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Abstract

The use of cement to stabilise hazardous waste before landfilling is common worldwide.

However, the long-term leachability of such wastes is not well understood. This has led to

environmental concern. The aim of this study is to understand the binding of heavy metals and

metalloids to the cementitious matrix in order to assess the long-term leachability of cement

stabilised wastes.

In a first step, a pilot landfill containing cement stabilised air pollution control residues was

investigated, in order to determine the mineralogy of these residues and the role of the primary

and secondary minerals in the control of leachate composition. Diffusion tests and

equilibration tests with crushed samples were carried out with material derived from drill

cores, and the results were compared to field data. It could be shown that soluble components,

such as Na and K, that occur in high concentrations in the solid, are diffusion controlled.

Under field conditions, elements present in low concentrations in the solid, that have not

reached saturation in the leachate, are also diffusion controlled. In both field and laboratory

experiments Ca, SO4, Al, and Si were solubility controlled by calcium silicate hydrate (C-S-

H), portlandite (Ca(OH)2), and ettringite (3CaO⋅Al2O3⋅3CaSO4⋅32H2O). In the laboratory

equilibration tests the relatively insoluble heavy metals were solubility controlled by

(hydr)oxides (e.g. Cu, Ni) or calcium metallates (Mo, W). However, the leaching behaviour of

the more soluble trace elements (e.g. Pb, Se, Zn) could not be explained, and cement minerals

were suggested to play an important role in their sorption.

Since the quantitatively important cement minerals C-S-H, ettringite and monosulfate

(3CaO⋅Al2O3⋅CaSO4⋅12H2O) are soluble and subject to recrystallisation, contaminants may be

incorporated by recrystallisation processes. I therefore investigated their stability in order to

better understand the uptake of contaminants in waste-cement mixes. Suspensions were

spiked with radioisotopes of components (45Ca and 35SO4 for ettringite and monosulfate, 45Ca

and 32Si for C-S-H) and their uptake behaviour was observed within 70 days. A physical

model was applied to determine dissolution-precipitation rates. An initial fast uptake was

observed to occur in most systems, so the data obtained between 7 to 70 days were chosen for

analysis. The calculated dissolution-precipitation rates were in the same range for all minerals

and indicated that that 100% of the solid is dissolved and reprecipitated within 1 to 4 years

under the given conditions. The dissolution-precipitation rates of pure cement minerals give
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the maximum rate for ion substitution processes with contaminants, and are distinguishable

from faster processes such as surface complexation and ion exchange processes.

The next step focussed on Se, which is present as the mobile oxyanionic species selenite

(SeO3
2-) and selenate (SeO4

2-) in cementitious systems. The sorption of selenite and selenate

to ettringite, monosulfate, and C-S-H was investigated. Recrystallisation processes seemed to

be of minor importance for Se sorption. For selenite, a sorption maximum was achieved on

ettringite, which suggested surface sorption to be an important process. Distribution ratios for

selenite were similar for ettringite, monosulfate, and C-S-H. At high selenite additions,

CaSeO3 was precipitated. Selenate sorbed only weakly to ettringite and C-S-H. In contrast,

sorption to monosulfate was strong. With increasing selenate addition XRD-analyses revealed

changes in the interlayer thickness of monosulfate, in parallel with an increase of the ettringite

fraction. This suggested substitution of sulfate to be the relevant sorption process.

Finally, to investigate their stability within the cementitious matrix, selenate-AFt

(3CaO⋅Al2O3⋅3CaSeO4⋅37.5H2O) and selenate-AFm (3CaO⋅Al2O3⋅CaSeO4⋅xH2O) were

synthesised and their solubility products were determined. Thermodynamic modelling

suggested that both selenate-AFt and selenate-AFm are stable in the cementitious matrix, and

that in a cement limited in sulfate, selenate concentration may be limited by selenate-AFm to

below the millimolar range.

It was concluded that cement minerals, in particular AFm and AFt phases, do limit the

solubility of the Se species and that the sorption behaviour typical of selenite and selenate is

reflected in their distribution coefficients in the cementitious matrix. The results suggest that

selenate is sorbed more efficiently by monosulfate-rich cement, while the cement composition

is of minor importance for selenite sorption. Thus, understanding the relative stability of AFm

and AFt phases is important for selenate sorption. A further factor that remains to be studied

is the interplay of competing anions in the cementitious matrix.
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Zusammenfassung

Die Verwendung von Zement zur Verfestigung von gefährlichen Abfällen ist weltweit ver-

breitet. Das Langzeitverhalten solcher Abfälle ist jedoch nicht hinreichend bekannt. Das Ziel

dieser Arbeit ist es, die Bindung von Schwermetallen und Metalloiden an die Zementmatrix

zu verstehen, um das Langzeit-Auswaschverhalten von zementverfestigten Abfällen ab-

schätzen zu können.

In einem ersten Schritt wurde eine Versuchsdeponie mit zementverfestigten Rauchgas-

reinigungs Rückständen untersucht, um deren Mineralogie und den Einfluss von primären und

sekundären Mineralien auf die Sickerwasserzusammensetzung zu ermitteln. Diffusionstests

und Equilibrierungstests wurden durchgeführt mit Material aus Bohrkernen und die

Ergebnisse mit den Felddaten verglichen. Es konnte gezeigt werden, dass lösliche Bestand-

teile wie Na und K, welche in der Festphase in hohen Konzentrationen vorliegen, im Feld

diffusionskontrolliert ausgewaschen wurden. Elemente, die in der Festphase in tiefen Kon-

zentrationen vorlagen und die im Sickerwasser keine Sättigung erreicht hatten, waren eben-

falls diffusionskontrolliert. Die Löslichkeit von Ca, SO4, Al und Si wurde sowohl im Feld als

auch im Labor durch Calcium Silikat Hydrat (C-S-H), Portlandit (Ca(OH)2) und Ettringit

(3CaO⋅Al2O3⋅3CaSO4⋅32H2O) kontrolliert. Schwerlösliche Spurenelemente waren in den

Equilibrierungstest löslichkeitskontrolliert durch (Hydr)Oxide (z.B. Cu, Ni) oder Calcium

Metallate (Mo, W). Das Auswaschverhalten der löslicheren Spurenelemente (z.B. Pb, Se, Zn)

konnte nicht erklärt werden. Es wird jedoch angenommen, dass Zementmineralien bei deren

Immobilisierung eine wichtige Rolle spielen.

Da Zementmineralien löslich und Rekristallisierungsprozessen unterworfen sind, ist es

wahrscheinlich, dass dabei Spurenelemente eingebunden werden. Um die Aufnahme von

Spurenelementen in Zement-Abfall-Gemischen besser verstehen zu können, wurde die Sta-

bilität von C-S-H, Ettringit und Monosulfat (3CaO⋅Al2O3⋅CaSO4⋅12H2O) untersucht. Dazu

wurden Suspensionen dieser Mineralien mit Radioisotopen von Elementen versetzt, die in der

jeweiligen Festphase vorhandenen sind (45Ca und 35SO4 für Ettringit and Monosulfat, 45Ca

und 32Si für C-S-H), und deren Aufnahme über eine Zeit von 0 bis 70 Tagen beobachtet. Zur

Bestimmung von Umbauraten wurde ein physikalisches Modell angewendet. Wegen einer

meist schnellen Aufnahme zu Beginn wurden für die Auswertung nur die Daten zwischen Tag

7 und 70 verwendet. Die Umbauraten waren für alle Festphasen ähnlich und ergaben, dass
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unter den gegebenen Bedingungen die gesamte Festphase innerhalb von 1 bis 4 Jahren

aufgelöst und wieder ausgefällt wird. Die Umbauraten der reinen Zementmineralien geben

eine maximale Rate für den Einbau von Spurenelementen an und unterscheiden sich von

schnelleren Prozessen wie Oberflächenkomplexierung und Ionenaustausch.

Anschliessend wurde das Metalloid Selen für weitere Untersuchungen ausgesucht. In Zement-

systemen liegt Selen als mobile Oxyanionen Selenit (SeO3
2-) oder Selenat (SeO4

2-) vor. Die

Sorption von Selenit und Selenat an Ettringit, Monosulfat und C-S-H wurde untersucht. Re-

kristallisationsprozesse schienen für die Se Sorption nicht von Bedeutung. Für Selenit wurde

an Ettringit ein Sorptionsmaximum erreicht, was zeigte, dass Oberflächensorption ein

wichtiger Mechanismus ist. Selenit-Verteilungskoeffizienten waren ähnlich für Ettringit,

Monosulfat und C-S-H. Bei hohen Selenit-Zugaben fiel CaSeO3 aus. Selenat sorbierte nur

schwach an Ettringit und C-S-H, hingegen stark an Monosulfat. Mit zunehmender Selenat-

Zugabe zeigten XRD-Analysen Änderungen in der Dicke der Zwischenschicht von Mono-

sulfat, und gleichzeitig eine Zunahme der Ettringit-Fraktion. Dies deutete darauf hin, dass

Substitution von Sulfat der massgebliche Prozess für die Aufnahme von Selenat war.

Schliesslich wurden Selenat-AFt (3CaO⋅Al2O3⋅3CaSeO4⋅37.5H2O) und Selenate-AFm

(3CaO⋅Al2O3⋅CaSeO4⋅xH2O) hergestellt und deren Löslichkeitsprodukte bestimmt, um ihre

Stabilität in der Zementmatrix zu ermitteln. Thermodynamische Modellierungen deuteten

darauf hin, dass im Zement sowohl Selenat-AFt als auch Selenat-AFm stabil sind, und dass

Selenat-AFm die Selenat Konzentration in einem Sulfat-limitierten Zement unter den milli-

molaren Bereich begrenzt.

Daraus wurde geschlossen, dass Zementmineralien, insbesondere AFm- und AFt-Phasen, die

Löslichkeit von Se Species begrenzen, und dass das typische Sorptionsverhalten von Selenit

und Selenat in der Zementmatrix durch deren Verteilungskoeffizienten wiedergegeben wird.

Die Resultate lassen darauf schliessen, dass Selenat effizienter von einem Monosulfat-reichen

Zement gebunden wird, während für die Bindung von Selenit die Zusammensetzung des

Zements keine wichtige Rolle spielt. Für die Selenat Sorption ist es daher wichtig, die relative

Stabilität von AFm- und AFt-Phasen zu verstehen. Ein weiterer Faktor, der untersucht werden

muss, sind Interaktionen mit konkurrierenden Anionen in der Zementmatrix.
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1.1. Scope of this Work

The aim of this study is the investigation of the mechanisms that control heavy metal mobility

in the cementitious matrix. Wastes containing heavy metals in high concentrations are often

stabilised with cement and it is currently thought that the cement matrix plays an important

role in the immobilisation of contaminants.

In a first step, the release of heavy metals and metalloid species from cement-stabilised air

pollution control (APC) residues from municipal solid waste incineration (MSWI) was

studied. In a second step Se, a metalloid forming the mobile oxyanion species SeO3
2- and

SeO4
2-, was chosen, and its binding to three quantitatively important cement minerals, calcium

silicate hydrate, ettringite, and monosulfate was investigated.

1.2. Outline of the Thesis

This PhD-thesis comprises 6 chapters. They include an overall introduction, followed by four

publications and a conclusion (Tab. 1-1). In the introduction, an overview is given over the

state of the art of waste management and cement stabilisation of hazardous wastes. Possible

sorption mechanisms of heavy metals in cementitious systems are discussed and the

environmental relevance of selenium and its chemistry are introduced.

The publications represented in chapters 2 to 5 reflect the development of my research in the

past four years (Tab. 1-1). The first publication comprises the work on a pilot landfill

containing cement stabilised APC residues (chapter 2). Investigations were made in the field

and laboratory in order to determine the mineralogy of the residues and the role of these

primary and secondary minerals in the control of leachate composition. A main result of this

study was that the cement minerals calcium silicate hydrate and ettringite are important in

controlling the solubility of the major species Ca, Al, Si, and SO4. The same minerals are also

suggested to play an important role in the immobilisation of heavy metal and metalloid ions.

While the leaching behaviour of some insoluble heavy metals could be modelled, the

behaviour of those that are likely to bind to cement minerals remained unclear.

I decided to choose a pure laboratory system, which allowed the study of the binding

mechanisms of a specific component to specific cement minerals detailed. For this purpose I

selected three pure cement minerals, ettringite, monosulfate (a mineral closely
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Tab. 1-1 List of the four publications developed in the course of this PhD-thesis.

Chapter 2 Isabel Baur, Christian Ludwig, and C. Annette Johnson
The leaching behaviour of cement stabilised air pollution control residues: A
comparison of field and laboratory investigations.
Environmental Science and Technology 2001 (35) 2817-2822.

Chapter 3 Isabel Baur, Peter Keller, Denis Mavrocordatos, Bernhard Wehrli, and C. Annette
Johnson
Dissolution-Precipitation Behaviour of Ettringite, Monosulfate, and Calcium Silicate
Hydrate.
Submitted to Cement and Concrete Research.

Chapter 4 Isabel Baur and C. Annette Johnson
Sorption of selenate and selenite to cement minerals.
Submitted to Environmental Science and Technology.

Chapter 5 Isabel Baur and C. Annette Johnson
The solubility of selenate-AFt (3CaO·Al2O3·3CaSeO4·37.5H2O) and selenate-AFm
(3CaO·Al2O3·CaSeO4·xH2O)
Submitted to Cement and Concrete Research.

related to ettringite), and calcium silicate hydrate. The element selenium was chosen as it

forms oxyanions that are soluble in the alkaline pH range. The binding of selenite (SeO3
2-)

and selenate (SeO4
2-) to the three cement minerals was investigated. This led to three

consecutive publications (Chapters 3 to 5). In Chapter 3, the synthesised pure minerals were

studied with respect to their dissolution and reprecipitation behaviour. The resulting

information allowed an evaluation of the possibility for incorporation of foreign ions such as

selenite or selenate into the minerals. Chapter 4 describes in detail the binding mechanisms

involved in selenite and selenate sorption to the three cement minerals. In chapter 5, the

solubility of selenate-substituted ettringite and monosulfate was determined in order to assess

their importance and stability in Se immobilisation.

1.3. Waste Management and Municipal Solid Waste Incineration

The long-term objective in waste management is to produce only recyclable and inert waste.

However, with present-day consumerism and waste treatment technologies, this goal is not

reached. As a result, a series of hazardous and non-hazardous wastes are produced, which

have to be landfilled. When potentially hazardous material is landfilled, such as incineration

residues, a detailed knowledge of its geochemical and hydrological properties is necessary to
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allow a long-term risk assessment. Until today, this knowledge remains incomplete and

continuous monitoring on landfill leachates is necessary.

In Switzerland, municipal solid waste has to be incinerated according to law since the year

2000 (TVA, 1990). Waste incineration has two main purposes: it destroys organic material

including toxic components, and reduces the waste mass by a factor 4 (Fig. 1-1). However,

heavy metals, which are not eliminated by incineration, are enriched in the incineration

products. While the heavy metal content of bottom ash is acceptably low to allow direct

landfilling without further treatment, this it not the case for air pollution control (APC)

residues, where heavy metals are in the range of several weight percent (Tab. 1-2). Air

pollution control residues include fly ash and acid gas scrubbing residues. There are attempts

to extract heavy metals such as Cd, Pb and Zn from APC residues for reuse (BUWAL, 1998).

However, for economical reasons disposal is the only option at the moment. In the year 2000,

approximately two thirds of the accumulated incineration residues were stabilised with

cement and landfilled, and one third was exported and disposed untreated into former salt

mines in Germany. Heavy metal extraction was applied to approximately 2.5% of APC

residues before disposal (BUWAL, 2002).

Waste

2'800'000 t

Municipal Solid

Waste

Incinteration

O2

3'400'000 t

Wash Water

325'000 t

C
O
2

1
'7
0
0
'0
0
0
t

H
2
O

3
'8
0
0
'0
0
0
t

Industrial Water

1'100'000 t

Bottom Ash

610'000 t

APC Residues

90'000 t

Waste Water

325'000 t

Fig. 1-1 Material flow in municipal solid waste incineration in Switzerland in the year 2000 (APC : air

pollution control; after BUWAL, 2002).
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1.4. The Use of Cement in Waste Management

Quartz, limestone and clay are the bulk raw materials used in cement production (Taylor,

1997). From a geological point of view, their occurrence is practically unlimited. Never-

theless, the use of so called pozzolanic materials as mineral additives is economically of

interest. Pozzolanic materials are high in SiO2 and relatively inert, unless they are hydrated

with cement. The resulting products are called composite cements. Concretes that are made

using composite cements can have properties that are desirable for particular purposes, e.g.

slower and decreased heat evolution, improved durability, or strength above the normal range

(Taylor, 1997). Apart from natural pozzolanic materials, industrial wastes such as flyash

(pulverised fuel ash), ground granulated blast furnace slag (GGBS), silica fume, and rice husk

ash, have been used as cement additives since the middle of the 20th century (Malhotra, 1983;

Chandra, 1997). These wastes are produced in large amounts in coal-fired power plants, iron

manufacture, (ferro-)silicon production, and rice cultivation, respectively. By the use of waste

material in construction, two goals are reached: (1) costs are lowered in concrete production,

and (2) landfilling of the waste becomes superfluous.

The use of cement to solidify and stabilise hazardous wastes such as APC residues and

radioactive wastes is common practice. The aim is to prevent dust-borne contamination and to

reduce the mobility of heavy metals, thereby facilitating landfilling. In Switzerland, APC

residues have been stabilised with cement in a ratio of approximately 2:1 (waste to cement)

and landfilled since 1991 (BUWAL, 1998). This means that roughly ½ a million tons of such

wastes have been landfilled to date. Air pollution control residues also possess pozzolanic

properties. However, in contrast to flyash, GGBS, silica fume, and rice husk, which consist to

> 90% (w/w) of SiO2, Al2O3, Fe2O3, CaO, and MgO (Sherwood, 1995), APC residues contain

large amounts of heavy metals (Tab. 1-2).

In Switzerland, the use of waste materials derived from MSWI in construction is not

considered. However, other countries, e.g. the Netherlands and Sweden are making attempts

to use bottom ash for construction purposes (van der Sloot et al., 1989; Woolley et al., 2000).

For a comprehensive understanding of processes causing immobilisation of metals in

cementitious matrices, a basic knowledge of cement chemistry is essential.
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Tab. 1-2 Elemental composition of municipal solid waste (MSW) incineration air pollution control

residues from a Canadian mass burn MSW waste-to-energy plant, 1991 (Eighmy et al., 1995).

element mg kg-1 element mg kg-1

Ag 192 K 109000

Al 20800 Mg < 1100

As 960 Mn 448

Ba < 2400 Mo 47.1

Br 2380 Na 84000

Ca 46300 Ni 69.8

Cd 1660 Pb 27000

Ce 12.9 Rb 206

Cl 232000 Sb 2073

Co 13.3 Se 17.4

Cr 494 Si 38000

Cs 13.5 Sn 5900

Cu 2220 Ti 6100

Fe < 1600 V 35.2

Hg 9.77 Zn 104400
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Fig. 1-2 Schematics, showing the overall course of cement hydration. As the mixture hardens, mix

water is gradually transformed to pore water (left, indicated by the vertical dashed line). The vertical

lines (right) define the four overlapping hydration stages (see text; after Glasser, 1993, left, and Cocke

and Mollah, 1993, right)
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1.5. The Chemistry of Cement

A cementitious material is one that, when in contact with water, dissolves and reprecipitates

minerals that may bind unreactive components. Most present-day cement products are

designed for use in construction. The normal cement that we know today is made by heating a

mixture of quartz, limestone and clay at approximately 1450°C (Taylor, 1997). This results in

partial fusion and formation of clinker that consists of four principal components, C3S (50 to

70%), C2S (15 to 30%), C3A (5 to 10%), and C4AF (5 to 15%; cement nomenclature: C =

CaO, S = SiO2, A = Al2O3, F = Fe2O3, S  = SO3). The clinker is mixed with a small

percentage of gypsum, CS , and finely ground (90% < 63µm) to obtain the final product called

Ordinary Portland Cement (OPC, or simply “cement”). Apart from OPC, many different types

of Portland Cements (PC) are known, designed for specific purposes, such as rapid-hardening

PC or sulfate-resisting PC.

When cement is mixed with water (liquid to solid ratio > 0.3) hydration starts. The term

“hydration” denotes the totality of the changes that occur when an anhydrous cement is mixed

with water. A mixture of cement and water in such proportions that setting and hardening

occur is called paste. Setting means stiffening, and typically occurs within a few hours

(Fig. 1-2). It is important to note that hydration is a slow, exothermic process, and that until by

1 year 95 to 98% of the cement will have reacted.

1.5.1. Cement Hydration

Although the chemical reactions of hydration of cement compounds are complex and do not

proceed to completion, a simplistic view of the chemistry of principal setting and hardening

reactions may be given by dividing cement setting into four overlapping stages (Cocke and

Mollah, 1993):

stage 1

C3A + 3CaSO4 + 32H2O → 3CaO⋅Al2O3⋅3CaSO4⋅32H2O (ettringite) (1-1)

stage 2

2C3S + 6H2O → 3CaO⋅2SiO2⋅3H2O (C-S-H) + 3 Ca(OH)2 (portlandite) (1-2)

2C2S + 4H2O → 3CaO⋅2SiO2⋅3H2O (C-S-H) + Ca(OH)2 (1-3)
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stage 3

C3A + Ca(OH)2 + 12H2O → 4CaO⋅Al2O3⋅13H2O (1-4)

C3AF + 4Ca(OH)2 + 22H2O → 4CaO⋅Al2O3⋅13H2O + 4CaO⋅Fe2O3⋅13H2O (1-5)

stage 4

2C3A + 3CaO⋅Al2O3⋅3CaSO4⋅32H2O (ettringite) + 4H2O
→ 3CaO⋅Al2O3⋅CaSO4⋅12H2O (monosulfate) (1-6)

Ettringite is usually the first product to precipitate. Its formation, stimulated by the addition of

gypsum, slows down the rapid setting by forming an ettringite coating on cement grains (Eq.

