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Zusammenfassung 

 
In Rahmen der Sicherheitsforschung für nukleare Endlager sind thermodynamische Daten von Actiniden 
von großer Bedeutung. In dieser Arbeit werden Hydrolyse, Löslichkeit, Kolloidbildung und Festphasen-
umwandlung von vierwertigem Plutonium und seinem Homolog Zirkonium in 0.5 M HCl/NaCl mittels 
Absorptionsspektroskopie, Laser-induzierter Breakdown Detektion (LIBD) und Röntgenabsorptionsspekt-
roskopie (XAFS) untersucht. Im Falle des Pu werden zusätzlich Redoxreaktionen im sauren Bereich be-
trachtet. 
Die Löslichkeitsuntersuchungen am Zirkonium wurden in einem weiten Konzentrationensbereich (log [Zr] 
= -3 ~ -7.6) und pH (3 – 9) durchgeführt. Durch Erhöhung des pH gelangt man zu übersättigten Lösungen. 
Ein sehr sensitives Indiz für das Überschreiten der Löslichkeit ist die Bildung von Kolloiden, die mittels 
LIBD direkt nachgewiesen werden. Das aus diesen Messungen bestimmte Löslichkeitsprodukt log 
K°sp(Zr(IV)) = -53.1 ± 0.5 wurde mit Hydrolysekonstanten für mononukleare Zr-hydroxokomplexe be-
rechnet. Vergleicht man Löslichkeitsdaten für Zirkonium aus der Literatur, so bilden die Werte zwei ver-
schiedene Gruppen. Mutmaßlich handelt es sich um zwei verschiedene Festphasen, eine mikrokristalline 
und eine amorphe. Um die Abhängigkeit der Löslichkeit von der Festphase zu verifizieren, wurden Lö-
sungen bei verschiedenem pH mit XAFS untersucht und die Struktur der jeweils dominierenden Zirkon-
spezies bestimmt. Im Bereich der niedrigeren Löslichkeit dominieren mikrokristalline Partikel während im 
Bereich der höheren Löslichkeit die gefundenen Strukturen keiner bekannten ZrO2 Struktur ähneln. Es 
handelt sich dabei um Zr-oxyhydroxokolloide mit starker struktureller Unordnung. Daher bezieht sich die 
Löslichkeit in dieser Arbeit auf amorphes Zirkonhydroxid, Zr(OH)4(am). 
Die Löslichkeitsuntersuchungen an Pu(IV)-hydroxid wurden im pH Bereich < pH 2 durchgeführt. Pu(IV) 
ist sogar im sauren pH Bereich redoxinstabil. Daher muß für die Untersuchungen von Pu(IV), der Anteil 
von Pu(IV) an der Gesamtkonzentration in Lösung vor jedem Versuch mittels Absorptionsspektroskopie 
bestimmt werden. Wenn man, wie beim Zr, nur mononukleare Pu-hydroxokomplexe berücksichtigt, erhält 
man ein Löslichkeitsprodukt von log K°sp(Pu(IV)) -58.3 ± 0.4. 
Die Redoxreaktionen des Plutonium bei unterschiedlichem pH und Pu Konzentrationen wurden als Funk-
tion der Zeit beobachtet. Sie folgen nicht dem nach der Disproportionierung erwarteten Verlauf sondern 
können durch gleichzeitige Reduktion des Pu(IV) (Pu(IV)aq  Pu(III)aq) und Oxidation des Pu(IV) 
(Pu(IV)coll  Pu(V)aq  Pu(VI)aq) beschrieben werden. In allen Fallen dominiert die Reduktion des Pu(IV) 
über die Oxidation, das heißt, es wird mehr Pu(III) als Pu(V) + 2Pu(VI) gebildet. Hieraus ist ersichtlich, 
dass ein weiteres Reduktionsmittel an der Reaktion beteiligt ist. Durch sukzessiven Ausschluß bleibt die 
Oxidation von Wasser als einzige Möglichkeit. Die Redoxreaktionen des Pu sind abhängig vom pH. Mit 
zunehmendem pH nimmt [Pu4+] durch die Reduktion oder die Hydrolyse und Kolloidbildung ab. Folglich 
nehmen [Pu(III)] und [Pu(V)]+[Pu(VI)] zu. Um die Rolle von gelöstem Sauerstoff an der Reaktion 
Pu(IV)coll  Pu(V)aq zu untersuchen, wurden die gleichen Experimente unter Argon Atmosphäre in einer 
Handschuhbox durchgeführt. 
Um die mononuklearen Hydrolysekonstanten von Pu(IV) zu bestimmen, wurde das Redoxpotential (Eh) 
der Pu Lösungen gemessen. Neben der direkten Messung kann der Eh-Wert aus zwei Redoxpaaren, 
PuO2

2+/PuO2
+ und PuO2

+/PuO2(Koll.) gewonnen werden, die gut übereinstimmen. Um auch das dritte Re-
doxpaar Pu4+/Pu3+ zur Eh-Bestimmung heranziehen zu können, muß die starke Hydrolyse des Pu(IV) be-
rücksichtigt werden; schon bei pH < 1 liegt ein großer Teil des Pu(IV)aq als Hydroxokomplex vor. Die 

Bestimmug von Pu4+ aus ∑
=

−+ +=
4

1y

y4
y

4
aq. ][Pu(OH)][Pu][Pu(IV)  ist sensitiv auf die Hydrolysekonstanten. 

Folglich können aus dem Vergleich des aus dem Pu4+/Pu3+ Paar bestimmten Eh-Wertes mit gemessenen 
Eh-Werten β1y (y = 1-2) gewonnen werden. Diese Messung legt eine leichte Korrektur der Literaturkon-
stanten zu niedrigeren Werten hin nahe. 
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Abstract 
 
The chemical properties of plutonium and zirconium are important in order to assess nuclear waste dispos-
als with respect to isolation and immobilization of radionuclides. In this study, the hydrolysis, solubility 
and colloid formation of tetravalent plutonium and zirconium are investigated in 0.5 M HCl/NaCl solution 
using several complementary methods and the redox behavior of plutonium is investigated in acidic condi-
tions as well. 
The solubilities of Pu(IV) and Zr(IV) are determined from the onset of colloid formation as a function of 
pH and metal concentration using LIBD (laser-induced breakdown detection). The investigation of the 
solubility of Zr(IV) is carried out at different concentrations (log [Zr] = -3 ~ -7.6) and in a wide pH range 
(pH = 3 - 9) yielding log K°sp(Zr(IV)) = -53.1 ± 0.5 based on the assumption that only mononuclear hy-
drolysis species exist in solution. Comparing the present results with literature data, the solubilities of Zr 
can be split in two groups, a crystalline phase with lower solubility and an amorphous phase 
(Zr(OH)4(am)) with higher solubility. The data obtained in the present work set an upper limit for the 
solubility of freshly formed Zr(OH)4(am). To understand this difference of solubilities, the geometrical 
structure of the dominant solution species is investigated as a function of pH using XAFS (X-ray absorp-
tion fine structure). The samples at pH >2, still below the solubility limit determined by LIBD, contain the 
polynuclear Zr(IV) species probably due to the high concentration ([Zr] = 1 mM) and their structure do not 
resemble any reported simple ZrO2 structure. The Zr(IV) colloid species in oversaturated solution under 
this experimental condition resembles amorphous Zr(IV) hydroxide rather than crystalline ZrO2. 
The solubility of Pu(IV) is investigated in acidic solution below pH 2. Considering only mononuclear hy-
drolysis species, log K°sp(Pu(IV)) = -58.3 ± 0.4 is obtained. Since Pu(IV) is not redox stable even in acidic 
condition, the concentration of each oxidation state of Pu must be determined prior to each experiment. 
The solubility data are determined directly after preparation and then the redox reactions between four 
different plutonium oxidation states are observed at different pH and Pu concentrations as a function of 
time. The results indicate that the redox behavior of Pu cannot be described by disproportionation of Pu 
alone. Under the experimental conditions, the redox reactions of Pu seem to be divided into two groups, 
Pu(IV)aq  Pu(III)aq and Pu(IV)coll  Pu(V)aq  Pu(VI)aq. In the Pu solution containing initially only 
Pu(IV), the reduction of Pu(IV) to Pu(III)aq dominates rather than the oxidation to Pu(V)aq and Pu(VI)aq. 
The observed two groups of reactions show the dependency of pH due to the related hydrolysis and colloid 
formation of Pu(IV). With increasing pH, the [Pu4+] decreases either through its hydrolysis and colloid 
formation (increase of Pu(IV)coll) or through its reduction (increase of Pu(III)aq). The polymer species or 
colloids may dissolve to Pu(V)aq through the second reaction group (increase Pu(V)aq + Pu(VI)aq). Conse-
quently, it is observed that with increase of pH, [Pu(IV)aq] decreases, [Pu(III)aq] increases, and 
[Pu(IV)coll]+[Pu(V)aq]+[Pu(VI)aq] increases. This study is also performed under inert gas conditions in 
order to investigate the influence of dissolved oxygen on the oxidation of Pu(IV) (Pu(IV)coll  Pu(V)aq). 
From the relative abundance of the Pu oxidation states, namely the couples PuO2

2+/PuO2
+ and 

PuO2
+/Pu(IV)coll, the redox potential Eh(V) can be obtained. The respective values agree well with the 

measured Eh values. In order to use the redox couple Pu4+/Pu3+, one has to take into account the strong 
hydrolysis of Pu(IV) which sets in below pH 1. When the abundance of Pu4+ is calculated from the amount 

of ∑
=

−+ +=
4

1y

y4
y

4
aq. ][Pu(OH)][Pu][Pu(IV)  by use of hydrolysis constants from earlier solvent extraction stud-

ies, deviations from the measured Eh arise. By use of slightly lower values for log β1y (y = 1-2) a good 
agreement between all calculated and measured Eh values is achieved, suggesting that at least the first and 
second hydrolysis constants should be corrected. 
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1 Introduction 

 

For the past several decades, large amounts of the actinide elements have been produced and accumulated 

predominantly from nuclear weapon production and from spent fuel of nuclear power plants. In the early 

days, much of the interest in actinide chemistry had been directly associated with the separation science. 

The primary motive in most studies of actinide solutions was the isolation and purification of these ele-

ments rather than expansion of the knowledge about their fundamental chemical properties [Chop 83a]. 

Along with the worldwide growing use of nuclear energy, the actinide elements which are produced from 

commercial nuclear technology as spent fuel are augmented. As shown in Fig. 1.1, plutonium and other 

actinide elements dominate the radiotoxicity of spent fuel and it takes hundreds of thousands of years for 

the radiotoxicity reducing to the level of the uranium which the fuel was made of. 
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Fig. 1.1 The radiotoxicity inventory of one ton spent fuel in a pressurized 
water reactor (enrichment 4.2% 235U, burn-up 50 GW). The radio-
toxicity contributions of plutonium (Pu), minor actinides (MA) and 
fission products (FP) [Geis 2004]. 
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Many countries consider the disposal of the abundant radioactive waste in underground and for the success 

of the radioactive waste disposal, the most important factors are the isolation and the immobilization of 

radioactive elements. Proposed disposal of high level radioactive waste in deep geological formations is 

the possible source for actinides introducing into the environment. 

It is a major challenge for natural and technical sciences to model the behavior of radioactive materials 

under environmental conditions and hence establish the basis for protecting the environment. In order to 

assess the safety of a waste repository, it is essential to be able to predict the eventual dispersion of its ra-

dioactive inventory in the environment. For radioactive materials stored in the ground or in geological 

formations, the most probable transport medium is the aqueous phase and several experimental evidences 

indicate that colloids can be a major factor in the rapid migration of radioactivity in groundwater. For ex-

ample, Kersting et al. [Kers 99] reported detection of 239/240Pu in groundwater samples taken from aquifers 

at the Nevada test site. The 239/240Pu isotope ratio of the samples established an underground nuclear test 

site 1.3 km north of the sampling area as the origin of the plutonium. The plutonium was found to be 

associated with colloids. 

To understand the role of colloids in waste disposal, it is necessary to consider their source and the 

mechanism of formation. Two kinds of colloids can be formed in groundwater. Intrinsic colloids are pro-

duced by condensation of actinide molecules or ions and pseudocolloid are generated by adsorption of 

actinide ions on aquatic colloids [Rams 88; Kim 94; Kim 2000] (for detail explanation, see Section 2.1.4). 

An important factor is the quantitative prediction of the reactions that are likely to occur between radioac-

tive elements dissolved or suspended in groundwater and the surrounding rock material or natural colloids 

in order to estimate the quantities of waste that can be transported in the aqueous phase. 

For the precise geochemical modeling, it is essential to know the relative stabilities of the compounds and 

complexes that may form under the relevant conditions. This information is often provided by speciation 

calculations using chemical thermodynamic data. The local conditions, such as ground water and rock 

composition or temperature, may not be constant along the migration paths of radioactive materials, and 

fundamental thermodynamic data are the indispensable basis for dynamic modeling of the chemical 

behavior of radioactive waste components. The scientific literature on thermodynamic data, mainly on 

equilibrium constants and redox potentials in aqueous solution, is contradictory in a number of cases, 

especially in plutonium chemistry [Lemi 2001]. 

 

Plutonium can exist in solution as different oxidation species: Pu(III), Pu(IV), Pu(V), and Pu(VI). More-

over, Pu(IV) can easily form polymeric species or colloids under certain conditions. An understanding of 

the behavior of different Pu species under environmental conditions is required for the accurate estimation 
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of migration rates. Plutonium migration rates are affected by the adsorptive properties of different pluto-

nium aqueous species on geological media, by the solubility of the plutonium and by the stability of pluto-

nium colloids [Rai 81]. 

Among the different Pu oxidation states, the tetravalent plutonium has the strongest tendency toward hy-

drolysis, polymerization and further colloid formation due to its high effective charge [Kim 91]. Accord-

ingly, the solubility of Pu(IV) hydroxide or oxide is very low compared to other Pu oxidation states. Be-

cause of the low solubility, the possibility to investigate the aqueous speciation by spectroscopy is rather 

poor. Moreover, Pu(IV) is easily oxidized or reduced to other oxidation states such as Pu(V) and Pu(VI) or 

Pu(III). Such problems complicate the experimental investigation and thermodynamic evaluation of the 

hydrolysis constants and solubility product of Pu(IV). In particular, the solubility products reported for 

Pu(OH)4(am) show considerable discrepancy [Lemi 2001; Guil 2003]. 

 

Prior to studying the complex plutonium chemistry, the investigation of Zr(IV) is carried out as a homolog 

to Pu(IV) in the present work. Zr is also an important element in nuclear waste management, since it is not 

only a fission product (93Zr, t1/2 = 1.5⋅106 a) of high yield in spent fuel but is also used directly as cladding 

of fuel rods or even as mixed metal fuels ((Pu/Zr)O2). The chemistry of Zr shows some remarkable simi-

larities to Pu(IV). Zr also has a strong tendency to hydrolysis and colloid formation and low solubility like 

Pu(IV). The first hydrolysis constant of Zr is similar to that of Pu(IV) and also the solubility of Zr hydrox-

ide is reported to be similar in literature. However, the investigation of Zr is easier than Pu due to its redox 

stability and the availability of non-radioactive isotopes. 

 

In this study, the solubility of Zr is determined by detecting the formation of Zr(IV) colloids using LIBD 

(laser induced breakdown detection). The results suggest the presence of at least two different colloidal 

species. In order to appraise the respective structures, Zr species in solution are investigated using XAFS. 

With an experimental approach similar to that used for Zr, the solubility of Pu(IV) hydroxide is deter-

mined using LIBD and spectroscopy in acidic solution. In addition, to understand the complex plutonium 

chemistry, the redox behavior of Pu is precisely observed as a function of time using spectroscopy. Forma-

tion constants for the first and second hydrolysis species are determined through the measurement of redox 

potentials of the solutions. 
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2 The state of knowledge in literature 
 

In order to predict the introduction of actinides into the environment, to perform safety assessment studies 

to determine the ability of repositories and to design ways to retard their release and migration rates, it is 

essential to understand the chemical properties of actinides, such as the relative stabilities of the com-

pounds and complexes that actinides may form under environmental conditions [Silv 95]. However, the 

scientific literature on thermodynamic data, mainly on equilibrium constants and redox potentials in aque-

ous solution, has been contradictory in a number of cases, especially in actinide chemistry [Lemi 2001]. 

 

2.1 Chemistry of actinides in aquatic systems 

 

For understanding and predicting the chemical behavior and transport properties of actinides under aque-

ous environmental conditions, several chemical reactions should be considered, which control the amounts 

and species of the actinides in solution. In particular, complexation (for example, hydrolysis reactions), 

solubility, colloid formation, precipitation, and sorption have to be understood [Kim 86; Silv 95]. 

A number of inorganic and organic ligands which can form complexes with the actinide ions in solution 

are present in groundwater. Complexation increases the amount of the actinides in solution and thus tends 

to increase release and migrations rates. 

The primary complexation reaction in aquatic phase is hydrolysis, which produces mononuclear and 

polynuclear species. Further aggregation, dehydration or crystallization processes may lead to the forma-

tion of colloids which may exhibit a considerably different migration behavior from aqueous species. De-

pending on colloidal size and charge relative to the surrounding porous media, colloids can move more 

rapidly or more slowly than the average groundwater velocity [Avog 84; Rams 88]. Precipitation can oc-

cur if the concentration of the actinides in solution exceeds the solubility with respect to the formation of a 

solid phase. This effect will limit the amount of the actinides in solution and thus will tend to have a re-

tarding effect on release and migration rates. However, the solubility of actinide elements in the environ-

ment is somewhat different from that of well defined laboratory solutions due to the influence of com-

plexation with many kinds of ligands present in groundwater. 

The actinide ions may adsorb to mineral or rock surfaces in contact with the aqueous phase. Because this 

process removes actinide ions from solution, it tends to reduce the amount of actinide ions in solution and 

produce a retarding effect on the migration process. 
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The above reactions depend substantially on the oxidation state of each actinide element. Therefore the 

speciation of actinide ions is an absolutely necessary prerequisite for any investigation. The stability of 

individual oxidation states in the aquatic phase is different for each element and the oxidation state 

changes depending on the chemical properties of a given solution (pH, redox potential, etc.). 

 

2.1.1 Oxidation states of actinides in aquatic systems 

 

Characteristic for the actinide series of elements is the filling of the 5 f electron orbital. The chemical simi-

larity to the 4 f lanthanide series was recognized more than 50 years ago [Seab 49; Seab 54]. While the 

trivalent oxidation state prevails throughout the lanthanide series, higher oxidation states are found to be 

the most stable in the early members of the actinide series [Katz 86]. 

Most neutral lanthanide atoms have the electronic configuration, 4 f n 5 s2 5 p6 6 s2, and lose one 4 f and 

the 6 s2 electrons to form the trivalent oxidation state. The 4 f electrons are sufficiently shielded from the 

environment by the 5 s and 5 p orbitals that their contribution to valence forces is negligible. In a few 

cases, the energy difference between the 4 f and 5 d electrons is so small that changes of environment 

around a cation can lead to excitation of a 4 f electron to the valence shell (5 d orbital). This results in for-

mation of the tetravalent ions as in the case of Ce(IV). Alternately, the result may be the transfer of the 5 d 

electron to a 4 f orbital, leading to the formation of divalent ions (e.g., Sm2+, Eu2+ and Yb2+) [Chop 94]. 

The light actinide elements exhibit an unusually broad range of oxidation states. The 5 f electrons of acti-

nide elements are shielded to a larger extent from the nucleus of the atom than the 4 f electrons. This re-

sults in a smaller energy difference between the 5 f, 6 d, and 7 s electrons than in the lanthanide series 

[Katz 86] and a wider range of oxidation states are possible, from III to VII. The oxidation states of the 

light actinide elements up to curium, that exist normally in solution, and their electron configurations are 

given in Fig. 2.1. 
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Fig. 2.1 Oxidation states of the light actinide elements and their electron 
configuration (f electrons). 

 

While the charge remains 3+, the ionic radii of the lanthanides decrease slightly across the series (the lan-

thanide contraction) [Durr 70]. Many chemical reactions of ions are correlated with the charge to volume 

ratio of the ions, the charge density [Lars 65]. The change of the charge density across the series is suffi-

ciently small that the chemical properties are nearly identical. The trivalent actinides exhibit a similar de-

crease in ionic radii across the series (the actinide contraction) and they tend also to exhibit similar chemi-

cal properties [Katz 86]. Furthermore, trivalent actinides tend to exhibit similar chemical properties to tri-

valent lanthanides of the same ionic radius [Katz 86], e.g., trivalent actinides and trivalent lanthanide have 

similar hydrolysis constants [Baes 76]. The radii of the tetravalent actinides exhibit the same regular con-

traction with atomic number and tetravalent actinides might also have similar chemical properties. That 

has been confirmed for the solubilities of many compounds and for the formation constants for many 

complexes [Katz 86]. 

Actinide ions in the trivalent and tetravalent states in acidic solutions are in the form of the simple hy-

drated ions An3+ and An4+. An5+ and An6+ form oxygenated species in solution called actinyl ions [Katz 

86]. They have a symmetric and nearly linear structure. The actinyl ions AnO2
+ and AnO2

2+ are extremely 

stable and act as a unit in chemical reactions. This structure decreases the effective charge on the central 

actinide ion. The effective charge of the actinide ions decreases in the order of [Chop 83a] 
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An4+ > AnO2
2+ > An3+ > AnO2

+ (2.1) 

and in the case of plutonium [Chop 84; Chop 2003], the effective charges are 

Pu4+ (≈+4) > PuO2
2+ (≈+3.3) > Pu3+ (≈+3) > PuO2

+ (≈+2.2). (2.2) 

Redox potential, Eh [V] (the relative redox potential to the standard hydrogen electrode (SHE)) and pH are 

the most important parameters, which determine the redox equilibrium between different oxidation states 

of actinide elements in aquatic systems. The oxidizing and reducing reactions of water in acid solution 

[Stum 81] result in limits on the possible redox potentials and hence the oxidation state of actinides in so-

lution, which are 

1/4O2 + H+ + e-  1/2H2O  Eh° = 1.23 V   (2.3) 

and 

H+ + e-  1/2H2(g)   Eh° = 0.00 V   (2.4) 

where H2(g) is at unit fugacity (an ideal gas at unit pressure, 1 bar) and H+ is at unit activity. The standard 

redox potential, Eh° [V], refers to a standard condition (as a hypothetical state) of an ideal 1 molar solution 

of ions at 25 °C and 1 bar gaseous pressure. The redox potential of water is a function of pH, because the 

reactions (2.3) and (2.4) by water constituent ions are directly influenced by pH. The ways in which Eh 

[V] varies with pH are given by the solid lines in Fig. 2.2. 

The points shown in Fig. 2.2 are values obtained from Eh and pH measurements on natural waters from 

hundreds of different sources around the world [Baas 60] and illustrate the wide range in Eh and pH values. 

Any half reaction with a potential between the two lines of H2O is stable with respect to oxidation or re-

duction by water. Of the many oxidation states that have been found for the actinides, only those with po-

tentials that lie between the limits of water stability will persist in natural aquatic environments. 

The redox potential for other than standard conditions (for the reaction (2.5)) is given by Nernst’s equation 

(2.6) [Stum 81]: 

ox. + n e-  red.       (2.5) 

[red.]
[ox.]ln

nF
RTEhEh +°=       (2.6) 
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where R = the gas constant (8.314 Jmol-1K-1), T = temperature in Kelvin, n = number of electrons (mol) 

involved, F = the Faraday constant (96487 C mol-1), [ox.] = the concentration of the oxidized species and 

[red.] = the concentration of the reduced species. 

 

Redox potential follows relation (2.9) with electron activity in aqueous solutions, pe = -log ae- defined in 

analogy with pH (= -log aH+). Positive values of pe represent oxidizing conditions while small or negative 

values correspond to reducing conditions. The relationship between pe and Eh is induced as follows. 

Reaction (2.4) and Nernst’s law (2.6) can be used to introduce ae-: 

−+

+°=
eH

H2ln
F

RT(2.4)EhEh
aa

f
     (2.7) 

 

E
h 

[m
V

]

pH
 

Fig. 2.2 The Eh-pH correlation found in waters in the natural environment. The 
oxidation of water (2.3) is the upper limit for Eh (Eh [V] = 1.3 + 
0.0148×log

2OP  – 0.059 pH) and the reduction of water (2.4) is the lower 
limit (Eh [V] = -0.0295×log

2HP  – 0.059 pH). The solid lines represent the 
stability of water [Silv 95]. 

 



 9

According to the SHE convention Eh° (2.4)= 0, 
2Hf = 1 (fugacity), +Ha = 1, hence 

−−=
e

ln
F

RTEh a .       (2.8) 

Eq. (2.8) is used to calculate a numerical value of −ea  from measured Eh: 

Eh16.9Eh
RTln(10)

Flogpe
e

==−= −a  (at room temperature). (2.9) 

 

While the redox reactions between the An(III) and An(IV) states (2.10) as well as the An(V) and An(VI) 

states (2.11) are pH independent, oxidation or reduction reactions from either of the two lower oxidation 

states towards either of the two upper oxidation states (e.g., (2.12)) will be pH dependent because of the 

formation or decomposition of the actinyl ion: 

An4+ + e-  An3+       (2.10) 

AnO2
2+ + e-  AnO2

+       (2.11) 

AnO2
+ + 4 H+ + e-  An4+ + 2 H2O     (2.12) 

Low pH values tend to favor the lower oxidation states while the higher oxidation states become more 

accessible as the pH is increased. 

Strong complexation (for example, with the OH- ligand) of one member of a redox pair can significantly 

shift the potential in favor of its formation. Therefore, in order to calculate the exact pe value where redox 

reactions occur for U, Np, Pu, and Am, all of the significant reactions of the actinide ions would be in-

cluded. 

 

2.1.2 Hydrolysis of tetravalent actinides 

 

The inorganic ligands in ground water responsible for the complexation of the actinides are hydroxide, 

carbonate, sulfate, phosphate, chloride, fluoride, nitrate and silicate. Complexation can occur with more 

than one ligand or actinide ion, so several species may be associated with a given ligand. The tendency of 

complexation for actinides in different oxidation states with a given ligand follows the effective charge of 

the actinide ions (2.1) and the trend in strengths of complexation of the various ligands are [Silv 95]: 
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OH-, CO3
2- > F-, HPO4

2-, SO4
2- > Cl-, NO3

-.    (2.13) 

Among the most important chemical reactions of all actinides in groundwater, hydrolysis has to be consid-

ered.  

The formation constant of hydrolysis species is known to correlate with the electrostatic interaction energy, 
elEAn-OH between the actinide ion and the OH- ligand [Baes 76; Chop 83a; Gren 97]: 

)/d(zEβlog OHAnAnOHAn
elo

An −− ∝∝      (2.14) 

where zAn is the effective charge of the actinide ion and dAn-OH is the distance between the centers of acti-

nide ion and OH- ligand ion. This empirical linear correlation is usually applied to the first complexation 

constants, as used by Choppin [Chop 83a; Chop 94] to derive effective charges of z(AnO2
+) = 2.3 ± 0.1 

and z(AnO2
2+) = 3.3 ± 0.1. Fig. 2.3 shows the application of this correlation to the known hydrolysis con-

stants summarized in [Neck 2001a]. 
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Fig. 2.3. The correlation of the formation constants log β°1y of actinide 

hydrolysis species with the electrostatic interaction energy elEAn-

OH between the actinide ions and OH- ions [Neck 2001a]. 
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The tendency toward hydrolysis is strongest for tetravalent actinides as compared to other oxidation states. 

Within the series of An(IV), the distance dAn-OH decreases in the order of Th(IV) > U(IV) > Np(IV) > 

Pu(IV) and accordingly, the hydrolysis constants increase respectively. The relatively large differences of 

the hydrolysis constants of Th4+ and those of other An4+ ions cannot be explained by the differences in the 

ionic size [Neck 2001a]. 

 

The hydrolysis reactions of the An4+ ions are usually written as  

xAn4+ + yH2O  Anx(OH)y
4x-y +yH+    

or 

xAn4+ + yOH-  Anx(OH)y
4x-y.     

(2.15) 

The hydrolysis constant K′xy (in a given medium) and K°xy (at infinite dilution) are defined by 

y
H(OH)An

y
w

x
Anxy

x4

yy4x
yx

xy ))(γ(γ
)()(γK

][An
][H](OH)[An

K
yx

4 a+
==′

+

+− o

   (2.16) 

and the corresponding formation constants β′xy and β°xy are given by  

)(γ
)(γ)(γβ

][OH][An
](OH)[An

β
yx

4

(OH)An

y
OH

x
Anxy

yx4

y4x
yx

xy
−+

==′
−+

− o

.    (2.17) 

[i] denotes the concentration of species i, γi its activity coefficient and aw the activity of water. The hy-

drolysis constants log K°xy are related to log β°xy by the ion product of water (log K°w = -14.00 ± 0.01). In 

the present work the specific ion interaction theory (SIT) (explained in detail in appendix 8.1) is applied 

for the calculation of activity coefficients. 

 

2.1.3 Solubility of An(IV) hydroxides and oxides 

 

As mentioned above, probably the most important chemical property of An(IV) for the assessment of 

transport in environmental conditions is the solubility. In addition to the strong tendency to hydrolysis, 

An(IV) rapidly undergoes colloid formation and its solubility is then low. It depends on the solid phase 

which is in equilibrium with aqueous species and the solubility products reported for amorphous hydrox-

ide, microcrystalline or oxide show considerable differences [Neck 2001a]. However, the chemical form 

of freshly precipitated or aged An(IV) solid phases is not always clear. In the literature, they are called 

either amorphous hydroxides An(OH)4(am) or amorphous, partly microcrystalline hydrous oxides 
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AnO2⋅xH2O(am). They may not have a unique composition but consist of a hydrated oxyhydroxide AnO(2-

y)(OH)2y(am) with 0 < y < 2, where y decreases with aging or increasing temperature. The preparation of 

water free crystalline dioxide AnO2(cr) requires heating above 700°C [Kim 89a; Moon 89]. However, 

even in the case of initially crystalline solids, a less crystalline solid or an amorphous surface layer can be 

formed by α radiation damage or by dissolution-precipitation reactions. Therefore, solubilities calculated 

from thermodynamic data of well crystallized (thermodynamic stable) solids are often many orders of 

magnitude lower than those derived from experimental solubility data [Kim 89a]. The solubility products 

K′sp of amorphous An(IV) solid phase, An(OH)4(am) or AnO2⋅xH2O(am) refers to the following equili-

brum 

An(OH)4(am)  An4+ + 4OH-     (2.18) 

or 

AnO2⋅xH2O(am) + (2-x)H2O  An4+ + 4OH-   (2.19) 

with 

44
sp ]][OH[AnK −+=′        (2.20) 

The corresponding K°sp at infinite dilution: 

4
OHAnsp

o
sp ))(γ(γKK ′=  (for An(OH)4(am))    (2.21) 

or 

2)(x
w

4
OHAnsp

o
sp )())(γ(γKK −′= a (for AnO2⋅xH2O(am)).  (2.22) 

If there are no complexes with other inorganic ligands or colloidal species present in solution, the total 

An(IV) equilibrium concentration is given by 

)][OHβ)(1][OHK(

][An(OH)][An[An(IV)]

4

1y

y
1y

4
sp

4

1y

y4
y

4
tot

∑

∑

=

−−−

=

−+

′+′=

+=

   (2.23) 
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In neutral and alkaline solutions which are of interest for natural groundwater systems, An(OH)4(aq) is the 

predominant aqueous species if the tetravalent species is stable at all. The equilibrium between solid phase 

and aqueous species can be written as 

AnO2⋅xH2O(am) + (2-x)H2O  An(OH)4(aq)   (2.24) 

and the solubility in this range is independent on pH. 

The solubility products of the amorphous An(IV) hydroxide decrease by orders of magnitude in the series 

Th(IV) > U(IV) > Np(IV) > Pu(IV), which correlates with the decreasing distance dAn-O in the lattice 

[Shan 76]. The same trend is shown for the solubility product of the crystalline An(IV) dioxide calculated 

from thermodynamic data [Neck 2003] (Fig. 2.4). 
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Np(OH)4(am): [Neck 2001b]

∆ = 6 ± 1

 
Fig. 2.4. Solubility products of An(OH)4(am) and AnO2(cr) as a function of the 

distance dAn-O (sum of crystal radii of An4+ and O2- in the fluorite struc-
ture [Shan 76]). Filled symbols represent log K°sp values derived from 
experimental solubility studies, open symbols represent calculated val-
ues from thermodynamic data (summarized in [Neck 2003]). 
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2.1.4 Colloid formation of actinides 

 

The “colloid” was named by Thomas Graham in 1860 to represent substances which do not diffuse 

through a semipermeable membrane. Nowadays, normally the term colloid is used to refer to a particle of 

small size dispersed in solution. Although there are no precise boundaries of size between suspended par-

ticles and colloids, the size range for colloids is usually defined by convention between 1 nm and 1 µm. 

For many years, there is experimental evidence that colloids may enhance the migration of radioactive 

elements in given aquifer systems. Some studies reported that plutonium and americium migrated up to 30 

m, though a model which ignored the influence of colloids predicted that migration was limited to a few 

millimeters [Nyha 85; Nutt 93]. Kersting et al. reported that plutonium residue from one of several under-

ground nuclear weapon tests in Nevada had migrated more than a km from the test site by colloid medi-

ated transport [Kers 99]. When the influence of colloids for migration is not considered then radionuclide 

transport out of a repository might be strongly underestimated. Therefore, recently, some classical models 

were extended for groundwater contaminant transport to account for the presence of colloids in the system 

[Mars 2001a; Mars 2001b]. 

