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Abstract

Cement —based solidification/stabilisation (s/s) has been applied to the disposal of heavy
metal bearing contaminated soil and wastes for approximately 50 years. This work
studies the interactions of cement and heavy metals and provides further insight into

encapsulation of heavy metals in cement matrices.

The pastes and suspensions of calcium oxide, calcium hydroxide, pure cement phases
(C3S, CsA, C4AF, CpA; and CA) and Portland cement with or without heavy metals
(Zn**, Pb*, Cu*" and Cr’*) were examined by a number of analytical techniques. These
techniques were X-ray powder diffraction (XRD), solid state magic angle
spinning/nuclear magnetic resonance (MAS/NMR), scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS), differential thermal analysis (DTA)
and thermogravimetry (TG). Thermodynamic modelling using a geochemical code,
PHREEQC, and the edited database, was carried out to elucidate the chemical reactions

occurring in cement/heavy metal systems.

Heavy metals acted as accelerators for hydration of CaO, C3S and Portland cement
except that Zn*" retarded the early-age hydration of C3S and Portland cement. This work
confirmed that the precipitation of portlandite was retarded due to the hydrolysis of
heavy metals. Calcium ions resulting from the decomposition of cement phases
combined with heavy metals to form calcium-heavy metal double hydroxides, including

CaZny(OH)6.2H,0, Ca(OH)4Cu(OH),.mH,0 and Ca;Cr(OH);.3H,0.

The carbonation of C3;S and Portland cement resulted in the formation of calcium
carbonate and the condensation of silicates from single tetrahedra to branching sites and
three-dimensional frameworks (low Ca/Si ratio C-S-H gel). The polymerisation of C-S-H
gel, and the polymorphism conversion and decomposition temperature of calcium
carbonate were influenced by heavy metals. The incorporation of heavy metal cations in
C-S-H gel is similar to that seen in glass. Heavy metals acted as network modifiers or
network intermediates. In hydrated Portland cement pastes, aluminium was partitioned in
ettringite or calcium carboaluminate. After carbonation, this work revealed that

aluminium was in the tetrahedral form, forming mixed AlO4/SiO, branching or three-



dimensional networks. This thesis presents the new structural models for C-S-H gel and
the chemical mechanisms of CsS reactions with water and carbon dioxide in the presence

or absence of heavy metals.

In the absence of gypsum, the reaction products detected in the pastes of C;A, C4AF,
C,A7 and CA were gehlenite hydrate, calcium carboaluminate, C4AHy and hydrogarnet.
Heavy metals, especially Zn*", inhibited the formation of hydrogarnet and promoted the

conversion of C-A-H to calcium carboaluminate and calcium carbonate.

In the presence of gypsum, the major hydration product of C3A was ettringite. During
carbonation, CO;J' substituted for SO, and formed calcium carboaluminate, and
cventually transformed into calcium carbonate and gibbsite. The conversion of
metastable calcium carbonate polymorphs (aragonite and vaterite) to calcite through

Ostwald ripening occurred very slowly in the carbonated pastes containing gypsum.

The reactivity of C3A, Cj2A7. CA and C4AF during carbonation was much lower than
seen during hydration. Heavy metals influenced the rates and products of hydration or
carbonation of C3A, CjA;7. CA and C4AF and were completely incorporated in the

reaction products of these phases.

Thermodynamic modelling confirmed that accelerated carbonation could be beneficially
employed to cement-based s/s to improve its effectiveness. Calculations of solubility and
equilibrium phase assemblage are consistent with the experimental examination obtained

in this work.

Key words: cement, hydration, carbonation, heavy metal. solidification, stabilisation,

modelling. C-S-H, C-A-H, portlandite, calcite. aragonite, vaterite, double hydroxide
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CsS
C,S
C;A
C4AF
AFm
AFt
CH
C-S-H
C-A-H
C3AHg
CAHo
C,AH;g

CsAH3
CsAH9

alumina, Al,O;
CaO
Fe>Os3
11,0
silica, S10;
MgO
Na,O
COs>
SO;
tricalcium silicate, Ca3SiOs
dicalcium silicate. Ca,Si04
tricalctum aluminate, Ca3zAl;Oq
ferrite, CapAlFeOs
monosulphate, C4ASH
ettringite, C3A.3CS.Hs,
portlandite, Ca(OH),
calcium silicate hydrate gel of variable composition
calcium aluminate hydrate gel
hydrogarnet, 3Ca0.Al,03.6H,0O
Ca0.Al,05.10H,O
2Ca0.AL,0;.8H,0
4Ca0.AL,03.13H,0
4Ca0.Al,03.19H,0

C4A(CARB)0,5H]2 C4A(CaCO3)0_5H|2 4CaO.Ale3. 0.5C02.12H20
C4A(CARB)H]] C4A(C3CO3)H” 4C&O.A1203.C02. 11H20

XRD
SEM
NMR
EDS
DTA
TG

X-ray Diffraction

Scanning Electron Microscopy
Nuclear Magnetic Resonance
Energy Dispersive Spectroscopy
Differential Thermal Analysis

Thermal Gravimetry
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Introduction

Industrial activities in the production of materials and chemicals give rise to very large
quantities of wastes each year. The use of toxic, mutagenic and carcinogenic heavy
metals such as Pb, Zn, Cu and Cr has resulted in the contamination of soils and waters,
which pose a serious threat to human and animal health (Glasser, 1997; Wiles, 1987;

Bozkurt er al., 2000).

Solidification/stabilisation (s/s) of heavy metal bearing sludge, industrial residues and
contaminated soil is an attractive technology to reduce their toxicity and facilitate
handling prior to landfill (Conner, 1990; Alunno and Medici. 1995: Conner and
Hoeffner. 1998). The selection of binders and operating parameters depends upon an
understanding of the chemistry of the waste stream to be treated in order to ensure that
certain toxic metals are immobilised effectively (Klich ef al.. 1990; 1999). Hydraulic and
pozzolanic cementitious materials are flexible binders currently available for the

immobilisation of toxic metals (Arafat and Hebatpuria, 1999; Cannell er al., 2000).

The hydration products of cement are unstable on exposure to the atmosphere and will
undergo alteration with time, partly due to carbonation (Walton e al., 1995; 1997).
These changes can affect the kinetics of penetration of aggressive agents into the
solidified waste forms and kinetics of release of chemicals into the environment
(Cartledge et al.. 1990). Currently. accelerated carbonation technology has been adopted
to induce setting and strength development, and improve the effectiveness of cement-
based s/s, where cement hydration is significantly retarded (Lange e al., 1996; Hills et

al., 2003).

The interactions of cement and heavy metals in cement-based s/s are not yet fully
understood despite extensive research (Stephan ef al., 1999; Murat and Sorrentino,
1996). To minimise the release of contaminants into the environment, there is an urgent
need to understand the phase development, phase characteristics, waste-binder
interactions and mechanisms of contaminant fixation during cement-based s/s processes

(Berger et al., 1972; Klich et al., 1999; Johannesson and Utgenannt, 2001).