1-1). In a next step, C3S and C2S react with water to form calcium silicate hydrate (C-S-H)

and portlandite (Eq. 1-2 and 1-3). C-S-H is the main product of hydration, constituting about

60 to 65% of the total solid in a fully hydrated cement. Whereas Eq. 1-2 and 1-3 suggest a

simple stoichiometry and a Ca:Si ratio of 1.5 for C-S-H, these reactions are in practice more

complex, and the ratio normally found is around 1.7. The C-S-H material, which is generally

amorphous, plays a critical role in setting. It is first formed from the anhydrous grains of

clinker. This “inner product C-S-H gel” is suggested to initially retard the hydration process

by forming a membrane around the clinker grains, which detains the large silicate ions. “Outer

product gel” is formed in the water-filled spaces between the grains, when the membrane

ruptures periodically, due to osmotic pressure, and releases silicate. This process is

accelerated strongly after about 1 day of hydration (Fig. 1-2). In stage 3, calcium aluminate

and ferrite phases react with portlandite and water to form calcium aluminate hydrates and its

iron analogue (Eq. 1-4 and 1-5). These reactions, as well as the conversion of ettringite to

monosulfate (Eq. 1-6), occur when sulfate becomes limited. At the beginning, the ratio of

SO4
2- to Al(OH)4

- is high due to the slower release of Al(OH)4
-, and ettringite is precipitated.

After 24 h substantially all sulfate has been released, and the continuing supply of Al(OH)4
-

leads to the dissolution of ettringite and precipitation of monosulfate (Taylor, 1997).

However, in some types of cement, ettringite persists and is not converted to monosulfate.

This could be explained, even with cements of low SO3/Al2O3 ratio, by the reaction of

monosulfate with carbonate in the presence of Ca(OH)2 to produce ettringite and

hemicarbonate:

3[3CaO⋅Al2O3⋅CaSO4⋅12H2O] + 2Ca2+ +CO3
2- + 2OH- + 19 H2O

→ 3CaO⋅Al2O3⋅3CaSO4⋅32H2O
      + 2[3CaO⋅Al2O3⋅0.5CaCO3⋅0.5CaO⋅12H2O] (1-7)
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When hydrated, cements are exposed to waters high in sulfate concentration, ettringite may

form anew. This effect is called delayed ettringite formation or sulfate attack and causes the

cement to crack, because ettringite crystals demand more space, a largely known phenomenon

undesired in construction.

The natural formation of carbonates from carbon dioxide from the air is called carbonation. It

is a complex process that is dependent on the cement type, its porosity, permeability, water to

cement ratio, humidity, and carbon dioxide partial pressure (Cocke and Mollah, 1993). The

following two reactions occur:

C-S-H + CO2 → CaCO3 + silica + H2O (1-8)

Ca(OH)2 + CO2 → CaCO3 + H2O (1-9)

While the first reaction results in no change in morphology, calcite precipitation from

portlandite leads to a volume expansion and could result in structural problems. Carbonation

can neutralise the alkalinity of cement pastes, which may affect the immobilisation of many

contaminants negatively. However, carbonation has also beneficial effects by forming a

surface calcite layer, thereby clogging pores and inhibiting leaching. Moreover, the solubility

of some heavy metal cations such as Cd and Pb is limited by their carbonates.

1.5.2. Composition of Hydrated Cement

Hydrated cement consists of 40-60% (by weight) calcium silicate hydrate gel (C-S-H), 15-

25% Ca(OH)2 (portlandite), 10-20% hydrated aluminate and ferrite phases, 10-20% pore

solutions, and 0-5% minor components (Taylor, 1997). Mature cements may differ strongly in

their composition, depending on the formulation of the cement, the cure duration and

temperature. It is important to note here that cement is not an inert product, but that it can

undergo significant changes, depending on entering leachates and contaminants, as has been

shown by the examples of ettringite conversion to monosulfate and vice versa, and of

carbonation.
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1.6. Sorption Mechanisms

The general term “sorption” describes the loss of a chemical species from aqueous phase to a

contiguous solid phase (Sposito, 1986). The three following principal sorption mechanisms

can be distinguished:

(1) Adsorption (specific and non-specific)

An accumulation of ions at the interface between an aqueous solution phase and a

solid adsorbent without the development of a three-dimensional structure.

(2) Precipitation

The growth of a solid phase exhibiting a molecular unit that repeats itself in three

dimensions.

(3) Absorption or Incorporation (with or without Solid Solution Formation)

The diffusion of an aqueous chemical species into a solid phase.

1.6.1. Specific and Non-Specific Adsorption

Surface functional groups play a significant role in adsorption processes. A surface functional

group is a chemically reactive molecular unit bound into the structure of a solid at its

periphery (Sposito, 1989). The most important inorganic surface functional groups in

cementitious systems are hydroxyl groups (metal oxides and hydroxides), aluminol groups

(aluminates), and silanol groups (silicates). One has to distinguish between inner- and outer-

sphere complexes. In inner-sphere (IS) complexation, the adsorbate is directly bound to the

surface functional group. In contrast, in outer-sphere (OS) complexation, the adsorbate is

separated from the solid by at least one water molecule (Sparks, 1995). Outer-sphere

complexes involve electrostatic coulombic interactions and are thus weak compared to IS

complexes in which the binding is covalent or ionic. Outer-sphere complexation occurs only

on surfaces that are of opposite charge to the adsorbate, while IS complexation can occur on a

surface regardless of the surface charge. Moreover, the formation of OS complexes usually is

faster and reversible, which is not always the case for IS complex formation. Both

complexation mechanisms can occur simultaneously.
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The most simple assumption in adsorption is that the adsorption sites, S, on the surface of an

adsorbent become occupied by an adsorbate, A, from the solution, implying a 1:1

stoichiometry:

S + A � SA (1-10)

Applying the mass action law and transforming the equation leads to the following relation,

the Langmuir equation:

[ ] [ ] [ ]
[ ]AK1

AKSSA
ads

ads
max +

= (1-11)

with the surface site density [S]max = [S] + [SA]. The surface concentrations ([S], [SA],

[S]max) are usually expressed as mol g-1.

An increase in [A] thus results in an increase in [SA] until [S]max is achieved. The adsorption

capacity of a solid is given by the number of surface sites available for adsorption, [S]max.

Once all the sites are occupied with an adsorbate, the surface is saturated. When saturation is

reached, continuing additions of adsorbate no longer lead to sorption.

The distinction of inner and outer-sphere complexation is difficult. The dependence of the

sorption on ionic strength (I) is an important technique to be able to distinguish between the

two mechanisms (Stumm, 1992): the higher I is, the weaker the formation of OS complexes

are and, in consequence, the weaker the sorption. However, the technique is not totally

reliable, and so only spectroscopic methods, such as extended X-ray absorption fine

spectroscopy (EXAFS) or infrared spectroscopy (IR), allow a true distinction of IS and OS

complexation.

In this work, the technique of changing I could not be applied for the following reason:

Working at different I requires the use of a background electrolyte, usually alkali salts. The

background electrolyte may not react with the systems components. However, the investigated

minerals ettringite and monosulfate are known to interact with both alkali cations and various

anions, which in consequence may bias the results.
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1.6.2. Precipitation

The solubility of a solid is described by the solubility constant, Kso, derived from the mass

action law, for example:

AaBb (s) � aA(aq) + bB(aq) (1-12)

Kso = {A}a {B}b (1-13)

where A and B are chemical species and a and b stoichiometric coefficients. The parentheses

refer to the chemical activity of the species.

Once the solubility of a solid is reached, increasing the addition of an investigated species

does not affect its concentration in solution, which remains constant. When a solution is

supersaturated with respect to a solid phase, the precipitation of the solid is initiated by the

formation of a critical cluster or nucleus (Stumm, 1992). Nucleation may also begin on

surfaces, when the amount of species on a surface increases to a high surface coverage. Then a

precipitate of a cation or anion can form with the ions of the mineral, called surface

precipitation. There is a continuum between IS surface complexation and surface precipitation

(Sparks, 1995). Precipitation may also involve the formation of a solid mixture either by

inclusion or by coprecipitation.

1.6.3. Absorption/Incorporation and Solid Solution Formation

The terms absorption and incorporation imply that a foreign constituent is taken up into the

solid. This occurs by diffusion into a particle (Sposito, 1986). Inside a particle, the foreign

constituent may adsorb to internal layers or substitute in the crystalline lattice by ion

exchange. The term “ion exchange” is used here in a most general sense, denoting any

replacement of an ion in a solid phase in contact with a solution by another ion (Stumm,

1992), whereas in soil science it is used in a more restrictive sense, to characterise the

replacement of one adsorbed, readily exchangeable ion by another (Sposito, 1989).

Isomorphous replacement in the crystalline lattice, i.e. without change of structure, is called

solid solution formation (Stumm, 1992). This may be achieved either by ion exchange or by

bulk precipitation in a multicomponent system.
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Homogeneous solid solutions define solids that contain no gradient. When a solid, AB1, is in

contact with a solution containing B2, an ion of the same charge as B1, the formation of a

homogeneous solid solution can be described as follows (Stumm, 1992):

AB1(s) + B2 � AB2(s) + B1 (1-14)

Using Kso AB1 = {A} {B1}, and Kso AB2 = {A} {B2}, the equilibrium constant for this reaction,

the distribution constant D, is given by:

2

1

AB so

AB so

1(s)2

2(s)1

K
K

}AB}{{B
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D == (1-15)

In the case of an ideal solid solution, the concentration ratio in solution and the mole fractions

(X) of AB1 and AB2, defined as
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In general terms, an increase in mole fraction is related to an increase in dissolved

concentration. Whereas homogeneous solid solutions represent a state of true thermodynamic

equilibrium, heterogeneous solid solutions can persist in metastable equilibrium with the

aqueous solution (Stumm, 1992). In consequence, thermodynamic modelling of solid solution

is complex, as well as the identification of solid solution. Again, spectroscopic methods may

allow the detection of a solid solution.

1.6.4. Sorption Isotherms

The distinction of individual sorption mechanisms is difficult, especially in a highly complex

system such as cement. An empirical sorption isotherm is often used to characterise the

sorption of a specific compound. Sorption isotherms show the relationship between the
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activity (concentration) of the adsorbate in the aqueous phase and the amount sorbed to a solid

phase at given temperature (Stumm, 1992). However, the adherence of experimental sorption

data to an adsorption isotherm equation gives no evidence as to the actual mechanism of a

sorption process (Sposito, 1986). To describe experimental data, the Freundlich isotherm is

often used:

[SA] = m[A]n (1-18)

where m and n are positive empirical parameters. They are obtained from the linear regression

of a plot of log[SA] versus log[A], with the intercept m and the gradient n.

The shape of the plot of sorption data in a double logarithmic diagram can provide an

indication of the predominant sorption mechanism, as shown in Fig. 1-3. An indication of

surface adsorption will be the flattening of the curve as saturation is reached. Precipitation
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Fig. 1-3 Schematic sorption isotherms of a metal ion (Me) at a mineral surface at constant pH for

different cases:

(a) adsorption only;

(b) adsorption and surface precipitation via ideal solid-solution;

(c) adsorption and heterogeneous precipitation for low activation energies;

(d) adsorption and precipitation of a metastable precursor;

(e) same as in (d) but with the transformation of the precursor into the stable phase.

The two vertical lines represent the solubility concentrations of Me for the stable Me oxide and a

metastable precursor (e.g. a hydrated Me oxide phase). (Adapted from Stumm, 1992).
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will be indicated by constant solution concentrations, independent of the concentration of

sorbate added to the system. However at low sorbate concentrations the mechanisms are more

difficult to distinguish. As an example, the distinction between solid solution formation and

adsorption below surface saturation cannot be made based only on a sorption isotherm.

Nevertheless, sorption isotherms are useful tools in conjunction with other techniques.

Additional spectroscopic and microscopic investigations are necessary to identify specific

sorption mechanisms.

1.7. The Sorption Potential of Cementitious Matrices

The chemical properties of cement systems such as internal pH and the potential for sorption

and crystallochemical substitution mostly contribute to the high immobilisation potential

(Glasser, 1993). In addition to the above illustrated sorption mechansims, a cement may also

immobilise hazardous components by physical entrapment during hydration.

1.7.1. C-S-H, Ettringite, and Monosulfate

The most important cement constituents in waste ion immobilisation are C-S-H and the

calcium sulfoaluminates hydrates ettringite and monosulfate (Glasser, 1993; Gougar et al.,

1996). The amorphous C-S-H gel has a variable composition with an average Ca:Si ratio of

~1 mm

Fig. 1-4 Schematic representation of the possible nanostructures of a C-S-H gel. The grey layers

represent C-S-H domains, the open circles water molecules adsorbed on the surfaces (after Glasser,

1993).
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about 1.7. Its structure is composed of highly disordered layers (Taylor, 1986) as represented

schematically in Fig. 1-4. The irregular stacking of the layers, each 10-100 nm, creates a large

volume of micropores, ranging from a few to a few tens of nanometers. The large specific

surface thus created provides a strong potential for sorption (Glasser, 1993). Calcium-rich C-

S-H has a positive surface area and tends to adsorb anions. However, the performance for

trace elements is likely to be poor since anions such as OH-, SO4
2- and Cl- are highly abundant

in cement pore water. The surface becomes negatively charged at C:S ratios < 1.2, thereby

favouring cation adsorption.

However, adsorption is unlikely to be the only mechanism for C-S-H immobilising heavy

metals. Incorporation into C-S-H particles may also be important, as is has been shown for Zn

(Ziegler et al., 2001). Both substitution for silicate and calcium, as well as adsorption to the

large interlayer surfaces have been suggested as the relevant binding mechanisms (Beaudoin

et al., 1990; Richardson and Groves, 1993; Omotoso et al., 1998a and 1998b).

The crystalline calcium sulfoaluminate hydrates, ettringite (3CaO⋅Al2O3⋅3CaSO4⋅32H2O), and

monosulfate (3CaO⋅Al2O3⋅CaSO4⋅12H2O, an AFm-phase), favour crystallochemical

substitution reactions (Glasser, 1993). Although both solids vary only little in their

composition, they differ essentially in their structure. Ettringite is the sulfate endmember of an

AFt phase (Al2O3-Fe2O3-tri), generally described by the formula C6(A,F)X3Hy, where X

represents one formula unit of a doubly charged anion, or, with reservations, two formula

main layer:	Ca2Al(OH)6

interlayer:	 X (e.g. 1/2 SO4
2-), H2O

AFm

colums: Ca2+, Al3+, OH-

AFt

interchannels: X (e.g. SO4
2-), H2O

main layer

Fig. 1-5 Schematic representation of the column-like AFt-phase (after Moore and Taylor, 1970) and

the lamellar AFm-phase (after Taylor, 1997).
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units of a singly charged anion (Taylor, 1997). It has a column and channel-like structure with

SO4
2- and H2O located in the interchannels (Fig. 1-5). In contrast, AFm (Al2O3-Fe2O3-mono)

forms lamellar structured, hexagonal plates, with the general formula C4(A,F)X2Hy. The

anions (X, single charged) and water molecules are located in the interlayers. Monosulfate is

the trivial name for the sulfate endmember (X2 = SO4
2-).

Although heavy metal cations can substitute in calcium sulfoaluminate hydrates (Gougar et

al., 1996), this process seems quantitatively unimportant in cementitious systems, compared

to the cation immobilisation by C-S-H and by (hydr)oxide precipitation. In contrast anion

substitution is of importance for both AFt and AFm. Many anions, including OH-, CO3
2-,

NO3
-, AsO4

3-, B(OH)4
-, CrO4

2-, MoO4
2-, SeO4

2-, SO3
2-, and VO4

3-, may serve as X in AFt and

AFm, and the synthesis of a large number of sulfate substituted ettringite and monosulfate has

been reported (Kumarathasan et al., 1990; Pöllmann et al., 1993; Kindness et al., 1994;

Myneni et al., 1997; Motzet and Pöllmann, 1999; Perkins and Palmer, 2000; Zhang, 2000;

Perkins and Palmer, 2001).

1.8. Selenium

In this thesis selenium was chosen for further investigations for mainly two reasons:

(1) Selenium is a representative of oxyanion forming elements. Such elements are often

found in high concentrations in leachates due to their enhanced mobility in alkaline

media. In cement stabilised APC residues, Se is present at approximately 2·10-5 g g-1

(Eighmy et al., 1995; Chandler et al., 1997). However, because of the lack of

knowledge on Se binding in cementitious systems, it has not been possible so far to

predict Se concentrations in leachates.

(1) Selenium is of major importance in radioactive waste management. It is present in

nuclear wastes as 79Se coming from fission, with a half-life close to 7·104 years.

Because such wastes usually are cement stabilised and enclosed into concrete

(Bradbury and Sarott, 1995), Se sorption in cementitious systems is of great interest.
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1.8.1. Occurrence and Properties

Depending on its concentration and chemical form, Se is an essential element or potent

toxicant to humans, livestock, plants, waterfowl, and certain bacteria (Frankenberger jr. and

Benson, 1994). In consequence, Se has been the focus of numerous agricultural and medicinal

studies. In the western United States, irrigated agriculture is the major source of Se when it is

a contaminant in the environment, with Se concentrations in subsurface drainage flows

raching up to 1.8 mg L-1, depending on the initial concentration in the soil (Frankenberger jr.

and Engberg, 1998). High Se concentrations causing environmental problems are also found

in wastewater from coal-fired power plants and coal mines (Masscheleyn et al., 1991; Dreher

and Finkelman, 1992).

The concentration of Se in the earth crust is 0.07 ppm (Zingaro and Cooper, 1974). The

annual Se production by mining was more than 1600 tonnes at the end of the 20th century,

primarily as a by-product of copper refining (Haygarth, 1994). Selenium is mostly used as a

decolorant in glasses, but also (at higher concentrations) as colorant for glasses, plastics, and

paints. Furthermore it is used in photocells (e.g. photocopying-machines), semiconductors,

stainless steel, fungicides, insecticides, soil additives for Se-deficient areas, and in veterinary

medicine (Zingaro and Cooper, 1974).

1.8.2. Selenium Chemistry

The chemistry of selenium resembles that of sulfur, because of its proximity within group VIB

of the periodic table. It is a soft metalloid and can exist, like sulfur, in four different oxidation

states: Se(-II), Se(0), Se(IV), and Se(VI). In recent studies, the thermodynamics of Se has been

investigated (Séby et al., 1998 and 2001). Selenide (Se2-) is only stable under strongly

reducing conditions. Since the internal redox potential (Eh) of a cement is normally oxidising

with values in the range of +100 to +200 mV (Glasser, 1993), selenite (SeO3
2-) and selenate

(SeO4
2-) are predominant. Nevertheless, cement additives, such as blast furnace slag, may

decrease the Eh substantially, generating reductive conditions. Whereas the volatile species

H2Se is only stable below pH 4, HSe2- is stable above pH 11 at Eh < -250 mV (Séby et al.,

2001). This indicates that Se may be present as selenide under certain conditions. Since most

cement stabilised wastes dispose of oxidising conditions, the occurrence of selenide was

neglected in this thesis.
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Tab. 1-3 Reported solubility products (Kso) of calcium selenite and calcium selenate at ionic strength,

I = 0).

chemical equilibrium pKso reference

CaSeO3·2H2O � Ca2+ + SeO3
2- + 2H2O 5.44 Elrashidi et al. (1987)

CaSeO3 � Ca2+ + SeO3
2- 7.65 Essington (1988)

CaSeO3·H2O � Ca2+ + SeO3
2- + H2O 7.76 Sharmasarkar et al. (1996)

CaSeO4 � Ca2+ + SeO4
2- -3.09 Smith and Martell (1976)

CaSeO4 � Ca2+ + SeO4
2- -4.77 Essington (1988)

Oxidation/reduction reactions of both selenite and selenate seem to occur, when mediated by

microorganisms (White and Dubrovsky, 1994). However, the kinetics of these reactions are

suggested to be slow (Séby et al., 1998).

1.8.3. Selenite and Selenate Sorption

Selenite and selenate differ markedly in their sorptive behaviour. The sorption of both selenite

and selenate has been investigated on different soils and sediments (Goldberg and Glaubig,

1988; Masscheleyn et al., 1991), and on oxides and hydroxides (Balistrieri and Chao, 1987;

Hayes et al., 1987; Manceau and Charlet, 1994; Su and Suarez, 2000; You et al., 2001; Peak

and Sparks, 2002): At high pH (> 10) both species reach a sorption minimum. However,

selenite generally sorbs more strongly, which is attributed to inner-sphere complexes with

surface functional groups. Selenate may form both inner- and outer-sphere complexes,

nevertheless it is much more mobile than selenite. While metal selenate precipitates are too

soluble to persist under ambient conditions, selenite solubility is limited to millimolar

concentrations by CaSeO3 under conditions found in cementitious systems (Séby et al., 1998;

Tab. 1-3).

1.8.4. Selenite and Selenate and the Cementitious Matrix

As selenite and selenate are the prevalent Se species in cementitious matrix, the oxyanion

substituting phases monosulfate and ettringite are suggested important for their
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immobilisation. However, C-S-H, which is quantitatively the most important cement phase,

may also play an important role.

Pure selenate-AFt has been synthesised and described (Hassett et al., 1990). There is also

evidence for the existence of selenate-AFm, and it was suggested to be more stable than

selenate-AFt (Zhang, 2000). To date, no information has been reported on the formation of

selenite-AFm or selenite-AFt. However, selenite seems to bind more strongly to the

cementitious matrix (Johnson et al., 2000; Ochs et al., accepted).

