. The chosen pH´s of 

colloid formation for each experiment are 5, 7 and 9. In all cases, the sample conditioning 

time is seven days. For desorption, the colloidal fraction is first separated from the mother 

solutions by ultrafiltration and than brought into contact with a similarly prepared inactive 

ultrafiltrate during one day. The procedure is repeated three times. A fourth desorption is per-

formed with bidistilled water at pH 6. The colloid-borne Am fraction remained in the colloids 

after the accumulated washing procedures in relation to the initial colloid-borne Am fraction 

before desorption is evaluated. Fig. 41 shows the result of the stability tests for the pseudocol-

loids of Am in question, namely generated at three different pH´s on the basis of HAS-

monosilanol (upper part of Fig. 41) and on the basis of HAS-oligosilanol (lower part of Fig. 

41). The least desorption of Am from HAS colloids is observed at pH 9 indicating over 90% 

of Am remained stable as colloid-borne species for both HAS-monosilanol and HAS-

polysilanol. At pH 7, the value decreases slightly but remains still over 80% for HAS-

monosilanol and 70% for HAS-polysilanol. However, at pH 5 only 33% and 50% of the ini-

tially incorporated Am remains in the colloids from HAS-mono- and -polysilanol, respec-

tively, suggesting that the colloid-borne Am species is chemically unstable. Compared to the 

speciation of Cm at interaction with HAS colloids, as shown in Figs. 33, 37 and 38, the results 

of the desorption experiment can be interpreted as forming the colloidal species Am-HAS(I) 

at pH 5 and Am-HAS(II) or Am-HAS(III) from pH 7 to pH 9 in accordance with the forma-

tion of Cm-HAS(I) and Cm-HAS(II) or Cm-HAS(III). According to Fig.41, the colloidal spe-
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cies Am-HAS(II) (tridentate) as well as Am-HAS(III) (isomorphically substituted) seems to 

be structurally stable in solution, in which Am or Cm appears irreversibly incorporated under 

given conditions.    

 

Cm-HAS(III) species at decreasing pH 

 

A second stability test investigates the pH-reversibility behaviour of the Cm-HAS(III) 

species. Therefore the Cm-HAS(III) species is formed at pH 9 by titration of an alkaline solu-

tion of Si (1.34x10-2 mol l-1) with an acid solution of Al (1x10-4 mol l-1) and Cm (4.8x10-8 mol 

l-1)  as previously described for colloid formation on the basis of polysilanol, condition II (see 

section 3.4). The mixed sample at pH 9 is divided in 8 aliquots, each of which are titrated 

with HCl to a lower pH unit (inverse titration), namely from pH 9 down to pH 2 in accom-

pany with the spectroscopic speciation. A dilution of the elements concentration upon titration 

is maintained within 3%. The speciation results for colloid-borne Cm as a function of pH in 

the course of the inverse titration of the sample containing Cm-HAS(III), are shown in Fig. 42 

(lower part). The formation pattern for the species Cm-HAS(I), Cm-HAS(II) and Cm-

HAS(III) is similar to that for the direct titration (see Fig. 42, upper part), except that Cm-

HAS(III) becomes the predominating colloid-borne Cm species in the whole pH range under 

investigation, increasing gradually its fraction with an increase of pH and becoming prevalent 

at pH > 7. A decrease of pH from 9 down to 2 converts the Cm-HAS(III) species to Cm-

HAS(II) gradually. Both Cm-HAS(III) and Cm-HS(II) disappear slowly at pH < 6, while Cm-

HAS(I) is appearing at lower pH. The Cm3+ aquo-ion fraction increases on the other hand 

with decreasing pH, suggesting ist dissociation from colloids. The dissociation of Cm with 

lowering pH is not directly from Cm-HAS(III) but takes place from Cm-HAS(II) at first and 

than from Cm-HAS(I). 

The stability of the Cm-HAS(III) species at each pH is observed as a function of time 

up to 63 days, as shown in Fig. 43. At pH 9, only the Cm-HAS(III) species prevails and re-

mains stable with time. The fraction of Cm-HAS(III) decreases with lowering pH but at each 

pH the corresponding Cm-HAS(III) fraction remains stable with time again after 15 days. At 

pH ≤ 5, the initial fraction of Cm-HAS(III) decreases with time for the first few days and then 

remains constant. At pH 3, Cm-HAS(III) disappears almost after a few days.   
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HAS colloidal size at increasing temperature 

 

 The stability of HAS colloids made at room temperature from monosilanol at pH 7.5 

and heated to 90°C (see section 4.2) is monitored by LIBD as a function of heating time (up 

to 7 days) by determining the average colloidal size from two-dimensional recordings of 

plasma light emission generated by breakdown of colloids within the laser beam focus vol-

ume. The result is given in Fig. 44. The unchanged 2-D distribution (x,z-plane) of the break-

down events around the center of the optical focus of the laser beam, before and after pro-

longed heating periods, proves that periods of increased temperature do not irreversibly 

change the colloidal state.  

 

4.4   Capacity of colloids to incorporate Am(Eu) 

 

The maximal amount of trivalent actinides which can possibly be incorporated into HAS col-

loids in statu nascendi either formed from monosilanol (formation condition I) as well as from 

polysilanol (formation condition II) is determined. To this purpose, increasing amounts of Eu 

up to 5x10-4 mol l-1 are included in the colloid generation process in addition to a constant 

tracer amount of Am (5x10-8 mol l-1). A similar behaviour of Am and the somewhat better 

soluble Eu is thereby assumed. The fraction of Am activity in the three phases (ionic, colloids 

and precipitate)  is measured as a function of pH and also as a function of time, from 3 hours 

to 35 days. Blank experiments without Si and Al are also performed in order to trace sepa-

rately the colloid formation behaviour of Am(Eu) by itself, without the binding to HAS col-

loids. The result for the Am(Eu) fraction incorporated into the colloidal phase of the copre-

cipitation samples after 35 days conditioning time as a function of the (Am+Eu) concentration 

is given by Fig.45. The following observations are made:  

(1) The maximum concentration of incorporated Am(Eu) amounts to ca. 90% of 5x10-

5 mol l-1 in HAS colloids formed at pH 7-9 out of a mother solution containing 1.3x10-2 mol l-

1 Si (85% polysilanol at pH ≥ 7) and 1.5x10-4 mol l-1 Al. In that case, about one out of two or 

three Al in the colloids is isomorphically substituted for Am(Eu). A further increase of the 

Am(Eu) concentration destroys the HAS colloidal state;  

(2) HAS colloids in statu nascendi generated out of a mother solution, consisting of a 

1x10-3 mol l-1 monosilanol and 1x10-5 mol l-1 Al, have a somewhat lower capacity to hold 

Am(Eu). In that case, the maximum is observed at pH 9 for a Am(Eu) concentration of 2x10-6 
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mol l-1. Thereby 1 out of 5 Al in HAS colloids is poorly replaced by Eu(Am) in a tridendate 

binding;  

(3) The binding capacity of HAS colloids (from mono- as well as from polysilanol) for 

trivalent actinides decreases with decreasing pH and is in line with the An(III)- colloid bind-

ing strength.  

(4) At pH 4 to 6, the activity in the colloidal phase has not to rely on HAS, since the 

colloidal Am(Eu), which is formed in the presence of Si and Al is found to the same amount 

in the blank experiment with Am(Eu) only, without HAS colloids. Another mechanism for 

colloid formation is postulated. The phenomenon will be discussed later (section 9).  

 

Conclusions of section 4 

 

Trivalent actinides such as Am(III) or Cm(III) are incorporated into HAS colloids in 

statu nascendi and undergo thereby oxo-bridging into the structural position of Al(III). The 

different incorporation patterns as well as kinetics of Am(Cm), depending on whether HAS 

colloids are built from mono- or polysilanol, reflect correspondingly different incorporation 

mechanisms. The binding strength of Am(Cm) to the HAS colloids increases with increasing 

concentration of Si and increasing pH and is shown to be related with the faster polymeriza-

tion kinetics of Si. HAS colloids, formed from a slightly undersaturated Si-solution (monosi-

lanol) mixed with Al  (Si/Al ratio = 100) in the presence of tracer amounts of Am(Cm), build 

the colloid-borne Cm species Cm-HAS(I) at pH 5 – 6 and Cm-HAS(II) at pH 8 – 9 corre-

sponding to bidentate and tridendate bindings to the colloids, respectively. HAS colloids, 

generated from an oversaturated Si-solution (polysilanol), which is mixed with Al (Si/Al ratio 

= 100) at pH 7 – 9, form the colloid-borne Cm species Cm-HAS(III) where Cm(Am) substi-

tutes isomorphically for Al in the aluminosilicate colloid structure. The result is explained by 

the interfacial energy of polysilanol, which seems to be necessary to overcome the activation 

energy barrier for the complete incorporation of Am(Cm). The explanation is corroborated by 

the fact, that isomorphic substitution of Am(Cm) can also take place without polysilanol sur-

face, e.g. from monosilanol and Al, at increased temperature, e.g. 5 days at 90°C, which is 

another way to provide activation energy.  

The generated pseudocolloids of Am(Cm), corresponding to the Cm-HAS(II) or Cm-

HAS(III) species, are extremely stable as a function of time, against desorption with inactive 

medium (irreversible Am(Cm)-colloid bindings), and at increased temperature. Their forma-
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tion is, however, pH reversible, and in line with the lower stability of the Cm-HAS(I) species 

built at pH 5 – 6.  

The maximum capacity of HAS colloids to incorporate Am(Eu) is reached for HAS 

colloids generated from polysilanol at pH 8-9, when about one third of the Al in colloids is 

substituted by Am(Eu) and the HAS colloids have lost their original identity. 

 Am in the colloidal fraction at pH 4 – 6 is due to a process for colloid formation, 

which is different from the binding with HAS colloids. The corresponding mechanism will be 

further discussed and is still under investigation. 

 

5 Interaction of tetravalent actinides with aluminosilicate colloids in statu nascendi 

 

Follows now the interesting question whether Th(IV), present at the conucleation of Si 

and Al, will follow the behavior of Si(IV) and incorporate irreversibly into HAS colloids in 

statu nascendi just like Am(III) served as a substitute for Al(III). Although no direct spectro-

scopic speciation of colloid-borne Th like by TRLFS is possible for tetravalent actinides, we 

expect that, on the basis of the acquired knowlegde about the pseudocolloid formation of 

Am(Cm), an intelligent comparative tracing of the  activity of Th in the liquid, colloidal and 

solid phases may provide us a conclusive answer to that question. Starting from the prepara-

tion of 234Th through separation from natural 238U, the study includes the determination of the 

Th incorporation kinetics into HAS colloids in statu nascendi as a function of the pH, of the Si 

concentration and of the Th concentration, as well as the analysis of the reversibility of the 

process.  

