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INTRODUCTION

1.1 Municipal solid waste management

Due to the high quantities of  refuse produced by the modern lifestyle, the management of  municipal 

solid waste (MSW) is becoming more and more crucial. MSW consists of  waste streams originating from 

households offi ces, public institutions, commerce etc. In Europe till 10 years ago, inhabitants produced on 

average 520 kg of  household waste per capita, a number even higher for the Netherlands, ranging around 

600 kg/cap in 2008 (Figure 1.1). Between 2006 and 2016, however, the generation of  household waste is 

reduced by 7% in Europe, together with an increase of  the amount of  recycled waste (+19%, Figure 1.1). 

In the same period, a different trend is observed in the Netherlands, where despite the reduction in waste 

generation (-15%), a lower amount of  recycled waste (-9%) is recorded compared to 2007, indicating the 

employment of  alternative approaches for the management of  MSW than recycling.

Figure 1.1:  
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Annual generation of  MSW and annual recycled MSW per capita in the last 25 years (Eurostat, 2019a). 

Recycled waste refers to the separate collection of  household waste, including paper, glass, plastic and metal.

Separate collection of  household waste (recycling of  MSW) represents the most advantageous option 

for obtaining high-quality waste, which can be easily reused for alternative purposes. In the last ten years 

(between 2006-2016) the rate of  recycling of  separate collection streams as glass, plastic or paper has 

increased in Europe. The main improvement has been achieved by plastic collection, increased from 24.4% 

to 42.4% (Eurostat, 2016), while paper recycling rose by around 10% (European Paper Recycling Council, 

2017). Minor differences are recorded for glass, although the recycling percentage is the highest among 

the materials (73% in 2006 and 74% in 2016)(FEVE, 2016). Despite the presence of  different collection 

streams, a mixed and general waste collection will always be present.  Therefore, besides recycling, the EU 

promotes other three main approaches for the management of  remaining MSW: composting, incineration 

and landfi lling (Eurostat, 2017). In Figure 1.2 an overview of  those methods and their utilisation is shown 

for Europe and the Netherlands. Among the approaches, the use of  Waste-to-Energy plants (WtE) for 

energy recovery via incineration, not only reduces the waste (Chimenos et al., 1999; Tang et al., 2016), but 
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sustainable energy is generated by producing steam from the incineration process, and hence electricity 

and heating for dwellings (Ghouleh and Shao, 2018; Saffarzadeh et al., 2011). To reduce the environmental 

impact of  those processes and promote green growth, the recycling of  the MSWI residues coming from 

incineration (e.g. bottom ash, fl y ash and air pollution control) is supported in the Netherlands through the 

“Green Deal” (Green Deal, 2019; Tang, 2017), which frames the use of  by-products such as MSWI bottom 

ash (BA) within specifi c applications (e.g. secondary building materials), by 2020.  
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Figure 1.2:  Waste management operation trends between 2004 and 2016 of  a) Europe and b) The Netherlands. The 

data concerns non-hazardous waste derived from the household waste collection (Eurostat, 2019b).

Based on the restrictions introduced, the use of  MSWI BA as IBC material will be prohibited (Green 

Deal, 2019), since in this case the by-products have to be isolated from the surrounding environment 

and regularly monitored for the leaching of  contaminants (Forteza et al., 2004; Izquierdo et al., 2008; 
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Todorovic, 2006). Due to the increasing concern about contaminants leaching into the environment, in 

2008 a standard was established, called the Soil Quality Decree, (2015), which still regulates the release of  

contaminants from building materials into the environment (SQD)(Soil Quality Decree, 2018). Defi ning 

stricter leaching thresholds, the SQD makes the application of  BA in the construction fi eld even a more 

signifi cant challenge (Tang et al., 2015).                              

1.2  Cement-based products

In modern times, concrete for construction purposes is the human-made material produced in the largest 

quantity. It is made by a cementitious binder (mostly Ordinary Portland Cement, PC) mixed with water, 

aggregates and various types of  admixtures, depending on the needed performance and types of  application. 

Concrete is made by a combination of  different raw materials including cement, aggregates and water. An 

overview of  the granular materials used in concrete production is given in Figure 1.3.  

Figure 1.3:  
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Size classes used for the denomination of  granular materials and concrete ingredients (Hüsken, 2010, 

Tang, 2017). 

Although aggregates cover ¾ of  the total concrete volume, the main component infl uencing the properties 

of  the concrete is the cement paste (Ramachandran, 1997). Cement is a hydraulic material mainly based on 

clinker, which starts as a mix of  silica, aluminium, calcium and ferric oxides. Clinker production takes place in 

a rotary kiln, heated to a temperature of  about 1350-1450 °C, where the calcareous ingredient (limestone or 

chalk), shales or clays and pyrites are mixed. Once cooled and ground, the clinker is composed of  four main 

phases: calcium silicates (C3S, name alite and C2S, named belite), calcium aluminate (C3A, aluminate) and a 

ferrite phase (C4AF, ferrite)(cement notation, page 198)(Taylor, 1997). These are then mixed with 4-5%wt 

of  sulphate-rich compounds (e.g. gypsum), which is used as a set retarder (Hewlett, 2004; Ramachandran, 

1997). In Europe, cement properties are regulated by EN 197-1, as far as composition, specifi cation and 

conformity criteria (EN 197-1, 2000). Due to the high temperature applied, the use of  carbonated material 

and the large amounts produced, cement is contributing as much as 8% to the global CO2 emission (Andrew, 

2017; IEA, 2016). In order to reverse this trend, the International Energy Agency (IEA) aims to replace the 

conventional sources of  fuel (e.g. oil and coal) with alternative ones (e.g. biomasses or waste), lowering the 

use of  conventional sources from 86% to 70% until 2030 (IEA, 2016).
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Additionally, one of  the main approaches for the reduction of  the cement environmental impact is the 

introduction of  an alternative cementitious constituent (Supplementary Cementitious Mateials, SCM). 

Initially, this approach involved the use of  fl y ashes (FA) from coal combustion power plant and ground 

granulated blast furnace slag (GBFS) from steel production. However, the decreasing availability of  these 

by-products due to the reduction of  coal power plants and the insuffi cient GBFS availability requires the 

exploration of  alternative materials (e.g. natural pozzolans and calcinated clay). Additionally, application 

of  alternative binders as calcium sulfoaluminate (Pimraksa and Chindaprasirt, 2017) and belite clinkers 

(Damtoft et al., 2008) or alkali-activated binders (Provis, 2014) are promoted in the last years. Therefore, the 

identifi cation of  alternative sources for the manufacturing of  cementitious binder can represent a valuable 

improvement in their environmental impact.

Even though the mineral binder gives the main properties of  concrete, the strength of  the aggregates 

used, and their adhesion to the paste plays an essential role in the performances of  the concrete (Neville, 

2002). Aggregates can be divided based on their particle size into a sand fraction (below 4 mm) and gravel 

fraction (larger than 4 mm)(Figure 1.3), and they represent up to 60-80% of  the concrete mix (Hüsken, 

2010). Depending on the desired performance of  the concrete, from ultra high-performance concrete 

to lightweight products (EN 13055, 2016), employed aggregates have different densities and strength. 

Aggregates can be natural (e.g. sandstone, dolomite or basalt, river sediments) or artifi cial, for instance, 

based on expanded clay (Hewlett, 2004). Their chemical and physical properties are regulated in Europe 

by EN 12620 (2013). The main concern in the use of  natural aggregates is the rapid depletion of  natural 

resources, the consequent improper land use for quarrying and the high percentage of  surplus material 

created during the material extraction (Scibilia, 2014). Therefore, the utilisation of  alternative resources 

should be promoted, together with the awareness that artifi cial manufacturing of  aggregates also needs to 

minimise their environmental impact.

An additonal use of  cement is related to the manufacture of  wood-cement composites, characterized by a 

low strength but high thermal properties. Since 1940, the Excelsior wood-wool, for wood-wool composite 

boards (WWCB) manufacture is commonly used in Europe and Asia (Simatupang and Geimer, 1992). 

WWCB are used as fi re resistant, sound absorbing walls and ceilings, but also as thermal insulation panels 

(Frybort et al., 2008). Although produced on a large scale, the composition and properties of  the WWCB 

are variable, having an apparent density in the range of  300-500 kg/cm3, a wood/cement ratio between 0.4-

0.6, and a fi nal fl exural strength lower than 10 MPa (Doudart de la Grée et al., 2013). The main component 

of  WWCB is wood, covering a volume of  35% of  the total board (Figure 1.4). Another 7% is covered 

by mineral binder, the compound that infl uences the most the environmental impact of  the fi nal product 

(Doudart de la Grée, 2018). Since low fl exural strength is needed for those type of  composites, the uses of  

alternative binder instead of  cement could be benefi cial to improve the total environmental impact, without 

affecting the properties of  the fi nal product. 
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Figure 1.4: Schematic representation of  the raw materials used in WWCB manufacture, in volume %. 

1.3 Research aims and objective

In recent years, alternative uses of  Municipal Solid Waste Incineration Bottom Ash (MSWI BA) have been 

often investigated, evaluating mainly the application of  the coarser BA fraction (4-32 mm). Its recycling is 

aided by the low content of  heavy metals and salts, together with the low particle porosity and surface area. 

An example of  this is Granova (fraction 2-12 mm) from Heros Sluiskill currently applied in pavements, 

road subbases and as sand and gravel replacement of  up to 50% wt. in concrete applications (Sluiskil, 2014). 

Contrary, the BA fraction below 4 mm has limited applications, due to the high contaminants content, 

low reactivity and high particle porosity. Therefore as far as this is concerned, this study has three main 

objectives:

1) Perform an in-depth characterisation of  the fi ne BA fraction from Heros Sluiskil, not only investigating 

physical properties in detail but also analysing the reactive and inert phases and their behaviour in an 

alkaline environment. This evaluation will provide a deeper understanding of  the infl uence of  the MSWI 

residues in the cement hydration and their leaching behaviour.

2) Provide innovative treatments for the application of  this fraction as a secondary building material, 

investigating  their infl uence on the properties of  the residues, but especially on the fi nal application 

performances, including mechanical strength and leaching behaviour.

3) Propose new applications in order to maximise the MSWI BA content in the fi nal products (e.g. pellets, 

wood-wool cement boards or cement/BA blended mixtures), without compromising the performance of  

the building material compared to the reference.

The author aims to fulfi l these objectives, while also limiting the environmental and economic impact of  

those treatments and applications, for example by minimising the treatment time or the use of  additives 

with a high environmental impact.
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1.4 Outline of  the thesis

The determination of  the best application for MSWI BA, as far as performances, costs and environmental 

impact is concerned, requires a multiple steps analysis. Starting from the full fi ne fraction provided by Heros 

Sluiskil (NL)(below 4 mm), a division in three main fractions is applied (BA-S, BA-M and BA-L, Figure 

1.5) in order to fi nd an optimal application according to its particle dimensions, avoiding additional milling. 

Moreover, an additional fi ne fraction (Filter Cake, FC, Figure 1.5), resulting from the washing treatment of  

BA aggregates, is also evaluated, due to the low contamination and different processing compared to BA-

S. Therefore the BA below 0.250 mm is evaluated in binder applications while the coarser fraction is used 

as a sand replacement. The thesis structure is presented in Figure 1.5, and the content of  each chapter is 

described in the following paragraphs.

Characterization of  the MSWI Bottom Ash

Chapter 2 introduces the MSW incineration process and describes the main treatments utilised in a Waste 

to Energy (WtE) plant. A description of  state of  the art concerning MSWI BA characterisation, laboratory 

scaled treatments and applications is provided, followed by a description of  the processing of  the BA used 

in this study. Thereafter, methodology and general characterisation of  the by-products used is provided, 

including physical and chemical properties as well as their environmental impact.

Treatments for the improvement of  Bottom Ash properties

Chapter 3 proposes a treatment for the washed fi ne fraction (Filter Cake, below 0.250 mm, Figure 1.5), aiming 

for the reduction of  particle size and enhancement of  the reactivity of  the residue. Mechanical activation 

(using a planetary ball mill) is applied for different durations, and its effect on the particle morphology is 

evaluated. Moreover, the physical properties of  the residue before and after treatment are compared, and its 

application as cement replacement evaluated (25% wt.), both mechanically and environmentally.

Chapter 4 investigates the impact of  hydrothermal treatment on the mechanical and leaching performances 

of  MSWI BA-L in cementitious products (replacement of  25% vol. of  sand). The optimal treatment 

duration is evaluated testing three autoclaving times, aiming to defi ne the minimum duration needed for the 

best fi nal product performances. During the analysis, the infl uence of  the reaction products formation on 

the mechanical and environmental performances is taken into account.

Chapter 5 evaluates the infl uence of  the impregnation treatment using sodium silicate solution (usually 

applied on recycled porous aggregates) on the BA-L fraction (Figure 1.5), used as fi ne aggregates in 

mortars. A methodology estimating the needed sodium silicate quantity is proposed, and three different 

amounts are used for the coating of  MSWI BA. After that, the physical properties of  treated BA-L are 

evaluated according to the sodium silicate content, and the infl uence of  the coating in the mechanical and 

environmental performances is addressed.
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Figure 1.5: 
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Chapter 4
Hydrothermal Treatment

Sand Replacement 25% vol. by BA-L

Chapter 5
Impregnation Treatment

Sand Replacement between 25% and 
100% vol. by coated BA-L

Chapter 3
Mechanical Activation

Cement Replacement 25% wt. by FC

 Chapter 6
SCM and MAC

Between 1% and 20% wt. FC 
as PC replacement

Chapter 7 
Manufacture of Pellets
BA-M + 10-50% wt. FC

 Chapter 8
WWCB composites

Between 5% and 50% wt. BA-S
 as PC replacement

 Schematization of  the outline of  this study.

Applications of  MSWI Bottom Ash

Chapter 6 studies the application of  Filter Cake (FC, Figure 1.5) as supplementary cementitious material 

(SCM) and minor additional constituent (MAC) for cementitious binders. FC is characterized chemically, 

determining its amorphous and crystalline phases and their content using PARC mapping and Riedvield 

analysis. After digestion in alkaline environment, FC is characterized again in order to determine reactive  

phases, particpating in the cement hydration. The infl uence of  FC on the physical properties of  unreacted 

cement is tested for different replacement levels (1-20% wt.). The effects of  FC on early hydration stages 

are addressed by mineralogical characterisation and a hydration kinetic study. Long term infl uence is 

analysed measuring the hydration degree of  the mixtures as well as their mechanical and environmental 

performances.

Chapter 7 evaluates the use of  MSWI BA-S in the manufacturing of  fi ne lightweight aggregates using 

pelletization (Figure 1.5). The BA content of  the pellets is maximised using an internal core (BA-M, 0.25-1 

mm, Figure 1.5) and an external binder layer of  PC mixed with FC, in different rates (10-30-50% wt.). In 

order to increase the immobilisation of  the contaminants, hydrothermal treatment is applied according to 

the conclusion given in Chapter 4. The physical properties of  the LWA are tested, and the infl uence of  

autoclaving in the hydration products formation is addressed. Finally, the mechanical performances of  the 

pellets are tested in mortars, and their environmental impact as granular material and as aggregate in cement 

mortars is defi ned.
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Chapter 8 applies BA-S as cement replacement in wood-wool cement boards (WWCB), evaluating if  the 

high porosity of  the by-products has a positive effect on the thermal performances of  the board. In Part 1,  

a model concerning the competitive water absorption of  wood-wool strands and mineral binder in wood-

cement composites is proposed. Here, the aim is to create a tool for estimating the fi nal water to binder 

ratio of  cement in the presence of  highly hygroscopic wood strands and binder. The water absorption 

behaviour of  spruce strands is measured empirically, and its location in the wood strands is validated using 

NMR. Thereafter, the behaviour of  wood sorption in the presence of  binder is explained and confi rmed 

using isothermal calorimetry and mechanical properties. In Part 2, after the characterisation of  the mixtures 

including BA-S and cement, the investigation of  the mechanical and thermal properties of  the blended 

mixtures is analysed in the absence of  wood. For the application in WWCB, the model presented in Part 1 

is used, calculating the optimal pre-soaking water according to the water demand of  the blended binders. 

Mechanical, thermal and environmental properties of  the composites are tested, evaluating the BA-S impact 

on those properties.

Chapter 9 summarises the fi ndings and conclusions of  this study and the recommendations for further 

research as a continuation of  this work.





MSWI Bottom Ash: Processing Techniques and 
Characterization of  the Original By-products 

 Chapter 2
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2.1 Introduction

Driven by the need to dispose of  the municipal household waste in alternative ways that do not involve 

landfi lling, waste to energy plants (WtE) were developed in the United States during the 1890s (Grillo, 

2013).  Figure 2.1 provides an overview of  the incineration process and the main incineration by-products 

generated, as well as the utilization of  energy accumulated during the process (Deltaway, 2019). The main 

advantages of  incineration are the more effi cient use of  space, especially in small countries such as The 

Netherlands, and the elimination of  groundwater contamination, caused by municipal solid waste (MSW) 

landfi lls (Keulen et al., 2016; Lam et al., 2010). On the other hand, not all processes related to WtE plants 

are environmentally positive: volatile heavy metals (mercury and arsenic), dioxins can be released into 

the atmosphere after incineration, compromising the air quality. Finally, not all the incineration output 

(especially bottom ash, BA) has a feasible application yet, and thus the waste life cycle is not considered 

closed. For this reason, the use of  WtE plants is so far an effective strategy, but not yet the solution for 

municipal waste disposal worldwide. However, the analysis of  BA physical and chemical properties can 

provide additional insights and favour the recycle of  BA as a secondary building material. 

2.2 Municipal solid waste processing in the incineration plant

The incineration of  household waste is characterized by various steps. Pre- and post-incineration processing 

of  the Municipal Solid Waste (MSW) is often applied in order to improve the quality of  the fi nal output. 

Treatments before incineration aim to homogenise the feed and reduce the organics, while post incineration 

processing intentd the increase of  the BA quality, e.g. via the removal of  ferrous and non-ferrous materials. 

Depending on the incineration plant, treatments such as ferrous and non-ferrous separation can also be 

applied before incineration. A general overview of  the BA treatments is given below. 

2.2.1  Pre-processing treatments of  Municipal Solid Waste

Trommel screening

Before incineration, the Municipal Solid Waste (MSW) is separated using a trommel screen or drum, a 

rotating tubular sieve which uses the balance between gravitational forces and angular momentum for 

separating MSW according to its size. The separation effectiveness is related to the inclination of  the 

rotating drum, the size of  the screen openings and the rotational speed of  the drum (Fitzgerald, 2013). 

Air separation/classifi cation

Air classifi cation is a separation process, which takes advantage of  the different densities of  particles in 

MSW. During the treatment, the MSW moves into an upward moving airstream, which blows the light 

particles (e.g. plastics, paper, aluminium cans) into a cyclone system, separating them from the heaviest 

particles (Fitzgerald, 2013). 
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Figure 2.1:  Graphical representation of  a Waste-to-Energy plant (Deltaway, 2019).

Mechanical-biological treatment

For reducing the leachates and landfi ll gas production, a combination of  mechanical and biological treatments 

is applied before incineration on MSW, aiming for the removal of  biologically degradable components. 

Biological treatments can involve the use of  either anaerobic or aerobic degradation (Fitzgerald, 2013; 

Moya et al., 2017).

Shredding and size reduction process

The shedding process aims to lower the particle size of  the MSW before incineration. This process has 

many benefi cial effects, such as the reduction of  MSW volume, improved combustion during incineration 

and higher homogeneity (Fitzgerald, 2013). Shredding takes place using two possible devices types: high-

speed low-torque hammermill shredders or low-speed high-torque shear cutters, and it achieves a particle 

reduction of  1/3 or 1/4 of  their original size.

2.2.2  Incineration process

The incineration process represents an essential step in waste management. It reduces the waste by around 

70% by mass and 90% by volume, limiting the space needed for landfi lling (Dhir et al., 2017). The quality 

of  the incineration residues is mainly dependent on the quality of  the feed and the characteristics of  the 

combustion process. Despite the different techniques used for the incineration, three main phases can be 

defi ned in this process: 
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Feeding

Depending on the feeding technology used, different incineration systems can be classifi ed as follow: 

• Mass-burn system: the waste introduced in the combustor has not been treated before incineration 

(Brereton, 1996). 

• Refuse-derived fuel (RDF) system: MSW is processed using various treatments, for improving its 

homogeneity and quality (Gori et al., 2011). 

Independent of  the system used for incineration, a charging hopper, made of  steel plates with a slope of  at 

least 45°, is used to load the feed in the furnace (Figure 2.1). The waste slides into the charging chute and 

then directly to the boiler (Fitzgerald, 2013). 

Combustion process

Among the methods applied to incinerate, continuous feeding has been preferred to large scale batch 

feeding (Makarichi et al., 2018), due to the larger amounts of  waste processed. Among the continuous 

feeding incinerators, the leading technologies used for the incineration process are:

• Moving grate

• Rotary klin 

• Fluidised bed incinerator

Because of  the high amount of  waste incinerated (50 ton/h) and low requirements for feedstock 

homogeneity (no prior sorting and shredding), the moving grate is the most used technique (Dhir et al., 

2017; Makarichi et al., 2018). Despite this, the acquisition and maintenance costs are higher than for the 

other two systems. In order to optimise the quality of  the output, different pre-processing steps have been 

integrated improving combustibility and emission control (Fitzgerald, 2013). 

According to the European legislation EU 2000/76/EC (2000), during the combustion process, the fl ue 

gas has to reach a temperature of  at least 850 °C for at least two seconds, in order to ensure the proper 

breakdown of  toxic organic substances. In the case of  hazardous waste, the incinerator temperature must 

increase up to 1100 °C, for the same time. In addition to bottom ash (BA), other residues are collected from 

the energy recovery system (fl ue gas) and air pollution control (APC)(fl y ash, FA)(Dhir et al., 2017).

Energy recovery

After the combustion of  MSW, the energy recovery from the fl ue gases takes place. Most of  the WtE 

plants transfer the heat coming from incineration using boilers (if  used for heating buildings) or a steam 
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turbine generator. Considering the energy needed for incineration, WtE plants can send 80% of  the energy 

recovered to the energy grid, using the remaining 20% for the incineration process itself  (Autret et al., 2007; 

Dhir et al., 2017). Additionally, after being cooled down, the hot water left from the steam generation is 

normally used for the heating of  dwellings (Figure 2.1) . 

Quenching

As for the MSWI bottom ash (BA) studied in this thesis, water quenching after incineration is a common 

step applied in most of  the WtE plants worldwide (Inkaew et al., 2016). The produced BA is cooled in a big 

water tank, reducing dust and separating not fully combusted materials (Dhir et al., 2017). The quenching 

process highly affects the fi nal properties of  the BA (Inkaew et al., 2015), as it modifi es the particle size, 

increasing the particle surface area and changes the mineral phases in the BA, due to the rapid cooling 

process (Alam et al., 2019a). 

Once hardened, the various clots of  melted municipal waste are crushed and ground to a particle size 

suitable for the required application (Dhir et al., 2017). Fractions larger than 50 mm are usually removed 

and processed separately for the removal of  ferrous and non-ferrous compounds. After processing the 

MSWI BA is crushed and sieved, to get a particle size suitable for its future application. In this study, it is 

crushed under maximum particle size of  32 mm. 

2.2.3  Post-processing treatments of  MSW Incineration residues 

Magnetic separation

After incineration, the application of  magnetic separation aims for the recovery of  ferrous materials from 

BA, using magnetic fi elds. Two main systems are used: the rotating drum magnet system and the suspended 

drum confi guration. In both cases, the unsorted ferreous feed passing over the drum remains attached to 

the magnet, while the non-ferrous material is discharged for further processing (Fitzgerald, 2013).

Eddy current separation

The burning of  aluminium foil and cans, generally used in households, often causes the transfer of  this 

pure metal to bottom ashes (Chandler et al., 1997b). The removal of  aluminium and other non-ferrous 

materials (e.g. copper and brass) takes place using eddy current separation, before or after the incineration 

of  MSW. This separation technique is based on the induced current in electrically conductive materials that 

generate a circular fl ow of  electrons in the material (eddy current) leading to the formation of  a magnetic 

fi eld. Via this process, the non-ferrous materials are separated from the rest of  the waste stream, due to the 

repulsive force created between them and the eddy current generator (Fitzgerald, 2013). 

Extraction and Recovery

This procedure is applied for removing heavy metals and unburnt organic contaminants, via washing the 
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MSWI BA. Despite being less profi table, the removal of  organics is performed because of  the consequent 

removal of  heavy metals (Hyks et al., 2009)(e.g. copper) associated with it (Dijkstra et al., 2002). The 

extraction process involves the use of  solvents for the precipitation, ion exchange and adsorption of  heavy 

metals, among which nitric acid, hydrochloric acid, ethanol, aqua regia (Dhir et al., 2017). The effectiveness 

of  the treatment depends on parameters such as liquid to solid ratio, solvent type, pH of  the ashes and 

heavy metals content (Nurmesniemi et al., 2008). 

Natural weathering and accelerated ageing

Due to the high organic content of  fresh MSWI BA, treatments aiming for the reduction of  organic matter are 

applied. Usually, the material is placed in stockpiles for a certain period, where biodegradation, carbonation 

and hydration reactions take place (Arickx et al., 2010, 2007; Baciocchi et al., 2010). Biodegradation can 

accelerate BA carbonation and therefore stabilisation of  contaminants within the fi rst four months. 

Carbonation of  the ashes results in the formation of  predominantly calcite (Freyssinet et al., 2002), which 

controls heavy metals mobility (Johnson and Furrer, 2002) and reduces the pH of  BA from 12 to around 

10 (Arickx et al., 2010). Finally, hydration reactions stabilise the BA, forming more steady mineral phases 

and incorporating some of  the contaminants present, improving the fi nal leaching behaviour (Baciocchi et 

al., 2010; Cornelis et al., 2008; Gori et al., 2011).

2.3 Municipal solid waste incineration bottom ash

MSWI BA is the most abundant residue from MSW incineration (Chandler et al., 1997c). This chapter will 

provide a general overview of  the quenched MSWI BA properties and contaminants, commonly applied 

treatments for the improvement of  the BA quality on a laboratory scale, and main applications in the 

construction fi eld. 

2.3.1 Bottom ash main phases composition

After incineration, MSWI BA is crushed and sieved in order to achieve the optimal paticle size needed for 

its futher application. In this study, the coarse fraction of  BA is defi ned by a particle size between 4-32 mm 

(CBA, Figure 2.2), while below 4 mm it is classifi ed as the fi ne fraction (FBA, Figure 2.2). In Table 2.1 are 

shown some of  the most relevant litteratures, about the MSWI BA characterization. After being processed, 

independently of  the fraction, MSWI BA is very heterogeneous. The quality and chemical composition 

of  BA highly depends on the initial quality of  MSW, which affects the mineralogy and fi nal heavy metals 

content. Therefore, a variation within the BA chemical composition will always be present, depending on 

the location and season it is produced (Dhir et al., 2017). However, some phases are commonly found 

in specifi c fractions, as it has been reported in the literature (Chimenos et al., 1999). The major elements 

present in BA are oxygen, silicon (located mainly in the coarse fraction), calcium (located mainly in the fi ne 

fraction), iron, aluminium, sodium and inorganic carbon (Chandler et al., 1997). Below an overview of  the 

major phases generally present in MSWI BA, characterised by the listed elements:
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• Glass (soda-lime glass) coming from domestic items such as bottles and glasses is accumulating in 

CBA. The amount of  glass differs depending on the presence of  a selective collection of  urban waste 

in the area where the waste is collected. 

• Synthetic ceramics derived from porcelain and clay-based materials (e.g. tiles and bricks) but also 

concrete concentrate in the CBA. On the other hand, some compounds like gypsum are only found in 

fractions below 1 mm due to their brittle nature.

• Paramagnetic metals usually have a particle size below 4 mm and originate from steel and iron 

pieces oxidised in the incineration furnace. Mineral phases such as magnetite (Fe3O4), hematite (Fe2O3) 

and wuestite (FeO) are characteristic of  BA fi ne fraction, too small to be removed by the magnetic 

separation process. 

• Minerals such as calcite, quartz and feldspars can have a natural origin because they are common in 

soil and rock, but they are also common components in ceramics or building materials as well as major 

weathering products in MSWI BA. 

• Diamagnetic metals such as aluminium and copper, tend to be concentrated in the fi nest fraction 

(below 1 mm). 

• Unburned organic matter  from the partial combustion of  paper, fabric, bone fragments, food 

residues is accumulating in the fraction lower than 16 mm (Chimenos et al., 1999). 

Table 2.1:  State of  the art of  the physical and chemical characterisation of  MSWI BA.

Publication Description of  the study

Forteza et al., 2004 Detailed investigation of  MSWI BA physical and chemical properties

Chimenos et al., 1999 Investigation of  phases and contaminants based on MSWI BA particle size 

Inkaew et al., 2016 Modelling of  the quenching effect on the properties of  MSWI BA

Lynn et al., 2016 Overview of  the properties, applications and main limitations of  MSWI BA

John Chandler et al., 1997c Description of  physical and chemical properties of  MSWI BA

Alam et al., 2019 Deep characterisation of  the mineral phases formed in MSWI BA, according to 
their particle fraction

Tyrer, 2013 A complete overview of  the main issues related to the MSWI BA application in 
concrete

Lam et al., 2010 A complete review of  MSWI BA

Unquenched BA is characterised by refractory (ceramic, metals unaffected by the combustion process) 

and melt (slag minerals formed during incineration) phases. Quenched BA is an agglomerated material, 

containing carbonates and hydrated phases (Inkaew et al., 2016; Saffarzadeh et al., 2011). Often inert phases 

form the particle core, while hydration products are localised on the particle surface. Among the possible 

reaction products, calcium silicate hydrates (C-S-H), Friedel’s salt/hydrocalumite, ettringite, gypsum and 
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calcite are formed. Additionally, due to the presence of  high amounts of  Cl- and SO4
2- in the quenching 

water, the quenching process can be a secondary source of  chlorides (Ito et al., 2008). Finally, the oxidation 

of  metals and alloys takes place during quenching, releasing hydrogen gas and reducing the formation of  

bubbles in the presence of  an alkaline environment, such as during the cement hydration (Saffarzadeh et 

al., 2016). 

2.3.2 Bottom ash contaminants speciation

MSWI BA is known for its high concentration of  contaminants, characterising especially the fi nest fraction 

(Bendz et al., 2007). Among the most abundant contaminants chlorides are found, derived mainly from the 

incineration of  food waste. Since they are bonded in phases such as halite (NaCl) and sylvite (KCl)(Alam 

et al., 2019b; Hartmann et al., 2015), chlorides are easily released in contact with water. This behaviour 

is mainly related to the specifi c surface area of  the by-product, which comes in contact with water. The 

presence of  chlorides is a concern to the environment as well as a limiting factor in the application of  BA 

in steel reinforced concrete, due to the possible corrosion of  steel bars (Chen and Chiou, 2007). 

Similar to chloride, sulfate content in BA increases with the decreasing of  the particle size. Mainly localised 

on the particle surface, sulfates are often associated with calcium ions in the form of  gypsum or weathering 

products (e.g. ettringite)(Alam et al., 2019b). Sulphates are the second most abundant contaminant present 

in BA, and their leaching behaviour is a solubility controlled phenomenon, where the SO4
2- concentration is 

solution depends on the solubility of  the sulfate-incorporating phase (Alam et al., 2017).

Among the heavy metals, the most commonly found in the studied MSWI BA are Cu, Mo, Cr, As and, 

Sb. The presence of  copper is often related to the disposal of  kitchen utensils and electronics devices 

(Chandler et al., 1997b). Cu is often associated with the Dissolved Organic Carbon (DOC), because of  

the complexation of  Cu binding to hydrophilic organics (Arickx et al., 2010). Additionally, Cu can be 

incorporated in calcite, and therefore be stabilised using carbonation treatment (Alam et al., 2019b; Arickx 

et al., 2010). 

Introduced in the MSW via automotive shredder residues (Joseph et al., 2018), not much is known about 

the behaviour of  molybdenum during the incineration process and its speciation into the quenched BA 

reaction products. 

Antimony is used in special alloys, and some of  its compounds are used in the pharmaceutical fi eld 

(Chandler et al., 1997b). Moreover it is present in plastic such as PET. In MSWI BA, Sb leaching is mainly 

found as calcium antimonite (Cornelis et al., 2011) or absorbed to iron-oxides (Verbinnen et al., 2013) or 

incorporated into ettringite (Cornelis et al., 2006). Consequently, the immobilisation of  this heavy metal can 

be achieved by adding calcium or iron-rich chemicals or industrial residues (Verbinnen et al., 2017). 
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2.3.3 Bottom ash treatments on laboratory scale

In order to further improve the physical or chemical features of  MSWI BA before application as a building 

material, different approaches have been developed on a smaller scale. Table 2.2 displays an overview of  

different techniques applied on laboratory scale on MSWI BA. However, not all of  them are sustainable 

and feasible enough to be applied on a large scale. Gerven et al., 2005, as among others, evaluated the 

effect of  carbonation on the chemical properties of  MSWI BA, concluding that the process is benefi cial 

for the leaching of  Cu and Ba but not for Cr, Mo and Sb, which increase the leaching in parallel to the CO2 

concentration. Moreover, higher carbonation temperatures (50 °C) are more effective for the reduction 

of  leaching than ambient temperature, especially for an average relative humidity between 13-25%. Rapid 

sintering (Cheeseman et al., 2005) but also thermal activation (Tang et al., 2016b) and vitrifi cation (Zhang 

et al., 2009) are effi cient for the removal of  contaminants due to the destruction of  unburned carbon and 

the increase of  reactivity by removal of  carbonated phases. Despite this, those thermal treatments are based 

on high-temperature processing (600-900 °C), which affects both the environmental impact and the cost 

of  the fi nal product. As alternative, the application of  an alkali-treatment on BA effi ciently removes the 

metallic aluminium, minimising gas release during its application (Liu et al., 2015). However, the dissolution 

of  BA phases caused by the alkali-treatment can increase contaminants leaching, impeding the application 

of  the fi nal product due to its high environmental impact. 

Table 2.2:  State of  the art of  the treatment applied before the utilisation of  MSWI BA.

Publication Description of  the study

Van Gerven et al., 2005 Carbonation infl uence of  heavy metals leaching

Baciocchi et al., 2010 Effect of  carbonation of  MSWI BA depending on the size fraction

Arickx et al., 2010 Infl uence of  carbonation on leaching of  organic carbon and copper

Cheeseman et al., 2005 Effects of  rapid sintering on MSWI physical properties

Jing et al., 2010 Application of  hydrothermal solidifi cation on MSWI BA in the presence of  slag

Penilla et al., 2003
Application of  alkaline hydrothermal treatment for zeolite production from 
MSWI BA

Tang et al., 2016b Thermal treatment of  MSWI BA using different temperatures

Santos et al., 2013 A comparative study among ageing, heat treatment and accelerated carbonation

Zhang et al., n.d. MSWI BA vitrifi cation treatment

Alam et al., 2017 Two-stages washing treatment on MSWI BA

Ito et al., 2008 Investigation on the removal of  insoluble chlorides from MSWI BA

Todorovic, 2006 Na2CO3 alkali treatment on MSWI BA

Liu et al., 2015 Alkali treatment on MSWI BA

A washing treatment can improve the quality of  BA for the removal of  soluble salts, chlorides, sulphates and 

organic matter. The effi ciency of  the treatment depends on many factors such as particle size and surface 
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area of  the material treated (Stegemann and Schneider, 1991), the solubility of  the phases incorporating 

contaminants, the water temperature (Dhir et al., 2017), liquid to solid (L/S) ratio applied and treatment 

duration (Alam et al., 2017). For the BA fraction tested in this thesis, the optimal washing treatment for 

the removal of  chlorides and sulphates was a L/S of  3 for 60 min, under continuous shaking (Alam 

et al., 2017). Due to these issues related to the treatment of  BA, alternative methodologies have to be 

implemented, with a focus on evaluating their impact on mechanical and environmental performances but 

also costs and embodied energy of  the fi nal product. 

2.3.4 Bottom ash as secondary building material – State of  the art

The application of  MSWI BA as secondary building materials has been intensely studied in recent years. 

Table 2.3 presents some of  the main applications studied in the last 15 years. Coarse BA (higher than 4 mm) 

is known to be easily recycled, due to its denser structure (Chandler et al., 1997) and lower contamination 

(Alam et al., 2019b) compared to the BA fi ne fraction. Due to these properties and the consequent higher 

quality compared to BA fi nes, minimal treatments are required before its use. Among the applications, 

coarse BA (CBA) is often used as aggregates in concrete or pavements (e.g. Granova from Heros Sluiskil 

(2014)) or as road subbase (Forteza et al., 2004). 

Table 2.3:  State of  the art of  the applications of  MSWI BA, as a secondary cementitious material.

Publication Description of  the study

Tang et al., 2016a Production of  aggregates using cold pelletization technique

Onori et al., 2011 Manufacture of  Portland cement blends including MSWI BA

Lynn et al., 2016 Use of  MSWI BA as aggregates in concrete

Polettini et al., 2005 Application of  alkali-activated MSWI BA in pozzolanic admixtures

Garcia-Lodeiro et al., 2016 Manufacture of  hybrid cement-based products based on MSWI BA and FA

Kuo et al., 2013 Application of  MSWI BA in Pervious concrete

Forteza et al., 2004 Evaluation of  MSWI BA for its use as road base

Pan et al., 2008 Use of  MSWI BA as raw material for Portland cement

Boesten et al., 2012 Use of  MSWI BA in autoclaved aerated concrete

Cheeseman et al., 2005 Manufacture of  lightweight aggregates using MSWI BA

Yang et al., 2018 Use of  MSWI BA for cement composites preparation

On the other hand, the utilisation of  the fi ne fraction often requires additional treatments, to reduce the 

leaching of  contaminants or improve its reactivity. The use of  MSWI BA as cement replacement (Tang 

et al., 2016b, 2014) leads to lower strength development, due to the low content of  reactive phases after 

the quenching and weathering process. Independently of  the particle size, the porosity of  BA particles 

limits its application as aggregates, since it affects the rheological behaviour of  the paste and leads to poor 

compaction of  the mortars (Cheeseman et al., 2005; Tang et al., 2017). To avoid this, some treatments such 
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as rapid sintering (Cheeseman et al., 2005) and pelletization (Tang and Brouwers, 2017) are applied, reducing 

the BA particle porosity and easing its application as aggregates. An alternative application considers the use 

of  BA as raw material for cement production, even if  the amount of  BA that can be added as cement raw 

material is limited due to the presence of  chlorides affecting the fi nal cement composition. Moreover, the 

addition of  MSWI BA causes retardation in the produced cement, although it does not affect the cement 

quality (Pan et al., 2008). Therefore, despite the numerous studies, the application of  BA fi ne fraction is 

not fully developed and requires additional studies to generate an effi cient and environmentally sustainable 

fi nal product.

2.4  Experimental

2.4.1  Materials 

MSW Incineration Bottom Ash

In this study, the used MSWI bottom ash (BA) is provided by Heros Sluiskil (NL). Heros Sluiskil processes   

BA coming from The Netherlands, Belgium but also other European countries such as France or Germany. 

The BA processed in Heros and coming from The Netherlands corresponds to 500.000 ton/y, the equivalent 

of  45% of  the all BA produced in the country. Figure 2.2 shows the treatments performed on the BA in 

the incineration plants and on a laboratory scale. 

Figure 2.2:  MSWI BA treatments and fractioning on a plant and the laboratory level. The application of  the fi nal by-

products obtained (BA-S. BA-M, BA-L and FC) are investigated in this thesis. 

Initially, the BA full fraction (below 32 mm) is separated in two main streams by dry sieving at the plant: 

coarse (CBA) and fi ne aggregates size (FBA). FBA is further processed by dry sieving in the laboratory, 

creating three main fractions: BA-L between 1- 4 mm, BA-M between 0.250-1 mm, and BA-S below 0.250 

mm (Figure 2.2). Separately, the CBA is processed further at the plant leading to Granova (between 2-11 
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mm), used mainly as partial replacement of  aggregates in concrete and pavements (Heros Sluiskil, 2014). 

Due to the adhesion of  fi ne and highly contaminated particles to the coarser particles, a wet separation 

treatment is applied to the CBA fraction. From the collection of  those fi nes (side product on the washing 

treatment), the wet Filter Cake was produced and further processed, using a centrifuge to lower the soluble 

contaminants, such as Cl- and SO4
2-. After treatment, the obtained Filter Cake (FC) has a moisture content 

(MC) of  around 50%wt. that is reduced to 28%wt. during the outdoor storage.