1. Objectives of this research

The objectives of this rescarch were:

e to investigate the reaction products formed during the hydration of cement in the
presence of heavy metals (Zn®", Pb*". Cu™ and Cr’') and to determine the changes

induced by heavy metal 1ons on these products;

e to characterise the carbonation products of pure cement phases and Portland cement

with or without heavy metals:

e to examine hydrated and carbonated cement pastes with regard to the immobilisation

mechanisms of heavy metals;

e to elucidate the interactions of heavy metals with cement using thermodynamic

modelling with a geochemical code.

The outcome of these studies is expected to be used to extend existing s/s techniques and
take measures to prolong the life of solidified wastes. In addition. this work is also
important to the field of cement and concrete science and contributes to the effects of

carbonation on the performance of cementitious materials.
2. Outline of this thesis

To achieve the above objectives, cement pastes and suspensions doped with heavy metals
were investigated with XRD, DTA/TG, 29Gi and YAl MAS/NMR, SEM/EDS techniques
and thermodynamic modelling. Cementitious materials used in this work were calcium
oxide, calcium hydroxide, pure cement phases (C3S, C3A, C4AF, C)2A; and CA), and
Portland cement. Heavy metals were nitrate salts of Zn*", Pb*", Cu*" and Cr’*. The

followings briefly describe the contents of each chapter.

Chapter 1: provides a review of the literature pertinent to waste treatment, the state of
the art of cement-based s/s technology, the chemistry of cement and the interactions of

cement with admixtures including heavy metals.

Chapter 2: describes the materials used, the preparation of cement pastes and

suspensions, carbonation procedures and methodology of phase characterisation.



Chapter 3: describes the interactions of heavy metals with calcium oxide and calcium

hydroxide in suspensions and pastes during carbonation and hydration processes.

Chapter 4: the pastes and aqueous suspensions of tricalcium silicate doped with heavy
metals were cxamined at different ages by XRD, DTA/TG and *’Si MAS/NMR
techniques. The cffects of heavy metals on reactions of C;S in pastes and suspensions

were studied.

Chapter 5: presents the rcaction products of C3A, C4AF, C ;A7 and CA pastes and
suspensions with or without heavy metals. The reactivity and changes induced by the

presence of heavy metals on the reaction products of these phases are discussed.

Chapter 6: hydrated and carbonated pastes and suspensions of Portland cement in the
presence of heavy metals were characterised using XRD, DTA/TG, and 29Si and ?’Al
solid state magic angle spinning/nuclear magnetic resonance (NMR) techniques. The

reaction products for different systems were examined and compared.

Chapter 7: presents the morphology and composition of reaction products in hydrated
and carbonated Portland cement pastes doped with heavy metals. The statistical analyses
of micro-analytical data were used to identify chemical associations between heavy metal

and cement components.

Chapter 8: describes the thermodynamic modelling methods, computer programming
codes, databases and the modelling strategy used. This chapter also presents the
thermodynamic modelling results of likely aqueous reaction processes between cement

and heavy metals using a geochemical code, PHREEQC.

Chapter 9: summarises the interaction mechanisms of heavy metals and cement, the
chemical mechanisms of heavy metal fixation, original contributions of this thesis to

science and the recommendations for further work.

Chapter 10: presents the conclusions of this work.

(PP



Chapter 1

Literature review

1.1 Waste disposal

The most common mcthods for waste treatment are physical and chemical separation,
thermal treatment (incineration). solidification/stabilisation (s/s) and bioremediation
(Conner, 1990, Hills, 1992; Hills ¢r al., 2003). Every method has its limitations, for
example, many pollutants in contaminated soil, industrial effluents and residuals are
resistant to biological degradation and may exert significant toxicity towards the mixed
microbial communities within biological treatment systems, reducing the efficiency
(Harrison and de Mora, 1996). Thermal treatment (incineration) and separation of wastes
could result in the emission of toxic substances into the environment in treatment
processes. In addition, the products from these processes often need further treatment

(Caldewell and Cote, 1990; Hudales, 1994).

Solidification/stabilisation technology is recognised as one of most effective
management techniques to reduce the mobility of the toxic waste element, making the
waste acceptable for landfill (Lo, 1996). Cement-based s/s has been widely used in the
treatment of industrial residues and contaminated soil for about 50 years (Alunno and
Medici. 1995). This technique generally involves mixing wastes or contaminated soils
with binders (Arafat and Hebatpuria, 1999; Lo et al., 2000). It may be undertaken as an
in-situ process or ex-situ process. The latter variation of the process is usually undertaken

within the confines of site before replacement and compaction of the material.

Since the Control of Pollution Act of 1974 was introduced in the UK, there has been a
steady increase in use of landfill disposal for soil and waste (Akhter ef al., 1997). The
Landfill Directive sets operational guidelines for landfill practice and requires pre-
treatment of a range of wastes prior to landfill (Environmental data service, 2003). The
Directive 1999/31/EC includes a number of stringent measures aimed at increasing the

level of environment protection, and will be adopted in the UK and European Union in



July 2004. As a consequence of this it is anticipated that s/s technology will become

more commonly used as a waste management strategy (Hills ¢f a/., 2003).

Organic binders rely on refined materials such as asphalt, polyethylene, resins, epoxies,
urea formaldehyde, polyesters and potentially organophilic clays (Lo, 1996; Jun et al.,
1997; Soundarajan et al., 1990). The employment of an organic binder, however, may
not be environmentally desirable or cost-effective. The application of organic
encapsulation, therefore, tends to be limited to particularly hazardous materials, such as

nuclear wastes (Banfill and Saunders, 1986).

The most popular binders of solidification/stabilisation are often based on Portland
cement, calcium aluminate cement, modified cement, slag cement, Portland cement plus
fly ash or kiln dust or calcium oxide (Hudales. 1994; Redmond ¢/ al.. 2002a; 2002b).
Cement-based stabilisation/solidification methods tend to cost less than other treatments
such as vitrification and organic encapsulation (Albino ¢/ al., 1996; Shimaoka and
Hanashima, 1996; Soundarajan er al., 1990). The development of cement-based s/s
remediation technology relies on the formation of stable reaction products capable of
binding waste components and providing the solidified product with strength and

dimensional stability (Stegemann and Cote, 1990).

Despite the widespread use of cement-based s/s, work that has been published on the
mechanisms that take place between the cementing media and waste components and the
durability so far lacks consistency and comparison (Glasser, 1997). In addition, there is
no convincing short term testing procedure, which can predict longer term properties and
stability of solidified/stabilised wastes in different environments at present (Tyrer, 1994).
It is necessary to limit potential waste/binder interactions. understand the mechanisms of

waste immobilisation and improve the effectiveness of this waste management technique.

1.2 Cements

Cement is well known as an ideal material for treating contaminated land and the other

wastes, where it is expected to endure aggressive environments and at same time



maintain a high level of performance. Two main classes of cements are defined: non-

hydraulic cements and hydraulic cements.

1.2.1 Non-hydraulic cements

Non-hydraulic cements such as calcium oxide, calcium hydroxide and gypsum
deteriorate rapidly in moist or wet environment due to high solubility (Komilis and Han,
1999). Calcium oxide or calcium hydroxide is most widely used alkali, and global
production is believed to be over 200 million tonnes per annum (Oates and Joseph,
1998). Calcium oxide has been used in enormous quantities in the drying, modification
and stabilisation of clay soils to yield a product with more desirable geotechnical

properties than the original clay (Holt and Freer, 1996; Komilis and Han. 1999).

