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ABSTRACT

The review of municipal solid waste (MSW) management scheme has indicated that
the amount of MSW sent to incineration plants will increase in the UK in coming years.
Therefore, the amount of municipal solid waste incineration (MSWI1) residues generated
will increase significantly. MSWI residues are divided into MSWI fly ash (MSWI-FA)
and MSWI bottom ash (MSWI-BA). MSWI-FA is classified as hazardous residue
thereby requires special treatment before disposal. MSWI-BA is mostly disposed in
landfill sites. MSWI-BA fraction with particle size diameter below approximately 2mm
has low engineering properties and may have an adverse effect on the environment
due to its high porosity, solubility and leachability of possible toxic compounds. This
research programme has investigated new potential uses and leaching behaviour of
mortar containing MSWI-BA with particle size diameters below 2.36mm.

Fraction of MSWI-BA with particle size diameters () below 2.36 mm (J<2.36) was
divided into different sub-fractions to evaluate their influence on compressive strength
of concrete when used as partial replacement of cement or sand. MSWI-BA fraction
with @<212pm (fine fraction) and 212um<@<2.36mm (coarse fraction) used as partial
replacement of cement and sand respectively, showed higher compressive strength
compared with the other fractions examined. In addition, replacing sand with the coarse
fraction of MSWI-BA exhibited similar or higher strength than the reference mix.

Examination of physical and chemical properties of the fine and coarse fractions of
MSWI-BA unbound indicated that both fractions had potential to be used as
replacement of cement or sand. However, the evaluation of their leaching behaviour
suggested that they should be bound in cement-based systems to avoid leaching of
potential toxic elements.

Evaluation of physical, mechanical and sulfate resistance properties of mortars
containing 15% of the fine fraction of MSWI-BA as a partial replacement of cement and
50% of the coarse fraction as partial replacement of sand indicated potential uses in
concrete production.

In addition, the leachability of mortar specimens containing 15% and 50% of MSWI-BA
as partial replacement of cement and sand respectively was significantly reduced when
compared to unbound MSWI-BA fractions.
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CHAPTER 1: INTRODUCTION




1.1 BACKGROUND

Municipal solid waste (MSW) plays an important role within the management of waste
(1). Throughout the world, landfilling has been the most popular scheme to dispose of
MSW (2,3). However, this trend is changing and there is an international action plan to
re-use or recycle MSW instead of sending them to landfill sites (4). Incineration of
MSW seems to be an alternative option. Reduction in volume, energy recovery and
cheaper energy costs compared with other recycling methods, are some of the
advantages of incineration (5). Thus, it has been predicted that the amount of MSW
sent to incineration facilities will increase in the coming years (6,7).

At present, disposal in an environmentally sound manner the residues that are
produced during incineration are the main concern associated with incineration (4).
Incineration of MSW produces two types of residues; municipal solid waste incineration
fly ash (MSWI-FA) and municipal solid waste incineration bottom ash (MSWI-BA).
MSWI-FA contains a high content of toxic compounds and it is classified as hazardous
waste. MSWI-BA represents approximately 90% of the total amount of MSWI residues

generated and rarely needs special safety landfill sites (5).

In general, MSWI-BA is disposed of in landfill sites (8). However, the utilisation of
MSWI-BA in construction is being encouraged to reduce landfill area required and to
conserve natural raw materials such as virgin aggregates (9-12). MSWI-BA can be
used as unbound material (e.g. road base) or in bound material (e.g. partial
replacement of aggregates). In the past decades, MSWI-BA ash was used extensively
as filling material without being bound with other materials. However, the use of
unbound MSWI-BA has been reduced as a result of health and environmental
awareness due to the possible leaching of toxic substances to the environment
(8,12,13).

The performance of MSWI-BA in construction is the key to its successful utilisation.
Performance of MSWI-BA as a construction material depends largely on its physical
and chemical properties, which can vary broadly even for the same incineration facility.
MSWI-BA commonly exhibits high susceptibility to freeze and thaw as a result of its
high porosity and tendency to absorb water (14). Freeze and thaw susceptibility can be
enhanced significantly if fine grains (e.g. particles with diameters below 3mm or 2mm)
are removed from the whole MSWI-BA stream (14,15). In addition, the chemical
characterisation of MSWI-BA suggests that fine particles may contain higher contents
of toxic compounds (e.g. heavy metals, sulfates) than coarser particles (14).



Therefore, having identified the need to find uses for the fine fraction of MSWI-BA and
the environmental concert on using MSWI-BA as unbound material, this programme of
research was set up to investigate potential utilisation of fine fractions of MSWI-BA
bound in cement-based systems.

1.2 AIMS AND OBJECTIVES

The aims of the research programme are to examine the performance of MSWI-BA in
the production of concrete and to assess the environmental impact of concrete
containing MSWI-BA. In order to achieve these aims, the objectives of the current
programme of research are to;

1. Examine the physical and chemical properties of unbound MSWI-BA.
2. Evaluate leaching behaviour of unbound MSWI-BA.

3. Determine the compressive strength of mortar containing different fractions of
MSWI-BA used as a partial replacement of cement or sand.

4. Evaluate the physical and mechanical properties of mortar containing MSWI-BA as
a partial replacement of cement and sand. These properties include drying

shrinkage, porosity and mechanical compressive strength.

5. Assess the sulfates resistance of mortar containing MSWI-BA as a partial
replacement of cement and sand.

6. To evaluate the leaching behaviour of MSWI-BA bound in cement-based systems.

7. To examine the relationship between physical, mechanical durability properties and
leaching behaviour of mortars containing MSWI-BA.

1.3 EXPERIMENTAL PROGRAMME

Figure 1.1 shows the experimental programme that was conducted to achieve the
objectives of this research. Having collected MSWI-BA from an incineration plant and
carried out an appropriated sample reduction, different particle sizes of MSWI-BA were
subjected to characterisation. The characterisation included the examination of
physical, chemical and environmental properties of different fractions of MSWI-BA
(Chapters 4 and 5). In parallel, the compressive strength of mortars containing MSWI-
BA as a partial replacement of cement or sand was examined. Compressive Strength
was determined for different particle sizes of MSWI-BA. As a result of the compressive
strength evaluation, the fractions of MSWI-BA with diameter below 212um and the
fraction with diameter ranging from 212um to 2.36mm were chosen to replace cement
and aggregate respectively.
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Having decided to use MSWI-BA as a partial replacement of cement and aggregates,
the influence of using different replacement levels of MSWI-BA on physical, mechanical
and sulfate resistance properties was evaluated. Physical and mechanical properties of
mortar containing MSWI-BA are presented in Chapter 6, whereas sulfate resistance is
evaluated in Chapter 7. Chapter 8 examines the leaching behaviour of mortars
containing MSWI-BA. In Chapter 8, mortar containing MSWI-BA was examined under
different leaching conditions, in order to simulate different leaching scenarios. Final
conclusions, limitations and future recommendations of this programme of research are

also drawn in Chapter 9.

1.4 SCOPE OF THE PRESENT INVESTIGATION

The current thesis has been divided into nine chapters, whose contents are

summarised as follows;

Figure 1.1. Experimental Programme




This chapter, Chapter 1: "Introduction" gives an overview of the topic investigated
including the aims, objectives and experimental plan of the research programme. In

- addition, a summary of each chapter is introduced.

Chapter 2: "Literature Review" includes a-state-of-the-art of the role of municipal
solid waste incineration (MSWI), the physical and chemical properties and current
utilisation of MSWI-BA. The review suggests an increase in the quantity of MSW sent
to incineration plants, and therefore an increase in MSWI-BA generated. The
examination of physical and chemical properties of MSWI identifies potential uses of
MSWI-BA in cement based systems.

In addition, chapter 2 reviews the chemistry of cement, physical, mechanical and
durability properties of cement-based systems. The study of chemistry provides a
summary of main components and reactions that control the hydration and hardening
properties of plain and composite cement-based systems. Hence, pore water
composition, alkali-silica reaction and the effect of metals, sulfates and chlorides on

cement hydration and formation of hydrates, are some of aspects examined.

Finally, chapter 2 examines the effects of using waste materials in cement-based
systems on compressive strength, drying shrinkage, porosity, sulfate resistance and
leaching behaviour of such systems.

Chapter 3 "Materials, Techniques and Test Methods" provides a description of
materials, instruments and techniques used throughout the experimentation
programme. Apart from the theoretical background given for the main techniques used,
testing and the optimisation of testing are also described. In addition, common
methodology employed throughout the experimental chapters is provided. Specific
methods that were used for particular tests are given in the relevant chapters.

Chapter 4: "Physical and Chemical Properties of Unbound MSWI-BA" includes the
determination of water content, bulk and particle densities, grading analysis, pH,
inorganic composition and LOI for different fractions of MSWI-BA. The different
fractions of MSWI-BA were:

e Fraction 1 consisted of a raw fraction that contained particles with diameter (&)
below 10mm and coded as Raw BA @<10mm. Particles of the raw fraction with

@>10mm were removed manually).
e Fraction 2 consisted of particles with @<212um and referred as @<212um.

e Fraction 3 contained particles with 212pm@<2.36mm and referred as
212pum<J<2.36mm.



e Fraction 4 consisted originally of particles with diameter below 2.36mm that were
ground for 3 minutes using a hammer mill. After grinding, the diameter of particles
was below 150um. Fraction 4 was coded as ground MSWI-BA.

The evaluation of physical and chemical properties of MSWI-BA contributed to the
present knowledge about MSWI-BA characteristics, and the discussion of MSWI-BA
behaviour in concrete.

Chapter 5: "Leaching Behaviour of Unbound MSWI-BA" examines the leaching
behaviour of different fractions of MSWI-BA in order to determine the presence of toxic
elements and maximum concentrations of metals that can be leached out. Two
leaching procedures were conducted; the toxicity characteristic leaching procedure
(TCLP) (16) and NEN 7341 (17). The fractions of MSWI-BA tested for both leaching
procedures were fractions 2, 3 and 4 (J<212um, 212um<@<2.36mm and ground BA).
The leaching behaviour of MSWI-BA included the determination of twenty-two
elements. Within the 22 elements, a group of toxic elements (e.g. Ni, Cr, Sn, Mo, As,
Se, Hg, Cd, Co) were analysed together with other elements of interest such as Ca, Si,
K, Na, Al, Fe, Mg, Ba, Cu, Zn, B, Mn and Pb.

Chapter 6: "Physical and Mechanical Properties of Mortar Containing MSWI-BA"
evaluates the influence of MSWI-BA as partial replacement of cement and sand on
physical and mechanical properties of mortars. The properties were saturated density,
porosity, drying shrinkage, compressive and flexural strengths. The compressive
strength results were used as key parameters to select the fractions of MSWI-BA that
partially replaced the cement or sand in other chapters (e.g. sulfate resistance and
leaching behaviour). Within the different MSWI-BA particle sizes subjected to
compressive strength testing, fractions 2 and 3 (J<212pm and 212um<@<2.36mm)
were selected to partially replace cement and sand respectively. In addition, the
fraction with @<300pm was also used as partial replacement of cement in the drying

shrinkage testing.

Chapter 7: "Sulfate Resistance of Mortar Containing MSWI-BA" assesses the
sulfate attack of mortars containing different amounts of MSWI-BA as a partial
replacement of cement and sand. The levels of sand replacement by MSWI-BA fraction
3 (212um<J<2.36mm) were 0, 25 and 50%, whereas cement was replaced by 0, 15,
20, 30% of MSWI-BA fraction 2 (J<212um). Sulfate attack procedure consisted of
placing mortar in 5% (by weight) sulfate solutions that were renewed monthly. Sulfate
attack was evaluated by measuring change in weight, length, strength and visual
observation during approximately 600 days exposed to sulfate solution.



Chapter 8: "Leaching Behaviour of Mortar Containing Bound MSWI-BA" includes
the determination of metals, chlorides and sulfates in leachates from mortar specimens
containing MSWI-BA. The metals analysed were Ca, Si, K, Na, Al, Mg, Zn, Cu, Pb, Cr,
Ba, Hg, Ni, Cd, As, B, Mn, Sn, Sb, Mo and Co. Tank procedure was chosen as
leaching method to obtain the leachates from mortar specimens. The leachant removal
times, test duration and solid/leachant ratio were used in accordance with NEN 7345
(18). These experimental parameters were constant for all different leaching
procedures that were carried out. The leaching behaviour of mortars containing MSWI-
BA was conducted to evaluate the binding capacity of cement-based systems and to
assess the effects of heavy metals, sulfates and chlorides on the cement-based system
properties.

Chapter 9: “Conclusions, Limitations and Future Recommendations" summarises
the conclusions and defines the limitations and future recommendations related to the
use of MSWI-BA as a construction material.
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CHAPTER 2: LITERATURE REVIEW




2.1 INTRODUCTION

The challenge of encouraging a sustainable waste generation has been adopted over
the world and especially by industrialised countries. The principles of any sustainable
waste management scheme consist of minimisation, recycling and reuse of waste (1).
Municipal solid waste (MSW) plays a key role within a general waste management
strategy because of its continuous generation and variable chemical compositions and
physical characteristics (1).

An MSW strategy requires the consideration of a large number of factors such as
population density, transportation, socio-economic aspects and environmental
regulations (2). Therefore, every country or region needs to assess its own

requirements in order to achieve the most effective MSW management scheme.

The minimisation of MSW depends widely on the public’s attitude towards consumption
(1). In order to encourage the minimisation approach, improvement of product quality,
durability of products and environmental friendliness are being emphasised by Media
and Authorities.

Most developed countries are limiting the amount of MSW sent to landfill sites. Landfill
should be only used when other options are not available. The major problems
associated with MSW landfill sites are space requirements, public concern, land and
water contamination and the environmental risk for future generations (3,4).

Material and energy recovery schemes include re-use, recycle, compost and
incineration. Although all these strategies reduce the amount of waste sent to landfill
sites, the remaining waste produced requires further handling, transporting and
disposal operations.

Since re-use and recycling require separation of waste prior to processing, most
developed countries have implemented a separation collection scheme of MSW.
Recycling paper and glass waste is already underway and this has recently been
extended to plastics and metals. However, many recycling/re-use schemes have not
been implemented extensively due to their low economic viability. High manufacturing
costs (e.g. energy consumption) and poor public acceptance are some of the factors

that reduce commercialisation of recycled materials (3).

Composting and other biological technologies of MSW have recently become
commercially viable options. The organic material fraction has to be separated from the



MSW and consequently the benefits of implementing must be examined in each

particular case.

Table 2.1 provides data on the MSW management scheme in most industrialised
countries (4). Data are presented as a pércentage of the total quantity of MSW
generated by each country. In general, most of the countries have adopted landfill sites
as the traditional method for managing MSW. Incineration is the second most popular
strategy and is mainly used in countries where there is high population density in
selected areas such as Japan Switzerland, Netherlands and Germany. In countries
(e.g. Canada) with low-density population, they have used dumping of MSW in landfill
sites as the most popular strategy. In addition, the United Kingdom was the country
that used landfill most extensively compared with other countries examined.

Table 2.1. MSW Managing schemes in the industrialised countries (Warmer Bulletin, (4)

Landfill | Recycling | Incineration | Composting
(%) (%) (%) (%)
Canada 81.00 10.00 9.00 0.00
France 45.00 3.00 42.00 10.00
Germany 42.00 16.00 40.00 2.00
ltaly 77.50 3.00 12.50 7.00
Japan 14.50 20.00 62.50 3.00
Netherlands 41.00 16.00 38.00 5.00
Spain 65.00 13.50 4.50 17.00
Sweden 29.00 20.00 48.00 3.00
Switzerland 11.00 22.00 60.00 7.00
United Kingdom 89.00 2.00 9.00 0.00
United States 58.50 23.00 15.00 3.50

Incineration of MSW has been used extensively in countries where the population
density is high and the availability of landfill space is limited. The main objectives of
incineration are the reduction of waste volume (up to 90% reduction) and sterilisation of
waste (2). In addition, most of the modern incinerator facilities are now designed to
recover a substantial portion of energy inherent in the waste, thereby producing
electricity and/or heat (5). Despite these advantages, the practice of MSW incineration
has always been subjected to continued public opposition. This is due to the toxic
emission of gases and disposal of residues (e.g. ash) produced by the incineration
(1,2,6).
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Although incineration reduces the weight of waste dramatically, however between 20%
and 30% of the original weight is still left as ash (2). The total ash discharged from
incinerators is usually separated in two parts; Municipal Solid Waste Incineration Fly
Ash (MSWI-FA) and Municipal Solid Waste Incineration Bottom Ash (MSWI-BA). In
Europe, both parts are classified and managed differently due to the significant
differences in their physical and chemical characteristics. The fly ash part contains high
concentration of heavy metals and organic pollutants such as polychlorodibenzeno-
dioxins and furans. Fly ash requires special safe landfill conditions, whereas bottom
ash can be disposed of in landfill without special requirements. Furthermore, in many
countries, a processed bottom ash is permitted to be used in construction when its
environmental performance has been tested and does not affect human health and the

environment.

2.2 MUNICIPAL SOLID WASTE INCINERATION

The support of burning MSW is continually increasing in countries where population is
concentrated in narrow areas, because incineration does not require a pre-separation
of MSW stream or high transport costs.

Incineration of MSW has three distinctive objectives (5):

a) A volume reduction of about 90% and weight reduction of approximately 70%.

b) Stabilisation of waste and destruction of pathogens by the oxidation of the organic
compounds.

c) Recovery of energy.

There is a need to evaluate the volume and composition of MSW in any particular
region or country before any waste management strategy may be developed. Figure
2.1 shows the generation of MSW per capita per day in major industrialised countries.
It can be seen that the United States and Canada produce the highest generation of
MSW of the countries examined. The production of MSW for the remaining countries is

similar.
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Figure 2.1 Generation of MSW in some developed countries (Warmer Bulletin, (4))

In the United Kingdom the annual generation of MSW has been estimated between 15
and 20 million tonnes respectively (6).

2.2.1 Composition of Municipal Solid Waste

Municipal solid waste is considered non-hazardous waste. This waste consists of
household and commercial waste. The former includes residential homes, educational
establishments and part of the hospital waste. Commercial waste includes waste from
shops, offices, businesses and places of entertainment. In general, the major
constituents contained in MSW are paper, garden waste, organic waste, metals,
plastics and glass (6). In addition, MSW contains others constituents such as PVC
plastic and batteries which increase significantly the concentration of toxic compounds

2).

Figure 2.2 provides the percentage by volume of materials that can be found in an
average bin of household waste (6). The figure shows that paper, card and organic
material are the major constituents representing approximately 50% of the total
composition. The other constituents (e.g. plastic, glass, metals) vary from 2 to 10%.
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Figure 2.2, Percentage of materials contains in a typical bin stream (Environmental
Agency (6))

Paper, textiles and plastics are the most combustible fraction of MSW, and their
heating values are 15.8, 32.8 and 18.7 MJ/kg respectively (7). It is estimated that one
tonne of municipal solid waste has a typical energy content of 12.9 MJ/kg,
approximately equal to one third of a tonne of coal (8).

2.2.2 Incineration Process

Incineration is defined as the thermal process of MSW by chemical oxidation with
excess amounts of air. Basically, incineration plants burn MSW in a furnace that
operates at temperatures between 850°C and 1250°C (9). The energy content of gases
produced during combustion can be used to generate steam to drive a turbine, thereby
producing electricity and/or heat. In accordance with emission regulations, municipal
solid waste incineration (MSWI) plants have a sophisticated gas cleaning systems to
control the release of harmful gases into the atmosphere. In addition, almost all the
modern facilities have magnetic extraction systems to recover ferrous metals from
bottom ash. The output products coming from incineration facilities include a hot
stream of gases, mainly N, CO, and H,O and non-combustible residues, knows as
ashes. The mass balance of a common incineration plant with energy recovery is
presented in Table 2.2 (10).
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Table 2.2.

Mass balance of a MSWI facility (Tyseley Waste Plant (10))
IN ouT
100 tonnes of MSW 35.5 tonnes of steam
833kg of lime 17 tonnes of bottom ash

(to control pH)

36kg of ammonia
(to control NOx emissions)

21kg of activated carbon
(to control Hg emissions)

3 tonnes of fly ash

3 tonnes of scrap metal.

Figure 2.3 shows a sketch of an incineration plant that recovers energy from waste
(11). The mixed garbage is lifted into the feed and moves down the grate, known as
primary combustion zone, where it is burned. Incombustible material drops to the ash
quenching tank while combustible and fine materials go to the waterwall furnace. The
coarse combustible material that can not get to the top of the furnace, drops to the ash
quenching tank. Gases and finer particles pass to the superheated and then to the
economiser. The heat recovery from the waterwall furnace is superheated providing
enough steam to drive a turbine. Gases and dust pass to the emission control system,
which is designed to condense heavy metal and neutralise the acid gases and remove

fly ash particles.
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Figure 2.3. Sketch of an incineration plant with energy recovery (11)
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In the cleaning systems, the flue gas is cooled by injecting atomised water droplets and
then heavy metals are condensed. Next, dry hydrated lime is injected into the gas to
react with acid gases, forming solid products including CaSO; and CaCl,. Some new
incinerators inject ammonia and carbon to control NO, and mercury emissions
respectively (4). Solid products pass to filters where they are removed. Finally, cleaned
flue gas is discharged through the stack and the dust is collected by fly ash silos.

2.2.3 Municipal Solid Waste Incineration Residues

Commonly, the MSWI residues are divided into two parts; MSWI-FA and MSWI-BA.
MSWI-BA includes coarse material and is approximately 90% of the total MSWI
residues generated (7). Generally, MSWI-BA includes grate sifting materials and non-
combustible materials, known as grate ash. Physical, chemical and leaching
characteristics and potential utilisation of bottom ash is discussed in more detail in 2.3.

MSWI-FA includes the finer particles and the precipitated solids of the gas cleaning
systems. The common mineral phases found in fly ash are CaCIOH, Ca(OH),, CaSO,,
NaCl, KCI, SiO,, CaCOj, CaO and Al,O;. In addition, fly ash contains heavy metals
such as Pb, Zn, Ba, Cd, and Sr (12). MSWI-FA is considered to be a toxic waste due to
its potential risk to health and the environment. Therefore, safety in incineration plants,
transportation and disposal of MSWI-FA require an adequate assessment. Several
stabilisation techniques such as melting-solidification, cementing-solidification,
chemical stabilisation and acid extraction are being used to reduce the risk of fly ash in
landfill sites. Chemical composition, environmental impacts, disposal techniques and
further application of fly ash have been discussed widely elsewhere (12- 16).

2.2.4 Environmental Concern and Future of Incineration

Since the first incinerators were built in order to reduce the amount of MSW sent to
landfill sites, there have been considerable concerns over the emission of hazardous
substances into the atmosphere and the generation of residues that need further

treatment and/or disposal.

Stringent regulations (17) were established to reduce toxic emission including dioxins,
furans and airborne. As a result, incineration techniques have improved through better
design, operation and air pollution control systems to the point where emissions are no
longer considered a risk to human health and the environment (18).

Moreover, incineration is not free of residues; approximately 30% by weight of the total
amount of MSW ends up as ashes (MSWI-FA and MSWI-BA). The incineration

15



residues are usually disposed of in landfill sites. However, investigation on potential
utilisation of fly ash and bottom ash is being conducted extensively to enhance their
uses and to reduce landfill tax and environmental impact on the environment (19).

Incineration plants are expensive to implement, run and maintain. They require long-
term contracts with local councils to guarantee a steady supply of MSW (20).
Incineration practices seem to encourage waste production rather than minimisation
due to the long contract required, which may be prolonged up to 25 years in most
cases. Despite the emphasis on waste minimisation, it is recognised that society will
carry on generating wastes that require incineration in the future (18). Hence, in the UK
there is an expected increase in the quantity of MSW incinerated from 4.1 million
tonnes by 2000 to 7.7 million tonnes by 2005 (8). Evidence of that trend was reported
by Sir John Harman (Environment Agency Chairman) on 21 of November and 6™ of
December the of 2001 (21,22): household waste is growing by around three per cent
each year. If growth continues at that rate, we will need nearly twice as much waste
disposal capacity by 2020 as we would if waste production remains at current levels.
We must re-use more, re-cycle more, compost more and recover more energy from
waste. Furthermore, it was also reported that “there are currently 15 municipal waste
incinerators operating in the UK. Estimations show that could be around 100 over the
next 10 years“.

The factors that will increase the application of incineration and reduce the
environmental concerns are as follows:

1. increase in Landfill Tax,

2. reduction of landfill sites,

3. development of energy recovery technology,

4. lower transport and energy costs than other recycling schemes,
5. increase in stringent regulations to reduce toxic emissions,

6. enhancement to manage MSWI residues in an environmentally sound manner.

2.3 MUNICIPAL SOLID WASTE INCINERATION BOTTOM ASH (MSWI-BA)

Municipal solid waste incineration bottom ash (MSWI-BA) contains approximately 50%
of materials which have not changed during combustion (e.g. ceramics, glass, ferrous
metals, sand, stones (23). The MSWI-BA consists mainly of silicates, oxides,
carbonates, amorphous glass phases, several iron minerals and feldspars. In addition,

16



trace elements (e.g. Zn, Pb, Cu, Cr, Hg) and a variety of sulfates have been identified
(24).

The utilisation of MSWI-BA, mainly as filling material, was stimulated in most of the
European Union countries, Japan and the United States in the last decade (25,26).
However, its uses have been limited due to the lack of information about its long-term
environmental behaviour (19). The utilisation of MSWI bottom ash requires knowledge
of its intrinsic properties including physical, chemical and leaching properties. To fully
characterise MSWI-BA is not easy mainly due to the wide number of factors influencing
ash characteristics, including:

1. Changing nature of the MSW.

2. Different incineration technologies and operation conditions applied. Temperature
is a significant factor to take into account in MSW incineration. Temperatures over
900°C reduce the release of dioxins and furans in the flue gas steam and also the
concentration of toxic compounds in MSWI-BA (7).

3. Variety of components forming the bottom ash. A sampling strategy is considered
an important factor within the characterisation of MSWI-BA.

4. Poor state of knowledge to assess long-term environmental behaviour (19,27).

In order to achieve an indication of physical, chemical and environmental,
characteristics of MSWI-BA, it is recommended (18) that the following parameter are

evaluated:

a) Physical testing includes visual observation, particle size distribution, density,
moisture content, absorption capacity, durability, permeability and strength
development. '

b) Chemical and environmental testing includes loss on ignition, pH, acid
neutralisation capacity, elemental and mineralogical compositions, chemical
speciation, solubility, presence of complexing agents.

2.3.1 Physical Properties

In most of the incineration facilities, MSWI-BA is processed prior to subsequent
disposal. This pre-treatment process can entail quenching, size separation and storage
at the incineration plant. The quenching stage is conducted to cool the ash and reduce
dust emission. The separation stage always produces a reject fraction which often
comprises of ferrous and non-ferrous materials, large pieces of construction debris and
unburned materials (26). The proportion of the reject fraction depends on waste input
and future uses. In Europe a cut off size between 40 mm and 50mm is often used. In
17



general, MSWI-BA fraction with diameter higher than 40-50mm contains enough

ferrous to have an economic value (28).

2.3.1.1 Water Content

Water content expressed as moisture content identifies the mass of free water, which is
an important parameter with respect to transportation, storage and processing for
either disposal or utilisation of MSWI-BA. High water content increases leaching
reactions in landfill sites and makes compaction and handling difficult. In addition,
water quenching caused the hydration of any cementitious phases present in the
MSWi-BA and cementitious properties will be lost. On the other hand, lack of water in
the MSWI-BA causes a huge amount of dust. It is estimated that MSWI-BA requires a

minimum of 17% moisture to prevent dust emission (29).

Water content is controlled for utilisation of MSWI-BA as granular fill applications, road
sub-base applications or asphalt paving applications. Water contents of MSWI-BA can
be expressed as a percentage of the weight of the water divided by the weight of dry
material or the weight of the water divided by the total weight of wet material. Water
contents between 25 % and 45% are commonly reported for MSWI-BA (30-32). Water
content is mainly affected by the quenching stage at the incineration facility, the
possible evaporation and leaking of water during handling.

2.3.1.2 Absorption

The determination of absorption capacity of materials is conducted to examine possible
changes in weight of materials due to the absorption of water into permeable pore
spaces within particles. Absorption tests are widely used in evaluating properties of
granular material. However, absorption tests are not suitable for materials that are

soluble in water and contain a great proportion of fine grains.

It is well known that MSWI-BA is highly porous and has a tendency of absorbing water
easily (28). Therefore, it can also be predicted that MSWI-BA has greater susceptibility
to freeze-thaw weathering.

2.3.1.3 Density

Density is used to evaluate homogeneity, porosity and degree of compaction of
materials. Therefore, it is an important parameter in evaluating the civil engineering
properties of MSWI-BA. Density of materials can be expressed using different

concepts, including:
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a) Bulk density which is the mass of a material that would fill a container of unit
volume. It is usually expressed as dry density which is defined by the weight of
material divided by its original volume before drying. Bulk density can be used for
either un-compacted (loose) or compacted materials. The bulk density depends on
the intrinsic density of all particles and the characteristics of materials such as grain
distribution and shape of particles (33), which determine the potential degree of
packing achieved.

b) Specific gravity which is defined as the ratio of the weight of a given volume of
sample to the weight of an equal volume of water both at a standard temperature
and pressure (33). Depending upon the volume of particle included, there are
several types of specific gravity; the absolute specific gravity that excludes the
volume of permeable and impermeable pores; the apparent specific gravity that
includes the volume of impermeable pores but not the capillary ones; and gross
apparent specific gravity that includes all the volume of permeable and
impermeable pores.

Thus, the difference between bulk density and absolute specific gravity is that the
former includes the volume of voids within particles and the latter always excludes this
volume. It has been reported that for MSWI-BA with a diameter below 4.75mm, the
gross specific gravity varies between 2.31 and 2.56 (29), whereas, for natural
aggregates the specific gravity ranges between 2.4 and 3.0 (33).

2.3.1.4 Particle Size Distribution

Particle size distribution is used to assess the physical properties of materials, this
includes for example permeability and frost susceptibility. A uniform gradation means
that there are similar proportions of particles within the different ranges of sizes. This
indicates potential use of the material as an aggregate substitute. In general, well-
graded materials tend to be resistant to erosion and can be readily compacted to a
dense state (28). Table 2.3 shows the grading of natural aggregates used for concrete
(34) and for a typical MSWI-BA (35).

Furthermore, it has been reported (26,28-32) that the use of fines of the MSWI-BA
may cause problems (e.g. susceptibility to freeze-thaw) in civil engineering applications
due to the high tendency of this fraction to absorb water and its low specific gravity.
Thus, in some processing facilities, fines are being removed from bottom ash prior to
utilisation in order to enhance the properties of MSWI-BA. The fine fraction of MSWI-
BA may be sent to landfill sites or divided into fractions.
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Table 2.3: Grading of MSWI-BA and Fine Aggregates for Concrete (34,35)

Sieve Bottom ash Aggregates for concrete
Size (%)
Overall limits Additional limits (%)
(%) Cc M F
10 mm 55-100 100 - - -
5mm 30-55 89-100 - - -
2.36 mm 20-30 60-100 60-100 | 65-100 | 80-100
1.18 mm 18-20 30-100 30-90 45-100 | 70-100
600 pm 6-18 15-100 15-54 25-80 55-100
300 um 6-10 5-70 5-40 5-48 5-70
150 um 0-6 0-15 - - -

C=coarse: M=medium; F=fine

2.3.2 Chemical Properties
2.3.2.1 Chemical Composition

The determination of the total composition, organic and inorganic, of MSWI bottom ash,
has two objectives; the first objective is to identity possible toxic elements and the other
is to evaluate its potential uses. When the concentration of any toxic element exceeds
the tolerable limits, MSWI-BA can not be re-used.

MSWI-BA contains a wide range of elements and compounds that make it difficult to
determine the individual concentration of each element. Several analytical procedures
and techniques have been developed to measure the individual concentration of
elements and compounds (29). The analytical methods are based on the digestion of
MSWI-BA samples by employing aggressive mixtures of chemicals, usually acids,
which can break the bonds and thereby elements can be determined.

A wide range of metal concentrations in MSWI-BA has been reported. The
inconsistency in metal compositions is attributed to sample heterogeneity, especially
because a very small quantity of sample is used for the analytical procedure and the
type of digestion chosen. In addition, differences in concentrations have been observed
even for the same type of samples and digestion but employing different instrumental

techniques.

Recognising the significant differences in elemental composition of MSWI-BA, it has
been reported that over fifty elements can be identified. The concentrations of elements
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found are comparable to concentrations of materials found either in the lithosphere or
soils (29). In general, the elemental inorganic composition of MSWI-BA includes:

1. O, Si, Fe, Ca, Al, Na, K, C as major elements with concentration greater than
10,000mg/kg;

2. Mg, Ti, Cl, Mn, Ba, Zn, Cu, Pb, Cr as minor elements with a concentration range
between 1000 and 10,000 mg/kg;

3. Sn, Sb, V, Mo, As, Se, Sr, Ni, Co, Cd, Ag, Hg, B, Br, F, | as trace elements with
concentrations under 1000 mg/kg.

In addition, elements related to bio-geochemical cycles, such as C (organic), S, P, N
are present in the MSWI-BA.

The major concern regarding the organic composition of MSWI-BA is due to the
release of some trace organics classified as cancinogenics which include
polychlorinated dibenzo-p-dioxines (PCDDs), polychlorinated dibenzo-p-furans
(PCDFs) (28). The reported concentrations for these compounds are very low and
below tolerable limits. High concentrations of these components have only been
detected in individual incineration facilities where part of the MSWI-FA was mixed with
MSWI-BA. Apart from the determination of organic trace elements, little work has been
carried out to determine the total organic composition of MSWI-BA (36).

2.3.2.2 Loss on Ignition

Ignition reaction consists of burning a specific material at high temperature under an
oxidising atmosphere. Consequently, any organic carbon and bound water are
removed as carbon dioxide and water vapour respectively. Potential oxidation of a
certain number of elements may also occur. Loss on ignition (LOI) is expressed as the
percentage of mass reduction occurring after ignition at high temperature.

The LOI is a factor to be considered when assessing the performance of construction
materials (34,37,38). For materials, such as fly ash, LOI includes the inorganic carbon
content, CaCOj, and combined water (39). High LOI in pozzolanic materials indicates
poor pozzolanic activity. High LOI is associated with high content of inorganic carbon
materials, which tends to form coarse particles, thereby, reducing the specific surface
(m?/kg) and the pozzolanic reactivity. For waste materials used as aggregates, high
LOI is associated with high content of organic material and poor content of mineral
material. Generally, high LOI values limit the use of waste as partial substitution of
aggregates or cement.

LOIl is a measure of the relative burnout material presented in the MSWI-BA. It has
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been reported that up to 60% of the LOI in MSW-BA is organic carbon; the remainder
is carbonates and tightly bound water of hydration (40). LOI values mainly depend on
MSW input, combustion and operating conditions. These factors make it difficult to
report an average value of LOI for MSWI bottom ash. Eighmy et al. (1992) (32)
reported that there are two maximum LOI peaks in MSWI-BA. The first peak occurs
with particles whose diameters are around 10mm due to the un-combusted char
material and paper. The second peak occurs with particle less than 250 pum in

diameter, indicating that this fraction contains a high proportion of organic materials.

2323 pH

The measurement of pH is of great importance for many types of waste because pH
values can determine the toxicity of materials. In addition, the pH is one of the most
relevant parameters in controlling the solubility of compounds of MSWI-BA samples
during hydration, carbonation and leaching reactions (19,29,41).

2.3.2.4 Acid Neutralisation Capacity

Acid neutralisation capacity (ANC) is defined as the capacity of a material to resist
changes in pH (28). The ANC results are used to assess the mobility of specific
compounds with variation in pH. Therefore, the buffer capacity is an important aspect in
the leaching behaviour of MSWI-BA. The ANC of MSWI-BA is associated with calcium
compounds (41). The high value of ANC for fresh MSWI-BA is attributed to release of
soluble calcium salts (e.g. portlandite), whereas low value of ANC for ageing MSWI-BA
is caused by less soluble calcium compounds, CaCOs.

Although silicon, (Si) is one of the major components of MSWI-BA, there are
indications that compounds containing Si do not considerably affect the ANC of MSWI-
BA. It has been observed that Al and Fe do not affect the ANC of MSWI-BA as Si (28).

2.3.2.5 Dissolvable Solid Content

The dissolvable solid content is a measure of the soluble mineral content of MSWI-BA.
Materials that are burnt completely exhibit high dissolvable solid content. Good
combustion conditions leads to complete mineralisation of MSWI-BA thereby
increasing the soluble mineral content. For modern incinerator facilities the dissolvable

solid contents range from 3 to 14% (42).

2.3.3 Morphology and Mineralogy of MSWI-BA

Particle morphology and mineralogy are important factors in assessing the physical
and chemical characteristics of MSWI-BA. The morphology of MSWI-BA is often
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studied using Scanning Electron Microscopy (SEM). Typically, MSWI-BA is a light-
weight porous aggregate with more angularity and more surface roughness and
textures than many traditional aggregates (28). In addition, the high porosity of MSWI-
BA provides a large surface for chemical reaction and leaching phenomena to occur.

Furthermore, properties (e.g. leaching, physical, mechanical and durability) of cement-
based systems containing MSWI-BA are strongly dependent on the mineralogy of
MSWI-BA. A high proportion of stable compounds such as silicates and oxides has a
positive influence on engineering and leaching characteristics. The study of
mineralogical composition is complicated due to the numerous mineral phases involved
and the way they are bound. Table 2.4 provides the mineralogical composition of
MSWI-BA reported in the literature (43-46) from different countries. In the table,
mineral phases are given in order of decreasing abundance. Although chemical and
mineralogical compositions of MSWI-BA vary largely it can be noticed that, generally
the most dominant phases contained in the MSWI-BA are SiO,, FezQ;, CaCOs,,
CaS0,2H,0, Ca(OH),, (Ca, Na),(Al, Mg)(Si, Al),0O;, NaCl, KCI. No investigation was
carried out wether these phases poses hydralic properties.

Table 2.4. Mineral phases in MSWI-BA (in decreasing order of abundance)

Stampfli (43) Vehlow et al (44) Kirby et al. (45) | Eighmy et. al (46)
SiO2 FesOa SiO2 CazAlSiO;
CaCO3 SiO2 CaS0, 2H;0 MgCazSI:07
Fes0a4 (Ca, Na)2(Al, Mg)(Si, Al)2°7 | 3(Al203) 2(SiO2) Fes04
Fe203 CaCOs TiO2 FeAlz0,4
Fe® KAISi5Os Fe20s SiO2
FeO NaAlSizOg FeO Cas(POs)2
CazAl(OH); 6.5H; CaAl:Six0s CaS04 Fe203
NazSi20s FeCr204 KC! CaS04
CaS04 Ca(Mg,Fe)Si20¢ NaCl! CaO
(Ca, Na)(Al, Si), Sis FexSiOa Al(OH)3
NaAlSizOg Cr203 NaCl
Fe203 ZnCl
CaMgSiO, NaAISizOs
Al2O3 AlSiOs
Ca(OH). TiO2
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2.3.4 Influence of Ageing on MSWI-BA Properties

Since MSWI-BA is generated at high temperature and subsequently cooled, under
atmospheric conditions, MSWI-BA is not stable and its mineralogical characteristics
change with time.

During the natural ageing process of MSWI-BA, carbonation and hydration reactions
take place. These reactions require time and continue even for several months or
years. Chemically, MSWI-BA is very reactive due to free CaO which in the presence of
moisture Ca(OH), is formed. The following reactions start occurring during the
quenching step of MSWI-BA prior to storage.

CaO + H,0 — Ca(OH), & Cat* +20H" Reaction 2.1

Ca(OH), + SiO, — CaO *nSi0, Reaction 2.2

The absorption of CO, by hydroxides causes a decrease in pH, and calcite precipitates

until the equilibrium with atmospheric CO; is reached.

Ca(OH), + CO, — CaCO, + H,0 Reaction 2.3

Other reactions may occur during weathering of MSWI-BA such as:

Fe + %02 + —;—HzO — Fe(OH),(insoluble) ~ Reaction 2.4

In addition, others compounds such as Al(OH); and amorphous aluminosilicates can
also precipitate as a result of the decrease in pH during carbonation. Solubility of
specific aluminium compounds can be affected when pH decreases from 10 to 8 (47).
For example ettringite will pass to solution when pH drops below 10. Investigations of
the effect of carbonation on trace element have shown that a significant leaching
retention of some trace elements as carbonation reaction occurs (48,49). This lower
leaching availability of MSWI-BA after carbonation may be due to the incorporation of
trace elements into new formed phases (48,49).

The influence of ageing on MSWI-BA characteristics has been well documented
(24,31,43,44,47,50,51). Although, there is no total agreement between all studies, in
general it has been observed that a significant improvement related to civil engineering
characteristics and reduction of soluble solids occur when the MSWI-BA is previously
weathered. The increase in strength and improvement in durability properties are
attributed to the formation of new mineralogical phases (e.g. gypsum and ettringite)
that are more stable (50,51). The improvement in leaching behaviour of aged MSWI-BA

stems from the formation of compounds that retain heavy metals. Zevenbergen et al.
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(52) have identified the formation of a clay-like structure on which metals can be
retained by ion-exchange effects.

Moreover, when MSWI-BA was used as road sub-base, cracking and blistering
phenomena were observed as a result of hydrogen being generated. Hydrogen is
formed according to following redox reactions, which occur with time (53).

2A1° + 6H,0 — 2AI(OH), +3H,(g) Reaction 2.5
Cu® +2H,0 — Cu(OH), + H,(g) Reaction 2.6
Zn° +2H,0 — Zn(OH), + H,(g) Reaction 2.7

2.3.5 Leaching Behaviour of MSWI-BA

A fluid used to extract compounds from solid samples is known as leachant or extractor
fluid. A liquid resulting from the release of solid into leachants is known as leachates
(54). The release of leachates depends on intrinsic characteristics of the solid phases
(e.g. mineralogical and chemical compositions), leachants (e.g. pH,) and leaching
procedure (e.g. liquid/solid ratio, leachant renewal times, temperature and duration of
test and method of contact). Many leaching procedures have been developed to predict
the leaching rate and mechanisms of waste placed in landfill sites or when they are
used as substitute material. Classification and types of leaching test are discussed
further in Chapter 5.

Knowledge of leaching behaviour of MSWI-BA in landfill or application sites is required
to assess the potential risk to the environment. MSWI-BA can leach compounds when
it is in contact with a fluid. The long-term leachability of heavy metals, sulfates and
chlorides into the environment is the main concern with regard to utilisation or disposal
of MSWI-BA.

The mobility of toxic elements and compounds contained in MSW-BA depends on its
hydrological, mineralogical and geochemical characteristics. The hydrological aspects
include physical properties of MSWI-BA such as homogeneity, permeability and
porosity (19). Mineralogical properties are referred to each mineral in the materials.
Geochemical properties include the interactions between the different constituents of
MSWI-BA and the medium.

Mechanisms that control mobility of heavy metals, sulfates and chlorides are classified

into two groups:
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a) Mechanisms that enhance dissolution: The presence of ions that can break bonds
of solid constituents is a common method to dissolve solids. Other reaction that
encourages dissolution of heavy metal is the complexation reaction. Complexation
reaction consists of moving certain metals from solid phase to the fluid solution in

presence of specific ligans.

b) Mechanisms that limit solubility: Adsorption, ion-exchange and precipitation are
included in this group of mechanisms.

The controlling parameters of the above mechanisms are the pH, the characteristics of
major component of solid, known as the matrix, and type of bonds between metals,
sulfate and chlorides and the matrix.

Adsorption phenomena are one of the most important mechanisms to limit or
encourage dissolution of heavy metals and are equally influenced by the pH, the matrix
and type of bonds. Hydroxides and oxides are ideal surfaces for adsorption of heavy
metals, where metal ions coordinate with donor oxygen atoms from the surface. In this
specific adsorption, cations are adsorbed in alkaline conditions and anions are neutral
to acid conditions. Because MSWI-BA exhibits alkaline pH, anions are less immobilised
than cations in ash deposits, as is illustrated in Figure 2.4 (19).

S-OH . S-0+ .

| +Me = | Me+2H

S-OH s-07

7797 HMeo TN\ mes® 1ano
- — +

S—oH 2o 5-07 N\ o 2

Figure 2.4, Adsorption of cation and anion metal compounds onto hydroxyl surfaces as a
function of pH (19)

Precipitation/dissolution of heavy metal cations is strongly pH dependent whereas
metal oxanions tends to be less dependent on pH. The precipitation of metallate salts
controls the mobilisation of oxyanions. The metallate salts are not affected significantly
by the pH (19). The following reactions show the pH dependence of oxyanions;

Me(OH), +2H" & Me* + 2H,0 Reaction 2.8

CaMeO, +2H* & Ca* + H,MeO," Reaction 2.9

Johnson (19) compared data of leachates from a landfill of MSWI-BA with theoretical
equilibrium data. It was reported that the following solid phases were involved in the
solubility of MSWI-BA constituents:
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a) The concentration of Mo in leachates was controlled by the precipitation of calcium
metallate salts, CaMoOQ,.

b) Gypsum and ettringite may be the phases involved in the solubility of calcium and

sulfate compounds in leachates.

c) The concentrations of A** in leachates were attributed to the solubility of ettringite
and gibbsite, Al(OH)s.

d) The concentrations of silicon in leachates did not seem to be associated with
equilibrium solubility of quartz or calcium silicate compounds.

e) The low concentration of Fe®* in leachates was attributed the low solubility of iron
compounds in the basic and neutral pH range that MSWI-BA deposits produce.

Moreover, Johnson et al. (41) studied the concentrations of Cu, Pb, Cd and Zn in
leachates obtained from laboratory leaching procedures and from MSWI-BA landfill.
For laboratory and field studies, MSWI-BA samples were not directly in contact with
atmospheric CO,, in order to reduce the carbonation process. The precipitation of
metals as hydroxides and as carbonates was considered to be the dominant
mechanism of solubility of metals despite the fact that metal cations may be associated
with other anions (e.g. Cl", SO,* and organic ligans). The concentrations of metals
obtaining from laboratory and landfill samples were compared with theoretical
equilibrium concentrations of metals as hydroxides and carbonates. Metal
concentrations were plotted against pH values. Theoretical concentration/pH curves
were calculated considering the thermodynamic stability constants and the release of
competitive ions (CI", SO,*, Ca®). The following results were reported:

a) The lowest concentrations of each metal cation were observed in the neutral to
basic pH range (from 7 to 14). The maximum concentrations of each cation in
leachates were lower than the total metal content in the original MSWI-BA samples.
This indicated that the remaining metal contents are bound within insoluble
matrices.

b) The solubility of Cd in landfill and laboratory leachates appears to be controlled by
the precipitation of CdCOs. The higher solubility of Cd in field samples is attributed
to the formation of chloride complexes.

c) The concentrations of Cu in laboratory and field leachates cannot be explained as
results of precipitation either of Cu(OH), or of CuCOs;.

d) The concentrations of Zn and Pb in leachates indicated that interactions with solid
phases may control their solubility, because their concentrations cannot be
explained as results of precipitation of either their hydroxides or carbonates.
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During the ageing process of MSWI-BA, pH and adsorptive properties of the matrix
change (see section 2.3.4) (19), thereby, leaching behaviour of MSWI-BA will be
affected for these changes of pH. Meima et. al. (49) assessed the effects of the ageing
process of MSWI-BA samples on leaching behaviour of Cd, Pb, Zn, Cu and Mo. They
observed, for all the elements examined, a reduction in leaching with time due to the
decrease in pH and the formation of less soluble compounds. For fresh MSWI-BA
samples, precipitation/dissolution seems to be the dominant mechanism, whereas for
mature samples the adsorption of Cd, Pb, Zn, Cu and Mo onto the surface of new
minerals formed appears to be the likely controlling mechanism. However, precipitation
reactions cannot be totally excluded in matured samples. Controversially, Bodénam et
al (55) observed an increase in sulfate solubility of mature MSWI-BA samples due to

the decrease of pH as the ageing process continued.

2.3.6 Current Utilisation of MSWI-BA

It has been estimated that the amount of MSWI-BA generated is increasing throughout
the world. In the UK around one million tonnes is generated annually. This large
quantity of MSWI-BA produced encourages its possible utilisation in construction as
aggregate.

MSWI-BA may possess higher concentration of soluble pollutants and generally
exhibits higher freezing-thawing susceptibility than other waste used as construction
material (56). However, these facts do not restrict completely the utilisation of MSWI-
BA as an alternative material.

MSWI-BA can be used as unbound and bound materials. Unbound MSWI-BA is used
in roads predominately for sub-grade, capping layer and sub-bases (57). Recently the
use of unbound MSWI-BA is being restricted and discussed widely due to its impact on
human health and the environment as a result of the leaching of pollutants including
heavy metals (e.g. Cd, Zn, Cu, Cr, and Hg) and anions (e.g. chlorides and sulfates).

Bound MSWI-BA applications include concrete/brick blocks, cementitious and bitumen
sub-bases in roads (58). Cement-based systems and bitumen can significantly reduce
the human health and environmental risk by immobilising the heavy metals. Cement
reacts with ash and chemically bonds metal ions into the mixture whilst bitumen
encapsulates metals (57,58). Work on MSWI-BA bound with cement matrix, as a
replacement of aggregate, have indicated the need for increasing binder contents to
achieve similar strengths and frost resistance (57,59) to natural aggregates. However,
an appropriate selection of cement may reduce the binder content. Investigations on
bound MSWI-BA mixed with bitumen are not consistent; some authors (57) have
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reported that bitumen mixtures incorporating MSWI-BA do not need increased amounts
of binder. Others have observed that MSWI-BA used as aggregates and mixed with
asphalt concrete, requires additional asphalt. The need for additional bitumen is due to
the higher porosity of MSWI-BA compared to conventional aggregates (60,61).

For either unbound or bound applications, it is recommended to process and treat the
MSWI-BA prior to utilisation in order to improve its engineering properties and
environmental acceptance. The processing currently employed involves the separation
of ferrous and non-ferrous materials (with possible re-use), screening, removal of
unburned organic matter and the natural ageing process. Washing stages coupled with
injection of CO; have been investigated to accelerate the ageing process of MSWI-BA.
The removal of soluble salt and fine particles has resulted in a significant improvement
in the civil engineering properties (56). The use of large amounts of CO,, also reduced
significantly the leachability of metals (56).

For applications or disposal of unwashed MSWI-BA, it is recommended to be stored at
ambient conditions for at least three months in order to improve its stability (57).

2.4 CHEMISTRY OF CEMENT-BASED SYSTEM

2.4.1 Chemistry of Cement

Lime, silica, alumina and iron oxide are the main constituents of Portland cement.
These compounds interact with each other forming calcium silicates, 2Ca0SiO, and
3Ca0sSiO, (C.S and C3S), tricalcium aluminate, 3CaOAlL,O; (CzA), and tetracalcium
aluminoferrite, 4CaOAl,OsFe,O3 (C,AF). In addition, there are other minor compounds,
such as MgO, TiO,, Mn,03, K20, Na,O, small residue of un-combined lime, known as
free lime, and gypsum (CaSO,2H,0). The KO and Na,O, known as alkalis, are of
particular interest because of their possible influence on strength development and
reaction with aggregates. A specific amount of gypsum is added during the
manufacture of cement to extent the period of plasticity that is required during earlier
stages of hydration. Gypsum reacts with C3A thereby retarding its hydration.

Table 2.5 gives an average for the oxide and phases compositions of Ordinary Portland
Cement (OPC) (39). Small changes in the concentration of raw oxides cause
considerable variation in the C3S/C,S ratio and in the contents of C;A and C,AF (62). In
addition, when the sum of the two silicates (C3S and C,S) varies slightly, the variation
in the C3S/C,S ratio depends on the CaO/SiO, (C/S) ratio of the raw materials (39).
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Table 2.5 Common Composition of OPC

Contents (% by weight)t
CaO 60-67 CiS 54-55
SiO; 17-25 C.S 16-17
AlLLO; 3-8 C3A 10-11
Fe203 0.5-0.6 C4AF 9-10
MgO 0.5-4
Alkalis 0.3-1.2
S03 2-3.5
Insoluble residues 1.5-5°
Loss on ignition 3-5%

a BS ENV 197-1:1992(63)

The reaction of cement with water, known as cement hydration, is quite complex and
not fully understood (64). The hydration of cement is controlied by surface, near-
surface and interfacial phenomena. Two models have been proposed to explain the
formation of hydrated cement; i) the gel or osmotic model and ii) the crystalline model,
both of which are reported in depth elsewhere (64).

The hydrated products include crystalline phases (e.g. portlandite and ettringite) and
amorphous phases. The latter consists of gel phase of calcium silicate hydrate,
3Ca02Si0,3H,0 (C-S-H). Calcium silicate hydrates are the principal constituents of
hydrated cement, approximately 60% to 70 % (64). The hydration of cement also leads
to the formation of 20% to 25% calcium hydroxide and 5% to 15% of other solid phases
(e.g. calcium aluminate and ferrite hydrates) (64). Strength and durability properties of
cement-based systems are significantly associated with the calcium silicate hydrates
(39,65). Also, other compounds such as C3A and gypsum affect these properties.