These studies point out the different behaviour of selenite and selenate in cementitious

matrices, and the importance of calcium sulfoaluminate hydrates at least for selenate sorption.

This implies that both oxyanionic Se species must be investigated. Further, the interaction of

calcium sulfoaluminate hydrates with Se has to be elucidated, and the stability of selenate-

AFm and selenate-AFt needs to be studied. In addition, it has to be checked, whether or not

selenite-AFm and selenite-AFt can be formed. Nevertheless, also C-S-H has to be considered

as a potential sorbent, because of its quantitative importance in cementitious matrices. In

summary, for a comprehensive understanding of selenite and selenate sorption, the following

questions have to be answered:

Which of the binding mechanisms adsorption, precipitation, and absorption are of importance

for selenite and selenate in relation to ettringite, monosulfate, and C-S-H?

The course of sorption isotherms may give an answer to this question: Do we see a correlation

between the concentrations in the solid and solution? Does adsorption, incorporation and/or

precipitation occur? Is there evidence for new mineral phases?

How stable are selenium substituted AFm and AFt phases, and are they more or less stable

than their sulfate analogues ettringite and monosulfate?

Until now thermodynamic data are neither available for selenite- and selenate-AFm nor -AFt.

Solubility products have to be established and used in thermodynamic modelling to give an

answer to this question.
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2.1. Abstract

The factors controlling leachate composition of cement stabilised air pollution control (APC)

residues (41% APC residues, 22% cement, 3% Na2CO3, and 32% water, w/w) have been

investigated both in the laboratory and in a pilot landfill. Batch leaching and tank leaching

tests were carried out in the laboratory in order to determine solubility controlling phases and

diffusion controlled species. The major species Ca, SO4, Al and Si could be partially modelled

by assuming calcium silicate hydrate (C-S-H), portlandite and ettringite to be the solubility

controlling phases both in field and laboratory. There were obviously additional minerals that

could not be taken into account in calculations because of the lack of data. The determined

effective diffusion coefficients (De) for Na and K (2.18·10-12 and 5.43·10-12 m2 s-1) were used

to model field concentrations. Agreement with field data was good. Heavy metal

concentrations were in the range of 10-8 mol L-1 (Cd, Co, Cu, Mn, Ni) to 10-6 mol L-1 (Mo, Pb,

W, Zn) in all experiments and often lower in the field leachate than expected from batch

experiments. In laboratory experiments, the solubility of Mo and W was most probably

controlled by their calcium metallates, Cu by CuO, Ni by Ni(OH)2, and Zn probably by a Zn

containing C-S-H phase. In the field, diffusion seems to control Mo and W leachability, with

calculated De values of 3.49·10-14 and 1.35·10-15 m2 s-1.

2.2. Introduction

Incineration of municipal solid waste produces about 60’000 tons of air pollution control

(APC) residues in Switzerland every year. This waste is hazardous because of its high heavy

metal content. The use of cement to stabilise hazardous wastes is common practice and in

Switzerland a significant proportion of APC residues from municipal solid waste incineration

(MSWI) is stabilised with cement prior to landfilling. The APC residues are washed in order

to remove salts, dried and mixed with cement in a ratio of approximately 2:1. During

hydration, heavy metal species can dissolve, adsorb to the matrix or be incorporated in the

newly formed (cement) minerals. The latter case has been shown to be important for e.g. Zn

(Ziegler, 2000) and As (Myneni et al., 1997).

The evaluation of the leaching behaviour is an important aspect in waste management for the

long-term protection of the environment, whether materials to be landfilled or reused. There
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are a variety of tools used to predict both the present day and long term leaching behaviour

that utilise data from laboratory and field experiments. Whereas field experiments are largely

restricted to the monitoring of pilot studies, laboratory tests employ a number of different

approaches (e.g. van der Sloot et al., 1997): Equilibrium experiments using ground samples

provide infor-mation on mechanisms that control species solubility. These include the

precipitation of discrete phases, sorption and complexation. Dynamic leaching tests directly

try to interpret leaching processes, including diffusion, dissolution and surface wash-off (van

der Sloot and de Groot, 1990). Column tests are used to imitate field conditions, where both

dissolution/pre-cipitation as well as diffusion processes under conditions with a low liquid to

solid (L/S) ratio are important (Hjelmar et al., 1991). Field studies concentrate on leachate

composition with emphasis on hydrology and dynamic processes (Johnson et al., 1996, 1998

and 1999a; Ludwig et al., 2000).

A comparison of results from field investigations with those from laboratory experiments can

facilitate the identification of the processes that control leachate composition. The

comparability of laboratory and field leachates is based on the assumption that not only are the

conditions (such as pH) and the processes that control contaminant mobility the same, but that

the time frame of the leaching process is the same too. To date only a few studies have

compared field and laboratory data. Four studies on coal fly ash made important contributions

(Dodd et al., 1981; Fruchter et al., 1990; Hjelmar et al., 1991; Meij and te Winkel, 2000).

Dodd et al. (1981) were not able to explain field leachate composition with laboratory

leaching tests. They pointed out that laboratory leaching tests could supply important

information on the leachate characteristics such as pH-range and conductivity, but could rarely

simulate the complexity of the field system. Fruchter et al (1990) identified potential

solubility controlling phases for several major and minor species. From laboratory tests the

authors concluded that equilibrium times were in order of days or less, thus different water

residence time scales in field and laboratory experiments would not affect the results for

granular materials such as coal fly ash. Hjelmar et al. (1991) found that laboratory and field

results were comparable at the same L/S ratio. However, they stressed that kinetic processes

as pozzolanic and oxidizing reactions occurring in the untreated residues after the first contact

with percolating water may cause strongly differing results. Meij and te Winkel (2000), who

kept the L/S ratio in the field and laboratory experiments identical, also attributed observed

differences in leachate compositions to kinetic factors. There appears to be a complex
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interplay between processes that can achieve equilibrium and those that are kinetically

controlled. While the previous mentioned studies were on unsolidified waste, Stegemann et

al. (1996) performed a study on solidified electric arc furnace slag. They pointed out that in

the case of a monolithic waste, where the interaction between water and waste is restricted,

diffusion controlled leaching becomes important.

The aim of this paper is to illustrate and compare the dominant processes that control leachate

composition in the laboratory and the field. The concentration of leachate species will be

explained in terms of dissolution/precipitation or diffusion processes and discrepancies

between field and laboratory data are discussed.

A batch leaching test has been used to achieve quasi-equilibrium between the sample and the

leachate. The resulting data can be compared to thermodynamic models to determine which

solid phases are likely to control solubility of leachate species. A tank leaching test similar to

the American Nuclear Standard ANS-16.1 (1986) has been performed to derive effective

diffusion coefficients for the modelling of diffusion-controlled species concentrations. The

hydrology and partly the leachate composition of our field site, the lysimeter Teuftal (Kanton

Bern, Switzerland), has been investigated by Ludwig et al. (2000). It could be shown that the

leachate is of almost constant composition and becomes diluted during rain events as a

consequence of preferential flow. The same leachate behaviour has been reported for a bottom

ash landfill (Johnson et al., 1996). The mean water residence time of around 2 months in the

lysimeter is assumed to be long enough to allow the water to interact and equilibrate with at

least some species of the solidified waste (Ludwig et al., 2000).

2.3. Experimental Section

2.3.1. Field

The field lysimeter was constructed in the winter 1990/91 next to the landfill Teuftal in

Frauenkappelen, Switzerland. The investigated lysimeter compartment (AGW, 1991; Ochs et

al., 1999a and 1999b; Ludwig et al., 2000) contained cement-stabilised APC residues in the

form of blocks with an edge length of 0.5 m. They were prepared with 43% APC residues,

22% cement, 3% sodium carbonate, and 32% water (w/w). The lysimeter was approximately

1.5 m deep, had a surface area of 16 m2, and was covered with geotextile, gravel (0.8 m) and
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humus (0.3 m) layers. It was dismantled in December 1997. Leachate sampling is described in

Ludwig et al. (2000).

2.3.2. Laboratory

During the dismantling of the field lysimeter in December 1997, drill cores (0.1 m diameter,

0.3 m length) were taken from the blocks, packed in hermetically sealed plastic bags with

soda lime to prevent CO2 uptake and kept at –20°C until used in the laboratory leaching

experiments. All handling of the sample material in the laboratory was undertaken in a CO2-

free atmosphere. Water was taken from a 17MΩ ultrapure system (Barnstead Nanopure), with

a 0.2-µm in-line filter. Prior to use, the ultrapure water was boiled and cooled to 20°C under

argon. Polyethylene bottles were leached with acid (∼0.1 M diluted from concentrated HNO3)

for at least 24 hours and rinsed with ultrapure water. The same procedure, but with a more

diluted HNO3-solution (∼pH 4), was used to leach and rinse 0.45 µm nylon filters (Whatman).

2.3.3. Batch Leaching Test

The material was dried and ground to < 0.25 mm. Suspensions (200 mL; 50, 100, 200 g L-3)

were prepared in triplicate in 250 ml polyethylene bottles. The samples were shaken at room

temperature and subsequently filtered through 0.45 µm filters. Preliminary experiments were

carried out in order to determine the time required to achieve constant concentrations, defined

as quasi equilibrium.

2.3.4. Dynamic Tank Leaching Test

Three blocks with almost identical surface area and volume were sawed out of a drill core

(14.5 x 15.5 x 59.0 mm, 14.5 x 16.0 x 59.0 mm, and 14.5 x 20.0 x 48.0 mm). Without prior

drying the samples were leached in 250 mL ultrapure water (L/S 10) in 500 mL polyethylene

bottles without agitation. Leachates were replaced and filtered through 0.45 µm filters on days

1, 3, 7, 14, 28, and 42.

The cumulative fraction (CFR) of each leaching species that has been released at time t is

given by Crank (1990):
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Where Mt is the amount of a species that has diffused out of the specimen at time t, M is the

total amount of the species in the specimen, S and V are the surface area and the volume of

the specimen, respectively, t is the leaching time, and De is the effective diffusion coefficient.

De takes into account the tortuosity of the solid phase as well as desorption and dissolution

reactions. If the plot of CFR versus the square root of time is linear, De can be calculated from

the slope using Eq. (2-1).

2.3.5. Sample Analysis

The pH was measured in a 10 mL portion of filtrate directly after filtration using a combined

glass electrode (Metrohm 6.0202.100) connected to a digital voltmeter (Metrohm 713). The

electrode was calibrated by an acid-base titration. One part of each sample (∼100 mL) was

then acidified with 1% (v/v) 65%-HNO3 for the analysis of cations. The filtrates were stored

in 100 mL polyethylene bottles prior to analysis. All analyses of elements were performed in

triplicate. Aluminium, Ca, K, and Na were measured by atomic absorption spectroscopy

(AAS, Perkin Elmer 5000). At concentrations < 0.2 mmol L-3 Al was measured by inductively

coupled plasma-optical emission spectroscopy (ICP-OES, Spectroflame, Spectro Analytical

Instruments). Cadmium, Co, Cu, Mn, Mo, Ni, Pb, W, and Zn concentrations in field and

laboratory leachates were measured by inductively coupled plasma-mass spectroscopy (ICP-

MS, Elan 5000A, Perkin Elmer) using standard addition in order to avoid matrix effects.

Silicon was determined spectrophotometrically with the molybdenum blue method (Ziegler,

2000) using a flow-injection analyser (FIA, Ismatec ASIA) in the batch leaching experiment,

and by ICP-OES in the tank leaching test, respectively. Chloride and SO4 were measured in

the unacidified sample using ion chromatography (Sykam) with a Sykam (AO4) column.

The concentration of the major species Ca, Al, Si, Na, and K in the cement-stabilised APC

residues was determined by X-ray fluorescence spectrometry (Kruspan, 2000). The following

extraction procedures from ground samples were used prior to analyse the respective elements

in solution: Chloride and SO4 were extracted in duplicate by the digestion of 0.1 g of the

ground sample with 0.2 g titanium and 1.5 ml paraffin oil in an acetobutyrate cap. The cap

was placed in a steel bomb together with 10 ml of 0.5 M NaOH and 0.1 ml 30% H2O2 and
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digested by ignition under an oxygen pressure of 35 bar. The trace elements Cd, Co, Cu, Mn,

Mo, Ni, Pb, Zn, and W were extracted in duplicate by a digestion of 0.5 g ground sample in

40 ml of aqua regia (Johnson et al., 1999b).

Thermodynamic calculations were performed with the aid of the computer program

MQV40TIT (Furrer, 1995). The solubility and stability constants used for the calculations are

given in Tab. 2-1 and elsewhere (Johnson et al., 1999a; Ludwig et al., 2000). They were

adjusted for the ionic strength of the solutions using the Davies equation. Maximum ionic

strengths encountered in the laboratory and field were 0.06 M and 0.15 M, respectively.

2.4. Results and Discussion

2.4.1. Lysimeter Leachate

It has been shown that the concentration of the major species in the leachate correlate directly

to conductivity as a result of leachate dilution by rainwater (Ludwig et al., 2000). While this is

also true for Cd, Mo, Pb, W, and Zn, the relationship is more difficult to establish for Co, Cu,

Mn, and Ni. In Fig. 2-1, the cases of Mo and Co are shown as representative examples of a

conductivity dependent and independent element, respectively. There is no obvious

explanation for this behaviour.

2.4.2. Batch Experiments and Thermodynamic Modelling

The batch leaching test required approximately 25 days of equilibration to reach constant

composition (Fig. 2-2). Maximum concentrations of the soluble species Na, K, OH, and Cl

were achieved after 20 days, while SO4 concentrations decreased significantly during this

period. Calcium concentrations reached a minimum after 10 days followed by a slight

increase. Aluminium concentrations increased at first, reaching a maximum concentration

between days 3 and 10. During the first day of equilibration a strong formation of gas was

observed, probably H2, which forms as a result of the oxidation of Al0. This could explain the

initial increase of Al concentration. Calcium and Al concentrations appear to behave

antagonistically, which indicates the formation of secondary minerals during equilibration.
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Tab. 2-1 Solubility and stability constants (logarithmic) used in calculations for I = 0 M and T = 25°C.

Hydrolysis reactions are represented as M2+ + H2O ⇔ M(OH)+ + H+.

Aqueous species Solids
Cations OH SO4 Cl CO3 HCO3

Co MeX -9.65a 2.36a 0.49a 4.41b 12.53b Co(OH)2 12.3c

MeX2 -18.8a

MeX3 -31.5a

MeX4 -46.3a

Cu MeX -8.00a 2.36a 0.4a 6.73b 12.53b Cu(OH)2 8.68d

MeX2 -17.3a CuO 7.65d

MeX3 -27.8a

MeX4 -39.6a

Ni MeX -9.86a 2.29a 0.72a 4.83b 12.55b Ni(OH)2 10.80c

MeX2 -19.0a 3.20
MeX3 -30.0a

MeX4 -44.0a

Zn MeX -8.96a 2.36a 0.49a 4.6b 12.53b Zn(OH)2 12.45c

MeX2 -16.9a 3.63a 0.62a ZnO 11.14c

MeX3 -28.4a Zn2Ca(OH)6 45.76e

MeX4 -41.2a

Anions H Ca
Mo MeO4X 4.23f 2.57f CaMoO4 -8.51f

MeO4X2 8.23f

W MeO4X 3.5c WMoO4 -9.46g

MeO4X2 8.1c

Cement minerals
3CaO·Al2O3·3CaSO4·32H2O Ettringite 57.45h

CaH2SiO4 14.98i

Ca(OH)2
} C-S-H { 20.80i

(a) Turner et al., 1981
(b) Fouillac and Criaud, 1984
(c) Baes and Mesmer, 1986
(d) Smith and Martell, 1976
(e) Cocke et al., 1997
(f) Essington, 1990
(g) Woods and Garrels, 1987
(h) Damidot and Glasser, 1993
(i) Berner, 1988
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The batch leaching tests at liquid to solid ratios 5, 10, and 20 equilibrated for 27 days yield

final pH values of 12.45, 12.23, and 12.02 respectively. In comparison, the pH in the field

leachate was 13 (in Ludwig et al., 2000, major ion composition for the field leachate is

reported).

Thermodynamic modelling of the field and laboratory data has been performed in order to

determine the possible solubility-controlling phases. X-ray diffraction investigations of

ground samples have shown amorphous C-S-H, ettringite, portlandite (Ca(OH)2), quartz

(SiO2), calcite (CaCO3), gypsum (CaSO4·2H2O), and a calcium aluminium oxide hydrate of

the composition Ca3Al2O6·XH2O to be quantitatively important phases (Baur et al., 2000).

The most insoluble mineral phases are likely to control the leachate composition. Ludwig et

al. (2000) have previously modelled the field data and have found, that in the field, calcium

silicate hydrate (C-S-H), ettringite (3CaO·Al2O3·3CaSO4·32H2O), and possibly K-feldspar

(KAlSi3O8) control solubility of Al, Ca, and Si.

The solubility of C-S-H, which is an important component of the solid, is difficult to model

because it dissolves incongruently. Aqueous Ca concentrations tend to be much higher than

those of Si. C-S-H forms solid solutions between the approximate limits 0.85 < Ca/Si < 1.70

(mole ratio) and its solubility is dependent on the Ca/Si ratio. Berner (1988) proposed a model

for the C-S-H system, represented by a nonideal mixture of the congruently soluble species
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Fig. 2-1 Cobalt and Mo concentrations in the lysimeter leachate as a function of conductivity. The

symbols indicate different rain events (Ludwig et al., 2000): � May 1996, � June 1996, ■ July 1996.
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SiO2, CaH2SiO4 and Ca(OH)2 (the proportions depending on the Ca/Si ratio). This model was

used in the thermodynamic calculations. Because the Ca/Si ratios of the C-S-H phase were not

known, the dissolution model was applied with ratios varying from 0.9 to 1.2. In addition to

the minerals for which evidence was found in the XRD spectrum, other known cement

minerals (hydrogarnet, hydrated gehlenite, hydrotalcite, and gypsum) were tested as solubility-

controlling phases.

The measured Ca concentrations in the field and in the laboratory agree well with those

assuming equilibrium with C-S-H, supposing a Ca/Si ratio of 1, which takes portlandite into

account as well (Fig. 2-3). However, the C-S-H model overestimates the Si concentrations by

an order of magnitude. It has been pointed out before, that the Berner dissolution model

overestimates Si levels in alkali bearing solutions by 1-2 orders of magnitude (Bennett et al.,

1992) and this may provide an explanation for our system. Ettringite seems to control Al and

SO4 solubility in the laboratory. But in the field, the Al concentrations are much lower than

would be expected in equilibrium with ettringite. It was for this reason that Ludwig et al.

(2000) suggested that K-feldspar should be added to the model system. Taking K-feldspar into
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Fig. 2-2 Leachate concentrations of Al, Ca, Si, SO4 and OH against time in the batch leaching test with

a liquid/solid ratio of 10. The error bars indicate the 95% confidence interval of the measurements (for

OH concentrations this interval is too small to be visible).
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our model, the laboratory Al concentrations were overestimated by one order of magnitude

and there was no influence on the Al solubility at pH 13. It is possible that a calcium alumino

silicate hydrate with unknown solubility constant plays an important role in controlling Al

solubility at high pH. Another possible explanation for the low Al concentrations in the field

leachate is the fact that a significant but unknown part of the Al in the solid phase is Al0 and

thus is first available after oxidation. If this were the case, the difference between the

modelled and the found Al concentration in the field would be kinetically determined.

Thermodynamic modelling has also been carried out for minor species to find possible

solubility-controlling phases. Again both concentrations from laboratory experiments and

field investigations have been taken into account. The limiting problem modelling the

solubility of heavy metals is the lack of available thermodynamic data. Apart from the

solubility products of metal oxides, hydroxides, carbonates and sulphates for cations, and

some Ca metallates for anions, very little information is available for alkaline and

cementitious systems. The results of the thermodynamic modelling are presented in Fig. 2-4.

Ni(OH)2 probably controls Ni solubility in the laboratory and in the field leachate. The

solubility of the two anions Mo and W seems to be controlled by their Ca metallates, at least

in the case of the laboratory data. The concentrations of Mo and W in the field leachate are
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Fig. 2-3 Calculated pH dependent solubility curves (lines) for C-S-H, portlandite and ettringite. Lines

represent the concentrations of Al, Ca, Si and SO4 compared to measured concentrations (□ Al, ∆ Ca,

X Si, ○ SO4). A: Laboratory data, solubility constants were corrected to an ionic strength of I = 0.03. B:

Field data, solubility constants were corrected to an ionic strength of I = 0.15.
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undersaturated with respect to the Ca metallates. Copper may be solubility-controlled by CuO,

but again the model overestimates the concentration in the field leachate. Cadmium, Co, Mn,

Pb, and Zn could not be modelled satisfactorily for either the laboratory or the field data. The

models overestimate their concentrations by at least one order of magnitude. It has been

shown that both Pb and Zn can be incorporated into C-S-H (Moulin et al., 1999; Ziegler,

2000). The dotted line in Fig. 2-4 represents the observed Zn solubility for a C-S-H phase
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Fig. 2-4 Calculated pH dependent solubility curves (lines) for heavy metals compared to measured

concentrations (� laboratory, � field). Curves are adapted to calculated ionic strength (I) and

measured Ca concentrations. (1) I = 0.015 and Ca = 1.43 mmol L-3, (2) I = 0.03 and Ca = 0.668

mmol L-3 (3) I = 0.06 and Ca = 0.383 mmol L-3 (4) I = 0.15 and Ca = 0.09 mmol L-3. The dotted line

represents the assumed solubility of a CSH-Zn phase (see text). Open circles mark areas of tank

leaching test data. Horizontal bars show estimated saturation of CaMoO4 and CaWO4 for the tank

leaching test data.
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containing around 3% Zn (Johnson and Kersten, 1999; Ziegler, 2000), and fits the measured

Zn concentrations both in the laboratory and field very well. This suggests that other cations

also can be incorporated into cement minerals, which, as in the case of Zn, might lower their

solubility and thus explain the observed metal concentrations. Only Co exhibits decreasing

solubility with increasing pH, which suggests solubility control by an unknown phase (or

possibly adsorption). The field concentrations are lower than expected from the relationship to

pH observed in the laboratory in almost all cases. It is probable that for some species in the

field, either the concentration in the solid, dissolution kinetics, and/or the diffusion velocity

are not high enough to reach saturation in the leachate during the two-month average water

residence time.