Hydroxide ions have a retarding effect on CaO hydration due to the common ion effect.
It 1s recognised that the slaking of calcium oxide and the dissolution of calcium
hydroxide are both controlled by the diffusion of calcium or hydroxide ions away from

the surface of calcium oxide (Ritchie and Xu, 1990, Giles ¢t al., 1993: Xu et al., 1997).

Impurities or admixtures influence the slaking process of calcium oxide, including
slaking rate and the polymorphism, habit, morphology and particle size of products. For
example, Boynton (1980) reported a doubling in the rate of CaO slaking in the presence
of 1-3 % chloride, while the presence of 0.1-3 % sulphates and carbonates decreases the
CaO hydration rate. Xu et al. (1998) has examined the slaking of CaO in solutions
containing various concentrations of Na,COs. They inferred that the retarding effect of
CO;3” on the CaO slaking may be due to the presence of a calcium carbonate coating on

the CaO particles.

Conducting the CaO hydration in the presence of additional salt can affect the particle
size of Ca(OH),. Slaking CaO in the presence of a solution containing Na,SO4 gives
Ca(OH); crystals as hexagonal plates with a side of 5-20 microns, while slaking in the
presence of NaCl or NaOH gives Ca(OH); crystals with a side of 2-5 microns, which is
only slightly larger than the size of the crystals formed in the absence of added salts
(Glasson, 1961; Boynton, 1980).



1.2.2 Hydraulic cements

Hydraulic cements are silicate or aluminate powders that react with water to generate
hard and solid matrices, which continue to increase in compressive strength even when
the matrices are placed in excess water (Hill and Sharp, 2002). Within this category are
Portland cement. high alumina cements (HAC) and calcium sulpho-aluminate cements

(CSA) and various blend cements (Spence and Cook, 1983).

1.2.2.1 Characteristics of pure cement phases

Tricalcium silicate, C3S or Ca;SiOs, is pseudo trigonal/triclinic and a solid solution of
Ca0 in dicalcium silicate proposing the formula Cay(SiO4(Ca0)). 1t is suggested that in
C3S the layers of orthosilicate C,S are parted by layers rich in CaO (Lea, 1970; Tyrer,
1990: Taylor, 1997).

Dicalcium silicate, C;S or $-Ca,SiOy4, is a complex material containing point defects,
which undergoes inversions on cooling, resulting in an accumulation of strain in the
lattice which induces multiple twinning. Five polymorphs of this mineral are recognised

of which the B-(orthorhombic) is the stable form at room temperature (Taylor. 1997).

Tricalcium aluminate, C3A or CazAlyOg, 1s the only cement compound not to show
polymorphic transformations with temperature. The C3A phase is very reactive (Atkins

and Macphee, 1991).

Calcium mono-aluminate, CA or CaAl;Oy, is the principal hydraulic mineral present in
calcium alumina cements (CACs). Its hydration contributes to the high early strength of
CACs. Calcium mono-aluminate is a monoclinic, pseudo-hexagonal phase and resembles
the structure of [B-tridymite, with an infinite three-dimensional framework of AlOj
tetrahedra sharing corners. The large ionic radius of the Ca’" distorts the tridymite
network and a section of the calcium atoms has irregular co-ordination polyhedra with
oxygen (Shimaoka and Hanashima, 1996). Under the optical microscope CA appears as

irregular colourless grains.



Dodecacalcium hepta-aluminate, C3A7 or Ca;;Al140;33-mayenite, is composed of Ca®
ions with irregular six-fold co-ordination with oxygen, which has an incomplete
framework of corner-sharing AlO, tetrahedra that has the empirical composition
Al;016'". In each unit formula one of the O% ions is distributed between twelve sites,
which is thought to increase two of the AlO4 groups to AlOs. The calcium ions in
mayenite have a highly balanced shell of oxygen atoms, which are roughly distributed on
the surface of a hemisphere. These co-ordinating hemispheres occur in pairs along the
axes of crystal symmetry. in which the planar faces are defined by vacancies amongst the
twelve-fold positions (Taylor, 1997). Mayenite is the most reactive of all calcium
aluminate species occurring in HACs, and will hydrate very rapidly in contrast to CA.
Due to this fact the amount of mayenite contained in calcium aluminate is very carefully

regulated by manufacturers.

Alumino-ferrite phase, C4AF, Ca; (Fe|.x Alx),0s, where 0 < X < 0.7, is orthorhombic. It
is a solid solution between C4AF; and C¢A,F (Taylor, 1997).

1.2.2.2 Portland cement

The oldest man-made hydraulic cement is Portland cement. Portland cement consists of a
complex mixture of phases that are produced from the raw materials by chemical reaction
and crystallisation during calcination and subsequent clinker cooling (Chandra, 1997).
Cements of this class are typically manufactured from a mixture of calcareous and
argillaceous materials in a rotary kiln, which is usually about 30-100m long, inclined at
an angle, and is rotated slowly. This is operated under oxidising conditions at a high
temperature. Fuel is blown into the kiln so that the temperature increases towards the

exit.

The raw materials are fed into the flue gas for pre-heating, and then travel down the kiln
towards the hot zone. As the raw meal passes through the kiln it undergoes chemical,
mineralogical and morphological changes. At first, limestone decomposes to calcium
oxide and carbon dioxide. Then particles begin to sinter and form into irregular lumps
known as clinker. At the highest temperature (1450°C) the clinker begins to fuse and new

phases of cement form. This stage is marked by diffusion. To aid this process, fluxes are



used, notably aluminium and iron oxides, although their eftect on the final clinker

composition has to be carefully controlled (Berner, 1992; Bennett, 1992). The clinker is

mixed with 3-5 percent of gypsum and finely ground to make the cement (Clark and

Brown, 1999; Damidot and Glasser, 1992).

Portland cement is a heterogeneous mixture of four main compounds with the following
composition: 50-70% alite, 20-30% belite, 5-12% aluminate, 5-12% ferrite and 3-5%
gypsum (Tyrer, 1990; Chandra, 1997).

Alite: tricalcium silicate (Ca3;SiOs) containing Mg2+, AI**, Fe** and other ions,
may appear as sub-hexagonal (pseudomorphic remnants of high temperature
trigonal) structure. It reacts readily with water to produce calcium silicate hydrate
gel (C-S-H) and portlandite (Ca(OH),). Alite is considered to be the most

significant constituent phase with respect to strength development up to 28 days.

Belite: substituted dicalcium silicate (Ca;SiO4). is normally present as the
polymorph, which may be stabilised by impurities in the lattice, for example, the
monoclinic symmetry of the o~ form has been found in Portland cement. The
grains of belite are darker and more rounded than those of alite, and often
distinctively yellow in transmitted light. Its reaction with water to form C-S-H
gel and portlandite is relatively slow compared with that of alite and so it
contributes little to early strength development, however, after one year the

compressive strengths of alite and belite are comparable.