To understand the role of colloids for enhancing migration, it is necessary to understand the source of col-

loids and the mechanism of their formation. “Aquatic colloids” are ubiquitous in natural aquifer systems. 

The amount and nature of these colloids depend on the surrounding geologic structure. Colloids are com-

monly composed of materials produced by the disintegration and weathering of rocks and minerals (e.g., 

clays, silica, aluminum oxide minerals) as well as hydroxide or hydrated oxides of metals (e.g., iron). 

Various natural organic colloids (humic or fulvic substances) are also present. 

When actinide ions are introduced into groundwater, then two types of actinide colloids can be formed 

[Kim 89a; Kim 94; Silv 95]. 

(1) “Real” (pure, eigen, true, or intrinsic) colloids are produced by condensation of actinide molecules 

or ions by a hydrolytic or precipitation process. These colloids might have similar chemical proper-

ties to those of the assumed compound in macroamounts. Actinide hydroxides and oxides usually 

have very small solubilities in natural water, making them the common source of real colloids. Be-

cause the formation of real colloids is related to their hydrolysis, thermodynamic studies are pri-

mary references to colloid studies. The tendency of actinides to form real colloids is the same as 

their tendency of hydrolysis and controlled by the effective charge of each ion, An4+ > AnO2
2+ ≥ 

An3+ > AnO2
+ (2.1). 
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(2) “Pseudo” (fremd or associative) colloids are generated by adsorption of trace amounts of actinide 

ions on aquatic colloids. The chemical properties of these colloids might not be altered by the ad-

sorbed metal ion. Various reaction mechanisms are conceivable for the generation of actinide 

pseudocolloids in natural aquifer systems. Since actinide ions are present either as hydrolyzed or 

complexed species, the hydrolyzed species may interact with aquatic colloids through ion ex-

change, complexation, or isomorphous substitution reactions [Kim 91]. In case of organometallic 

colloids of humic acid composition, the actinide ions are adsorbed by ion exchange or chelate 

complexation, particularly with carboxylic and phenolic groups [Kim 92]. The formation of acti-

nide pseudocolloids stabilizes actinide ions in natural water and could increase amounts of dis-

solved actinide species by many orders of magnitude [Kim 89b]. 

 

2.2 Chemistry of plutonium in aquatic systems 

 

Plutonium was first synthesized and identified (atomic number 94) at the University of California Berke-

ley in spring 1941, by Glenn T. Seaborg and his colleagues. In spite of the one half century of research on 

plutonium metal, alloys and compounds in solution, there are still many unanswered questions. Recent 

works on plutonium transport in groundwater [Nyha 85; Kers 99] indicate that the migration of plutonium 

is quite different from expectations by modeling. The chemistry of plutonium in near neutral solutions is 

poorly understood. That complicates the prediction of its behavior in groundwater present at proposed 

nuclear waste disposals. Plutonium can migrate in the environment via aqueous media such as ground-, 

surface-, river-, lake-, and sea-water. There are four important processes that can control the amounts and 

forms of the plutonium in solution: complexation, colloid formation, precipitation, and sorption. Because 

these processes strongly depend on the plutonium species, detailed knowledge on oxidation state and 

overall charge of the respective stable species at given conditions is necessary [Hoff 2002]. 

 

2.2.1 Oxidation states of Pu in aquatic systems 

 

The chemical behavior of plutonium is controlled by its electronic structure. The lowest energy configura-

tion of the valence electrons is nominally 5 f 6 7 s2, but the energy levels of the 6 d and 5 f orbitals are 

similar, and the 5 f 6 7 s2 and 5 f 5 6 d1 7 s2 electronic configurations compete. In fact, as one moves from 
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thorium to plutonium in the periodic table, the order of orbital energies is inverted, i.e. the 5 f orbitals be-

come lower in energy than the 6 d orbitals [Heck 2001]. 

A plutonium atom in aqueous solution will lose between three and seven of its outer electrons to form 

cations in five formal oxidation states ranging from Pu(III) to Pu(VII). This diversity of oxidation states 

makes Pu solution chemistry very complex because each of them forms different compounds or complexes. 

Moreover, the formal potentials of each oxidation are very similar (approximately 1 V, see below Fig. 2.5) 

and thus the oxidation and reduction of one oxidation state toward the others can undergo easily. As a con-

sequence, Pu can exist in several oxidation states within the same solution and can, at low pH, even ex-

hibit four oxidation states simultaneously [Heck 2001]. 

The instabilities of Pu oxidation states in conjunction with the generation of free radicals through its radio-

active decay for the short lived isotopes, yield solution chemistry that is constantly changing and affecting 

chemical processing operations, nuclear waste storage and treatment, and the reactivity and mobility of 

plutonium in the environment [Heck 2001]. 

 

Pu0 Pu3+ Pu4+ PuO2
+ PuO2

2++2.00 -1.047 -1.031 -0.936 

-0.983

-1.005

 
Fig. 2.5 Formal potentials at I = 0 (extrapolated to zero ionic strength) reviewed in [Lemi 2001] for plu-

tonium at 25°C, in units of V vs. SHE. 
 

2.2.2 Hydrolysis constants of Pu(IV) 

 

At low concentration, the hydrolysis reactions (2.15) of the tetravalent plutonium ion, Pu4+, lead to the 

formation of mononuclear complexes Pu(OH)y
4-y (y = 1 - 4). It is not yet confirmed whether or not the 

anionic species Pu(OH)5
- is formed in strongly alkaline solutions. At higher Pu(IV) concentrations, 

polynuclear species (Pux(OH)y
4x-y) are probably formed. The hydrolysis constants K′xy (in a given me-

dium) and K°xy (at infinite dilution) are given by (2.16) and the corresponding formation constants β′xy and 

β°xy for the species Pux(OH)y
4x-y are given by (2.17) in Section 2.1.2 

A number of studies of the hydrolysis constants for mononuclear species, Pu(OH)y
4-y (y = 1 - 4), are well 

summarized in [Lemi 2001]. Most data are obtained by spectroscopy [Krau 50; Rabi 60; Clev 68; Nits 96; 
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Yuso 2004] and complemented by potentiometry [Rabi 51; Rabi 57] at high and extraction [Meti 72] at 

low Pu concentration. In some studies the thermodynamic equilibrium might not have been reached due to 

slow oxidation, disproportionation, radiolysis, or polymerization reactions. Especially due to the pro-

nounced redox sensitivity of Pu (see 2.2.1), reliable values for the hydrolysis constant can be found only 

from studies in which the electrochemical potential was carefully controlled, or in which the measure-

ments were carried out rapidly enough to exclude the influence from those slow reactions. An overview of 

the reported hydrolysis constants is given in Table 2.1. 

 

Table 2.1 Pu(IV) hydrolysis constants at 20 - 25°C and the values converted to I = 0 with the specific ion 
interaction theory (SIT)1) approach. 

Medium/Species log K′1y log K°1y log β°1y Method Ref. 

1.0 M (H/Na)ClO4, room temp., 10-8 M Pu(IV)    extr. [Meti 72] 

Pu(OH)3+ -0.45 0.60 14.6 ± 0.2   

Pu(OH)2
2+ -1.2 0.63 28.6 ± 0.3   

Pu(OH)3
+ -4.5 -2.25 39.7 ± 0.4   

Pu(OH)4(aq) -10.8 -8.54 47.5 ± 0.5   

      

Pu(OH) 3+      

0.5 M (H/Na)Cl, 25°C, 7.2⋅10-4 M Pu(IV) -1.65 -0.63 13.37 spec. [Krau 50] 

0.5 M (H/Na)ClO4, 25°C, 7.2⋅10-4 M Pu(IV) -1.60 -0.64 13.36 spec. [Krau 50] 

2.0 M (H/Na)ClO4, 25°C, 10-3 M Pu(IV) -1.73 -0.70 13.30 spec. [Rabi 60] 

0.19 M HClO4, 23°C, 1.8⋅10-3 M Pu(IV) -1.96 -1.19 12.81 spec. [Clev 68] 

0.06 M HClO4, 23°C, 1.6⋅10-3 M Pu(IV) -1.48 -0.94 13.06 spec. [Clev 68] 
0.5 M (H/Na)ClO4, room temp., 1.3⋅10-4 M Pu(IV) 
(pH 0.3 - 1.5) -1.57 -0.61 13.39 spec. [Nits 96] 

0.5 M (H/Na)ClO4, room temp., 1.2⋅10-4 M Pu(IV) -1.57 -0.61 13.39 spec. [Yuso 2004]

0.1 M (H/Na)ClO4, room temp., 1.2⋅10-4 M Pu(IV) -1.20 -0.57 13.43 spec. [Yuso 2004]

      

1.0 M (H/Na)ClO4, 25°C, 10-3 M Pu(IV) -1.51 -0.45 13.55 redox. [Rabi 51] 

2.0 M (H/Li)ClO4, 25°C, 8⋅10-3 M Pu(IV) -1.27 -0.24 13.76 redox. [Rabi 57] 
1) SIT (See appendix 8.1). 
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One favorite method to investigate the first hydrolysis constant is the spectrophotometric measurement, 

probably because of its ease of use. In these studies, the decrease of the characteristic Pu(IV) absorption 

bands (mostly at 470 nm) is ascribed to the initial mononuclear hydrolysis step (reaction (2.15), x = 1 and 

y = 1). However, neither are there characteristic absorption bands which differ considerably for Pu4+ and 

Pu(OH)3+ nor is there a shift of the peak position and these studies might suffer from similar misinterpreta-

tion as was the case for Np and clarified only recently [Neck 2001a]. Most Pu studies are performed in the 

range pH 0 - 2 at relative high concentrations, which exceed the operational range of conventional spec-

trophotometers and actually, in all of these spectroscopic studies, the total Pu(IV) concentrations consid-

erably exceed the solubility limit of amorphous Pu(IV) solid at pH 1 - 2 (See Fig. 2.6), thus polymer spe-

cies or colloids could be present in solutions and account for the decreasing absorption. 

Especially in the recent work [Yuso 2004], the influence of colloid formation is well observed. This work 

is carried out in the pH range from 1.00 to 1.34 at Pu concentration 1.20⋅10-4 M in 0.5 M (H/Na)ClO4 ma-

trix. In these results, absorption at 470 nm decreases with increasing pH whereas at about 620 nm the ab-

sorption increases. The authors conclude that the colloid formation didn’t occur in this area using only an 

indirect method to detect colloids by acidifying of solutions. However, the concentration already exceeds 

the solubility limit at pH 1 (See Fig. 2.6). Moreover, the increasing absorption at 620 nm with pH actually 

indicates the formation of colloidal plutonium which has a specific absorption band at 620 nm [Clev 79] 

(see Appendix 8.4). This leads to the conclusion that the absorption decrease at 470 nm with increasing pH 

is due to the formation of colloids which have no absorption bands in the considered wavelength range. 

Therefore the hydrolysis constants obtained by spectroscopy may be systematically in error. 

Some potentiometric studies were carried out to determine the hydrolysis constant [Rabi 51; Rabi 57] but 

these had also some shortcomings. In these studies, the redox potential was measured as a function of the 

pH at relative high Pu concentration (over 10-3 M) and two equilibria, redox equilibrium of the Pu(III) and 

Pu(IV) couple and first hydrolysis reaction of Pu(IV), were considered. From the measured redox potential, 

the first hydrolysis constant was determined. However, the authors didn’t always allow reactions such as 

disproportionation of Pu(IV) and precipitation to reach equilibrium state, though these reactions need 

some reaction times to reach equilibrium. 

The stepwise hydrolysis equilibria for Pu4+ are determined in undersaturated solutions by the solvent ex-

traction technique using 238Pu in trace concentration ([Pu]tot. = 10-7 M ~ 10-8 M) [Meti 72]. The value is an 

order of magnitude larger than the value found potentiometrically in a similar medium [Rabi 51]. This 

difference could be due to decrease of Pu4+ through disproportionation or polymerization and colloid for-

mation at higher pH in spite of the low concentration. Actually, Pu(IV) disproportionation cannot be ne-

glected in solutions with pH values at which Pu4+ is expected to be hydrolyzed to PuOH3+. Thus, to stabi-
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lize Pu(IV) in this study, the distribution experiments were carried out with different redox agents in dif-

ferent pH regions. However, the data were not corrected for effects on counting rate due to variations in 

scintillation quenching caused by varying concentrations of TTA (thenoyl trifluoroacetone) in the organic 

phase. The experimental uncertainties are estimated to be about 0.2 logarithmic units for the first hydroly-

sis step [Knop 99]. 

There are no experimental data other than those of [Meti 72] to check the values of log β°12 and log β°13, 

but the value of log β°14 was confirmed from solubility experiments. Neck and Kim [Neck 2001a] pointed 

out that at least the formation constant of the first hydrolysis species, β°11 should be known from an ex-

periment where the presence of colloids is excluded in order to reliably calculate β°1y (y = 2 – 4) by an 

electrostatic approach [Neck 2000]. Therefore, the value, log β°11 = 14.6, derived from experiments at 

trace levels [Meti 72] is taken for the estimation of other formation constants. These values from the 

model calculation in [Neck 2001a] are in close agreement with the experimental values of [Meti 72]. 

 

2.2.3 Solubility of Pu(IV) hydroxide/hydrous oxide 

 

The solubility product of Pu(OH)4(am) or PuO2⋅xH2O(am) is defined according to ((2.20) - (2.22)) in Sec-

tion 2.1.3. If the Pu(IV) concentration of polynuclear and colloidal species is quite lower than that of 

mononuclear hydrolysis species, the solubility is given by (2.23) in Section 2.1.3. For the calculation of 

the solubility product using Eq. (2.23), the total concentration of all tetravalent plutonium aqueous species 

( 4)0(y][Pu(OH)[Pu(IV)] y4
yaq. −==∑ − ) and the hydrolysis constants (y = 1 - 4) must be known. 

There are a number of reports on the solubility of solids resulting from hydrolysis of Pu(IV) [Kash 49; 

Pere 65; Rai 84; Lier 86; Kim 89a; Knop 99; Rai 99; Bite 2005] as shown in Fig. 2.6. The values reported 

scatter considerably with an uncertainty of several orders of magnitude. There are various reasons to ex-

plain the discrepancy of solubility data. 

 

(1) For the experiments from undersaturation (the prepared solid phase is contacted with a solution and 

then the concentration of dissolved Pu is determined in the supernatant), the important question is 

when the dissolution reaction reaches the equilibrium state. Too short reaction time causes the un-

derestimation of solubility. 

(2) It is very important to consider the distribution of the oxidation states of the dissolved species in 

the solution. As mentioned in Section 2.2, Pu can exist in several oxidation states simultaneously. 
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So, if some fraction of Pu is present in an oxidation state other than Pu(IV), but not subtracted from 

the total solute amount, then the solubility is overestimated. 

(3) Colloids must be separated from the solution, before the concentration of soluble Pu is determined. 

When this is not done, the colloids can be mistaken for the dissolved species and the solubility ap-

pears to be too high. 

(4) Since the solubility product refers to Pu4+ and not to Pu(IV)aq, for the calculation of solubility 

product, hydrolysis constants must be known. However, the first hydrolysis constant is still not 

consistently known though many studies have been carried out and for the other hydrolysis con-

stants there is only one set of experimental data. 

(5) The solid phase has to be well defined. The aging of Pu(OH)4(am) or PuO2⋅xH2O(am) might form 

PuO2 [Lloy 78] (analogous to the case of thorium [Pras 67]), or conversely, the crystalline dioxide, 

when contacted with water over a period of time, is slowly converted to (or coated with a small 

amount of) a less crystalline form (see [Rai 82] for 238PuO2). Therefore an ill defined solid phase 

can lead to such discrepancy in the literature. 

(6) When an isotope which has a relative short life time is applied for experiments, the radiolysis ef-

fects must be considered. The autoradiolysis leads not only to the conversion of the solid phases 

but also causes reduction of Pu oxidation states due to formation of radicals. 

 

The solubility data of Pu(OH)4(am) or PuO2⋅xH2O(am) were reviewed in literature [Neck 2001a]. In this 

literature, authors considered the average of experimental data to represent the best value for solubility 

product resulting in log K°sp = -58.5 ± 0.7. The solubility curves in Fig. 2.6 (b) are calculated at 1 M ionic 

strength (solid line) and 0.1 M (dashed line) on the basis of the hydrolysis constants from [Meti 72]. In a 

recent review [Guil 2003], based on the solubility constants determined by [Capd 98; Knop 99; Fuji 2001; 

Rai 2002] who used three different, independent methods, log K°sp = -58.33 ± 0.52 is selected as un-

weighted mean value. All the values recently reported agree relative well with this selected value and the 

uncertainty has been decreased but still remains relatively large. 

The solubility data of PuO2(cr) were summarized in [Lemi 2001] as log K°sp = -64.0 ± 0.5 and this value is 

about 6 orders of magnitude lower than of Pu(OH)4(am) solid phase. 
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Fig. 2.6 (a) Solubility data of Pu(OH)4(am) and PuO2(cr) for acidic and basic media (pH 
= 0 - 12). The solubility curve for Pu(OH)4(am) is calculated at 1 M NaClO4 with 
log K°sp = -58.5 ± 0.7 [Neck 2001a] and hydrolysis constants from [Meti 72] and 
for PuO2 (cr) with log K°sp = -64.0 ± 0.5 [Lemi 2001]. (b) Magnification of the 
dashed region in (a). The dashed solubility curve of Pu(OH)4(am) is calculated at 
0.1 NaClO4. Solubility data summarized in [Neck 2001a] and of a LIBD study 
( ) [Bite 2005] are depicted. 
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2.2.4 Redox reactions of plutonium 

 

In Section 2.2.1, it is already mentioned that the plutonium can have five different oxidation states and, 

depending on pH, up to four oxidation states can be present simultaneously. In this section, the most im-

portant reactions contributing to the redox behavior of plutonium in solution are discussed. 

Even in solutions which are carefully prepared to contain only one well defined oxidation state, the equi-

librium of two or more oxidation states may form over time. This phenomenon is explained by dispropor-

tionation of Pu(IV) or Pu(V) in literature. 

If, for instance, a solution which contains only Pu(IV) is considered, the Pu(IV) is assumed to dispropor-

tionate to Pu(III) and Pu(V) by the following reaction (2.25) via collision of two Pu(IV) atoms 

2Pu4+ + 2H2O  Pu3+ + PuO2
+ + 4H+.    (2.25) 

If the Pu(V) is not stable due to pH and Eh in solution, then the Pu(V) undergoes further disproportiona-

tion to Pu(IV) and Pu(VI) by the following reaction, 

2PuO2
+ + 4H+  Pu4+ + PuO2

2+ + 2H2O.    (2.26) 

Combining reactions (2.25) and (2.26) leads to the reaction (2.27), if Pu(V) is not stable:  

3Pu4+ + 2H2O  2Pu3+ + PuO2
2+ + 4H+.    (2.27) 

In some studies the equilibrium constants of this reaction (2.27) were investigated in different media and 

converted to zero ionic strength. The obtained equilibrium constants of reaction (2.27), log K′IV, are -2.05 

in perchlorate medium at I = 1 M [Rabi 53], –0.42 in HNO3 medium at I = 0.16 [Cost 73], and -2.09 ± 0.5 

in 1.3 M HClO4 [Capd 92] with the respective log K°IV values (at zero ionic strength) of 2.43, 2.38 and 

2.39 which agree well each others. 

Capdevila et al. [Capd 92] studied the Pu(V) disproportionation at pH 1, I = 0.5 M ((H/Na)ClO4) and a 

total Pu concentration of 1.6 mM where 95% of plutonium was Pu(V). In this solution, two Pu(V) form 

Pu(IV) and Pu(VI) (reaction (2.26)) and subsequently two Pu(IV) disproportionate to Pu(V) and Pu(VI) 

(reaction (2.25)), resulting in the total reaction (2.28): 

3PuO2
+ + 4H+  2PuO2

2+ + Pu3+ + 2H2O.    

log K′V (I = 0.5 M) = 4.36 ± 0.5 and log K°V = 2.6 ± 0.5 
(2.28) 

In [Capd 92], these reactions did not reach the equilibrium state because of radiolysis that caused addi-

tional reduction of Pu(IV) and Pu(VI), and lead to an increase in PuO2
+ and Pu3+ concentration. Conse-
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quently, KIV was then overestimated and KV underestimated. Nevertheless, log K°IV by Capdevila et al. 

was nearly the same as the two previous values. Capdevila et al. themselves explained it as follows. The 

measurements and the data treatment of these experiments were quite different, but the chemical reaction 

studies were the same and it might suffer from the same systematic error (the poor achievement of the 

equilibrium). 

 

All the reactions above can alternatively be represented by the summation or subtraction of the following 

half reactions. Firstly, there are the redox equilibria between Pu3+ and Pu4+ and between PuO2
+ and PuO2

2+. 

Normally it is assumed that these reactions are fast because the electron transfer between two species of 

the same structure is rapid and reversible. 

Pu3+  Pu4+ + e-       

log K° = -17.74 ± 0.051 [Lemi 2001] 

(2.29) 

 

and 

PuO2
+  PuO2

2+ + e-       

log K° = -15.86 ± 0.085 [Lemi 2001] 

(2.30) 

 

These reactions do not depend on the pH of the solution. Secondly, there are the oxidation or reduction 

reactions between either of the two lower oxidation states (Pu(III) or Pu(IV)) and either of the two upper 

oxidation states (Pu(V) or Pu(VI)). These reactions are slow since they require the formation or decompo-

sition of Pu-O bonds and the reorganization of the solvent shell [Katz 86], for example, is the oxidation of 

Pu(IV) to Pu(V), 

Pu4+ + 2H2O  PuO2
+ + 4H+ + e-     

log K° = -17.47 ± 0.17 [Lemi 2001]. 

(2.31) 

 

This reaction (2.31) also reflects the fourth power dependence on the hydrogen ion concentration for the 

oxidation to plutonyl ions and explains the increasing stability of the Pu(V) state with decreasing H+ con-

centration [Fuge 76]. Finally, if Pu(IV) colloids or precipitates are present, then these Pu(IV) solid phases 

are in equilibrium with Pu(V)aq according to, 

PuO2⋅xH2O(am)  PuO2
+ + xH2O + e-.    

log K° = -19.8 ± 0.9 [Guil 2003] 

(2.32) 

 

To precisely understand the reaction (2.32), the reactions of Pu(IV) solid are inspected closer in the fol-

lowing. 
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For more than fifty years, many researchers investigated the structure, properties, and reactivity of pluto-

nium oxides and the existence of hyperstoichiometric solids (PuO2+x). These studies were carried out to 

predict the behavior of plutonium oxides in nuclear waste disposals, likewise corrosion and other chemical 

reactions affected by changes in molecular structure of these solids. For example, the solubility of PuO2+x 

is larger than that of PuO2 because of the simultaneous presence of Pu(IV) and Pu(V) in this compound. In 

early works, PuO2 was considered to be the most valent bulk oxide [Clev 79; Katz 86] and no evidence for 

the existence of PuO2+x was found. In addition, the thermodynamic calculations suggested that higher ox-

ides than PuO2 were unstable [Brew 53]. Brewer concluded that the hyperstoichiometric solid (PuO2+x) 

could not be present. 

However, recently by help of some sensitive methods like as X-ray absorption fine structure spectroscopy 

(XAFS) and X-ray photoelectron spectroscopy (XPS), PuO2+x was observed to be a mixed valent oxyhy-

droxide Pu(V)2xPu(IV)1-2xO2+x-y(OH)2y [Conr 2004]. The position of the X-ray absorption near edge dem-

onstrated that the oxidation state of the PuO2+x was a mixture of Pu(IV) and Pu(V), not Pu(VI). The Fou-

rier transforms (FT) of extended X-ray absorption fine structure (EXAFS) data of the PuO2+x indicated the 

splitting of the first oxygen shell (distance of 2.34 Å, x = 0) and the appearance of a short Pu-O bond dis-

tance of 1.84 Å with increasing x from PuO2 to PuO2.26 [Conr 2004]. The XPS results of the same samples 

indicated the presence of Pu in an oxidation state higher than 4+ in the PuO2+x structure from the shift of 

the binding energy of the Pu 4 f7/2 electrons to higher energy. However, the XPS measurements of PuO2+x 

at different temperatures showed that the hyperstoichiometric solid was not stable. The binding energy of 

the Pu 4 f7/2 electrons shifted to lower values with increasing temperature and reached the characteristics of 

PuO2 at the highest temperature 600 °C. This could be due to the effect of surface de-hydroxylation. The 

gradual shift to lower binding energies for the Pu 4 f peaks indicates a change from a more electron-with-

drawing hydroxide environment (the presence of Pu(V)) to one that has the spectral features expected for 

the dioxide (only Pu(IV)) [Farr 2004]. 

At the same time, the formation mechanisms of PuO2+x were investigated. One of them was the water cata-

lyzed reaction suggested by Haschke et al. (summarized in [Hasc 2000a]). In these studies, the oxidation 

of PuO2 to PuO2+x was observed and the authors suggested the formation of PuO2+x (x ≤ 0.27) by a water 

catalyzed reaction at the gas-solid interface according to, 

PuO2(s) + xH2O(ads.)  PuO2+x(s) + xH2(g).   (2.33) 

The reactivity of PuO2(s) with water was examined at temperatures ranging from 25°C to 350°C, and the 

rate of reaction at 25°C was obtained from three independent kinetic measurements. Haschke et al. 
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claimed that these kinetic results showed the dependence on temperature and accordingly, the reaction was 

not the result of radiolysis of water. 

Actually it is very surprising that water is a more efficient oxidizing agent than oxygen itself for the con-

version of PuO2 into PuO2+x. Moreover, in recent experiments using X-ray absorption spectroscopy, 

PuO2+x(s) was not produced through the reaction (2.33) under absence of oxygen at relative high tempera-

ture [Mart 2003]. Accordingly, the water catalysis reaction of PuO2 is still in discussion. 

Neck et al. [Neck 2005] suggested the oxidation of PuO2 by oxygen as the mechanism in aquatic system, 

on the basis of solubility studies of PuO2⋅xH2O(am, hyd) by conventional undersaturation experiments 

containing different amounts of oxygen. In these experiments, PuO2⋅xH2O(am) was in equilibrium with 

the PuO2
+ aqueous species at pH 4 - 9 and the results indicated that the amount of dissolved Pu species 

(PuO2
+ and PuO2

2+) at relative low pH 1 - 3 is limited by the total amount of oxygen being present in solu-

tion. Accordingly, they suggested the oxidation of PuO2 by oxygen as first step and then the dissolution of 

the oxidized fractions of PuO2+x⋅xH2O as second step, which are below the solubility of PuO2.5⋅xH2O(s): 

PuO2⋅xH2O(am, coll) + x/2 O2  {(PuO2.5)2x(PuO2)1-2x(am, coll)}⋅xH2O  

  2x(PuO2
+ + OH-) + (1-2x)PuO2(am, coll) [Neck 2005]. 

 

(2.34) 

They derived the molar standard Gibbs energies for formation of PuO2+x(s) from solubility data, 

∆fG°m(PuO2.5(s)) = -971.2 ± 6.7 kJ/mol and ∆fG°m(PuO2.25(s)) = -968.4 ± 5.4 kJ/mol. Experimental at-

tempts to oxidize dry PuO2(cr) by O2(g) in absence of water failed, whereas oxidation occurs in the pres-

ence of liquid water H2O(l) or water vapor H2O(g) [Hasc 2002b]:  

PuO2(cr, dry) + x/2 O2(g) //→ PuO2+x(s) (∆rG°m > 0)  (2.35) 

PuO2(am, hyd) + x/2 O2(g)  → PuO2+x(s, hyd) (∆rG°m < 0) (2.36) 

Combined with ∆fG°m(O2(g)) = 0, ∆fG°m(PuO2(cr)) = -998.1 ± 10 kJ/mol, and ∆fG°m(PuO2(am, hyd)) = -

965.5 ± 4.0 kJ/mol [Lemi 2001; Guil 2003], these observations set lower and upper limits for the standard 

Gibbs energies of formation of PuO2+x(s): 

-(998.1 ± 10) kJ/mol < ∆fG°m(PuO2+x(s)) < -(965.5 ± 4.0) kJ/mol (2.37) 

These molar standard Gibbs energies for formation of PuO2+x(s) derived from solubility data are exactly 

within this narrow range [Neck 2005]. 
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2.3 Hydrolysis and solubility data of Zr(IV) 

 

Zirconium is a fission product (long lived isotope is 93Zr, t1/2 = 1.5⋅106 a) of high yield and abundant in 

spent fuel. In addition, Zr was used to a large extent in nuclear power reactors due to its low neutron cap-

ture cross-section and high resistance to corrosion. The interest in the solution chemistry of Zr arises from 

several perspectives including the problem of radioactive waste management. For example, Zr is alloyed 

with uranium to produce nuclear fuels which are processed using hydrofluoric acid (HF). Given that HF is 

corrosive to stainless steel, corrosion can only be minimized by maintaining a low level of free HF 

concentration by complexation with metals such as Zr and aluminum [Aja 95]. 

In addition, Zr(IV) has been widely considered as an analog of tetravalent actinide elements, especially 

Pu(IV). Actually, experiments for the investigation of Pu(IV) chemistry are not easy because of not only 

the complex redox behavior of plutonium but also its high radiotoxicity. However, Zr (valence electron 

configuration 4 d 2 5 s2) is dominated by tetravalent oxidation state in solution. Moreover, the experiments 

using non-radioactive Zr isotopes can be carried out without need for hot laboratories. According to litera-

ture data, the first hydrolysis constant of Zr(IV) which is one of the most important factors in solution 

chemistry equals that of Pu(IV). Some studies [Kova 61; Adai 87; Ekbe 2004] suggest that also the solu-

bilities of both are equal within one order of magnitude. However, there are also other studies that show 

many orders of magnitude higher solubility [Bili 66]. 

 

2.3.1 Hydrolysis constants of Zr(IV) 

 

Baes and Mesmer reviewed the early results about Zr hydrolysis [Baes 76], which indicated that the 

mononuclear species of Zr (Zr(OH)y
4-y, y = 1 - 5) were dominant only at low Zr concentration (< 10-4 M). 

They concluded that only the formation constant of the first hydrolysis species was determined with rea-

sonable accuracy by Noren, who measured potentiometrically the effect of hydrolysis on the stability of 

the ZrF3+ complexes and its value was log β°11 = 14.3 ± 0.05 [Nore 73]. However, the other formation 

constants of Zr(OH)y
4-y (y = 2 - 5) were only roughly estimated. 

Veyland et al. studied the hydrolysis of Zr using the potentiometric method [Veyl 98]. In this study, 

Zr(OH)3
+ was assumed to be the dominant species at the beginning of the titration based on the exchange 

of pH when ZrOCl2 dissolved in water. However, the dominant species could vary with both Zr concentra-

tion (from 8⋅10-5 to 8⋅10-3 M) and pH (1.5 - 3.5) at which the dissolution takes place (in HNO3 media). 
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The most recent study of Zr hydrolysis was carried out by Ekberg et al. [Ekbe 2001; Ekbe 2004] and these 

hydrolysis constants extrapolated to zero ionic strength are listed in Table 2.2. The first hydrolysis con-

stant was determined by potentiometric measurements at low pH in 1 M (H/Na)ClO4, log K′11 = -0.87 ± 

0.05. The authors calculated the formation constant at zero ionic strength, log β°11 = 14.29 ± 0.06, using 

the SIT. This value is well consistent with the reliable results referred to above [Nore 73]. For the calcula-

tion, they used the ion interaction coefficients estimated from literature data [Para 58; Nore 73; Davy 87] 

determined at different ionic strengths of the same media. The formation constants of the remaining 

mononuclear Zr species (Zr(OH)y
4-y, n = 2 - 4) were determined from solvent extraction experiments. 

However, the solvent extraction curves are fairly insensitive to the higher order formation constants, and 

the derived formation constants are highly uncertain. 

Table 2.2 also shows the formation constants of mononuclear Zr hydrolysis species (Zr(OH)y
4-y, y = 2 - 4) 

estimated by using the semi-empirical ligand repulsion model of Neck and Kim [Neck 2000], which corre-

lates the mononuclear formation constants log β°1y for a given metal ion with a ligand electrostatic repul-

sion energy term: 

10lnRT/Eβlognβlog L
repo

11
o
1n −=      (2.38) 

The parameters necessary to calculate the Coulomb repulsion energy terms L
rep E  from the charge and in-

ter-distance of the ligands involved are known. The empirical shielding coefficients for OH- ligands (inde-

pendent of the metal ion) have been adjusted to the known mononuclear hydrolysis constants of trivalent 

and tetravalent actinides [Neck 2001a] and the distance dZr-OH is taken as sum of the ionic radii (r(OH-) = 

1.38 Å and r(Zr4+) = 0.84 Å at coordination number of 8 [Shan 76]). 

 

Table 2.2 Formation constants for mononuclear Zr(IV) hydroxide complexes. 

 Zr(IV) 
[Ekbe 2004] 

Zr(IV) 
present work 

log β°11 14.29 ± 0.06 14.31) 

log β°12 27.71 ± 0.24 27.62) 

log β°13 40.12 ± 0.26 38.12) 

log β°14 52.11 ± 0.33 45.42) 
1) experiment value in [Baes 76] 
2) Estimated by applying the legend repulsion model of [Neck 2000] 
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The ligand repulsion approach leads to accurate formation constants of mononuclear hydrolysis species of 

tetravalent actinide ions (M(OH)y
4-y, y = 2 – 4, M = Th, U, Np and Pu) [Neck 2001a], but the estimated 

formation constants of Zr(OH)y
4-y (y = 3 and 4) show relative large different from data by Ekberg et al.. 