Mineral Binders

As cementitious binders, CEM I 52.5 R and CEM I 42.5 N grey and CEM I 52.5 R white from ENCI (NL) 

were used. In Chapter 6, CEM I 52.5 R without the addition of  the standard Minor Additional Constituent 

(MAC) was provided and dry mixed in the cement plant with the FC, in different replacement rates (1, 3, 5, 

10, 15, 20% wt.). The high Blaine surface area of  CEM I 52.5 R compared to other types of  cement makes 

it the most sensitive to the modifi cations in PC hydration when additives are included, and therefore it was 

the most suitable binder for evaluating the FC infl uence on the PC hydration. In Chapter 8, CEM I 52.5 R 

white was applied for the manufacture of  wood-wool cement boards (WWCB). The choice of  this binder 

was imposed by the inhibitory effect of  the wood leachable extractives on the mineral binder. Studies have 

shown that white cement results in improved mechanical performances in the presence of  wood, because 

of  the higher dosage of  C3A and CaSO4 compared to grey cement (Doudart De La Grée et al., 2017). 

2.4.2  Methods

Initial moisture content

In order to avoid modifi cation in the mineral phases, BA was dried at a relative low temperature of  60°C 

for 72 h, for the evaluation of  initial moisture content, according to the EN 1097-5 (EN 1097-5, 2008). The 

quantifi cation, by mass difference, was carried out using:

   
MCi= i od

od
*100  

      (2.1)

where, 

MCi is the initial moisture content [wt. %], mi is the mass of  the sample before drying [g] and mod is the mass 

of  the sample after drying procedure [g]. 

Particle density and loose bulk density 

This study evaluates both particle and loose bulk densities of  the materials, in order to take into account 

not only the single particle properties but also for the understanding of  the behaviour of  the particles as a 

system. Measuring the bulk density, the particle shape and packing behaviour can be estimated. The particle 
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density of  the materials is measured by Helium pycnometer (AccuPyc II 1340). The loose bulk density of  

either binder or fi ne aggregates was determined using a conventional pycnometer.

Particles size distribution

The particle size distribution (PSD) of  BA between 4 and 0.250 mm was estimated by sieving, using 

a vibratory sieve shaker (Retsch: AS 450 Basic), according to DIN EN 933-2 (EN 933-2, 1996). The 

determination of  PSD for binder size bottom ash and cementitious materials (Figure 2.5) was performed 

by laser diffraction (Mastersizer 2000, Malvern).

24 h Water absorption and water demand

Particles between 1-4 mm: water absorption measurements were done by determining the mass gain after 

24 h of  submersion in water. To obtain the saturated surface dry weight (msat), the BA was drained into a 

500 μm sieve for 5 minutes while drying the bottom of  the sieve with absorbent paper.

The calculation of  the water content was done according to: 

W24= msat mod
mod

x 100           (2.2)

where, 

 W24 is the water absorption in 24 h [% wt.], msat is the saturated surface dry mass of  the material [g], mod is 

the oven-dry mass of  the particles [g]. 

Particles below 1 mm: the Punkte test measured the water demand of  the powders. This test defi nes the 

saturation point of  the particles when a minimum layer of  water is formed around the particle core. A 

plastic container is fi lled with 50 g of  material and weighted. Water is then added slowly and properly mixed 

with the powder using a spatula. After each stirring, the container content is compacted by letting it drops 

10 times from a height 5 cm. When compaction among particles is visible, and water on the cloths appears 

the saturation point is reached (Hunger and Brouwers, 2009). 

BET surface area and pore volume 

The BET surface area and total pore volume were measured by nitrogen physisorption measurement 

(Micromeritics, Tristar II 3020 V1.03).

Chemical composition and loss of  ignition (LOI) 

Chemical bulk composition is characterised by X-ray Fluorescence (XRF)(PANalytical Epsilon 3 range, 

standardless OMNIAN method), on oven dry pressed powder. The estimation of  the plain cement phases 

(Bogue calculation) is estimated (Hewlett, 2004), using:
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C3S=4.07 x %CaO-7.7 x %SiO2-6.72 x %Al2O3-1.43 x %Fe2O3-2.85 x %SO3     (2.3)

C2S=2.87 x %SiO2 0 75 x %C3S          (2.4)

C3A=2.65 x %Al2O3-1.69 x %Fe2O3         (2.5)

C4AF=3.04 x %Fe2O3           (2.6)

where, 

C3S, C2S, C3A and C4AF are the 4 main cement clinker phases [% wt.] and %SiO2, %CaO, %Al2O3, %Fe2O3 

and %SO3 are the oxide mass percentage in the cement measured by XRF (Table 2.7). Cement notation 

is provided at page 198. The loss on ignition was evaluated by heating the samples to 1100° C for 4 h and 

measuring the mass loss at constant RH. 

Total organic carbon (TOC) and calcite content 

Total organic content (TOC) was measured with the Behr CS30HT Coulometric carbon/sulphur analyser at 

550° C. Carbonated phases of  MSWI BA are assumed to be mainly calcite, as this mineral is very common in 

BA and formed during weathering (Freyssinet et al., 2002)(Alam et al., 2019b). The quantifi cation of  CaCO3 

was calculated from the CO2 mass loss between 600-900°C (Scrivener et al., 2016), with thermogravimetric 

analysis (TGA), using a Jupiter STA 449 F1, Netzsch, with a heating rate of  5 °C/min using synthetic air. 

Mineralogical characterisation

The crystalline phases in the MSWI BA and the blended pastes were identifi ed by X-ray Powder Diffraction 

measurements (XRD), with a D2 (Bruker) using a Co tube, fi xed divergence slits (0.2 mm) and a step size 

of  0.02. All the samples were ground using a pestle and mortar, and sieved below 80 μm before testing, to 

ensure the preservation of  the mineral phases. In Chapters 4, 6 and 7, hydration products of  the blended 

mixtures (cement + by-products) were evaluated after stopping hydration using 1-propanol (Sigma-Aldrich, 

anhydrous, 99.7%) and subsequent oven drying at 60 °C for 24 h. 

Metallic Al content

During the characterisation, all BA fractions were tested for the presence of  metallic aluminium. In the 

application as a building material, the main concern related to the presence of  metals in the by-product is 

the release of  hydrogen gas, once they are in contact with water. Due to the water quenching process, the 

metallic particles form an oxidation layer around the metallic core (Biganzoli, 2012), reducing the reactivity 

in the presence of  water. For evaluating the amount of  Al0, the samples were placed in an alkaline solution 

(3 M NaOH), inducing the release of  hydrogen for 24 h (Porciúncula et al., 2012), based on: 

2Al0 + 6H2O            2Al(OH)3 + 3H2         (2.7)
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The determination of  the mass percentage of  metalic aluminum (Al0) is caluclated based on the volume 

of  hydrogen gas (VH2) released during the digestion in alkaline environment, according to the ideal gases 

equation, the moles of  released hydrogen are (nH2):

nH2 = PVH2/RgT          (2.8)

nAl= (nH2* 2)/3           (2.9)

%Al = [(nAl * MAl)* 100]/mBA          (2.10)

where, 

nH2 is the moles of  H2 released during the test [moles], P is the pressure of  the chamber [1 atm], VH2 is the 

volume of  H2 released durig the test [dm3], Rg is the ideal gas contant [0.0821 atm*dm3/mol*K], T is the 

temperature of  the solution [293 K], nAl are the moles of  metallic Al [moles], %Al  is the mass percentage [% 

wt.], MAl is the molar mass of  the aluminium [g/mol], mBA is the mass of  BA used for the test, 2 and 3 are the 

coeffi cients of  molarity taken from Equation (2.7). The setup used during the test is illustrated in Figure 2.3:

Figure 2.3:  Graphical representation of  the setup used in this study for the evaluation of  the metallic aluminium in 

MSWI BA. 

Visualisation of  the by-product using the SEM technique

Information about the morphology of  the particles before and after treatment was obtained by Scanning 

Electron Microscopy (Phenom ProX). The analysis was performed using a backscattering electron detector 

with a spot size of  4.0 and 15 kV voltage. Energy-dispersive X-ray spectroscopy (EDX) was carried out 

using the same settings applied during the SEM analysis.
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Rheological behaviour and mechanical performances

The fl owability of  the fresh mortars was determined using the mini spread fl ow table test according to 

EN 1015-3 (EN 1015-3, 2007). Mortars were manufactured according to EN 196-1 (EN 196-1, 2005) and 

cured at constant RH (97%) and room temperature. The curing was not performed in water, to avoid the 

leaching of  contaminants during the curing period. The fi nal L/S ratio of  the mortars was fi xed at 0.5. In 

the mortars, the sand to binder mass ratio was 3. The fl exural strength results were based on the average of  

three specimens, while for the compressive strength an average of  six samples was used. 

Leaching assessment

To verify the environmental impact of  the incineration residues, a threshold imposed by the Dutch Soil 

Quality Decree is chosen as reference (Soil Quality Decree, 2018). According to this standard, a material 

can be tested as shaped (hardened block) or unshaped material (particle size below 4 mm). Initially, the 

incineration residues used in this study are tested for environmental impact, as plain granular/unshaped 

material (below 4 mm), according to the EN 12457-2 (One stage batch leaching test)(Holm and Hansen, 

2003), using a dynamic shaker (ES-SM-30, Edmund Buhler GmbH), in ambient conditions (L/S 10, 250 

rpm, 24 h)(Table 2.8). The leaching of  the fi nal products (mortars) including MSWI BA and the cementitious 

binder is also evaluated as unshaped material (below 4 mm). This evaluation as granular (unshaped) material 

is directly linked with the recycling of  demolition waste, coming from building disassembly. Nowadays 

most of  the demolition waste is recycled in the Netherlands (95%)(Schut et al., 2015) if  the requirements 

of  unshaped material are satisfi ed. Therefore, the evaluation of  the maximum leaching aims to estimate the 

fulfi lling of  the diffusion test after 28 days, but also the one as unshaped material once it will be recycled 

after its service life.

In order to take the contribution of  the hydrated cement into account, the types of  cement used in this 

study are also tested on their own, after 28 days hydration (Table 2.9). Previous studies (Caprai et al., 2017; 

Doudart de la Grée et al., 2016) provided the comparison between the one stage batch leaching test (EN 

12457-2) and the column test (Percolation test – NEN 7383:2004), which is generally applied in the Soil 

Quality Decree (SQD)(L/S 10, PSD < 4 mm, 21 days). 

The one stage batch leaching test is suffi cient for addressing the compliance with legislative limits 

values (Hage and Mulder, 2004), as leaching obtained from the in batch leaching test overestimates the 

contaminants concentrations (for the same L/S ratio)(Quina et al., 2011). After fi ltration with 0.017-0.030 

mm membrane fi lters, chlorides and sulfates are quantifi ed by ion chromatography (IC)(Thermo Scientifi c 

Dionex ICS-1100). After acidifying the samples with 0.2% HNO3, the remaining solutions were tested for 

heavy metals contents by inductively coupled plasma atomic emission spectrometry (ICP-OES), according 

to NEN 6966 (NEN-EN 6966, 2005). As a reference, the unshaped (granular) materials values from the 

Dutch Soil Quality Decree (SQD)(Soil Quality Decree, 2018) are used (Table 2.4). 
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Table 2.4:  Legislation threshold values for the admissible concentration of  contaminants, according to the Dutch Soil 

Quality Decree (SQD)(Soil Quality Decree, 2018).

Elements
Unshaped 
material

Shaped 
material

mg/kg d.s. Ed64 in mg/m2

Antimony (Sb) 0.32 8.7

Arsenic (As) 0.90 260

Barium (Ba) 22.0 1500

Cadmium (Cd) 0.04 3.8
Chromium 

(Cr) 0.63 120

Cobalt (Co) 0.54 60

Copper (Cu) 0.9 98

Lead (Pb) 2.3 400
Molybdenum 

(Mo) 1.0 144

Nickel (Ni) 0.44 81

Selenium (Se) 0.15 4.8

Tin (Sn) 0.4 50

Vanadium (V) 1.8 320

Zinc (Zn) 4.5 800

Chloride (Cl-) 616 110000

Sulfate (SO4
2-) 2430 165000

2.5  Raw material characterisation

2.5.1  Physical characterisation of  the MSWI Bottom Ashes and mineral binders

The MSWI BA fractions and the cementitious binders used in this study are chemically and physically 

tested. Thanks to the treatments applied on the bottom ash in the plant, the amount of  metallic Al is 

minimal (≈ 0.1%wt., independent of  the fraction), limiting the cracking phenomena related to the hydrogen 

release in the alkaline environment of  PC. No cracking or hydrogen release has been observed during the 

hardening of  the mortars. The high percentage of  TOC measured in these by-products is often reported 

due to the inhomogeneous incineration process (Fernández-Jiménez and Palomo, 2003; Sathonsaowaphak 

et al., 2009). Commonly after incineration, the organics accumulate in the smaller fraction (below 0.25 

mm), explaining their high content in the by-products used in this study (below 4 mm). As reported in the 

literature, Table 2.5 confi rms the TOC increases with lower particle size, except for the FC (Table 2.5). In 

this case, the lower TOC is due to the washing treatment and centrifugation applied to FC in the plant. 
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Binder fraction 

In Table 2.5 a comparison of  the physical properties of  the different types of  cement, BA-S and FC is 

provided. Although their other physical properties are similar, FC has twice the BET surface area of  BA-

S. These results correlate with the higher water demand measured for FC, indicating a physical capillary 

absorption of  part of  the water. The high total surface area, and thus water demand of  BA-S and FC is 

explained by the presence of  ultrafi ne ashes characterising the so-called “fragile zone layer”.

Table 2.5:  Section A) Physical characterisation of  the by-products, used in this study. Section B) Physical characterisation 

of  the mineral binders used in this study.

Section A - Physical characterisation of  the by-products 

Material Unit FC BA-S BA-M BA-L
Bulk density g/cm3 0.84 0.56 1.12 1.00

Particle density g/cm3 2.44 2.55 2.28 2.60
BET surface area m2/g 34.63 17.44 9.28 4.24

Water demand/ Water 
absorption 24 h % dw* 88.8 62.4 32.1 20.7

Total pore volume cm3/g 0.098 0.064 0.026 0.014

MCi % dw* 28.0 21.1 8.8 16.0
Metallic Al % dw* 0.1 0.12 0.13 0.1

TOC % dw* 5.79 9.45 3.73 3.23
CaCO3 % dw* 16.4 14.10 - -

Section B - Physical characterisation of  the mineral binders

Material Unit CEM I 42.5 N 
(PC1)

CEM I 52.5 R 
(PC2)

CEM I W 52.5 
R (PC3)

Standard Sand
(EN 196-1)

Bulk density g/cm3 0.84 1.10 1.08 1.50
Particle density g/cm3 3.17 3.08 3.10 2.65

BET surface area m2/g 0.96 1.50 1.21 0.84
Water demand % dw* 20.70 23.20 22.00 1.00

The particle morphology of  the by-products is presented in Figure 2.4a) and b). Visually, BA-S and FC show 

a similar morphology, confi rming the presence of  non-spherical particles and the presence of  the fragile 

zone covering the core of  the particles. Figure 2.5a) provides the particle size distribution (PSD) of  the 

reference by-products and binders within the binder fraction, used in this thesis. Despite the agglomeration 

of  FC due to the weathering process, the PSD of  FC is still fi ner than BA-S, but in the range of  the PC.

Sand fraction

In this thesis, BA-M and BA-L are used as standard and lightweight aggregates, within the sand fraction. 

Compared to sand, the by-products BA-M and BA-L are very porous, both showing a high BET surface 

area and pore volume (Table 2.5). The high porosity is also confi rmed by the low loose bulk density, which 
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underlines an irregular shape of  the particles, independent of  the fraction. Because of  the high porosity, the 

water absorption after 24 h is 32% and 20.7% wt. for BA-M and BA-L, respectively. Furthermore, BA-M 

and BA-L present 3.73% and 3.23%wt. TOC, respectively, compared to 0% of  sand (Qiao et al., 2008).

a) b) 

c) d) 

Figure 2.4:  Visualization of  the by-products particle shape depending on the different fractions a) Filter Cake FC, b) 

BA-S, c) BA-M and d) BA-L.

Although their particle density is similar, BA-L and BA-M present a higher surface area and pore volume 

compared to sand, resulting in a lower bulk density and higher water absorption (20% and 30% wt., 

respectively). Despite the coarser particle size of  BA-L compared to sand (Figure 2.5b)), smaller residues 

covering the BA-L surface are also visible in Figure 2.4d). Finally both BA-M and BA-L show an irregular 

morphology, and particles having sharp edges, a rough surface and an open structure (Figure 2.4d)).

2.5.2  Chemical characterisation of  the MSWI Bottom Ashes and mineral binders

All the MSWI ashes have a similar chemical composition since they come from the same source and they 

undergo similar treatments, allowing easier comparison of  the performances of  the residues.   
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Figure 2.5:  Particle size distribution of  the a) binder fraction by-products and cementitious binder used and b) sand 

fraction by-products and standard sand used in this study (Table 2.5). 

Table 2.6:  Chemical composition of  the by-products used in this study.

Oxides/Ions FC BA-S BA-M BA-L

% wt. % wt. % wt. % wt.

NaO 0.55 0.93 - 3.35

MgO 2.35 1.67 1.71 2.22

Al2O3 9.07 7.19 7.09 7.32

SiO2 11.71 10.16 32.85 38.20

P2O5 0.9 1.11 1.28 1.37

SO3 5.07 5.99 2.77 2.25

K2O 0.71 1.08 1.13 1.24

CaO 27.26 29.63 17.98 19.47

TiO2 1.34 1.70 1.17 1.25

MnO 0.36 0.19 0.12 0.18

Fe2O3 6.38 6.53 9.27 10.21

CuO 0.44 0.52 0.49 0.78

ZnO 0.79 0.87 0.55 0.60

Cl- 0.86 1.78 1.11 1.08

Other oxides 0.52 0.65 2.0 0.76

LOI 31.7 30 19.8 7.9
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Table 2.7:  Chemical composition and clinker phase calculation (Equations (2.3)-(2.6)) for the cementitious binders 

used in this study. 

Oxides/Ions
CEM I 42.5 N

(PC1)

CEM I 52.5 R

(PC2)

CEM I W 52.5 R

(PC3)

% wt. % wt. % wt.

NaO - - 0.11

MgO 1.8 1.52 0.43

Al2O3 3.93 3.88 3.90

SiO2 19.31 15.82 20.93

P2O5 0.8 0.49 0.51

SO3 3.69 3.94 2.92

K2O 0.64 0.58 0.12

CaO 64.02 68.38 67.21

Fe2O3 3.25 3.69 0.45

Cl- 0.2 0.02 -

Other oxides 0.54 0.29 2.42

LOI 1.25 0.99 1.0

Clinker phases calculations

Phases CEM I 42.5 N CEM I 52.5 R CEM I W 52.5 R

% wt. % wt. % wt.

C3S 72.23 73.42 71.38

C2S 1.27 4.68 6.44

C3A 4.92 4.04 9.82

C4AF 9.88 11.21 0.91

As known from the literature (Alam et al., 2019b; Chimenos et al., 2003), the estimated equivalent content 

of  calcium oxide (between 17 and 29%wt.), increases with smaller particle size, due to the accumulation of  

weathering products in the fi nest fraction (Alam et al., 2019). Qualitatively, these data are also confi rmed by 

XRD results in Figure 2.6 and by the quantifi cation of  carbonated phases in Table 2.5.

On the other hand, the estimated equivalent silica content ranges between 10 and 38% and rises in parallel 

with the PSD of  the BA. This fact is linked to the hardness of  the quartz (main silica phase in BA (Alam et 

al., 2019)). The sulphate content ranges within similar percentages, except for BA-S due to the accumulation 

of  sulphates in fi ner fractions (Alam et al., 2019b) and the absence of  washing treatment compared to FC. 

Analysing the XRD diffraction patterns in Figures 2.6a)-d), the MSWI residues are characterised by different 

weathering products, such as calcite and gypsum. Calcite is mainly formed due to the carbonation of  

Ca(OH)2, (CH in cement notation, page 198) formed during quenching and carbonated during the natural 
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weathering, whereas gypsum is formed by the precipitation of  sulphates and calcium ions during water 

quenching treatment (Alam et al., 2017; Tang, 2017). The presence of  ettringite (AFt phases, chemical 

abbreviation page 198) is often detected in the BA fi ne fraction treated in a wet environment (Figure 2.6a) 

and b))(Alam et al., 2017). However, due to its low stability, the AFt partially decomposes during the drying 

procedure (60 °C, 72 h), reorganising as gypsum/anhydrite and aluminium oxide (Figures 2.6b) and c)). The 

presence of  gypsum largely contributes to the high leaching of  sulphates, during the environmental impact 

assessment. Silica is detected in the form of  quartz, but it is also present in the incineration slag minerals 

gehlenite, melilite and feldspar. Moreover, it is known that a certain amount of  silica is present in MSWI 

ashes as an amorphous phase. The chlorides-incorporating phases are mainly identifi ed as halite (NaCl), 

formed during weathering of  MSWI residues (Alam et al., 2019). 

0

1000

2000

3000

4000

5000

6000

7000

8000

5 15 25 35 45 55 65

In
te

ns
ity

 [c
ou

nt
]

2Theta [2 ]

Q

Q Q Q
Q

Q QC C C
C

CCG G
M

HE E
m

C QC

b)

0

2000

4000

6000

8000

10000

12000

14000

16000

5 15 25 35 45 55 65

In
te

ns
ity

 [C
ou

nt
s]

2Theta [2 ]

C C g C C C CQ Q
Q Q

Q Q

g m m
E E E g E

F

m
Cr

Cr

E

F Q

a)



C
h

ap
te

r 
2

33

MSWI BOTTOM ASH: PROCESSING TECHNIQUES AND CHARACTERIZATION OF THE ORIGINAL BY-PRODUCTS 

0

2000

4000

6000

8000

10000

12000

14000

5 15 25 35 45 55 65

In
te

ns
ity

 [c
ou

nt
]

2Theta [2 ]

G Q

Q

Q QQ Q Q QC C C CC
M M

H
m

CC C

c)

0

2000

4000

6000

8000

10000

12000

14000

16000

5 15 25 35 45 55 65

In
te

ns
ity

 [c
ou

nt
]

2Theta [2 ]

Q Q

Q

QQ QC C C C CC C QA
mM M

H

d)

Figure 2.6:  Mineral phases present in the by-products used in this study. a) Filter Cake, b) BA-S, c) BA-M, d) BA-L. 

C – Calcite, Q - Quartz, Cr – Cristobalite (SiO2), G – Gypsum (Ca2SO4.H2O), E - Ettringite, m – Magnetite (Fe3O4), 

M - Melilite (Ca,Na)2(Al,Mg,Fe2+(Al,Si)SiO7), H - Halite (NaCl), g - Gehlenite (Ca2Al(AlSi)O7), A – Albite(Ca)(Na,Ca)

Al(Si,Al)3O8), F - Feldspar. 

2.5.3  Leachability assessment 

Environmental impact of  the plain MSWI Bottom Ashes

MSWI residues are known to contain high levels of  heavy metals and salts, mainly based on chlorides 

and sulphates (Alam et al., 2017; Bendz et al., 2007). In order to defi ne their impact on the surrounding 

environment the plain residues are tested as granular material (unshaped, below 4 mm) and compared with 

the threshold values defi ned by the SQD (Soil Quality Decree)(Table 2.4). Independently of  the fraction, 
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all residues leach above the legislative limit for chlorides and sulphates. The fi nest fraction (here BA-S) has 

a higher content of  those contaminants compared to coarser fractions (BA-M and BA-L), due to the higher 

surface area coming from the presence of  the quenching after incineration (Alam et al., 2019b; Inkaew et 

al., 2016). 

Table 2.8:  Leaching behaviour of  granular by-products, tested before their application as building materials. Values 

exceeding the legislation limit of  granular materials, as shown in Table 2.4, Paragraph 2.4.2, are marked in bold.

Elements/
Ions

FC BA-S BA-M BA-L

mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s.

pH 11.5 11.6 11.8 10.2

Antimony (Sb) 2.4 1.2 1.2 0.61

Arsenic (As) < 0.3 < 0.3 < 0.3 < 0.3

Barium (Ba) 0.4 0.9 0.8 0.63

Cadmium (Cd) < 0.02 < 0.02 < 0.02 0.02
Chromium 

(Cr) 0.2 1.0 < 0.02 0.58

Cobalt (Co) < 0.02 < 0.02 < 0.03 0.02

Copper (Cu) 1.3 11.9 5.42 4.41

Lead (Pb) 0.1 0.1 < 0.01 0.42
Molybdenum 

(Mo) 0.7 2.6 2.04 0.53

Nickel (Ni) 0.07 0.3 < 0.05 0.15

Selenium (Se) < 0.2 < 0.2 < 0.2 0.2

Tin (Sn) < 0.1 < 0.1 < 0.1 0.1

Vanadium (V) < 0.1 < 0.1 0.11 0.1

Zinc (Zn) 0.4 0.2 0.15 2.36

Chloride (Cl-) 2966.0 10440.0 7210.0 4931.76

Sulfate (SO4
2-) 21179.0 22378.0 12960.0 2333.45

Filter Cake (FC) is an exception, where the chloride content is lower despite the fi nest particles size. This 

is mainly caused by the centrifugation process, after the application of  wet sieving in the plant (Figure 

2.2), removing part of  the chlorides together with the water used for sieving. As with chloride, copper 

and antimony show a correlation with the particle size of  the BA: the higher the concentration of  the 

contaminants, the lower their particle size. 

The highest concentration of  leachable Cu is recorded in BA-S (11.9 mg/kg vs 0.9 mg/kg SQD limit), 

while for coarser particles the legislation threshold is exceeded by 6 and 5 times for BA-M and BA-L (5.42 

and 4.41 mg/kg, respectively). The concentration of  Cu in FC is again an exception, while the Sb content 

is similar. The leaching of  copper is often related to the presence of  soluble organics into the solution 
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(dissolved organic matter, DOM)(Olsson et al., 2007; Yao et al., 2011). 

Therefore, during the wet sieving and centrifugation, part of  the FC soluble organics bound to Cu was 

removed, lowering the overall Cu content. The reduction in DOM content can also be seen by a comparison 

between the TOC of  FC and BA-S in Table 2.5. Sb leaching exceeds the legislation limits, with 7.5 times 

higher concentration in FC than the legal limit, but it only present in low concentrations for BA-L. The 

main source for the high leaching of  Sb in FC could be ettringite (Figure 2.6, Paragraph 2.5.2), known to 

absorbs Sb on its surface (Cornelis et al., 2012). 

Table 2.9:  Leaching behaviour of  the cementitious binders applied in this study after 28 days hydration. Values 

exceeding the legislation limit of  granular material shown in Table 2.4, Paragraph 2.4.2, are marked in bold.

Elements/
Ions

CEM I 42.5 N CEM I 52.5 R CEM I 52.5 
RW

CEM III/B 
42.5 R

Trass CEM

mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s.

pH 11.4 11.1 11.7 10.1 11.05

Antimony (Sb) < 0.1 < 0.1 < 0.1 0.1 0.2

Arsenic (As) < 0.3 < 0.3 < 0.1 0.1 0.2

Barium (Ba) 12.9 21.6 7.4 0.4 < 0.01

Cadmium (Cd) < 0.02 < 0.1 < 0.02 < 0.02 < 0.02
Chromium 

(Cr) < 0.2 < 0.1 < 0.2 < 0.2 < 0.2

Cobalt (Co) 0.1 < 0.02 < 0.06 < 0.06 < 0.06

Copper (Cu) 0.2 0.04 - 0.3 0.5

Lead (Pb) < 0.1 < 0.1 < 0.01 < 0.1 < 0.1
Molybdenum 

(Mo) < 0.05 0.17 0.1 0.3 0.3

Nickel (Ni) < 0.05 0.3 < 0.05 < 0.05 < 0.05

Selenium (Se) < 0.02 < 0.2 < 0.2 < 0.2 < 0.2

Tin (Sn) < 0.1 < 0.1 0.2 0.1 0.1

Vanadium (V) < 0.1 < 0.1 0.1 0.1 0.1

Zinc (Zn) 0.1 0.05 0.1 < 0.07 < 0.07

Chloride (Cl) 122.5 62.07 12.28 401.14 84.43

Sulfate (SO4
2-) 50.9 45.0 59.04 55.29 61.86

Environmental impact of  different types of  cement 

Cement will also contribute to the leaching behaviour of  fi nal products, manufactured including MSWI 

residues. Table 2.9 shows the environmental impact of  28 days hydrated cement pastes as granular material 
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(ground below 4 mm). The tested types of  cement all respect the Dutch SQD, showing a similar pH of  

the leachate. Despite this, depending on the cement type, leaching of  barium reaches values close to 22.00 

mg/kg (SQD threshold), especially in the case of  CEM I 52.5 R. The presence of  barium in cement clinker 

is often related to clinker phases such as C3S, C2S and C4AF which can incorporate contaminants such as 

barium, zinc, nickel and vanadium (Achternbosch et al., 2003). 

Another critical contaminant is copper that can reach a concentration of  0.5 mg/kg in trass cement, 

compared to 0.9 mg/kg, which is the threshold value. Finally, the levels of  nickel in CEM I 52.5 R (0.3 mg/

kg) and chlorides in CEM III/B 42.5 R (401 mg/kg) are also close to the legislation limit (0.44 mg/kg and 

616 mg/kg, respectively). Therefore, it is clear that the selection of  the mineral binder to use in combination 

with bottom ash plays an important role in the environmental performances of  the fi nal product. 

2.6 Conclusions

Based on the characterization performed on the by-products the following conclusions can be drawn:

• All the by-products (independently on the particle size) show a high surface area, porosity and 

consequent great water absorption. Those properties are correlated to the particle size, where the 

smaller the particle the more porous and absorbant the structure. Visually, the irregular particle 

morphology appears similar for fi ne fractions (e.g. FC and BA-S), where a layer of  ultrafi ne ashes 

covering the particle core, contributes to the high particle porosity.

• The by-products present low metallic aluminum content (between 0.1-0.13 %wt.), limiting the release 

of  hydrogen gas in the presence of  an alkaline environment, generating additional porosity in the 

cementitious matrix. On the other hand, the TOC ranges between 9.45 and 3.23 %wt. following 

a trend proportional to the particle fi nenesse: the fi ner the particle the higher the TOC measured. 

Only exeption is represented by the FC, where the wet separation technique seems benefi cial for the 

reduction of  the TOC content. 

• Chemically, the fi ne fractions are characterized by mainly calcium-based compounds (mainly calcite), 

while rising in the particle size the silicate (mainly quartz) are mostly constituing BA-M and BA-L. High 

contents of  iron and aluminum oxides are also detected, the former rising together with the particle 

size, while the latter showing a drop for the increasing of  particle size. 

• Both FC and BA-S display a higher content of  weathering products compared to coarser fraction.  

Phases like ettringite appears after the washing treatment, due to their higher surface area available for 

reaction.  

• Environmentally, the highly leachable elements overcoming the legislation limit for BA are antimony, 

molybdenum, copper, sulfates and chlorides. Copper overcome the legslation threshold for all the by-
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products together with chloride and sulfates. For antimony a reduction in agreement with the increasing 

particle size distribution is shown, while for molybdenium critical values are reached only for BA-S and 

BA-M. 

• The selection of  the mineral binder can play a signifi cant role in the environemtnal performances 

of  the fi nal product. Cement can contribute to rising some contaminants leaching, due to their 

incorporation into phases such as C3S, C2S and C4AF,  originating from the raw material feed used for 

cement production.
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Abstract

This chapter analyses the impact of  the duration of  dry mechanical activation treatment on MSWI Filter 

Cake (FC), aiming for the enhancement of  its performance as cement replacement. After the treatment, 

the improvement in reactivity is evaluated by comparison between a reference BA stream and untreated and 

treated FC, evaluating their hydraulic reactivity in the presence of  CEM I 42.5 N (by isothermal calorimetry) 

and their pozzolanic reactivity (by TGA). Moreover, the mechanical performances as 25% substitution of  

Portland cement (PC) are assessed, based on the strength activity index (EN 450 and EN 196-1). Due to the 

compaction of  particles, the mechanical activation reduces the FC surface area up to 47% and pore volume 

up to 43%, leading to a water absorption comparable to PC (28% wt.). As a consequence, the rheological 

behaviour of  the mixture PC+FC is enhanced up to 50%, as its mechanical performances, providing 

32% higher compressive strength. Environmentally, compliance with the unshaped material legislation is 

successfully verifi ed according to EN 12475-2.
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3.1  Introduction

The suitability of  a by-product as cement replacement is linked to its chemical and physical contribution 

to the PC hydration. In general, the reactivity of  household waste ashes is affected by many aspects, 

from the source of  the waste to its collection and processing (temperature, time and homogeneity of  the 

incineration), as these modify the chemical and mineral composition of  the BA particles. In this study, two 

different BA fi nes are taken into account, one deriving from the dry separation technique (BA-S) and the 

other coming from the processing of  coarser BA (CBA, Figure 2.2, Paragraph 2.4.1), via wet sieving and 

centrifugation (Filter Cake (FC), Figure 2.2, Paragraph 2.4.1).

As a consequence of  the limited application of  this treatment of  coarse bottom ash, the use of  MSWI 

FC as secondary cementitious material is not common all over the world, raising more uncertainties about 

its potential reactivity. In the case of  low reactivity ashes, many studies propose activation treatments to 

increase the fi nal reactivity of  particles (Cheriaf  et al., 1999; Onori et al., 2011; Polettini et al., 2009; Qiao 

et al., 2009, 2008; Tang et al., 2014). There are three main methodologies applied for this purpose: thermal, 

chemical and mechanical activation. Thermal activation has a high environmental impact, due to the high 

incineration temperature (between 800°C and 1500°C)(Hernández-Montoya et al., 2012; Zhen et al., 2013). 

Chemical activation is not always possible, due to the potentially high organic content of  the MSWI ashes 

(Fernández-Jiménez and Palomo, 2003; Sathonsaowaphak et al., 2009). Therefore, the most sustainable 

method for increasing the reactivity of  ashes is mechanical activation (MA). Generally, MA increases the 

bulk and surface area of  the solid through physicochemical changes (Kumar and Kumar, 2011). Via the 

high energy impact collisions, the particles surface is smoothed, creating a more rounded shape and forming 

smaller fragments, acting as a fi ller among cement grains (Hela and Orsáková, 2013). The prolonged grinding 

also raises the number of  active centres with a higher energy state with respect to the rest of  the structure. 

The more of  those sites are present, the higher the rate of  reactivity in the presence of  PC is (Onori and 

Polettini, 2011; Sajedi and Razak, 2011; Temuujin et al., 2009a). However, after mechanical activation, the 

mineralogical changes are not always signifi cant (Temuujin et al., 2009b). Until now, the application of  MA 

on FC has not been deeply investigated. However, the improvement achieved can lead to performances 

comparable to BA fi nes, favouring the application of  FC in the construction fi eld. Since the behaviour 

of  BA fi nes as cement replacement have been studied more extensively, a comparison with this residue 

provides a useful reference for the evaluation of  FC performances. 

In this chapter fi rstly, the treated FC is compared to the untreated material and a reference BA-S with a 

similar chemical composition and particle size, evaluating the impact of  the MA on physical properties. 

After that, this chapter addresses the pozzolanic and hydraulic reactivity of  the reference stream of  BA-S 

and FC (before and after MA), based on EN 450 (EN 450-1, 2012)) and isothermal calorimetry analysis. 

Finally, the application of  the by-products as secondary building materials is evaluated using the strength 

activity index and the one stage batch leaching test (Holm and Hansen, 2003), for the compliance to the 

Dutch SQD legislation for the unshaped (granular) material (Soil Quality Decree, 2018). 
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3.2  Experimental

3.2.1 Materials 

The principal raw materials used in the study are FC and BA-S, municipal solid waste incineration 

ashes coming from Heros Sluskill (Figure 2.2, Paragraph 2.4.1) and CEM I 42.5 N (PC1). The in-depth 

characterisation of  those materials can be found in Paragraph 2.5. The pozzolanic reactivity of  BA-S and 

FC is evaluated using calcium hydroxide (CH)(CH ≥ 96% pure, Fluka Analytical), while the hydraulic one 

is measured using standard inert sand (98% SiO2, Norm sand, ISO 679, EN 196-1), milled to mimic the 

particle size of  BA-S and FC before and after treatments. The different sand fractions are named q1, q2, 

and q3, according to their increasing fi neness: q1 represents the fi neness of  BA-S, while FC and treated FC 

are represented by q2 and q3, respectively. As reference sample for TG analysis q (White quartz, Sigma-

Aldrich, pure SiO2) is used independently of  the by-product, as it is only used for the quantifi cation of  

the reference CH available for reaction. The analysis of  reactivity is performed without any additional 

laboratory treatment, since the washing processing might affect the fi nal reactivity of  the by-product. 

3.2.2  Methods

A schematization of  the nomenclature used in this study for the different tests is shown in Figure 3.1.

Study Nomenclature

A } Filter Cake (FC)
Bottom Ash small fraction (BA-S)

By products

Am} Treatment Duration [minutes]
30, 60, 90 min

Mechanical activation

AmCH} Samples composition
50% wt.A + 50% wt.CH

Pozzolanic activity

AmPC } Samples composition
25% wt.A + 75%  wt.PC

Hydraulic reactivity, Mechanical strength and Environmental impact

Figure 3.1:  Graphical representation of  the nomenclature used in this study.

Mechanical activation treatment of  MSWI FC 

The MA of  FC was carried out using a Fritsch Pulverisette 5 planetary ball mill, at a constant speed of  
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200 rpm. Bottom ash particles are characterised by a rigid inner core, mainly composed of  stony or glassy 

material, and a surrounding loose coating layer in the order of  few hundred microns, composed by ultrafi ne 

ash particles. Due to its structure, composed of  light materials such as organic matter, fi ne melt glass and 

remains of  metallic matter, this layer is defi ned as the “fragile zone”, and it contributes to the increase of  

the fi nal porosity in BA-S particles (Saffarzadeh et al., 2011). Because of  the presence of  these dust-like 

residues and the FC fi ne particle size, zirconia grinding balls with a size of  10 mm were chosen. This setup 

aimed to limit the excessive increase of  specifi c surface area (SSA), by avoiding high-speed collisions caused 

by the use of  high rotational speed and ball size. The excessively high SSA would further increase the water 

demand of  the blended mixtures, preventing FC application in cementitious systems. A material to media 

(zirconia balls) ratio of  1:1 by weight was maintained during the MA (according to the instruction of  the 

planetary mill ball), and three treatment durations were selected (30, 60, 90 minutes). The samples were 

consequently named FC30, FC60 and FC90, respectively. The procedure paused at intervals of  15 minutes, 

for 5 minutes, to avoid overheating the sample.

Evaluation of  the pozzolanic activity of  MSWI residues

A pozzolans is defi ned as a siliceous or aluminous material, having no hydraulic reactivity, which will react 

in the presence of  water with calcium hydroxide to form reaction products with cementitious properties. 

The determination of  pozzolanic activity connected to those materials has been often reported in literature. 

Two main approaches can be used for this evaluation named as direct or indirect methods (Donatello et 

al., 2010). 

The direct methods control the variation of  calcium hydroxide content for different hydration times, using 

analytical methods like chemical titration (e.g. in the Frattini test (Rahhal and Talero, 2004)), X-ray diffraction 

analysis (applying Rietvield phases quantifi cation) or thermos-gravimetric analysis (TGA). A modifi cation 

of  this methodology called the saturated lime method replaces the cement in the system with saturated lime 

(slaked lime, Ca(OH)2) and it is often used in case of  waste products such as paper sludge waste (García et 

al., 2008) or waste from ferroalloy industries (Frías and Rodríguez, 2008). On the other hand, the indirect 

methods evaluate the physical properties of  the blended cement, such as compressive and fl exural strength, 

but also heat evolution using calorimetry (Mostafa and Brown, 2005). However, the indirect methods are 

mostly coupled with direct tests to confi rm that a pozzolanic reaction is indeed occurring (Shi et al., 1999; 

Tseng et al., 2005). 