The hydration reactions of C3S and C.S are shown below:

2(3Ca0S8i0,) + 6H,0 —
3Ca028i0,3H,0 +3Ca(OH),

Reaction 2.10

2(2Ca0Si0,) + 4H,0 —
3Ca028i0,3H,0 + Ca(OH),

Reaction 2.11

Some physical observations have indicated that C3S and C,S hydrates may form
different types of calcium silicate hydrate (C-S-H) (39). However, clear evidence on the
distinctive structure of C-S-H formed from C;S and C,S has not been reported yet.
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Therefore, it is considered that both components (C;S and C,S) form the same type of
C-S-H (39). Calcium silicate hydrates are able to accommodate small amounts of Al,
Fe, Mg and other ions and varying amounts of lime without causing significant changes
in the structure.

The presence of a certain amount of C;A is required during the manufacture of cement
to reduce the burning temperature of clinker and to facilitate the combination of lime
and silica. In addition, it has been observed that Cs;A has the capacity to bind chlorides
thereby reducing the amount of chlorides in the pore fluid (39). However, there are
detrimental effects associated with the presence of C3A in cement. The high rate of the
hydration reaction of C;A leads to rapid stiffening of the paste and thereby reducing the
formation of C-S-H hydrates. Calcium aluminate hydrates (C-A-H) do not have a
significant influence on the properties of hydrated paste, apart from the contribution of
strength at early age (39). Reaction 2.12 shows one of the most probable forms of
calcium aluminate hydrate (C-A-H) existing in the hydrated cement.

3Ca0OAl 0, + 6H,0 — 4Ca0Al,0,13H,0 Reaction 2.12

The hydration of C3A is retarded and reduced by adding small amounts of gypsum.
Gypsum reacts with C;A to form insoluble calcium sulfoaluminate, ettringite (AFt)
(3Ca0.Al,03. 3CaS0,4.32H,0), on the surface of the C;A grains. Thus, the formation of
ettringite avoids the direct hydration of C;A (66).

3Ca0Al 0, +3CaS0, 2H,0 +30H,0 =
Reaction 2.13

3Ca0AL,0,3CaS0,32H,0

Reaction 2.13 normally occurs in the early stages of hydration and it is completed when
gypsum or other calcium sulfate compounds are depleted. Although, the formation of
AFt is expansive, it does not cause important structural problems when this occurs
during the plastic state of the cement hydration reaction. The formation of ettringite
contributes to the early strength. However, if the same reaction occurs during the
hardened state, ettringite will not be accommodated easily in the hydrates. This can
cause cracking of the cement matrix and subsequently a loss in strength. The later
formation of ettringite can occur when the remaining CsA, which is due to an excess of
CsA content in the cement, reacts with external sulfates from the medium.

The level of gypsum is an important parameter to control the detrimental effect
associated with either delay or excessive formation of ettringite. Gypsum content
depends on three parameters; CsA content, content of alkalis and fineness of cement
particles (67). High contents of C;A and alkalis coupled with fine particle distribution
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require a high content of gypsum. Different equations have been developed to
calculate the optimum gypsum content considering the above three parameters
(68,69). It has been observed that increasing the gypsum content increases the
amount of C-S-H formed but decreases its intrinsic strength. This loss in strength was
associated with high C/S ratios observed in the hydrates (C-S-H) formed in the
presence of a high concentration of gypsum. High C/S ratios lead to low surface area
of C-S-H. The decrease of surface area may be linked with the tendency for calcium
compounds to form large patrticles (70). The C/S ratio in C-S-H ranges between 1.8-2.0
in well made hydrated cement paste while in composite cement it can decrease down
to 0.9 (39).

Calcium aluminate ferrite (C4AF) does not have a significant effect on the properties of
hydrated cement compounds. It has been reported that C,AF compounds hydrate into
C-A-H and calcium ferrite hydrate (C-F-H) compounds and they can react with sulfate
ions to give similar reactions to C3A (39,66).

2.4.2 Pore Water Composition

The excess water, which is not required for hydration reaction, is located in the un-filled
space created by hydrated compounds and is known as pore water. Alkalis are the
major components in the pore water. It has been reported that 40 to 60% of Na* and 50
to 70% of K* are present in the pore water for Portland cement paste (65). The positive
charge of alkali ions in the pore fluid is mainly balanced by hydroxyl ions, OH, because
other anions (e.g. sulfate, silicate, and aluminate), which are also present in cement-
based systems, are insoluble or nearly so. The presence of hydroxyl ions raises the pH
between 13 and 14 in the pore water. As consequence of the high content of hydroxyl
ions precipitation of Ca(OH), may occur. The precipitation of Portlandite and/or other
lime-rich compounds causes a reduction of Ca®* in the pore water thereby limiting
further reactions that may require Ca* (65,71).

The content of alkalis in pore water is affected by the chemical composition of binders,
type of aggregates and water/cement (w/c) ratio (65). In general, binders containing
high content of alkalis present high alkali content in the pore water. However, binders
containing pozzolanas (e.g. fly ash, slag) may present higher alkali content in their
chemical composition than binders made exclusively with cement, but the alkali
contents in the pore fluid may be lower than that for cement binders (72, 73). The
reduction in the alkali concentrations in pore water is due to the adsorption of alkalis on
hydration products. The consumption of Ca(OH), by the silica of pozzolanic materials,

encourages the adsorption of alkalis when there is a lack of calcium (section 2.4.3).
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The concentration of alkalis increases when the volume of pore water becomes
smaller. The volume of pore water depends on w/c ratio and aggregate content; low
w/c ratio and high aggregate contents decrease the volume of pore water and
consequently increase the concentration of alkalis (65). On the other hand, the
concentration of alkalis in pore water decreases in the presence of reactive silicate
compounds contained in the aggregates. This phenomenon is called alkali-silica
reaction (see section 2.4.4).

Taylor (74) summarised data on pore fluid of cement pastes and reported the following
findings about the distribution or partition of alkalis between solid phases and pore

water:

1. Alkalis were mainly bound into C-S-H. Since there was no evidence on which
hydrated compound was involved on alkali adsorption and as C-S-H is the major
constituent of cement hydrates, it can be assumed that alkalis are bound to surface
of C-S-H hydrates.

2. Sodium, Na, was better bound into solid phases than potassium, K. Thus, the
higher influence of Na compared with K on strength at earlier ages might be caused
by the better adsorption of Na into hydrates and thereby less amount in the pore
water (39).

3. The variation of alkali contents in clinker within a certain range did not significantly
affect the distribution of alkalis between solid and pore water.

Sung and Glasser (75) observed similar partition of alkalis between the pore water and
solid phases for different C-S-H phases prepared with concentrations of NaOH and
KOH ranging from 1 to 300mM. However, the partition of alkalis was significantly
dependent on the C/S ratio of the C-S-H. The lower the C/S ratio, the lower the alkali
concentration in aqueous phase. The better alkali binding capacity at low C/S ratio is
explained assuming that alkalis are bound to relatively acidic silicol sites (Si-OH).
Acidic silicol sites are neutralised by reaction with either K or Na. The concentration
and acidity of silicol groups increase as the C/S ratio decreases. In order to balance the
increase of negative charge, alkalis are adsorbed, thereby, reducing their
concentrations in pore water. Although Taylor (74) indicated that Na is better adsorbed
than K, Sung and Glasser (75) found a similar binding capacity of sodium and
potassium as was expected according to the similarity of their electro- negativities. This
discrepancy between both experimentations was justified by the use of synthetic C-S-H
in Sung and Glasser studies (75) and real cementitious materials in Taylor's work (74).



In addition, Sung and Glasser (75) reported that the presence of aluminosilicate in
binders reduces significantly the concentration of alkalis in pore water by the
adsorption of alkalis into C-A-S-H hydrates. That fact is explained assuming that Si can
be substituted by AI** ions and other ion of Na* or K*. Reduction in alkali concentration
in pore water can also be expected in the presence of ferro-silicates.

The significant influence of alkali content on gypsum requirement has been
investigated by a number of authors (39,65,71,76). Jawed et al. (71) compiled and
summarised the existing literature based on the effects of alkalis on the chemistry of
cement and cement hydration reaction. They reported the following findings:

1. High level of alkalis in cement reduces the retardation of C;A hydration (by
ettringite formation).

2. Gypsum reacts more rapidly with cement containing high concentration of alkalis.

3. Cements with high concentration of sodium require more gypsum than cements

with high potassium content.

The loss of retardation of CsA hydration is probably due to the high pH levels
generated by the alkalis, which tend to either destabilised ettringite or influence its
mode of formation. It has been observed that alkalis are present in the aluminate
phases. Aluminate phases containing alkalis hydrate and react with gypsum more
quickly than aluminate phases without alkalis or low alkali content. The difference in
gypsum requirements for sodium and potassium contents may be assumed by the fact
that sodium exhibits higher affinity for aluminate phases than potassium does (71).

The influence of alkali contents on engineering properties of cement-based systems is
not yet clearly understood (39). High concentration of alkalis in pore water is
associated with low strength of cement-based systems (76). Some works (39,71) have
reported that the presence of alkali increases the early strength and decrease the long-
term strength. The decrease in long-term strength might be due to possible alkali-
silicate reaction of alkalis and aggregates and to the heterogeneity of the
microstructure of C-S-H caused by the incorporation of alkalis (65,71). However, others
(76) have reported an overall increase in strength in the presence of alkalis. Alkalis
seem to act as catalysts in forming C-S-H from silica and lime by forming sodium
silicates which react with Ca(OH), to form C-S-H.



2.4.3 Influence of Blending Materials on Cement Hydration Reaction

The use of some waste materials as a partial replacement of cement is becoming
common practice in the construction industry. The most popular wastes used are
mainly ground granulated blastfurnace slag (GGBS) from iron industry and fly ash from
coal power station and silica fume, (pfa). Recently other wastes such as
desulphurisation products and MSWI ashes are being investigated to be used to
reduce the use of natural resource and avoid landfill tax (77).

In general, the wastes mentioned above have higher contents of SiO,, Al,Os, iron
oxides and sulphur content than cement (65). The common characteristic of all these
materials is that they have a reactive siliceous or siliceous aluminate glassy phase. The
reactive siliceous phase reacts with the products of cement hydration (e.g. Ca(OH),) in
the presence of moisture, to form hydrated compounds that possess cementitious
properties (78). This reaction is known as pozzolanic reaction and the materials that
give this reaction are known as pozzolana. During the initial stage of the pozzolanic
reaction, the Si-O-Si bonds of the glassy phases of pozzolana are hydrolysed by
hydroxyl ions, OH", of the activators (e.g. Ca(OH),). Once the glassy network is
disrupted, reaction between hydrolysed siliceous material and activator components
occur forming hydrates that, in part, replace the anhydrous grains and, in part, fill the
space between grains thereby developing a bond. At its simplest the reaction may be
presented as follows (77);

Ca(OH), + Si0,(pozzolana) - C-S — H Reaction 2.14

The pozzolanic reaction is mainly affected by the chemical composition (mainly
reactive SiO,, glassy,) and fineness (e.g. specific surface area (m?kg)) of pozzolanic
material. Pozzolans are natural or waste materials containing high content of
amorphous siliceous or silico-aluminous compounds or a combination thereof (e.g
silica-fume and fly ash). Fly ash reacts differently than slag as a result of the
combination of hydraulic and pozzolanic properties of slag. Slag generally contains
Ca0, MgO and reactive silica. Blended materials containing fly ash with high surface
area can exhibit similar strength to blends made with slag at the same replacement
levels (77).

The use of pozzolanic materials in binders affects the mineralogical composition,
mechanical, physical and durability properties of hydrated compounds. The impact of
blending materials on the properties is a function of the level of replacement. Cement is
frequently replaced by slag up to 70%, and therefore, the characteristics of slag
material will control the properties of the composite binder.
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Replacement materials are more silica-rich than cement and the resulting hydrates are
chemically different. One of the chemical modifications includes the reduction in C/S
ratio of C-S-H gel. The reduction in C/S ratio encourages the adsorption of alkalis
especially Na. Even if all alkalis were adsorbed, the pH would not decline below 12.4
due to the buffer capacity of the pair Ca(OH),-C-S-H. As replacement materials react
with Ca(OH)., there is reduction or even elimination of portlandite as buffer agent and
consequently the pH decreases in the pore water (79). The decrease in pH of the pore
water is one of the main effects observed when blending materials are used in binders.
One advantage of the slightly low pH is the reduction of alkali-silica reaction that can
occur. Nevertheless, the pH reduction in pore water does not always occur. Diamond et
at (80) observed that for composite binder containing ashes that possessed high level
of Ca0 and low concentration of alkalis, the pH of pore water was higher than for plain
cement. The high pH values of composite binder indicated high concentration of alkalis
despite that ash contained low concentrations of alkalis. For this composite binder, the
content of CaO from the ash buffered possible changes in pH in pore water.

It has been proven that the major benefit of using blending materials is physical
improvements; more efficient packing of space within particles coupled with small size
of pore size can reduce the permeability of cement-bases systems (77). In addition,
there is evidence that some blended cement-based systems immobilise toxic
compounds better than plain cement systems (77,81-82). Controversially, Li et al. (83)
observed an increase in mobilisation of Cu, Zn and Pb when cement was partially
replacement by fly ash. This fact was explained as a result of adding fly ash that
caused the decrease in pH of pore water. These metals generally increase their

solubility as pH decreases. This effect is discussed in detail in section 2.4.5.

The use of composite replacement materials has some disadvantages such as slow
strength gain and a great sensitivity to curing condition. In addition, waste materials
may present high concentrations of aluminate compounds and CaO, which may react
with sulfates to form ettringite at later stages. This is discussed in section 2.5.4. Other
undesirable constituents that can be present are free lime (CaO) and MgO, which
cause delayed expansion as ettringite (77). Free CaO intercrystallised with other
compounds does not react completely with water before setting and it can react later
causing an increase in volume and subsequent expansion which can produce cracking.
Magnesia reacts with water in a manner similar to CaO. There are two forms of MgO
(crystalline and glass) and only the crystalline phase can be deleterious (39).



2.4.4 Alkali Silica Reaction

A reaction of certain aggregates with hydrated cement paste is known as alkali-silica
reaction (ASR). It consists of reaction between reactive forms of silica (e.g. opal,
chalcedony and trymite) from aggregates and alkali hydroxides in pore water (33). The
reaction starts when hydroxide ions attack the silica and SiO” groups are formed. The
SiO" groups balance their negative charge with the most available cations, K* and Na*,
forming an alkali silicate gel. The alkali silicate gel can imbibe water causing an
increase in volume (84). Since the gel is formed in a confined space, therefore an
internal pressure is created that causes cracking and disruption of the hydrated
structure.

The ASR depends on the reactivity of aggregates (type of silica), the moisture content,
the alkalis content in the pore water and permeability of hydrates (33). The reactivity of
aggregates is affected by particle size and porosity. The effects of ASR may be
observed within days or after years of hydration.

The utilisation of waste with pozzolanic properties as partial replacement of cement is
one of the well-established methods to minimise the expansion due to alkali-silica
reaction (85-88). The greater improvement in reducing the impact of ASR compared
with binders containing plain cement is due to the adsorption of alkalis. The adsorption
of alkalis is caused by the reduction in calcium that is consumed in the pozzolanic
reaction (see section 2.4.2).

Moreover, it has been observed that ash containing high concentrations of alkalis
exhibited higher alkali concentrations in pore water than plain cement. However, this
ash produced less expansion due to alkali-silica reaction than plain cement. The
reduction in ASR effects is attributed to the reduction in the available calcium in the
system (86,87). This supports the hypothesis that the alkali-silicate gel can only be
formed in the presence of Ca® ions (33,84).

2.4.5 Behaviour of Metals in Cement-Based Systems

There are two factors that have encouraged investigating the behaviour of metals in
cement-based systems. Firstly, there is a need to determine the efficiency of
solidification/stabilisation methods that are based on binding waste with cement.
Secondly, there is a need to understand the influence of metals on the hydration and
long-term leaching performance of cement-based systems. Nevertheless, many
fundamental aspects remain poorly understood due to the different parameters
involved (79).
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Metals can be physically and/or chemically bound to the cement matrix. Chemical and
physical mechanisms can occur either simultaneously or sequentially and a clear
distinction between physical and chemical mechanisms is not always possible. These
mechanisms as well as the hydration of cement are strongly controlled by surface, near
surface and interfacial phenomena (64).

The possible interactions between metals and the cement matrix have been discussed
in depth by different researchers (89- 92). The immobilisation of metals in cement-
based systems is attributed to the alkaline nature of this system and buffering capacity
provided by Ca(OH),, and C-S-H hydrates. Considering the high alkaline pH of the
cement-based systems, most of the metals might exist as metal hydrated phases (Me
H20), metal hydroxides (Me,(OHp,)) and/or calcium metal salts.

The fundamental physical-chemical processes involved in the immobilisation of metals
in cement-based systems are as follows (83,93).

1. Precipitation of metals.

2. Adsorption of metals onto the surface of C-S-H compounds or other hydrated
phases (e.g. C-S-A-H).

3. Encapsulation of metals into C-S-H phases.

4. Incorporation of metals into crystalline phases of ettringite.

The analysis of a number of experimental studies demonstrates differences on how
metals contained in waste interact with cement-based systems. Thus, Glasser (79)
reported that most cationic elements with a charge of +3 or more are more strongly
bound to the cement matrix than anionic compounds. At low concentrations, the
solubility of cationic and anionic species is controlled by adsorption onto C-S-H sites.
At high C/S ratios, C-S-H has a positive surface charge and adsorbs mainly anionic
species. However, due to high abundance of anions in cement (OH", SO,?, etc) there is
competition for sorption sites between anionic constituents of cement and anionic
species of waste and therefore toxic anionic species are generally poorly adsorbed. At
low C/S ratios C-S-H tends to adsorb cations which do not need to compete actively for
sorption sites. Irrespective of C/S ratio, C-S-H compounds have a range of sorption
sites so that cations are never adsorbed to the exclusion of anions and vice versa. For
example, arsenites occurring as AsO,* or AsO5> are less bound compared with other
toxic cationic compounds. Despite that arsenates, AsO,>, may substitute SO,* in
hydration products, the partition coefficients between aqueous and solid phases do not
indicate good binding capacity.



Moreover, metal species with structure type MeO,> present better immobilisation
performance than structure type MeOs*. Vandecasteele et al. (94) examined the
leaching behaviour of fly ash containing high concentration of As(lll). Fly ash containing
As(llly was stabilised with cement and lime. Stabilised fly ash was subjected to a
leaching procedure to examine its leachability after stabilisation. They found that
concentration of As(lll) in leachates was lower when fly ash was oxidised with H,O,
before stabilisation. The oxidation consisted of the conversion of As(lll) to As(V). Both,
As(lll) and As(V), react with lime and cement forming CaHAsO; and Cas(AsOs).
respectively. Vandecasteele et al. reported that the higher concentration of As in
leachates of systems containing non-oxidised fly ash compared with oxidised fly ash
systems was due to the higher solubility of CaHAsO3; compared with Ca3(AsOy)..

Glasser (79) also discussed the mechanisms involved in the immobilisation of Cr(lll) in
cement-based systems. Considering the precipitation of Cr(OH)3;, the mechanism that
controls the partition of Cr(lll) between the solid and aqueous phases, it was observed
that the concentration of Cr(lll) in pore fluid was several magnitudes smaller than
expected. This discrepancy is attributed to the partial replacement of Al(lll) atoms in
calcium aluminate hydrate by Cr(lll). Thus, the solubility of Cr(lll) is controlled by the
solubility of calcium chromium-aluminium hydrates. The partial replacement of Al(lll) by
Cr(lll) may not be as rapid, and initially, Cr(lll) may precipitate as Cr(OH); while
calcium chromium-aluminium hydrates may require either weeks or months to form.
During these weeks or months the solubility of Cr(lll) in pore water will be continuously
decreasing.

Roy and Cartledge (95) suggested that copper exists mainly as hydrated hydroxides
and/or complex calcium compounds in cement-based systems. The solubility of Cu

may be controlled by precipitation and adsorption mechanisms.

Park and Batchelor (96) investigated the pore water concentrations of Cd(ll), Cr(VI),
Pb(ll) and Hg(ll) in 28 day old Portland cement paste. Different ranges of doped metal
concentrations and w/c ratios were examined. Heavy metals were added into water in
the form of Cd(NO;),, Na,CrO4 Pb(NO;),, and Hg(NOs),. Concentrations of heavy
metals in the pore fluid were compared with those concentrations obtained using a
theoretical model. This model is known as SOLTEQ (97) and is used to predict the
most likely solid phases, dominant aqueous species and equilibrium concentrations for
each heavy metal. SOLTEQ model assumes that precipitation is the controlling
mechanism of immobilisation of heavy metals. Results showed that only the
concentration of Hg(ll) in pore water was similar to that expected considering the
precipitation of the most likely solid phase (HgO) as the controlling or dominant
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mechanism. The concentrations of Cd(ll), Cr(VI) and Pb(ll) in the pore water were
smaller than those expected considering precipitation as the controlling mechanism.
Therefore, other mechanisms such as adsorption of their anionic forms (CrO.?,
Pb(OH),*, and Cd(OH),*) onto some solid phases or lattice substitution (e.g. CrO,* in
place of SO,% in ettringite, replacing Ca containing crystalline phases by Pb) must
dominate the immobilisation of these heavy metals. In addition, Wang et. al (98) also
suggested that the immobilisation of Cr(VI) for cement-based systems was achieved
due to the formation of a complex calcium chromate compound with low solubility.

Park and Batchelor (96) also examined the adsorption behaviour of alkalis in pore
waters. The concentration of K in pore waters indicated that adsorption is not the
mechanism that controls  immobilisation. They  suggested that the
precipitation/dissolution of some potassium compounds, which were strongly
dependent on pH, may control potassium concentrations in pore waters. Concentration
of sodium ions in pore water can be explained as a result of adsorption onto the
surface of C-S-H. Figure 2.5 depicts the hypothesis for adsorption of metal anions
facilitated by strong Na adsorption on the surface of C-S-H. Na ions adsorb onto the
negative charged silica surface of C-S-H and build a strong layer with positive charge.
The positive layer facilitates the adsorption of metal anions (e.g. CrO,%, Pb(OH),%, and
Cd(OH),*) mainly by electrostatic interaction. In addition, it was found that the amount
of each of these metals removed from pore waters increases dramatically with increase
in the adsorbed sodium. This indicates that the adsorption of metals anions is directly
related to that of Na.
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Zinc is expected to form hydroxides in cement-based systems due to the high pH
condition. As a result of the amphoteric function of Zn hydroxides, as shown by
Reaction 2.15, they may be adsorbed onto the negative surface of C-S-H hydrates
and/or form calcium zinc complex hydrated compounds such as (CaZny(OH)sH.O) (83).

Zn** + 20H ™ — Zn(OH ), » 2H* + Zn0 )™ Reaction 2.15

Recent studies have demonstrated that retardation and in some cases restriction of
cement hydration result from the addition of waste containing metals (e.g. Zn, Cd, Pb,
and Cr) (64,82,98-100). The retardation of hydration and setting is due to coating of the
surface by calcium metal hydrates formed immediately after contact with water. As a
consequence of the high pH of cement hydration reaction, the newly formed C-S-H
phases possess a negative charge that is compensated by Ca®* ions. In the presencé
of metals a negative layer of metal hydroxyl anions (e.g. Zn(OH).%, Zn(OH)s",
Cd(OH).*, Pb(OH);'"" and CrO4?) is formed, next to the positive layer of calcium ions.
Metal hydroxyl anions are transformed into calcium metal hydrates (e.g.
CaZn,(OH)gH,0, CaCd,(OH),) that cover the cement grains and retard the cement
hydration.

Asavapisit et al. (100) discussed the influence of Pb, Zn and Cd contained in a
synthetic waste, on the hydration reaction of cement. They observed that the Pb from
the waste reduced the concentration of Ca** and SO, in pore water compared to plain
cement. This reduction in concentrations of Ca** and SO, indicated that either the
dissolution of gypsum was inhibited or ettringite was rapidly formed. Since SO,* ions
remained in solution after 24 hours of hydration, the reduction in Ca* and SO,*
concentrations was due to limitation of formation of calcium sulphoaluminates (e.g.
ettringite) (100). Because the hydrated C;A surfaces were also rapidly coated with
Pb(OH)s", like C-S-H phases the formation of calcium sulphoaluminates was limited.
The behaviour of zinc was similar to Pb, except Zn was rapidly hydrolysed and
adsorbed onto solid phases causing a severe retardation of hydration due to the
formation of an impermeable membrane coating the cement grains. It was observed
that the formation of Ca(OH), was limited during the first 28 days and that SO,* ions
were removed from solution more rapidly than during hydration of plain cement. This
indicated that CaZn,(OH)¢H.O phases do not only coat cement particles but also
gypsum particles limiting the gypsum dissolution. The major effect observed for the
addition of Cd was the increase in the initial rate of Ca(OH), formed despite the
formation of CaCd,(OH), on the surface of the hydrates. However, for samples cured
for longer than 24 hours, the concentrations of Ca(OH), in the samples were similar to
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those found in control samples. Thus, the effect of Cd in the cement hydration was
different than that of Zn.

Figure 2.6 shows the mechanisms that may be involved in solidification/stabilisation of
heavy metals methods using cement-based systems (101). The figure shows a cement
grain surrounded by the newly hydrated products, C-S-H and indicated the most likely
mechanisms that control the interaction between the cement-based system and various
metals. For example, the likely mechanisms suggested are that Cr is incorporated into
C-S-H structures, other metals such as Cd and Zn form calcium compounds on the

surface of C-S-H, and Pb and Hg precipitate on the surface of C-S-H.
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Figure 2.6. Most likely mechanisms how metals interact with cement-based systems

'In order to accelerate setting and hardening of cement-based systems containing
heavy metals, the additions of admixtures to cement have been examined. Choon-
Keun and Park (82) compared setting time, surface area, compressive strength and
leaching behaviour of two types of modified cement (SS1, SS2) against plain cement.
One of the modified cements (SS1) included 20% of cement replaced with the
admixture CKD. The admixture CKD possessed a higher alkali sulfate concentration
and twice higher surface area than cement. The second modified cement (SS2)
included 15% of admixture CKD and 10% of admixture QSA. The admixture QSA was
mainly calcium sulphoaluminate and anhydrite. Heavy metals were added to the three
cementitious systems (SS1, SS2 and plain cement) by using either pure compounds of
Cd, Pb and Cr or a waste containing Cd, Pb and Cr. Waste used was from the steel
industry. Results for using pure heavy metals addition and that for the waste were
similar. Compared to plain cement, the initial and final setting times for SS1 were 1 and
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2 hours lower respectively, and those for SS2 were 3 and 4 hours lower respectively.
The reduction of setting time for SS1 and SS2 is due to the formation of ettringite
resulting from the high content of calcium sulphoaluminate and anhydrite in QSA and
the presence of alkali sulfates and high surface area of CKD.

2.4.6 Migration of Metals Contained in Cement-Based Systems into the
Environment

Waste bound in cement-based systems may be subject to further reactions in contact
with the natural environment. Long-term assessments of these systems have proved
that heavy metals, contained in a cement matrix, can be leached into soil and surface
and ground water. Water or flowing solutions may cause the migration of metals
contained in cement-based systems to the environment. The mobility of metals from
solid phases to liquid depends on the intrinsic nature of the metal, the waste-cement-
based system, and the aqueous solution. The different parameters involved in the
mobilisation of heavy metals contained in cement-based materials can be summarised

as follows:

1. Type of bond between metals and cement matrix. In general, metals chemically
bound with the cement matrix are better immobilised than those only physically
bound (19). The possible mechanisms involved in the immobilisation of metals were
discussed in detail in section 2.4.5. The dissolution of Hg, which precipitated as
HgO (96) in cement-based systems, is easier than those heavy metals (e.g. Cr, Pb,
etc), which may be incorporated into lattice structure and/or adsorbed onto surface
of hydrates. The immobilisation of metals also depends on the oxidation state of the
element, Glasser (79) reported that Cr(lll) is better immobilised than Cr(VI) despite
both being very soluble in cement-based systems. This effect can explain the better
immobilisation of cation ions than anionic species in cement-based systems due to

the higher competency of anionic species for sorption sites.

2. Dissolution of cement matrix. The dissolution of the cement matrix is influenced in
part by the physical properties of the cement matrix, such as permeability and
porosity and by the presence of aggressive aqueous agents in contact with cement-
based systems. High permeability and porosity facilitate flow of water through the
cement matrix thereby increasing dissolution of metals. In cement-based systems,
containing either slag or fly ash, a reduction in permeability due to more efficient
packing has been observed. The more efficient packing tends to limit the mobility of
metals (79). However, since the addition of blending agents normally reduces the
pH in pore water, the leaching behaviour of certain heavy metals (e.g. Cu, Zn, and
Pb) can be enhanced (83) due to the higher solubility of these elements as pH

43



decreases. The ageing of the cement-based system containing metals also
influences the mobility of metals into the environment. Once reactions between
metals and the cement matrix have been completed, the mobility of heavy metal
ions slows (79).

3. Solubility of metal compounds. In cement-based systems, metal hydroxides and
different metal hydrates are commonly found. The solubility of these different forms
of metals is strongly dependent on pH values of the pore water and surroundings
(102). In general, as the pH decreases the solubility of metals increases.

4. Complexation reaction. The presence of specific organic complexants in the
aqueous solution can influence the dissolution of certain heavy metals (e.g. Cu).
The reaction consists of movement of heavy metals from solid phases to aqueous
phases by forming metal complexes. The solubility and biological effects of metal
complexes are different for each metal examined (19).

2.4.7 Fixation and Leachability of Sulfates and Chlorides in Cement-
based Systems

The presence of gypsum or other sulfate compounds is required to retard the hydration
reaction of C3A, as mentioned previously (section 2.4.1). However, either an excess or
lack of SO, changes the chemical composition of the hydrates and the physical,
mechanical and durability properties of cement-based systems. An excess of SO,*
causes a false set due to a rapid formation of ettringite, thereby, reducing the formation
of calcium silicate hydrates. On the other hand, in the absence or lack of SO,, calcium
aluminates hydrates, C;AHg; are formed rapidly which causes a reduction in the
formation of C-S-H phases. In addition, the lack of SO,> may leave anhydrous CsA
which can react with external SO,* ions forming ettringite once cement-based systems
are in a hardened state. Thus, the concentration of soluble sulfates contained in waste

is an important parameter to consider when the utilisation of wastes is examined.

The presence of chlorides in cement-based systems has special interest in reinforced
concrete. Chloride contents must be kept low to avoid corrosion of steel that disrupts
the concrete. Apart from the danger of corrosion of steel, chlorides may absorb
moisture from air and cause efflorescence (33). Efflorescence is associated with two
aspects; one leaching of lime compounds on the surface of concrete and other

depositions of white salts from aggregates on the surface of concrete (103).

The main form of binding the sulfates and chlorides ions is by the reaction with C;A to
form etiringite and calcium monochloroaluminate, known as Friedel's salt
(3Ca0.Al;0;.CaCl,.10H,0), respectively (104). A similar reaction with C,AF results in
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calcium chloroferrite. Auer et. al. (105) studied the hydration of MSWI fly ash with a
reactive calcium aluminate cement, Cy,A;/C3A. They reported that soluble sulfates
contained in MSWI fly ash were rapidly fixed due to formation of ettringite. Once the
fixation of sulfates in ettringite had been completed, calcium monochloroaluminate
started to crystallise by reaction of the remaining calcium aluminates with CI' ions
contained in MSWI fly ash. The presence of high concentrations of Cl'" did not seem to
influence the formation of ettringite. Theoretically, the hydration reaction can be
formulated as follows:

C,A, 1C,A+ CaSO,2H,0 + NaCl + KCl — Reaction 2.16

3Ca0Al,0,3CaS0,32H,0 +3Ca0AL,0,CaCl,10H,0 + K* + Na* + AL,0,3H,0 + Cl” + OH"

They found that both crystalline forms of ettringite and Friedel's salt were able to
incorporate heavy metals, especially ettringite, The presence of chlorides in ettringite
was not detected.

Alba et. al. (106) studied the immobilisation of chlorides, sulfates and heavy metals
using different MSWI fly ashes that were stabilised with cement. They reported that
sulfates and heavy metals were well immobilised in the cement-based systems,
whereas chlorides were partially retained as Friedel's salt. In addition, they observed
an increase in leachability of heavy metals and sulfates as carbonation continued. The
carbonation decreases the pH and then the metal ions can be dissolved at low pH
values. The increase in sulfate ions in aqueous solution was due to the carbonation of
ettringite that produces gypsum and sulfate ions pass to solution.

Dumitru et. al. (107) examined the influence of barium (Ba) on the hydration of cement-
based systems. They reported that, in the absence of gypsum, BaCO; delayed the
hydration of Cs;A due to formation of hydrated calcium-barium carboaluminates.
However, in the presence of gypsum or other sulfates, the hydration of C;A was
accelerated, whereas the formation of ettringite was inhibited. Ba?" reacted with SO,*
ions forming high amounts of BaSO, which is a highly insoluble salt. This reaction
reduced significantly the concentration of sulfates in solution, and consequently
ettringite could not be formed. BaCO; would act as a bonding agent of sulfates either
coming from the external medium or from the addition of waste, which may contain
high contents of sulfates.



2.5 MECHANICAL, PHYSICAL AND DURABILITY PROPERTIES OF
CEMENT-BASED SYSTEMS

2.5.1 Compressive Strength

Compressive strength at 28 days is considered to be the most common property used
to define the quality of concrete. Strength is closely related to the degree of hydration
and structure of the hardened concrete. The structure of hardened concrete also
influences the physical and durability properties. Strength of concrete materials
depends on the cohesion of cement paste, the bond between the paste and
aggregates (39). Compressive strength values are mainly dependent on water content,
composition and content of cement, type and content of aggregates and curing
method.

The effect of cement replacement materials, such as slag, fly ash and silica fume on
compressive strength of concrete or paste materials has been widely discussed (73,76-
79). Factors influencing strength in composite cement-based systems are mainly
chemical composition, level of replacement and fineness of replacement materials as
well as the type and length of curing (76-79). The content of SiO,, CaO, free CaO and
sulfate in composite cement-based systems have a strong influence on the level of
cement replacement and on the short and long terms strength. The higher reactive
SiO. content in slag compared to fly ash, coupled with higher CaO content, enables
higher cement replacement levels to be used (108). Replacement materials containing
high CaO content show higher early compressive strength than waste with low CaO
content. This effect is attributed to the higher contribution of cementitious prbperties
versus pozzolanic characteristics (109). Fineness is an important factor that can affect
the rate of hydration reaction and the homogeneity of the hardened material. Studies
on fly ash showed that the increase in the specific surface area of fly ash permits high
replacement levels and increases long-term strength, which can be equal to or greater
than the reference mix (110). Studies on the influence of the type of curing on slag and
fly ash cements have proved that the compressive strength of a cement matrix
containing either slag or fly ash is more sensitive to different curing regimes than plain
cement (111,112).

In general, the replacement of cement with either slag or fly ash, which exhibit
pozzolanic properties, reduce early strength and increase long-term strength compared
with plain cement (108, 113). At present, data on the compressive strength of cement-
based systems containing Municipal Solid Waste Incineration Bottom Ash (MSWI-BA)



as cement replacement are limited compared with those for slag and fly ash. Most of
the current literature focuses on the use of MSWI-BA as aggregate.

The lower homogeneity of MSWI-BA compared with natural aggregates coupled with
cracking and swelling phenomena due to formation of H,, are mainly the reasons for
reducing the strength of concrete containing MSWI-BA as aggregate (114-116). The
formation of H, occurs with the reaction of aluminium with cement, as shown in
Reaction 2.17.

24l + Ca(OH), + 2H,0 — Ca(AlO,), +3H,  Reaction2.17

Strength of mortar containing MSWI-BA as cement replacement depends on the
parameters discussed above for slag and fly ash (e.g. contents of reactive SiO, and
Ca0) and on the concentrations of metals, chlorides and sulfates. The interactions of
metals, chlorides and sulfates with cement and aggregates have been discussed in
sections 2.4.4 to 2.4.7. Thus, strength can be reduced as a consequence of the coating
effect caused by deposition of some metals on the surface of cement grains and
hydration products. The deposition of metals causes a reduction of both short and long
term compressive strength (96- 100, 117 ). To reduce the effect of metals on
compressive strength, the addition of different admixtures has been investigated.
Choon-Park (82) reported that the compressive strength of cement-based systems
containing metals could be improved when an admixture, SS2, was added which
contained high contents of C;A and sulfates. High levels of C;A and sulfates cause an
increase in the formation of ettringite which bonds with the heavy metals, thereby,
reducing the coating of heavy metals on the surface of the cement grains. This
increases the rate of hydration and subsequently increases the strength. However,
when other admixture, SS1, which contained high content of alkalis and sulfates, was
added only the early strength was higher compared with the control mix, but the long-
term strength was decreased.

Filipponi et al. (117) investigated the possible pozzolanic activity and compressive
strength of a fraction of MSWI-BA whose grain diameter was below 150um. They found
that replacing cement with MSWI-BA reduced the amount of Ca(OH), in hydrates
compared with a reference mix (100% cement). This means that Portlandite is
consumed by additional reactions such as pozzolanic reaction. However, those mixes
with cement replacement levels equal to or greater than 30% did not exhibit a reduction
in the concentration of Ca(OH).. In addition, for all levels of replacements examined,
compressive strength values were lower than for the control mixes.

47



2.5.2 Drying Shrinkage

The removal of water from the surface of hydrated materials (e.g. paste or concrete)
exposed to natural drying in a controlled humid environment is known as drying
shrinkage. If materials are subject to a drying process, the free water that is evaporated
first causes little or no shrinkage. As drying continues, adsorbed water from the surface
of gel particles, which was surrounded by free water, is removed and gel particles
move together by a distance similar to the thickness of the adsorbed water layer,
thereby, causing a shrinking effect. It is also possible that a part of the shrinkage is
related to the removal of intracrystalline water from calcium silicate and sulfoaluminate
hydrates. A part of the movement produced by drying shrinkage is irreversible due to
the formation of additional bonds within gel particles (118).

Some of the main factors influencing drying shrinkage include water/cement (w/c) ratio,
cement content, aggregate content and the type of aggregates. Increasing w/c ratio
increases shrinkage because w/c ratio determines the amount of water in the system
and the rate at which water can move toward the surface of the specimen (118).
Increasing aggregate content exerts a positive influence on drying shrinkage. Since
drying shrinkage is closely related to the surface area of hydrated material, the
introduction of aggregates causes a decrease in shrinkage as result of the reduction of
hydrated surface areas. For the same reason large size of aggregates will reduce
drying shrinkage. Figure 2.7-(a) shows the influence of w/b ratio and aggregate content
on shrinkage (119), whereas Figure 2.7-(b) shows the combined influence of cement
and water contents and w/b ratio on shrinkage (120). At a constant w/c ratio, shrinkage
increases with an increase in the cement content as result of the increase in volume of
hydrated surface which is liable to shrinkage. However for constant water content,
shrinkage slightly decreases as cement content increases. This is due to a decrease in
the w/c ratio.

Apart from aggregate content, the restraining effect of the aggregates on shrinkage
must be considered due to the elastic modulus of aggregates. Aggregates that offer
high restraint to the potential shrinkage of cement paste will decrease shrinkage
whereas aggregates, such as lightweight aggregates, with low module of elasticity
allow higher shrinkage (118).

Others factors which may affect drying shrinkage are the chemical composition of
cement, type of curing and storage conditions. The chemical composition of cement is
believed not to affect shrinkage except for cements deficient in gypsum. These
cements give an increase in shrinkage due to the different structure of hydrated paste,
gel/space ratio and strength (118). The relative humidity of the medium greatly affects
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the magnitude of shrinkage. Concrete placed in dry air conditions shrinks but it swells
in water or air with a relative humidity of 100% (121). Prolonged moist curing delays the
advent of shrinkage, but in general the length of the curing period before exposure to

drying does not affect significantly the magnitude of shrinkage (118).
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A guide of shrinkage values at six months for concrete made with constant w/c=0.5 and
aggregate/cement ratios of 3, 4, 5, 6 and 7 stored at a temperature of 21°C and 50%
RH are 1200ps, 850us, 600us, 400us and 300us respectively (118).
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In the current literature there is little information about effects of using MSWI-BA on
drying shrinkage. However, drying shrinkage for concrete containing either fly ash or
slag is well documented in the literature. Replacement of cement with fly ash does not
affect the drying shrinkage. Even concretes containing high contents, up to 50% of
replacement materials, exhibit a drying shrinkage similar to or lower than plain
concretes (110). Concrete made with a high proportion of fly ash may have higher
drying shrinkage at early ages due to the retardation effect caused by pozzolanic
materials. However, long-term shrinkage can be similar to the control mix (110). The
effects of replacing cement with slag materials on drying shrinkage are not clearly
defined. While some experimental results have shown that slag, in binders, does not
greatly affect drying shrinkage (113), others have indicated an increase of drying
shrinkage with increasing slag content (122-124). This discrepancy of results may be
attributed to the different experimental techniques and physical and chemical
properties of slag used during each experimental work.

The high absorption affinity of MSWI-BA can be used to predict a high drying
shrinkage, when it is used as aggregate replacement. Absorption is associated with the
elastic properties of aggregates, thereby affecting with drying shrinkage (118).
Wainwright et al. (58) evaluated the shrinking performance of concrete containing 50%
of natural aggregates replaced with an untreated MSWI-BA (with diameter
600um<@<6mm). They observed higher drying shrinkage for concrete containing
MSWI bottom ash than the control mixes. A high drying shrinkage was also observed
for concretes containing a synthetic fraction of MSWI-BA whose particle diameters
were below 600um.

2.5.3 Porosity

Porosity or total pore volume of a solid material is a measure of the volume of voids
with respect to the total volume. Porosity and structure of pores (e.g. diameter, shape)
of plain and composite cement-based systems have been extensively studied due to
their influence on physical, mechanical and durability properties of these systems (125-

129). In order to describe and evaluate pore structure of materials, different
classifications of pores, as a function of diameter, have been suggested.

In cement paste, pores are commonly divided into gel pores and capillary pores (130);
gel pores are interstitial voids within the gel particles, C-S-H, and lie generally below
0.01um; capillary pores are originated by the incomplete filing of space between
former cement grains and new hydration products. Capillary pores have a diameter
ranging approximately from 0.01pm to 5pm (131). Nevertheless, a clear distinction
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between the pore diameters of gel and capillary pores can not be made. The continued
hydration of cement paste leads to an increase in gel pores and a decrease in capillary
pores due to the formation of hydrates and the filling of open pores by hydration
products respectively (127,131). For cement paste, the total porosity typically lies within
the range 16-24% (79).

In mortar or concrete, the porosity and pore size distribution are somewhat different
from those for cement paste because of the influence of aggregates (132). Feldman
(133) reported a significant difference in the pore size distribution of mortar as a
function of sand/cement ratio due to the interfacial effect. As the sand/cement ratio
increase, the amount of interface per volume of specimen should increase and large
pores may be formed around the sand grains. In addition other factors may contribute
to this phenomenon. Thus, during hydration Ca(OH), is preferentially deposited at the
interfacial zone around aggregates. Large Ca(OH), crystals may develop in this zone
after a few days. This modified form of deposition of products is likely the cause of the
changes in pore size distributions. The Ca(OH), reduction in the matrix due to its
deposition at interface can reduce permeability of the body and access to cement grain
by H,O. This may results in limited hydration compared with mixes without sand and
can account for increased porosity. In addition, Winslow and Liu (134) found that, with
the same paste composition and at the same degree of hydration the presence of
coarse aggregates results in an increase in porosity. The difference in porosity
between concrete and paste, at same the w/c ratio, increases with the progress of
hydration and arises from the presence of large pores in concrete compared with small
pores in the paste. However, well cured concrete made with low w/c ratio and not air

entrained should contain some pores with diameter greater than 1um.

In practice, pores with diameters ranging between 0.01-1pm dominate transport and
permeation properties because finer pores present a high frictional resistance to flow
(77,79).

Most experimental studies have tried to find a correlation between total porosity and
pore size distribution with compressive strength. Several equations have been
proposed to express the relationship between compressive strength and porosity (135-

140). Although the different equations and relationships may vary, it is agreed that
strength increases as porosity decreases. In addition, it has been suggested that
strength is governed more by total pore volume rather than pore size distribution
(131,141,142). Therefore, strength of concrete is influenced by the total volume of all
voids such as entrapped air, capillary pores, gel pores and entrained air (132). In

51



addition, it has been observed that at a given porosity, a high proportion of small pores
lead to a higher strength (132).

Durability properties are governed by the ability of water or aggressive ions to pass
through the body of materials. The transport of fluids through materials, commonly
referred to permeability, is obviously associated with the pore system, which can
consequently be related to the pore size distribution. The pores that affect the
permeability have to be continuous and with a diameter of at least 0.120 or 0.160um
(143). If the porosity is high and pores are discontinuous (e.g. aggregate pores, air
voids) or otherwise ineffective with respect to transport, the permeability is low. Hence,
reducing permeability rather than total porosity can restrict the flow of solutions through
the hydrated material, thereby improving durability performance (144-1486).

An important physical action of waste such us fly ash and slag arises from their
characteristic geometry. The packing of cement-based systems containing fly ash or
slag blends more efficiently filling space than would each of the constituents on its own
(77). The addition of fly ash or slag may not greatly affect the total porosity but can
decrease the permeability due to the reduction in the connectivity between pores.
Connectivity of pores can be reduced as a result of the pore refinement or the
discontinuity of pore structure. Pore refinement develops with the increase in time .This
leads to a decrease in permeability (79).

2.5.4 Sulfate Resistance

Physical (e.g. high temperature), mechanical (e.g. impact) and chemical attacks can
cause deterioration and loss of durability of cement-based systems. Chemical attacks
can be internal (e.g. alkali-silica reaction) and external (e.g. effect of acids, chlorides,
sulfates or carbon dioxide). One of the common causes of deterioration of concrete is
due to the external attack of sulfates from soil and natural or contaminant ground
waters. In particular, Na,SO, and MgSO, solutions can cause higher degree of
deterioration of concrete structures than CaSQ, solutions, due the low solubility of the
latter and also possible decalcification of C-S-H gel caused by MgSO, (143). Sulfate
resistance of concrete structures needs to be considered explicitly at the design stage,

to ensure that concrete structures can reach their intended service life (143).

In general, sulfate attack of hardened cement-based systems leads to the conversion
of primary hydration products (ex. CH, C;A and C-S-H) to new products such as
ettringite, thaumasite and gypsum. The formation of these new products produces
disruptive expansion, cracking, loss of strength and ultimately disintegration (84). The
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damage usually starts at edges and corners and is followed by progressive cracking
(143).

There is a controversy about the exact mechanism that causes the expansion resulting
from sulfate attack (147, 148). Thus, numerous mechanisms have been proposed to
explain such expansion. The reactions between sulfate solutions and hydrated
products can be formulated as follows (143):

Sodium sulfate reacts with Ca(OH),, (CH), and deposits gypsum as shown in reaction
2.18. Softening of concrete surface has been attributed to the effect of gypsum (149).

Ca(OH), + Na,S0O,.10H,0 — CaSO,.2H,0 +2NaOH +8H,0  Reaction 2.18

Na,SO, also attacks the calcium aluminate hydrate (C-A-H) phases to form ettringite,
as shown in reaction 2.19. The expansion observed as consequence of the sulfate
attack is attributed to the formation of ettringite (149).

2(3Ca0.AL0; 12H,0)+3(Na,SO, 10H,0) »
3Ca0.AL,0,3CaS0, 31H,0 + 2AI(OH), + 6NaOH +1TH,0 " ©

Magnesium sulfate not only attacks the CH and C-A-H phases but also the C-S-H
phases, this is shown in reaction 2.20. Since MgSO, attacks C-S-H as well its effect is
more aggressive than other sulfate attacks. Portlandite is replaced in presence of
MgSO, with brucite (Mg(OH),) and gypsum. This results in a drop in pH (brucite has
very low solubility) in contrast with Na,SO, that causes an increase in pH. At low pH,
C-S-H becomes instable and reacts with MgSQO, to form M-S-H and gypsum, but the

former is non-cementitious material.

3Ca0.2Si0,.aq+MgS0,.7H,0 — CaS0,.2H,0 + Mg(OH), + Si0,.aq  Reaction 2.20

Calcium sulfate attacks only the C-A-H and ettringite is formed, as shown for Na,SO, in

reactions 2.19.

In addition to the formation of gypsum and ettringite as a consequence of sulfate
exposure, thaumasite (CaSi0;.CaC0;.CaS0,.15H,0) can also be formed. The
formation of thaumasite occurs under specific conditions, such as low temperature (0-
5°C), presence of CO, or CO;" and high pH about 12.5 (150). Recent evidence,
however, has shown that thaumasite can be formed at temperatures higher than 5°C

only in very small amounts (149).

The susceptibility of cement-based systems to sulfate attack depends on both physical
and chemical factors:



a) Physical factors:

The influence of physical factors is clearly understood. All adverse fluid attacks depend
on the transport of fluids through the body of concrete materials. Permeability is the
commonly accepted term for overall movement of fluids through materials (143). Larbi
(151) observed that permeability in concrete is mainly controlled by the bulk of the
hardened éement paste because that is the only continuous phases in concrete. In fact,
the permeability of concrete can be reduced compared with the hardened paste due to
the presence of aggregates. Aggregates inhibit the flow of fluid through concrete.

b) Chemical factors

A reduction in the content of the constituents (e.g. CH and C-A-H) that contribute to the
sulfate attack may enhance the sulfate resistance of the systems. In general, cements
with low CzA content, sulfate-resisting Portland cement (SEPC) are used to enhance
the sulfate resistance of concrete. Nevertheless, a reduction in the amount of CsA in
the cement-based system to increase sulfate resistance is not always positive. Thus,
Santhanam et al (152) reported that decreasing the C3;A content might improve sulfate
resistance when exposed to sodium sulfate. However, when exposed to magnesium
sulfate the use of low C3;A cements may be inadequate because the C-S-H can be
directly attacked. Additionally the formation of thaumasite is not inhibited when binder

with low C3A content are used.

Furthermore, the use of cement with low C3S content and pozzolanas can improve the
sulfate resistance of concrete as a consequence of the reduction in the amount of CH
produced at the early stage of hydration. Irassar et al (153) observed that the sulfate
resistance of low Cs;A Portland cement was relatively poor when cement had a high
C3S/C,S ratio. This was attributed to the initial formation of gypsum due to the reaction
of CH with sulfates at the early stage of the attack and the formation of ettringite from
ferroaluminate hydrates at the later stage of the sulfate attack.

Partial replacement of cement by pozzolanic materials (e.g fly ash, ground brick, slag)
has been widely investigated in order to reduce the external sulfate attack
(147,148,154). Pozzolans can not only reduce the content of CH and thereby the
gypsum formation, but also reduce porosity and permeability as a result of pore
refinement and block pore effects.

Since, utilization of pozzolans is a well-established method to enhance sulfate
resistance of cement-based systems; this programme of research has examined the
effect of MSWI-BA on sulfate resistance of mortar specimens. Studies on MSWI-BA



used as a suppressor of sulfate attack have not been published yet due to the lack of i
on the use of MSWI-BA as a pozzolan.

2.5.5 Leaching Behaviour

Leaching toxic metals and salts (e.g. sulfates and chlorides) is the most basic
mechanism how cement-based systems containing waste materials may contaminate
into the environment (155,156). Determination of leachate concentrations are used
commonly as compliance criteria to evaluate the toxicity of wastes. The study of the
leaching behaviour, apart from assessing the environmental quality, can be used as a
tool for examining the binding mechanisms and durability of properties of composite
cement-based systems (92,93,101).

Leaching behaviour of cement-based systems containing wastes has been studied
widely as a result of the extensive use of cement systems to immobilise metals or other
contaminants (79,97,100). A summary of binding mechanisms and influence of metals,
sulfates and chlorides on cement-based systems properties have been discussed in
detail in sections 2.4.5, 2.4.6 and 2.4.7. This summary can be used to explain the
leaching behaviour of cement-based systems containing MIWI-BA.

The existing published work on leaching behaviour of bound MSWI-BA is based on
using batch leaching procedures (157,158). In general, these procedures are designed
to simulate aggressive scenarios for granular material. The leachate concentrations
obtained from this batch leaching test can not be compared realistically with field
situation.

2.6 CONCLUSIONS

Chapter 2 includes a review of two main areas. One area reviews the role of MSWI-BA
within waste management schemes, the chemical, physical, leaching properties and
current utilisation of MSWI-BA; the other area examines the chemistry, mechanical,
physical and durability properties of plain and composite cement-based systems. The
review of MSWI-BA waste management schemes indicated an increase in the
generation of MSWI-BA and a significant reduction in the amount of MSWI-BA sent to
landfill sites. Therefore, there is a need to investigate and find a use for MSWI-BA.