2.4.3. Tank Leaching Tests and Modelling of Effective Diffusion Coefficients De

In the tank leaching test, the plots of CFR vs. square root of time were linear for the

investigated elements (the correlation coefficient, r2, was > 0.990, with the exception of Cu

and Mo where r2 was 0.983 and 0.977, respectively). Nevertheless, it is important to mention

that the chosen testing times result in constant leachate concentrations and a linear CFR vs.

square root of time-relationship can be both the result of a saturated solution or diffusive

release. This complicates the distinction between solubility controlled and diffusion controlled

release.

No De values were calculated for Cd, Co and Mn because their concentration in the leachate

was below detection limit (< 0.2 µg L-1). The leachate concentrations of Al and SO4 (both

around 0.15 mmol L-1) reached saturation with respect to ettringite after 1 day. Thus

calculation of De for these two species was not carried out. In order to avoid errors due to

depletion effects, De values for Na and K were calculated only from the data points up to day

14 and 7 respectively, corresponding to a leached amount of less then 70% (Tab. 2-2). In the

literature, De values for Na, K and Cl in Ordinary Portland Cement (OPC) lie in the range of

10-13 to 10-11 m2 s-1 (Taylor, 1997). Compared to these, the calculated De values seem

reasonable for the alkali-elements, while the value for Cl seems quite low. It is possible, that

in this highly alkaline medium OH ions compete with Cl in order to maintain solution

electroneutrality. The markedly low De values found for heavy metals suggest other

mechanisms than diffusion, e.g. solubility control or dissolution kinetics, to control the



Chapter 2

38

Tab. 2-2 Elemental concentration in the solid phase and the cumulative fraction released in the tank

leaching test after n days. De is the calculated effective diffusion coefficient. n.c./sat.: not calculated,

because saturation was reached during experiment.

element solid phase cumulative fraction released after n days De

mol g-1 moltotal n = 1 n = 3 n = 7 n = 14 n = 28 n = 42 m2 s-1

Na 3.14E-04 6.10E-03 1.58E-01 2.91E-01 4.32E-01 5.59E-01 7.00E-01 7.94E-01 2.18E-12

K 2.82E-04 5.47E-03 2.24E-01 4.09E-01 6.07E-01 7.77E-01 9.54E-01 1.07E+00 5.43E-12

Cl 1.30E-04 2.74E-03 2.16E-02 4.41E-02 6.86E-02 9.34E-02 1.23E-01 1.43E-01 5.03E-14

Al 2.46E-03 4.79E-02 9.69E-04 1.63E-03 2.54E-03 3.18E-03 4.08E-03 4.92E-03 n.c./sat.

Ca 6.74E-03 1.31E-01 4.41E-04 1.05E-03 2.24E-03 3.33E-03 4.95E-03 6.92E-03 1.39E-16

Si 4.68E-03 9.09E-02 2.11E-04 3.80E-04 6.30E-04 8.43E-04 1.15E-03 1.51E-03 5.51E-18

SO4 5.65E-04 1.10E-02 3.36E-03 6.07E-03 9.65E-03 1.26E-02 1.62E-02 1.97E-02 n.c./sat.

Cu 1.29E-05 2.51E-04 1.39E-05 2.49E-05 3.56E-05 4.52E-05 5.69E-05 6.55E-05 8.70E-21

Mo 1.95E-07 3.79E-06 2.31E-02 4.60E-02 6.77E-02 8.79E-02 1.11E-01 1.26E-01 3.49E-14

Ni 1.92E-06 3.73E-05 1.57E-04 3.45E-04 6.55E-04 9.26E-04 1.30E-03 1.77E-03 8.48E-18

Pb 3.41E-05 6.63E-04 6.37E-05 1.23E-04 1.83E-04 2.31E-04 3.02E-04 3.62E-04 2.85E-19

W 6.39E-08 1.24E-06 5.33E-03 9.07E-03 1.31E-02 1.56E-02 2.11E-02 2.60E-02 1.35E-15

Zn 3.01E-04 5.85E-03 1.46E-05 3.04E-05 4.92E-05 6.54E-05 8.64E-05 1.08E-04 2.84E-20

leaching process. This assumption is confirmed when comparing the observed heavy metal

concentrations in the tank leaching test to those found in the batch leaching test (Fig. 2-4): Cu,

Ni, Pb, and Zn seem to have achieved saturation in the tank leaching test. Assuming a more

realistic De value for the heavy metals, between 10-13 and 10-15 m2 s-1, the time required to

reach saturation (a value is assumed from the batch leaching test, Fig. 2-4) can be roughly

estimated. For Mo and W this time lies in the range of days to months, implying that the

calculated De values are probably correct. In contrast, only seconds to minutes are necessary to

reach saturation for Cu, Ni, Pb, and Zn, because of their low saturation concentrations. This

confirms that for these elements diffusion is not the leaching controlling step and that neither

very short equilibration times nor higher L/S ratios would suffice to measure De

experimentally.

In order to check if the calculated De values can explain the observed leachate composition in

the field, we modelled the amount that would have been leached from the lysimeter in the 1st

and in the 5th year by diffusion only, and compared it to the observed leached amount in the

same time. The latter values for the 5th year were calculated multiplying the mean
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concentration from 3 rain events in 1996 with the total yearly discharge of 4260 L. The values

for the 1st year are taken from Ochs et al. (1999a and 1999b). The modelled and observed

leached amounts mostly agree within one order of magnitude and the modelled-to-observed

amounts ratio almost stayed the same in the 1st and the 5th year (Fig. 2-5). Calcium is an

example of a solubility-controlled element and thus the observed disagreement was expected.

On the other hand also Si is a solubility-controlled element, while it is described very well by

the diffusive model. One must therefore be careful interpreting such results; in this case a

good agreement between test and field data does not give any criteria about the correctness of

the model.
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Fig. 2-5 Amounts of species leached in the 1st (A) and in the 5th year (B) in the lysimeter leachate. The

black bars represent estimates based on laboratory experiments where only diffusion is taken into

account. The white bars represent estimates from field leachate data. Field data for Mo, W, Ni and Pb

were not available for case A.
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Although the results of the tank leaching test are ambiguous for some species, they seem to be

correct for the alkalis. This allows the prediction, that in about 80 years, Na and K will be

washed out of the lysimeter, followed by a drop of the leachate pH down to 12.5 where the

leachate will be buffered by the dissolution of C-S-H and portlandite.

The comparison of field and laboratory investigations showed that the leaching behaviour of

most major species could be explained either by solubility controlling phases or by diffusion.

However, it is more difficult to explain the leaching behaviour of heavy metals. Further

investigations in the binding mechanisms of heavy metals to cement minerals are necessary to

fully understand heavy metal leaching from cement stabilised wastes.
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3.1. Abstract

The stability of the cement minerals ettringite, monosulfate, and calcium silicate hydrate (C-S-

H) was investigated in order to better understand the uptake of contaminants in waste-cement

mixes. Suspensions were spiked with radioisotopes of components (45Ca and 35SO4 for

ettringite and monosulfate, 45Ca and 32Si for C-S-H) in order to observe their uptake

behaviour within 0 to 70 days. A physical model was applied to determine dissolution-

precipitation rates. An initial fast uptake was observed to occur in most systems, so the data

obtained between 7 to 70 days were chosen for analysis. Dissolution-precipitation rates were

in the range of 10-11.5 to 10-12.2 mol m-2 s-1 for all minerals. The whole solids would be

dissolved and reprecipitated within 1 to 4 years. The measured dissolution-precipitation rates

of pure cement minerals give the maximum rate for ion substitution processes with

contaminants, and are distinguishable from faster processes such as surface complexation and

ion exchange processes.

3.2. Introduction

The use of cement to stabilise waste and to immobilise contaminants is common practice for

the disposal of many inorganic waste types. The chemical properties of cement systems, such

as high pH, and gels and minerals with structures that may accommodate foreign ions, are

ideal for the immobilisation of many heavy metals and metalloid species. The major cement

hydration products, calcium silicate hydrate (C-S-H), and calcium (sulfo)aluminate hydrates

are important for sorption and substitution (Glasser, 1993; Gougar et al., 1996). Amorphous

C-S-H may contribute to over 60% (w/w) of a cement (Taylor, 1997), and has a high sorption

potential, because of its high specific surface area and variability in structure and composition

(Glasser, 1993). Ion exchange reactions seem to be of little importance compared to the

overall sorption on C-S-H phases (Komarneni et al., 1988).

The crystalline calcium sulfoaluminate hydrates, ettringite (3CaO⋅Al2O3⋅3CaSO4⋅32H2O, an

AFt-phase), and monosulfate (3CaO⋅Al2O3⋅CaSO4⋅12H2O, an AFm-phase), favour crystallo-

chemical substitution reactions (Glasser, 1993). Ettringite is formed as one of the first

products during cement hydration, but then undergoes conversion to monosulfate (Taylor,

1997). Available solubility constants indicate that, in cement porewater, ettringite should be
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the more stable form of calcium sulfoaluminate hydrate. However, monosulfate is generally

present in mature cement pastes, usually in the absence of ettringite (Reardon, 1992). Both

AFt- and AFm-phases have the ability to combine with a number of anions and cations. The

AFt phase is described by the general formula C6(A,F)X3Hy (C = CaO, A = Al2O3, F = F2O3,

H = H2O), where X represents one formula unit of a doubly charged anion, or, with

reservations, two formula units of a singly charged anion (Taylor, 1997). In addition to the

SO4
2- endmember ettringite, anionic substituted ettringites have been reported and synthesised

for AsO4
3-, B(OH)4

-, CO3
2-, CrO4

2-, NO3-, OH-, SeO4
2-, SO3

2-, and VO4
3- (Kumarathasan et al.,

1990; McCarthy et al., 1992; Pöllmann et al., 1993; Myneni et al., 1997; Perkins and Palmer,

2000). Such extensive substitution and solid-solution formation is possible because of the

column and channel-like structure of AFt (Moore and Taylor, 1970; Fig. 1-5). In contrast,

AFm forms lamellar structured, hexagonal plates, with the general formula C4(A,F)X2Hy (Fig.

1-5). Many different anions can serve as X, of which the most important for Portland cement

hydration are Cl- (Friedel’s salt), OH-, SO4
2- (monosulfate), and CO3

2- (Taylor, 1997). In

cementitious material, B(OH)4
-, CrO4

2-, MoO4
2-, SeO4

2-, and SO3
2- also have been shown to

serve as interlayer anions (Kindness et al., 1994; Zhang, 2000; Motzet and Pöllmann, 1999;

Perkins and Palmer, 2001). Cation substitution for both AFt and AFm has been reported for

Al3+ with Cr3+, Mn3+, and Ti3+ (Bensted and Prakash Varma, 1973).

Although C-S-H, ettringite and monosulfate have been shown to be important cement

constituents for the immobilisation of hazardous components, their long-term leachability

remains unclear. The binding of hazardous species can occur by ion exchange, by adsorption-

desorption, or, in the case of ion substitution, by dissolution-precipitation processes. The rates

of these different processes vary. Ion exchange and adsorption-desorption reactions usually

occur within minutes to hours (Sposito, 1986; Sposito, 1994). In contrast, dissolution-

precipitation processes are much slower. They are likely to be particularly important for the

soluble cement minerals according to the Ostwald Step Rule (van Santen, 1984). Dissolution

rates reported in the literature for several minerals, including calcium silicate hydrates,

feldspars, and clays, are around 10-10 to 10-13 mol m-2 s-1 at pH 11 to 12 (White and Brantley,

1995; Huertas et al., 1999; Schweizer, 1999). Under common experimental conditions, and

assuming that, at equilibrium, the dissolution rate equals the precipitation rate and the surface

area remains unchanged, the time for a solid to be completely replaced (reconstruction time)

will be weeks to years.
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According to these considerations, known dissolution-precipitation rates would be a helpful

tool to better interpret data obtained from sorption studies, and as a consequence, to predicting

the long-term stability of ion substituted cement minerals. However, such rates of the above

solids have not been determined before. In this paper the dissolution and precipitation

behaviour of pure ettringite, monosulfate, and C-S-H(I) phases at saturation was investigated

by the use of radiotracers. Furthermore, a physical model was used to determine dissolution-

precipitation rates.

3.3. Experimental

3.3.1. Materials

All chemicals were at least of p.a. grade. To prevent CO2 contamination, all handling of

material, the sampling, and the pH measurements were undertaken in a glovebox equipped

with a CO2 scrubber (pCO2 < 1 ppm). Solutions were prepared using boiled ultrapure water

(Millipore). Polyethylene bottles used for mineral synthesis were leached with acid (∼0.1 M

diluted from concentrated HNO3) for at least 24 hours and rinsed with ultrapure water. The

same procedure, but with a more diluted HNO3-solution (∼pH 4), was used to leach and rinse

0.45 µm nylon filters (Whatman).

3.3.2. Mineral Synthesis

The C-S-H(I) phase (a structurally imperfect form of 1.4-nm tobermorite) was synthesised by

Zielger et al. (2001) according to Atkins et al. (1992) to achieve a C-S-H(I) with a Ca:Si ratio

of 1. The ettringite was prepared by adding a solution of Al2(SO4)3·18H2O to a slurry of a

stoichiometric amount of CaO in water at 4°C in a 1 L polyethylene bottle (Atkins et al.,

1991). After a month curing at room temperature, the solid phase was washed by

centrifugation (10 min at 9000 rpm) and resuspension in water three times. The suspended

solid was then subsequently filtered through 0.45 µm nylon filters and the filter cakes were

dried in a CaCl2-containing desiccator under continuous evacuation. For the synthesis of

monosulfate, stoichiometric amounts of (CaO)3·Al2O3 (prepared freshly according to Atkins et

al., 1991) and CaSO4·2H2O were mixed, cooled down to 4°C, and suspended in cooled water

(4°C) at a water/solid ratio of 12 in a 1 L polyethylene bottle. This slurry was shaken at 4°C
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on a rotary shaker at 200 rpm for 48 h before curing for five months at room temperature. The

washing procedure was the same as described for the ettringite, while the drying step of the

monosulfate was more gentle: The solid was filtered on a glass filter funnel. When the water

suction was complete, acetone was filled into the funnel, mixed with the solid and sucked off.

This procedure was repeated 3 times. For the experiments only the size fractions < 0.125 mm

for AFt and AFm, and < 63 µm for C-S-H(I), were used.

3.3.3. Analysis Methods

X-ray powder diffraction of the ground samples was performed with a Scintag XDS 2000

diffractometer (Cu-Kα-radiation). The carbon content of the solids was measured

coulometrically (Huffman, 1977). Their stoichiometric composition was determined by X-ray

fluorescence (Spectro X-lab 2000, standard deviation, sd < 0.5%). Aqueous Al and Ca

concentrations were measured in acidified samples (1% v/v 65% HNO3) by inductively

coupled plasma-optical emission spectroscopy (ICP-OES, Spectroflame, Spectro Analytical

Instruments, sd < 1%), sulfate was measured using ion chromatography (Sykam) with a Sykam

(AO4) column (sd < 2%). Scanning Electron Microscopy (SEM) investigations were

performed with a Philips XL-30 (running at 25kV, LaB6 filament). Prior to analysis, the

specimens were coated with a platinum film. The specific surface area was determined by the

BET-method with a Carlo Erba Sorptomatic 1900 instrument (Brunnauer et al., 1938).

3.3.4. Tracer Experiments

The radiotracers 35SO4 (as Na2SO4 in water) and 45Ca (as CaCl2 in water) were obtained from

NEN Life Science, 32Si (as SiO4
4- in 0.3 M NaOH) from Los Alamos National Laboratory

(USA). 35Sulfur, 45Ca, and 32Si have half-lives of 87.5 d, 162.2 d, and ~100 yr, respectively.

The preparation of 50 mL C-S-H(I) suspensions at liquid to solid ratio (LS) of 25’000 is

described in Ziegler et al. (2001). The AFt and AFm suspensions where prepared at LS of

500. Preliminary experiments have shown that equilibrium of AFt and AFm in water is

reached after 7 days. To avoid major changes in the surface structure and the stoichiometry of

the mineral phases during the equilibration process, the solids were suspended in 90% pre-

saturated solutions with regard to AFt and AFm, respectively. The pre-saturated solutions

were prepared by equilibrating suspensions (0.7 g L-1 AFt and 1.1 g L-1 AFm) for 7 days at
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room temperature on a rotary shaker (150 rpm), filtering through 0.45 µm nylon filters and

diluting to 90%. For the calcium sulfoaluminate hydrates, experiments with 35SO4 and 45Ca

were performed in parallel. For C-S-H(I) the radiotracers 45Ca and 32Si were used. In a first

series of experiments performed with the calcium sulfoaluminates only, radiotracers were

added to pre-saturated solutions. To start the experiments (t0), 25 mL of a tracer solution were

added to 0.05 g of samples in 50 mL PE-bottles. For blanks no solid was added to labelled

solutions. Both samples and blanks were performed in triplicate. In a second series of

experiments, portions of solid (0.05 g) were suspended in 25 mL 90% pre-saturated solutions

before the addition of the radiotracers, and equilibrated at 22°C ± 0.5°C on a rotary shaker

(150 rpm) for 7 days. To start the experiments at t0, 1 mL of a tracer solution was added to

samples (equilibrated suspensions) and blanks (only pre-saturated solutions), each in

triplicate. Tracer solutions were diluted prior to the experiments to keep the addition of SO4,

Ca, and Si as small as possible (< 0.005% of the total amount in solution for SO4 and Ca,

< 1% for Si), but to still be able to detect the tracer. In the case of C-S-H(I) experiments the

tracer solutions were prepared by diluting the commercial 32Si and 45Ca solutions in solutions

pre-saturated with respect to C-S-H(I) (Ziegler et al., 2001). For the AFm and AFt

experiments the commercial 35S and 45Ca solutions were diluted in water. After between 1 and

70 days (first series), and 1 and 44 days (second series) at 22°C ± 0.5°C on a rotary shaker

(150 rpm), 20 mL of sample were removed by a syringe and filtered through a 0.45 µm nylon

syringe filter (25 mm, TITAN). A portion of the filtrate (5 mL) was then mixed with 10 mL

scintillation cocktail (Insta-Gel Plus, Packard) in 20 mL HDPE scintillation vials (NR.

986710, Wheaton), and counted in a liquid scintillation analyser (Tri-Carb 2200CA, Packard).

The percentage uptake (Ui) of a radiotracer of the component i by the solid was calculated as

follows:

( )
( ) 100
Bn
Sn

1U
i(aq)

i(aq)
i ⋅��

�

�

�
�

�

�
−=         [%] (3-1)

where ni(aq)(S) and ni(aq)(B) are the counts (in cpm) of the component i in the samples and the

corresponding blanks, respectively. In the second series, two extra samples were performed

for each suspension without tracer addition. They were filtered at t0 and after 44 days,

respectively. The filter cakes were air-dried and stored in a dessicator before analysis by SEM

and XRD.
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3.3.5. Determination of Dissolution-Precipitation Rates

In the case of a congruently dissolving solid in equilibrium with a solution, the ratio r of each

of its components i in the solid, ci(s), to the total amount in the batch, ci(tot), is constant for all

components:

(tot) i

(s) i
i c

c
r =      [-] (3-2)

When an amount of radiotracer of a component, ni, is added to this system, its distribution in

the solid and solution will, after infinite time, equal ri at equilibrium. To describe the

processes when a radiotracer is added to a batch we used the following physical model:

ni(aq) ←→
k1

k2
 ni(s)      [cpm] (3-3)

where ni(aq) and ni(s) are the amounts of tracer in solution and in the solid, respectively (in

cpm), k1 is the dissolution coefficient (cpm d-1), and k2 the tracer uptake rate (d-1). The change

of ni(aq) with time depends on ki,1 and ki,2:

(t)nk-k
t

n
i(aq)i,2i,1

i(aq) ⋅=
∂

∂
       [cpm d-1] (3-4)

For   0
t

ni(aq) =
∂

∂
   follows

i,2

i,1
eqi(aq), k

k
n =  [cpm] (3-5)

where 
eqi(aq),n  is equal to the amount of tracer in solution, when equilibrium is reached.

eqi(aq),n  is related to ri by

i(aq),0

i(aq),eq
i n

n
-1r =    [-] (3-6)

where ni(aq),0 is the amount of tracer in solution in cpm at the beginning (t0).
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Integrating and solving Eq. (3-4) for ni(t) gives

tk-

i,2

i,1
i(aq),0

i,2

i,1
i(aq)

i,2e
k
k

n
k
k

(t)n ⋅⋅��
�

�
�
�
�

�
−+=            or, using Eq. (3-5),

( ) t-k
eqi(aq),i(aq),0eqi(aq),i(aq)

i,2ennn(t)n ⋅⋅−+=        [cpm] (3-7)

Taking the natural logarithm of Eq. (3-7) results in a linear relation:

( ) ( ) tk-nnlnn-(t)nln i,2i(aq),eqi(aq),0i(aq),eqi(aq) ⋅−= (3-8)

The decrease in tracer counts of the measured values ni(aq)(St) was corrected with the ratio of

the counts in the blank at t0 to the counts at the time of sampling:

)B(n
)B(n

)(Sn)t(n
ti(aq)

0i(aq)
ti(aq)i(aq) ⋅=          [cpm] (3-9)

Plotting the left term of Eq. (3-8) against time results in a linear relation with the slope -ki,2,

the tracer uptake rate. ki,2 was determined from the linear regression of the data set. The

dissolution rate at saturation, ki,1, was calculated based on Eq. (3-5), and converted to

mol m 2 s-1 by use of the specific activity (cpm mol-1) and the specific surface area (m2).