The aluminate phase is tricalcium aluminate (Ca3;Al,O4) which is substantially
modified in structure and composition by the incorporation of ions, particularly,
Si*". Fe’*, Na' and K" It constitutes 5-10% of a Portland cement clinker. Group |
metal substitution (for calcium) causes changes in symmetry from the essentially
cubic lattice. Five compositional polymorphs have been identified. In practice,
Fe, Mg, Si, Ti, Na, and K can constitute as much as 10% by weight in this phase.
Lea (1970) estimates the probable iron content in this phase at around 4.1% by
weight (as Fe,O3). Aluminate reacts rapidly with water and may cause
undesirably rapid setting in the absence of a set-controlling agent such as gypsum

(Tyrer, 1990; Zhang and Odler. 1996).



o The ferrite phase. tetracalcium aluminoferrite (CayAlFeQs), significantly
modified by the incorporation of Si**. Fe’”, Na' and K' ions and variable Al/Fe
ratio, constitutes 5-15% of a Portland cement clinker. Its reactivity with water is
variable. This mincral contains the bulk of the metals, especially Mg, Ti, Mn and

Cr. MgO and SiO, substitute for (Al, Fe)>O; up to about 10 mole percent.

It is possible to predict, by calculation, the phase make-up of a given Portland cement
clinker by use of the Bogue equation. This calculation relies on data obtained by totalling
the elemental analyses of all of the raw materials and expressing these as oxides (Lea,

1970).

1.2.2.3 High alumina cements (HACs)

High alumina cement (HAC) was patented in 1908 by Lafarge to fill the need for cement
that was resistant to sulphate attack. High alumina cements are mostly manufactured by
fusion, i.e. melting, at high temperatures ranging from 1000-1600°C. although different

methods exist, for example, a sintering process (Lea, 1970).

The feed stock is limestone and bauxite. This material is coarsely crushed rather than
ground to form the raw meal. The large particles then leave a porous structure through
which the hot gases from combustion can permeate. The raw meal is placed in a
reverbatory furnace that is heated by a strong coal or oil flame. The crushed feed stock
melts, is tapped off into moulds and is sprayed with water to give the correct rate of
cooling. The cold blocks of clinker (called pigs) are then stockpiled in the open until
ground. During the manufacture of HAC, the SiO; content of the raw materials is
carefully controlled. Excessive SiO; leads to the formation of the very slowly hydrating
phase such as akermanite and gehlenite (C2AS) The cost of the low silica bauxite and
other raw materials, or treatment to try to reduce the levels of silica contaminants, adds to

the intrinsically high cost of HAC manufacture (Chen and Wu, 2000).

The main advantage of HAC cements are their high reactivity. high early strength
generation, and resistance to sulphate attack compared with Portland cements. They can

attain the same strength at 24 hours that would be expected from Portland cement after



28 days. The increased activity is attributed to their mineral compositions. The main
strength contribution 1s made from the CA phases, by precipitation of the crystalline
hydrate CAHy. It has been observed that set HAC acts as an accelerator for unhydrated
HAC (Taylor. 1997). The set HAC presumably acts as a seed site for the further bulk
precipitation of CAH,o. The post hydration conversion of the initial product CAH,g to
C3AH, + AI(OH); leads to a rapid increase in porosity and a consequent decrease in

compressive strength (De Ceukelairre and Van Nieuwenburg. 1993; Osborne, 1999).

The hydration reactions of the minerals C'|;A7, CA and C;A are considerably exothermic
(about 400kJ/kg). The rapid evolution of heat as the cement hydrates causes the
temperature of the concrete to increase; this renders HAC suitable for use at subzero

temperatures.

1.2.2.4 Calcium Sulpho-Aluminate Cement (CSAC)

Calcium sulphoaluminate cement (CSAC) has been used in China and Japan to build
bridges and buildings in much the same way as Portland cement is used in Europe
(Zhang and Odler, 1996). A feature of the commercially available CSA cements. which
have a reported composition of 55-75% C;A3 and 15-25% a-C,S, is the presence of high

amounts of silicate phases in the cement.

Calcium sulphoaluminates are manufactured under oxidising conditions, using a rotary
calcining kiln, from limestone, bauxite and gypsum. The production of CSAC utilises
bauxite with high silica content. The level of silica is far greater than HAC manufacture
can tolerate. This ability has been attributed to the behaviour of contaminant silica in the

presence of high amounts of sulphate.

In the presence of high levels of sulphate and/or magnesium the cement preferentially
forms C,S phases, rather than C3;S. This can be observed in a commercially available
Chinese CSA. It has been demonstrated that the high sulphate levels directs the
contaminating SiO; to form C,S rather than either C;S or low reactivity aluminate phases

such as C,AS even in the presence of excess calcium oxide (Zhang et al.. 1993; 2000).



1.2.2.5 Blended Cements

Cements have usually been blended with some form of reactive additives such as
pulverised fly ash (PFA)- a coal combustion product; blast furnace slag (BFS), from iron
making, and condensed silica fume (CSF, with 86-95% SiO, glassy SiO, particles of
~100 nm diameter) from the ferrosilicon industry to make concrete (Taylor, 1997; Tyrer,

1994; 2001; De Ceukelaire and Van Nieuwenburg, 1993).

PFA arises as a dust in chimney stacks above coal-burning power station furnaces and
has widely variable compositions depending on furnace operating conditions and coal
source. Particle sizes of PFA may be fine with 50% < 10 um or coarse with 50% < 40
um (Hudales, 1994; Shimaoka and Hanashirma, 1996). Particles are generally spherical
(formed by rapid cooling from a melt) and may be hollow (cenospheres) with or without
spheres inside (plerospheres), which are largely glassy (85 - 90%) with small crystallites
of mullite (A3S,) and quartz (Arafat and Hebatpuria, 1999; Lo. 1996; Tyrer and Yunus,
1995).

Different forms of slag product are produced depending on the method used to cool the
molten slag in metallugical industry. These products include air-cooled blast furnace slag

(ACBFS), expanded or foamed slag, pelletized slag, and granulated blast furnace slag.

Air-cooled blast furnace slag: If the liquid slag is poured into beds and slowly cooled
under ambient conditions, a crystalline structure is formed, and a hard. lump slag is

produced, which can subsequently be crushed and screened.

Crushed ACBFS is angular, roughly cubical, and has textures ranging from rough,
vesicular (porous) surfaces to glassy (smooth) surfaces with conchoidal fractures. There
can be, however, considerable variability in the physical properties of blast furnace slag,
depending on the iron production process (Redmond er al., 2002a). ACBFS has been
used as an aggregate in Portland cement concrete, asphalt concrete, concrete, asphalt and

road bases.

Expanded or foamed blast furnace slag: If the molten slag is cooled and solidified by
adding controlled quantities of water, air, or steam, the process of cooling and

solidification can be accelerated, increasing the cellular nature of the slag and producing



a lightweight expanded or foamed product. Foamed slag is distinguishable from air-

cooled blast furnace slag by its relatively high porosity and low bulk density.