The examination of physical, chemical properties environmental and current utilisation
of MSWI-BA suggested that this ash can be used in construction, especially as
aggregate. In addition, the engineering and environmental properties of MSWI-BA can
be improved significantly when fine particles (e.g. grain diameter below 2mm) are
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rejected due to their high porosity and possible toxicity. Having identified the need to
improve the uses of the fine fraction of MSWI-BA, this programme of research
investigates new possible uses of the fraction of MSWI-BA with particle diameter below
2.36mm.

The examination of the chemistry of cement-based systems was focussed on
explaining the main reactions (e.g. hydration, alkali-silica, pozzolanic) that may occur in
plain and composite cement-based systems. This examination is used to understand
and explain the mechanical, physical, durability and leaching properties of such
systems. Especially, compressive strength, drying shrinkage, porosity, sulfate
resistance and leaching behaviour of plain and composite cement-based systems have
been reviewed in more detail. Because there is a lack of published information on
MSWI-BA used as a partial replacement of cement, the examination of composite
cement-based systems has concentrated on explaining effects that were observed in
well- known wastes such us fly ash and by-products such us slag.

The following chapter (Chapter 3) consists of a description of materials, instruments,
techniques and test methods that have been used throughout the experimental
programme. Specific methodology that may be required for particular tests is given in
the corresponding chapter.
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CHAPTER 3: MATERIALS, TECHNIQUES AND
TEST METHODS




3.1 SCOPE

This chapter includes three main sections; the first section consists of a summary of
materials and instruments employed. The second section describes the techniques and
the measuring procedures. The techniques include those used to determine the
concentrations of metals, sulfates and chlorides in leachates (Chapters 5 & 8) and to
examine the porosity of mortar (Chapters 6). The third section includes the collection
method and general procedures used throughout the experimental chapters. General
procedures include reduction of samples, preparation of mortar, and data analysis

strategy.
3.2 MATERIALS

3.2.1 Reagents

o Water

Deionised water with a specific conductivity not higher than 0.2mS/m at 25°C was used

to carry out the chemical analysis and leaching procedures.
e Buffer solutions
The following three buffer solutions were used for calibration of pH-meter:

a) phthalate: pH=4 at 20°C
b) phosphate: pH=7 at 20°C
c) borate: pH=10 at 20°C

¢ Nitric acid

HNO; Aristar grade (purity 69%) was used for preparing 1% and 5% (v/v) nitric
solutions. In addition, pure HNO; Aristar was required to acidify samples that had
passed a leaching procedure.

e Solutions for sulfate resistance test

Two sulfate solutions were used to evaluate the sulfate resistance of mortar containing
MSWI-BA. These were:

a) 5% sodium sulfate solution. This was prepared from Na,SO, anhydride diluted with
water (50 grams of Na,SO, anhydride per kg of solution).
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b) 5% magnesium sulfate solution. This was prepared from MgSQ,.7H,0 diluted with
water (102.36 grams of MgS0,.7H.0 per kg of solution).

e Standard solutions for Inductively Couple Plasma-Mass Spectrometry (ICP-MS)

and Inductively Couple Plasma-Mass Spectrometry-Optical Emission
Spectrometry (ICP-OES).

All calibration standard solutions prepared for the determination of metal
concentrations, employing ICP-MS and ICP-OES techniques, were prepared from BDH
Aristar solutions with concentration of 1000 mgL™. To obtain the desired range of
concentrations, several dilutions with 1% HNO; were required. All standard solutions
within a specific range of concentration were prepared from the same original solution.
Thus, for ICP-MS and ICP-AES analysis, the standard solutions were prepared from a
solution of TmgL™ and 100mgL™ concentration respectively. Standard solutions were

prepared monthly and stored in a fridge (temperature<10°C) during that time.
e Standards solution for ion chromatography

The standard solutions used for the determination of sulfates were prepared from
sodium sulfate anhydrous granular 99.5% (Analar) and diluted with ultra pure water
(Milli-Q RG) to achieve a solution with concentration of 100mgL™". Standard solutions of

1,2, 5 and 10mgL™" were prepared from the original solution of 100mgL™ and deionised
water.

The standard solutions used for the determination of chlorides were prepared from
sodium chloride 99.9% (Analar). The preparation of standard solutions was exactly the
same as those mentioned above for sulfate standard solutions.

¢ lon chromatography mobile phase and suppresser solution

a) The mobile phase (Sodium Carbonate & Sodium Hydrogen Carbonate) was
prepared by dissolving 0.570 grams of HNaCO; and 0.784 grams of Na,CO; with
ultra pure water (Milli-Q RG) and diluted to 4L

b) The suppresser solution, Sulphuric Acid, was prepared by diluting 2.8ml of
concentrated H,SO, in 4L of ultra pure water.
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3.2.2 Construction Materials

¢ Cement

The type of cement used in the main part of the experimental programme was Portland
Cement 42.5N, identified as C-1. To ensure homogeneity of the cement used for all
procedures, it was stored in airtight containers at 20+1°C and 65+5% RH. For
comparative reasons, high C;A cement was also used for one series of the sulfate
resistance examination and was identified as C-2. Both cements conformed to BS
12:1996 (1). Table 3.1 shows the mineralogical compositions of both cements as
provided by the manufacturer (Castle Cement).

Table 3.1 Mineralogical Composition of Cements

Cement Compound (% weight) Portland Cement | High C3;A Cement
C-1 c-2
Tricalcium Silicate (CsS) 55.7 50.7
Dicalcium Silicate (C2S) 17.8 19.95
Tricalcium Aluminate (C3A) 7.1 11.17
Tetracalcium Aluminoferrite ~ (C4AF) 8.5 6.80

e Aggregates

The aggregates included a class M sand that conformed to BS 882: 1992 (2) and a
silica sand (SiO, content of approximately 70%). Class M sand and silica sand possess
grains with diameters below 2.36mm. The aggregates were dried at 100°C for 24 hours
before using. In order to avoid the presence of moisture, the aggregates were stored in
sealed containers at 20+1°C and 65+5% RH.

Detailed physical and chemical characteristics of cement and aggregates used
throughout the experimental programme are provided in Chapter 4 together with the
physical and chemical examination of the fractions of MSWI-BA used as partial
replacement of cement and sand.

3.3 INSTRUMENTS
e Compressive Strength Equipment

Compressive strength testing was performed in accordance to BS 1881 Part-116 (3).
An Avery-Denison 7226/D/T 85248 machine with a loading rate of 45kN/min was used
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for compressive strength testing. A special cube support (50mm x 50mm) was fitted to

ensure consistency during testing. Compressive strength was calculated as follows:

C, == Equation 3.1

Cs = Compressive strength (N/mm2)

Fa = Maximum applied force (N)

A = Area of sample (mm2)

In addition, relative strength was calculated using Equation 3.2

C. = & *100 Equation 3.2

. CREF
Cr= Relative strength at a specific age (%)

Crer = Compressive strength of the reference mix at the same age (N/mmg)

e Flexural Strength Equipment

Flexural tests were carried out on prisms that were used previously for length change
determination. The flexural strength was tested in accordance with BS EN 12390 (4)
using an Avery-Denison 7226/D/T 85248 apparatus with a loading rate of 5 to 10
KN/min. Flexural strength was calculated using Equation 3.3:

F*l

cf = * A2
d1 d2

f Equation 3.3

f.= flexural strength in N/mm?

F= maximum load in N

|= distance between the supporting rollers in mm

dy and d,= lateral dimensions of the specimen in mm

Figure 3.1-(a) shows the loading diagram how flexural strength was determined. Figure
3.1-(b) shows one piece of a broken beam after flexural testing and the loading diagram
to determine compressive strength.



. Loading Platen for 75Smm Cub
F F
& Broken Beam from Flexure Tests
Y

(a) Flexure Tests (b) Compressive Strength
Loading Diagram Loading Diagram - Confined Compression Test

Figure 3.1. (a) Loading diagram for flexural testing; (b) broken beam after flexural testing

and loading diagram for compressive strength.

¢ Length Change
Length change was measured using two methods:

¢ Method A — Determination of change in length for prisms immersed in sulfate
solutions (Chapter 7). Two inserts were cast into the end of prism of 40*40*160mm
in size. The change in length between insets was measured using a dial gauge
fixed to a steel frame (See Figure 3.2). The éhange in length, in percentage, at

different exposure period was calculated using Equation 3.4:

AL = (Rt_—@) *DG *100 Equation 3.4
L lo

(]

Where:

AL/L,= Change in length over the original length

R: = New gauge reading after time t

R, = Original gauge reading

lo = Original length of the prism,160mm

DG = Dial gauge factor (one division was equal to 1mm)

¢ Method B — Determination of change in length for prisms subjected to drying
shrinkage (Chapter 6). Two demec-studs were attached on each face of prism of 75
X 75 x 300 in size at a spacing of 200mm (see Figure 3.2). The change in length
between the studs was tested in accordance with BS 1881-206:1986 (5). A gauge
was used to measure this length change. The change in length was expressed in

terms of micro-strains (us). The micro-strains were calculated using Equation 3.5
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u, = ﬁ_L =(R, -R,)*(GF)*10° Equation 3.5

8
0

Where:

Us = micro-strains

AL/Ly= Change in length over the original length
R, = Original gauge reading

R; = New gauge reading after time ‘t’

GF = Demec gauge factor (1.077 x 10°®)

40 75

. |
P .
< Q\\b I <0 & | e 5
h Denec point %0
[ ] I Demec point
— PR

~ ~

All dimensions In mm (not to scale)
All dimenslons In mm (not to scale)

Figure 3.2. Insert cast and Demec to measure change in length in prism size of
40mm*40mm*160mm and 75mm*75mm*300mm and

e pH meter

An electrometric HI 931402 microprocessor pH-meter with an accuracy of + 0.01 units
at 25°C was used to determine the pH of samples. The pH-meter has a temperature
compensation facility and slope correction in milli-volts per pH value.

e |ICP-OES Spectrometer

An Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) was used to
determine the concentrations of elements (e.g. Ca, Na, K, Si, Fe, Al, Mg) in solution
whose concentrations ranged from 1 to 1000 mgL™". Table 3.2 provides operational
conditions of the ICP-OES (Spectro Instruments, Kleve, Germany). Further details
about ICP-OES are given in section 3.4.1.1.

e |ICP-MS

Inductively Coupled Plasma Mass Spectrometer (ICP-MS) was used to determine the
concentrations of elements (e.g. Ni, Cr, Se, As, Mo, Hg) in solutions whose
concentrations were below 1mgL™". The operation conditions of the ICP-MS HP 4500
(Hewlett Packard, Yokogawa Corporation, Japan) are given in Table 3.3.
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Table 3.2. ICP-OES Operational Conditions

Torch Three piece torch
Spray chamber Cyclonic
Nebuliser Cross flow

Sample introduction

Peristaltic pump

0.8 ml min™

Solution uptake rate
Nebuliser gas flow rate 1.0 L min™
Nebuliser gas pressure 234 kPa
Measurement time 300 sec

Table 3.3. ICP-MS operation conditions

Torch Fassel torch
Spray chamber Cyclonic
Nebuliser Babington

Sample introduction

Peristaltic pump

Solution uptake rate 0.8 ml min”
Nebuliser gas flow rate 1.28 L min
Nebuliser gas pressure 590 kPa

Integration Time 3
Detector mode Dual mode

e Chromatography apparatus

Sulfate and chloride concentrations in leachates were determined using a Dionex.

Details of the Dionex QIC analyser are provided in Table 3.4.

Table 3.4. Dionex analyser operation conditions

Elements Types
Column type Dionex lon-pac AS4A-SC 4mm (10-32)
Guard column Dionex lon-pac AG4A-SC 4mm (10-32)
Pump Piston
Membrane Anion Micro Membrane Suppressor Mod AMMS-I
Integrator : 3395 Agilent
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e X-ray Fluorescence Spectrometer

The determination of oxide contents for cement and MSWI-BA was carried out using an
X-Ray fluorescence spectrometer, Philips 2400. Samples were fused at 1250°C for
12mins through a mixture of lithium tetraborate and lanthanum oxide, forming a glass
bead that is suitable for X-ray fluorescence testing. The intensities of the fluorescent X-
ray of the required elements are measured and the chemical composition of the
samples is determined by reference to previously established calibrations. Results
were reported as percentage of the oxide concentrations.

X-ray fluorescence spectrometry is considered an appropriate method to employ for the
determination of major oxide contents of cement (6) except for sodium and elements
whose atomic numbers are smaller than sodium. X-ray fluorescence spectrometry

involves the following steps;

1. Radiation of samples by using a beam of X-ray or a radioactive source,

2. Excitation of the element in samples by absorption of the primary beam,

3. Emission of characteristics X-ray fluorescence by elements contained in samples,
4. Measurement of the emission and correlation with concentrations.

e Porosimeters

The examination of porosity and pore size distribution was conducted using two
porosimeters, the Pascal 140 and 240. Both apparatus were supplied by CE
Instruments. The porosimeters apply pressure to a sample confined in mercury and
then records the intrusion pressure and the amount of mercury intruded into the

sample. Both instruments are connected to an external PC for data analysis.

The Pascal 140 apparatus is used to prepare samples and to measure the porosity and
pore size distribution of solids with pores between 1.9 and 300um in diameter by
applying a pressure from 0.1kPa to 100kPa. The Pascal 240 apparatus is used to
measure the porosity of solids with pores 0.007 to 15um in diameter by controlling the

pressure generation between 0.1MPa to 200MPa.
3.4 TECHNIQUES

3.4.1 Inductively Coupled Plasma

Inductively Coupled Plasma (ICP) is one of the most important and widely used
excitation sources used for atomic emission spectrometry. ICP allows rapid multi-
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element determinations for different matrices at a wide range of concentrations. Atomic
spectroscopy methods consist of the separation of sample constituents into free atoms
or simple ions followed by the measure of absorption or emission of radiation produced
as a result of the excitation of a part of atoms or ions of the samples. Atoms either emit
or absorb discrete radiations as a function of type of atom examined (7). That fact is
used to distinguish between different elements.

Plasma is an electrical conducting gaseous mixture, containing cations and electrons,
whose net charge approaches zero. In argon plasma, Ar ions and electrons are the
principle conducting species, although cations from samples are present in lesser
amounts. Ar ions are capable of absorbing sufficient power from an external source, to

maintain the temperature at which further ionisation sustains the plasma indefinitely.

A typical ICP source, known as a torch, consists of concentric quartz tubes through
which argon flows (see Figure 3.3). Surrounding the top of the outer tube is an
induction coil that is energised by the radio frequency generator creating a changing
magnetic field. To initiate the ionisation of the flowing gas, a discharge from a Tesla coll
or a pilot spark is applied to flowing argon. lons and their associated electrons interact
with the fluctuating magnetic field and then flow in a closed annular path within the coil.
The resistance of ions and electrons to move produces heat. The temperature of the
plasma formed in this way is high enough to require thermal isolation, which is
achieved by flowing argon tangentially around walls. The tangential flow cools the
inside walls of the centre tube and plasma.

SAMPLE LOAD COIL HOTEST PART OF SAMPLE CHANNEL IS
PLASMA = 8000K AT = 6700K

M+ IONS

ATOMS ARE FORMED
AND THEN IONISED

PARTICLES ARE

AEROSOL ISDRIED  DECOMPOSED AND
TANGENTIAL ARGON DISSOCIATED
PLASMA SUPPORT
FLOW

Figure 3.3 ICP Torch

An ICP is a high temperature excitation source providing a high degree of selectivity,
good accuracy and precision. Based on these characteristic, ICP combined with optical
emission spectrometry (OES) and mass spectrometry (MS) were employed to analyse
concentrations above and below 1mgL™ respectively. Thus, in most of the literature
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regarding leaching of bound and/or un-bound MSWI residues, ICP-OES technique has
been used to determine the concentration of elements such as Ca, Na, K, Fe, Si, Zn,
Cu (8, 9, 10) and ICP-MS has been employed for low concentrations of the same
elements and other elements such as Pb, Cu, Cd, Cr (9, 10).

3.4.1.1 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

The inductively coupled plasma combined with optical emission spectrometer (ICP-
OES) includes a conventional ICP excitation source and an optical polychromator
spectrometer. The ICP-OES employed allows concentrations from 1 to 100mgL™” to be
determined for a broad range of elements and different samples. ICP-OES technique is
not affected significantly by inter-element interferences due to the ICP excitation source
used. Figure 3.4 shows an ICP-OES with a polychromator. Samples are pumped into
the nebuliser spray chamber where with argon gas form an aerosol of fine droplets.

CARRIER GAS

OPTICAL SYSTEM
RF GENERATOR

SAMPLE

MEASURING
ELECTRONICS

PUMP
o ° o,

PLASMA i g

NEBULISER DATA PROCESSING
SPRAY CHAMBER

Figure 3.4. Schematic diagram of ICP-OES polychromator

The argon carries the finest droplets through the spry chamber and introduces them
into the plasma where the sample is atomised and ionised as explained in section
3.4.1. The atoms and ions contained in the plasma vapour are raised to excited energy
levels. These energy levels have a short lifetime and atoms drop back to the ground
state, emitting a photon with energy equal to hv(h=constant and v=wave frequency).
The radiation emitted passes to an optic polychromator spectrometer. By definition, an
optic emission spectrometer provides information about the intensity of radiation
emitted as a function of wavelength or frequency (11). Polychromator spectrometers
employ a series of photomultiplier tubes for detection of wavelengths for each element

examined. Each element only emits several specific or discrete wavelengths that are
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converted to an electrical signal in the transducer. The radiation intensity is proportional
to the concentration of the element in the sample. Concentrations of each element
examined are calculated internally by comparison with a previously stored set of
calibration data.

3.4.1.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) combines an ICP with a
quadrupole mass spectrometer (MS). The former provides a high temperature ion
source and the latter provides a high sensitivity detector; therefore good accuracy and
precision at low concentration levels can be achieved. Mass spectrometric analysis
involves, apart from atomisation and formation of a fraction of ions, the separation of
the ions on the basis of their atomic mass to charge ratio (m/z) and the measuring of
the ion current of each type of element.

Figure 3.5 shows schematically an ICP-MS system (12). The introduction of the sample
into the spray chamber and the plasma torch in ICP-MS involve the same techniques
that were discussed in ICP and ICP-OES sections. Once ions have been formed in the
plasma, they pass into a zone named the interface, which consists of two water-cooled
orifices called sampling and skimmer cones. The sampling cone, with a central
aperture of 1mm is located between plasma and skimmer cone. The skimmer cone is
located coaxially behind the sampling cone. The pressure between the cones is
maintained at 100Pa by a rotary vacuum pump and is reduced continuously from
behind the skimmer cones to the analyser chamber (0.1Pa). This allows continued
sampling of the bulk plasma. The gas coming into the first low pressure stage expands
depending upon the aperture size and sampling-skimmer cones distance. The bulk of
the gas is pumped away by the rotary vacuum pump and a small fraction passes
through the final aperture into the quadrupole mass analyser. An omega lens system,
which is located before the mass spectrometer, serves to focus the ions coming from
the skimmer into the mass filter rejecting neutral atoms and minimising photons from
ICP. The quadrupole consists of four parallel cylindrical rods that serve as electrodes.
In the quadrupole, all the ions are converted to neutral molecules except those having
a certain mass to charge ratio (m/z) that are allowed to pass through and reach the
transducer or detector at any point in time. The detector measures the ion signal at
each mass and stores it. Data is expressed as counts per second, which are directly
proportional to the concentration of the element at that mass (12).
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Figure 3.5 ICP-MS Diagram

Over the past decade there has been a significant increase in the use of ICP-MS for
multi-element analysis because of its ability to accommodate solution samples easily
(as in ICP-OES), its low detection limits and the possibility to carry out isotopic analysis
(13,14). The disadvantages of ICP-MS compared with ICP-AES includes; a) higher
instrument costs, b) instrument drift that can be as high as 5% to 10% per hour, and c)
the occurrence of interferences which limit the application of ICP-MS.
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Two types of interference may take place, mass spectroscopic and non spectroscopic
interference. The former includes inter-element (e.g. ®Zn and ®Cu), poly-atomic (e.g.
®Ar,* and #°Se), and doubly-charged ion interferences (e.g. *Sr** and *“‘Ca*?). The
non-spectroscopic interferences are caused by the sample matrix that includes high
suspension of solids, high mass elements, and easily ionised elements. Dilution of
samples, election of an isotope free of interference, optimisation of the instrument,
internal  standardization, standard additions and matrix elimination (e.g.
chromatography) are the common procedures to limit or inhibit the effects of
spectroscopy and non-spectroscopic interferences (12).

3.4.1.3 Determination of Detection Limit for ICP-OES and ICP-MS.

In general, analytical instruments are designed to measure a wide range of signals and
sample types. The response of the instrument is dependent upon the functional
conditions and on the intrinsic nature of the samples tested. The detection limit is a
measure of the analytical procedure. Detection limit is the minimum'concentration or
mass of analyte that can be detected at a known confidence level (15). Detection limit
is dependent on the response of the blank and on the functional dependence of the
analytical instrument on the concentration of analyte in sample. There are several
methods to calculate the concentration in the limit of detection (15, 16,17). Generally,
the concentration in the limit of detection is equal to the concentration that gives a
signal three times the standards deviation of the background signal. In addition, for
guantitative analysis, it is recommended to work with concentrations that are ten times
above the detection limit concentration (17) In this research programme, the

concentration in detection limit was calculated using Equation 3.6.

det ectionlimit(concentration) = 3S, Equation 3.6

For each element analysed, the blanks used to determine the concentrations in limit of
detection must follow the whole leaching procedure. Therefore, there was a need to
determine the concentration in the limit of detection for each leaching series carried
out. The number of replicated blanks depended on the leaching procedure conducted.

3.4.1.4 ICP-OES and ICP MS Procedures
e Samples Preparation

The leachates used for determination of metals were acidified to achieve a pH less
than 2 to avoid further precipitations. Nevertheless, after 3 months, approximately 20%
of leachates exhibited a white precipitate. For that reason, the determination of metals

82



was carried out as soon as possible and no longer than one month after leaching tests

were conducted.

Contamination of leachates from glassware and filtration equipment was likely due to
the fact that some of the elements analysed can commonly be found in the laboratory
environment (e.g. Ca, Na, Zn, Cu and Pb). Thus, samples needed special care during
storage and analysis to avoid contamination. Prior to utilisation, all materials in contact
with samples were washed with a solution of nitric acid and de-ionised water several
times. Despite the careful storage, contamination could not always be avoided and
some samples had to be repeated several times. |

o Selection of Wavelengths in ICP-OES

In order to examine possible inter-elemental interferences and identify the most
appropriate wavelengths for each element, a wavelength scan was conducted. The
wavelength scan was carried out using two solutions. The two solutions were prepared
from BDH Aristar standards and they contained all elements that were subject to
testing. The concentrations of the solutions were similar to the maximum and minimum
expected concentrations for each element examined. Table 3.5 shows the wavelengths
that were found more appropriate for the analysis of each element. The same
wavelengths were used throughout all ICP-OES analysis of leachates either from
unbound (Chapter 5) or bound MSWI-BA (Chapter 8).

Table 3.5 Wavelengths (nm) for ICP-OES

Si 251.61 Ca 317.933

Ba 455.40 Na 589.59
Ni 227.02 K 766.49
Pb 405.78 Fe 2590.94
B 249.77 Mg 285.21
Cu 324.75 Mn 257.61
Zn 213.86 Al 308.21

e Optimisation of ICP-MS procedure

For leachates obtained from either unbound or bound BA, the elements subjected to
ICP-MS analysis were B, Cr, Ni, Mn, Co, Cu, Zn, As, Se, Mo, Cd, Sn, Hg, Ba, and Pb.
The concentrations of these elements ranged from pgL™ for some elements to mgL™ in
others. In addition, each element can interact differently with those elements or
compounds whose concentrations were high in the leachates. As a consequence of the
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wide range of concentrations and different matrix interference in the leachates, the
determination of concentrations using the ICP-MS technique required an optimisation
for each element. Elements or compounds that are known as matrix or major
elements/compounds possess high concentrations and can dominate solution
properties.

Generally, maximum dilution of samples was used to reduce the matrix effects and
contamination of ICP-MS spectrometer. In addition, internal standards, examination of
most convenient isotopes and standard additions were also employed as methods to
optimise ICP-MS analysis.

Internal standard (IS) is a useful way to compensate for sensitivity changes due to
signal drift during the analysis. The appropriate IS elements must not be present in the
samples solution and their atomic mass number and ionisation potential must be
similar to that of the elements analysed. The IS concentration is recommended to be
equal to or higher than the maximum concentration expected for the elements studied
(15). For this research programme, scandium (Sc*°) was used as IS for the analysis of
elements whose atomic masses were equal to or below Zn®®, whereas indium (In''®)
was used for elements whose atomic masses were equal to or over Zn®. Both internal
standards were spiked in a constant amount to blanks, calibration standards and

sample solutions.

Isotope examination was carried out to identify the isotope which did not show high
degree of interference with the matrix. Appendix A provides the possible interference of
major constituents of the matrix with the different isotopes of each element examined.

Table 3.6 shows the atomic mass of the isotopes examined for B, Cr, Ni, Cu, Zn, Se,
Mo, Cd, Sn, Hg, Ba, Pb and Ba elements. For elements such as Mn, Co, and As, only
one isotope was analysed because other isotopic forms are much less common.

Table 3.6: Isotopes used with ICP-MS

B Cr Ni Cu Zn Se Mo Cd Sn Ba Hg Pb

10 52 658 63 64 78 96 111 117 137 200 207

11 53 60 65 66 80 97 112 118 138 201 208

68 82 98 114 119 202

Figure 3.6 shows the calibration curves for isotopes 52 and 53 of Chromium (Cr). Both
isotopes exhibited low interference levels with matrix elements. They gave low
background signal and good correlation coefficients (r). However, Cr*®> gave higher
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account ratios ("y" axes) than Cr®® because the former isotope is more sensitive than

the latter Cr*.
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Figure 3.6. Isotopes 52 and 53 of Cr

Figure 3.7 shows the calibration curves for isotopes 78 and 82 of Selenium (Se).
Isotope 78 gave higher level of interference with matrix element and/or argon ions than
isotope 82. Isotopes 78 exhibited high background signal.

Isotopic assessment was only carried out for a specific number of samples because it
was considered that those isotopes exhibiting much lesser interference were the same
in the rest of the samples because of the similarity of the matrix.

The standard addition (SA) method is useful for determining ultra-trace samples and
minimising the effects of the matrix on standards and samples. The SA method
consists of spiking different known increments of standard solution of element analysed
or analyte to sample aliquots of the same size. The calibration is made using the
spiked samples and the un-spiked as blank. The concentration of sample analysed is
calculated from the calibration curve. The curve of calibration obtained using SA can be
converted to a calibration curve for analysing samples that possess similar matrix and

concentrations.
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Figure 3.7. Isotopes 78 and 82 of Se

The optimisation of ICP-MS analysis is discussed in detail in Chapter 5, where the
leaching behaviour of unbound BA is examined. The optimisation of ICP-MS analysis
achieved in Chapter 5 was adopted to ICP-MS analysis for leached solutions of bound
MSWI-BA in Chapter 8.

3.4.2 Chromatography

Chromatography is based on the separation of components of a mixture by passing the
mixture through a column that retains some constituents longer than others. In all
chromatographic separations the sample is transported in a mobile phase and then
forced through an immiscible stationary phase. The two phases are chosen so that the
components of the sample distribute themselves between the mobile and stationary
phase to varying degrees. Those components that are strongly retained by the
stationary phase move slowly with the flow of mobile phases while weakly retained
constituents move rapidly. As a consequence of these differences in mobility, sample
constituents are separated into discrete bands that can be analysed qualitatively and
quantitatively.

Chromatographic methods are commonly categorised into different types based upon
the nature of mobile and stationary phases (e.g. gas, liquid or supercritical phase) and
the types of equilibria involved in the transfer of solutes between phases (18). For the

analysis of sulfates and chlorides, ion chromatography seems to be the most common
method (8,9).

3.4.2.1 lon Chromatography

In ion chromatography, analytes (CI"" and SO,*) are separated by an ion-exchange

resin and detected by their electrical conductivity. lon chromatography includes an ion-
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exchange column and an eluent suppressor column. Since the conductivity of the
eluent (mobile phases) is high enough to make it difficult to detect the conductivity
change when analyte ions are eluted, the suppressor column is introduced to eliminate
eluent before analytes are detected. Figure 3.8 shows a typical ion chromatographic
separation of CI" and SO,* anions (19). Samples containing these anions are
introduced into an anion exchange column or a separation column that is in carbonated
form. CI"" and SO,* anions form equilibria with the base resin and they are slowly
displaced by the anions from mobile phases or eluent, COs%. The magnitude of the
equilibrium constants, Ke(CI") and Ke(SO,*) determine the affinity of the resin for one
anion relative to the other. The resin retains longer the anion that possesses the higher
equilibrium constant. In general, for strong base resin, the Ke(SO,?) is higher than the
Ke(CI"), therefore the time of retention of SO, is higher than for CI'" anions (20). After
a period of time, anions leave the separation column as NaCl and Na,SO, and pass to
the suppressor column. The suppressor column contains an acid resin loaded with H*.
In the suppressor column, Na*' ions from the NaCl and the Na,SO, are replaced by H*,
thereby forming H.SO, and HCI. In order to regenerate the suppressor column after
every run, a fibore membrane operating continuously is used. The eluent and the
suppressor solution flow in opposite directions on either side of the permeable
membrane. The regeneration of suppressor column is performed automatically by
passing hydroxyl ions through the resin (19,20). Once eluent is separated from analyte
ions, the conductivity of the examined ions can be measured. The analyser is then
connected to an integrator that provides results of the integrated areas for each

analyte.

Figure 3.8 shows ion-exchange and suppressor columns, the concentration versus

time curves and the reactions that take place in each column.

3.4.2.2 lon Chromatography Procedure

Sulfate and chloride concentrations were analysed in leachates of bound MSWI-BA in
cement-based systems. The determination of both anions was not possible for
leachates of unbound MSWI-BA samples. Leaching procedures conducted to examine
the leaching behaviour of unbound MSWI-BA employed a high concentration of nitric
acid. High concentrations of HNO; impeded to identity CI'" and SO, peaks in the
chromatograms.
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Figure 3.8. Schematic representation of lon Chromatography

Leachates were analysed by injection of approximately 2ml of sample in the Dionex.
Sulfate and chloride concentrations ranged from 5 to 20mgL"" in leached samples. This
range of concentration allowed the determination of the concentrations of both anions
without diluting most of leachate sample. Dilution was only necessary in a few cases.
The determination of sulfates and chlorides was conducted within a week of completion
of leaching procedures.

Figure 3.9 shows the chromatograph for the standard solution containing 5mgL™ of CI""
and SO4*. The peaks for chlorides, nitrates and sulfates appeared at 2.723, 4.680 and
9.457 minutes respectively.

Figure 3.10 shows the chromatograph for a leachate of mortar specimen that contained
MSWI-BA as partial replacement of cement and sand. MSWI-BA particle size used as
replacement of cement had a diameter below 212um. MSWI-BA particle size used as
replacement of sand had a diameter that ranged between 212um and 2.36mm.
Leachant used consisted of de-ionised water acidified to reach a pH ranging between 2
and 4. Leachant was removed five times during the leaching procedure. The small



peak at 3.350 minutes correspond to an anion that was not subjected to examination

whereas the peaks of chlorides, nitrates and sulfates are shown in the figure.

ljr— o g. 123
> 4 EBO Nitrates peak Chlorides peak

= B 451 Sulphates peak

-

Figure 3.9. Chromatograph for a standard solution containing 5mgL™" of CI'" and SO,*

l Chlorides peak

P 2,618
1y, aua
r_ Nitrates peak
==— 19,509
[ Sulphates peak

Figure 3.10 Chromatograph for a leachate of mortar sample containing 15% and 50% of
MSWI-BA as partial replacement of cement and sand respectively

The comparison of the chromatographs shown above (Figure 3.9 and Figure 3.10)
indicates that despite the difference in matrices between standard solution and
leachate solution of samples containing partial replacements of MSWI-BA, the retention
times of ClI'" and SO,* were similar for the two types of solutions considered. The only
noticeable difference between both chromatographs was the NO;'~ peak. For the
leachate sample, NO;'" peak was 78% of the total integrated chromatograph area
whereas for the standard solution it was only 0.6% of the total integrated
chromatograph area.

3.4.3 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) was used to determine the porosity and evaluate
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pore diameters of mortar. The MIP technique is ideal for materials with medium to high
porosities (21). The technique is based on the mercury's ability to act as a non-wetting
liquid. Mercury penetrates into the pores of a sample under pressure and is not
absorbed by the solid’s pores because of its surface tension. MIP involves applying
gradually an increasing pressure to a sample confined in mercury and results in
mercury being intruded into the open pores of the sample. The pressure required to
carry out the analysis depends on the size and structure of pores. The pressure applied
is related to pore diameters as proposed by the Washburn equation (22). In the
equation (Equation 3.7), the diameter of pores is directly proportional to surface tension
of mercury, y, and the cosine of the contact angle, 6, and inversely proportional to the

applied pressure, p :

=—4ycose
P

d Equation 3.7

where:

p = absolute applied pressure
d = pore diameter

y = mercury surface tension

0 = contact angle between the liquid and the pore walls

Washburn’s equation assumes the following:

a) All pores are cylindrical and equally accessible to the outer surface pores of the

specimen,
b) No change in pore structure occurs during testing,
c) Mercury (Hg) surface tension and contact angle remain constant,

d) Intrusion pressure is in equilibrium.

It has been observed that contact angles depend on the nature of the samples
examined (23). The values usually range from 125° to 152°, so an average value of
141.3° may be used. However, a value of 130° is generally used for cement pastes
(21,24) and higher contact angles are used for mortar (25,26). In addition, it has been
found that higher contact angles are required if paste or mortar materials contained
waste as replacement of cement (23). The surface tension varies as a function of
temperature. A range of 482.2 dynes/cm at 25°C to 472 dynes/cm at 50°C has been
reported, and a value of 480dynes/cm is often used (24,27).

MIP is a widely used technique for determining the total pore volume and pore size
distribution of cement-based materials (22- 27). However, this technique has several



limitations that lead especially to inaccurate pore size distribution interpretations
(21,24,28). Some of these limitations are explained below:

a) The accessibility of mercury appears to be the most important concern to evaluate

pore size distributions using this technique (28). Figure 3.11 shows the different
structure of pores that can be found in porous materials, such as cement-based
system specimens (21). Nearly all of the pores are in the interior of the specimen
and these pores can be reached by the mercury through a percolate chain of
intermediate pores of varying sizes and shapes. In a hypothetical pore system
formed by a small open pore connected to a second large pore (See pore-C in
Figure 3.11), the large pore does not require high pressure to be filled with Hg.
However, this pore will not fill until the small pore reaches the high pressure
required to fill its small diameter. This effect is known as ink-bottle and produces
pore diameter distributions with an erroneously high average proportion of pore
with low diameters and a small average proportion of pores with large diameters.

/ Open Pores \

Blind Pores Through Pores

Closed Pore

Interconnected Pores Right 'Cylindrical Pore' Variety
'Ink Bottle Pore' Variety

Figure 3.11. Types of pores that can be found in porous materials (21)

b)

Another effect that can occur is pore blockage. Capillary pores can be blocked by
gel pores and then solely connected to the gel pore net. The pore network is
blocked by much finer connections at practically each step. Pore blockage effect
will not affect the measurement of total porosity, so long as the pressure applied is
high enough to breakdown the blockages and mercury is intruded into all of the

open capillary pores. The effects of pore blockages should not affect the evaluation
of the percentage of pores whose diameters are above 0.1um.

The mercury may be unable to penetrate the narrowest pores, mainly gel pores,
(29, 30). Therefore, total porosity may be slightly lower than the actual value.

The contact angle is assumed constant throughout the analysis. However, it has
been observed that contact angles vary as a function of age of cement paste and
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binder compositions and also during the analysis (23,31). An error in the contact
angle assumption that differs from the true value by 1° can result in an error of 2%

in the determination of pore diameter when applying the Washburn equation (32).

e) The pressure used to force mercury into the pore network can damage the pore

structure resulting in a false interpretation of the pore size distribution (27,32).

f) The Washburn equation model assumes that the system consists of cylindrical
pores. But the investigation of Diamond (28) using Scanning Electronic Microscopy
(SEM) analysis showed that pores were clearly not cylindrical.

Employing small samples and occurrence of micro-cracks facilitate the accessibility of
pore. When micro-cracks occurs during fracture they can distort the true pore size
distribution (33).

Different techniques (e.g. gas absorption, scanning electron microscopy) have been
developed for measuring porosity and the characterisation of the pore size distribution
of porous materials (21). The choice of the most appropriate method depends on the
chemical and physical nature of the solid and the properties examined. For example
the gas absorption technique is suitable for pores that lie in the micropore-mesopore
region (e.g. with pore diameters between 0.0005um and 0.05um) whereas SEM is
appropriate for the analysis of pores with large diameters (e.g. with pore diameters
above 0.1um).

3.4.3.1 MIP Procedure
e Samples Preparation

Porosity analysis was carried out on mortar samples of approximately 2 grams of mass
which were taken from the middle of each cube after the compressive strength test.
Several pieces of each crushed cube were dried in an oven at 100°C to remove
moisture until a constant weight was achieved. The drying period took approximately
24 hours. After drying, the samples were placed in an airtight bottle until the MIP
testing. Silica gel crystals were added to the bottle to absorb any moisture.

e Experimental Parameters

MIP analysis was conducted using following parameters:

i) CD3 dilatometer, which was suggested for measuring pore volume from 0.1 to

500mm? and maximum sample size of 12mm in diameter and 40mm in height (34).

ii) Total mass of samples ranging between 1.45-1.60 grams.



iii) Mercury surface area of 480 dynes/cm

iv) Contact angle of 141°. The influence of the contact angle used on the cumulative
pore volume (CPV) and relative pore volume (RPV) was examined for 4 samples (see
Appendix B). Results of these four samples showed that there was a very slight
difference in CPV and RPV between using contact angles of either 130° or 141°.

v) Two pieces were used for each MIP analysis. The two pieces were from the total
pieces that were obtained after crushing three cubes. The effect of using either one or
two pieces for each MIP analysis on CPV and TPV was evaluated (see appendix C).
This examination indicated that there was a difference in the CPV whereas there was

only a light difference in RPV when either one piece or two pieces was used.
¢ Repeatability

Repeatability of MIP analysis was examined using two samples obtained from the
same batch. MIP analysis was carried out using a contact angle of 141° and 2 pieces
per each sample. Figure 3.12 shows CPV and RPV comparisons for two replicate
samples In general, the CPV varied insignificantly (no more than 10mm?3/g) between
the replicate samples. The RPV also appeared to be similar for both samples.

160 9.0
—o— C CPV (mm?%/g)
140 - 8.0
o ——D CPV (mm¥/g) |
i
120 - ——CRPV (%) 7.0
---DRPV (%) 1 6.0
B 100
E -5.0 ¥
E 80 >
E 4.0 ¢
O 50 -
- 3.0
40 1 - 2.0
W- 1.0
. _ r
T T T 0.0
0.01 0.10 1.00 10.00 100.00

Pore Size (micron)

Figure 3.12. Repeatability of MIP analysis for samples that were cast in the same batch.

The repeatability of MIP analysis for sample obtained from different batches was
evaluated in order to explain possible change in porosity and pore size distribution of
leached samples. MIP analysis was carried out using a contact angle of 141° and 2
pieces per each sample. Figure 3.13 shows CPV and RPV for samples D and E
obtained from different batches. There was a significant variation in CPV and RPV for
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both samples. For example, the difference in CPV was approximately of 40mm?/g.
Although these quantitative variations, CPV and RPV trends were quite similar for both

samples.
160 9.0
140 | —o—E CPV (mm¥g)" 1 8.0
—— D CPV (mm?/g)
——ERPV (%) + 7.0
120
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Figure 3.13. MIP analysis for samples that were cast in different batches.

3.5 SAMPLING AND PREPARATION OF MSWI-BA SAMPLES

The inherent heterogeneity of MSWI-BA requires an appropriate sampling method that
ensures an adequate level of representative sampling is achieved. Many factors such
as household input, incineration operation are involved in the heterogeneity of MSWI-
BA samples from a specific incineration facility (35).

There are international standards and reports on testing ashes (36-38) which can
provide guidance on establishing an approach for MSWI-BA collection. The objectives
of every particular sample always determine the most practical strategy for collection.
The two significant parameters to be considered in any collection are the quantity of
material and the frequency. When the purpose of collection is related to utilisation of
waste, it may be beneficial to collect large quantities of material with high frequency,
whereas for control and regulatory purposes low frequency collection may be the
practical strategy (35). For this particular research programme, it was impractical to
carry out high frequency sampling. Therefore, the sample collection was planned to
obtain samples that presented similar chemical and physical properties.

The collection point and quantity of material collected per hour have an influence on
the homogeneity of the samples collected. Taking these facts into account, the quantity
of MSWI-BA collected per hour was approximately 100kg/h as suggested in ISO 282-
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1992 (39). The MSWI-BA samples were taken from the cross section of the conveyor
belt as recommended in BS EN 932-1 (40). The conveyor belt was situated
immediately after the water tanks (see Chapter 2) and before the magnetic separator.
During collection certain pieces were not subject to selection (e.g. big stones, metal
portions and kitchen tools). Having finished the collection, samples were placed in
plastic bags and transported to the laboratory. Figure 3.14 shows the collection point at

the incineration facility where MSWI-BA was collected on the conveyor belt.

The MSWI-BA samples from the incineration plants contained moisture. The MSWI-BA
was dried at 100+2°C for 24 hours to stop further reactions and stored in airtight

containers at temperature of 20£1°C and 65+5% RH.

41t

Figure 3.14. MSWI-BA on the conveyor belt

3.6 SAMPLE REDUCTION

The aim of sample reduction is to obtain a laboratory sample that adequately
represents the average properties of the whole quantity of materials. Sample reduction
was carried out in accordance to BS EN 932-1&2 (40,41). Appropriate and careful
sample reduction strategy is a prerequisite for analysis that will lead to reliable results.
Sample reduction needs special care for non-homogenous material as MSWI-BA. For
non-homogenous materials it is recommended to increase the number of sample
reduction stages and the quantity of material taken for each stage (40). These facts

were employed with sample reduction of MSWI-BA.

Cement, class M sand, silica sand and all the fractions of MSWI-BA examined
throughout the experimental programme were subject to sample reduction. Once a

certain amount of those materials was selected from trays or bags, the sample
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reductions were carried out by quartering. The sample reduction was conducted in the
following sequence:

1. The bulk material subjected to sample reduction was placed on a hard surface.

2. The bulk sample was mixed thoroughly by heaping it up to form a cone and turning
it over to form a new cone. This step was repeated four times.

3. The fourth cone was flattened until a uniform thickness of the heap was achieved.
The flat heap was divided into four sub-portions, taking two opposite portions and
discharging the other two.

4. The process of mixing and quartering were repeated until the required amount for
analysis was equal to the sum of the last two sub-portions taken (42).

3.7 MIX PREPARATION

Mixes were prepared to examine the mechanical and physical properties, sulfate
resistance and leaching behaviour of mortar containing MSWI-BA. The proportion of
binder to aggregate was 1:3. The water/binder ratio was constant at 0.50 for all mixes.
The binders include cement and fine fractions of MSWI-BA (e.g. grain size below

212um). Aggregates include class M sand and the coarse fraction of BA. All materials
were stored at 20+2°C and 65+5%RH before casting.

3.7.1 Mixing
Mixing was carried out as follows:

1. After weighing, the binder materials (cement & fine fraction of BA) were mixed by
hand until homogeneity was achieved.

2. Fine aggregates (class M sand & coarse BA fraction) were placed in the Hobart
mixer and mixed for two minutes until homogeneity was achieved.

3. Binders were added to the mixer and mixed with fine aggregates for approximately
three minutes.

4. Water was added slowly while mixing took place. The length of mixing was
approximately five minutes. The mixing process was interrupted occasionally to
remove accumulated material from the paddle and the bottom of the bowl.

5. Once mixing had finished, the mortars were mixed by hand to remove any
accumulated material on the base of the mixing bowl and paddie.



3.7.2 Casting

Prior to casting, all the moulds were slightly lubricated with oil. Then, the material was
placed in the moulds in three layers, each layer being compacted by hand. Three

different size of steel moulds were used:

g) Cubes of dimension 50mmx50mmx50mm for compressive strength, leaching,

porosity and saturated density tests.
h) Prisms of dimensions 75mmx75mmx300mm for drying shrinkage test.

i) Prisms of dimensions 40mmx40mmx160mm for sulfate resistance.

3.7.3 Curing

After casting, all samples were placed in a mist curing room at 20°C+1°C and 95%+5%
relative humidity for 24 hours. After that de-moulding took place. Mortar samples were
cured by three different methods as follows:

j) Curing method A: Mortar samples were placed in water tanks at 20+1°C.
k) Curing method B: Mortar samples were cured in air at 20+2°C and 65+5%RH.

I) Curing method C: Mortar samples were sealed with plastic bags and cured in a mist
room at 20+1°C and 95+5% RH.

3.8 DATA ANALYSIS: STATISTICAL INTERPRETATION OF DATA

It is generally agreed that statistics are necessary not only to understand the
significance of the data but also to report the results of an investigation in a condensed
form for easy interpretation (43). Depending on the nature of the investigation, data
analysis must be done considering different parameters (e.g. reproductively,
repeatability, accuracy). Throughout this experimental programme, the analysis of
chemical and physical data has been conducted.

Analysis of chemical data was used mainly to report results of Chapters 4, 5 and 8. The
average value of at least three replicate samples was reported. The number of
replicate samples was increased up to 5 when a certain procedure or analysis needed
to be repeated. The absolute and relative standard deviations were used as an
indication of the precision of the analysis. Relative standard deviation was calculated
as indicated in Equation 3.8.
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S(relative) = EE—V *100 Equation 3.8

where:
SDEV= standard deviation of three identical samples
X= average of three replicate samples

Different methods have been described to identify data which can be rejected from a
data set (17). In this research programme and particularly in the determination of
metals and anions in solutions, data that gave relative a standard deviation higher than
10% was rejected. When it was not possible to achieve a relative standard deviation
below 10% for the three replicate samples, more replicate samples were tested.

The results of physical and/or mechanical testing were used mainly in Chapter 4, 6,
and 7. For all tests, except drying shrinkage and mercury intrusion porosimetry (MIP)
analysis, at least three replicate samples were used to calculate the average value of
the data set. Drying shrinkage mean value was calculated from the individual readings
of two identical prisms. Porosity and pore size distribution data were generally
calculated from a single individual sample, however occasionally, two samples were

tested, which were chosen at random.

3.9 CONCLUSIONS

Chapter 3 has described the materials, instruments, techniques and test methods used
throughout this research programme. Materials section includes all reagents used to
analyse leachate concentration, sulfate solutions used for sulfate resistance test and
materials used for making mortar specimens. The instrument section includes a brief
description of equipment used such as crushing machine ICP-OES Spectrometer, ion
chromatography apparatus. The third section, techniques, describes the main
techniques used, ICP-OES, ICP-MS, lon chromatography and MIP and how testing
was carried out. Finally, the last section of Chapter 3 explains the collection and
reduction of MSWI-BA and preparation of mortar specimens.

Having explained the methodology and techniques, the next chapter, Chapter 4
presents the chemical and physical properties of various fractions of MSWI-BA.
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CHAPTER 4: CHEMICAL AND PHYSICAL
PROPERTIES OF UNBOUND MSWI-BA




4.1 INTRODUCTION

The examination of chemical and physical properties of municipal solid waste
incinerator bottom ash (MSWI-BA) is the first stage to identify its potential utilisation.
The literature review on chemical and physical properties of MSWI-BA indicated that
these properties can vary widely even for the same incineration facility due to the
heterogeneity of MSW input and operational conditions. Some new incineration plants
pre-treat the MSWI-BA prior to utilisation or disposal, with a view to improving MSWI-
BA engineering properties and environmental impact, whereas other incineration plants
transport and send the MSWI-BA to landfill sites directly from the quenching tank.
Thus, a wide variation of MSWI-BA samples can be found (1).

The examination of physical properties includes a visual observation, the determination
of the water content, bulk density, specific gravity and sieve analysis. Density, specific
gravity and particle size distribution are important parameters when considering the
homogeneity (e.g. shape of particles), porosity of the bulk, and the degree of
compaction of materials. In general a uniform gradation indicates potential use of the
material as an aggregate substitute (2). The examination of chemical properties
includes generally the determination of the pH profile, inorganic composition, loss on
ignition.

This chapter examines the physical and chemical properties that were considered
relevant for assessing the usage of MSWI-BA in cement-based systems. These are
water content, density, particle size distribution, pH, inorganic composition and loss on
ignition (LOI).

4.2 VISUAL EXAMINATION

In general, a visual observation of MSWI-BA gives an idea of its grains size and also
provides an assessment of the relative efficiency of the combustion process. The visual
observation of the' MSWI-BA from the incineration plant in Nottingham showed a high
amount of glass, ceramics, ferrous and non ferrous metals, slag materials and large
stones. In addition, a low quantity of unburned papers and gardening residues were
present. A wide grain size distribution was observed for ceramic materials. Figure 4.1
shows four photographs of different fractions of MSWI-BA. Figure 4.1 -a shows raw
fraction of MSWI-BA which consisted of MSWI-BA as received from incineration plant
without large pieces (e.g. stones). Figure 4.1 -(b), (c) and (d) show three grain size
fractions of MSWI-BA after being dried at 100°C for 24 hours and dividing in fractions.
The particle diameter () of these fractions were @<212um, 212um<@<2.36mm and
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2.36mm0<5.00mm. The visual observation of the MSWI-BA reveals the absolute

necessity of sorting this bottom ash into fractions. These fractions will undergo specific

treatment depending on further applications.

a) Raw MSWI-BA b) MSWI-BA 0<212pm
-
c) MSWI-BA 212pm<0<2.36mm d) MSWI-BA 2.36mm<0<5mm
"; eme " 'S v
14 m -
[IK
U

Figure 4.1: MSWI-BA photos; (a) Raw MSWI-BA; (b) MSWI-BA 0<212pm; (c) MSWI-BA
with 212pm<0<2.36mm and (d) MSWI-BA 2.36mm<0<5.mm

4.3 EXPERIMENTATION

4.3.1 Materials

The materials tested were four fractions of MSWI-BA; 1) raw MSWI-BA as received
from incineration facility without large particles; 2) MSWI-BA fraction consists of
particles with diameters below 2.36mm (0<2.36mm). This fraction was ground in a
hammer mill for 3 minutes for investigating the influence of particle size on chemical
composition; 3) MSWI-BA fraction with particle diameters below 212pm (0<212pm); 4)
MSWI-BA fraction with particle diameter between 212pm and 2.36mm
(212pm<0<2.36mm).

A Portland cement and class M sand were also included in physical and chemical
characterisation of MSWI-BA for comparative purpose because two fractions of MSWI-

BA were used to partially replace cement and sand.
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4.3.2 Testing
4.3.2.1 Water Content

Water content test was determined in accordance with BS EN 1097-5 (3) and BS 812
part 109 (4).The water content consisted of drying several test samples of MSWI-BA in
a ventilated oven at 100+5°C until a constant weight was achieved. After drying, test
samples were left to cool in a desiccator, filled with silica gel, for approximately 3 hours.
The water content is determined as the difference between the wet and dry weights.
Water content was determined for six samples and the average was reported.

4.3.2.2 Density

Test methods used to determine particle density and bulk density are based on
specifications and apparatus requirements given in BS 812-2 and BS EN 1097 part 3
and part 7 (5-7). For each density test, three identical samples were used. The
samples for the density test were taken from approximately one kg of each material
which was subjected to sample reduction procedures.

For the materials examined, three identical samples were tested. Particle density was
obtained by averaging the three test samples and reported to the nearest 0.01. Any
individual result that differed by more than 0.02 was not considered as recommended
in BS 812-2 (5). The average bulk density was calculated to the nearest 0.01 Mg/m®
and any value that differed more than 0.05 Mg/m® was not considered for calculating
the average (5).

¢ Particle Density

The particle density or apparent gravity density is calculated by the ratio of the dried
mass of the sample to the mass of water occupying a volume equal to that of the
sample which includes the impermeable pores. The particle density was determined as
follows:

1. Test samples of approximately 200 grams in weight were dried at 105+5°C until
constant weight was achieved. This took around 2 to 3 hours.

2. After drying, samples were left to cool in a desiccator under room conditions. In the
meantime, the calibration of the density container, known as a pycnometer, and

determination of density of kerosene were carried out as follows:

a) The calibration of pycnometer consisted of calculating the true volume (Vi) of
pycnometer as indicated in Equation 4.1. The dried pycnometer weight was
recorded (my), and then filled up with distilled water. Next, the pycnometer was
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immersed in a water bath, which was capable of maintaining a temperature of
25x0.1°C, for 1 hour. After immersion the weight was recorded (m,,).