The log β°1y proposed by Ekberg et al. for Zr(OH)3
+ and Zr(OH)4(aq) are expected to be overestimated by 

2 and 6 orders of magnitude, respectively. 

The first formation constant and the estimated formation constants for mononuclear Zr(IV) hydrolysis 

species are compared with the formation constants of mononuclear Pu(IV) hydrolysis species determined 

by Metivier et al. in Fig 2.7. Although log β°11 of Zr(IV) is expected to be a slightly larger than that of 

Pu(IV) since it scales linearly with the ionic index1 (z2 / r, r(Pu4+) = 0.96 Å and r(Zr4+) = 0.84 Å at coordi-

nation number of 8 [Shan 76] ) [Humm 2002], the first two formation constants are very close. 
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Fig. 2.7 Comparison between the formation constants for mononuclear hy-
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in Table 2.2). 
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2.3.2 Solubility product of Zr(IV) 

 

The solubility product of Zr(OH)4(am) or ZrO2⋅xH2O(am) is defined accordingly to that of An(IV) in Sec-

tion 2.1.3. Similar to Pu, the hydrolysis starts at pH > 0.3 and cannot be neglected in solution with pH val-

ues at which the solubility limit is expected to be exceeded. If only mononuclear species are present in 

solution, which should be the case for low Zr concentration ([Zr] < 10-4 M), the solubility is given by 

(2.23) in Section 2.1.3. For the calculation of the solubility product using Eq. (2.23), the concentrations of 

zirconium and the hydrolysis constants (y = 1 - 4) must be known. 

A number of results on the solubility of Zr(IV) which show large discrepancies are summarized in Fig. 2.8. 

We can distinguish between two different types of data in Fig. 2.8. Data obtained from undersaturation 

experiments [Kova 61; Adai 87; Pouc 2001] yielded solubility products several orders of magnitude lower 

than data obtained from oversaturation [Bili 66]. Possible reasons for the scattered literature data are too 

short equilibrate time, the effect of colloids, uncertainties of hydrolysis constants, and differences of the 

solid phases as was discussed already in Section 2.2.3 for the case of Pu.  
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Fig. 2.8 The Solubility data of zirconium in acidic and neutral media from literature 

[Kova 61; Bili 66; Adai 87]. The solubility curve (solid line) is calculated by 
Ekberg et al. with mononuclear hydrolysis constants and log K′sp = -56.1 in 1 
M (H/Na)ClO4 [Ekbe 2004]. The dashed line is calculated with mononuclear 
hydrolysis constants estimated by applying the ligand repulsion approach 
[Neck 2000] and the same solubility product from Ekberg et al. 
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The three sets of data from undersaturation experiments yield similar solubilities, even though these were 

carried out with different solid phases, ZrO2(cr) or Zr(OH)4(am). The most recent study by Ekberg et al. 

was carried out with a claimed Zr(OH)4 solid2 in different acidic solutions using 1 M (H/Na)ClO4 in a 

glove box [Ekbe 2004]. After centrifugation, the Zr concentrations were determined by ICP-MS at differ-

ent times to make sure that chemical equilibrium was established. They calculated the solubility product as 

log K′sp = -56.1 in 1 M (H/Na)ClO4 and log K°sp = -59.2 (at zero ionic strength). Kovalenko et al. who 

also investigated the dissolution of Zr(OH)4 solid, obtained only a little higher solubility [Kova 61]. This 

discrepancy is probably due to unsuccessful separation of colloids using filtration or centrifugation. In 

contrast, the data from Adair et al. referred to experiments with pure monoclinic ZrO2 [Adai 87]. After 

filtration with pore size 100 nm, the concentration and pH of filtrate were determined. In spite of their 

poor reproducibility, these results are roughly consistent with the results above. Recently, Pouchon et al. 

investigated the influence of carbonate complexation on the Zr solubility with two different solid phases, 

amorphous hydroxide (upper point in Fig. 2.8) and monoclinic ZrO2 (lower point in Fig. 2.8), at the same 

pH 9 [Pouc 2001]. These data points were results from solutions containing 0.005 M carbonate ion con-

centration which was low enough to form no significant carbonate complexes, thus it is reasonable to 

compare these with the data points in carbonate free systems. 

In contrast, the experiments from strongly oversaturated solutions done by Bilinski et al. yielded much 

higher solubility [Bili 66]. They measured the turbidity of the solution using tindallometry in a large range 

of pH at constant Zr concentration. These experiments were carried out for many different Zr concentra-

tions and at different ionic strengths and different temperatures. Among these data, the lowest pH at which 

one could still observe, after 24 hours, some turbidity or precipitate at 1 M (H/Na)ClO4 and 20°C are de-

picted in Fig. 2.8. The calculated solubility product was log K′sp = -50.3 (using OHa 2
 = 0.966 at 1M Na-

ClO4 in [Lemi 2001]) in 1 M (H/Na)ClO4 or log K°sp = -53.4 at zero ionic strength respectively and it was 

about 6 orders of magnitude larger than the value calculated by Ekberg et al.. 

The classical solubility data for not well characterized Zr(IV) oxide/hydroxide solids [Kova 61; Ekbe 

2004] and for mononuclear ZrO2 [Adai 87; Pouc 2001] are scattered due to the variability of the solubility 

of Zr(IV) oxides/hydroxides, depending on preparation, particle size, etc. 

                                                 
2 see discussion in Section 5.1 
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3 Experimental Techniques 

 

As discussed in Section 2.1.1, up to four oxidation states of plutonium can coexist. The chemical proper-

ties of each oxidation state vary widely, thus for the precise investigation of plutonium, a reliable method 

for the quantification of the oxidation states is needed. The methods to be used for the quantitative deter-

mination of oxidation states depend on the concentration range of plutonium. For concentrations of Pu 

below ~ 1 µM, the chemical separation technique is a unique method and above this concentration, spec-

troscopic techniques can be used [Hoff 2002]. 

As for the chemical separation techniques, there are coprecipitation, selective sorption, liquid chromatog-

raphy and solvent extraction [Koba 88; Chop 97]. Of these, the solvent extraction technique has been used 

most frequently, especially for trace concentrations of Pu, because this technique allows a rapid and nearly 

complete separation of oxidation states at trace levels. Many other extractants have been developed but 

were tailored to very specific applications. Thus they have to be carefully selected whether they are suited 

for the respective solution under investigation. 

Absorption spectroscopy methods are considered to be among the most reliable and versatile techniques 

for the detection and characterization of solution species [Ross 61; Baum 62] and have been widely used 

for the characterization of actinides in solution [Kell 71; Katz 86]. Unfortunately, conventional absorption 

spectrometers have detection limits between 0.01 mM and 1 mM for plutonium. With the advent of high 

powered pulsed lasers, new laser based techniques have been developed for measuring very weak sample 

absorbance, photoacoustic spectroscopy (PAS) [Stum 84; Tam 86], photothermal deflection spectroscopy 

(PDS) [Jack 81], and thermal lensing spectroscopy (TLS) [Fang 83]. These are potentially about two or-

ders of magnitude more sensitive than absorption spectroscopy using conventional spectrometers [Torr 90]. 

For example, recent studies about the hydrolysis and solubility of Pu(IV) [Walt 2003b] and Np(IV) [Neck 

2001b] at low concentrations were carried out using sensitive laser induced photoacoustic spectroscopy 

(LPAS) [Kita84; Kim90]. 

Another sensitive method, which recently was applied by Kuczewski et al. for a plutonium speciation at 

low ion concentration, is the capillary electrophoresis (CE) combined with inductively coupled plasma 

mass spectrometry (ICP-MS). The main advantages are the short separation time and high separating effi-

ciency of CE combined with the elemental and isotopic selectivity and the sensitivity of the ICP-MS de-

tection [Kucz 2003]. 

In the following subsections, two techniques which were applied to determine the distribution of pluto-

nium oxidation states in the present work, the absorption spectroscopy and the CE coupled ICP-MS, are 

described in detail in Section 3.1 and 3.2. 
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In order to investigate the solubility and colloid formation of Pu(IV) and Zr(IV), sensitive characterization 

methods for colloids are needed. These methods are used for the investigation of particle size distribution 

(PSD), element composition and the structure of colloids. Very often the PSD extends over several orders 

of magnitude and many methods are needed to separate these different size fractions. Filtration and cen-

trifugation have been used most frequently and several chromatographic methods are also applicable. Re-

cently, CE [Kral 97] and field flow fractionation (FFF) [Cölf 2000] were applied for colloid fractionation. 

For the determination of PSD of colloids, there are useful methods based on light scattering, e.g. photon 

correlation spectroscopy (PCS) and the single particle counter (SPC) [Degu 89] and others based on light 

matter interaction using lasers such as LIBD [Kita 88]. For the investigation of element composition and 

the structure of colloids, different types of microscopes are applicable, e.g., transmission electron micros-

copy (TEM), scanning electron microscopy (SEM), and atomic force microscopy (AFM). By these versa-

tile techniques, morphology, size distributions and element composition can be appraised simultaneously, 

however the sample must be specifically prepared prior to the investigation, and samples could be changed 

during these treatments. For the more precise structure investigation, in recent years, X-ray spectroscopy 

based on the interaction of atoms with X-rays, e.g. X-ray photoemission spectroscopy (XPS) which is a 

surface sensitive technique, detecting the outer layers of sample and X-ray absorption fine structure spec-

troscopy (XAFS) which can be applied to samples covered by a water layer were applied (overview in 

[Tonn 99]). For the appropriate characterization of colloids, it is important to use some complementary 

methods in conjunction. 

In the present work, in order to make a speciation and analysis of Zr(IV) species in solution, XAFS is ap-

plied. For detection of the colloids of Zr(IV) and Pu(IV) present in oversaturated solution, LIBD is applied. 

LIBD is a very sensitive detection method especially for small particles (< 50 nm) in solution [Kita 89; 

Sche 96; Walt 2003a], and is used for the determination of the onset of colloid formation which indicates 

that the metal concentration in a solution exceeds the solubility limit. In addition the size distribution of 

colloids can be appraised by use of a multi-modal evaluation fit program [Walt 2004]. As a supplementary 

method for determination of the PSD, single particle counting (SPC) is applied, especially, to detect col-

loids which are relative large of size (> 1µm) and low of particle number density (< detection limit of 

LIBD). These methods are mentioned below in Section 3.3 (XAFS), Section 3.4 (LIBD) and Section 3.5 

(SPC). 
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3.1 UV-VIS absorption spectroscopy 

 

UV-Vis absorption spectroscopy is considered to be one of the most reliable techniques for the detection 

and characterization of actinides in solutions. The optical absorption spectra of actinides show bands due 

to the excitation of electronic intraband (f-f ) transitions. These bands are quite narrow, usually a few na-

nometers wide (full width at half maximum height (FWHM)), and the wavelength (λ) of the absorption 

peaks are uniquely characteristic of the actinide element and its oxidation states. The concentrations of the 

solution species are obtained from specific absorption bands for each oxidation state through the use of 

Lambert-Beer’s law, 

A = ε c l        (3.1) 

where A is absorption, ε molar extinction coefficient [M-1cm-1], c concentration [M] and l beam path 

length [cm]. In the case of plutonium, this allows speciation because the absorption spectra of the oxida-

tion states of plutonium are sufficiently different. For quantifying a certain oxidation state by a specific 

band, the other states must have a small absorption at the same wavelength. By measuring a spectrum in a 

wide range of wavelengths, a rapid determination of the distribution of the various oxidation states in a 

given solution is possible. The analytically useful absorption bands of plutonium are listed in Table 3.1 

[Katz 86].  

 

Table 3.1 The molar extinction coefficients (ε [M-1cm-1]) for different oxidation states of plutonium 
(summarized in [Katz 86]). 

Molar extinction coefficients ε [M-1cm-1] 
Wavelength [nm] 

ε Pu(III)aq ε Pu(IV)aq ε Pu(V)aq ε Pu(VI)aq 

600 35.3 0.91 0.5 1.35 

470 3.46 49.6 1.82 11.25 

34.4 

37.81) 653 3.1 

36.72) 

1.15 0.9 

569 34.3 5.6 17.1 1.75 

831 5.25 15.5 4 550 
1) 0.5M (H/Na)ClO4, 25°C, 7.2⋅10-4 M Pu(IV) from [Krau 50] 
2) 2 M HClO4, 1.2⋅10-4 M Pu(IV) from [Yuso 2004] 
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The spectral analysis for the Pu ionic species is a very convenient method because all oxidation states can 

be analyzed at the same time with only one spectrum. However, the low molar absorption coefficients of 

the plutonium absorption bands (especially Pu(III)aq – Pu(V)aq < 50 M-1cm-1) make this spectroscopic 

method with a conventional 1 cm absorption path length inadequate for studies at dilute concentrations.  

 

When all of four different oxidation states exist simultaneously in solution, which is the case for most of 

present experiments, the classical analysis gets to be more complex and uncertain. Especially the quantifi-

cation of Pu(V) is difficult, which has a characteristic band at 569 nm where the absorption of Pu(III) and 

Pu(IV) cannot be neglected. Therefore, in this study, the precise quantification of Pu aqueous species is 

done by spectral deconvolution. We carry out the analysis of spectra in a wide wavelength range (normally 

from 465 nm to 833 nm) by least squares fit with 4 variables (concentrations of four Pu oxidation states) 

based on the calibrated ε [M-1cm-1] in the UV-Vis range for reference solutions (See Fig. 3.1). Some de-

tails of the spectral fitting procedure are discussed in further course. 

Reference solutions for each Pu oxidation state are prepared at different concentrations and media, respec-

tively, (the preparation processes of Pu solutions are described in Section 4) and measured by a Cary 5E 

spectrometer (VARIAN) applying a quartz cell of 1 cm beam path length. The reference solutions are pre-

pared in HClO4 because normally the perchloric ligand is a very weak complex with regard to Pu ionic 

species [Katz 86]. 

The reference solution of tetravalent plutonium contains only small amounts of Pu(III)aq and Pu(VI)aq 

Their concentrations calculated with the extinction coefficients of Table 3.1 are about 1.30⋅10-4 M of 

Pu(III)aq (3.0 % of [Pu]tot.) and 2.18⋅10-5 M of Pu(VI)aq (0.51 % of [Pu]tot.), respectively. LIBD results of 

this solution indicate that it contains no colloids being large enough to be detected by LIBD (< 5 nm). 

When ε = 36.7 M-1cm-1 at 653 nm [Yuso 2004] is used, the Pu(IV)aq concentration is obtained to be 

4.14⋅10-3 M. The sum of all oxidation states of Pu agrees well with the total Pu concentration measured by 

LSC (liquid scintillation counter), 4.3⋅10-3 M. Therefore it can be assumed that there are no additional Pu 

species in the Pu(IV)aq reference solution, such as Pu(IV) polymeric species or small colloids. 

 

As already mentioned in Section 2.2.2, the Pu4+ ion forms strongly complexes with OH- even at low pH. 

The distributions of Pu(IV) hydrolysis products at certain pH are shown in Table 3.2, which are calculated 

using the hydrolysis constants by Metivier et al [Meti 72]. According to these hydrolysis constants, at pH 

0, about 30% and at pH 1, over 90% of Pu(IV) is already hydrolyzed. 
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Fig. 3.1 The absorption spectra of four reference solutions scaled to 1 M concentration. The 

solutions were prepared at different concentrations and in different media: Pu(III) at 
3.8⋅10-3 M in 1 M HClO4, Pu(IV) at 4.3⋅10-3 M in 0.75 M H(ClO4/Cl), Pu(V) at 
3⋅10-4 M in 0.001 M HClO4 and Pu(VI) at 5.3⋅10-4 M in 0.1 M HClO4 , respectively. 

 

Table 3.2 The distributions of Pu(IV) hydrolysis species (I = 0.5 M NaCl) at different pH 
estimated with the hydrolysis constants by Metivier et al [Meti 72]. 

pH Pu4+ [%] Pu(OH)3+ [%] Pu(OH)2
2+ [%] 

0 69 26 5 

0.5 35 41 24 

0.8 16 38 46 

1.0 9 32 59 

1.2 4 24 71 
 

In all previous studies where spectroscopic methods have been used to determine the hydrolysis constants, 

they assumed that the molar absorption coefficients for the Pu hydrolysis species are different from that of 

the Pu4+ ion, and thus it was assumed that the decrease of the characteristic Pu(IV) absorption bands was 

due to the initial formation of mononuclear hydrolysis species. However, inspecting the solutions which 

are carefully prepared to have no colloids or polymer species, this could not to be confirmed. In the pre-

sent work, five different Pu solutions are prepared, whose total plutonium concentrations are about 3⋅10-4 
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M (measured using LSC) and the distribution of oxidation states at each pH, which are obtained through 

fitting, is listed in Table 3.3. LIBD measurements indicate that they have no colloids larger than 5 nm (for 

details see Section 3.4). Furthermore, the sums of all Pu aquatic species obtained by fitting are close to 

100 % (100 % corresponds to the [Pu]tot. measured by LSC). This means that there are no polymeric spe-

cies or colloids in solutions, because otherwise, the sum of the spectroscopic detectable species Pu(III)aq, 

Pu(IV)aq, Pu(V)aq and Pu(VI)aq should be considerably lower than the total concentration detected by LSC 

which includes colloids and polynuclear species. 

 

The deconvoluted spectra due to the Pu(IV) fraction at different pH (from 0.5 to 1.2) are shown in Fig. 3.2 

and the ε values at the peak maximum (470 nm and 653 nm) are listed in Table 3.3. To obtain the ε [M-

1cm-1] for Pu(IV) at each pH, the reference spectra for the other oxidation states are subtracted from the 

measured spectra. The poor quality of the spectrum at pH 1.21 is due to the low fraction of Pu(IV)aq in the 

samples (cf. Section 6.3.1 for the equilibrium distribution of Pu oxidation states as a function of pH). The 

spectra in Fig. 3.2 indicate neither peak shifts nor a significant difference of the extinction coefficients 

which should be caused by decrease of Pu4+ ion concentration with increasing pH, e.g., [Pu4+] < 5% at pH 

1.2 (see Table 3.2). In conclusion, when no colloids and polymer species are present in solution, then the 

absorption of Pu(IV) does not depend on pH even if the “free ion” Pu4+ ion is a minor species. From these 

results, it is concluded that the Pu hydrolysis species, Pu(OH)y
4-y (y = 0 - 2), have similar molar extinction 

coefficients. 

 

Table 3.3 The distribution of Pu oxidation states (%) at a steady state as a function of pH from the analysis 
of the absorption spectrum. The total Pu concentration is about 3⋅10-4 M. The extinction coeffi-
cients are obtained from deconvoluted spectra of Pu(IV) fraction at specific wavelengths. 

pH Pu(III)aq 
[%] 

Pu(IV)aq 
[%] 

Pu(V)aq 
[%] 

Pu(VI)aq 
[%] 

Sum 
[%] 

ε at 470 nm 
[M-1cm-1] 

ε at 653 nm 
[M-1cm-1] 

0.48 38.88 54.07 0 7.07 100.03 51.1 35.2 

0.66 46.45 39.87 0 10.92 97.24 48.9 36.1 

0.83 50.03 28.5 3.48 15.57 97.57 47.8 35.1 

1.01 58.54 17.42 6.98 16.83 99.77 48.1 35.9 

1.21 60.83 11.32 13.72 15.06 100.93 47.2 36.91) 
1) The value is taken after the smoothing of the spectrum at pH 1.21 by averaging adjacent 5 points. 
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Fig. 3.2 The absorption spectra of Pu(IV) as a function of pH in the range from 0.5 to 
1.2. The solutions have no colloidal fraction (checked by LIBD – see Section 
3.4) and no significant polymer species (from analysis of spectrum – see the 
text). The concentration of Pu(IV) in each solution is listed in Table 3.3. 

 

Secondly, the influence of colloids in the blue and UV range must be considered. When colloids are pre-

sent in solution, the maximal absorption of Pu(IV)aq at 470 nm can be apparently increased due to the 

Rayleigh scattering by small colloids. Because the light scattering scales with λ-4, at shorter wavelength 

light transmission decreases thus the light scattering is more prominent to the close UV range. This can be 

a reason for the somewhat larger ε value at 470 nm (56 M-1cm-1) in [Yuso 2004], although the ε value at 

653 nm (36.7 M-1cm-1) is very close to our result. In our study, some solutions have a sufficiently high 

amount of colloids to interfere which the spectra in the blue and UV range. For the analysis of these solu-

tions the fitting is carried out by excluding the 470 nm band for Pu(VI)aq and using only the spectral range 

from about 500 to 835 nm. 

When a plutonium solution contains specific ligands whose concentration is high enough to form com-

plexes with Pu ion species, the absorption bands can be shifted significantly and thus it can affect the 

quantification. All reference spectra are taken in HClO4 media but our experiments are carried out in 0.5 

M (Na/H)Cl media. If Pu aqueous species form complexes with Cl- which causes deviations in the spectra, 

then the influence of the Pu chloro complex must be considered for precise analysis. Among the ions of 
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plutonium, the PuO2
+ ion is expected to have the least tendency to form complex ions and little effect of 

chloride ion is noted on the spectra of Pu(III)aq and Pu(IV)aq in 0.5 M Cl- ion concentration. However, in 

the case of PuO2
2+, optical studies indicated the formation of at least three chloride complexes with in-

creasing hydrochloric acid concentration [Katz 86]. In 0.5 M (Na/H)Cl media, we can see only the first 

chloride complex and its spectrum is shown in Fig. 3.3. The maximum of the bands are 830.7 nm 

(FWHM: 2.6 nm) for PuO2
2+ and 837.3 nm (FWHM: 6.0 nm) for PuO2Cl+. The amount of the secondary 

complex does not suffice to alter the spectra. It is in good agreement with the spectral parameters about the 

Pu(VI)-chloride complexes reported recently by Runde et al. [Rund 99] (See Table 3.4). The monochloro 

complex contributes 15% of the total Pu(VI)aq concentration in 0.5 M (Na/H)Cl media, thus this factor is 

considered. 
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Fig. 3.3 The spectrum of Pu(VI)aq in 0.5 M (H/Na)Cl. [PuO2
2+] = 4.86⋅10-5 

M (85%) and [PuO2Cl+] = 0.734⋅10-5 M (15%) calculated with the 
molar extinction coefficients in Table 3.4. 

 

Table 3.4 The spectroscopic parameters of the predominant Pu(VI)aq species in NaCl [Rund 99]. 

species Peak maximum FWHM height ε [M-1cm-1] 

PuO2
2+ 830.6 ± 0.1 nm 2.5 ± 0.2 nm 555 ± 12 

PuO2Cl+ 837.6 ± 0.2 nm 5.6 ± 0.3 nm 290 ± 23 

PuO2Cl2 843.0 ± 0.4 nm 7.6 ± 0.4 nm 140 ± 80 
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The sensitivity of absorption spectroscopy can be simply improved by extending the optical path length. 

Making use of total reflection, the sample is probed in a liquid core waveguide (LCW) which enables the 

light propagation within a liquid medium which has a higher refractive index than the surrounding solid 

tubing [Wei 83]. The coating material outside of the fused silica capillary is Teflon AF whose RI is about 

1.29 and the length is 100 cm and the diameter of capillary 550 µm, respectively. A 100 cm capillary en-

hances the sensitivity by two orders of magnitude as compared to a 1 cm cell. In this work, LCW (WPI, 

World Precision Instruments, see Fig. 3.4) coupled with a diode array spectrometer (Zeiss) is used for 

analysis of Pu aqueous species at relative low concentration (10-5 M). 

 

The absorption spectra of a plutonium solution (total concentration of plutonium is 1.9⋅10-4 M in 0.5 M 

HClO4) is measured twice: with a 1 cm quartz cell (Fig. 3.5 bottom) and the 100 cm LCW (Fig. 3.5 top) 

using the diode array spectrometer. The two spectra are almost identical and the setup using the capillary 

shows almost 100 times larger sensitivity. The concentration of the oxidation states is 3.11⋅10-5 M, 

1.53⋅10-4 M and 0.69⋅10-5 M for Pu(III)aq, Pu(IV)aq and Pu(VI)aq, respectively. No Pu(V)aq is detected. 
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Fig. 3.4 LCW: 100 cm fused silica capillary (diameter 550 µm and volume 240 µl) 
coated by Teflon AF (RI ≈ 1.29) coupled with diode array spectrometer. 
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Fig. 3.5 The absorption spectra of plutonium solution [Pu]tot. = 1.9⋅10-4 M in 
0.5 M HClO4. The dashed line shows the spectrum obtained with a 1 
cm quartz cell and the solid line shows the one measured with the 
LCW using the diode array spectrometer. 

 

When plutonium solution is investigated with LCW-DAS, an error of spectra deconvolution based on ref-

erence spectra measured using CARY 5E spectrometer can be caused from the resolution of the diode ar-

ray spectrometer. While the broad spectral features used for the quantification of Pu(III)aq, Pu(IV)aq and 

Pu(V)aq are uncritical, the reproduction of the narrow peak of Pu(VI)aq at 831 nm depends strongly on the 

resolving power of the spectrometer. Recently, Wilson et al. reported molar extinction coefficients and 

detection limits for each plutonium oxidation state using a 100 cm LCW [Wils 2005]. In this study, the 

authors obtained 288 M-1cm-1 as molar extinction coefficient for Pu(VI)aq at 831 nm, which is only an “op-

erative” ε due to the limited spectral bandwidth of spectrometer. In our system, the “operative” ε is about 

302 M-1cm-1 and this value is largely different from the reference spectra using the CARY spectrometer 

(See Fig. 3.6). It is a shortcoming of the molar absorbance convention to depend on resolution. The physi-

cally more meaningful quantity is the differential cross section dε/dnm. The peak absorptivity 

∫
ε

= dnm
dnm
dA  is independent of resolution. 
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Fig. 3.6 The concentration of PuO2

2+ is 8.13⋅10-5 M (calculated with 550 M-1cm-1) in 
1 M HClO4. The peak area and FWHM are 2000 nmM-1cm-1 (between 820 – 
840 nm) and 2.7 nm, respectively, for the spectrum measured by Cary 5E and 
1600 nmM-1cm-1 and 4.0 nm for the LCW coupled with the diode array spec-
trometer. The areas are similar but using the diode array spectrometer, the 
band width is wider and therefore the band maximum is lower. 

 

3.2 Capillary Electrophoresis (CE) coupled with ICP-MS 

 

In this work, as a supplementary method to determine the concentration of plutonium oxidation states be-

low the detection limit of UV-Vis spectrometry, the capillary electrophoresis (CE) coupled with ICP-MS 

is applied. CE is a simple method for the separation of different oxidation states. The basic components of 

the CE system are a fused silica capillary as the separation channel, electrolyte vials with electrodes, a 

regulated high voltage power supply, and a detector (here ICP-MS). The principle of CE is mentioned 

shortly as follows [Jand 93]. 

At the beginning of an analytical run, a very small volume (typically 10 to 100 nanoliters) of sample is 

injected at the injection side of the capillary by means of differential pressure or electromigration. A desir-

able outcome of CE separations is the migration of separated zones of all analytes toward the detector. The 

time interval between the beginning of the separation and the passage of an analyte zone through the point 

of detection (migration time) is used for identification of sample components. In order to be able to com-
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pare data of different instrumentations, the migration times (tm) which depend on capillary length Ld, be-

tween sample introduction and detection, is converted to a migration rate or velocity of migration (vobs), as 

following 

m

d
obs t

L
=v .        (3.2) 

Since the velocity is due not only to electrophoretic migration, but sensitive to other contributions as well, 

the term “observed” is included. The Ld dimension should thus be included in all descriptions of CE condi-

tions along with Lt, the total capillary length. To compare migration data not only for varying Ld, but also 

at different separation potentials U [V] applied to different Lt, it is necessary to calculate the observed 

electrophoretic mobilities (µobs): 

m

tdtobs
obs Ut

LL
U

Lµ ==
v .       (3.3) 

There are two main contributions to the observed electrophoretic mobility, the mobility of electroosmotic 

flow (EOF), µEOF, and the inherent ionic mobility of the ionic analyte, µion. As shown in Fig. 3.7, the ob-

served or apparent mobility, µobs is usually a sum of two contributions. The mobility contributions have 

not only a magnitude, but also a direction, and so it is correct to treat them as vectors. 
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Fig. 3.7 The contributions to the directions and magnitude of the resulting ap-

parent or observed mobility µobs in the applied electric field inside a 
capillary: µEOF is the mobility of EOF; µion describes the inherent ionic 
mobility of the ionic analyte. 

 



 43

The contribution depicted in Fig. 3.7 describes the most frequently reported types of CE. The analyte of 

interest is transported toward a detector mainly by the electroosmotic flow. EOF is a consequence of the 

surface charge on the capillary wall. The fused silica capillaries which are typically used for separations 

have ionizable silanol groups in contact with the buffer contained within the capillary. The degree of ioni-

zation is controlled mainly by the pH of the buffer. The negatively charged wall attracts positively charged 

ions from the buffer, creating an electric double layer. The potential at the surface of shear between elec-

tric double layer is called the zeta potential (ζ [V]) which is related to the concentration of ions in the 

fluid, the thickness of the electric double layer, pH of the solution and the surface properties of the capil-

lary [Tava 95; Thor 98]. The EOF mobility is related to the dielectric constant of the electrolyte (εrel), the 

zeta potential and the viscosity of electrolyte medium (η) and is represented as: 

η
εζ

−=µEOF         (3.4) 

The flow profile in EOF is uniform as shown in Fig. 3.7. For separating sample mixtures, EOF is preferred 

over pressure driven flow because the flat flow gives better resolution. Another advantage of EOF is that 

no moving parts like valves and pumps are required. The electric field acts as a pump and a valve, control-

ling the direction and magnitude of the flow velocity. 

The inherent ionic mobility (µion), i.e. the second main contribution of µobs, provides a selectivity by 

changing the observed mobility of other ionic species to a different degree. A possible calculation for ionic 

mobilities from hydrated ionic radii, ri is 

i

i
7

ion r6
ez10µ

πη
=         (3.5) 

where zi is the valence number of an ion, determining by its sign one of the two possible directions of the 

ionic mobility vector, e is the charge of an electron (1.602⋅10-19 C), and η is the dynamic viscosity of the 

electrolyte medium. As shown in Fig. 3.7, considering two different cations (z(1)/r(1) > z(2)/r(2)), the ionic 

mobility of ion number 1 is larger than that of ion number 2, because µion depends on z(i)/r(i) of each ion i. 

Thus the difference of ionic mobilities causes the different apparent mobilities of each ionic species and 

continuously separation of the ionic species. 

 

The homemade CE system used in this work is described in detail in [Kucz 2003] and depicted in Fig. 3.8. 

The equipment was designed in a flexible way allowing tests of different components such as nebulizers, 

spray chambers, and ICP-MS apparatus. Hydrodynamic injection was applied to introduce the solution 
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into the capillary with a pressure continuously adjustable from 20 to 1000 mbar. About 44 nL (± 5%) 

sample was injected within10 sec with 100 mbar. A fused silica capillary (inner diameter 50 µm and outer 

diameter 363 µm, PolyMicro Technologies, Phoenix, AZ) was applied. Before the use, the fused silica 

capillary was purged for 10 min with 0.1 M HCl, 0.1 M NaOH, and again 0.1 M HCl and then for 20 min 

with water and the electrolyte solution. As a CE electrolyte buffer, 1 M AcOH, pH 2.47 was used and + 30 

kV was applied for separation. An Elan 5000 ICP-MS (Perkin Elmer) combined with a glove box to allow 

the analysis of α emitting radionuclides was used. The interface between CE and ICP-MS was made of 

PEEK as a four way fitting with special dimensions adapted to the CE system. As microconcentric nebu-

lizer, the MicroMist nebulizer AR 30-I-FM02 (Glass Expansion, West Melbourne, Australia) was used 

and as spray chambers, a Cinnabar small volume cyclonic spray chamber (Glass Expansion), respectively. 

A polyvinyl chloride tubing of 7 m length was necessary to connect the spray chambers inside the CE ven-

tilation hood with the inlet of the plasma torch inside the glove box of the ICP-MS. The aerosol was trans-

ferred within 15 s from the nebulizer to the ICP. The waste solution from the spray chamber was removed 

by a peristaltic pump. For the CE separations, the plutonium solutions were diluted with 1 M AcOH to 

metal concentrations between 10-7 and 10-5 M. The separation of four oxidation states of plutonium took 

about 10 min. 
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Fig. 3.8 The set up of the homemade CE with the interface and nebulizer unit for 

coupling to the ICP-MS [Kucz 2003]. 
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As mentioned above, the order of the migration times depends on the charge, size and shape of the ionic 

species. The charge in this case is determined by the degree of complexation with acetate. Kuczewski et al. 

calculated the species distribution with known complex constants and estimated the order of mobilities for 

the plutonium ions according to the degree of complexation as follows 

Pu(Ac)2+ > PuO2(Ac)+ ~ PuO2
+ > Pu(Ac)4 (represented with main complexation species) (3.6) 

and they also showed that this order is very similar to the experimental data. 