Pelletized blast furnace slag: It the molten slag is cooled and solidified with water and air
quenched in a spinning drum, pellets, rather than a solid mass, can be produced. By
controlling the process, the pellets can be made more crystalline, which is beneficial for
aggregate use, or more vitrified (glassy), which is more desirable in cementitious
applications (Rixom et al., 1986; Alunno et al., 1995). Pelletized blast furnace slag has

been used as lightweight aggregate and for cement manufacture.

Granulated blast furnace slag: If the molten slag is cooled and solidified by rapid water
quenching to a glassy state, little or no crystallization occurs. This process results in the
formation of sand size (or frit-like) fragments, usually with some friable clinkerlike

material (Shimaoka and Hanashima, 1996).

Blast furnace slag consists primarily of silicates, aluminosilicates, and calcium-alumina-
silicates (Macphee et al., 1989). Granulated blast furnace slag has been used as a raw
material for cement production and as an aggregate and insulating material and
granulated slags have also been used as sand blasting shot materials (Berner, 1992: Xu
and Viehland, 1996). When crushed or milled to very fine cement-sized particles, ground
granulated blast furnace slag (GGBFS) has cementitious properties, which make a
suitable partial replacement for or additive to Portland cement (Conner and Lear, 1991;

Glasser, 1992; 1997).

Reactivity of blend cements. in all cases, depends on glass content, particle size,
composition (nature of impurities) and external influences such as temperature, humidity
and hydrating liquid composition (Williams e «al., 2002). The chemical reactions
between blend cement and water is slow, but 1t is greatly enhanced by the presence of

calcium hydroxide, alkalis, water glass and gypsum.

Blend cements have economical advantages and good durability compared to Portland
cement. They are resistant to carbonation and chemical attack. The suitability of slag or
other materials for a particular application depends on 1ts reactivity, cost, availability and

its influence on the properties of the resulting concrete (Redmond er al., 2002a; 2002b).



1.3 Hydration of pure cement phases
1.3.1 Hydration of tricalcium silicate

Tricalcium silicate reacts rapidly with water to produce a gelatinous mass of calcium
silicate hydrate gel. The core of the mineral grains may continue a slow reaction over a
period of several years. The original orthosilicate ions (SiO4 tetrahedra) present in the
lattice are converted to disilicate ions (SiO;%) and subsequently into higher polymeric
forms. The layer of first hydrate so formed prevents further rapid reaction and is thought
to be responsible for the onset of the 'dormant' period. During this period,
supersaturation of the solution with respect to calcium hydroxide occurs up to the
nucleation of portlandite crystals. Two models have been developed to explain the
hydration of cement (Taylor, 1990; 1997; Salhan ef al., 2003), which are discussed

below:

e The gel model: when cement is in contact with water, a membrane of C-S-H gel
is formed on the surface of cement grains, which permits the inward flow of
water molecules. An osmotic pressure differential on the membrane causes the
membrane to rupture periodically and re-form by extruding concentrated silicate
solution. As a result, an excess of portlandite will accumulate on the fluid side of
membrane. This model has been demonstrated to be useful in explaining the
retardation of setting of cement in the presence of heavy metal waste. The
observed retarding effect is due to the formation of insoluble gelatinous hydroxyl

compounds of metals in an alkaline medium.

e The crystal model: when cement is in contact with water, calcium silicate
minerals dissociate into charged silicate and calcium ions. These charged silicate
ions then concentrate as a thin layer on the surface of cement grains to retard the
interaction of the cement surface and water. The nucleation and growth of
hexagonal crystals of calcium hydroxide fill up the spaces and cavities between
the cement grains. Meanwhile, particles of C-S-H precipitate out of water onto
the silicate-rich layer on the cement grains and gradually form needles or spines.
Eventually needles from different cement grains come nto contact with each

other to form sheets of tobermorite (Taylor. 1990; 1997).



Skalny and Young (1980) proposed another mechanism for the early stage of hydration.
They consider the initial dissolution to be incongruent and that calcium and hydroxyl
move rapidly into solution leaving the surface layers rich in silica. In doing so the surface
layer adopts a negative zeta potential which strongly adsorbs calcium ions to it as shown
in Fig. 1-1. They suggested that this adsorbed layer and its correspondingly low silicate

concentration account tor the lack ot immediate hydration products seen on the surface.

Taylor (1986; 1993) proposed that there is no diffusion of water molecules through either
the inner or outer product layers and suggested that hydrogen ions are transferred from
one oxygen atom to another until they reach the C;S surface. He proposed that a narrow
zone exists as an interface where atomic rearrangements convert C;S into C-S-H gel. As
this zone moves into the hydrating grain, calcium and silicate ions move through the
product and into the surrounding liquid to be precipitated ultimately in the outer product
layers or (for calcium) as portlandite. Taylor (1993) suggested that the migration of
silicon is by a series of movements through the faces of the tetrahedra, from sites initially
filled to those initially empty. He similarly proposed this as a mechanism for the change

of silicate anion type both during and after C-S-H formation.
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Fig. 1-1. Surface charge layer on hydrating C3S grain (After Skalny and Young, 1980)



There is little disagreement, however, that this mineral reacts in at least four stages
(Taylor, 1997), as revealed by conduction calorimetry, and that the overall chemistry of

hydration can be summarized thus:
2C3S + 7TH — C;S8,H, + 3CH (1-1)

In conclusion, the hydration mechanisms for tricalcium silicate are not fully understood

but the models proposed so far are not mutually exclusive (Bozkurt ef al., 2000).

1.3.2 Hydration of dicalcium silicate

This mineral reacts slowly to produce the same reaction products as C3;S but only results
in approximately one third of the portlandite produced. This mineral does make a
significant contribution to the late strength if hydration is allowed to continue. Overall
the hydration is around twenty times slower than for C3;S and the reaction can be

summarised as:

2C,S + 5H — C3S;Hs + CH (1-2)

The mechanism of hydration is thought to be similar to that for C3;S although the
morphology of its hydrates is more variable. During fracture, C,S hydrate may be
completely separated from the anhydrous core, a phenomenon rarely seen in C3S
(McConnell, 1955, Sun et al.. 1999). Relatively little work has been done on the
hydration chemistry of C,S, which is perhaps not surprising given the relatively minor

contribution to early strength afforded by this phase (Chimenos et al., 2000).

1.3.3 Hydration of tricalcium aluminate

CsA is the most reactive towards water and its rapid dominance of the rheological
properties of cement paste requires the intergrinding of gypsum to control immediate
hydration. The reaction of C3A with water gives the initial formation of a gel hydrate
which increases in crystallinity to form hexagonal hydrates of the composition C,AHg

and C4AH)9. The C4AH )9 loses bound water at R.H. < 88% to become C4AH,3;. The



hexagonal hydrates (CxAHy) formed initially are converted to icosahedra of the cubic
hydrate C3;AHg (hydrogarnet). These hydrates are thought to have a structure consisting

of sheets of Ca,Al(OH)sT with AI(OH)4~ or OH- in the interlayer region, which balance
the net positive charge of the layer, together with water. The hydration can be

summarised as follows:

2C3A +27H — C4AH9 (or C4AH|3) + C,AHg (1-3)
Then: C4AH,¢ + C;AHy — 2 C3AH¢ (1-4)

The conversion from the metastable hexagonal form to the stable cubic form is
accompanied by a volume change that may have detrimental effects if it occurs in a
loaded structure. In cements with a high C3;A content, the heat of hydration is normally
sufficient to ensure conversion occurs quickly (before setting) from nucleated crystals of
the cubic C3;AH¢. This ensures the continued growth of cubic hydrates even at
temperatures that would not otherwise ensure complete conversion. In the presence of
calcium hydroxide the formation of C4AH;9 (or C4AH,3) i1s favoured, the hydration rate is

generally slower and the conversion to C3AH; is inhibited.

