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ABSTRACT 

 
The objective of the work described in this thesis was to understand sorption reactions of 

uranium occurring at the water-clay mineral interfaces in the presence and absence of arsenic 

and other inorganic ligands. Uranium(VI) removal by clay minerals is influenced by a large 

number of factors including: type of clay mineral, pH, ionic strength, partial pressure of CO2, 

load of the sorbent, total amount of U present, and the presence of arsenate and other inorganic 

ligands such as sulfate, carbonate, and phosphate. Both sulfate and carbonate reduced uranium 

sorption onto IBECO  bentonite due to the competition between SO4
2-

 or CO3
2-

 ions and the 

uranyl ion for sorption sites, or the formation of uranyl-sulfate or uranyl-carbonate complexes. 

Phosphate is a successful ligand to promote U(VI) removal from the aqueous solution through 

formation of ternary surface complexes with a surface site of bentonite.  

In terms of the type of clay mineral used, KGa-1b and KGa-2 kaolinites showed much greater 

uranium sorption than the other clay minerals (STx-1b, SWy-2, and IBECO  

montmorillonites) due to more aluminol sites available, which have higher affinity toward 

uranium than silanol sites. Sorption of uranium on montmorillonites showed a distinct 

dependency on sodium concentrations because of the effective competition between uranyl 

and sodium ions, whereas less significant differences in sorption were found for kaolinite. A 

multisite layer surface complexation model was able to account for U uptake on different clay 

minerals under a wide range of experimental conditions. The model involved eight surface 

reactions binding to aluminol and silanol edge sites of montmorillonite and to aluminol and 

titanol surface sites of kaolinite, respectively. The sorption constants were determined from 

the experimental data by using the parameter estimation code PEST together with PHREEQC. 

The PEST- PHREEQC approach indicated an extremely powerful tool compared to FITEQL.  
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In column experiments, U(VI) was also significantly retarded due to adsorptive interaction 

with the porous media, requiring hundreds of pore volumes to achieve breakthrough. 

Concerning the U(VI) desorption, columns packed with STx-1b and SWy-2 exhibited 

irreversible sorption, whereas columns packed with KGa-1b and KGa-2 demonstrated slow, 

but complete desorption. Furthermore, most phenomena observed in batch experiments were 

recognized in the column experiments, too. 

The affinity of uranium to clay minerals was higher than that of arsenate. In systems 

containing uranium and arsenate, the period required to achieve the breakthrough in all 

columns was significantly longer when the solution was adjusted to pH 6, due to the formation 

of the uranyl-arsenate complex. In contrast, when pH was adjusted to 3, competitive sorption 

for U(VI) and As(V) accelerated the breakthrough for both elements.  

Finally, experiments without sorbing material conducted for higher concentrations of uranium 

and arsenic showed no loss of total arsenic and uranium in non-filtered samples. In contrast, 

significant loss was observed after filtration probably indicating the precipitation of a U/As 

1:1 phase. 
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ZUSAMMENFASSUNG 

 
Das Hauptziel der vorliegenden Promotionsarbeit besteht darin, das Verständnis der 

Sorptionsprozesse an der Grenzfläche Wasser-Tonmineral in Anwesenheit von Arsen und 

anderen anorganischen Liganden zu verbessern. Die Sorption von Uran (VI) an Tonmineralen 

wird durch eine Vielzahl von Faktoren beeinflusst. Diese Faktoren sind unter anderem: Art des 

Tonminerals, pH-Wert, Ionenstärke, CO2-Partialdruck, Beladung der Sorbenten, 

Gesamtmenge von U sowie die Anwesenheit von Arsen und anderen anorganischen Liganden. 

Die Sorption von Uranylnitrat auf IBECO -Bentonit wurde durch die Anwesenheit von Sulfat 

oder Carbonat verringert. Dies kann entweder auf die Konkurrenz zwischen SO4
2-

 oder CO3
2-
 

und dem Uranylnitration um die Sorptionsplätze auf der Bentonit Oberfläche oder auf die 

Bildung UranylSulfat oder Uranylcarbonat komplexe zurückgeführt werden. Durch die 

Bildung ternärer Oberflächenkomplexe mit der Bentonitoberfläche ist Phosphat ein geeigneter 

Ligand, um die Entfernung von U(VI) aus wässrigen Lösungen zu fördern. 

Hinsichtlich der Art des verwendeten Tonminerals, zeigten KGa-1b und KGa-2 Kaolinite 

eine deutlich größere Uransorption als die anderen Tonminerale (STx-1b, SWy-2, und 

IBECO  Montmorillonite). Dies kann dadurch begründet werden, dass bei Kaolinit mehr 

Aluminol-Plätze zur Verfügung stehen, welche eine höhere Affinität gegenüber Uran 

aufweisen als Silanol-Plätze. Aufgrund der Konkurrenz zwischen Uranylnitrat und Natrium, 

zeigte die Sorption von Uran an Montmorillonit eine deutliche Abhängigkeit von der 

Natriumkonzentration. Für Kaolinit hingegen ist die Abhängigkeit von der 

Natriumkonzentration deutlich geringer. Ein Multisite-Oberflächenkomplexierungsmodell 

erwies sich als geeignet, um die Uranaufnahme von verschiedenen Tonmineralen 

nachzuvollziehen.  
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Ein Multisite-Oberflächenkomplexierungsmodell erwies sich als geeignet, um die 

Uranaufnahme von verschiedenen Tonmineralen nachzuvollziehen. Das Modell 

berücksichtigte acht Oberflächenreaktionen gebunden an Aluminol und Silanol Kantenplätze 

von Montmorillonit bzw. Aluminol und Titanoloberflächen von Kaolinit. Die 

Sorptionskonstanten (log k) für die acht Oberflächen wurden aus den experimentellen Daten 

unter Verwendung von PEST (Parameter Estimation Code) und PhreeqC ermittelt. 

Hinsichtlich der Ermittlung der Sorptionskonstanten erscheint das PEST-PHREEQC-

Verfahren als ein sehr leistungsfähiges Werkzeug im Vergleich zu FITEQL. 

Der sechste Teil dieser Arbeit zeigt eine größere Affinität von Tonmineralen gegenüber Uran 

als Arsen. Im System mit U(VI) und As(V) war auf Grund der Bildung von 

Uranylarsenatkomplexen die Zeit bis zum Erreichen des Durchbruchs in allen Säulen deutlich 

größer, wenn der pH in der Lösung auf 6 eingestellt wurde. Im Gegensatz dazu beschleunigte 

die Konkurrenz von U(VI) und As(V) um Bindungsplätze bei pH 3 den Durchbruch beider 

Elemente. 