V, = — o — Equation 4.1

where:

Vi= volume of kerosene

mo = mass of the pycnometer empty

m,,= mass of the pycnometer full of water

pw= density of water which is equal to 1g/ml

b) The density of the Dilatometric liquid, re-distilled kerosene with a boiling range
between 180°C and 280°C, was determined by repeating the above procedure and
using Equation 4.2;

m, -—m,
m_ -—-m

w 0

= Equation 4.2

where:
my= mass of the pycnometer density bottle full of kerosene
px= density of kerosene
3. After cooling, the sample was added into the empty pycnometer using a small
funnel, so as to fill approximately one-third of the bottle, and then its weight was
recorded (Mgq + Mo).

4. Once the pycnometer had been filled with kerosene it was then immersed in a
water bath for not less than one hour. Finally, the weight of the pycnometer, solid
and kerosene were recorded and particle density (p,) was calculated using the

following equations:

V, =V -V, Equation 4.3
o,= mso\l/‘ m, Equation 4.4
sol
0 = My — M, Equation 4.5
’ (mw—moj_(mT-—mml]
pw pk

Where:

V= total volume

mg,= mass of the density bottle and solid added
my=mass of the density bottle, the solid and kerosene
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o Bulk Density

Bulk density was determined using methods A and B.

a) Method A

In method A, bulk density was calculated by the ratio of the dried mass of sample to the
wet volume of sample in kerosene. This method was used for samples of cement, class
M sand and fractions with @<212pm and with 212um<J<2.36mm. Sampling, drying
and cooling procedures were the same as that described above for particle density
(steps 1, 2 and 3). Once test samples had cooled, 10+0.01grams of solids and
approximately 25ml of kerosene were placed into a graduated glass cylinder, which
had 1ml divisions. To ensure that the solid was in complete suspension the cylinder
was inverted and shaken several times (at least four times), while adding more
kerosene. Finally, the‘cylinder was left to settle for 6 hours before recording the bulk
volume of the solid to nearest millilitre.

The bulk density (p,) for each test sample was calculated to the nearest 0.01 Mg/m®
using Equation 4.6:

p, = [m - mo] Equation 4.6

Where:
m= mass of samples which was equal to 10g
m,= wet mass of samples before drying

V= volume recorded from the graduated cylinder

b) Method B

In method B, the bulk density is calculated by the ratio of the dried mass of test sample
to the volume of a container. The volume of the container was determined previously,
by filling it with distiled water at standard conditions. This method was used to
determine the bulk density of class M sand and the MSWI-BA fraction with a particle
diameter 212um<@<2.36mm. This test consisted of filling a container with dried sample
(105+5°C), taking care to approximate the volume of the sample to the volume of the
container. The volume of the container was previously calculated by determining the
maximum mass of distilled water to fill the container. Care was taken to avoid any
compaction whilst samples were being added and to remove the surplus sample from
above the top of the container, without compacting any part of the upper surface of the
sample. The bulk density is directly calculated by dividing the mass of sample by the
volume of the container as shown below;
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Equation 4.7

C_|m=-m,
pn_|: Vv ]

m= dried mass of samples to fill the container completely.
m,= wet mass of samples before drying
V= volume of container

4.3.2.3 Sieve Analysis

The sieve test was carried out in accordance with BS 812: Part 103 (8), using 500 g of
test sample for each test. MSWI-BA samples were screened for approximately 18
minutes and the material retained on each sieve was weighed to determine the
retained proportion of each grain size.

Sieve analysis was carried out for each collection to evaluate possible difference in
particle size distribution between each collection. Prior to testing, raw MSWI-BA was
dried at 100+5°C for 24 hours and subjected to sample reduction stage. Sample
reduction was carried out in a selected number of trays chosen at random. Sample
reduction is described in detail in Chapter 3.

4.3.2.4 Determination of pH

The test methods used to determine the pH followed the recommendations given in
ASTM D-4980-89 (9). The test consisted of placing MSWI-BA samples in different
volumes of water. Table 4.1 summarises the three procedures that were carried out for
the different samples examined. The duration for all procedures was 24 hours. For two
of the procedures used, agitation was required.

Table 4.1. Parameters for pH test

Procedure 1 Procedure 2 Procedure 3
Sample mass (9) 10 10 10
Water volume (ml) 100 150 100
Agitation Magnetic stirred Magnetic stirred No agitation
Duration (days) 24 24 24

In order to assess the pH profile beyond to 24 hours, a new test series was conducted
keeping the parameters that were set in procedure 3 (i.e. no agitation and s/l ratio 10).
Thus, for every test MSWI-BA samples were mixed with distilled water and left to settle.

Two different weights of samples were tested (20 and 50 grams), keeping the same
solid/ water ratio.
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The pH-meter was calibrated every day before testing using buffer solutions. To reduce
possible interference from variation of temperature, release of suspended material, a
pH-meter with compensation of temperature was used and readings were only
recorded once samples had been settled previously. '

4.3.2.5 Inorganic Composition

Sample preparation for inorganic determination needs careful consideration to
minimise potential variability due to the intrinsic heterogeneity of MSWI-BA. The MSWI-
BA consists of a mixture containing a wide range of elements. Elements may be
presented in various phases. This variety of elements and phases makes it difficult to
determine each individual element. Therefore, it was decided to determine the major
and minor elements of MSWI-BA employing X-ray fluorescence spectrometry. Major
elements include Ca, Si, Al, Fe, Mg, K, Na, S and Cl. Minor elements include Zn Pb,
Mn, Ba, Cu, Sn, Cr, and Ni.

For the determination of chemical composition, semi-quantitative and quantitative
analyses were carried out. Each test method requires different sample preparation.

These were as follows:

a) Method 1: semi-quantitative analysis required pressed pellets of the samples. 8
grams were compacted in a mill for 1 minute to make pellets, which were placed

into X-ray fluorescence spectrometer.

b) Method 2: quantitative analysis required fused samples. The fusion procedure
includes the following stages:

1. One gram of sample was mixed with 10g of dilithium tetraborate. The mixture was
weighed with an accuracy of 0.0001g.

2. The mixture was fused at 1250°C for 12 minutes.
3. The fused mixture was cooled for half and hour.

4. Finally samples were analysed in the spectrometer.

The examination of inorganic composition of MSWI-BA was carried out for the following

experimental series:

1. Series 1 consisted of the determination of major elements of MSWI-BA fractions
with particle diameters () below 75pm, 150pum, 212um, 300um, 600um and
1.18mm, and particle with 212um<@<2.36mm, 2.36mm<@<5mm and ground
MSWI-BA fraction using method 1 (semi-quantitative). For MSWI-BA fraction with
212um<J<2.36mm and 2.36mm<J<5mm, three replicate samples were subjected
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to testing and the average was reported. However, for fractions with particle
diameter lower than 1.18 mm only one sample was tested, because they exhibited
good consistency and homogeneity of results after some identical samples were

tested.

2. Series 2 included the determination of major elements in MSWI-BA fractions with
@<212um, 212pm<J<2.36mm and ground MSWI-BA using method 2.

3. Series 3 consisted of determining of minor elements in MSWI-BA fractions with
@<212um, 212um<Z<2.36mm and ground MSWI-BA using method 2.

4. Series 4 consisted of the determination of major elements for fractions of MSWI-BA
with @<212pm and ground MSWI-BA that were obtained from each collection. The

chemical composition was determined using method 2.
4.3.2.6 Loss-on-ignition

The loss on ignition is expressed as the percentage of mass reduction which occurred
by igniting a sample at a specific temperature. The procedure used was similar for the
different samples tested. The only difference was the temperature of ignition, which
was 775+25°C, as recommended in BS 3797 (10) for aggregates such as class M sand
with @<2.36mm and MSWI-BA with 212um<@<2.36mm and 975+25°C, as
recommended in BS EN 196-2 (11) for cement and MSWI-BA with @<212um.

Approximately 100grams of each material were dried at 105+5°C until a constant mass
was achieved. The mass was then reduced to approximately 25 grams and then
ground until passing through a 150um test sieve. The sample weight (m,) was 2 grams
with an accuracy of 0.001g. Samples were placed on a dish which had been ignited
previously. The covered dish was then placed in a muffle furnace either for 2 hours or
for 15 minutes when aggregates or cementitious materials were tested. Finally test
samples were allowed to cool in a desiccator under room conditions and then weighed.
In order to avoid the loss of material by exposition during the ignition process, the dish
containing the test sample was covered during the first 5-7 minutes. The % loss on
ignition was calculated by the equation shown below;

%LOl = [érﬂ*mo] Equation 4.8

mo
Were:
Ams=loss in mass is the difference between original mass and mass after ignition

mg=original mass
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4.4 RESULTS

4.41 Water content

Results of MSWI-BA water content are calculated in two different forms: 1) Method |,
water is expressed as the mass of the water divided by the mass of dry material; 2)
Method II, water content is expressed as the mass of the water divided by the total wet
mass the sample. Both water contents are expressed as a percentage. Table 4.2
shows the average value of the six samples tested for each collection of MSWI-BA.

Table 4.2: Water contents of MSWI-BA

Collections Method | (%) Method 1l (%)
1 21.18 12.92
2 35.28 17.39
3 21.79 14.61
Average 26.08 14.97

Collection 1 and 3 exhibited similar water contents. However, collection 2 gave a higher
content than the others. The difference in water content for the different collections
could be attributed to the variation in operation in the incineration plant.

4.4.2 Density

Particle density and bulk density have been examined to show the degree of
compliance of MSWI-BA with standards specifications given for other materials used in

construction.

Table 4.3 presents the values of particle density and bulk density for the fractions of
MSWI-BA with & <212um and 212um<@<2.36mm. Also, the density of cement and
class M sand are included in the table for comparison purpose. Particle and bulk
densities for the fraction of MSWI-BA with @<212um were 17% and 25% respectively
lower than those for cement. The particle densities of MSWI-BA with
212um<<2.36mm and class M sand were slightly different whereas their bulk
densities were significantly different. The bulk density of MSWI-BA with

212um<J<2.36mm was about 40% lower than that for class M sand.
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Table 4.3. Particle and Bulk Densities for two fractions of MSWI-BA, cement and class M

sand
Bulk density (Mg/m®)
Materials Particle density

Method A Method B

Binder @ <212pm 2270 +0.006| 0.604 +0.012 - -
Cement 3.010 +0.005| 0.727 +0.013 - -
Aggregate 212um<@<2.36mm 2.335 +0.007| 0.960 +0.013 |0.926 +0.009
M Sand @<2.36mm | 2610 +0.019| 1.559 +0.036 |1.494 +0.011

4.4.3 Sieve Analysis

It was observed that a certain quantity of fine particles was sometimes adhered to
coarse particles during the sieve test. This effect would slightly alter the true
percentages of coarse and fine particles. However, the separation of coarse and fine
particles (e.g. using a pre-washing stage) prior to sieving was not possible due to the
high solubility of MSWI-BA fine particles as a result of the chemical composition (CaO,
Ca(OH),).

Grading curves for samples obtained from different collections are provided in Figure
4.3. The vertical axis represents the cumulative percentage passing and the horizontal
axis shows the sieve opening plotted on a logarithmic scale. The sieve analysis of the
three collections was similar. A slight difference in percentage passing was observed
for grains with diameter below 600um. There was a gradual increase in the percentage
passing from grains sizes up to 1.18mm and after that a significant increase in grading
slope was observed. Particles with grain diameters below 2.36mm represent around
40% of the MSWI-BA.

Figure 4.3 shows the sieve analysis for class M sand and the fraction of MSWI-BA with
@#<2.36mm. The sieve grading of the MSWI-BA with @<2.36mm is the average of sieve
grading from the samples of Figure 4.2. The limits for grading class M fine aggregates
set down by BS 882 (12) are also shown in the figure. The class M sand with diameter
of particles below 2.36mm is similar to the upper limit given in BS 882, whereas the
grading curve for MSWI-BA with @<2.36mm is between upper and lower limits.
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Figure 4.3. Comparison of sieve analysis of class M sand with MSWI-BA

4.4.4 pH Profile

The determination of the pH of MSWI-BA was conducted to assess possible toxicity
and to compare the pH values for different fractions of MSWI-BA. Three replicate
samples were used to report the average. No significant standard deviations were
observed between the three identical test samples. Figure 4.4 shows the pH values
observed for the three procedures conducted over 24 hours.

In general, the pH varied from 10.5 to 13 for the different fractions of MSWI-BA
examined. The raw MSWI-BA samples and the coarse fraction of MSWI-BA
(212um<<2.36 mm) exhibited almost identical pH values regardless on the pH
procedure used. The fine MSWI-BA fraction (@<212um) always exhibited higher pH
than the raw and the coarse fraction of MSWI-BA. This suggested that the former
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probably had higher content of CaO than the other fractions examined. Using
procedure 1 (agitation and s/l =10), the difference in pH increased between the finer
fraction and the other two fractions (raw MSWI-BA and 212um<@<2.36 mm). The
decrease in pH during the first 24 hours for all MSWI-BA fractions using procedure 1
was associated with the carbonation reaction and possible precipitation of hydroxides.
Carbonation is facilitated by the agitation and a lower solid/liquid ratio (s/l). Each
fraction of MSWI-BA examined gave similar pH values using Procedure 2 and 3. This
suggested that agitation and higher s/l ratio of procedure 2 was balanced with no
agitation and lower s/l ratio used in procedure 3.
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Figure 4.4. pH profile during 24 hours (a) procedure 1, (b) procedure 2, (c) procedure 3

Figure 4.5 shows the pH profile for same fractions of MSWI-BA during the first 300
hours in contact with water. Figure 4.5-a shows the pH profile using a solid/liquid ratio
of 20 grams of solid in 200ml of deionised water. Figure 4.5-b shows the pH profile
using 50grams of solid in 500ml of deionised water. During pH testing, the carbonation
reaction took place because samples were in contact with atmospheric air; therefore, a
reduction of pH was expected due to the formation of less soluble compounds (e.g.
calcite). Raw samples of MSWI-BA exhibited the same pH profile using both volumes
of solution, whereas, the pH profile for fractions of MSWI-BA with diameter below
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212um and with diameter between 212um and 2.36mm were slightly different. The
lower pH of MSWI-BA fractions with @<212pm and 212um<d<2.36mm using 200m! of
volume solution compared with that of 500ml was not clearly explained. Using the ratio
50/500, the effect of evaporation with test duration is reduced, and more accurate pH
reading can be measured. Raw samples and samples with a diameter ranging from
212um and 2.36mm showed a decrease in their pH approximately one unit of pH scale
during 300 hours in contact with water. The pH of the finer fraction was nearly constant
at 12. The high and almost constant pH for fine fraction of MSWI-BA indicated high
content of alkali hydroxides (e.g. Ca(OH),, whereas, the coarse fractions of MSWI-BA
(raw and 212um<@<2.36mm) possess mineral compounds (e.g. SiO,) which do not

contribute largely to pH value.
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Figure 4.5. pH profile of MSWI-BA during 300 hours

4.4.5 Inorganic Composition

The determination of inorganic composition of MSWI-BA was conducted to predict its

potential uses and to evaluate the presence of toxic elements.

Table 4.4 shows the contents of major oxides for fractions of MSWI-BA with diameter
below 75um, 150um, 212um, 300um, 600um and 1.18mm. Concentrations of oxides
were determined using the semi-quantitative procedure (Method 1, see section
4.3.2.5). Silicate, lime and sulphur oxide, expressed as SOj, contents varied as a
function of grain diameters. Silicate and Fe,O; contents increased from approximately
25% to 30.5% and from 4% to 5.5% respectively with the increase in particle size,
whereas, lime and SO; contents decreased from 35.5% to 29% and from 9.5% to 8%

respectively. The progressive increase of CaO in the finer fraction is almost mainly due
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to the fine lime particles in the MSWI-BA deriving mainly from paper. The contents of
NayO, K>0, MgO, chlorides and Al,O; were almost similar for all fractions of MSWI-BA
with diameters below 1.18mm. The fractions of MSWI-BA with diameters below 75um,
150um and 212um exhibited similar chemical composition regarding the major

component contents.

Table 4.4. Major Element Contents in Fine Fractions of MSWI-BA (Method 1)

Contents in %

Ca0o Si02 Al,0; Fe203 MgO K20 Na2O 303 Cl

P<75um 35.4 252 14.5 3.9 3.0 2.6 1.5 9.3 1.3

@<150um | 34.3 26.1 14.5 4.0 2.9 2.5 1.6 9.2 1.3

D<212uym | 33.6 26.3 14.8 4.0 29 2.7 1.6 9.2 1.3

@<300um | 30.7 29.5 14.9 4.3 2.9 2.8 1.6 8.5 1.2
@<600um | 30.6 29.6 14.9 4.4 2.9 2.9 1.6 8.3 1.2
@<1.18mm | 29.0 30.6 14.7 5.6 2.8 2.8 1.7 7.9 1.2

Table 4.5 provides the major element contents for MSWI-BA with 212um<@<2.36mm
and 2.36mm<J<5mm. These contents were determined using the semi-quantitative
procedure (Method 1). It was observed that the contents of MgO, K,O and Al,O3, were
similar for both fractions of MSWI-BA, whereas, the other contents vary notably. MSWI-
BA with particle diameters ranging from 212pm to 2.36mm exhibited higher contents of
Ca0, Fe,03, SO;, and ClI than the fraction with grain diameter between 2.36mm and
5mm. Coarser fraction (2.26<@<5mm) presented higher contents of Na,O and SiO..

Table 4.5. Major element contents in coarse fractions of MSWI-BA (Method 1)

Contents in %

CaO SiO: Al20; | FexO3 | MgO | KO | Na;O | SO3 Cl

212um<@<2.36mm 22.2 38.99 11.9 8.6 2.5 2.5 3.1 5.5 1.1

2.36mm<Jd<5mm 14.6 556.4 11.0 5.3 2.7 2.1 5.5 241 0.5

Table 4.6 provides a comparison of oxide concentrations using the pressed (method 1)
and the fused (method 2) methods (see section 4.3.2.5). The fractions of MSWI-BA
examined included particles with @<212um, 212um<@<2.36mm and ground fraction of
MSWI-BA. The ground fraction consisted of particles with diameters below 150pm.
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Lime and silicate contents differed widely depending on the method used. This
difference between both methods can be attributed to the fact that CaO particles were
on the surface of SiO, grains. Hence, in pressed samples, the patrticles of SiO, were
hidden behind CaO particles and, therefore readings of SiO, contents were lower than
true values. However, when samples were fused, CaO particles were separated from
SiO, grains and the X-ray fluorescence spectrometer could identify all SiO, content
presented in samples.

Table 4.6: Comparison of oxide concentrations using methods 1 and 2

Oxide Contents (%)
@<212um 212pm<@<2.36mm Ground @<2.36mm
Method 1 Method 2 Method 1 Method 2 Method 1 Method 2

Ca0 33.6 22.8 22.2 12.9 18.3 15.3
Sio; 26.3 35.2 39.0 49.8 27.8 45.6
Al;0O; 14.8 10.9 11.9 11.8 19.9 11.2
Fe203 4.0 43 8.6 10.3 3.0 9.7
MgO 2.9 2.3 2.5 2.3 7.4 2.0

K20 2.7 1.7 2.5 1.9 1.3 1.6
Na;O 1.6 1.6 3.1 2.7 6.8 2.2

Contents of Al,O3 were higher using method 1 than 2 for fractions with @<212um and
ground fraction, whereas contents of Al,O; for the fraction with 212um<@<2.36mm
were similar using methods 1 and 2. The higher contents of Al,O3 for fractions with
@<212um and ground using method 1 compared with 2 may be attributed to same
effect reported earlier for CaO. However, the similarity of Al,O contents for fraction with
212um<@<2.36mm was not clear. For all fractions of MSWI-BA, the concentrations of

Al,O3; were similar when the fused method was employed.

Fractions of MSWI-BA with particle diameters @<212um and 212um<@<2.36mm
exhibited similar contents of Fe,O3, MgO, K,O and Na,O using the two methods. In the
ground fraction, the Fe,O5 contents exhibited a similar trend to silicate whereas MgO,
and Na,O exhibited a similar trend to lime.

In general, it was observed than the determination of oxide compositions for major
elements was more accurate using method 2 than 1 due to the fusion of samples prior
to analysis. The fusion of samples improves detection of major elements by increasing
fineness of samples and reducing hidden effects.
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Table 4.7 shows the concentrations of minor elements for different fractions of MSWI-
BA with @<212um, 212um<@<2.36mm and ground fraction. The concentrations are
expressed as gram of element per kg of MSWI-BA samples. The determination of
metals was carried out using method 2 (fused samples). MSWI-BA with diameter
@<212um presented higher concentrations of Zn, Cu, Pb, Mn and Ba compared with
the other fractions examined. For all fractions tested, Zn content was highest than other
elements. XRF spectrometry technique may not be suitable for accurate determination
of elements with low concentrations. However, these concentrations were considered

to determine the maximum amount of metal that can be leached.

Table 4.7. Concentration of minor elements (expressed as g/kg of MSWI-BA) (Method 2)

D<212um 212um<@<2.36mm Ground @<2.36mm
Zn 34 1.9 2.6
Pb 1.7 <1 14
Mn 1.4 1.0 <1
Ba 1.2 <1 1.0
Cu 1.2 <1 1.0
Sn <1 <1 <1
Cr <1 <1 <1
Ni <1 <1 <1

Table 4.8 shows the composition of major elements, expressed in percentage, for
MSWI-BA with @<212um and the ground fraction for samples obtained from different
collections. In general, the content of major elements did not vary largely for each
collection day. The contents of silicate and lime were slightly different from different
collections. The difference in CaO and SiO, contents was higher for the fraction with
@<212um compared with the ground fraction. All samples showed that the mayor oxide
content were CaO, SiO, and Al,Os.
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Table 4.8. Composition of major elements, expressed in %, for different collection

D<212um Ground MSWI-BA
Collec.1 | Collec.2 | Collec.3 | Collec.1 | Collec.2 | Collec. 3
CaO » 30.3 34.2 36.4 18.1 16.8 20.3
SiO2 24.3 26.4 28.2 241 30.3 28.9
Al;0; 15.0 15.1 14.6 18.9 20.2 19.9
Fe203 4.0 4.1 4.0 3.3 2.7 3.0
MgO 2.9 2.9 2.9 9.0 7.2 6.9
K20 2.6 2.9 25 1.3 1.3 1.3
Na20 1.5 1.7 1.6 4.8 9.0 6.5
S0; 9.7 9.1 8.6 7.0 5.6 6.0
Cl 14 1.4 1.1 1.1 1.0 1.1

4.4.6 Loss on Ignition

Loss on ignition (LOI) was determined to predict content of organic substances in
MSWI-BA samples. Figure 4.6 shows LOI, expressed as percentage, for fractions of
MSWI-BA with @<212um and 212um<@<2.36mm. The LOIl of cement and class M
sand with diameter J<2.36mm are also presented. Both MSWI-BA fractions possessed
higher LOI than cement and natural sand. The finer fraction of MSWI-BA exhibited the
highest LOI, which suggested that its organic content is higher than the other materials

examined. The higher LOI of finer fraction can also derive from the higher content of
Ca0/CaCOg, which produce great LOI.
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Figure 4.6. LOI for two fractions of MSWI-BA, cement and class M sand
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4.5 DISCUSSION OF RESULTS

4.5.1 Properties of Raw MSWI-BA

Raw MSWI-BA required a drying stage to divide MSWI-BA into different grain
distributions. Water contents ranging from 25% to 45% are commonly reported for
MSWI-BA (13- 15). The lower water contents reported for MSWI-BA in this programme
of research compared with other authors may be associated with the type of quenching
stage carried out to cool the ash in the incineration facility studied. The decrease in
water content for MSWI-BA is associated with the need to reduce further leaching
reactions in landfill sites.

The grading analysis of MSWI-BA, which is provided in Table 4.9, showed that MSWI-
BA contains higher percentage of fines compared with a typical “MSWI BA” (16). Since
high level of fines can be associated with a great freezing-thaw susceptibility it can be
expected that freezing-thaw performance of raw MSWI-BA is not as good as other
MSWI BA (1,2).

Table 4.9. Comparison of sieve analysis for MSWI-BA and for typical MSWI-BA

% Percentage passing
Sieve size MSWI-BA MSWI Bottom Ash (16)
50mm 100 N/A
10mm 97-100 55-100
Smm 45-60 30-55
2.36mm 39-45 20-30
1.18mm 27-32 18-20
600um 20-28 6-18
300pm 12-24 6-10
150pm 7-17 0-6
75pm 3-6 N/A

In order to compare sieve analysis for MSWI-BA with soil, three parameters were
determined; the uniform coefficient, U, the coefficient of curvature, C, and the frost
susceptibility (17). The uniform coefficient is defined as the ratio of the particle diameter
at 60% passing to the particle diameter at 10% passing:
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G __5 _ 33.34 Equation 4.9

d, 0.150

The coefficient of curvature is defined as follows;

oo G _ 118 o Equation 4.10
do*dy 0.15%5

Soil is uniformly graded when U<5 and well-graded when U>5 and C is between 1 and
3. According to the grading analysis of MSWI-BA shown, the uniform coefficient of
MSWI-BA was greater than 5, and the coefficient of curvature was between 1 and 3.
Therefore, MSWI-BA could be classified as well graded soil.

Materials become frost susceptible when the content of fines reaches a high level for
capillary sorption of water to occur. In soils, this level is reached when the percent of
fraction under 0.075um sieve exceed 10% to 15%. The proportion of grains with
diameter below 75pm for MSWI-BA did not exceed these limits (17), which indicated
that MSWI-BA may possess good frost susceptible to be used as fill.

The pH of raw MSWI-BA, which were measured using a liquid to solid ratio (I/s) of 10
varied from 11 to 10 after 300 hours. This range of pH was similar to values reported in
elsewhere (18, 19,). Meima et al. (18) reported a pH range between 10 and 10.5 for
freshly quenched MSWI-BA using a I/s =5 for 24 hours. In general, materials whose pH
values are equal or higher to 12.5, are identified as corrosive materials (20). However,
raw MSWI-BA samples examined did not excess that limit. In addition, the X-ray
fluorescence analysis of major and minor elements contained in the MSWI-BA
indicated the absence of high concentrations elements, such as Zn, P, Mn, Ba, Cr, As,
Cr, Cu and Ni, which can cause a risk to human health and/or the environment.

4.5.2 Properties of MSWI-BA with J<212um

Since this research programme aims to investigate the influence of replacing cement
with a fine fraction, the physical and chemical properties of MSWI-BA with &<212um
has been compared with cement and cement replacement materials such slag and fly
ash. For example, it was observed a significant difference in the particle densities
between the fine fraction and cement. That can suggest that the fine fraction had
higher volume of internal non-accessible pores than cement.

Table 4.10 compares the water content, densities and LOI for the fine fraction of
MSWI-BA (J<212um) and a "MSWI-BA" with @<150um, fly ash and slag reported
elsewhere (21,(22,23). Bulk density for MSWI-BA was lower than the recommended
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value for fly ash and for the averaged value reported by Filipponi et al. (21). In addition,
significant differences in SO; and Cl contents have been observed for MSWI-BA
compared with fly ash and slag specifications. On the other hand, LOl and water
content of MSWI-BA with @<212um were similar to those recommended for fly ash and

slag.

Table 4.10. Comparison of Characteristics of MSWI-BA with other waste

MSWI-BA | “MSWI-BA” (21) | FLY ASH (22) | SLAG (23)
D<212um B<150pm
water content (%)) <1 N/A <0.5 <1
Bulk Density (kg/m°) 604 1140-1425 >2000 N/A
Specific gravity 227 2.43-2.46 N/A N/A
LOI (%) 1.05 2.95-8.47 7-12 . <3
SO3 (%) 9.2 N/A <2 <2
Cl (%) 1.3 N/A <0.10 <0.10

Figure 4.7 shows a ternary system which includes percentages of SiO,, CaO and Al,O3
for typical cement (24), low-lime fly ash (25), slag (26), “MSWI-BA” (21) and MSWI-BA
used throughout this research programme. For MSWI-BA, the oxide percentages of the
fraction with @<212um were calculated by averaging values obtained using pressed
(method 1) and fused samples (method 2) methods. The percentages of SiO,, CaO
and Al,Ojz for “MSWI-BA” (21) were calculated by averaging three different MSWI
bottom ashes whose diameters were less than 150um.

Si,0 Si0, | CaO | ALOs
(%) (%) (%) -

Cement | 17-25 | 60-67 | 3-8
(24)

FlyAsh | 44-56 | 2-6 | 17-28
(25)

BA
40% Si0 60% ALQ, Slag (26) § 33-41 | 33-45 | 10-16

80% AL,04 “MSWI- | 40-57 | 1320 | 9-12

JAVAVAVAVAVAVAVAVAVANRRN e

(a0 80%Ca0 60% Cao 40%Cao 20%Ca0 ALO, | MoWFBA ) 24-35 | 23-38 | 11-14

Figure 4.7. Comparison of SiO,, CaO and Al,O; contents
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SiO,, CaO and Al,O3 contents of MSWI-BA were within the oxide range for slag
whereas they were different from the “MSWI-BA” imported by Filopponi et al (21). The
oxide contents for MSWI-BA were between those of fly ash and slag.

4.5.3 Properties of MSWI-BA with 212pum<@<2.36mm

The examination of particle density and bulk density suggested that the coarse fraction
contained great level of permeable pores and large empty space with particles. The low
bulk density for the coarse fraction of MSWI-BA can be due to the heterogeneity of the
particles. Irregular shapes and particle size distributions reduces the packing of
particles, thereby, increasing their occupied volume. The determination of bulk density
using methods A (kerosene) and B gave similar results. The slightly higher values for
bulk density using method A were due to a major compaction of particles when the
dilatometric liquid is used.

For the coarse fraction of MSWI-BA with 212um<@<2.36mm, LOI percentage and
contents of chlorides and of sulphur oxide, expressed as SOs, are 0.3, 5.5 and 1.1 and
0.3 respectively. These values permit to use this fraction of MGWI-BA as aggregates in
normal concrete according to BS 882 (12). However, these oxides are higher than
those specified for lightweight aggregates used in masonry units and structural
concrete. In addition, the grading analysis of fraction of MSWI-BA with @<2.36mm (see
Figure 4.3,) is between the limits for grading class M fine aggregates according to BS
882 (12). Chemical composition and pH of MSWI-BA with 212um<dJ<2.36mm, as
reported for raw MSWI-BA, do not represent any risk to human health and the
environment. In addition, the slight lower pH exhibited for MSWI-BA with
212um<@<2.36mm compared with MSWI-BA with @<212um is associated with the
lower CaO content in the former MSWI-BA fraction than in MSWI-BA with @<212um.

4.6 CONCLUSIONS

This chapter has examined the properties and chemical properties for four fractions of
MSWI-BA; 1) raw fraction (particle diameter (&) around 10mm); 2) MSWI-BA with
@<2.36mm (ground); 3) MSWI-BA with @<212um; and 4) MSWI-BA with
212um<<2.36mm. The physical properties included the determination of water
content, particle and bulk densities and particle size distribution. The chemical
characterisation included the determination of pH, inorganic composition and LOI.

In general, the examination of the physical and chemical properties of MSWI-BA,
especially with @<2.36mm, revealed initially that this waste can be used as a
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construction material. This use will reduce the amount of MSWI-BA sent to landfill sites
and the amount of natural materials used.

The properties of the fine fraction of MSWI-BA (&J<212um) has been compared with
cement and well-known admixture materials (i.e. slag and fly ash) with the view to
increase the high value of MSWI-BA uses. This comparison indicated that MSWI-BA
@<212um exhibited lower particle and bulk density and higher content of unwanted
compounds (e.g. Cl and SOj;) than cement. However, the oxides composition of main
compounds, which are involved in the formation of calcium silicate hydrates, did not
differ significantly from slag and fly ash.

The grading curve of the coarse fraction of MSWI-BA (212um<@<2.36mm) indicated
that this fraction can be suitable for use as aggregate. However this fraction exhibited
lower densities than Class M sand sieved with @<2.36mm.

Finally, the examination of chemical composition and pH for raw and the different
fractions of MSWI-BA has shown the absence of high concentrations of elements such
as Zn, P, Mn, Ba, Cr, As, Cu, which can cause a risk to human health and the
environment. Potential environmental and health risks that are associated with the
utilisation or disposal of MSWI-BA are evaluated in the next chapter (Chapter 5), where
the leaching behaviour of different fraction of un-bound MSWI-BA was examined.
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CHAPTER 5: LEACHING BEHAVIOUR OF
UNBOUND MSWI-BA




5.1 INTRODUCTION

Much of the concern over either utilisation or disposal of unbound municipal solid waste
incineration bottom ash (MSWI-MSWI-BA) is based on the potential contamination of
surface and ground water through leaching of metals, sulfates and chlorides (1, 2).
Recently, a number of studies have been conducted on the leaching behaviour of
unbound MSWI-BA under various conditions. These studies include laboratory and
field conditions (3-5).

Most of the leaching procedures for unbound MSWI-BA were conducted to simulate
either aggressive scenarios or long-term leaching conditions. By varying the physical
and chemical parameters of the leaching test and thereby the leaching rate, the
aggressive scenario or long-term conditions is simulated (6). Physical parameters
include leaching duration, type of contact between phases and temperature. Chemical
parameters include pH, solubility and occurrence of certain reactions (e.g. re-

precipitation).

Moreover, recently published reports on the leaching behaviour of MSWi-BA have
focused on the evaluation of geochemical aspects of MSWI-BA (7-10). The
geochemical assessment requires the examination of leaching behaviour of MSWI-BA
under several conditions, in order to predict the minerals that control the release of

substances into solutions.

Leaching procedures can be classified into two groups in accordance with Environment
Canada 1990 Conference (11);

a) Extraction tests: Solid samples are brought into contact with the extractor fluid,

known as leachant, under specific conditions without leachant renewal. The

resulting leached solutions, known as leachate can be analysed either at the end of
\me»tests or several times during running of the test.

b) Dynamic tests. In these tes’tSHean]uously renewed to maintain a

driving force for leaching reaction. Dynamic procedures-provide information on the

leaching kinetics.

The leaching procedures currently used are based on a combination of the properties
of extraction and dynamics tests. The most common leaching tests are;

a) Batch tests. These tests are suitable for granular materials where the transfer from
solid to liquid phase is optimised by agitation. The existing batch procedures are
dependant upon parameters such as number of stages, liquid/solid ratio, type of

‘
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extractor fluid, grain size of solid, test duration and type of agitation. Following
extraction, leachates are separated from the solid phases. With batch tests,
availability tests are widely used as regulatory tests to determine the maximum
leaching concentrations of potential toxic compounds in leachates. Table 5.1
provides the recommended experimental parameters for the regulatory batch test
that are commonly used. The parameters include the size and mass of solid
sample, type of leachant, type of agitation and duration of the test.

Table 5.1. Experimental parameters of most common batch leaching tests

Sample /s Duration
Tested Leachant Agitation
Size Mass . (L/kg) (hours)
AFNOR (12) <4mm 100g de-mineralised 10 shaker 16
X31-210 water roller
Din 3814-T4 <10mm 100g de-ionised 10 flack 24
(13) inversion
water
ASTM (14) N/A 3509 de-ionised 4 shaker 48
water
CENTC292 (15) | <4mm 100g de-mineralised 10 Gentle 1% step= 24
water pH 5-7 agitation [2" step=6+8
EPATCLP <9.4mm 100g 1. acetic+Na(OH) 20 shaker 18
Method 1311 pH=4.93
(16) 1. acetic
NEN 7341(17) N/A 169 1.de-mineral. pH=7 50 stirring 1% stage=3
2.de-mineral. pH=4 2" stage=3

b) Column tests are suitable for granular and fine materials but they cannot be used

for assessing leaching behaviour of cement based systems.

Tank tests are especially used for monolithic materials (e.g. concrete or mortar
specimens). Large solid materials are totally submerged in a tank where the
leachant is usually removed several times while the procedure is carried out. For

the tank test, the leaching rate depends on parameters similar to the batch tests.

Tank tests are discussed in detail in Chapter 8, where leaching behaviour of MSWI-
BA contained in cement-based systems is examined.

This chapter examines the leaching behaviour of unbound MSWI-BA. For that purpose,
two standard tests; availability test NEN 7341 (17) and Toxicity Characteristic Leaching
Procedure (EPA TCLP method 1311) (16) were used. The comparison of the leachate
concentrations obtained from the two procedures may facilitate the identification of
mechanisms that may control leaching behaviour of unbound MSWI-BA. The elements

127



that were considered with special interest for this research programme, were as

follows:

a) Major elements (e.g. Ca, Na, K, Si, Al, Mg, Fe) include those elements whose

concentrations range between 100-1000mgL™".

b) Minor elements (e.g. Zn, Pb, Cu, Ba) include those elements whose concentrations

range between 0.1-100 mgL™".

c) Trace elements (Cr, Cd, Ni, Co, Se, As, Sb, Hg) include those elements whose

concentrations range between 0.1-100ugL™".

5.2 EXPERIMENTATION

5.2.1 Materials
Three fractions of MSWI-BA were subjected to leaching testing:

a) Fraction with particle diameter (&) below 212um. This fraction was used as a

partial replacement of cement in the following chapters.

b) Fraction with 212um<@<2.36mm. This fraction was used as a partial replacement

of sand.

c) Ground fraction. This fraction consisted of a ground MSWI-BA fraction that was
ground by passing the fraction of MSWI-BA with &<2.36mm through a hammer mill
for 3 minutes. The ground fraction of MSWI-BA was used to identity the influence of

grain size on the concentrations of leachates.
In addition, some of the reagents provided in Chapter 3 such as standard solutions for
ICP-OES and ICP-MS were employed to conduct metal determinations.
5.2.2 Leaching Procedures

Two leaching procedures were used to study the leaching behaviour of MSWI-BA, EPA
TCLP method 1311 and availability NEN 7341 tests. Both tests were carried out on

——— threefractions of MSWI-BA. For each fraction examined, three replicate samples were

subjected to each procedure.

In the EPA TCLP method 1311 procedure, two possible leachants (extractor fluid) can
be employed as a function of the alkalinity of samples examined. For each fraction of
MSWI-BA examined (@<212um, 212um<@<2.36mm and ground fraction), the

selection of appropriate leachant was conducted, as indicated below:
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1. The mixture of 96.5 ml of deionised water and 5+0.01 grams of MSWI-BA was
agitated using a magnetic stirrer for 5 minutes and the pH recorded.

2. If the pH was above 5, then 3.5ml of HCI 1N were added to the mixture.

3. The mixture of de-ionised water, MSWI-BA and HCI was covered with a watchglass

and heated at 50°C for 10 minutes.
4. The solution was left to cool to room temperature.

5. If the final pH recorded was higher than 5, therefore, leachant type 2 is
recommended to be used. Leachant 2 consists of a solution of deionised water and
acetic acid with a pH=2.88+0.05.

Having found the most appropriate leachant, a mixture formed by 200ml of leachant
type 2 and 10+0.01 grams of MSWI-BA samples was agitated approximately at 100rpm
for 18 hours. Next, solid and liquid phases (leachate) were separated by vacuum
filtration using a 0.45um glass fibre filter sample.

The availability NEN 7341 procedure consisted of two stages with a duration of three

hours for each:

1. Stage 1: 800ml of acidified de-ionised water (leachant) were poured on 16+0.01
grams of MSWI-BA. The mixture was agitated using a magnetic stirrer. The pH was
kept approximately equal to 7, for 2 and half hours, by adding a few drops of pure
HNO;. Then, the mixture was left to settle for 30 minutes. The solid and liquid
phases (leachate) were then separated by vacuum filtration using a 0.45um glass
fibre filter sample.

2. Stage 2: Another fresh 800ml volume of acidified de-ionised water was poured into
the solid phase keeping the pH approximately equal to 4. Agitation, duration and
the filtration for second stage were carried out in a similar way to that of the first
stage.

Having finished the NEN 7341 and EPA TCLP method 1311 leaching procedures,
leachates from both procedures, were acidified to pH=2 using HNO;. Acidification was

required to avoid precipitation of some metals. Finally, concentrations of elements were
analysed using either ICP-OES or ICP-MS techniques or both. Table 5.2 shows the
summary of the experimental parameters used for each procedure.
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Table 5.2. EPA TCLP method 1311 and NEN 7341 experimental parameter

TCLP METHOD 1311 NEN 7341
Solid phase mass 10g 169
leachant (volume) 200ml 800ml
Agitation Shaking Magnetic stirrer
Duration 18h 3h for each stage
Extractor fluid Acetic acid (pH=2.88+0.05) 1) pH=7
(leachant) . 2) pH=4

5.2.3 Testing
5.2.3.1 Determination of Concentrations using ICP-OES

ICP-OES technique was used to determine the concentrations of Ca, Si, Na, K, Al, Mg,

Fe, Ba, Ni, Pb, B, Mn, Cu and Zn. For these elements, concentrations ranged between
1000 and 1 mgL™".

All leachates of the three fractions of MSWI-BA (@<212um, 212pm<@<2.36mm and
ground) were analysed the in same day. Instrumental ICP-MS conditions were

optimised using a tuning solution before the analysis was undertaken. More detailed
information about ICP-OES testing is provided in Chapter 3.

Table 5.3 shows the dilutions, the standard solutions and the regression coefficient (R%)
for the calibration curves. In addition, for each leaching procedure, the detection limits,
expressed in mgL™, are also shown.

For each element analysed, dilutions of leachates were made considering that the
expected concentration of the element was nearly the middle of the calibration curve.
For example the Ca concentrations in the leachates ranged from 1500 to 2500 mg L.
Therefore, the dilutions used were 50 (1500/50=30) and 100 (2500/100=25) and
calibration solutions were 0, 10, 25 and 50. Calibration curves were built with at least.

four concentration points. Standard solutions were prepared from 1000 or 10000 mgL™
ICP-MS certified standards diluting with 1% HNOj;. In order to check reliability of
concentration readings, two dilutions were tested for each element. For all elements,
correlation coefficient values were close to 1. Detection limits for both leaching
procedures (NEN 7431 and TCLP) were calculated using Equation 5.1. The minimum
detectable concentration is equal to three times the standard deviation (S,) obtained
from the concentrations of the five blanks (see Chapter 3).
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det ection limit = 3S,

Equation 5.1

Table 5.3. Analysis details for the determination of elements using ICP-OES

Dilution Standards Detection limits
ratio (mgL™) e NEN 7341 TCLP 1311

Ca 50,100 | 0,10,25,50 | 1.0000 0.09 0.02
Si 0,25 0,1,10,25 | 0.9952 0.11 0.22
Na 0,25 | 0,1,10,25,50 | 0.9999 0.01 0.02
K 0,25 | 0,1,10,25,50 | 1.0000 0.07 0.05
Mg 0,25 0,1,10,25 | 1.0000 0.02 0.01
Al 0,25 0,1,10,25 | 0.9999 0.03 0.01
Fe 0 0,1,10,25 | 0.9998 0.01 0.01
Ba 0 0,1,5,10 0.9997 0.01 0.01
Ni 0 0,1,5,10 0.9976 2.09 2.79
Pb 0 0,1,5,10 0.9985 0.22 0.5
B 0 0,1,5,10 1.000 0.03 0.03
Mn 0 0,1,5,10 0.9996 0.02 0.02
Cu 0,5 0,1,10,25 | 0.9998 0.02 0.01
Zn 0,5 0,1,10,25 | 0.9908 0.05 0.02

5.2.3.2 Determination of Concentrations using ICP-MS

The elements subject to IPC- MS testing were B, Cr, Ni, Mn, Co, Cu, Zn, As, Se, Mo,
Cd, Sn, Hg, Ba, and Pb. Prior to analysing the concentrations of these elements,

optimisation of ICP-MS testing was conducted. The optimisation of ICP-MS analysis

consisted of determining the isotope and method that gave less interference and better

sensitivity. Analysis methods include standard addition (SA), external calibration (EC)

and internal standard (I1S).

»—Selection-of-isotope-used-throughout 1CP-MS testing

Since ICP-MS technique allows isotopic analysis, some isotopes of the same element

were tested (See Chapter 3). The choice of isotope examined was based on selecting

ones that showed less interference with Ca, K, Na, SO,* and CI'" and high abundance

as provided in the CP-MS guide manual (see appendix A).
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In order to conduct the isotopic evaluation five standard solution series were prepared.
Each series included four standard solutions with concentrations of 0, 1, 5, 25 pgl™ of
each element examined. Series 1, represented as S1, was prepared by diluting
certificated standard solutions with a solution of 1% HNO; (m/m). Series 2 (S2), 3 (S3),
4 (S4), and 5 (S5) were prepared by varying the concentrations of matrix compounds
as shown in Table 5.4. Results obtained from calibration series suggested that the
most appropriate isotope for each element were B(11), Cr(52), Ni(60), Cu(65), Zn(66),
Se(82), Mo(95), Cd(114), Sn(120), MSWI-BA(138), Hg(202) and Pb(208). When
isotopes from the same element exhibited similar behaviour, the isotope that presented

high sensitivity to small changes in concentration was chosen. These isotopes were
chosen for further analysis.

Table 5.4. Calibration solutions for different series

Series ID Matrix composition
S1 1 % HNO3
S2 10mgL™" Ca and 5mgL™" Na
S3 50mgL'1 Ca, 20mgL" Na and 25mgL” K
S4 100mgL™ Ca, 20mgL™" Na, 25mgL™" K
S5 100mgL" Ca, 20mgL™* Na, 25mgL™" K 40mgL"" S0.*
and 40mgL™" CI"

In addition, a second isotopic analysis was carried out using leached samples. The
purpose was to examine if other elements or compounds of the matrix that were not
considered in the previous five standards series, couldr interact differently with the
isotopes of the same elements. This second analysis consisted of diluting the leached
samples, while the concentrations for elements of interest were kept constant. This was
achieved by adding to the sample equal element concentrations to the dilution made.
The second isotopic analysis showed that the most appropriate isotopes were the

same as the isotopes chosen previously when Ca, K, Na, SO,> and CI" effects were
examined.

¢ Selection and concentration of the internal standard

Two elements, Sc*® and In'"® were used as internal standards (IS). According to the
atomic numbers of elements examined, Sc was selected for the determination of B, Cr,
Mn, Co, Ni, and Cu, whereas In was used for Zn, As, Se, Mo, Cd, Sn, Ba, Hg and Pb.
For elements, (e.g. Ni, Cu, Zn, As and Se), whose atomic numbers were in the middie
of that of Sc and In, both IS were examined. Thus, two standard series were prepared
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containing both, Sc or In. Results of this standard series showed that there was not a
significant difference between both IS.

An IS concentration of 25 pgL™”' was used for all elements throughout the analysis. A

unique concentration of isotope was used to reduce the number of dilutions and
solution standards to be prepared.

e Standard additions

Some elements (e.g. Co, As, Se, Hg) exhibited concentrations below 5umL™. These
elements were analysed using standard additions. For this group of elements,
concentrations were determined by spiking samples with known concentration.
Standard Addition is discussed in detail in Chapter 3.

¢ Determination of detection limits for element analysis using ICP-MS

The detection limits for each element using ICP-MS were calculated as described in
Chapter 3 and section ICP-OES (see section 5.2.3.1).

e Controlling parameters during analysis using ICP-OES and ICP-MS

In order to check for instrumental drift during the measurement a blank and two
standard solutions were tested at the beginning of the analysis and after every five
samples. If the concentrations of blanks and standard solutions varied by more than

5% compared with the previous reading, a recalibration of the instrument was
undertaken.

Because of the concentrations of Na, Ca and other alkalis in the sample matrix
deposits were formed in the samples cone resulting reduction in sensitivity. To reduce

this contamination, a solution of 5% (v/v) HNO; was aspirated into the plasma to clean
the sampling cone.

Table 5.5 shows dilutions, standards, type of analysis (e.g. standard addition, external
calibration) and internal standards using ICP-MS technique. In addition, detection limits

of the elements examined are provided for both leaching procedures used (NEN 7431

and TCPL).
5.2.3.3 Reported Data from ICP-OES and ICP-MS

Net concentrations were calculated by subtracting blank concentrations from the
sample concentration readings. Concentrations reported were calculated by averaging
the net concentration of three identical samples analysed. Standard deviation (SDEV)
and relative standard deviation (RDEV) were calculated as described in Chapter 3.
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When the relative standard deviations were higher than 20%, the two identical samples
that gave lower RDEV were only considered.

Table 5.5 Analysis details for determination of elements using ICP-MS

Standards Detection limit
Isotopes | Dilution Mode 1s?
pg L Type NEN 7341 | TCLP
B(11) 25,50 | 0,1,52550 | S1° | EC° Sc 1.33 0.14
Cr(52) 25 0,1,52550 | S1° | EC° Sc 0.12 1.19
5 0,1,52550 | s5° | EC°
Mn(55)" 25,50 | 0,1,52550 | S1° EC® Sc 14.73 1.50
Co(59) 5 0,1,52550 | S5° | EC° Sc 0.12 0.01
0 0,1,5,25 SA°®
Ni(e0)" 25 0,1,525,50 | S1° EC® Sc 17.81 0.23
5 0,1,52550 | S5° | EC°
0 0,1,5,25 SA°®
cu(63)" 50 0,1,52550 | S1° EC® Sc 18.01 13.22
Zn(66)’ 50 0,1,52550 | S1° EC° In 101.01 14.13
As(75) 5 0,1,52550 | S5° | EC° In 0.02 0.35
0 0,1,5,25 SA°®
Se(82) 0 0,1,5,25 SA® In 0.02 0.03
Mo(98) 5 0,1,52550 | S5° | EC° In 0.13 0.09
0 0,1,5,25 SA°®
Cd(114) 25 0,1,52550 | S1° | EC° In 0.42 0.01
5 0,1,562550 | S5° | EC°
Sn(120) 0 0,1,5,25 SA® In 0.25 0.12
Ba(137)" | 25,50 | 0,1,52550 | S1° EC® In 8.16 0.62
Hg(202) 0 0,1,5,25 SA°® In 1.73 0.79
Pb(208)"" 50 0,1,525,50 | S1° EC° In 58.72 2.39

WLV VLYE these elements were also analysed using ICP-OES,

2 Internal standard,

® Standard made with 1% HNO; (see Table 5.4),

¢ External calibration,

¢ Standard made with Ca, Na, K, SO,* and CI" (see Table 5.4),
® Standard Addition
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5.3 RESULTS AND DISCUSSION

5.3.1 Leachate Concentrations for MSWI-BA with J<212um and
212um<J<2.36mm

Table 5.6 provides leachate concentrations of all the elements examined, expressed in
milligram of element per kilogram of MSWI-BA, using the leaching procedures TCLP
and NEN 7341. Leachate concentrations are reported in decreasing order. Elements
with the highest leachate concentrations are at the top of the table (e.g. Ca, Si, Na, K,
Al), whereas those with the lowest concentrations (e.g. As, Mo, Se, Sn and Hg) are at
the end of the table.

The compositions of leachates for each fraction of MSWI-BA were as follows:

MSWI-BA with @<212um

1. From 100 to 1 gram per kilogram of MSWI-BA, in decrease order: Ca, Na, K, Si, Al,
Fe, Mg and Zn.

2. From 0.9 to 0.1 grams per kilogram of MSWI-BA: Pb, Cu, Mn and Ba.
3. From 60 to 10 milligrams per kilogram of MSWI-BA: B, Ni, Cd and Cr.

4. From 7 to 0.1 milligrams per kilogram of MSWI-BA; Co, As, Mo, Se, Sn and Hg.
MSWI-BA with 212um<@<2.36mm

1. From 60 to 1 gram per kilogram of MSWI-BA, in decrease order: Ca, Si, Na, K, Al,
Fe, Mg and Zn.

2. From 0.3 to 0.2 grams per kilogram of MSWI-BA: Pb, Cu and Mn.
3. From 80 to 20 milligrams per kilogram of MSWI-BA: Ba, B, Ni and Cd.

4. From 5 to 0.1 milligrams per kilogram of MSWI-BA; Co, As, Mo, Se, Sn and Hg.

Results of TCLP leaching procedure showed that the concentrations of Ca, Na, K, B,
Cr, As, Mo, Se and Hg were significantly higher in leachate of MSWI-BA fraction with

@<212um than for fraction with 212um<@<2.36mm. In contrast, the leachates of
MSWI-BA with 212um<@<2.36mm exhibited higher concentrations of Si, Al, Fe and Zn
than for fraction with @<212um. Concentrations of Mg, Pb, Cu, Mn, Ba, Ni, Cd, Co and
Sn did not differ substantially between both leachates. Leachates obtained in
accordance with NEN 7341 showed slightly different trend to those obtained using
TCPL procedure. The concentrations of Ca, Pb, Cu, Ba, Cr and As were significantly

higher in leachates of MSWI-BA fraction with @<212um than those for fraction with
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212um<@<2.36mm. However, concentrations of Si, Al and Fe were higher in leachates
of MSWI-BA fraction with 212um<@<2.36mm than of that for fraction with J<212um.

Concentrations of Na, K, Mg, Zn, Mn, B, Ni, Cd, Co, Mo, Se, Sn, Hg did not differ
between both MSWI-BA fraction.