 

5.1 Separation of Th from U 

 

As obvious from the 238U decay scheme (Fig. 46, upper part), 234Th (T1/2= 24.1 d) may 

be prepared by milking natural uranium. The separation of Th is performed in two consecu-

tive steps [78,79]:  

(1): 25 g UO2(NO3)2.6 H2O (p.a, Merck) is brought into the chloride form UO2Cl2 by 

addition of conc. HCl, evaporation to dryness, dissolution in 8 M HCl and applied to a col-

umn (4.4 cm ø, 72 cm length) filled with 750 ml of the anion exchange resin Dowex®1-X8 

(100-200 mesh). Th(IV), unlike U(VI) and Pa(V), does not form anionic chlorocomplexes and 

is eluted with 8 M HCl. The eluate is evaporated, dissolved in conc. HNO3 and H2O2 and 

 37



evaporated 3 times until all organics are destroyed. The residue is dissolved in 8 M HNO3 for 

the second purification step. 

(2): The hexanitratocomplex of Th is now sorbed on a small column filled with 80 µl 

anion exchange resin Dowex®1-X8. Remaining U and Pa impurities are washed out with 8 M 

HNO3. Th is eluted with 8 M HCl. The eluate is evaporated several times with conc. HNO3 to 

dryness and redissolved in 0.1 M HCl, resulting in about 150 kBq 234Th. A typical elution 

diagram is shown in Fig. 46.   

 

5.2 Incorporation of Th(IV) and Am(III): comparison 

 

Similarly to the foregoing experiments for the estimation of incorporation of Am(III) in 

HAS colloids in statu nascendi, a constant tracer amount of Th, dissolved in acid, is added to 

an acid Al solution in 0.03 mol l-1 HCl and titrated with an alkaline Si solution in 0.03 mol l-1 

NaOH to a preset pH, to give the following end concentrations in six series of mother solu-

tions, each serie including six samples with different pH in the range from 4 to 9: 

 

(1) Only Th: [Th] = 5x10-8 mol l-1 

(2) Th+Al: [Th] = 5x10-8 mol l-1, [Al] = 10-5 mol l-1 (also [Al] = 10-4 mol l-1) 

(3) Th+monosilanol.: [Th] = 5x10-8 mol l-1, [Si] = 10-3 mol l-1 

(4) Th+monosilanol+Al: [Th] = 5x10-8 mol l-1, [Si] = 10-3 mol l-1, [Al] = 10-5 mol l-1 

(5) Th+polysilanol: [Th] = 5x10-8 mol l-1, [Si] = 10-2 mol l-1 

(6) Th+polysilanol+Al: [Th] = 5x10-8 mol l-1, [Si] = 10-2 mol l-1, [Al] = 10-4 mol l-1 

 

The mother solutions (4) and (6) generate HAS colloids on the basis of monosilanol and 

polysilanol, respectively (cf. section 3.4: optimum conditions I and II), whereas the other so-

lutions serve the blank experiments for the purpose of comparing the behaviour of Th with 

and without HAS colloid formation. From each sample, aliquots are taken after different con-

ditioning times from 3 hours up to 35 days, and the partition of Th over the three phases, 

ionic, colloidal and precipitate, is determined. The result for the fraction of Th incorporated in 

the colloidal phase after 35 days of sample conditioning time as a function of pH is illustrated 

in a contour diagram (Fig. 47, left part) and compared with the previous results for the incor-

poration of Am (Fig. 47, right part). As far as Th is concerned, we make the following obser-

vations.  
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Th blank without any addition (1) is not in the colloidal phase but in the precipitate in 

the whole pH region. After addition of either only Al (2) or only monosilanol (3), Th persists 

in the precipitate. The presence of both, Al as well as monosilanol (4) (condition I for colloid 

formation) is necessary to transfer Th from the precipitate into the colloidal phase at neutral 

pH (7 – 9). The shift of the equilibrium Thsoln  Thcoll  Thprec from the right to the left can 

only be explained by the binding of Th to the HAS colloids. Polysilanol without addition of 

Al (5) is also capable to incorporate Th at neutral pH. Polysilanol with addition of Al (6) and 

forming of HAS colloids (condition II for colloid formation) is mostly efficient for transfer-

ring Th into the colloidal fraction in the broad pH region from 4 to 9, with a maximum at pH 

7. The fact that almost 100% of the Th input is found in the colloidal fraction is amazing. If 

we assume that Th behaves just like Si, we would expect that only 1% of Th in the mother 

solution may become colloid-borne Th, since Si/Al concentration ratio in the mother solution 

is 100 and the Si/Al atomic ratio in the colloids is ca 1. The observed result infers that the 

affinity of the Al cation for the Th-oxyhydroxide ligand is at least 100 times higher than for 

the polysilanol ligand.  

The incorporation patterns for Th in the HAS colloids are different depending on 

whether the colloids are generated on the basis of mono- or polysilanol. They reflect corre-

spondingly different incorporation mechanisms. The comparison of the respective incorpora-

tion patterns of Th with those of Am (Fig. 47, right part) further indicates distinct incorpora-

tion pathways for tri- and tetravalent actinides. 

The kinetics for the incorporation of Th and Am into HAS colloids from mono- as 

well as polysilanol  are also compared and the result is given in Fig.48. In the case of HAS-

monosilanol (Fig. 48, lower part), the colloid-borne Th fraction as well as the colloid-borne 

Am fraction decreases with time in the pH region of 6 to 8 or remains constant at pH 9. In the 

case of HAS-polysilanol (Fig. 48, upper part), the colloid-borne Am fraction at pH = 6 - 9 

remains unchanged as a function of time, whereas Th grows into the colloids with time. This 

special behaviour of Th appears to reflect the polymerization kinetics of Si (cf. Figs 27 and 

28). The differences in incorporation kinetics for Th and for Am in HAS from mono- and 

polysilanol are, besides the different incorporation patterns as mentioned above, further indi-

cations of correspondingly distinct incorporation mechanisms. 
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5.3 Stability of pseudocolloids of Th 

 

The reversibility of Th incorporation into HAS colloids is tested in  desorption ex-

periments on 2 series of samples resulting from the titration of an acid solution of Th and Al 

with an alkaline solution of monosilanol and polysilanol, respectively. Each series contains 3 

samples, namely at pH 5, 7 and 9, respectively. After a conditioning time of seven days, the 

colloids are separated and washed four times, 3x with a similar but inactive ultrafiltrate and 

1x with bidistilled water, pH 6. The contact time with the wash water is one day for each de-

sorption. The stable colloid-borne Th fraction (%) is evaluated and shown in Fig. 49. It is ob-

vious, that Th has been irreversibly incorporated in the whole pH range. Merely at pH 5, a 

slight desorption can be remarked. The repetition of the experiment for Th desorption after a 

sample conditioning time of 35 days, shows a further stabilization of Th colloidal incorpora-

tion, even at pH 5, with a remaining colloid-borne Th fraction after desorption of 98%. The 

result shows that Th is irreversibly incorporated into both colloids, HAS-poly- as well as 

HAS-monosilanol in the whole investigated pH range. It suggests that colloid-borne Th is 

more stable than colloid-borne Am. The result is in agreement with the previously demon-

strated higher affinity of Th for Al as compared with Si (see section 5.2). It is therefore as-

sumed that Th is isomorphically substituted into the aluminosilicate structure of colloids. 

 

5.4 Capacity of colloids to incorporate Th 

 

The Th concentration incorporable into HAS colloids in statu nascendi, which are gen-

erated from either mono- or polasilanol (cf. section 3.4), is evaluated as a function of Th con-

centration. This is realized by determining the distribution of Th activity (initial activity from 

1.3x10-12 mol l-1 234Th) in the ionic, the colloidal and the solid phase as a function of condi-

tioning time of the titration sample (3 hours – 35 days) for several pH´s (6 – 9) and at each 

pH, for several Th concentrations (7x10-9 mol l-1 - 1x10-3 mol l-1). Blank experiments without 

Si and Al are also included in order to distinguish between Th colloids and colloid-borne Th. 

Fig. 50 shows the Th activity fraction (%) in colloids after 35 days sample conditioning time 

as a function of the Th concentration for different pH´s. We observe the following facts: 

(1) The incorporable amount of Th depends on the formation conditions of HAS col-

loids, namely on the pH as well as on the Si species in the mother solution (mono- or polysi-

lanol).  
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(2) The maximal colloid-borne Th is found at pH 9 for HAS colloids formed from 

polysilanol, a result which is similar to that for the maximal incorporation of Am(Eu) (Fig. 

45). This maximal amount corresponds to about 80 % of 1.6x10-4 mol l-1, i.e. 1.3x10-4 mol l-1 

Th. The amount of Si in colloids with a Si/Al atomic ratio of 1.2 (section 3.5) is 1.2% of the 

Si concentration in the mother solution (1.3x10-2 mol l-1), which is 1.6x10-4 mol l-1 Si. It 

means that about 80% of the Si in HAS is substituted for Th. Four out of five (Si+Th) colloi-

dal atoms are Th. This relation is reversed at pH 6: one out of five (Si+Th) colloidal atoms is 

Th.  

(3) HAS colloids formed from monosilanol have a much lower capacity for incorpo-

rating Th. The maximal incorporated Th incorporation is at pH 9 and  a hundred times lower 

as for HAS from polysilanol. 

(4) At low pH (pH 4), Th starts to generate colloids by itself when its concentration 

depasses 10-5 mol l-1, as obvious from the blank experiment without HAS colloids. A similar 

observation has been made for Am, but at a lower concentration and a broader pH region (cf. 

Fig. 45). The possible generation of  „real“ Th colloids is discussed later (see section 9).        