Die Experimente, die mit höheren Uran- und Arsen-Konzentrationen ohne Sorptionsmaterial 

durchgeführt wurden, zeigten in ungefilterten Proben keinen Verlust an Gesamturan und 

Gesamtarsen. Im Gegensatz dazu wurde aber ein deutlicher Verlust in gefilterten Proben 

festgestellt, was vermutlich auf die Ausfällung einer U/As 1:1 Phase zurückzuführen ist. 
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1 Background 

1.1 Fundamental aspects of clay minerals 

In common with many geological terms, the term ñclayò is ambiguous and has multiple 

meanings: (i) a group of fine grained minerals- i.e., the clay minerals; (ii) particle size (smaller 

than silt); and (iii) a type of rock- i.e., a sedimentary deposit of fine-grained material usually 

composed largely of clay minerals (Patterson & Murray 1983, Bates & Jackson 1987). In the 

latter definition, clay also includes fine-grained deposits of non- aluminosilicates such as shale 

and some argillaceous soils.  

From the structural point of view all clays are called phyllosilicates. This name is given 

because in most cases their grain shape is that of a sheet, it is much thinner than it is wide or 

long. The networks of clay structures are built of interlinked polyhedra composed of oxygen 

anions and silicon, or frequently aluminum, and cations. The majority of cations are silicon 

and hence the name of silicates is given to clays (Velde 1995). Figure (1-1) shows the 

classification of phyllosilicates (Rieder et al. 1998). The most important clay minerals from 

this figure regarding their interaction with toxic elements are montmorillonite and kaolinite, 

on which we focused in this work.  

Clay minerals are characterized by certain physical and chemical properties, including: 

 A layer structure with one dimension in the nanometer range; the thickness of the 1:1 

(TO) layer is about 0.7 nm, and that of the 2:1 (TOT) layer is about 1 nm. 

 The anisotropy of the layers or particles. 

  The existence of several types of surfaces: external basal (planar) and edge surfaces  as 

well as internal (interlayer) surfaces (Annabi-Bergaya et al. 1996). 
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 The ease with which the external, and often also the internal, surface can be modified (by 

adsorption, ion exchange, or grafting). 

 Plasticity. 

 Hardening on drying or firing; this applies to most (but not all) clay minerals. 

 

Figure 1-1. Classification of phyllosilicates (Rieder et al. 1998). 

 

As liners in waste repositories clays are used for the control of pollutants. Otherwise, clay 

minerals in soils, along with metal hydr(oxides) and organic matter, control the concentrations 

of toxic ions in surrounding and leaching solutions. The relative contribution of each of these 

clay components to heavy metal ion uptake can vary with the particular heavy metal ion, and 

solution pH, ionic strength, presence or absence of organic/inorganic ligands. However, it has 

been concluded that clay minerals have a stronger affinity for heavy metal ions than for alkali 
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and alkaline earth cations (Tiller 1996). Adsorption of pollutants by clays is a complex 

process, reflecting their strong tendency to form covalent bonds (Jackson 1998a). The extent 

of uptake is not simply a function of the cation exchange capacity (CEC) of the clay minerals. 

This is because heavy metal ion uptake involves a variety of processes, including surface 

complexation, which can be either direct (óinner-sphereô), or indirect (óouter-sphereô), simple 

ion exchange, and surface precipitation (Swift & McLaren 1991, Scheidegger & Sparks 1996, 

Stumm & Morgan 1996, Jackson 1998b). Some common types of complexes at the clay 

mineral/solution interface are illustrated in (Figure 1-2). 

 

Figure 1-2. The location of inner- and outer-sphere complexes and a diffuse ion relative to an 

aluminosilicate layer, (Sposito 1992). 

 

Surface complexation, constituting specific adsorption, occurs on edge sites. It involves the 

formation of direct bonds between the metal cations, and surface OH groups and O atoms, that 

are intermediate in strength between ionic and covalent bonds (McBride et al. 1991, Swift & 

McLaren 1991, Jackson 1998a, Wu et al. 1999). The process is not completely reversible, 
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although this may reflect kinetic effects rather than true irreversibility (McBride et al. 1991, 

Scheidegger & Sparks 1996). 

Adsorption of pollutants can occur at different sites on the aluminosilicates structure (Inskeep 

& Baham 1983), and the site involved may vary with each particular heavy metal. For 

instance, using models for adsorptionïdesorption of copper and cadmium by montmorillonite 

(Undabeytia et al. 1998, Undabeytia et al. 2002), it was found that these metal ions can be 

adsorbed on both edge and interlayer sites. For each of the metal ions the preferred site may 

depend, in different ways and to different extents, on factors such as ionic strength, pH, and 

the anions that are present in solution. Cadmium is mostly adsorbed as the non-complexed 

cation on planar (interlayer) sites over a wide range of concentrations, and also in potentially 

complexing chloride solutions (Undabeytia et al. 1998). On the other hand, adsorption of 

copper is affected by pH and by the presence of Cl
-
, when CuCl

+ 
could form (Undabeytia et al. 

2002). Unlike that of Cd
2+

, desorption of Cu
2+

 shows hysteresis. This would indicate that 

adsorption occurs on both edge and planar sites, the former being relatively irreversible while 

the latter is reversible. 

1.1.1 STx-1b, SWy-2, and IBECO montmorillonites 

Smectite minerals are ubiquitous components of rocks, soils, and sediments. Sorption on these 

minerals can retard metal and radionuclide migration in many geochemical environments. In 

addition, some proposed nuclear waste repositories plan to emplace compacted bentonite 

material, composed mainly from montmorillonite, between the nuclear waste containers and 

the surrounding rocks to serve as an additional engineered barrier that would limit the 

movement of radionuclides from the repository (Grauer 1994, Lajudie et al. 1994, Neall et al. 

1995b).  
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Most aluminous smectites are represented by the montmorillonite according to structural 

formula (Al 2-yMgy
2+

)(Si4-xAl x)O10(OH)2E
+

x+y.nH2O, where the amount of E
+
 represents the 

interlayer cation, x and y the octahedral and tetrahedral substitutions, respectively. The 

smectites with y>x are called montmorillonite (Figure 1-3). Appreciable amounts of trivalent 

Fe often occur in octahedral structures. Montmorillonites are commonly the main constituents 

of the rocks known as bentonites. The basic structural components of the smectites are the 

octahedral (consists of two planes of spherical anions (O, OH)) and tetrahedral sheets (are 

composed of six-fold hexagonal rings) and interlayer configurations.  