Table 5.6. Leachate concentrations, in mg/kg, for MSWI-BA with 212um<@<2.36mm and

@<212um using TCLP 1311 and NEN 7341 leaching procedures

TCLP 1311 NEN 7341
212um<@<2.36mm | F<212um | 212um<P@<2.36mm | F<212um
Ca 15480 33290 56150 96550
Si 1067.80 179.28 13425.00 2828.28
Na 1405.00 2819.00 3814.25 3631.25
K 978.30 1983.00 2521.13 2596.63
Al 308.10 10.43 8996.25 654.78
Fe? 62.65 <1 6842.50 588.83
Mg 415.30 437.20 3709.56 2697.13
Zn 78.58 25.68 1538.50 1270.00
Pb 54.92 48.07 278.00 919.00
Cu 15.80 20.89 255.00 679.00
Mn 14.72 156.17 178.94 212.55
Ba 6.34 8.06 83.40 139.43
B 5.97 31.57 50.26 60.52
Ni 1.07 1.00 22.63 23.65
Cd 5.40 6.38 18.59 23.10
Cr 1.05 3.44 5.30 10.95
Co 0.26 0.39 6.06 7.00
As 0.17 0.31 0.54 412
Mo 0.56 2.80 2.24 2.18
Se 0.15 0.32 1.04 1.14
Sn 0.04 0.04 0.24 0.23
Hg 0.08 0.36 0.18 0.10

2 Leachate concentrations of iron were below the detection limit of the ICP-OES for

MSWI-BA with @<212um. Hence, they were not reported.
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5.3.2 Effect of Leaching Procedure on Leachate Concentrations
5.3.2.1 MSWI-BA with @<212um

Figure 5.1 (a-d) shows total concentrations of leachates that were in accordance with
EPA TCLP method 1311 and NEN 7341 leaching procedures. The figure includes four
charts that provide concentrations for (a) Ca, Na, K, and Al, (b) Si, Fe, Mg, Cu, Zn and
Pb, (c) B, Cr, Mn, Ni, Ba and Cd and (d) Co, As, Se, Sn Hg and Mo. In Figure 5.1-(a-c),
the concentrations are expressed in milligram of element per kilogram (mgkg”) of
MSWI-BA whereas in Figure 5.1 (d) they are expressed in microgram of element per
kilogram (pgkg™) of MSWI-BA.

In general, concentrations were higher using leaching procedure NEN 7341 than TCPL
for most of the elements examined. The higher level of extraction achieved using NEN
7341 can mostly be attributed to the lower pH (pH 7 during first stage and pH 4 for the
second stage) used during NEN procedure compared with TCLP. Despite that the
initial pH was nearly 3 for TCPL procedure, it increased rapidly to 12 and did not go
down to 10.5 during the 18 hours. In addition, the type of agitation employed in NEN

7341 (stirring) may facilitate the solubility of elements compared with the agitation used
in EPA TCLP method 1311 (shaking).

Elements such as Al, Si Cu, Zn, Pb, Mn, Ni, Ba, Co, and As exhibited leachate
concentrations 10 times bigger using the NEN 7341 procedure than TCLP method
1311. Mo and Hg (see Figure 5.1 (d)) were the only elements that showed higher
concentrations using EPA TCLP than NEN 7341. The leachability of these elements
was dependent on leaching duration and type of leachant. The leaching duration effect
suggested that Mo and Hg may be associated with mineral phases that were
accessible only when the other phases had passed into solution. Mo and Hg may be
encapsulated and they can not move to solution (leachates) until other elements were
already extracted or passed to solution. The type of leachant influence suggested not
only that Mo and Hg may be more soluble at neutral pH (i.e pH 7) than a low pH, but
also that they may be more soluble in presence of acetic acid (TCLP) than in nitric acid
(NEN 7341).
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Figure 5.1. Leachate concentrations for MSWI-BA with @<212um using NEN 7431 and
TCPL leaching procedures

5.3.2.2 MSWI-BA with 212um<@J<2.36mm

Figure 5.2-(a-d) shows leachate concentrations for MSWI-BA fraction
212um<J<2.26mm. Leaching procedure symbol, concentration units and elements in

the four charts are the same that those used in Figure 5.1.

For all elements examined, concentrations were higher using leaching procedure NEN
7341 than TCPL. As mentioned in previous section, the difference in concentrations
between both leaching procedures may be attributed to the pH, type of leachant and
the agitation used for each leaching procedure.

The leachate concentrations of Al, Si, Fe, Cu Zn, B, Mn, Ni, Ba and Co using NEN
7341 procedure were 10 times bigger than those using TCLP. This difference in
concentrations between both leaching procedures was not very large for Na, K Pb, Cd,
As and Hg concentrations.

138



OTCLP A NEN 7341

100000 T T T 100000 T - T T T
4 I | I ] | I 1
] | ] ] i ! |
~~ | t | Canl | | 1 | 1
! | o A i
£ 10000 é : ! %10000 ; 4 | E :
g’ | | ! E 1 1 A 1 |
= | oy ' e o : l l /2y
S : é A .s 1000 ] I ] 1 ]
- ' N - | | [0} 1 ]
g 100 : ; ? £ A -
8 : | ¢ () 8 100 1 O I ' O ()
5 | ) ‘ 6 I I ; 1 :
o | 1 !
5 0 : : : > 04—ttt ©
2 ' ' ' 2 (b) | : ) | I
(a) : : : | ] | | !
] I I i 1 | | 1
10 T T T 1 T T L} T T
Ca Na K Al Si Fe Mg Cu 2Zn Pb
1000 T T T T T 10000 T T T T T
1 ] | I i ! | ] ]
~ I oo
'm ] ] | 1 I - 1 | : 1 1
5 N Y g 8
E 100 : 1 i 1 : 21000 ! A ! :
c 1 1 ] | A c | I I ] 1
o A | | | | ° | A | ) ) 0]
=1 T | | | | = t 1 | 1 |
E | | | | | E 1 | 1
£ O - SRPAR S
e 10 ! ! ; ; i e 100 : ; x I q'>
8 © A | | Q o 8 : | | | !
o 1 1 | 1 ) o | | 1 (0] 1
2 | | 1 t | 2 ] 1 | | ]
@5 1 @; o
1 ; o i @ : 10 ! l ! ! i
B Cr Mn Ni Ba Cd Co As Se Sn Hg Mo

Figure 5.2. Leachate concentrations for MSWI-BA with 212um<@<2.36mm using NEN
7431 and TCPL leaching procedures

5.3.2.3 Comparison between MSWI-BA with @<212um and 212um<@<2.36mm

Figure 5.3 (a-d) shows comparison of concentration ratios for MSWI-BA fraction with
@<212um and 212um<J<2.26mm. For each fraction of MSWI-BA, the concentration
ratio of each element was calculated dividing the concentrations obtained using
leaching procedure NEN 7341 by that using TCLP leaching procedure. The figure
includes four charts that show concentration ratios for; (a) Ca, Na, K and Mg; (b) B, Cr,
Se, Mo, Sn, Hg and Cd; (c) Si, Mn, As, Ba and Pb and (d) Co, Ni, Cu, Zn and Al.

Figure 5.3 (a-b), shows with the exception of Sn and Cd, that the concentration ratios

of Ca, Na, K, Mg, B, Cr, Se, Mo and Hg were higher for MSWI-BA with
212um<@<2.36mm than for fraction with @<212um. This indicated that the increase in
leachability as a result of using more acidic leaching procedure (NEN 7341) was higher
for MSWI-BA with coarser grains 212um<@<2.36mm than for finer grains @<212um. In
other words, the use of a low pH (NEN 7341) facilitate more the extraction of Ca, Na,
K, Mg, B, Cr, Se, Mo and Hg in the MSWI-BA with 212um<@<2.36mm than in the
MSWI-BA with @<212pm. This effect was especially significant for Mg, B, Se and Mo.
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However, the need to use lower pH as particle size increases was not observed for Sn
and Cd ratios. These ratios were similar for both fractions of MSWI-BA.

Figure 5.3 (c-d) indicate, with the exception of Co ratios, that the concentration ratios of
Si, Mn, As, Ba, Pb, Co, Ni, Cu, Zn and Al were higher for MSWI-BA with @<212um
than for MSWI-BA with 212um<@<2.36mm. This could be attributed to the fact that the
low pH used in NEN was not sufficient to completely dissolve some elements (e.g. Mn,
As, Ba, Cu and Ni) due to the coarse particle size of MSWI-BA with
212um<@<2.36mm, whereas it was effective for MSWI-BA with J<212um. The low pH
used in NEN 7341 leaching procedure coupled with the fine particle size of MSWI-BA
with @<212um increased significantly the leachability of those elements (i.e. Zn, Pb
and Al) that exhibited low leachability using TCLP. The difference in concentration
ratios was significantly high for As, Pb, Cu, Zn and Al. These were approximately 8, 12,
14, 30 and 35 points respectively. However, Ni ratios were similar for both MSWI-BA
fractions and Co ratios were higher for MSWI-BA with J<212um than for MSWI-BA
with 212um<J<2.36mm.
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Figure 5.3. Ratio of concentrations using NEN 7341 and TCLP procedures for MSWI-BA
with @<212um and 212um<@<2.36mm

5.3.3 Effect of Leachant pH on Leachate Concentrations
5.3.3.1 MSWI-BA with @<212um

Table 5.7 shows the leachate concentrations of Ca, Si, Na, K, Mg, Al, Fe, Mn, Cu, Zn,
Ba, and Pb for MSWI-BA with @<212um. Standard deviations between the
concentration values of three replicate samples are also reported. Leachates were
obtained using the NEN 7341 procedure that had two leaching stages of the same
duration (3 hours each); the first stage was carried out using a leachant at pH 7,
whereas the second stage was carried out at pH 4. Concentrations of both leachates

were comparedtoevaluate therinfluence of the-leachant pH onleachability.

Concentrations of Si, Mg, Al and Fe were significantly higher in leachates obtained
from the second stage (pH 4) than that from first stage (pH 7). This suggested that the
leachability of these elements was extremely dependent upon pH of leachant used. On
the other hand, the concentration of Ca, Na, K, Cu, Zn and Pb were lower using pH 4
than using pH 7. That can be attributed to the solubility of these elements at neutral pH
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(pH 7). Mn and Ba showed a slight increase in concentration at pH 4 compared with
that at pH 7.

Table 5.7. Concentrations of leachates, expressed in mgL™, for the first (pH 7) and

second (pH 4) extraction stages using NEN 7341 on the MSWI-BA with @<212um

Ca | Si | Na K | Mg | Al Fe | Mn | Cu | Zn | Ba | Pb

Stage1 |[1310| 2.0 |57.8(41.9|12.0| 1.2 | <1®* | 0.9 | 10.0|29.1 | 0.3 126

(pH 7) +14 | #1 +1 1 +1 |03 - |[+0.1 | #1 5 | $01 | 2

Stage2 [621.0|/54.6|14.9 (101 (419|119 |11.7| 26 | 3.7 | 40 [ 1.4 | 5.6

(pH 4) 2 | 27 | #1 | 1 | #1 | 183 | £2 [201] #1 | +1 | 2041

2 Leachate concentrations of iron were below the detention limit of the ICP-OES for
MSWI-BA with @<212um. Hence, they were not reported.

Table 5.8 shows the leachate concentrations of B, Cr, Co, Ni, As, Se, Mo, Cd, Sn, and
Hg, expressed in pgL", for MSWI-BA with @<212um. The table indicates that
concentrations of B, Cr, As, Se, Mo, Cd and Sn were substantially higher at pH 7 than
at pH 4, whereas Sn and Hg exhibited a slight difference in concentrations for both
leachates. The concentration of Ni was approximately 11% higher at pH 7 than at pH 4.

However, Co seemed to be extremely dependent upon the leachant pH, being much
lower at pH 7 than pH 4.

Table 5.8. Concentrations of leachates, expressed in pgL™, for the first (pH7) and second

(pH 4) extraction stages using NEN 7341 on the MSWI-BA with D<212um

B(11) | Cr(52) | Co(59) | Ni(60) | As(75) | Se(82) | Mo(98) [Cd(114)|Sn(120)|Hg(202)

Stage 1

7186 | 189.8 | 184 | 2522 | 58.7 14.1 30.1 3253 | 21 <1
(PH7)
Stage 2
(pH 4) 4919 | 292 | 1216 | 2208 | 23.7 8.7 13.6 | 136.9 24 <1
P .

5.3.3.2 MSWI-BA with 212um<Z<2.36mm

Table 5.9 shows the leachate concentrations of Ca, Si, Na, K, Mg, Al, Fe, Mn, Cu, Zn,
Ba, and Pb for MSWI-BA fraction with 212um<@<2.36mm. Leachates were obtained
using the NEN 7341 procedure. Leachate for the first stage (pH 7) showed higher
concentrations of Ca, Si, Na, K, Mg, Al, Fe than the leachate for the second stage (pH
4). However, the former leachates (pH 7) exhibited lower concentrations of Cu, Zn and
Pb than the latter leachates (pH 4). This difference in leachate concentrations of Cu, Zn
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and Pb can be explained by two facts; 1) Cu, Zn and Pb need a pH of 4 to be extracted
and 2) these elements were extracted after certain major elements (e.g. Si, Al, and Fe)

passed into solution during the first stage (pH 7). The concentrations of Mn and Ba did
not differ significantly between leachates obtained at pH 7 and pH 4.

Table 5.9. Concentrations of leachates, expressed in mgL™, for the first (pH 7) and

second (pH 4) extraction stages using NEN 7341 on the MSWI-BA with 212um<@<2.36

Ca | Si | Na K | Mg | Al Fe ([Mn | Cu | Zn | Ba | Pb

Stage1 [961.3|189.2| 55.0 (36.8 | 55.1 |117.1|782| 29 | 06 | 1.0 | 1.0 | 04

(PH7) 17 | +1 2 | 1 +1 8 | +20 [ +1 | %0.1 | 0.1 | 0.2 | +0.1

Stage 2 161.8|79.3(21.3[(136|19.1 628|587 | 1.2 | 48 |239]| 1.8 | 5.9

(PHA) | oy | 48 | 48 | 22 | +1 | 4 | 45 201 | #1 | +1 | 202|215

Table 5.10 shows the leachate concentrations of B, Cr, Co, Ni, As, Se, Mo, Cd, Sn, and
Hg for MSWI-BA with 212um<@<2.36mm. The concentrations of B and Mo were higher
at pH 7 than at pH 4, whereas Cr, As and Se concentration were lower compared with
that at pH 4. The significantly high concentrations of Co, Ni and Cd at pH 4 indicated
that these elements seemed to be extremely dependent upon the pH of the leachant.

The concentrations of Sn and Hg did not differ significantly between leachates obtained
at pH 7 and pH 4.

Table 5.10. Concentrations of leachates, expressed , in pgL™, for the first (pH 7) and
second (pH 4) extraction stages using NEN 7341 on the MSWI-BA with 212um<@<2.36

B(11) | Cr(52) | Co(59) | Ni(60) | As(75) | Se(82) | Mo(98) [Cd(114)|Sn(120)|Hg(202)

Stage 1
577.5 | 40.8 11.0 275 45 9.3 40.6 771 22 <2
(PH7)

Stage 2

4276 | 653 | 1101 | 4250 | 63 | 116 | 42 | 2947 | 27 <1
(pH 4)
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5.3.3.3 Comparison between MSWI-BA with @<212um and 212um<@<2.36mm

Table 5.11 and Table 5.12 show the pH of leachant that gave high concentrations for
different elements examined for each fraction of MSWI-BA examined.

Table 5.11. Leachant pH that gives high concentrations of Ca, Si, Na, K, Mg, Al, Fe, Mn,
Cu, Zn, Ba and Pb in leachates

MSWI-BA fraction |Ca| Si |[Na| K |Mg| Al |Fe [Mn{Cu|Zn|Ba|Pb

D<212um 7141771414144 |7|7]4]|7

212um<@<2.36mm | 7 |7 |7 ({7 |7 (7|7 |7 |4|4;4]|4

Table 5.12. Leachant pH that gives high concentrations of B, Cr, Ni, As, Se, Mo, Cd, Sn
and Hg in leachates

MSWI-BA fraction | B |Cr|Co| Ni |As|Se (Mo|Cd|Sn|Hg

D<212pm 77141717177 |7]|41]74

212um<@<236mm | 7 |4 |4 |4 |4 |4 |7 |44 |74

Table 5.11 shows that the concentrations of Ca, Na, K and Ba were the highest at the
same pH for both MSWI-BA fractions. For both fractions, Ca, Na and K exhibited higher
concentrations at pH 7 than at pH 4, whereas Ba showed higher concentrations at pH 4
than at pH 7. In contrast, the concentrations of Si, Fe, Al, Mn, Cu, Zn and Pb were
dependent on the MSWI-BA fraction examined. Si, Mg, Fe, Al and Mn concentrations
were higher at pH 4 than at pH 7 for MSW-BA with @<212um, whereas they were
higher at pH 7 than at pH 4 for MSWI-BA with 212um<@<2.36mm.

MSWI-BA with 212um<@<2.36mm possessed significantly higher concentrations of Si,
Fe and Al and lower concentration of Ca than MSW-BA with @<212um, as shown in
Table 5.6. In addition, Ca was expected to be located on the external surface layer of
MSWI-BA grains hiding inner elements, as discussed in Chapter 4. Therefore, the

—reduction-in-the-amount-of-Ca-in-MSWI-BA with 212um<@<2.36mm, may facilitate the

dilution of Si, Mg, Al, Mn and Fe even at neutral pH, for the fraction with
212um<J<2.36mm. However, for MSWI-BA @<212um with these elements passed to
solution when the Ca had already passed.

The discrepancy between both fractions of MSWI-BA about the concentrations of Cu,

Zn and Pb was attributed to the higher increase in leachability at pH 4 of the fraction

with 212um<@<2.36mm compared with the fraction with @<212um. These elements
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could be leached out after major matrix elements (i.e. Si, Al, Fe) had partially moved

into solution for the fraction with 212um<@<2.36mm.

Table 5.12 shows that the concentrations of B, Co, Mo, Sn and Hg showed similar
trend for both MSWI-BA fractions. However, concentrations of Cr, Ni, As, Se and Cd
were dependent on MSWI-BA fraction examined. Concentrations of Cr, Ni, As, Se and
Cd were higher at pH 4 than at pH 7 for the fraction with 212um<@<2.36mm and lower
at pH 4 than at pH 7 for the fraction with @<212um. This suggested that these
elements passed to solution after leaching of major elements did for fraction with
212um<<2.36mm, whilst due to the fine particle size of MSWI-BA with J<212um
they were leached out in the first leaching stage.

In general, the distinct pH behaviour of elements in both fractions of MSWI-BA can be
attributed to the differences in particle sizes, element contents and mineralogical
compositions between both fractions.

5.3.4 Effect of Particle Size on Leachates Concentrations

In order to compare the effect of partible size on leaching, the MSWI-BA fractions with
@<212 pm and 212um<JJ<2.36mm were ground to reach a particle size below 75um.
The ground MSWI-BA fractions were subjected to NEN 7341 and EPA TCLP method
1311 leaching procedures. Table 5.13 provides the increase in leachability, in %, as a
result of grinding MSWI-BA fractions. Columns 2 and 3 show the increase in extraction
with respect to the fraction with @<212um for both leaching procedures and 4™ and 5"
columns show that for the MSWI-BA with 212pm<@<2.36mm.

Generally, there was a significant increase in leaching as a result of grinding. This was
in agreement with the results reported in previous sections about the influence of
particle size on leachability of un-ground fractions. For example, Mg, Mn, Zn, Cr, Ni, Se
and Sn exhibited an increase in leachability above 50% for both fractions and both
leaching procedures. In addition, it was observed that half of elements (e.g. Ca, Si, Na,
K, Mg, Mn, Cu, Zn, Cr, Ni and Sn) exhibited higher extraction levels for TCLP method

1311 than NEN 7341 for both MSWI-BA fractions.

Moreover, grinding facilitated the leachability of the elements that were in the inner
phase of the grain of ash. For example, the content of Si for leachates of fraction with
212um<@d<2.36mm was higher than that for fraction with @<212um. However, as a
result of grinding, the increase in leachability of Si for fraction with @<212pm was much
higher than that for MSWI-BA with 212um<@<2.36mm.
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Table 5.13. Increase in leachability, expressed as %, as results of grinding the fraction of
MSWI-BA with @<212pm and 212pm<@Z<2.36mm.

un-ground/ground concentration ratio for MSWI-BA with
@<212pm 212pm<F<2.36mm
NEN 7341 TCPL NEN 7341 TCPL
Ca 30.6 352 59.6 69.9
Si 85.4 94.6 371 67.9
Na 244 40.4 20.5 70.3
K 32.4 38.4 34.4 69.6
Mg 63.7 52.0 50.1 54.4
Al 96.0 96.7 454 3.9
Mn 563.3 71.5 60.6 723
Cu 11.8 62.2 66.9 70.6
Zn 504 90.7 59.0 714
Ba 20.7 31.8 52.5 46.4
Pb 9.9 55.1 72.7 48.7
B(11) 27.8 12.7 40.0 83.5
Cr(52) 72.8 49.9 86.8 84.7
Co(59) 22.0 82.3 215 88.1
Ni(60) 73.3 96.7 74.5 96.0
As(75) 27.3 17.9 90.5 45.0
Se(82) 51.3 46.5 55.5 75.8
Mo(98) 56.6 5.5 55.4 81.1
Cd(114) 143 15.9 31.0 0.6
Sn(120) 58.2 63.6 55.1 62.7

5.3.5 Maximum Leached Concentrations

Theconcentrations of all elements increased significantly in the ground MSWI-BA
fraction with respect to the un-ground fractions, therefore, concentrations of the ground
fractions were considered as the maximum quantity of each element that can be
leached.

Table 5.14 provides a comparison of the concentrations in the leachates obtained from
TCLP 1311 and NEN 7341 procedures for the ground MSWI-BA fraction and various

146



regulatory limits. Some of the limits reported are used for assessing the quality of soil
and contaminated land in the Netherlands (18) and the United Kingdom (19) and other
values reported are technical concentrations recommended for the use of mineral
waste and soils in Germany and the European Union (20). All concentrations are
expressed in milligram of element per kg of either dried MSWI-BA or soil. In columns 4
and 5, the low values correspond to good quality of soils or land, whereas the upper
limits indicate poor environmental quality.

Table 5.14. Comparison of the ground MSWI-BA fraction leachability with limits for soils,
contaminated land and mineral waste in the Netherlands (18), the United Kingdom (19),
Germany (20) and European Union (20)

Concentrations expressed in mgkg™ of dried material
Ground MSWI-BA The United | Germany | European
TCLP NEN 7341 Netherlands | Kingdom Union

Cr 6.9 40.2 100-800 N/A 100 100
Co 2.2 9.0 20-300 N/A N/A N/A
Ni 26.9 88.7 50-500 70 100 50
Cu 53.8 769.9 50-500 130 100 100
Zn 27561 3100.0 200-3000 300 N/A N/A
As 0.3 5.7 20-50 10-40 30 10
Se 0.6 2.3 N/A 3-6 N/A N/A
Mo 3.0 5.0 10-200 N/A N/A N/A
Cd 6.4 27.0 1-20 3-15 1 1
Ba 11.8 175.7 200-2000 N/A N/A N/A
Hg 0.1 0.1 0.5-10 1-20 N/A N/A
Pb 107.0 1020.0 50-600 500-2000 200 100

It was observed that the release of Cr, Co, As, Se, Mo, Ba and Hg in the MSWI

leachates did not exceed any of recommended limits given for the various countries.

However, the concentrations of Ni, Cu, Zn, Cd and Pb exceeded some of those limits.
The concentration of Ni using NEN 7341 procedure was higher than the values given in
the UK and European Union. The concentrations of Cu and Cd using the same
procedure exceeded all limits reported in columns 4-7. Concentration of Zn exceeded

Dutch and English values. Pb concentrations exceeded Dutch, German and European
limits.
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Table 5.15 shows the leachate concentrations of some elements obtained in
accordance with the TCLP leaching procedure for the ground MSWI-BA fraction and
the tolerable limits for non-hazardous waste in USA. In general, the concentrations of
elements reported were below permitted limits except the concentration of Pb that was
slightly higher than the imposed limit.

Table 5.15. Comparison of TCLP concentrations of the ground fraction with USA

regulatory limits

Concentrations expressed in mgL™

As Ba Cd Cr Pb Hg Se

limits (USA) 5.00 100.00 1.00 5.00 5.00 0.20 5.00

TCPL 0.02 0.60 0.30 0.30 5.35 0.01 0.02

5.3.6 Comparison Between Chemistry and Leaching Behaviour

Table 5.16 shows the contents of Ca, Si, Al, Fe, Mg, K and Na for the fractions of
MSWI-BA with @<212pm and with 212um<@<2.36mm and the concentrations of these
elements in leachates from the same fractions of MSWI-BA. Contents of Ca, Si, Al, Fe,
Mg, K and Na were determined using XRF with fused samples preparation (see
Chapters 4 for more details on chemical composition testing). Leachates of both
fractions of MSWI-BA were obtained in accordance to NEN 7341 leaching procedure.

Table 5.16. Comparison between chemical compositions and leaching behaviour for
fractions of MSWI-BA with @<212pm and 212pm<@<2.36mm

Contents Leachate concentration Extraction
Elem. (g/kg of MSWI-BA) (g/kg of MSWI-BA) (%)
<212 212<<2.36 D<212 212<@<2.36 P<212 212<2<2.36

Ca 190.00 107.50 96.55 56.15 50.82 52.23

Si 224.00 316.91 2.83 13.43 1.26 4.24

Al 75.46 81.69 0.65 9.00 0.86 11.02

Fe 38.22 91.56 0.59 6.84 1.54 7.47
Na 21.65 36.53 3.63 3.81 16.77 10.43
Mg 17.25 17.25 2.70 3.71 15.65 21.51

K 15.42 17.23 2.60 2.52 16.86 14.62
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Extraction percentages of Ca (50.82% and 52.23%) were the highest within all
elements examined for both fractions of MSWI-BA. This was attributed to the high
solubility of calcium compounds (i.e. Ca(OH),, CaCO,;, CaO and CaAl,Q,) in water and
diluted acid (21). The remaining Ca might be in other forms that could not be extracted
such as calcium metasilicate (CaSOj3), which is insoluble in H,O or diluted acid (22).

Extraction percentages of Si were very poor for both fractions of MSWI-BA despite the
great proportion of Si in both fractions examined. This was expected due to the low
solubility of silicates, which are not soluble in either H,O or common acids.

Extractions percentages of Fe, Mg and especially Al were higher for MSWI-BA fraction
with 212um<@<2.36mm than that for MSWI-BA fraction with @<212um, despite the
coarser particle of the former fraction. This suggested that these elements were
bonded differently in each fraction examined. For example, in fraction with
212um<@<2.36mm, Al might be as Al(OH); that is slightly soluble in acid whereas in
fraction with @<212um it might be as aluminium silicate that is insoluble in acid, H,O
and alkali (21,22). Extraction percentage of Na and K were higher for the fraction of
MSWI-BA with @<212um than for fraction with 212um<@<2.36mm. This can be

attributed to the difference in particle size distributions and chemical bonds between
both fractions examined.

5.4 CONCLUSIONS

This chapter has examined the leaching behaviour of unbound MSWI-BA fractions with
particle diameters of @<212um and 212um<@<2.36mm. Leaching behaviour of these
fractions of MSWI-BA has been examined by determining the concentrations of
leachates obtained in accordance with NEN 7341 and TCLP leaching procedures.

Conclusions are draw from findings of the examination of leachability and are
presented in the following items:

1. Composition of leachates for fractions of MSWI-BA with @<212um and
212um<J<2.36mm.

2. Comparison of leachate compositions between both fractions of MSWI-BA
examined.

3. Influence of leaching procedure, leachant pH and particle diameter on leachability
of MSWI-BA fractions.

4. Potential environmental risk of MSWI-BA due to the release of hazardous
elements.
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Leachates for both fractions of MSWI-BA examined contained Ca, Si, Na, K, Al, Fe, Mg
and Zn as major elements, with concentration ranging from 100 to 1 gram per kilogram
of MSWI-BA, followed by Pb, Cu, Mn and Ba with concentration ranging from 0.9 to 0.1
g/kg of MSWI-BA and B. Ni, Cd, Co, Cr, Mo, Se, As, Sn and Hg with concentrations
ranging from 60 to 0.1mg/Kg of MSWI-BA. The content of all these elements in
leachates was not only dependent upon MSWI-BA examined, but also upon leaching

procedures carried out.

For both leaching procedures, the fine fraction of MSWI-BA (@<212um) exhibited
higher leachate concentrations of Ca, Cr, and As than the coarse fraction
(212um<@<2.36mm), whereas the coarse fraction gave higher concentrations for Si, Al
and Fe. Concentrations of Mg, Mn, Ni, Cd, Co, Sn and Mo did not differ substantially
between leachates of both MSWI-BA fractions regardless of leaching procedure.
However, concentration of Na, K, Zn, Cu, Ba, B, Se and Hg were either higher or lower
in one fraction of MSWI-BA or the other, depending on leaching procedure carried out.

The comparison of leachate concentrations using ether NEN 7341 or TCLP procedure
showed that NEN 7341 leachates exhibited higher concentrations than TCLP leachates
for most elements. This trend was observed in both fractions of MSWI-BA examined. In
particular, the differences in concentrations between both leaching procedures were
significant high for Si, Fe, Mn, Ba, Pb, Co, Ni, Cu, Zn and Al. Hence, the leachability of
MSWI-BA was increased largely using nitric acid to control the leachant pH below 7
and 4 and stirring agitation (NEN 7341) in comparison with using acetic acid to achieve
low initial leachant pH, test pH of 10 approximately and shaking agitation. This
suggested that elements examined dissolved as cationic forms that are more soluble in

acid conditions and strongly pH dependent than metal in oxanion forms (5,8).

Examination of the leachate concentrations obtained individually at pH 7 and pH 4 (first
and second stages of the NEN 7341 leaching procedure) showed that the degree of
solubility of Si, Mg, Al, Fe, Mn, Cu, Zn Pb Cr, Ni, As, Se, Cd either at pH 7 or 4 was
dependent upon the fraction of MSWI-B examined. This discrepancy of pH-solubility
effect as a function of MSWI-BA examined was attributed to the difference in particle

size, element contents and phases associated to these elements between the both
fractions of MSWI-BA. In contract, Ca, Na, K, Ba, B, Co, Mo, Sn and Hg exhibited
similar pH- solubility influence regardless of MSWI-BA fraction examined. Ca, Na, K, B
and Mo concentrations results higher at pH 7 than at pH 4, whereas Ba, Co and Sn
concentration were higher in leachates obtained in stage pH 4.

Grinding fractions of MSWI-BA with @<212pm and 212pm<J<2.36mm to the same
particle size increased likewise the leachability of both fractions regardless of the
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leaching procedure used. However, grinding these fractions of MSWI-BA did not
reduce the difference in the leachate concentrations obtained in accordance to either
NEN 7341 or TCLP.

Finally, leachate concentrations of Ni, Cu, Zn, Cd and Pb obtained by leaching the
ground fraction of MSWI-BA with @<2.36mm exceeded slightly the tolerable limits for
soils or mineral waste used within European Union (18-20). This suggested that a
remediation technique (e.g. stabilisation with cementitious materials) may be required
when MSWI-BA is dumped in landfill sites, in order to increase the environmental
acceptance of MSWI-BA. However, leachates obtained in accordance with the TCLP
procedure for the same fraction of MSWI-BA did not exceed USA regulatory limits.

The next chapter, Chapter 6, will evaluate the performance of mortars containing
different fractions of MSWI-BA as a partial replacement of cement and/or sand in order
to enhance its utilisation. The use of MSWI-BA in concrete manufacture will not only
reduce the amount this waste sent to landfill sites but also the environmental risk due
to the well-known capacity of cement-based systems to bind toxic elements or

compounds.
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CHAPTER 6: PHYSICAL AND MECHANICAL
PROPERTIES OF MORTAR CONTAINING
MSWI-BA




6.1 INTRODUCTION

The use of replacing primary materials (e.g. cement aggregates) with waste is being
encouraged and extensively used over the world (1- 7). Wastes can be used as either
cement replacement (e.g. fly ash and slag) or as natural aggregate replacement (e.g.
recycled bricks and concrete).

In general, the compressive strength at 28 days and the ratio of strength development
with time are commonly used as indicators of the quality of the cement-based materials
with or without containing waste (8). Despite the fact that compressive strength is one
of the most valuable properties of paste, mortar and concrete; it is not normally the only
property examined. Other properties including shrinkage and porosity need to be
evaluated to assess long-term performance.

Many factors influence the physical and mechanical properties of cement-based
systems. These include water to cement ratio (w/c), cement, content and type of
aggregates, chemical composition and fineness of binder constituents and level of
admixtures replacement. Chapter 2 presents a revision of current knowledge on the
chemical, physical and mechanical properties of cement-based systems containing
blended materials and recycled aggregates.

In this chapter, the influence of MSWI-BA on the physical and mechanical properties of
mortars containing MSWI-BA either to replace the cement and/or sand has been
investigated. The properties examined are compressive strength, saturated density,
drying shrinkage, porosity, and flexural strength.

6.2 EXPERIMENTATION

6.2.1 Materials

The materials that were used in this chapter were a standard Ordinary Portland
Cement which conformed to BS12: 1996 (9), class M sand which conformed to BS
882:1992 (10), silica sand (90% silicate content) and different fractions of MSWI-BA.
The chemical and physical properties of these materials are given in detail in Chapter 3
and_Chapter 4

6.2.2 Mix Proportion

The proportion of binder to aggregate (b:a) was 1:3 and water/binder (w/b) ratio was
0.50 for the majority of mixes. For selected mixes, the w/b ratio was 0.6.

Binders included the standard 42.5N cement and fractions of MSWI-BA (J<150pum,
d<212um, @<300, F<600um and F<1.18mm). Cement was replaced with different
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levels of these fine fractions of MSWI-BA. Aggregates consisted of class M sand and
coarse fractions of MSWI-BA (212um<@<1.18mm, 212pm<@<2.36mm and
J<2.36mm). Class M sand was replaced with 25%, 50% and 75% of coarse fractions
of MSWI-BA. Mix proportions for the tests undertaken are given in the testing section.

The preparation of mixes, which involves mixing, casting and curing, was explained in
Chapter 3.

6.2.3 Testing
6.2.3.1 Compressive Strength

The preparation of mortars and the determination of compressive strength were carried
out in accordance with the recommendations given in BS EN 196-1 (11) and BS 1881
Part 116 (12).The compressive strength of mortars were tested using cube specimens
of 50mm in size. After de-moulding specimens were cured in water tanks at 20°C until
testing took place. The compressive and relative strengths were calculated as
described in Chapter 3 and the average of three cubes was reported.

Compressive testing was conducted for the following series:

1. Series 1: Replacing cement with fine fractions of MSWI-BA. The purpose of this
series was to identify if the fractions of MSWI-BA with grain diameters below
1.18mm, 600pum 300um, 212um and 150um exhibit pozzolanic reactivity. The fly
ash activity index test according to BS EN 450:1995 (13) was used as indicator of
pozzolanic reactivity and/or other characteristics (i.e. filler effect, hydraulicity) of
these fractions. The activity index is defined by the ratio of the compressive
strength of mortar containing 75% of cement and 25% of replacement material
(MSWI-BA) as binders, to the compressive strength of the reference mix at the
same age. The lower limits of activity index for fly ash given in BS EN 450:1995 are
75% and 85% at 28 and 90 days respectively. The w/b ratio was 0.5 for all mixes.
The aggregates used consisted of 100% Class M sand.

Table 6.1 shows the mix proportion details that were used to examine the activity index
for the different fraction of MSWI-BA. The mix number and identification are shown in

columns-one-and-two-respectively-Mix-identification-(ID)-for-100%-cement-as-binder-is——
always identified as the reference, ref., whereas ID for mixes containing MSWI-BA
symbolises the particle diameters of the fraction examined. Columns 3 and 4 provide

the proportion of different materials in the binder.
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Table 6.1. Mix proportion of mortars containing different fractions of MSWI-BA as a

partial replacement of cement

Mix Binder (% in weight)
Mix ID
Number Cement | MSWI-BA
1 Ref. 100 0
2 @<150pum 75 25
3 B<212pm 75 25
4 B<300um 75 25
5 @<600m 75 25
6 @<1.18mm 75 25

2. Series 2: Replacement of cement with fractions of MSWI-BA with ©<212um and
<300um. Series 2 aimed to examine the long-term strength development for
mixes containing various replacements levels of cement with MSWI-BA with either
@<212um and J<300um. Cement was replaced with increasing MSWI-BA content
from 0 to 50%. The w/b ratio was 0.5 for all mixes. Aggregates included 100% of
class M sand. Table 6.2 provides mix details for series 2. Mix identification (ID)
shown in column 2 symbolises the particle size of the MSWI-BA fraction examined
and the cement replacement level used for the mix.

3. Series 3: Replacement of cement with 25% of silica sand with particle diameter
below ©<212um. The silica sand was used as an inert material, so the influence of
MSWI-BA as pozzolanic material could be evaluated. Table 6.3 shows mix
proportion for this series. The w/b ratio was 0.5 for all mixes. Aggregates included
100% of class M sand.

4. Series 4: Replacing sand with coarse fractions of MSWI-BA. This series consisted
of replacing class M sand with coarse fractions of MSWI-BA with particle sizes of
212um<J<2.36mm, 212um<J<1.18mm and J<2.36mm. Class M sand was
replaced with 0, 25, 50 and 75% of the coarse MSWI-BA fractions. Coarse fractions
were always referred to the MSWI-BA fractions used as a partial replacement of

sand throughout this experimental programme. The binder for this series consisted
of 100% cement. The w/b ratio was 0.5 for all mixes. Table 6.4 provides the mix
proportions for mortars containing MSWI-BA. The mix identification symbolises the
particle diameters of the MSWI-BA fraction used for this mix as partial replacement

of sand.
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Table 6.2. Mix proportions for mortar containing MSWI-BA with @<212um and @<300um

as partial replacement of cement

Mix Binder (% in weight)
Mix ID
Number Cement | MSWI-BA
7 Ref. , 100 0
8 @<212um(10) 90 10
9 @<212um(20) 80 20
10 Z<212um(30) 70 30
11 @<212um(40) 60 40
12 Z<212um(50) 50 50
13 @<300um(10) 90 10
14 @<300um(20) 80 20
15 @<3001m(30) 70 30
16 J<300um(40) 60 40
17 B<300um(50) 50 50

Table 6.3. Mix proportion for mortar containing 25% silica sand with @<212um as partial

replacement of cement

Mix Binder (% in weight)
Mix ID
Number Cement Silica sand
18 SS @<212pm 75 25

5. Series 5: Influence of using a w/b ratio of 0.6. This series examined the effect of
increasing w/b ratio on compressive strength for mixes containing various
replacement levels of sand with MSWI-BA with 212um<@<2.26mm. Binders
consisted of 100% cement. The w/b ratio was 0.6 for all mixes of this series. Sand

replacement levels used for this series were 0, 25, 50 and 75%. Table 6.5 show
mix proportions for this series.

6. Series 6: Replacing cement and class M sand with MSWI-BA. This series
examined the effect of replacing cement and sand on compressive strength.
Cement was partially replaced with 0, 15 and 30% of MSWI-BA with @<212um and
sand was partially replaced with 0, 25 and 50 % of MSWI-BA with
212um<@<2.36mm. The w/b ratio was 0.5 for this series. Table 6.6 shows the mix

prbportions of binder and aggregates. Mixes are identified by the percentage of
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cement (C) in the binder and percentage of class M sand (S) in aggregates. For
example, mix Cgse-S7se, represents a mix that include the binder containing 85% of
cement and 15% of MSWI-BA with @<212um and the aggregates containing 75%
of class M sand and 25% of MSWI-BA with 12um<@<2.36mm.

Table 6.4. Mix proportion for mortar containing various fractions of MSWI-BA as
replacement of sand

Aggregates (% in weight)
Mix Number Mix ID
Class M Sand | Fraction of MSWI-BA

19 Ref. 100

20 212um<Z<2.36mm 75 25
21 212pm<Z<2.36mm 50 50
22 212um<J<2.36mm 25 75
23 212um<@<1.18mm 75 25
24 212um<J<1.18mm 50 50
25 212pm<@<1.18mm 25 75
26 J<2.36mm 75 25
27 B<2.36mm 50 50
28 @<2.36mm 25 75

Table 6.5. Mix proportion of mortars containing various replacement levels of sand with

MSWI-BA with 212um<@<2.26mm using a w/b ratio of 0.6

Aggregates (% in weight)
Mix Number w/B
Class M Sand | 212um<@<2.26mm
29 0.6 100
30 0.6 75 25
31 0.6 50 50
32 0.6 — 25 75
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Table 6.6. Mix proportions for mortar containing MSWI-BA with @<212um as replacement

of cement and MSWI-BA with 212um<@<2.36mm as replacement of sand

Binders (% in weight) Aggregates (% in weight)
Mix number Mix ID
Cement @<212pm | Class M Sand |212um<@<2.36mm
33 Ref. 100 0 100 0
34 Cas%-S100% 85 15 100 0
35 Cr0%-S100% 70 30 100 0
36 C100%-S75% 100 0 75 25
37 Cas2-S75% 85 15 75 25
38 Cr0%-S75% 70 30 75 25
39 C100%-Ss0% 100 0 50 50
40 Cas%-Ss0% 85 15 50 50
41 Cr0%-Sso% 70 30 50 50

6.2.3.2 Saturated Density

The saturated density (ps) was evaluated in accordance with BS EN 1881-114: 1983
(14). The saturated density is defined as the ratio of the saturated mass of the
specimen to its volume (Equation 6.1). The saturated mass was measured by weighing
the specimen after saturating in water. The volume was determined by the
displacement of water following Equation 6.2.

P, = [”\‘/] Equation 6.1
V= [m, - mw} Equation 6.2
P.

m,= mass of the saturated specimen in air after wiping off excess water, in kg.
V= volume of the specimen determined by the water displacement, in m*.
ps= is saturated density, in kg/m°.

m,= apparent mass of specimen when is fully immersed in a water tank, in kg.

pw=density-of-water-in-kg/m®:

Saturated density was determined on 50mm*50mm*50mm in size for the mixes shown
in table 6.6.

6.2.3.3 Drying Shrinkage

Drying shrinkage was performed in accordance with BS 1881-206:1986 (15) and

measured on prisms with dimensions 75mm*75mm*300mm. Prisms were cast and

cured for 24 hour as described in Chapter 3. After de-moulding, two demec studs, at a
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spacing of 200mm, were attached to the four longitudinal faces of each prism. The
prisms were then placed in air at 20°C+1°C and 65% RH for the duration of the test.
The change in length between the two stubs was monitored by using a gauge. Length
change was carried out on two prisms from the same batch and the average of the
eight sides (four sides of each prism) was reported. The drying shrinkage is expressed

in terms of micro-strains (us) which were calculated as was mentioned in Chapter 3.

Length change was tested for two experimental series;

1. Series 1: Replacing of cement with fractions of MSWI-BA with ©<212um and
©<300um. This series examined the effect of replacing cement with MSWI-BA with
@<212pum and P<300um on drying shrinkage. The replacement levels ranged from
0% to 50% of MSWI-BA (see section 6.2.3.1 Table 6.2).

2. Series 2: Replacing of cement with MSWI-BA with ©<212um and sand with MSWI-
BA fraction with 212um<©<2.36mm. This series examined the effect of replacing
cement and sand with MSWI-BA on drying shrinkage. Replacement levels range
from 0 to 20% in binders and from 0 to 50% in aggregates.. The w/b ratio was 0.5
for all mixes. Table 6.7 provides mix proportion for mortar containing MSWI-BA as
replacement of cement and sand.

Table 6.7. Mix proportion for mixes containing MSWI-BA as partial replacement of cement

and sand
Binders (% in weight) Aggregates (% in weight)
Mix Number| MixID
Cement | J<212um | Class M sand | 212um<@<2.36mm
42 Ref. 100 0 - 100 0
43 Co0%-S75% 90 10 75 25
44 Cas%-S75% 85 15 75 25
45 Cs0%-S75% 80 20 75 25
46 Ca0%-Ss0% 90 10 50 50
47 Cas%-Ss0% 85 15 50 50
48 Cs0%-Ss0% 80 20 50 50

6.2.3.4 Flexural and Equivalent Cube Strengths

The flexural strength was tested in accordance with BS EN 12390 (16). Flexural test
was carried out on the same prisms (75mm*75mm*300mm) that were used to
determine drying shrinkage. The average of two prisms was reported. Determination of
flexural strength was given in Chapter 3.

160



The equivalent cube strength was carried on the broken portions of prisms in
accordance with BS 1881. part 119.1983 (17). The average of four portions was taken
to represent the equivalent cube strength.

Testing of flexural and equivalent cube strength was conducted at 900 days for mixes
containing MSWI-BA as replacement of cement and 720 days for mixes containing
MSWI-BA as replacement of cement and sand. Mix details and proportions are already
provided in section 6.2.3.3 and Table 6.7.

6.2.3.5 Porosity

Total pore volume (TPV) and relative pore volume (RPV) were determined using
mercury intrusion porosimetry (MIP). Details of the MIP technique, instrument and
experimental parameters used have been given in Chapter 3. The mortar samples
subjected to MIP testing were taken from crushed cubes that were used for the
compressive strength test (see compressive strength series 6). Cement was partially
replaced with the MSWI-BA fraction with @<212um, whilst Class M sand was replaced
with the fraction of MSWI-BA with 212um<@<2.36. Mix proportions are shown in Table
6.6.

6.3 RESULTS AND DISCUSSION

6.3.1 Compressive Strength
6.3.1.1 Replacing of Cement with Fine Fractions of MSWI-BA

Figure 6.1 shows the relative strength for mortars containing fractions of MSWI-BA with
particle diameters () below 1.18 mm, 600um 300um, 212um and 150um as a patrtial
cement replacement. Relative strength is defined as the ratio of the strength of mix
containing 25% of MSWI-BA as partial cement replacement to the strength of reference
mix strength at the same age.

At 28 days, the relative strengths of mortars containing MSWI-BA with &<300um,
@<212um and J<150um were approximately 70%, which were closed to the minimum
(75%) recommended for fly ash according to BS EN 450 (13). At 90 days, the relative

strengthsof the mixes-—containing-MSWI-BA-were-significantly-lower-than the_minimum
relative strength (85%) recommended in BS EN 450. Hence, the mixes containing
MSWI-BA with @<212um and @<150um exhibited relative strengths approximately
70% at 90 days, whereas the relative strengths of mixes containing the fractions of
MSWI-BA @>212um were 60% approximately. Therefore, activity index test results

indicated that the fractions of MSWI-BA examined did not develop the required
compressive strength for fly ash used in concrete. The lower relative strengths of
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mortar containing MSWI-BA compared with EN BS 450 fly ash can be explained as a
result of the coarser particle size of MSWI-BA examined and/or lack of pozzolanic
reactivity. In general, the particle sizes of cement and blending materials are equal or
lower than 45um-35um, whereas the finest particle sizes examined were below 150pum.

100

%0 BS EN 450 Minimum at 90 days | D 2<1-18mm

80 TBS EN450 Minimum at 28 days
35 70 El @<600pum
£
o 60
g
2 |- —
& 50 +— [ I 52<300pm
9 e
2 -2 s
80T = o
E --_-. —_..._.-
T 30— [ nn C@<212um

20— [ =

10 1— :EE:EE o OP<150pm

0 pliaie b0 . - =
28 90
Age (days)

Figure 6.1. Activity index in accordance with BS EN 450 for mortar containing 25%

cement replacement with MSWI-BA with various particle sizes

The results showed that as the particle size of MSWI-BA fractions was finer the
contribution to strength was higher. This phenomenon, it has been widely observed for
pozzolanic materials (e.g. fly ash), which has shown a significant increase in strength
as fineness or surface area increases (18). Additionally, the increase in strength with
de decrease of MSWI-BA particle diameter can be as a result of a better packing.

Since the relative strength of mortar containing MSWI-BA fractions with diameters
below 212um and 300um were similar at 28 days but they differed at 90 days, new
series (Series 2) was proposed and carried out to examine the long-term compressive
strength testing for both fractions. The cement was replaced with increasing proportion
of both fractions ranging from 0% to 50%.

Figure 6.2 shows the development of compressive strength of mortar containing
various levels of replacement of cement with the fractions of MSWI-BA with &<300pm
and J<212um. There was a systematic decrease in strength as the replacement level
of cement with MSWI-BA increases. Mortar containing MSWI-BA with particle
@<212um exhibited higher strength development than those containing the fraction

with @<300um at the same replacement level. For example, at 10% MSWI-BA content,
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the fraction with @<212um caused a reduction in strength of approximately 5N/mm?
compared with the reference mix at one year, whereas the fraction with &<300um

caused a reduction in strength of approximately 15N/mm? at the same replacement
level and age.
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Figure 6.2. Compressive strength, Nmm?, of mortar containing the fractions of MSWI-BA with
@<300um (a) and @<212um (b), as partial replacement of cement

The difference in strength between mortars containing the two different fractions of
MSWI-BA was associated initially with their different chemical compositions and
particle size. Fraction with @<212um had higher content of CaO than the fraction with
J<300pum whereas fraction with @<300pum had higher content of SiO, (see Chapter 4
section 4.3.5). The high lime content can be associated with cementitious materials
that possessed high strength development at early stage whilst high silicate content
can be associated with pozzolanic materials, which can reach similar strength than
cementitious materials but at long-term. However, one year mixes containing MSWI-BA
with @<300um did not reach the same compressive strength than mortar containing
MSWI-BA with @<212um. Therefore, the difference in particle size seemed to be the

cause of the different strength development between both fractions.

In—addition, the mortar containing-30% and-40%of MSWI-BA-with-&<300um;-showed

similar compressive strength values at all ages. For MSWI-BA with @<212um, the

difference in strength between 30% and 40% replacement levels was also not
significant.

Figure 6.3 shows compressive strength development for mortar that contained 25%
cement replacement with either MSWI-BA with &<212um or silica sand with @<212um.

It was observed that the compressive strength of mortar containing MSWI-BA was
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approximately 5SN/mm? higher than that containing silica sand (SS). Assuming that the
silica sand is inert, the results indicated that MSWI-BA with@<212um had made a
greater contribution to the strength. This can be attributed to possible pozzolanic and/or
hydraulic reactivity of MSWI-BA if is assumed that both material (silica sand and
MSWI-BA) had similar packing effect.
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Figure 6.3. Compressive strength development of mortar containing 25% either MSWI-BA

or silica sand as a partial replacement of cement

6.3.1.2 Replacing Sand with Coarse Fractions of MSWI-BA

Figure 6.4 presents the relative compressive strengths of mortar containing three
fractions of MSWI-BA used as replacement of sand, at different curing times (i.e. 7, 28
and 90 days) and replacement levels (i.e. 25, 50 and 75%). The fractions of MSWI-BA
examined contained particles with 212um<@<1.18mm, 212um<J<2.36mm and
J<2.36mm.

In general, there was a decrease in strength as the replacement level of aggregates
with the different fractions of MSWI-BA increases. At 25% MSWI-BA replacement level
and at different curing times examined, the relative strengths of all fractions examined

50% replacement level, the fraction with 212um<@<2.36mm still gave relative
strengths nearly to 100% for the three different curing times. Thus, replacing 25% of
aggregates with MSWI-BA with 212um<@<2.36mm did not cause a noticeable

decrease in the strength development. However, there was a significant decrease in
strength compared with the reference mix when 50% of class M sand was replaced
with MSWI-BA with 212um<@<1.18mm and @<2.36mm. Replacing class M sand with
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J<2.36mm

75% of MSWI-BA caused a significant reduction in strength for all fractions examined.
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Figure 6.4. Relative compressive strength of mortar containing 25, 50 and 75% of MSWI-

BA as replacement of sand at (a) 7 days, (b) 28 days and (c) 90 days
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6.3.1.2.1 Effect of water to binder ratio

Figure 6.5 shows the compressive strength development of mortar containing 25, 50
and 75% of MSWI-BA as partial replacement of class M sand, at water to binder (w/b)
ratios of 0.5 and 0.6. The MSWI-BA had particle with 212um<@<2.36mm.
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Figure 6.5. Effect of w/b ratio on mortar containing 0, 25, 50 and 75% of MSWI-BA with

212pm<@<2.36mm as replacement of sand

As can be expected, a decrease in compressive strength was observed as w/b ratio
increases from 0.5 to 0.6, at the same replacement levels. However, mixes containing
75% of MSWI-BA exhibited similar strength for both w/b ratios at 90 days.

For all replacement levels, the ratio of strength increase between 28 and 90 days was
higher at w/b of 0.5 compared with that at 0.6. Using a w/b ratio of 0.6 the compressive
strength of all mixes examined did not increase significantly between 28 and 90 days
whereas the compressive strength of all mixes increased by approximately 10 N/mm?
at w/b ratio of 0.5 during same curing period.