 

3.3 X-ray Absorption Fine Structure (XAFS) 

 

X-rays are electromagnetic radiation with energies between ultraviolet light and gamma rays in the elec-

tromagnetic spectrum. X-ray wavelengths lie in the range of 0.01 Å and 100 Å, with hard X-rays on one 

end and soft X-rays on the other, respectively. Throughout the history of modern physical and chemical 

science, X-rays have been used as powerful tools in analytical, physical, chemical, biological, and struc-

tural characterization of matter [Teo 86]. 

X-rays absorption fine structure (XAFS) spectroscopy is one of the most powerful tools for mapping the 

short range atomic order and is used to investigate the molecular structure of chemical species in - besides 

others - solution or in amorphous solids such as glasses. When X-rays are absorbed by the atoms in a sam-

ple, a steep increase of absorption in the amount of absorbed intensity being specific to each element is 

observed at certain energy values. This phenomenon is known as absorption edges (see Fig. 3.9). 

The absorption edge occurs when the energy of the incident X-rays is equal to the threshold energy neces-

sary to eject an electron (XANES region [Behr 92b]). The electron excited from a core orbital level to a 

bound or continuum state can be considered as a wave traveling outwards from the central absorbing atom. 

Simple models of X-ray absorption predict a gradual monotonic decrease in the absorption coefficient with 

increasing energy after the absorption edge. Such behavior is observed in spectra of isolated atoms, e.g., 

noble gases (Xe, Kr etc.). However, the presence of other atoms either in a molecule or a condensed phase 

around the absorber causes oscillations in the absorption coefficient up to 1000 eV above the edge 

(EXAFS region [Fay 88]) as shown in Fig. 3.9. 
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Fig. 3.9 Schematic representation and XAFS spectra of two different atoms: the absence and presence of a 

neighboring atom. A monatomic gas such as Kr (a and c) and a diatomic gas such as Br2 (b and d), 
respectively [Teo 86]. 

 

XANES refers to the prominent peaks and shoulders that modify the appearance of the absorption edge 

and the 20 - 30 eV regions beyond it. It is a technique of exciting core level electrons into the unoccupied 

molecular orbital states and the continuum by varying the energy of the incident X-rays. The XANES can 

reveal the oxidation state of an element in the sample, as well as serve as a “fingerprint” to identify certain 

structural modes of a chemical species like its site symmetry. 

The oscillations in the post edge region (EXAFS region in Fig. 3.9 (b)) arise from the back scattering of 

the emitted electron wave from neighboring atoms and thus the structure of the post edge region of the X-

ray absorption spectrum is related to the radial distribution of atoms in the sample. The frequency and am-

plitude of the oscillations carry information about the local environment of the absorbing element and can 

be derived by analyzing this structure. 

If the core (1 s, 2 s, 2 p) electron of the absorbing atom is excited by the X-ray beam, then the electron can 

be represented as an outgoing spherical wave. The outgoing photoelectron wave is backscattered by the 

neighboring atom. The final state will be the sum of the outgoing wave and the backscattered waves from 

shells of neighboring atoms. 
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It is the interference between the outgoing and incoming waves that gives rise to the sinusoidal variation 

of µ (X-ray absorption coefficient) vs. E [eV] as EXAFS. Codes like FEFF [Anku 96; Anku 97] can be 

used to simulate the EXAFS based on assumptions on the local structure around the absorbing atom. 

The general equation for EXAFS is 

2
i

ii
ii

i

22
iii

2
0 kR

))k(kR2sin())k(/R2(exp)k2(exp)k(FNS)k( Φ+
λ−σ−=χ ∑  (3.7) 

where k is the wave vector; Ri: the distance from absorbing atom; Ni: i-th coordination number; 2
0S : ampli-

tude reduction factor due to many body effects such as shake up/off process at the absorbing atom; Fi(k): 

backscattering amplitude from neighboring atom type i; σi: Debye-Waller factor due to thermal vibration 

and static disorder; λi: electron mean free path, and Φi(k): total phase shift experienced by the photoelec-

tron. 

Since the experimental X-ray absorption data can be simulated based on equation (3.7), the local informa-

tion such as bond-lengths, coordinates numbers and Debye-Waller factors are obtained. In general, the 

data can be fitted with small error range obtaining reliable local structural information. 

 

In this study, XAFS measurements are performed at the Angströmquelle Karlsruhe (ANKA), For-

schungszentrum Karlsruhe, Germany. Zr K edge spectra of samples are recorded at the INE-Beamline (see 

Fig. 3.10) for actinide research [Dene 2005] using a pair of Ge (422) crystal (2 d = 3.412 Å) in the 

Lemonnier-type double crystal monochromator (DCM). The INE-Beamline is equipped with a collimating 

first and a focusing second mirror and the beam spot used is 4 × 2 mm2. Fluorescence spectra are recorded 

by registering the normalized Zr Kα1,2 fluorescence radiation (~ 15.7 keV) as a function of the incident 

photon energy using a 5-pixel energy dispersive solid state Ge detector (Canberra LEGe). Argon filled 

ionization chambers are used. Three to six scans are collected and averaged for each sample. 
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Fig. 3.10 INE-Beamline at the ANKA, Forschungszentrum Karlsruhe, Germany. Optics used for INE-
Beamline are a pair of Ge (422) crystal (2 d = 3.412 Å) in the Lemonnier-type DCM and a colli-
mating first and a focusing second mirror. The left box indicates the experimental area where 
work with radioactive samples is allowed. Fluorescence spectra are recorded by a Ge detector 
(Canberra LEGe). Argon filled ionization chambers are used. 

 

XANES spectra are isolated from XAFS scans following subtraction of the pre-edge background absorp-

tion, approximated as a linear function, and normalization of the edge jump (average between 18.100 and 

18.300 keV) to unity. 

EXAFS data analysis is based on standard least squares fit techniques [Saye 88] using the WinXAS [Ress 

97] (v 3.0) and the UWXAFS (University of Washington XAFS analysis program) [Ster 95] program 

packages and the matrix parameters (Ri, σI, and Ni) are determined using the feffit code (v2.98). Backscat-

tering amplitude and phase shift functions for single scattering paths in a 60-atom cluster in Cartesian co-

ordinates of monoclinic ZrO2 (crystallographic data taken from [Gual 96]) are obtained from FEFF8.2 

[Anku 96; Anku 97] calculations. Prior to analysis, the k3-weighted Zr K EXAFS spectra are Fourier-

transformed over a k-space range of ~2.5 – 14.5 Å-1, using symmetric square windows with ∆k = 0.2 Å-1 

‘Hanning sills’. The amplitude reduction factor 2
0S  is fixed at 1. 
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3.4 Laser Induced Breakdown Detection (LIBD) 

 

The laser induced breakdown detection (LIBD) for characterizing aquatic colloids was developed to detect 

trace contaminations in liquids for semiconductor industry by Kitamori et al. [Kita 88; Kita 89]. The 

method is now applied in many research fields: size determination of aerosols in situ [Poul 95; Hahn 98], 

microbubble formation in an aqueous solution of a silver/dendrimer nanocomposite [Mila 2003], drinking 

water characterization [Sait 99], and in situ groundwater colloid characterization, e.g. in Grimsel (Switzer-

land) and Äspö (Sweden) [Haus 2002]. Colloids of tetravalent actinides formed in oversaturated solutions 

are investigated in order to determine thermodynamic solubility data [Bund 2000; Neck 2002] and predict 

their long term stability [Bite 2003; Roth 2004]. LIBD is a very sensitive detection method especially for 

small particles in comparison to the conventional light scattering method (see Fig. 3.11). LIBD can cover 

three orders of magnitude in size (5 – 1000 nm) and many orders of magnitude in particle concentration 

(several ppt – several ppm).  [Bund 2001a].  
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Fig. 3.11 The detection limit of LIBD in comparison to the conventional light scattering [Bund 2001a]. 
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3.4.1 Principle of LIBD 

 

The breakdown process has been described in detail [Radz 89; Sche 96] and will be mentioned here briefly. 

When a pulsed laser is focused tightly into a medium exceeding certain threshold irradiance, a so called 

breakdown occurs. In the beginning at least one atom is ionized by multi-photon ionization early during 

the laser pulse, and the resulting seed electron is accelerated due to inverse bremsstrahlung in the high 

electric field of the laser focus. After gaining sufficient energy, additional atoms are ionized by collisions, 

multiplying the number of electrons. The density of free charge carriers increases in an avalanche after a 

few consecutive iterations and plasma is created. However, the energy density to initiate the above process 

(threshold) depends on the phase of the matter in the focal region. It is highest for the gas phase, lower for 

liquids and lowest for bulk matter. Therefore, when the pulse energy is adjusted such that no breakdown 

occurs in pure water, the selective particle detection is possible. When a colloid enters the focal region and 

the threshold for the solid phase applies (which is exceeded) then a plasma is created, which can be de-

tected by a CCD camera recording its optical emission [Bund 2001b] or by a piezoelectric detector cou-

pled to the sample cell, recording the acoustic signal of the plasma expansion [Haus 98; Haus 99] (See Fig. 

3.12). 

 

 
Fig. 3.12 LIBD, principle of operation: plasma is ignited selectively on colloids in solution by a 

tightly focused pulsed laser. Its expansion causes an acoustic wave which can be detected 
by a piezoelectric receiver. In addition, the emitted light is observed spatially resolved by 
a CCD camera [Walt 2003a]. 
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By counting the number of breakdown events relative to the total number of laser shots (breakdown prob-

ability (BDP)3), the particle number density in the solution can be determined [Sche 96; Bund 2001]. Size 

and concentration information is obtained by measuring the BDP as a function of pulse energy, the so 

called ‘s-curve’ [Walt 2002]. The ionization rate of a particle is proportional to the MPI cross section mul-

tiplied by an appropriate power of the photon flux density. The cross section increases proportionally to 

the particle volume (proportional to the number of valence electrons in the particle), so the breakdown 

threshold energy (ET [mJ]) decreases with increasing particle size (Fig. 3.13 (a)) [Izum98; Walt 2002]. The 

slope of the s-curve scales with the particle concentration (Fig. 3.13 (b)). 

The use of reference colloids of well defined diameters provides a calibration for relating breakdown 

thresholds to particle size. For an unknown sample, the threshold is determined by recording the s-curve 

and subsequently converted to a mean particle diameter. 

 

   
Fig. 3.13 The BDP is plotted as a function of laser pulse energy, E [mJ]. (a) The threshold ET [mJ] of the 

s-curve increases with decreasing particle size (polystyrene reference colloids). (b) While the 
threshold remains constant, the slope changes with colloid concentration (polystyrene 100 nm). 

 

                                                 
3 1 % BDP means 10 breakdown events occur during 1000 laser shots 
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3.4.2 Measurement of multimodal size distributions by LIBD  

 

For multimodal disperse samples, an evaluation scheme based on s-curve detection has been developed 

recently [Walt 2004]. The s-curves can be described by a semi-empirical model with only two free pa-

rameters. 

( ) ( )( ) ( )( ) ( )( )T
3

T
2

TTmono EECexpEEC
6
1EEC

2
1EEC11BDP −−⋅







 −+−−−+−=  (3.8) 

where the breakdown threshold ET [mJ] is a measure of the particle size and the concentration determines 

the constant C. Since the ‘first electron’ is generated by four-photon-ionization in this case of polystyrene 

(hν=2.3 eV, ionization potential of polystyrene = 8.9 eV) and in case of most inorganic colloids, at low 

pulse energy, a 4
mono EBDP ∝  dependence is required [Chyl 86]. If Eq. (3.8) is expanded in a Taylor’s se-

ries, the first three terms up to ( )3TEE−  are canceled that results in the 4E∝  dependence. The negative 

sign of the quadratic term causes a weak second order (E2) dependency which describes the increase of the 

effective focal volume 2
eff EV ∝  with increase of the pulse energy [Cerv 75]. Since the BDP is linearly 

dependent on the focal volume, the BDP also increases with increasing energy. BDP approaches unity 

asymptotically as ∞→E[mJ] . 

Eq. (3.8) describes only narrow size distributions (monomodal), which can be prepared synthetically, but it 

is little relevant for natural suspensions. For a bimodal suspension containing particles of sizes D1 and D2 

(D2 < D1), with thresholds )2(
TE  > )1(

TE , the s-curve will be identical to that of a monomodal suspension 

(particle size D1) at energy below the threshold ( )2(
TE ) of the second fraction. At energy exceeding )2(

TE , 

the s-curve is the sum of the s-curves for two monomodal suspensions (size D1 and D2). Since the s-curve 

represents probability, the sum of two s-curves means the probability that either the first fraction of col-

loids with size D1 or the second fraction of colloids with size D2 generates a breakdown event (logical OR). 

Such a probability is defined as one minus the product of the probabilities that each monomodal suspen-

sion causes no breakdown event: 

( ) ( )21Bi BDP1BDP11BDP −⋅−−= .     (3.9) 

Combining Eqs. (3.8) and (3.9), we get 
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where )i(
TE  and )i(C  are the threshold and the parameter of colloid number density, respectively. Eq. (3.10) 

is easily extended for any number of size classes. 

In practice, it is necessary to limit the number of free fitting parameters. In the following example, the 

thresholds, )i(
TE , are obtained by calibration with monodisperse polystyrene reference spheres whose sizes 

are 20, 30, 40, 50, 70 and 100 nm and remain as fixed values thereafter. Monomodal suspensions of sev-

eral concentrations are measured in order to obtain the slope parameter )i(C  versus colloid number density 
)i(N  according to the following semi-empirical equation, 

( ))i()i()i()i( NblogaClog =       (3.11) 

To obtain the size distribution, the s-curve of a sample is measured with optimal statistics, especially in the 

low energy region, i.e. the region that contains the size information. The increase of the particle size from 

20 nm to 100 nm causes the decrease of threshold by a factor of 2 (from 0.5 mJ to 0.28 mJ, see Fig. 3.13), 

which is small compared to the typical energy interval of a complete s-curve (as depicted in Fig. 3.14(a)). 

Equation (3.10) is then fit to the data. The thresholds )i(
TE  remain fixed and only the concentration parame-

ters )i(C  are varied. In spite of six parameters being fit simultaneously, the fit turns out to be quite robust. 

The parameters hardly affect one another, but rather each parameter is sensitive at a unique region of the s-

curve. )1(C  is determined only in the energy region below )2(
TE  which is the threshold of the second size 

class )2(C  is most sensitive at energies 3
T

)2(
T EEE <<  and so forth. Several data points (BDP) should be 

measured between )i(
TE  and )1i(

TE +  in order to exactly estimate the amount of size class i, )i(C . 

Fig. 3.14 illustrates the case of a trimodal sample prepared by mixing of three polystyrene reference parti-

cles, 1.5⋅108 particles cm-3 of 20 nm diameter, 2.0⋅107 particles cm-3 of 50 nm and 2.7⋅106 particles cm-3 of 

100 nm. They are combined in order to simulate a Pareto-like PSD found in natural waters [Buff 95; Degu 

2000; Evan 2000]. The differential number density of different sizes scales as a power law of the particle 

diameter D: 

β−∝D
dD

dNcoll  ; 3 < β < 5     (3.12) 
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Fig. 3.14 The PSD of a three modal colloid sample prepared by mixing with polystyrene reference parti-

cles is reproduced within 20 % error (see text). (a) The BDP as a function of the laser pulse en-
ergy (s-curve) and (b) PSD determined from the fit curve [Walt 2004]. 

 

In Fig. 3.14 (a), the raw data, i.e., the BDP as a function of the laser pulse energy are plotted. Note the 

high quality of the data at low pulse energies which is crucial to achieve meaningful results. All six con-

centration parameters )i(C  are varied and the result is displayed in the histogram in Fig. 3.14 (b). )1(C , 
)4(C  and )6(C  yield finite values, whereas )2(C , )3(C  and )5(C  remain close to zero. The particle number 

densities are reproduced with an approximately 20 % error. If, however, a sample contains a predominant 

fraction of large colloids, some size screening effects may occur. Colloids do not contribute to the sum 

curve below their specific threshold )i(
TE . In order for the contribution of small colloids (at comparatively 

high energy) to be of measurable relevance, the signal caused by the large colloids must remain suffi-

ciently low. As the s-curve, BDP (E), approaches unity, an additional increase due to a fraction of very 

small sizes can no longer be resolved. 

 

3.4.3 Setup of LIBD apparatus 

 

The optical system used for this experiment is described in detail in literature [Walt 2002] (Fig. 3.15). 

Here some important points are only mentioned again. A diode pumped Nd:YAG laser (BMI-Soliton 

DIVA II) is used as a light source, which provides a laser beam of 1 mm diameter and 0.5 mrad diver-

gence. Pulses of 7 ns (FWHM) and up to 10 mJ at 532 nm are emitted at a repetition rate of 20 Hz. Be-

sides the small dimension (35 × 17 × 8 cm) and low maintenance requirement (no flash lamp change, air 

cooled), the single transversal mode profile (TEM 00) is an important criterion to choose this kind of laser. 
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The following two elements serve as pulse energy control. The initial horizontal polarization of the laser 

beam is transformed to circular polarization by a λ/4 plate (QWP1, quarter wave plate). By a second λ/4 

plate (QWP2) which can be rotated by a stepper motor along its c-axis, a new polarization plane is se-

lected. The resulting vertical component is separated by a Glan-Thompson polarizer (P) and guided into a 

beam dump, while only the remaining horizontal component is transmitted. By varying the angle of the 

second quarter wave plate, the power passing through the polarizer is then controlled. The pulse energy is 

monitored by a pyroelectrical detector (Pyro 1). 

A mirror (B1) deflects the main beam by 90° through two diaphragms (D3 and D4) which define the prin-

cipal axis of the experiment. In the center between these diaphragms, quartz cell (QC) containing the sam-

ple is located. Beam focusing is achieved by a Galilean telescope of spherical lenses: by a f = -50mm 

planoconcave lens the beam is expanded by a factor of three and 100 mm behind collimated by a f = +50 

mm planoconvex lens, resulting in an effective focal length of some 80 mm. 

Along the principal axis the counter propagating light of a HeNe laser is superimposed on the Nd:YAG 

beam, guided by four aluminum coated mirrors (A1) and monitored by CCD3 before and after passing the 

quartz cell in analogy to the Nd:YAG beam. Its good spatial coherence is used to align the lenses exactly 

on axis and parallel to each other by observing interference fringes, which is not possible with the 

Nd:YAG. In addition misalignments of the lenses can be detected on line during operation, due to the dis-

tortions of the far field laser profile they cause. 

 

QWP1

QWP2

 
Fig. 3.15 Setup of the LIBD apparatus. The plasma is created inside the quartz cell (QC) contain-

ing the sample and the acoustic wave and the emitted light are observed by piezoelectric 
detector and cameras CCD1 and CCD2, respectively [Walt 2002]. 



 56

3.5 Single particle counter (SPC) 

 

In 1989, Degueldre et al. applied a single particle counter (SPC) system to characterize groundwater col-

loids and showed that the results were in good agreement with other conventional techniques [Degu 89]. 

The advantages of the SPC which is designed to determine sub-micron PSD, are to give an absolute col-

loid number concentration, to measure without bias highly polydispersed samples and to avoid preconcen-

tration artifacts (i.e., aggregation) even with dilute samples. 

SPC is based on the light scattering by single particles. When a colloid in solution passes through a light 

beam, then the light is scattered. The intensity of the scattered light depends on the scattering angle, the 

wavelength of incident light, the refractive indices and the shape and size of the colloid. The amplitude of 

the scattered light shows a monotonic relation with the colloid size [Köpf 79], allowing size determination. 

For small particles, the intensity depends on D6 (Rayleigh scattering) and for large particle on D2 (Mie 

scattering, D: particle diameter). For precise counting of single particles, colloids must pass the light beam 

one after the other. For that the sample volume must be very small or the sample has to be highly diluted 

prior to the measurement. 

The SPC system used in this work is similar to that in literature [Ross 2003] (see Fig. 3.16). A high sensi-

tivity liquid in-situ monitor (HSLIS) and a Volumetric Spectrometer LiQuilaz S02 (Particle measuring 

Systems, Boulder, CO) are used. The former is designed for small colloids (50 - 200 nm) by which the 

intensity of light scattering is very low. The latter counter covers relative large colloids in range from 200 

– 2000 nm. Additionally, the system comprise supplementary equipments: (1) the filtration system is 

needed to produce ultra-filtered water used for sample dilution, (2) the sample injection system is used for 

precisely controlling the injected sample volume rate, (3) the flow controller system maintains constant 

water flow rate, and (4) the data processing system is based on a PC. 
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Fig. 3.16 The system set-up. (1) SPC (Particles measuring System): (1a) HLIS-M50, (1b) LiQuilaz 
S02. (2) Filter cartridges (Millipore): (2a) Polygard-CR 0.5 µm, (2b) Durapore 0.2 µm, 
(2c) Optimizer DI 0.05 µm. (3) Sample. (4) Precision Volumetric Pump KP2000 (Desaga 
GmbH), flow 1 - 1000 ml per hour. (5) Water Flow Controllers FS-100 (PMS): (5a) 100 
ml min-1, (5b) 50 ml min-1. (6) Laptop PC: data processing with ‘Facility Net’ soft ware 
(PMS Inc.) [Ross 2003]. 

 



 58

4 Experiments 

 

4.1 Zirconium 

 

4.1.1 Preparation of background materials and samples 

 

The background medium of all solutions is 0.5 M (H/Na)Cl. The ultrapure NaCl (99.99%, optical grade) is 

purchased from Sigma Aldrich. It contains potassium (35 ppm) and iron (2 ppm) as main metal 

contaminations and all other contaminated metals are less than 0.2 ppm (information from manufacturer). 

To obtain colloid free 0.5M NaCl solution, ultracentrifugation for 1 hour at 40 000 rpm (corresponding to 

a max. relative centrifugal force of about 5⋅105 g) is used. The colloidal free 0.5M HCl solution (Merck) is 

obtained by filtration through an Amicon 1 kD ultrafilter (pore size ca. 1 nm). All solutions are prepared 

with ultrapure water from a water purification apparatus (Milli-Q-academic, Millipore) and checked using 

LIBD whether the solution contains colloids or not. 

A concentrated zirconium stock solution is prepared from ultrapure ZrOCl2⋅xH2O (Sigma Aldrich, 

99.99%) in 0.5M HCl and then two times ultrafiltrated through Amicon 10 kD and 1 kD filters (pore size 

about 1 nm). Its concentration is 5.2⋅10-3 M as determined by ICP-MS. For the coulometric titration series 

(explained in detail in Section 4.1.2), the starting solutions (volume 40 ml) are prepared at constant ionic 

strength (I = 0.5 M) by dilution of the stock solution with a mixed solution of 0.5 M NaCl and 0.5 M HCl. 

The Zr concentrations are determined by ICP-MS. The 13 starting solutions for the coulometric titrations 

are depicted in Fig. 4.1 ( ) and listed in Table 8.2 (in Appendix 8.2) and the concentration ranges over 4 

orders of magnitude (from 2⋅10-8 to 1⋅10-3 M). In addition, six samples of the coulometric titration series 2 

with increasing pH are measured by XAFS (Fig. 4.1 ( ), d - i). 

For the XAFS measurement, the sample a ( , in Fig. 4.1) containing a concentrated solution at [Zr] = 0.1 

M and pH 0.21 is prepared by dilution of about 1.6 g ZrOCl2⋅xH2O (Sigma Aldrich, 99.99%) in 40 ml of 

0.5 M HCl and then addition of 1 ml of 4 M NaOH. After over 2 months, the sample is measured with 

LIBD and XAFS. The reference colloids (sample b) are obtained from Postnova (100 nm ± 2.5 %, 2.5 g/l) 

and the monoclinic ZrO2 (sample c) is a commercially available sample (Fluka, p.a.). The information of 

samples examined by XAFS is summarized in Table 8.3. 
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Fig. 4.1 From the stock solution (□, pH 0.3, [Zr] = 5.2⋅10-3 M in 0.5 M HCl), 
13 starting solutions ( ) for the coulometric titrations (CT) are ob-
tained by dilution with 0.5 M (H/Na)Cl. pH is increased by cou-
lometric pH titration (CT) as indicated exemplarily for series 5 (ar-
row) until colloids are formed. Six samples from series 2 are meas-
ured by XAFS d - i ( ). In addition, a concentrated solution (sample 
a at pH 0.2, [Zr] = 0.1 M) is investigated ( ). 

 
XAFS measurements for all samples are carried out at INE-Beamline (see Section 3.3) except for the ref-

erence sample c (monoclinic ZrO2) which is measured at the ANKA-XAS endstation. The standard beam 

spot size is 8 × 1 mm2. Higher harmonic radiation in the incident beam is suppressed by detuning the par-

allel alignment of the double crystal monochromator (DCM) to 60 % of photon flux peak intensity. The 

spectra are calibrated against the first derivative XANES spectrum of a Zr foil (17.998 keV). 

 

4.1.2 Coulometric pH titration 

 

Conventionally, the solubility data is obtained by measuring the equilibrium amount of solvated species in 

the presence of a precipitate starting from undersaturation. In this study, a different approach is applied, 

similar to the previous study with thorium [Bund 2000; Neck 2003]. When pH is increased slowly at con-

stant Zr concentration, the point at which colloids form is detected by LIBD. The colloids formed in the 
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solution and detected with LIBD remain suspended by Brownian motion due to their small size (10 –100 

nm) and serve as a very sensitive indicator of exceeding the solubility limit. Solubility data obtained by 

this method [Neck 2001b] is of high quality and consistent with solubility data of well characterized solu-

bility limiting phases, provided pH is increased very slowly. A well suited method for this is coulometric 

titration [Bund 2000; Neck 2003], where H+ is reduced in the solution by an electric current from Hg half 

cell electrode to a Pt working electrode: 

H3O+ + e-  H2O + 1/2H2(g).     (4.1) 

Typical currents of 50 µA reduce about 5⋅10-10 mol H+ per second. A pH increase from 3.0 to 3.1 in a 50 

ml solution, for instance, takes 320 minutes and an increase from pH 1.0 to 1.1 takes 540 hours. Addition 

of a base (e.g., NaOH) to increase pH leads to strong local gradients, i.e. regions of oversaturation, in 

which colloids may form and might be metastable for weeks [Bite 2003] even in undersaturated solution. 

 

The coulometric titration set-up is described in Fig. 4.2. Current control (constant current source, Digistant 

6706, Burster), pH detection and LIBD measurements are fully automated and operated via a remote con-

trol up to several weeks continuously for a single titration-LIBD series. pH is initially increased by prede-

fined 0.1 units using an appropriate current (20 µA – 1 mA). After each incremental increase, the current 

is turned off to equilibrate the solution for 10 minutes, prior to the measurement of the colloid size distri-

bution with LIBD. S-curves (BDP as a function of laser pulse energy) are measured for each solution and 

1000 laser shots are applied at same energy. Once the LIBD measurement (for about 30 min.) has finished, 

the current is switched on again and the pH is increased further and the procedure is repeated. Close to the 

expected solubility limit, the pH is increased more slowly by reducing the electric current down to 20 µA. 

In this work, in order to avoid sorption of formed colloids on equipments, the reaction vessel and the end 

of the salt bridge made from quartz are used. For flow-through experiments PFA (perfluroalkoxy) tubing 

and a quartz flow-through cell (volume 450 µl) are used as well. Since the internal fill solution of pH elec-

trodes (e.g., Ross electrode with liquid junction) tend to leak out into the sample solution, it may cause 

colloidal contamination of the sample. To prevent this kinds of contamination, two half cells (H+-glass 

electrode and Ag/AgCl-electrode, Merck) are used. For the pH electrode calibration, standard solutions (I 

= 0.5M) covering the range of pH values in the experiments (pH 0.3 – pH 10, namely 0.5 M HCl – 10-4 M 

NaOH in 0.5 M NaCl) are applied. 
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Fig. 4.2 Experimental setup of the coulometric pH titration combined with LIBD. 

 

4.2 Plutonium 

 

4.2.1 Preparation of Pu(IV) stock solution 

 

87 mg PuO2 (brown powder) is diluted in 20 ml of 14 M HNO3 / 0.1 M HF and then heated a few hours 

until all powder is dissolved. In order to remove hydrofluoric acid, the solution is evaporated several times 

in 8 M HNO3 and subsequently is dissolved in 8 M HNO3. The solution is investigated using α- and γ-

spectroscopy as well as ICP-MS. The result from α-spectrometry indicates that the plutonium contains 

three different isotopes, 242Pu, 239/240Pu and 238Pu. Since the energy of α-radiation for 238Pu (5.499 and 

5.456 MeV) is similar to that for 241Am (5.486 and 5.443 MeV), the two isotopes are not distinguishable 

using α-spectrometry. Therefore γ-spectrometry is applied to determine the amount of 241Am (9 Bq) with 

γ-rays at 13.9, 26.4, 33.2 and 59.5 keV and about 67 % of α-radiation is emitted from 241Am, namely α-

emission from 238Pu is only 33 %. 

From the β-counts by LSC, 241Pu is found. The ICP-MS results indicate the contribution of 242Pu (11 Bq) 

which is slightly smaller than the amount (13.6 Bq) determined by α-spectrometry. This is probably be-
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cause of matrix effect during the ICP-MS measurement of plutonium. In addition, the Pu solution contains 

a small amount of iron. The metal contaminations (for example, americium and iron) are removed from 

the plutonium solution using an anion exchange column with Dowex 1 × 4 (50 – 100 mesh). In 8 M HNO3 

solution, most of plutonium is tetravalent with only a small quantity of Pu(VI). The contamination (Am 

and Fe) as well as Pu(VI) are eluted through the column with 8 M HNO3 and only Pu(IV) is retained in the 

column. After the washing with 8 M HNO3, Pu(IV) is reduced and eluted with 0.35 M HNO3 / 0.02 M 

HN2OH-HCl solutions. At the beginning of purification, Pu(IV) is observed as a green band at the top of 

the column. After reducing to Pu(III) and giving eluant, the movement of a blue band can be observed. For 

the removal of organic contamination, the Pu(III) solution is evaporated in concentrated HClO4 solution 

until the volume is reduced to one third of the original volume and subsequently is diluted in 5 ml of 1 M 

HClO4. The aliquot of the obtained pink solution is analytically investigated using α- and γ-spectrometry. 

The results are listed in Table 4.1. After the purification, the amount of americium is considerably reduced, 

therefore 242Pu is about 99.4% by mass balance and the amount of americium can be neglected. The activ-

ity of 242Pu is about 75.6% of the total activity, and this factor is taken into account for the determination 

of the total plutonium concentration with the LSC measurements. 

 

The prepared Pu solution can contain four different oxidation states of plutonium as well as colloids, 

which can be Pu(IV) colloids or contaminant colloids. Pu(IV) stock solutions are prepared by electrolysis 

at constant potential as described by Cohen [Cohe 61]. The schematic diagram of the electrolysis is shown 

in Fig 4.3. The electrolysis cell is separated into three parts with glass diaphragms, and the Pu solution is 

oxidized or reduced in the right cell which contains a working electrode (Pt). The other separated cells 

contain the counter electrode (Pt wire) and the reference electrode (Ag/AgCl), in 1 M HClO4 or 0.5 M HCl, 

respectively. The constant potential is given from the coupled potentiostat. During electrolysis, the current 

is varied. 

 

Table 4.1 Isotope distribution after the purification of Pu solution using α- and γ-spectrometry. 

Nuclide Half life time, t1/2 
[year] 

Activity 
[%] 

Concentration 
[M] 

Concentration 
[%] 

242Pu 3.75⋅105 a 75.6 8.61⋅10-4 99.39 
239/240Pu 2.411⋅104 / 6563 a 7.0 5.22⋅10-6 0.604 

238Pu 87.74 a 17.2 4.59⋅10-8 5.3⋅10-3 
241Am 432.2 a 0.2 2.61⋅10-9 3.0⋅10-4 
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Fig. 4.3 The set-up of electrolysis for the preparation of Pu(IV) stock solutions. 

 

The Pu(IV) solution is prepared through the oxidation of Pu(III). Therefore, at first, the mixture of differ-

ent Pu oxidation states in 1M HClO4 or 0.5M HCl is reduced to Pu(III) (Ecathode = ca. – 0.2 V) and subse-

quently oxidized to Pu(IV) (Eanode = ca. 0.8). For better reaction condition by mixing the Pu solution in the 

working cell, the Pu solution is bubbled with argon gas during the electrolysis. The oxidation states of the 

Pu solution are measured before and after electrolysis using a diode-array spectrometer to ascertain the 

process of redox reactions. 

After the electrolysis, the Pu(IV) stock solution is filtered through a cellulose membrane microfilter (Ami-

con, 10 kDalton: pore size about 1.5 nm) to remove latent colloids. After filtration, the filtrate is tested 

using LIBD, whether the colloids are separated from solution or not, and is measured by UV-Vis absorp-

tion spectrometry to determine the distribution of oxidation states. 

 

4.2.2 Dilution with 0.5M (H/Na)Cl solution 

 

For the investigation of Pu solubility, the same approach is applied as in the case of Zr. LIBD is used to 

detect colloids with increasing pH at constant Pu concentration. Due to its redox sensitivity, however, the 

coulometric titration cannot be applied for pH titration. The coulometric pH titration causes the reduction 

of Pu(IV) to Pu(III) (See Appendix 8.3). Therefore, batch samples are prepared by slow dilution with col-

loidal free 0.5M (H/Na)Cl. The colloid free 0.5 M HCl and NaCl solutions are prepared by the same 

methods as for Zr experiments. Dilution of an acidic plutonium solution with neutral solution (e.g. water) 
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will frequently cause polymerization in localized areas of low acidity, even when the final acidity of the 

solution is too high for polymerization to occur. Moreover, when Pu(IV) colloids are once formed, they 

might be stable for days or weeks [Clev 79]. For this reason, 0.5M (H/Na)Cl solution for the dilution is 

added very slowly in 10 µl per minute under stirring to prevent the localized oversaturation. All samples 

depicted in Fig. 4.4 are prepared in quartz cells (Hellma) except series 4 (in Teflon PFA vials). 