The hydration of tricalcium silicate in the presence of sulphate follows a different route.
Assuming that an adequate supply of sulphate ions is available, the first hydrate to form
is ettringite (AFt) producing a membrane around the hydrating grain which impedes the
diffusion of ions from the solution to the un-reacted C;A, again resulting in a dormant
period. This reaction will continue slowly by the repeated rupture and fresh reaction of
this coating until the surrounding solution is depleted in both calcium and sulphate ions.
An osmotic mechanism has also been proposed for the end of the dormant period in this
mineral. Eventually, the stage is reached where formation of further ettringite is not
stoichiometrically favoured and a second, related mineral begins to precipitate as calcium
monosulphoaluminate hydrate ('monosulphate’ or AFm-sulphate). Associated with this
precipitation, is the gradual transformation of ettringite to monosulphate by reaction with

3+ 3y .
I”" for Fe’") is common in these

the pore solution. Solid solution (particularly of A
minerals to produce two phases of variable composition. AFt is the phase formed during
the hydration of Portland cement at temperatures below about 40°C (the 't' indicates tri-

sulphate although substitution for other anions is thought to occur). Morphologically,



this phase is present as prismatic and/or acicular crystals of hexagonal cross section.
Similarly the AFm phase is thought to derive {rom pure monosulphate with partial
substitution of Al for Fe®” and sulphate for other ions. These phases dissolve in pure
water to re-precipitate as calcium hydroxide, gypsum and alumina gel. Tashiro ef al.
(1977; 1979) have studied the effects of heavy metal oxides such as Cr,Os, PbO and ZnO

as well as Cu(OH). on the formation of ettringite and properties of cement mortar.

1.3.4 Hydration of calcium aluminoferrite

Essentially, the hydration products of this mineral are similar to those of CsA, but
forming much more slowly and with substantial substitution of Fe** for AP*. If the
unhydrated composition is considered to be xC,A(1-x)C,F, then reactivity of the phase
increases with x (Tamas et al., 1992). Assuming, as is the case in Portland cement
hydration, calcium hydroxide is available, then hexagonal hydrates of the form Cy4(A,
F)H,; and C,(A. F)Hg precipitate. Hydrogarnets are formed when pastes are cured at high
temperature. Like C3;A, aluminoferrite reacts with sulphates to produce ettringite and
related phases, which ultimately convert to monosulphate. Thus, 1t is reasonable to
expect some competition for the available sulphate to occur between this phase and C;A.
Rogers and Aldridge (1977) examined the hydration of C;F and reported that this

composition yields C4FH; 3, initially forming as C4FH ;¢ and converting to C4FH¢ within a

day. This product is metastable and ultimately decomposes to calcium hydroxide and

haematite.

1.4 Hydration of Portland cement

Hydration of Portland cement can be considered as essentially those reactions described
above with relatively little interaction between the separate hvdrating phases. The
existence of silico-aluminates in the hydration products ot Portland cement, which is
evidence for some reaction between the individual phases, has been well documented

(Taylor. 1997; Tashiro and Oba, 1979; 1980).



Jennings and Pratt (1978) and Jennings ef al. (1981) discussed the hydration of C3A and
C3S in the presence of gypsum. They suggested that a membrane with a composition
approaching AFt replaces the initial C-S-H as aluminium becomes available in solution
and that the chemistry of this membrane changes with time. They proposed that this
membranc continues to grow during hydration (as it does not rely on soluble silicates) to
envelop adjacent particles thus forming agglomerations and contributing to the 'set' in the

early stages ot hydration.

The hydration of Portland cement is a sequence of overlapping chemical reactions
between clinker compounds, calcium sulphate and water, leading to continuous cement
paste stiffening and hardening. As shown by a broad knowledge base derived from
extensive cement hydration studies, the formation of hydration products and the
development of microstructural features dependent on solution processes, interfacial
reactions and, ultimately, solid-state reactions (Macphee ef al., 1989). Namely, the

hydration of cement proceeds through three successive reactions:
e dissolution of phases,
* precipitation of calcium silicate hydrate (C-S-H), ettringite (AFt) and portlandite,
e interaction of hydration products

On the first contact of cement with water. the phases of cement dissolve and are hydrated
immediately. Calcium and silica pass rapidly into solution, due to the small grain size
and the metastable nature of cement phases, a supersaturated solution of lime hydrate
being initially formed. After a certain time the colloid solution coagulates, forming a

typical hydrogel, which causes the cement grains to cohere.

The rate of reaction of cement with water is varied and is dependent on, for example, the
phase composition, temperature and presence of accelerators or retarding agents. Impure
alite and belite phases present in Portland cement react faster than the pure phases.
Hydration of cement was strongly influenced by the additional components such as
gypsum, which can alter the setting time and products of hydration. Other factors such as

the particle shape and particle size distribution also influence the reactivity of the cement



(Ortego et al., 1989; Ortego and Barroeta, 1991). It has been proposed that hydration of

cement can be divided into five stages (Taylor, 1990), as shown in Fig. 1-2:

initial period (0-15 minutes): including surface wetting, dissolution of cement
phases and nucleation and growth of hexagonal crystals of Ca(OH),, which occur
homogeneously from the solution phase, or heterogeneously at a solid-solution

interface. Admixtures influence the nucleation of portlandite and ettringite.

induction pertod (15min— hours):  ettringite needle growth. C-S-H gel
precipitates out of water onto the silicate-rich layer on the cement grain and

gradually form needles or spines.

acceleration period (4-8 hours): disruption of the hydrate protective layer by
transformation of the hydrates or osmotic pressure effect, growth of C-S-H to
form sheets and that of portlandite (CH) rapidly. The admixtures may influence
the formation and properties (strength, structure, permeability) of the protective

hydrate layer (NocunWczelik, 1997).
deceleration and hardening period (8-24 hours), and

curing period (1-28 days).

The hydration rate is characterised by the diffusion-controlled reaction. The depth of

hydration for the different clinker minerals (in grain sizes between 30-50 micrometers) is

3-15 micrometers after 6 months.

In conclusion, the hydration of Portland cement can be considered as a set of

complimentary reactions producing C-S-H gel, Portlandite, ettringite and a solid solution

series of calcium aluminoferrite hydrates.

1.5 Cement hydration products

According to Taylor (1990), the proportions of products of hydrated Portland cement
approximately are: 20-25% Ca(OH),, 60-70% C-S-H and 5-15% other phases (including
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ettringite and unhydrated grains). Products ot cement hydration are summarised in Table

1-1.