3.4. Results and Discussion

3.4.1. Phase Characterisations

The XRD-spectra of the synthetic phases indicate that a pure ettringite has been obtained,

while the synthetic monosulfate contained small ettringite impurities (Fig. 3-1). The data of

the synthetic C-S-H(I) phase are in good agreement with those published in Taylor (1997). In

all three solids a small carbonate contamination in the order of < 0.05% C (w/w) was

measured. Specific surface areas for ettringite, monosulfate, and C-S-H(I) were 9.8, 5.7, and

41.0 m2 g-1, respectively (standard deviation, sd < 3%). The elemental composition of the

solids and their concentration in solution at equilibrium is given in Tab. 3-1, indicating

stoichiometry for all solids. The determined ratios ri for the given experimental conditions

(Eq. 2), are presented in Tab. 3-2. In ettringite, rCa and rSO4 agree, as it was assumed for a
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congruently dissolving solid (Eq. 2), whereas the ratios ri for the components of the non-

congruently dissolving solids, monosulfate and C-S-H(I), differed significantly. The

dissolution of the thermodynamically unstable monosulfate led to the precipitation of

ettringite as described by Atkins et al. (1991), clearly illustrated in the SEM-micrograph of

equilibrated monosulfate as needles among monosulfate platelets (Fig. 3-2B). These ettringite

precipitates were also observed in XRD-spectra taken of the equilibrated samples by the

intensified peaks at 9 and 15.8 degrees 2θ (d-spacings 9.7 and 5.6 Å, data not shown),

compared to the non-equilibrated monosulfate spectrum (Fig. 3-1).
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Fig. 3-1 XRD-pattern of the synthetic ettringite, monosulfate, and C-S-H(I). The arrows mark the

ettringite peaks at 9 and 15.8 degrees (2θ d-spacings 9.7 and 5.6 Å), found in the monosulfate pattern.
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Tab. 3-1 Elemental ratios of the synthetic ettringite, monosulfate, and C-S-H(I), and elemental ratios

found in solution at equilibrium. The data is normalised to 6 moles of Ca for ettringite, to 4 moles of Ca

for monosulfate, and to 1 mol of Ca for C-S-H(I). The uncertainty indicates the 2σ-error of the

measurements.

Ca Al SO4 pH at equilibrium

Ettringite

theoretical 6 2 3

in solid 6 1.94 ± 0.01 3.11 ± 0.19

in solution 6 2.14 ± 0.13 3.19 ± 0.17 11.02 ± 0.02

Monosulfate

theoretical 4 2 1

in solid 4 1.93 ± 0.03 1.16 ± 0.16

in solution 4 2.69 ± 0.37 0.02 ± 0.002 11.69 ±0 .04

Ca Si pH at equilibrium

C-S-H(I)

theoretical 1 1

in solid 1 0.98 ± 0.003

in solution 1 0.04 ± 0.02 11.76 ± 0.05

Tab. 3-2 Determined ratios ri for the amount of component i in the solid, ci(s), to the total amount of i in

the batch, ci(tot) in ettringite, monosulfate and C-S-H(I). The uncertainty indicates the 2σ-error of the

measurements.

(tot) i

(s) i
i c

c
r =

i = Ca SO4 Si

ettringite 0.83 ± 0.01 0.81 ± 0.02

monosulfate 0.72 ± 0.02 0.99 ± 0.004

C-S-H(I) 0.10 ± 0.004 0.72 ± 0.01
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Fig. 3-2 SEM-micrographs of the dried solids taken at the beginning (t0, left) and the end (t44, right) of

the sampling period of the second series of experiments. There appears to be no change in crystal

size and surface structure. A – ettringite, B – monosulfate, C – C-S-H(I).
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3.4.2. Tracer Uptake Behaviour and Dissolution-Precipitation Rates

Because of their larger specific surface area, finely divided solids have a greater solubility

than large crystals (Stumm, 1992). As a consequence small crystals are thermodynamically

less stable and should recrystallise into large ones. However, no difference in crystal size and

surface structure at t0 and t44 could be detected in SEM-micrographs taken of the second series

of samples (Fig. 3-2). It is possible that the shaking of the samples inhibited the growth of

larger crystals. In consequence it was assumed that the overall surface area stayed constant

during the second series of experiments. In the first series of experiments, constant surface

area can be assumed similarly for the time from 7 days after suspending the solid in the

labelled solution (t7), when equilibration was reached.

During the first days of equilibration, tracer uptake was much higher than afterwards (Fig. 3-

3). This indicates fast processes at the beginning, such as rapid dissolution-precipitation rates

due to the dissolution of fine particles, or adsorption. In the second series of experiments,

started with already equilibrated suspensions, the initial fast uptake was much lower, but still

evident. It seems that the added amount of tracer, although small, disturbed the equilibrium

and caused a precipitation. An additional but unquantifiable effect due to a temporary change

in ionic strength and pH may have been caused by dilution (factor 0.04) when the tracers were

added in the second series of AFm and AFt experiments. In the case of the C-S-H(I)

experiments, where the added tracer solutions had the same ionic strength and pH as the

suspensions, this effect is negligible.

As a consequence, only the data points after t7, when equilibrium had re-established, were

used in both experimental series to model the tracer uptake rates, k2, and the dissolution

coefficients, k1. The modelled curves are presented in Fig. 3-3. The calculated values k2 and

k1, as well as the predicted reconstruction time of the solids, the time when the whole solid

will have undergone dissolution and reprecipitation, are presented in Tab. 3-3. The model fits

the data points well in the case of the calcium sulfoaluminates. The determined rates for the

first and second series of experiments seem different for Ca and SO4 in ettringite. Different

components in the same solid should behave identically in a congruent dissolution-

precipitation process. However, the values are in the same order of magnitude and, taking into

account the error bars of the data points in Fig. 3-3, the differences seem to be a result of the

uncertainty of the measurements. The determined reconstruction time for ettringite layed

within 1.2 to 4 years, which resulted in a dissolution-precipitation rate of 10-12.2 to
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10-11.5 mol m-2 s-1. For monosulfate, the data for the two series for 45Ca agreed well, both

resulting in a reconstruction time around 500 d. The dissolution-precipitation rate presented in

Tab. 3-3 for monosulfate has to be considered with care, because, due to ettringite

precipitation, the specific surface area determined before equilibration changed by an un-

known degree during suspension. Moreover, ettringite was also present in the monosulfate

batches, and the determined rates are the sum of both ettringite and monosulfate dissolution-

precipitation rates, though monosulfate is the predominant mineral. The 35SO4 uptake in

monosulfate was very fast and reached rSO4 (approximately 99%) in both series within 1 day.

Thus the 35SO4 dissolution-precipitation rate could not be modelled. This immediate uptake of
35SO4 was most probably caused by ettringite precipitation. Nevertheless, ion exchange with

weakly bound interlayer sulfate may contribute to the fast rate.

The 45Ca uptake for C-S-H(I) was not modelled, because it was so low that the variation of the

data points and their uncertainty was high. Also for 32Si the uncertainty of the measurements

was high, resulting in a dissolution-precipitation rate with a considerable error. Schweizer

(1999) determined a C-S-H(I) dissolution rate of 10-10.5 mol m-2 s-1 from a flow through

experiment at pH 12 and congruent dissolution. The dissolution-precipitation rate modelled in

this study is one order of magnitude lower. However, this value is determined at saturation,

where rates are expected to be lower due to smaller concentration gradients.

The presented results give a good overview over the stability of the solids and the dissolution-

precipitation processes occurring in suspension. The dissolution-precipitation rates obtained

for ettringite and monosulfate, which represent a maximum rate for ion substitution processes

with contaminants, can facilitate the distinction of these processes from comparably fast

reactions, such as surface complexation and ion exchange, from ion substitution in sorption

studies. The case of C-S-H(I) has to be treated with caution because of its semi-crystalline

structure and its variable Ca:Si ratio between 0.8 and 1.5 without change in main structure or

properties. This structural flexibility has been shown to allow the incorporation of Zn2+ into

interlayers or internal surfaces without Ca2+ release, at a slow, diffusion controlled rate

(Ziegler et al., 2001). Such a diffusion process would be difficult to discern from the

dissolution-precipitation reaction rate for C-S-H(I).
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−= , into solid against time in

equilibrated ettringite (A), monosulfate (B), and C-S-H(I) (C) suspensions (pH 11.02, 11.69, and 11.76,

respectively), showing the measured values in the 1st series of experiments (▲), the measured values

in the 2nd series of experiments (■), and data points not included in the fitting (∆ , □). The solid line

represents the fitted model to 1st series of data points and the dashed line represents the fitted model

to 2nd series of data points. The errors ( 2σ) are shown.
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Tab. 3-3 Determined tracer uptake rates, ki,2, and dissolution-precipitation rates, ki,1. The

reconstruction time represents the predicted time, when 100% of the solid has undergone dissolution

and reprecipitation for the components of ettringite, monosulfate and C-S-H(I). (1) 1st series of

experiments, (2) 2nd series of experiments. The uncertainty indicates the 2σ-error of the

measurements.

ki,2 log ki,1 reconstruction time

i 10-3 d-1 mol m-2 s-1 d

ettringite Ca (1) 3.26 ± 1.15 -12.15 ± 0.15 1450 ± 550

Ca (2) 6.60 ± 0.03 -11.86 ± 0.02 740 ± 110

SO4 (1) 9.38 ± 2.56 -11.65 ± 0.12 460 ± 140

SO4 (2) 3.25 ± 1.51 -12.12 ± 0.20 1350 ± 660

monosulfate Ca (1) 5.31 ± 0.10 -11.17 ± 0.03 500 ± 70

Ca (2) 4.65 ± 0.17 -11.23 ± 0.03 580 ± 80

C-S-H(I) Si (2) 3.23 ± 4.67 -11.56 ± 0.63 790 ± 1140

In summary, the dissolution-precipitation rates can be distinguished from ion exchange and

adsorption, but not necessarily from rates, where a contaminant diffuses into a solid phase,

where it may undergo incorporation into a crystal structure. However, for a contaminant to be

built into a crystal structure as a consequence of dissolution-precipitation processes, the

resulting mineral must be thermodynamically more stable than the original cement mineral.

Both kinetic and thermodynamic approaches must be considered for each contaminant species

in order to understand its binding mechanism.
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4.1. Abstract

The sorption of selenite and selenate to ettringite (3CaO⋅Al2O3⋅3CaSO4⋅32H2O), monosulfate

(3CaO⋅Al2O3⋅CaSO4⋅12H2O), and calcium silicate hydrate (C-S-H) was investigated in order

to understand Se immobilisation by cement in hazardous wastes. Sorption kinetics were fast,

with equilibrium between the minerals and Se species reached within 1 day. Selenite is

suggested to sorb by surface reactions, and for ettringite, a sorption maximum of

0.03 mol kg-1 was determined. Distribution ratios (Rd) for selenite were 0.18, 0.38, and

0.21 m3 kg-1 for ettringite, monosulfate, and C-S-H, respectively. At high selenite additions,

CaSeO3 was precipitated, with a solubility product of log Kso = -7.27 (I = 0, 25°C). Selenate

sorbed only weakly to ettringite (Rd = 0.03 m3 kg-1), and no significant sorption to C-S-H was

found. In contrast, sorption to monosulfate was strong (Rd = 2.06 m3 kg-1). With increasing

selenate addition XRD-analyses revealed changes in the interlayer distance of monosulfate, in

parallel with an increase of the ettringite fraction. Substitution of sulfate is suggested to be the

relevant process. This indicates that selenate is sorbed more efficiently by monosulfate-rich

cement, while the cement composition is of minor importance for selenite sorption.

4.2. Introduction

Selenium is a mobile component of a number of types of waste. In the safety assessment in

nuclear waste management, Se is considered to have a high priority (Kemakta Konsult AB,

1989). It is found in high concentrations in wastewater from coal-fired power plants or coal

mines (Masscheleyn et al., 1991; Dreher and Finkelman, 1992), and in lower concentrations

in leachates deriving from municipal solid waste incinerator (MSWI) air pollution control

(APC) residues (Chandler et al., 1997). The mobility of Se makes it of particular concern to

environmental aspects of waste management. Cement is commonly used to solidify and

stabilise hazardous waste material. Its role in the immobilisation of Se is the topic of this

paper.

Under ambient conditions the oxyanionic species selenite (SeO3
2-) and selenate (SeO4

2-) are

the predominant forms of Se. The oxidation of selenite and reduction of selenate are readily

occurring processes in soils, when mediated by microorganisms. However, the kinetics of

these reactions are probably slow (Séby et al., 1998). The thermodynamic stability of selenate



Chapter 4

65

increases with pH (Séby et al., 2001). There is evidence to suggest, however, that both

selenite and selenate are stable in the cement matrix (Bonhoure et al., in preparation). It is

therefore important to understand the binding of both Se species in the cement matrix.

Selenite is considered to be the less mobile species. It forms inner-sphere complexes with

surface functional groups under neutral to acidic conditions. Moreover, in cement pore water,

where Ca occurs in millimolar concentrations, CaSeO3 limits the solubility of selenite.

Selenate, on the other hand, typically sorbs via weakly bonded outer-sphere complexes and

has a lower affinity for oxide surfaces (Balistrieri and Chao, 1987; Hayes et al., 1987;

Goldberg and Glaubig, 1988; Su and Suarez, 2000). The interaction of these species with

specific cement minerals remains an open question.

The major hydration products in cements, calcium silicate hydrate (C-S-H), and calcium

(sulfo)aluminate hydrates are important for sorption and substitution of contaminants

(Glasser, 1993; Gougar et al., 1996). However, at high pH, cation adsorption is favourable

and anion adsorption is limited on the negatively charged surface oxide sites (Cocke and

Mollah, 1993). Substitution for SO4
2- in ettringite (3CaO⋅Al2O3⋅3CaSO4⋅32H2O) and

monosulfate (3CaO⋅Al2O3⋅CaSO4⋅12H2O) is suggested to be the most efficient sorption

process for several oxyanions, including SeO4
2- (Kumarathasan et al., 1990; Myneni et al.,

1997; Palmer, 2000). Ettringite has a column-like structure, with SO4
2- and H2O located in the

interchannels (Moore and Taylor, 1970), while monosulfate has hexagonal lamellar platelets

with SO4
2- and H2O in the interlayers (Taylor, 1997, Fig. 1-5). Sulfate substitution in ettringite

and monosulfate has been reported for selenate (Kumarathasan et al., 1990; Zhang, 2000).

Solem-Tishmack et al. (1995) have interpreted the more efficient retention of selenite,

compared to selenate, by the formation of selenite ettringite in cementitious material.

However, CaSeO3-precipitation seems the more likely reason for the retention.

In a recent study, the sorption of selenite on various cement formulations has been

investigated. Distribution coefficients, Kd, were found to be in the order of 0.25 to

0.93 m3 kg-1 and agreed well with values for selenite in soils (Johnson et al., 2000). However,

it remains to be known how Se species are bound in cementitious systems. In order to predict

the long-term behaviour of Se species in waste material, an understanding of their binding

mechanism is essential. In this study, the binding mechanisms of selenite and selenate to the

cement minerals ettringite, monosulfate, and C-S-H are investigated. X-ray diffraction
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analyses provided important information on sorption mechanisms. Sorption isotherms of

selenite and selenate to ettringite and monosulfate have been determined.

4.3. Experimental

4.3.1. Materials

All chemicals were of p.a. grade. To prevent a CO2 contamination, all handling of material,

the sampling, and the pH measurements were undertaken in a glovebox (Mecaplex) equipped

with a CO2 scrubber (pCO2 < 1 ppm, DMP). Solutions were prepared using boiled ultrapure

water (Millipore). Low-density polyethylene bottles were leached with acid (∼0.1 M diluted

from concentrated HNO3) for at least 24 hours and rinsed 3 times with ultrapure water. The

same procedure, but with a more diluted HNO3-solution (∼pH 4), was used to leach and rinse

0.45 µm nylon filters (Whatman).

4.3.2. Mineral Synthesis

The C-S-H(I) phase used in this study was prepared by Ziegler et al. (2001) after the method

of Atkins et al. (1992). The ettringite was prepared by adding a solution of Al2(SO4)3·18H2O

to a slurry of a stoichiometric amount of CaO in water (Atkins et al., 1991). The detailed

synthesis procedure, the monosulfate synthesis and phase characterisations are reported in

Baur et al. (submitted/Chapter 3). For the experiments only the size fractions < 0.063 mm and

< 0.125 mm of C-S-H(I) and the calcium sulfoaluminate hydrates, respectively, were used.

Specific surface areas of the minerals were 41.0, 9.8, and 5.7 m2 g-1 for C-S-H(I), ettringite,

and monosulfate, respectively.

4.3.3. Sorption Experiments

To avoid major changes in the surface structure and the stoichiometry of the mineral phases,

the solids were suspended in pre-saturated solutions. In the case of ettringite and monosulfate,

the pre-saturated solutions were prepared by equilibrating suspensions (0.7 g L-1 ettringite and

1.1 g L-1 monosulfate) for 7 days at 25°C on a rotary shaker (150 rpm), filtering through 0.45

µm nylon filters and diluting to 90%. In the C-S-H(I) experiments, the pre-saturated solution
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was prepared from Na- and Cl-salts of the components, keeping the ionic strength at 0.1 M.

Ionic strength was not maintained in ettringite and monosulfate suspensions, in order to

minimise electrolyte ion substitution in the calcium sulfoaluminates. To control the

comparability of the data, the ionic strength was calculated and presented for each batch in the

results section. Experiments were performed at a liquid to solid ratio (LS ratio) of 520. 0.05 g

solid were weighed into 50 mL polyethylene bottles, and 25 mL of the corresponding pre-

saturated solution were added. Prior to the addition of Se, suspensions were equilibrated for 7

days at 25°C on a rotary shaker (150 rpm). Preliminary experiments had shown that

equilibrium was reached within this time. Sorption experiments were started in duplicate by

adding a 1 mL aliquot containing dissolved Na2Se(IV)O3·5H2O or Na2Se(VI)O4. For Se-

blanks, 1 mL Se aliquots were added to 25 mL pre-saturated solution. Suspension blanks were

performed in parallel without Se addition. The initial Se concentrations (both IV and VI)

ranged from 0.3 up to 4500 µmol L-1. At equilibrium, the SO4
2- concentration was

24.4 µmol L-1 in monosulfate suspensions, and 1100 µmol L-1 in ettringite suspensions. Thus

the amount of Se added, corresponded to between 0.03 and 4500% of SO4
2- in solution. In the

case of C-S-H(I), initial Se concentrations were 5 and 50 µmol L-1, corresponding to 3.5 and

35% of Si in solution. In an additional experiment performed only with ettringite and selenite,

the LS-ratio was varied: 0.1, and 0.5 g solid were suspended in 25 mL pre-saturated solution.

The initial selenite concentration in these batches was 60 µmol L-1. All samples were

equilibrated at 25°C on a rotary shaker at 150 rpm. To stop sorption, samples were filtered

through 0.45 µm nylon filters. Because sorption had been shown to be constant within hours,

an equilibration time of 7 d was used for convenience. Filtercakes were air-dried in the glove

box (pCO2 < 1 ppm), and stored in a dessicator, containing silica gel and soda lime. Selenium

uptake was calculated as the difference between the Se measured in the Se-blank, and in the

sample.

4.3.4. Solubility Determination of CaSeO3

To precipitate CaSeO3, 50 mL of a 1 M Ca(NO3)2·4H2O solution were added to 50 mL of a

1 M Na2SeO3·5H2O solution. A solid was precipitated immediately. The suspension was

shaken for 5 days at 25°C and stored at room temperature for 3 weeks. Then the solid was

filtered onto a 0.45 µm nylon filter and air-dried. The composition of the obtained calcium
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Tab. 4-1 Solubility and stability constants used in calculations for I = 0 M and T = 25°C.

Equilibrium reaction log KSO Reference
Dissolved species

H2O ⇔ OH- + H+ -14.00 a

Ca2+ + H2O ⇔ CaOH+ + H+ -12.70 b

CaSO4 ⇔ Ca2+ + SO4
2- 2.14 b

Al3+ + H2O ⇔ Al(OH)2++ H+ -4.97 a

Al3+ + 2H2O ⇔ Al(OH)2
+ + 2H+ -9.30 a

Al3+ + 3H2O ⇔ Al(OH)3 + 3H+ -15.00 a

Al3+ + 4H2O ⇔ Al(OH)4
- + 4H+ -23.00 a

Al3+ + SO4
2- ⇔ Al(SO4)+ 3.89 a

SeO3
2- + H+ ⇔ HSeO3

- 8.54 c

SeO3
2- + 2H+ ⇔ H2SeO3 11.24 c

SeO3
2- + Ca2+ ⇔ CaSeO3 3.17 c

Solid phases

3CaO⋅Al2O3⋅3CaSO4⋅32H2O + 12H+ ⇔ 6Ca2+ + 2Al3+ + 3SO4
2 + 38H2O 57.45 d

CaSeO3 ⇔ Ca2+ + SeO3
2- -7.27 / -6.84 This study

(a) Baes and Mesmer, 1986
(b) Smith and Martell, 1976
(c) Séby et al., 2001
(d) Damidot and Glasser, 1993

selenite was determined in duplicate by dissolving 0.015 g solid in 50 g ultrapure water and of

500 µl 65%-HNO3, and analysing the solution. To investigate the solubility of the calcium

selenite, 0.05 g were suspended in duplicate in 25 mL of ultrapure water and equilibrated at

25°C on a rotary shaker (150 rpm) for 1 to 28 days. The equilibration was stopped by filtering

the samples through 0.45 µm nylon filters. Thermodynamic calculations were performed with

the aid of the computer program MQV40TIT (Furrer, 1995), based on MICROQL (Westall,

1979). Solubility and stability constants used in calculations are given in Tab. 4-1. They were

adjusted for the ionic strength of the solution using the Davies equation.