The final structure of a clay sheet is the result of a condensation of the tetrahedral silica sheets 

with the octahedral sheets. This happens by sharing the apical oxygen of the silica layer with 

the free oxygen of the octahedral layer. The 2:1-type clay minerals have permanent surface 

charge, which is created by substituting octahedral and tetrahedral cations by other elements 

(e.g., the substitution of Al
3+

 for Si
4+

 in the tetrahedral sheet and Mg
2+

 for Al
3+

 in the 

octahedral sheet). This phenomenon is called ôôisomorphic substitutionôô and is responsible for 

some very important properties of the clay minerals in the aqueous geochemistry. Because the 

substituting ions might have another charge (mostly a lower) the initially neutral clay sheet 

will carry a net negative charge. This excess of negative layer charge is compensated by 

adsorption on the layer surfaces of cations, which are too large to be accommodated in the 

interior of the crystal.  

In the work presented here, three types of montmorillonite were investigated (Ca-

montmorillonite STx-1b, and Na-montmorillonite SWy-2, and Morocco natural bentonite 

IBECO ). Both STx-1b and SWy-2 were obtained from the Clay Minerals Society (CMS) 

Source Clays Repository (University of Purdue, West Lafayette). Morocco natural bentonite 
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(IBECO ) was acquired from the Federal Institute for Geosciences and Natural Resources 

(BGR) in Hannover (Germany). 

The extremely white STx-1b montmorillonite occurs at the base of the Manning Formation 

and rests on gray friable sandstone that is either the lowest Manning or the uppermost 

Wellborn, and it forms from alteration of volcanic ash of rhyolitic composition. 

The Wyoming montmorillonite SWy-2 developed from volcanic ash falling either into the sea, 

or into the lake (possible exception of the Newcastle Formation). Typically, SWy-2 possesses 

mainly sodium exchange cations, a high cation exchange capacity, and thin and flexible 

crystallites. These characteristics give the Wyoming montmorillonite important considerations 

in the industrial and geochemical systems (Moll 2001) because of its rapid dispersion in water, 

high aqueous viscosities, and exceptional film-forming abilities. 

The Moroccan bentonite IBECO  forms through weathering of feldspars, mica, and other 

silicon minerals, and their small size and surface properties make them important reactive 

components of sedimentary rocks such as shale and mudstone, as well as regolith and soils 

containing IBECO . Generally, IBECO  is Ca-rich bentonite and has a slightly white color. Of 

the particles, 80 wt.% are <2 µm, a critical parameter in industrial applications. 
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Figure 1-3. Diagrammatic sketch of the structure of the montmorillonite, (Grim 1962). 

 

The smectite group has a high sorption capacity for many ions. Ion sorption on smectites is 

controlled by two different mechanisms: (i) a pH-independent adsorption, usually attributed to 

cation exchange in the interlayers and resulting from electrostatic interaction between the ions 

and the permanent charge, and (ii) a pH-dependent adsorption, thought to result from surface 

complexation reactions similar to those on oxides (Dzombak & Hudson 1995). On smectites, 

which have siloxane layers but no gibbsite layers exposed, surface complexation groups are 

usually assumed to be confined to the edges (Zachara & Mckinley 1993, McKinley et al. 

1995), in accordance with spectroscopic evidence (Morris et al. 1994). 
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Adsorption by cation exchange dominates at low ionic strength or low pH. It can be 

successfully described by either a Donnan equilibrium model or accumulation of ions in the 

double layers that develop at the basal planes of the clay lamellae (Bolt 1979, Dzombak & 

Hudson 1995). 

Independent from the description of cation exchange as resulting from coulombic interactions 

and quantified by the Donnan or diffuse-layer models, the ion exchange reaction (for example 

between Na
+
 and H

+
) can always be written as: 

H
+
  +  NaX  =  Na

+
  +  HX              Ke 

Where X is the solid exchanger, H
+

 and Na
+

 represent the ions in solution and Ke is the mass 

action law coefficient for the reaction. 

Following (Fletcher & Sposito 1989), it is possible to define X
- 
as a fictitious surface species 

and write hypothetical complexation reactions: 

Na
+
  +  X

-
  =  NaX 

H
+
  +  X

-
  =  HX 

Such reactions are very similar to surface reactions written in ñsurface complexation modelsò 

(see chapter 4). As discussed by (Dzombak & Hudson 1995), the physical interpretation of the 

activity of X
- 

is model dependent and may, for example, be obtained from the Donnan 

potential of the clay particle. 

The pH-dependent adsorption of metals on clays cannot be explained by an electrostatic 

model, but can be understood by analogy with the sorption properties of oxides. Because the 

edges of clays are effectively the surfaces of a mixture of oxidesðgibbsite and silicaðthey 

are able to adsorb metals as pure oxide phases. It is generally assumed that oxygen surface 

groups have the potential to react with ions in solution to form surface complexes. These 

surface reactions may be described with a ñsurface complexation modelò that takes into 
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account both the ñintrinsicò affinity of surface sites for solutes and the coulombic interaction 

between the surface charge and the dissolved ions (Schindler et al. 1976, Davis et al. 1977, 

Hayes & Leckie 1987). 

1.1.2 KGa-1b and KGa-2 kaolinites 

Kaolin mineral is a main mineral component of clay-rich host rock formation considered as 

potential nuclear waste repositories. Kaolinite is a 1:1 layer type clay mineral (Figure 1-4) and 

has the simple structural formula Al2Si2O5(OH)4. A layer consists of a single sheet of SiO4 

tetrahedra combined into hexagonal rings, with a superimposed dioctahedral gibbsite type 

sheet of edge sharing octahedral (Strunz & Nickel 2001). Each Si-Al -hydro(oxide) component 

exists in two distinct structural environments at the surface. There is only minimal substitution 

of variable valance cations in the structure compared with smectites and hence only minor 

permanent structural charge. The oxygen atoms and hydroxyl groups at the edges or at the 

gibbsite basal plane of kaolinite are Lewis base or Lewis acid functional groups, which are the 

source of pH dependent charge.  