In this chapter the pozzolanic reactivity of  BA-S and the treated and untreated FC is evaluated using 

both direct and indirect methods. Firstly, the saturated lime method will be applied using TGA for the 

calcium hydroxide quantifi cation. According to the ISO recommendation R 863-1968 (Cheriaf  et al., 1999), 

it quantifi es the pozzolanic activity by the reduction in Ca2+ ions, when a pozzolan reacts in a saturated 

lime environment. Consequently, pastes containing 50% wt. by-product and 50% wt. CH are mixed, with 

a liquid to solid ratio of  0.8 (due to the high surface area of  the ashes) and named FCCH, BA-SCH for 

the untreated material. The treated FC samples are named FC30CH, FC60CH and FC90CH, depending 
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on the treatment time. Specimens cured at constant RH (97%) are tested by TG analysis at 7, 14, 28 days, 

quantifying the CH content in time. The higher the CH content the lower the pozzolanic activity of  the 

by-products. After the curing time, the pastes are placed in alcohol (2-Propanol) for 24 h to stop hydration 

and dried at 60°C for 24 h. The reference (named qCH) contains 50% wt. CH and 50% wt. quartz (q), acting 

as inert material. Here, the mass loss due to water evaporation allows the quantifi cation of  the total CH 

available for pozzolanic reaction in the sample (mCHpozz).

mCHreact(t) = miCH mCHunreact(t) 
                       (3.1)

mCHcarb(t) = mCO2tot mCO2ref mCO2BA 
                   (3.2)

mCHpozz = mCHreact mCHcarb                     (3.3)

where, 

mCHreact is the mass percentage of  CH consumed after time (t), miCH is the initial CH content in the sample, 

mCHunreact is the unreacted mass percentage of  CH in the sample after time (t), mCHcarb is the mass percentage of  

carbonated CH in the time (t), mCO2tot is the mass percentage of  CO2 released due to calcite decomposition 

measured in the sample at the time (t) converted in CH, mCO2ref  is the mass percentage of  the carbonated 

CH used in the reference qCH, mCO2BA is the mass percentage of  the carbonated phases present initially in 

BA-S, mCHpozz is the mass percentage of  CH used for pozzolanic activity. To minimize the carbonation of  the 

sample plastic foil is used to seal the sample.

The temperature range selected for CH decomposition is 420° – 490 °C (Scrivener et al., 2016). The use 

of  this methodology was initially intended for fl y ash and metakaolin, but it is also considered suitable for 

by-products (Cheriaf  et al., 1999). 

Kinetic study of  Filter Cake reactivity in the presence of  cement 

Once replacing PC with a supplementary cementitious material, two main effects are involved in the 

reaction process: the fi rst is the heterogeneous nucleation effect, a physical process able to infl uence the 

chemical activity of  the PC, by catalysing the nucleation process on the surface of  particles, extraneous 

to the cementitious system (Cyr et al., 2005; Lothenbach et al., 2010). The second one is the effective 

contribution coming from the dissolution of  reactive phases in the presence of  water (hydraulic reactivity). 

The quantifi cation of  the heterogeneous nucleation effect allows the evaluation of  the chemical contribution 

of  the residues. Samples prepared with 75% wt. PC1 and 25% wt. incineration residues (named FCPC1 and 

BA-SPC1), are tested and compared to references made with 100% PC1 and 75% PC1 and 25% quartz, 

named q1PC1, q2PC1 and q3PC1, depending on the fi neness of  the quartz. q1 represents the particle size 

distribution (PSD) of  BA-S, q2 the one of  FC, while q3 mimics the treated sample PSD, termed FC30PC1, 

FC60PC1 and FC90PC1, according to the grinding times. Therefore q1 > q2 > q3. In order to provide an 

overview of  the hydraulic reactivity of  the MSWI ashes, cumulative heat development of  the pure residues 
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in the presence of  water is also measured, under the same conditions. All the pastes are characterised 

by a water to binder ratio (w/b) of  0.5, due to the reduced replacement amount applied (25% wt.). The 

evaluation considers the fi nal cumulative heat after 5 days, using:

Qnucleation=QqnPC-QPC 
                     (3.4)

Qdissolution=QBAnPC-QqnPC 
                    (3.5)

where, 

Qnucleation is the cumulative heat contribution due to the heterogeneous nucleation effect [J/g], QqnPC is the 

cumulative heat developed by the mixture CEM I 42.5 N (PC1) + quartz matching the PSD of  the residues 

[J/g], QPC is the cumulative heat of  plain PC1 [J/g], Qdissolution is the contribution derived by the dissolution of  

reactive phases in BA-S [J/g], and QBAnPC is the cumulative heat of  the mixture MSWI residues + PC1 [J/g]. 

Each contribution calculated by Equations (3.4) and (3.5) is expressed in Figure 3.7 as the rate of  the plain 

PC1 cumulative heat. In order to evaluate both the contributions to the PC1 reaction, the normalisation 

of  the heat fl ow and cumulative heat trends are based on the mass of  PC1. Moreover, the cumulative heat 

measurements are collected after 20 minutes from the beginning of  the reaction, to avoid the infl uence of  

stirring time and the stabilisation of  the calorimetry conditions.

Evaluation of  the strength activity index 

In the manufactured mortars, a sand : binder ratio of  3:1 was used, while the replacement level of  MSWI 

ashes was set at 25% wt. The determination of  the strength activity index (SAI) was performed according 

to EN 450-1:2012. Although initially drafted for combustion coal fl y ash, the standard EN 450-1:2012 

has also been used to assess the suitability of  BA-S replacement in concrete in other studies (Cheriaf  et 

al., 1999). The SAI calculation is based on the ratio of  compressive strength at a specifi c curing time of  

specimens based on 75% wt. PC1 and 25% wt. ash by mass and the reference 100% PC1. The replacement 

rate is fi xed by the standard EN 450-1:2012. The calculation applied, for a time interval t reads: 

SAIBAt(t)=FBAPC(t)/FPC(t) 
                     (3.6)

where, 

SAIBA(t) is the strength activity index, FBAPC(t) is the compressive strength of  the (MSWI ashes + PC1) 

mix [MPa] and FPC is the compressive strength of  plain mortars [MPa]. During the evaluation, three time 

intervals are used: t1 = 7 days, t2 = 14 days and t3 = 28 days. Exceeding the value 0.75 will defi ne the 

suitability of  the BA-S as concrete replacement, as specifi ed in EN 450 (EN 450-1, 2012).
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Environmental impact evaluation 

In addition to the standard one batch leaching test (EN 12457-2, Holm and Hansen, 2003), the consequent 

compliance with the Soil Quality Decree (2018) for granular material (Table 2.8, Paragraph 2.5.3) is tested. 

Besides, the retention rate is determined for the most leachable contaminants (Abdel-Kader et al., 2013), 

indicating the rate of  retained ions in the presence of  PC1:

Ct= CeBA* r
          (3.7)

R=
Ct - (Cefinal)

(Ct)
* 100 

         (3.8)

where, 

Ct is the theoretical concentration of  a specifi c contaminant leaching from the fi nal pellet [mg/kg], CeBA is 

the effective concentration of  a specifi c contaminant leaching from BA, shown in Paragraph 2.5.3. (Table 

2.8 and Table 2.9) in [mg/kg], r is the replacement level (25% in this case), R is the retention rate [%],Cefi nal 

is the incineration residue leaching, in the presence of  PC1 [mg/kg]. 

3.3  Results and discussion

3.3.1  The infl uence of  the mechanical activation on physical properties of  Filter Cake (FC)

This investigation aims to determine the physical modifi cations of  FC after the application of  the MA and 

compare it to the references BA-S. Table 3.1 illustrates the characteristic diameter sizes of  the residues, 

before and after milling treatment. 

Table 3.1:  Characteristic sizes (dmin, d10, d50, d90 and dmax) of  the untreated samples and samples milled for different 

time intervals (30, 60, 90 minutes).

d
min

d
10

d
50

d
90

d
max

FC μm 0.4 3.1 23.4 78.5 261.5

FC30 μm 0.4 2.8 21.8 78.2 174.1

FC60 μm 0.4 1.7 17.2 70.3 174.1

FC90 μm 0.4 1.7 16.8 49.5 115.9

Starting from the untreated sample, the 30 minutes grinding affects the fi neness of  smaller particles, as a 

reduction is mainly observed for particles smaller than 20 μm. Longer treatments (60 and 90 minutes) alter 

the distribution of  coarser particles, resulting in 90% of  the material being fi ner than 70 μm and 50 μm, 

respectively. On the other hand, the minimum diameter dmin is not affected by longer milling times. The 

different particle size distributions achieved after MA are displayed in Figure 3.2. 
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Figure 3.2:  
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quartz (q1, q2 and q3), used to mimic the PSD of  treated by-products. 

a)                                                    b)

    

c)

Figure 3.3:  Effect of  the MA on the particle morphology: a) FC30, FC treated after 30 minutes milling, b) FC60 FC 

after 60 minutes milling and c) FC90 FC after 90 minutes milling. 
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The reduction of  PSD is directly linked with the time of  treatment: the longer the time, the fi ner the 

distribution. However, the effectiveness in the particle size reduction is limited, as a decrease in dmin is not 

achieved. Despite the different materials, Chauruka et al. (2015) also observed this “equilibrium state of  

milling”, by using a planetary ball mill. This limited reduction in PSD is attributed to the conversion of  the 

fi nes produced during grinding in coarser agglomerated particles, joined by van der Waals forces (Chauruka 

et al., 2015; Filio et al., 1994). During the MA, the fragile zone layer loosely attached to the FC particles 

is compacted and agglomerated with other fi nes, creating a spherical shape. Figure 3.3 shows the particle 

morphology of  FC samples after the grinding treatments. 

    a)                                                                         b) 

Figure 3.4:  a) BET surface area and total pore volume in function of  the grinding time, b) Cumulative pore volume 

distribution in function of  the average pore diameter, before and after MA.

Table 3.2:  Physical properties of  the incineration residues after MA, for different times.

Sample Bulk density Particle density Water demand

g/cm3 g/cm3 %*

FC30 0.97 2.44 25.4

FC60 1.02 2.47 29.8

FC90 1.07 2.46 28.4

       *Water demand is expressed by dry mass of  the powder.  

For comparison, the untreated MSWI Filter Cake is shown in Figure 2.4a), Paragraph 2.5.1. SEM proves 

the presence of  spherical particles, shaped by the grinding action and result of  agglomeration. Moreover, 

according to the trends in Figure 3.4a), the longer the mechanical activation time, the lower the total pore 

volume and surface area of  the powder. The reduction in porosity of  treated FC leads to a total pore 

volume similar to the reference BA-S (between 0.06-0.051 cm3/g for treated FC and 0.06-0.048 cm3/g for 

BA-S, respectively).
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The MA mainly acts on the mesopores (between 2 nm and 50 nm), reducing the pores between 2 and 40 

nm (Figure 3.4b)). Table 3.2 shows the physical properties of  the treated Filter Cake, for each milling time. 

As a consequence, the water demand of  FC30, FC60 and FC90 is reduced by around 60%, from 88.8% 

(Table 2.5, Paragraph 2.5.1) to about 25 – 29% (Table 3.2). Additionally, the increase in bulk density of  

the powders shows an improved packing compared to FC (Table 2.5), due to the spherical particle shape 

obtained after the treatment. 

3.3.2  Evaluation of  the pozzolanic activity

The infl uence of  MA on pozzolanic activity is investigated to evaluate the modifi cation in chemical 

reactivity, for late strength development. Figure 3.5 provides an insight into the pozzolanic activity of  the 

MSWI ashes, by CH consumption in time. In general, calcium ions are responsible for the aggregation and 

gelation processes, as they could either (a) react with silicates and aluminates, (b) replace cations within 

existing geo-polymers, or (c) precipitate as CH (Guo et al., 2010). The carbonation of  the free Ca2+ ions 

is frequently observed after exposure to ambient conditions. Therefore, the total sample mass is classifi ed 

as percentages of  the MSWI residues and the CH content, as consumed by the pozzolans, unreacted and 

carbonated (Figure 3.5). After 7 days reaction (Figure 3.5a)), FCCH shows the greatest pozzolanic activity 

(17.6%), due to its high surface area available for dissolution (Table 2.5, Paragraph 2.5.1)(Madani et al., 

2012). Similar physical properties support the high CH consumption also observed for FC30CH, FC60CH 

and FC90CH (14.3%, 14.7% and 16.4% respectively), within this time frame. 

Although the pozzolanic activity of  FCCH is fl uctuating due to the heterogeneity of  the sample, an increasing 

amount of  the “CH pozzolans” is observed for all the treated by-products. The milling treatment does not 

provide additional dissolution of  pozzolanic phases within 14 days, as a similar rate of  “CH pozzolans” is 

observed for treated and untreated samples (12.4% against 14.0%, 15.2% and 17.1%, respectively). After 

28 days, the CH consumed by pozzolans is rising in the treated samples, achieving between 16.4% and 

20% wt. An opposite trend is observed in FCCH, leading to an increase of  the unreacted CH content by 

8.3% and 15.8% respectively, compared to the 14 days results. It appears that the decreasing concentration 

of  pozzolan leads to the saturation of  the solution with respect to CH and its consequent precipitation.  

Although it requires specifi c conditions, the precipitation of  CH is a phenomenon taking place also during 

PC1 hydration. It takes place at a pH of  12.5-12.8 (Mohammadi et al., 2012) in the matrix pores, when 

the saturation with respect of  Ca2+ is reached in the pore solution. The ion concentration to generate a 

saturated Ca2+ solution is indicated to be around 22 mmol/L (Bullard, 2008).

In the analysed system, the same conditions can also occur. MWSI ashes can raise pH of  water, due to 

the dissolution of  alkalis like Na+ or K+ (Ahn et al., 2007) and, therefore, contribute to the creation of  a 

suffi ciently high pH, suitable for the CH precipitation.
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Figure 3.5:  CH consumption, as the percentage of  the sample mass. The higher the CH pozzolans, the greater the 

pozzolanic activity: a) reactivity after 7 days b) 14 days c) 28 days. The analysis in time uses different samples, which 

justifi es the different carbonate content recorded in time. The CaCO3 content has been measured by mass loss of  the 

full sample within 640-740°C, according to the Equations (3.1)(3.2) and (3.3). The CaCO3 deriving from the MSWI 

residues is estimated as 6.7% wt. and 8.2% wt. (Table 2.5, Paragraph 2.5.1) for BA-S and FC, respectively. Finally, 

these CaCO3 contents are deducted from the quantifi cation of  the CH carbonated percentage of  the samples shown 

in Figure 3.5a), b) and c). 
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Moreover, the presence of  soluble Ca2+ species dissolved from BA-S and FC (593 and 465 mg/L, 

respectively) favours the CH precipitation, mainly located in the porosity of  those ashes. The precipitation 

of  CH has the negative effect of  lowering the pH of  the alkaline solution, due to the removal of  OH- ions, 

which can affect the further dissolution and precipitation process (Millogo et al., 2012; van Deventer et 

al., 2007). Compared to the untreated system FCCH, the CH pozzolan increases by 3.7%, 4.2% and 7.3% 

depending on the mechanical activation time, underlining the continuation of  slow pozzolanic activity. 

3.3.3  Infl uence of  by-products in cementitious systems

In addition to the pozzolanic activity, the contribution of  the residues to the early-stage reaction is measured 

in the presence of  PC1. Figure 3.6a) and c) illustrate the normalized and cumulative heat released by the 

pure MSWI ashes in the presence of  water. Without any alkali activator or a hydraulic binder, all the by-

products register a minimal heat development, caused by the dissolution of  ions in the presence of  water. 

BA-S shows a greater cumulative heat released within 5 days, compared to FC. 

Due to the wet separation treatment of  FC (Figure 2.2, Paragraph 2.4.1), the presence of  soluble species 

is reduced, leading to the lower cumulative heat registered within 5 days. This phenomenon underlines a 

possible contribution to the hydration of  the PC1, due to the availability of  reactive phases. Figure 3.6b) 

and d) show the cumulative heat for the blended pastes and the reference samples containing pure PC1 or 

PC1 and inert quartz to simulate the nucleation site contributions (PC1, q1PC1, q2PC1 and q3PC1). 

The mixtures including quartz prove the presence of  the heterogeneous nucleation effect, increasing the 

amount of  heat released at 5 days (Qnucl in Equation (3.4)). Moreover, the presence of  MSWI residues 

infl uences the main reaction of  PC1, due to the dissolution of  additional species unrelated to the standard 

PC1 reaction (Qdiss in Equation (3.5)). Figure 3.7 displays the contributions of  nucleation sites (Qnucl) and 

the dissolution of  phases (Qdiss) from BA-S, calculated by Equations (3.4) and (3.5). 

These contributions are expressed as a percentage of  the reference reaction degree. Despite the fi ner 

PSD, FC has a lower chemical contribution to the hydration degree compared to BA-S (22.6% and 24.8%, 

respectively). These data underline the greater amount of  phases available for dissolution at early stages in 

BA-S. 

The MA seems minimally benefi cial for the improvement of  the PSD contribution to the reaction degree 

of  FC with PC1, due to the small increase of  heterogeneous nucleation sites. For FC30PC1, FC60PC1 and 

FC90PC1, the PSD contribution increases the hydration degree from the ≈13% of  the reference to ≈16%, 

while the chemical contribution generated by the dissolution of  ions is constant within the experimental 

error independently from the MA. 
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Figure 3.6:  
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Figure 3.7:  Contribution to the reaction degree of  MSWI by-products, depending on the PSD and chemical 

dissolution, after 5 days (Equations (3.4) and (3.5)).

Summing the two contributions, the treated samples increase the hydration degree of  PC1 by 23.8%, 25.1% 
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and 24.4% depending on the milling time. Due to the comparable results achieved, the 30 minutes milling 

represents a more sustainable option because of  the shortest treatment duration. As shown by calorimetry 

results, increasing the heterogeneous nucleation effect mainly affects the early hydration degree. However, 

the enhancement of  early hydration of  PC1 does not necessarily correspond to an increase of  the early 

strength of  mortars, as the latter depends on both chemical and physical properties of  the MSWI residues.

3.3.4 Evaluation of  mechanical performances of  the blended cement

Based on the results of  the characterisation and reactivity analysis, the performances of  MSWI residues 

as cement replacement are tested. Figure 3.8a) illustrates the average spread fl ow diameter of  the treated 

and untreated residues, replacing 25% wt. of  the PC1. In the case of  BA-S, the replacement of  25% 

with untreated by-products does not affect the rheological behaviour of  the paste.  Their lower total pore 

volume, and thus water demand, and the coarser PSD compared to FC (Figure 2.5, Paragraph 2.5.1) explain 

the less viscous behaviour, shown in Figure 3.8. On the other hand, the presence of  untreated FC (FCPC1) 

reduces the spread fl ow diameter by 8%, compared to the reference PC1. Differently to BA-S, the total pore 

volume and surface area of  FC leads to a high water absorption, entrapping part of  the water necessary for 

reaction by capillary suction. The agglomeration taking place during the mechanical activation is benefi cial 

for the FC water demand, as it increases the spread fl ow diameter between 20 and 40%. Figure 3.8b) 

describes the mechanical performances of  the mortars, based on the same mixtures. By replacing cement, 

the fi ner PSD of  FC is expected to provide higher density mortars due to the better packing of  the particles. 

However, the excessive water demand leads to a highly viscous paste, which limits its distribution and causes 

inadequate compaction of  the mortars and low strength. As discussed in Paragraph 3.3.1, the smaller dmax 

and d90 provide additional heterogeneous nucleation sites in samples FC30PC1, FC60PC1 and FC90PC1, 

favouring the increase in the hydration degree of  the paste (15.6% higher degree of  reaction at 5 days). 

The limited water absorption of  treated FC enhances the homogeneous distribution of  the paste into the 

moulds and increases the water available for reaction. 

Moreover, the formation of  spherical particles during the treatment facilitates the formation of  the so-

called “ball bearing effect”, being benefi cial for the compaction behaviour and the fi nal particle packing 

(Hüsken and Brouwers, 2012). Favoured also by their higher pozzolanic activity, FC30PC1 and FC60PC1 

have a 32% higher compressive strength, after 28 days compared to the untreated sample. Due to the lower 

pore volume and BET surface area of  FC90, the mixture FC90PC1 has the highest spread fl ow. This leads 

to the formation of  additional capillary pores (Kumar and Bhattacharjee, 2003), causing a reduction in 

the mechanical performances compared to FC60 and FC30, at any age. Finally, independently from the 

milling time, the treated FC surpasses the BA-SPC1 in 28 days compressive strength by up to 25%. Table 

3.3 shows the SAI concerning the treated and untreated FC and BA-S mixtures. BA-SPC1 can fulfi l the 

requirement for early strength, but not after 28 days. Contrary to FCPC1, the SAI is satisfi ed with FC60PC1 

and FC90PC1 at any time. Among the treated samples, FC60PC1 leads to the best results. The achieved 

improvement is not only linked to the infl uence of  chemical reactivity (Paragraphs 3.3.2 and 3.3.3) but 
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mainly to the optimisation of  packing and reduction of  total porosity (Paragraph 3.3.1).

                 a)

149

116.5
106.5

137.5
153 158.5

0
20
40
60
80

100
120
140
160
180
200

PC1 BASPC1 FCPC1 FC30PC1 FC60PC1 FC90PC1

A
ve

ra
ge

 sl
um

p 
di

am
et

er
 [m

m
]

               

0

5

10

15

20

25

30

35

40

45

7 14 28

Co
m

pr
es

siv
e 

st
re

ng
th

 [M
Pa

]

Time [days]

PC1 BASPC1 FCPC1

FC30PC1 FC60PC1 FC90PC1

     b)

Figure 3.8:  a) Mini-spread fl ow test on the reference PC1 and pastes including MSWI ashes (EN 1015-3, 2007), 

before and after MA, b) Compressive strength evaluation of  blended pastes, characterized by 25% MSWI ashes and 

75% PC1 and reference PC1. 

3.3.5 Environmental assessment of  the fi nal products

In order to evaluate the immobilisation properties of  the PC1 mixtures, leaching tests are performed on 

the mortars as described in Paragraph 2.4.2. Combining cement with the MSWI residues, the leaching of  all 

contaminants is reduced (Table 3.4), fulfi lling the requirements for Cl- and SO4
2- but also Sb, Cr, Cu and Mo 

higher than the legislative limit in the original by-products (Table 2.8, Paragraph 2.5.3).

Independently from the treatment time, MA is inconsequential to the leaching properties of  the blended 

pastes. Compared to the reference BA-S, the chlorides leaching of  treated FC samples is lower, due to the 
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lower initial chloride content in the FC (Table 2.8, Paragraph 2.5.3). For the mixtures including FC, the 

retention rate (R) of  the most leachable contaminants is around 83% for Sb, 7.9% for Cu, 20% for Mo, 85% 

for chlorides and 99% for sulphates.

Table 3.3:  Strength activity index (SAI) for untreated and treated residues as partial replacement of  cement, at 

different times. The determination of  SAI is based on Equation (3.6).

Strength Activity Index

Time 7 days 14 days 28 days

FCPC1 ± 0.29 ± 0.81 ± 0.63

BA-SPC1 ± 0.93 ± 0.86 ± 0.69

FC30PC1 ± 0.56 ± 0.74 ± 0.93

FC60PC1 ± 0.86 ± 0.85 ± 0.91

FC90PC1 ± 0.75 ± 0.77 ± 0.89

Table 3.4:   Leaching of  inorganic contaminants measured by one stage batch leaching test (EN 12457-2) in comparison 

with the Dutch legislation limits for unshaped material (Table 2.4, Paragraph 2.4.2)(Soil Quality Decree, 2018).

Element/Ions BA-SPC1 FCPC1 FC30PC1 FC60PC1 FC90PC1

mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s.

Antimony (Sb) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Arsenic (As) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Barium (Ba) 16.0 13.4 14.6 10.5 13.6

Cadmium (Cd) < 0.02 < 0.02 < 0.02 < 0.02 < 0.02

Chromium (Cr) 0.4 0.3 0.4 0.4 0.3

Cobalt (Co) < 0.02 < 0.02 < 0.02 < 0.02 < 0.02

Coper (Cu) 0.3 0.3 0.3 0.3 0.4

Lead (Pb) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Molybdenum (Mo) 0.2 0.15 0.14 0.14 0.14

Nickel (Ni) < 0.05 < 0.05 < 0.05 < 0.05 < 0.05

Selenium (Se) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2

Tin (Sn) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Vanadium (V) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Zinc (Zn) 0.1 0.06 < 0.05 0.1 < 0.05

Chloride (Cl) 511.57 136.26 122.26 115.09 108.02

Sulphate (SO4
2-) 40.10 35.75 40.28 43.78 39.36

For SO4
2- the value is around 99%, independently from the type of  residue applied, indicating the 

incorporation of  this ion in the same hydration phases (e.g. sulphoaluminate phases, (Caprai et al., 2018)). 
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The low concentration of  Cr is owed to the dilution effect, created by replacing 25% wt. of  the binder. In 

conclusion, all contaminants are below the reference values, respecting the SQD legislation for unshaped 

materials (Soil Quality Decree, 2018), and ensuring environmentally the application of  FC as a secondary 

building material.

3.4  Conclusions

This study evaluates the behaviour of  MSWI Filter Cake (FC), after mechanical activation (MA) as cement 

replacement (25% wt.). The chemical and physical modifi cation of  the FC after the treatment are discussed. 

Based on the results the following conclusions are drawn:

• The MA treatment has a benefi cial effect on the physical properties of  the FC. The applied milling 

treatment reduces the total pore volume up to 47%, and thus its water demand. Moreover, a reduction 

of  the surface area is registered (up to 43%) due to fi nes agglomerating in spherical particles. 

• Chemically, the pozzolanic activity within 14 days is only slightly affected by the MA of  FC. However, 

while the precipitation of  CH over time in the untreated FC samples is observed, samples with treated 

FC continue to consume CH, increasing the pozzolanic activity over time, up to 7.3%. 

•  The replacement of  PC1 with MSWI ashes results in a contribution to the fi nal PC1 hydration degree 

of  up to 25% (FC60PC1), independently of  the treatment. After the MA treatment, a small increase in 

reaction degree (≈ 3%) is shown due to the PSD contribution. However, due to this small improvement, 

the treatment is not considered useful for the enhancement of  the hydration degree of  the paste, 

compared to the untreated material. 

• By the reduction of  total pore volume and due to the enhanced packing, the mechanical activation 

lowers the viscosity of  the paste. This leads to better distribution and compaction of  mortars and 

pastes and allows the improvement of  compressive strength by up to 32% compared to FCPC1 and 

by ≈ 25% compared to the reference BA-SPC1. The SAI is satisfi ed at any curing age for both FC60 

and FC90. 

• Environmentally, for all samples tested as unshaped materials, the leaching of  all contaminants is below 

the legal limit (Soil Quality Decree, 2018). The mechanical activation is not affecting the leaching 

behaviour of  the FC. 
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Abstract

The main concern related to the reuse of  MSWI BA is linked to the leaching of  heavy metals and salts, to 

the surrounding environment. To avoid the dispersion of  those leachable contaminants, the application 

of  hydrothermal treatment (HT) can be benefi cial for mixtures combining cement and MSWI BA. HT 

reduces the amorphous content of  hydrated cement, stimulates the formation of  tobermorite and densifi es 

the cement matrix. Despite the high environmental impact of  HT, not many studies have been conducted 

concerning the optimisation of  HT conditions and few have investigated the infl uence of  HT on cement 

based mortars. This chapter investigates the minimum HT duration for the best mechanical performance 

and lowest environmental impact, for mortars including 25% vol. MSWI BA, as sand replacement. The 

optimal autoclaving duration is found to be 6 h, which increases the compressive strength by 30% and 

improves the retention of  ions such as Ba2+, Zn2+, and Cl- by 90%, 60% and 32%, respectively, compared 

to the standard cured sample. For longer treatments (8h), the HT is not benefi cial, since the leaching of  

contaminants increases (Cu +83%, Zn +75%, Cr +66%, SO4
2- +80% and Cl- +47%, compared to 6 hours 

autoclaved samples), due to the decomposition of  iron oxides phases and cement reaction products such 

as AFt and AFm. 
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4.1  Introduction

The application of  BA as a building material is limited by factors such as the high porosity and the high 

leachability of  contaminants into the environment (Cresswell, 2007; Juric et al., 2006; Kim and Lee, 2011). 

Washing treatments are not always able to lower the overall content of  chlorides, sulphates and heavy 

metals below the Soil Quality Decree (SQD) thresholds. Among the strategies for limiting this harmful 

leaching, the immobilisation of  these contaminants by solidifi cation in the cementitious paste is often used 

(Giergiczny and Król, 2008; Gougar et al., 1996; Missana et al., 2017; Vollpracht and Brameshuber, 2016). 

Depending on the contaminants, the immobilisation is not always successful due to their different mobility 

at high pH, impeding the formation of  stable phases. 

A more effective immobilization can be achieved by hydrothermal treatment (HT), since it leads to the 

formation of  different reaction products, increases the binder reaction degree (Alawad et al., 2015) and can 

modify the pH of  the pore solution, lowering the alkaline conditions typical of  cement pastes (Xi et al., 

1997). The immobilisation of  these contaminants takes place either by their incorporation into the crystal 

structure, by their physical absorption on the surface of  the reaction products (Missana et al., 2017), or due 

to the matrix densifi cation caused by the high pressure applied (Jing et al., 2007a). Furthermore, HT allows 

the use of  many siliceous materials, inert in standard curing conditions, as supplementary cementitious 

material (Alawad et al., 2015). Among the reactions under autoclaving conditions, the conversion of  C-S-H 

to tobermorite is reported to be promising for the immobilisation of  many heavy metal cations (Jing et al., 

2007a; Komarneni, 1985). Moreover, tobermorite also favours a higher strength development compensating 

the low mechanical performance of  BA. In previous studies, the hydrothermal treatment proved to be 

effective for the immobilisation in systems containing supplementary materials, such as MSWI BA (Jing et 

al., 2010, 2007a, 2007b; Peña et al., 2006) and blast furnace slag (Jing et al., 2008). However, the retention of  

heavy metals and chlorides and sulphates in standard mortars including BA has not been deeply examined. 

Moreover, the determination of  minimum curing time for the optimisation of  the environmental and 

mechanical performances of  the fi nal product has not been investigated. Knowing the optimal autoclaving 

time can reduce the embodied energy of  the produced building material, allowing the use of  an advanced 

technique with a minimum environmental impact.

This chapter investigates the infl uence of  HT at 11 bars and 190°C in time (4, 6, 8 h) on standard mortars, 

where washed or unwashed Municipal Solid Waste Incineration Bottom Ash (MSWI BA) replaced 25% 

of  the sand volume. The infl uence of  HT on the phase formation and the microstructure is evaluated by 

X-Ray Diffraction (XRD), Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) 

measurements. The impact of  HT on fl exural and compressive strength is measured and compared with 

standard cured samples. Finally, the environmental impact of  the mortars, as “unshaped” (i.e. granular) 

material (particles below 4 mm) is assessed, based on the Soil Quality Decree (Soil Quality Decree, 2018). 
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4.2  Experimental

4.2.1 Materials 

The MSWI fraction used in this chapter is BA-L (Figure 2.2, Paragraph 2.4.1) and will be referred to as 

BA-L (1-4 mm). The selection of  only the BA-L fraction for the application as fi ne aggregates is due to the 

high water demand of  the smaller fractions (BA-S and BA-M), compromising the rheological behaviour of  

cement pastes. Moreover, for obtaining comparable results with standard sand (particle size below 2 mm), 

the BA-L particle size selected for this study ranges only between 1-2 mm (Figure 2.5, Paragraph 2.5.1). 

CEM I 52.5 R (PC2) is applied as the reference binder (Tables 2.5 and 2.7, Paragraphs 2.5.1 and 2.5.2), and 

inert standard sand (98% SiO2, Norm sand, ISO 679, EN 196-1) is used as fi ne aggregate, together with 

the BA-L.

4.2.2 Methods

Mortars preparation and curing treatment 

The BA-L is applied as unwashed and washed material (labelled BA-L and BA-Lw, respectively), in order to 

evaluate the effi ciency of  the hydrothermal treatment. The methodology applied for the characterisation is 

reported in Paragraph 2.4.2.

Independently of  the curing method, 25% vol. of  sand between 1-2 mm is replaced by BA-L, based 

on the dry volume of  the aggregates. Higher replacement rates are not taken into account due to the 

decreasing workability of  the pastes observed during the mixing and casting of  the mortars. The results are 

then compared with reference samples, made without BA-L. Before testing for fl exural and compressive 

strength, standard cured mortars are placed in humidifi ed air for 28 days. 

Curing in water is not carried out, in order to avoid infl uences on the leaching behaviour. Hydrothermally 

cured mortars are demoulded after 24 h and then treated in an autoclave (Maschinenbau Scholz GmbH & 

Co. KG, steam generator: WIMA ED36). HT is performed at a pressure of  11 bars and a max temperature of  

190° C, in order to replicate the standard conditions used in autoclaved aerated concrete (AAC) production 

(190 °C, 11 bars, and 8h). Those conditions ensure the formation of  phases such as tobermorite, crucial for 

the increase of  strength and reduction of  leaching (Komarneni, 1985; Peña et al., 2006). The entire cycle 

includes 1.5 h of  heating, three different plateau times (1, 3, 5 hours) and 1.5 h of  cooling, as displayed in 

Figure 4.1 for three total durations of  4, 6 and 8 h. After HT, the samples are further dried in the oven at 

40°C for 15 days, in order to remove the infl uence of  water during the strength evaluation.

The nomenclature of  the mortars is as follows: PC2_n for the reference, BA-L_n and BA-Lw_n for the 

mortars including BA-L without and with washing treatment, respectively. “n” stands for the curing time 

(7d, 14d, 28d for standard curing and 4h, 6h, 8h for HT). 
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Figure 4.1:  

Manufacture of  mortars 
(EN 196-1)

Replacement level
25% by volume of  

1-2 mm sand fraction 
24 h 

after casting

Hydrothermal treatment

Heating stage

Duration: 1,5 h
Heating rate: 1.9 °C/min
Initial temperature: 20°C

Cooling stage

Duration: 1,5 h
Heating rate: 1.9 °C/min
Final temperature: 20°C

Steady treatment time: 1h, 3h, 5h 
Temperature: 190 °C

Pressure: 11 bars

Graphical representation of  the HT methodology applied in the study.

4.3  Results and discussion

4.3.1  Infl uence of  autoclaving on phase composition and microstructure

The phase compositions of  all autoclaved mortars containing washed and unwashed BA-L were determined 

using X-Ray diffraction and compared to the references without BA-L (Figure 4.2). After 4 h autoclaving, 

ettringite (AFt) and Ca(OH)2 present in the humid cured samples are no longer detectable in the reference 

sample (PC2_4h), while some unreacted clinker (alite) is still present (Figure 4.2a)). Compared to PC2_28d, 

all the autoclaved samples show the presence of  unidentifi ed peaks at 28.10 and 32.10° 2Theta. They are not 

considered relevant for the evaluation of  the mortar performances since they are detected independently 

from the presence of  BA-L in the sample. 

Qualitatively, PC2_6h and PC2_8h show the same phase composition as PC2_4h. The only observable 

difference is the slight intensity increase of  the tobermorite peak with the increasing of  the autoclaving time. 

This indicates a higher tobermorite content, which fi ts with the strength development shown in Figure 4.5a) 

and b). From the XRD analysis, it is clear that the presence of  BA-L, both washed and unwashed has no 

visible infl uence on the phase formation in the autoclaved samples. This is true for all 3 autoclaving times 

(Figure 4.2b), c) and d)). For this reason only the diffractograms of  PC2_6h, BA-L_6h and BA-Lw_6h are 

discussed here (Figure 4.2c)). 

The initial C/S ratio of  plain PC2 (CaO/SiO2 = 4.3) is not favourable for the tobermorite formation in HT 

conditions (CaO/SiO2 = 0.83)(Galvánková et al., 2016). After the HT on PC2 mortars, some studies report 

the formation of  α-C2SH or C3SH1,5, due to the high content of  Ca2+ in PC2 mixtures (Alawad et al., 2015). 

However, in this study, the presence of  those phases is not detected, either by XRD or SEM/EDX analysis, 

whereas tobermorite is. As the samples are not perfectly homogenous mixtures, the higher availability of  

silica for the tobermorite formation is linked to the partial reaction of  the sand fraction creating lower C/S 

ratios locally. Figure 4.3c) displays a quartz grain embedded in the cementitious matrix of  sample BA-L_6h 
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with signs of  dissolution on the surface, showing the reactivity of  these grains under HT conditions. 

Other SEM pictures of  the autoclaved samples are shown in Figure 4.3 for the samples BA-L_6h and BA-

L_8h. Figure 4.3a) displays what is likely crystallised C-S-H gel, while Figure 4.3b) exhibits a pore covered 

with plate-like crystals that could be a zeolite or tobermorite based on the crystal shape. Bulk formation of  

tobermorite is visible in Figure 4.3e). Due to the high porosity and small size of  these crystals, it was not 

possible to measure a reliable C/S ratio via EDX. In BA-L_8h (Figure 4.3d)), a phase with a composition 

close to the zeolite K-Phillipsite [(K, Na )2(Si, Al)8O16·4H2O] (Hernandez et al., 1993) was observed in 

proximity to the BA-L aggregates. 

The crystal shape is also similar to the one reported for K-Phillipsite (Gatta et al., 2010). This mineral can 

form under hydrothermal conditions (Fukui et al., 2009) due to the alkalis supplied by the BA-L (1.8% wt. 

NaO, 1.2% wt. K2O, Table 2.6, Paragraph 2.5.2). The formation of  zeolites during HT, in the presence of  

MSWI BA has been reported in other studies (Deng et al., 2016; Penilla et al., 2003; Temuujin et al., 2002). 

It is however unusual that no Ca2+ could be detected since K-Phillipsite readily incorporates this element. 

Since it was not visible with XRD, it is likely that the formation of  this phase is a localised phenomenon, 

not forming in large quantities. 
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Figure 4.2:  
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XRD analysis of  references and mortars including 25% of  MSWI BA-L, as a sand replacement: a) 

references at different curing times (from the bottom PC2_28d, PC2_4h, PC2_6h, PC2_8h and b) samples after 4h, 

c) 6h and d) 8h hydrothermal curing, where PC2_6h is the reference standard mortar, BA-L_6h the mortars with 25% 

vol. BA-L and BA-Lw-6h the mortars including 25% vol. BA-L previously washed. E-ettringite, P-portlandite, 

Q-quartz, C-calcite, A- Alite, T-tobermorite, U-unknown phase. 
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Figure 4.3:  Morphology of  mortars including MSWI BA-L, for different hydrothermal treatment durations, a) BA-

L_6h, Crystallized C-S-H gel b) BA-L_6h, Tobermorite phase c) BA-L_6h, Quartz grain reacting during the HT d) 

BA-L_8h, Na/K Zeolite phase, likely Phillipsite and e) BA-L_8h, Tobermorite phase.
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4.3.2 Mechanical performances of  mortars, depending on hydrothermal curing time

Figure 4.4 and Figure 4.5 illustrate the mechanical strength development as a function of  time for the 

standard and hydrothermally cured samples, respectively. In general, the reference samples can achieve 

higher strength than the ones containing BA-L. For standard curing, at 28 days, the presence of  BA-L causes 

a decrease in compressive strength by ≈ 15% and by ≈ 9% in fl exural strength, compared to the reference 

(Figure 4.4). The presence of  BA-L does not affect the reaction products qualitatively (Paragraph 4.3.1), 

and after the same curing time, the binder reaction degree is comparable among the samples. Therefore, the 

lower mechanical strength of  the mortars including BA-L can be attributed to the higher porosity of  those 

alternative aggregates compared to the standard sand (Table 2.5, Paragraph 2.5.1).
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Figure 4.4:  a) Flexural strength and b) compressive strength of  mortars including 25% vol. BA-L as a sand 

replacement. Samples cured in humid conditions and tested as specifi ed by the EN 196-1 (EN 196-1, 2005). PC2 

stands for the reference sample, BA-L for the 25% vol. replacement of  unwashed bottom ash and BA-Lw for the 25% 

vol. washed bottom ash.
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Figure 4.5:  a) Flexural strength and b) compressive strength and density of  mortars including 25% BA-L as a sand 

replacement, as a function of  different HT curing times. c) Improvement rate based on the reference sample strength 

at 28 days. Samples tested in oven dry conditions. PC2 stands for the reference sample, BA-L for the 25% vol. 

replacement of  unwashed bottom ash and BA-Lw for the 25% vol. washed bottom ash.
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This is in accordance with other studies (Lynn et al., 2016), where the highly porous structure of  BA-L 

(Figure 2.4. Paragraph 2.5.1) resulted in low strength mortars. This phenomenon is mainly related to the 

localisation of  the failure inside the aggregates, more than in the interfacial transitional zone (ITZ), where 

it usually occurs (Scrivener et al., 2004).

On the other hand, HT improves mechanical performances with increasing curing time. For the reference 

sample, the best performance is achieved after 8 h autoclaving, when its fl exural and compressive strength 

improves by 60% and 55%, respectively (Figure 4.5c)). Compared to the BA-L_28d, the autoclaved mortars 

including BA-L are able to achieve higher fl exural (19% BA-L_4h, 45% BA-L_6h and 54% BA-L_8h) 

and compressive strength (5% BA-L_4h, 25 % BA-L_6h and 29% BA-L_8h)(Figure 4.5c)). The main 

improvement in mechanical properties takes place between 4 and 6 h HT, whereas longer curing times 

improve the compressive and fl exural strength only minimally.

The application of  washing treatment on BA-L appears to affect the fi nal performances of  the mortars. In 

standard conditions (Figure 4.4), the washing treatment impacts the early fl exural strength positively (BA-

L_7d) and infl uences the compressive strength only minimally, as the variation is within the experimental 

error. In autoclaved conditions, the fl exural strength is negatively affected (BA-Lw_6h has 21% lower 

strength than BA-L_6h), whereas the performances in compressive strength are comparable. The removal 

of  potentially reactive phases from the surface of  the aggregate during washing might lead to a weaker 

transition zone between the BA-L aggregates and the cement paste, and therefore to lower strength. 