 

Conclusions of section 5  

 

Tetravalent actinides such as Th(IV) are incorporated into HAS colloids in statu nas-

cendi and undergo thereby oxo-bridging into the structural position of Si(IV). The growing of 

Th in colloids with time reflects the polymerization kinetics of Si and is therefore promoted in 

presence of Al, at increased pH and at increased Si concentration (more Th incorporation in 

HAS-polysilanol than in HAS-monosilanol). The fraction of Th migrating from the mother 

solution into the colloids is a hundred times higher than that of Si, namely 100% and 1%, 

respectively. The observed facts indicate that the affinity of anionic ligands for trivalent 

cations is in the order:  

 

Th-oxyhydroxide > polysilanol > monosilanol > OH. 

 

The generated pseudocolloids of Th are extremely stable as a function of time as well 

as highly resistent against desorption with inactive medium (irreversible Th-colloid bindings) 

or bidistilled water at pH 6.  
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The maximum capacity of HAS colloids to incorporate Th is given for HAS colloids 

formed  out of polysilanol at neutral pH (6 – 9) after a conditioning time of several days,  and 

correspond almosts to the Al concentration in the mother solution which also determines the 

Si concentration in the colloids (Si/Al = ca. 1). In that case about 80% of Si in colloids is sub-

tituted by Th. 

The different incorporation patterns as well as kinetics of Th, depending on whether 

HAS colloids are built from mono- or polysilanol, reflect correspondingly distinct incorpora-

tion mechanisms. The incorporation processes of Th into HAS colloids in statu nascendi also 

differ from those of Am as far as pH dependency, kinetics, quantity as well stability are con-

cerned. The general tendency is that, unlike colloid-borne Am, colloid-borne Th enhances the 

overall HAS colloid stability.     

At low pH (4) and at high concentration (≥ 10-5 mol l-1) Th becomes  colloidal without 

the aid of HAS colloids. The corresponding mechanism will be discussed later and is still un-

der investigation. 

 

6 Simultaneous interaction of tri- and tetravalent actinides with aluminosilicate 

colloids in statu nascendi 

 

So far we have learned that tri- and tetravalent actinides substitute for Al(III) and 

Si(IV), respectively, in stable HAS colloids at the moment of their formation through hetero-

geneous nucleation. In the real situation, actinides (or other elements) of different oxidation 

state might occur simultaneously and we want to know what do actinides decide in such a 

situation. Do they still behave independently or does an eventual mutual interaction provides 

them with a new incorporation character? An answer to that question is aimed in the follow-

ing investigation.  

 

6.1 Incorporation of the (Am(III)+Th(IV)) mixture 

 

Trace amounts of Am and Th, each at a concentration of 5x10-8 mol l-1 , are together 

integrated into  the HAS colloid generation process, and their behaviour of incorporation into 

colloids is first observed radiometrically. Therefore, an acid solution of Am+Th+Al is titrated 

with Si in base to a preset pH in the range of 4 – 9 under the optimum colloid formation con-

ditions I (monosilanol species) as well as conditions II (polysilanol, prevailing from pH 6) to 

 42



give „mixed“ samples. After different time intervals, from 3 hours up to 35 days, filtration 

and ultrafiltration procedures are applied on the samples, and the respective distributions of 

Am and Th activities between solution, colloids and precipitate are determined. Figs. 51 and 

52 show the distribution of Th (left part of the figs) and of Am (right part) in the three phases 

of 35 days old samples from condition I (HAS-monosilanol) and II (HAS-polysilanol) as a 

function of pH, respectively. In each figure, the results for the mixed samples containing both 

Th and Am (Fig. 52, lower part) are compared with previous results for the corresponding 

separate samples with either only Th or only Am (Fig. 52, upper part).  It is obvious, that the 

originally distinct patterns for the separate incorporation of Th and Am (upper part of Figs. 51 

and 52) become more similar to one another if colloids are generated in the presence of a 

Th+Am mixture (lower part of Figs. 51 and 52). This characteristic is mostly pronounced in 

the neutral pH range 6 – 9. In this pH region, a general decrease of activity (Am or Th) in the 

colloidal fraction is found for the mixed samples. In the low pH region 4 to 6, however, an 

increased activity (Th or Am) is observed in the presence of HAS-polysilanol (Fig. 52, lower 

part) in comparison with the separately incorporated Th and Am (Fig. 52, upper part).  

In the special case of HAS-polysilanol (Fig. 52) formed at pH 9, we also observe that 

Th as well as Am are partly driven from the colloidal phase (separate samples) (Fig. 52, upper 

part) to the solution (mixed samples) (Fig. 52, lower part) only through the fact that the acti-

nide of the different oxidation state is also present.  

  

Th(Am)solution  Th(Am)colloid  Th(Am)precipitation 

 

 

The shift of the equilibrium from the right to the left means that the polymerization of 

Th is inhibited by Am and vice versa. It also indicates that Th and Am become not only 

bound to HAS colloids but also to one another. This findings clamour for speciation of Cm in 

the presence of Th by TRLFS.   

      

6.2 Speciation of colloid-borne Cm in presence of Th by TRLFS 

 

TRLFS spectra of Cm, without and with the presence of Th, are recorded at the 

abovementioned titrations for the generation of HAS-monosilanol and HAS-polysilanol. The 

result is illustrated in Fig. 53. Spectra shift due to Th are observed (compare in Fig. 53 the 
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upper part (Cm) with the lower part (Cm+Th)) in both cases, at generation of HAS-

monosilanol as well as at the formation of HAS-polysilanol (compare left and right part of 

Fig. 53) and reflect an interaction of Th with Cm. 

Peak deconvolution of a composite spectrum as illustrated by Fig. 54 clarifies the ap-

pearance of different Cm species. In the presence of Th and HAS-monosilanol (lower part, 

left), three Cm species, the free Cm3+ aquo-ion (emission peak at 593.8 nm) and two colloid-

borne Cm-species, named as Cm-Th(I) at 598,0 nm and Cm-Th(II) at 603,6 nm are identified. 

Exactly the same species are found if, instead of monosilanol, polysilanol is used for colloid 

generation (lower part, right). The result is in clear contrast to the behaviour of Cm without 

the presence of Th (upper part), which also shows the species at 593.8 nm and 598.5 nm, 

namely the Cm3+ aquo-ion and the Cm-HAS(I) but two further different colloid-borne Cm-

species, one at 601.8 nm, named Cm-HAS(II), and another at 606.8 nm, unique for HAS-

polysilanol and corresponding to the completely incorporated Cm species, namely Cm-

HAS(III).  

The fraction of each Cm species as a function of pH, as shown in Fig. 55, indicates 

roughly similar incorporation patterns for Cm with or without Th after replacing Cm-Th(II) 

either by Cm-HAS(II) or by Cm-HAS(III) depending on the original Si species at HAS for-

mation.  

A further characterization of Cm-Th(I) and Cm-Th(II) is made by the measurement of 

the fluoresence relaxation time which can be related with the number of Cm coordinated wa-

ter molecules. Cm-Th(I) and Cm-Th(II) have a relaxation time of 134.0±1.8 µs and 342.9±8.6 

µs (mean values for HAS-monosilanol- and HAS-polysilanol colloid-borne Cm) respectively, 

which correspond to four and one or no water molecules remaining in the coordination sphere 

of Cm. 

Table 2 gives an overview of the characteristics of the different Cm-species. There-

from we conclude that the affinity of Cm(III) for Th(IV) is higher than for mono- or even 

polysilanol. It infers a binding of Cm to Th and corroborates the above outlined results from 

radiometric measurements (see section 6.2). We postulate that a complexed form of Cm and 

Th is conucleating with Si and Al at colloid formation. The Cm-Th complex has a complex or 

„mixed“ behaviour at its interaction with HAS colloids in statu nascendi. The ambivalent be-

haviour of Cm+Th seems to resemble more that of Am at low pH from 4 to 6 and that of Th at 

neutral pH from 6 to 9. In the latter case, Cm is incorporated indirectly into the colloids via its 
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strong binding with Th and becomes more stably incorporated into colloids, in line with the 

stronger binding of Al with Th as compared with Si (cf. section 5.3).    

 

6.3 Stability of pseudocolloids of (Am+Th) 

 

The fact that the simultaneous interaction of Th and Am with HAS colloids in statu 

nascendi leads on the one side to a general somewhat lower quantity of incorporated activity 

in the colloidal fraction (cf. section 6.1), but on the other side to a stronger binding of Cm to 

the colloids (cf. section 6.2), encourages us to test the stability of the corresponding pseu-

docolloids of (Th+Am) by means of desorption experiments. The pseudocolloids are therefore 

generated at pH 5, 7 and 9 on the basis of mono- and polysilanol, conditioned in their mother 

solution for 7 days, and separated by ultrafiltration. The desorption consists of four washing 

procedures, three of them restore the original samples through addition of separately prepared 

inactive ultrafiltrates of the same composition as well as pH, and one uses bidistilled water at 

pH 6. The contact time with each wash-water is 1 day. The activity fraction remained in col-

loids after desorption and related to the originally incorporated fraction is evaluated. The re-

sult is shown in Figs. 56 and 57 for pseudocolloids from HAS-monosilanol and HAS-

polysilanol, respectively, and compares the stable colloid-borne activity fraction (%) of Am 

(upper part) and of Th (lower part) in the separate samples (only Am or only Th) with that in 

the mixed sample (Am+Th). The conclusion of irreversible binding of Th as well as Am to 

HAS colloids remains valid, independently of their separate or simultaneous incorporation. 

 

Conclusions of section 6 

 

 Tri- and tetravalent actinides such as Am(Cm) and Th, participating simultaneously in 

the HAS colloid generation, either on the basis of mono- or polysilanol, show a „mixed“ be-

haviour of incorporation into the colloids. The underlying reason is the high affinity of Th for 

Cm, in line with its high affinity for Al. This characteristic is indirectly visible from the activ-

ity distribution in the 3 phases, ionic, colloids and precipitate, and directly proven by com-

paring the TRLFS speciation of Cm without and in the presence of Th at incorporation in 

HAS colloids in statu nascendi. Differences in incorporation patterns as well as in type and 

number of Cm species, as previously observed at the conucleation of Cm (without Th), Al and 

either mono- or polysilanol, are cancelled out if Cm is accompanied with Th. In the case of 

 45



(Cm+Th), only two Th-borne Cm species, namely Cm-Th(I) at 590 nm and Cm-Th(II) at 603.6 

nm, with fluorescence life times of 134.0 µs and 342.9 µs, corresponding to four and no wa-

ters in the coordination sphere of Cm, respectively, are identified for both, HAS-mono- as 

well as HAS-polysilanol. The interaction behaviour of the Cm-Th complexes with HAS col-

loids resembles more that of Cm(Am) at low pH from 4 to 6 and more that of Th at neutral pH 

from 6 to 9.  