 

Most experiments are carried out in air except for series 2 which is carefully carried out under argon at-

mosphere (see below). The total Pu concentrations are determined by LSC. The Pu concentrations of stock 

solutions are in the range from 1⋅10-3 to 4⋅10-3 M in 1 M HClO4 or 0.5 M HCl. These stock solutions are 

diluted to concentration ranges between 1⋅10-5 and 3⋅10-4 M at acidities between pH 0.3 and 2.1. To deter-

mine the concentration of each oxidation state, spectra of the concentrated solutions (series 1 to 3) are 

measured by Cary 5E with 1 or 2 cm quartz cell (Hellma) and the others (series 4 and 5) are measured us-

ing the LCW coupled with a diode-array spectrometer. To determine the concentration below the detection 

limit of absorption spectroscopy, especially for Pu(V) having low molar absorption coefficients, the CE 

coupled with ICP-MS is applied. 

 

For the experiments without oxygen (series 2 in Fig. 4.4), all processes are carefully carried out in an Ar-

glove box (O2 < 20 ppm). The electrolysis of the Pu(IV) stock solution is carried out in a glove box bub-

bling with Ar gas. The filter is washed several times with oxygen free 0.5 M HCl before the filtration to 

remove colloid contaminations. Then filtration is performed also under argon atmosphere. For the dilution 

of the stock solution, the two solutions 0.5 M NaCl and HCl are bubbled with argon gas for several hours 

in a glove box and then measured using LIBD to confirm that external colloids are not introduced during 

Ar-bubbling. All samples are diluted in closed quartz cells (Hellma) and taken out of the glove box only 

for short periods of time to measure the UV-Vis absorption and LIBD. 
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Fig. 4.4 From stock solutions (in 0.5 M HCl or 1 M HClO4), plutonium 

samples are very slowly prepared by dilution with 0.5 M (H/Na)Cl 
solution. Most experiments are carried out in air condition except for 
series 2 which is carefully carried out under argon atmosphere (see 
text). 

 

4.2.3 pH and Eh measurements 

 

The pH values in 0.5 M NaCl solution are measured in small aliquots of the samples (250 µl) with a com-

bination glass electrode (Ross electrode, Orion Co.) calibrated against pH buffers (pH 1 - 3, Merck) and 

standard solutions 0.5M HCl/NaCl covering the range of pH values in the experiments (pH 0.3 – pH 2, 

namely 0.5M HCl – 0.01M HCl/0.49 M NaCl). The relation between [H+] and measured pHexp. is given by 

-log [H+] = pHexp. + A,       (4.2) 

where A = log γH+ + ∆pH = 0.00 ± 0.02. γH+ is the activity coefficient of the H+ ion and the term ∆pH re-

sults from the variation of the liquid junction potential when measuring diluted pH buffer solutions for 

calibration and 0.5M NaCl test solutions [Neck 2002]. 

 

Redox potentials are measured with the combined electrodes of two half-cells, which are a micro-Ag/AgCl 

electrode (Kurt-Schwabe-Institut für Meß- u. Sensortecknik, Germany) and a home-made micro-Pt elec-

trode (Pt wire covered with glass). The micro-electrode is 1.5 mm in diameter and has a ceramic dia-
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phragm. The micro-Ag/AgCl electrode is filled with saturated KCl solution. The combined electrodes are 

calibrated with a redox-buffer (640mV). 

The measured redox potentials are subsequently converted to electron activity in order to represent both 

chemical and electrochemical reactions by equilibrium constants. The negative logarithm of electron activ-

ity (-log ae = pe) at 25°C is related to the redox potential (Eh (V)) by pe = 16.9 Eh (Eq. (2.9)). 

 

To protect samples against external colloidal contamination by leaching from the pH or Eh electrodes dur-

ing measurements, each measurement is not carried out directly in the sample cell but separately in a small 

vial (about 0.5ml volume) with a sample volume of only 250 µl. 
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5 Results and Discussions I – Zirconium 

 

5.1 Solubility of Zr(IV) using coulometric pH titration and LIBD 

 

The pure solutions (background) are investigated using LIBD prior to preparing zirconium samples. In Fig. 

5.1, LIBD results of 0.5 M HCl and 0.5 M NaCl solutions are compared to MQ water (18 MΩ cm) whose 

threshold energy ET [mJ] is relatively high (2.0 mJ) and which is assumed to contain no colloids or at least 

only small colloids below 5 nm, the detection limit of LIBD. The s-curve of 0.5 M HCl is similar to that of 

MQ water. That means the colloidal contaminations are relative well separated from the HCl solution by 

ultrafiltration. The s-curve of 0.5 M NaCl solution shows a little steeper slope than that of MQ water, but 

the threshold energies, ET [mJ], are about 1.7 mJ which is still much higher than the ET of 20 nm polysty-

rene particles (about 0.5 mJ, see Fig. 3.13) and similar to that of MQ water. As a consequence, 0.5 M 

NaCl contains more colloids than MQ water, but their size can be negligible small. 

The LIBD measurement for the concentrated Zr stock solution is also shown in Fig. 5.1. The concentration 

of Zr stock solution is 5.2⋅10-3 M in 0.5 M HCl after ultrafiltration (with about 1 nm pore size). The s-

curve is similar to those of MQ water and 0.5 M HCl, thus the stock solution contains almost no colloids 

as is the case for the pure chemicals. From this Zr stock solution, 13 diluted starting solutions for cou-

lometric titration are prepared in the range of the solubility data by Kovalenko (see Fig. 4.1). These 13 

starting solutions are also investigated using LIBD and they have no colloids to be detected by LIBD. 

 

MQ water

Zr stock-
solution

0.5 M HCl

0.5 M NaCl

MQ water

Zr stock-
solution

0.5 M HCl

0.5 M NaCl

 
Fig. 5.1 LIBD measurements of Zr stock solution ([Zr] = 5⋅10-3 M in 0.5 M HCl) 

and 0.5 M HCl and NaCl used for preparing each starting solution. 
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In Fig. 5.2, the LIBD measurements of the series 2 are shown exemplarily. The starting solution for cou-

lometric titration is prepared by diluting five times with 0.5 M NaCl from stock solution (concentration 

1.07⋅10-3 M, pH 1.0) and its s-curve resembles one of the 0.5 M NaCl solution (see sample d in Fig. 5.2). 

Continuously, the pH is increased using coulometric titration and the LIBD measurement is conducted at 

each 0.1 pH unit. All s-curves from pH 1.0 to pH 2.9 are similar to 0.5 M NaCl solution or show a little 

lower BDP than the NaCl solution. It means that these Zr solutions contain no larger and no more colloids 

than colloidal contaminations already present in the NaCl solution. Only three of them (at pH 1.0, pH 2.0 

and pH 2.8) are shown in Fig. 5.2, which are also investigated by XAFS (see Section 5.2). 

At pH 3.0, many breakdown events occur at low energy and the ET of the s-curve is shifted to below 0.4 

mJ and at pH 3.1, the s-curve becomes steeper, which means that colloids are formed at pH 3.0 and grow 

up with increasing pH. The formation of colloids indicates that the metal concentration in solution exceeds 

its solubility limit. Therefore, we can determine the solubility limit for 1.07⋅10-3 M zirconium at pH 3.0 

(with regard to amorphous Zr(OH)4, see below). By the same procedure as above, the solubility limits for 

13 different concentrations of Zr are determined (see Fig. 5.6) and the lowest pH of solution at which col-

loids form, “onset of colloid formation” are listed in Table 8.2 (Appendix 8.2). 

 

 

Fig. 5.2 LIBD measurements of titration series 2 ([Zr]=1.07⋅10-3 M). Samples d, e, and f 
below pH 3 are colloid free (high threshold of the s-curves), whereas the breakdown 
thresholds of samples g, h, and i are shifted toward lower pulse energy, due to the 
presence of colloids (for size distributions see Fig. 5.4). 
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When the pH is continuously increased after the onset of colloid formation, we observe a decrease of BDP 

at a certain pH (e.g. sample i at pH 3.3 in Fig. 5.2). This could be interpreted as disappearance of colloids 

in solution due to precipitation which results from the instability of Zr intrinsic colloids or alternatively 

due to the dissolution of colloids which formed prematurely due to local oversaturation. To clarify this 

phenomenon, the s-curve investigation is applied. 

The s-curve investigation has a great advantage compared to the measurements of BDP at one laser energy. 

The latter is a simple LIBD method to determine the onset of colloid formation as a function of pH and it 

requires very short time for measurement. This method was successfully applied to investigate the solubil-

ity of Th(IV) combining with 2-D distribution of breakdown events measured by CCD camera system 

[Bund 2000; Neck 2003].  

 

However, the measurements of BDP at only one laser energy without the investigation of spectral distribu-

tion of breakdown events are problematic due to the agglomeration of formed Zr(IV)-colloids. Fig. 5.3 

shows the BDP (as examples, series 2 and 10) at certain laser energy (1.5 mJ, 75 % of ET for MQ water) as 

a function of pH. This results show that the BDP suddenly increases up to almost 1 at a certain pH and 

then the BDP decreases after the onset of colloid formation although the pH is further increased. 
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Fig. 5.3 The BDP at the same energy, 1.5mJ which is 75 % of ET for MQ water, 
as a function of pH for two different titration series. One is a concentrated 
solution ( : series 2, [Zr] = 1.07⋅10-3 M) and the other is a diluted solu-
tion ( : series 10, [Zr] = 3.5⋅10-7 M) 
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All experimental series show the same phenomenon except only the most diluted sample, series 13, [Zr] = 

2.45⋅10-8 M. If the BDP is measured only at one laser energy, then it is difficult to determine whether the 

first sudden increase of the BDP is due to really exceeding the limit of solubility or only due to instant 

formation of colloids in the local oversaturation and subsequent dissolving. However, using s-curve inves-

tigation we can decide that the decreasing of BDP (the drop of s-curve) is due to growth of Zr(IV)-colloids 

resulting in precipitation at the end of experiment. 

 

In the present work, the s-curves (BDP as a function of laser pulse energy) at each pH are measured for all 

series like in Fig. 5.2. As mentioned in Section 3.4.2, we can obtain more detailed information from multi-

modal evaluation [Walt 2004] of the s-curves, from which the PSD between 20 nm –1000 nm can be ob-

tained. The fitting results of series 2 (s-curves in Fig. 5.2) are shown in Fig. 5.4. In this figure, the differ-

ential particle number density (number of particles in cm-3nm-1) is plotted against particle size in a log-log 

plot. Fig. 5.4 shows the sample before the beginning of coulometric titration ((a), sample d at pH 1.0), the 

two samples slightly above the solubility limit ((b), sample g and (c), h) and the titration end point of se-

ries 2 ((d), sample i). The colloid content of the starting solution (sample d) does not exceed the detection 

limit (shown as solid line) throughout the size range 20 – 1000 nm and the other two samples at lower pH 

< 3 (sample e and f), which have similar s-curves to the first one (sample d), have also no significant col-

loid content (not shown in Fig. 5.4). Fig. 5.4 (b) shows that colloids form spontaneously when the solubil-

ity is exceeded (sample g). The PSD is of near Pareto-like shape (dNcoll/dD [nm-1cm-3] ∝ D-β, β = 4, D: 

colloid diameter), typical for natural colloidal systems. The missing size fraction around 300 nm is an arte-

fact due to poor statistical quality of the LIBD data, which shifts the fraction of colloids that should have 

been counted in this channel to 100 – 200 nm. When the pH is continuously increased, then more and lar-

ger colloids are formed (Fig. 5.4 (c) sample h at pH 3.1). The formed Zr-colloids seem to be agglomerated 

and precipitated with increasing pH. Sample i which has an even higher degree of oversaturation than 

sample h should contain more and larger colloids, however, the result shows an apparent lower number of 

colloids and the colloids smaller than 100 nm are not detected at all probably due to size-screening effects 

from the larger fraction of particles > 1 µm. These large colloids cause the shoulder in the LIBD s-curve 

(Fig. 5.2) extending down to low laser pulse energies but as a principle limitation no size information > 1 

µm can be obtained. LIBD is well suited to detect colloids down to 5 nm in size and the detection limit in 

particle number density is only weakly size dependent. However, due to the small detection volume of the 

laser focal region in LIBD (about 100 pl), particles cannot be detected at concentrations below ~ 104 cm-3 

even if they are very large and easily detected with light scattering. 
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Fig. 5.4 PSD (number density as function of size) of titration series 2 ([Zr]=1.07⋅10-3 M) obtained from the 
s-curves of Fig. 5.2. The line depicts the detection limit of LIBD. (a) No colloids are detected in 
sample d. (b) Colloids form spontaneously when the solubility is exceeded (sample g). (c) The 
number of colloids increases in sample h. (d) The sample i should contain more and larger colloids 
than sample h. However, the large fraction of particles > 1 µm prevents the simultaneous detection 
of colloids < 100 nm (size screening). 

 

SPC can detect colloids larger than 50 nm at very low concentrations (< 104 cm-3) [Degu 95; Degu 96a]. In 

this work, SPC is applied to investigate relatively large particles at such low concentration (< 104 cm-3). 

Fig. 5.5 shows the PSD obtained from the analysis of LIBD and SPC measurements after the end of pH 

titration for series 10 at [Zr] = 3.5⋅10-7 M. The coulometric titration experiment for series 10 is carried out 

until pH 6.9 and then after about 1 week from the end of pH titration, the solution becomes slightly more 

acidic (to pH 6.5) probably due to the formation of colloids (Eq. (2.18)). As shown in Fig. 5.5, the PSD 

obtained from two different detection methods complement one another very well. The small colloids are 

detected using LIBD and the large colloids at low concentrations are successfully investigated using SPC. 

Combining LIBD and SPC, the characterization of colloids in a wide size range could be well accom-

plished. 
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Fig. 5.5 The PSD from (a) LIBD measurement and (b) SPC measurement for series 10, at 

[Zr] = 3.5⋅10-7 M and pH 6.5. 
 

All measured onsets are illustrated in Fig. 5.6, compared with solubility data from literature (see Section 

2.3.2). The present LIBD solubility data ( ) show a similar result to early data obtained from oversatura-

tion by Bilinski [Bili 66]. The difference of the results can be explained as follows. Titration with NaOH 

in [Bili 66] probably leads to local oversaturation. Large colloids or even precipitate of Zr were formed 

before the solubility of Zr was exceeded. This causes the lower solubility than the present results at high 

Zr concentrations. On the other hand, at low Zr concentrations, the higher solubility results from the sensi-

tivity of the detection method. The tyndallometer used in [Bili 66] (based on the light scattering) is much 

less sensitive to detect colloids than LIBD. Accordingly, the initial observation of colloid formation / pre-

cipitation by light scattering becomes more and more shifted to higher pH values than the present results. 

Colloids which are large enough to be detected by the tyndallometer are formed not until the solution is 

strongly oversaturated (at higher pH). 

As mentioned in Section 2.3.2, the solubility data can be divided into two groups which differ by several 

orders of magnitude in Fig. 5.6. A similar effect was observed for solubility studies of Th(IV). The solu-

bility of crystalline or microcrystalline Th(IV) oxide is reported to be log K°sp = –52.8 [Bund 2000] and 

log K°sp = –53.2 [Neck 2003]. The solubility of the amorphous phase Th(OH)4(am) is log K°sp = –47.8 

[Neck 2002]. These two solubilities differ by about 5 orders of magnitude. The coulometric titration–

LIBD investigation for Th(IV) [Neck 2002] shows that colloid formation occurs immediately and repro-

ducibly when the solubility of Th(OH)4(am) is exceeded. In addition, colloid free solutions can be pre-

pared even at Th(IV) and H+ concentrations above the solubility limit of microcrystalline Th(IV) oxide but 

below the solubility of Th(OH)4(am). 
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Fig. 5.6 LIBD results for solubility of Zr(IV) and literature data (see Section 2.3.2). Triangles 
( ) depict the onsets of colloid formation determined by LIBD in the present work. The 
solubility product is obtained to be log K′sp = -49.9 ± 0.5 at 0.5 M (H/Na)Cl) (see text). 

 

The data at relatively low pH [Kova 61; Ekbe 2004] are obtained by experiments from undersaturation 

with “Zr(OH)4” solid. The authors ascribed their solubility data to Zr(OH)4(am) as a solubility limiting 

solid phase. However, if it is assumed that Zr(IV) exhibits a similar behavior as does Th(IV), the lower 

solubility data by [Kova 61; Ekbe 2004] do not seem to be related to Zr(OH)4(am) (see Fig. 5.6). In the 

present work, colloid free Zr(IV) solutions can be prepared above the solubility limit reported by [Kova 

61; Ekbe 2004]. Therefore the lower solubility data of Zr in Fig. 5.6 might refer to microcrystalline Zr(IV) 

oxide. The particle size of ZrO2(mcr) might be so small that the solid is insensitive to X-ray diffraction 

(XRD) in [Ekbe 2004]. This Zr(IV) solid can be compared to the microcrystalline ThO2(mcr) described in 

[Neck 2003], showing weak and broad XRD bands and a solubility product which is about 5 orders of 

magnitude lower than that of “Th(OH)4(am)”. These data are in good agreement with the data for mono-

clinic ZrO2 by Adair et al. [Adai 87]. 

The other set of solubility data at relatively high pH (the present work and [Bili 66]) can be assigned as the 

solubility of Zr(OH)4(am). The solubility curve (solid line in Fig. 5.6) is obtained with the onset of colloid 
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formation determined by LIBD and the solubility product of Zr(OH)4(am) is calculated as follows. Under 

the assumption that the sample contains only mononuclear hydrolysis species, then the solubility product 

is calculated using Eq. (2.23). The solubility product, log K′sp, is obtained from a least squares fit (Gauss-

Newton algorithm) to the LIBD data where the formation constants, log β′1y (y = 1, 2) for I = 0.5 M (listed 

in Table 2.2) are used as fixed values and log β′1y (y = 3, 4) as fitting parameters in Eq. (2.23): 

log K′sp = -49.9 ± 0.5  (I = 0.5 M (H/Na)Cl).   

log β′13 = 35.4 ± 0.36 and log β′14 = 42.7 ± 0.27   

(5.1) 

 

The extrapolation to zero ionic strength using Eq. (2.21) (SIT, see Appendix 8.1) yields 

log K°sp = -53.1 ± 0.5.      

log β°13 = 38.3 ± 0.36 and log β°14 = 45.9 ± 0.27   

(5.2) 

 

The LIBD data (  in Fig. 5.6) are well reproduced by considering only mononuclear hydrolysis products. 

However, the formation of polynuclear species commences at the Zr concentration of about 10-4 M even at 

high acidity, pH 0 [Conn 51; Ziel 56]. The polynuclear species are most likely present for the concentra-

tions [Zr] > 10-5 M in the pH region of the present experiments and, especially, at certain pH being close to 

the solubility limit, the polynuclear species can be dominant even at low Zr concentration. Therefore, the 

description using mononuclear hydrolysis species alone might not be a realistic model over a wide pH 

range. 

 

In the present work, some series are carried out up to neutral pH and the highest pH value is 9 for series 13. 

In neutral or basic region, carbonate ions are introduced into solutions from air, and then the solubility can 

be increased due to the carbonate complexation of Zr. Some studies indicate the formation of strong Zr 

carbonate complexes [Veyl 2000; Pouc 2001]. Pouchon et al. indicates that if the carbonate concentration 

is lower than 0.01 M, its influence on the hydroxo complex is negligible [Pouc 2001]. Therefore, in the 

neutral pH region (5 < pH < 9), where the total concentration of dissolved carbonate in solution is still low 

(< 0.01M), the speciation of Zr4+ is governed not by the formation of carbonate complexes but the forma-

tion of hydroxo complexes [Veyl 2000]. 

 

The solubility data of ZrO2(mcr) by Ekberg et al. (  in Fig. 5.6) approaches the solubility data of 

Zr(OH)4(am) (  in Fig. 5.6) at near neutral pH. This phenomenon is also observed in the solubility inves-

tigation for Th(IV) [Moon 89; Neck 2003]. The solubility data of ThO2(cr) do not follow the calculated 
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solubility curve but approach the values for amorphous precipitates. The solubility data for ThO2(mcr) are 

obtained at pH < 2.5, where the Th4+ ion is the predominant aqueous species, suggesting that there is no 

reversible equilibrium between ThO2(mcr) and Th(IV) hydrolysis species. In addition, the precipitation of 

ThO2(mcr) does not occur in solutions above pH 3, where the aqueous speciation of Th(IV) is dominated 

by hydroxide complexes. For instance, in an aliquot containing small amounts of ThO2(mcr), the solid 

particles re-dissolve when pH is increased from pH 2.5 to 3.0 by dilution with 0.5 M NaCl [Neck 2003]. 

The final thorium concentration of log [Th] = -4.24 considerably exceeds the calculated solubility of 

ThO2(cr) but remains below that of Th(OH)4(am). 

At low pH, the dissolution of AnO2(cr) may lead to an equilibrium with An4+(aq). However, at pH above 

the onset of hydrolysis, the dissolution of AnO2(cr) followed by the very fast hydrolysis reactions of the 

An4+ ions might result in an irreversible dissolution reaction until the concentration of the hydroxide com-

plexes Anx(OH)y
4x-y(aq) reach the solubility limit of An(OH)4(am) [Neck 2003]. 

In the case of Zr(IV), however, the onset of hydrolysis is lower pH (< 1) than that of Th(IV) (≈ pH 3) but 

nevertheless, the solubility data for ZrO2(mcr) remain on the calculated curve of ZrO2 up to pH 3 which 

resembles the case of thorium. For example at pH 2, the first and second hydroxide complexes are domi-

nant and the free ion Zr4+ is only a minor species in solution. However, the crystalline Zr oxide is in equi-

librium with the Zr hydroxide complexes in solution as the solubility data of Ekberg et al. at pH 2 remains 

several orders of magnitude lower than solubility data for Zr(OH)4(am). The solubility data of U(IV) [Park 

85; Yaji 95] show a similar phenomenon [Neck 2001a]. The solubility data of UO2(cr) approach the solu-

bility of uranium hydroxide above pH 2, though the onset of hydrolysis is lower than pH 1. The above 

explanation for the case of thorium [Neck 2003] seems not to be applicable to other tetravalent metals e.g. 

Zr(IV) or U(IV). 

 

Most recently, solubility data similar to the present LIBD results were obtained by Sasaki et al. [Sasa 

2005]4. These experiments from oversaturation are carried out with Zr stock solution obtained from two 

different substances, ZrCl4 and ZrOCl2⋅8H2O. The pH of solution is increased by addition of NaOH solu-

tion. The data shown in Fig. 5.7 are taken after 3 weeks equilibration in 0.5 M (H/Na)ClO4. The samples 

are measured again after 6 months and the concentrations of dissolved Zr do not change. The solubility 

data do not vary with different sources of Zr and the results are slightly lower than the present LIBD re-

sults. A possible reason for the discrepancies is the particle size effect which is successfully applied for the 

interpretation of the solubility data of ThO2 colloids [Bund 2000]. The solubility product of particles < 300 
                                                 
4 The concentration of zirconium is obtained by ICP-MS. The detection limit is 10-8 M of [Zr] after excluding Na+ by extraction 
chromatography. 
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nm depends noticeably on the particle size. According to Schindler [Schi 65], smaller particle size results 

in larger solubility. Thus it can be estimated that the solutions on the solubility limit determined by LIBD 

contain only very small colloids formed freshly by stacking polynuclear species whereas the precipitated 

samples contain some large particles by aging and growing of small colloids. This assumption is supported 

by an ongoing study where the freshly precipitated samples are measured repeatedly as a function of time. 

Altmaier et al. [Altm 2005] determined the solubility from oversaturation: the Zr stock solution at ca. 0.02 

M was diluted with NaCl-NaOH (I = 0.5 M) until precipitation occurred and ultrafiltration (10 kD, Ami-

con) of an aliquot of the liquid phase was repeatedly performed as a function of time. The Zr concentration 

and pH of the filtrate were measured. The solubility data of samples aged for 7 days ( , in Fig. 5.7) are 

comparable to the present LIBD results. With aging time, the Zr concentration decreased, H+ concentration 

increased and the solubility data ( , in Fig. 5.7) moved towards the data obtained by Sasaki et al. From 

this interpretation, we conclude that the solubility data determined by LIBD relate probably to the upper 

limit of solubility for Zr(OH)4(am). 
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Fig. 5.7 The solubility of Zr(OH)4(am). The symbols indicate the three independent experiments 
from oversaturation. The present results by LIBD ( ), the solubility data after 3 weeks 
equilibration with different Zr sources (  for ZrCl4 and  for ZrOCl2⋅8H2O) by Sasaki et 
al. [Sasa 2005] and the solubility data after 7 days equilibration ( ) and 11, 21 and 63 days 
( ) by Altmaier et al. [Altm 2005] are depicted. The dashed line is calculated with log 
K°sp = -59.2 [Ekbe 2004] and mononuclear hydrolysis constants estimated by applying the 
ligand repulsion approach [Neck 2000]. 

 



 77

5.2 Structure of various Zr(IV) species by XAFS 

 

To understand the Zr species at different pH in solution or the mechanism of Zr(IV) colloid formation, the 

XAFS investigation is in parallel carried out for coulometric titration series 2 ([Zr] = 1.07⋅10-3 M, from pH 

1.0 to pH 3.3) [Cho 2005]. The six samples (d - i) and a more concentrated sample (a) examined by XAFS 

are depicted in Fig. 4.1 and listed in Table 8.3 along with two reference samples b (100 nm ZrO2 colloids) 

and c (monoclinic ZrO2). 

Comparison of the XANES features in Fig. 5.8 shows that there are slight but significant differences be-

tween the various samples. The starting solution d exhibits almost structureless absorption feature - the 

white line (WL). Samples e - i show a split absorption feature, which broadens with increasing pH (see 

gray bars in Fig. 5.8). Li et al. attributed the splitting and broadening of WL to degenerated energy levels 

in the valence band, which increase with decreasing Zr absorber site symmetry [Li 93]. The reference col-

loid sample (b) exhibits a similar WL appearance to that of samples e - i. Note that XANES feature of the 

concentrated solution at low pH (a) does not resemble those of the solution samples e - i and its appear-

ance is intermediate between monoclinic ZrO2 and the starting solution d. This is the first indication that 

the Zr species in this sample a is significantly different to the hydrolysis species formed during the cou-

lometric titration. The spectrum for sample c is the same as that reported in [Li 93] for monoclinic ZrO2. 

None of the remaining XANES samples resemble any of the Zr K XANES for the polymorphs of ZrO2 

shown in [Li 93]. 
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Fig. 5.8 Normalized Zr K-XANES spectra of samples a - i. See Table 8.3 for sample descriptions. 

The gray lines connect curve inflection points as a guide for the eye to demonstrate the peak 
broadening in titration samples d - i. Spectra have been shifted along the y-axis for clarity. 



 78

The Zr K EXAFS and their corresponding FT (Fourier transform) spectra for samples a through c are 

shown in Fig. 5.9, those for solutions d - i in Fig. 5.10. The spectrum of the titration-LIBD starting solu-

tion (d) exhibits a single sinusoidal EXAFS oscillation whereas those of other samples e - i show interfer-

ence patterns resulting from backscattering on two shells. The interference pattern is strong in the spec-

trum of sample a, the concentrated solution at low pH. It indicates that this sample indeed contains a major 

fraction of the Zr in the form of a “crystalline” component. This supports our hypothesis that Zr(IV) col-

loids exist as microcrystalline phase of small size at low pH. The FT of the solution at pH 1 (spectrum d) 

is appropriate to be modelled with only two separate oxygen shells. No indication of any Zr–Zr intera-

tomic distance is found. These results indicate that the sample d at pH 1 has significant amounts of hydro-

lyzed, likely monomeric, Zr(IV) species. 
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Fig. 5.9 Zr K EXAFS and R-space fit results for reference samples (a, b and c). (a): FT 
magnitude of EXAFS data (solid line), fit magnitude (open circles), FT imaginary 
part (thin solid line) and fit imaginary part (open triangles). (b): k3-weighted raw 
data (thin solid line), back-transformed fit (open circles), and corresponding Fou-
rier-filtered data (solid line, ranges given in Table 8.4. 
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Fig. 5.10 Zr K EXAFS and R-space fit results for coulometric titration samples (d - i). (a): FT 
magnitude of EXAFS data (solid line), fit magnitude (open circles), FT imaginary part 
(thin solid line) and fit imaginary part (open triangles). (b): k3-weighted raw data (thin 
solid line), back-transformed fit (open circles), and corresponding Fourier-filtered data 
(solid line, ranges given in Table 8.4). 
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None of the spectra for samples e - i resemble the spectra of other samples (a - d). The Zr species in the 

titration samples e - i seem to have a different structure from those in other samples. The XANES spectra 

discussed above suggest the same. The parameters obtained from fits to the data for samples e - i using a 

two shell (O and Zr) model are listed in Table 8.4. The fit results indicate that the values of N(O) for these 

samples are large. The R(O) values are invariant of pH (all ~2.21 Å). The R(Zr) exhibits more scatter than 

R(O) values but remains about 3.41 Å. 

The R(O) value of 2.21 Å nearly corresponds to the sum of ionic radii for octa-coordinated Zr(IV) [Shan 

76], suggesting that N(O) should be eight. However, the values for N appear to be unexpectedly large (see 

Table 8.4). From the 2.21 Å bond distance and through comparison of amplitudes observed for monoclinic 

ZrO2 (c), whose N(O) is also greater than the expected value of 7. It is concluded that the N(O) values in 

Table 8.4 are overestimated. The observed R(Zr) of 3.41 Å for the titration samples (e - i) is shorter than 

that for samples a - c, ZrOCl2⋅8H2O [Mak 67], orthorhombic ZrO2 [Ohta 90] and for the cubic5 and 

tetragonal forms of ZrO2 [Teuf 62], and does not match with mean distances in known ZrO2 polymorphs. 

In addition, a mechanism of simply joining tetrameric [Zr4(OH)8(H2O)16]8+ units to form sheet or stacked 

octamers, which may grow further to form colloids as suggested in the literature for concentrated, acidic 

Zr(IV) solutions [Muha 60; Sing 96; Sout 2002; Hagf 2004], appears unlikely. If tetrameric units condense 

to form the colloids, we would observe both an increase in N(Zr) and a longer R(Zr) than obtained in the 

fits. However, the amplitude of the Zr–Zr interaction does not increase, as would be expected for simple 

growth of octamers. The observed increase in coordination number over that of monoclinic ZrO2, and the 

value obtained for R(Zr) of 3.41 Å in the titration solutions is in accord with XRD results reported by 

Zyusin et al. for amorphous Zr(IV) precipitates obtained by adding ammonia to zirconium nitrate solutions 

[Zyuz 2004]. These authors report a comparable Zr–Zr distance of 3.40 Å, but a Zr–O bond length of 2.14 

Å (with a coordination number of eight), which is shorter than that observed for the titration samples. 

Furthermore, the EXAFS oscillatory pattern for samples e - i does not match with published data charac-

teristic of these various individual phases [Li 93] and the Zr species in samples e - i seem to be also differ-

ent from thin films of amorphous ZrO2 reported in [Wint 2000]. In the present work, the samples e - i are 

not well modeled with just two coordination shells (O and Zr). The metrical parameters obtained in the fits 

have large uncertainties in the parameters associated with the EXAFS amplitude. In particular, the Zr shell 

for samples e - i does not appear to be modeled well with one distance. The large uncertainties suggest that 

there may be more than one distance near 3.41 Å in these samples. However, the signal-to-noise ratio in 

the spectra is not adequate to attempt to model this shell with more than one distance. 

                                                 
5 calculated for the Fm-3m space group; a=5.09 Å 
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In conclusion, the observed Zr–Zr distance is an evidence that polymeric, oligomeric species, or more 

condensed colloid species exist in titration samples e - i. The structure of these solution species is neither 

monoclinic, cubic, orthorhombic, nor tetragonal ZrO2 structure. Its structure also cannot be derived from 

simple stacking of tetrameric [Zr4(OH)8(H8O)16]8+
 units. The Zr–O coordination number of the polynuclear 

species in the samples e - i is likely near eight, and its distance shows little variation. At the same time, the 

Zr–Zr interaction is relatively small, and this coordination shell is possibly comprised of more than one 

distance. It can be assumed from these results that the species are built up of primarily ZrO8 building 

blocks, but the associated Zr sublattice is highly disordered. The ZrO8 building blocks can be related poly-

hedra (idealized polyhedra being cube, square antiprism, dodecahedron and hendecahedron). Zirconium 

exhibits a great variety of geometric variations in its primary coordination sphere. There is apparently a 

low energy difference between one geometry over another [Macd 73]. The order in the first O shell and 

the simultaneous variation in the Zr–Zr interaction may result from the polymerization of ZrO8 building 

blocks with different geometries. Their polymerization and packing into a more condensed system would 

necessarily lead to a disordered and defect-rich Zr sublattice. 
 

6 Results and Discussion II – Chemistry of Pu 

 

6.1 LIBD investigation of background materials and Pu stock solutions 

 

For the Pu investigation, a laser system different from that for Zr measurements is used (Section 3.4.3). 