4.3.3 Leachability assessment of  the mortars, depending on the hydrothermal curing time

The leaching of  the reference and autoclaved mortars are displayed in Figure 4.6, for the contaminants 

regulated by the SQD (Soil Quality Decree, 2018) which showed the highest leachability from the BA-L as 

granular material (Table 2.8, Paragraph 2.5.3). 

Regardless of  the curing conditions, the concentrations of  all the contaminants are below the threshold values 

indicated by the SQD. Compared to the BA-L_28d, 6 h hydrothermal curing reduces the concentrations of  

Ba, Fe, Cl- and Zn, whereas Cu and Cr are unaffected (Figure 4.6), and SO4
2- slightly increases (15% higher 

than BA-L_28d).

For a longer curing time (8h), increased leaching for all the elements is observed. However, the HT is 

very effective for the immobilisation of  Ba2+. At 4 h HT, BA-L_4h and BA-Lw_4h leaches 75% less Ba2+ 

than BA-L_28d and BA-Lw_28d (Figure 4.6a)), and about 92% less after 6 h HT. The high leaching of  

Ba2+ recorded for BA-L_28d can depend on different factors. Based on the leachability of  Ba2+ in high 

pH (Astrup et al., 2006; Zhang et al., 2016), the application in cementitious systems (pH 12.5)(Florea and 

Brouwers, 2012), might favour the release of  these ions from BA-L (Keulen et al., 2016). Despite this, the 

source of  Ba2+ is often the clinker itself, as this element is incorporated into C2S or C3S (Achternbosch et al., 

2003; Vollpracht and Brameshuber, 2016). As evaluated by a previous study (Komarneni and Tsuji, 1989), 
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the reduction of  the Ba2+ leaching after HT is linked to the formation of  the tobermorite. 

As far as Cu is concerned (Figure 4.6b)), the leaching from mortars containing washed and unwashed 

BA-L is very similar in standard and hydrothermal curing conditions. Conversely, a reduction of  60% in the 

leaching of  Zn is observed (Figure 4.6d))(BA-L_6h has leaching of  0.09 mg/kg while BA-L_28d has 0.23 

mg/kg). After 8 h HT, the leaching of  Cu, Fe, Cr and Zn increases. The source of  these elements is the 

BA itself, and it appears that phases, containing these elements, such as iron oxides (Alam et al., 2019), are 

incorporated into the matrix of  the mortar and only start reacting after 8 h HT (Wei et al., 2011). 

              

     a)                        b) 

c)                                           d)            

Figure 4.6:  Concentration of  the most leachable elements per kg of  MSWI BA-L, overcoming the SQD legislation 

limit (Table 2.4, Paragraph 2.4.2). a) Barium, b) Copper, c) Sulphate and Chloride, d) Zinc Copper, Chromium and 

Iron concentrations leaching ourt from BAL. The 0 h HT duration represents the standard cured samples (28 days 

standard curing).

The sulphate leaching (Figure 4.6c)) is only minimally infl uenced by the HT up to 6 h curing. However, the 

further increase of  the HT time to 8 h leads to 4 times higher SO4
2- leaching, indicating possible modifi cations 
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of  the phases incorporating sulphates. Under normal curing conditions, most of  the sulphate involved in 

the reaction of  PC2 precipitate as ettringite within the early stages of  hydration (Gougar et al., 1996). In 

PC2_28d, BA-L_28d and BA-Lw_28d, the amount of  ettringite (AFt, 3CaO·Al2O3·3CaSO4·32H2O, (Baur 

et al., 2004)) is minimal, due to its conversion into mono-sulphate (AFm, 3CaO·Al2O3·CaSO4·12H2O, 

(Baur et al., 2004)) during the 28 days standard curing (Locher et al., 1976). The leaching of  SO4
2- from the 

samples PC2_28d and BA-L_28d is 4.1 ±0.5 mg/l and 3.2 ±0.5 mg/l, respectively and it is mainly related 

to the presence of  the formed AFm. 

On the other hand, ettringite is present in the mortars before the beginning of  the HT, since they are 

cast and demolded after 24 h (Locher et al., 1976). A previous study (Satava and Veprek, 1975) highlights 

that at temperatures higher than 111° C, the thermal decomposition of  ettringite occurs. The AFt fi rst 

turns into AFm hydrate (C4ASH12), and from 190° C the decomposition of  the AFm into hydro-garnet 

(C3AH6, Katoite), and anhydrite II is observed (Satava and Veprek, 1975). In this study, this phenomenon 

is supported by the XRD measurements where ettringite is no longer visible in the autoclaved samples. It is 

important to remember that the HT time represents the whole cycle duration, including 1.5 h heating and 

1.5 h cooling. Accordingly, the effective plateau at 190° C lasts 1 h, 3 h and 5 h, for the selected curing time. 

During the fi rst 6 h of  HT, the samples maintain the leaching stable at 3.9 ±0.5 mg/l matching the solubility 

of  the 28 days cured samples. After 8 h HT the leaching increases, which can be explained by the different 

solubility between AFm and anhydrite II (Locher et al., 1976; Satava and Veprek, 1975). 

A similar trend is observed in chloride leaching (Figure 4.6c)), where 6 h HT reduces the leaching by 

32%, while the prolonged HT (BA-L_8h) increases it by 86% compared to the standard curing conditions 

(BA-L_28d). Among the reaction products in PC2 hydration, AFt and AFm phases are well known for 

their chloride binding capacity (Florea and Brouwers, 2012; Larsen, 1998; Zibara, 2001). Therefore, the 

decomposition of  AFm phases previously described could be related to the chloride leaching trend, as part 

of  those ions are released during the conversion of  AFm hydrate to hydro-garnet and anhydrite II. 

The washing treatment applied to BA-L only has an impact in the case of  chlorides, where a lower ion 

concentration is detected from the washed samples. However, in both cases, the concentration is below 

the SQD limit as unshaped material (Table 2.4, Paragraph 2.4.2). For the other ions, the leaching of  

mortars containing washed and unwashed BA-L has very similar trends, meaning a constant retention level 

independently from the initial concentration. This behaviour can indicate that the incorporation of  these 

elements is taking place in the same hydrated phases and resulting in the same dissolution behaviour.

4.4 Conclusions

This chapter investigates the infl uence of  hydrothermal treatment (HT) on the mechanical and environmental 

properties of  mortars, based on 25% vol. BA-L replacement of  standard sand. The following conclusions 

can be drawn:
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• Hydrothermal treatment is benefi cial for the developing of  higher fl exural and compressive strength 

compared to standard curing. A 6 h HT is optimal to enhance the mechanical and environmental 

performances of  the mortars and to minimise the embodied energy of  the fi nal product, at the same 

time. 

• The effi ciency of  the HT relies on the densifi cation of  the matrix and the development of  crystalline 

reaction products (such as tobermorite). A 54% increase in fl exural and 29% in compressive strength 

can be achieved, compared to standard cured samples. 

• The presence of  BA-L does not affect the fi nal reaction products visible with XRD. The silica-based 

compounds such as standard sand and BA-L particles participate in the reaction, due to the extreme 

conditions of  HT enabling the formation of  tobermorite by lowering the C/S ratio locally.

• Environmentally, HT is effective for the immobilisation of  contaminants achieving the optimal 

conditions after 6 h HT and fulfi lling the limitation of  the SQD for all the heavy metals, chlorides and 

sulfates. Ba2+ is the most affected by HT, decreasing its leaching by 90%. Although still below the SQD 

limit, longer HT duration leads to higher leaching for most of  the contaminants. 

• Except for chlorides, the washing treatment of  BA-L before the HT had no infl uence, lowering the 

leaching of  the contaminants. 
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Abstract

Many porous materials are impregnated with a pozzolanic solution, based on readily available silicates, for 

improving the applicability as aggregates. This treatment aims to close the open porosity of  the particles 

and to favour the formation of  a strong ITZ in the presence of  a cementitious matrix. Despite the high 

porosity of  BA below 4 mm, this treatment has never been applied to by-products like BA, and therefore 

the infl uence of  a coating on the leaching behaviour of  the by-products has never been investigated. 

This chapter analyses the effect of  an impregnation treatment based on different sodium silicate amounts 

on BA-L particles between 1-2 mm. The application of  the coating lowers the pore volume 2.5 times, 

allowing a sand replacement up to 100% and improving the rheological behaviour of  mortars by up to 38%, 

compared to uncoated samples. Replacing 50% vol. of  sand by coated BA-L achieves 22% higher fl exural 

and comparable compressive strength than the uncoated BA-L samples, thanks to the reduction of  the 

Ca/Si ratio in the reaction products. Finally, in the presence of  the coating, the leaching of  the following 

contaminants Cl, Ba, Cu, Zn is reduced by 88, 98, 94 and 97%, respectively, compared to the uncoated BA-L 

application. Therefore, the impregnation treatment not only favours the application of  higher amounts of  

BA, but it also improves the fi nal performances of  the product both mechanically and environmentally.
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5.1 Introduction

Bottom ash (BA) particles below 4 mm are known to be porous, presenting a rough surface and irregular 

shape mainly caused by the quenching process after incineration (Chandler et al., 1997; Kim and Lee, 2011; 

Kumar et al., 2014; Lynn et al., 2016; Wongsa et al., 2016). These features often result in a great surface 

area and high adsorption properties, causing a high water demand, and, therefore, the reduction of  the 

workability of  the paste during the application in concrete (Li et al., 2012). 

In the presence of  porous aggregates such as recycled aggregates (RCA), several studies applied an 

impregnation treatment, which involves the use of  pozzolanic solutions for improving the aggregate 

performances (Katz, 2004; Li et al., 2009; Sallehan and Mahyuddin, 2014; Zamorano, 2016). Surface 

treatments based on sodium silicate solutions (waterglass, WG)(Spaeth and Djerbi-Tegguer, 2013), nano-

silica (Kutcharlapati et al., 2011) or silica fume (Katz, 2004) are often benefi cial as they enhance the 

rheological behaviour of  the paste.

Furthermore, the presence of  silicates available for reaction improves the interfacial bond between the 

aggregates and the cement matrix, leading to a higher strength (Sallehan and Mahyuddin, 2014). Despite 

the benefi ts of  this treatment on porous materials, its application has not been investigated on MSWI 

bottom ash (BA) yet. Moreover, in those studies (Katz, 2004; Li et al., 2009; Sallehan and Mahyuddin, 

2014; Zamorano, 2016), the infl uence of  the coating on the aggregates morphology and porosity before 

application in mortars have not been thoroughly studied, since more attention is given to the behaviour 

of  the fi nal building materials. In addition, little consideration has been given to quantifying the coating 

amount as a function of  the aggregates and coating physical properties, such as density and BET surface 

area. The estimation of  the silicate amount used for the pre-soaking is often measured after the application 

(by mass gain) or based on arbitrary rates. Finally, owing to the relatively low content of  heavy metals in 

alternative aggregates, the impact of  the impregnation treatment on their environmental properties has not 

been investigated yet. 

This chapter examines the infl uence of  a waterglass (WG) coating on MSWI BA particles (1-2 mm, 

BA-L) and their subsequent application as fi ne aggregates in mortars. Initially, a physical and chemical 

characterization in comparison with standard sand is performed. Secondly, a quantifi cation method for the 

WG coating quantity is proposed based on the physical properties of  the particles such as BET surface 

area and density. Different amounts of  WG are applied on BA-L, and the impact on the structure of  the 

particles is evaluated. The optimal quantity of  the coating is determined based on the maximum reduction 

achieved in the pore structure. Finally, the BA-L with the optimal coating is applied as fi ne aggregates, 

and the mechanical and environmental properties of  the mortars are tested based on EN 196-1 and by a 

reduced tank test. The effect of  the coating on the performances of  the mortars is analysed for different 

sand replacement levels (25%, 50%, 75% and 100% vol.).
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5.2 Experimental 

5.2.1 Materials

The MSWI BA fraction 1-2 mm (BA-L) is applied in this study as a sand replacement. The particle size 

range was chosen in order to be close to standard sand that is used as a reference. BA below 1 mm was not 

used due to its high water adsorption. 

A commercial sodium silicate solution (waterglass, WG, Sigma Aldrich) is used as a coating, having 

a composition of  27.7% SiO2 8.4% Na2O and 63.9% H2O, by mass (neutral grade, having SiO2:Na2O. 

equals to 3.3:1) and density 1.39 g/cm3 at 20° C. The purpose of  employing WG is creating a uniform 

coating around the BA-L particles, which would close the porosity and maximize the availability of  silicates. 

Nowadays, the WG environmental footprint can be reduced using alternative routes for production, such 

as olivine dissolution and precipitation process (Lazaro, 2014). Among the alternative sources, waste glass 

(Keawthun et al., 2014), rice husk ash (Cui et al., 2015; Passuello et al., 2017), biomass waste (Dodson 

et al., 2013), olivine nano-silica (Gao et al., 2017a) and even the bottom ash itself  (Hendrix et al., 2017), 

contribute to a more environmental friendly production of  the product. Three different coating amounts 

are used in this study, and they are corresponding to three theoretical thickness layers (20, 15, and 10 nm). 

Before mechanical performances, the physical properties of  the samples are evaluated for each coating 

thickness and named BALc, where c stands for the theoretical thinness applied (nm). 

The mortars are manufactured using CEM I 52.5 R (PC2) following the standard EN 196-1, by replacing 

the sand fraction of  1-2 mm with BA-L by volume in various percentages (25%, 50%, 75% and 100% 

named BALc_25, BALc_50, BALc_75, BALc_100, respectively where c indicates the coating thickness).

5.2.2  Methods

pH and ion concentration in the leachates evaluation 

Taking into account the infl uence of  a high alkaline environment (pH 13-14) during cement hydration and 

the acid neutralizing capacity of  BA-L (Johnson et al., 1995), the pH development of  the latter in time 

is evaluated reproducing the L/S present during the mortars manufacture. The pH measurement during 

BA-L submersion in water for 24 h was performed with a VOLTCRAFT equipment (PH-100 ATC) on a 

system having liquid to bottom ash mass ratio of  2. The leachates were analysed by ion chromatography 

(Thermoscientifi c Dionex ICS-1100) after fi ltration for the main alkali and alkali-rich metals (Na, K, Ca, 

and Mg).

Determination of  the coating amount 

In this chapter, a systematic approach for the determination of  the WG coating amount has been investigated, 

taking into account factors such as BET surface area of  the aggregates, density of  the amorphous silicates 
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and density of  the industrial WG used. The choice of  using a WG with a SiO2/NaO2 ratio of  3.3 originates 

from the necessity of  having pH conditions lower than 12, in order to avoid the partial dissolution of  BA-L 

particles in time. The pH of  the WG solution used is around 11.5, thus limiting this phenomenon (PQ 

Europe, 2004). Moreover, the low content of  alkalis reduces the possible occurrence of  alkali-silica reaction 

(ASR) in cement pastes. The silicates will dissolve in the presence of  water, due to their soluble form, 

and the high SiO2/NaO2 ratio will limit the availability of  alkali hydroxides in the pore solution, avoiding 

ASR. Three solutions with different WG amounts are taken into account for the coating, corresponding 

to three theoretical average coating thicknesses (c) assumed as uniform (10, 15, 20 nm named BAL10, 

BAL15 and BAL20, respectively). Nevertheless, the effective coating thickness of  each particle can vary as 

it depends on their morphology, size and porosity. The choice of  those thickness values aims to minimize 

the WG content of  the system as well as to create a coating layer which could dissolve within the interfacial 

transition zone of  the aggregates (ITZ, the transition region of  15 μm thick)(Scrivener et al., 2004). The 

coating thickness is calculated using: 

VS= c * SABA            (5.1)

mS=VS* S            (5.2)

mStot=mS*mBA            (5.3)

SWG=(s/100)* WG           (5.4)

VWG=mStot* SWG           (5.5)

mWG= VWG* WG 
          (5.6)

where,

Vs   is the volume of  silica [m3], c the theoretical coating thickness [m], SABA-L the BET surface area of  the 

BA-L[m2/g], ms the mass of  silica [g/g of  BA], mstot the total mass of  silica [g], ρs the density of  amorphous 

silica [2.2 g/cm3], mBA-L the mass of  BA-L to treat [g], ρsWG the density (concentration) of  silica in WG 

solution [g/ m3], s the rate of  silica in WG [%], ρWG the WG density [g/ m3], VWG the volume of  WG [m3], 

mWG the mass of  WG [g]. 

Coating method

The particle coating was applied by pre-soaking the oven dried BA-L with the prepared WG solution, based 

on the Equations (5.1)-(5.6) and having a fi nal L/S of  1. After 24 h or soaking, the BA-L was drained for 

5 minutes by using a 500 μm sieve, in order to remove the excess solution. Thereafter, wet BA-L was oven 

dried for 24 h at 70° C, leading to the hardening of  the WG layer around the particles. Thereafter, it is 

applied in mortars as a sand replacement.
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Evaluation of  the effective element ratios in the cement paste

In this chapter, the analysis of  the impact of  the coating on the interstitial transition zone between paste 

and BA aggregates was performed using a backscattering electron detector with a spot size of  4.0 and 15 

kV voltage. Energy-dispersive X-ray spectroscopy (EDX) was carried out using the same settings applied 

during the SEM analysis. The calculation of  the effective element ratios by EDX (Ca/Si and Na/Si) was 

done by averaging two different areas of  the same sample, by using a grid of  3 by 4 points with increasing 

distance from the aggregate (30, 60, 90, 120 μm). An example of  this grid is provided in Figure 5.1. 

Figure 5.1:  

30 um 60 um 90 um 120 um

A

B

C

BA 
Aggregate

Cement paste

Graphical representation of  the methodology applied in the study for the determination of  the effective 

elements ratio by EDX.

Environmental impact via mini tank test

In order to determine the effectiveness of  the waterglass coating on the reduction of  the contaminants 

leaching, the fi nal mortars are tested as monolithic material. The leaching assessment of  the fi nal products 

tested as shaped material in the form of  mortar prisms was addressed by using a reduced testing protocol 

for monolithic cement including MSWI products (Van der Sloot et al., 1994), based on the standard tank 

leaching test for monolithic material is described in NEN 7345 (NEN 7345, 1995). The concise version 

used in this study reduces the testing time from 64 to 16 days, analysing the leachates after 2, 8, 24, 48, 72, 

102, 168, 384 hours (16 days) and monitoring the pH for every time step. Previous studies have shown the 

comparability of  this test with the offi cial tank test (Kosson and Van der Sloot, 1997; Lewin, 1996; Van der 

Sloot, 1996a; Van der Sloot et al., 1996b). Once collected the leachates for each time step, the concentration 

of  the contaminants was evaluated, as described in Paragraph 2.4.2. 

5.3 Results and discussion

5.3.1 Characterization of  the materials

The evaluation of  the pH trend in time of  BA-L in water is performed in order to confi rm the maximum 

pH of  12, which will not lead to the dissolution of  the particles (Paragraph 5.2.2). Chemically, BA-L shows 
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differences from the standard composition of  sand (98% SiO2), as it includes various elements such as 

calcium, iron, and aluminum, as well as alkalis (Table 2.6, Paragraph 2.5.2). Due to the presence of  soluble 

phases, especially on the surface of  the BA-L particles, the leachate of  stored (landfi lled) BA-L usually 

ranges between pH 8-11 (Johnson et al., 1995). As also reported in literature, in mortars manufacture 

conditions (L/S 2) the pH increases up to 10.1, within 24 h (Figure 5.2a)). 
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Figure 5.2:  a) pH development during the dissolution of  BA-L particles in water (L/S ratio 2), and b) concentration 

developments, within the fi rst 24 h of  dissolution, using an L/S of  2. 

This phenomenon is related to the concentrations of  highly soluble alkali metal hydroxides or salts (Na, K, 

Mg, and Ca) released when BA-L is in water (Figure 5.2b)). The different concentrations of  those alkali-

earth metals depend on their content in the BA, and on the solubility of  the phases, which incorporate 

those elements. Therefore this analysis confi rms that the waterglass used (pH 11.5) should limit the particle 

dissolution having minimal interaction with the core of  the particle.

5.3.2 Infl uence of  the waterglass coating in the BA particle morphology

The amount of  waterglass applied to achieve each theoretical thickness (10, 15, 20 nm) is shown in Table 
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5.1 Session A, as the percentage of  the BA-L dry mass. After the application of  the coating treatment, 

the modifi cation of  the BA-L structure is analysed for all the samples with different layer thicknesses. 

Compared to the untreated samples (Figure 5.3a)), after impregnation, the particles appear smoother and 

more homogeneous due to the adsorption of  the WG on their surface. The coating shows a chemical 

composition of  19.10% SiO2 and 10.47% NaO2, based on the atomic weight (EDX analysis). Neither the 

fragile zone nor the major pores are visible in the coated particle (Figure 5.3b)). 

Table 5.1:  Session A) Waterglass amounts used for achieving different coating thicknesses based on the BET surface 

area of  the BA-L. Session B) Materials quantities applied in the mortars manufacture, based on the total mass of  the 

mortars. 

Session A – WG coating amounts and computed thicknesses based on BET 

Initial BET 
surface 
area BA

WG solution 
(Na2SiO3+H2O)

WG oven dried 
(Na2SiO3)

Coating 
Thickness

m2/g % BA-L wt. % BA-L wt. nm
BAL10 4.25 33.74 12.17 10
BAL15 4.25 50.61 18.26 15
BAL20 4.25 67.49 24.35 20

Session B – Materials rates for mortars including 20 nm coated BA*

BA WG oven dried Sand PC2
% wt. % wt. % wt. % wt.

BAL20_25 6.13 1.50 60.53 22.22
BAL20_50 11.15 2.70 55.51 22.22
BAL20_75 16.73 4.10 49.93 22.22
BAL20_100 22.31 5.40 44.35 22.22

*Water percentage is set at 11.11% wt. for every sample.

                                       

       a)          b)

Figure 5.3:  SEM picture of  a) uncoated BA-L particle and b) the sodium silicate coating layer on the BA-L surface 

after the impregnation treatment. 

The BET surface area and total pore volume of  BA-L as a function of  the different theoretical coating 
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thicknesses are shown in Figure 5.4a). 

Compared to the uncoated BA-L (0 nm), the BET surface area and pore volume decrease with the increase 

of  the coating thickness. The improvement provided by the coating is maximized for the 20 nm thickness 

(WG content corresponds to 24% wt. of  the oven dry BA-L mass, Table 5.1), where WG fi lls the pores 

reducing the pore volume by 56% and the BET surface area by 60%. For pore sizes lower than 50 nm, an 

increasing difference with the coating thickness in the cumulative pore area is observed (Figure 5.4b)). 

Compared to standard sand, the coated BA-L presents a higher cumulative pore area regardless of  the 

coating thickness (Figure 5.4b)). As the closest surface area to the sand reference is achieved in the presence 

of  20 nm coating, all further analysis will be performed considering different sand replacements based on 

this theoretical thickness. 

For the chosen thickness chosen, the amounts of  materials used for the mortars manufacture are presented 

in Table 5.1, Session B.
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Figure 5.4:  a) Infl uence of  the coating thickness on the total pore volume and BET surface area of  the loose BA-L 

particles. b) Cumulative surface area distribution determined using the BJH method, as a function of  the average pore 

size of  loose BA-L particles for different coating thickness. The coating thickness 0 corresponds to the uncoated BA.
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5.3.3 Infl uence of  the waterglass coating on the mechanical properties of  the mortars 

including MSWI BA

After optimizing the coating thickness (BAL20), the rheological properties of  the cement pastes are 

evaluated. Figure 5.5a) illustrates the mini spread fl ow for mortars with sand replacement of  25%, 50%, 

75% and 100% vol., for coated and uncoated particles. 

14.9
14.2

16

10.5

14.1

9.8

12.5

9.4

13

6

8

10

12

14

16

18

0 20

A
ve

ra
ge

 sp
re

ad
 fl

ow
 d

iam
et

er
 [c

m
]

Theoretical coating thickness [nm]

PC2
25% BAL
50% BAL
75% BAL
100% BAL

                 
               a)

               b)

                c)

0

1

2

3

4

5

6

7

8

0 25 50 75 100

Fl
ex

ur
al 

st
re

ng
th

 [M
Pa

]

BA replacement level [% vol.]

BAL BAL_20

0

10

20

30

40

50

0 25 50 75 100

Co
m

pr
es

siv
e 

st
re

ng
th

 [M
Pa

]

BA replacement level [% vol.]

BAL BAL_20



C
h

ap
te

r 
5

81

WATERGLASS IMPREGNATION OF MUNICIPAL SOLID WASTE INCINERATION BOTTOM ASH AND ITS APPLICATION 
AS SAND REPLACEMENT IN MORTARS

Figure 5.5: 
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 a) Mini spread fl ow of  the coated and uncoated pastes for different replacement levels. The value 0 on the 

x-axis identifi es the uncoated samples. The reference sample represents the spread fl ow of  PC2 with standard sand. 

b) Flexural strength and c) Compressive strength of  mortars including between 25% and 100% BA-L as fi ne aggregates 

(Table 5.1). The bar in correspondence of  0% represents the reference performance. The coating thickness has been 

calculated based on the initial BA-L BET surface area. d) Porosity and bulk density of  the mortars, as a function of  

the replacement level. 

The spread fl ow is highly reduced (up to 36%) for 50% replacements of  uncoated BA-L (BAL_50). This 

phenomenon is caused by the high water adsorption of  the BA-L aggregates, which results in higher 

viscosities for the pastes. By having a low spread fl ow, the application as normal concrete is not possible for 

BAL_50, BAL_75 and BAL_100 without impregnation treatment. 

Once the WG coating is applied, the water adsorption of  the BA-L is signifi cantly reduced, with a difference 

of  15% (BAL20_100) compared to the reference PC2. The mechanical performances of  the mortars at 28 

days are represented in Figures 5.5b) and c) as a function of  the uncoated and coated BA-L replacement 

(BAL and BAL_20, respectively). In the presence of  BA, samples always show lower performances 

compared to the reference, due to the BA-L porous structure compared to sand (Bogas and Gomes, 2013; 

Chen et al., 2013; Gao et al., 2017b). The BAL_75 and BAL_100 display higher mechanical performances 

compared to BAL_25, BAL_50, BAL20_75 and BAL20_100, due to the high water absorption of  the 

uncoated BA-L (Table 2.5, Paragraph 2.5.1). 

This phenomenon is also measured during the workability test (Figure 5.5a)), where the spread fl ow diameters 

of  BAL_75 and BAL_100 is limited to 9.5 cm preventing their application as a secondary building material. 

However, by absorbing the water available for reaction, BAL_75 and BAL_100 result in a lower effective 

L/S ratio and hence a denser and stronger matrix. 

Flexural strength

With a 50% sand replacement, the highest fl exural strength is achieved. Compared to the reference (6.8 
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MPa), the 50% replacement of  coated BA-L results in a similar fl exural strength (BAL20_50, 6.5 MPa) 

exceeding the strength of  the uncoated sample by 22% (Figure 5.5b)). Despite the use of  weaker aggregates, 

the high fl exural values of  BAL20_50 can be explained by the presence of  the WG coating. The fl exural 

strength mainly depends on the performance of  the interfacial transition zone (ITZ) between matrix and 

aggregates (Chandra and Berntsson, 2002; Newman and Choo, 2003). 

In the presence of  standard aggregates, the ITZ consists principally of  calcium hydroxide (CH), and 

ettringite (AFt) anchored directly on the aggregates (Hu and Stroeven, 2004). The precipitation of  those 

reaction products is related to the higher mobility of  ions such as Ca2+, Al3+ of  SO4
2- on the ITZ due to its 

higher water to binder ratio (w/b) compared to the paste (Hu and Stroeven, 2004; Scrivener et al., 2004). 

The presence of  CH and AFt phases creates weaker areas in the matrix, where the failure is more likely 

to occur. The presence of  pozzolanic material within the ITZ makes silicates available for reaction, and it 

favours the formation of  C-S-H gel rather than AFt and CH phases (Hu and Stroeven, 2004; Scrivener et 

al., 2004), leading to improved mechanical performances. 

                                                                                    

         a)      b)               

                                                                                      

       c)      d)               

Figure 5.6:  a) Effective atomic Ca/Si ratio b)  Effective atomic Na/Si ratio and c) Effective Na rate d) effective Si rate 

of  the samples CEM I 52.5 R, BAL20_50 and BAL20_75 as a function of  the distance from the aggregate, measured 

by EDX. 
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For the evaluation of  this phenomenon, the effective trends of  the Ca/Si atomic ratio, measured by EDX, 

are shown in Figure 5.6a), as a function of  the distance from the aggregates. The Ca/Si ratio of  hydrated 

PC2 ranges between 2.5 and 2.7, due to the presence of  C-S-H phases (Ca/Si ≈1.75, (Rossen et al., 2015)) 

and reaction products such as AFt, AFm and CH, which increase the overall calcium content, and, thus, 

the Ca/Si ratio. For BAL20_50, the WG coating dissolves quickly providing silicates and lowering the Ca/

Si ratios compared to the reference (Figure 5.6a)). 

Therefore, the presence of  available silicates stimulates the formation of  hydration products (i.e. C-S-H) 

with higher silica content, explaining greater mechanical performances (Kunther et al., 2017). Although not 

all the silicates participate in the gel formation, the presence of  WG coating on BA-L seems benefi cial for 

the reinforcement of  the ITZ within 50% replacement. 

Over 50% replacements, the presence of  the coating results in a decrease of  the fl exural strength compared 

to the reference (35% and 44%, for BAL20_75 and BAL20_100, respectively). Analysing Figure 5.6a), 

the Ca/Si ratio in the proximity of  the aggregates for BAL20_75 is higher than BAL20_50. Because the 

Ca/Si ratio is similar to the PC2 one, it is likely that the WG layer is not properly dissolved, limiting the 

availability of  silicates in BAL20_75 (high Ca/Si). In Figure 5.6b), the Na/Si ratio displays similar trends for 

BAL20_50, BAL20_75 and the pure WG (Na/Si ratio 0.31), whereas a lower alkali ratio characterizes PC2. 

Since the increasing amount of  Na+ is mainly related to the presence of  WG, the correspondences of  the 

Na/Si ratios indicate that a similar dissolution behaviour of  the coating is taking place. 

However, despite the lower WG content the chemical compositions of  the reaction products (Figures 

5.6c) and d)) show higher percentages of  both Na and Si in BAL20_50 compared to PC2 and BAL20_75. 

Therefore, in sample BAL20_75 the WG coating is not dissolving as much as BAL20_50, thus providing 

a lower concentration of  Na and Si ions and resulting in a higher Ca/Si atomic ratio, as detected in Figure 

5.6a). The high content of  WG in cementitious systems is known to be able to affect the PC2 hydration, 

causing fast setting in the early stages of  reaction (Brykov et al., 2002; Caijun et al., 2006; Inkaew et al., 

2016). The fast setting is mainly related to the presence of  alkali metals, which stimulates the dissolution of  

PC2 catalysing the hydration products (e.g. C-S-H gel), due to the presence of  additional silicates (Inkaew 

et al., 2016). In BAL20_75 the formation of  those reaction products limits the further dissolution of  the 

WG due to the fast hardening of  the paste, resulting in mortars with low strength. 

The EDX analysis further confi rms the phenomenon in Figure 5.7a), where the WG coating is still 

observable around the particles after 28 days reaction. In this case, the weakest area of  the system becomes 

the WG layer, where cracks and failure are observed. 
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   a)                         b)

Figure 5.7:  a) SEM overview of  the undissolved WG coating after 28 days curing in BAL20_75 and of  b) the failure 

of  BA-L aggregates in sample BAL20_50.

Compressive strength

The compressive strength of  the mortars is not improved by the presence of  the WG independently of  

the replacement level: in the case of  25-50% replacement, the mechanical performances of  coated and 

uncoated BA-L mortars are the same (Figure 5.5c)). 

Knowing that the ITZ is improved in the presence of  the coating, the development of  a comparable 

compressive strength suggests that failure is not localized in this area. In the presence of  porous aggregates, 

many studies have observed the failure mechanism localized in the aggregate itself, pointing them out as the 

weakest part of  the system (Bogas and Gomes, 2013; Gerritse, 1981). This phenomenon is also observed in 

BAL20_50 samples (Figure 5.7b)). The presence of  cracks developing through the BA-L aggregate, instead 

of  along the ITZ, supports the failure mechanism of  lightweight concrete (LWC). Contrary to standard 

concrete, in LWC the stress distribution occurs mainly through the matrix, because of  the lower stiffness 

of  the porous aggregates compared to sand. 

Therefore, the ITZ being stronger in the presence of  the coating, the failure path (crack) travels through 

the BA-L aggregate, limiting the mechanical strength of  the mortars (Lo and Cui, 2004). For replacement 

higher than 50% vol., a lower compressive strength is measured in the presence of  the coating (Figure 

5.5c)), due to the failure localized in the unreacted WG layer (Figure 5.7a)).

Finally, the density of  the mortars is also affected by the BA-L replacement, resulting in 1700 kg/m3 

for 100% vol. replacement (Figure 5.5d)). Because of  the low density generated by the combination of  

normal-weight aggregates and porous by-products (BA), BAL20_75 and BAL20_100 can be classifi ed as a 
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semi-lightweight product, as defi ned in ASTM C 330 (ASTMC 330 - Lightweight Aggregates for Structural 

Concrete, 2000). Therefore, the presence of  WG coating allows the successful manufacture of  a lightweight 

product, enhancing the rheological behaviour and leading to proper compaction during casting. 

5.3.4 Infl uence of  the coating on the environmental impact of  the BA

A reduced tank test evaluates the environmental impact as shaped material, according to the Soil Quality 

Decree limits displayed in Table 2.4, Paragraph 2.4.2. The evaluation of  the leachates shows a pH trend 

ranging between 11.7 and 12, independent of  the replacement level and the coating thickness. A stable pH 

ensures a correct comparison among the leachates due to the similar testing conditions. 

Environmentally, the uncoated BA-L selected is not in compliance with the Dutch Soil Quality Decree 

(SQD)(Soil Quality Decree,  2018) as granular material (Table 2.8, Paragraph 2.5.3). The main elements 

exceeding the thresholds for leaching are chlorides and sulphates, (6 and 15 times higher than the SQD 

limit, respectively) as well as antimony and copper (5 and 7 times higher than the SQD limit, respectively). 

The leaching behaviours of  the coated and uncoated samples are described in Figure 5.8. Independent of  

the replacement level, all the samples completely fulfi l the legislation threshold for shaped material for all 

the contaminants, showing the benefi cial immobilization provided by the hydrated PC2 matrix (Table 5.2).  

In the samples without coating, the leaching trends of  chlorides, barium, copper and zinc are increasing 

with the content of  MSWI BA, due to the rising contaminants amount. In the presence of  the coating, the 

leaching of  chlorides, barium, copper and zinc are reduced by 88, 98, 94 and 97%, respectively. The lower 

leaching is due to the presence of  a denser matrix around the BA-L aggregates, limiting the dissolution and 

dispersion of  the contaminants located internally.
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Figure 5.8:  Comparison of  the leaching behaviour of  the most leachable elements of  mortars (Table 5.1) tested as 

shaped material at 16 days (Van der Sloot et al., 1994) with and without coating, measured by IC and ICP/OES. An 

integral version of  the data, is available in Table 5.2. The limits imposed by the soil quality decree are desctibed in 

Table 2.4, Paragrap2.4.2.

Table 5.2:  Complete overview of  the contaminants concentration at 14 days of  cement mortars (Table 5.1) including 

different rate of  BA as shaped material. 

BAL_25 BAL20_25 BAL_50 BAL20_50 BAL_75 BAL20_75 BAL_100 BAL20_100

mg/m2 mg/m2 mg/m2 mg/m2 mg/m2 mg/m2 mg/m2 mg/m2

Antimony (Sb) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Arsenic (As) < 1.0 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0

Barium (Ba) 90.0 3.3 106.7 2.0 130.0 1.0 146.7 1.0

Cadmium (Cd) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Chromium (Cr) < 0.7 < 0.7 < 0.7 < 0.7 < 0.7 < 0.7 < 0.7 < 0.7

Cobalt (Co) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Copper (Cu) 3.3 0.1 3.7 0.2 3.3 0.2 3.7 0.3

Lead (Pb) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Molybdenum (Mo) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2

Nickel (Ni) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2

Selenium (Se) < 0.7 < 0.7 < 0.7 < 0.7 < 0.7 < 0.7 < 0.7 < 0.7

Tim (Sn) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Vanadium (V) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Zinc (Zn) 4.7 < 0.2 6.3 0.2 7.0 0.2 9.0 0.2

Chloride (Cl-) 160.0 232.8 330.0 36.6 576.7 37.6 823.3 119.2

Sulphate (SO4
2-) 85.7 123.4 87.7 183.6 96.7 199.3 146.7 252.6
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Moreover, the addition of  WG reduces the Ca/Si atomic ratio of  the reaction products (Figure 5.6a)), 

favouring the immobilization of  the contaminants. This phenomenon is in agreement with the fi ndings of  

Z. Giergiczny and W. Nocun (Giergiczny and Król, 2008; Nocun-Wczelik and Malolepszy, 1997), which 

showed that the presence of  a gel with a low Ca/Si ratio is benefi cial for the immobilization of  heavy 

metals. 

On the other hand, a reverse trend is observed for sulphates, whose leaching is increased in the presence of  

the coating. This could be due to the formation of  highly soluble phases incorporating SO4
2- (e.g. Na2SO4) 

during the pre-treatment with WG as was proposed by (Alam et al., 2017). However, no proof  of  the 

presence of  sulphate phases was obtained, since the concentration of  sulphates is below the detection limit 

of  XRD analysis. 

5.4 Conclusions 

This chapter evaluates the infl uence of  waterglass (WG) impregnation treatment on the performances of  

1-2 mm fraction of  BA-L as a sand replacement in mortars. Based on the performed analysis the following 

conclusions can be drawn:

• The impregnation treatment based on sodium silicate creates a uniform coating on the aggregates 

smoothing their surface and reducing their porosity. The BET surface area and the total pore volume 

of  the BA-L aggregates are reduced by 56% and 60%, respectively when WG is employed to form a 

20 nm coating. 

• The presence of  the coating limits the water adsorption of  the MSWI BA-L enhancing the paste spread 

fl ow by 38%, when 100% sand is replaced. 

• Using a 20 nm coated BA-L, optimal mechanical performances are observed for 50% replacement, 

having a fl exural strength of  6.5 MPa, which is the same as the reference. For this replacement level, the 

compressive strength is only reduced by 28% (32 MPa) compared to the reference material (45 MPa).

• Lightweight mortars with densities below 1800 kg/m3 can be successfully produced with sand 

replacement levels above 50% vol. The minimal strength requirement is also fulfi lled, with values 58% 

above the requirement (17 MPa). 

• In the presence of  the coating, the leaching of  barium, copper, zinc and chlorides is reduced by 98, 94, 

97 and 88%, respectively. Independent of  the replacement level, the leaching values comply with the 

Dutch legislation thresholds for shaped materials.

• Overall, the impregnation treatment based on sodium silicate is benefi cial for the application of  MSWI 

BA-L as fi ne aggregates. The enhancement of  the mechanical and leaching behaviour of  the fi nal 

product is mainly linked to the reduction of  the particles porosity and surface area. 



As a consequence, the mortar paste shows a rheological behaviour comparable to the reference despite 

the high BA-L rate. Moreover, the high content of  silica leads to the modifi cation of  the ITZ chemical 

composition, enhancing mechanical behaviour and limiting the release of  contaminants. 
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Cake as Supplementary Cementitious Material and 

Minor Additional Constituent

 Chapter 6 
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Filter Cake as Supplementary Cementitious Material (2019).
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Abstract

In order to lower the contamination of  coarse bottom ash (CBA, with particles up to 32 mm), wet sieving 

is applied for the removal of  the fi nest, and most contaminated particles, below 0.25 mm. After this wet 

separation process, a centrifugation step is employed to the washed fi ne particles (Municipal Solid Waste 

Incineration Sludge, in this study termed Filter Cake (FC)). In order to reduce its leaching of  heavy metals, 

the use of  FC as a supplementary cementitious material represents a valuable option, due to cement 

immobilisation capacity and the appropriate particle size and chemical composition. However, FC has not 

often been investigated as binder replacement. Therefore, this chapter addresses the suitability of  FC as a 

substitution for CEM I 52.5 R, between 1 and 20% replacement, by mass. FC is characterized mainly by 

weathering and quenching phases (e.g. ettringite, AlOx, and amorphous phases based on calcium-silica-

alumina), which are mostly soluble in an alkaline environment. Due to its porous structure, the FC lowers 

the bulk and particle density of  the mixtures (up to 10% and 8% respectively), increases the water demand 

(up to 11%) and widens the particle size distribution. XRD analysis shows the formation of  layered double 

hydroxides (LDH) in the early stage of  the reaction (1, 2, 7 days), incorporating contaminants such as Cl. 