4.3.5. Sample Analysis

The solution pH was measured at 25°C in an unfiltered 10 mL-aliquot using a combined glass

electrode (Metrohm 6.0202.100) calibrated by an acid-base titration (standard deviation,
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sd < 0.1%). For the analysis of Na, Se, Ca, Al, and Si, one part of each sample was acidified

with 1% (v/v) 65%-HNO3. The filtrates were stored in polyethylene bottles at room

temperature prior to analysis. All analyses of elements were performed in triplicate. Selenium

concentrations were analysed by atomic absorption spectroscopy (Perkin Elmer 5100), using

the flame technique for concentrations > 5 mg L-1, and the graphite furnace technique for

concentrations < 5 mg L-1 (sd < 5%). The quantification limit of Se was 5 µg L-1. Sodium, Ca,

Al, and Si concentrations were analysed by inductively coupled plasma-optical emission

spectroscopy (Spectroflame, Spectro Analytical Instruments, sd < 1%). Sulfate content was

measured in the unacidified sample using ion chromatography (Sykam) with a Sykam (AO4)

column (sd < 2%). X-ray powder diffraction was performed with a Scintag XDS 2000

diffractometer (Cu-Kα-radiation) on samples obtained from dried filter cakes.

4.3.6. Distribution Ratios Rd and Sorption Isotherms

The distribution ratios Rd were determined as:

S
V

C
CC

R
S

SB
d ⋅

−
=        [m3 kg-1] (4-1)

Where CB and CS are the Se concentrations measured in the Se-blank and in the equilibrated

sample (mol L-1), V is the volume of the liquid phase (L), and S is the mass of the solid phase

(g).

The Freundlich isotherm is generally used for the empirical description of adsorption data

(Stumm, 1992) and can be expressed as follows:

[Csorbed] = a[Caq]b (4-2)

or in logarithmic form as:

log[Csorbed] = log a + b·log [Caq] (4-3)

where Csorbed (mol g-1) is the amount of sorbate sorbed to the solid, and Caq (mol L-1) the

sorbate in solution. a and b are positive empirical parameters. They are obtained from the

linear regression of a plot of log[Csorbed] versus log [Caq]; b is the gradient and a the intercept.
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Tab. 4-2 Equilibrium concentrations of ettringite, monosulfate, and C-S-H(I) suspensions after 7 days.

The uncertainty expresses the twofold standard deviation of the measurements.

pH Ca Si Al SO4

µmol L-1 µmol L-1 µmol L-1 µmol L-1

ettringite 11.02 ± 0.06 2060 ± 134 735 ± 45 1140 ± 134
monosulfate 11.69 ± 0.04 4750 ± 490 3200 ± 282 24 ± 2
C-S-H(I) 11.76 ± 0.05 2790 ± 43 124 ± 3

4.4. Results and Discussion

4.4.1. Sorption Kinetics

Equilibrium between the cement minerals and Se was achieved quickly. The solution

composition was constant at all investigated equilibration times (5 min – 80 d for ettringite,

5 h – 100 d for monosulfate). No change was observed in the distribution of selenite in

ettringite and monosulfate suspensions between 1 and 14 days, and in C-S-H(I) suspensions

between 1 and 20 days. Furthermore, no Na uptake by the solids was measured under any

conditions. Equilibrium concentrations of ettringite, monosulfate, and C-S-H(I) suspensions

after 7 days of equilibration are presented in Tab. 4-2. Quasi instantaneous equilibrium

(< 1 min) was also observed by Myneni et al. (1997), when AsO4
3- was sorbed to ettringite.

Such a fast sorption suggests surface complexation and/or ion exchange as possible sorption

mechanisms (Sposito, 1994).

Selenium incorporation by sulfate substitution as a consequence of the solids dissolution and

reprecipitation may be considered a possible sorption process. Dissolution-precipitation rates

for the suspended ettringite, monosulfate, and C-S-H(I) had been previously determined using

SO4, Ca, and Si isotopes, and were found to be approximately 10-11 to 10-12 mol m-2 s-1 (Baur

et al., submitted/ Chapter 3). An initial fast uptake of 10 to 20% of the added isotopes was

observed in the first 7 days. Since the uptake of Se is so quick, as previously mentioned, Se

sorption seems to be independent of dissolution-precipitation.
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4.4.2. Sorption on Ettringite

The sorption isotherms of selenite and selenate on ettringite are presented in Fig. 4-1. The data

can be interpreted by Freundlich adsorption isotherms. However, the fit of the data to

adsorption isotherms does not allow the distinction between a pure adsorption reaction and the

formation of a solid-solution (Sposito, 1986). The selenite sorption by ettringite was, with

around 25% uptake from solution, five times higher than the sorption of selenate. The

corresponding distribution ratios are presented in Tab. 4-3. The Rd-values determined at LS

52 and LS 260, 0.09 and 0.07 m3 kg-1, respectively, were slightly lower than the average

measured for LS 520 (0.18 m3 kg-1). However, these differences may be caused by the

uncertainty of the measurements. While the dissolved selenate concentration remained

directly correlated to the solid-phase concentrations of selenate over the whole concentration

range, this was not the case for selenite. No more selenite was sorbed to ettringite at Se

concentrations > 10-4 mol L-1.
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Fig. 4-1 Sorption isotherms of selenite (A) and selenate (B) on ettringite after 7 days of equilibration.

Lines represent linear regression of the data points. Filled squares are not included in the regression.

The ionic strength is added in parallel to the y-axis (non-linear scale). The error bars express the

twofold standard deviation of the measurements.
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Tab. 4-3 Distribution ratios, Rd, in m3 kg-1, for selenite and selenate on ettringite, monosulfate, and C-

S-H(I) at varying liquid to solid ratio (LS). At LS 520, the values are averaged over the whole data set,

with the exception of selenite on ettringite and monosulfate, where data-pairs with Se-addition > 10-4

mol L-1 were rejected. n indicates the number of data points. The uncertainty expresses the twofold

standard deviation of the measurements. n.s. indicates no significant uptake.

ettringite monosulfate C-S-H(I)
n n n

SeO3
2-

LS 52 0.09 ± 0.01 2
LS 260 0.07 ± 0.02 2
LS 520 0.18 ± 0.08 7 0.38 ± 0.09 7 0.21 ± 0.07 2

SeO4
2-

LS 520 0.03 ± 0.03 8 2.06 ± 0.59 10 n.s. 2

To check if surface reactions are the predominant sorption processes, estimates of the

maximum number of sorption sites can be made. Based on the specific surface area of the

ettringite, 9.8 m-2 g-1 (Baur et al., submitted/Chapter 3), the amount of sulfate situated at the

ettringite surface that would be available for exchange was estimated to be 0.04 mol SO4 kg-1,

which corresponds to 2 to 3% of the total sulfate in the solid. The total surface concentration

of Al and Ca, that may be interpreted as sites for surface complexation leads to the sorption

maximum for ettringite of approximately 0.1 mol sorbate kg-1. These values agree well with a

previously published estimate (Myneni et al., 1997). The experimental sorption maximum of

selenite on ettringite is approximately 0.03 mol kg-1, which is in good agreement with the

estimated critical values. However, the estimates are not accurate enough to allow the

distinction between sorption sites.

There is no evident change in the XRD spectra as a result of selenite or selenate sorption to

ettringite. However, this is to be expected as the highest selenite and selenate additions in our

experiments correspond to < 5% and < 1% of the total sulfate in the solid, respectively.
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4.4.3. Sorption on Monosulfate

The sorption isotherms of selenite and selenate on monosulfate are presented in Fig. 4-2.

Again the data can be interpreted by Freundlich adsorption isotherms. Selenate, with up to

80% uptake from solution, was sorbed twice as well as selenite. Distribution ratios for selenite

and selenate are 0.38 and 2.06 m3 kg-1, respectively (Tab. 4-3). A rough estimate of the total

surface concentration of Al and Ca and of SO4, based on the specific surface area of

monosulfate (5.7 m-2 g-1 [Baur et al., submitted/Chapter 3] assuming 100% monosulfate),

gives 0.1 and 0.015 mol kg-1 respectively. While selenite never achieves these values, selenate

sorption exceeds these values at higher solution concentrations.

At low selenite additions, dissolved selenite concentrations were directly correlated to the

solid-phase concentrations of selenite, while this was not the case for selenite additions

> 2.5·10-4 mol L-1 (Fig. 4-2). Above this limit, aqueous Se concentrations were constant at

around 10-4 mol L-1. Diminishing Ca concentrations at high selenite additions suggested that

CaSeO3 was precipitated. However, the determined aqueous concentrations do not agree with

any of the published solubility products for CaSeO3 (Kso = [Ca2+]·[SeO3
2-]; pKso = 5.44 for

y = 1.067x + 0.664
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Fig. 4-2 Sorption isotherms of selenite (A) and selenate (B) on monosulfate after 7 days of

equilibration. Lines represent linear regression of the data points. Filled squares are not included in the

regression. The dashed vertical line denotes the calculated solubility of CaSeO3. The ionic strength

was 0.012 mol L-1 in all samples. The error bars express the twofold standard deviation of the

measurements.
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Tab. 4-4 Equilibrium concentrations determined after 1 to 28 days equilibration in CaSeO3

suspensions, and the determined solubility product, pKso, at I = 0.003. n indicates the number of data

points. The uncertainty expresses the twofold standard deviation of the measurements.

time pH Se Ca pKso n
d µmol L-1 µmol L-1

7 9.33 ± 0.03 721.4 ± 3.8 649.9 ± 35.0 6.63 ± 0.02 2
14 9.19 ± 0.01 728.7 ± 6.7 643.5 ± 0.4 6.64 ± 0.01 2
28 9.01 ± 0.01 795.8 ± 49.7 682.0 ± 7.0 6.61 ± 0.03 2

CaSeO3·2H2O, Elrashidi et al., 1987; 7.65 for CaSeO3, Essington, 1988; and 7.76 for

CaSeO3·H2O, Sharmasarkar et al., 1996). Own calculations from solution composition of our

experiments gave, for I = 0 and 25°C, a pKso of 7.27 ± 0.08 (sd). The determination of the

solubility of a synthesised CaSeO3 gave a pKso of 6.84 ± 0.02 after an equilibration time of 28

days (I = 0, 25°C). Equilibrium concentrations observed after 1 to 28 days equilibration are

given in Tab. 4-4. These values differ in almost half an order of magnitude. However, selenite

might be surface precipitated on monosulfate, and this process may affect the solubility

product. The precipitated CaSeO3, if crystalline, should be visible in the XRD-spectra of

highly loaded monosulfate. At the highest selenite addition, where the estimated amount of

precipitate was around 7% of the total solid, new peaks occurred at 8, 16 and 24°2θ (11.04,

5.53, and 3.70 Å, Fig. 4-3A, spectrum 4). However, these peaks could neither be attributed to

any known selenite spectra, nor to the synthesised CaSeO3-spectrum, but seem to represent a

change in the layer distance, caused by a selenite incorporation (see below). At selenite

additions < 2.5·10-4 mol L-1, the XRD-spectra of the selenite-sorbed monosulfate remained

unchanged, compared to the spectrum of equilibrated monosulfate.

Since selenate is known to sorb poorly to surfaces and has such a high affinity for

monosulfate, a binding mechanism other than adsorption must be sought. The XRD-spectra of

equilibrated pure monosulfate and selenate-sorbed monosulfate are presented in Fig. 4-3B

(spectra 1 to 5). For comparison, the spectrum of a synthesised, pure selenate analogue of

monosulfate is also presented (spectrum 6 and Tab. 4-5; Baur and Johnson, submitted/Chapter

5). It agrees well with its chromate analogue, Ca4Al2O6(CrO4)·9H2O (powder diffraction file

42-0063 in the database of the International Center for Diffraction Data, ICDD). Monosulfate

is thermodynamically unstable in aqueous suspension and leads to the precipitation of



Chapter 4

75

re
la
ti
v
e
in
te
n
s
it
y

0 5 10 15 20 25 30 35 40 45

degrees 2q

1

4

3

2

E
E

(003) (006)
A

degrees 2q

0 5 10 15 20 25 30 35 40 45

E E 1

5

4

3

2

6

(003) (006)
B

re
la
ti
v
e
in
te
n
s
it
y

Fig. 4-3 XRD-spectra of pure monosulfate compared to selenite- (A) and selenate- (B) sorbed

monosulfate. Initial selenite additions were: (1) – no addition, (2) – 1.2·10-4 mol L-1, (3) – 2.4·10-4

mol L-1, (4) – 1.2·10-3 mol L-1. Initial selenate additions were: (1) – no addition, (2) – 1.2·10-5 mol L-1, (3)

– 1.2·10-4 mol L-1, (4) – 2.4·10-4 mol L-1, (5) – 1.2·10-3 mol L-1. Spectrum no. B6 represents pure

selenate monosulfate. Ettringite peaks are marked with (E), and hkl (003) and (006) peak positions of

pure monosulfate are pointed out with persistent vertical lines.
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ettringite, which is shown by the peaks at 9 and 15.8°2θ (corresponding to Miller indices hkl

100 and 110) in spectrum 1. A relative increase of these peaks was observed with increasing

selenate addition. At the same time, the two most intensive monosulfate peaks at 9.9 (003)

and 19.9°2θ (006), which characterise the layer distance, c’, of 0.892 nm, decreased strongly

and almost disappeared, and new peaks were observed in spectra 3 and 4 at 10.85 and

21.8°2θ, representing a c’ of 0.814 nm (Tab. 4-5). However, in spectrum 5, where the selenate

addition was highest, these peaks had diminished and shifted position towards smaller angles,

approaching those measured for the selenate analogue of monosulfate. Such clear shifts in

peak positions, together with a high selenate uptake, lead to the conclusion, that selenate

substitutes for sulfate. The occurrence of two (003) layer distances in samples 3, 4 and 5

indicates the co-existence of two phases. It is possible that phases of discrete composition are

formed, as opposed to continuous solid solution. In Tab. 4-5 the ratios of the selenate

substituted sulfate in the solid is presented for the samples shown in Fig. 4-3B. These values

were calculated, assuming that all sorbed selenate substituted for sulfate. The fact that no

measurable increase in sulfate concentration was observed, as well as the increase of the

ettringite peaks indicates, that the released sulfate was precipitated as ettringite. The ettringite

precipitation probably triggered the ion exchange reaction by removing the released sulfate

ions from the system.

Substitution of the smaller sulfate by selenate should result in an increase of c’. However, the

new phase appearing in spectra 2 to 5 shows a smaller c’. It is known that the layer distance of

monosulfate varies with its water content (Tab. 4-5). Water contents of 8 to 16 H2O per

molecule monosulfate are reported, which correspond to c’-values between 0.795 and 1.03

nm. Thus the changes of c’ observed in our experiments suggest that sulfate substitution was

partly accompanied by a loss of water content.

The peaks appearing in spectrum 4 (Fig. 4-3A) at the highest selenite loadings can be

attributed to a c’ of 1.1 nm. This suggests, that the incorporation of selenite increases the layer

distance, either by the bigger ionic radius of Se(IV), which is 5.0 nm, or by a higher water

content. However, selenite incorporation into monosulfate only seems to occur at high

concentration. This illustrates the preference of the AFm structure for sulfate and selenate.

The amount of sulfate that can be substituted at high selenite and selenate loadings suggests

that not only surface located sulfate, but also sulfate located in the interlayers is exchanged
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Tab. 4-5 Reported layer distances, c’, for monosulfate with different water contents, and layer

distances obtained from XRD analysis for monosulfate, pure selenate-monosulfate, and selenate-

sorbed monosulfate. Values in brackets: only 003-peak present, 006-peak not recognisable. The ratio

SeO4/SO4(solid) expresses the selenate substituted for sulfate in the solid in the assumption that all

sorbed selenate substituted for sulfate. n.p. – data not published.

Reference spectrum no. c’ SeO4/SO4(solid)

(Fig. 4-3B) nm %
Monosulfate

3CaO⋅Al2O3⋅CaSO4⋅8H2O a 0.795

3CaO⋅Al2O3⋅CaSO4⋅10H2O a 0.815

3CaO⋅Al2O3⋅CaSO4⋅12H2O a 0.893

3CaO⋅Al2O3⋅CaSO4⋅14H2O a 0.95

3CaO⋅Al2O3⋅CaSO4⋅16H2O a 1.03

3CaO⋅Al2O3⋅CaSO4⋅XH2O b 1 0.892

3CaO⋅Al2O3⋅CaSeO4⋅XH2O c 6 0.842

SeO4
2--sorbed monosulfate

Se-addition (mol L-1)
1.22E-05 2 0.892 0.25%
1.22E-04 3 0.814 / 0.892 2.71%
2.43E-04 4 0.814 (0.892) 5.79%
1.22E-03 5 0.834 (0.892) 23.48%

(a) Taylor, 1997
(b) Baur et al. (submitted/Chapter 3)
(c) Baur and Johnson (submitted/Chapter 5)

quickly. As known for clays that are able to swell with adequate hydration, a rapid passage of

ions into the interlayers occurs within hours (Sparks, 1989).

4.4.4. Sorption on C-S-H(I)

The sorption of selenite and selenate on C-S-H(I) was measured at two different Se additions

each (5.2·10-6 and 5.3·10-5 mol L-1 Se). Around 25% of selenite in solution was sorbed by C-

S-H(I). This shows, that selenite is sorbed by C-S-H(I) at a similar amount as by ettringite and

monosulfate. In contrast, for selenate, no significant sorption on C-S-H(I) was observed,

illustrating again the different sorption behaviour of the two Se oxyanions.
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4.4.5. Comparison of Distribution Ratios Rd

Distribution ratios, Rd, calculated for both selenate and selenite on ettringite, monosulfate and

C-S-H(I), are presented in Tab. 4-3. Generally, selenite binds more strongly than selenate.

Surprisingly, the selenite sorption capacity of all three cement minerals was similar, and this

makes the selenite mobility easy to model in cementitious systems. The Rd values found for

selenite correspond well to literature values determined for different cement formulations,

ranging from 0.1 to 0.93 m3 kg-1 (Johnson et al., 2000; Wieland and Van Loon, 2002) and .

Nevertheless, since the three investigated minerals differ strongly in their surface structure,

the sorption mechanisms involved remain unclear. Incorporation into the ettringite and

monosulfate crystal lattice does not appear to be relevant. Possible sorption processes include

surface complexation and surface precipitation with Ca.

The sorption behaviour of selenate is different. It generally sorbs weakly. However, the Rd

values indicate, that the three investigated cement minerals differ strongly in their importance.

While almost no selenate was sorbed to ettringite or C-S-H(I), monosulfate sorbed selenate

substantially. Substitution for sulfate is suggested to be the relevant process. Substitution for

sulfate may also occur with ettringite, but this process was quantitatively unimportant in this

study. These results suggest, that selenate is sorbed more efficiently by a cement, where

monosulfate is present in significant amounts.

Selenate and selenite might be sorbed more effectively, when they already are present during

cement hydration, as they could be more readily incorporated into freshly formed minerals.

An earlier study showed, that when ettringite was precipitated from solutions containing both

sulfate and selenate, the molar ratio of sulfate to selenate (r) in solution was not obtained in

the solid (Hassett et al., 1990): Sulfate had a stronger oxyanion site preference than selenate

by a factor rsolid/rtotal of 1.63. In our study, where selenate was first added after ettringite

precipitation, rsolid/rtotal was around 10 at all selenate additions, suggesting that oxyanion

substitution is less effective, when the contaminant is added after hydration. This is in

agreement with other studies, showing that during precipitation, oxyanions could substitute

more easily for sulfate in AFt and AFm structures (Zhang, 2000; Myneni et al., 1997). Ochs et

al. (accepted) observed that, in fresh hydrated low sulfate cements, the selenate uptake was

initially high in parallel with the precipitation of secondary ettringite (Rd ≈ 1 - 5 m3 kg-1), and

decreased within 1 to 2 years (Rd ≈ 0.1 - 1 m3 kg-1). In experiments with ettringite and high

sulfate cements, where AFt was the dominant phase, selenate initially sorbed quite weakly
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with Rd values around 0.1 m3 kg-1, followed by an increase of the values with ageing to

maximal 1 m3 kg-1. Ochs et al’s (accepted) experiments suggest that dissolution-precipitation

processes can lead to an equilibrium distribution of sulfate and selenate in AFt. Dissolution-

precipitation rates determined for ettringite (Baur et al., submitted/Chapter 3), which indicate

that the whole solid is dissolved and reprecipitated within 1 to 4 years, support this

hypothesis. The results presented here and of Ochs et al. (accepted) confirm that incorporation

of at least selenate into cement minerals of a mature cement paste is possible, as it has been

shown for chromate (Palmer, 2000).