Two reference kaolinic minerals were used in this work: a well crystallized kaolinite KGa-1b 

and a poorly crystallized kaolinite KGa-2. The soft kaolins (represented by KGa-1b) 

associated with Coastal Plain sediments of Cretaceous age, with a few of Eocene age, are 

often slightly tan or pink and exhibit a characteristic conchoidal fracture. The deposits have 

few sedimentary features and virtually no fossils, probably because of extensive re-

crystallization. Iron-rich oxides, principally goethite and hematite, Ti-rich minerals and 

organic matter cause discolorations. Titanium-rich minerals occur at 1ï2 wt.%, and organic 

matter at 0.1ï0.04 wt.%. Kaolinite crystals are in large, euhedral, interlocking plates and 

vermiform crystals. The crystals have a low Fe content, 0.10ï0.45 wt.% Fe2O3, and are 

principally of the low-defect type; 65 wt% of the particles are >2 µm, a critical parameter in 
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industrial applications. The hard kaolins (represented by KGa-2), associated with Eocene age, 

are often slightly gray, and exhibit a rough, óhackyô fracture. Iron-rich oxides, principally 

goethite and hematite, Ti minerals and organic matter cause discoloration. Titanium-rich 

minerals amount to 1ï3 wt.%, and organic matter to 0.06ï0.08 wt.%. The kaolinite crystals 

occur in a face-to-face arrangement. They have more defects than the soft kaolins. The crystals 

have a greater Fe content, typically 0.70ï1.0 and wt.%. 80 wt.% of the particles are <2 µm in 

size (Moll 2001).  

 

Figure 1-4. Diagrammatic sketch of the structure of the kaolinite (Grim 1962). 

1.2 Fundamental aspects of uranium and arsenic 

1.2.1 Aqueous uranium geochemistry 

In the aqueous solution, uranium can exist in oxidation states of (+III, +IV, +V, and +VI), 

however, under environmental conditions only the tetravalent and hexavalent states are stable. 
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The reduction half reactions and associated potentials for all of the uranium oxidation states 

are given in (Table 1-1). A Eh-pH plot showing the domains of stability of dissolved and solid 

uranium species is given in (Figure 1-5). Uranium(VI) is considerably more soluble than 

uranium(IV).  

Table 1-1. Reduction potentials of uranium half reactions, (Grenthe et al. 1992) 

Reaction EH° (V) pe° logK 

U
4+

  +  e
-
  =  U

3+
 -0.553 -9.35 -9.35 

4H
+
  +  UO2

2+
  +  2e

-
  =  2H2O  +  U

4+
 +0.267 4.51 4.51 

UO2
2+

  +  e
-
  =  UO2

+
 +0.088 1.49 1.49 

UO2
2+

  +  2e
-
  =  UO2(s) +0.411 6.95 13.89 

U4O9(s)  +  2H
+
  +  2e

-
  =  4UO2(s)  +  H2O(1) +0.456 7.71 15.41 

4ɓ-U3O7(s)  +  2H
+
  +  2e

-
  =  3U4O9(s)  +  H2O(1) +0.517 8.74 17.48 

U3O8(s)  +  2H
+
  +  2e

-
  =  ɓ-U3O7(s)  +  H2O(1) +0.565 9.55 19.10 

 

 
 

Figure 1-5. Eh-pH diagram for aqueous species and solids in the system U-O2-CO2-H2O at 

25°C and 1 bar total pressure. Solid/aqueous boundaries (stippled) are drawn for total U = 10
-5

 

M. UDC and UTC are UO2(CO3)2
2-

 and UO2(CO3)3
4-

, respectively, (Langmuir 1997). 
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Uranium in the +VI oxidation state is relatively mobile and can be detected in almost any 

natural water. Seawater is the largest reservoir of dissolved uranium and contains uranium at a 

highly uniform value of 3.3 ɛg/L. The concentration of uranium in groundwater is usually in 

the range (<1 ɛg/L). In groundwaters, the weathering of uranium-bearing rocks and minerals 

is the source of dissolved uranium. Uranium is most concentrated in sedimentary rocks, 

particularly organic shales and is also found in significant amounts in metamorphic and 

igneous rocks, with higher concentrations in granites than in basalts (Gascoyne 1992). 

Primordial uranium is present primarily as the isotope 
238

U with a minor amount as 
235

U. The 

isotope 
234

U occurs naturally as a daughter in the 
238

U radioactive decay series. Following the 

advent of man-made nuclear fission, 
233

U and 
236

U are now present in appreciable amounts. In 

oxidizing aqueous environments, uranium(VI) is present as the linear uranyl dioxo ion (UO2
2+

) 

and an array of mononuclear and polynuclear hydrolysis species: (UO2)3(OH)5
+
, 

(UO2)3(OH)4
2+

, (UO2)2OH3
+
,(UO2)3(OH)7

-
, (UO2)4(OH)7

+
, UO2OH

+
, UO2(OH)2

0
, UO2(OH)3

-
 

and UO2(OH)4
2-

 (IAEA 1992, NEA 1992). With increasing carbonate concentrations, mono-

di-trinuclear uranyl carbonate species become increasingly important UO2CO3
0
, UO2(CO3)2

2-
 

and UO2(CO3)3
4-

. In aqueous systems, the future fate and transport of uranium is 

predominantly controlled by its sorption onto mineral surfaces (Langmuir 1978, Hsi & 

Langmuir 1985). Passive treatment of uranium contamination is often done by permeable 

reactive barriers with zero valent iron (Morrison et al. 2002, Noubactep et al. 2005).  

1.2.2 Aqueous arsenic geochemistry 

Elemental arsenic (As) is a member of group 15 of the periodic table, with nitrogen, 

phosphorus, antimony and bismuth. It has an atomic number of 33 and an atomic mass of 

74.91. Arsenic (As) is a ubiquitous element found in the atmosphere, soils and rocks, natural 

waters and organisms. It is mobilized in the environment through a combination of natural 
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processes such as weathering reactions, biological activity and volcanic emissions as well as 

through a range of anthropogenic activities. Most environmental arsenic problems are the 

result of mobilization under natural conditions, but man has an important impact through 

mining activities, combustion of fossil fuels, the use of arsenical pesticides, herbicides and 

crop desiccants and the use of arsenic as an additive to livestock feed, particularly for poultry. 

The structures of common arsenic compounds are shown in (Figure 1-6). 