6.3.1.3 Replacing Cement and Sand with MSWI-BA

Figure 6.6 shows compressive strength of mortar containing various replacement levels

of-MSWI-BA-used-as-partial-replacement-of-cement-and-sand.-Cement-wasreplaced
with 0, 15 and 30% of MSWI-BA with @<212um. Also sand was replaced with 0, 25

and 50% of MSWI-BA with 212um<@<2.36mm. The nomenclature used to identify
mixes in the figure represents the contents, in percentage terms, of the cement (C) and
the sand (S). For example, Cgss,-Sso% represents a mix containing a binder with 85%
cement and 15% of the fine fraction of MSWI-BA (@<212um) and aggregates which

consisted of 50% class M sand and 50% coarse fraction of MSWI-BA
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(212um<<2.36mm). The reference mix always contains 100% of cement in the binder

and 100% of class M sand as aggregate.
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Figure 6.6. Compressive strength of mortar containing 0, 15 and 30% of MSWI-BA as
replacement of cement and either (a) 25% or (b) 50% of MSWI-BA as replacement of sand

Mixes containing 25% and 50% (C100%S75%and Ci00%Ss0%) Sand replacement exhibited
similar compressive strength that surpassed the reference mix (ref.) at 400 days.
However, as mentioned previously replacing cement with MSWI-BA caused a decrease
in strength compared with the reference mix. This decrease was higher at 50% sand
replacement than that at 25% for the same cement replacement level.

6.3.1.3.1 Effect of curing

The influence of curing type on compressive strength was investigated on a mix
containing 15% and 50% MSWI-BA (Cgs:.-Ss0e.) as replacement of cement and
aggregate respectively. Two curing methods were evaluated; water curing at
20°C £ 1°C and mist curing at 20°C and 95*5% RH. Further details about the curing
methods are explained in Chapter 3. Figure 6.7 shows strength development for the

mix Cgse.-Sso9, USing water and mist curing methods.

Mix subjected to mist curing possessed slightly higher strength than this subjected to
water curing. However, the difference in compressive strengths varied no more than

5N/mm? between both curing methods.
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Figure 6.7. Influence of curing method on the strength of a mix containing 15% and 50% of
MSWI-BA as replacement of cement and sand respectively

6.3.2 Saturated Density

Table 6.8 provides the saturated density for mortar specimens cured in water at 20°C.
Saturated density was measured at 7, 28, 90, 180 and 365 days. Columns 2 and 3
provide the percentage of cement and class M sand in the binder and the aggregates
respectively. Columns 4-8 report the saturated density at the different curing periods.
MSW-BA with @<212um was used a partial replacement of cement and MSWI-BA with
212um<J<2.36mm was used as a partial of sand.

Generally, the replacement of cement and/or sand with MSWI-BA caused a decrease
in the saturated density compared with the reference mix. The difference in saturated
density between the reference mix and the mixes containing MSWI-BA was
approximately constant up to one year of curing. There was a systematic decrease in
densities as the content of MSWI-BA as partial replacement of either cement or sand
increased. Therefore, at 15% and 30% cement replacements, mixes containing 25% of
MSWI-BA as replacement of sand exhibited were slightly higher than that for 50% sand
replacement at same cement replacement levels. The decrease in density can be
related to poor compaction of mortar containing MSWI-BA.
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Table 6.8. Saturated density for mortar specimens containing various replacement levels
of MSWI-BA as partial replacement of cement and/or sand

Mix % Class Saturated density kg/m®
Number % Cement M sand 7 28 90 180 365

33 100 100 2218.8 2221.9 2209.6 2211.8 2211.8
34 85 100 21215 2125.9 21174 2117.5 21244
35 70 100 21114 2109.8 2115.7 2109.5 2107.1
36 100 75 2113.1 2113.6 2120.6 21185 2118.8
37 85 75 2085.8 2085.5 2092.1 2080.3 21004
38 70 75 2062.3 2069.3 2063.1 2083.2 2083.9
39 100 50 21135 2106.8 2102.4 20954 2091.5
40 85 50 2099.3 2076.5 2053.0 2050.4 2036.1
41 70 50 1966.3 1965.6 2005.4 1992.4 1957.9

6.3.3 Drying Shrinkage
6.3.3.1 Replacing Cement with Fine Fractions of MSWI-BA

Figure 6.8 shows the change in drying shrinkage with time for mortar containing MSWI-
BA as partial replacement of cement. Cement was replaced with 0, 10, 20, 30, 40 and
50% by weight with MSWI-BA of @<300um (Figure 6.8-(a)) and @<212um (Figure 6.8-
(b))

For all mixes included the references mixes, the high rate of shrinkage occurred during
the first 100 days, after this period shrinkage continued at a much lower rate.

Approximately after 500 days, drying shrinkage remained constant up to at least 900
days.

Drying shrinkage increased as cement replacement level with MSWI-BA increased for
both fractions of MSWI-BA used. In addition, a slightly higher drying shrinkage was
observed for the fraction with @<212um at 0, 10, 20 and 50% cement replacement
compared with the fraction with @<300um at the same cement replacement levels.
However, this was associated with the higher shrinkage exhibited for the reference mix
of MSWI-BA &<212um series compares with the shrinkage exhibited for the reference
mix of MSWI-BA with @<300um. Therefore, it can be suggested that both fractions of

MSWI-BA used as partial cement replacement exhibited similar drying shrinkage.
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Figure 6.8. Drying shrinkage for mortar containing MSWI with (a) @<300um and (b)

@<212um BA as a partial replacement of cement

6.3.3.2 Replacing Cement and Sand with MSWI-BA

Figure 6.9 shows the change in drying shrinkage with time for mixes containing MSWI-
BA as replacement of cement and sand. Cement was replaced with 0, 10, 15 and 20%
of MSWI-BA with @<212um. Sand was replaced with 25% and 50% of MSWI-BA with
212pm<@<2.36mm.

The replacement of sand with MSWI-BA caused an increase in drying shrinkage
compared with the reference mix. However, it was observed a small increase in
shrinkage as MSWI-BA content in binders increased. Mixes containing 25% and 50%
of MSWI-BA as sand replacement, exhibited similar drying shrinkage at the various
cement replacements examined. The mixes containing 50% of MSWI-BA as sand
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replacement exhibited slightly smaller drying shrinkage than the mixes containing 25%
MSWI-BA at all cement replacement levels examined.

Since main factors influencing drying shrinkage (i.e. w/c ratio, cement content and
chemistry, type and content of aggregates) were the same for the series containing
25% or 50% of MSWI-BA as replacement of sand, the lower shrinkage observed using
50% sand replacement may indicate that MSWI-BA could have higher restraint to the
shrinkage than the class M sand (19). However, this did not correspond with
Wainwright's (3) results of drying shrinkage for MSWI-BA with 600um<@<6mm.
Wainwright reported a higher increase in drying shrinkage for mixes containing MSWI-
BA compared with the reference mix

Cement replacement levels
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Figure 6.9. Drying shrinkage of mortar containing 0, 10, 15 and 20% of MSWI-BA with
@<212um as replacement of cement and (a) 25% and (b) 50% of MSWI-BA with
212pm<Z<2.36mm as replacement of sand
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6.3.4 Flexural and Equivalent Cubes Strengths
6.3.4.1 Replacing Cement with the Fine fractions of MSWI-BA

Figure 6.10 shows the change in flexural (Figure 6.10-a) and equivalent cube strengths
(Figure 6.10-b) at 900 days as a function of the MSWI-BA content in the binder. MSWI-
BA had particles with @<212um and @<300um and the cement replacement levels
were 0, 10, 20, 30, 40 and 50%. The figure shows that the flexural and equivalent
compressive strengths for mortar containing both fractions of MSWI-BA were similar.
Flexural strengths of mixes containing above 10% cement replacement were lower
than for the reference mix, 0% cement replacement. The equivalent compressive

strengths of mixes containing above 0% cement replacement were lower than the for
the reference mix.
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Figure 6.10. (a) Flexural and (b) equivalent cube strengths for mortar containing two
fractions of MSWI-BA as replacement of cement

6.3.4.2 Replacing Cement and Sand with MSWI-BA

Figure 6.11 shows the change in flexural and equivalent cube strengths at 720 days as
function of replacement level of MSWI-BA in binders. The figure compares the flexural
and equivalent compressive strengths of mixes containing either 25% or 50% of MSWI-
BA as replacement of sand. Both sand replacement levels exhibited similar flexural and
compressive strength for the different cement replacement levels examined. Any

cement replacement used decreased the flexural and equivalent cube strengths
compared with the reference mix.
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Figure 6.11. (a) Flexural and (b) equivalent cube strength for mortar containing MSWI-BA
as partial replacement of cement and sand

6.3.5 Porosity and Pore Size Distribution

Porosity of and pore size distribution of mortar containing MSWI-BA was examined by
using the MIP technique. Both cumulative pore volume (CPV) and relative pore volume
(RPV) of mortar samples at 28 days and 180 days of curing were determined. MSWI-
BA @<212pm and 212pm<dJ<2.36mm were used as partial replacement of cement and
sand respectively. The pores were split into two groups, pores with pore diameter (Jp)

larger than 0.1um (referred to as large pores) and pores with @p<0.1 (refereed to as
small pores) (20).

6.3.5.1 Replacing Cement with MSWI-BA with @<212um

Figure 6.12 shows the total pore volume (TPV) at 28 and 180 days of mortar containing
MSWI-BA with @<212pum as partial replacement of cement. Cement was replaced with
0, 15 and 30% of MSWI-BA.
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Figure 6.12. Total pore volume (TPV) of mortar
containing 0, 15 and 30% of MSWI-BA with

@<212um as partial replacement of cement )
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was observed that the TPV decreased
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Figure 6.13 shows the percentage of (a) large pores @p>0.1um and (b) small pores
Ip<0.1pm of mortar containing 0, 15 and 30% of MSWI-BA with @<212um as
replacement of cement. There was a gradual increase in percentage of large pores as
MSWI-BA content in binder increased at 28 days of curing. An increase in the
percentage of large pores was associated with a decrease in the percentage of small
pores. At 180 days the percentages of large pores were similar at 15 and 30% cement
replacement, both higher than for the reference mix. In addition, there was not a
noticeable difference in either large or small pores between both curing times at 0, 15
and 30% cement replacement levels.
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Figure 6.13. Influence of replacing 0, 15 and 30% of cement with MSWI-BA with @<212um
on the percentages of (a) large pores Zp>0.1pum and (b) small pores @p<0.1pm
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6.3.5.2 Replacing Sand with MSWI-BA with 212um<@<2.36mm

Figure 6.14 shows the total pore volume (TPV) for mortar containing partial sand
replacement at 28 and 180 days of curing. Sand was replaced with 0, 25 and 50% of
MSWI-BA whose grain size ranges from 212um to 2.36mm.

O Ref. E 25% [ 50% There was a systematic increase in
120 TPV as the MSWI-BA content
100 increased.

—~ 80 - For all mixes examined, it was

"g 60 | observed that a decrease in the TPV at

§ 40 1| 180 days compared with that at 28

= days. The reduction in TPV with the
20 17 increase of curing time was slightly
0

more significant for the reference mix
28 days 180 days

Figure 6.14. Total pore volume (TPV) of mortar
containing 0, 25 and 50% of MSWI-BA with
212pm<@<2.36mm as replacement of sand

than for the mixes containing MSWI-BA.

Figure 6.15 shows the percentage of (a) large pores @p>0.1um and (b) small pores
&p<0.1um of mortar containing 0, 25 and 50% of MSWI-BA with 212um<@<2.36mm
as replacement of sand.

The mixes containing 25 and 50% of MSWI-BA exhibited similar proportion of large and
small pores regardless of the curing times. In addition, the mixes containing MSWI-BA
as replacement of sand possessed higher proportion of large pores at 28 and 180 days
of curing than the reference mix. Again, an increase in the proportion of large pores
was associated with a decrease in small pores.
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Figure 6.15. Influence of replacing 0, 25 and 50% of sand with MSWI-BA on the
percentages of (a) large pores @p>0.1pm and (b) small pores @p<0.1um

6.3.5.3 Replacing Cement and Sand with MSWI-BA

Figure 6.16 shows the total pore volume (TPV) at 28 and 180 days for mortar
containing 0, 15 and 30% of MSWI-BA with @<212um as partial cement replacement
and 0, 25 and 50% of MSWI-BA with 212um<@<2.36mm as sand replacement.
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Figure 6.16. Total pore volume (TPV) of mortar containing 0, 15, 30% of MSWI-BA
(D<212um) as cement and (a) 25% and (b) 50% of MSWI (212um<@<2.36mm) as sand

There was a gradual increase in TPV as the levels of MSWI-BA in binder and in
aggregates increased. Hence, the mix containing 30% and 50% (C70%Ss0%) as cement
and sand replacements respectively exhibited the highest TPV of the whole.
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In addition, the reference mix and most of mixes containing 25% and 50% sand

replacement and various cement replacement levels showed a small decrease in TVP

at 180 days compared with 28 days of curing. This decrease in TPV with curing time

was less significant as cement replacement levels increased.

Figure 6.17 shows the percentage of (a) large pores Jp>0.1um and (b) small pores
@p<0.1pm of mortar containing 0, 15 and 30 of MSWI-BA with @<212um as

replacement of cement and either 25% or 50% of MSWI-BA with 212um<@<2.36mm

as replacement of sand.
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Figure 6.17. Influence of partial replacement cement with 0, 15 and 30% of MSWI-BA

(9<212um) and partial replacement of sand with (i) 25 and (ii) 50% of MSWI-BA
(212pm<P<2.36mm) on percentages of (a) large pores (Jp>0.1um) and (b) small pores

(@p<0.1pm)
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In general, an increase in MSWI-BA content caused an increase in the volume of large
pores and consequently a decrease in pore with @p<0.1um compared with reference

mix at 28 and 180 days of curing. This effect was the same than those observed when
MSWI-BA was used as either replacement of cement or sand.

At 25% as sand replacement there was not significant difference in volume of large and
small pores between the different cement replacement levels examined. However, at

50% as sand replacement, a gradual difference in volume of large and small pores was
observed as function of cement replacement content.

In addition, it was observed that the mixes containing 15% and 30% of cement
replacements and 25% sand replacement (mixes Cgsy%-S7s%, and Cyzqe,-S7s,) exhibited

smaller percentage of large pores than mixes containing 50% sand replacement at
same cement replacement contents.

6.3.6 Strength and Porosity Relationship

Figure 6.18 shows the relationship between compressive strength and total pore
volume for mixes containing MSWI-BA as a partial replacement of cement and/or sand.

Mixes examined contained cement replacement levels of 0%, 15% and 30% and sand
replacement levels of 0%, 25% and 50%.
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Figure 6.18. Relationship between compressive strength total pore volume

The relationship between strength and total pore volume was best expressed by a

linear equation as proposed by Hasselmann (21). The correlation coefficient of the data

set was very low. This can be attributed to the use of MSWI-BA as partial replacement

of cement or sand or both. However, the well known decrease in strength as a
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consequence of increasing total pore volume was observed for the different mixes
examined.

6.4 CONCLUSIONS

This chapter has evaluated the influence of replacing cement and/or sand with MSWI-
BA. This included the determinations of compressive strength, saturated density, drying
shrinkage, flexural strength and porosity for mortars containing MSWI-BA with different
particles sizes and at various cement or sand replacement levels.

The evaluation of the compressive strength development of mortars containing MSWI-
BA as a partial replacement of cement or sand has been used as a key parameter to
select the particle sizes of MSWI-BA that were subjected to further tests in this chapter

(i.e. drying shrinkage, porosity) and in following chapters (i.e. sulfate resistance and
leaching).

Results of relative strengths for mortars containing 25% of MWI-BA with particle
diameters (&) below 1.18mm, 600pum, 300um, 212um and 150pum as a partial
replacement of cement, were all lower than the minimum required for fly ash in
accordance to BS EN 450 (75% and 85% at 28 and 90 days respectively). The lower
relative strengths of mixes containing of MSWI-BA were attributed to the coarser
particle sizes of MSWI-BA examined compared with BS EN 450 fly ash. However, it
was also found that the relative strengths of the mix containihng MSWI-BA with
@<212pm was one of the highest ones compared with other mixes containing coarser
or finer particle diameters of MSWI-BA.

The compressive strength development of mortars containing 10, 20, 30 40 and 50% of
MSWI-BA with either @<300pm or @<212um as a partial replacement cement were
significantly higher for mixes containing MSWI-BA with @<212pm than for mixes made
with MSWI-BA with @<300um, at all cement replacement levels. This was also
attributed to the difference in particle sizes.

Moreover, comparison of compressive strengths between mixes containing either
MSWI-BA with @<212um or inert silica sand with the same particle size indicated a

slightly higher strength development for the mix containing MSWI-BA. This suggested
possible pozzolanic activity of MSWI-BA with @<212um.

The examination of compressive strengths for mixes containing 25, 50 and 75% MSWI-
BA with 212um<@<1.18mm, 212pm<J<2.36mm and J<2.36mm as a partial
replacement of sand showed that the mixes containing MSWI-BA with
212um<J<2.36mm exhibited higher strength than the other MSWI-BA examined at all

replacement levels. In addition, the compressive strength of mixes containing 25% or

179



50% of MSWI-BA with 212um<@<2.36mm as a partial replacement of sand were

similar and exceeded the reference mix strength. Therefore, MSWI-BA with
212um<@<2.36mm and either 25% and 50% sand replacement levels were selected

for further testing.

The influence of replacing cement and sand with MSWI-BA with @<212pm and

212um<@<2.36mm respectively on the other properties examined in this chapter is

summarised as follows:

1.

Decrease in compressive strength. The decrease in compressive strength was
higher for mixes containing 50% of sand replacement compared with those
containing 25% sand replacement at the same cement replacement levels.

Decrease in saturated density as cement and sand replacement levels increased.

Increase in drying shrinkage as cement replacement levels increased. However,
the increase in sand replacement level from 25% to 50% appeared to have less
influence than the increase in cement replacement. Hence, mixes containing 25%
of MSWI-BA as a partial replacement of sand exhibited higher drying shrinkage
than those containing 50% as a partial replacement of sand at the same cement
replacement. This was not expected due to the high absorption affinity of MSWI-BA
reported in the literature review.

In addition, the drying shrinkages for mixes containing MSWI-BA with either
J<300um or J<212um as cement replacement were similar, and increased as the

cement replacement level increased.

Flexural and equivalent cube strengths decreased as the content of MSWI-BA in
the binders increased. However, there was a small difference in flexural and
equivalent cubes strengths as a result of using either 25% or 50% sand
replacement level.

The replacement of cement with either MSWI-BA with @<300um or @<212um had
small influence on flexural and equivalent cubes strengths, which increased
significantly as cement replacement levels increased.

Total pore volume (TPV) increased as cement and sand replacement levels
increased. The increase in TPV was significantly high for the mix containing 30% of
MSWI-BA as a partial replacement of cement, whereas the TPV of the mix
containing 15% of MSWI-BA was similar to the reference mix. The replacement of
sand caused a gradual increase in TPV. Hence, mix containing 30% and 50% of
MSWI-BA as partial replacement of cement and sand had the highest TPV. The
TPV of all mixes examined was lower at 180 days of curing than at 90 days as
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expected. The reduction of TPV with curing time was similar for all mixes including
the reference mix.

. The percentage of large pores (Jp>0.1um) was higher for mixes containing MSWI-
BA as partial replacement of cement and/or sand compared with that for the
reference mix at 28 days and 180 days of curing. This suggested that there was not
a refinement of the small pore as results of later formation of calcium silicate
hydrates. The later calcium silicate hydrates are formed as consequence of
possible pozzolanic reaction. This phenomenon has been observed on numerous
occasions for binders containing fly ash and slag. was observed
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CHAPTER 7: SULFATE RESISTANCE OF MORTAR
CONTAINING MSWI-BA




7.1 INTRODUCTION

Resistance of concrete or mortar to external sulfate attacks is an important durability
parameter (1). Sulfate attack of concrete is a well-known phenomenon (2).
Nevertheless, the complex nature of the attack has led to the formulation of numerous
theories regarding its mechanism, some of which are conflicting (3).

Sulfate attack generally occurs when sulfate ions react with the hydration products,
mainly calcium aluminate hydrate (C-A-H), Porlandite (CH) and calcium silicate
hydrated (C-S-H). Ettringite (3CaOAI,033CaS0,32H,0) and gypsum (CaSO,. 2H,0)
are the primary products of the chemical reaction between a sulfate solution and
cement hydration products. This fact has been recognised for a long time, although
controversy exists in identifying the significance of each of these products in the
ultimate deterioration of concrete (1). In addition, the formation of thaumasite can also
occur under specific sulfate attack conditions. Chapter 2 includes a literature review on
the formation of ettringite, gypsum and thaumasite, and the influence of physical and
chemical parameters of concrete subjected to sulfate attack.

The benefits of using fly ash, other pozzolanic materials or slag as a partial
replacement of cement to improve the sulfate resistance of concrete are well
documented. The chemical composition of pozzolans is one of the key factors to
evaluate their efficiency in retarding or mitigating the sulfate attack on concrete. For
example, high CaO fly ashes exhibit a poor sulfate resistance whereas low CaO fly
ashes (CaO less than 15%) can improve sulfate resistance (4,5). Moreover,
combinations of Portland cement with slag can provide good sulfate resistance in most
sulfate solutions, provided that the alumina level in the slag is less than 14%.
Alternatively if the alumina content in the slag exceeds 14%, the C;A content of the
cement should not exceed 10% (6). The type of aluminate compound present in the
cementitious systems prior to sulfate exposure is also important. Thus, the presence of
ettringite as a primary aluminate compound rather than other aluminate phases (e.g.
monosulfates and C-A-H) can improve the sulfate resistance (4). This has been
attributed to the fact that initial formation of ettringite while the system is still in the
plastic stage does not cause a disruption of the structure. However, latter ettringite
formation causes detrimental expansion of concrete structure when the system has
already reached hardened stage. Therefore, additional amount of SO; in the cement-
based systems can facilitate the formation of ettringite during the plastic stage thereby

improving the sulfate resistance of the system.
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This chapter examines the sulfate resistance of mortar specimens containing various
replacement levels of MSW-BA as a partial replacement of cement and/or sand
exposed to Na,SO, solution. In addition, the influences of the type of sulfate solution
used (e.g. Na,SO, or MgSQO,), the CsA content in the cement used, and the duration of
initial curing on the sulfate resistance have been evaluated for mixes containing 15%
and 50% of MSWI-BA as a partial replacement of cement and sand respectively.

7.2 EXPERIMENTATION

7.2.1 Materials

Two types of cements were used; a standard 42.5 Ordinary Portland Cement, identified
as C-1 with a CsA content of 7.1%, and a cement with C;A content of 11.2%, identified
as C-2. Both cements conformed to BS12: 1996 (7). C-1 was used in almost all mixes,
whereas C-2 was used only in one mix. MSWI-BA with particle diameter below 212um
(D<212um) was used as a partial cement replacement.

The fine aggregates used were class M sand in accordance with BS 882:1992 (8) and
MSWI-BA with particle diameters ranging from 212um to 2.36mm (212um<@<2.36mm)

The chemical and physical properties of materials used throughout this chapter are
given in Chapters 3 & 4.

7.2.2 Mix Proportion

Sulfate resistance tests were carried out on mortars. The proportion of binder to fine
aggregate ratio was 1:3. The water/binder was kept constant at 0.50. Cement was
partially replaced with 0%, 15%, 20%, 30% and 50% of MSWI-BA with @<212um.
Class M sand was partially replaced with 0%, 25% and 50% of MSWI-BA with
212um<@<2.36mm. Details of all mixes are given in Table 7.1. Mix ID represents the
percentage of cement and class M sand in the binders and fine aggregates
respectively. For example, mix Cgss-S7s% represent a mix containing 85% of cement
and 15% of MSWI with @<212um as binder and 75% of class M sand and 25% of
MSWI-BA with 212um<@<2.36mm as fine aggregate. Reference mix, Ref. contains

100% of cement and class M sand as binders and aggregates respectively.

7.2.3 Mix Preparation

Mixing and casting of the mortar specimens were carried out as described in Chapter
3. Prisms of dimensions 40 x 40 x 160mm and cubes of 50mm in size were cast. After
casting, prisms and cubes were placed in a mist curing room at 20+1°C and 95+5% RH
for 24 hours. After this 24 hours at 20+1°C and 95+5% RH, all specimens were de-
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moulded and wrapped in plastic bags for either 1, 27 or 89 days until immersing in the
sulfate solutions.

Table 7.1. Mixes proportions used in sulfate resistance tests

Mix ) Cement | Binders (% in weight) Aggregates (% in weight)
Number | " Type | Cement |@<212um | Class M Sand | 212um<@<2.36mm
1 Ref. C-1 100 0 100 0]
2 Cés%-S100% C-1 85 15 100 0
3 Cr0%-S100% C-1 70 30 100 0
4 Cs0%-S100% C-1 50 50 100 0
5 C100%-S75% C-1 100 0 75 25
6 Ces%-S7s5% C-1 85 15 75 25
7 Cego%-S75% C-1 80 20 75 25
8 C70%-S75% C-1 70 30 75 25
9 C100%-Sso% C-1 100 0 50 50
10 Cas5%-Ss0% C-1 85 15 50 50
11 Cas5%-Ss0% C-2 85 15 50 50
12 Cs0%-Ss0% C-1 80 20 50 50
13 C70%-Sso% C-1 70 30 50 50
7.2.4 Testing

After initial curing (e.g. 2, 28 or 90 days) at 20+1°C and 95+5% RH, prisms and cubes
were immersed in either 5% (by weight) Na,SO, or MgSO, solution for approximately
600 days. The sulfate solutions were renewed approximately every 30 days. The
sulfate attack was evaluated by measuring changes in weight, length and compressive
strength as well as visual observations. Prisms were used to monitor the change in
length and weight whereas the cubes were to monitor the change in strength.

The reported changes in length, weight and compressive strength were calculated by
averaging the changes observed in three replicated mortar specimens. More
information regarding the length, weight and compressive strength tests is Chapter 3
“Materials, Techniques and Test Methods”.
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The visual deteriorations were evaluated using a numerical scale ranging from 0 to 6

(9). Number 0 indicated no attack; number 1 indicated a very slight attack; number 2
indicated a slight attack; number 3 indicated moderate attack; number 4 indicated
severe attack; number 5 indicated partial disintegration and humber 6 indicated total
disintegration.

Sulfate attack testing investigated the influence of the following factors:

a)

d)

e)

Series 1: Partial cement replacement. Mortar contained 0%, 15%, 20%, 30% and
50% of MSWI-BA (J<212um) as a replacement of cement. Specimens were
initially cured for 28 days before the exposure to Na,SO, solution for approximately
600 days. This series includes mixes 1, 2, 3 and 4 (Table 7.1).

Series 2. Partial sand replacement. Mortar contained 0%, 25% and 50% of MSWI-
BA (212um<@<2.36mm) as a replacement of sand. Specimens were initially cured

for 28 days before the exposure to Na,SO, solution for approximately 600 days.
This series includes 1, 5 and 9 (Table 7.1).

Series 3. Partial cement and sand replacements. Mortar contained MSWI-BA as a
partial replacement of cement and sand. Cement was partially replaced with 15%,
20%, 30% of MSWI-BA (@<212um) and sand was partially replaced with 25% and
50% of MSWI-BA (212um<@d<2.36mm). Specimens were initially cured for 28 days
before the exposure to Na,SO, solution for approximately 600 days. Mixes 1 to 10
and mixes 12 and 13 in Table 7.1 are included in this series.

Series 4. Duration of the initial curing before immersion. Mix 10 (Table 7.1)
containing 15% and 50% of MSWI-BA as a patrtial replacement of cement and sand
respectively (Cas%-Sso%,) Was cured initially for 2, 28 and 90 days before immersing
in Na,SO,4 and MgSO, solutions for approximately 600 days.

Series 5. Content of C5A in the Cement used. Mortar containing 15% and 50% of
MSWI-BA as a partial replacement of cement and sand respectively, were prepared
using two types of cement; Portland cement (C-1) and a cement with high C;A
content (C-2). These mixes, Cgs%Sso% (Mix10) and Cgse,-Sspe, (mix 11), see Table
7.1, were immersed in Na,SO, and MgSQ, solutions after 28 days of initial curing
for approximately 600 days.
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7.3 RESULTS AND DISCUSSION

7.3.1 Replacing Cement with MSWI-BA

Figure 7.1 shows the length change of mortar specimens containing 0%, 15%, 30%
and 50% MSWI-BA (J< 212um) as a partial replacement of cement immersed in
Na,SO, after initial curing of 28 days. It was observed that the change in length was
dependent on the amount of MSWI-BA. The change in length for reference mix and the
mix made with 15% replacement (Mix 1 and Mix 2) did not exceed 0.20% during the
600 days of immersion. In addition, the change in length was slight lower for Mix 2
(15% cement replacement) compared to Mix 1 after 250 days of immersion. The lower
change in length of Mix 2 may suggest a possible improvement in sulfate resistance as
a consequence of replacing cement with 15% of MSWI-BA (J< 212um). Mixes
containing 30% and 50% of cement replacement (Mix 3 and Mix 4) exhibited significant
increases in length change. Mix 3 and Mix 4 exhibited change in lengths above 0.2%
after approximately 300 and 75 days of immersion respectively. Mix 4 totally
disintegrated during the first 100 days.
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Figure 7.1. Length change of mortar specimens containing MSWI-BA (J<212um) as a
partial replacement of cement immersed in Na,SO, solution

Figure 7.2 shows the change in weight of mortar specimens containing MSWI-BA with
J<212um as partial replacement of cement immersed in Na,SO,. The replacement of
cement with MSWI-BA exhibited an increase in weight when exposed to Na,SO,
solution. Mix 1, 2 and 3 exhibited a weight change of 3%, 4% and 5% respectively after
600 days of immersion. Contrarily, as length change indicated in Figure 7.1, Mix 2
exhibited a slightly higher weight change than Mix 1. This may indicate that Mix 2
produced more and/or heavier mass compounds than Mix 1 as a result of sulfate
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exposure. However these products were accommodated in the structure without
causing expansion.
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Figure 7.2. Weight change of mortar specimens containing MSWI-BA (&<212um) as partial
replacement of cement immersed in Na,SO, solution

Figure 7.3 shows the compressive strength at different ages of exposure to Na,SO,
solution for mortar containing MSWI-BA (J<212um) as a partial replacement of
cement. Compressive strengths of Mix 1 and Mix 2 either increased or decreased
slightly during the immersion period. The strength for both mixes was higher at 600
days of exposure than at the beginning of immersion. In other words, they did not
exhibit a reduction in compressive strength as a result of sulfate immersion. The
compressive strength of Mix 3 and 4 decreased significantly after approximately 200
and 50 days respectively of immersion. The overall change in strength for all mixes
seemed to correlate with changes in length and weight shown in Figure 7.1 and 7.2.
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Figure 7.3. Compressive strength change of mortar containing MSWI-BA as partial
replacement of cement immersed in Na,SO, solution
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The visual observation of the reference mix and mixes containing cement replacement
levels of 15%, 30% and 50% with MSWI-BA when immersed in Na,SO, is summarised
in Table 7.2. In addition, photographs of theses mixes after 122 and 597 days of
immersion in sulfate solution are shown in Figure 7.4.

The reference mix, mix 1, did not exhibit visual deterioration during the first year of
immersion. Between one year of immersion and approximately 600 days, mix 1
showed a very slight deterioration. Mix containing 15% of cement replacement (Mix 2)
exhibited the lowest degree of attack compared with the other mixes in this series. Mix
2 only exhibited very slight deterioration around the edges after 497 days of immersion.
Mix containing 30% of cement replacement (Mix 3) showed very slight deterioration
after 30 days of immersion. However, the deterioration increased slowly during the first
year of immersion. From 376 to 597 days, Mix 3 showed moderate to severe attack.
Mix containing 50% of cement replacement (Mix 4) suffered a slight attack around the
edges and corners after 30 days of immersion. Mix 4 deteriorated very fast and it was
totally disintegrated at 122 days.

The visual observation assessment generally seemed to coincide with changes in
length, weight and strength as observed in Figure 7.1, 7.2 and 7.3 respectively. The
changes in length, weight, compressive strength and visual observation indicated that
at 30% and 50% cement replacement levels, there was a significant decrease in sulfate
resistance. However, the changes in length and visual observation indicated that 15%
cement replacement exhibited slight better resistance to external sulfate attack than the

reference mix whereas the changes in weight and compressive strength were slight
lower for the reference.

The possible increase in sulfate resistance as a result of replacing 15% of cement with
MSWI-BA may indicate a possible pozzolanic reactivity and/or better packing of MSWI-
BA with J<212um. As discussed section 7.1, pozzolanic materials (e.g. fly ash, slag)
can improve the sulfate resistance of cement-based systems by consuming Portlandite
and thereby decreasing the formation of gypsum (10). In addition, pozzolanic materials
can reduce the permeability due to the refinement and block of pores. The optimum
replacements of cement with pozzolanic materials to improve the sulfate resistance of
cement-based systems range between 20% and 30% for fly ash and between 40% and
80% for slag (11). At these levels of replacement, results indicated that specimens
containing MSWI-BA did not show better resistance to sulfate compared with cement-
based systems containing either fly ash or slag. This suggested that MSWI-BA with
J<212pm did not behave as slag and fly ash. Chapter 9 summaries and discusses the
different aspects related to possible pozzolanic reactivity of MSWI-BA with @<212um
observed throughout this programme of research.
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Table 7.2. Description of sulfate attack of mortars containing MSWI-BA (Z<212pm) as a

partial replacement of cement exposed to Na,SO, solution

Immersion Ref.(Mix 1) 15% (Mix 2) 30% (Mix 3) 50%(Mix4)
Period ( days) Description S Description S Description S Desctription S
. Slight attack on
Very slight
30 No attack 0 No attack edges and 2
attack on edges
corners
Very slight Moderate
attack on attack on
59 No attack 0 No attack
edges and edges and
corners corners
Partial
Slight attack on disintegration
87 No attack 0 No attack 0 edges and of edges, 5
corners corners and
faces
Slight attack on
Total
122 No attack 0 Noattack 0  edgesand . . 6
disintegration
corners
Very slight Moderate to
attack on severe attack Total
376 1 No attack O i 6
edges and on edges and disintegration
corner corners
. Moderate to
Slight attack on .
Slight attack severe attack Total
493 edges and . 6
on edges on edges and disintegration
corners
corners
Slight attack on . Severe attack
Slight attack Total
597 edges and on edges and 6

corners

on edges

corners

disintegration

* Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4 severe attack; 5 partial

disintegration and 6 total disintegration.
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(a) Mixes containing 0%, 15%, 30% and 50% as cement replacement at 87 days

03

(b) Mixes containing 0%, 15% and 30% as cement replacement at 597 days

Figure 7.4. Appearance of mortar specimens containing MSWI-BA (0<212/im) as a partial

replacement of cement after (a) at 87 days and (b) 597 days of immersion in Na2S 04
solution

7.3.2 Replacing Sand with MSWI-BA

Figure 7.5 shows the length change of mortar specimens containing 0%, 25% and 50%
of MSWI-BA with 212//m<0<2.36mm as a partial replacement of sand immersed in
Na2S04. The replacement of sand with MSWI-BA reduced the long-term change in
length compared with the reference mix. Mixes containing 25% and 50% (Mix 5 and
Mix 9) sand replacement levels exhibited slight higher length change than the

reference mix during the first 250 days in sulfate solution. However, between 300 days

192



and 600 days, Mixes 5 and 9 exhibited lower change in length than mix 1. The
reduction in length change for Mixes 5 and 9 can be associated to a possible
pozzolanic reactivity and/or positive packing of particles contained in the fraction of
MSWI-BA with 212um<d<2.36mm. These particles may contain SiO, that can react

with Ca(OH), thereby reducing the formation of gypsum in presence of sulfate
solutions.
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Figure 7.5. Length change of mortar specimens containing MSWI-BA (212pm<@<2.36mm)
as a partial replacement of sand immersed in Na,SO, solution

Figure 7.6 shows the weight change of mortar containing 0%, 25% and 50% of MSWI-
BA with 212um<@J<2.36mm as sand replacement. The incorporation of 25% and 50%
of MSWI-BA as sand replacement increased the change in weight compared with the
reference mix. This increase in weight change did not coincide with the reduction in
length change indicated in Figure 7.5. This effect, as discussion in section 7.3.1, is a
result of the formation of compounds, likely ettringite, which are accommodated in the
structure without causing expansion due to the higher pore volume compares with the
reference mixes. The difference in weight change between Mix 1 and mixes containing
MSWI-BA (Mix 5 and 9) was up to 0.5% at 600 days. Mix 5 and 9 exhibited similar
weight change values throughout the exposure period.
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Figure 7.6. Weight change of mortar specimens containing MSWI-BA (212pm<@<2.36mm)
as partial replacement of sand immersed in Na,SO, solution

Figure 7.7 shows the compressive strength of the reference mix and mixes containing
either 25% or 50% of MSWI-BA (212um<@<2.36mm) as sand replacerhent, exposed to
Na,S0, solution for approximately 600 days. In general, Mix 1 exhibited a slightly
higher compressive strength throughout the exposure period than mixes containing
MSWI-BA (Mix 5 and 9). For Mix 5 and 9, the compressive strengths before exposure
and at 600 days of immersion were similar. There was not a noticeable decrease in
strength for all mixes during the exposure to sulfate solution.
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Figure 7.7. Compressive strength change of mortar specimens containing MSWI-BA
(212um<@<2.36mm) as a partial replacement of sand immersed in Na,SO,4 solution
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The visual observation of mixes 1, 5 and 9 exposed to Na,SO, solution is summarised
in Table 7.3. In addition, photographs of theses mixes after immersion at 196 and 597
days are shown in Figure 7.8. The deterioration of mix 1, has been discussed in the
previous section (see section 7.3.1). In here, mix 1 was used only for comparative
purposes. Mixes containing 25% and 50% of MSWI-BA as sand replacement (Mix 5
and 9) exhibited similar visual deterioration as a consequence of exposure to Na,SO,
solution over a period of 500 days. However, from approximately 500 days to 600 of
exposure the mix containing 50% of MSWI-BA exhibited a slightly higher degree of
attack. For both sand replacement levels (Mixes 5 and 9) a white layer appeared on the
prism faces after a month of immersion, However, signs of attack around the edges
and corners were not observed. At approximately 90 days of immersion, small cracks
on some faces and very slight attack on the edges and corners of the prisms started to
appear. Cracks on the faces increased in length but they did not increase in width
between 87 and 196 days. At 493 days of immersion, cracks on prism faces were
similar in sizé to those at 196 days. But at 493, moderate attack on the edges and
corners were observed. For mix containing 50% of MSWI-BA, attacks on the edges
and corners increased from moderate to severe at the end of the immersion period
(e.g. 597 days).

The visual observation assessment of mixes containing MSWI-BA as partial
replacement of sand showed higher degrees of attack than the reference mix. The
visual assessment of mixes 5 and 9 did not complement the results for changes in
length and compressive strength obtained in Figure 7.5 and 7.7.
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Table 7.3. Description of sulfate attack of mortars containing MSWI-BA
(212pm<P<2.36mm) as a partial replacement of sand exposed to Na,SO, solution

Immersion Ref. (Mix 1) 25% (Mix 5) 50% (Mix 9)
Period (ays) Description s° Description S Description
Occurrence of Occurrence of
white deposit on white deposit on
30 No attack
faces. No attack on faces. No attack on
edges or corners edges or corners
Very small cracks Very small cracks
on the middle of on the middle of
87 No attack faces. Very slight faces. Very slight
attack on edges attack on edges
and corners and corners
Cracks of a few mm Cracks of a few
in length on faces. mm in length on
196 No attack Very slight attack faces. Very slight
on edges and attack on edges
corners and corners
Very slight attack . .
Slight attack on Slight attack on
376 on edges and
edges and corners edges and corners
corner
493 Slight attack on Moderate attack on Moderate attack on
edges and corners edges and corners edges and corners
Moderate to severe
Slight attack on Moderate attack on
597 attack on edges

edges and corners

edges and corners

and corners

# Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4 severe attack; 5 partial

disintegration and 6 total disintegration.
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(a) Mixes containing 25% and 50% as sand replacement at 87 days

(b) Mixes containing 25% and 50% as cement replacement at 597 days

Figure 7.8. Appearance of mortar specimens containing MSWI-BA (212*m0<2.36mm) as

a partial replacement of sand after (a) 87 days, (b) 597 days of immersion in Na2S 04
solution

7.3.3 Replacing Cement and Sand with MSWI-BA

Figure 7.9 shows the length change of mortar containing MSWI-BA as a partial
replacement of cement and sand immersed in Na2S04. Cement was replaced with
15%, 20% and 30% of MSWI-BA with 0<212%/m. Class M sand was replaced with 25%
(Figure 7.9-a) and 50% (Figure 7.9-b) of MSWI-BA with 212//m<0<2.36mm.

At 15% of cement replacement level (C&%-S7:% and C&%-S5%%) the amount of MSWI-

BA used as sand replacement did not influence the change in length. Therefore, mixes
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Cas9,-S75% and Cagse,-Ssoe, €xhibited similar values in length change over the whole
exposure period. Between 1 and 250 days of exposure, mixes Cgse-S7s% and Case-Ssox
exhibited slightly higher length change than the reference mix (Ref. Mix 1). However,
this trend changed and the change in length of mixes Cgse,-S7s9, and Cgse-Ssos, Were
lower than of the reference mix between 250 and 600 days.
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Figure 7.9. Length change of mortar containing MSWI-BA as a partial replacement of
cement and at (a) 25% sand replacement and (b) 50% sand replacement immersed in

Na,S0, solution

At 25% (Figure 7.9-a) sand replacement length changes of mixes containing 20% and
30% of cement replacement (Cgoe,-S7s% and Croe,-S759,) were not very high compared to
the reference mix. They were approximately 0.2 % and 0.3% respectively at 600 days
of exposure (length change of the reference mix approximately 0.2%). However, at
50% sand replacement (Figure 7.9-b), length changes of mixes containing 20% and
30% of cement replacement (Cgo-Sso% and Croe-Ssoe) Were 0.5% after 300 days of
exposure. The length change of mix Cyp%-Ssoe, could not be measured after

198



approximately 330 days immersed in sulfate solution as a result of the deterioration
that occurred, whereas a massive length change of 1% occurs for mix Cgge,-Ssps. The
comparison of both sand replacement levels (25% and 50%) showed that at 20% and
30% cement replacement level and 50% sand replacement were significantly higher
than for same cement replacement levels and 25% sand replacement.

Figure 7.10 shows the weight change of mortar containing MSWI-BA as partial
replacement of cement and sand immersed in Na,SO, for approximately 600 days.
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Figure 7.10. Weight change of mortar containing MSWI-BA as partial replacements of
cement and at (a) 25% sand replacement and (b) 50% sand replacement immersed in
Na,S0, solution

In general, the incorporation of MSWI-BA with @<212um in binder increased the
change in weight compared with the reference mix, as was found in section 7.3.1.
However, the effect of replacing sand with MSWI-BA with 212ym<@<2.36mm on
weight change was not always clear. The weight changes of mixes containing 25% or
50% of sand replacement levels (Mixes 5 and 9) were similar. However, weight
changes of mixes containing 15%, 20% and 30% cement replacement levels and either
25% or 50% of sand replacement levels were dependent upon the sand replacement
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levels. At 25% sand replacement (Figure 7.10-a), the weight changes of mixes
containing 15% and 20% of cement replacement (Cgpe-S7s9, and Cgse,-S7s%) were
similar and slightly lower than of mix containing 30% of cement replacement (Cros-
S7s%,). At 50% sand replacement (Figure 7.10-b) the weight change of mix containing
15% cement replacement (Cgse,-Sspe,) Was similar to mix Ciope-Ssoe, (Mix 9). There was
a significant increase in weight for mixes containing 20% and 30% (Cgge%-Sso% and
Cr09%-Sso%) after 250 days and 87 days respectively. After that, these mixes decreased
in weight as a consequence of the loss of some pieces in mass caused by the severity
of sulfate attack. The comparison of change in weight for mixes containing 20% or 30%
cement replacement levels and either 25% or 50% coincide to observed for length

change for same mixes.

Figure 7.11 shows the compressive strength of mortar containing MSWI-BA as partial
replacement of cement and sand immersed in Na,SO,4 up to approximately 600 days. In
general, the incorporation of MSWI-BA as replacements of cement and sand caused
changes in compressive strength throughout the exposure period. Compressive
strengths of mixes containing 15% of cement replacement level and either 25% or 50%
of sand replacement level were 30Nmm? before and after 597 days of exposure to
sulfate solution. Compressive strength of mixes containing above 15% of cement

replacement levels was dependent upon the sand replacement level used.

At 25% sand replacement (Figure 7.11-a), the mix containing 20% of cement
replacement (Cgo,-S7s%) exhibited a similar trend in strength to mix containing 15%
(Cgs%-S7s%). There was not decrease in strength for both mixes, and the strength at the
end was similar to that at the beginning of the exposure. The compressive strength of
mix containing 30% cement replacement (Cro%-S7s%) decreased after approximately
200 days of immersion.

At 50% sand replacement (Figure 7.11-b), the mixes containing 20% and 30% cement
replacement (Caggy,-Ssoe and Cro%,-Sso%) exhibited a slight increase in strength during
the first 250 days, after which the strength begun to decrease. The reduction was
noticeable at high cement replacement (e.g. 30%).
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Figure 7.11. Compressive strength change of mortar containing MSWI-BA as partial
replacements of cement and (a) 25% sand replacement and (b) 50% sand replacement
immersed in Na,SO, solution

Table 7.4 and Table 7.5 summarise the visual observations of mortar containing MSWI-
BA as partial replacement of cement and sand. In addition, photographs taken at
different age of immersion are shown in Figure 7.12 and 7.13 for the same mixes.

At 25% sand replacement (Table 7.4 and Figure 7.12), visual observations indicated
that a white deposit appeared on the surface of all mixes after 30 days of immersion.
For all mixes, very small cracks in the middle of the faces and slight attack on the
edges and corners were observed after approximately 90 days. At 196 days mixes 6
(Ces%-S7s%) and 7(Csgps-S7s%) exhibited similar degree of attack that observed at 90
days, whereas mix 8 (C70%-S7s%) €xhibited greater attack on the faces, edges and
corners. At 597 days, mixes 6 and 7 exhibited moderate attack on the edges and
corners whereas mix 8 showed moderate to severe attack.
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Table 7.4. Description of sulfate attack of mortars containing 15%, 20%, and 30% of
MSWI-BA (Z<212pm) as a replacement level of cement and 25% of MSWI-BA

(212pm<@<2.36mm) as a partial replacement of sand exposed to Na,SO, solution

Immersion Cas%-S75% (Mix 6) Ce0%-S7s% (Mix 7) Cr0%-S75% (Mix 8)
Period (Days) Description S Description S Description
White deposit on White deposit on White deposit on
30 faces. No attackon 1  faces. Noattackon 1 faces. No attack on
edges or corners edges or corners edges or corners
Very small cracks
. Very small cracks on Very small cracks on
on the middle of
. the middle of faces. the middle of faces.
87 faces. Very slight 1 . 1 .
Very slight attack on Very slight attack on
attack on edges
edges and corners edges and corners
and corners
Small cracks on Small cracks on Cracks of a few mm
196 faces. Very slight faces. Very slight ] in length on faces.
attack on faces, attack on edges and Slight attack on
edges and corners corners edges and corners
Cracks of a few Small cracks of a few
Cracks of a few mm
mm in length on mm in length on .
. ) in length on faces.
376 faces. Very slight 2 faces. Very slight 2 )
Slight attack on
attack on faces, attack on edges and
edges and corners
edges and corners corners
Moderate to severe
Moderate attack on Moderate attack on
493 3 3 attack on edges and
edges and corners edges and corners
corners
Moderate to severe
Moderate attack on Moderate attack on
597 3 3 attack on edges and

edges and corners

edges and corners

corners

# Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4 severe attack; 5 partial

disintegration and 6 total disintegration.
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(a) Mixes containing 15%, 20% and 30% cement replacement levels and 25% sand replacement at 196

days
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(b) Mixes containing 15%, 20% and 30% cement replacement levels and 25% sand replacement at 493
days
Figure 7.12. Appearance of mortar specimens containing 15 %, 20% and 30%

replacement levels of cement and 25% replacement of sand after (a) 196 days and (b) 493

days of immersion in Na2S 04 solution

At 50% sand replacement (Table 7.5 and Figure 7.13), visual observations indicated
that a white deposit appeared on the surface of all mixes at 30 days of immersion as
found for mixes containing 25% of MSWI-BA as a partial replacement of sand. In
general, the level of cement replacement influenced significantly the sulfate resistance
of the mixes containing 50% MSWI-BA as a partial replacement of sand (Mix 10, 12
and 13). An increase in cement replacement caused an increase in the sulfate attack.
In addition, all mixes (Mix 10, 12, and 13)) exhibited lower resistance to sulfate than
those made with 25% of MSWI-BA as a sand replacement (Mix 6, 7 and 8). For
example, at 196 days mixes containing 15%, 20% and 30%. Mix10 (C8%S5%), 12
(C8%-S50%) and 13 (C70%-S%%), exhibited slight, moderate to severe and severe attack
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of faces, edges and corners respectively. At 597 days, these mixes exhibited
moderate, severe and total disintegration attacks respectively.

The changes in length, weight, strength and visual observation, they all coincided and
indicated that mixes containing either 20% or 30% of cement replacement levels and
50% sand replacement exhibited significant lower sulfate resistance than mixes

containing same cement replacement levels and 25% sand replacement.

Table 7.5. Description of sulfate attack of mortars containing 15%, 20% and 30% of MSWI-
BA (@<212um) as a replacement level of cement and 50% of MSWI-BA

(212pm<@<2.36mm) as a partial replacement of sand exposed to Na,SO, solution

Immersion Ces5%-Ss0% (MiX 10) Cso%-Ss0% (Mix 12) C70%-Ss0% (MiX 13)
Period (days) Description s? Description S Description S
. White deposit on .
White deposit on White deposit on

faces. No attack

30 faces. No attack on 1 faces. No attack on
on edges or
edges or corners edges or corners
corners
Very small cracks
Very small cracks on . Very small cracks on
. on the middle of .
the middle of faces. the middle of faces.
87 ] faces. Very slight 1 )
Very slight attack on Slight attack on
attack on edges
edges and corners edges and corners
and corners
Moderate to
. Severe attack to
Slight attack on faces, severe attack on o )
196 4 partial disintegration
edges and corners edges and .
of prisms.
corners.
Moderate to
) Severe attack to
Slight attack on faces, severe attack on o .
376 4 Dpartial disintegration
edges and corners edges and .
of prisms.
corners.
Moderate to
Moderate attack on Severe attack to
severe attack on .
493 faces, edges and 4 partial disintegration
edges and .
corners of prisms.
corners.
Moderate to severe Severe attack to
597 attack on edges and partial 5 Total disintegration

corners

disintegration

? Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4 severe attack; 5 partial

disintegration and 6 total disintegration.
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(a) Mixes containing 15, 20 and 30% cement replacement levels and 50% sand replacement at 196 days

(b) Mixes containing 15, 20 and 30% cement replacement levels and 50% sand replacement at 597 days

Figure 7.13. Appearance of mortar specimens containing 15%, 20% and 30% replacement
levels of cement and 50% replacement of sand after (a) 196 days, (b) 597 days of

immersion in Na2S 04 solution

7.3.3.1 Effects of Initial Curing Period and Type of Exposure on Sulfate

Resistance

Figure 7.14 shows the length change for mix (Mix 10) containing 15% of MSWI-BA
(0<212/vm) as replacement of cement and 50% of MSWI-BA (212/vm<0<2.36mm) as
replacement of sand. Mixes were initially cured for 2, 28 and 90 days before immersion

in either Na2S04 or MgS04 solutions for approximately 600 days.

Figure 7.14-a shows the length change for specimens exposed to Na2S 04 solution. It
was observed that the change in length was dependent on the curing duration prior to
the immersion in the sulfate solution. Specimens subjected to an initial curing period of

90 days showed the highest change in length, followed by them cured 2 days. The
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specimens initial cured for 90 days exhibited a significant increase in length after 300
days of immersion, whereas the specimens cured for 2 and 28 days showed a steady
increase in length throughout the exposure period.

Figure 7.14-b shows the length change for specimens exposed to MgSO4 solution.
Specimens cured for 90 days exhibited the lowest change in length up to approximately
300 days of immersion. However, after 300 days these specimens showed the highest
change in length. Specimens initially cured period for 2 days and 28 days exhibited
similar length change up to approximately 200 days of immersion. After 200 days,

specimens cured for 28 days exhibited higher change in length than specimens cured 2
days.
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Figure 7.14. Length change of mortar specimens containing 15% and 50% of MSWI-BA as
partial replacement of cement and sand respectively and initially cured for 2, 28 and 90
days before exposure to either (a) Na,SO, or (b) MgSO, solutions

Specimens initially cured for 90 days showed higher increase in length change after

300 days of immersion in either Na,SO, or MgSO,. The increase in length change as

initial curing increases was not expected. However, this trend on change in length has
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also been observed with changes in weight, strength and visual assessment as shown
in this section. In addition, this unexpected trend can also be correlated with the

leaching behaviour of mixes initially cured for 1, 28 and 90 days before leaching (see
Chapter 8).