In a future step, the stability of selenate substituted ettringite and monosulfate will be

determined in order to assess the long-term behaviour of Se loaded cementitious wastes.
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5.1. Abstract

The Se(VI)-analogues of ettringite and monosulfate, selenate-AFt

(3CaO⋅Al2O3⋅3CaSeO4⋅37.5H2O) and selenate-AFm (3CaO⋅Al2O3⋅CaSeO4⋅xH2O), were

synthesised and characterised by bulk chemical analysis and X-ray diffraction. Their solubility

products were determined from a series of batch and resuspension experiments conducted at

25°C. For selenate-AFt suspensions the pH varied between 11.37 and 11.61, and a solubility

product, log Kso = 61.29 ± 0.60 (I = 0 M), was determined for the reaction

3CaO⋅Al2O3⋅3CaSeO4⋅37.5H2O + 12 H+ ⇔ 6Ca2+ + 2Al3+ + 3SeO4
2- + 43.5H2O.

Selenate-AFm synthesis resulted in the uptake of Na, which was leached during equilibration

and resuspension. For the pH range 11.75 to 11.90, a solubility product, log Kso = 73.40 ±

0.22 (I = 0 M), was determined for the reaction

3CaO⋅Al2O3⋅CaSeO4⋅xH2O + 12 H+ ⇔ 4Ca2+ + 2Al3+ + SeO4
2- + (x+6)H2O.

Thermodynamic modelling suggested that both selenate-AFt and selenate-AFm are stable in

the cementitious matrix, and that in a cement limited in sulfate, selenate concentration may be

limited by selenate-AFm to below the millimolar range above pH 12.

5.2. Introduction

The crystalline calcium sulfoaluminate hydrates, ettringite (3CaO⋅Al2O3⋅3CaSO4⋅32H2O, an

AFt-phase, column-like structure), and monosulfate (3CaO⋅Al2O3⋅CaSO4⋅12H2O, an AFm-

phase, lamellar structure), are formed during cement hydration. Ettringite is a product of the

early hydration stage. Depending on the cement composition and the availability of CO3
2-

ettringite either persists or is converted to monosulfate (Taylor, 1997).

Both calcium sulfoaluminate hydrates have the ability to combine with a number of cations

and anions, which makes them important with regard to waste immobilisation in cementitious

matrices. Sulfate-substituted ettringites have been reported and synthesised for AsO4
3-,

B(OH)4
-, CO3

2-, CrO4
2-, NO3

-, OH-, SeO4
2-, SO3

2-, and VO4
3- (Kumarathasan et al., 1990;

McCarthy et al., 1992; Pöllmann et al., 1993; Myneni et al., 1997; Perkins and Palmer, 2000).

In the AFm phase, B(OH)4
-, CrO4

2-, MoO4
2-, SeO4

2-, and SO3
2- may serve as interlayer anions

(Kindness et al., 1994; Motzet and Pöllmann, 1999; Zhang, 2000; Perkins and Palmer, 2001).
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Substitution of Se oxyanions is of particular interest because in nuclear waste management, Se

is considered to have a high priority in the safety assessment (Kemakta Konsult AB, 1989).

Under oxygenated conditions, the oxyanionic species selenite (SeO3
2-) and selenate (SeO4

2-)

are the predominant forms of Se. There is evidence to suggest that both selenite and selenate

are stable in the cement matrix (Bonhoure et al., in preparation). Selenite generally sorbs more

strongly than selenate, this being attributed to its binding via inner-sphere complexes. Under

acidic conditions selenate may also form inner-sphere complexes. However, at high pH

(> 10), as found in cementitious systems, both selenite and selenate reach a sorption minimum

(Hayes et al., 1987; Rietra et al., 2001; Peak and Sparks, 2002). In a previous study, the

sorption of selenite and selenate to cement minerals was investigated (Baur and Johnson,

submitted/Chapter 4). It was found that selenite sorption was approximately the same for

calcium silicate hydrate (C-S-H), ettringite and monosulfate. The distribution ratios, Rd, found

(0.18 to 0.38 m3 kg-1) were similar to those determined previously for different cement

formulations (Johnson et al., 2000). It was suggested that selenite was sorbed by surface

complexation, until, at elevated selenite additions, CaSeO3 was precipitated (Baur and

Johnson, submitted/Chapter 4). Substitution of sulfate by selenite in ettringite and

monosulfate might have occurred, but it is quantitatively unimportant. Selenate showed a

quite different behaviour. Its sorption on C-S-H and ettringite was only weak (Rd-values were

found to be < 0.01 and 0.03 m3 kg-1, respectively). In contrast, when selenate was added to

monosulfate suspensions, 80% of the added selenate was sorbed within minutes

(Rd = 2 m3 kg-1). X-ray diffraction analysis indicated a change in monosulfate interlayer

distances with increasing selenate additions. In parallel, an increasing amount of ettringite was

found in the sample. This led to the suggestion that selenate substituted for sulfate in

monosulfate, while the exchanged sulfate precipitated in ettringite. To the knowledge of the

authors, fully selenate substituted monosulfate (selenate-AFm) has not been described in the

literature. In contrast, fully selenate substituted ettringite (selenate-AFt) has been synthesised

and characterised before (Hassett et al., 1990). However, no thermodynamic data are

available.

The purpose of this study was to synthesise and characterise the selenate analogue of

monosulfate (selenate-AFm), and to determine its solubility product. In addition, the solubility

product of selenate-AFt was established. Thermodynamic modelling with the obtained values
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was performed in order to assess the importance of the calcium aluminium selenate hydrates

in the immobilisation of selenate in cementitious systems containing sulfate.

5.3. Experimental

5.3.1. Materials

All chemicals were at least of p.a. grade. To prevent a CO2 contamination, all handling of

material, the sampling, and the pH measurements were undertaken in a glovebox (Mecaplex)

equipped with a CO2 scrubber (pCO2 < 1 ppm, DMP). Solutions were prepared using boiled

ultrapure water (Millipore). Low-density polyethylene bottles and HDPE-centrifuge tubes

were leached with acid (∼0.1 M diluted from concentrated HNO3) for at least 24 hours and

rinsed with ultrapure water three times. The same procedure, but with a more diluted HNO3-

solution (∼pH 4), was used to leach and rinse 0.45 µm nylon filters (Whatman).

5.3.2. Mineral Synthesis

In a first attempt, selenate-AFt was synthesised by mixing a CaO suspension with a solution

containing stoichiometric amounts of Na2O·Al2O3 and Na2SeO4. This method is also called

the “paste reaction”, and can be used to prepare pure sulfate-AFt (Atkins et al., 1991).

However, the resulting solid could not be identified as selenate-AFt. Another method used to

prepare AFt-phases is the “saccharate-method”, which involves a lime-sucrose complex

(Hassett et al., 1990). It has been shown before that the paste reaction and the saccharate-

method can result in differently shaped crystals (Pöllmann et al., 1993), and that sulfite-AFt

could only be synthesised using the saccharate-method (Pöllmann, 1984). In consequence,

selenate-AFt was prepared successfully according to the saccharate-method from

stoichiometric amounts of Na2O·Al2O3 and Na2SeO4 (3.66 g and 12.66 g, respectively,

dissolved in 40 mL H2O), and freshly burnt CaO (7.5 g dissolved in 0.5 L of a 10% sucrose

solution). The mixture was stirred for 48 hours and then left at room temperature. After 16

days, the solution was decanted and the solid was washed 3 times with ultrapure water to

remove saccharate and sodium. The suspension was then filtered on a glass filter funnel.

When the water suction was complete, acetone was filled into the funnel, mixed with the solid

and sucked off. This procedure was repeated 3 times.
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For the synthesis of selenate-AFm, stoichiometric amounts of freshly burnt CaO (6.72 g) were

mixed with Na2O·Al2O3 (4.92 g) and Na2SeO4 (5.67 g), and cooled to 5°C. 200 mL of

likewise cooled (5°C) ultrapure water were added and the mixture was shaken for 24 h on a

rotary shaker (150 rpm) at 5°C. Afterwards, the suspension was cured for 5 ½ months at room

temperature. The solid was then centrifuged for 5 min at 8000 rpm, and the solution decanted.

The washing and drying procedures were the same as for selenate ettringite. The air-dried

solids (pCO2 < 1 ppm) were stored in a dessicator over silica gel and soda lime. The size

fraction < 0.125 mm was used for the determination of the solubility product.

5.3.3. Solid-Phase Characterisation

The composition of the synthesised mineral was determined in duplicate by dissolving a

portion (0.05 g) solid of the synthesised minerals solid in 50 g ultrapure water and 500 µl

65%-HNO3 and analysing the resultant solution. The total H2O content of the solids was

determined by thermogravimetry (Mettler Toledo Star System, 10°C min-1 to 1000°C), and by

loss on ignition (LOI) at 850°C for 4 h. Prior to weighing, the solids were equilibrated in a

desiccator with a saturated CaCl2-solution to maintain a relative humidity of approximately

30%. In X-ray powder diffraction was performed with a Scintag XDS 2000 diffractometer

(Cu-Kα-radiation).

5.3.4. Determination of Solubility Product

For all equilibration experiments, 0.1 g solid was suspended in 25 mL of ultrapure water and

equilibrated at 25°C on a rotary shaker at 150 rpm. To determine the equilibration time,

duplicate samples were equilibrated for 7, 14, 28, and 57 days. The samples were filtered

through 0.45 µm nylon filters. The filter cakes were air-dried (pCO2 < 1 ppm) and stored in a

desiccator containing silica gel and soda lime. Equilibrium was achieved between 7 and 14

days (Fig. 5-1). In consequence, a set of 10 samples of each solid was equilibrated in parallel

for 14 days. An additional set of 10 samples for each solid was obtained from supersaturated

solutions, by storing the samples at 40°C for 7 days, followed by a 14 day-equilibration at

25°C on rotary shaker.
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Repeated resuspension experiments were performed with both solids to check whether or not

interconversions were occurring, and to determine the congruency of dissolution. Five batches

were performed in parallel for each solid by suspending 1.5 g in 25 mL ultrapure water in

50 mL HDPE centrifuge tubes. After a 10 d-equilibration time at 25°C on a rotary shaker

(125 rpm), the solid was centrifuged down (20 min, 8000 rpm) and the supernatant was

decanted for analysis (cycle 0). The solids were resuspended in 25 mL ultrapure water, and

again equilibrated for 12 days. This procedure was repeated 3 times (cycles 1 to 3, with

equilibration times 10, 11, and 10 days, respectively). The amount of solid dissolved after 4

cycles had previously been estimated to be 10% at maximum. For solid-phase characterisation

an additional sample for each resuspension step was prepared with 0.5 g solid in 5 mL

ultrapure water, of which the supernatant was discarded, and the solids air-dried

(pCO2 < 1 ppm) for analysis.

The elemental composition of the resuspended selenate-AFm phase and of the equilibrated

solids was determined by dissolving 0.015 g in a solution of 15 mL ultrapure water and 150 µl

65%-HNO3 and analysing resultant solution composition.
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Fig. 5-1 Concentrations of Ca2+ (filled symbols) and SeO4
2- (open symbols) in solution as a function of

time in suspensions of selenate-AFm (squares) and selenate-AFt (triangles) at liquid to solid ratio 250.
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Tab. 5-1 Stability and solubility constants for dissolved species used in calculations for I = 0 M and

T = 25°C.

Equilibrium reaction log KSO Reference

H2O ⇔ OH- + H+ -14.00 a

Ca2+ +H2O ⇔ CaOH+ + H+ -12.70 b

Al3+ +H2O ⇔ Al(OH)2++ H+ -4.97 a

Al3+ +2H2O ⇔ Al(OH)2
+ + 2H+ -9.30 a

Al3+ +3H2O ⇔ Al(OH)3 + 3H+ -15.00 a

Al3+ +4H2O ⇔ Al(OH)4
- + 4H+ -23.00 a

SeO4
2- +H+ ⇔ HSeO4

- 1.80 c

SeO4
2- + Ca2+ ⇔ CaSeO4 2.00 c

Solid phases

3CaO⋅Al2O3⋅3CaSO4⋅32H2O + 12H+ ⇔
6Ca2+ + 2Al3+ + 3SO4

2- + 38H2O
57.45 d

3CaO⋅Al2O3⋅3CaSeO4⋅37.5H2O + 12H+ ⇔
6Ca2+ + 2Al3+ + 3SeO4

2- + 43.5H2O
61.29 this study

3CaO⋅Al2O3⋅CaSeO4⋅xH2O + 12H+ ⇔
4Ca2+ + 2Al3+ + SeO4

2- + (x+6)H2O
73.40 this study

(a) Baes and Mesmer, 1986
(b) Smith and Martell, 1976
(c) Séby et al., 2001
(d) Damidot and Glasser, 1993

5.3.5. Sample Analysis

The solution pH was measured at 25°C in an unfiltered 10 mL-aliquot using a combined glass

electrode (Metrohm 6.0202.100) calibrated by an acid-base titration. The standard deviation

of the measurement between pH 11 and 12 was 0.005. For the analysis of Na, Se, Ca, and Al,

the filtered sample was acidified with 1% (v/v) 65%-HNO3. The filtrates were stored in

polyethylene bottles prior to analysis. Selenium was analysed by atomic absorption

spectroscopy (Perkin Elmer 5100, standard deviation of the measurement < 5%), using the

flame technique. Sodium, Ca, and Al concentrations were measured by inductively coupled

plasma-optical emission spectroscopy (Spectroflame, Spectro Analytical Instruments,

standard deviation of the measurement < 0.5%).
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Tab. 5-2 Elemental composition of the synthetic selenate-AFt and AFm. The data is normalised to 6

moles of Ca for AFt and to 4 moles of Ca for AFm. The H2O content is calculated assuming the

determined composition. The initially synthesised solid is termed m0. meq represents the sample

equilibrated for 14 days at liquid to solid ratio (LS) 250. mre0 to mre3 represent the samples equilibrated

and resuspended 0 to 3 times at LS 17. The uncertainty indicates the twofold standard deviation of the

measurements.

Ca Al SeO4 Na H2O No. of
replicates

selenate-AFt

theoretical 6 2 3

Hassett et al. (1990) 6 2.03 2.79 32

in solid 6 1.82 ±0.04 2.80 ±0.09 <0.1 37.7a / 37.3b 2

selenate-AFm

theoretical 4 2 1 -

m0 4 1.66 ±0.07 0.99 ±0.05 0.37 ±0.02 13.3a / 14.0b 2

meq 4 1.87 ±0.07 0.97 ±0.04 <0.1 2

mre0 4 1.71 ±0.07 1.07 ±0.04 0.22 ±0.01 2

mre1 4 1.81 ±0.07 1.05 ±0.04 <0.1 2

mre2 4 1.82 ±0.07 1.10 ±0.04 <0.1 2

mre3 4 1.82 ±0.07 1.10 ±0.04 <0.1 2

(a) determined by LOI
(b) determined by thermogravimetry

5.3.6. Calculation of Solubility Products

Speciation and thermodynamic equilibrium calculations were performed with the aid of the

computer program MQV40TIT (Furrer, 1995), based on MICROQL by Westall (1979).

Thermodynamic data used for calculations are given in Tab. 5-1. They were adjusted for the

ionic strength of the solution using the Davies equation.

5.4. Results and Discussion

5.4.1. Characterisation of the Synthesised Minerals

The elemental composition of the two calcium aluminium selenate hydrates is given in Tab.

5-2. Compared to the theoretical composition, the synthesised selenate-AFt contained less
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aluminate and selenate. The XRD-spectrum of the synthesised selenate-AFt agrees with the

powder diffraction file (PDF) 42-0224 in the database of the International Center for

Diffraction Data (ICDD), which represents 3CaO·Al2O3·3CaSeO4·32H2O. The water content

determined for the synthesised selenate-AFt was 37.5 (Tab. 5-2). However, the excess in

water compared to the phase described in the database does not influence the crystal structure

and is suggested to be weakly-bonded water located in the interchannels (Pöllmann et al.,

1989). Hassett et al. (1990) have reported unit cell parameters for selenate-AFt and ettringite.

Whereas they found no difference in the c-parameter (2.146 nm) for the two phases, the a-

parameter was, with 1.139 nm, larger for selenate-AFt than for ettringite (1.122 nm), caused

by the bigger size of the selenate oxyanion. This indicates that more space is available for

H2O molecules in the interchannels. No change in the spectrum could be observed in

equilibrated selenate-AFt samples at liquid to solid (LS) ratio 250 and 17, and in samples

resuspended at LS ratio 17 between 1 and 3 times.

Normalised to 4 Ca, the synthesised selenate-AFm contained 0.84 Al2O3, 0.99 SeO4, 0.37

NaO, and 13.6 H2O per formula unit (Tab. 5-2). However, Na was leached from the solid

during equilibration and resuspension. In the sample equilibrated at LS ratio 250 (meq), and in

the sample resuspended 1 to 3 times at LS ratio 17 (mre1 to mre3), the Na content decreased to

< 0.1 mol per formula unit. The decrease of Na content with equilibration was accompanied

by an increase in aluminium content, approaching the theoretical AFm composition. When

monosulfate is synthesised in the presence of high Na concentrations, a similar Na uptake can

be observed. In this case, a Na-containing monosulfate, the so-called U-phase,

4CaO·0.9Al2O3·1.1SO3·0.5Na2O·16H2O, is precipitated (Li et al., 1996 and 1997). No

reference XRD-spectrum is known for selenate-AFm. The XRD-spectra obtained for freshly

synthesised selenate-AFm (m0) differed strongly from the 14-days-equilibrated (meq) and the

resuspended samples (Fig. 5-2). The discrepancies can be interpreted by the difference in Na

content. The AFm-layer distance, c’, represented by the Miller indices hkl 003 and 006 in Fig.

5-2, decreases in parallel with decreasing Na content. The layer distances for the different

samples are given in Tab. 5-3. A change in the water content may also be the reason for

varying interlayer distances in AFm phases. In the case of monosulfate, e.g., the number of

water molecules per formula unit can vary between 8 and 16, which corresponds to c’-values

between 0.79 and 1.03 nm (Taylor, 1997). However, since all samples were dried under the

same conditions, the observed change of c’ seems not be caused by changes in the solids
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water content, but probably by changes in the Na content. The peaks observed at 9 and

15.6°2θ found in the spectra of the samples resuspended at LS ratio 17, mre1, mre2 and mre3,

can be attributed to selenate-AFt (Fig. 5-2). This indicates that interconversion from selenate-

AFm to selenate-AFt has occurred to some extent.

Considering these findings, it can be concluded that the spectrum obtained for the sample meq

corresponds to the pure selenate-AFm, 3CaO·Al2O3·CaSeO4·xH2O, with a layer distance of

0.84 nm (Tab. 5-4). This spectrum agrees well with the spectrum for chromate-AFm

(3CaO·Al2O3·CaCrO4·9H2O, PDF 42-0063), showing the same layer distance. However, the

water content of the equilibrated selenate-AFm remains unknown. The initially synthesised

solid is a Na-containing solid solution of selenate-AFm. Its spectrum is similar to that of Na-

containing monosulfate, the U-phase (PDF 44-0272, 4CaO·Al2O3·1.5SO3·0.5Na2O·15H2O).
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Fig. 5-2 XRD-spectra of initially synthesised selenate-AFm (m0), compared to the spectra derived from

the repeated resuspension experiment (mre0: equilibrated at liquid to solid ratio, LS, 17; mre1 to mre3:

resuspended 1 to 3 times), and to the spectrum of selenate-AFm equilibrated at LS 250 (meq). hkl

(003) and (006) peak positions for mre1 to mre3 and meq are pointed out with vertical lines. The vertical

lines marked with t represent selenate-AFt peaks.
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Tab. 5-3 Determined layer distance of initially synthesised selenate-AFm (m0), at liquid to solid ratio

(LS) 17 equilibrated selenate-AFm (mre0), 1 to 3 times resuspended selenate-AFm (mre1 to mre3), and

at LS 250 equilibrated selenate-AFm (meq), see also Fig. 5-3. For comparison, the layer distances of

U-phase (4CaO·Al2O3·1.5SO3·0.5Na2O·15H2O) and Cr(VI)-AFm (3CaO·Al2O3·CaCrO4·9H2O) is given.

solid phase layer distance (nm) reference

m0 1.02 this study

mre0 0.975/1.02 this study

mre1 to mre3 0.84 this study

meq 0.84 this study

U-phase 1.002 PDF 44-0272

Cr(VI)-AFm 0.8402 PDF 42-0063

Tab. 5-4 XRD data for the at LS 250 equilibrated sample (meq). Int denotes relative peak intensity.

°2θ d (Å) Int

10.50 8.415a 100

21.12 7.922 2

31.30 5.116 1

31.91 5.075 2

31.17 4.203b 77

21.62 4.107 2

39.48 4.081 2

43.01 2.867 3

21.76 2.855 4

54.53 2.838 2

11.16 2.802c 4

31.50 2.413 1

17.46 2.291 1

17.32 2.281 2

44.68 2.263 1

39.30 2.101 2

39.80 2.026 1

37.24 1.681 2

a, b, c denote hkl 003, 006, and 009 respectively
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5.4.2. Solubility Products

Solubility products were calculated for solutions of the experiments in which equilibration

was achieved from both under- and supersaturation at an LS ratio of 250, and for the solutions

of the repeated resuspension experiment at an LS ratio of 17. The solubility products have

been formulated according to the following reactions:

3CaO⋅Al2O3⋅3CaSeO4⋅37.5H2O + 12H+ ⇔ 6Ca2+ + 2Al3+ + 3SeO4
2- + 43.5H2O

[ ] [ ] [ ]
[ ]12

32
4

2362

SO H
SeOAlCaK

−++

= (5-1)

and

3CaO⋅Al2O3⋅CaSeO4⋅xH2O + 12H+ ⇔ 4Ca2+ + 2Al3+ + SeO4
2- + (6+x)H2O

[ ] [ ] [ ]
[ ]12

2
4

2342

SO H
SeOAlCaK

−++

= (5-2)

For selenate-AFt, the solubility products determined under different conditions, and coming

from under- and supersaturation, agree well (Fig. 5-3). The average value calculated for all

experiments is log Kso = 61.29 ± 0.60 (Tab. 5-5). For the sake of comparison, solubility

products for AFt-phases reported for ettringite (e.g. Damidot and Glasser, 1993), and for

Cr(VI)-AFt (Perkins and Palmer, 2000), have values (I = 0, 25°C) of 57.45, and 60.54,

respectively.