 

Figure 1-6. Structures of common arsenic compounds. Many of the structures partially or 

fully deprotonate under natural conditions, (Henke & Hutchison 2009). 

 

Arsenic occurs in the nature in two primary forms; inorganic and organic. Inorganic arsenic 

occurs in four oxidation states (-III, 0, +III, and +V). Arsenite As(III) and arsenate As(V) are 

the dominant form found in natural waters. Inorganic arsenic is a metalloid widely distributed 

in the earthôs crust. In aquatic systems arsenic has an unusually complex and interesting 
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chemistry with oxidation-reduction, ligand exchange, precipitation and adsorption reactions all 

taking place.  

The predominant aqueous species of arsenic can be summarized in a pe-pH diagram (Figure 1-

7). This figure illustrates that under pe conditions occurring in oxygenated waters, arsenic acid 

species (H3AsO4
0
, H2AsO4

-
, HAsO4

2-
, and AsO4

3-
) are predominant for the pH encountered in 

surface and ground water, although the fully dissociated arsenate ion would be rare because 

very few waters reach pH greater that 11.5.  

At pe values characteristic of mildly reducing conditions, the fully protonated arsenite species 

(H3AsO3
0
) is predominant over a wide range of pH (1-9) and because it is not ionized and 

adsorbs less strongly than arsenate species, dissolved arsenite tends to be much more mobile 

than arsenate (Vink 1996). Both H2AsO3
-
 and HAsO3

2- 
become dominant at higher pH values. 

 

Figure 1-7. pe-pH diagram for predominant aqueous species of arenic at equilibrium and 

298.15K and 1 atmosphere pressure (Vink 1996). 
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Organic species of arsenic are predominantly found in food, such as shellfish, and include 

such forms as monomethyl arsenic acid (MMAA), dimethyl arsenic acid (DMAA), and 

arseno-sugars. Organic arsenic forms may be produced by biological activity, mostly in 

surface waters or wetlands, but are rarely quantitatively important (Smedley & Kinniburgh 

2002). 

Under sulfidic, mainly neutral to alkaline conditions, arsenic forms thioarsenates and 

thioarsenites which can become the predominant arsenic species (Planer-Friedrich et al. 

2007b, Planer-Friedrich et al. 2009). 

The equilibrium mineral stability of arsenic under different pe and pH values is illustrated in 

(Figure 1-8), which exhibits the sequence of stable minerals from fully oxidized arsenic pent-

oxide to fully reduced native arsenic in the presence of 10
4-

m total dissolved sulfur. No 

mineral corresponds with arsenate oxide due to its extreme solubility (about 40 grams per 100 

grams of solution) and the addition of the type of divalent cations commonly found in surface 

and ground waters would promote the precipitation of metal arsenates that are less soluble 

than the pent-oxide. 
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Figure 1-8. pe-pH diagram for equilibrium mineral stability in the As-O-S-H2O system at 

298.15K and 1 atmosphere pressure, total dissolved sulfur = 10
-4

m. 

 

Arsenate is chemically similar to phosphate and may be isomorphously substituted and 

enriched in phosphate minerals (Ferguson & Gavis 1972). Arsenic can be removed from the 

aqueous solution by sorption and co-precipitation. Clay minerals play an important role in 

retardation of arsenic in the environment. 

1.2.3 Health effects of uranium and arsenic 

Ground and surface waters are very variable in terms of uranium and arsenic risk. Following 

the accumulation of evidence for the chronic toxicological effects of uranium and arsenic in 

drinking water, many regulations have been revised in the past decades. Maximum 

concentration levels (MCLs) for drinking water have been established for many inorganic 
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elements, including uranium and arsenic. The provisional MCL for uranium and arsenic has 

been set to 15 µg/L and 10 µg/L, respectively, by the World Health Organization (WHO 

2004). Most of the information about the human health effects of uranium and arsenic, in 

particular in relation to its carcinogenicity, comes from evidence obtained through the study of 

exposed human populations. The human health effects of uranium, arsenic, and other toxic 

elements have been comprehensively reviewed by several leading national and international 

bodies including WHO and USEPA.  

Exposure to uranium can result in both chemical and radiological toxicity. The main chemical 

effect associated with exposure to uranium and its compounds is kidney toxicity. This toxicity 

can be caused by breathing air containing uranium dusts or by eating substances containing 

uranium, which then enters the bloodstream.  

Long-term exposure to arsenic in drinking water is casually related to increased risks of cancer 

in the skin, lungs, bladder and kidney, as well as other skin changes such as hyperkeratosis 

and pigmentation changes (Smith et al. 1992, Guo et al. 2001, Guo et al. 2003). It is generally 

assumed that arsenite is more toxic than arsenate, pentavalent organic arsenic species are the 

least toxic compounds, while trivalent organic arsenic species are even more toxic than the 

inorganic arsenite. 
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2.1 Abstract 

Batch experiments were conducted to study the uranium(VI) sorption onto bentonite as a 

function of pH (3 to 8), and initial U(VI) concentrations (5×10
-6

 and 5×10
-5

 M) in the presence 

and absence of sulfate, carbonate, and phosphate. Uranium sorption onto bentonite depended 

on the initial U(VI) concentration with a stronger sorption at lower concentrations and was 

high over a wide range of pH in the absence of complexing ligands. In the presence of 0.005 

M sulfate, U(VI) sorption was reduced at low pH values due to either the competition between 

SO4
2-

 and the uranyl ion for sorption sites on the bentonite surface, or to the formation of 

uranyl-sulfate complexes. In the presence of 0.003 M carbonate, U(VI) sorption decreased 

sharply at a pH above 7, because of the formation of negatively charged uranyl-carbonate 

complexes, which are weakly adsorbed onto the bentonite. Uranium sorption onto bentonite 

was greatly enhanced in the presence of 0.003 M phosphate. Kinetic batch experiments carried 

out for 5×10
-5

 M U(VI) at pH values of 3, 5, and 8 revealed that the sorption rate was 

generally rapid over the first 10 minutes of the experiments, then slowed down appreciably 

after 1 to 24 hours. Sulfate had little effect on the kinetics of U(VI) sorption; both  in the 

absence and presence of sulfate, sorption equilibrium was attained after 4 hours. In the 
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presence of carbonate, attainment of sorption equilibrium required more time than in its 

absence. The presence of 0.003 M phosphate reduced the time required to reach sorption 

equilibrium across a wide range of pH compared to phosphate-free systems. 