The stability of the generated pseudocolloids against desorption with inactive medium 

remains, notwithstanding Cm-Th complex formation and altered incorporation mechanism, 

almost unchanged. Consequently, the statement of irreversible Am(Cm)- and Th- colloid bind-

ings remains valid, also in the case of their simultaneous incorporation.  

 

7 Behaviour of aged aluminosilicate colloids in presence of tri- or tetravalent acti-

nides 

 

The interaction of actinides with aluminosilicate colloids in statu nascendi has been 

used to simulate the formation of pseudocolloids through conucleation. An appropriate model 

to study the generation of pseudocolloids by the alternative way of actinide sorption to col-

loids may be the use of aged aluminosilicate colloids. Fig. 58 illustrates the corresponding 

experimental pathways.   

 

7.1 Influence of colloid age on incorporation of Am and Th 

 

HAS colloids are synthesized through conucleation of Si and Al on the basis of mono- 

as well as polysilanol under the optimum conditions I and II (see section 4.3) at six different 

pH´s from 4 to 9. After different sample conditioning or colloid aging times, namely 1, 7 and 

24 days, each co-nucleation sample is spiked either with Am or with Th to achieve a final 

concentration of 5x10-8 mol l-1. After activity contact time from 3 hours up to 35 days, the Am 

or Th fraction incorporated in colloids is determined. Fig. 59 illustrates the result of the incor-

poration of either Am (left part) or Th (right part) into the HAS-monosilanol (upper part) as 

well as HAS-polysilanol colloids (lower part) of different age after an activity contact time of 

35 days and includes the corresponding results for HAS colloids in statu nascendi for the pur-

pose of comparison. Aged colloids (e.g. from 7 days) are not tied up to bind Am, but the af-
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finity for Th is unchanged or even higher, suggesting a displacement mechanism of Si in 

HAS.  

The influence of the activity contact time on sorption into the colloids is further ana-

lyzed by comparing the status after 3 hours with that after 35 days (Fig. 60). Fig. 60 shows the 

result for Am and Fig. 61 the result for Th. As far as Am is concerned, we observe that aged 

HAS-monosilanol colloids (Fig. 60, upper part) loose their sorption capacity for Am from the 

very beginning, e.g. already after 7 days aging and 3 h activity contact time, whereas 7 days 

aged HAS-polysilanol colloids (Fig. 60, lower part) initially sorb Am, desorbing it again with 

time. As far as Th is concerned (Fig. 61), different sorption patterns as well as kinetics for Th 

sorption into HAS-mono- and HAS-polysilanol (compare upper and lower part of Fig. 61) 

reflect correspondingly different sorption mechanisms. In the case of HAS-monosilanol (Fig. 

61, upper part), the Th incorporation mechanisms either through sorption or condensation 

(compare aged HAS with HAS in statu nascendi) are very similar. Aged HAS-polysilanol 

colloids, however, (Fig. 61, lower part) sorb Th much faster than HAS-polysilanol colloids in 

statu nascendi, which may be related with the omitted waiting time of colloid formation.   

 

7.2 Influence of colloid age on stability of pseudocolloids of Am(Th) 

 

Activity desorption with inactive medium 

 

The pseudocolloids of Am and Th, which have been generated from 27 days aged 

HAS-polysilanol colloids at pH 5, 7 and 9 after a contact with activity during ≥35 days, are 

subjected to a desorption procedure consisting of three one-day-equilibrations with ultrafil-

trate from duplicate but inactive samples. The stable colloid-borne activity fractions (%) are 

evaluated and the result is shown for Am and Th in Fig. 62b and Fig. 62c, respectively. Obvi-

ously, a small amount of incorporated Am fraction as well as the almost quantitatively incor-

porated Th fraction (cf. Fig. 59) are irreversibly bound. An exception is the association of Am 

at pH 5, which is a completely desorbed. Less aged pseudocolloids of Am at pH 5, e.g. 7 days 

old at the moment of contact with activity, keep still a 65% of the incorporated Am after de-

sorption (Fig. 62a). We assume that some Am which is irreversibly bound in aged colloids is 

nothing but a reflection of a non completed colloid formation. The irreversible incorporation 

of Th, however, is not dependent on conuleation. The high affinity of Th for Al immediately 

displaces Si out of the HAS colloids and causes the most stable incorporation at all pH.  
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Activity desorption with EDTA 

 

The stability of Th sorption into aged colloids is further tested with the aid of EDTA. 

Desorption experiment is performed as follows. Al is condensed with monosilanol as well 

with polysilanol (conditions I and II) at pH 5, 7 and 9 for colloid formation and the samples 

are conditioned for 27 days. Th is than introduced to make a final concentration of 4.8x10-8 

mol l-1. After a contact time with Th of 35 days, aliquots of each sample are taken to evaluate 

the incorporated Th activity fraction related to the input Th activity, and EDTA is added to an 

end concentration of 1x10-4 mol l-1. After different contact times with EDTA, the remained or 

„EDTA-stable“ activity fraction as compared with the initially incorporated Th fraction is 

determined. Fig. 63 shows the result of the Th desorption kinetics from aged pseudocolloids 

with EDTA. Th sorbed to either aged HAS-mono- or HAS-polysilanol colloids shows fast 

EDTA desorption kinetics at pH 5 within the first three days. However, a ≥ 20% fraction of 

incorporated Th remains even after 30 days contact time with EDTA. At neutral pH (7-9), Th 

sorbed to HAS-polysilanol colloids (Fig. 63, lower part) cannot be displaced by EDTA, in 

contrast to Th associated with HAS-monosilanol colloids (Fig. 63, upper part), which is at 

least partially (a 50%) desorbable within a few days of contact time with EDTA. This and 

other experiments with competitive ligands for the better comprehension of the formation of 

different colloid-borne Th species, leading to distinct overall stabilities of the pseudocolloids 

of Th, are still in progress. 

 

Conclusions of section 7 

 

Tri- and tetravalent actinides, e.g. Am and Th, are incorporated into HAS colloids, not 

only at the moment of colloid generation through conucleation, but also through sorption on 

aged colloids as they may exist in the aquifer system either from condensation or dispersion. 

The sorption of Am is small and merely the result of a still proceeding colloid formation un-

der the given experimental colloid aging times (≤ 27 days). The sorption of Th into HAS col-

loids, however, is almost independent of the colloid age. The underlying reason is the exis-

tence of different incorporation pathways for Th. If present at the moment of colloid forma-

tion, Th follows the conucleating behaviour of either mono- or polysilanol with Al. Later, Th 

interacts with preformed HAS colloids by displacing Si in a very fast sorption process. Th 

sorption is mosty pronounced for colloids, formed from polysilanol, reflecting the stronger 
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affinity of the Th-oxyhydroxide anionic ligand for the Al3+ cation, a characteristic which has 

been observed from a number of other experiments as described in previous sections. 

 The corresponding pseudocolloids of Th are extremely stable against desorption with 

inactive medium, and the Th-(aged HAS colloid)-bindings are called irreversible. Their de-

creasing stability against desorption with EDTA with decreasing pH, e.g. from 100% and 

50% at neutral pH (7-9) for HAS generated from poly- and monosilanol, respectively, to a 

20% at pH 5 for both HAS after 35 days EDTA contact time, reflects the existence of several 

colloid-borne Th species. Isomorphic substitution of Th for Si through sorption on aged HAS-

polysilanol colloids at neutral pH is ascertained.    

 

8.    Tri- and tetravalent actinides: tracers for the aluminosilicate colloid generation  

 

In the previous considerations, actinides have been the main subject of interest. Colloids 

have been seen as vehicles, which may bind actinides irreversibly and transport them without 

hindrance in the geosphere. Now we turn our interest to the colloids and consider the irre-

versibly bound actinides, Am(III) and Th(IV) as tracers for Al(III) and Si(IV), respectively, in 

order to better understand the process of aluminosilicate colloid formation. 

 

8.1    Colloid and pseudocolloid generation mechanisms  

 

HAS-monosilanol colloids 

 

In recent publications, Doucet et al.[54,55] describe two types of HAS, formed from 

undersaturated Si in acidic solutions at pH = 6 and differentiated by NMR spectroscopy, and 

visualize their structures by AFM. One is rectangular with 25 nm length and another has a 

discoid shape with 18 nm diameter. They correlate the different structures as well as distinct 

Si/Al ratios in HAS, namely 0.5 and 1.0, with different Si/Al concentratio ratios in the mother 

solutions, and postulate a reaction mechanism for the formation of HAS via the competitive 

condensation of silicic acid Si(OH)4 at a hydroxylaluminum template. Our findings, e.g. HAS 

colloids with a Si/Al atomic ratio of 0.7 (cf. section 3.5), are in good agreement with the men-

tioned concept for HAS formation. Therefore, we propose a similar reaction mechanism, 

which has been adapted to our experimental conditions for HAS colloid generation by titra-

tion of Al dissolved in acid with Si dissolved in base to beyond acid (pH = 4 – 9), and which 
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selects such HAS colloids capable to incorporate trivalent actinides. Fig. 64 illustrates the 

template formation [54,55]: If Al is in excess, Al hydrolyzes, dimerizes and builds a hydroxy-

alumino template. Si(OH)4 condensates at the preformed template under formation of a hy-

droxy-aluminosilicate (Si/Al ratio = 0.5). If Si is in excess, HAS(I) acts as a template for fur-

ther reactions with Si(OH)4 and forms HAS(II) with Si/Al = 1. In HAS(II), 50% of the Al has 

changed from the octahedral to the tetrahedral geometry. This kind of nucleation has to build 

up a surface on ist own, starting from a dimeric Al template. Fig. 65 illustrates the mentioned 

self catalyzing reaction, less efficient to incorporate trivalent actinides (An(III)) as compared 

with Al, allowing only bidentate and tridendate bindings to the colloids.  