The same kind of laser is applied and the optical setup is also similar to Fig. 3.15. However, different fo-

cusing conditions yield a deviation of the power density in the Gaussian focus and hence different thresh-

old energies ET [mJ]. The threshold energy for MQ water (18 MΩ cm) is about 1.0 mJ (see Fig. 6.1), 

which is only half the energy ET [mJ] (MQ water) = 2.0 mJ in Fig. 5.1. The calibration curves with poly-

styrene reference colloids are depicted in Fig. 8.3 (in Appendix 8.5) and can be compared with Fig. 3.13 

(for Zr experiment). 

Fig. 6.1 shows the s-curves of 0.5 M HCl and 0.5 M NaCl solutions compared to that of MQ water (18 

MΩ cm). The two solutions can be assumed to be “colloid free”. For the experiments under exclusion of 

oxygen, solutions are bubbled with argon gas for several hours. The corresponding s-curves are also 

shown in Fig. 6.1. There is no introduction of external colloidal contaminations through argon bubbling. 

The s-curves of the plutonium stock solutions for titration series 1 and 2 (see Fig. 4.4) are shown in Fig. 

6.2. The most concentrated solution ([Pu] = 4.3⋅10-3 M) is prepared in 1 M HClO4 and then 2-fold diluted 
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with 0.5 M HCl (thus, background materials are 0.5 M HClO4 and 0.25 M HCl). After electrolysis to 

Pu(IV), the solution contains only small colloids, therefore the solution is applied for titration series 2 (ex-

periments under argon atmosphere) without further treatment. Other stock solutions in 0.5 M HCl are fil-

tered (10 kDalton, Amicon) and measured by LIBD. After filtration, the solutions contain only small 

colloids similar to 0.5 M HCl solution. 

 

MQ water

0.5 M HCl

0.5 M HCl bubbled with Ar

0.5 M NaCl

0.5 M NaCl bubbled with Ar

 
Fig. 6.1 LIBD measurements of background solutions. The threshold energy of MQ water 

is about 1.0 mJ. 0.5M HCl and 0.5M NaCl solutions are bubbled with argon gas 
for several hours. Before and after argon bubbling, all solutions are colloid free 
like as MQ water. 

 

0.5 M HCl

Pu 4.3 · 10-3 M

Pu 1.21·10-3 M

Pu 1.70·10-3 M

Pu 3.54·10-3 M

 
Fig. 6.2 LIBD measurements of Pu(IV) stock solutions are compared to the s-curve of 0.5 

M HCl ( ). The stock solution of 4.3⋅10-3 M in 0.5M HClO4 + 0.25M HCl ( ) is 
not filtered. Other stock solutions in 0.5M HCl are investigated with LIBD after 
filtration (10kD, Amicon). 
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6.2 Solubility of Pu(IV) hydrous oxide in acidic solution 

 

Formation of Pu(IV) colloids detected by LIBD - Series 3 and 5 

 

At two different Pu(IV) concentrations (series 3 and 5), the onset of colloid formation is determined by 

LIBD. The s-curves of each series are presented in Fig. 6.3 (a) for series 3 ([Pu(IV)]tot. = 7.0⋅10-5 M) and 

(b) for series 5 ([Pu(IV)]tot. = 1.0⋅10-5 M). 

 

Series 3, [Pu(IV)]tot. = 7.0⋅10-5 M, pH = 0.3 ~ 1.2 

For the series 3 in Fig. 6.3 (a), the blank solution at pH 1.1 ( ) and the Pu solution at pH 1.04 ( ) do not 

deviate significantly from background solutions (compared with Fig. 6.1). The threshold energies of these 

two solutions, ET [mJ] are comparable to that of MQ water (ET = 1 mJ). At pH 1.13 ( ), ET [mJ] is shifted 

to lower energy about 0.5 mJ and at the next pH 1.23 ( ), a similar s-curve is observed. Therefore, the 

onset of colloid formation is determined at pH 1.13 for a Pu(IV) concentration of 7.0⋅10-5 M. 

 

blank pH 1.1

Pu pH 1.04

Pu pH 1.23

Pu pH 1.13

Pu pH 1.23 
after 1 day

blank pH 1.5

Pu pH 1.22

Pu pH 0.65

Pu pH 1.53

Pu pH 2.13

Pu pH 0.65
before LCW

.20

 
(a)  (b) 

Fig. 6.3 Determination of the onset of colloid formation as function of pH. (a) Series 3, [Pu(IV)]tot. = 
7.0⋅10-5 M. Onset of colloid formation is pH 1.13 ([Pu(IV)coll] = 7.05⋅10-6 M, corresponding to 1.7 
ppm). After 1 day : larger and more colloids. (b) Series 5, [Pu(IV)]tot. = 1.0⋅10-5 M. Onset of colloid 
formation is pH 1.53 ([Pu(IV)coll] = 5.45⋅10-6 M, ≈ 1.3 ppm) 
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In the present work, the colloid concentration at pH 1.13 is determined to 7.05⋅10-6 M (about 1.7 ppm) 

from the balance of the UV-VIS absorption spectrum ([Pu(IV)coll] = [Pu]tot.(LSC) - [Pu(III)aq] - [Pu(IV)aq] - 

[Pu(V)aq] - [Pu(VI)aq]). From the comparison with the s-curve of polystyrene reference particles (cf. Fig. 

8.3) a small size of the plutonium colloids (~ 5 nm) is deduced. Under this assumption, the particle number 

concentration exceeds 1011 cm-3 (estimated density of Pu colloid < 10 g/cm3). While this number density 

does not suffice for conventional light scattering, detection by LIBD is very well possible. This is in line 

with result of Triay et al. who prepared Pu(IV) colloids with several different processes and determined 

the size of colloids using autocorrelation photon spectroscopy [Tria 91]. All solutions strongly exceeded 

the Pu(OH)4(am) solubility limit (cf. Fig. 6.5) ([Pu]tot. = 3 mM ~ 50 mM at pH 1.3 ~ 2.8). They reported 

that the colloid sizes were mostly small (2 - 6 nm) and the small colloids were stable over 200 days.  

 

Series 5, [Pu(IV)]tot. = 1.0⋅10-5 M, pH = 0.3 ~ 2.1 

The LIBD measurements of the series 5 at low Pu concentration ([Pu(IV)]tot. = 1.0⋅10-5 M) as a function of 

pH are shown in Fig. 6.3 (b). The concentrations of Pu oxidation states are determined by absorption spec-

troscopy by the 100 cm capillary cell coupled with the diode-array spectrometer (LCW-DAS). The thresh-

old energies ET [mJ] of all Pu solutions between pH 0.3 and pH 2.1 are shifted to low energy, which 

means that all samples contain colloids even the undersaturated solutions at low pH. Since intrinsic Pu-

colloids should not be stable under these conditions, a colloid contamination might have taken place in the 

capillary cell. 

In order to check the influence of the capillary, a colloid free blank solution is prepared with 0.5 M HCl 

and NaCl solutions without plutonium. After application of the LCW-DAS, the s-curve of a blank solution 

at pH 1.5 ( ) is measured. The ET [mJ] of the blank solution is shifted to below 0.5 mJ, which proves the 

presence of colloids. This finding is confirmed by the investigation of the Pu sample at pH 0.65 by LIBD 

( , Fig. 6.3 (b)) and after ( , Fig. 6.3 (b)) before applying the LCW-DAS. The former s-curve is similar 

to the s-curve of MQ water (ET = 1.0 mJ in Fig. 6.1), but after the UV-Vis absorption measurement by 

LCW-DAS, the solution contains colloids. Thus it is concluded that some external colloids are introduced 

into the solution during the absorption measurement using LCW-DAS and cause the shift of the ET. 

The LIBD results in Fig. 6.3 (b) are compared with the Pu(IV) colloid fraction in Fig. 6.4, [Pu(IV)coll] = 

[Pu]tot.(LSC) - [Pu(III)aq] - [Pu(IV)aq] - [Pu(V)aq] - [Pu(VI)aq] obtained from absorption spectra as a function 

of pH. Fig. 6.4 shows a two step increase of formed Pu colloids. About 20 % of the Pu is present as colloi-

dal species already between pH 0.65 and pH 1.22 increasing to about 45 % at pH > 1.53. The s-curves in 

Fig. 6.3 (b) remain similar from pH 0.65 to pH 1.22 (not shown at pH 1.07) and show a low BDP (< 0.1) 
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at ET of MQ water (see vertical dashed line at 1.0 mJ, Fig. 6.3 (b)). From pH 1.53, the BDP increases with 

increasing pH at 1.0 mJ. Therefore it is concluded that small amounts of non-absorbing pseudocolloids, 

oligomers or polymer species form at low pH (between pH 0.65 and pH 1.22), but the solubility of pluto-

nium is not exceeded until pH 1.53 in case of the series 5 ([Pu(IV)]tot. = 1.0⋅10-5 M). 

 

The possible presence of polymers below the detection limit of LIBD is well in line with earlier studies. 

Most studies on the Pu(IV) colloids reported that the size of intrinsic Pu colloids is small. Lloyd et al. 

[Lloy 78] reported that Pu(IV) colloids consist of very small discrete particles, which are less than 2 nm in 

diameter using electron micrographs. In addition, they also demonstrated that Pu colloids could exist as 

either amorphous or crystalline particles and amorphous particles invariably convert to crystalline particles 

with aging. A similar phenomenon was observed for thorium [Rai 2000]. At 90°C and pH 1.5 – 3 in 0.1 M 

NaCl, an initially amorphous solid was converted into a crystalline phase. Their XRD pattern showed 

broad bands at diffraction angles expected for bulk ThO2(cr). Triay et al. [Tria 91] reported also the 

Pu(IV) colloids being small (2 - 6 nm) and stable over 200 days under conditions strongly exceeding the 

Pu(OH)4 (am) solubility limit. 
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Fig. 6.4 The Pu(IV) colloid/polymer concentration (%) obtained from absorption 

spectra as a function of pH at [Pu(IV)]tot. = 1.0⋅10-5 M. 
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Spectroscopic study of solubility of Pu(IV) - Series 1 and 4 

 

No sample of the series 1([Pu]tot. = 3⋅10-4 M) and 4 ([Pu]tot. = 3⋅10-5 M) contains colloids large enough to 

be detected by LIBD (> 5 nm). The reason might be the competition between the redox reactions of 

Pu(IV) (for example, reduction to Pu(III)) and the colloid formation of Pu(IV). 10 ml solutions are pre-

pared for each sample of these series, which exceeds the volume used in the remaining series by a factor of 

5. In case of the series 1 and 4, for a given concentration the sample contains a higher absolute mass of Pu 

and hence the ratio of Pu and titrated NaCl per unit time is higher (constant titration rate 10 µl/min. for all 

samples of all series). In consequence, the pH changes 5 times more slowly than for series 2, 3 and 5. For 

example, compare the preparation processes for two samples of 2 ml and 10 ml at the same concentration 

(3⋅10-4 M) and at the same pH 1.3. 200 µl of Pu stock solution ([Pu]tot. = 3⋅10-3 M in 0.5 M HCl) is diluted 

10 folds in the first case, whereas 1 ml of Pu stock solution is needed in the second. When 0.5 M NaCl 

solution is added with equal rate (10 µl/min.), the pH increases faster in the 200 µl stock solution than in 

the 1 ml stock solution. Thus the hydrolysis and the subsequent colloid formation are faster in the 200 µl 

stock solution. However, the redox reaction is of equal rate in both samples. Therefore, the longer titration 

time in the 10 ml sample causes a larger fraction of Pu4+ being reduced to Pu3+ rather than forming Pu(IV) 

hydrolysis species and Pu(IV) colloids later on. 

The concentrations of Pu(IV) aquatic species and Pu(IV) colloids determined by spectroscopy are summa-

rized in Table 6.1. The samples of the series 4 ([Pu]tot. = 3⋅10-5 M) have large fractions of polymeric or 

small colloidal species. The absorption spectra for the series 4 are measured by LCW-DAS. The Pu colloid 

formation due to the use of the capillary is prevented by measuring only an aliquot of the sample which is 

disposed thereafter. Hence, the colloid contamination by the LCW-DAS does not affect the LIBD meas-

urements and no shift of the s-curves is observed as was the case for the series 5 (Fig. 6.3 (b)). 

When pH is increased at constant Pu concentration, the amount of Pu(IV) aquatic species has to decrease 

by colloid formation or redox reaction. The Pu(IV) aquatic species cannot exceed the solubility of Pu(IV) 

hydrous oxide. In the present investigation, the concentrations of Pu(IV)aq (  blue circles, Fig. 6.5) di-

rectly after dilution (fresh sample, not yet equilibrium) decrease as a function of pH until they reach the 

solubility curve obtained from onsets of colloid formation for the series 3 and 5 determined by LIBD (  

red squares, Fig. 6.5). This behavior agrees with the spectroscopic study of the hydrolysis, colloid forma-

tion and solubility of Np(IV) combining LPAS with LIBD carried out by Neck et al. [Neck 2001b]. In this 

investigation, a steep decease of [Np(IV)aq] as a function of pH is observed along the solubility curve due 

to Np(IV) colloid formation. 
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Table 6.1 The concentration of Pu(IV) aquatic species and the Pu(IV) colloids determined by spectroscopy. 

 pH [Pu(IV)aq] [Pu(IV)coll] 

pH 0.48 2.79·10-4 M - 

pH 0.68 2.58·10-4 M 2.8% 

pH 0.83 2.16·10-4 M 4.7% 

pH 1.01 9.55·10-5 M 3.2% 

Series 1 
log [Pu]tot.: ca. -3.5 

pH 1.21 6.49·10-5 M 4.0% 

pH 1.38 1.96·10-5 M 10.6% 

pH 1.58 9.96·10-6 M 10.4% Series 4 
log [Pu]tot.: ca. -4.5 

pH 1.59 7.43·10-6 M 13.2% 
[Pu(IV)coll] = [Pu]tot. (measured values by LSC) – [Pu(III)aq] – [Pu(IV)aq] – [Pu(V)aq] – [Pu(VI)aq] 
The plutonium species, which have no significant absorption at wavelengths in the UV-Vis region, 
are considered Pu-polymer or colloids. 
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Fig. 6.5 The solubility of Pu(IV) hydrous oxide obtained in the present work and literature data 

(see Section 2.3.2). The onset of colloid formation ( ) determined by LIBD investiga-
tions (series 3 and 5); the concentrations of Pu(IV)aq measured using spectroscopy di-
rectly after the dilution ( ) and corresponding total concentrations ( , [Pu]tot.). All data 
points lie on the red solid line (, slope –2). The solubility product obtained is log 
K′sp = -55.1 ± 0.4 (I = 0.5 M (H/Na)Cl) considering only mononuclear hydrolysis species. 
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The solubility product is calculated from the data under the assumption that there are only mononuclear 

species present in solution (like in the case of Zirconium)6. For the formation of mononuclear hydrolysis 

species, the corrected formation constants are used for first and second hydrolysis species (Pu(OH)y
4-y at y 

= 1 and 2, listed in Table 6.2) and the formation constants determined from solvent extraction [Meti 72] 

for third and forth (listed in Table 2.1). The correction of the first and second hydrolysis constant consider-

ing measured Eh(V) values will be explained in detail in Section 6.4. 

The solubility product of Pu(OH)4(am) is obtained using Eq. (2.23): 

log K′sp = -55.1 ± 0.4  (I = 0.5 M NaCl/HCl).  (6.1) 

The extrapolation to zero ionic strength using Eq. (2.21) (SIT, see Appendix 8.1) yields 

log K°sp = -58.3 ± 0.4,       (6.2) 

where the uncertainty originates from errors of the hydrolysis constants. 

 

In literature [Neck 2001a], solubility data of Pu(OH)4(am) or PuO2⋅xH2O(am) were reviewed and the au-

thors considered the average of experimental data [Kash 49; Pere 65; Rai 84; Lier 86; Kim 89a; Knop 99; 

Rai 99] to represent the best value for the solubility product resulting in log K°sp = -58.5 ± 0.7. The solu-

bility curves in Fig. 6.5 are calculated at 1 M ionic strength (black solid line) and 0.1 M (black dashed 

line) on the basis of the hydrolysis constants from [Meti 72]. The discrepancy between the present result 

and literature data [Kash 49; Pere 65; Rai 84; Lier 86; Kim 89a; Knop 99] is discussed. 

The experiments from undersaturation by Perez-Bustamante [Pere 65] ( , Fig. 6.5) show lower solubility 

in acidic solution (in perchlorate medium) probably due to insufficient equilibration time (60 hours). Since 

the reactions of Pu are faster at higher pH (see Section 6.3), the lack of equilibration time is most pro-

nounced at low pH and results in the strongest deviations. In addition, the author assumed that all dis-

solved Pu was Pu(IV) and he determined the solubility product without the exact knowledge of the Pu 

oxidation state distribution in solution. Accordingly, the apparent solubility increased from pH 1.5 to 3.5 

due to the increasing fraction of the other oxidation states of Pu in solutions (not shown in Fig. 6.5). For 

the same reason, the solubility data obtained by Lierse et al. was also relatively high ( , Fig. 6.5) [Lier 

86]. 

Rai et al. [Rai 84] carried out undersaturation experiments (Fig. 6.5 ( )) with solid hydroxide precipitate, 

Pu(OH)4, dissolved in HNO3 and continuously shaken for 83 days to reach a steady state and assumed that 

Pu(IV) hydrous oxide stayed amorphous during the experimental period based on their early investigation 
                                                 
6 for the validity of this assumption see Chapter 7 
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of Pu(IV) hydrous oxide solid [Rai 80]. Redox potential, pH, total Pu concentration, and the Pu oxidation 

state distributions of the filtered solution were measured by solvent extraction and, where applicable, spec-

troscopy. The small overestimation of the solubility could be due to the assumption that only the first hy-

drolysis species of Pu4+ was dominant under the experimental conditions (pH 1.0 and pH 1.2) and the hy-

drolysis constant at high ionic strengths was applied to solutions of I < 0.1 M [Rai 84]. The data of Kasha 

(in perchlorate medium) [Kash 49] is comparable to those of [Rai 84], even though Kasha reported some 

colloid formation prior to the end of the experiment and assumed (incorrectly) that no hydrolysis of Pu(IV) 

had occurred. 

Kim and Kanellakopulos [Kim 89a] reported solubility of Pu(OH)4(am) in 1 M (H/Na)ClO4  from under-

saturation (  in Fig. 6.5). The Pu(IV)aq concentration was measured directly by spectrophotometry in 

equilibrium with a solid phase Pu(OH)4(am) but the measurement was not precise because of the interfer-

ence with the Pu(IV) polymer and the very high fraction of colloidal Pu(IV) (80%) between pH 1.09 and 

pH 3.68. The Pu(IV)aq concentrations were not high enough to be detected by spectroscopy. The authors 

concluded that only the measurement obtained at 1 M acidity could be used to calculate the solubility 

product and only an upper limit of the solubility product at pH= 1.09 could be estimated. 

According to the filtration and LIBD experiments of Knopp et al. [Knop 99], the greatest part of colloidal 

Pu(IV) is removed by filtration at filter pore sizes of about 1 nm. The error in evaluating log Ksp from 

solubility data possibly results from a certain amount of colloids but does not exceed the range of other 

uncertainties (e.g. different crystallinities of solids). Knopp et al. calculated a mean value of K°sp = -58.7 ± 

0.9 from the available solubility data at I = 0.06 – 1 M and pH 0- 12 based on the hydrolysis constants of 

Metivier and Guillaumont [Meti 72]. 

The solubility data determined in the present work is in good agreement with the selected value log K°sp = 

-58.33 ± 0.52 in a recent review [Guil 2003]. The solubility product is an unweighted mean value based on 

the experimental data by [Capd 98; Knop 99; Fuji 2001; Rai 2002] who used three different, independent 

methods. 

Capdevila and Vitorge [Capd 98] used a non-conventional method for the investigation of solubility. They 

started with 95% Pu(V) solutions at [Pu]tot. = 1.6 mM and different ionic strengths (0.1, 0.5, 1, 2 and 3 M) 

in (H/Na)ClO4 whose pHc were about 1. Concentrations of Pu(III)aq, Pu(V)aq and Pu(VI)aq as a function of 

time were determined by spectroscopy. The concentration of the Pu4+ ion was calculated using the concen-

trations of other oxidation states and the known redox potential, which is independent of the hydrolysis of 

that ion. They obtained the solubility product as log K°sp = -58.3 ± 0.5, which is in qualitative agreement 

with the present work. Fujiwara et al. [Fuji 2001; Fuji 2002] measured the solubility of Pu(IV) hydrous 
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oxide under reducing conditions (Na2S2O4 as reductant) in perchlorate medium under Ar atmosphere (be-

low 0.5 ppm of O2). The pH value was adjusted with HClO4 or NaOH in the range pH 4 – 9 for 

oversaturation experiments and in the range pH 3.4 – 4 for undersaturation experiments. At a steady state, 

pH and Eh were measured, the concentration of Pu (239Pu > 99%) in the filtrate was obtained by α-

spectrometry and speciation was performed by use of an UV-Vis spectrophotometer. Only the Pu3+ species 

was observed in the sample solutions below pH 6, while above pH 6, no meaningful absorption bands 

were observed because of the low solubility of Pu(IV). The data refer to the reaction: 

PuO2⋅xH2O + e-  Pu3+ + 4OH- + (x-2)H2O    

log K° = -40.44 ± 0.19. 

(6.3) 

 

Combining this result with the redox potentials selected in [Lemi 2001] for the couple Pu4+/Pu3+ (log K° = 

-17.74 ± 0.051, for oxidation of Pu3+) leads to a solubility product of log K°sp = -58.18 ± 0.25. 

Rai et al. [Rai 2002] carried out similar experiments under controlled reducing conditions (FeCl2 or hy-

droquinone as reductant) in NaCl solutions at low ionic strength (< 0.025 M). They obtained the equilib-

rium constant of reaction (6.3) of log K° = -40.5 ± 0.7. The calculated log K°sp = -58.24 ± 0.97 for 

Pu(OH)4(am) is nearly the same as that given by Fujiwara et al. [Fuji 2001; Fuji 2002]. 

Bitea reported the solubility product of log K°sp = -59.26 ± 0.30 [Bite 2005]. This study is similar to the 

present work, as Pu solutions at five different total Pu concentrations in 0.5M NaCl were investigated by 

LIBD and UV-Vis absorption spectroscopy. However, only the three data points at high concentration ( , 

in Fig. 6.5) are reliable because [Pu(IV)]tot. in solution could not be determined for the lower concentra-

tions by conventional spectroscopic methods. The solubility data are slightly lower than the present results, 

probably because of the pre-existence of small colloids in the used stock solutions. These small colloids 

could act as seeds to form colloids even though the solution is still undersaturated. 

 

6.3 Redox reactions of plutonium in acidic solution 

 

For many decades, the redox behavior of plutonium in acidic solution has been explained using the dis-

proportionation reactions (2.27) or (2.28) discussed in Section 2.2.4 [Rabi 53; Cost 73; Capd 92]. However, 

when the oxidation state distribution is measured as a function of time [Cost 73; Toth 90], deviations from 

the stepwise disproportionation according to (2.25) and (2.26) are observed. 
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In the present work, the oxidation state distributions at different Pu concentrations and pH are investigated 

as a function of time using spectroscopy. 242Pu (> 99 % weight concentration) is used to minimize the in-

fluence of radiolysis on the establishment of a steady state. All samples contain mainly Pu(IV) (> 95%) at 

the beginning of the measurement. The concentration of Pu(IV)aq decreases whereas the amount of other 

oxidation states increases with time. All samples reach a steady state after several days or months. If the 

concentration of Pu(IV)aq decreased through only disproportionation (2.25) and (2.26), then the following 

charge balance should be valid for Pu(III)aq, Pu(V)aq, and Pu(VI)aq: 

[Pu(III)] = [Pu(V)] + 2[Pu(VI)],     (6.4) 

assuming the starting solution contains no other oxidation states (Pu(III)aq, Pu(V)aq, and Pu(VI)aq.). How-

ever, none of the solutions investigated in the present work fulfils this balance. Fig. 6.6 shows an example 

at [Pu]tot. of 3.3⋅10-4 M and pH 0.48 (the series 1). All samples which will be discussed in the following 

subsections (see Fig. 6.7, Fig. 6.8 Fig. 6.10 and Fig. 6.11 and tables in Appendix 8.6) show similar behav-

ior. 

The experimental results indicate that rather than conservation of charge (6.4), the sum [Pu(III)aq] + 

[Pu(IV)aq] (  in Fig. 6.6) remains constant as a function of time. The formation of Pu(III)aq always equals 

the simultaneous decrease of Pu(IV)aq: 

dt
)]IV(Pu[d

dt
)]III(Pu[d

−=  ,     (6.5) 

i.e. [Pu(III)aq] + [Pu(IV)aq] is constant and consequently [Pu(V)aq] + [Pu(VI)aq] + [Pu(IV)coll] is constant. 

This behavior suggests that plutonium does not follow disproportionation (2.25) and (2.26) under the con-

ditions of the present work. The different plutonium species in solution seem to be in equilibrium based on 

two reaction groups, Pu(IV)aq  Pu(III)aq (reduction of Pu(IV)) and Pu(IV)coll  Pu(V)aq  Pu(VI)aq (oxi-

dation of Pu(IV)). 

 

In addition, the total amount of the reduction of Pu(IV) (∆[Pu(III)aq]) exceeds the total amount of oxida-

tion of Pu(IV) ([Pu(V)aq] + 2[Pu(VI)aq]), i.e. 

∆[Pu(III)aq] > ∆([Pu(V)aq] + 2[Pu(VI)aq]).     (6.6) 

This indicates the existence of other reductants in addition to plutonium to drive the reduction of Pu(IV)aq 

to Pu(III)aq in solution. 
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Fig. 6.6 The distribution of oxidation states versus time (days). [Pu]tot. is 3.3·10-4 M at pH 0.48. 

 

The excess reduction from Pu(IV)aq to Pu(III)aq amounts to 20% ~ 30 % of the total Pu concentration 

([Pu]tot. = ca. 3.5⋅10-4 M) in the case of series 1 and 2. About 20 ppm of Pu is reduced by a reductant other 

than Pu. This amount is too large to be explained with the redox reaction of possible contaminants (for 

example, Fe) which can be oxidized in solution. In the present work, all solutions are prepared with deion-

ized water (18 MΩ cm, Millipore) and contain relatively low concentration of redox sensitive metals. The 

Pu stock solution in 0.5 M HCl contains only sub-ppm amounts of redox sensitive metals (major: Fe) 

measured by ICP-MS. The purchased NaCl solid contains only 2 ppm Fe contamination which leads to < 

100 ppb in the 0.5 M NaCl solution. Even if upper limits of all metal contaminants are considered, the 

great excess of reduction of plutonium cannot be explained by the oxidation of other redox sensitive met-

als. The remaining possible oxidation in aquatic condition is the oxidation of water (2.3), 1/2H2O  1/4O2 

+ H+ + e-. 

 

The reduction and oxidation of Pu(IV) are connected with the formation of hydrolysis species (Pu(OH)y
4-y, 

y = 1-4), polynuclear species and colloids (Pu(OH)4(am) or PuO2⋅xH2O(am)) of Pu(IV). In the following 

subsection, the dependence of these reactions on pH, Pu concentration and O2 concentration are discussed 

in detail. 
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6.3.1 Redox reactions of plutonium in contact with air 

 

Fig. 6.7 shows the oxidation state distribution of the titration series 1 as a function of time ( : Pu(III)aq, 

: Pu(IV)aq, :  Pu(V)aq and : Pu(VI)aq). The total Pu concentration of these solutions is about 3.5⋅10-4 

M measured by LSC. All samples are prepared in contact with air and the pH of the samples is between 

pH 0.48 and 1.21. Each sample is investigated as a function of time by LIBD and spectroscopy using 

CARY 5E in 10 ml quartz cell (beam path length, l = 2 cm) for several months until a steady state is 

reached. None of the samples of series 1 contains colloids being detectable by LIBD. The spectrum analy-

sis by deconvolution (see Section 3.1) shows a difference between [Pu]tot. by LSC and the sum of all plu-

tonium aquatic species by spectroscopy. This difference is considered to be the concentration of Pu 

polynuclear species or colloids which are too small to be detected by LIBD (for the exact information, see 

Table 8.5 in Appendix 8.6). 

 

The redox kinetics shown in Fig. 6.7 exhibits some characteristic phenomena depending on pH (at con-

stant Pu concentration). 

(1) At higher pH, [Pu(IV)aq] decreases faster and a steady state is reached more rapidly. The fractions of 

Pu(IV)aq in the respective stock solutions are similar, about 90 % of [Pu]tot.. At pH 0.48, it takes almost 

one month to reach a steady state, whereas at pH 1.21 no further change of oxidation state distribution 

is observed after 1 day. The same pH dependence was observed in a study of Pu solubility by Perez-

Bustamante [Pere 65].  

(2) The distribution of the aquatic species at a steady state depends on pH. [Pu(III)aq] increases, [Pu(IV)aq] 

decreases and [Pu(V)aq] increases with increasing pH. [Pu(VI)aq] remains constant. In addition, 

[Pu(III)aq] + [Pu(IV)aq] decrease and [Pu(IV)coll] + [Pu(V)aq] + [Pu(VI)aq] increase with increasing pH. 

(3) Especially the fraction of Pu(V)aq increases with increasing pH. At pH 0.48, [Pu(V)aq] is below the 

detection limit of a conventional absorption spectrometer. However, at higher pH, the increase of 

[Pu(V)aq] is observed and Pu(V)aq contributes almost 20 % at pH 1.21. This agrees well with findings 

that the stability of the Pu(V)aq ion increases with increasing pH [Fuge 76; Katz 86]. 

 



 94

0

20

40

60

80

100

0

20

40

60

80

0 20 40 60 80 100 120

0 20 40 60 80 100 120
0

20

40

60

80

 
 

pH 0.48

Pu
 sp

ec
ie

s [
%

]

pH 0.66

 

 

 

pH 0.83

 

 

time [d]

 

pH 1.01

 

 

Pu
 sp

ec
ie

s [
%

]

pH 1.21

Pu(V)aq

Pu(VI)aq

Pu(III)aq

Pu(IV)aq

 

 

 

Pu
 sp

ec
ie

s [
%

]

time [d]

 
Fig. 6.7 The distribution of oxidation states versus time (days) for titration series 1. The symbol : 

Pu(III)aq, : Pu(IV)aq, :  Pu(V)aq and : Pu(VI)aq. The total Pu concentrations measured by LSC, 
[Pu]tot. are about 3.5·10-4 M and pH varies in the range pH 0.48 – 1.21. All samples are prepared in 
air and observed for several months until a steady state is reached.  indicates the percentage of 
Pu(IV)aq in stock solutions. Absorption spectra are measured using CARY 5E in 10 ml quartz cell 
(l = 2 cm). Data in Table 8.5. 
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These observations indicate that Pu(IV)aq is less stable at higher pH. With increasing pH, firstly, more 

Pu(IV) is reduced to Pu(III)aq and secondly, more Pu(IV) is converted to plutonyl species (Pu(V)aq and 

Pu(VI)aq). The increase of [Pu(IV)coll] + [Pu(V)aq] + [Pu(VI)aq] with increasing pH is likely due to the pH 

dependence of the reaction between Pu(IV)aq and Pu(IV)coll. At higher pH, the fraction of hydroxide com-

plexes increases and more polynuclear species can form. Consequently more plutonyl species are formed 

via oxidation (2.34). The same reason holds for the increase of reduction (Pu4+ + e-  Pu3+) which seems 

to be independent of pH. The reduction of Pu(IV)aq is increased as much as the increase of oxidation. 

The present experiments cover only a narrow range of pH (0.5 – 1.2). However, the basic findings dis-

cussed above are useful to understand results in literature even at higher pH. Perez-Bustamante [Pere 65] 

did not consider the existence of other oxidation states than Pu(IV) but assumed all aqueous species in 

solution to be Pu(IV)aq. The solubility curve of Pu(IV) showed a gradual decrease with pH and the solubil-

ity of Pu at 1.5 < pH < 3.5 is much higher than the solubility of the present work. This is due to the pres-

ence of other oxidation states whose relative abundance increases with increasing pH. 

 

Fig. 6.8 shows the oxidation state distributions of four samples in the series 5. [Pu]tot. (LSC) is 1.2⋅10-5 M 

and 1.07 < pH < 2.13. Each sample is investigated as a function of time by LIBD and spectroscopy using 

the 100 cm capillary cell (Section 3.1). The premature formation of colloids at low pH could be induced 

by contaminations from the capillary as discussed in Section 6.2 and affect the redox reactions. The redox 

reactions follow the systematic trends observed for the series 1 and 5. However, the overall reaction rates 

are reduced due to the lower Pu concentration. The two samples at pH 1.07 and 1.22 do not reach the 

steady state even after 2 months, whereas the samples of the series 1 ([Pu]tot. = 3⋅10-4 M) at the same pH 

reach a steady state within a week. 

At lower [Pu]tot., smaller fractions of Pu(III)aq and Pu(V)aq are formed at steady state and the fraction of 

remaining Pu(IV)aq is higher than for the series 1. For example, at pH 1.2, the higher concentrated sample 

([Pu]tot. = 3.5⋅10-4 M) contains 60 % of Pu(III)aq, 15 % of Pu(V)aq and 10 % of Pu(IV)aq, whereas the di-

luted sample ([Pu]tot. = 1.2⋅10-5 M) contains only 40 % of Pu(III)aq, below 5 % of Pu(V)aq but 30 % 

Pu(IV)aq. 