The hydration of  C3S is delayed up to 2 hours according to the FC replacement without affecting the long-

term fl exural strength. Despite this, the presence of  FC minimally contributes to the increase of  cement 

reaction degree. Tested according to EN 12457-2, the 28 days mortars fulfi l the Dutch legislation for 

contaminants leaching as unshaped material, even for the highest the substitution rate. 
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6.1  Introduction

Innovative wet separation treatments applied to the coarser BA fraction (CBA, Figure 2.2, Paragraph 2.4.1) 

ensure low contamination and more straightforward use of  the by-product (Alam et al., 2017). However, 

an additional waste stream is produced called MSWI Filter Cake (FC), by accumulating the fi nest and most 

contaminated particles removed from the bigger fractions. Because of  this process, chlorides and sulphates 

concentrations in FC are lower than in dry sieved BA fi nes (BA-S)(Table 2.8 Paragraph 2.5.3), whereas 

the presence of  heavy metals is hardly reduced. For limiting the release of  those contaminants into the 

environment, the application of  BA below 0.25 mm in combination with cement (PC2) has often been 

proposed (Cheeseman et al., 2005; Juric et al., 2006; Kim and Lee, 2011; Lancellotti et al., 2014). Cement 

hydration leads to the immobilisation of  ions in the reaction products, limiting the leaching of  heavy 

metals (Gougar et al., 1996; Nocun-Wczelik and Malolepszy, 1997). Commonly, dry sieved BA fi nes such 

as BA-S have a small particle size (Figure 2.5, Paragraph 2.5.1), wide availability and often contain hydraulic 

or pozzolanic phases which contribute to the cement hydration (Polettini et al., 2005), thus facilitating 

their application as supplementary cementitious material (SCM). However, despite the similar chemical and 

physical properties of  FC and BA-S (Table 2.5, Table 2.6 and Table 2.7, Paragraphs 2.5.1 and 2.5.2), the 

wet separation of  FC limits its reactivity, which is mainly exhausted in contact with the washing water or 

during weathering (Chapter 3). Because of  the limited application of  this wet sieving treatment, not much 

knowledge is available about the behaviour of  FC in combination with cement.  Even less it is known 

about the amount of  the amorphous and crystalline phases in FC,and their reactivity,  which can contribute 

to strength development in building materials or infl uence the leaching behavior. Regardless of  its low 

reactivity, FC can be used as cement substitution within a rate of  5% wt., defi ned as Minor Additional 

Constituent (MAC)(EN 197-1, 2000). The fi neness of  the FC and the presence of  small amounts of  

calcium carbonate have been reported by other studies to be benefi cial in the cement hydration, providing 

the surface for nucleation and growth of  reaction products (Lothenbach et al., 2008). Despite this potential, 

the use of  FC as SCM or as MAC has so far not been evaluated in any study. Its infl uence on the physical 

properties and reaction products of  the cement as well as its impact on the binder reaction degree are 

unclear. 

From Chapter 3, it is clear that the application of  FC increases the reaction degree of  cement by 25% 

within the fi rst 7 days of  hydration (Paragraph 3.3.3). Moreover, the similar particle size distribution 

allows the partial replacement of  cement, avoiding further milling process. Environmentally, the FC is less 

contaminated than BA-S, due to the centrifugation applied after wet sieving. This contributes to lower the 

presence of  easily soluble contaminants such as chlorides and sulfates, known for their infl uence in the 

cement hydration (Hewlett, 2004). Therefore, this chapter presents an accurate evaluation of  the potential 

application of  FC as SCM and MAC in CEM I 52.5 R, using replacements between 1% and 20% wt. Firstly, 

an in-depth characterization of  the FC is proposed using PARC and Rietveld analysis, for determination 

of  reactive phases in alkaline environment. Thereafter, the effects of  FC on the early stage of  hydration 

(reaction kinetics and phase formation) are studied in detail by isothermal calorimetry and X-ray Powder 
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Diffraction (XRD). The binder reaction degree and the mechanical performances are measured until the age 

of  91 days, by thermogravimetric analysis and according to EN 196-1, respectively. The leaching assessment 

of  the fi nal products is also presented according to the Dutch Soil Quality Decree, (2015), performing one 

batch leaching tests on the granular material (EN 124-57)(Holm and Hansen, 2003). 

6.2  Experimental

6.2.1 Materials 

In this study Filter Cake (FC), produced by the wet separation treatment of  coarser bottom ash (CBA) 

is applied. The complete description of  the material processing and its characterisation can be found in 

Paragraph 2.4, Figure 2.2 and Paragraph 2.5. CEM I 52.5 R (PC2) without the addition of  the standard 

Minor Additional Constituent (MAC) was provided by ENCI (NL) and dry mixed in the cement plant with 

the FC, at different replacement levels (1, 3, 5, 10, 15, 20% wt.). The high Blaine surface area of  CEM I 52.5 

R compared to other types of  cement makes it the most sensitive to the modifi cations in PC2 hydration 

when additives are included, and therefore it was the most suitable binder for evaluating the FC infl uence 

on the PC2 hydration. The mortars were made using standard inert sand (98% SiO2, Norm Sand, ISO 679, 

EN 196-1). 

The samples in the form of  loose powder were named as FCm, where m indicates the replacement rate 

applied (% wt.), mainly used for the determination of  the physical properties of  the blended mixtures 

before hydration. The mortar samples were called PC2_n (reference without FC) or FCm_n, where m is 

the replacement level (%), and n stands for the hydration time (days).

6.2.2 Methods

Bulk chemical and phase composition of  Filter Cake

The bulk chemical composition of  Filter Cake was measured with an X-Ray Fluorescence spectrometer 

(XRF; PANalytical Epsilon 3, standardless). The borate fusion method was used for the preparation of  

fused beads. The sample was diluted 10 times in the borate mixture (67% Li2BO7 and 33% LiBO2) along 

with LiBr as a releasing agent (100 μL of  4M solution). Afterward, this mixture was homogenized, and 

molten fl ux prepared with a borate fl uxer oven (Classisse leNeo) for 24 minutes at the temperature of  1065 

°C in a platinum crucible. 

The X-ray diffraction patterns of  the samples were obtained with a D2 diffractometer from Bruker. The 

instrument was equipped with a Co-Anode (Kα1:1.7901 Å and Kα2:1.7929 Å) as a radiation source and a 

LynxEye detector. Divergence and soller slits of  0.2° and 2.5° were used, respectively. For the quantifi cation 

of  amorphous content in the Filter Cake, 10% wt. Si (Siltronix, France) was added as an internal standard. 

The sample was milled in a Retsch McCrone mill for 3 minutes to achieve homogenization. Afterward, the 

samples were quantifi ed with the TOPAS software (version 4.2) from Bruker (Coelho, 2018).
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The phase composition was also investigated using large area phase mapping based on SEM/EDX. A 

polished cross-section of  original and digested Filter Cake was prepared by embedding the material in 

epoxy resin (Struers, EpoFix). The polishing of  the sample was done without water. A SEM (JEOL JSM-

7001F) with two 33 mm2 detectors (Thermo Fisher Scientifi c) and NORAN-System7 hardware with NSS.3.3 

software was used for the acquisition of  spectral imaging (SI) data sets. The measurements parameters 

were; 15 kV voltage, 6.2 nA beam current and 1 μm measurement step.  For each sample, an area of  9 x 

9 fi elds have been measured, each having size of  512 x 384 μm. The total measured area for both original 

and digested Filter Cake was 4.6 x 3.4 mm2. The post-processing of  the SI dataset was done with PARC 

(PhAse Recognition, and Characterization) software. PARC groups the elemental spectra of  the sample 

according to their chemical composition and generates color-coded phase maps. It also generates the phase 

content (area%) and the average chemical composition of  each phase. If  the chemistry of  a phase-matched 

a mineral identifi ed with XRD, then the phase was named accordingly. Otherwise, the phase was given a 

name based on its composition using cement chemistry notations. The area% of  the phases identifi ed with 

PARC were then converted to wt. % by using the density of  the respective mineral phases. The reference 

densities used for the classifi cation, as well as the area% and its standard deviation are presented in Table 

Table 6.1. If  the phase could not be identifi ed as a mineral the specifi c density of  the Filter Cake sample 

was used for conversion instead. The undigested samples are normalized on 100% wt., while the digested 

one are normalized on the remaining mass after digestion (75% wt.).

Table 6.1:  The phase composition found in this study for both FC and digested FC (in area%) along with standard 

deviation (S.D.) obtained with the PARC analysis. Bold values indicate the high standard deviations, discussed in this 

paragraph. 

Phases
Phase 

content
(area%)

S.D.
(±)

Density
(g/cm3)

AlOx 2.0 2.4 3.8
Apatite 0.9 1.1 3.2
Calcite 15.3 9.2 2.7
CAS 1 14.9 4.3 2.9
CAS 2 6.2 2.9 -
CAS 3 5.7 3.8 -
CFS 3.4 3.9 -
CS 6.2 2.1 -

Dolomite 0.8 0.8 -
Ettringite 1.0 2.1 6.9
Feldspar 1 11.1 4.7 2.6
Feldspar 2 3.0 13.3 2.6

FeOx 1.2 2.2 5.2
Gypsum 2.8 6.2 -

MAS 2.8 3.9 -
Pyroxene 4.6 6.9 3.5
Quartz 13.6 25.2 2.7
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The standard deviations (S.D.) of  the two major phases’ calcite and quartz, but also Feldspar 2 are signifi cantly 

higher compared to the other compounds. Quartz in FC is mechanically resistant, and is not affected by the 

incineration process; therefore, it is present in larger pieces, which increases the variation. The same issue is 

also related to the S.D. of  feldspar 2 present as large solid chunks. In this study, this features is considered an 

indication is that the feldspar 2 is a natural crystalline feldspar.  Calcite is also present as larger, solid grains 

in addition to small particles, fi nely dispersed throughout the sample. 

Digestion of  Filter Cake for the determination of  reactive oxides

The reactive oxides in the MSWI FC are investigated by digesting the sample in alkaline NaOH solution 

(Alam et al., 2019b) and analyzing the resulting residues. Based on this study, the MSWI Filter Cake (FC) 

was digested in a solution of  NaOH (8 M), using an L/S ratio of  100, under continuous stirring.  

Figure 6.1:  Treatment scheme applied in this study for the determination of  the reactive phases in the MSWI Filter 

Cake. 

Preliminary studies have tested different digestion times (5, 24 and 48 h) and shown that 24 h process 

was suffi cient to dissolve all reactive phases of  the material. The residue was collected after digestion by 

fi ltering through an ashless fi lter paper previously weighed (Whatman 41, GE Healthcare Life Science) and 

washing with deionized water till neutral pH. The sample is then incinerated together with the fi lter and 

weighed to measure the residual mass. The use of  ashless fi lter paper ensures the determination of  the LOI 
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of  the residual mass only. The LOI of  this sample was then determined by incineration at 1000 °C for 4 h, 

and fused beads for XRF analysis were prepared using the residue of  the test. The fi nal XRF results were 

calculated taking the mass loss during digestion into account (Table 6.6). Figure 6.1 graphically explains the 

procedure applied in the study. The concentration of  reactive oxides is measured three times and averaged. 

The error ranges are also displayed together with the results in Paragraph 6.3.3. 

PC hydration degree

The cement reaction degree of  the mixtures was evaluated using thermogravimetric analysis (TGA)(Jupiter 

STA 449 F1, Netzsch) , by determining the mass loss caused by the decomposition of  the main hydration 

products and carbonated phases (Kocaba et al., 2012; Pane and Hansen, 2005; Zeng et al., 2012). All 

specimens were tested at a temperature range of  40-1100 °C at a heating rate of  10 °C/min. The reaction 

degree of  the pastes was determined by chemically bonded water and portlandite content. Seven main 

parameters were considered: the total mass loss (mt, between 40-1100 °C), the mass loss of  physically and 

chemically bound water (mp and mc decomposing between 40-105 °C and 105-1100 °C, respectively), the mass 

loss of  the carbonated phases (mC1, 600-900 °C) and the mass loss of  calcium hydroxide (mCH, between 420-

490 °C, (Scrivener et al., 2016)). Moreover, due to the presence of  volatile substances but also carbonated 

phases in FC (Table 2.5, Paragraph 2.5.1), their contribution was also quantifi ed (Paragraph 6.3.8)(mVS, 

between 105-550 °C (Corton et al., 2016) and mC2, 600-900 °C, respectively) and used for correction of  the 

mt mass loss proportionally to FC content in the sample. For every time step considered, the mass of  the 

carbonated phases not belonging to the FC was assumed to be carbonated portlandite (CH), according to 

the reaction (Montes-Hernandez et al., 2010):

Ca(OH)2 + CO2  CaCO3 + H2O        (6.1)

Its corresponding CH mass (mCCH) was determined, using:

mCCH(t) = (mC1(t)-(%FC * mC2)) * MCH
MCC

         (6.2)

and MCH and MCC are the molar masses of  CH and  CaCO3 (74.09 g/mol and 100.1 g/mol, respectively). 

Later the estimated value is added to mCH to quantify the total CH of  the system (mCHTOT):

mCHTOT(t)= mCH(t)+mCCH(t) 
%PC

            (6.3)

The mass of  the carbonated phases and volatile substances (TOC) in FC (Table 2.5, Paragraph 2.5.1) is 

calculated based on their weight percentage in the sample (%FC). The chemically bound water (mc) was 

therefore determined according to:

mc(t)=
t(t)-mp(t) - (%F * mC2) - (%FC *mVS) + mCCH(t)

%PC
        (6.4)

The mc at any hydration time (t) is normalised for the mass percentage of  the PC2 (%PC) in the sample, as it 
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was assumed that reaction products were only formed by the PC2 hydration (Pane and Hansen, 2005). The 

analysed pastes have water to binder ratio (w/b) of  0.5, and the samples were tested after different curing 

times (t)(1, 7, 28, 91 days). 

Mechanical performances

In addition to the standard determination of  the mechanical performances (Paragraph 2.4.2 and 6.3.7), the 

fi nal impact of  the replacement on the mechanical performances of  the mortars is determined by using:

S =
fm - (f * PC%)

(f * PC%)
* 100           (6.5)

where, 

ΔS (termed strength coeffi cient) describes the infl uence of  the FC on the mechanical performances of  the 

mixtures compared to the reference sample [DU], fm is the compressive strength measured in the blended 

mixture (MPa), fr is the compressive strength measured for the reference sample PC2 (MPa) and the %PC 

is the mass percentage used in the investigated sample [% wt.].

Leaching assessment

Firstly the evaluation of  the contaminants leaching is addressed based on the Soil Quality Decree as 

unshaped material. Additionally, this chapter provides an estimation of  the retention rate in the hydration 

products, calculating the theoretical leaching of  the fi nal products based on the leaching of  the raw FC and 

hydrated PC2 paste at 28 days. The retention rate is determined using:

R= (Rt - Re)
Rt

 
              

(6.6)

Rt= r1 * LFC +(r2 * LPC28)          (6.7)

where, 

Re is the effective leaching measured in the one batch leaching test, Rt is the theoretical leaching value 

calculated using Equation (6.7), LFC is the leaching of  granular FC [mg/kg] (Table 2.8 Paragraph 2.5.3), 

LPC28 is the leaching of  28 days reference mortars in granular shape [mg/kg] (Table 2.9 Paragraph 2.5.3), 

rn is the rate of  each material in the sample [%]. A positive value for the retention rate indicates the 

benefi cial effect of  cement, as the reaction products retain contaminants in the matrix (Rt > Re). A negative 

value corresponds to a higher concentration of  the pollutant in solution than the one expected (Rt < Re), 

signifying the possible dissolution of  phases incorporating contaminants during the hydration process. 
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6.3  Results and discussion

6.3.1  Mineral composition of  undigested Filter Cake

The large area phase map of  the Filter Cake generated with PARC is given in Figure 6.2 and shows the 

distribution of  the FC phases and their respective amounts. The chemical composition of  these phases 

can be found in Table 6.2. The particles in FC show variable morphology consisting of  large, solid, and 

chemically homogenous grains (such as quartz, D4-D5), but also very porous heterogeneous particles (D3-

E3). Finally, some grains show a solid and dense core surrounded by a porous and heterogeneous particle 

layer (G3-G2-B2). The corresponding greyscale image of  the phase map can be found in the appendix 

(Appendix A).

To discuss the FC mineralogical composition, this data was complemented with quantitative XRD and XRF 

analysis, as shown in Table 6.3. The phases found in FC were classifi ed on basis of  their origin into three 

mineral groups: a) inert phases b) incineration phases and c) quenching/weathering phases. 

Inert phases

The mineral phases that were a part of  the original waste feed and did not alter during the incineration 

and post incineration processes belong to the inert group. These phases are quartz (13.7% wt., area C1, 

D4, and F2) and apatite (1.2% wt.), as shown in Figure 6.2. Feldspars and the dolomite (13.6% and 0.7% 

wt., respectively) can belong to both inert and active groups, as they can be present in the waste feed as 

a common soil mineral, but they can also form out of  the slag, during incineration (Alam et al., 2019b). 

However, due to the high standard deviation shown by feldspar 2, only this type of  feldspar is considered 

belonging to the inert group. Due to its high mechanical resistance, the grains of  quartz are bigger than 

others, leading to the high standard deviation of  the PARC result in area% (Table 6.1). The quartz content 

determined with XRD (5.8% wt.) is considered more accurate because a larger volume can be measured 

with this method.

The mineral phases that can be formed or altered during the incineration of  the original waste feed and 

processing of  MSWI BA are active phases and consist of  incineration and quenching/weathering products.

Incineration phases

Similarly to the fi ne bottom ash residues (Alam et al., 2019b), the Filter Cake also contains an assortment 

of  iron oxides and iron-rich phases, which were formed during the incineration process. These particles are 

too small to be removed during the ash processing, which recovers most ferrous materials. The crystalline 

iron phases were hematite and magnetite as determined with XRD. Additionally an amorphous phase, CFS 

with a Fe2O3 content of  34% wt. was determined with PARC (CaO/SiO2 = 0.4 and SiO2/Fe2O3 = 1.1)

(Table 6.2).
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Figure 6.2:  PARC phase map of  MSWI FC before digestion. The area measured with PARC was 4.6 mm x 2.5 mm, 

divided here into 9 columns (given coordinates A to I) and 7 rows (given coordinates 1 to 7) to make possible to refer 

to specifi c area in the map. 
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Table 6.2:  Chemical composition of  phases identifi ed using PARC analysis mapping of  the original FC.
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Table 6.3:  Oxide composition and mineralogical quantifi cation of  the original Filter Cake after drying, as provided 

by Heros Sluiskill (NL).

Filter Cake oxide composition 
(XRF) 

Filter Cake Mineral Phases 
(XRD Rietvield)

% wt. % wt.
MgO 2.53 Calcite 15.8
Al2O3 12.08 Chabazite 0.2
SiO2 14.97 Feldspar 2.6
P2O5 0.91 Gypsum 2.1
SO3 4.22 Hematite 1.1
K2O 0.27 Apatite 2.2
CaO 22.26 Illite 3.3
TiO2 1.07 Magnetite 1.3
MnO 0.28 Melilite 1.6
Fe2O3 4.99 Pyroxene 1
CuO 0.28 Quartz low 5.8
ZnO 0.59 Rutile 0.6

Cl 0.82 Amorphous 62.4
R.O. 0.52

Weight loss -
LOI 34.3
Sum 100 Sum 100

Quenching phases

In the original FC, three different quenching phases are identifi ed containing Ca, Al, and Si as major 

components. They are named CAS 1, CAS 2, and CAS 3. In the PARC map, all CAS phases are fi nely 

dispersed and intermixed with each other (area A7, E1, and F1). The content of  CAS 1 (CaO/SiO2 = 1.2 

and SiO2/Al2O3=1.5) is 16% wt., having chemical composition (Ca1.88Na0.82 K0.1)(Al0.58Fe0.28Mg0.15)(Si1.37Al0.63)

O7, calculated from the PARC data. However, the melilite content determined with quantitative XRD is 

only 1.6% wt. It is known that the incineration slag in  MSWI bottom ash below 4 mm is melilitic in nature 

(Alam et al., 2019a; Alam et al., 2019b), but due to the rapid quenching after incineration, the majority 

of  the slag stays amorphous, while only minor amounts crystallise forming melilite. However, PARC is 

based on EDX data and cannot differentiate between amorphous and crystalline phases. The presence 

of  amorphous phases is also refl ected in the high amorphous content determined with XRD (62.4wt %). 

CAS 2 (5.9% wt., CaO/SiO2 = 5.5 and SiO2/Al2O3= 0.9) and CAS 3 (5.4% wt., CaO/SiO2 = 0.4 and SiO2/

Al2O3= 2.1) are likely amorphous too, because no mineral with a corresponding chemical composition 

could be found with XRD. Comparing the CAS phase’s chemical composition, a higher content of  alumina 

and silica is detected for CAS 3 compared to CAS 1 and CAS 2. Additionally, another amorphous phase 

containing mostly Ca and Si was observed and named CS (5.9 % wt., CaO/SiO2 0.9). The CS phase is likely 

formed during the incineration process, and its presence has been reported in earlier studies (Alam et al., 

2019a, 2019b; Bayuseno and Schmahl, 2010). Additionally, phases with feldspar composition are identifi ed 

with PARC and named feldspar 1 (10.7wt %). As the content of  feldspar determined via quantitative XRD 

is only 2.6% wt., PARC analysis overestimates the feldspar content, by grouping natural feldspar with 
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amorphous phases having similar composition. It is known from other studies, that the amorphous slag 

generated during incineration can indeed have a feldspar-based composition because of  the quenching 

process (Eusden et al., 1999). For this reason the feldspar 1 is regarded as quenching phases, while feldspar 

2 is considered in the inert phases.  

Weathering phases

A signifi cant percentage of  FC belongs to the weathering group. These include calcite, hydrous metallic 

oxides, ettringite, and gypsum. FC is generated during the washing of  weathered bottom ash, which removed 

the weathering products formed on the surface of  the coarse bottom ash (4-32 mm) and accumulates it in 

the FC. Calcite is the main weathering product with ≈ 16% wt. and the rest were 2.6% wt. ettringite, 2.9% 

wt. hydrous Al-oxides (AlOx), and 2.7% wt. gypsum based on PARC data. All of  these phases have been 

reported in the different fractions of  bottom ash, albeit in smaller amounts. Ettringite is not found with 

X-Ray diffraction, which may be due to the decomposition of  the phase during drying and milling of  the 

sample.

In general, the mineral composition of  the FC residue is quite similar to dry sieved bottom ash fi nes (below 

0.250 mm)(Alam et al., 2019a), as they are generated out of  the same material. The main difference is the 

higher presence of  weathering phases in the FC residues, mainly found in the smaller particles size and in 

the particle layer covering the larger particle. This comes together with a lesser amount of  residual inert 

phases (such as quartz). 

6.3.2  Mineral composition of  Filter Cake after digestion 

The change in the morphology of  the FC residue after alkaline digestion is evident from the PARC phase 

map provided in Figure 6.3. The corresponding greyscale image to the phase map can be found in the 

appendix (Appendix B). Rietvield quantifi cation of  crystalline phases is also provided for the digested 

sample, normalized by the sample residual mass (Table 6.5). 

The minerals shown in Figure 6.3 are either insoluble in the NaOH solution, or might have precipitated in the 

applied digestion conditions. The large and dense particles are mainly belonging to the inert group (quartz, 

apatite, feldspar, and dolomite) and do not show signifi cant modifi cation compared to the undigested FC, 

due to their low solubility in an alkaline medium. 

On the other hand, the structure of  the particles belonging to the other groups is changed signifi cantly. 

In areas C6-D6, A5-B5 and the area characterized by the diagonal G6-H7 of  Figure 6.3, partially digested 

grains with a porous outer layer and a more solid core are visible. Overall, the layer of  fi ne particles covering 

most of  the larger grains is not visible anymore or mainly characterized by CAS 1 and CAS 2. In particular, 

the CAS phase now has a needle-like appearance, and their content is increased after digestion (CAS 2 

+1.6% wt.), indicating that it was not dissolving.  
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Figure 6.3:  PARC mapping measurement on digested Filter Cake. The area measured with PARC was 4.6 mm x 2.5 

mm, divided here into 9 columns (given coordinates A to I) and 7 rows (given coordinates 1 to 7) to make possible to 

refer to specifi c area in the map. 
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Table 6.4:  Chemical composition of  phases identifi ed using PARC analysis mapping of  the FC, after digestion.
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Table 6.5:  Oxide composition and mineralogical characterization and quantifi cation of  the Filter Cake, after alkaline 

digestion.

Digested Filter Cake 
oxide composition

(XRF)

Digested Filter Cake Mineral Phases
(XRD, Rietvield)

% wt. % wt.
Na2O 0.0 Calcite 9.6
MgO 2.8 Feldspar 2.7
Al2O3 7.9 Gypsum 1.1
SiO2 14.3 Hematite 1.1
P2O5 0.9 Hydrocalumite 1.5
SO3 0.6 Apatite 2.4
K2O 0.2 Illite 4.6
CaO 20.3 Iowaite 0.5
TiO2 1.0 Magnetite 1.1
MnO 0.3 Melilite 1.7

Fe2O3 4.7 Pyroxene 1.2
CuO 0.4 Quartz low 8.8
ZnO 0.3 Rutile 1.0
R.O. 0.4 Zeolite P 1.2
LOI 21.4 Amorphous 37.0

Weight loss 24.5 Weight loss 24.5
Sum 100 Sum 100

An comparison based on the mineral classifi cation presented in Paragraph 6.3.1 is provided in Figure 6.4, 

showing the mineral phase contents before and after FC digestion, measured using PARC mapping. The 

majority of  phases affected by digestion are incineration and weathering phases (Figures 6.4b) and c)). 

Among the incineration phases, both kinds of  feldspar 1 (-4.6% and -0.9% wt.) and CAS 3 (-2.9% wt.) are 

reacted during the digestion. CAS 1 is not affected by the digestion, as its mass content is stable, while CAS 

2 increase its content by 1.6% wt. 
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Figure 6.4:  Comparison of  PARC results of  a) inert phases, b) incineration and quencing phases, and c) weathering 

phases in the original fi lter Cake and the digested one.

Despite the digestion, the content of  Si+Al in the different CAS phases remains consistent in comparison 

with each other. 

While iron oxides decreased (FeOx -0.8% wt.), other iron-based minerals were enriched by about 1% 
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Al-oxides (-1.4% wt.) are signifi cantly reduced, while gypsum (-2.7% wt.) and ettringite (-2.6% wt.) are 

entirely dissolved during the digestion. The minerals belonging to the inert group are either unaffected or 

slightly affected, due to their crystalline and more stable nature. 

During the digestion, new phases were formed as well, among them layered double hydroxides (LDH) 
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formed minerals included hydrocalumite (+1.5%), iowaite (+0.5%) and zeolite P (+1.2%). The alkaline 

medium is favorable for the formation of  these minerals and zeolites, as reported earlier (Alam et al., 

2019a). It is also possible that amorphous precipitates were formed as well. 

6.3.3   The reactivity of  MSWI Filter Cake

Table 6.6 shows the amount of  reactive oxides in the Filter Cake, calculated out of  the difference between 

the initial XRF bulk composition and XRF composition of  the digested FC, including the weight loss. The 

average mass loss recorded during digestion is 25.1% wt., of  which 13.5% wt. are LOI mass. Based on 

this mass loss, the compounds dissolving during the digestion are mainly, calcium, alumina, and sulfate-

based oxides, achieving a dissolution of  2.16%, 3.77%, and 3.75% wt., respectively. The high dissolution 

of  alumina can favor pozzolanic reaction, in the presence of  a cementitious binder.  On the other hand, 

the pozzolanic reactivity deriving from available silicates is not high, as only 0.8% wt. of  the available silica 

reacts. Lower dissolution of  iron oxides (0.22% wt.) and chlorides (0.79% wt.) are also detected, the latter 

mainly related to the volatilization of  chlorides above 600 °C (Yang et al., 2014), during the fused beads 

manufacturing. 

Table 6.6:  Reactive oxide estimation by XRF comparison of  digested and undigested FC as a mass percentage, 

averaged from three measurements. 

Filter Cake reacted 

oxides
Error min Error max

% wt. % wt. % wt.
MgO -0.18 0.08 0.09
Al2O3 3.77 0.84 0.57
SiO2 0.80 0.41 0.23
P2O5 0.03 0.03 0.03
SO3 3.72 0.15 0.14
K2O 0.08 0.08 0.10
CaO 2.16 0.61 0.64
TiO2 0.04 0.03 0.04
MnO 0.01 0.01 0.01
Fe2O3 0.21 0.11 0.15
CuO -0.12 0.14 0.16
ZnO 0.22 0.05 0.04

Cl 0.78 0.02 0.02
Other oxides 0.12 0.04 0.08

LOI 13.54 2.26 2.25
TOTAL 25.21 1.05 1.17

Comparing the reactive oxides estimated in Table 6.6 with the qualitative and quantitative estimation of  

phases after digestion using the PARC map (Figures 6.2 and 6.3, and Tables 6.2 and 6.4), a correlation can 

be found. The main weathering phases dissolving during digestion (e.g., ettringite and gypsum) correspond 

to the majority of  oxides dissolving in an alkaline solution. Moreover, the partial consumption of  calcite and 

CAS 3 phases is congruent with the reacted CaO value, shown in Table 6.6. Moreover, as already mentioned 
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in Paragraph 6.3.2, the precipitation of  LDH phases during digestion implies a higher content of  soluble 

alumina, calcium, and sulfate than what is detected by comparing XRF composition. Moreover, due to 

the dissolution of  calcite shown in Paragraph 6.3.2, the inclusion of  carbonate into LDH is considered as 

mainly related to the presence of  CO2 in the digestion solution. The low dissolution of  silicates is related 

to their presence in the form of  quartz, insoluble in an alkaline environment. 

 Most of  the phases detected with PARC analysis performed on wet separated FC are also present in the 

dry separated MSWI BA fi nes (BA-S)(Alam et al., 2019b). However, in the latter, the slag phases based 

on CaO-SiO2-Al2O3  are C4A3, C3S2AP, and CAS 3 mainly amorphous and not corresponding to the CAS 

phases detected in FC (Alam et al., 2019a). Due to the same origin of  the by-products, the same processing, 

and the particle size distribution, it can be concluded that the modifi cation of  these slag phases of  BA-S 

has taken place during the wet separation technique (Figure 2.2, Paragraph 2.4.1). This different treatment 

applied in the BA processing plant, originatied different amorphous compounds in FC, able to withstand 

the alkaline digestion applied (Paragraph 6.3.2). This works congruently with the results from Chapter 3, 

where differences in reactivity were measured between the wet separated FC and the dry separated BA fi nes. 

There, in the presence of  cement, calorimetry analysis shows the higher cumulative heat released during the 

early stages of  hydration of  MSWI BA fi nes/cement sample, evidencing a higher “chemical contribution” 

for the dry separated BA fi nes compared to the wet separated FC (Paragraph 3.3.3). Therefore, in general 

the presence of  a wet separation treatment on the coarse bottom ash fraction (CBA) in the processing plant 

is benefi cial for the generation of  fi nes with reduced content of  harmful contaminants (Paragraph 2.5.3), 

but at the same time limits the presence of  reactive quenching phases, available for reaction.

In the presence of  cement, FC is expected only marginally to participate in the reaction, due to the low 

content  of  reactive pozzolanic phases coming from FC (25% wt. reactive mass of  which 13% wt. as LOI, 

based on the mass loss after digestion). The main pozzolan participating in the reaction are aluminates, 

which are deriving from weathering and incineration phases as CAS 3 and ettringite. This is mainly related 

to the high content of  silicate incorporated in inert phases (quartz and the inert slag phases (CAS 1 and 2)). 

6.3.4 Infl uence of  the FC on the dry physical properties of  the mixtures

After replacing cement with FC, the modifi cation of  the physical properties of  the dry mix are measured. 

Although the dmin is not affected, the presence of  FC leads to the increase of  the PC2 dmax value (Table 6.7), 

which was expected based on the PSD of  the raw materials (Figure 2.5, Paragraph 2.5.1). Due to its higher 

porosity and BET surface area (Table 2.5, Paragraph 2.5.1), the substitution of  FC results in a drop in bulk 

and particle density by 11% and 8%, respectively, for a maximum replacement of  20% wt. (Figures 6.5a) 

and b)). In the MAC range (1-5% wt.), the modifi cation of  bulk density is relatively small (5% for 5% wt.). 

Here a minimal difference in the water demand is also observed (-0.8% for 3% wt. and +0.8% for 5% wt.), 

caused by the addition of  coarser FC (Figure 2.5 and Table 6.7). The 20% wt. replacement leads to a 10% 

higher water demand compared to the reference, caused by the high porosity of  the FC (Table 2.5). 
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Table 6.7:  Characteristic sizes (dmin, d10, d50, d90, dmax) of  the mixtures tested in this study.

Mixtures d
min

d
10

d
50

d
90

d
max

μm μm μm μm μm

PC2 0.41 5.16 12.35 27.79 63.00

FC1 0.41 4.24 11.97 26.19 63.00

FC3 0.41 4.08 12.24 24.68 39.81

FC5 0.41 4.21 13.00 29.03 63.00

FC10 0.41 3.80 11.93 24.38 39.81

FC15 0.41 2.76 9.98 24.41 39.81

FC20 0.41 3.83 11.21 26.75 63.00

FC 0.41 3.1 23.4 78.5 261.50

  

           a)                                                                            b)

Figure 6.5:  Impact of  FC on the physical properties of  PC2, for different replacement levels: a) Particle density b) 

Bulk density and water demand. 

6.3.5  Infl uence of  FC in the early stages of  hydration

The XRD analysis in the early stages of  the reaction is performed on hydrated pastes using plain PC2 

with increasing FC replacement. The results are displayed in Figure 6.6 at different ages (1, 2 and 7 days). 

Independently of  the curing time, the reaction products of  the reference are qualitatively similar to the 

ones including FC. Unreacted phases, such as alite (A) and belite (B) are detectable. Typical formations of  

ettringite and portlandite are also observed. However, depending on the replacement rate, the formation 

of  layer double hydroxides (LDH) is visible in the early stages of  hydration (Figure 6.6a), b), and c)). Those 

minerals are identifi ed as hydrocalumite (Ca8Al4(OH)24(CO3)Cl2(H2O)1.6(H2O)8, d-spacing 3.35 Å) and 

calcium monocarboaluminate (Ca4Al2O6(CO3)0.5(OH)11.5H2O, d-spacing 8.11 Å). The formation of  LDH 

incorporating Cl- in the presence of  MSWI BA has been reported before (Tang et al., 2016). The formation 

of  LDHs is known to be part of  the PC2 reaction during the fi rst hours of  hydration (Plank et al., 2010).
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Figure 6.6:  XRD analysis of  the mixtures including FC a) after 1day b) 2 days and c) 7 days of  reaction. A- Alite, B- 

Belite, E-Ettringite, P- Portlandite, LDH-layered double hydroxide.
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According to Plank et al. (2010), LDHs are precursors of  sulphoaluminate phases such as AFt and AFm 

and, therefore their presence is linked to the alumina, sulphate and calcium availability. For the analysed 

system, the increasing content of  the FC causes a higher Al2O3/SO3 ratio (Figure 6.7), due to its lower 

content of  SO4
2- and to its higher content of  alumina of  FC compared to PC2 (9% wt. and 3.88% wt., 

respectively, Table 2.7). As shown in other studies (Davidovits, 2008; Kartikaningsih et al., 2016), in FC, 

aluminate phases available for the reaction are derived from the dissolution of  aluminium hydroxides, 

CAS phases, feldspar, and weathering products as ettringite, soluble in the alkaline hydration environment 

(Figure 6.4, Paragraph 6.3.2). As a result, the lower amount of  SO4
2- prompts the formation of  LDHs, more 

than additional AFt or AFm phases. The presence of  those reaction products is known to be benefi cial 

for the intercalation of  inorganic anions, such as chlorides. This fact is also confi rmed in this chapter, 

where some of  the LDH characterised by XRD are incorporating Cl- (hydrocalumite, HC), and their 

presence is increasing in parallel with FC content. During the cement hydration, the presence of  calcium 

monocarboaluminate is also reported by Kakali et al. (2000), indicating the preferential formation of  this 

phase compared to monosulfate in the presence of  calcite. In this system, an increasing CaCO3 amount is 

present due to the FC itself, as shown in Figure 2.6 and Table 2.5. 

Figure 6.7: 
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6.3.6  Infl uence of  FC on the reaction kinetics

The reaction kinetics have been evaluated by isothermal calorimetry. Analysing the heat curves normalised 

on the mass of  the cement applied (Figure 6.8a)), a shift in the C3S hydration peak is observed, increasing 

with the replacement level. 

Within 5% replacement (FC5) the induction period is postponed by 30 minutes, while the delay reaches 

more than 2 h for higher substitution (FC20). Other studies have observed the same behaviour in the 

presence of  BA fi nes (Pane and Hansen, 2005; Tang et al., 2015).
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Figure 6.8:  a) Normalized heat of  the fi rst 30 hours and b) Cumulative heat of  the PC2-FC mixtures including 

different replacement levels of  FC, for a hydration period of  three days. 

On the other hand, the intensity of  the C3S hydration peak is stable at ≈5.00E-03 W/gcement independent 

of  the replacement. This trend indicates that the main C3S reaction is not affected by the presence of  FC 

(Alizadeh et al., 2009). The presence of  an extended dormant period is often related to the content of  

sulphates and aluminates (Xu et al., 2014). As shown in Figure 6.7 the alumina content of  the blended 

mixtures increases with the replacement level, as well as the CaCO3 amount, favouring the formation of  

LDH together with AFt phases (Figure 6.6a))(Tang et al., 2016). Therefore, it appears that the combination 

of  aluminates and carbonates released by the FC reaction has prolonged the induction period of  PC2, by 

the formation of  LDHs.

As far as the cumulative heat is concerned, an increment in the released heat is recorded in the blended 

pastes caused by the presence of  FC. This phenomenon can be connected to the delay in the C3S reaction 

visible in Figure 6.8a). The available alumina (Figure 6.4, Paragraph 6.3.2) uses the calcium in the solution 

for the LDH formation, accelerating the Ca2+ rate of  dissolution (Langan et al., 2002). Due to the extended 
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dormant period, the higher concentration of  dissolved species (Ca, Si and Al) in solution results in a higher 

reaction degree of  PC2 after 3 days of  reaction. 

6.3.7  Mechanical performances of  the blended mixtures

Figure 6.9a) displays the spread fl ow of  the mixtures according to the replacement levels. Due to the high 

surface area and pore volume of  the FC, the water demand of  the blended mixtures increases (Figure 

6.5b)). The presence of  1-5% FC causes a similar reduction in the slump (≈ 7%), while a further increase 

in the substitution reduces the slump by 28%, compared to the reference. Figures 6.9b) and c) represent 

the fl exural and compressive strength as a function of  the FC replacement level. The early fl exural strength 

(1 and 7 days) is inversely proportional to the replacement, due to the contribution of  the delay of  the C3S 

reaction. 

                     

       a)                   b)                         

  

       c)              d)

Figure 6.9:  a) Spread fl ow diameter of  the mixtures, b) Flexural strength and c) Compressive strength in time as a 

function of  the FC replacement level, d) Strength factor for the blended mixtures at different curing times. 

However, in later stages, it stabilises at ≈ 4.0 MPa at 28 days and 6.5 MPa at 91 days, showing lower 

dependence on the presence of  FC. The compressive strength decreases with the increase of  the replacement 
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level independently of  the age. The main aspects affecting the behaviour of  the pastes are the porosity of  

the FC, and the reduction of  the content of  phases contributing to the strength development, such as C3S 

and C2S. Within a replacement of  5% wt. (FC5_91) the compressive strength decreases by 9% compared 

to the reference sample (PC2_91), while for the higher replacement levels (FC20_91) it reduces by 16%. 

Figure 6.5d) shows the performances of  the blended mixtures compared to the reference sample, using the 

strength coeffi cient S. 

The main contribution of  FC (positive value of  ΔS, Equation (6.5)) is observed at 7 days and at 91 days, 

where except for FC1, all mixtures show improved performances of  the paste compared to cement. 

Increased compressive strength recorded after 7 days of  curing agrees with the higher reaction degree 

measured with calorimetry after 3 days.

As for the cumulative heat, the strength coeffi cient is improving with higher FC replacement, underlining a 

correlation between the FC content, the reaction degree and the strength of  the blended mixtures. On the 

other hand, the higher performances at 91 days are due to the minimal pozzolanic activity of  FC, developing 

during the longer curing time. Low performances at 1 day are refl ecting the delay in the C3S reaction shown 

in Paragraph 6.3.6 and Figure 6.8a), limiting the formation of  strength-contributing reaction products. 