 

HAS-polysilanol colloids 

 

The aluminosilicate colloids, which have been synthesized from HAS-polysilanol and 

from HAS-monosilanol are quite similar, e.g. both, formed out of mother solutions with a 

Si/Al concentration ratio of 100 have a Si/Al atomic ratio of about one (cf. section 3.5). Their 

completely different behaviour at the interaction with actinides, however, e.g. different incor-

porations patterns as well as incorporation kinetics for Am and Th, different colloid-borne Cm 

species as identified by TRLFS, different stability characteristics, clearly reveal distinct reac-

tion mechanisms for the HAS-monosilanol and the HAS-polysilanol colloid generation. We 

propose an inner surface complexation model for the formation of HAS-polysilanol colloids, 

which takes into account the high affinity of polysilanol for the Al3+ cation [56], allows for 

isomorphic substitution of Cm for Al in the colloidal aluminosilicate structure as well as for 

the growth of Th into the colloids with time. Fig. 66 shows the consecutive steps: (1) the re-

placement of coordination water of Al (or Cm) by Si-polysilanol-anions; (2) the strong Al-

binding weakens the Si-O-binding; (3) a product with an Si/Al ratio = 1 is splitt off. Th can 

either copolymerize with Si and form poly-Si(Th)- anions (Fig. 67) or displace Si in the HAS 

product, depending on wether the interaction of Th with Si and Al is simultaneous or a poste-

riori.     

 

8.2   Role of Si and Al in colloid formation 

 

The suggestion of Exley et al. [80,81] that the mechanim of HAS formation at low pH 

involves the poisoning of aluminium hydroxyde polymerization by silicic acid, bases on an 
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older mechanistically proposal of Birchall [82] to describe the retardation of ordinary portland 

cement (calcium hydroxide lattice) by sugars. The applicative know-how is even older and 

dates back to the construction of the chinese wall and the use of rice water as an additive in 

the mortel. Inspired by such points of view, we postulate that the HAS colloid formation as 

we observed at neutral pH (≥ 7) results from the reverse effect, namely the inhibitory effect of 

small amounts of Al on the polymerization of Si, which is present in the mother solution in a 

hundredfold Al-concentration. Fig. 68 visualizes the conception. Elements with high oxida-

tion state such as Si(IV) neutralize their positive charge by surrounding themselves to a 

maximum extend with oxygens in the processes of hydration, hydrolysis and polymerization. 

Precipitation is the inevitable consequence. In the presence of Al, an isomorphic substitution 

of Al for Si takes place. Negative charges are induced into the forming silicate structure. The 

mutual repulsion between HAS particles hinders a further aggregation, the process which cor-

responds to an extremely retarded polymerization of Si through the binding of Al. We may 

say that an Al-controlled polymerization of Si enables kinetically the thermodynamically un-

favourable colloidal state. Such a stabilization of the colloidal state has been formulated in 

theoretical terms by the DLVO theory (see section 2.1).  The Al effect is de facto a shift of the 

equilibrium Sisolution  Sicolloids  Siprecipitate from the right to the left.  

To test the hypothesis, the effect of Al is analyzed under our experimental working 

conditions for aluminosilicate colloid formation, e.g. the behaviour of a 2.5 times over-

saturated Si solution (5x10-3 mol l-1) (100%) at pH 7 in presence of 100% Al (5x10-3 M) and 

1% Al (5x10-5 M) at depolymerization and polymerization, respectively. The experimental 

approaches as shown in Fig. 26 and molybdenum-tests for the quantification of mono- and 

polysilanol are used.  The result is illustrated in Fig. 69 and shows that addition of minute 

amounts of Al (1% of Si) enhance at first the polymerization rate of Si but shift the equilib-

rium between mono- and polysilanol in favour of monosilanol (∆ = 10%). The fact corrobo-

rates the hypothesis of the inhibitory effect of the Al binding on the polymerization of Si. Fig. 

69 further demonstrates the instantaneous reaction of Al with polysilanol, both present in 

equal concentration, and the complete inhibition of the depolymerization of Si through alumi-

nosilicate formation. The findings not only infer the formation of the aluminosilicate binding, 

but they also confirm that the chemical affinity of the Al3+ ion towards complexation is pref-

erentially marked with polysilanol [23,56].  

The Al effect is further pursued radiochemically from Am as illustrated by Fig. 70. To 

a constant concentration of dissolved Si (1.3x10-3 M) in base, increasing concentrations of Al 
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dissolved in acid are given and the bebaviour of Am, added as a tracer, is observed. At pH 5 

and low Al-concentration, Am is in the precipitate. Through addition of more and more Al, 

Am migrates from the precipitate into the colloids and even to the solution. The same happens 

at pH 8: at increasing the Al concentration, Am is transferred from the precipitate to the col-

loids, and than returns to the precipitate. The explanation: The equilibrium Am(Al)solution  

Am(Al)colloids  Am(Al)precipitate is shifted to the left through binding of Am(Al) with Si and 

indirectly through the inhibition of the polymerization of Si by Al. Once Si is saturated with 

Al, the overlapping hydrophobic effect of excess, non-binding Al drives the colloidal HAS 

including the colloid-borne Am into precipitate. In theoretical terms, the process is called the 

„colloid destabilization by decrease of the thickness of colloidal electric double layer through 

increase of the ionic strength of solution“ (see section 2.1). The experiment nicely shows the 

dual character of Al, either inhibitor of the polymerization of Si or activator of the agglomera-

tion of HAS colloids, and demonstrates why colloids are built only under well-tuned parame-

ter conditions, which we have called „optimum“ conditions. In nature, such conditions are 

obviously not the exception but the underlying rule; otherwise we would not find colloids in 

all groundwater.  

 

Conclusions of section 8 

 

The high oxidation state of Si(IV) induces polymerization. Doping the Si(IV) mother 

solution with Al(III) programms the end of polymerization at colloidal size. Stabilization of 

the colloidal state is due to isomorphic substitution of Si for Al, inducing thereby negative 

charges into the silica structure. Repulsion of the negatively charged particles and an extreme 

retardation of the Si polymerization is the consequence. 

Two different mechanisms for colloid formation are postulated on the basis of the in-

teraction of tri- and tetravalent actinides with HAS colloids in statu nascendi. One model 

starts from monosilanol condensing with Al in a self catalyzing template mechanism, which is 

not very efficient to bind tri- or tetravalent actinides. The other is an inner surface complexa-

tion model which starts from a preformed and very effective polysilanol surface for catalyzing 

the conucleation of Si and Al and proceeds under expulsion of the HAS product. In such a 

process, tri- and tetravalent actinides easily substitute isomorphically for Al and Si, respec-

tively.  
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9       Actinide analogs of aluminosilicate colloids 

 

The controlled polymerization of Si to the colloidal size through binding with Al is 

understood as a play of elements with high and different oxidation state and the induction of 

charge. The question whether such a mechanism is unique for Si and Al or generally valid,  

for example also for tri-and tetravalent actinides, motivates us to search for colloid formation 

at the  coprecipitation of Th and Am.   

 

9.1       Parameter screening for colloid formation of Th and Am 

 

Solubility data for amorphous (am) Th(OH)4 [83] and Am(OH)3 [66] as a function of 

pH are given in Fig. 71, lower and upper part, respectively. Oversaturation with colloid for-

mation within the pH range from 4 to 9 might be expected in a rather broad concentration 

range of about 10-9 to 10-6 mol l-1 for Th and 10-9 and 10-7 mol l-1 for Am. A screening ex-

periment to ascertain conditions for colloid formation is conducted for a corresponding vari-

ety of the initial Th and Am concentrations  and their different ratios (from 0.1 to 6.5). Each 

coprecipitation sample is prepared by titrating an acid solution of Th and Am in 3x 10-2 mol l-

1 HCl with 3x 10-2 mol l-1 NaOH (suprapur, Merck) to a preset pH. After different condition-

ing times, the distribution of Th as well as of Am in the three phases (ionic, colloids and pre-

cipitate) is determined. Blanks with only Th or only Am are also made for the purpose of 

comparison.  

Figs. 72-75 show the result for 4 levels of Th concentration, i.e. at 1x10-9, 7.0x10-9, 

4.6x10-8, 3.2x10-7 mol l-1, each of them combined with Am to cover the above indicated 

screening area, as well as for the corresponding separate samples (only Am or only Th). The 

figures represent the activity fraction (%) in the colloidal phase after 3 hours conditioning 

time for the mixed and the separate samples of Th and Am, as a function of the pH. Under all 

analyzed conditions, the changing behaviour of „only Th“ as well as „only Am“ when ac-

companied by Am (measurement of Th in (Th+Am) sample) or Th (measurement of Am in 

(Th+Am) sample), respectively, is striking. Especially at pH = 6 – 9, Th starts to behave like 

Am and vice versa. What more is, Th as well as Am, are transferred from the precipitate to 

the colloidal state, only through mutual interaction. This is a clear indication for the binding 

of Th with Am, which will be verified with TRLFS (see next section 9.2). It is also the ex-

pression of the mutual inhibitory effect on their polymerization. The patterns for incorpora-
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tion into the colloidal phase for the mixed and single samples of Th and Am are also different 

in the acidic region pH = 4 to 6. In this region, Am is well soluble and Th shows a sharp solu-

bility decrease (see Fig. 71).  It is therefore amazing to find some Th and even Am in the col-

loidal phase of the separate samples. The effect might be partly due to „impurities“ in the 

samples. Ubiquitous elements like Si may be present in concentrations, which are comparable 

to the solubility concentrations of actinides, and therefore not negligible. However, the com-

parison of the behaviour of Am and Th, separately, with that of the (Am+Th)-mixture under 

the exactly same conditions is still allowed and can give useful information.  

Fig. 76 summarizes the results given in Figs. 72-75 without the blanks and shows the 

activity in the colloidal fraction (%) after 3 hours (Fig. 76, left part) and after 35 days (Fig. 

76, right part) in order to allow a better comparison of colloid formation, not only at different 

concentration levels and ratios, but also after an increased sample conditioning time. The 

view of activity incorporation into the colloidal phase after 3 hours (Fig. 76, left part) clearly 

shows the similar behaviour of Th and Am in the mixed samples at neutral pH at all concen-

tration levels of Th. At pH = 4 – 6, however, Th and Am behave differently. At increasing 

concentration, Th is oscillating between the colloidal phase and the precipitate, whereas Am 

is oscillating between the colloidal phase and the solution. The view of activity in colloids 

after 35 days (Fig. 76, right part) reveals that the colloids, which have been generated at neu-

tral pH at relatively high concentrations of Th and Am as compared with their solubilty con-

centrations are quite unstable as a function of time. The fact may be due to the lower induced 

polarization by substituting Th(IV) for Am(III) as compared with Si(IV) substitution for 

Al(III), or reverse. Another reason for the low colloid stability may be related with the con-

centration levels of actinides we have used: too high to form stable colloids, but too low as 

compared with system impurities, which interactions become visible now.  