1.5.1 Portlandite

Portlandite is calcium hydroxide mineral, Ca(OH),. Although the majority of portlandite
is formed during the curing of concrete. it does occur in nature as soft, typically white

masses. Occasional crystals may be found.

Portlandite is a bonding agent in cement and concrete and an undesirable phase in
concrete, because it precipitates as platelets near aggregates (Oates and Joseph, 1998).
The result is a porous paste/aggregate interface that increases concrete permeability and

reduces compressive strength. Portlandite is also subject to acid attack and carbonation.

|
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Fig. 1-2. Heat evolution profile from hydrating cement

1.5.2 Calcium silicate hydrate (C-S-H) gel

In nature, three kinds of calcium silicate hydrates are tobermorite, jennite and afwillite
(Komarneni et al., 1987). Crystalline tobermorite has long chains and cross linked, with

included water being structural. 1.4 nm tobermorite (CsS¢Ho) has layer structure, bonding

21



together by surface forces with occasional strong ionic-covalent bonds linking adjacent
particles. Loss of half the structual water allows shrinkage of interlayer space in 1.4 nm
tobermorite, to give 1.1nm variety (Viehland et al., 1996; 1997). Jennite (CoS¢H,,) has
single layer structure with a higher Ca/Si ratio, bonding through solid—solid contacts. The
chains of jennite are short and no cross linkages. Xonotlite is similar to tobermorite but
with less disorder, in which cross-linkages between adjacent dreierketten make for
stronger interlayer bonding. Afwillite is somewhat different from the other phases

because the tetrahedra are isolated from one another.

Table 1-1. Hydration products of Portland cement

Component Products Hydration water Al , J/g
C,S C-S-H, CH 0.21 -262
C;A Hydrogarnet, 0.29 -900
C-A-H
C4AF CsAFH), 0.37 -418
CaSOq CaS04.2H,0 0.26 -200
CaS0,4.0.5H,0 (CaS04.2H,0O 0.19 -104
CaO CH 0.32 -1166
Portland cement C-S-H, CH 0.3 -500
Monosulphate,
Ettringite

The structures of all the calcium silicate hydrates have many features in common. They
are characterised by sheet-like structures with Ca(OH), layers, sandwiched by silicates
tetrahetra. The silicate tetrahedra form chains. Silicate chains tend to adopt lengths of 2,
5, 8 and so on (tetrahedra termed dimer, pentamer, octamer, efc). Further variation is
provided by the interlayer spaces, which are occupied by Ca®" and OH anions and H,0
molecules, whose presence affect the already weak bonding between adjacent sheets. The

mode of stacking provides a further mechanism for differences in structure.

The C-S-H gel is a mixture of poorly crystallised particles with different morphologies

and chemical compositions that are not sharply defined by their stoichiometric

22



composition (Atkins and Macphee, 1991: Atkins ¢/ al., 1992). Gel water occupies
invariably about 25% of the gel volume (corresponding to about 15% of weight of
cement). The C-S-H gel fills in all the capillary space and provides a bond between the
original cement grains, which appear to be joined at the contact surfaces. C-S-H gel in
the solid paste of Portland cement contains the bulk of micro-porosity. These gel pores
give the hydrated paste a high surface area and largely control the sorption properties of

cement pastes (Gougar et al., 1996).

The average C/S ratio for C-S-H in Portland cement is 1.75 (Bennett, 1992; Zhang et al.,
2000). C-S-H gel may contain the silica, alumna and ferrite oxide, with lime hydrate
surrounding a more or less continuous system of irregular gel pores, which may be dry.

or partially or completely filled with water (Taylor, 1990; 1993: Andersen ¢t al., 2003).

Richardson and Groves (1993) suggested species detected by X-ray analyses in a
substituted C-S-H. such as OH", SO4*, and CO;”". can be accounted for by considering
intimate mixing with other hydration phases of cement. Aluminium, Fe and Mg can also
be present in the C-S-H. Some metals are immobilised by sorption or co-precipitation
onto C-S-H. Metals such as Ni*" and Co”" can substitute at the C-S-H surface, probably
for Ca?", and the Richardson-Groves model describes the waste immobilisation by C-S-H

(Richardson and Groves, 1993; 1997; Richardson, 1999:; 2000; Richardson ef al., 2002).

Since C-S-H is essentially amorphous, direct determination of the solid structure is not
possible and inferences about structure must be made from indirect measurements
(Taylor, 1990; Escalante-Garcia ef al., 1999; Faucon et al., 1997). Early ideas favoured
the concept of a disordered layer structure based primarily on structural analogies with
related calcium silicate hydrates as deduced from poorly defined X-ray diffraction
patterns. Structural regularity may be, however, almost entirely absent (Taylor, 1997).
Furthermore, models based on non-layer structures have been proposed and the matter

must be considered to be unresolved (Grutzeck et «l.. 1999; Harris et al., 2002).

NMR studies show that during hydration (Taylor, 1990; Cong and Kirpatrick, 1996),
SiO4 groups in the clinker phases change to dimer (Si,07). some of which eventually
react to form larger species collectively termed ‘polymer’. This polymer consists of
single chains or rings (mostly pentamer and octamer), but not more complex species such

as double chain or clusters. The average chain length increases with age of cement. but



dimer still makes up approximately 40% of the chains after 20-30 years (Taylor, 1997;
Kirkpatrick, et al., 1997).

According to packing arrangements, there are two types of calcium silicate hydrate (C-S-

H) gel: C-S-H(1) (tobermorite-like) and C-S-H(2) (jennite-like).

There are two density forms of C-S-H, namely HD and LD C-S-H, which form as inner
product (within original cement grain boundaries) and outer products (in pore space)
respectively. The ratio of HD C-S-H and LD C-S-H is influenced by cement
compositions. additives, and conditions of hydration and curing. There is no obvious
difference in composition between HD C-S-H and LD C-S-H (Jennings, 2000; Jeffrey.
1996; Juenger and Jennings, 2001; Jun et al., 1997). It has reported that there are four

types of C-S-H according to their morphology in concrete (Taylor, 1990):
e fibrous (type 1),
e reticular network (type 2),
e equate grain morphology (type 3),
e inner product morphology (type 4).

Type 1 is prominent at early stages of hydration. Type 2 is generally also found in early
hydration products, whereas Type 3 and type 4 are both fairly massive and seem to

appear only in older pastes.

Together with portlandite, C-S-H provides for a high pH environment and buffering
capacity. If portlandite is removed selectively, for example, by carbonation, C-S-H gel
will be decalcified and the pH of the cement paste will be affected (Glasser, 1992;
Taylor, 1993; Goto et al., 1995).

1.5.3 Ettringite and monosulfoaluminate

The other important products of cement hydration are ettringite (AFt) and

monosulfoaluminate (AFm). Ettringite is one of the main components of expansive,
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shrinkage-resistant, rapid hardening, high early strength and low energy cements (Gougar
et al., 1996). Ettringite appears as a hydrate phase of Portland cement in the first stage of
hydration. Moore and Taylor (1968; 1970) observed that the ettringite tends to be in the
form of stubby, prismatic crystals closed to the aluminate surface while also forming
away from these surfaces. Ettringite will change into monosulfoaluminate after a period
of time at high temperature, or when sulphate in the cement is used up in hydration
products. The average content of ettringite in modern Portlandite cement may have
increased as more sulphate is added in order to control set time of clinkers and to

umprove early strengths (Glasser, 1997; Famy and Taylor, 2001).