Key Words: Bentonite, Uranyl, Sulfate, Carbonate, Phosphate, Sorption 

2.2 Introduction  

Uranium pollution of soils and groundwater is widespread at mining and milling operations, 

nuclear processing facilities, nuclear weapon development complexes (Riley et al. 1992b), and 

to a minor extent on agricultural soils due to the application of phosphate fertilizers (Barisic et 

al. 1992, Zielinski et al. 2006). Under oxidizing geochemical conditions, the most stable 

oxidation state of uranium is U(VI) (Grenthe et al. 1992), which exists in acidic aqueous 

solution as the linear uranyl ion ñUO2
2+
ò. At higher pH, the uranyl ion hydrolyzes extensively, 

forming monomers, dimers, and trimers. Both the retardation and transport of U(VI) in 

geological environments are primarily affected by their sorption/desorption reactions at 

solid/solution interfaces (Langmuir 1978, Hsi & Langmuir 1985). 

Hence, predicting the future fate and migration of uranyl in contaminated sites requires an 

understanding of the factors affecting on sorption/desorption of uranium(VI) onto minerals. 

Many parameters can govern the uranyl sorption behavior onto minerals (pH, initial uranium 

concentration, presence and absence of complexing ligands such as sulfate, carbonate and 

phosphate). Clay minerals have been given an important consideration regarding this point. 

Although sorption of U(VI) onto clay minerals has been extensively studied (Borovec 1981, 

Tsunashima et al. 1981, Zachara & Mckinley 1993, Chisholm-Brause et al. 1994, McKinley et 

al. 1995, Turner et al. 1996, Pabalan & Turner 1997, Serne et al. 2002, Zachara et al. 2002, 

Ulusoy et al. 2003), many questions remain about  effect of sulfate, carbonate and phosphate 

on U(VI) sorption onto clay minerals. These ligands can be the most important inorganic 
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substance that influence the U(VI) uptake and transport in the subsurface. Therefore, it is of 

great importance to study the influence of different uranyl species formed through presence of 

sulfate, carbonate and phosphate on thermodynamic and kinetic U(VI) sorption onto clay 

minerals. Among the more common candidates in this regard is bentonite which is usually 

recommended for uranium removal from radioactive waste water due to its high sorption 

capability for uranyl ions. This clay is chosen also to avoid pollutant release into the 

environment owing to their high surface areas, low cost and ubiquitous presence at many 

nuclear processing facilities, and weapon development complexes (Serne et al. 2002, Zachara 

et al. 2002).  

Sulfate together with carbonate and phosphate ions are the most important inorganic ligands 

that influence the U(VI) sorption and transport in the subsurface. 

Sulfate is often present in groundwater, particularly in the vicinity of uranium milling 

production sites, where sulfuric acid was utilized in the leaching process. Accordingly, the 

impact of sulfate on uranium sorption is of both theoretical and practical interest. Previous 

work on the sorption of U(VI) in sulfate-containing systems (Venkataramani & Gupta 1991, 

Pabalan et al. 1998, Payne 1999) revealed that sulfate caused a slight decrease or a slight 

increase on (VI) sorption, according to the experimental conditions. This can be attributed to 

the formation of uranyl-sulfate complexes and to some competition between SO4
2-

 and UO2
2+

 

for surface sites. 

Carbonate is a strong ligands at alkaline conditions controlling the mobility of U(VI) in 

groundwater significantly by the formation of uranyl-carbonate complexes, which are weakly 

sorbed on many mineral surfaces (Hsi & Langmuir 1985, Waite et al. 1994). 

Phosphate is a common component in subsurface systems and plays an important role in 

governing the mobility of U(VI) (Sandino & Bruno 1992, Payne et al. 1996, Payne 1999, Bain 
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et al. 2001, Guo et al. 2003, Cheng et al. 2004). Previous studies showed that the presence of 

phosphate in systems containing U(VI) and iron oxides might have several effects; (i) 

competition with U(VI) for surface sites on iron oxides, which will decrease U(VI) adsorption; 

(ii) competition with surface sites for coordination of U(VI) by forming aqueous U(VI)-

phosphate complexes, which will also decrease U(VI) adsorption; (iii) formation of ternary 

surface complexes involving both U(VI) and phosphate, which will enhance the adsorption of 

both U(VI) and phosphate (Payne et al. 1996, Guo et al. 2003); (iv) precipitation of U(VI)- 

phosphate solids, which can decrease aqueous U(VI) concentration. Sorption and transport of 

U(VI) can be kinetically controlled (Qafoku et al. 2005), and the kinetic sorption behavior was 

generally described to be rapid, taking place on a time scale of milliseconds, followed by a 

slower sorption period on a time scale of hours or days.  

In the present work, U(VI) sorption onto bentonite was studied as a function of pH and initial 

U(VI) concentrations in the presence and absence of sulfate, carbonate, and phosphate. We 

focused also on the effect of these ligands on kinetic U(VI) sorption behavior onto bentonite. 

These ligands were chosen because they may be important in the migration of uranium in 

natural environments.  

2.3 Methodology 

2.3.1 Material and samples preparation 

Morocco bentonite IBECO  was supplied from the Federal Institute for Geosciences and 

Natural Resources (BGR) in Hannover. Table (2-1) presents the chemical composition 

measured by X-ray fluorescence (XRF), after mixing the powdered samples with a flux 

material and melting into glass beads. Powder X-ray diffraction (XRD) was used to determine 

the mineralogical composition according to (Ufer et al. 2004). The results show that the 
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bentonite (<2µm clay fraction) is mainly composed of montmorillonite (80.3 %) and small 

amounts of impurity phases such as plagioclase, orthoclase, cristobalite, and quartz (12.1 %, 

5.5 %, 1.3 %, and 0.9 %, respectively). No pre-treatment and separation were conducted for 

the bentonite before the sorption experiments, because the goal of this work is to test the 

sorption application on natural mineral, not on reference mineral. The effect of other minerals 

(plagioclase and orthoclase) on U(VI) sorption has been not reported in the previous 

literatures. Therefore, it was not considered in this study. Due to a low content of cristobalite 

and quartz in bentonite, its influence was not taken into account on U(VI) sorption onto 

bentonite.  