Figure 7.15 shows the weight change for mortar containing 15% and 50% of MSWI-BA
as replacement levels of cement and sand respectively, initially cured for 2 days, 28 90

days before exposure to either in Na,SO, and MgSO, solutions for approximately 600
days.
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T|-©-28 days
-4 90 days

Weight Change (%)
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N
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Exposure Period (days)

Figure 7.15. Weight change of mortar specimens containing 15% and 50% of MSWI-BA as
partial replacement of cement and sand respectively and initially cured for 2, 28 and 90
days before exposure to either (a) Na,SO, or (b) MgSO, solutions
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Figure 7.15-a shows weight change for specimens exposed to Na,SO,. It suggests that
the change in weight was dependent on the curing duration prior to the immersion in
the sulfate solution. Specimens initially cured for 90 days showed the highest change in
weight, followed by them cured for 2 days and 28 days. The mix cured for 90 days
increased significantly its weight after approximately one month in sulfate exposure. All
different curing periods showed an increase in weight throughout the exposure period.

Figure 7.15-b shows weight change for specimens exposed to MgSQO,. Specimens
initially cured for 90 days exhibited a significant increase in weight up to approximately
200 days of immersion. After 200, the weight decreased drastically up to approximately
350 days due to the partial disintegration of specimens. After 350 days the weight
decreased slowly. Specimens initially cured for 2 and 28 days showed similar weight
change trend. There was a slight increase in weight up to approximately 150 days of
immersion. After 150 days, cured periods exhibited a slow decrease up to
approximately 300 days of immersion. After 300 days, the weights of specimens
decreased significantly and increased up to the end of the immersion. Although both
initial curing periods exhibited similar trend, specimens cured for 2 days exhibited
higher values of weight change than the specimens cured for 28 days.

Figure 7.16 shows the changes in compressive strengths for mortar containing 15%
and 50% of MSWI-BA as replacement levels of cement and sand respectively, and
initially cured for 2, 28 and 90 days before exposure to either in Na,SO,and MgSO.,.

Compressive strength change of mortar specimens initially cured for 90 days showed
that there was a reduction in strength since beginning of the immersion in either
Na,SO, or MgSO, solutions. Specimens cured for 90 days and immersed in Na,SO,
showed a steady decrease in compressive strengths up to approximately 250 days of
immersion. After 250 days the compressive strength decreased drastically. When the
specimens initially cured for 90 days were immersed in MgSO,, compressive strength
decreased severely since the beginning of immersion.

Compressive strength of mortar specimens initially cured for 28 days before exposing
to Na,SO, increased and decreased slightly throughout the whole immersion.
However, identical specimens immersed in MgSO, showed gradual decrease in
compressive strength up to approximately 150 days of immersion. After 150 days, all
cubes specimens were partially disintegrated and, therefore it was not possible to
determine strength.

Compressive strength of mortar specimens initially cured for 2 days before exposing to
Na,SO, increased significantly during the first 30 days of immersion and kept constant
up to the end of this immersion. Identical specimens immersed in MgSO, showed an
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increase in compressive strength during the first months of immersion. After a month

their strengths decreased slightly up to approximately 600 days of immersion.

Compressive strength of mortar specimens initially cured for 90 days decreased
significantly since the beginning regardless the type of immersion used (Na,SO, or
MgSQ,), whereas compressive strengths of specimens initially cured for 2 and 28 days
did not generally show this severe reduction in strength. This can be correlated with the
higher changes in length and weight observed previously for specimens cured for 90
days compared with other specimens initially cured for 2 or 28 days.
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Figure 7.16. Strength change of mortar specimens containing 15% and 50% of MSWI-BA
as partial replacement of cement and sand respectively and initially cured for 2, 28 and
90 days before exposure to either (a) Na,SO, or (b) MgSO, solutions

Table 7.6 shows the visual observation of mortar specimens (Cgse-Sso%, Mix 10)
containing 15% and 50% of MSWI-BA as partial replacement of cement and sand
respectively, and initially cured for 2, 28 and 90 days before exposure to Na,SO4
solution. In addition, Figure 7.17 shows the photographs of same specimens after 597
days of immersion in Na,SO, solution.
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Table 7.6. Description of sulfate attack of mortar containing 15% of MSWI-BA (@<212um)
and 50% of MSWI-BA (212um<@<2.36mm) as partial replacement of cement and sand
respectively, initially cured for 2, 28 and 90 days before exposing to Na,SO, solution

Immersion Ces%-Ss0%-2 days Css5:.-Sso%- 28 days Cas5%-S50%-90 days
Period (Days) Description s? Description S Description S
. White deposit on .
White deposit on White deposi: on
faces. No attack
30 faces. No attack on 1 1 faces. Noattackon 1
on edges or
edges or corners edges or corners
corners

Very small cracks

on the middle of
Moderate attack on
87 Similar to 30 days 1 faces. Very slight 1 3
edges and corners
attack on edges

and corners

Slight attack on the
Slight attack on

top surface. Very Moderate attack on
122 . 2 faces, edgesand 2 3
slight attack on edges and corners
corners
edges and corners

Moderate attack on .
Slight attack on
the top surface, Moderate attack on
336 . 3 faces, edgesand 2 3
slight attack on edges and corners
corners
edges and corners

Moderate attack on

Moderate attack Moderate to severe
the top surface, 3
493 ) 3 onfaces,edges 3  attack on faces,
slight attack on
and corners edges and corners
edges and corners
Moderate attack on
Moderate to 3 Severe attack on
the top surface,
597 . 3 severe attack on faces, edges and 4
slight attack on 4
edges and corners corners

edges and corners.

? Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4 severe attack; 5 partial
disintegration and 6 total disintegration.

In general, the visual observation of specimens initially cured for 2, 28 and 90 days and
immersed in Na,SO, solution coincided with changes in length, weight and strength
explained previously. Thus, specimens initially cured for 90 days exhibited 2 moderate
attack on edges and corners after 87 days of immersion whereas specimens cured for
2 and 28 days showed both similar degree of attack up to the end of immersion (597
days) to specimens cured for 90 days. Specimens cured for 90 days exhibited a severe
attack at the end of the immersion. Specimens initially cured for 2 days showed
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moderate attack at 336 days whereas specimens cured for 28 days exhibited moderate
attack after 493 days of immersion.

Table 7.7 shows the visual observation of mortar specimens (Cgse-Sso%,) cOntaining
15% and 50% of MSWI-BA as partial replacement of cement and sand respectively,
and initially cured for 2, 28 and 90 days before exposure to MgSQO, solution. In
addition, Figure 7.17 shows the photographs of same specimens after 596 days of
immersion in Na,SO, solution.

The visual observation of specimens initially cured for 2, 28 and 90 days and immersed
in MgSQ, solution can also be correlated with changes in length, weight and strength
explained previously. In addition visual observation trends of specimens exposed to
MgSO, solution were similar to trends showed in Na,SO, immersion. However,
specimens exposed to MgSO, solution exhibited higher attack than when exposed to
Na,SO, solution.

Results of changes in length, weight and strength and visual observation indicated that
there was a reduction in sulfate resistance as initial curing period increased. This fact is
not clearly explained. However, the leaching behaviour examination of identical
specimens (Chapter 8) indicated similar trend. Thus, specimens initially cured for 90
days before leaching could leach out higher amount of heavy metals than specimens
initially cured for 28. This common tendency for sulfate resistance and leaching
behaviour may suggest that specimens cured for short periods may react with sulfate
ions from the solution at early stage and form compounds (e.g. ettringite) that could
decrease the later sulfate attack. This phenomenon could be associated with the
improvement in sulfate resistance observed in blended materials contairing CsA in
ettringite form instead of other aluminium forms (4).
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Table 7.7. Description of sulfate attack of mortar containing 15% of MSWI-BA (J<212um)
and 50% of MSWI-BA (212pm<@<2.36mm) as partial replacement of cement and sand
respectively, initially cured for 2, 28 and 90 days before exposing to MgSO, solution

Immersion Cgs%-Ss0%-2 days Cs5%-Ss0%.-28 days Cas2-Ss50%-90 days

Period (Days) Description s? Description S Description S

30

87

122

336

493

597

A layer of white
deposit on faces.
Top faces were
swollen and soft

Moderate attack of

top faces

Moderate to severe
attack of the top
faces. Slight attack
on edges and
corners

Severe attack on
the top surface,
edges and corners

Severe attack on
the top surface,
edges and corners

Severe attack on
the top surface,
edges and corners

5

White deposit. No
attack on faces,
edges and corners

Slight attack on
faces, edges and
corners

Moderate attack of
the top faces.
Slight attack on
edges and corners

Severe attack on
the top surface,
edges and corners

Severe attack on
the top surface,
edges and corners

Severe attack on
the top surface,
edges and corners

White deposit. No
attack on faces,
edges and corners

Moderate attack on

edges and corners

Severe attack on
edges and corners

Partial disintegration

Partial disintegration

5 Partial disintegration

? Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4 severe attack; 5 partial

disintegration and 6 total disintegration.
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(a) Samples cured in Na2S04

2 days 28 days 90 days

(b) Samples cured in MgS04

2 days 28 days 90 days

Figure 7.17. Appearance of mortar specimens containing 15% and 50% of MSWI-BA as
partial replacement of cement and sand respectively. Samples initially cured for 2, 28 and
90 days, after 596 days of immersion in a) Na2S04 and b) MgS04

7.3.3.2 Effect of Cement C3A Content and Type of Exposure on Sulfate

Resistance

Figure 7.18 shows the length change of mortar specimens containing 15% of MSWI-BA
(0<212/vm) as a replacement level of cement and 50% of MSWI-BA
(212/ym<0<2.36mm) as a replacement of sand. Both mixes contained similar
replacement levels of MSWI-BA and were made with Portland cement with a C3A
content equal to 7.1 (Mix 10) and with a Portland cement with a C3A content equal to
11.2 (Mix 11). Chemical compositions of both cements were provided in Chapter 3.

Figure 7.18-a shows the length change for mixes 10 and 11 immersed in Na2S04

213



whereas Figure 7.18-b shows the length change for mixes 10 and 11 immersed in
MgSO, solutions for approximately 600 days.
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Figure 7.18. Length change of mortar specimens containing 15% and 50% of MSWI-BA as
partial replacement of cement and sand respectively. Specimens made with two different
cement; one with C;A=7.1 and the other with C;A=11.2 were immersed in either (a)
Na,S0, or (b) MgSO, solutions

In general, mix 11 (C;A= 11.2) exhibited higher change in length than mix 10 (C3A=7.1)
at the end of immersion period in either Na,SO, or MgSO, solution. Length mix 11
immersed in Na,SO,4 changed very slight up to approximately 300 days of exposure.
Between 300 and 350 days, the length increased drastically from 0 % to 0.4%
expansion. After 350 days the length continued increasing to reach a value of
approximately 0.6 to the end of the immersion. Change in length of mix 10 irimersed in
Na,SO, was explained in section 7.3.3.

Length change of mixes 10 (C3A=7.1) and 11 (C;A= 11.2) exposed to MgSO, solution

were similar up to approximately 250 days of immersion. After 250 days, length change

of mix 11 increased drastically whereas mix 10 showed slower increase in length up to
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the end of the exposure period. Length change of mixes 10 and 11 were approximately
0.4% and 0.9% at 550 days of immersion in MgSO, solution.

Figure 7.19 shows the weight change for mixes (Mix 10 and 11) containing 15% and
50% of MSWI-BA as replacement levels of cement and sand respectively, immersed in
either Na,SO, (Figure 7.19-a) or MgSO, (Figure 7.19-b) solution for approximately 600
days. Both mixes contained similar replacement levels of MSWI-BA were made with
Portland cement with C3A content equal to 7.1 (Mix 10) and with a Portland cement
with C;A content equal to 11.2 (Mix 11).
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Figure 7.19. Weight change of mortar specimens containing 15% and 50% of MSWI-BA as
partial replacement of cement and sand respectively. Specimens made with two different
cement; one with C;A=7.1 and the other with C;A=11.2 were immersed in either (a)
Na,SO, or (b) MgSO, solutions

Mix 11 (C3A=11.2) immersed Na,SO, solution exhibited very high increase in weight
between 75 days and 150 days of exposure. After 150 days the weight decreased
drastically up to 325 days of immersion. This reduction in weight was due to partial
disintegration of the specimens. Mix 10 (CsA=7.1) exposed to Na,SO, solution showed
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a high increase in weight up to approximately 175 days of immersion . Between 175

days of immersion and the end of exposure period, the change in length of mix 10 only
increased less than 0.5%.

Mixes 10 (C3A=7.1) and 11 (C3;A=11.2) showed quite similar trend of change in weight
throughout the whole MgSO, immersion period. Both mixes exhibited an increase in
weight up to approximately 125 days of immersion in MgSO, solution. Between 125
days and 300 days, the weight change of mix 11 was approximately constant whereas
mix 10 exhibited a notable decrease in weight. Between 300 and 325 days, both mixes
showed a significant decrease in weight. After 325 days, Mix 10 and 11 exhibited an
increase in weight change up to the end of exposure period

Compressive strength of mortar specimens made with a Portland cement with C;A
content equal to 11.2 (Mix 11) was not monitored as it was for specimens made with
Portland cement with C3A content equal to 7.1 (Mix 10). Thus, the comparison of

compressive strength changes between mixes 10 and 11 was not possible.

Table 7.8 and Table 7.9 show the visual observations of for mixes 10 (C;A=7.1) and 11
(C3A=11.2) exposed to Na,SO, and MgSO, solutions for approximately 600 days. Both
mixes contained 15% and 50% of MSWI-BA as partial replacement of cement and
sand respectively.

Prisms of mixes 10 and 11 immersed in Na,SO, solution showed a clear difference in
rate and degree of sulfate attack along the exposure period. Mix 11 containing high
CsA (CsA=11.2) cement started to deteriorate earlier and showed higher deterioration
after approximately 600 days of immersion than mix 10 made with lower Cs;A content
(C3A=7.1) cement. Mix 11 was partially disintegrated at approximately 200 days of
immersion whereas mix 10 exhibited slight attack on faces, edges and corners at
approximately 375 days of immersion. The increase in sulfate attack for the mix
containing high C;A cement was due to the increase in C-A-H products that enhanced
the formation of ettringite as a result of sulfate attack (10). This was discussed in detalil
in Chapter 2.

Prisms of mix 10 and 11 immersed in MgSO4 solution exhibited similar degree and rate
of sulfate attack along the exposure period. This was in agreement with Santhanam et
al results (1), which suggested that the use of low C;A cement may be not adequate
when specimens were exposed to MgSO, solution. The decrease of C-A-H products
may facilitate the direct attack of C-S-H products.

In addition it was observed that specimens containing high C;A cement (Mix 11)
exhibited a similar degree of sulfate attack at approximately 600 days of exposure
regardless of type of immersion used.
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Table 7.8. Description of sulfate attack of mortars containing 15% of MSWI-BA
(P<212pm) and 50% of MSWI-BA (212pm<J<2.36mm) as a partial replacement of cement
and sand respectively made with two Portland cements; one with a C;A=7.1 (Mix 10)and
the other with C;A=11.2 (Mix 11). Specimens were exposed to Na,SO, solution

Immersion Mix 10 (C3A=7.1)) Mix 11 (C3A=11.2)
Period ( days) Description C Description S
. White deposit on
White deposit on
faces. No attack
30 faces. No attack on 1 1
on edges or
edges or corners
corners
Very small cracks on
the middle of faces. Moderate attack
87 2 3
Slight attack on on corners
edges and corners
Slight attack on Severe attack on 4
196 faces, edges and 2 corners. Loss of
corners mass from corners 5
Slight attack on Partial
376 faces, edges and 2 disintegration of 5
corners corners
Partial

Moderate attack on . . 5
disintegration of

493 faces, edges and 3
corners. Attackon g
corners
top face
Partial

Moderate to severe

disintegration of S
597 attack on edges and

4  comers. Attack on 6
corners

top face

 Numerical scale to indicate the degree of sulfate attack
0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4

severe attack; 5 partial disintegration and 6 total disintegration.
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Table 7.9 . Description of sulfate attack of mortars containing 15% of MSWI-BA
(D<212pm) and 50% of MSWI-BA (212pm<J<2.36mm) as a partial replacement of cement
and sand respectively made with two Portland cements; one with a C;A=7.1 (Mix 10) and

the other with C;A=11.2 (Mix 11). Specimens were exposed to MgSO, solution

Immersion

Period ( days)

Mix 10 (C3A=7.1))

Description

sa

Mix 11 (C3A=11.2)

Description

S

30

87

122

336

493

597

White deposit. No
attack on faces,
edges and corners

Slight attack on
faces, edges and
corners

Moderate attack of
the top faces. Slight
attack on edges and

corners

Severe attack on the
top surface, edges
and corners

Severe attack on the
top surface, edges
and corners

Severe attack on the
top surface, edges
and corners to
partial disintegration

[3;]

A layer of white
deposit on faces.
Very slight attack

on faces edges

and corners

Slight attack on
faces, edges and
corners

Moderate attack
on edges and
corners. Mortar
looked soft and
lack of bond
between concrete
constituents

Severe attack on
the top surface,
edges and corners

Severe attack on
the top surface,
edges and corners

Severe attack on
the top surface,
edges and corners
to partial
disintegration

? Numerical scale to indicate the degree of sulfate attack

0 no attack; 1 very slight attack; 2 slight attack; 3 moderate attack; 4

severe attack; 5 partial disintegration and 6 total disintegration.

Figure 7.20 and Figure 7.21 show the photographs of prisms containing low C;A

content cement (mix 10) and prisms containing high C;A content cement (mix 11)

immersed in either Na,SO, and Mg SO, solutions at 87 and 493 of immersion.
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(a) High C3A Cement (11.2%)

MgS04 Na2S 04

(b) Low C3A Cement (7.1%)

MgSO04 Na2S 04

Figure 7.20. Appearance of mortars containing 15% and 50% of MSWi-BA as partial
replacement of cement and sand respectively. Two Portland cements were used, one

with a) 11.2% C3A content and b) 7.1% C3A content. Samples were exposed to MgS04 and
Na2S 04 for 87 days
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(a) High C3A Cement (11.2%)

MgSCU Na2SC>4

(b) Low C3A Cement (7.1%)
MgS04 Ne2SCH4

Figure 7.21. Appearance of mortars containing 15% and 50% of MSWi-BA as partial
replacement of cement and sand respectively. Two Portland cements were used, one

with a) 11.2% C3A content and b) 7.1% C3A content. Samples were exposed to MgS04and
Na2S 04for 493 days
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7.4 CONCLUSIONS

This chapter has examined the sulfate resistance of mixes containing MWSI-BA as
partial replacement of cement and/or sand exposed to Na,SQO,. In addition, the effects
of using two sulfate solutions (i.e. NaSO, and MgSQ,), three initial curing periods (i.e.
2, 28 and 90 days) and two cements with different C;A contents (C:A=7.1 and
CsA=11.2) on the sulfate resistance have been evaluated for mixes containing 15%
and 50% of MSWI-BA as partial replacement of cement and sand respectively. Sulfate
attacks on mortar specimens were evaluated measuring changes in weight, length and
compressive strength and observing visual deteriorations.

Conclusions of sulfate resistance for mortar specimens are presented in the following
items:

1. Effect of replacing 15%, 30% and 50% of cement with MSWI-BA with @<212um.
2. Effect of replacing 25% and 50% of sand with MSWI-BA with 212um <@<2.36mm.

3. Effect of replacing cement and sand with MSWI-BA with @<212uym and
212um<<2.36mm respectively.

4. Influence of type of sulfate solution, initial curing period and cement C5A content for
specimens containing 15% and 50% of MSWI-BA as partial replacement of cement
and sand respectively.

Replacing cement with 15% of MSWI-BA with @<212um caused a slight reduction in
the sulfate attack caused by exposing to Na,SO, solution compared with the sulfate
attack observed for the reference mix. However, cement replacement levels of 30%

and 50% caused a significant decrease in the sulfate resistance of specimens
containing MSWI-BA.

The appearance of specimens containing 25% and 50% of MSWI-BA
212um<J<2.36mm as a partial replacement of sand indicated a higher degree of
sulfate attack compared with the reference mix specimens. However, changes in length
and strength of specimens containing MSWI-BA were similar to those for the reference
mix. Specimens containing 50% of MSWI-BA as a partial replacement of sand showed
a slightly higher degree of attack than those containing 25% replacement levels. All
specimens containing MSWI-BA presented a white deposit on their faces after a month
exposed to Na,SO, solution, which lead to further cracking. This may be attributed to
occurrence of alkali-silica reaction due to presence of silica in the MSWI-BA used as
partial replacement of sand and the excess of Na* ions from the sulfate solution.

Replacing cement and sand with MSWI-BA generally increased the degree of sulfate

attack as replacement levels increased. However, there are some exceptions. At 20%

and 30% cement replacement levels, specimens containing 50% as partial
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replacement of sand exhibited significantly higher sulfate attack than specimens
containing 25% as a partial replacement of sand, whereas specimens containing 15%
and 50% cement and sand replacement levels respectively exhibited similar or slightly
higher suifate attack than those containing 25% of sand replacement at same cement
replacement level. Sulfate resistance of specimens containing 15% of MSWI-BA as a
partial replacement of cement and either 25% or 50% as a partial replacement of sand

was similar to that for specimens containing 100% cement in the binders.

The evaluation of the influence of initial curing period on sulfate resistance of
specimens containing 15% and 50% of MSWI-BA as partial replacement of cement and
sand respectively showed a slight decrease in sulfate resistance as initial curing period
increased. This was not expected, however, further examination of leaching behaviour
for same mixes (Chapter 8) indicated the same trend. This may be attributed to the
formation of eftringite at early plastic stage that can be accommodated without
disrupting the structure due to the high pore volume of mixes containing MSWI-BA as
replacement of cement and sand. Specimens cured initially for short period prior may
form ettringite by combination of C;A with the sulfate ions rather than other aluminate
monosulfates, which are formed when there are not enough sulfate ions to form
ettringite. In addition, it was observed that MgSO, exposure caused higher
deterioration of specimens than Na,SO, exposure for all different initial curing period
examined. The examination of cement C3A content effect on sulfate resistance has
shown different behaviours of cements depending on the type of immersion used.
Hence, in MgSO, immersion cement with low (7.1) and high (11.2) C3;A contents
exhibited similar deterioration rate and degree of attack. These specimens looked soft
and lack of bond between concrete constituents. The sulfate resistance of specimens
immersed in Na,SO, solution was dependent on cement CzA content. Specimens
made with high C3;A cement showed higher deterioration rate and sulfate attack than
those made with low C3;A cement. The degree of sulfate attack for specimens made
with the cement C3A=11.2 and immersed in Na,SO, solution was similar to specimens
immersed in MgSQ, solution. However, the specimens immersed in Na,SO, had higher
deterioration rate than those immersed in MgSO, and different appearance. The firmer
specimens (Na,SO,) lost part of mass from corners and edges but they looked hard
whereas the later (MgSQ,) looked soft. This difference in sulfate attacks can be
attributed to high ettringite formation due to the high Cs;A content for specimens

immersed in Na,SO, solution and the formation of gypsum as a result of rezction of C-
S-H with MgSO, solution.

In order to extent and continue the study on MSWI-BA contained in mortars, next
chapter, Chapter 8 will examine the leaching behaviour of mortar containing MSWI-BA
as partial replacement of cement and sand.
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CHAPTER 8: LEACHING BEHAVIOUR OF MORTAR
CONTAINING MSWI-BA




8.1 INTRODUCTION

The use of wastes in construction that may contain hazardous elements or compounds,
requires the assessment of their impact on the environment. Thus, the environmental
quality of cement-based systems containing potential or relatively new wastes is as
important aspect as it is the examination of the engineering properties. The
environmental impact of these systems on the environment can be assessed by
examining the long-tern leaching behaviour of toxic compounds (i.e. heavy metals,
sulfates and chlorides) (1,2). In addition, the examination of leaching behaviour can

provide information about the physical and chemical interactions between the waste
particles and the cement and aggregates (3).

Leaching tests have been developed to evaluate the different aspects of leaching,
throughout the world (3,4). For monolithic materials (e.g. concrete or mortar), tank tests
are to be considered the most suitable tests for assessing the long-term leaching
behaviour. However, most of the published studies on leaching behaviour of cement-
based systems containing waste have used other tests such as bath or column
procedures. The tank leaching tests are dependent on the experimental parameters

used for the procedure. This includes liquid/solid (I/s) ratio, leachant type, test duration
and number of leachant removals (5).

There is not yet a European tank leaching procedure to evaluate the leaching of
concrete (6). Nevertheless, most of the published work on leaching of cement-based
systems either with or without the presence of waste material has used the
experimental parameters in accordance with NEN 7345 tank leaching procedure (7)
The NEN 7345 is a rapid and inexpensive procedure to examine long-term leaching.
The access of CO, is not controlled during the test and this can cause a variable
extend of carbonation of the cube faces (4). However, the variation of carbonation does
not have a significant influence on leaching results (4,6).

At present, the long-term leaching behaviour of concrete containing MSWI-BA is still in
the early stage and not published widely in the literature (8,9). Hence, this chapter
examines the long-term leaching behaviour of metals, sulfates and chlorides from
mortar containing MSWI-BA. Leachability of the mortar specimens is examined using a
tank leaching procedure. Since there is not a well-established standard leaching
procedure for mortar or concrete specimens, different experimental leaching
parameters were tested. In addition, leaching behaviour of mortars containing various
MSWI-BA replacement levels was examined to identify the difference in leaching when
MSWI-BA was used as partial replacement of cement or sand.
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8.2 EXPERIMENTATION

8.2.1 Materials

The materials that were used in this chapter were MSWI-BA with particle diameter (&)
below 212um and a standard 42.5 Ordinary Portland Cement conforming to BS12:
1996 (10), MSWI-BA with 212pm<@<2.36mm and class M sand according to BS
882:1992 (11). The oxide contents for cement, class M sand and MSWI-BA, as well as
their physical properties are provided in Chapter 3 and Chapter 4.

In addition of constituents of cement-based systems, reagents such as deionised
water, standard solutions for ICP-OES and ICP-MS were used (see Chapter 3).

The rain water that was used for one leaching test was collected from rainfall during
one month and stored for a few weeks before leaching test took place. During the

storage period, its pH was monitored. The pH was kept constant, around 5.5, after a
few days from the collection.

8.2.2 Mix Proportion

The proportion of binder to aggregate (b:a) was 1:3 and water/binder (w/b) ratio was
0.50. Binders included the standard 42.5N cement and MSWI-BA with &<212um.
Cement was uniquely replaced by 15% of MSWI-BA. Aggregates consisted of the class
M sand with J<2.36mm and MSWI-BA with 212um<@<2.36mm. The sand was
replaced with 50%.

The preparation of mixes, which involves mixing, casting and curing, was explained in
Chapter 3.

8.2.3 Testing
8.2.3.1 Tanks Leaching Procedure

The leaching was examined using cube specimens of 50mm in size. These cubes were
stored in mist room at 20°C and 97%+3 RH after de-moulding until leaching test took
place.

Leaching performance of mortar mixes was assessed using a tank leaching test, which
adopted the characteristic of the leaching protocol developed by Groot et al (6). Groot
et al. protocol is based on the principles of the Dutch NEN 7345 tank leaching test. In
this test, leaching of components from the mortar specimens is determined by

submersing the specimen in de-mineralised water and renewing the leachates at 5
fixed times.

For all leaching series conducted, the common experimental parameters were:
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a) duration of procedure was 14 days,

b) leachant was renewed at 6 hours, 24 hours, 3 days, 7 days and 14 days,

c) volume of leachant was 850ml,

d) specimens were cubes of 50mm in size,

e) there was no agitation

f) test were carried out at 20+5°C.

Figure 8.1 shows a sketch of leaching tank procedure. Mortar specimens were placed
in a closed tank and filled with 850 ml of leachant. Cube specimens were placed in the
middle of the tanks and supported so as to allow direct contact between all cube faces

and the leachants. Tank tests were covered and specimens were in contact with air
only during leachant renewal.

20 mm

< 850mI LEACHANT

20mm . 20mm

10mm ﬁ
|T
\
[
/
/

Figure 8.1. Sketch of the leaching tank test used

Leachates were removed at 6h, 24h, 3, 7 and 14 days. The removed leachates were
passed through vacuum filtration using a 0.45um glass fibre filter. After filtration,
leachates used for the determination of metals were acidified to pH=2 using HNOj.
Addition of acid was required to avoid precipitation of some metals (12). Leachates
used for the determination of sulfates and chlorides were stored without adding acid.
The determination of SO, and CI' was carried out a few days after leachates were
obtained because leachates had not been acidified whereas the determination of
metals was carried out within a month from extraction of the leachates.

Four experimental series, L1, L2, L3 and L4, were conducted to examine the leaching
behaviour of mortar containing MSWI-BA. The mix proportion used for series L1, L2
and L3 is shown in Table 8.1.
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Table 8.1. Mix proportion used for leaching series L1, L2 and L3

Series binder Aggregate
ID Cement MSWI-BA Sand MSWI-BA
D<212pm 212pm<@<2.36mm
L1 85% 15% 50% 50%
L2 85% 15% 50% 50%
L3 85% 15% 50% 50%

The experimental parameters (i.e. tests duration, leachant removal, specimen size,

temperature, no agitation, filtration and storage) were the same for all experimental

series.

Details of the experimental series are follows;

1.

Series 1: Influence of initial curing. This series, L1, examined the effect of initial
curing period on leachate concentrations. The three curing periods considered
were 1 and 90 days. Table 8.2 shows experimental parameters using for this
series. Leachants consisted of de-ionised water acidified with HNO3 to achieve a
pH of approximately 2. In addition, a few drops of HNO3; were added 5 times during
the test, in order to keep the pH around 4.

Table 8.2. Leaching procedure details for leaching series L1

Leaching procedure
ID Initial Curing
Leachant® |  Acid addition®
pHac(1d) 1 day pH=2 Yes
pHac(90d) 90 days pH=2 Yes

a- leachant pH before contact with the specimens
b- addition of HNOg3 to keep the pH between 2 and 4 during the leaching test

Series 2: Effect of adding acid. This series, L2, was carried out to compare the
difference in leachate concentrations between two leaching procedures; one
procedure involved the addition of a few drops of HNO; during the test, as
described in series L1; the other procedure was conducted without adding acid.
Both procedures used same leachants that consisted of de-ionised water acidified
with HNO; to achieve a pH of approximately 2. The influence of acid addition was
examined for mixes with an initial curing period 90 days. Table 8.3 leaching
procedure details for leaching series L2.
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Table 8.3. Leaching procedure details for leaching series L2

o Initial Leaching procedure
Curing Leachant® | Acid addition®
Procedures 1 pHac(90d) 90 days pH=2 Yes
Procedures 2 pH(90d) 90 days pH=<2 No

a- leachant pH before contact with the specimens
b- addition of HNO; to keep the pH between 2 and 4 during the leaching test

3. Series 3: Leachant type influence. Series L3 examined the effect of using three
different leachants on leachate concentrations. The leachants were rain water, de-
ionised water and of de-ionised water acidified with HNO; to achieve a pH of
approximately 2. Table 8.4 shows the leaching procedure details for this series.
Initial curing period for all specimens of this series was 28 days and HNO3 was not
added during the test.

Table 8.4. Leaching procedure details for leaching series L3

Initial Leaching procedure

" Curing Leachant Acid addition®
pH(28d) 28 days pH=2? No
lon(28d) 28 days De-ionised No
Rain(28d) 28 days Rain water No

a- leachant pH before contact with the specimens
b- addition of HNO3 to keep the pH between 2 and 4 during the leaching procedure

4. Series 4: Effect of the type of MSWI-BA replacement. This series examined the
difference in leaching behaviour of mortar specimens containing MSWI-BA as a
replacement of either cement or sand. Table 8.5 provides the mixes proportion of
different mixes used and the leaching procedure characteristics. Three mixes were
prepared. Mix 1 contained 15% of MSWI-BA with J<212um as replacement of
cement and 50% of MSWI-BA with 212um<@<2.36mm as replacement of sand.
Mix 2 contained 50% MSWI-BA with 212um<@<2.36mm as replacement of sand

and mix 3 consisted of a reference mix.
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Table 8.5. Mix and leaching procedure details for leaching series L4

Mix ID Mix design Leaching procedure
Number Cement|MSWI-BA | Sand | MSWI-BA |Curing| Leachant® Acid
Fine' Coarse® |Period Addition®
1 Co5%-Sso% | 85% 15% 50% 50% |28 days| pH=2 No
2 C100%-Ss0% | 100% 0% 50% 50% |28 days| pH=2 No
3 C100%-S100% | 100% 0% |100% 0%  [28days| pH=2 No

1- MSWI-BA with @<212um 2- MSWI-BA with 212pm<@<2.36mm
a- leachant pH before contact with the specimens
b- addition of HNO3 to keep the pH between 2 and 4 during the leaching test

8.2.3.2 Determination of Elements

Leachate concentrations for 22 metal elements were determined. Concentrations of
Ca, Si, Al, Mg, Fe, K and Na were measured using ICP-OES technique, whereas the
concentrations of B, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Sn, Cd, Ba, Hg and Pb were
determined using ICP-MS. ICP-OES was sometimes required for determining the
concentrations of Cu, Zn, Ba and Pb in leachate where the concentratioins of these
metals were more than or equal to 1mgL"".

Wavelengths, isotopes, internal standards for each element and the criteria to use
either standard addition (SA) or external calibration (EC)) were the same than those

used in Chapter 5. Detailed information on ICP-OES and ICP-MS testing was provided
in Chapter 3.

Table 8.6 provides the analytical techniques and the analysis procedure used to
determine the concentrations of each element in the different leachates examined. For
example, the determination of Si concentrations in all leachates was carried out using
ICP-OES. However, the determination of B concentrations was carried out using ICP-

OES, ICP-MS External Calibration and ICP-MS Standard Addition depending upon
leachate type.

The concentrations reported were calculated by averaging the net concentrations of
three identical samples. The black reading was subtracted from the sample
concentration reading to provide the net concentration. For each leaching series, three

blacks were used and the averaged value of these three blacks was used to calculated
net concentrations.
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Table 8.6. Analysis details for all elements examined

® ICP-OES ¢ ICP-MS External Calibration = H ICP-MS Standard Addition
pH(28) lon(28) | Rain(28) | pHac(1) | pHac(90) | pH(90) [ C100%-S100% | C100%-Sso%
Ces%-Sso%

Si @ @ 57 5 52 @ @ D
Ca 8 S @ @ 57 7] @ 5]
Na @ 5] @ ® 5] 57 87 @

K 5] 5] 5] 5] 7] @ 57 @
Fe 7] 7] 53] 57 5] 3 ® 7]
Mg 5] 7] 5] 5] 7] 7] @ 5]
Al 53] 7] S @ @ 7] 7] 7]

B 8,0 H H % ¢ H,0H /8,08 8,08
Cr H H H v ¢ H H H
Mn 8,0 H H ®,0 ®,0 /8,0 8,0 /8,0
Co 2] H H ¢ ¢ H H H
Ni H H =2 ®,0 3,0 H B H
Cu 8,0 /8,0 H 0,0 8,0 ®,0 /8,0 /8,0
Zn ®,0 o o o ® ®,0 8,0 ®,0
As H H H e tH H H H
Se H H H H H H 2] H
Mo 23] H H H H H H H
cd =2 H H 3] H H H H
Sn 22 H H H H H H H
Ba O O ¢ ®,0 8,0 o o o
Hg 3! H H H H R3] H H
Pb o |H,0 ¢ @ & |H,0 /8,0 8,0

8.2.3.2.1 Reference Home Material

Reference materials are used to ensure similar measuring conditions for all analyses
that are carried out at different times. Because the determination of leachate
concentrations from mortar specimens was conducted at different times, there was a
need for employing a reference material. Attempts were made to use a commercial

certified reference material such as those used for determination of different polluted

230



water. However, the concentrations of available commercial certified materials differed
considerably from the leachate concentrations of mortar specimens containing MSWI-
BA. Thus, it was decided to develop a home reference material (HRM) that possessed
a matrix composition similar to the leachates from mortar specimens. The
concentration of the home reference material was measured at the beginning and at

the end of each analysis.

The HRM was prepared by leaching a mixture of cement, MSWI-BA with @<212pym, M
class sand and MSWI-BA with 212pm<@<2.36mm and de-ionised water. The liquid to
solid ratio was equal to 50. The composition of solid mixture consisted of 21.25%,
3.75%, 32.50% and 32.50% of cement, MSWI-BA with &<212um, class M sand and
MSWI-BA with 212um<@<2.36mm respectively. The duration of leaching for HRM was
30 minutes and the pH was kept at 4 approximately by adding a few drops of HNO;.
Stirring agitation was used. After 30 minutes, the leachate was separated from the solid
by filtration. The leachate was then acidified with HNO; to achieve a pH around 2. It
was observed that a white precipitated solid could appear in the HRM after six months
from preparation. Therefore, a new HRM was prepared every three months.

Table 8.7 and Table 8.8 show the average concentrations, standard deviations and
relative standard deviations for the five different HRM solutions used throughout the

determination of metals in leachates.

Table 8.7 shows that there was a good repeatability of concentration between the five
RHM prepared for elements that were analysed using ICP-OES. Thus, relative
standard deviations were only high for those elements whose concentrations were
below 5mgL"". Contrarily, Table 8.8 shows that the repeatability was not good between
the five RHM prepared for the elements that were analysed using ICP-MS Thus,
absolute and relative standard deviations were very high for most of element. The
relative standard deviations were only below 10% for Mn, Ni, Se and Sn.
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Table 8.7. Concentrations and standard
deviations of Si, Ca, Na, Fe, Mg, Al, Pb and
Zn for the home reference material

solutions using ICP-OES

Concentration in mgL”

Table 8.8. Concentrations and standard
deviations of B, Cr, Mn, Co. Ni, Cu, As, Se,
Mo, Cd, Ba, Cd, Sn and Hg for the home
reference material solutions using ICP-MS

Concentration in pgL"

Concent. | STDEV? RSDEV(%)b Concent. | STDEV | RSDEV(%)

Si 125.28 6.96 5.56 B(11) 100.9 45.86 45.45
Ca 1576.67 31.06 1.97 Cr(52) 108.98 23.44 21.51
Na 17.59 0.75 4.26 Mn(55) 470.00 45.15 9.61
K 29.95 0.16 0.52 Ni(58) 18.49 1.42 7.66
Fe 1.24 0.24 19.20 Co(59) 9.56 2.26 23.61
Mg 14.60 0.67 459 Ni(60) 20.51 2.26 11.01
Al 4.55 0.52 11.54 Cu(65) 319.02 94.45 29.61

Pb 1.59 0.10 6.17 As(75) 3.49 1.78 51.08
Zn 2.51 0.50 19.82 Se(82) 6.64 0.46 6.87
* Standard Deviation Mo(95) | 1500 | 2.16 14.31
® Relative Standard Deviation cd(i14) 749 s 48 19.81
sn(120) | 11.26 0.30 2.70

Ba(138) 603.42 88.94 14.74

Hg(202) 1.95 1.00 51.35

8.2.3.2.2 Determination of Detection Limits

Detection limits were determined for each leaching procedure and were calculated by
multiplying three times the standard deviation obtained from the concentrations of the
five blanks analysed for each leaching series. The blank concentrations for those
elements analysed with ICPP-OES technique were measured using external calibration

whereas standard addition method was used for elements analysed with ICP-MS.

Table 8.9and Table 8.10 provide the detection limits for all elements studied,

expressed in mgL' and umL'" respectively.

Detection limits for all elements examined using ICP-OES were very low. In general, all
detection limits were less than 1mgL". Detection limits of Ca, Na and K were only
exceptionally higher than 1mgL' for leaching procedures ion(28), pHa(28) and

pHac(90).
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Table 8.9. Detection limits using ICP-OES

Concentrations in the detention limit in mgL"

pH(28) |lon(28) | Rain(28) | pHac(1) | pHac(80) | PH(90) | C100%-S100% | C100%Sso% | Ces%-Ss0%
SeriesL2,L3| L3 L3 L1 L1, L2 L2 L4 L4 L4

Si | 0.147 | 0.125 | 0.001 | 0.0073 0.001 0.158 0.113 0.104 0.147
Ca | 0.520 | 9.051 | 0.369 1.377 0.001 0.237 1.265 0.250 0.520
Na | 0379 1.023 | 0.1563 | 0.051 0.001 0.450 0.841 0.546 0.379
K 0.017 | 0.963 | 0.034 | 2.009 1.602 0.036 3.798 0.021 0.017
Fe | 0.042 ( 0.012 [ 0.001 0.058 0.024 0.002 0.003 0.000 0.042
Mg | 0.000 | 0.001 | 0.001 0.001 0.001 0.000 0.000 0.000 0.000
Al |} 0.063 | 0.782 | 0.001 0.162 0.001 0.078 0.194 0.491 0.063
Ba N/A N/A N/A 0.001 0.001 N/A N/A N/A N/A
Ni N/A N/A N/A 0.007 0.001 N/A N/A N/A N/A
Pb N/A N/A N/A 0.001 0.001 N/A N/A N/A N/A
B N/A N/A N/A 0.02 0.003 N/A N/A N/A N/A
Mn N/A N/A N/A 0.003 0.004 N/A N/A N/A N/A
Cu }0.013| N/A N/A 0.008 0.078 0.018 N/A N/A 0.013
Zn | 0.051 | NA N/A 0.013 0.032 0.001 0.020 0.009 0.051

Detection limits for elements analysed using ICP-MS (Table 8.10) varied widely for

each element and leaching procedures used. For example the concentrations in the

limits of detection for B, Ni and Pb varied significantly for each leaching procedure. The

detection limits of Cu and Zn were exceptionally high for all leaching procedures. For

example, for the leaching procedure that used de-ionised water as leachant (lon(28)),

the concentration in the detection limit for Zn was equal to 82ugL". Controversially, the

concentrations in the limit of detection for Cr, Co, As and Se were lower than 1ugL' for

all leaching procedures. In addition, limits of detection were relatively low for Cd, Sn

and Hg. The limit of detections of Mn, Mo and Ba were low for most all the analysis.
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Table 8.10. Detection limits using ICP-MS

Concentrations in the detection limit in ng"

pH(28)|lon(28) | Rain(28) | pHac(1) | pHac(90) | pH(0) | C100%-S100% | C100%Sso% | Css%-Sso%
Series{ L2, L3| L3 L3 L1 L1,L2 | L2 L4 L4 L4
B' | 8.004 | 3.930 | 8.998 | 8.030 | 0.852 |10.116 3.353 12.080 8.004
cr’* { 0.027 | 0.765 | 0.811 | 0.650 | 0.125 | 0.012 0.533 0.020 0.027
Mn** | 0.813 | 3.822 | 21.288 | 2.268 | 0.390 | 0.110 0.748 0.780 0.813
Co*® | 0.246 | 0.038 | 0.195 | 0.075 | 0.039 | 0.739 0.011 0.002 0.246
Ni*® | 6.963 | 1.044 | 0.334 | 2.032 | 3.365 | 8.721 1.084 0.738 6.963
Cu® |30.273(22.950 | 12.253 | 33.604 | 79.068 |28.623| 24.112 15.660 30.273
Zn®® |27.761|82.104 | 63.694 | 19.250 | 17.303 |{31.282| 51.877 57.508 27.761
As™ | 0.859 | 0.121 | 0.645 | 0.016 | 0.016 | 0.260 0.523 0.450 0.859
se® | 0.515| 0.340 | 1.024 | 0.393 | 0.111 | 0.121 0.235 0.210 0.515
Mo® | 0.717 |17.760| 1.792 | 0.070 | 0.001 | 0.021 0.080 0.027 0.717
cd''*| 0.648 | 0.186 | 3.128 | 0.058 | 0.292 | 0.148 2.061 0.121 0.648
sn'®| 0.529 | 1.452 | 1.490 | 0.535 | 0.958 | 0.163 2.075 0.900 0.529
Ba'®{ 1.093 | 1.903 | 51.433 | 0.958 | 0.215 | 0.641 1.751 0.836 1.093
Hg*®| 0.298 | 1.456 | 0.918 | 0.444 | 0.182 | 0.058 0.242 0.319 0.298
Pb?®| 1.165 | 6.319 | 4.534 | 5.893 | 1.647 | 0.127 7.496 2.940 1.165

8.2.3.2.3 Controlling Parameters during Analysis

The use of controlling parameters during analysis was required to identity the possible
instrumental shifting. As discussed in Chapter 5, blanks and standards solutions were
tested a few times while sample testing was being carried out. Thus, if their
concentrations varied by more than 5% compared with the previous reading, a cleaning
procedure followed by a new calibration was conducted.

8.2.3.2.4 Analysis Sequence

Determination of concentrations of 22 elements requires an appropriate sequential
manner to ensure that the analysis is carried out accurately. Shifting of signal, residual
contamination and contamination caused from one sample to the others are factors
that need to be identified.

Figure 8.2 shows a flow diagram of the methodology that was used for analysing metal
elements using ICP-OES and ICP-MS techniques. Turning solutions were run to check
if specific instrumental parameter values were in the recommended range given in the
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specifications of the instruments. If turning solutions gave appropriate operational
conditions, instruments were calibrated according to the sample concentration ranges.
After the calibration of instruments, a few standard solutions and blanks were run as
controlling parameters. Next, home reference material (HRM) solutions were run to
check their repeatability with the previous analysis. If HRM reading were similar to
those for previous days, 5 new samples were analysed. After that, measuring
conditions were tested again by running the controlling parameters. If controlling
parameter readings were similar to the previous readings, another 5 test samples were
run. But, if the controlling parameter readings differed by more than 5%, the instrument
were cleaned with a solution of 5% HNO;. Figure 8.2 shows the sequence followed

during the analysis of all elements examined.

Were Turning
Parameters in The
Required Range

No Technical
Survey

Calibration of
Instrument

l

Rum Controlling
Parameter, CP1

l

Rum HR 19 Solutions

[
-+

Rum S Test Samples

l

Rum Controlling
Parameter, CP2

e e

No

Cleaning Process

l

Recalibration of
Instrument

l

Run Controlling
Parameters

l

CP Similar to
ves Previous No

Figure 8.2. Flow diagram of the analysis methodology
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8.2.3.3 Determination of Sulfates and Chlorides

Sulfates and chlorides concentrations were determined using ion chromatography
technique. Details of ion chromatography procedure were given in Chapter 3.
Concentrations of SO and Cl" could not be determined in leachates obtained by
carrying out the acidic leaching procedure (e.g. pHa(28), pHac(90), and pHac(1)), which
were used for series L1 and L2. The addition of HNO; acid during test.impeded to
identify the peaks of SO,* and CI" in the chromatograph. |

Net concentrations of sulfates and chlorides reported were calculated by averaging the
concentrations obtained from the three identical leachates used for each test. A good
reproducibility between the three identical leachates was obtained.

8.3 RESULTS AND DISCUSSION OF RESULTS

8.3.1 Concentrations of Ca, Si, Al, Mg, Fe, Na and K
8.3.1.1 Series L1

Figure 8.3 shows the cumulative (CC) and relative (CC) concentrations of Ca, Si, Al,
Mg, Fe, K and Na in the leachates for mortar specimens cured initially for 1 and 90
days. Mortar contained 15% and 50% of MSWI-BA as partial replacements the cement
and respectively. The RC are referred to the concentrations obtained at 6h, 24h, 3, 7
and 14 days since the test started.

¢ Cumulative concentrations (CC)

Concentrations of Ca were similar in the leachates examined regardless of initial curing
of the mortar specimens. Concentrations of Si, Al, Mg and Fe were slightly higher in
leachates from mortar specimens cured for 90 days (pH.(90)) than those from
specimens cured for 1 day (pHac(1)). Controversially, concentrations of K and Na were
higher in leachates from specimens cured for 1 days than those from specimens cured
for 90 days. The higher concentrations of Si, Al, Mg, Fe in the leachates for pH,(90)
specimens compared with pH,.(1) specimens were not expected. These un-expected
results can be linked with those observed in Chapter 7, where mortar specimens cured
initially for short period (i.e. 2 days) exhibited lower sulfate deterioration than
specimens cured for long initial periods (i.e. 90 days). This correspondence between
sulfate resistance and leaching behaviour has been discussed in details in section
8.3.4.

¢ Relative concentrations

In general, leachate relative concentrations of all elements in leachates from pHy(1)
and pH,.(90) specimens exhibited similar trend during the 14 days of the leaching test.
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Figure 8.3. Cumulative and relative concentrations of Ca, Si, Al, Mg, Fe, K and Na, in

leachates for mortar containing MSWI-BA cured initially for 1 and 90 days (scries L1)
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8.3.1.2 Series L2

Figure 8.4 shows the cumulative concentrations, in logarithmic scale, of Ca, Si, Al, Mg,
Fe, K and Na in leachates of mortar specimens using leaching procedures that were
carried out with and without adding acid during the test (14 days). Mortar specimens
cured for 90 days were used for this series. For this series (L2), the RC were not
discussed as they are explained in other leaching series (e.g. L1 and L3). Mortar
contained 15% and 50% of MSWI-BA as partial replacements the cement and
respectively. The Fe CC pH(90) are not given in Figure 8.4(e) because their values
were less than 1mgL"".

The addition of acid during leaching increased the concentrations considerably of Ca,
Si, Al, Mg, and Fe in the leachates. Thus, the leachate concentrations for pH,.(90)
were approximately 10 times higher than those for pH(90). In contrast, the CC of K and
Na were not affected by the addition of acid. These results suggested that K and Na
leaching behaviours were less dependent on the leachant pH than Ca, Si, Al, Mg, and
Fe. Thus, results of leaching series L2 suggested that small additions of acid during
test can cause significant difference in the leachate concentrations of Ca, Si, Al, Mg

and Fe.
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Figure 8.4 Cumulative concentrations Ca, Si, Al, Mg, Fe, K and Na in leachates for mortar
containing MSWI-BA leached out with and without addition of acid during the test
(series L2)

8.3.1.3 Series L3

Figure 8.5 shows the CC and RC of Ca, Si, Al, Mg, K and Na in leachates of mortar
specimens using three different leachants. The leachants were rain water (rain(28)),
de-ionised water (ion(28)) and an acidic solution of de-ionised water with a pH of
approximately 2 (pH(28)). Mortar specimens contained 15% and 50% of MSWI-BA as
partial replacements the cement and respectively and were initially cured for 28 days.
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For rain(28) and ion(28) leachates, the Fe and Mg CC and RC were not significant,

therefore they are on the "x" axes.
e Cumulative concentrations (CC)

Generally, there was not much difference in the cumulative concentrations when either
rain or de-ionised water was used as leachants. For all the elements examined,
leachate concentrations using rain(28) and ion(28) procedures were lower than those
using pH(28). The difference in concentrations between pH(28) and rain(28) or ion(28)
leachates was significant high for Ca, Si, Fe and Mg. The CC of Al were similar for the
three leachants at the end of each leaching procedure. The CC of K and Na were
approximately 20mgL"" higher for procedure pH(28) than for that of rain and de-ionised

water.
¢ Relative concentrations (RC)

Rain and de-ionised leachates exhibited similar trend in relative concentrations for all
the elements examined. The RC of Ca, Si and Al exhibited a slight increase in
concentration during the test. The RC of Na and K decreased up to 72 hours before

they started to increase until the end of the test.

For the procedure pH(28) the trend was different than that observed for rain(28) and
ion(28). The RC of Ca increased up to 24 hours and then they decreased drastically up
to approximately 200 hours. Afterwards they remain constant up to the end of the
leaching procedure. Si RC increased significantly during the first 24 hours. A slight
decrease was observed after that until 72h. After that there was a slight increase in RC
until the end of the test. The RC of Al exhibited a large increase in RC up 10 24 hours
and a decrease from 24 hours to 72 hours. After 72 hours the RC decreased slightly.
The RC of Mg increased significantly up to 24 hours and after that they dezreased or
increased slightly until the end of the test. Fe RC increased significantly up to 24 hours.
From 24 to 72 hours they showed a noticeable decrease and afterwards they increased
slightly until the end of the test. The RC of Na and K showed similar trend than for rain

water or deionised water procedures.
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Figure 8.5 Cumulative and relative concentrations of Ca, Si, Al, Mg, K and Na in leachates

for mortar containing MSWI-BA using three leachants (series L3)
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8.3.1.4 Series L4

Figure 8.6 show the cumulative and relative concentrations of Ca, Si, Al, Mg, Fe, Kand
Na in leachates from three mixes containing different MSWI-BA replacement levels.
The three different mixes were; a mix contained 15% and 50% of MSWI-BA as patrtial
replacement of cement and sand respectively (Cgss,-Ssoe); sSecond mix coniained 50%
of MSWI-BA as relative replacement of sand (C1gps-Ss0%) and the third mix consisted of
the reference mix that contained with 100% of cement and sand (Cigo%-S100%)- All
mixes were cured for 28 days before the test started.

e Cumulative concentrations (CC)

Cumulative concentrations of Ca were slightly higher in leachates from the reference
MiX (C100%-S100%) specimens followed by Cgse,-Ssoe, and Cqope-Ssoe. The decrease in Ca
concentration may be associated with the decrease in Ca(OH), production caused by
the pozzolanic reactivity of MSWI-BA used as replacement of cement and sand.
However, this effect was not clear. Leachates from Cioo%-S100% and Cioo%-Ssoe gave
similar CC of Si, which were slightly higher than that for Cgse,-Ssoe. Al, Mg, Fe, K and
Na CC were the highest in leachates from Cgse,-Ssoe, followed by Cygpe.-Ssos% and Cioow-
Si00% leachates. These results indicated that the partial replacement of cement and

sand with MSWI-BA caused an increase in leachate concentrations for Al, Mg, Fe K
and Na.