In the region of higher solubility of Th and Am, namely at pH = 4 - 5, we observe an 

interesting colloid stabilization with time. Let us take the example of the sample with Th at 

10-7.3 mol l-1 and Am at 10-8.1 mol l-1 (ratio Th/Am = 6.122) at pH = 4. Colloid stabilization 

(compare corresponding left and right parts of Fig. 76) is expressed not only by an increased 

activity in the colloidal fraction with time but also by a synchronization of the polymerization 

of Am and Th as expressed by a pH shift for the maximal Am-activity after 35 days. Fig.77 

illustrates the corresponding kinetics and illustrates the partition of the activity in the three 

phases (soln / coll. / prec.). The upper part of Fig. 77 shows the behaviour of the separate Th 

and Am samples (Th at the left and Am at the right part of Fig. 77). Th is fully precipitated at 
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all times. Am is dissolved at 60% but becomes 60% colloidal with time. The middle part of 

Fig. 77 gives the kinetic behaviour of Th and Am in the mixed sample and shows that Th is 

transferred from the precipitate to the colloidal phase and even to the solution only through 

mixing (binding) with Am. The effect of mixing Th with Am is the partial inhibition of po-

lymerization (precipitation) of Am in favour of Am in colloids Am and in solution. After 

some days, the polymerization kinetics of Th and Am become synchronized, both with a 60% 

in the colloidal phase. After 89 days we calculate a colloidal Th/Am atomic ratio = 7.88, re-

flecting almost the Th/Am concentration ratio in the mother solution, which is 6.12.  

The possibility to achieve a better colloid stabilization by substituting tri- or tetrava-

lent cations for divalent cations in order to increase the induced polarization is further ana-

lyzed. Therefore Mg is added in a concentration of 10-2 mol l-1 to the mixed (Th+Am) sample 

(Fig. 77, middle part) at pH = 4 with Th at 10-7.3 mol l-1 and Am at 10-8.1 mol l-1. The Mg-

effect is shown in the lower part of Fig. 77. The equilibrium of Th in the mixture is shifted in 

favour of the precipitate. Only 20% instead of 60% of the original Th remains colloidal, but 

very stable with time. Am is colloidal at about 60% and shows a synchronized behaviour with 

Th from the very beginning. The colloids have now an atomic Th/Am ratio, e.g. after 111 

days of 2.17, instead of 7.88 for the analog sample without Mg. The experiment clearly dem-

onstrates that the colloid composition and the related colloid stability can be directed by diva-

lent cations in the medium. This interesting effect will be further analyzed.   

 

9.2       Interaction of Th with Cm analyzed by TRLFS 

 

  From the previous radiometric experiments coupled with ultrafiltration, we have found 

conditions where Th and Am conucleate, and by doing so, stabilize actinides into the colloidal 

state. We now want to verify spectroscopically the interaction of Cm with Th with the aid of 

TRLFS, directly at the titration of an acid solution (3.5x10-7 mol l-1 Th and 5x10-8 mol l-1 Cm 

in 0.03 mol l-1 HCl) with 0.03 M NaOH (suprapure, Merck). The fluoresence spectra in the 

course of the titration are shown in Fig. 78 (upper part) and the deconvoluted spectra in Fig. 

78 (middle part). Two Th-borne Cm species are observed, namely Cm-Th(I) and Cm-Th(II) 

with  emission peaks at 598.0 nm and 604.8 nm, respectively. The fluorescence life times are 

also measured to ascertain the number of hydration waters molecules bound to Cm. Cm-Th(I) 

and Cm-Th(II) have a relaxation time of 135.5 µs and 331.0 µs, corresponding to 3.9 and 1.1 

remaining water molecules of Cm, respectively. The pentadentate binding for the Cm-Th(I) 
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species and the complete incorporation of Cm into the structure of Th for the Cm-Th(II) spe-

cies are thereby ascertained. Overall speciation results are summarized in Fig. 78 (lower part) 

for the free Cm ion as well as the Th bound Cm species as a function of pH. The Cm3+-aquo-

ion is predominating in the low pH region from 1 to 4. At the same time the Cm-Th(I) species 

is built to a maximum of 25% at pH = 5 – 6. The incorporated species Cm-Th(II) emerges 

from pH 4 and increases its fraction sharply at pH 6 to more than 95% in the pH region from 

6 to 9. The colloid-borne Cm species, as identified by TRLFS, correspond to the optimum 

regions for colloid formation, as identified in the screening experiment (cf. Fig. 76), which 

corroborates spectroscopically the indications from radiometric measurements (section 9.1) 

that „americiothoronate“ colloids are generated. We also remark that Cm-Th(I) and Cm-

Th(II) without HAS are very similar, although not completely same, as compared to the Cm-

Th(I) and Cm-Th(II) which are found in presence of HAS (see section 6.2, Table 2).  

The question whether the americiothoronate binding is a conditio sine qua non for col-

loid formation is still open. We expect more information from the analysis of actinide colloid 

formation with LIBD, as described in the following. 

 

9.3       Interaction of Th with Eu traced by LIBD 

 

In a similar titration experiment as performed for the TRLFS measurement, we trace 

colloid formation directly at the titration of 6.5x10-7 mol l-1 Th with 1x10-7 mol l-1 Eu in the 

pH range of 1 to 10. Eu is used as inactive substitute for Am(Cm). We compare the break-

down probability as a function of pH for four samples: (1) blank without Th and Am; (2) Eu 

only; (3) Th only; (4) mixture of Th+Eu. Fig. 79 shows the result. The relatively high back-

ground at pH ≥ 6 resulting even from suprapure chemicals or from leaching of the vessel 

walls of the LIBD instrumentation limits the observation window to the low pH region. How-

ever, the result is clear. At pH = 4 – 5, the generation of colloids by mixing Th and Eu, clearly 

surpasses a certain colloid formation in the separate Th and Eu samples and corroborates the 

previous findings of colloid generation through polarization at heterogeneous nucleation (po-

lymerization) of elements with different oxidation state and therefore with different rates of 

polymerization (see section 8.2). Comparing the present result with the result of radiometric 

measurement as shown in Fig. 7 and Fig. 77, we may even assume that the europiothoronate 

colloids as detected by LIBD are similar to the americiothoronate colloids formed at pH 4 

after 3 hours with a Th/Am activity fraction ratio of 59.4% / 6.4%, multiplied with the Th/Am 
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concentration ratio in the original solution, namely 6.12, giving the atomic Th/Am ratio in 

colloids: (Th/Am)colloids = 57. Investigations on this subject are currently pursued. The impor-

tant result leads to a new view of actinide colloids and also to a new definition of „real col-

loids“, which might quite different from what we have been used to in the past.  

 

Conclusions of section 9 

 

Americio- and europiothoronate colloids have been synthesized in analogy with alu-

minosilicate colloids. The colloid generation is explained as a controlled polymerization of 

actinides of one oxidation state through conucleation with actinides of different oxidation 

state. The control consists of the retardation of polymerization through mutual binding, as 

confirmed by TRLFS, and the stabilization of the colloidal state, as shown by LIBD, through 

polarization of the particles. The hypothesis that one element, present in a single oxidation 

state, cannot build „real colloids“ of actinides will be further verified. 

 The Th/Am atomic ratio in the americiothoronate colloids is, in contrast to that in 

HAS colloids, the same as the Th/Am concentration ratio in the mother solution. Divalent 

cations, such as Mg can alter the Th/Am atomic ratio in the colloids and influence the colloid 

stability correspondingly.   

 

10 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 pour knowledge about the mechanisms of colloid formation, colloid stabilization 

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

and how tri- and tetravalent actinides are incorporated into the colloidal phase, either through 

formation of real colloids or by binding to natural aquatic colloids, e.g. aluminosilicate col-

loids. The irreversibility of such processes is a conditio sine qua non for the colloid facilitated 

actinide migration and therefore a central question in this study. 

The first part of the work deals with the synthesis of aluminosilicate colloids under 

normal conditions of temperature and pressure from supersaturated mother solutions through  

conucleation of Si(IV) and Al(III). It includes the identification, analysis and intercorrelation 

of the thermodynamical and kinetic solubility parameter of Si and Al on theoretical and ex-
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perimental basis, as well as the characterization of the generated colloids. In an elaborated 

parameter screening experiment, optimum conditions for the formation of aluminosilicate 

colloids are recognized from the behaviour of Am, added as a tracer in the condensation proc-

ess of Si and Al. The optima are reflected by maxima of Am activity in the colloidal fraction 

of mother solutions made at pH 5 - 6 and pH 8 - 9, with a Si/Al concentration ratio of 100, but 

at two different Si concentration levels, namely in a slightly undersaturated and in a 6.5 times 

oversaturated solution, containing monosilanol and polysilanol, respectively. The correspond-

ing colloids, as characterized by LIBD, AFM and SEM-EDXS, all belong to a unique colloid 

type which is very similar to the natural aquatic colloids of the imogolite type with a Si/Al 

atomic ratio of ca. 1, namely hydroxy aluminosilicate (HAS) colloids. The particle size is 10 - 

50 nm and the number density amounts to 1011 – 1014 particles per litre. 

The second part of this study investigates the interaction of trivalent actinides with 

HAS colloids in formation (in statu nascendi) and comprises the speciation of colloid-borne 

Cm with TRLFS, stability tests of the generated pseudocolloids of Am(Cm) by means of 

LIBD and desorption experiments, and determination of the capacity of HAS colloids to bind 

Am(Cm).  The TRLFS analysis shows a red shift of the typical fluorescence emission band of 

the Cm3+ aquo-ion at 593.8 nm to 598.5 nm, 601.8 nm and  606.8 nm indicating the formation 

of three colloid-borne Cm species, namely Cm-HAS(I), Cm-HAS(II) and Cm-HAS(III), re-

spectively. The spectral shift is proven to be characteristic for the interaction of Cm with Si. 