Table 2-1. Chemical composition of Morocco bentonite, IBECO  

Compound/Element [wt.%]  

SiO2 53.2 

TiO2 0.2 

Al 2O3 21.2 

Fe2O3 2.0 

MgO 2.1 

MnO 0.007 

CaO 1.3 

Na2O 1.95 

K2O 0.952 

P2O5 0.041 

SO3 0.14 

Cl 0.002 

LOI 16.63 

U 8 mg/kg 

LOI is expressed as loss of ignition  

 

U(VI) stock solutions of 5×10
-6

 M or 5×10
-5

 M were prepared by dissolving uranyl nitrate 

hexahydrated UO2 (NO3)2.6H2O (Chemapol, Germany) in Milli-Q ultra pure water (18 

M /cm). U(VI) concentrations were photometrically determined  by the arsenazo III method, 

0.15 % (m/v) Arsenazo [1,8-dihydroxynaphthalene-3,6-disulphonic acid-2,7-bis (azo2)-

phenylarsonic acid] (Riedel-de-Häen, Germany), 200 mg of high-purity Zn granules (Fluka, 
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Germany), 37 % HCl (Baker, Germany), and 1g /100 mL ascorbic acid and oxalic acid (both 

Chemapol, Germany) were used. This method was described in detail elsewhere by (Savvin 

1961, Meinrath et al. 1999). 

All experiments were carried out in a matrix of 0.01 M sodium chloride (Merck, Darmstadt, 

Germany) to keep the ionic strength at a constant value. 

The solutions of 0.005 M sodium sulfate, 0.003 M sodium hydrogen carbonate, and 0.003 M 

sodium hydrogen phosphate were prepared by dissolving [Na2SO4, NaHCO3, and 

Na2HPO4.12H2O, respectively (all of Merck, Germany)] in the appropriate volume of distilled 

water. The pH of each test solution was adjusted to the required value with diluted NaOH or 

HCl solutions at the start of the experiments and checked by using a combined glass electrode 

(WTW GmbH, Germany). 

2.3.2 Batch experiments 

All batch experiments were carried out with 10 g bentonite and 500 mL of solution using 500 

ml capped glass flasks. The batch experiments were divided into four groups, (i) 0.01 M 

sodium chloride, (ii) 0.01 M sodium chloride and 0.005 M sodium sulfate, (iii) 0.01 M sodium 

chloride and 0.003 M sodium hydrogen carbonate, (iv) 0.01 M sodium chloride and 0.003 M 

sodium hydrogen phosphate. The initial U(VI) concentration was  5×10
-6

 or 5×10
-5

 M in all 

groups. The pH values (3 to 8) were monitored in all experiments and adjusted when 

necessary with 0.1 M NaOH or 0.1 M HCl (Merck, Germany) by an automated titrator (794 

Basic Titrino, program version 5.794.0010-Metrohm-Germany) in ñpH-stat modeò. The 

suspension of U(VI) solution and bentonite was continuously stirred using a magnetic stirrer 

(IAK®, Germany). After 24 hours contact time, the solution was separated from the solid by 

centrifugation (30 min, 3000 rpm, MLW Medizintechnik). The supernatants of all individual 

samples were filtered (0.2 µm cellulose acetate filters, Membrex, Germany). The filtrates were 
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analyzed for the final U(VI) concentration by photometry using the arsenazo III method. A 

HACH UV-VIS spectrophotometer with a detection limit of 0.25 µg/L was used for 

absorbance determination at a wavelength of 665 nm. A five-point regression equation was 

used to calibrate the spectrophotometer. The percentage of adsorbed U(VI) was calculated 

from the difference between the initial and final U(VI) concentration by using the following 

equation (2.1): 

           Sorption (%) = 100
i

fi

C

CC
                  (2.1) 

Where iC  and fC  are the uranium concentrations in the initial and final solutions respectively. 

The same experiments were conducted in the absence of ñpH-stat modeò to check whether the 

initial pH values remain constant or change during the sorption experiments. The 

measurement of final pH values after centrifugation and filtration exhibited a clear increase in 

pH over time, which can be related to the isomorphic substitution occurring between the 

solution and the bentonite. Consequently, it may be important to use ñpH-stat modeò to study 

U(VI) sorption at selected pH values. Analysis of a blank flask, containing only the 

radionuclide solutions revealed no increase in U(VI) concentration over 24 hours. This can be 

indicated that sorption on the flask wall was negligible as well as the removal of U(VI) in 

experiments containing bentonite was not due to precipitation but can be related to uptake by 

bentonite. All experiments were performed at laboratory temperature (23 °C) in duplicates, 

and ±5 % was the limit of experimental error of each duplicates. 

2.3.3 Batch kinetic experiments 

Batch kinetic experiments were performed to investigate the effect of the complexing ligands 

sulfate, carbonate, and phosphate on the time required for sorption equilibration. Kinetic 
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experiments for the four groups were conducted as described above by using the pH-stat 

method at three fixed pH values of 3, 5, and 8, an initial U(VI) concentration of 5×10
-5

 M, and 

20 g/L bentonite for 24 hours. After adding 10 g bentonite to 500 mL U(VI) solution adjusted 

to the desired pH value, ten minutes were required to create a homogenous system in the flask. 

After that one sample was taken, centrifuged, and filtered. During the 24 hours, 25 samples 

were collected (one sample each hour). All collected samples were centrifuged, filtered, and 

analyzed for the final U(VI) concentration by the arsenazo III method (as described above). 

The amount of adsorbed U(VI) was calculated by equation (2.1). 

2.4 Results and discussion 

2.4.1  Uranium(VI) speciation in solution 

In order to properly interpret the behavior of U(VI) sorption onto bentonite, the aqueous 

speciation of U(VI) was computed as a function of pH in the presence and absence of sulfate, 

carbonate, and phosphate by the geochemical program code PHREEQC version 2.0 (Parkhurst 

& Appelo 1999b) using the WATEQ4F thermodynamic database. The speciation was 

calculated for the two U(VI) concentrations 5×10
-6 

M and 5×10
-5 

 M in 0.01 M NaCl. Figures 

(2-1, 2-2, 2-3, and 2-4) show results of the calculation for [U]= 5×10
-5

 M in the absence of the 

complexing ligands, in the presence of 0.005 M Na2SO4, in the presence of 0.003 M NaHCO3, 

and in the presence of 0.003 M Na2HPO4, respectively. Further calculations are not presented 

here because they do not differ significantly. Figure (2-1) reveals that the free uranyl ion 