¢ Relative concentration (RC)

Generally, the trends in relative concentration were similar in the leachates from the
three different mixes. The RC of Ca increased up to 72 hours from the test started.
After that they decreased sharply and then remained constant until the end of the test.
Si RC increased during the first 72 hours. After that they exhibited slight increase until
the end of the test. The RC of Al showed different trend for leachates from specimens
containing MSWI-BA to that of the reference specimens. Cgse,-Ss0, @and Cigo%-Sso
leachates exhibited a notable increase in RC for the first 24 hours and a notable
decrease from 24 hours to 72 hours. After 72 hours, the RC remained constant.
Leachates from Cio%-S100% Mix exhibited a slight increase during the first 24 hours and
slight decrease from 200 hours until the end of the test. Mg RC increased up to 24
hours and after that they decreased until the end. K and Na RC exhibited the same
trend. Concentrations decreased slightly for the first 72 hours and increased slightly
until the end of the test.
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Figure 8.6. Cumulative and relative concentrations of Ca, Si, Al, Fe, Mg,' K and Na in

leachates for mortar containing various MSWI-BA replacements (series L4)
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8.3.2 Concentrations of B, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sn, Ba,
Hg and Pb

8.3.2.1 Series L1

Figure 8.7 shows cumulative and relative concentrations of B, Co and Cr in leachates
that were obtained by adding acid during leaching test. Mortar specimens contained
15% and 50% of MSWI-BA as partial replacement of cement and sand respectively
and were initially cured for 1day and 90 days before starting the leaching test.

e Cumulative concentrations (CC)

Concentrations of B in leachates from specimens cured for 1 day were only slightly
higher than those from pH,,(90) specimens. Cr concentrations were not affected by the
length of the initial curing. Concentrations of Co were higher for leachates from
pH.(90) specimens than those for pHa(1) leachates. The difference in Co
concentrations for the different curing used was approximately 25ugL' at the end of

the leaching procedure.
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Figure 8.7. Cumulative and relative concentrations of B, Cr, and Co in leachates for

mortar containing MSWI-BA cured initially for 1 and 90 days (series L.1)
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¢ Relative concentrations (RC)

The trend in RC for B and Cr were similar for the both initial curing period examined,
whereas for Co, the trends were slightly different. B and Cr RC showed a sharp
increase during the first either 24 or 72 hours and after that the increase was shallower.

Figure 8.8 shows cumulative and relative concentrations of Cd, Se, Mo, Sn and As in

leachates for leaching series L1.
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e Cumulative concentrations

Concentrations of Cd, Se and Sn were similar in the leachates regardless initial curing
of specimens (i.e. 1 and 90 days). This indicated that the curing period of mortar
specimens before leaching did not influence the leachability of these elements. These
CC were approximately 33ugL" for Se and Cd and 17ugL" for Sn at the end of the
test. On the other hand, concentrations of Mo, As and Hg were dependent on the initial
curing period. Leachates from pH.(1) specimens exhibited higher concentrations than
those leachates from pH,(90) specimens. These results indicated that the increase in
initial curing period caused a decrease in leachability of these elements.

¢ Relative concentrations (RC)

RC of Cd and Se were dependent on duration of specimens initial curing. However,
Mo, Sn and As RC exhibited similar trend for the two different initial curing. RC of Hg
showed that most of Hg was leached out during the first 72 hours.

Figure 8.9 shows cumulative, CC and relative concentration, RC, in mgL", of Mn, Ba,
Ni, Cu, Zn and Pb in leachates for leaching series L1.

e Cumulative concentrations (CC)

There was not any difference in CC of Mn and Ba in leachates from specimens cured
for different periods. Concentrations of Mn and Ba were approximately 7 and 5mgL"
respectively at the end of the test. Contrarily, Ni, Cu, Zn and Pb concentrations were
slight different. Ni concentrations were higher in leachates from pH,.(1) specimens that
those from pH,.(90) specimens, whereas concentrations of Cu, Zn and Pb were higher

in leachates from pH,.(90) specimens.
¢ Relative concentrations (RC)

In general, similar trend in RC of all the elements examined was observed for
leachates from the specimens cured for either 1 or 90 days. RC of Zn and Pb at 200
hours of leaching showed different trend between both initial curing periods.
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8.3.2.2 Series L2

The concentration of B, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sn, Ba, Hg and Pb in
leachates from mortar specimens initially cured for 90 days that were leached out
without addition of acid during the test, were not able tc analysed.
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8.3.2.3 Series L3

Table 8.11 provides cumulative concentrations of B, Mn, Co, Ni, Cu, As, Se, Mo, Cd,
Sn, and Hg, expressed in pgL' at the end of the leaching tests. These concentrations
were in leachates of mortar specimens containing 15% and 50% of MSWI-BA as
replacement of cement and sand and initially for cured 28 days. The specimens were
leached out using three different leachants: rain water (rain(28)); de-ionised water
(ion(28)); and acidic deionised water with pH around 2 before contact with the
specimen (pH(28)). The table also shows the concentrations in the limit of detection
(CDL) for above elements for comparison purposes. Relative concentrations are not

shown due to some of them were below limit of detection (BDL) or below 1ugL".

Table 8.11. Cumulative concentrations of B, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sn,
Ba, Hg and Pb in leachates of mortar for the leaching series L3

pH(28) lon(28) Rain(28)
coL® cc’ coL cc CDL cc
B 8.00 170.29 3.93 BDL® 9.00 BDL
Mn 0.82 133.48 3.82 BDL 21.29 BDL
Co 0.25 6.89 0.04 <1 0.20 <1
Ni 6.96 21.48 1.04 BDL 0.33 5
Cu 30.27 1040.41 22.95 BOL 12.25 BDL
As 0.86 <1 0.12 <1 0.65 <1
Se 0.52 <1 0.34 <1 1.02 <1
Mo 0.72 <1 17.76 <1 1.79 <1
Cd 0.65 <1 0.19 <1 3.13 <1
Sn 0.53 <1 1.45 <1 1.49 <1
Hg 0.30 <1 1.46 <1 0.92 <1

a Concentration in the limit of detection
b Cumulative Concentration in leachates
¢ Concentration below the concentration in the limit of detection

Concentrations of B, Mn, Co, Ni and Cu were higher in leachates from pH(28)
specimens than that from rain(28) and ion(28) specimens. These concentrations were
approximately 170, 28, 134, 7, 22, 1040ugL™ respectively in pH(28d) leachates
whereas they were either below the concentration in the limit of detection or below
1pgL™ for rain(28) and ion(28) leachates. Concentrations of As, Se, Mo, Cd, Sn, and
Hg were below 1pgL™ in the three different leachates (rain(28), ion(28) and pH(28)).
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Figure 8.10 shows the cumulative and relative concentrations of Cr, Zn, Ba and Pb in

leachates obtained using rain water, de-ionised water and acidic de-ionised water with

pH=2 as leachants. Concentrations are expressed in pglL".
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Cumulative concentrations (CC)

Generally, CC of the four elements were significantly higher in pH(28) leachates than in
ion(28) and rain(28) leachates. The differences in Cr and Zn CC were approximately
10ugL" and 5000ugL' between pH(28) leachate and ion(28) and rain(28) leachates.
Concentrations of Cr and Zn were similar in ion(28) and rain(28)) leachates, whereas
Ba and Pb concentrations were slightly different in the same leachates. 3a and Pb
concentrations were approximately 200 and 50ugL' higher in rain(28) leachates
compared with ion(28) leachates. Whilst Ba and Pb concentrations were approximately
200 and 100xgL" lower in rain(28) leachates than in pH(28) leachate.
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¢ Relative concentrations (RC)

Trends of RC of Cr, Zn, Ba and Pb were similar for rain(28) and ion(28) leachates.
However, these trends were different than those for pH(28) leachates. For rain(28) and
ion(28) leachates, RC of Cr and Zn were similar whereas RC of Ba and Pb showed a
slight increase throughout the duration of the test. For RC pH(28) leachates, the RC of
Cr and Pb exhibited a notable increase during the first 24 hours. From 24 hours to
three days they decreased drastically. After that they remained constant until the end of
the test. RC of Zn showed that considerable increase in concentration at 6 hours and
they kept almost constant for the rest of the leaching period.

8.3.2.4 Series L4

Figure 8.11 show the cumulative and relative concentrations of Mn, Ni, Cu, Ba and Pb
in leachates from three mixes with different MSWI-BA replacement. The three different
mixes were; a mix contained 15% and 50% of MSWI-BA as partial replacement of
cement and sand respectively (Cgss-Sso%); second mix contained 50% of MSWI-BA as
a partial replacement of sand (Ci00%-Ss0%) and the third mix consisted of the reference
mix that contained with 100% of cement and sand (Cioo%-S100%). All mixes were cured
for 28 days before the leaching test started.

¢ Cumulative concentrations (CC)

Generally, CC of Mn, Ba and Pb were the highest in leachates for Cgsy-Ssos
specimens, followed by leachates from Cyq5-Ss0%, Specimens. The Leachates obtained
from the reference mix, Cioo%-S100%, €Xhibited the lowest concentrations of Mn, Ba, and
Pb. These results indicated that the replacement of cement and sand with MSWI-BA
caused an increase in leachability of Mn, Ba, and Pb. Ni CC were similar in Cgss-Sso2
and Cio0%-Ssov leachates. This indicated that the major part of leached Ni was from the
aggregates as a result of replacing sand with MSWI-BA. The CC of Cu in Cio0%-Sso%
and Cyp0%-S100% leachates were similar and lower than in Cgse-Sso, leachates. This
indicated that most of the Cu leached was from replacir.,g the cement with MSWI-BA.

¢ Relative concentrations (RC)

Leachates from Cgse,-Ssos, @nd Cyooe-Ssos Showed similar trend in RC of Mn, Ni, Ba and
Pb. RC of Mn, Ni, and Pb exhibited an increase from 6h to 24h and an important
decrease from 24h to 72h. After 72h, they remained almost constant until the end of
the test. RC of Ba exhibited a significant increase between 6h and 24h and then they
remained constant. In Cyg09,-S100% l€achates, RC of Mn, Ba and Pb did not exhibit a
significant change during the duration of the test. The trend in RC of Ni was similar to
shown in Cgse,-Ssoe, and Coos-Ssoe, l€achates.
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Figure 8.11. Cumulative and relative concentrations of Mn, Ni, Cu, Ba and Pb in leachates
for mortar containing various MSWI-BA replacements (series L4)

Figure 8.12 shows cumulative and relative concentrations of B, Cr and Zn in leachates
for experimental series L4.

Cumulative and relative concentrations of these elements did not exhibit a common
behaviour. It was not shown clearly which of the three mixes either facilitated or
impeded the leachability of these elements. For example, CC of B and Zn were quite
similar in Cgse,-Ss0s, and Ciooe.-S100% leachates whilst they were different to the CC in
Ci00%-Ssoe, leachates. This difference in CC between leachates was not explained.
Controversially, mixes containing MSWI-BA as replacement cement and raplacement
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of cement and sand seemed to impede the dissolution of Cr. Leachates for Cgse,-Sso

and C1o0%-Sso0% specimens exhibited slightly smaller CC of Cr than those for Co0%-S100%
specimens.

In general RC of the three elements indicated that these elements were mainly leached

out during the first 24 hours since test started. After 24 hours the RC did not show a
significant change.
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Figure 8.12. Cumulative and relative concentrations of B, Cr and Zn in leachates for
mortar containing various MSWI-BA replacements (series L4)

Table 8.12 provides the concentrations of Co, As, Se, Mo, Cd, Sn, and Hg, expressed
in pgL™, for leachates obtained in series L4. All the concentrations examined here,
except Co concentration for Cgsy-Ssos and Cigoe-Sseee leachates, were below 1ugL“.
These higher concentrations of Co in Cgsy-Sso%, and Cyoo%-Ssoe, leachates compared

with those in Cy00%-S100% Were attributed to the partial replacement of cement and sand
with MSWI-BA.
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Table 8.12. Concentrations of Co, As, Se, Mo, Cd, Sn, and Hg for the leaching series L4

Ca5%-Ss0% C100%-S100% C100%-S50%

coL? cc® coL cc CDL cc
Co 0.25 6.89 0.011 <1 0.002 3.28
As 0.86 <1 0.523 <1 0.450 <1
Se 0.52 <1 0.235 <1 0.210 <1
Mo 0.72 <1 0.080 <1 0.027 <1
Cd 0.65 <1 2.061 <1 0.121 <1
Sn 0.53 <1 2.075 <1 0.900 <1
Hg 0.30 <1 0.242 <1 0.319 <1

2 Concentration in the limit of detection
® Concentration in leachates
¢ Concentration below the concentration in the limit of detection

8.3.3 Concentrations of Chlorides and Sulfates

Sulfates and chlorides concentrations could not be measured for the leaching series
which included the addition of a few drops of HNOj; during the leaching test (e.g.
experimental series L1). The addition of acid during the test increased the
concentration of NOj3™ to such concentrations whose peaks were hidden the chlorides
and sulfates peaks in the chromatogram.

8.3.3.1 Series L2

Figure 8.13 shows cumulative and relative concentrations of chlorides and sulfates for
leaching series L2. Leachates were obtained from mortar specimens containing 15%
and 50% of MSWI-BA as replacement of cement and sand respectively and initially
cured for 28 and 90 days. Acidic de-ionised water (pH =2) was used as leachant.

e Cumulative concentrations

It is observed that pH(28) curing period exhibited higher leachability of chlorides than
the pH(90) curing period. Contrarily, leachates of pH(90) specimens gave higher CC of
sulfates than those for pH(28) specimens. That suggested that extended initial curing
tends to fix chlorides may be as a result of the formation of chloro-aluminate
compounds. However, the high release of sulfates for long initial curing (90 days) can
be attributed to the carbonation of ettringite in specimens.

o Relative concentrations

RC of chlorides showed different trend for both curing periods. Thus, pH(28) leachates
presented a significant decrease in concentrations of chlorides from 24h to 72h,
whereas in pH(90) leachates, the RC of chlorides exhibited a gradual increase in
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during the whole test period. The trend of RC of sulfates was similar for both curing
period with exception during the leaching period between 168h and 336h.

Cumulative Concentrations Relative Concentrations
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Figure 8.13. Cumulative and relative concentrations chlorides and sulfates in leachates
for mortar containing MSWI-BA leached out with and without addition of acid during the
test (series L2)

8.3.3.2 Series L3

Figure 8.14 shows cumulative and relative concentrations of chlorides and sulfates in
leachates for mortar containing MSWI-BA and initially cured for 28 days. Series L3
included the use of three types of leachants; rain water, deionised water and acidic de-
ionised waters (pH =2).

¢ Cumulative concentrations

Cumulative concentrations of chlorides were similar for pH(28) and Rain(28) leachates
and they were higher than in lon(28) leachates. At the end of leaching test, the
difference in CI" concentrations was 10mgL™ approximately between the different
leachates. CC of SO4* were significantly higher in pH(28) leachates than in Rain(28)
and lon(28). At the end of the test, SO,* concentrations were approximately 35mgL”
and 10mgL" for pH(28) and lon(28) leachates respectively. The concentrations of
sulfate in Rain(28) leachates were lower than 1mgL".

¢ Relative concentrations (RC)

For the three leachants of this experimental series, RC of chlorides showed similar
trend. RC showed an increase from 6h to 24h, followed by a significant decrease in
concentrations from 24h to 72h. After 72h, relative concentrations of chlorides
increased until the end of leaching test.
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Trend of RC of sulfates was different in pH(28) and lon(28) leachates. In pH(28)
leachates, RC of SO,* increased from 6h to 24h and then decreased significantly from
24h to 72h. After 72h, RC increased again until 168h and decreased from 168h to the
end of leaching test. In lon(28) leachates, RC of SO,* showed a continuous decrease

from 6h to 72h followed by a significant increase up to 168h and slight decrease until
the end of leaching test.
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8.3.3.3 Series L4

Figure 8.15 shows cumulative and relative concentrations of chlorides and sulfates in
leachates in leachates from three mixes with different MSWI-BA replacement. The
three different mixes were; a mix contained 15% and 50% of MSWI-BA as partial
replacement of cement and sand respectively (Cgsy,-Ssos); Second mix contained 50%
of MSWI-BA as relative replacement of sand (Co02%-Ss0%) and the third mix consisted of
the reference mix that contained with 100% of cement and sand (Cio9%-S100%). All
mixes were cured for 28 days before the test started.

e Cumulative concentrations

Leachates from specimens containing 15% and 50% of MSWI-BA as replacement of
cement and sand exhibited higher concentrations of CI"" and SO,* than those from
specimens containing 50% of MSWI-BA as replacement of sand, Cigoe%-Sso%. IN
addition, Cigo-Sso% Specimens gave higher release of CI'" and SO,* than the
reference mix specimens. These results indicated that mix containing MSWI-BA as
partial replacement of cement and sand released more chlorides and sulfates than the
mix containing MSWI-BA as partial replacement of sand and the control mix.
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¢ Relative concentrations (RC)

Trend of relative concentrations of ClI' in Cyoge-Ssoe, leachates was similar to that in
Case-Ssov leachates, which has been explained in previous series. RC of SO/
exhibited a continuous increase in concentration with leaching period in C;g0%-Sso% and

C1 00%-8100% leachates.

45 20 40 20

40 - (a) Chlorides 35 | (b) Sulphates

35 | +16 %0 | + 16
~ 30 - 7
5 - al 4o 254 ol o3
g 51 T 12§
E - 204 o g il e
= 20 - pl. S
3 B - 8 | =B 8 2
= 154 e X 477777 - ©
AR - N B ) e iV -C ©
2 100, AT 10 My M2 T
5 |/ &K T -4 + 4
O 5 5

0 .——0 O T T T T T T T 0

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Time (hours) Time (hours)

Figure 8.15. Cumulative and relative
Cumulative Concentrations

concentrations of chlorides and sulfates
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Relative Concentrations
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85% =50% for mortar containing various MSWI-BA

-0 Sgs%-Sso%  ~2-S100%-Ss0% O S100%-S100% replacements (series L4)

8.3.4 Effect of Initial Curing on Extraction of Elements

Table 8.13 summaries the effect of using different initial curing periods on the
leachability of mortar specimens containing 15% and 50 % of MSWI-BA as partial

replacement of cement and sand respectively.

Extractions of K, Na, Mo, As, Hg, Ni and CI' from mortar specimens cured for different
initial periods were clearly higher as initial curing period decreased (i.e. 1 day) whereas
Si, Al, Mg, Co, Cu, Zn, Pb and SO, concentrations were high in leachates from
specimens with initial curing of 90 days. Contrarily, initial curing of specimens did not
have significant influence on extractions of Ca, Fe, Cr, Cd, Mn, Ba, Mg, Se, Sn and B.

The higher concentrations of Si, Al, Mg, Co, Cu, Zn, Pb and S0.% in leachates from
specimens cured for 90 days compared with those curad for 1 day were not expected.
This may correspond to the lower sulfate resistance observed for specimens cured
initially for 90 days compared with those cured for 2 days (Chapter 7). The increase in
leachability of Al and SO, may be attributed the higher carbonation of ettringite of
specimens cured initially for 90 days. Carbonation of ettringite provokes the release of
Al and SO.>. The release of Si, Mg, Co, Cu, Zn and Pb may be associated with
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destabilisation of ettringite and/or C-S-H, where these elements could be adhered, as

consequence of the decrease in pH caused by carbonation and loss of CH.

The possible formation of a carbonated layer in specimens cured for 1 days and the
lack of this layer in those cured for 90 days may also justify the difference in leaching.
Osborne (13) found for Portland and blast-furnace slag cement concrete that a period
of air storage before immersion in sulfate solutions is beneficial to sulfate resistance.
Even one day concrete specimens placed in sulfate solution after a few hours exposure
to air, showed better resistance to attack than specimens water-cured for up to 28
days. This beneficial effect is thought to be primarily due to the formation of a

carbonated outer layer leading to blocking of the pores and refinement of the pore

structure.
Table 8.13. Effect of initial curing on leachates concentrations
Element/s Leachability order Effect of Initial Curing
Ca, Fe, Cr, Cd, Mn, Ba 90days=1day No effect
Si, Al, Mg, Co, Cu, Zn, Pb 90days>1day CC' increase as increase curing
Mg, Se, Sn 90dasyz=1day CC slight increase as increase curing
K, Na, Mo, As, Hg, Ni 1day>90day CC increase as decrease curing
B 1day=90days CC slight increase as decrease curing
cr 28days>90days CC increase as decrease curing
S04 90days>28days CC increase as increase curing

! CC concentration

8.3.5 Effect of pH Leachant on Extraction of Elements

Table 8.14 summarises the Influence of leachant pH on leachability of elements
examined.

The leachate concentrations for most elements examined (Ca, Si, Mg, Fe, B, Cr, Co,
Mn, Ba, Ni, Cu, Zn, Pb, Al, Cd, Se, Mo, Sn, As and Hg) were appreciably dependent on
the leachant pH or the pH during the leaching period as it was expected. The
concentrations of these elements were higher as pH decreased. In particular
concentrations of Al, Cd, Se, Mo, Sn, As and Hg in leachates increased significantly at
pH ranging from 2 to 4 (low pH range), whereas concentrations of Ca, Si, Mg, Fe, B,
Cr, Co, Mn, Ba, Ni, Cu, Zn and Pb increased significantly at any small variation of pH
including pH ranges varying from 2 to 10. These suggested that the first group of
elements were in such forms of which were only soluble at low pH, whereas the second
group of elements did not need low pH to pass to the leachates. Each element of both
groups can be in extensive number of chemical species combined with other elements
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presented in the cement-based systems. To suggest the most common chemical forms

of each element based only on its solubility at different pH ranges is not possible.

Na and K exhibited similar leaching behaviour under different pH ranges. Thus, their
extractions were higher at pH ranging from 4-7 than pH ranges of 2-4 or 7-12
(leachants consisted of de-ionised water or rain water). The pH did not have any effect
on the SO,% and CI' concentrations.

Table 8.14. Effect of pH on leachates concentrations

Elements PH effect

Ca, Si, Mg, Fe, B, Cr, Co, Mn, Significant increase in leaching as pH
Ba, Ni, Cu, Zn, Pb decrease at all pH ranges examined’

Significant increase in leaching as pH
Al, Cd, Se, Mo, Sn, As, Hg 2
decrease at low pH range

KN Slight increase in leaching as pH
, Na
decrease at high pH ranges

CI, S0 No clear influence

1 All pH range included the pH ranges used in leaching series 2 and 3.

2 Low pH range represents the pH of leachants used in leaching series L2 (i.e. acidic de-ionised
water and acid de-ionised water with addition of acid to keep the pH between 2 and 4.

3 High pH range represents the pH of leachants used in leaching series L3 (i.e. de-ionised
water, rain water and acidic de-ionised without addition of acid).

8.3.6 Effect of type of MSWI-BA Replacement on Extraction of Elements

Table 8.15 summarises the effect of replacing cement and sand with MSWI-BA on
leachate concentrations for the different elements examined.

Table 8.15. Effect of type of MSWI-BA replacement on leachates concentrations

Element/s Leachability Order
Ca, C100%-S100%>Ce5%-S50%>C100%-S50%
Si, C100%-S100%=C100%-S50%>Ces%-Ss0%
Al, Mg, Fe, K, Na, Mn, Ba, Cés5%-S50%>C100%-S50%>C100%-S100%
Pb, Co, CI', SO4*
Ni Cas%-S50%=C100%-S50%>C100%-S100%
Cu Ces%-S50%>C100%-S50%=C100%-S100%
Cr C100%-5100%>C 100%-S50%=Ca5%-Ss0%
B, Zn, No clear influence
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Replacing 15% cement with MSWI-BA (&<212um) and 50% sand with MSWI-BA
(212um<@<2.36mm) caused a regular increase in the leachate concentrations for Al,
Mg, Fe, K, Na, Mn, Ba, Pb, Co, SO, and CI' compared with the concentrations
observed in leachates from specimens made with 100% cement and class M sand, the
reference mix. Replacing sand with 50% of MSWI-BA regardless of replacing cement
effect, increased the Ni concentrations compared the reference mix leachates.
Replacing cement with 15% of MSWI-BA regardless of replacing sand effect, increased

the Cu concentrations compared the reference mix leachates.

In addition, replacing cement with MSWI-BA reduced leachate concentrations for Ca
and Si compared with leachates from the reference mix specimens. Concentration of
Cr was lower in leachates from specimens containing MSWI-BA than those for the

reference mix.

8.3.7 Comparison of Leaching Behaviour between Unbound and Bound
MSWI-BA

The efficiency of cement-based systems to immobilise elements from the fractions of
MSWI-BA examined (J<212um and 212um<@<2.36mm) is evaluated here. In Chapter
5 was shown the concentrations in leachates from unbound fractions of MSW-BA
@<212um and 212um<J<2.36mm that were leached out separately using NEN 7341
test method. In Chapter 8 is presented the concentrations in leachates from mortar
specimens that contained different replacement of MSWI-BA. Mortars examined had
different constituents. One mix contained 15% and 50% of MSWI-BA (&J<212uym and
212um<Z<2.36mm) as partial replacement of cement and sand respectively,
symbolised Cgse,-Sso%. Other mix contained 50% of MSWI-BA (212um<@<2.36mm) as
partial replacement of sand mix, Cigo%-Sso%. The third mix consisted of the reference
miX, Sio0%-S100%- A broad estimate of the extracted amounts of some elements from
each of the bound fractions of MSWI-BA has been made by subtracting the extraction

amounts from the specimens of the reference mix.

Table 8.16 shows the extractions of some elements per kg of MSWI-BA from the
unbound and bound fractions MSWI-BA with 212ym<@<2.36mm and @<212um.

In general, it was found that the leachability of the fraction of MSWI-BA
(212um<<2.36mm) used as partial replacement of sand was significantly reduced
when it was bound. The leachability of fraction of MSWI-BA used as a partial
replacement of cement was also reduced, but less than the leachability of the coarse
fraction. This high reduction of leachability of bound MSWI-BA suggests that the use of
the both fractions examined as construction materials can be possible without causing
any risk to the environment.
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Table 8.16. Comparison of leachability between unbound and bound MS\WI-BA

Concentration in Leachate

(mg/kg MSWI-BA) Unbouncflbound
Elements Unbound : Bound ratie
Coarse'  Fine? Coarse  Fine Coarse  Fine
Al 8996 65478 29.95 189 300 347
Mg 3710 2697 7.86 120 472 22
K 2521 2597 189 2249 13 1
Na 3814 3631 356 2480 11 1.5
Fe 6843 589 3.09 25.68 2213 23
Mn 179 213 0.56 4.46 321 48
Co 6.10 7.00 0.03 0.32 209 22
Ni 22.63 23.65 0.05 0.15 481 162
Cu 255 679 1.81 35.80 141 19
Zn 1538 1270 1717 - 90 -
Ba 83.40 139.43 1.21 19.44 69 7
Pb 278 919 1.22 9.90 228 93

1-Coarse fraction of MSWI-BA 212pm<@<2.36mm
2-Fine fraction of MSWI-BA @<212pum

Concentrations of As, Se, Mo Cd and Sn in leachates from specimens containing
MSWI-BA either as partial replacement of sand or cement and sand were below 1ug/l.
This indicated that when MSWI-BA was bound in cement-based systems the
leachability of these elements was very low and similar to detection Ilimit
concentrations. In addition, concentrations of Ca, Si, B and Cr in leachates from
specimens containing MSWI-BA either as partial replacement of sand or cement and
sand were lower than those for the reference mix. This suggested that the cement-
based systems containing MSWI-BA immobilised better Ca, Si, B and Cr than the
reference systems made with cement and natural aggregates. The lower leaching
release of Ca in mortars made with MSWI-BA compared with the reference specimen
may indicate the consumption of Ca from the hydration of cement to form C-S-H (

pozzolanic reaction).
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8.4 CONCLUSIONS

This chapter has evaluated the leaching behaviour of mortar specimens considering
two aspects; firstly, leachability of mortar containing 15% of MSWI-BA as a partial
replacement of cement and 50% of MSWI-BA as a partial replacement of sand has
been investigated under various experimental leaching parameters such as different
initial curing periods; pH and various leachants. Secondly, the influence of replacing
cement or sand or both on the leachability has been examined. Leachability has been
evaluated by determining the concentrations of Ca, Si, Mg, Fe, Na, K, B, Cr, Co, Mn,
Ba, Ni, Cu, Zn, Pb, Al, Cd, Se, Mo, Sn, As, Hg, and CI' and SO, in leachates.

The effect of initial curing period on leachate concentrations was not the same for all

the elements examined. The four different trends observed are as follows:

e Higher leachability at short initial curing periods (K, Na, As, Mo, Hg, Ni and CI’)

o Higher leachability at long initial curing periods (Si, Al, Mg, Co, Cu, Zn, Pb and
S0/)

e |Initial curing period did not have any effect on leachability (Ca, Fe, Cr, Mn, Ba and
Cd)

e Initial curing period did not have a significant influence on leachability (Mg, Se, Sn,
and B)

These differences in leaching behaviour for the elements examined may be attributed
to the formation of distinct phases for each element along the curing periods.

In general as it was expected the leachate concentrations for most elements examined
(Ca, Si, Mg, Fe, B, Cr, Co, Mn, Ba, Ni, Cu, Zn, Pb, Al, Cd, Se, Mo, Sn, As and Hg)
were appreciably dependent on the leachant pH or the pH during leaching. On the
other hand, pH did not have any effect on the SO,* and Cl" concentrations.

Leachate concentrations from mortar specimens containing 15% and 50% of cement
and sand with MSWI-BA caused an increase in concentrations for Al, Mg, Fe, K and Na
compared with those the reference mix specimens. However, concentration of Ca, Si
and Cr were higher in leachates from specimens containing 100% cement and class M
sand than for those containing MSWI-BA as patrtial replacement of cement and sand.

Finally, the comparison of leaching behaviour of the bound and unbound fraction of
MSWI-BA examined has indicated the high efficiency of cement-based systems to
immobilise elements such as Co, Ni and Pb and also suggested that the use of both
fractions as construction materials is possible from the environmental view point.
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CHAPTER 9: CONCLUSIONS, LIMITATIONS AND
FUTURE RECOMMENDATIONS




9.1 CONCLUSIONS

This research programme has investigated the physical, mechanical, sulfate resistance
properties and leaching behaviour of MSWI-BA with particle size diameter below
2.36mm to find its potential uses in construction. This fraction of MSWI-BA is currently
rejected for further uses due to its poor engineering properties and, therefore, it is
disposed of in landfill sites.

MSWI-BA fraction with @<2.36mm was divided into two fractions, fine (&<212um) and
coarse (212um<@<2.36mm) fractions, which have been used as partial replacement of
cement and sand respectively. The selection of these fractions was based on the
higher compressive strengths compared to other fractions when they were contained in
mortars. Mortars containing 25% of fine fraction of MSWI-BA showed slightly higher
strength than mortar containing inert silica at the same cement replacement level. This
suggested a possible pozzolanic activity of the fine fraction of MSWI-BA. Other
properties particularly compaction have a significant positive effect on strength of
systems containing waste or recovered materials. Moreover, the compressive strength
of mixes containing 25% or 50% of the coarse fraction of MSWI-BA as a partial
replacement of sand were similar or exceeded those of the reference mix.

¢ Physical and chemical properties of unbound MSWI-BA

The examination of particle and bulk densities, particle size distribution, pH, inorganic
composition and LOI of the fine and coarse fractions of MSWI-BA has shown that:

1. The fine fraction exhibited lower particle and bulk densities and higher Cl and SO;
contents than cement. However, the content of the main elements (i.e. Si, Ca, Al),
which are involved in the formation of calcium silicate hydrates, are similar to those
for slag and fly ash.

2. The properties of the coarse fraction indicated that this fraction can be used as
aggregate, however its content of SiO, and CaO were lower and higher
respectively than those for class M sand. This fraction also exhibited lower particle
and bulk densities than Class M sand.

¢ Leaching behaviour of unbound fine and coarse fractions
Concentrations in leachates from the unbound fractions were determined using NEN
7341 procedure (2 stages, first pH=7 and second pH=4, duration 3 hours each) and

TCLP (initial pH=2.88, duration 24 hours) procedure. The analysis oi leachate
concentration indicated:

3. For both fractions of MSWI-BA, three groups of elements were found in descending
concentrations. The first group contained major elements which involved Ca, Si,
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Na, K, Al, Fe, Mg and Zn; the second group contained minor elements (i.e. Pb, Cu,
Mn and Ba); the third group contained trace elements (i.e. B, Ni, Cd, Co, Cr, Mo,
Se, As, Sn and Hg). The concentration of each element was dependent upon the
MSWI-BA fraction examined and the leaching procedures carried out.

Fine fraction of MSWI-BA exhibited higher concentrations of Ca, Cr, and As than
the coarse fraction, whereas the coarse fraction had higher concentrations of Si, Al
and Fe. Concentrations of Mg, Mn, Ni, Cd, Co, Sn and Mo did not differ
substantially between both fractions. Concentrations of Na, K, Zn, Cu, Ba, B, Se
and Hg did not show a clear trend in both fractions. They were dependant upon the
leaching procedure carried out.

. Concentrations of most elements in leachates, obtained using the NEN 7341
procedure, exhibited higher concentrations than those using TCLP, regardless of
the MSWI-BA fraction examined. The difference in concentrations between both
leaching procedures was high for Si, Fe, Mn, Ba, Pb, Co, Ni, Cu, Zn and Al. This
suggested that these elements dissolved as cationic forms, which are more soluble
in acid conditions and strongly pH dependant.

. Examination of the concentrations in leachates obtained at pH=7 or pH=4 stage of
the NEN 7341 leaching procedure indicated that the extractions of Si, Mg, Al, Fe,
Mn, Cu, Zn Pb Cr, Ni, As, Se, Cd was dependant upon the fraction of MSWI-BA
examined. This can be attributed to the difference in particle size, element content
and phases associated with these elements between both fractions. In contrast,
Ca, Na, K, Ba, B, Co, Mo, Sn and Hg exhibited similar pH effect in both.

. Grinding both fractions of MSWI-BA to the same particle size increased their
leachability significantly.

. Concentrations of Ni, Cu, Zn, Cd and Pb in leachates from the ground fraction,
which had initially a particle size with J<2.36mm, exceeded slightly the tolerable
limits for soils or mineral waste used within the European Union. This suggested

that stabilisation with cementitious materials is possible when disposed of in landfill
sites.

¢ Mechanical, physical and sulfate resistance of mortar containing MSWI-
BA

The evaluation of replacing cement and sand on mechanical, physical and sulfate

resistance properties of mortars containing various replacement levels of the fine and
coarse fractions of MSWI-BA has found that:

9. There was a higher reduction in compressive strength when 50% of sand was

replaced compared to a 25 % replacement level at the same cement replacement
levels.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The saturated density decreased as cement and sand replacement levels

increased.

The drying shrinkage increased as cement replacement levels increased. The
increase in sand replacement level from 25% to 50% has less influence than the

increase in cement replacement level.

Flexural and equivalent cube strengths decreased as cement replacement levels
increased. However, there was a small difference in flexural and equivalent cube

strengths as a result of using either 25% or 50% sand replacement level.

Total pore volume (TPV) increased as cement and sand replacement levels
increased. However, the TPV of the mix containing 15% of the fine fraction was
similar to the reference mix. The TPV of all the mixes examined decreased as
curing period increased as expected.

The percentage of small pores (ZJp<0.1um) was lower for mixes containing MSWI-
BA as partial replacement of cement or sand compared to the reference mix
percentage. This suggested that there was not a refinement of the small pores as a
result of later formation of calcium silicate hydrates.

Sulfate resistance decreased significantly as cement replacement levels increased
from 30% to 50%. However, replacing cement with 15% of fine fraction caused a
slight reduction in sulfate attack compared to that of the reference mix.

The appearance of specimens containing 25% and 50% of the coarse fraction as a
partial replacement of sand indicated a higher degree of sulfate attack compared
with the reference mix specimens. However, changes in length and strength of
these specimens were similar to those of the reference mix. Specimens containing
50% of MSWI-BA as a partial replacement of sand showed slightly higher degree of
attack than those containing 25% replacement levels.

Replacing cement and sand with MSWI-BA generally increased the degree of
sulfate attack as replacement levels increased. However, there are some
exceptions. Sulfate resistance of specimens containing 15% of the fine fraction as a
partial replacement of cement and either 25% or 50% of the coarse fraction as a
partial replacement of sand was similar to that for specimens containing 100%
cement in the binders and 25% or 50% sand replacement level.

Specimens immersed in MgSQ, solution showed higher deterioration than those in
Na,SO, solution regardless of the different initial curing periods examined.

Deterioration of specimens exposed to either Na,SO, or MgSQ, solution increased
as initial curing period increased. This was not expected. However, further
examination of the leaching behaviour for the same mixes indicated the same
trend. This may be attributed to the formation of ettringite at the early plastic stage,
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20.

which can be accommodated without disrupting the structure. Possible ettringite
carbonation of specimens cured for 90 days may also decrease the sulfate
resistance compared with specimens cured for short periods. A possible formation
of a carbonation layer at the early hydration stage can produce an outer layer that
impedes the flow of aggressive solutions (i.e. acidic leachants or sulfate solutions)
through mortar specimens.

C;sA content of cement had a different influence on sulfate resistance depending on
the type of exposure used. In MgSO, immersion, specimens made with cement
with low (7.1) and high (11.2) CsA contents exhibited similar deterioration rate and
degree of attack. This indicated that in MgSQO, exposure, in addition to the attack on
CsA hydrated products (C-A-H), where ettringite was formed, other hydrated
products involved (i.e. C-S-H) could cause higher deterioration than the formation
of ettringite. This was attributed to the formation of gypsum as a result of reaction of
C-S-H with MgSO, from the solution. However, in Na,SO, solution, specimens
made with high C;A cement showed higher deterioration rate and sulfate attack
than those made with low C3zA cement. This difference in sulfate attacks can be
attributed to high ettringite formation when high C;A cement was used.

¢ The leaching behaviour of mortar containing MSWI-BA

The effects of the specimen initial curing period, pH during the test and the type of

leachant, on the concentrations in leachates from mortar specimens containing 15%

and 50% of MSWI-BA as partial replacement of cement and sand respectively were as

follows:

21.

22.

23.

The effect of initial curing period on extractions obtained was not the same for all
the elements examined. The difference in leaching behaviour depending on the
initial curing period of specimens may be attributed to the formation of different
phases for each element examined throughout the curing of samples.

Most elements examined (i.e. Ca, Si, Mg, Fe, B, Cr, Co, Mn, Ba, Ni, Cu, Zn, Pb, Al,
Cd, Se, Mo, Sn, As and Hg) were appreciably dependant upon the pH of the
leachants or the pH during leaching. In contrast, the pH did not have any influence
on the SO4* and CI" concentrations.

Concentrations of Al, Mg, Fe, K and Na were higher in leachates from mortar
specimens containing 15% and 50% of the fine and coarse fractions of MSWI-BA
as replacement of cement and sand than those from the reference specimens.
However, concentration of Ca, Si and Cr were higher in leachates from specimens
of the reference mix than for those containing MSWI-BA as partial replacement of

cement and sand.
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24. The comparison of leaching behaviour of the bound and unbound fractions of

MSWI-BA with @<212um and 212um<@<2.36mm indicated the high efficiency of
the cement-based system to immobilise elements (i.e. Co, Ni and Pb) of both
fractions of MSWI-BA examined especially for the coarse fraction. Hence, the use
of MSWI-BA with @<212um and 212um<@<2.36mm as construction materials

does not, under the conditions investigated , pose any risk to the environment.

9.2 LIMITATIONS

The limitations of the research programme are the follows:

1.

The majority of the findings from this investigation, especially those related to the
utilisation of the fine fractions of MSWI-BA (&<212um) as a partial replacement of
cement, could not be compared with other results because of the lack of published
work in this area. However, attempts have been made to compare this fraction with
cement and well-know wastes (i.e. slag and fly ash).

High fineness and low particle size diameters of pozzolanic materials increase the
pozzolanic reactivity. However, the fine fraction of MSWI-BA used in this

investigation was coarser than the mean particle diameters of other cementitious or
pozzolanic materials (i.e. 35-75um).

The use of other tests including X-Ray diffraction and/or scanning electron

microscopy analysis would have resulted in better interpretations of data in this
research programme.

The pH of the leachates during the tank leaching procedure was only recorded
each time the leachant was removed. However, continuous monitoring of the pH

throughout the test will contribute towards the explanations of the concentrations in
leachates.

Porosity and pore size distribution of mortar was measured using intrusion
porosimetry which has certain limitations. The intrusion of mercury under pressure
can damage the pore structure of mortar samples and therefore the pore size

distribution may be affected. However, the total pore volume should not be
affected.

Attempts have been made to compare leaching behaviour of bound and unbound

MSWI-BA. However, these comparisons were based on two different leaching
procedures.

There is a great variation in the chemical and physical properties of MSWI-BA,
even for the same incineration facility. During the current research the MSWI-BA
was collected from the same incineration plant.
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8.

Carbonation of specimens exposed to sulfate solutions and leaching may affect the
sulfate resistance and leaching behaviour of mortar specimens. However, no
carbonation test was conducted to observe the possible relationship between these

parameters.

9.3 FUTURE RECOMMENDATIONS

There is a need to use MSWI-BA due to the large quantities generated and the scarcity

of landfill sites. The present investigation has shown that there is potential use of

MSWI-BA as a partial replacement of cement or sand to produce pre-cast concrete

units such as paviers, slabs and blocks. The recommendations for understanding the

MSWI-BA behaviour in cement-based systems and therefore enhancing its future use

are to:

1.

N o o &

One of the major factor that determine the potential use of MSWI-BA in cement and
concrete is its initial processing (combustion temperatures, combustions period,
quenching, storage) as this determines its phase composition. Future work using
MSWI-BA should consider to collect the MSW-BA before the quenching tank and to
improve the combustion (temperature and period) to enhance the MSWI-BA

properties.

Evaluate the improvement in strength of mortar and concrete as a consequence of
grinding the fraction of MSWI-BA when used as a partial replacement of cement.

Carry out X-Ray diffraction and scanning electron microscopy to facilitate the

interpretation of results on strength, leaching and sulfate resistance.

Monitor the pH continuously throughout the leaching test.

Carry out testing on MSWI-BA from different incineration facilities.

Conduct carbonation test to evaluate the effect on leaching and sulfate resistance.

Produce trial industrial concrete products containing MSWI-BA to compare
compliance criteria with existing concrete products.
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APPENDIX A

Fe Ni Cu
Mass 54 56 57 58 Mass 58 60 61 62 64 Mass 63 65
Abun. % 58 9172 22 0.28 Abun.% | 68.08 262 114 3.63 0.93 Abun.% | 69.17 30.83
Cr 2.37 Fe 0.28 ScO 0.20
Ni 68.10 Zn 48.6 TiO 729 553
ArO 0.06 9936 0.04 0.20 ArO 0.199 SS 1.42
KO 0.05 6.90 Cao 0.839 2.08 0.19 Ba+2 0.10
CaO 96.71 0.04 0.84 ScO 99.76 0.04 NiH 363 0.93
AlAl 100 TiO 7.98 73.64 CuH 0.01
SiSi 85.06 8.61 5.94 SiSi 594 0.1 ZnH 48.59
Pd 26.49 PP 100 NaAr 99.60
Cd+2 0.90 24.13 2873 7.50 SS 90.29 MgAr 9.96
Sn+2 097 065 1453 Cd+2 7.49 AlAr 0.34 0.06
CrH 9.50 Sn+2 1453 326 4.63 579 SiAr 0.02
MnH 99.98 0.02 FeH 2.21 MgCl 2.67
FeH 91.71 221 CoH 100 0.015 SiCl 59.88 24.69
NAr 99.24 NiH 0.01 2622 1.14
OAr 0.06 99.36 0.04 0.20 CuH 69.16 Ba
FAr 0.06 OAr 0.2 Mass 137 138
NeAr 0.31 0.09 NaAr 0.63 Abun.% | 11.23 717
FCI 7577 24.23 MgAr 027 034 0.09 7868 SnO 4.68
NeCl 0.21 28.93 0.07 SiAr 0.31 SbO 57.22 0.22
NaCl 75.77 NaCl 75.77 24.2 ZnZn 0.5 0.23
MgCl 7.58 27.48 2.42 BaH 7.85 11.28
B AICI 75.77 24.23 MoAr 9.51 24.04
Mass 10 11 SiCl 3.54 MoCl 2.33
Abun. % 19.9 8041 RhClI 75.77
BH 19.9 PbCl 0.77




Cr Mg Mn Co
Mass 50 52 53 54 Mass 24 25 26 Mass 55 Mass 59
Abun. % 434 8379 950 236 [|Abun.% | 78.99 10 110.1 | |Abun. % | 100 |[Abun.% 100
Fe 5.80 LiO 0.05 0.19 KO 93.04 KO 0.1
SO 439 0.03 BeO 99.76 0.03 Pd+2 11.73 Cao 1.14
ClOo 0.03 24.32 BO 19.85 Cd+2 12.49 SiSi 0.29
ArO 0.34 CC g97.81 218 0.01 CrH 2.36 Sn+2 24.23
MgMg 18.39 1.2 Ca+2 0.19 FeH 5.8 FeH 0.28
AlAl 100 Ti(+2) 73.8 5.4 NAr 0.37 NiH 68.07
Mo+2 9.63 V(+2) 0.25 FAr 0.34 Far 99.6
Pd+2 11.15 27.36 26.49 NaH 99.98 0.01 OCl 0.05 NaAr 0.34
Cd+2 125 0.89 MgH 78.98 10.01 MgCl 59.85
CrH 83.78 9.50
CAr 0.06 985 1.10 In As Al
BAr 19.82 Mass 113 115 Mass 75 Mass 27
NAr 0.34 0.06 99.24 ((Abun. % 4.3 95.7 Abun. % | 100 Abun. % | 100
OAr 0.34 0.06 Cd 12.22 CoO 99.76 BO 79.92
CCli 0.28 Sn 0.34 NiO 0.03 Fe+2 5.8
NCI 0.28 0.09 MoO 956 0.03 SeH 0.89 MgH 11.01
Ocl 0.03 24.32 FeFe 4.04 0.01 ClAr 75.48
FCl 75.77 CdH 2413 2873 KAr 0.31 Sc
SnH 0.97 0.65 ArCl 75.78 Mass 45
Rb AsH 0.06 99.6 CaCl 73.45 || Abun.% | 100
Mass 85 87 SeH 0.03 AlIO 0.2
Abun.% | 72.17 27.8 SeCl 20.29 4335 Sio 47
Zn0 0.01 Zn+27? | 51.45
RbO 0.01 CaH 2.09
ScAr 99.6 BCI 15.08
CaCl 0.05
CrCl 3.3 64.5




Se Mo

Mass 74 76 77 78 80 82 Mass 92 94 95 96 97 98 100
Abun.% | 0.84 936 7.63 23.78 49.61 8.73 Abun.%|14.84 925 1592 16.68 9.55 24.13 9.63
FeO 0.46 AsO 0.04

CoO 0.04 0.2 SeO 9.34 2375 0.02 4954 002 8.81 0.02
NiO 67.92 26.3 115 3.68 0.9 CrCr 0.19
CuO 0.26 0.01 Hg+2 0.15 2341
ZnO 48.48 27.93 MoH 9.25 15.92 16.68 9.55

cicl 5.87 CrAr |8345 2.36

ArAr 0.67 0.13 99.2 MnAr 96.6

KK 88.97 1255 045 FeAr 0.31 5.84 8135 22 0.28
CaCa 93.98 1.25 CoAr 0.34 0.06

AsAr 99.98 0.01 NiAr 0.23 0.13 67.83 26.12
SeH 936 7.63 ZnAr 0.16
SAr 4.1 0.02 MnCl |[24.23

ClAr 2413 FeCl 1.67 053 0.07

KAr 0.08 0.01 CoCl 75.77 24.23

CaAr 0.33 0.06 96.56 0.65 NiCl 36.36 0.86 9.11 0.28
ArCl 24.13 CuCl 52.41 40.12
KClI 7066 27.7 1.63

CacCl 23.98 0.1 0.03

ScCl 24.23




Sn Zn
Mass 112 114 1156 116 117 118 119 120 122 124 Mass 64 66 67 68 70
Abun.%| 097 065 034 1453 7.68 2423 859 3259 463 579 |[Abun.%| 486 279 41 188 0.6
Cd 2413 28.73 7.49 Ni 0.93
In 95.7 Ca0o 0.19
MoO |16.67 24.11 0.03 9.66 0.02 TiO 7364 554 0.01 0.011
Cdo 1256 0.89 CrO 4.335 836 25
FeFe |84.16 0.56 0.01 FeO 5.79
CoCo 100 SH 99.29 8 0.06 0.21
NiNi 46.35 35.7 155 11.82 3.18 0.62 cCicl 57.4
CdH 12.8 1222 28.73 7.49 Ba+2 0.1 242 7.85
InH 4.3 95.69 0.01 CuH 69.16 30.82
SnH 0.65 0.34 1453 7.68 2423 859 ZnH 279 44
SbH 57.35 42.63 MgAr |[76.68 10.97
AsAr 99.6 AlAr 99.6
SeAr 0.03 0.97 9.5 7.6 2375 49.42 8.69 SiAr 031 07 91.86 3.09
AsCl |24.23 PAr 0.34
SeCl 578 1.85 43.35 16.64 2.11 SAr 0.32 0.07
RbCI 54,68 38.58 6.74 AICI 24.23
SiCl 354 1.13 0.75
PCI 75.77 24.23
SCl 72 057 0.18
Cicl 57.41




APPENDIX B

The influence of using a contact angle of either 130°C or 141°C on the cumulative pore
volume (CPV) and relative pore volumes (RPV) were examined for four samples. These
samples consisted of mortar containing 15% of MSWI-BA (J<212um) as a partial
replacement of cement and 50% of MSWI-BA (212um<d<2.36mm) as a partial replacement
of sand. The mortar samples were obtained from the same batch and MIP analysis was
carried out at same curing period of 7 days. Figure 1 shows the CPV, expressed in mm?¥g,
and RPV, expressed in %, plotted against pore size distribution. For the four samples
examined, the CPV and RPV using a contact angle of either 130°C or of 141°C were similar.
For sample A and B, there was a slight difference in RPV when the contact angle was

different for pore diameters around 0.1 microns.

Pore Size (micron)

Pore Size (micron)

----141° CPV (mm?/g) ——130° CPV (mm?/g)
—141° RPV (%) ——130° RPV(%)
140 7.0 140 6.0
(a) Sample A \ (b) Sample B
120 120 4 ™ r 5.0
100 + 100 A
@ r 4.0 N
E 801 80 A S
E - 3.0 >
> 601 60 4
o 2.0
40 1 40 4
20 A 20 4 1.0
0 T 0 0.0
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00
160 7.0 160 9.0
(c) Sample C (d) Sample D
140 - 140 - T 8.0
1204 120 R [ 7.0
B 100 4 100 - N - 6.0 _
£ - 5.0 &
E 804 80 - >
n>- + 4.0 &
60 - 60 - S
© + 3.0
40 1 407 W T 20
20 \ 20 4 W 1.0
0 T T T 0.0 0 —— T T 0.0
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00

Figure 1. Influence of contact angle on cumulative and relative pore volume (CPV, RPV) for
(a) Sample A; (b) Sample B (c) Sample C and (d) Sample D



APPENDIX C

The effect of using either one or two pieces on CPV and TPV was evaluated. The total mass
of samples was kept approximately constant for each MIP analysis and the contact angle
was of 1412, Figure 2 shows the comparison of CPV and RPV between MIP analysis that
were carried out using one piece (e.g. sample A and B) or two pieces (e.g. sample C and D).
Results indicated that the samples containing 2 pieces (e.g. sample C and D) exhibited
approximately 20mm?®g more of CPV than samples containing one piece (sample A and B).
In addition, for a pore size of 100um approximately, samples containing 2 pieces gave higher
RPV compared with samples containing one piece. Whilst, for pore below 10um samples

containing one piece exhibited higher RPV than those samples containing two pieces.

----1 piece CPV (mm?%g) —— 2 pieces CPV (mm?/g)
——1 piece RPV (%) ——2 pieces RPV (%)
160 7.0 160 7.0
(a) Sample A L A (b) Sample B
140 4 Sample C 1 60140 1™ Sample D 1 6.0
120 - 50 120 - L 50
3100 100 1 -
T - 4.0 40 &
E 80 80 >
> + 30 - 30 &
c 60 60 -
20 T20 40 - 2.0
20 T10 20 N 10
0 : : : Y : . ' 0.0
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00
Pore Size (micron) Pore Size (micron)

Figure 2. Influence of number of pieces on cumulative and relative pore volumes (TPV and
RPV) at 7 days curing.