The respective increased fluorescence relaxation times from 65.2 µs for the Cm aquo-ion to 

83.5 µs, 88.3 µs and 518.0 µs, are correlated with the number of replaced Cm coordination 

waters through silanols, and reveal the three colloid-borne Cm species as a bidentate, a triden-

tate and a completely incorporated Cm into the aluminosilicate structure of colloids. The rela-

tive Cm species distribution as a function of pH at the two above mentioned concentrations of 

Si for optimum colloid formation shows that the binding strength of Am(Cm) to HAS colloids 

increases with increasing pH and increasing  concentration of Si. The effect is correlated with 

the faster polymerization kinetics of Si at high pH and high Si concentration, as demonstrated 

by a number of molybdenum tests for the quantification of the polysilanol fraction as a func-

tion of time under our experimental conditions for colloid generation. The isomorphic substi-

tution of Am(Cm) for Al in the aluminosilicate colloid structure is further correlated with the 

interfacial energy of polysilanol, which seems to be necessary to overcome the activation en-

ergy barrier for the complete incorporation of Am(Cm). The explanation is corroborated by 

the fact that Cm-HAS(III) is also built at increased temperature, e.g. 5 days at 90°C, from 
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undersaturated Si (monosilanol) as an alternative way to provide activation energy. The gen-

erated pseudocolloids of Am(Cm), corresponding to the Cm-HAS(II) and Cm-HAS(III) spe-

cies are extremely stable as a function of time, against desorption with inactive medium (irre-

versible Am(Cm)-colloid binding), and at increased temperature. Their formation is, however, 

pH reversible, and in line with the relatively low stability of Cm-HAS(I) built at pH 5-6. The 

maximum capacity of HAS colloids to incorporate Am(Eu) is reached for HAS colloids, gen-

erated from polysilanol at pH 8 - 9 when about one third of the Al in colloids is substituted by 

Am(Eu) and the HAS colloids start loosing their original identity. 

The third topic of investigation is the interaction of tetravalent actinides with HAS col-

loids in statu nascendi, and includes the determination of the activity incorporation patterns as 

well as kinetics for Th, stability tests of the generated pseudocolloids of Th, and determina-

tion of the capacity of HAS colloids to bind Th. The incorporation of Th into HAS colloids 

increases with increasing time, pH and Si concentration, and reflects the polymerization kinet-

ics of Si. The behaviour of Th is yet different from that of Si: the fraction of Th migrating 

from the mother solution into the colloids is a hundred times higher than that of Si, namely 

100% and 1%, respectively, indicating a much higher affinity of Th-oxyhydroxide for the Al3+ 

cation in comparison with mono- and even polysilanol. The pseudocolloids of Th show a high 

resistance against desorption with inactive medium. The Th-HAS bindings are therefore con-

sidered to be irreversible. The incorporation of Th differs from that of Am as far as pH de-

pendency, kinetics, quantity as well as stability are concerned. The general tendency ist that 

Th incorporates slower, more and in a broader pH region as compared with Am. Colloid-

borne Th, unlike colloid-borne Am, stabilizes the HAS colloids. The highest concentration of 

Th, possibly hold by HAS colloids, is given at colloid formation from polysilanol at neutral 

pH from 6 to 9, and after a conditioning time of several days. In that case about 80% of the Si 

in colloids is substituted by Th. Since the Si/Al atomic ratio in colloids is ca. 1, the Al con-

centration in the mother solution can serve as an indicator for the amount of potentially incor-

porated Th in the colloids.  

The fourth part of this study analyzes the interaction behaviour of a mixture of tri- and 

tetravalent actinides with HAS colloids in statu nascendi by comparing it with their separate 

behaviour. To this purpose, Am(Cm) and Th activity phase distribution patterns, time-

resolved laser fluoresence spectra shifts, Cm species distributions and activity desorption 

measurements are evaluated. Incorporation of Am as well as of Th out of their mixture still 

takes place. Differences in incorporation patterns as well as in type and number of Cm spe-
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cies, as previously observed at the formation of HAS colloids, either from mono- or polysi-

lanol, are cancelled out if Cm is accompanied with Th. Only two colloid-borne Cm species, 

namely the Th-borne Cm species, Cm-Th(I) at 590.0 nm, and Cm-Th(II) at 603.6 nm, with 

fluorescence life times of 134.0 µs and 342.9 µs, corresponding to four and no waters in the 

coordination sphere of Cm, respectively, are now identified. They reflect the interaction be-

haviour of Cm-Th complexes with HAS colloids. This interaction resembles more that of 

Cm(Am) at low pH from 4 to 6, and more that of Th at neutral pH from 6 to 9. The stability of 

the generated pseudocolloids against desorption with inactive medium remains, notwithstand-

ing the Cm-Th complex formation, almost unchanged. Consequently, the (Cm+Th)-HAS 

bindings are irreversible. 

The fifth topic of this work concerns the incorporation behaviour of tri- and tetravalent 

actinides into aged HAS colloids through sorption, and comprises the evaluation of Am and 

Th activity incorporation patterns as well as stability tests of the corresponding pseudocol-

loids. Aged colloids are not tied up to sorb Am. Their capability to sorb Th, however, is high, 

and comparable to that of HAS colloids in statu nascendi. The high stability of the pseudo-

(aged)-colloids of Th against desorption with inactive medium corresponds to irreversible Th-

(aged HAS colloid)-bindings. A gradually decreasing stability against desorption with EDTA, 

from 100% to a 20% after 35 days EDTA contact time, reveals different colloid-borne Th 

species with decreasing Th-colloid binding strength in the order: Th-HAS-polysilanol (pH 7-

9) (containing Th isomorphically substituted for Si) > Th-HAS-monosilanol (pH 7-9) > Th-

HAS-poly-silanol or Th–monosilanol (pH 5).  

The sixt part of the work is the trial to find out how colloids are thinking by reviewing 

the gained results from the standpoint of colloids, traced by actinides, and to postulate mecha-

nisms for colloid formation. Key words of colloidal language are „controlled polymerization“ 

through „polarization“ and „optimal conditions“. They are elaborated in the experimentally 

corroborated conception. The high oxidation state of Si(IV) induces polymerization. Doping 

the Si(IV) mother solution with Al(III) programms the end of polymerization at colloidal size. 

Stabilization of the colloidal state is due to isomorphic substitution of Si for Al, inducing 

thereby negative charges into the silica structure. Repulsion of the negatively charged parti-

cles and an extreme retardation of the Si polymerization is the consequence. An optimal Si/Al 

ratio in the mother solution is prerequisite to stable HAS colloids. An excess of Al promotes 

colloid agglomeration through solvation effect.  Two different mechanisms for colloid forma-

tion are postulated on the basis of the interaction of tri- and tetravalent actinides with HAS 
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colloids in statu nascendi. One model starts from monosilanol condensing with Al in a self-

catalyzing template mechanism, which is not very efficient to bind tri- or tetravalent actinides. 

The other is an inner surface complexation model which starts from a preformed and very 

effective polysilanol surface for catalyzing the conucleation of Si and Al and proceeds under 

expulsion of the HAS product. In such a process, tri- and tetravalent actinides easily substitute 

isomorphically for Al and Si, respectively.  

The seventh and last part of this study is devoted to the question whether actinide ana-

logs of aluminosilicate colloids such as americiothoronate colloids do exist, also without the 

aid of Si or Al. This part contains a parameter screening experiment for colloid formation out 

of supersaturated solutions of Th and Am, based on activity measurements in the ionic, col-

loidal and precipitated fraction, speciation of colloid-borne Cm with TRLFS, and monitoring 

of colloid formation by LIBD. Optimum conditions for the formation of stable amerciothoro-

nate colloids are found at pH 4 – 6, for several Th concentration levels between 10-9 and 10-6 

mol l-1 , and at pH 9,  for one Th concentration namely 10-9 mol l-1, each of them combined 

with Am to give a Th/Am ratio in the mother solutions between 0.1 and 6.5. The optima are 

correlated with two colloid-borne Cm species, Cm-Th(I) at 598.0 nm and Cm-Th(II) at 604.8 

nm, with fluoresence life times of 135.5 µs and 331.0 µs, corresponding to four and no water 

molecules in the coordination sphere of Cm, respectively. The species are very similar to 

those found at simultaneous incorporation of Am(Cm) and Th in HAS colloids in statu nas-

cendi. LIBD measurements corroborate that precipitating Th, mixed with precipitating Eu, are 

transferred into the colloidal state through Th-Eu-binding. The Th/Am atomic ratio in the 

americiothoronate colloids is the same as the Th/Am concentration ratio in the mother solu-

tions. We propose therefore a simple conucleation of Th with Am(Cm, Eu) as a binding 

mechanism. This is in contrast to the nucleation mechanism of Si with Al, namely the forma-

tion of a solid solution, with (Si/Alcoll. = 1) << Si/Alsoln= 100). Divalent cations, such as Mg, 

can alter the Th/Am atomic ratio in the colloids and influence the colloids stability corre-

spondingly. The Mg effect is shown to be an effect on the polymerization rate of Th (retarda-

tion through binding) as well as on the polymerization rate of Am (acceleration through solva-

tion effect). Investigations on this subject are continued, since they may lead to a new view of 

actinide colloids, to a new definition of „real colloids“, which is quite different from the one 

we have been used to in the past, and especially to a better understanding of the fundamental 

rules for colloid stabilization in general. 
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Fig. 1: General pathways for the formation of inorganic aquatic 
colloids such as aluminosilicate colloids.
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Fig. 3: (a) Free energy of nucleus formation calculated as a function of the radius 
for different supersaturated ratios (Eq.1). The maximum ∆G* is the activation 
barrier to the generation of nuclei of radius rj; (b) Nucleation rate calculated as 
a function of the critical supersaturation.
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Fig. 5: Potential energy of particle-particle interaction 
(Et) calculated as the sum of the electrostatic repulsive 
energy (ER) and the van der Waals attractive energy 
(EA) (Eqs. 7 and 8): (a) ER > EA: particle repulsion and 
colloid stabilization; (b) EA > ER: particle attraction and 
colloid agglomeration.
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Fig. 18: Solubility of silica (amorph) calculated from the data in refs [32-39]
(upper part); Si species distribution as a function of pH (lower part).
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Fig. 29: Polymerization of silanol and depolymerization by dilution (approach A and B
in Fig.25, respectively): an illustration of the reversibility under present experimental 

conditions.
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Fig. 34: Speciation of Cm by TRLFS in a mixture solution of 10-3 mol l-1 Si and 
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Fig. 35: Speciation of HAS colloid-borne Cm by TRLFS upon the pH titration from 1 to 9
in a mixture solution containing 10-2 mol l-1 Si, 10-4 mol l-1 Al and 4.9x10-8 mol l-1 Cm: 

the pH dependent spectrum evolution (upper part) and the deconvoluted spectra of different 
Cm species present in the solution (lower part).
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Fig.36: Speciation of Cm by TRLFS in a pure Si solution of 1.35x10-2 mol l-1. The 
solution pH is varied from 2.0 upwards to 9.0: the pH dependent spectrum evolution 
(upper part) and the deconvoluted spectra of different Cm species (lower part).