6.3.8  Hydration degree evaluation

Analysing the plain FC sample (Figure 6.10), a total mass loss of  ≈ 27% wt. is recorded up to 1100 °C. 

Between 105-550 °C, the decomposition of  volatile substances is measured (Corton et al., 2016)(mVS = 

10.97% wt.). Moreover, the mass loss between 600° and 900 °C (mC2 = 7.3% wt.) corresponds to the thermal 

decomposition of  carbonated phases (mC2), most of  which is calcium carbonate (Figure 6.6). These mass 

losses are deducted from the chemically bound water (mb) calculation of  the blended pastes proportionally 

to the FC content (as they would be counted as reaction products otherwise, while they are not contributing 

to the hydration degree of  the paste).

Figure 6.10:  
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Figure 6.11:  Quantifi cation of  the reaction degree a) by mass loss of  the chemically bonded water and b) by CH 

mass loss in function of  the time of  the pastes containing different FC amounts. 0% represents the trend of  the plain 

PC2. Those parameters are normalised for the amount of  PC2 in the sample since it is assumed that mCH and mb are 

produced by PC2 only (Pane and Hansen, 2005). 

Figure 6.11a) displays the non-evaporable water trends for the different pastes, normalised for the PC2 

mass percentage of  the sample. Compared to PC2, in the early stages of  reaction (1 day), the amount of  

chemically bound water appears constant. For longer curing times, the presence of  FC minimally affects 

the reaction degree of  PC2: the amount of  chemically bound water in the samples is slightly rising with 

increasing FC substitution, indicating that a small amount of  additional reaction products is formed in the 

presence of  FC. 

Observing Figure 6.11b), the presence of  FC causes a reduction in the total CH mass concerning its 

content, starting in the early stages of  hydration. The amount of  CH in the reference is, in fact, higher than 

in the other samples at 1-day hydration. As shown in Paragraph 6.3.2 (Figure 6.4), part of  the alumina ions 

quickly dissolving in the alkaline environment are used for the production of  additional reaction products, 

e.g., double layer hydroxides, during the same period. Therefore, the lower content of  CH in the blended 

systems is probably related to the lower availability of  calcium ions, used for the LDH formation in early 

stages more than for the gel formation in later stages of  hydration. This lower availability of  Ca2+ affects 

the CH content for the whole hydration time (Figure 6.11b)). 

In agreement with this, at 91 days the compressive and fl exural strength is not improved compared to 

the reference (Figure 6.10b)), indicating a minimal pozzolanic contribution typical for the later stages of  

hydration (Palomo et al., 2007). It appears that the low content of  pozzolanic phases available for reaction 

(SiO2 is mainly in the form of  quartz, Figure 6.6) does not lead to the formation of  additional reaction 

products, e.g., C-S-H gel, and is therefore not contributing to the strength development. 
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6.3.9 Leaching assessment

The environmental impact is addressed by comparing the leachates concentrations to the limits imposed 

by the SQD (Table 6.8). 

Table 6.8:  Environmental impact of  the mortars including 5 and 20% wt. FC as PC2 replacement and calculated 

retention rate according to the Equations (6.6) and (6.7). Positive values indicate the incorporation of  the contaminants 

in the hydrated cement while a negative value corresponds to the higher release of  those ions in solution compared 

to the expected value.

Leaching assessment values Retention rate

Elements/Ions
SQD 

Unshaped 
material

FC5_28 FC20_28 FC5_28 FC20_28

mg/kg d.s. mg/kg 
d.s. mg/kg d.s. % %

pH - 11.8 11.5

Antimony (Sb) 0.32 < 0.1 < 0.1 53.5 82.14

Arsenic (As) 0.90 < 0.3 < 0.3 - -

Barium (Ba) 22.00 14.7 14.1 -12.0 -26.8

Cadmium (Cd) 0.04 < 0.02 < 0.02 - -

Chromium (Cr) 0.63 0.2 0.3 -589.0 -435.7

Cobalt (Co) 0.54 0.02 0.03 32.2 -7.1

Copper (Cu) 0.90 0.13 0.28 49.0 33.3

Lead (Pb) 2.30 < 0.1 < 0.1 - -
Molybdenum 

(Mo) 1.00 0.06 0.1 59.7 57.6

Nickel (Ni) 0.44 <0.05 <0.05 17.3 19.3

Selenium (Se) 0.15 < 0.2 < 0.2 - -

Tin (Sn) 0.40 < 0.1 < 0.1 - -

Vanadium (V) 1.80 < 0.1 < 0.1 - -

Zinc (Zn) 4.50 0.08 < 0.05 -18.5 58.3

Chloride (Cl) 616 45.25 63.92 75.1 89.7

Sulphate (SO4
2-) 2430 52.34 70.13 95.3 98.3

The pure FC exceeds the limits for Cl- and SO4
2 (5 and 12 times more than the permissible level, respectively), 

while it only slightly above the concentration limit for Cu. High concentrations of  Sb are also measured 

exceeding the legislation threshold 6.5 times (Table 2.8, Paragraph 2.5.3). Once the FC is placed in the 

cement paste, the leaching of  those contaminants is highly reduced, due to both of  the dilution effect 

caused by the binder substitution and the immobilisation of  part of  those contaminants in the cement 

reaction products. According to the immobilisation rate in Table 6.8, the formation of  hydrocalumite (HC) 

contributes to the immobilisation of  chlorides, for a total reduction in the Cl leaching by 56%, compared 

to the theoretical one (which already includes the dilution effect). A decrease of  sulphate leaching by 93% 

is also observed, due to their immobilisation in reaction products such as ettringite (AFt) and monosulfates 
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(AFm)(Caprai et al., 2018). Heavy metals like Cu and Sb also show around 50% retention compared to the 

theoretical leaching. Overall, even for the highest FC replacement level (20% wt.) paste, the strict SQD 

legislation has been respected for all the contaminants (Soil Quality Decree, 2018). 

6.4  Conclusions

This chapter evaluates the application of  MSWI Filter Cake (FC) as supplementary cementitious material 

(SCM) and Minor Additional Constituent (MAC) for CEM I 52.5 R (PC2). The following conclusions can 

be drawn:

• The Filter Cake is characterized mainly by weathering and incineration/quenching phases as calcite, 

ettringite and gypsum, but also amorphous CaO-SiO2-Al2O3 based phases (CAS) and feldspar. The 

reactive mass in FC is about 25% wt. and mainly composed by weathering products as ettringite, calcite 

and gyspum. Despite the presence of  amorphous CAS phases, they results mainly inert in the highly 

alkaline environment, minimally contributing to the pozzolanic activity in later stages of  hydration.

• The use of  FC within the allowed MAC substitution rate (5% wt.) does not modify the physical and 

mechanical properties of  the mixtures. The differences measured are within 5% of  the reference, 

which is well within the experimental error. Therefore the FC can be a suitable candidate for the 

application as MAC in cement production. 

• With increasing FC content, physical properties are affected: for FC 20 the water demand increases by 

11% while the particle and the bulk density are lowered by a maximum of  8% and 10 %, respectively. 

• In the blended systems, the higher availability of  alumina due to the presence of  FC causes the 

formation of  double layer hydroxides in the early stages of  hydration. The reaction products formed 

include phases such as hydrocalumite and monocarboaluminates, which contribute to the retention of  

contaminants, such as chlorides. 

• Kinetically, the presence of  FC causes a prolonged induction period and a consequent delay in the 

C3S reaction, proportional to the FC content. This behaviour is mainly related to the production of  

LDH phases in the early stages of  hydration. The maximum delay is achieved for FC20 (2 h), while for 

smaller replacement such as FC5 only a 30 minutes retardation is observed. 

• The fl exural strength is stable at 28 and 91 days independent of  the replacement level. On the other 

hand, the highest replacement level (FC20) reduces the compressive strength by 20% and 16%, at 28 

and 91 days respectively. 

• The blended pastes show a higher amount of  non-evaporable water, indicating a slightly higher degree 

of  reaction in the PC2 paste. At the early stages of  hydration, the CH content is lower for all pastes 

including FC, suggesting the use of  calcium ions for LDH formation instead of  CH production. For 
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the same reason, the higher amount of  non-evaporable water does not lead to higher mechanical 

performance.

• The leaching of  contaminants according to the one batch leaching test complies with the Soil Quality 

Decree (SQD) independently of  the replacement rate, due to the high immobilisation capacity of  PC2 

and reaction products such as LDH. A complete column test is recommended, to compare the results 

coming from the same methodology. 
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Investigation of  the Hydrothermal Treatment for 
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Abstract

The recycling of  Municipal Solid Waste Incineration Bottom ash (BA) with a size below 4 mm is often  

diffi cult, due to its high contmination and porosity. To increase  its reuse, the manufacture of  lightweight 

aggregates represents a suitable option, as it takes advantage of  the BA porous structure and uses cement 

for the immobilization of  harmful contaminants. For highly contaminated ashes, hydrothermal treatment 

(HT) is known for further improving the immobilization of  some heavy metals in the cementitious matrix. 

However, not many studies have investigated it as a curing method for pellets. This Chapter addresses the 

application of  highly contaminated BA fi nes in the production of  lightweight aggregates. Firstly, pellets  

containing up to 80%wt. BA are manufactured and classifi ed as lightweight aggregates, according to EN 

13055. In the absence of  HT, the formation of  Friedel’s salt helps the Cl- retention, lowering the leaching 

by 65% compared to theoretical values. After HT, the formation of  tobermorite on the pellet surface is 

benefi cial for the fl exural strength (+14%). However, the decomposition of  phases such as Friedel’s salt 

increases the leaching of  Cl-, Cu, Mo, and Zn compared to standard cured samples. 
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7.1 Introduction

Many studies have been conducted on the use of  MSWI BA as secondary building materials, showing 

potential in the application as cement replacement, or as coarse and fi ne aggregates (Bertolini et al., 2004; 

Keulen et al., 2016; Li et al., 2012; Tang et al., 2016). Despite extensive studies, the application of  BA fi nes 

(below 4 mm) is diffi cult due to the high content of  contaminants accumulating in this fraction (Alam et al., 

2017) and their high porosity originating from the quenching process (Chandler et al., 1997; Kim and Lee, 

2011). In order to take advantage of  the porosity of  those particles, a potential option is the manufacture 

of  lightweight pellets or aggregates (LWA)(Cheeseman et al., 2005; Colangelo et al., 2015). Both natural 

and artifi cial Lightweight aggregates are used to produce low density concretes (300-1200 km/m3) but 

also structural concrete (1000-2000 kg/m3), depending on the raw materials and techniques adopted to 

manufacture them (Topçu and Uygunoglu, 2007). Generally BA fi nes are mixed with Portland cement or 

common by-products such as fl y ash (Tang and Brouwers, 2017), in order to reduce both the costs and the 

environmental impact of  the pellets and enable immobilization of  contaminants in the cement hydration 

products (Giergiczny and Król, 2008; Gougar et al., 1996). However, due to the low content of  cement 

used in the pellet production, suffi cient immobilisation of  heavy metals, chlorides and sulphates can be 

diffi cult. In order to increase the immobilisation rate, some studies have shown that the application of  a 

hydrothermal treatment is benefi cial, contributing to strength development (Caprai et al., 2018a; Jing et 

al., 2007), due to the formation of  tobermorite and the densifi cation of  the cement matrix. Nevertheless, 

to the best of  the author’ s knowledge, no studies have analysed the infl uence of  hydrothermal treatment 

(HT) on the behaviour of  pellets or have investigated the maximum BA content possible while using this 

treatment. 

Therefore, this study will address the application of  MSWI BA-M fraction in the production of  lightweight 

pellets, maximising the MSWI BA content and minimising the density. The optimal pelletization conditions 

(rotational speed, pan inclination, and water amount) are determined. The pellets’ physical and chemical 

properties are measured, based on different recipes with an increasing amount of  BA to determine which 

mixture can satisfy the requirement of  EN 13055:2016 for the classifi cation as lightweight aggregates. 

Finally, a hydrothermal treatment is applied to investigate the formation of  reaction products using XRD. 

Together with the mechanical strength, the leaching behaviour is addressed according to EN 196-1 and EN 

12475-2 respectively using a one batch leaching test. 

7.2 Experimental

7.2.1 Materials 

In this study,  the BA used is provided by and processed  at the Heros Sluiskil plant (NL)(Figure 2.2 

Paragraph 2.4.1). Two different BA fractions are applied, in order to maximize the BA content of  the 

pellets, and minimize the amount of  cement used; the core of  the pellet is made by BA-M (between 0.250 

mm and 1 mm, Figure 2.2, Paragraph 2.4.1), which aims to provide improved mechanical performance 
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of  the pellet (Tang and Brouwers, 2017). BA-M is obtained by the fractioning of  fi ne bottom ash (FBA, 

below 4 mm, Figure 2.2, Paragraph 2.4.1) on a laboratory scale. Filter cake (FC, below 0.25 mm, Figure 2.2, 

Paragraph 2.4.1), obtained by the wet washing and centrifuging of  the coarse bottom ash (CBA, 4-32 mm, 

Figure 2.2, Paragraph 2.4.1), is applied as cement replacement for the manufacture of  the external layer, 

coating the internal core of  the pellet and limiting water absorption and contaminant leaching of  the fi nal 

lightweight aggregates. The suitability of  this by-product as cement replacement has already been addressed 

in Chapters 3 and 6. Due to the high replacement applied the FC is fi rst mechanically activated using ball 

mill as described in Chapter 3. Applying 30 minutes mechanical activation lowers the FC water demand by 

around 70%, resulting in an absorption behaviour similar to plain PC. CEM I 52.5 R (PC2)(ENCI, NL) was 

added in a later stage, as a coating of  the formed pellets. Samples nomenclature will be structured as follow: 

P_n, for standard cured pellets having n as the rate of  PC2 replaced by FC and P_nA for hydrothermally 

treated samples, having n as the rate of  PC2 replaced by FC. P_0 represents the reference pellets where 

no FC is replaced in the external layer. The correspondent mortars will be named as MP_n or MP_nA, for 

standard and hydrothermal curing, respectively. 

7.2.2  Methods

Lightweight aggregates classifi cation and treatments

The classifi cation of  lightweight aggregates (LWA) was based on EN 13055:2016 (EN 13055, 2016), 

considering a loose bulk density below 1200 kg/m3 as a reference value. The HT was performed according 

to the methodology described in Chapter 4, in order to apply optimal conditions for maximising both the 

environmental and mechanical performance of  the pellets and limiting the embedded energy of  the fi nal 

material. A total curing time of  6 h (1.5 h heating, 3 h 190 °C plateau and 1.5 h cooling), at 11 bars was 

applied on the granular pellets, placed in perforated steel trays. 

Determination of  optimal conditions for pellets production without FC 

The optimal parameters for the production of  the pellets were determined according to previous studies 

concerning pellet engineering (Arslan and Baykal, 2006; Baykal and Döven, 2000). The determining 

parameters for the proper production of  pellets are the rotational speed and the angle of  pelletization 

pan. Those factors infl uence the forces acting on each pellet, affecting the shape and strength of  the 

fi nal product (Arslan and Baykal, 2006). The following equations were used for determining the so-called 

“critical revolutions per minutes” (ncr) when gravitational and centrifugal forces act equally on the pellets: 

mp*g* sin =mp*
D
2

W2            (7.1)

ncr=
42.3

D
sin               (7.2)

where mp is the mass of  the individual pellet [g], g is the gravitational acceleration [m/s2], β is the angle of  

the pan [°], D is the diameter of  the disk [m], w is the centrifugal acceleration [radiants/s2], and 42.3 [rpm/
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m1/2] is a constant (Baykal and Döven, 2000). 

Using Equations (7.1) and (7.2) an optimal ncr is calculated based on the chosen inclination angle. In addition 

to the ncr calculated a rotation speed of  ±5 rpm is also considered and tested. Optimisation studies showed 

that 0.75 x ncr is the most suitable value for the pelletization process.

 3: Pan Inclination ( ) [°]: 50°, 55°, 60°

 2: Rotational speed ( ) [rpm]: 40, 50, 60 

P

Reference pellet (P)  

Core: BA-M (1-0.25 mm)
External layer: CEM I 52.5 R 

1: BA-M presoaking rate (MC) [%]
Moisture Content A: 16% wt. 
Moisture Content B: 24% wt. 
Moisture Content C: 31% wt. 

Study nomenclature:

Pellet structure

Core: BA-M (1-0.25 mm)
External layer: CEM I 52.5 R + mFC

4: PC replacing percentage using FC (m) [% wt.]:  

{
Investigated variables:

{10% wt 
30% wt.
50% wt.

Optimal 
settings

               a)

         b)

1

BA 
PREPARATION

BA-M is oven dried 
and placed in the 

rotatory pan.

2

BA-M 
PRE-SOAKING

 
While pan is rotating, 
BA-M is sprayed with 

water (BA-M 
pre-soaking rate), 

reducing the particle 
water absorption.

3

BINDER 
APPLICATION

 Binder or blended 
binder (PC+FC) is 

placed in the rotating 
pan and sprayed with 
the water needed for 

hydration.

4

PELLETIZATION 
PROCESS

The pelletizer is left 
working for a total 
time of  15 minutes

5

PELLETS CURING 
IN STANDARD 
CONDITIONS`

 After pelletization, the 
produced pellets are 

cured in RH 95%, for 28 
days. 

6

PELLETS CURING 
WITH 

HYDROTHERMAL 
TREATMENT

`
Pellets are kept in 
standard condition 

curing for 7 days, and 
then autoclaved for 6h 

(11 bars, 190 °C)

Figure 7.1:  Methodology applied in this study for a) the evaluation of  the optimal parameters for the manufacture of  

pellets with the size of  sand, b) the manufacture of  the pellets. 

The general scheme in Figure 7.1a) shows the various combinations evaluated. Three different pre-soaking 

water amounts were used for BA-M, in order to reduce the excessive sorption of  the pellet core and to  

allow a proper binder hydration. The three pre-soaking amounts were calculated as 16%, 24% and 31% MC, 

corresponding to 50%, 75% and 100% of  the 24 h water absorption of  BA-M (31% wt.)(Figure 7.1a)). At 

the same time, also three different pan inclination angles (50-55-60°) and rotation speeds (40-50-60 rpm) 
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were taken into account for achieving a PSD matching the sand one. The optimal settings were defi ned 

as 40 rpm rotational speed, 50° pan inclination, and 24% MC. Therefore, also further experiments, with 

different Filter Cake (FC) amounts (10, 30, 50% wt.), were made with these settings. The ratios used and 

the PC2 and BA fi nal content is presented in Table 7.1. 

As shown in Figure 7.1b), after presoaking of  the oven dried BA-M (core of  the pellets) to 24%MC, the 

dry binder is sprinkled in the rotating pan and further wetted up to reach a water/binder ratio of  0.25. 

During the pellet manufacturing, a rotating pan of  40 cm was used (EIRICH Disk Pelletizer Type TR04). 

After  manufacturing, the pellets were kept in constant relative humidity (95%) curing for 28 days. For 

hydrothermal treatment, the samles were cured in the same conditions only for a week and then treated in 

autoclave. 

Table 7.1:  Defi nition of  the parameters used in the manufacture of  pellets with increasing FC content in the coating 

layer. 

L/S* w/b*** Coating/Core**
PC2 mass 

percentage

BA-M+FC 
mass 

percentage

- - - % %

P_0 0.24 0.25 0.75 42.9 57.0
P_10 0.24 0.25 0.75 38.6 61.4
P_30 0.24 0.25 0.75 30.0 70.0
P_50 0.24 0.25 0.75 21.4 78.6

*L/S stands for liquid to solid ratio (Water/(PC2+FC+BA-M). 
**Coating/Core stands for the mass ratio (PC2+FC/(BA-M)).
***w/b stands for the mass ratio Water/PC (reference pellet) or Water/(PC+FC).

Mortar manufacture

The mortars were manufactured and tested according to EN 196-1 procedure (EN 196-1, 2005), using 

the pellets as a 100% replacement of  the standard sand. In order to apply a volume-based replacement, 

preliminary studies have shown that using the particle density to calculate the replacement volume leads to 

a highly viscous paste, unable to be cast correctly. Therefore, the volume of  pellets needed for the mortars 

was calculated based on the sand loose bulk density. This mainly depends on the high volume occupied 

by the pellets (lightweight product), reducing the fi nal mass proportion between paste and aggregaes. The 

volume ratio used during the mortars manufacture was the same as specifi ed in EN 196-1 and hence, 1.55 : 

1 : 5.3, for water, binder and pellets respectively. After demoulding, the mortars were cured in a high relative 

humidity chamber (RH 95%) to avoid infl uencing the leaching behaviour of  the material tested after 28 

days. 

Leaching assessment

For comparing the leaching in standard curing conditions (SC) and after hydrothermal treatment (HT), 
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theoretical leaching values of  the pellets were calculated based on:

Ct= CePC* mPC + CeFC*mFC + CeBA*mBA
mtot

          (7.3)

where, 

Ct is the theoretical concentration of  a specifi c contaminant leaching from the fi nal pellet [mg/kg], CePC2, 

CeFC and CeBA are the effective concentration of  a specifi c contaminant leaching from PC2, FC and BA, 

shown in Paragraph 2.5.3. (Table 2.8 and Table 2.9) in [mg/kg], mPC2, mFC and mBA and mtot are the masses, 

and total applied during the manufacture of  the pellets [kg].

7.3 Results and discussion

7.3.1 Physical properties of  the pellets

The evaluation of  the physical properties for the lightweight pellets is shown in Figure 7.2a) and b). Based 

on the classifi cation given by EN 13055 (EN 13055, 2016), the particle density (ρp) of  all manufactured 

pellets is above the legislative limit for lightweight aggregates (LWA)(ρp < 2 g/cm3). Despite the internal 

porous structure of  the core BA-M, the high particle density of  the pellets is mainly caused by the high 

presence of  elements like iron and silica in the FC and BA-M chemical composition (Table 2.6, Paragraph 

2.5.2). On the other hand, the porosity of  BA-M (Figures 7.3a) and b)) results in a lower loose bulk density 

(ρb). The pellet structure is characterized by a heterogeneous core, formed by the compaction of  multiple 

BA-M particles, and an FC-PC2 coating layer (Figure 7.3a)).

                                                                                   

          a)            b)                    

Figure 7.2:  a) Loose bulk density and b) Particle density of  the manufactured pellets and BA-M used as core during 

the production. Sand is used as a reference. Lightweight aggregates (LWA) are defi ned as a granular material with a 

particle density below 2000 kg/m3 or a loose bulk density below 1200 kg/m3 (EN 13055, 2016). 

The presence of  PC2 improves the overall particle shape of  BA-M, smoothing the high surface area and 

closing part of  the porosity of  the particles, without penetrating very far into the core. Figure 7.3b) shows 
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how the central core of  the pellets (BA-M) preserves its high porosity and open structure, while the PC2 

coats the outside of  the core, limiting the water absorption (Dashed line pattern in Figure 7.3a)). This 

particular structure of  the pellet ensures a low, loose bulk density (Figure 7.2a)) and allows the classifi cation 

of  these pellets as lightweight aggregates based on EN 13055, (ρb < 1.2 g/cm3), marked in Figure 7.2a) 

by the dashed line. Comparing the particle size distributions (PSD) of  the pellets, Figure 7.4 shows that 

an increasing substitution rate of  PC2 with FC increases the amount of  smaller pellets. This trend can be 

explained by the reduction of  binder (PC2) in the system, which limits the compaction and adhesion among 

smaller particles. In this Chapter, the results for HT cured pellets are not shown, because the physical 

properties of  the pellets were not affected by the hydrothermal treatment. 

         a)       b)

Figure 7.3:  SEM pictures of  a polished P_30 pellet a) LW pellet cross section. Dashed lines patter underlines the 

PC2-FC coating layer. b) The internal structure of  the pellet core formed by BA-M. 

Figure 7.4: 
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  Particle size distribution (PSD) of  the manufactured pellets including different FC replacement.

7.3.2  Evaluation of  the reaction products

The XRD analysis of  the pellets shows the presence of  typical phases characterizing BA, such as quartz 

and calcite (Chapter 2), but also unhydrated cement phases (e.g. C2S, C4AF), as well as hydrated phases such 
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as calcium hydroxide (CH) and sulphoaluminate (e.g. ettringite (AFt))(Figures 7.5a)-d)). During standard 

curing, the pellets show an increasing content of  Friedel’s salt (FS), a chloride containing Ca-Al double layer 

hydroxide (LDH), belonging to the hydrocalumite group (HC)(Gevers and Labuschagné, 2019). 
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                c)

Figure 7.5:  Comparison of  hydrothermal cured and standard cured pellets including different FC replacements 

a) P_10, b) P_30 and c) P_50. F-Friedel salt, P-Portlandite, E-Ettringite, C-Calcite, Q-Quartz, a-Alite, b-Belite, 

G-Gypsum, T-Tobermorite, b-Belite. 

The presence of  this reaction product is linked to the high leachable chloride content detected in both 

FC and BA-M (Table 2.8, Paragraph 2.5.3), replacing the SO4 of  AFm phases with Cl- (Jones et al., 2003).

The increasing intensity of  the Friedel’s salt peak indicates a greater content of  this phase for a higher FC 

replacement, in agreement with the rising content of  chlorides in the system. 

In Chapter 4, the formation of  Friedel’s salt is not observed (Figure 4.2-4.3, Paragraph 4.3.1), due to the 

lower content of  BA and because of  the lower chlorides, contamination of  BA-L compared to FC and 

BA-M (Table 2.8, Paragraph 2.5.3). Compared to the standard cured samples, Friedel’s salt is absent in 

all HT cured samples, in agreement with the known decomposition temperature of  LDHs of  around 85 

°C (Gevers and Labuschagné, 2019). Contrary to the results observed in a previous study testing HT on 

mortars blocks (Chapter 4), the higher surface area exposed to hydrothermal treatment results in complete 

decomposition of  AFm phases (e.g. Friedel’s salt) and the consequent presence of  gypsum in the XRD 

(Figure 7.5). 

In all the HT samples, the presence of  tobermorite is detected. PC2 itself  does not have the chemical 

composition needed for the formation of  tobermorite phases (typically Ca/Si=0.83, (Galvánková et al., 
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2016)), due to its high Ca/Si ratio (2.5 initially, 1.7 in C-S-H form (Richardson, 1999)). However, the 

formation of  tobermorite is possible due to reactive silicates coming from BA-M and FC, affecting the 

fi nal Ca/Si during the treatment. As already observed in Chapter 4, HT increases the reactivity of  normally 

unreactive silica phases such as quartz, creating favourable conditions for their dissolution and participation 

to the reaction products formation (Alawad et al., 2015). 

In this application, the reduction of  the CH peak in the HT cured samples confi rms the participation of  

those silica-based materials in the formation of  C-S-H phases, such as tobermorite and xonotlite (Alawad 

et al., 2015; Taylor, 1997). According to many studies, the presence of  tobermorite should be benefi cial for 

the development of  higher mechanical strength, due to the lower calcium silica ratio of  the matrix (Kunther 

et al., 2017) and denser structure (Jing et al., 2008).

7.3.3 Mechanical performances

Since the spread fl ow behaviour of  the pastes is not affected by the presence of  HT, only the standard cured 

samples are shown in Figure 7.6a). The spread fl ow diameters of  the mixtures are similar, independently 

of  the FC content, and they vary between ≈150-200 mm (Figure 7.6a)). Differences in the rheological 

behaviour are related to the different loose bulk density (Figure 7.2a)) and therefore replacement mass 

calculated of  each fraction. 

The fl exural and compressive strength of  mortars including the manufactured pellets is displayed in Figure 

7.6b) and c). In the presence of  standard curing (Figure 7.6b)), the performances of  the mortars, ranges 

between 25.5 and 35 MPa depending on the FC replacement rate. The pellets using only PC2 as the external 

layer show the highest compressive strength (35.5 MPa). If  PC2 is replaced with FC, the compressive 

strength decreases with increasing replacement (10% lower using P_10 and P_30, 28% lower using P_50), 

due to the high pore volume of  the FC, contributing to the increase of  the overall porosity of  the pellets 

(Table 2.5, Paragraph 2.5.1).

Moreover, the less viscous paste obtained for P_30 and P_50 (Figure 7.6a)) contributes to the increase 

of  the matrix porosity, and thus to the lower compressive strength (Chen et al., 2013). This trend is also 

displayed in the presence of  HT, where the higher FC content leads to lower mechanical performance, for a 

minimum of  19.07 MPa for P_50A. Compared to standard cured pellets of  the same design, HT lowers the 

compressive strength by 9%, 19% and 25% for P_10A, P_30A, P_50A mortars respectively (Figure 7.6c)).

On the other hand, pellets cured by HT improve the fl exural strength of  the mortars by 14% and 2.8% for 

P_30A and P_50A, respectively, while a small drop occurs for P_10A (4.4%), compared to standard cured 

pellets. Despite the presence of  tobermorite (Figure 7.5, Paragraph 7.3.2) after HT, the pellets are not able 

to withstand higher compression stresses, and they fail before the standard cured one. Since the tobermorite 

is derived from the conversion of  cement reaction products (e.g. C-S-H) during the hydrothermal treatment 

(Alawad et al., 2015), it is expected to be found mainly in the external layer of  the pellets. 
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          a)          b)

              c)

Figure 7.6:   a) Spread fl ow diameter of  the mortars mixtures including MSWI BA pellets b) Compressive and fl exural 

strength of  the mortars including pellets cured in standard conditions c) Compressive and fl exural strength of  the 

mortars including pellets treated with hydrothermal curing for 6 h.

This fact is supported by SEM analysis, where needle-like crystals are mainly observed externally to the 

pellet structure (Figure 7.7a)), in correspondence with the cement layer. Based on the results obtained by 

XRD analysis (Paragraph 7.3.2), and the similar shape (Mujamil et al., 2015), those minerals are identifi ed 

as tobermorite. Internally the tobermorite formation is less evident (Figure 7.7b)). The crystals are less 

densely organised and smaller in size and length. Because of  the absence of  cementitious matrix inside the 

pellets (Figure 7.7b)), those reaction products form in a lower amount, and they are not able to contribute 

to the formation of  a denser structure. At the same time, the C-S-H that contributes to the strength of  the 

humid cured pellets is no longer present after autoclaving. Despite this, the presence of  needle-like crystals 

on the particle surface is benefi cial for the bonding of  aggregates and matrix and seems to contribute to the 

fl exural strength of  the mortar, by improving the anchoring to the binder matrix. Finally, the high content 

of  chlorides and sulphates available after the decomposition of  AFm and Friedel’s salt phases are expected 

to alter of  the PC2 hydration either by accelerating the reaction of  phases as C3S (Bullard et al., 2011) or by 

an increasing reformation of  AFt phases especially in the ITZ, affecting its strength development. 
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         a)                         b) 

                                                                                    

        c)                         d) 

Figure 7.7:   SEM pictures of  P_50 A a) the external surface of  the pellet in correspondence of  the cement layer and 

b) internal structure of  the pellet c) Enlargement of  the tobermorite crystals detected on the pellet surface and d) 

Tobermorite crystals detected internally to the pellet.

7.3.4 Leaching assessment of  the pellets

The leaching assessment was performed on the loose pellets after 28 days standard curing, after hydrothermal 

treatment, but also on the standard mortars manufactured using the pellets as a full sand replacement, after 

being crushed below 4 mm. The leaching behaviour of  the pellets is tested as granular material (below 4 

mm), according to EN 12475-2 and compared with the Soil Quality Decree (2018). 

The results shown in Figure 7.8 describe only the elements above the legal limit and Ba, while the full range 

of  heavy metals is presented in Table 7.2. 

Leaching comparison of  the standard and hydrothermally cured pellets

Compared to the pure BA-M used as the pellet core, the leaching of  contaminants overcoming the legislative 

threshold (e.g. Mo, Cu, Sb, Cl and SO4) is highly reduced in the standard cured pellets. The chloride leaching 
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from P_0, P_10 and P_30 is reduced by ≈ 65%, 75% and 77% respectively but is still above the Soil Quality 

Decree threshold for all standard cured pellets. 

                                                                                    

          a)                                                                                                                         b) 

                                                                                    

          c)                    d)   

                                                                                     

           e) f)

Figure 7.8:  Leaching comparison of  the pellets cured in standard conditions and using hydrothermal treatment, with 

theoretical values calculated based on the leaching of  each raw material (Soil Quality Decree, 2018). 

Calculating the theoretical leaching of  Cl (Ct) based on the leaching of  the pure by-products (Paragraph 
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7.2.2, Equation (7.3)), between 14% and 30% fewer chlorides have been released showing the effi ciency of  

the immobilization in cement hydration products such as Friedel’s salt (FS)(Paragraph 7.3.2). 

The reduction in leaching takes place not only due to the chemical binding of  contaminants in the reaction 

products (Gougar et al., 1996), but also via sealing off  the BA-M from direct contact with water. The 

leaching of  copper increases with the presence of  FC in the external coating, in agreement with the leaching 

behaviour shown in Paragraph 2.5.3, Table 2.8. 

Table 7.2:  Complete table for leaching of  contaminants from loose pellets (Table 7.1) manufactured including MSWI 

BA. The leaching is assessed according to EN 12457-2, one batch leaching test. Values in bold overcome the maximum 

concentration of  the contaminants for unshaped materials, allowed by the Soil Quality Decree (Table 2.4, Paragraph 

2.4.2). 

Elements/Ions P_0 P_10 P_30 P_50 P_10A P_30A P_50A

Unit mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s.

pH 11.45 11.55 11.6 11.5 11.24 11.25 11.05

Antimony (Sb) 0.1 < 0.1 0.1 0.2  0.1  0.25  0.23

Arsenic (As) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Barium (Ba) 6.0 9.105 13.9 12.6 10.18 2.36 0.87

Cadmium (Cd) < 0.02 < 0.02 < 0.02 < 0.02 0.09 0.08 0.1

Chromium (Cr) 0.02 < 0.02 0.02 < 0.02 0.32 0.43 0.41

Cobalt (Co) < 0.02 < 0.03 0.03 < 0.02 0.25 0.18 0.41

Copper (Cu) 0.68 0.59 0.79 1.4 < 0.6 2.0 12.16

Lead (Pb) 0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Molybdenum 

(Mo) 0.22 0.33 0.34 0.4 0.39 0.42 0.68

Nickel (Ni) < 0.05 < 0.05 0.06 < 0.05 0.29 0.38 0.43

Selenium (Se) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2

Tin (Sn) < 0.1 < 0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Vanadium (V)  0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Zinc (Zn) < 0.01 < 0.01 < 0.01 < 0.01 0.39 1.31 1.79

Chloride (Cl) 2510 1800 1690 1580 2484.9 2550.8 4081.1

Sulfate (SO4
2-) 57.9 67.0 74.0 61.0 227.8 176.5 2203.8

It reaches critical values for P_50 (1.4 mg/kg), suggesting that this pellet design is not suitable even if  an 

additional washing treatment of  the FC is applied because Cu is associated mainly with weathering products 

such as calcite or organics (Alam et al., 2019), insoluble in low alkaline conditions (washing pH ≈ 11, Table 

2.8-Table 2.9, Paragraph 2.5.3). After the 6 h hydrothermal treatment, the release of  chlorides and sulphates 

is increased. As shown in previous analysis in Chapter 4, 6 h hydrothermal curing also induces the partial 

decomposition of  AFt (but also AFm) which increases sulphate leaching, by up to 28 times compared to 

the standard cured sample (P_50A). Moreover, as shown in Paragraph 7.3.2, due to the high temperature 
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applied the decomposition of  Friedel’s salt is promoted (Gevers and Labuschagné, 2019), causing the up 

to 158% (P_50A) increase in chloride leaching compared to the standard cured sample. For lower contents 

of  FC (P_10A), the sulphate leaching is 3 times higher only. As far as the heavy metals are concerned, after 

HT an improvement for the leaching of  Ba (Figure 7.8c)) is recorded, by up to 90% in P_50A. However, 

the release of  other contaminants increases (Cu, Mo and Zn leaching is increased 8, 1.7 and 176 times 

respectively), showing that the presence of  HT is not always benefi cial for the environmental impact of  the 

fi nal product. 

Finally, both PC2 and MSWI ashes contain Sb (Table 2.8 andTable 2.9, Paragraph 2.5.3), which during 

hydration is adsorbed in C-S-H or AFm phases (Cornelis et al., 2012; Vollpracht and Brameshuber, 2016). 

Therefore, as previously discussed, the decomposition of  AFm phases in the pellets after HT leads also 

to an increase of  Sb leaching out from HT lightweight aggregates pellets (P_30A and P_50 A, Table 7.2). 

It is important to notice that the leaching behaviour is considered per kg of  the fi nal product, while the 

immobilisation capacity depends mainly on the PC2 content.

Therefore, compared to HT reported in other articles, the lower PC2 content of  the pellets might have 

played the central part in the high leaching of  SO4, Sb and Mo, which increases after the HT (+75%, +60% 

and +53%, respectively) but is lower compared to the theoretically computed leachings (up to -96%, -75% 

and -68%, respectively). The results in Chapter 4 have shown the ineffi ciency of  HT for the immobilisation 

of  those ions even with higher PC2 content, having comparable leaching values to the standard cured 

samples. 

7.3.5 Leaching of  the mortars 

After the use of  the pellets as lightweight aggregates in mortars, the leaching behaviour of  the fi nal product 

is evaluated as granular material (Table 7.3). 

Table 7.3:  Leaching assessment of  the crushed mortars including pellets cured with either standard conditions or 

hydrothermal treatment. Values in bold overcome the maximum concentration of  the contaminants for unshaped 

materials, allowed by the Soil Quality Decree (Table 2.4, Paragraph 2.4.2).  

Sample Cl SO
4

Ba Cu Mo Sb Zn

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

MP_0 842.9 34.2 25.89 < 0.01 038 0.28 0.34

MP_10 591.8 31.9 34.34 0.1 < 0.05 0.3 0.34

MP_30 579.0 24.1 30.23 < 0.01 0.39 0.29 0.36

MP_50 624.5 26.1 33.23 < 0.01 0.39 0.31 0.36

MP_10 A 884.19 65.8 22.86 < 0.3 0.34 0.15 0.34

MP_30 A 615.9 67.3 24.75 < 0.2 < 0.05 0.95 0.58

MP_50 A 1015.5 80.9 11.55 < 0.4 < 0.1 0.12 0.37
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The chloride leaching is highly reduced once the pellets are in contact with the cement matrix, but does not 

satisfy the threshold values of  the SQD for MP_0, MP_50 and all the HT cured samples. Compared to the 

loose pellets, the presence of  a cement matrix reduces the Cl leaching by 67% and 63% and sulfate leaching 

by 52% and 67% for MP_10 and MP_30, respectively. This reduction satisfi es the legislative limit. 

Finally, Ba and Sb are problematic elements. Trace elements such as Ba can replace Ca ions in C2S and C3S, 

due to the contamination of  raw materials and fuels used in the clinker production (Achternbosch et al., 

2003; Vollpracht and Brameshuber, 2016). 

Since the PC2 used in this study releases 13.8 mg/kg of  Barium in the absence of  BA (Table 2.9, Paragraph 

2.5.3), the leaching behaviour of  the fi nal pellets will be affected, causing it to exceed the legislation threshold 

for most of  the samples. The high leaching measured for Sb in the mortars containing P_30A is mainly a 

result of  the inhomogeneity of  the sample. Comparing the results obtained after HT in the previous study 

and in this one, it is clear that the different amount of  PC2 used in the application plays a crucial role on 

the immobilisation capacity of  the fi nal product. Moreover, another main difference in the two systems 

proposed is the BA content, which was around 6% in Chapter 4 and up to 78% in this study.

7.4 Conclusions

This Chapter describes the manufacture of  pellets including a high content of  MSWI BA. Hydrothermal 

treatment (HT) has been applied and compared to standard curing (SC) to improve the pellets mechanical 

and environmental performance. The following conclusions can be drawn:

• Using the fraction BA-M of  the MSWI BA fi nes, lightweight pellets can be successfully produced 

including up to 78% wt. BA. The coarser fraction (BA-M, 1- 0.25 mm) is applied as a core and the fi ne 

fraction (FC, below 0.25 mm) as cement replacement for the outer coating, satisfying the requirement 

imposed by EN 13055:2016 for lightweight aggregates. 

• In standard curing, the pellets show the formation of  Friedel’s salt (FS) due to the high chloride 

content of  both the core (BA-M) and the FC. Using HT, the decomposition of  Friedel’s salt (FS) and 

the formation of  tobermorite are detected, linked to the participation of  silicates from BA-M and FC, 

made reactive by the autoclaving.

• Mechanically, the mortars containing standard curing pellets achieve between 9 and 25% higher 

compressive strength than HT cured ones, depending on the FC replacement. On the other hand, HT 

increases fl exural strength by 14% and 2.8%, for P_30 and P_50 mortars, respectively. 