The AFt and AFm phase are chemically and mineralogically complex. Their structure is
very sensitive to the cement composition as well as to chemical changes induced by the
reaction of cement solids—pore water system with its service environment. Damidot and
Glasser (1992; 1993) reviewed the chemistry and mineralogy of ettringite formation. The
authors assembled thermodynamic data for relevant solids and calculated equilibrium in

the CaO-Al,03-S0O3-H;0 system and compared with experimental results.

In AFt and AFm, columns of Cag(Al(OH)e.24H,0 are lines of AI(OH)s>" octahedrally
bonded with 3Ca*" ions. Water molecules complete the co-ordination number of calcium.
Sulphates are intercolumnar and can occur in four different positions. Three of these
positions are occupied by sulphates and remaining by two water molecules (Moore and
Taylor. 1968; 1970). The layer structure of AFt and AFm incorporates variable amounts

of water as well as anionic compounds including hydroxide and silicate (Gougar et al.,

1996).

An examination of ettringite minerals provides evidence of compositional change at the
Ca®*, A", SO4* and OH sites. For example, half of the sulfate content of AFm and AFt
can be substituted by anions such as OH", CI’, COs” and SiO4*. Aluminium can be
replaced by the tetravalent cation (Si*"). The maintenance of charge balance is
accomplished by the substitutions described even though stoichiometry has been

sacrificed (Gougar et al., 1996; Glasser et al.. 1999).



1.5.4 Minor phases

All C-A-H phases in cement pastes or concrete are thermodynamically metastable with
respect to a mixture of C3AHe and AHj;, so mixtures with latter two solids are frequently
encountered. Hydrogarnet C3AHg (strictly hydrogrossular) forms a solid solution series
with grossular (C3AS;), andradite (CsFS;) and hydroandradite (C3FHg) but with

miscibility gaps at atmospheric pressure and temperature.

Calcium aluminate hydrates: A range of hexagonal hydrates commonly associated with
high alumina cements, but also forming as minor components in Portland cement:

CzAHg, C4AH|3 and C4AH|9

Gehlenite hydrate, C;ASHg, is often found in slag cements. It is believed that hydrated
gehlenite is a transitional phase which reacts with calcium hydroxide to produce more
hydrogarnet. Earlier work by Sersale (1983) noted that hydrated gehlenite is not present
after a year's hydration and only one phase per sample - either hydrogarnet or hydrated

gehlenite is observed (Kulik and Kersten, 2001; Kwan ef al., 1996).

Anion substitution may partially stabilise C-A-H phases. In the presence of gypsum, C-
A-H will react to become AFt or AFm. In the presence of calcium chloride, Kuzel’s salt
(C3A0.5CaCly0.5CaS04.10H,0) or Friedel’s (C3ACaCl,.12H,0) salt may form (Taylor,
1990; Glasser, 1992; 1997; 1999). In the presence of an alkali, some phases such as U-
phase (C4A0.9(SO4)1.1No sHi6) will form.

Hydrotalcite, MyAH o, is the dominant sink for magnesium in cements, although it is a

minor phase. It forms sub-hexagonal platelets of very low solubility (~10"" mol.dm™).

Zeolite P, with the approximate component, CaOAl,032510,.4H,0, 1s similar to natural
mineral gismondine. It has been shown to develop spontaneously in appropriate cement
at >40°C (Atkins ef al., 1992; Atkins and Bennett, 1992). It is a stable phase and can
uptake toxic metals such as U and Pb. Initial curing of cement paste at elevated
temperatures will catalyse its formation. Once formed it is predicted to be
thermodynamically stable on cooling. The structure of zeolite P or gismondine consists
of three-dimensional framework of SiO; and Al,Os tetrahedra. The tetrahedra are cross-

linked by the sharing of oxygen atoms. The resulting framework comprises eight member
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ring channels that pervade the cntire mineral structure. Calcium occupies the channel to

give charge balance. Water molecules are also accommodated in this channel.

In cement pastes or concrete, Al-hydroxide phases have gibbsite, bayerite, nordstrandite
(Al(OH)3), boehmite (AIOOH) and diaspore a-AlOOH (Taylor, 1990; Lea, 1970). Al-
sulfates have sabasaluminite Al;(OH);o(SO4).5H,0, saluminite Al,(OH)4(SO4).7H,0,
julbanite AI(OH)S0O4.5H,0 and alunogen Aly(SO4)3.17H,0 (Deer ef al., 1982).

The structure of gibbsite is closely related to the structure of brucite, Mg(OH),. The
different symmetry of gibbsite and brucite is due to the different way that the layers are
stacked (Deer er al., 1982). The basic structure forms stacked sheets of linked
octahedrons of aluminium hydroxide. The octahedra are composed of aluminium ions
with a +3 charge bonded to six octahedrally coordinated hydroxides with a -1 charge.
Each of the hydroxides is bonded to only two aluminium ions. The lack of a charge on
the gibbsite sheets means that there is no charge to retain ions between the sheets and act
as a "glue" to keep the sheets together (Perkins, 1998). The sheets are only held together

by weak residual charge bonds.

1.6 Carbonation of Cement

Carbonation of cement involves the reaction of the solid hydrated material with the
carbon dioxide (as H,CO3, HCO; & CO32') to form minerals such as calcium carbonate,
aluminium hydroxide and iron hydroxide and gelatinous silica. The carbonation of
hydrated cement can be divided into four simple stages (Valls and Vazguez, 2000;

Abderlraxig ef al., 1999: Nonat, 1997). They are:
e diffusion and hydration of carbon dioxide;

e decomposition or dissolution of cement phases/hydration products and release of

calcium and silicate ions;
e formation of calcite and modified silica gel, and

e equilibrium of calcite and pure silica gel.
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During carbonation, residual cement grains undergo hydration due to the formation of
water, leading to a further gain in strength and further carbonation process under
atmospheric conditions (Slegers and Rouxhet, 1976). It is known that carbonation is a
rapid reaction and calcium hydroxide on the surface of cement paste is carbonated within
seconds. According to Ngala and Page (1997), for less accessible inner phases, the
reaction needs a relatively long time to occur, depending on the diffusion of carbon

dioxide and water or other aqueous species.

Cement carbonation can be divided into natural carbonation (under atmospheric
condition) and accelerated carbonation. Carbon dioxide gas, supercritical CO, (SCCO3)
and carbonates (carbonates of ammonium, sodium and potassium) can be used as carbon
source. Carbonation can also occur as the direct result of attack by acidic groundwater or

from surface water (Asavapisit ef al., 1997; Berger and Banwart, 2000).

1.6.1 Atmospheric Carbonation (natural carbonation)

Atmospheric carbonation or natural carbonation is usually a slow process due to the low
concentration of carbon dioxide in the atmosphere. Atmospheric carbonation results in C-
S-H decalcification, initially by lowering of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>