Fig. 37: The relative Cm species distribution as a function of pH in a mixture solution of 
10-2 mol l-1 Si and 10-4 mol l-1 Al (upper part) and compared with that of a pure solution 
of 10-2 mol l-1 Si (lower part).
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Fig. 38: : A contour diagram of the colloid-borne Am fraction (z-axis) normalized to the initial 
Am concentration after 35 days of conditioning in different pH. Different Si and Al concen-
trations are indicated on the left and on the right y-axis, respectively. The regions for the forma-
tion of different colloid-borne Cm(III) species, namely Cm-HAS(I) as a bidentate, Cm-HAS(II) 
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Fig.41: Colloid-borne Am fraction (%) in a sample after the desorption experiment. 
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Am (lower part) and conditioned for 7 days prior to desorption experiment.
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Fig. 43: Stability of the HAS colloid-borne Cm: Cm-HAS(III) as a function of time 
at different pH (cf. Fig.42).
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which basis the average size of colloids of pre-
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Fig. 45: Colloid-borne Am-activity fraction (%) as a function of the (Am+Eu)-concentration 
for different pH´s in three series of samples indicated as HAS-monosilanol, HAS-polysilanol 
and no HAS, respectively, and containing mixture solutions of: 
(1): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Am, varied concentration of Eu; 
(2): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Am, varied concentration of Eu; 
(3): 5x10-8 mol l-1 Am, varied concentration of Eu.



Fig. 46: Typical elution diagrams of 150 kBq 234Th at separation from 25 g uranylnitrate
by chloride anion exchange (upper part) followed by nitrate anion exchange (lower part).
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Fig, 47: A contour diagram of the colloid-borne activity fraction (%) (z-axis) normalized
to the initial input activity after 35 days of sample conditioning time in different pH 

for Th (left part) and for Am (right part). Different Si and Al concentrations are indicated 
in the middle part of the fig. and on the right y-axis, respectively.
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Fig. 50: Colloid-borne Th-activity fraction (%) as a function of the Th concentration for 
different pH´s in three series of samples indicated as HAS-monosilanol, HAS-polysilanol 
and no HAS, respectively, and containing mixture solutions of: 
(1): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1, varied concentration of Th; 
(2): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Am, varied concentration of Th; 
(3): Varied concentration of Th.



Fig.51: Activity fraction (%) in solution, colloids and precipitate as a function of pH for
samples formed from HAS-monosilanol and containing solutions of:
(1): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Th (upper left part)
(2): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Am (upper right part)
(3): 10-3 mol l-1 Si, 10-5 mol l-1 Al, 5x10-8 mol l-1 Th, 5x10-8 mol l-1 Am (upper left and
upper right part for Th and Am measurement, respectively).



Fig.52: Activity fraction (%) in solution, colloids and precipitate as a function of pH for
samples formed from HAS-polysilanol and containing solutions of:
(1): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Th (upper left part)
(2): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Am (upper right part)
(3): 1.3x10-2 mol l-1 Si, 1.5x10-4 mol l-1 Al, 5x10-8 mol l-1 Th, 5x10-8 mol l-1 Am (upper
left and upper right part for Th and Am measurement, respectively).
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Fig.55: The relative Cm species distribution as a function of pH (cf. Figs 53 and 54).
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Fig. 56: Colloid-borne activity fraction (%) in a sample after the desorption experiment. 
The initial sample is prepared at different pH with 10-3 mol l-1 Si (monosilanol), 10-5

mol l-1 Al and 5x10-8 mol l-1 Am or Th or Th+Am and conditioned for seven days.
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Fig. 57: Colloid-borne activity fraction (%) in a sample after the desorption experiment. 
The initial sample is prepared at different pH with 10-2 mol l-1 Si (polysilanol), 
10-4 mol l-1 Al and 5x10-8 mol l-1 Am or Th or Th+Am and conditioned for seven days.
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of different ages (from 0 to 24 days) generated from HAS-monosilanol (upper part) and from 
HAS-polysilanol (lower part).
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Fig. 61: Colloid-borne Th fraction (%) normalized to the initial activity as a function of pH 
after 3 hours and 35 days activity contact time (left and right part, respectively) for colloids 
of different ages (from 0 to 24 days) generated from HAS-monosilanol (upper part) and 
from HAS-polysilanol (lower part).
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(lower part): 10-2 mol l-1 Si (polysilanol), 10-4 mol l-1 Al 
After an aging time of 27 days, 4.8x10-8 mol l-1 Th is added; The Th contact time is 35 days. 
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Fig. 64: Template mechanism for the formation of hydroxy aluminosilicates as proposed 
by Doucet et al. [Geochim. Cosmochim. Acta 65 (15) 2461 (2001)].
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Fig. 65: Postulated mechanism for the formation of colloid-borne An(III) or An(IV) in 
HAS(monosilanol) colloids.
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Fig. 66: Postulated mechanism for the formation of colloid-borne Am(Cm) from 
HAS(polysilanol) colloids with Si/Al atomic ratio: ca 1.
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Fig. 67: Postulated mechanism for the formation of colloid-borne Th(IV) by 
heterogeneous nucleation with Si.
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process.



Fig. 71: Thermodynamic solubility of Th(OH)4 (am) and Am(OH)3 as a function of pH
from literature. Conditions expected for colloid formation are indicated by dotted area.
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Fig. 72: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time in 
four sample series at different pH: two mixed samples containing 1x10-9 mol l-1 Th and 
1x10-9 or 8x10-9 mol l-1 Am (Th+Am) and two separate samples containing 1x10-10 mol l-1

Th (Th only) and 8x 10-9 mol l-1 Am (Am only). 
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Fig. 73: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time in 
four sample series at different pH: two mixed samples containing 7x10-9 mol l-1 Th and 
8x10-9 or 5.4x10-8 mol l-1 Am (Th+Am) and two separate samples containing 7x10-9 mol l-1

Th (Th only) and 8x10-9 mol l-1 Am (Am only). 
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Fig. 74: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time 
in four sample series at different pH: two mixed samples containing 4.6x10-8 mol l-1 Th 
and 7x10-9 or 6x10-8 mol l-1 Am (Th+Am) and two separate samples containing 4.6x10-8

mol l-1 Th (Th only) and 1x10-8 mol l-1 Am (Am only). 
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Fig. 75: Th and Am colloid-borne activity fraction (%) after 3 hours conditioning time in 
three sample series at different pH: two mixed samples containing 3.2x10-7 mol l-1 Th and 
5x10-8 mol l-1 Am (Th+Am) and two separate samples containing 3.2x10-7 mol l-1 Th (Th only)
and 5x10-8 mol l-1 Am (Am only).
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Fig.77: Colloid-borne activity fraction (%) as a function of the conditioning time without and with 
Mg: one mixed and two separate samples containing 4.6x10-8 mol l-1 Th and 7x10-9 mol l-1 Am 
(cf. Fig.76) at pH 4 (middle and upper parts) and for the mixed sample with addition of 10-2 mol l-1

Mg (lower part). 



Fig. 78: Speciation of Th-borne Cm by TRLFS on the pH titration from 1 to 9 in a mixture 
solution containing 3.5x10-7 mol l-1 Th and 5x10-8 mol l-1 Cm: the pH dependent spectrum
evolution (upper part) and the deconvoluted spectra of different Cm species present in the 

solution (middle part). The species distribution is given in the lower part.
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Fig. 79: Colloid generation observed by LIBD on the pH titration from 1 to 10 in 
a mixture solution containing 3.5x10-7 mol l-1 Th and 5x10-8 mol l-1 Eu (cf. Fig.78).
Blank is water titrated by diluted HCl and NaOH. The latter contains colloidal impu-
rities, which are however scavenged by Th for partial precipitation.



Table 1: F luorescence emission properties of Cm in dif ferent solutions: a comparison.
The Cm3+ aquoion has a emission peak at 593.8 nm with a life time of 65 µs and 9 inner
sphere hydration water molecules

Solution      Parameter          Species (I)    Species (II) Reference

Mixture of      Emission peak (nm) 598.5 601.8 this work
10-3 mol/l Si         Life time (µs) 83.5±3.7 88.3±5.2
10-5 mol/l Al        H2O molecule 6.9 6.4

10-3 mol/l Si      Emission peak (nm) 598.5 601.9 this work
     Life time (µs) 85.5±6.1 88.1±8.5
     H2O molecule 6.8 6.5

10-3 mol/l Al      Emission peak (nm) 598.2 604.1 this work
     Life time (µs) 82.0±2.9 110.5±6.7
     H2O molecule 7.1 5.0

Colloidal              Emission peak (nm) 601.2 603.3 ref. 64
γ-Alumina      Life time (µs) 110 110

     H2O molecule 5.0 5.0

Suspension      Emission peak (nm) 598.8 603.3 ref. 18
of smectite      Life time (µs) 110 110
& kaolinte      H2O molecule 5.0 5.0

Colloidal       Emission peak (nm) 602.3 604.9 ref. 76
Silica       Life time (µs) 220±14 740±35

      H2O molecule 2.1 0



Table 2: Comparison of colloid-borne Cm species without and with Th

HAS-Monosilanol HAS-Polysilanol

Cm
Species

Peak
Max.
(nm)

Relax.
Time
(µs)

Coord.
Water

(number)

Cm
Species

Peak
Max.
(nm)

Relax.
Time
(nm)

Coord. Water
(number)

Cm Cm-HAS(I) 598.0 83.5 7 Cm-HAS(I) 598.5 83.5 7
Cm-HAS(II) 601.8 88.5 6 Cm-HAS(II) 601.8 88.3 6

Cm-HAS(III) 605.2 518.5 0-1

Cm+Th Cm-Th(I) 598.0 132.8 4 Cm-Th(I) 598.5 135.3 4
Cm-Th(II) 603.6 336.9 0-1 Cm-Th(II) 603.6 349.0 0-1
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