• Environmentally, in standard curing conditions, the formation of  Friedel’s salt immobilises the 

contaminants, reducing chloride and sulphate leaching, by up to 30.9% and 98%, respectively. For 

heavy metals, the main contaminants retained are Cu, Mo and Zn having up to 62%, 53% and 89% 
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lower leaching, compared to the values, based on the individual contribution of  the raw materials. 

However, the leaching of  Ba increases up to 7 times, due to the presence of  cement. 

• Using HT, the decomposition of  phases such as Friedel’s salt leads to an increase in the leaching of  

chlorides by up to 158%. The HT is also detrimental for the leaching of  Cu, Mo and Zn increasing it 

by 8, 1.7 and 179 times respectively.

• Once pellets are applied in mortars, the high content of  PC2 helps the immobilisation of  Cl- and SO4
2- 

(up to 67% and 63%, respectively), but it causes a remarkable increase in barium leaching (up to 62% 

for P_50 compared to MP_50). For the reduction of  this phenomenon, the use of  a different cement 

type is recommended.

• The application of  HT on pellets based on MSWI BA helps the increase of  fl exural strength and 

lower leaching of  some contaminants, compared to theoretical values. However, compared to SC 

both mechanical and environmental performances are reduced, due to the decomposition of  phases 

incorporating contaminants. Moreover, it increases the overall embodied energy of  the fi nal product, 

resulting in higher CO2 emission for pellets production. The lower immobilisation of  the pellets, 

compared to the results previously obtained on mortars, depends on their lower cement content as well 

as on their much higher amount of  the bottom ash.



MSWI  Bottom Ash as Binder Replacement in Wood-
Cement Composites

 Chapter 8 

This chapter has been published as:

Caprai, V., Gauvin, F., Schollbach, K., Brouwers, H.J.H., 2018a. Infl uence of  the spruce strands hygroscopic 

behaviour on the performances of  wood-cement composites. Constr. Build. Mater. 166, 522–530. 

doi:10.1016/j.conbuildmat.2018.01.162.

and

Caprai, V., Gauvin, F., Schollbach, K., Brouwers, H.J.H., 2019. MSWI bottom ash as binder replacement 

in wood cement composites. Constr. Build. Mater. 196, 672–680. doi:10.1016/j.conbuildmat.2018.11.153.



C
h

ap
ter 8

138

MSWI  BOTTOM ASH AS BINDER REPLACEMENT IN WOOD-CEMENT COMPOSITES

Abstract

Despite numerous studies concerning the uses of  this by-product in the construction fi eld, BA is not 

widely applied because of  the disadvantageous morphology of  the particle, leading to high porosity and 

water absorption. However, because of  its porous structure, BA can be suitable as binder replacement for 

improving insulation properties of  wood composites, usually requiring low fl exural strength. However, 

in wood-wool cement composites (WWCB), the infl uence of  natural fi bres is the main factor leading 

to the instability of  the fi nal product. During the manufacture, variations in wood properties result in 

inhomogeneous density and strength of  the boards. Among the most important factors, there is the 

hygroscopic behaviour of  the wood, which can deeply affect the cement hydration, by reducing the water 

available for reaction. Despite this, the competitive water absorption mechanism between wood strands and 

binder is not fully understood. 

Firstly, this chapter will address the liquid sorption behaviour of  the Spruce wood-wool strands by an 

empirical measurement. The water location in the strand is studied by NMR, validating the liquid sorption 

behaviour proposed. This is then applied to the manufacturing of  WWCB, considering not only the liquid 

sorption of  wood but also the binder water demand. The competitive absorption mechanism between 

binder and wood-wool is analyzed and a methods for calculating the water to binder ratio of  the paste 

in the presence of  wood is proposed and validated using isothermal calorimetry. Finally, the mechanical 

performances of  the composites are tested for different water amounts, verifying the proposed model and 

defi ning the conditions for optimal fl exural strength. 

After the understanding of  the comptetitive sorption behaviour between wood-wool and mineral binder, 

this chapter will evaluate the infl uence of  a more porous binder (containing different percentages of  BA) 

on wood-wool cement boards (WWCB). The BA and cement are chemically and physically characterized. 

Thereafter, cement pastes with different replacement levels of  BA (0-50% wt.) are produced to measure 

mechanical and thermal properties. Based on the water sorption models, the same mixtures are then used 

to design new recipes for the WWCB, considering the increasing water demand of  the binder measured 

depending on the BA replacement. As result, while the thermal conductivity of  WWCB remains unchanged, 

the mechanical properties benefi t from the use of  BA up to 30% wt., due to the reduced macroporosity of  

the fi nal composite.
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8.1 Introduction 

A typical application for MSWI BA fi nes is often as cement replacement (Caprai et al., 2017; Lam et al., 

2010; Liu et al., 2015; Yang et al., 2018), due to the immobilization of  contaminants during the cement 

hydration process. As shown earlier in the Chapters 3 and 6, but also in previous studies (Tang et al., 2015) 

show that the replacement of  Portland Cement (PC) by MSWI BA often results in lower mechanical 

performances, due to its porous structure. The high porosity is a result of  the quenching treatment used 

after the incineration process (Caprai et al., 2017). This fact suggests that the use of  BA in non-structural 

elements, such as partition walls or ceiling tiles might be a suitable option. Wood-cement composites can 

represent a good choice for the application of  BA since a low fi nal fl exural strength is required (1.7 MPa 

for 15 mm thickness)(BS EN 12089, 2013). As described in Paragraph 1.2, since 1940 (Wolfe and Gijnolli, 

1997), wood-wool cement boards (WWCB) are mainly produced using Norway spruce and white Portland 

cement. The process contributing most to the CO2 balance of  the WWCB is the cement production 

(Doudart de la Grée, 2018). The partial replacement of  PC with MSWI BA would lower the environmental 

footprint of  the board, providing an alternative use for this by-product. Moreover, the presence of  BA will 

not affect the life cycle of  this material, as WWCB are often disposed by incineration for energy recovery 

(Doudart de la Grée, 2018) and in some countries such as Denmark, the ashes are used as raw material for 

cement kiln production. However, in the past, not many studies have investigated the infl uence of  MSWI 

BA replacement on the properties of  wood-wool cement boards. 

Even though the high porosity of  MSWI BA might have a positive impact on the insulation properties of  

the composite, it might also affect the water demand of  the binder, altering the competitive absorption 

behaviour in the presence of  wood. In fact, despite the benefi cial effects of  natural fi bers in composites 

(Bezerra et al., 2004; Faruk et al., 2012; Joshi et al., 2004; Pickering et al., 2016; Schwarzova et al., 2015), the 

presence of  wood also introduces some critical factors, which might affect the properties of  the composites, 

compromising their fi nal stability. Among those factors, the time of  harvest, the wood species, the storage 

conditions, the composite manufacturing method and the moisture content (Chen et al., 2009) play a major 

role (Glass and Zelinka, 2010; Moslemi and Pjister, 1987). Therefore, even if  the production process does 

not change, the variation in these wood parameters creates heterogeneity in the fi nal product properties 

(Frybort et al., 2008). Therefore, a deeper understanding of  the competitive absorption behaviour between 

mineral binder and wood fi bers is needed, in order to control the amount of  water available for the binder 

hydration.  

Next, in this chapter the infl uence of  different replacement levels of  CEM I 52.5 RW by porous BA (5, 

10, 20, 30, 40, 50% wt.) on the performances of  plain pastes and wood-cement composites is addressed. 

In part I, the liquid sorption of  wood-wool strands is determined and validated using solid state hydrogen 

nuclear magnetic resonance (NMR), which helps to differentiate the water located in the spruce structure 

and on the surface of  the strand. Based on the results, the quantifi cation of  the pre-soaking water necessary 

for a precise w/b ratio in the binder is calculated, considering the wood’s initial moisture content (MCi), 
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the binder water demand and the wood/binder ratio of  the composite. The validation of  this behaviour is 

performed using isothermal calorimetry, by comparing the cumulative heat of  the binder in the presence 

and absence of  wood, at 48 h. According to the same w/b ratio used in the validation, reference WWCBs 

are manufactured and tested for fl exural strength, by three-point bending testing. In part II, after washing 

the BA to remove most of  the chlorides and sulfates, the mixtures of  cement and BA are characterized 

physically and chemically. Then, bulk density, specifi c density and water demand of  the unreacted mixtures 

are tested. Afterwards, the mechanical performances and the thermal conductivity of  the blended pastes are 

measured in the form of  both standard cubes (40 mm x 40 mm) in the absence of  wood and as WWCB. 

The infl uence of  BA on the early stages of  hydration is analysed by isothermal calorimetry together with 

the calculation of  the water necessary for the wood composite manufacture, based on the spruce absorption 

behaviour model presented in Part I. Finally, the environmental impact of  the materials is evaluated by the 

one batch leaching test (EN 12457-2) using the standard prisms and compared with the reference values of  

the Dutch Soil Quality Decree (SQD)(2018).

8.2 Experimental

8.2.1 Materials

In Part I, Norwegian spruce is used as reference wood in the form of  Excelsior wood-wool, provided by 

Knauf  Insulation (NL). Spruce is analysed in the form of  strands 2 mm wide, 0.4 mm thick and 250 mm 

long. Granting the impossibility to avoid the presence of  those extractives fully, some wood species, such 

as Spruce, normally do not cause the inhibition of  the cement hydration, because of  their lower content 

of  those water-soluble compounds (Moslemi and Lim, 1984). The binder applied in the study is CEM I 

52.5 R white (PC3) provided by ENCI (NL) and characterized in Paragraph 2.5.1 and 2.5.2, physically and 

chemically. 

In Part II, MSWI bottom ash fi nes (BA-S)(0.04-0.250 mm) produced by Heros Sluiskil (NL) are applied 

as cement replacement. Figure 2.2, Paragraph 2.4.1 provides an overview of  the treatments applied to the 

MSWI BA after incineration. Also in this case, for the boards manufacturing, CEM I 52.5 R white (PC3)

(ENCI, NL) is applied together with spruce wood-wool strands 2 mm thick (Knauf, NL). In order to reduce 

its contaminant leaching, a double washing treatment is applied on the BA-S after characterization, based 

on a liquid to solid ratio (L/S) of  3, at 250 rpm on a shaker for 60 minutes (Alam et al., 2016), minimizing 

the water usage and the time. Henceforward, all the experiments are based on washed BA-S.

8.2.2  Methods

Materials characterisation

The dry mass of  the wood-wool has been measured by drying the sample in an oven at 105° C, for 

24 h (Shmulsky and David Jones, 2011). Visualisation of  the spruce structure is performed by Scanning 

Electron Microscopy (SEM, Quanta 650 FEG, FE), coupling large fi eld detector, GSED detection (LFD) 
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and BSE- detector (low vacuum, chamber pressure 0.6 mbar, spot size 4.0, voltage10 KV). The analysis 

of  the chemical composition of  spruce is done with HPAEC according to Tappi T222, Tappi UM250 and 

Tappi T264 standards. 

The physical and chemical characterization of  (BA-S) can be found in Table 2.5, Paragraph 2.5.1 and Table 

2.6, Paragraph 2.5.2, respectively. The properties of  the white cement applied (CEM I 52.5 W, PC3) is 

shown in Table 2.5-Table 2.7, Paragraphs 2.5.1-2.5.2, while the Excelsior wood strands are presented in 

Paragraph 8.3.3. The evaluation of  the environmental impact of  the fi nal products using the one batch 

leaching test (Holm and Hansen, 2003) is described in Table 2.8, Paragraph 2.5.3. 

Water absorption measurement for Spruce wood-wool strands

Due to the fast water uptake of  strands compared to cubic specimens, the water absorption of  wood-wool 

cannot be investigated by submersion. Therefore, a different water absorption measurement is carried out, 

which is displayed in Figure 8.1 and repeated three times: 

Figure 8.1:  Schematization of  the liquid sorption measurement for wood-wool strands, at ambient temperature. The 

measurement is repeated three times.

Knowing its initial moisture content (MCi =14%), 2 g of  wood-wool are sprayed with ≈ 0.5 g of  water 

(mw), considering an absorption time of  3 minutes. This absorption time represents the time between the 

pre-wetting treatment of  the wood-wool and the application of  the mineral binder, during the WWCB 

manufacture. For the quantifi cation of  the water located on the strand surface, the wet strands are dried 

carefully with absorbent paper and then weighed. The paper is not pressed, in order to remove only the 

water located externally, and then weighed. The fi nal mass of  the wood strand after being dried is also 

weighed, to evaluate the mass of  water located internally. 

Initial mass of  the wood

Initial mass of  the plate

1
2
3
4
5
6

Tare the mass of  wood + 
plate and apply water

Absorption time:
3 minutes

Scale dry absorbant paper

Dry wood wool surface with 
absorbent paper

Scale wet absorbant paper

Scale final mass of  the 
sample
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Four main parameters are tracked during the measurement: the liquid sorption (LS) representing the liquid 

uptake internal to the wood cells in every step (chemically and physically bonded water), the moisture 

content of  the strands (MC), the surface water (SW) indicating the water located externally on the strand 

surface and the evaporation water (EW), describing the water mass loss during the measurement. The 

parameters are quantifi ed per step as a percentage of  the mass of  the initially applied water (mw)(as in 

Figure 8.4) or of  the oven-dry mass of  the wood (mod)(as in Figure 8.7), as a function of  the increasing 

moisture content. For clarifi cation purposes, Table 8.1 presents the parameters used for the evaluation of  

the water speciation in this chapter.

Table 8.1:  Parameters used in the study for the calculations and their description. 

Parameter Description

LSW Liquid sorption of  wood normalised for the mod

LSB Water demand of  the binder normalised for the mod

LS Liquid sorption of  wood normalised for the mw

mbB Mass of  binder used in the board manufacture

mWP Mass of  water used in the Punkte test

mod Oven dry mass of  the wood

mi Mass of  the wood at the initial moisture content

mw Mass of  water applied during absorption measurement, per step

MCequ Moisture content conditions when LSW equals LSB

MCopt Optimal moisture content for the manufacture of  the composite

MCi The initial moisture content of  the strands

w/b Water to binder ratio

Solid state hydrogen Nuclear Magnetic Resonance (NMR)

The determination of  the location of  the water absorbed into the wood-wool strands is performed by T2 

relaxometry NMR for different moisture contents, in the absence of  a binder. Spin-echo decay curves are 

measured by the CPMG method using 30 MHz Maran Ultra (Resonance Instrument LTD, Witney, UK) TD 

NMR. A standard Carr-Purcell_Meiboom_Gill (CPMG) pulse sequence is used. Per decay curve, a total of  

1024 echoes are acquired with an inter-echo time of  300 μs, 16 averages and repetition time (TR) of  4 s. The 

data are analysed by numerical inverse Laplace transformation, as implemented in CONTIN (Provencher, 

1982), to get T2-spectra that show the relative intensity as a function of  the T2 relaxation time. According 

to different studies (Araujo et al., 2009; Labbe et al., 2006, 2002; Thygesen and Elder, 2009), soaked wood 

is characterised by different relaxation times, depending on its moisture content. In this chapter, the strands 

are tested at different moisture contents, by pre-soaking them with water (11% MC, 50% MC, 150% MC, 

150% MCdry and 220% MC). The sample 150% MCdry is obtained by drying the pre-soaked strand with 

absorbent paper as shown in Figure 8.1. Small differences among the relaxation times observed in literature 
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and the one reported in this study are attributed to the different wood geometry (strands instead of  blocks) 

and the different Spruce species investigated. Evaporation is not taken into account, due to the short time 

of  the measurements (30 seconds) and to the sealed conditions of  the strands, during the experiment.

Isothermal calorimetry

In part I, TAM AIR isothermal calorimeter is used as an indicator for the hydration degree of  the binder, 

both in presence and absence of  wood (Alberto et al., 2000; Defo et al., 2004). The cumulative heat (Q) 

provides information concerning the reaction degree of  the PC3: by increasing the w/b ratio of  the paste, 

higher cumulative heat is recorded, as the greater availability of  water eases the formation of  reaction 

products (Wong and Buenfeld, 2009). The reaction degree of  the pure binder with different w/b ratio 

is measured for 48 h, as a reference, in order to ensure the complete reaction of  the main PC3 phases. 

The w/b ratios considered are 0.5, 0.8, 1, named PC3_0.5, PC3_0.8, PC3_1 respectively. The composite 

mixtures used are based on a wood/binder ratio of  0.75. These samples are named PC3W0.5, PC3W0.8, 

PC3W1, according to the w/b ratio applied in the references. All the samples are measured at ambient 

temperature (20° C) and normalised for the mass of  cement. In order to avoid the infl uence of  mixing, the 

evaluation of  cumulative heat is performed by removing the fi rst 20 min of  the measurement. The amount 

of  water necessary for the achievement of  the desired w/b ratio is applied by pre-soaking the wood-wool 

strands, according to the w/b ratio chosen. The calculations for the determination of  the amount of  water 

are shown in Paragraph 8.3.6. Achieving the same cumulative heat in the sample in presence and absence 

of  wood will indicate the same water availability for the binder hydration, and thus the same w/b ratio and 

hydration degree. In the comparison of  the heat released between the two systems (in presence or absence 

of  wood), the reaction between water and wood is not taken into account, due to its low intensity measured 

by calorimetry (13.7 J/g in 48 h). 

In Part II, the infl uence of  the washed BA-S on hydration of  CEM I 52.5 RW is investigated by isothermal 

calorimetry (TAM AIR calorimetry) in presence and absence of  wood-wool. Both in presence and absence 

of  wood the samples are prepared including different replacement levels of  BA-S (5, 10, 15, 20, 30, 40, 

50% wt., named BA5, BA10, BA15, BA20, BA30, BA40, BA50, respectively), and mixed with a water 

to binder ratio (w/b) of  0.5. The fi nal w/b ratio is calculated based on the Spruce absorption model 

described in Paragraph 8.3.4, by determining the optimal pre-soaking moisture content (MCopt)(Paragraph 

8.3.6, Equations (8.3) and (8.4)). 

Moreover, the cumulative heat given in Table 8.4 is calculated for tstart = 0.3 h and tend = 50 h, to avoid the 

infl uence of  mixing the sample externally. For the interpretation of  the results, the chemical composition 

of  the mixtures is calculated combining the plain PC3 and BA-S oxide compositions, proportionally to the 

BA substitution. The same calculations are applied for the estimation of  the C3A content, initially obtained 

from the Bogue estimation (Hewlett, 2004) of  the reactive phases presented in Table 2.8, Paragraph 2.5.3 

of  PC3.
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Manufacture of  the blended pastes

In part II, the infl uence of  BA on the mechanical and thermal properties of  PC3 is examined fi rstly in 

the absence of  wood-wool. Blocks sized 40 x 40 x 40 mm are manufactured based on BA replacement of  

10-20-30-40-50% wt. Any standard sand was used for the blocks manufacture, due to the absence of  this 

material in the WWCB production. After being sealed with plastic foil, the cubes are cured in 95% relative 

humidity chamber for 10 and 28 days. 

Manufacture of  the composites

In Part I, based on the understanding of  the liquid sorption behaviour, the optimal w/b ratio of  the system 

can be applied in the composite design. In order to evaluate the mechanical performances as a function of  

the w/b ratio, WWCBs were manufactured with 3 different chosen ratios (0.5, 0.8, 1) and named PC3W0.5, 

PC3W0.8, PC3W1, respectively. In part II, the WWCB were manufactured applying the blended pastes used 

for also for the blocks manufacture (BA replacement of  10-20-30-40-50% wt.), as binder. The design recipe 

was based on the calculation of  MCopt (Equation (8.4)), changing according to their different water demand. 

In this whole chapter, the manufacture of  the composites is based on the dry method, usually applied in 

WWCB production plants (Doudart de la Grée et al., 2013)(BS EN 13168, 2012). Firstly, the wood-wool 

strands are soaked with water, up to a certain moisture content, in this case the MCopt obtained based on 

Equation (8.4). After around 3 minutes of  absorption, the dry binder is sprinkeld on the wet stands and the 

materials are mixed for homogeneization of  the binder distribution on the wood-wool. The fi nal product is 

placed into a mould 15 x 30 cm and pressed for 24 h, using a mechanical press. Successively, the sample is 

cured in a plastic sheet for 7 days and then left drying at ambient conditions for another 3 days. In order to 

achieve the same moisture content before testing, the boards are dried in the oven for 2 h at 50 °C, before 

the fl exural strength test. 

Mechanical and thermal performances of  the composites

For WWCB, the fl exural strength is measured at 10 days by a three-point fl exural test (Zwick Z020) on a 

sample with dimensions of  15 x 20 x 1.5 cm3, using a testing speed of  1.5 mm/min, and a support span of  

15 cm (Method A)(BS EN 12089, 2013). Three samples of  each w/b ratio are tested. The requirements for 

dimensional stability are satisfi ed, if  a board with a maximum thickness of  15 mm has a minimum bending 

strength of  1.7 MPa (BS EN 13168, 2012). The contribution of  BA-S in the fl exural behaviour is evaluated 

calculating the strength difference (ΔS), according to:

S=
fm - fr

fr
*100            (8.1)

where, 

ΔS is the strength difference [%], fm is the fl exural strength of  the WWCB made using by-product and 
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cement mixture as a binder [MPa], and fr is the fl exural strength of  the reference manufactured only using 

cement as a binder [MPa]. 

For the blended pastes blocks, the compressive strength is measured according to the standard 196-1 (EN 

196-1, 2005), at 10 and 28 days. The choice of  two reference time depends on the need of  evaluating the 

cement performances both within the WWCB testing time and the standard cement curing period. 

For both pastes and WWCB, the thermal conductivity of  dried paste samples and manufactured WWCBs 

is measured by a heat transfer analyzer (ISOMET 2104, Applied Precision), after 28 days of  curing. For the 

board manufacture, the pre-soaking water needed during the WWCB manufacture (MCopt) is also calculated. 

Applying the model described in Part I, ensures that the effective w/b ratio in each board is the one chosen.

8.3 Results and discussion

Part I: Infl uence of  the spruce strands hygroscopic behaviour on the performances 

of  wood-cement composites.

8.3.1 Factors infl uencing the stability of  wood-wool composites

In general, acceptable properties of  an inorganic bonded board are dependent on both the amount and 

nature of  the binder and on the wood properties (Simatupang and Geimer, 1992). Numerous factors can 

affect the bonding mechanism between cement and wood. Among them, the hygroscopic behaviour of  

the wood plays a major role in the cement hydration, by determining the amount of  water available for 

the binder (Coutts and Kightly, 1984; Yi et al., 2004). In the presence of  water, the ion exchange between 

cement and wood could lead to a strong bond between the two materials, due to the improved anchoring 

of  the binder (Frybort et al., 2008). However, for excessively soaked strands, the migration of  water-soluble 

extractives is favoured, leading to the incomplete setting of  the cement paste. 

Therefore, low initial moisture content of  the wood means that part of  the water used for cement hydration 

will be absorbed into the wood structure, instead (Dewitz et al., 1984; Kalia et al., 2009). Contrariwise, 

excessive moisture content of  the strands will provide an abundant amount of  water for the cement 

hydration, increasing the fi nal water to binder ratio (w/b) of  the paste, but also causing the dissolution 

of  extractives, resulting in a low strength development (Miyatake et al., 2000). Of  course, this absorption 

behaviour is also strongly connected to the water demand of  the binder. This is the reason why the 

manufacture of  a composite must take both the water for the distribution and the reaction of  the binder 

into account (Frybort et al., 2008). Before this study, the liquid absorption mechanism of  Norwegian spruce 

in the form of  wood-wool strands was not often investigated, leading to uncertainties about the quality of  

the bonding between wood strands and mineral binder. Moreover, to limit this ion exchange, the infl uence 

of  the absorption behaviour of  wood strands in the presence of  Portland cement (PC) as well as their 

“competitive absorption” has not been investigated. The determination of  the effective amount of  water 
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available for binder hydration is necessary to reduce the inhomogeneity during manufacture. Furthermore, 

a better understanding of  the effective w/b ratio applied will ensure the maximisation of  the mechanical 

performances of  the composite. 

8.3.2 Boundary conditions for the liquid sorption model

The behaviour of  wood strands in the presence of  water is directly related to the wood species, the structure 

of  the wood cell, as well as their chemical composition. The main regions used for characterising the wood 

moisture adsorption capacity in this chapter are displayed in Figure 8.2, together with the water location in 

the wood cell, depending on the different moisture contents (MC). In oven dry conditions (0% MC) the 

wood structure is composed of  cells, characterised by cell walls and empty lumens; no water is detected in 

the structure (Zillig, 2009). 

Figure 8.2: 

Fibre stauration point
(30% MC)
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(31-200% MC)

Fully saturated fibers
(220% MC)

Oven dry conditions
0% MC

Fibre saturation point
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Fully saturated fibres
220% MC

Over-hygroscopic region
Physical water absorption

Hygroscopic region
Chemical water absorption

Hygroscopic region
(0-29% MC)

Oven dry conditions
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  Representation of  the water speciation in a wood cell with increasing moisture content (Dewitz et al., 

1984; Yi et al., 2004). Wood moisture capacity is characterized by two main ranges: the hygroscopic region (0-29% 

MC) and the over-hygroscopic region (between 31% and 220% MC). 

A second region is defi ned as the “hygroscopic region” (Zillig, 2009), where the wood behaviour is mainly 

infl uenced by the presence of  amorphous cellulose and hemicellulose (Célino et al., 2013; Hosseinaei 

et al., 2012). Compared to crystalline cellulose, amorphous cellulose attracts more liquid and chemically 

binds the water molecules, due to the numerous available sorption sites (-OH groups)(Zillig, 2009). In 

the hygroscopic region, the cell walls are fi lling up until saturation, while no liquid is located in the lumen 

(Shmulsky and David Jones, 2011). In this chapter, the fi bre saturation point (FSP) is considered equal to 

30% MC (based on the oven-dry mass of  the wood)(Shmulsky and David Jones, 2011), which corresponds 

to the conditions where the cell walls are completely fi lled, and the lumens are empty. The region over 

30% moisture content is defi ned as “over-hygroscopic region”, when the water fi lls the lumen, as the cell 

walls are already fi lled. This physical water absorption takes place only by capillary suction (Zillig, 2009). As 

measured in a preliminary study, fully saturated conditions (220% MC) are achieved when all lumens and 

smaller pores are fi lled (Doudart de la Grée et al., 2019). 
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8.3.3  Materials characterisation

The micrographs in Figure 8.3 display the internal structure of  the strands, composed of  tubular cell walls 

and the lumens (Zillig, 2009). Table 8.2 displays the chemical composition of  the Norwegian spruce used in 

the study. The low amount of  leachable extractives present in Spruce (2% wt.) indicate a low inhibition of  

the cement hydration. The cellulose and hemicellulose content (around 35% wt.) explains the hygroscopic 

behaviour of  the spruce (Time, 1998).

Table 8.2:  Chemical composition of  Spruce strands, performed by the analysis of  the dry fi bres. 

Cellulose Hemicellulose Lignin Extractives

 [% wt.]  [% wt.]  [% wt.]  [% wt.]

38.60 ± 1.10 34.60 ± 1.01 24.60 ± 0.01 2.20 ± 0.02

Figure 8.3:   Wood cell walls of  spruce wood-wool strands, in the absence of  binder.

8.3.4  Study of  the spruce strand absorption behaviour

 Figure 8.4 displays the liquid sorption (LS) of  the strands, the surface water (SW) and the steady evaporation 

water (EW), based on the average mass of  water applied in every step as a function of  the incremental 

moisture content in the strands. During measurements, a constant mass loss is registered, due to the 

evaporation of  a part of  the water applied. It is calculated from the difference of  the total, internal and 

externally applied water. 

Due to the measuring conditions (25 °C and 50% RH), the evaporation rate is stable at around 20% of  the 

mass of  water applied. Initially, the water applied is mainly absorbed into the strands (LS = 85% mw for MC 

= 20%), while only a small amount is located on their surface (SW=1.7% mw). The dry cell walls absorb 

most of  the water applied, indicating strong liquid sorption (within 75% mw) in the strands for low moisture 

content conditions (50% MC).Raising the moisture content in the strands, the liquid sorption decreases and 

the surface water increases (MC=100%, SL=65% mw and SW=13% mw). The reduction of  liquid sorption, 

due to the increasing moisture content, has been measured on wood blocks before (Khazaei, 2008). The 
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decreasing liquid sorption rate is explained by a diffusion phenomenon: the liquid diffusion is due to the 

moisture content gradient between the surface of  the strand and its centre. The drier conditions in the 

centre of  the strand favour the migration of  water into that area, maximising the fi nal liquid sorption of  

the wood.

Figure 8.4:   a) Normalized liquid sorption (LS), surface water (SW) and evaporated water (EW), normalised for the 

water applied (mw). The parameters are represented as a function of  the wood-wool moisture content of  the 2 mm 

strands. 

However, as sorption continues, the moisture gradient between the surface and centre decreases, slowing the 

diffusion process (Khazaei, 2008). Unlike the wood blocks where all the water is entirely located internally, 

in the over-hygroscopic range, the wood strands accumulate part of  the water on the external surface, in 

contact with air. The amount of  surface water is related to the liquid sorption of  the strands: the greater the 

liquid sorption, the lower the surface water and vice versa. Therefore, surface water reaches its maximum 

when the liquid sorption is lowest (MC =165%, LS=18% mw and SW=50% mw). In conclusion, the water 

absorption of  wood strands is faster compared to wood cubes, and it leads to the formation of  a water layer 

external to the strand. The surface water layer is not formed once that the full saturation of  the strand (MC 

≈ 220%) is reached, but it is created gradually, due to the decreasing of  the moisture gradient between the 

exterior and the interior of  the strand (Figure 8.4).

8.3.5 Water location with increasing moisture content

To locate the position of  the water at different moisture contents, strands are analysed qualitatively by 

NMR, evaluating the relaxation time under different testing conditions. Figure 8.5 displays the T2 distribution 

for Norwegian Spruce wood-wool at different moisture contents. Within the hygroscopic region, the 

interactions with wood extractives affect the relaxation time of  the water in the cells. Peaks with a short 

relaxation time (below 4 ms – yellow area)(11% MC) are attributed to the chemical bond between water 

molecules and hydroxyl groups (chemically bonded water)(Araujo et al., 1992; Thygesen and Elder, 2009). 

As shown in the empirical measurement (Figure 8.4, Paragraph. 8.3.4), within this moisture range the liquid 

sorption of  the strands is strongest due to the dry state of  the strands, while any surface water is detected. 
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In the over-hygroscopic range, a relaxation time between 10 and 100 ms corresponds to the free water 

located in the lumen (Araujo et al., 1992; Thygesen and Elder, 2009). 

Figure 8.5:   a) NMR spectra of  spruce strands at different moisture contents (Doudart De la Grée et al., 2017). The 

yellow area corresponds to the wavelength of  water located in cell walls, the blue one to the water located in the lumen 

and the red one to the free water located externally to the strand. 

In this study, it is defi ned by the blue area (4-50 ms), where most of  the water is physically absorbed in the 

lumen (50% MC). A comparison of  the peaks of  150% MC and 150% MCdry indicates that the red area 

between 50-1000 ms characterises the surface related water, easily removable by drying the strands. Contrary 

to water in lumens and cell walls, which need more absorbent power to be discharged, the surface water is 

easily removed from the surface of  the strand and available for binder hydration. Therefore, in the case of  

spruce wood-wool, a relaxation time higher than 50 ms characterises the water located on the strand surface 

(red area), named surface water in this study (Figure 8.4). As measured in Paragraph 8.3.4, the surface water 

layer on the strand surface is forming gradually before the strand saturation. Finally, for 220% MC the 

main family peak ranges between 50-1000 ms, indicating a maximisation of  surface water on the strands 

in saturated conditions. The NMR results confi rm the empirical measurements of  wood water absorption 

in Figure 8.4, Paragraph 8.3.4. The liquid sorption of  wood strands is strongest for low moisture contents 

(0-50% MC), while the surface water is not able to form in such dry conditions. Increasing the moisture 

content (50-180% MC) of  the strands a surface water layer starts developing, inversely proportional to the 

liquid sorption of  the wood. In fully saturated conditions, the surface water amount is maximised while the 

liquid sorption reaches its minimum. 

8.3.6  Infl uence of  the binder on the wood water absorption

In order to optimise the manufacture of  composites based on Excelsior wood-wool, the evaluation of  their 

liquid sorption in the presence of  binder is necessary. During this evaluation, the water demand of  the 

binder is used as an indicator for the binder water absorption, as it takes the physical and chemical factors 

infl uencing the binder behaviour into account. 

The manufacture of  the WWCB involves the application of  the dry binder on pre-soaked strands, which will 
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absorb the surface water available, according to its water demand. Due to the hygroscopic behaviour of  the 

materials used, a competitive absorption of  the water will occur between wood and binder. Consequently, 

three main possible scenarios are taken into account are, displayed in Figure 8.6. There, for visualisation 

purposes, the red arrows represent the binder water demand (LSB) while the green ones represent the wood 

liquid sorption (LSW).   

Scenario 1 (LS
W 

> LS
B
): Due to the low moisture content of  the fi bres, most of  the water migrates into 

the cell walls and lumens, getting chemically and physically absorbed by the structure. This phenomenon 

causes a limited water availability for the reaction of  the binder, leading only to its partial hydration (Figure 

8.6a)). 

Scenario 2 (LS
W

 = LS
B
): The moisture content of  the strands leads to liquid sorption that is equal to the 

water demand of  the binder, creating an equilibrium condition (Figure 8.6b)). 

Scenario 3 (LS
B
 > LS

W
): Increasing the moisture content, the liquid sorption of  wood is reduced (Figure 

8.4, Paragraph 8.3.4), allowing the PC3 to take the free water available from the wood surface and lumens 

and causing an excessive water uptake by the binder. The fi nal matrix might have a high w/b ratio, and thus 

low strength (Figure 8.6c)). 

                                                                                        

           a) b)          

           c)

Figure 8.6:  Schematic of  two wood cells at a) low moisture content when water absorption is greater than binder 

adsorption; b) equilibrium moisture content, which balances the two water absorptions c) high moisture content 

where wood absorption is lower than the binder water demand. The arrow size indicates adsorption strength. 

The scenarios presented in Figures 8.6a), b), c) are graphically represented in Figure 8.7, where the LSW of  

the wood is combined with the binder LSB, using Equations (8.1) and (8.2). 
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Figure 8.7:  

y = -0.001x2 + 0.0904x + 15.92
R² = 0.89

0

5

10

15

20

25

30

35

40

45

50

0 20 40 60 80 100 120 140 160 180

So
rp

tio
n 

ra
te

 [%
 m

od
]

Moisture content [%]

LSb LSw
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content. 

In order to make water demand and liquid sorption comparable, they have both been normalized for the 

dry mass of  the wood (LSB and LSW, respectively), according to: 

LSB= mWP

mod
*100            (8.2)

LSW=LS* mi

mod

          (8.3)

where, 

mWP is the mass of  water used for the water demand of  the binder [g], mod is the oven-dry mass of  the wood 

[g], mi is the mass of  the wood at the initial moisture content [g], and LS is the liquid sorption of  wood 

strands normalized for the mass of  the water applied during absorption measurement (Paragraph 8.3.4, 

Figure 8.4) [g]. 

Therefore, the moisture content for the equilibrium between LSW and LSB (MCeq) is calculated, by 

solving: 

        (8.4)

This equation is derived from the trend of  liquid sorption of  2 mm wood strands, displayed in Figure 

8.7. After determining the MCeq, the fi nal pre-treatment water amount necessary for the chosen w/b ratio 

(MCopt) is calculated by:  

         (8.5)

Scenario 1:
LSw > LSb

Scenario 2:
LSw = LSb

Scenario 3:
LSw < LSb

LSB=-0.001MCeq
2+0.0904MCeq+15.92 

MCopt=MCeq+
w
b * mbb

mod
*100 - MCi  
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where, 

LSB is the normalized water demand of  the binder [%], MCopt is the optimum moisture content for the 

reaction of  the binder [%], MCeq is the moisture content for which LSb=LSw [%], mbb is the mass of  the 

binder used for the boards manufacture [g], w/b is the desired water/binder ratio to applied in the board [-], 

and MCi is the initial moisture content into the strands [%]. 

As described in Figure 8.4, the liquid sorption of  wood (LSW) is controlling the absorption behaviour of  

the system, as it is strongest below 50% MC (sorption rate 18% mod). Within this moisture content, the 

LSw is higher than LSB, indicating that all the water available will be adsorbed into the strands. Beyond 

the hygroscopic region (between 50% and 130% MC), the liquid sorption of  wood decreases, due to the 

reduction of  the moisture gradient between strand surface and centre, until it matches the water demand of  

the binder (130% MC with a sorption rate of  10% mod). Above this MCeq, the binder water demand drives 

the absorption behaviour, due to the saturation of  the strands. In Figure 8.7, Scenario 2 is described by the 

intersection between LSW and LSB (MCeq = 130%), while Scenarios 1 and 3 are represented by the adjacent 

areas (higher and lower moisture content than 130%, respectively). Water applied beyond the equilibrium 

point will be available for the binder reaction. Once the binder reduces the moisture content of  the strands, 

by taking water up for hydration, the LSW in the wood will rise again balancing the LSB of  the binder and 

avoiding further suction of  water from the strands. 

The identifi cation of  an MCeq to equalise sorption of  wood and binder (LSB and LSW, respectively) is 

possible by the representation of  these parameters, as the percentage of  the oven-dry mass of  the wood. 

For CEM I 52.5 RW and 2 mm spruce strands MCeq is achieved for 130% MC. Pre-treatment moisture 

content (MCopt) necessary for the WWCB manufacture can be defi ned by Equation (8.5) according to the 

chosen w/b ratio.

8.3.7 Validation of  the water absorption behaviour by isothermal calorimetry 

Figure 8.8 displays the calorimetry results used for the validation of  the proposed model, comparing the 

cumulative heat of  PC3 mixtures in the absence (Figure 8.8a)) and the presence of  wood (Figure 8.8b)), 

for the selected w/b ratios. The pre-soaking treatment applied corresponds to the MCopt determined by 

Equation (8.5), according to the different w/b ratio chosen. 

Generally, all samples show the same trend, where a higher availability of  water leads to a greater reaction 

degree in the sample. Raising the moisture content according to the different initial w/b ratio selected, 

the same cumulative heat is achieved in the absence and presence of  wood, with a deviation within the 

experimental error (Table 8.3).    

The increase of  the surface water on the strands results in a higher amount of  water available for reaction, 

raising the hydration degree. The release of  the same cumulative heat shows the same availability of  water 



C
h

ap
te

r 
8

153

MSWI  BOTTOM ASH AS BINDER REPLACEMENT IN WOOD-CEMENT COMPOSITES

for the cement reaction, leading to the same reaction degree of  the paste. These results validate the amount 

of  pre-soaking water calculated using Equation (8.5), indicating that the behaviour proposed is resembling 

the competitive absorption mechanism between wood and cement.

            

                                                           

 a)                                                                   b) 

Figure 8.8:  Isothermal calorimetry analysis used for validation of  the proposed model. a) Cumulative heat in the 

absence of  wood and b) Cumulative heat in the presence of  wood for different w/b ratios. The letter W indicates the 

presence of  wood in the sample. 

Table 8.3:  Cumulative heat comparison between cumulative heat of  PC3 and PC3 + wood (QPC3 and QPC3W, 

respectively) at 48 hours. ΔQ indicates the difference between the two cumulative heats, expressed both in J/g and % 

of  the QPC3.

w/b Q
PC3

Q
PC3W

ΔQ
ΔQ Deviation 

rate

- J/g J/g J/g % Q

0.5 276.7 260.1 17.0 6.0

0.8 290.8 280.6 10.1 3.4

1 309.0 300.1 8.9 2.9

8.3.8 Validation of  the water absorption behaviour by mechanical performance

Manufactured WWCB are tested for bending strength, in order to evaluate the impact of  the w/b ratio on 

the mechanical properties of  the composites. Figure 8.9 displays the results. 

The boards show good dimensional stability independently of  the w/b ratio applied. For w/b=0.5 and 0.8, 

the boards range around 15 mm thickness, while for w/b ratio=1 a higher thickness is achieved after drying 

(15.8 mm). The bending strength is the highest for the lowest w/b ratio (PC3W0.5), due to the higher 

density of  the matrix created. 

During a failure, the WWCB distributes the tensile and compressive stresses on the wood and binder, 
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respectively. Therefore, under compressive stresses, a denser matrix favours the development of  higher 

mechanical performances (Johansson, 1994). Increasing the amount of  pre-soaking water of  the boards 

(PC3W0.8 and PC3W1) the fi nal performances are decreasing. The higher availability of  water on the 

strand surface (Figure 8.4, Paragraph 8.3.4) determines the greater w/b ratio of  the binder, leading to the 

formation of  additional porosity (Kumar and Bhattacharjee, 2003) and a drop in mechanical performances. 

Figure 8.9: 
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  Flexural strength of  the WWCB as a function of  the w/b ratio applied. The minimum bending strength 

is set at 1.7 MPa, for 15 mm thickness board (BS EN 12089, 2013). 