UO2
2+

 is the dominant species in the acidic pH range up to 5. With increasing pH value the 

uranyl ion becomes more hydrolyzed and forms a series of hydrolyzed U(VI) species such as 

UO2OH
+
 and (UO2)3(OH)5

+
. At alkaline conditions (pH > 7.5) UO2(OH)2

0
, (UO2)3(OH)7

-
, 

UO2(OH)3
-
 species were observed. Sulfate is a relatively weak complexant for uranyl, but if 
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sufficient amounts (0.005 M) are present, this will influence U(VI) speciation up to 

approximately pH 5; UO2SO4
0
, and UO2(SO4)2

2-
 are present in the pH range (2-6), at pH 6 

the hydrolyzed uranyl complexes become the dominant species in solution (Figure 2-2). In the 

presence of 0.003 M carbonate and under alkaline conditions, uranyl-carbonato complexes 

UO2(CO3)3
4-

 and UO2(CO3)2
2-

 are the main species in solution (Figure 2-3). Figure (2-4) 

shows that the presence of 0.003 M phosphate plays a major role in determining U(VI) 

speciation; UO2HPO4
0
, and UO2PO4

-
 prevail in solution across a wide range of pH.  

 

 

Figure 2-1. U(VI) speciation in (0.01 M NaCl), [U] = 5×10
-5

 M. 
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Figure 2-2. U(VI) speciation in (0.01 M NaCl + 0.005 M Na2SO4), [U] = 5×10
-5

 M. 

 

 

Figure 2-3. U(VI) speciation in (0.01 M NaCl + 0.003 M NaHCO3), [U] = 5×10
-5

 M. 
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Figure 2-4. U(VI) speciation in (0.01 M NaCl + 0.003 M Na2HPO4), [U] = 5×10
-5 

M. 

 

2.4.2  Thermodynamic experiments 

2.4.2.1 Effect of pH and initial uranium(VI) concentration  

In Figure (2-5), the results of U(VI) sorption on bentonite in 0.01 M NaCl solution are 

presented as a function of pH for two initial U(VI) concentrations, 5×10
-6

 M and 5×10
-5 

M. 

The sorption curve was only slightly influenced by increasing pH. More than 80% of the total 

U(VI) was adsorbed at all pH values studied. At alkaline conditions above pH 7, the amount of 

adsorbed U(VI) slightly decreased with increasing pH. The distinct mineralogy of bentonite 

offers a clue to the understanding of its distinct sorption character. Bentonite is a low layer 

charge expandable phyllosilicates mineral in which Si-tetrahedral sheets and Al- octahedral 

sheets are combined in a 2:1 ratio. The isomorphous substitution of Al
3+

 for Si
4+

 in the 

tetrahedral site and divalent ions for Al
3+

 in the octahedral site brings about the charge 

deficiency that is compensated for by the binding of cations with varying amounts of 



Radiochimica Acta Journal, Volume 96, Issue 6, pages 359-366 

 

 
52 

hydration water to the interlayer space. Consequently, bentonite has been known to have a vast 

internal surface available for metal sorption and a high CEC value (112 meq/100g in this 

study). The structural charge caused by the isomorphous substitution in the lattice is generally 

known to be a permanent charge, hence is independent of the pH of the surrounding aqueous 

solution. Therefore, it can be assumed that the sorption of U(VI) by this mechanism should be 

independent of pH  (Hyun et al. 2000). 

From the Figure (2-5) it becomes evident that the amount of adsorbed U(VI) is higher at lower 

total uranium concentrations. This can be explained by the fact that at low U(VI) 

concentrations, sorption occurs preferentially at the most energetically favorable sites. At high 

U(VI) concentrations these strong sites are fully occupied, and sorption becomes weaker. In 

addition to the results reported here, decreasing sorption with increasing initial U(VI) 

concentrations has also been observed for the sorption of uranium on montmorillonite 

(Pabalan et al. 1998, Hyun et al. 2001b). 
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Figure 2-5. U(VI) sorption onto bentonite as a function of pH for two initial uranium 

concentrations (5×10
-6

 M and 5×10
-5

 M) in 0.01 M NaCl. 

2.4.2.2 Effect of sulfate 

Experimental data for U(VI) sorption onto bentonite in the presence and absence of 0.005 M 

sulfate as a function of pH are given in (Figure 2-6). Sulfate can clearly reduce the U(VI) 

uptake by bentonite at acidic conditions. This may be explained either by the competition 

between uranyl and sulfate ions for surface sites of bentonite, or by the formation of uranyl-

sulfate complexes in the aqueous phase (see Figure 2-2). 

At pH  6, sulfate has a small impact on the U(VI) sorption onto bentonite due to the presence 

of the hydrolyzed uranyl complexes instead of the sulfate-uranyl complexes. The results 

reported here are supported by the observation of (Pabalan et al. 1998), who concluded that 

the presence of sulfate substantially decreased the U(VI) uptake by montmorillonite. 

Similarly, data from (Venkataramani & Gupta 1991) showed that a strong complexing ligand 

such as SO4
2-

 could substantially decrease U(VI) sorption on hydrous oxides at low pH, either 
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by forming uranyl-sulfate complexes or by competing for available sites (Davis & Kent 1990, 

Dzombak & Morel 1990).  

 
Figure 2-6. U(VI) sorption onto bentonite as a function of pH  in 0.01 M NaCl (filled square), 

in 0.01 M NaCl + 0.005 M Na2SO4 (open triangles), in 0.01 M NaCl + 0.003 M NaHCO3 

(filled triangles), and in 0.01 M NaCl + 0.003 M Na2HPO4 (crosshairs), [U] = 5×10
-5

 M. 

 

2.4.2.3 Effect of carbonate 

As shown in (Figure 2-3), carbonate is an important ligand in uranyl speciation particularly at 

high pH values. Experimental results for U(VI) uptake by bentonite as a function of pH in the 

presence of 0.003 M carbonate are included in (Figure 2-6). The diagram shows that the 

presence of 0.003 M carbonate has only little effect on the U(VI) sorption onto bentonite in 

the pH range  3 to 7. The similarity between the U(VI) uptake in systems containing carbonate 

and in carbonate-free system is related to the presence of the same U(VI) species (UO2
2+

, 

UO2OH
+
 and (UO2)3(OH)5

+
) in this pH range (see Figures 3-4, and 3-6). At a pH above 7, 

U(VI) sorption onto bentonite sharply decreases in the presence of carbonate, which can be 






















































































































































































































