In the case of selenate-AFm, the solubility products derived from the samples mre0 and mre1 of

the resuspension experiment are significantly higher than the other values (Fig. 5-3 and Tab.

5-5). In these samples the pH was also substantially higher because of the high Na content in

the batches. It is likely that the solid solution formation between pure selenate-AFm and

sodium-selenate-AFm affected the solubility of selenate-AFm. In consequence, the high

values obtained from samples mre0 and mre1 were not included. The average value for log Kso

is 73.40 ± 0.22 for selenate-AFm. The respective solubility products for monosulfate and

chromate-AFm are 72.57 (Damidot and Glasser, 1993), and 71.62 (Perkins and Palmer, 2001).



Chapter 5

95

lo
g
K
s
o

60.4

60.6

60.8

61.0

61.2

61.4

61.6

61.8

62.0

62.2

62.4

11.0 11.2 11.4 11.6 11.8 12.0

pH

A

72.0

72.5

73.0

73.5

74.0

74.5

75.0

75.5

76.0

76.5

77.0

11.6 11.8 12.0 12.2 12.4 12.6

pH

B

lo
g
K
s
o

Fig. 5-3 Solubility products (log Kso) determined for selenate-AFt (A) and selenate-AFm (B) under

different conditions. The squares indicate data points obtained from solids equilibrated at liquid to solid

ratio (LS) 250 for 14 d at 25°C (■), and equilibrated for 7 d at 40°C, followed by 14 d at 25°C (□). The

diamonds and triangles represent data points from the resuspension experiment (LS 17, 25°C) with

(◆) equilibrated, (◇) resuspended once, (▲) resuspended twice, and (△) resuspended 3 times. The

error bars represent the twofold standard deviation of the measurement, valid for all samples. The

horizontal lines denote the average log Kso value, with the dashed lines denoting their twofold standard

deviation (in B, the data sets ◆ and ◇ were excluded, see text).
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Tab. 5-5 Solubility products (KSO) of the calcium aluminate selenate hydrates corrected to ionic

strength, I = 0 M. The experimental conditions, including the ionic strength, under which the

determinations were carried out are also listed. Values in brackets are not included in the average

value. The abbreviation re0 to re3 denote the samples equilibrated and resuspended (0 to 3 times).

mineral I [M] log KSO No. of replicates

selenate-AFt

14 d at 25°C, LS 250 0.012 61.00 ±0.14 10

7 d at 40°C, then 14 d at 25°C, LS 250 0.012 61.05 ±0.14 10

re0 (12 d at 25°C, LS 17) 0.012 61.38 ±0.19 5

re1 (10 d at 25°C, LS 17) 0.012 61.72 ±0.22 4

re2 (11 d at 25°C, LS 17) 0.012 61.66 ±0.19 5

re3 (10 d at 25°C, LS 17) 0.012 61.56 ±0.19 5

average value 61.29 ±0.60 39

selenate-AFm

14 d at 25°C, LS 250 0.015 73.36 ±0.19 10

7 d at 40°C, then 14 d at 25°C, LS 250 0.015 73.33 ±0.19 10

re0 (12 d at 25°C, LS 17) 0.065 (76.25 ±0.26) 5

re1 (10 d at 25°C, LS 17) 0.048 (76.10 ±0.30) 4

re2 (11 d at 25°C, LS 17) 0.015 73.52 ±0.30 4

re3 (10 d at 25°C, LS 17) 0.013 73.55 ±0.26 5

average value 73.40 ±0.22 29

The determined solubility products were used to model the selenate solubility within

cementitious material when controlled by selenate-AFt and selenate-AFm. For modelling,

Ordinary Portland Cement pore water compositions were applied (SO4 = 10-3 mol L-1, I = 0.5

M; Lachowski et al., 1997). Stability and solubility constants were adjusted using Pitzer

according to Millero and Schreiber (1982). Because no Pitzer coefficients for Se(VI) are

known, Cr(VI) constants were applied to Se(VI) species. Selenate solubility was modelled

either in the presence of ettringite or monosulfate. Both calcium sulfoaluminate hydrates may

control Al, Ca, and SO4 solubilities in cementitious matrices, and therefore directly influence

selenate-AFt and selenate-AFm solubility. Monosulfate is thermodynamically unstable with

respect to ettringite in cements (Damidot and Glasser, 1993), however, at low sulfate

concentrations, monosulfate may be the more stable phase.
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In Fig. 5-4, the solubility of selenate against pH in the presence of ettringite and selenate-AFt

or selenate-AFm is illustrated. It is shown that above pH 12 selenate-AFm is the more stable

phase. The dependency of the selenate-AFm stability on pH can explain the increased

interconversion to selenate-AFt observed in the third resuspension sample, where the solution

pH was lowest at 11.68 (Fig. 5-2 and Fig. 5-3).

In order to test the influence of sulfate limitation in cement pore water on selenate solubility,

monosulfate was chosen as the Al and Ca controlling phase, and sulfate activity was set to

10-4 mol L-1 and 10-5 mol L-1. Such low sulfate concentrations can occur in the pore waters of

high-alumina cements (Ochs et al., accepted). The dependency of varying sulfate

concentration on selenate solubility in the presence of monosulfate and selenate-AFt or

selenate-AFm is shown in Fig. 5-5. For both selenate-AFt and selenate-AFm, the selenate

solubility decreases with decreasing sulfate concentration. In the case of selenate-AFm this

decrease is more distinct and comprises one order of magnitude. This scenario illustrates that

selenate-AFm may limit selenate concentrations to below the millimolar range, when the

system is limited in sulfate. However, any later addition of sulfate to the system will increase

the selenate solubility, when ettringite becomes predominant.

Nevertheless, the solubilities of selenate-AFm and selenate-AFt are relatively similar,

indicating that both solids may be stable in a cementitious system. The predominance of either

AFm or AFt phases seems difficult do predict, as it is also the case for the sulfate-analogues

ettringite and monosulfate. Further studies need to elucidate the boundary conditions

favouring AFm or AFt structure in the presence of different anions.
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Fig. 5-4 Modelled selenate solubility against pH in the presence of ettringite and selenate-AFt (solid

line), and ettringite and selenate-AFm (dashed line), with sulfate activity set to 10-3 mol L-1.
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Fig. 5-5 Modelled selenate solubility against pH in the presence of monosulfate and selenate-AFt (solid

lines), and monosulfate and selenate-AFm (dashed lines), with sulfate activity set to 10-4 mol L-1 (1)

and 10-5 mol L-1 (2).
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6.1. The Capacity of Cement to Bind Oxyanions

Attention was first focussed on calcium sulfoaluminate hydrates in the 1980s, when the

precipitation of ettringite in cementitious wastes was observed in parallel with low oxyanion

concentrations (Kumarathasan et al., 1990). Since then it has been shown that a large number

of oxyanions can substitute for sulfate in ettringite and monosulfate. However, the stability of

such substituted calcium aluminate hydrates relative to ettringite and monosulfate has to be

known in order to assess their relevance in oxyanion immobilisation.

Only very recently thermodynamic data were published for chromate-AFm and chromate-AFt

(Perkins and Palmer, 2000; Perkins and Palmer, 2001). In this thesis, data were determined for

the respective selenate phases (Baur and Johnson, submitted-a/Chapter 5). In Tab. 6-1

reported solubility constants for AFt and AFm phases are listed. It can be seen that for the

AFt-phases, the sulfate analogue is thermodynamically most stable, followed by the chromate

and the selenate analogue. In the case of the AFm phases, the stabilities are closer, with the

chromate analogue being the most stable phase, followed by the sulfate and selenate

analogues. However, thermodynamic modelling indicates that the respective AFm and AFt

phases of each oxyanion are of similar stability within the cementitious matrix (Baur and

Johnson, submitted-a/Chapter 5). This suggests that both structures may occur in parallel, and

that interconversion between AFm and AFt phases may take place. Yet to date, the factors

favouring one structure or the other are a point of discussion, even for sulfate (Damidot and

Glasser, 1993; Taylor, 1997; Clark and Brown, 1999; Clark and Brown, 2000).

Until now, emphasis was put on AFt phases. However, it seems that some oxyanions prefer

the AFm structure, while others prefer the AFt structure. There is evidence for the importance

of AFm phases for molybdate, selenate, and chromate (Kindness et al., 1994; Zhang, 2000).

Steric considerations have been made in order to explain the structure favoured by different

oxyanions (Kumarathasan et al., 1990; Glasser et al., 1999; Zhang, 2000). For the tetrahedron

forming, doubly charged oxyanions sulfate, chromate, and selenate, the AFt structure can

readily be synthesised. The synthesis of doubly charged, trigonal sulfite-AFt and singly

charged borate, nitrate, hydroxide or chloride-AFt occurs to be more difficult, and these

phases show less stability (Pöllmann et al., 1989; Motzet and Pöllmann, 1999). However, the

crystalline parameters of all described AFt phases only vary a little, indicating that up to a
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Tab. 6-1 Solubility constants (log Kso) for pure AFt and AFm phases, calculated from the activity of

Ca2+, Al3+, H+, and the oxyanionic species SO4
2-, CrO4

2-, and SeO4
2-, respectively, at 25°C and I = 0 M.

SO4
2- CrO4

2- SeO4
2-

AFm 72.57a (monosulfate) 71.62b 73.40d

AFt 57.45a (ettringite) 60.54d 61.29d

(a) Damidot and Glasser, 1993
(b) Perkins and Palmer, 2001
(c) Perkins and Palmer, 2000
(d) Baur and Johnson, submitted-a/Chapter 5

certain size, the symmetry and charge of the anion to be incorporated probably are the stability

controlling factors.

The crystalline parameters of AFm phases, in contrast to AFt-phases, vary strongly with their

interlayer constituents. Apart from the respective (oxy)anion, the amount of water located in

the interlayer also affects the interlayer thickness (Tab. 4-5). This suggests that the size of an

anion has little influence in controlling the extent and preference for its incorporation. As in

the case of AFt, the symmetry and charge of the anion seem important for the stability of an

AFm phase. While trigonally co-ordinated planar anions such as carbonate are orientated in

parallel in the interlayer, binding equally to the adjacent layers (van der Pol et al., 1994),

tetrahedrally co-ordinated anions are randomly distributed, binding more strongly to one

adjacent layer than to the other (Bish, 1980).

This would imply selenate-AFt to be more stable compared to selenite-AFt. With regard to

AFm, a prediction of the stability of its selenite analogue is difficult because selenite, in

contrast to carbonate, forms trigonal-pyramidal oxyanions. Own synthesis experiments

revealed that the synthesis of neither selenate- nor selenite-AFt was possible using the paste

reaction method. However, with the saccharate-method the synthesis of selenate-AFt

succeeded (Baur and Johnson, submitted-a/Chapter 5), but not the synthesis of selenite-AFt.

Likewise, while the selenate-AFm could easily be synthesised, this was not the case for

selenite-AFm. Both selenite-AFt- and -AFm-synthesis experiments resulted in relatively

amorphous phases. Because of the lack of time it was not possible to further attempt selenite-

AFt and -AFm synthesis, and it remains unclear, whether these phases can be synthesised or

not. It is possible that both the trigonal-pyramidal form of selenite and the low solubility of
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CaSeO3 inhibit the formation of calcium aluminate hydrates. However, no CaSeO3 could be

identified in either of the XRD-spectra.

Apart from calcium aluminate hydrates, the quantitatively most important cement mineral C-

S-H may play a role in oxyanion immobilisation (Richardson and Groves, 1993). A study on

chromate addition to tricalcium silicate hydration indicated that some chromate was

incorporated into the silicate tetrahedral sites (Omotoso et al., 1998a and 1998b).

In addition to incorporation into cement phases, the solubility of some oxyanions is limited by

the precipitation of their calcium metallates. This has been shown to be the case for Mo and

W (Baur et al., 2001/Chapter 2). Also arsenate and selenite may be solubility limited by their

calcium metallates (Myneni et al., 1997; Baur and Johnson, submitted-b/Chapter 4).

Nevertheless, in cementitious matrices, both calcium metallates and AFm or AFt phases of the

considered oxyanion may be stable. This has been shown for Mo, where CaMoO4 and

molybdate-AFm were found to occur in parallel (Kindness et al., 1994).

6.2. Implications for Selenite and Selenate Sorption to the Cementitious Matrix

The considerations given above show that for a comprehensive assessment of Se binding to

cementitious matrices, the two species selenite and selenate have to be regarded separately. It

is well known from soil geochemistry that selenite sorbs by inner-sphere complexation, while

selenate mostly sorbs by outer-sphere complexation (Balistrieri and Chao, 1987; Hayes et al.,

1987; Manceau and Charlet, 1994; Su and Suarez, 2000; You et al., 2001; Peak and Sparks,

2002). This implies a generally higher sorption potential of selenite compared to selenate. As

it could be shown in this thesis, this is also true for cement minerals in most cases. For

selenite, a distribution ratio, Rd, in the range of 0.2 m3 kg-1 for C-S-H, ettringite and

monosulfate was found (Baur and Johnson, submitted-b/Chapter 4, Tab. 4-3). As expected,

selenate sorbed less strongly to C-S-H and ettringite, with Rd-values of < 0.01 and

0.03 m3 kg-1, respectively. Nevertheless, it sorbed, by more than a factor 10, much more

strongly to monosulfate than to ettringite. With the exception of the high Rd-value found for

selenate on monosulfate, the values determined in this thesis agree well with literature values

given for selenate on both ettringite and Portland Cement (Ochs et al., accepted), and selenite

on Portland Cement (Johnson et al., 2000; Wieland and Van Loon, 2002).
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Whereas in cementitious systems selenate is never saturated with respect to CaSeO4, selenite

is limited to millimolar concentrations by the precipitation of CaSeO3. Taking into account a

Rd-value of 0.2 m3 kg-1, this means that selenite becomes saturated with respect to CaSeO3

above a concentration of approximately 1% w/w in the cement matrix. There is ambiguity in

the literature on the exact solubility product of CaSeO3. In addition, the log Kso-value derived

from the experiments performed with monosulfate (-7.27, Baur and Johnson, submitted-

b/Chapter 4) implies oversaturation with respect to CaSeO3 in the experiments performed

with ettringite. This suggests that the mineral surfaces present probably affect the

precipitation, and thereby also the solubility, of CaSeO3.

The solid solution formation with ettringite and monosulfate or the formation of pure Se-AFm

and -AFt phases is suggested to be most important for selenate, but less for selenite

immobilisation. There is, however, evidence that selenite may form solid solutions with

monosulfate at high selenite loadings (Baur and Johnson, submitted-b/Chapter 4). While

sorption of selenate on ettringite was low in experiments with an equilibration time of up to

80 days (Baur and Johnson, submitted-b/Chapter 4), it has been reported for ettringite and

Portland Cement that selenate sorption can increase and reach a Rd-value of 0.1 m3 kg-1 within

1 to 1 ½ years (Ochs et al., accepted). The same study also showed high selenate uptake in

fresh cement formulations (Rd-values 1 to 5 m3 kg-1), followed by a decrease with time to a

Rd-value of again 0.1 m3 kg-1. These changes in selenate sorption with time may be explained

by the initial formation of selenate-AFm followed by interconversion between the AFm and

the AFt phase. Another possibility is co-precipitation of selenate with ettringite followed by

dissolution-precipitation reactions. Using the previously determined dissolution-precipitation

rate of ettringite (10-11 to 10-12 mol m-2 s-1, Baur et al., submitted/Chapter 3), it can be

estimated that about 10 to 100% of the ettringite has recrystallised after 1 year. This confirms

that the AFt structure has a preference for sulfate over selenate, and that equilibrium for the

partitioning between sulfate and selenate within the AFt structure is reached with time.

Although selenate has been shown to effectively substitute for sulfate in monosulfate (Baur

and Johnson, submitted-b/Chapter 4), one must be careful not to overvalue the stability of

selenate-AFm. Ion exchange in the AFm interlayers has been shown to occur readily,

indicating that the anionic content of AFm phases is very sensitive to the concentration of

anions in the pore water (Glasser et al., 1999).
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It has been postulated that oxyanions in cement stabilised wastes may influence the

partitioning between AFm and AFt phases. Zhang (2000) suggested that the presence of

oxyanions other than sulfate during hydration prevents the transformation of ettringite to

monosulfate. Solid solution formation seems to be of major importance, because the amount

of hazardous oxyanions in a cement usually is very small compared to the amount of major

cement anions such as sulfate, hydroxide, and chloride. The formation of pure selenate-AFm

or selenate-AFt, e.g., is therefore unlikely.

6.3. Interpretation of Selenium Field and Laboratory Data

In the cement stabilised APC residues investigated in Chapter 2, Se is present at

approximately 1.5·10-5 g g-1. In the field leachate and in the leachates from batch experiments

Se concentrations of approximately 5·10-6 mol L-1 and between 10-7 and 10-6 mol L-1,

respectively, have been measured (Fig. 6-1). Unfortunately, the speciation of Se in the

leachate is unknown and no data is available on Se speciation in incineration residues. In fly

ash leachates, selenite has been shown mostly to be the dominant Se species (van der Hoek

and Comans, 1994; Reardon et al., 1995). Nevertheless, the Se concentrations found in field

leachates are far below the saturation limits given by selenate-AFm, selenate-AFt, or CaSeO3.

In the laboratory batch experiments quasi-equilibrium was achieved (Baur et al.,

2001/Chapter 2). Under the given experimental conditions, the Se concentration in the solid

was too low for the solution to reach saturation with respect to the solids selenate-AFm,

selenate-AFt, or CaSeO3 (Fig. 6-1). Thus, if sorption to the cement occurs, this should be

reflected in the distribution ratios in the experiments. The Se concentration in solution

increased with the amount of solid suspended, or, in other words, with decreasing LS-ratio.

Distribution ratios of 1.5, 0.5, and 0.2 m3 kg-1 were calculated at LS-ratios 20, 10, and 5,

respectively. These values lay within the range of the values found for both Se species, and C-

S-H, ettringite, and monosulfate (Tab. 4-3). However, there is an increase in the Rd-value with

increasing LS-ratio, indicating that some of the Se in the solid is leached very easily and is not

sorbed to cement phases. An adsorption maximum for selenite on ettringite has been

determined (0.03 mol kg-1, Baur and Johnson, submitted-b/Chapter 4). This value can be used

to give a rough estimate on the adsorption capacity of the cement stabilised APC residues.

Estimating the amount of ettringite in the cement stabilised APC residues to between 5 to
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10%, the maximum adsorption capacity at the three different LS-ratios exceeds the amount of

Se that remained in the solid at quasi-equilibrium by a factor 10 to 20. Competition for

surface sites by other ions may provide an explanation, why the adsorption limit is not reached

in the samples.

The sorbed Se may also be located in AFt and AFm structures in solid solution with sulfate.

The amount of substitutable oxyanion sites in AFt and AFm can be roughly estimated by the

total amount of sulfate in the solid (0.024 g g-1), assuming that in the waste all the oxyanion

sites in AFt and AFm are occupied by sulfate, and that sulfate is only situated in these sites.

The Se content in the solid is approximately 4500 times lower than the sulfate content. This

leads to a maximum incorporation of Se in the AFt and AFm structures of 1.3·10-5 g g-1,

assuming no preference for sulfate over for Se oxyanions. This value agrees well with the

amount of Se measured in the solid (1.5·10-5 g g-1), indicating that substitution of Se in

ettringite and monosulfate is a possible sorption mechanism. It is an interesting hypothesis

that deserves further attention.
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Fig. 6-1 Calculated pH dependent solubility curves for selenate in the presence of C-S-H, portlandite,

ettringite and selenate AFt or selenate-AFm, respectively, compared to measured concentrations (�

laboratory, � field). Curves are adapted to field conditions (ionic strength I = 0.15). Solubility and

stability constants used are given in Tab. 2-1, Tab. 5-1 and in Johnson et al., 1999, and Ludwig et al.,

2000. For CaSeO3 a log Kso of –7.0 was used (I = 0, 25°C; Chapter 4).
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6.4. Outlook

In the assessment of oxyanion leachability from cement stabilised wastes, the importance of

AFm- and AFt-phases has been elucidated with Se as an example. However, the mechanisms

affecting the formation of either the AFm- or the AFt-structure need to be further investigated.

Sulfate is, apart from chloride and hydroxide, the most abundant oxyanion in cementitious

systems and its availability is known to influence the partitioning between ettringite and

monosulfate, or AFt and AFm phases, respectively. In the future, emphasis has to be put on

these phases and the factors causing interconversion between them, in order to be able to also

assess the behaviour of other oxyanions.

During cement hydration, a fast precipitation of diverse phases results in a very heterogeneous

and patchy structure. While ettringite may be formed at one spot, monosulfate may be formed

at another spot. In addition, unhydrated clinker phases remain present for a very long time in

cementitious systems. According to this, equilibrium is not reached within years. As a

consequence, the system remains highly susceptible to foreign influences. Moreover, lamellar

phases such as AFm and C-S-H have been shown to easily sorb or exchange constituents.

Therefore, a cementitious system has to be interpreted as being dynamic. This implies that the

binding of contaminants in such a system probably is in a transient state.

In summary it may be concluded that estimates on the sorption behaviour of oxyanions in

cementitious matrices can only be made, when thermodynamic data on pure AFm- and AFt-

phases are known, and the behaviour of mixtures (as solid solutions) is understood. Moreover,

the influence of any infiltrating rain- or groundwater has to be taken into account when

assessing the long-term behaviour of cement stabilised wastes.
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