The oversaturated samples at pH 1.52 and 2.13 contain a large fraction of colloids and show a tendency 

which differs from other samples. For example, the sample at pH 1.5 contains a smaller fraction of 

Pu(III)aq than at pH 1.2 in contrast to the general trend of increasing Pu(III)aq fractions with increasing pH. 

The sample at pH 2.1 exhibits remarkably slow kinetics (1 month to reach a steady state) as compared 

with that at pH 1.5 (in 1 day) in contradiction to the finding that the redox reactions are faster at high pH. 
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Fig. 6.8 The distribution of oxidation states versus time (days) for titration series 5. The symbol : 
Pu(III)aq, : Pu(IV)aq, :  Pu(V)aq, : Pu(VI)aq, and : Pu(IV)coll. The total plutonium 
concentrations measured by LSC are about 1.2·10-5 M. pH varies from 1.07 to 2.13. Ab-
sorption spectra are measured using the 100 cm capillary. 

 

The influence of the capillary on the formation of colloids is not clear. The concentration of colloids is 

determined by subtracting the sum of other aqueous species from the total Pu concentration measured by 

LSC. If, for any reason, the concentration of Pu aquatic species is underestimated, the concentration of 

colloids apparently increases. Aquatic Pu species adsorbed on the capillary wall might have different opti-

cal properties from aquatic species or might not be detected at all by spectroscopy, which in turn would 

lead to an overestimation of the concentration of colloids. However, sorption is excluded by measuring the 

total Pu concentration again by LSC after several spectroscopic measurements using the capillary. The 

total concentration of Pu does not change before and after the absorption measurement. 

 

As mentioned in Section 6.2, the formation of Pu colloids could be induced by contamination with small 

colloids of the capillary acting as seed crystals. Hence, an independent method, the capillary electrophore-

sis (CE) coupled with ICP-MS is applied for speciation of the same sample. Fig. 6.9 shows the result of 

CE-ICP-MS for the sample at pH 2.13 after 60 days. The mobilities of different Pu oxidation states are in 

the order of Pu(III)aq > Pu(VI)aq > Pu(V)aq > Pu(IV)aq in 1M AcOH (Section 3.2) and the mobilities of 
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Pu(V)aq and Pu(VI)aq are very similar. In order to distinguish between the two species, the electrophero-

gram of the sample ( solid line in Fig. 6.9) is compared to that of a standard solution of Pu(V)aq and 

Pu(VI)aq (- - - - dashed line, in Fig. 6.9). From the peak area analysis, the relative concentration (%) of 

different oxidation states is determined as 19 % of Pu(III)aq, 37 % of Pu(IV)aq, 20 % of Pu(V)aq and 24 % 

of Pu(IV)coll, if the broad pattern after the sharp peak of Pu(IV)aq is assumed to be due to colloidal or 

polymeric Pu(IV) (cf. [Kucz 2003]). The concentration of Pu(VI)aq is below the detection limit of ICP-MS. 

The amounts of Pu(III)aq (20.5%), of Pu(V)aq (20.6 %) and of Pu(VI)aq (0 %) determined by spectroscopy 

agree well with the results by CE-ICP-MS. However, the relative concentration of Pu(IV)aq according to 

spectroscopy is only 18.5 % and Pu(IV)coll over 40 %. The total amounts of Pu(IV) species ([Pu(IV)]aq + 

[Pu(IV)]coll) determined by both speciation methods are consistent, but the [Pu(IV)]coll determined by CE-

ICP-MS is only half of that determined by spectroscopy. CE measurement is carried out directly after the 

measurement of the UV-Vis absorption spectrum and it is very unlikely, that the species distribution 

changed in the mean time. The difference in the distribution of Pu(IV) species can be considered to be a 

result of the dissolution of formed (pseudo) Pu(IV)-colloids due to complexation with acetate ligand in 1 

M AcOH. 
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Fig. 6.9 CE-ICP-MS measurement for sample [Pu]tot. = 1.2·10-5 M at pH 2.13 after 60 
days (series 5). The electropherogram of the sample ( solid line) is com-
pared to standard solution with Pu(V)aq and Pu(VI)aq (- - - - dashed line). The 
fraction of different oxidation states are 19 % of Pu(III)aq, 37 % of Pu(IV)aq, 
20 % of Pu(V)aq and 24 % of Pu(VI)coll. There is no Pu(VI)aq. The broad peak 
eluted after the sharp peak of Pu(IV)aq is assumed to be Pu(IV)coll. 
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6.3.2 The change of oxidation state distribution by acidifying 

 

When a steady state is reached after 92 days, the sample at Pu 3.32·10-4 M and pH 1.21 (of the series 1) is 

acidified by adding 40 µl of 6 M HCl into the 3 ml sample. The pH is 0.82 after acidification and the 

acidified solution reaches a new steady state after about 10 days (see Fig. 6.10 and Table 8.5). Upon the 

pH change, [Pu(III)aq] decreases about 5 %, [Pu(IV)aq] increases about 15 % resulting in a net increase of 

the sum of both ([Pu(III)aq] + [Pu(IV)aq]). Pu(V)aq decreases about 10 % after acidifying and the amount of 

[Pu(VI)aq] remains constant so that the amount of plutonyl species [Pu(V)aq] + [Pu(VI)aq] decreases. This 

behavior resembles the pH dependence of Pu solutions already discussed in Section 6.3.1. The oxidation 

state distribution at the end of the measurement equals the sample at pH 0.83 of series 1 (in Fig. 6.7). 5 % 

of Pu(III)aq is oxidized to Pu(IV)aq and 10 % of Pu(V)aq is reduced to Pu(IV)aq by acidifying. The amount 

of reduction exceeds that of oxidation in this experiment. 
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Fig. 6.10 The distribution of oxidation states for the sample, [Pu]tot. = 3.32·10-4 M 

at pH 1.21 of series 1. The solution is acidified to pH 0.82 after 92 days 
(dashed vertical line) by adding 40 µl of 6 M HCl. ( : Pu(III)aq, : 
Pu(IV)aq, :  Pu(V)aq and : Pu(VI)aq before acidifying) The 
corresponding open symbols depict each species after acidifying. 
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6.3.3 Redox reactions of plutonium under argon atmosphere 

 

As mentioned above, in the present work where the samples contain only Pu(IV) in the beginning, the re-

actions of plutonium can be divided into two reaction groups. The major reaction is the reduction of 

Pu(IV) which is well known ((2.29) (Pu4+ + e-  Pu3+)). The other is the oxidation of Pu(IV) to plutonyl 

species PuO2
+ and PuO2

2+ (Pu(IV)coll  Pu(V)aq  Pu(VI)aq). In this Section, the reaction of Pu(IV)coll  

Pu(V)aq is discussed in detail, especially, its dependence on O2 concentration. 

 

Many studies on the solubility of PuO2(am) were carried out at neutral pH from undersaturation. In these 

studies, PuO2
+ is the dominant species in solution. It was concluded that PuO2(am) precipitates are in equi-

librium with the PuO2
+ aquatic species (2.32) [Rai 84; Silv 89]. As a possible mechanism for the reaction 

(2.32), Neck et al. proposed that PuO2(am) is oxidized to PuO2+x(am) by dissolved oxygen in solution and 

the Pu(V) in PuO2+x(am) dissolves as PuO2
+ (2.34) in solution [Neck 2005] (see Section 2.2.4). 

In order to investigate the role of dissolved oxygen in Pu redox reactions, the experiments of series 2 are 

carried out in a glove box (O2 < 20 ppm). The samples are prepared at the same Pu concentration and pH 

as the series 1. Two samples at pH 0.43 and pH 1.18 are shown in Fig. 6.11 with open symbols ( : 

Pu(III)aq, : Pu(IV)aq, : Pu(V)aq and : Pu(VI)aq) together with the results of the series 1 (filled sym-

bols, : Pu(III)aq, : Pu(IV)aq, : Pu(V)aq and : Pu(VI)aq) (for complete summarization of the series 2, 

see Table 8.6). The amounts of O2 in solution differ by four orders of magnitude between the series 1 and 

2. The concentration of dissolved O2 in case of the series 1 is about [O2]aq = 2.5⋅10-4 M at (g)P
2O  = 0.2 bar 

at room temperature and in case of the series 2 [O2]aq is about 2.5⋅10-8 M due to the low partial pressure of 

O2 ( (g)P
2O  = 2⋅10-5 bar) in the glove box. Even if the exclusion of oxygen from the sample (Pu stock solu-

tion, HCl and NaCl solution) is not complete, at least differences in the reaction rates are expected. 
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Fig. 6.11 [Pu]tot. = ca. 3.3·10-4 M, open symbols indicate the oxidation state distributions under argon 

atmosphere (series 2), : Pu(III)aq, : Pu(IV)aq, : Pu(V)aq and : Pu(VI)aq. Corresponding 
solid points, : Pu(III)aq, : Pu(IV)aq, : Pu(V)aq and : Pu(VI)aq, for samples at similar pH 
in air condition (series 1 in Fig. 6.9.).  and  indicate the percentage of Pu(IV)aq in stock so-
lutions.  

 

However, the results of both experimental series are identical (see Fig. 6.11). The dissolved oxygen plays 

no important role for the oxidation of Pu(IV)coll to PuO2+x(s) in contradiction to the observation of solubil-

ity investigation from undersaturation with PuO2(am, hyd) [Neck 2005]. Also for the experiments under 

Ar atmosphere, the amount of reduction (Pu(IV)aq  Pu(III)aq) exceeds the oxidation in the present work. 

The excessive oxidant (Pu(IV)aq) in solution can sustain the oxidation Pu(IV)coll  Pu(V)aq without need 

for additional oxidants such as dissolved O2. On the other hand, the solutions in the experiment from un-

dersaturation contain no other oxidant (no reduction of Pu observed) making dissolved O2 the only oxidant 

for the oxidation of PuO2(am). 

 

6.4 Determination of hydrolysis constants from Eh measurements 

 

The redox reactions between different Pu oxidation states are controlled by the redox potential of the solu-

tions. Three redox couples are well known Pu4+/Pu3+ (2.29), PuO2
2+/PuO2

+ (2.30) and PuO2
+/Pu(IV)coll 

(2.32). The redox potential of solution can be calculated from redox equilibrium. For example, the redox 

reaction of the PuO2
2+/PuO2

+ couple and its equilibrium constant are 
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PuO2
+  PuO2

2+ + e-       

log K° = -15.86 ± 0.085 [Lemi 2001]. 

(2.30) 

 

If the concentrations of both aquatic species of plutonium are known, the pe values can be calculated by 

Eq. (6.7), 

][PuO
]][e[PuOK

2

-2
2

+

+

=′     

log K′ = log [PuO2
2+] – log [PuO2

+] – pe.    

(6.7) 

using the equilibrium constant (2.30). 

The redox potential of each sample is determined after the oxidation state distribution reached a steady 

state. The respective measurements are highlighted in the tables of Appendix 8.6. The measured redox 

potential Eh(V) can be converted to a pe value with the relationship (2.9) (pe = 16.9 Eh(V)). Simultane-

ously the pe is calculated from each redox couple by use of the oxidation state distribution. However, a 

meaningful determination of pe is only possible if the abundance of each oxidation state of redox couples 

exceeds 5 %. When the solution is at steady state, the calculated redox potentials from all redox couples 

should be consistent with each other as well as with the measured redox potential. 

 

Fig. 6.12 shows the measured pe and the calculated pe values from all redox couples as a function of pH. 

The measured pe ( ) values are in good agreement with the calculated pe from the PuO2
2+/PuO2

+ couple 

(2.30) ( ) and the PuO2
+/Pu(IV)coll couple (2.32) ( ). From the least squares fit of these values, a linear 

relationship (solid line) is obtained as 

pe = (17.08 ± 0.16) – (1.44 ± 0.14) pH.    (6.8) 

On the other hand, the pe values (  gray square, in Fig. 6.12) calculated from the Pu4+/Pu3+ couple (2.29) 

deviate from the others. The deviation may result from incorrect hydrolysis constants. 

In order to calculate the pe from the Pu4+/Pu3+ couple based on the reaction (2.29), the analogue equation 

to Eq. (6.7)  

log K′ = log [Pu4+] – log [Pu3+] – pe    (6.9) 

is used and the concentration of “free ion” Pu4+ and [Pu3+] have to be known. 
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According to the hydrolysis constants of [Meti 72], a large amount of Pu4+ is readily hydrolyzed even at 

the low pH in the present work (see Fig. 3.2). However, the absorption spectrum of Pu(IV) does not 

change with the degree of hydrolysis (see Section 3.1). Thus, the concentration of Pu(IV)aq obtained by 

spectroscopy is not [Pu4+] but the sum of all Pu(IV) hydrolysis species, 

)][OHβ](1[Pu][Pu(OH)][Pu][Pu(IV)
4

1y

y
1y

4
4

1y

y4
y

4
aq. ∑∑

=

−+

=

−+ ′+=+=  (6.10) 

where β′1y indicates the formation constant of mononuclear hydrolysis species. 

The pe values from the Pu4+/Pu3+ couple in Fig. 6.12 ( ) are calculated with the [Pu4+] obtained from Eq. 

(6.10) with the formation constants of [Meti 72] and [Pu(IV)aq] measured by spectroscopy. The deviation 

of the calculated pe from the Pu4+/Pu3+ couple (  in Fig. 6.12) from the others ( , and  in Fig. 6.12) 

is most likely due to erroneous formation constants of [Meti 72]. 
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Fig. 6.12 The measured pe values and the calculated pe from three different redox cou-
ples are compared. The measured pe by redox electrodes ( ), calculated pe 
from the PuO2

2+/PuO2
+ couple (2.30) ( ) and the PuO2

+/Pu(IV)coll couple (2.32) 
( ) and the least squares fit of these values (solid line) are depicted. These pe 
values are consistent with each other. The pe values from the Pu4+/Pu3+ couple 
(2.29) ( , gray square) are calculated by use of the hydrolysis constants of 
[Meti 72] (in order to determine [Pu4+]). These pe values deviate from the others. 
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The present data are used to calculate β11 and β12 in the following way. The formation constants of hy-

drolysis species can be estimated using Eq. (6.10), when the [Pu4+] and the [Pu(IV)aq] at certain pH are 

known. The [Pu4+] of the sample at certain pH is obtained from the measured Eh value and the spectro-

scopically measured [Pu3+] using Eq. (6.9). The [Pu(IV)aq] is measured by spectroscopy. By combining Eq. 

(6.10) and Eq. (6.9), the measured quantities are related to the formation constants β1y (y = 1-4) as follow-

ing equation 

)][OHβlog(1Klog]]/[Pu(IV)log[Pupe
4

1y

y
1yaq.

3 ∑
=

−+ ′+−′−=+ . (6.11) 

The pe are obtained from the Eh measurement or from the concentration of oxidation states ([PuO2(am, 

coll)], [PuO2
+] and [PuO2

2+]) measured by spectroscopy. [Pu3+] and [Pu(IV)aq] are also directly measured 

by spectroscopy. The equilibrium constant at the present experiment condition (log K′ = 16.55 at 0.5 M 

NaCl) is calculated with specific ion interaction theory (SIT) from the known equilibrium constant of the 

Pu4+/Pu3+ couple (2.29) [Lemi 2001]. 

 

In Fig. 6.13, the measured quantity (pe + log ([Pu3+]/[Pu(IV)]aq)) is shown as a function of pH. The sym-

bol  indicates the sum of the pe obtained by Eh measurements and the log ([Pu3+]/[Pu(IV)]aq) deter-

mined by spectroscopy. The other symbols (  and ) in Fig. 6.13 indicate the sum of the “calculated” pe 

values (shown in Fig. 6.12) and the log ([Pu3+]/[Pu(IV)]aq). The case of PuO2
2+/PuO2

+ couple is depicted 

with  and the PuO2
+/Pu(IV)coll couple is depicted with , respectively. 

The dotted line indicates the calculation (the right term of Eq. (6.11)) with the mononuclear hydrolysis 

constants of Metivier et al. [Meti 72]. If the mononuclear hydrolysis constants of Metivier et al. [Meti 72] 

were correct, the experimental data and the calculated line should agree. However, the experimental data 

at pH > 0.4 are much higher than the calculated line, which indicates that the log β1y (y = 1-4) of [Meti 72] 

are overestimated. 
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Fig. 6.13 The values of ]]/[Pu(IV)log[Pupe aq.
3++  as a function of pH along with the measured 

pe ( ), the calculated pe from the PuO2
2+/PuO2

+ couple ( ) and the PuO2
+/Pu(IV)coll 

couple ( ). [Pu3+] and [Pu(IV)aq] are determined by spectroscopy. The dotted line 

represents the calculated )][OHβlog(1Klog
4

1y

y
1y∑

=

−′+−′− with the formation constants 

of Metivier et al. (y = 1 - 4) [Meti 72] and the solid lines the same relation with the 
corrected formation constants of hydrolysis species (see text). 

 

The solid curve in Fig. 6.13 indicates the calculation of the right term of Eq. (6.11) with the corrected for-

mation constants of mononuclear hydrolysis species. The first hydrolysis constant is lowered by 0.5, the 

second by 1.0 log units as compared to [Meti 72]. The experimental data do not allow independent deter-

mination of each formation constant. Thus, the formation constants are varied until the calculated curve is 

in good agreement with the experimental data. The present works are carried out at acidic conditions (0.1 

> pH > 2.1). Thus, only the first and second hydrolysis constants can be estimated (Table 6.2). The dashed 

lines indicate the calculations for each hydrolysis species with the corrected hydrolysis constants. The lack 

of data at higher pH prevents a precise determination of higher hydrolysis constants. The experiments have 

to be extended to higher pH. 
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Table 6.2 Corrected hydrolysis constants and corresponding formation constants of plutonium hydrolysis 
species using the measured redox potentials. 

Medium/Species log K′1y log K°1y log β°1y Methods

0.5M HCl/NaCl, room temp./ Pu(OH)3+ -0.93 0.1 14.1 redox. 

0.5M HCl/NaCl, room temp./ Pu(OH)2
2+ -2.16 -0.4 27.6 redox. 

 

As mentioned in Section 2.2.2, the only complete set of experimental data for the formation constants of 

all four mononuclear hydrolysis species (log β1y, y = 1 - 4) at trace Pu concentrations are those of [Meti 

72]. However, there are several literature values of the first hydrolysis constant (Table 2.1) and the sug-

gested value of log β11 = 14.1 in the present work compares reasonably well with the first hydrolysis con-

stants measured by potentiometry [Rabi 51; Rabi 57] which are lower about 1 log unit than that of 

Metivier et al. (see Table 2.1). 
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7 Conclusion 

 

In this study, the hydrolysis, solubility and colloid formation of tetravalent plutonium and redox equilibria 

between four different plutonium oxidation states are investigated using several complementary methods. 

These chemical properties of Pu(IV) are important for the performance assessment of nuclear waste dis-

posals, in particular for the isolation and immobilization of radionuclides. However, the strong tendency of 

hydrolysis and subsequent colloid formation of Pu(IV) and moreover the redox instability of plutonium 

complicate the precise investigation of Pu. Thus, similar investigations with the redox stable and non-

radioactive zirconium are also carried out for the purpose of comparison. 

 

Comparison of hydrolysis of Pu(IV) and Zr 

 

On the basis of ionic radii and charge, the tendency of Pu4+ to undergo hydrolysis should exceed that of its 

predecessors in the actinide series (Pu4+ > Np4+ > U4+ > Th4+) and should be considerably smaller than Zr4+ 

or Hf 4+ [Katz 86] due to their ionic radii in the order of Zr4+ (≈ Hf 4+) < Pu4+ < Np4+ < U4+ < Th4+.  How-

ever, the available experimental data on mononuclear hydrolysis of Zr(IV) and Pu(IV) indicate similar 

first hydrolysis constants of both elements. 

The first and second hydrolysis constants of Pu(IV) determined by potentiometry in the present work 

(Table 6.2) are very similar to those of Zr(IV) (Table 2.2). The distributions of mononuclear hydrolysis 

species of Pu and Zr at I = 0.5 M are compared in Fig. 7.1. The third and forth hydrolysis constants of 

Pu(IV) could not be determined from experiments in the present work. The distribution of Pu(IV) hydroly-

sis species in Fig. 7.1 (a) at higher pH is calculated with the third hydrolysis constant lowered by 1.5 and 

the forth by 2.0 log units as compared to the values by [Meti 72].  



 107

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8
0.0

0.2

0.4

0.6

0.8

(a)

Pu(OH)4

Pu(OH)3
+

Pu(OH)2
2+

Pu(OH)3+

Pu4+

R
el

. a
bu

nd
an

ce

(b)

Zr(OH)4

Zr(OH)3
+

Zr(OH)2
2+

Zr(OH)3+

Zr4+

 
R

el
. a

bu
nd

an
ce

 
-log [H+]

 
Fig. 7.1 (a) Pu at I = 0.5M, mononuclear hydrolysis species distribution calculated from 

the corrected formation constants (see Section 6.4). (b) Zr at I = 0.5 M, log β°11: 
[Baes 76; Ekbe 2001], log β°12 - log β°14: estimated with dZr-O = 2.22 (8-fold co-
ordination in [Shan 76]) (Table 2.2 in Section 2.3) 

 

The solubility of zirconium and its polymer species 

 

The solubility limiting phase of Zr(IV) in oversaturation experiments by LIBD is interpreted to be 

Zr(OH)4(am) assuming that Zr(IV) exhibits a similar behavior to that of Th(IV) (Section 5.1). This inter-

pretation is supported by the results of XAFS measurements (Section 5.2). 

Highly concentrated solution of 10 mM contains particles of about 10 nm size as estimated by LIBD and 

with a strong Zr-Zr interaction and a single oxygen shell tentatively built up by tetrameric 

[Zr4(OH)8(H2O)16]8+ units as determined by EXAFS measurement. The XANES spectrum indicates also 

some crystalline feature of the particles. However, EXAFS measurements at high pH and low concentra-
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tion (1 mM) indicate that the dominant species in these solutions does neither resemble the tetramers nor a 

simple ZrO2 structure7 known from literature [Li 93]. It indicates that the dominant solution species 

strongly depends on Zr concentration and pH. 

Besides these findings, there are conditions where the Zr4+ mononuclear species prevails as evident from 

the missing Zr-Zr interaction of a colloid-free sample at [Zr] = 1 mM, pH 1 by EXAFS. Upon pH increase 

(pH 2.0 – 2.8), the formation of polynuclear species is observed by EXAFS while there are still no colloids 

detectable by LIBD. At pH close to 3, colloids are detected by LIBD and these colloids grow in size as pH 

increases. This means that, as the solubility limit is approached and before measurable colloids are present, 

polynuclear Zr species form. 

In a review [Baes 76] on the hydrolysis constants of Zr, the authors conclude that the mononuclear species 

of Zr are dominant only at low Zr concentration (< 10-4 M) and at high Zr concentration, the polynuclear 

species form as a trimer, Zr3(OH)4
8+ or Zr3(OH)5

7+ or a tetramer Zr4(OH)8
8+. Recent studies [Sing 96; Ekbe 

2004] indicate also the existence of the tetramer as dominant species at high Zr concentrations (4 - 50 

mM). In addition, Singhal et al. [Sing 96] observed that the dominant tetrameric species grows to oc-

tameric species at increasing pH ([Zr] = 0.05 M) by stacking two tetramers on top of each other: 

2[Zr4(OH)8(H2O)16Cl6]2+  [Zr8(OH)20(H2O)24Cl12] + 4H+ + 4H2O (7.1) 

and at higher pH, polymeric Zr species form even larger in size. 

The presence of polynuclear species even at low concentration has important consequences for the inter-

pretation of solubility data. The solubility curve for Zr(OH)4(am) which is described by considering only 

mononuclear hydrolysis species is in good agreement with the experimental LIBD data (Fig. 5.6). Never-

theless, this solubility product (log K°sp = -53.1 ± 0.5) may be considered to be only an operative value but 

the underlying model might not reflect the formation process of colloids. The polynuclear species are de-

tected only at high Zr concentrations (1 mM) by XAFS even in samples at relatively low pH, but the 

polynuclear species are expected to predominate even at low Zr concentration at relatively high pH which 

is close to the solubility limit. With increasing pH, the solution approaches the solubility limit enhancing 

the polymerization of Zr(IV). However, experimental evidence of the polynuclear species at lower concen-

tration is still missing. 

 

The solubility data of Zr(IV) oxide (pH > 3) deviate from the calculated solubility curve of ZrO2 and ap-

proach the solubility data of Zr(OH)4(am). The similar phenomenon has been observed for the solubility 

data of thorium and uranium. In the case of thorium, this phenomenon is explained in conjunction with the 
                                                 
7 the monoclinic, cubic, orthorhombic and tetragonal ZrO2 structure 
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hydrolysis of Th4+. If the thorium hydrolysis species is dominant in solution, the ThO2(mcr) dissolves 

through an irreversible reaction to Thx(OH)y
4x-y(aq) being in equilibrium with Th(OH)4(am) [Neck 2003]. 

However, there is an important difference from the cases of Zr and U. The hydrolysis of Zr and U starts at 

lower pH (< 1) than thorium and nevertheless, the solubility of microcrystalline dioxide is measured until 

pH 2~3 similar to thorium. 

 

The solubility of plutonium and its colloid structure 

 

In the present work, the solubility of Pu is investigated at relatively high Pu concentrations ( > 10−5 M) 

limited by the sensitivity of spectroscopy. The solubility product of Pu log K°sp(Pu(IV)) –58.3 ± 0.4, is 

many orders of magnitude lower than that of Zr(OH)4(am). 

From the solubility data of Pu(OH)4(am) (Fig. 6.5) and the distribution of Pu mononuclear hydrolysis spe-

cies (Fig. 7.1 (a)), a model for the Pu(IV) colloid formation mechanism was suggested [Roth 2004]. As 

seen in Fig. 7.1 (a), Pu(OH)2
2+ is the predominant mononuclear hydrolysis species in the range of pH 1 - 3. 

Hydrolysis is a very fast reaction: 

Pu4+ + 2H2O  Pu(OH)2
2+ + 2H+,     (7.2) 

and hence, during the preparation of the samples, the distribution of hydrolysis species adapts readily to 

the pH change. In the present experiments, the formation of the second hydrolysis species coincides with 

the solubility limit of Pu(OH)4(am). The solubility data for colloidal Pu(IV) in the present work decreases 

with pH with a slope of –2 (see Fig. 6.5). This indicates that the data refer to the equilibrium between 

Pu(OH)4(am) and Pu(OH)2
2+(aq) according to 

Pu(OH)2
2+ + 2H2O  Pu(OH)4(am, coll) + 2H+   

or 

Pu(OH)2
2+ + xH2O  PuO2xH2O(am, coll) + 2H+.   

(7.3) 

However, the species distribution obtained from the corrected hydrolysis constants (Fig. 7.1 (a)) shows 

that Pu(OH)2
2+ is not the dominant species below pH 1.4. Bell et al. demonstrated that the rate of polym-

erization or colloid formation depends on the inverse square of the [H+] [Bell 73a]. The concentrations of 

five components in solution, Pu(III)aq, Pu(IV)aq, Pu(V)aq, Pu(VI)aq, and Pu(IV)coll, were obtained by spec-

troscopy as a function of time like in the present work. The Pu concentrations were considerably above the 

solubility limit of Pu(IV) ([Pu] = ca 0.01 M at pH 1 ~ pH 1.4) and the polymerization could be observed as 

a function of time. The concentration of Pu(IV) colloids continuously increased with time and the rate of 
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formation of Pu(IV) colloids was proportional to the first power of the Pu(IV) concentration and to the 

inverse square of the acidity. The authors demonstrated that the formation of Pu(IV) colloids followed 

Pu(OH)2(H2O)x
2+  Pu(OH)4(H2O)x-2 + 2H+  Pu(IV)coll (7.4) 

However, this kind of interpretation only gives information on the ratio between the stoichiometric coeffi-

cients of Pu(IV) and OH- and does not allow to distinguish between the mononuclear Pu(OH)2
2+ and any 

polynuclear species of the same stoichiometry as actual reactant for colloid formation. The predominant 

Pu species is expected to be a polynuclear species in concentrated Pu solutions or near the solubility limit 

similar to the case of Zr. Thus, the formation of Pu(IV) colloids might be considered as a reaction between 

polynuclear species. Recent investigations by combining XAFS and LIBD demonstrated the formation of 

Pu(IV) colloids by stacking 8 – fold coordinated Pu units [Roth 2004]. In this work, the XAFS investiga-

tion was carried out at the relatively high Pu concentration of 1mM in the pH range of 0 – 1.75. The 

EXAFS results show that Pu polynuclear species dominate in solutions close to the solubility limit. Fur-

thermore the EXAFS results indicate that the predominant species contain highly asymmetric oxygen co-

ordination which indicates the presence of different Pu-O bond lengths from different coordinated oxygen 

atoms (-O, -OH, -OH2). The authors postulate PuxOy(OH)4x-2y(H2O)z (0 ≤ y ≤ 2x) as colloid structure 

formed by stacking of mononuclear or polynuclear building blocks on top of each other. 

According to the LIBD measurements, the Pu(IV) colloids in the present work seem to be very small.  

 

Redox reactions between plutonium oxidation states 

 

The present investigation indicates that the redox reactions do not follow the disproportionation according 

to reaction (2.27) of Pu but rather two groups of reactions, Pu(IV)aq  Pu(III)aq and Pu(IV)coll  Pu(V)aq 

 Pu(VI)aq which show a dependency on pH, even though these redox reactions contain neither H+ nor 

OH- as reactant or product. However, hydrolysis, polymerization and colloid formation of Pu(IV) are 

strongly coupled to the two groups of redox reactions and cause the pH dependence. With increasing pH, 

the Pu(IV) concentration decreases necessarily through either the colloid formation or reduction (Pu4+ re-

acts to Pu3+). Under the present experimental conditions, the reduction of Pu(IV) is favored. The formed 

colloidal or polynuclear species might oxidize to Pu(V) and can dissolve to aquatic Pu(V) species which is 

in equilibrium with aquatic Pu(VI) species. 

With increasing pH, the concentration of Pu(IV) decreases and the concentrations of Pu(V) and Pu(III) 

increase at steady state. Additionally, upon pH increase, Pu(IV) polynuclear species or colloids become 

more prominent. As a consequence, the total amount of Pu-oxo components (Pu(IV)(am, coll) + Pu(V) + 
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Pu(VI)) increases. Even if the pH is low like under the present experimental conditions (< pH 1.5), only a 

low concentration of Pu(IV)aq is stable in solution. This complicates the investigation of Pu(IV) solutions. 

Choppin summarized in a review [Chop 83b] that the lower oxidation states are favored at low pH values, 

whereas the higher oxidation states become more stable as the pH is increased. For example, Pu(III) and 

Pu(IV) are most prominent in acidic solutions (pH < 1) in contact with air, whereas PuO2
+ is more stable at 

neutral pH under the same conditions. 

The redox behavior of Pu in acidic condition depends also on the Pu concentration. At constant pH, a more 

concentrated solution is closer to the solubility limit of Pu(IV) and contains more Pu(IV) polynuclear spe-

cies. Accordingly, polynuclear species are in turn oxidized to aquatic Pu(V) and Pu(VI) species. The redox 

behavior at pH 1.0 or pH 1.2 of series 1 and 5 are examples for this dependency. 

 

Future perspectives 

 

EXAFS measurements on zirconium prove that polynuclear species are formed close to the solubility limit 

at millimolar concentrations. Recent technical advances at ANKA lowered the detection limit for Zr down 

to 10-4 M, which allows to clarify the role of polymers at lower concentration and the colloid formation 

mechanism. For Pu, the EXAFS detection limits are even lower than for Zr and it will be a highly prior 

task in the near future to extend the study of [Roth 2004] stepwise to ≥ 5⋅10-5 M in order to better under-

stand the formation of polynuclear species close to the solubility limit of Pu(IV). 

 

In the present work at pH < 2 starting with Pu(IV)aq, the redox reactions of Pu show no dependence on the 

amount of dissolved oxygen in the samples. Instead, the distribution of oxidation states shows the exces-

sive oxidant (Pu(IV)aq  Pu(III)aq) which would oxidize Pu(IV)coll to Pu(V)aq without any other oxidizing 

agents such as dissolved O2. In contrary, in the solubility studies starting with PuO2(am) precipitates [Rai 

84; Silv 89; Neck 2005] (pH > 4), PuO2(am) precipitates oxidized and dissolved to Pu(V)aq that may re-

gard to the amount of oxygen present in the solution. The significance of the proposed reaction mechanism 

(Section 2.2.4) of Pu(IV)coll  Pu(V)aq is still under discussion and deserves further experimental investi-

gations, especially at a broader pH range. 

 

The hydrolysis constants of Pu(IV) are estimated by the measurement of redox potentials at low pH (< 2). 

From these experiments, only the first and second hydrolysis constants are determined. According to the 

comparison between the first hydrolysis constants obtained by Metivier et al. [Meti 72] and Rabideau et al. 

[Rabi 51; Rabi 57], the present correction seems to be reasonable. However, for the precise determination 
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of the formation constants (β′1y, y = 2 - 4), the experiments for redox potential measurements should be 

extended to higher pH, which requires low Pu concentrations. Hence, sensitive detection methods for 

speciation of Pu are needed. At high pH, [Pu(IV)aq] may be too low to be detected by spectroscopy due to 

the low solubility of Pu(IV) even if [Pu]tot. is high. 

Since the speciation of Pu oxidation states is a prerequisite for many investigations of plutonium, a general 

need for sensitive techniques becomes obvious. The spectroscopic method used in the present work is the 

most simple and precise method if the concentration of each oxidation state is sufficiently high. For Pu 

solutions at low concentration, several sensitive methods (e.g. LPAS, TLS and CE-ICP-MS see Chapter 3) 

are applied for the speciation of Pu. The detection limits of these methods are around 10-7~10-8 M. Most 

recently, an even more sensitive method is applied for the speciation of Pu, which is CE coupled with 

RIMS (resonance ionisation mass spectrometry, detection limit ≈ 106 ~ 107 atoms). The CE-RIMS is suc-

cessfully applied for the Pu speciation of about 6⋅109 atoms of 500 µl [Bürg 2005]. Using such sensitive 

methods, the investigation of Pu solution chemistry can be extended to the lower concentration and higher 

pH. 



 113

8 Appendix 

 

8.1 Ionic strength corrections: Specific ion interaction theory (SIT) 

 

Measurements to obtain thermodynamic data are often carried out under different ionic strength conditions. 

To compare these data, normally the experimental equilibrium data are extrapolated to a selected standard 

state. According to the definition given by IUPAC (International Union of Pure and Applied Chemistry) 

[Laff 82], the standard state for a solute i in a solution is a hypothetical solution, at the standard state pres-

sure (1 bar), in which mi = m° = 1 mol⋅kg-1, and in which the activity coefficient γi is unity. Here a method 

is described which was used in this study for the extrapolation of experimental equilibrium data to zero 

ionic strength [Lemi 2001]. 

 

Two alternative methods can be used to describe the ionic medium dependence of equilibrium constants: 

 

• One method takes into account the individual characteristics of the ionic media by using a medium 

dependent expression for the activity coefficients of the species involved in the equilibrium reactions. 

The medium dependence is described by virial or ion interaction coefficients as used in the Pitzer 

Equations [Pitz 73a] and in the specific ion interaction theory (SIT). 

• The other method uses an extended Debye-Hückel expression in which the activity coefficients of 

reactants and products depend only on the ionic charge and the ionic strength, but it accounts for the 

medium specific properties by introducing ion pairing between the medium ions and the species in-

volved in the equilibrium reactions. 

 

The SIT is applied for the calculation of activity coefficients. The simple SIT equation is preferred to the 

more elaborated Pitzer approach, because with the present knowledge and experimental data, it is not pos-

sible to evaluate the Pitzer parameters necessary to calculate activity coefficients for Pu(IV) hydrolysis 

species [Knop 99]. The two basic assumptions in the SIT are described below. 

 

• Assumption 1: The activity coefficient γj of an ion j of charge zj in the solution of ionic strength I is 

described by the follows equation 
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A and B are constants, which are temperature and pressure dependent, and aj is an ion size parameter 

(“distance of closest approach”) for the hydrated ion j. The Debye-Hückel limiting slope, A, has a value of 

(0.509 ± 0.001) kg1/2⋅mol1/2 at 25°C and 1 bar. The term Baj in the denominator of the Debye-Hückel term 

has been assigned a value of Baj = 1.5 kg1/2⋅mol1/2 at 25°C and 1 bar, as proposed by Scatchard [Scat 76] 

and accepted by Ciavatta [Ciav 80]. This value has been found to minimize, for several species, the ionic 

strength dependence of ( )Ik,j,ε  between I = 0.5 and I = 3.5 m. The ion interaction coefficients at 25°C 

listed in Table 8.1 have to be used with Baj = 1.5 kg1/2⋅mol1/2. 

The summation in Eq. 8.1 extends over all ions k present in solution. Their molality is denoted by mk, and 

the specific ion interaction parameters ( )Ik,j,ε , in general depend only slightly on the ionic strength. The 

concentrations of the ions of the ionic medium are often very much larger than those of the reacting spe-

cies. Hence, the ionic medium ions will make the main contribution to the value of log γj for the reacting 

ions. This fact often makes it possible to simplify the summation, ( )∑
k

kmIk,j,ε , so that only ion interac-

tion coefficients between the participating ionic species and the ionic medium ions are included. 

 

• Assumption 2: The ion interaction coefficients ( )Ik,j,ε  are zero for ions of the same charge sign and 

for uncharged species. The rationale behind this is that ε which describes specific short-range inter-

actions must be small for ions of the same charge since they are usually far from one another due to 

electrostatic repulsion. This holds to a lesser extent also for uncharged species. 
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Table 8.1 The ion interaction coefficients at 25°C. 

j K ε(j, k) 

H+ ClO4
- 0.14 ± 0.021) 

H+ Cl- 0.12 ± 0.011) 

OH- Na+ 0.04 ± 0.011) 

   

Pu4+ Cl- 0.4 ± 0.12) 

Pu(OH)3+ Cl- 0.2 ± 0.12) 

Pu(OH)2
2+ Cl- 0.1 ± 0.12) 

Pu(OH)3
+ Cl- 0.05 ± 0.12) 

Pu(OH)4 Cl- 0 

   

NpO2
+ Cl- 0.09 ± 0.053) 

UO2
2+ Cl- 0.21 ± 0.053) 

Am3+ Cl- 0.23 ± 0.023) 
1) from the NEA-TDB [Lemi 2001]. 
2) Estimated in [Knop 99] according to the analogies and 

systematic pointed out in the NEA-TDB [Lemi 2001]. 
3) The values are taken as an analog to Pu due to the lack 

of data for Pu from the NEA-TDB [Lemi 2001]. 
 

8.2 Tables of zirconium investigation 

 

Table 8.2 Summary of coulometric titration (CT)-LIBD series ex-
amined in the present work (Fig. 5.6). 

series log [Zr] pH at CT 
start 

pH colloid 
formation onset 

1 -2.91 1.03 2.95 

2 -2.97 1.00 3.00 

3 -3.25 1.33 3.20 

4 -3.41 1.30 3.21 

5 -3.94 1.48 3.37 
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6 -4.59 1.98 3.90 

7 -4.99 1.89 3.93 

8 -5.27 2.53 4.66 

9 -6.06 3.04 5.56 

10 -6.461) 1.94 6.75 

11 -6.961) 4.01 7.23 

12 -7.111) 4.53 8.04 

13 -7.611) 4.94 8.86 
1) The concentrations can not be directly determined by ICP-MS because of the 

interference of concentrated Na+ ion (0.5M). The values are calculated from 
the ICP-MS results of the stock solutions whit concentrations of ca. 1⋅10-4 M 
for series 10 and 11 and ca. 3⋅10-6 M for 12 and 13. 

 

Table 8.3 Summary of samples examined by XAFS in this study (Fig. 4.1). 

ID sample description Colloids present 

a concentrated ,micro-crystalline’ 
log [Zr]=-1; pH 0.2 ~ 10 nm 

b reference colloids Yes 

c monoclinic ZrO2 - 

d log [Zr]=-2.97; pH 1.0 No 

e log [Zr]=-2.97; pH 2.0 No 

f log [Zr]=-2.97; pH 2.8 No 

g log [Zr]=-2.97; pH 3.0 Yes 

h log [Zr]=-2.97; pH 3.1 Yes 

i log [Zr]=-2.97; pH 3.3 Yes 
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Table 8.4 Data range and metric parameters extracted by least-squares fit analysis of Zr K EXAFS spec-
tra shown in Fig. 5.9 and Fig. 5.10. Values in parentheses are statistical uncertainties, except where f 
is given; in this case, the parameter is held constant during the fit procedure. Values in italics and 
square brackets are from the XRD crystal structure reported in [Gual 96]. 

ID fit range  
R-∆ (Å) shell R (Å) N σ2 (Å2) ∆E (eV) R-factor 

O 2.189(8) 8.8(9) 0.009(1) 1(1) 
a 0.07 - 3.90 

Zr 3.59(2) 1.8(2) 0.005(f) 2(4) 
0.037 

O 2.13(1) 7.2 0.011(1) 0(2) 
b  1.10 - 3.93 

Zr 3.50(3) 4(2) 0.012(4) 5(4) 
0.033 

0.86 - 3.19 O 2.16(2) 
[2.168] 

8.4 (1.5) 
[7] 0.011(2) -5(2) 0.018 

c  
 Zr 3.46(1) 

[3.45] 
6.0(1.3) 
[7] 0.006(1) -7(2)  

O 2.14(1) 3.2(5) 0.000(1)a -2(2)a 
d  
pH 1.0 1.23 - 2.33 

O 2.28(2) 3.4(4) 0.000(1)a -2(2)a 0.007 

O 2.210(5) 8.8(9) 0.0053(6) 4.4(9) e  
pH 2.0 

1.10 - 3.44 
 Zr 3.39(2) 2.2(9) 0.007(f) 8(4) 

0.013 
 

O 2.201(5) 8.9(7) 0.0044(6) 3(1) f  
pH 2.8 

0.86 - 3.44 
 Zr 3.43(2) 1.2(9) 0.004(3) 17(6) 

0.022 
 

O 2.200(8) 11(1) 0.0065(9) 2(1) g  
pH 3.0 

0.86 - 3.4 
 Zr 3.38(5) 1.0(4) 0.005(f) 11(10) 

0.034 
 

O 2.200(6) 10.2(9) 0.0062(7) -5(1) h  
pH 3.1 

0.61 - 3.44 
 Zr 3.36(3) 3(2) 0.011(4) -1(6) 

0.021 
 

O 2.21(1) 10(1) 0.006(1) 4(2) i  
pH 3.3 0.86 - 3.4 

Zr 3.42(7) 1(2) 0.006(8) 10(14) 
0.044 

a Defined as a global parameter for both shells 
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8.3 Coulometric titration of the Pu(IV) solution 

 

The starting solution for coulometric pH titration is prepared with a freshly electrolyzed Pu(IV) stock solu-

tion diluted by 0.5 M (H/Na)Cl solution at [Pu]tot. = 1.01⋅10-5 M and pH 1.3 in 40 ml volume (Fig. 8.1 (a)). 

The same experimental equipment for coulometric titration is used as for the Zr experiments (see Fig. 4.2). 

For the test of coulometric pH titration, a constant current 50 µA is applied for about 15 hours, that is rela-

tively small being able to reduce only about 7⋅10-4 M H+ concentration in 40 ml. However, after the appli-

cation of the current, all Pu oxidation states are reduced to Pu(III) (Fig. 8.1 (b)). Due to the redox sensitiv-

ity of Pu, the coulometric pH titration can not be applied for Pu experiments. 
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Fig. 8.1 The absorption spectra of Pu sample, 40ml [Pu]tot = 1.01⋅10-5 M in home 
made quartz reactor (a) before coulometric pH titration at pH 1.3 (b) after 
the application of coulometric pH titration with a current of 0.05mA for 
about 15 hours, pH 1.3 
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8.4 The absorption spectrum of Pu(IV) colloids 

 

For more than several decades, the properties of the intrinsic Pu(IV) colloids have been studied in detail. 

The early works focused on the identification of the Pu(IV) colloids by their extinction spectrum (see Fig. 

8.2), which differs from that of mononuclear Pu(IV) hydrolysis species (see Fig. 3.1). The extinction spec-

trum of colloids8 shows the strong increase in UV region due to Rayleigh scattering and the characteristic 

absorption at 620 nm. The colloid absorption obeys Beer’s law (3.1), allowing a direct quantification of 

the colloid concentration. 
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Fig. 8.2 The absorption spectrum of Pu(IV) colloids [Clev 79]. 

 

                                                 
8 extinction = sum of absorption and scattering 
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8.5 LIBD system for the Pu investigation 

 

Fig. 8.3 shows the calibration curves with reference colloids of the laser system which is applied for Pu 

investigation in the control area. The BDP is plotted as a function of the laser pulse energy, E [mJ]. The 

threshold ET [mJ] of the so called ‘s-curve’ increases with decreasing particle size (polystyrene reference 

colloids). The particle number densities are 108 particles/cm3. Comparing to Fig. 3.13, the calibration 

curves of the laser system used for the Zr investigation, the threshold energy ET [mJ] for each particle size 

is slightly lower due to different focusing optics. 
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Fig. 8.3 The BDP is plotted as a function of the laser pulse energy, E [mJ]. The thresh-

old ET [mJ] of the so called ‘s-curve’ increases with decreasing particle size 

(polystyrene reference colloids). The particle number densities are 1⋅108 parti-

cles/cm3. 
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8.6 Tables of Pu oxidation state distribution 

 

Table 8.5 Concentrations, the distribution of the Pu oxidation states and the existence of colloids to be 
detectable using LIBD (Series 1 in Fig. 6.7 and Fig. 6.10). 

pH [Pu]tot. 
[M] 

time 
[d] 

Pu(III)aq 
[%] 

Pu(IV)aq 
[%] 

Pu(V)aq 
[%] 

Pu(VI)aq 
[%] 

Pu(IV)coll 
[%] 

coll Pu(III)+Pu(IV)

1.7⋅10-3 M stock sol. 4.96 94.20 2.79 0.78 -2.73 ×  
1 11.30 79.49 u.d. 0.97 8.24 × 90.79 
3 14.84 73.49 u.d. 2.22 9.45 × 88.33 
6 19.55 68.92 u.d. 3.77 7.75 × 88.47 
8 21.70 66.79 u.d. 4.76 6.76 × 88.49 
10 23.70 64.48 u.d. 5.92 6.53 × 88.18 
29 35.69 51.82 u.d. 8.45 4.05 × 87.51 
49 35.11 51.25 u.d. 7.87 5.77 × 86.36 

0.48 
3.3⋅10-4 M 

114 38.88 54.07 u.d. 7.07 -0.03 × 92.95 
1.7⋅10-3 M stock sol. 4.96 94.20 2.79 0.78 -2.73 ×  

1 13.50 70.67 u.d. 2.04 13.79  84.17 
3 25.03 58.22 u.d. 6.18 10.57 × 83.25 
6 34.37 48.03 u.d. 9.09 8.51 × 82.40 
8 36.70 45.22 u.d. 10.29 7.79 × 81.92 
10 38.33 40.99 u.d. 10.80 9.88 × 79.32 
29 45.00 35.63 u.d. 12.03 7.34 × 80.63 
49 43.29 36.32 u.d. 11.34 9.04 n.m. 79.61 

0.66 
3.4⋅10-4 M 

114 46.45 39.87 u.d. 10.92 2.76 × 86.32 
4.9⋅10-3 M stock sol. 9.43 85.02 2.92 2.61 u.d.   

1 28.63 52.36 3.08 10.57 5.36 × 80.99 
2 39.61 38.38 5.09 14.21 2.70 n.m. 77.99 
6 48.56 26.11 4.81 16.12 4.39 × 74.67 
8 49.45 24.88 4.39 16.21 5.06 × 74.33 
14 47.03 27.64 5.37 16.10 3.87 × 74.67 
34 48.61 27.00 4.25 15.88 4.27 n.m. 75.61 

0.83 
4.0⋅10-4 M 

98 50.03 28.5 3.48 15.57 2.43 × 78.53 
4.9⋅10-3 M stock sol. 9.43 85.02 2.92 2.61 u.d.   

1 50.31 23.58 6.79 16.96 2.36 × 73.89 
2 54.28 18.37 10.01 17.26 0.08 n.m. 72.65 
6 56.99 14.53 8.99 17.06 2.44 × 71.52 
8 57.08 14.68 9.55 16.95 1.74 × 71.76 
14 56.17 15.57 8.11 16.72 3.43 × 71.74 
34 57.23 16.21 7.73 17.05 1.78 n.m. 73.44 

1.01 
3.9⋅10-4 M 

98 58.54 17.42 6.98 16.83 0.23 × 75.96 
3.5⋅10-3 M stock sol. 1.03 89.91 4.22 0.21 4.63 ×  1.21 
3.3⋅10-4 M 1 51.52 18.55 10.16 16.97 2.81 × 70.07 



 122

3 57.90 10.11 12.92 15.69 3.38 × 68.01 
9 57.64 10.21 14.86 15.54 1.75 n.m. 67.85 
15 58.48 8.78 11.75 15.37 5.61 × 67.26 
29 58.38 10.16 14.11 15.46 1.89 × 68.54 
88 61.39 9.37 14.87 14.62 -0.25 n.m. 70.76 

  

92 60.83 11.32 13.72 15.06 -0.93 n.m. 72.15 
The pH 1.21 sample at 92 days acidified to pH 0.82 

92(0) 61.49 11.71 15.46 15.66 -4.32 n.m. 73.20 
93(1) 59.38 14.47 9.55 15.91 0.69 n.m. 73.85 
94(2) 57.30 18.50 6.28 16.30 1.62 n.m. 75.80 
107(15) 51.32 27.44 2.62 15.60 3.02 × 78.76 
128(36) 52.60 26.23 5.15 15.26 0.76 × 78.83 
191(99) 55.13 28.3 5.04 14.28 -2.75 × 83.43 

0.82 3.3⋅10-4 M 

287(195) 55.11 28.81 5.14 14.21 -3.27 n.m. 83.92 
[Pu]tot. are measured by LSC 
u.d. : under detection limit 
[Pu(IV)coll] = [Pu]tot.(LSC) – [Pu(III)aq] – [Pu(IV)aq] – [Pu(V)aq] – [Pu(VI)aq] 
coll:  indicates that the sample has colloids which can be detected by LIBD 

× indicates that the sample has no colloid which can be detected by LIBD 
n.m. indicates “no measurement” 
 :the time of Eh measurements 

 

Table 8.6 Concentrations, the distribution of the Pu oxidation states and the existence of colloids to be 
detectable using LIBD (Series 2 in Fig. 6.11). 

pH [Pu]tot. 
[M] 

time 
[d] 

Pu(III)aq 
[%] 

Pu(IV)aq 
[%] 

Pu(V)aq 
[%] 

Pu(VI)aq 
[%] 

Pu(IV)coll 
[%] 

coll Pu(III)+Pu(IV)

4.3⋅10-3 M stock sol. 10.91 87.20 0.32 3.99  ×  
0 9.16 89.42 1.69 4.21 -4.47   
3 18.59 77.90 u.d. 5.29 -1.78 n.m.  
5 17.34 75.89 u.d. 6.15 0.62   
26 33.91 58.22 3.26 9.69 -5.08 n.m.  
31 36.47 54.54 u.d. 8.81 0.19 ×  

0.39 
3.1⋅10-4 M 

61 39.3 54.64 1.15 7.12 -2.18 n.m.  
1.2⋅10-3 M stock sol. 5.72 88.90 5.14 0.19 0 n.m.  

0 7.22 65.66 u.d. 0.12 27.00  72.88 
3 14.87 82.17 u.d. 1.72 1.24  97.04 
5 16.24 79.15 u.d. 3.15 0.46 n.m. 95.39 
7 20.22 76.70 u.d. 4.58 -1.50 n.m. 96.92 
10 23.06 71.67 u.d. 4.67 0.61 n.m. 94.73 
12 22.90 70.42 u.d. 5.27 1.42  93.32 
14 25.65 68.06 u.d. 5.63 0.67 n.m. 93.71 
19 26.25 66.48 u.d. 6.44 0.84 n.m. 92.73 
33 31.80 61.59 u.d. 7.81 -1.20  93.39 
47 33.32 58.55 u.d. 7.54 0.59 × 91.87 
75 35.00 56.35 u.d. 7.94 0.71  91.35 

0.43 
2.9⋅10-4 M 

101 35.87 55.8 u.d. 7.96 0.37  91.67 
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4.3⋅10-3 M stock sol. 8.04 91.20 0.29 3.07 -2.60 ×  
0 28.97 62.19 u.d. 3.62 5.21  91.16 
1 39.51 47.91 2.93 6.83 2.82  87.42 
4 53.24 28.30 u.d. 9.26 9.20 n.m. 81.54 
6 53.99 27.06 3.27 11.30 4.38  81.05 
27 64.76 22.19 13.50 8.18 -8.63 n.m. 86.95 
32 65.39 22.23 9.55 7.19 -4.36  87.62 

0.77 
3.2⋅10-4 M 

62 69.30 22.31 6.90 6.01 -4.54  91.61 
4.3⋅10-3 M stock sol. 8.04 91.20 0.29 3.07 -2.60 ×  

0 14.54 69.26 4.14 6.67 5.38 × 83.80 
1 41.00 35.06 7.89 15.67 0.38 n.m. 76.06 
4 55.51 16.93 u.d. 15.79 11.77 n.m. 72.44 
6 52.84 17.37 5.29 17.47 7.03 × 70.21 
27 58.02 16.00 10.38 15.71 -0.10 × 74.02 
32 57.98 16.48 9.30 15.45 0.80 × 74.46 

0.94 
3.2⋅10-4 M 

62 61.28 17.14 8.57 14.62 -1.61 × 78.42 
4.3⋅10-3 M stock sol. 3.75 97.05 u.d. 1.29 -2.09 ×  

0 32.63 40.38 9.13 14.44 3.41  73.01 
1 52.23 17.54 15.86 17.83 -3.48  69.77 
5 59.40 6.98 u.d. 13.53 20.09 n.m. 66.38 
7 55.89 8.66 9.14 15.39 10.92  64.55 
28 55.22 8.99 18.47 15.18 2.14  64.21 
33 57.03 9.22 15.32 15.62 2.81  66.25 

1.18 
3.2⋅10-4 M 

63 58.98 9.79 15.23 15.68 0.32 × 68.77 
[Pu]tot. are measured by LSC 
u.d. : under detection limit 
[Pu(IV)coll] = [Pu]tot.(LSC) – [Pu(III)aq] – [Pu(IV)aq] – [Pu(V)aq] – [Pu(VI)aq] 
coll:  indicates that the sample has colloids which can be detected by LIBD 

× indicates that the sample has no colloid which can be detected by LIBD 
n.m. indicates “no measurement” 
 :the time of Eh measurements 

 

Table 8.7 Concentrations, the distribution of the Pu oxidation states and the existence of colloids to be 
detectable using LIBD (Series 3 in Fig. 6.3 (a)) 

pH [Pu]tot. 
[M 

Time 
[d] 

Pu(III)aq 
[%] 

Pu(IV)aq 
[%] 

Pu(V)aq 
[%] 

Pu(VI)aq 
[%] 

Pu(IV)coll 
[%] 

coll 

0.3 8.2⋅10-5 M 0 22.72 66.92 u.d. 3.60 6.76 × 
1.04 8.3⋅10-5 M 0 11.54 81.72 u.d. 4.09 2.65 × 
1.13 8.1⋅10-5 M 0 9.61 77.62 u.d. 4.07 8.69  
1.23 9.0⋅10-5 M 0 8.94 45.87 u.d. 4.48 40.71  
[Pu]tot. are measured by LSC 
u.d. : under detection limit 
[Pu(IV)coll] = [Pu]tot.(LSC) – [Pu(III)aq] – [Pu(IV)aq] – [Pu(V)aq] – [Pu(VI)aq] 
coll:  indicates that the sample has colloids which can be detected by LIBD 

× indicates that the sample has no colloid which can be detected by LIBD 
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Table 8.8 Concentrations, the distribution of the Pu oxidation states and the existence of colloids to be 
detectable using LIBD (Series 4). 

pH [Pu]tot. 
[M] 

time 
[d] 

Pu(III)aq 
[%] 

Pu(IV)aq 
[%] 

Pu(V)aq 
[%] 

Pu(VI)aq 
[%] 

Pu(IV)coll 
[%] 

coll Pu(III)+Pu(IV) 

1.3⋅10-3 M stock sol. 2.09 95.60 3.72 u.d. -1.41 ×  
1 38.81 31.56 4.88 14.13 10.62  70.37 
2 48.31 21.58 7.56 16.62 5.85  69.89 
5 52.66 14.25 12.35 15.39 5.35 × 66.91 
8 53.78 11.63 14.61 14.51 5.48 n.m

. 
65.41 

1.38 
3.1⋅10-4 M 

103 57.00 11.11 15.96 16.76 -0.84 n.m
. 

68.11 

1.3⋅10-3 M stock sol. 2.09 95.60 3.72 u.d. -1.41 ×  
1 47.31 16.25 11.06 15.02 10.36 × 63.56 
2 48.45 10.20 14.94 12.68 13.73 × 58.65 
5 50.41 8.40 19.25 10.96 10.99 × 58.81 
8 52.20 7.31 21.86 10.30 8.33 n.m

. 
59.51 

1.58 
2.9⋅10-4 M 

103 40.13 15.68 20.55 9.29 14.34 n.m
. 

55.81 

3.5⋅10-3 M stock sol. 1.03 89.91 4.22 0.21 4.63 ×  
1 41.52 21.73 8.07 15.54 13.15 × 63.25 
3 45.61 11.20 16.32 12.61 14.26 × 56.81 
4 49.42 13.48 16.78 14.26 6.06 × 62.90 
7 51.17 11.35 19.74 13.30 4.44 × 62.52 
10 51.75 9.80 21.37 12.13 4.94 n.m

. 
61.55 

1.59 
3.2⋅10-4 M 

105 47.08 9.30 21.43 8.83 13.36 n.m
. 

56.38 

[Pu]tot. are measured by LSC 
u.d. : under detection limit 
[Pu(IV)coll] = [Pu]tot.(LSC) – [Pu(III)aq] – [Pu(IV)aq] – [Pu(V)aq] – [Pu(VI)aq] 
coll:  indicates that the sample has colloids which can be detected by LIBD 

× indicates that the sample has no colloid which can be detected by LIBD 
n.m. indicates “no measurement” 
 :the time of Eh measurements 

 

Table 8.9 Concentrations, the distribution of the Pu oxidation states and the existence of colloids to be 
detectable using LIBD (Series 5 in Fig. 6.3 (b) and Fig. 6.8). 

pH [Pu]tot. 
[M] 

Time 
[d] 

Pu(III)aq 
[%] 

Pu(IV)aq 
[%] 

Pu(V)aq 
[%] 

Pu(VI)aq 
[%] 

Pu(IV)coll 
[%] 

coll 

0.37 1.2⋅10-5 M 1 2.38 86.44 u.d. 0.06 11.11  
0.65 1.2⋅10-5 M 1 22.23 54.64 u.d. u.d. 23.13  
0.70 1.2⋅10-5 M 1 6.97 72.85 u.d. 0.34 19.85  

1 4.41 69.21 3.98 0.62 21.78  
4 8.98 62.76 5.32 1.13 21.81  

1.07 1.3⋅10-5 M 

5 13.07 59.45 2.50 1.07 23.91  
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8 17.24 50.24 2.48 1.09 28.94  
11 19.45 47.32 3.24 1.24 28.75  
29 25.12 40.79 0.75 1.83 31.51  

  

68 32.44 30.71 2.07 3.12 31.66  
1 8.70 59.19 3.04 1.59 27.49  
2 14.31 54.80 2.59 1.75 26.55  
5 18.94 46.83 1.36 1.83 31.04  
8 22.60 43.25 3.59 1.83 28.73  
26 30.81 34.96 2.66 2.11 29.46  

1.22 1.2⋅10-5 M 

65 38.37 21.46 4.11 2.69 33.36  
1 - 39.06 15.56 u.d. 45.38  
2 1.38 38.72 13.08 u.d. 46.83  
5 1.00 36.15 13.33 u.d. 49.51  
8 1.53 35.30 13.76 u.d. 49.41  
26 2.39 34.96 13.08 u.d. 49.57  

1.53 1.2⋅10-5 M 

65 3.57 30.68 11.97 u.d. 53.78  
1 4.30 37.39 15.77 u.d. 42.55  
3 11.62 32.70 13.60 u.d. 42.07  
6 19.19 28.02 15.77 u.d. 37.03  
23 30.36 21.35 16.13 u.d. 32.16  
64 20.54 18.47 20.63 u.d. 40.36  

2.13 1.1⋅10-5 M 

64 19 37 20 u.d. 24  
[Pu]tot. are measured by LSC 
u.d. : under detection limit 
[Pu(IV)coll] = [Pu]tot.(LSC) – [Pu(III)aq] – [Pu(IV)aq] – [Pu(V)aq] – [Pu(VI)aq] 
coll:  indicates that the sample has colloids which can be detected by LIBD 

× indicates that the sample has no colloid which can be detected by LIBD 
 :the time of CE measurements 

 

8.7 List of abbreviations 

 

AFM : atomic force microscopy 
ANKA : Angströmquelle Karlsruhe 
BDP : breakdown probability 
CE : capillary electrophoresis 
EOF : electroosmotic flow 
EXAFS : extended X-ray absorption fine structure 
FFF : field flow fractionation 
FT : Fourier transform 
FWHM : full width at half maximum height 
ICP-MS : inductively coupled plasma mass spectrometry 
IUPAC : international union of pure and applied chemistry 
LCW : liquid core waveguide 
LCW-DAS : LCW coupled with diode-array spectrometer 
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LIBD : laser induced breakdown detection 
LPAS : laser induced photoacoustic spectroscopy 
LSC : liquid scintillation counter 
PAS : photoacoustic spectroscopy 
PCS : photon correlation spectroscopy 
PDS : photothermal deflection spectroscopy 
PFA : perflouroalkoxy 
PSD : particle size distribution 
RIMS  resonance ionization mass spectrometry 
SEM : scanning electron microscopy 
SHE : standard hydrogen electrode 
SIT : specific ion interaction theory 
SPC : single particle counter 
TEM : transmission electron microscopy  
TLS : thermal lensing spectroscopy 
TTA : thenoyl trifluoroacetone 
UWXAFS : university of Washington XAFS analysis program 
WL : white line 
XAFS : X-ray absorption fine structure 
XANES : X-ray absorption near-edge structure 
XPS : X-ray photoelectron spectroscopy 
XRD : X-ray diffraction 
 

8.8 List of symbols 

 

A : absorption 
ai : activity of elements i 
aj : ion size parameter in Deby-Hückel term 
aw  : activity of water 
c : concentration [M] 
C : the parameter of colloid number density 
D : Deby-Hückel term 
dAn-OH : distance between the centers of actinide ion and OH- ligand ion 

Di : particle diameter 
e : charge of an electron (1.602⋅10-19 C) 
E  : energy 
Eh : relative redox potential to the standard hydrogen electrode (SHE) 
Eh° : standard redox potential to the standard hydrogen electrode (SHE) 
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elEAn-OH  : electrostatic interaction energy between the actinide ion and OH- ligand 

ET [mJ] : threshold energy in s-curve investigation 
F : Faraday constant (96487 C mol-1) 
fH2 : fugacity of H2 
Fi(k) : backscattering amplitude from neighboring atom type i in Section 3.3 
∆fG°m : molar standard Gibbs energy for formation 
h : Planck’s constant 
I : ionic strength 
k : wave vector 
K´ : equilibrium constant of any reaction in a given medium 
K´IV : equilibrium constant of reaction (2.27) in a given medium 
K´V  : equilibrium constant of reaction (2.28) in a given medium 
K′sp  : solubility product in a given medium 
K′xy  : hydrolysis constant in a given medium 
K° : equilibrium constant of any reaction at infinite dilution 
K°IV  : equilibrium constant of reaction (2.27) at infinite dilution 
K°sp  : solubility product at infinite dilution 
K°V  : equilibrium constant of reaction (2.28) at infinite dilution 
K°xy  : hydrolysis constant at infinite dilution 
l : beam pathlength [cm] in absorption spectroscopy 
Ld : capillary length between sample introduction and detection in CE system 
Lt : total capillary length in Section 3.2 
mi : molal concentration 
n : mole number 
N(i) : colloid number density of particle size i 
Ni : i-th coordination number in Section 3.3 
pe : -log ae- defined in analogy with pH (= -log aH+) 
pH : log [H+] 

2HP  : partial pressure of H2 gas 

2OP  : partial pressure of O2 gas 

Pu(III)aq : trivalent plutonium aquatic species (= Pu3+ in present experimetal condition) 

Pu(IV)aq : tetravalent plutonium aquatic species (ion and its hydrolysis species in present experimen-
tal condition) 

Pu(IV)coll  tetravalent plutonium colloid 
Pu4+  : tetravalent plutonium “free ion” 
Pu(V)aq : pentavalent plutonium aquatic species (= PuO2

+ in present experimental condition) 
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Pu(VI)aq : hexavalent plutonium aquatic species (= PuO2
2+ in present experimental condition) 

R : gas constant (8.314 Jmol-1K-1) 
ri : ionic radii of ion i 
Ri : distance between absorbing atom and atom in i-th coordinated shell in Section 3.3 

S0
2 : amplitude reduction factor in Section 3.3 

T : temperature in degree Kelvin 
t1/2  : half life 
tm : time interval between the beginning of the separation and the passage of an analyte zone

through the point of detection (migration time) 
U [V] : separation potentials in Section 3.2 
Veff. : effective focal volume 
vEOF : magnitude and direction of the EOF 
vobs : observed velocity of migration 
zAn : effective charge of the actinide ion 
zi : effective charge of ion i 
β′xy : formation constant of hydrolysis species in a given medium 
β°xy  : formation constant of hydrolysis species at infinite dilution 
ε : molar extinction coefficient [M-1cm-1] 
εrel  : dielectric constant, the ratio of the permittivity of a substance to that of vacuum 
ε(j,k,I) : specific ion interaction parameter in SIT theory 
Φi(k) : total phase shift experienced by photoelectron in Section 3.3 
γi  : activity coefficient for species i 
η : dynamic viscosity of the electrolyte medium 
λ : wavelength [nm] 
λi : electron mean free path in Section 3.3 
µ  : X-ray absorption coefficient in Section 3.3 
µEOF : mobility of electroosmotic flow 
µion : inherent ionic mobility of the ionic analyte 
µobs : observed electrophoretic mobilities in Section 3.2 
ν : frequency 
σi : Debye-Waller factor due to thermal vibration and static disorder in Section 3.3 
ζ : zeta potential [V] 
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