This interaction is confi rmed by the presence of  reaction products detected in the cell wall structure, 

caused by the hygroscopic behaviour of  the wood. The SEM image in Figure 8.10a) displays the strand-

cement bonding in the composite PC3W0.5, where gel formation is visible on the surface of  the strand. 

Furthermore, a micrograph at a higher magnifi cation of  bordered pits reveals the presence of  needle-

shaped reaction products, likely ettringite, inside the lumens of  the spruce strand (Figure 8.10b)). This 

result confi rms the migration of  ions generated during cement hydration into the structure, and therefore 

the exchange taking place between wood and binder, using water as a medium. This leads to improved 

bonding between wood and cement (Frybort et al., 2008), explaining the higher performances in bending 

strength. 

                                                                                    

             a)             b)     

Figure 8.10:   SEM of  a) Spruce strands from wood-wool cement boards with w/b ratio 0.5 covered by cement and 

b) bordered pits fi lled by reaction products.



C
h

ap
te

r 
8

155

MSWI  BOTTOM ASH AS BINDER REPLACEMENT IN WOOD-CEMENT COMPOSITES

The results validate the behaviour predicted by the model presented in Paragraph 8.3.6. In this system 

including CEM I 52.5 RW and 2 mm wood-wool strands, the mechanical requirements are fulfi lled (3.8 

MPa) for a w/b ratio of  0.5, taking into account an MCeq of  130%. 

Part II: Application of  MSWI bottom ash as binder replaement in wood-wool 

cement composites

8.3.9 Infl uence of  the BA-S on the binder physical properties

Figure 8.11a) displays bulk density and particle density of  the blended mixtures as a function of  the BA-S 

replacement. Both parameters show a decrease when BA-S content increases. 

                                                                                         

  a)             b)            

Figure 8.11:   a) Particle density, bulk density and b) water demand trends depending on the washed BA-S replacement 

level. Parameters concerning the plain PC3 are also represented here as 0% replacement, for comparison reasons. 

The irregular morphology of  BA-S (Figure 2.4, Paragraph 2.5.1) reduces the packing of  the particles lowering 

the bulk density of  the mixtures, while the reduction of  the particle density is due to the introduction 

of  more porous particles (Table 2.5, Paragraph 2.5.1). Despite the coarser PSD of  BA-S compared to 

PC3 (Figure 2.5, Paragraph 2.5.1), the water demand of  the mixtures (Figure 8.11b)) increases with the 

replacement level, due to the BA-S high surface area and pore volume (Table 2.5, Paragraph 2.5.1), which 

favours the water absorption. The presence of  ultrafi ne incineration residues on the BA surface (Inkaew et 

al., 2014; Saffarzadeh et al., 2011) introduces additional porosity in the system, favouring the hygroscopic 

behaviour and leading to higher water demand. 

8.3.10 Analysis of  the hydration of  the mixtures including BA-S

Figures 8.12a) and b) show the heat development of  the mixtures including BA-S and PC3. The infl uence 

of  BA-S on the PC3 hydration is mainly detected in an extended dormant period (Figure 8.12a)) and in 

the modifi cation of  the sulphate depletion peak (Figure 8.12b)). The dormant period is infl uenced by the 
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amount of  sulphate available in the system. 
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between 0-15% wt. c) SO4/C3A rates of  the blended mixtures [% wt./% wt.], calculated from XRF as a function of  

the replacement rate (Quennoz, 2011). 

Generally, sulphates are added to PC3 clinker in order to avoid the rapid reaction of  C3A with water that 

causes fl ash setting. Sulphates decelerate hydration because the ettringite (AFt phase) is formed in their 

presence (Quennoz and Scrivener, 2012). Once the SO4 source is depleted, the AFt phase reacts with C3A 

to form monosulfate (AFm). 

2C3A + C6AS3H32+4H 3C4ASH12        (8.6)

A prolonged dormant period is often related to greater production of  AFt phases due to higher availability 

of  sulphates (Quennoz, 2011). In this study, a prolonged dormant period is observed with increasing the 

BA-S substitution, as it contains 4.5% wt. sulfates, after washing treatment. BA5, BA10 and BA15 show a 

delay of  30 minutes, 1h and 1.20 h, respectively. This delay is greatest for BA20, where the dormant period 

is extended by ≈ 2 h. The infl uence of  the sulphates content is also visible in the behavior of  the AFm 
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peak. Compared to the reference curve with 0% BA-S, the increase of  the replacement level results in an 

earlier AFm depletion peak (Figure 8.12b)). The depletion peaks of  BA5 BA10 and BA15 appear 1.5 h, 2 h, 

and 2.5 h earlier, respectively. For higher replacement levels the peak disappears (BA20) as a result of  highly 

modifi ed reactions (BA30, BA40, BA50)(Figure 8.13)). 

Figure 8.13:  
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Table 8.4:  Comparison of  the cumulative heat of  blended mixtures (PC3 + BA-S) in the presence and absence of  

wood, at 48 h from the beginning of  the reaction.

Q
B

Q
BW

ΔQ ΔQ
%

J/g J/g J/g %
PC3 265.4 251.7 13.7 5.2
BA5 268.5 269.5 -0.9 -0.3
BA10 277.3 280.7 -3.3 -1.2
BA15 280.7 285.4 -4.7 -1.7
BA20 300.9 314.9 -13.9 -4.6
BA30 308.7 309.2 -0.4 -0.1
BA40 302.4 293.65 8.8 2.9
BA50 300.0 276.15 23.9 8.0

For a sulphate content higher than standard PC3, literature studies (Quennoz, 2011) show the reduction or 

absence of  AFm formation, in favor of  a longer and greater production of  AFt. Figure 8.12c) represents 

the SO4/C3A ratio of  the blended system depending on the BA-S content. An increasing ratio is measured 

with increasing BA-S content, indicating that more SO4 is available in the system for ettringite formation, 

compared to the plain PC3. In this chapter the reference PC3 shows a SO4/C3A ratio of  51%, leading to the 

full conversion of  AFt to AFm (Figure 8.12c))(Quennoz, 2011). However, for BA-S replacements higher 

than 15%, the SO4/C3A ratio of  the mixture is around 67%, overcoming the threshold for which all AFt is 

converted to AFm (Quennoz, 2011). 
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This is also confi rmed by the calorimeter curve of  BA20 which does not show any depletion peak, 

confi rming the absence of  the AFm formation. 

For the quantifi cation of  the MCopt, Table 8.4 shows the cumulative heat of  the binders with the different 

BA replacement levels (QB) in comparison with the ones developed by the binder and wood mixtures (QBW), 

calculated by Equation (8.5). The total water content in each mixture was adjusted according to the water 

demand of  each component (PC3, BA and wood). The measurement of  the same cumulative heat within 

48 h indicates the same reaction degree of  the pastes in presence and absence of  wood, signifying that the 

effective w/b ratio is the same for all mixtures. They are therefore comparable in regards to reaction degree 

and strength development.

8.3.11 Mechanical and thermal properties

Blended cement pastes

Figure 8.14 shows an overview of  the mechanical and thermal performances of  the pastes with different 

BA-S replacement levels (0 to 50% wt.). Mechanically, the lowest performance is registered for 50% wt. 

replacement, where a 52% loss in compressive strength is measured.                    

                                                                 

            a)     b)

Figure 8.14:  Performances of  blended cement pastes a) compressive strength at 10 and 28 days and b) thermal 

conductivity at 10 days. Parameters concerning the plain PC3 are also represented here as 0% replacement, for 

comparison reasons.

The increase of  BA-S content leads to a reduction in compressive strength, at both 10 and 28 days, because 

BA-S replaces reactive clinker phases such as alite or belite. Due to the lower density of  BA-S, it also 

provides additional porosity in the cement matrix, causing a reduction in mechanical strength proportional 

to its replacement level. Moreover, increasing the BA-S and thus, the sulphate content, the absence of  the 

AFm in favor of  AFt formation is observed (Figures 8.12a) and c)). Due to the low stability of  AFt phases, 

sulphates might further dissolve and recombine with calcium hydroxide (CH) creating additional porosity 
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(Cefi s and Comi, 2016). Due to these factors, the high content of  sulphate is proven to be detrimental for 

the mechanical performances of  PC3 (Cefi s and Comi, 2016; Halaweh, 2006), and can contribute to the 

strength loss measured in the sample. On the other hand, increasing the porosity of  the matrix the thermal 

performances are positively affected, decreasing the thermal conductivity by 47% for a replacement of  50% 

wt. 

Wood-wool composite boards

Figure 8.15 displays the fl exural strength and thermal conductivity of  the WWCB produced with the blended 

cement pastes containing cement and BA-S at different replacement levels. Up to 30% wt. replacement, 

the presence of  BA-S is benefi cial, leading to 27% higher fl exural strength and stable thermal conductivity. 

The further increase of  the replacement causes a drop in strength, worsening the performance by 57% for 

BA50. 
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Figure 8.15:  Final performances of  WWCBs including different replacement of  washed BA-S a) fl exural strength 

measured with three-point fl exural test and strength loss (ΔS) and b) thermal conductivity, c) Air volume in WWCB 

as a function of  the particle density of  the blended mixtures used as a binder. A positive value of  ΔS corresponds to 

a contribution of  BA to the board performances. 
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Flexural strength performances of  WWCB are related to the combined action of  mineral binder and wood-

wool strands: the cement mainly participates in the absorption of  the compressive stresses, whereas the 

wood is primarily responsible for the absorption of  the tensile stresses (Johansson, 1994). Those stresses 

are distributed in the composite by interconnection points between two or more fi bers. The higher the 

contact area, the lower is the porosity generated among the strands in the composite.

Contrary to the thermal conductivity trend in the absence of  wood, the thermal conductivity of  the boards 

has similar values independently on the replacement level (Figure 8.15b)). The properties of  a WWCB are 

mainly related to the composite density, and thus porosity but also the moisture content (Johansson, 1994).

Considering that the composites have the same MC, due to the oven drying applied before testing, the 

porosity of  the board is the main parameter affecting its properties. The overall porosity of  the composite 

is the sum of  air gaps in the matrix (macro porosity among the strands), but also the smaller pores of  the 

wood and binder. The volume occupied by WWCB can be defi ned by Equation (9.3):

VWWCB=VB+VW+VA          (8.7)

VWWCB is the volume of  the board (15 x 20 x 1.5 cm) [cm3], VB is the volume of  the binder [cm3], VW is 

the volume of  wood-wool [cm3], and VA is the air volume in a WWCB [cm3]. As shown in Figure 8.11, the 

application of  a cement replacement with lower density (BA-S) causes the decrease of  the fi nal bulk density 

of  the mixtures. Consequently, those mixtures have higher pore volume and surface area compared to 

plain PC3, leading to a more porous structure of  the binder, as confi rmed by the mechanical and thermal 

performances measured on cubic specimens (Figure 8.14). Therefore, the following relationships exist 

between plain PC3 (B1) and blended binder (B2): 

SGB1>SGB2            (8.8)

m B1=m B2 
           (8.9)

VB1<VB2           (8.10)

where, 

SGB is the specifi c density of  the binder [g/cm3], mbB is the binder mass [g], and VB is the binder volume 

[cm3].

As for paste blocks in the absence of  wood, also in the WWCB, for the same mass, a greater volume of  

mineral binder will be distributed on each strand compared to plain PC3. From the scheme in Figure 8.16 

and the SEM cross-section, the different binder coating on the wood-wool strands is visible. The reference 

board (cross-section Figure 8.16a)) shows the binder particles covering the wood fi bers, but a uniform 
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and thick binder coating is not visible. On the other hand, the replacement of  50%wt. BA results in a 

more homogeneous layer, creating a visible binder coating around each strand. Therefore, a part of  the air 

volume of  the board will be fi lled with the higher volume binder, limiting its macro-porosity. 

Figure 8.16:  

WWCB 1 (VB1, VA1, VW1) WWCB  2 (VB2, VA2, VW2) 

VW

VB1

VB2

VA

Graphical representation of  the reduction of  macropore volume, caused by the presence of  a binder 

with lower density (B2), including SEM cross-section of  a) reference WWCB with CEM I 52.5 R and b) WWCB 

manufactured using BA50 as a binder.

Since: 

VWWCB1=VWWCB2 
         (8.11)

VW1=VW2 
          (8.12)

Therefore: 

VA1>VA2           (8.13)

WWCB1> WWCB2 
                     (8.14)

where, 

ΦWWCB is the macroporosity [%] created among fi bers in a WWCB.

The reduction of  macroporosity inside the board (Figure 8.15c)) is shown as a function of  the specifi c 

density of  the binder, confi rming their correlation in the performance of  the composite. Incorporating 

a binder with a lower density causes the reduction of  the macro-pores among strands, which are partially 
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fi lled by the binder. The higher porosity of  the binder does not seem to contribute to the improvement of  

the thermal performances, mainly due to its limited amount and the densifi cation of  the matrix obtained 

because of  the greater contact area among the fi bres. The presence of  more of  those interconnection 

points increases the compactness of  the composite but does not increase the overall density of  the board, 

as the low density of  BA-S compensate for it (Table 2.5, Paragraph 2.5.1).

Considering the overall results, the 30% replacement of  BA provides the optimal improvement of  the fi nal 

performances, both mechanically and thermally, increasing the fl exural strength and favoring the insulation 

properties of  the composite, comparable to the ones of  the reference. 

8.3.12 Environmental impact 

Figure 8.17 shows the concentrations of  the contaminants leaching out from the pastes after 28 days curing. 

The 0% replacement represents the plain PC3. Apart from chromium and sulphates (Figure 8.17a)) and 

b), respectively), the leaching increases according to the replacement level. The presence of  PC3 seems 

benefi cial for the immobilization of  Cl, SO4, Cr and Cu, because of  their partial incorporation into the 

reaction products (Garcia-Lodeiro et al., 2016; Tang and Brouwers, 2018). 

      

 a)                b)

Figure 8.17:  Leaching of  the contaminants from 28 day pastes (PC3+washed BA-S), as a function of  the replacement 

rate. Leaching trends for a) Zn, Mo Cu and Cr b) Cl and SO4 and Ba ions concentrations. Parameters concerning the 

plain PC3 are also represented here as 0% replacement, for comparison reasons. Reference values for the concentration 

of  the contaminants for unshaped materials, allowed by the Soil Quality Decree is escribed in Table 2.4, Paragraph 

2.4.2. 

The plateau shown by SO4 and Cr seems to indicate a high incorporation of  those contaminants, as 

their solubility is constant independently from the BA-S content. As a consequence, the increase of  their 

total amount (by increasing BA-S content) does not affect their concentration in solution, as they will 

leach according to the solubility of  the reaction products they are incorporated in. This phenomenon 

further confi rms the modifi cation of  the hydration behavior observed with calorimetry, where most of  
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the sulphates are used for the production of  AFt (Figure 8.12a) and c)). On the other hand, the presence 

of  an alkaline environment stimulates the leaching of  Mo, Zn and Ba. Studies underline that the leaching 

behavior of  those contaminants is sensitive to pH changes, increasing for alkaline conditions higher than 

pH 10 (Nilsson et al., 2016; Zhang et al., 2016). Therefore, the application in cementitious systems (pH 

12.5) might have favored the release of  those ions from the BA-S (Keulen et al., 2016). For replacement up 

to 10% wt., the leaching is below the legal limit for all the contaminants. For replacements between 15% 

and 30% wt., Ba2+ is the only contaminant overcoming the reference value. The source of  Ba2+ is not only 

the BA-S but the clinker itself  (Table 2.9, Paragraph 2.5.3), as this element is often incorporated into C2S or 

C3S (Achternbosch et al., 2003; Vollpracht and Brameshuber, 2016). 

8.4 Conclusions

Conclusions Part I

A model was developed to calculate the competitive water uptake of  spruce wood-wool strands and cement 

in wood-cement composites (WWCB). From the analysis performed the following conclusion can be drawn:

• During the water absorption of  wood-wool, the water is distributed both internal (liquid sorption) and 

on the surface (surface water). The higher the moisture content, the lower the liquid sorption and the 

greater the surface water on the strands that is then available for the cement hydration.

•  The evaluation of  wood-wool water absorption is performed by T2-NMR measurements. For Spruce 

wood-wool, a relaxation time below 4 ms indicates chemically bound water, while 4-50 ms indicate 

physically bound water. The relaxation times higher than 50 ms correspond to the presence of  water 

on the surface of  the strand.

• The equilibrium moisture content (MCeq = 130%) between the liquid sorption of  2 mm Norway spruce 

wood-wool and the water demand of  CEM 52.5 I RW is calculated as well as the optimum pre-soaking 

water of  the strands (MCopt). With these parameters, maximisation of  the mechanical performance of  

the composite was achieved with a bending strength of  3.8 MPa for a w/b ratio of  0.5. 

• The proposed water absorption model is confi rmed by isothermal calorimetry. Wood-wool cement 

mixtures were prepared using different w/b ratios, by pre-soaking the wood with the amount of  water 

calculated according to the model. The same heat release and thus reaction degree is achieved in the 

presence and in the absence of  wood, which indicates the same availability of  water for reaction. 

• The proposed model can be adapted for other binders as well as other fi bres by measuring the liquid 

sorption of  the strands and the water demand of  the binder. MCopt of  the new system can be calculated 

according to the proposed formula.
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Conclusion Part II

This study investigates the possible application of  MSWI bottom ash (BA) as replacement of  cement in 

wood-wool cement boards (WWCB). From the study the following conclusion can be drawn:

• The replacement of  cement with a porous by-product like bottom ash leads to a linear decrease of  the 

physical binder properties such as bulk density, specifi c density and an increase in the water demand. 

• The wood-binder absorption model for spruce WWCB is applied. Although all the mixtures have 

different water demands, calorimetry results show that the calculated w/b ratio in the composites is 

0.5 in all WWCB. For a BA replacement level higher than 15% wt., the increasing SO4 content of  the 

mixtures leads to a modifi cation of  the PC3 reaction kinetic.

• In pastes, bottom ash negatively affects mechanical performances, leading to a reduction in mechanical 

strength proportional to the BA-S replacement level (BA50, 52% reduction in compressive strength). 

On the other hand, thermal properties benefi t from the presence of  a porous matrix, improving the 

fi nal insulation performances (+50%). 

• In the wood composite boards, the presence of  BA has a positive infl uence on the fl exural strength 

performances of  the WWCB (BA30, +27%), due to the less porous structure formed by the increasing 

the binder volume. In addition, this is not infl uencing the thermal insulation of  the composites, which 

remains steady independently by the presence of  BA.

• Due to the high leaching of  Ba2+, the replacement level in pastes higher than 10% wt. does not satisfy 

the SQD legislation. Moreover, because of  the infl uence of  SO4 on the reaction kinetics, the most 

effective replacement is limited to this replacement level. 



 Chapter 9

Conclusions and Recommendations
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9.1 Conclusions and further studies

This study aimed to provide a deeper understanding of  physical and chemical properties of  fi ne MSWI 

BA (FBA, 0-4 mm, Figure 2.2) and assess its use as a secondary building material, taking into account 

treatments for improving its performances. Overall, the achievement of  this purpose is not an easy matter, 

since it depends on many factors. The performance of  the secondary building material can be affected by 

the by-product incineration and processing quality, waste production and therefore waste origin. On the 

other hand, also the choice of  the binder type and possible treatments applied might affect the quality of  

the fi nal product signifi cantly. 

During the study, the application of  Filter cake (FC) is preferred to bottom ash small fraction (BA-S). 

Despite the similar particle size and chemical composition of  those fi ne residues, the presence of  a wet 

separation and centrifugation processes of  FC (Figure 2.2, Paragraph 2.4.1) lowers the reactive phases of  

the residues but also favours the decrease of  chloride and sulphate contents. This results in a less negative 

infl uence on the cement hydration and the leaching behaviour of  the fi nal products manufactured. 

Additionally, the selection of  the cement type should be considered carefully based on the application 

proposed and on the initial contamination of  the BA. The presence of  contaminants, such as barium, can 

compromise the proposed application from an environmental point of  view, to the high contribution of  

the cement in the total leaching. Moreover, the use of  cement characterised by a lower alkaline pH (such 

as CEM III/B, pH 10.7, Table 2.9, Paragraph 2.5.3) might also favour the reduction of  the leaching for 

specifi c contaminants. 

9.1.1 Characterization of  MSWI Bottom Ash

In Chapter 2, Municipal solid waste incineration bottom ash (MSWI BA) includes various size fractions. 

Fine BA (FBA, below 4 mm) used in this study is characterised by high porosity and surface area, due to 

the quenching process applied after incineration. The fi ner the by-products, the higher the surface area 

and pore volume measured. Therefore, this property is more evident in the potential binder fraction (BA-

S and FC, each being below 0.250 mm), where weathering products, organics and hydration products are 

accumulated. Also the coarser fractions (BA-M and BA-L) lead to high viscosity pastes, which represent 

one of  the main concerns for the application of  BA fi nes in the presence of  cementitious binders. BA 

below 0.25 mm (BA-S and FC) contains a high percentage of  calcium-containing compounds (mainly in the 

form of  calcite formed during weathering process), but also sulphate-containing phases, such as gypsum 

or ettringite.

On the other hand, the coarser fractions (BA-M and BA-L) show higher content of  silica containing phases, 

in the form of  quartz or soda-lime glass. Independently on the particle fraction, the high content of  iron and 

chlorides are present mostly as magnetite and halite, respectively, while among the major crystalline phases, 

melilite and gehlenite are also observed. Environmentally, the MSWI residues show excessive leaching 
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of  antimony (Sb), copper (Cu), Molybdenum (Mo), chlorides and sulphates. Due to the accumulation of  

weathering products in the fraction below 0.25 mm, the highest sulphate and chlorides leaching is measured 

for this particle size. Because of  the humid environment applied during wet sieving separation, the FC 

shows reduced content of  copper, molybdenum, and chlorides based on the one batch leaching test. 

9.1.2 Treatments for the improvement of  MSWI Bottom Ash

Based on the characterisation performed, two main aspects concern in the application of  MSWI BA as a 

secondary building material. The fi rst concern is the presence of  high porosity and surface area, affecting 

the rheological behaviour of  the cement-mixes. The binder size BA (BA-S and FC) can absorb part of  the 

water intended for the binder in a cement mix, leading to incomplete hydration. On the other hand, the 

high porosity of  the coarser BA fraction (BA-L and BA-M) can cause compaction problems, impeding the 

proper casting of  the mortars for high BA replacement levels. 

The second main concern related to MSWI BA application is related to the high content of  contaminants, 

leaching from the residues in the presence of  water. Among the mineral binder, cement is well known for its 

immobilisation capacity, incorporating elements like chlorides and sulphates by forming alternative reaction 

products (e.g. Friedel’s salt). 

Therefore, Chapters 3,4, and 5 aim to defi ne treatments for the reduction of  surface area and porosity of  

BA particle as well as the reduction of  its contaminants leaching, in order to allow a more straightforward 

application of  the by-product.

In Chapter 3, the reduction of  specifi c surface area in FC (binder fraction) is achieved by mechanical 

treatment, using a small ball size and low rotation speed in a planetary ball mill. BET surface area and pore 

volume are lowered by 43 and 47%, respectively, improving the rheological behaviour of  the paste. This 

increases compressive strength by up to 32% compared to a mixture including untreated FC and by ≈ 

25% compared to the reference including BA small fraction (BA-S). This treatment does not infl uence the 

leaching behaviour of  the fi nal products.

In Chapter 4, knowing that the cement hydration favours the immobilisation of  contaminants into the 

matrix, a further improvement in the heavy metals retention can be achieved by using the hydrothermal 

treatment (HT). Due to the costs and CO2 footprint associated to this process, the focus of  this study is to 

minimise the duration of  the treatment for the achievement of  improved mechanical and environmental 

performance compared to the standard curing conditions. An improvement of  contaminant leaching is 

obtained by applying 6 hours hydrothermal treatment (190 °C and 11 bars) on mortars incorporating BA-L, 

used as sand replacement. In the presence of  hydrothermal treatment, the washing step for reduction of  

the contaminants can be avoided, since their leaching behaves comparably with and without the application 

of  washing.  An exception is represented by chlorides, due to the decomposition of  the main Cl- binding 

phases during the hydrothermal treatment (AFt, AFm and Friedel’s salt). Finally, the hydrothermal treatment 
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improves the mechanical performances of  the mortars, thanks to the formation of  tobermorite obtained 

by the reaction of  cement phases, sand and silicate-based phases in the BA. In Chapter 5, the porosity of  

coarser BA fractions (BA-L, between 1-4 mm) is reduced by applying an impregnation treatment, commonly 

applied in recycled porous aggregates (RCA). The presence of  a sodium silicate layer around the particles 

lowers the BET surface area and pore volume by 56% and 60%, respectively, allowing a replacement up to 

100% of  the sand fraction between 1-4 mm. The presence of  the coating improves the fl exural strength 

of  the mortars, due to a lower Ca/Si ratio of  the reaction products formed surrounding the Interfacial 

Transition Zone (ITZ) around the MSWI aggregates. For a replacement of  75-100%, a lightweight product 

is obtained with a strength of  58% above the minimum strength requirements for lightweight products. 

Finally, the presence of  the coating also improves the leaching behaviour of  the particles, because of  the 

reduction of  surface area exposed to water. 

9.1.3 Applications of  MSWI Bottom Ash

In Chapters 6, 7 and 8 three main applications of  MSWI BA are investigated, intending to maximise 

the BA content in the fi nal product. The MSWI BA binder fractions (BA-S and FC) are applied as 

binder replacement in wood-wool cement composites (WWCB) and as minor additional constituent and 

supplementary cementitious material (MAC and SCM, respectively). Mainly, those listed applications do not 

include the use of  the previously proposed treatments. The third application involves the combination of  

MSWI BA binder fraction (FC) and the coarser fraction BA-M (between 0.25-1 mm), used as coating layer 

and inner core, respectively in the production of  lightweight pellets. Contrary to the previous applications, 

the manufacture of  pellets requires the presence of  the mechanical treatment on FC, but it also investigates 

the infl uence of  hydrothermal treatment in the immobilisation performances of  the pellets. 

In Chapter 6,  the characterization of  Filter Cake by PARC and Rietveld analysis presents weathering and 

incineration/quenching  phases (e.g. calcite, ettringite, gyspum, CAS 3 and feldspar-based phases), as the 

main reactive compounds in an alkaline environemnt.  Based on data collected , the presence of  a wet 

separation treatment in the processing plant seems benefi cial for the achievement of  fi nes, more suitable 

for the application as building material. However, the reduced content of  harmful contaminants is at the 

expences of  the amount of  reactive quenching phases, available for reaction in FC. As supplementary 

cementitious material, the FC lower the density of  the cement matrix, due to their high porosity and low bulk 

density and it results in a decrease of  mechanical properties of  the fi nal product. As MAC, FC minimally 

affects the physical and mechanical performances of  CEM I 52.5 R, modifying the performances within 

the experimental error range. The high availability of  alumina in the FC infl uences the reaction products 

formation, increasing the double layer hydroxide phases, but it does not contribute to the development 

of  a higher strength. However, those reaction products improve the immobilisation capacity of  the paste, 

lowering the contaminant leaching compared to theoretical values. 

In Chapter 7, the manufacturing of  fi ne lightweight pellets (below 3 mm) using MSWI BA is possible 

using up to 78% wt. of  the by-product. The application of  the hydrothermal treatment on the loose pellets 
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affects the reaction products qualitatively, promoting the formation of  tobermorite on the external layer 

of  the pellet, but also causing the decomposition of  contaminants immobilising phases, such as Friedel’s 

salt. Once applied in cement mortars, the standard cured pellets show higher compressive strength than 

treated one (up to 25%) ranging around 31 MPa. Contrary, an improvement in the fl exural strength is 

observed after hydrothermal curing compared to standard cured pellets (up to +14%). Finally, the presence 

of  hydrothermal treatment is not benefi cial for the leaching behaviour of  loose pellets. Compared to the 

mortars cured with the same method as in Chapter 4, the higher surface area of  the pellets exposed to the 

hydrothermal treatment leads to the complete decomposition of  phases such as Friedel’s salt, increasing 

the release of  chlorides. Moreover, the lower content of  cement in the pellets compared to the mortars of  

Chapter 4 causes a lower immobilisation (less binding agent) and therefore a higher environmental impact 

compared to standard curing samples.  

In Chapter 8, as cement replacement in wood-wool cement composites, the presence of  BA-S improves 

the binders’ thermal conductivity but reduces the compressive strength, proportionally to the replacement 

level. In the presence of  wood strands, a tool for the quantifi cation of  water needed for the binder reaction 

is provided. It allows taking into account the different water demands of  the blended mixtures, ensuring 

comparability among the samples despite the different absorption behaviour of  the cement/BA mixtures. 

Despite this, the high surface area and pore volume of  the blended mixtures compared to cement does 

not have a positive impact on the thermal performances, while it is benefi cial for the mechanical properties 

(+27% fl exural strength). In spite of  the high contamination of  BA-S, the leaching behaviour is below the 

legislative thresholds (Soil Quality Decree, 2018)(Table 2.9, Paragraph 2.5.3)for a replacement level of  up 

10% wt.    

9.1.4 Recommendations for further research 

This thesis investigates the application of  MSWI residues below 4 mm as a secondary building material. 

The evaluation is based on a general characterisation of  physical and chemical properties of  the different 

BA fraction, followed by treatments to improve the properties. Finally, the BA is evaluated in different 

applications such as lightweight pellet, cement replacement and wood-wool composite boards. Despite the 

extensive investigation, some additional aspects should be further evaluated. 

• The fi nal applications proposed should be evaluated using alternative cementitious binders in order to 

consider the infl uence of  different binder chemical composition, different reaction products and pH 

during the reaction. In this regard, the evaluation of  plain cement environmental impact in Table 2.9, 

Chapter 2.5.3 already indicates few suitable candidates (e.g. CEM III B/ 42.5 R or trass cement), thanks 

to their lower contaminants leaching compared to the other types of  cement.

• The fi nal products proposed (mortars and lightweight products) should be further investigated for their 

thermal and acoustic properties, to determine the infl uence of  MSWI BA on the performances. As 

shown in Chapter 8, the presence of  BA provides additional porosity to the cement matrix, lowering 



C
h

ap
ter 9

170

CONCLUSIONS AND RECOMMENDATIONS

the thermal conductivity of  the cement paste proportionally to the replacement level. Therefore, some 

of  the proposed applications could also show improved thermal insulation values. 

• Quantifi cation of  the contaminants immobilisation percentage as a function of  the cement content in 

the product should be investigated, in order to understand the minimum binder amount needed for the 

achievement of  suffi cient immobilisation. 

Specifi c recommendations can be given for each section of  this thesis, to provide a deeper understanding 

of  each topic. 

• The infl uence of  hydrothermal treatment in impregnated BA should be tested as the reactive silicates 

available might lead to higher tobermorite content and therefore higher strength and immobilisation 

capacity. Moreover, the impregnation treatment should be performed using an alternative pozzolan 

solution, based on a more sustainable silicate source low in alkalis. In this way, the appearance of  

detrimental phenomena such as alkali-silica reaction will be reduced. Literature studies have proposed 

nano-silica, silica fume but also fi nely ground waste glass as a suitable option for the application of  an 

impregnation treatment.  

• In the application of  FC as MAC or SCM, an evaluation of  the infl uence of  the residue on the cement 

setting time should be performed, according to the EN 196-3. Moreover, an evaluation of  the reaction 

products at later stages would provide additional insights into the fl exural and compressive strength 

behaviour.

• The manufacture of  pellets above 4 mm using the same material ratios and methodology should be 

investigated. This would increase the amount of  MSWI BA reused and would allow the application of  

lightweight pellets as aggregates in a concrete mixture, evaluating the suitability of  this application on 

a bigger scale. Moreover, shorter hydrothermal treatment should be considered to understand which 

conditions maximise contaminant retention in this application. 

• The wood sorption model should be investigated considering different wood species, having low soluble 

extractives, in order to limit the inhibition of  the cement reaction (e.g. pine). Moreover, the evaluation 

of  the sugar inhibiting effect should be estimated once applied the sorption model, in order to verify if  

this water quantifi cation has an impact on the inhibition. Limited availability of  water might reduce the 

ions exchange taking place during the binder and wood mixture. The manufacture of  WWCB having 

BA as cement replacement should be attempted using FC, which is less contaminated and reactive than 

BA-S. This might reduce the leaching of  the fi nal material, allowing a higher replacement of  residues 

instead of  only 10% wt. 
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SYMBOLS AND ABBREVIATIONS

Abbreviations

% wt. Percentage of  the total weight
BA Bottom ash
BA-L Bottom ash Large (1-4 mm)
BA-M Bottom ash Medium (0.25-1 mm)
BA-S Bottom ash Small (0.04-0.25 mm)
BET Brunauer–Emmett–Teller method
CBA Coarse Bottom ash (4-32 mm)
DOM Dissolved Organic Matter
EDX Energy Dispersive X-Ray 
FA Fly ash
FBA Fine Bottom ash (below 4 mm)
FC Filter cake
GBFS Granulated Blast Furnace Slag
HT Hydrothermal treatment
IC Ion Chromatography 
IEA International Energy Agency 
IT Impregnation treatment
ITZ Interfacial transition zone
L/S Liquid to solid ratio
LOI Loss of  ignition
LWA Lightweight Aggregates
MA Mechanical activation
MAC Minor additional constituent
MC Moisture content
MSW Municipal Solid Waste
MSWI BA Municipal solid waste incineration bottom ash
NL The Netherlands
NMR Nuclear magnetic resonance spectroscopy
PC Portland cement
PC1 CEM I 42.5 N
PC2 CEM I 52.5 R
PC3 CEM I 52.5 R White
PSD Particle size distribution
RDF Refuse derived fuel
RH Relative humidity
SCM Supplementary Cementitious Materials
S.D. Standard deviation
SEM Scanning electron microscope
SQD Soil quality decree
SSA Specifi c surface area
TGA Thermogavimetrical analysis
TOC Total Organic Carbon
w/b Water to binder ratio
WG Waterglass (Na2SiO3)
WtE Waste to energy plants
WWCB Wood-wool cement boards
XRD X-Ray Diffraction 
XRF X-Ray fl uorescence
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Cement notation

C CaO
A Al2O3
S SiO2
S SO3
F Fe2O3
H H2O
C CO2

Chemical abbreviation 

AFm Alumina, ferric oxide, monosulphate
AFt Alumina, ferric oxide, trisulphate
C2S Dicalciumsilicate
C3A Tricalcium aluminate
C3S Tricalciumsilicate
C4AF Tetracalcium aluminoferrite
CH Calcium hydroxide
C-S-H Calcium silicate hydrate
FS Friedel’s salt
HC Hydrocalumite
LDH Layered double hydroxide

Mineral terminology

(Ca,Na)2(Al,Mg,Fe2+(Al,Si)SiO7) Mellilite
(Ca2Al(AlSi)O7) Gehlenite
(Ca4Al2O6(CO3)0.5(OH)11.5H2O Calcium monocarbonate
(Ca8Al4(OH)24(CO3)Cl2(H2O)1.6(H2O)8 Hydrocalumite
[(K, Na )2(Si, Al)8O16 ·4H2O] zeolite K-Phillipsite 
2CaO∙SiO2 Belite
3CaO∙Al2O3 Aluminate
3CaO∙SiO2 Alite
3CaO·Al2O3·3CaSO4·32H2O Ettringite
4CaO∙Al2O3∙Fe2O3 Ferrite
Al0 Metallic aluminum
C3AH6, Katoite
C4ASH12 Monosulfoaluminate
Ca(OH)2 Portlandite
CaCO3 Calcite
CO2 Carbon dioxide
HNO3 Nitric Acid
KCl Sylvite
NaCl Halite
NaOH Sodium hydroxide
SiO2 Quartz
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Symbols

c Theoretical coating thickness of  waterglass on BA-L [m]
CeBA Effective concentration of  a specifi c contaminant leaching from BA [mg/kg]
CeFC Effective concentration of  a specifi c contaminant leaching from FC [mg/kg]
Cefi nal Incineration residue leaching concentration in the presence of  PC [mg/kg]
CePC2 Effective concentration of  a specifi c contaminant leaching from PC2 [mg/kg]
Ct Theoretical concentration of  a specifi c contaminant leaching from the fi nal pellet [mg/kg]
D Diameter of  the pelletizer disk [m]
FBAPC(t) Compressive strength of  the (MSWI ashes + PC) mix [MPa]
fm Flexural strength obtained using by-product and cement mixture as a binder [MPa]
FPC Compressive strength of  plain mortars [MPa]
fr Flexural strength of  the reference manufactured only using cement as a binder [MPa]
g Gravitational acceleration [m/s2]
LS Liquid sorption of  wood normalized for the mw [% wt.]
LSB Water demand of  the binder normalized for the mod [% wt.]
LSW Liquid sorption of  wood normalized for the mod [% wt.]
MAl Molar mass of  aluminium [26.9 g/mol]
MCH Molar mass of  calcium hydroxide [74,09 g/mol]
MCC Molar mass of  calcium carbonate [100.1 g/mol]
mBA Mass fraction of  BA applied during the pellets manufacture [kg]
mBA-L Mass of  BA-L to treat with impregnation treatment [g]
mbb Mass of  binder used in the board manufacture [g]
MCequ Moisture content conditions when LSW equals LSB [% wt.]

mCHcarb Mass percentage of  carbonated CH in the time (t) [% wt.]

mCHpozz Mass percentage of  CH used for pozzolanic activity [% wt.]

mCHreact Mass percentage of  CH consumed after time (t) [% wt.]
mCHunreact Unreacted mass percentage of  CH in the sample after time (t) [% wt.]
MCi The initial moisture content of  the strands [% wt.]
mCO2BA Mass percentage of  the carbonated phases present in BA-S [% wt.]

mCO2ref Mass percentage of  the carbonated CH used in the reference qCH [% wt.]

mCO2tot

Mass percentage of  CO2 released due to calcite decomposition at the time (t), converted in 
CH [% wt.]

MCopt Optimal moisture content for the manufacture of  the composite [% wt.]
mFC Mass fraction of  FC applied during the pellets manufacture [kg]
mi Mass of  the sample before drying [g]
mi Mass of  the wood at the initial moisture content [g]
miCH Initial CH content in the sample [%]
mod Mass of  the sample after oven drying procedure [g]
mp Mass of  the individual pellet [g]
mPC2 Mass fraction of  PC applied during the pellets manufacture [kg]
ms Mass of  silica [g/g of  BA]
msat Saturated surface dry mass of  the material [g]
mstot Total mass of  silica [g]
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mtot Total mass of  material applied during the pellets manufacture [kg]
mw Mass of  water applied during absorption measurement, per step [g]
mWG Mass of  Waterglass [g]
mWP Mass of  water used in the Punkte test [g]
nH2 Moles of  H2 released during the test [moles]
nAl0 Moles of  metallic Al [moles]
ncr Critical revolutions per minutes [rpm]
QBAnPC Cumulative heat of  the mixture MSWI residues + PC  [J/g]
Qdissolution Contribution derived by the dissolution of  reactive phases in BA-S [J/g]
Qnucleation Cumulative heat contribution due to the heterogeneous nucleation effect [J/g]
QPC Cumulative heat of  plain PC [J/g]

QqnPC
Cumulative heat developed by the mixture PC1 + quartz  matching  the PSD of  the 
residues [J/g]

Rg Ideal gas contant [0.0821 atm*dm3/mol*K]
R Retention rate [%]
r Replacement level [-]
s Percentage of  silica in WG [%]
SABA-L BET surface area of  the BA-L [m2/g]
SAIBA(t) Strength activity index [-]
SGB Particle density of  the binder [g/cm3]
T Temperature of  the alkaline solution [293 K]
VA Air volume in a WWCB [cm3]
VB Volume of  the binder [cm3]
VH2 Volume of  H2 released durig the BA treatment in alkaline solution [dm3]
Vs Volume of  silica [m3]
VW Volume of  wood-wool [cm3]
VWG Volume of  Waterglass [m3]
VWWCB Volume of  the wood-wool cement board (15 x 20 x 1.5 cm) [cm3]
w/b Water to binder ratio [-]
W24 Water absorption in 24 h [% wt.]
β Inclination angle of  the pan [°]
ΔS Strength difference [%]
ρs Density of  amorphous silica [2.2 g/cm3]
ρsWG Density (concentration) of  silica in WG solution [g/m3]
ρWG Waterglass density [g/m3]
ΦWWCB Macroporosity created among fi bers in a WWCB [%]
ω Centrifugal acceleration in gradients/t2

%Al0 Mass percentage of  metallic aluminium [% wt.]
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Appendix 

Appendix A: Greyscale image of  the PARC phase map (shown in Figure 6.2) of  the original FC. 
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Appendix B: Greyscale image of  the PARC phase map (shown in Figure 6.3) of  the digested FC. 
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Summary

The accumulation of  incineration residues from waste to energy plants in landfi lling areas represents an 

environmental concern for many European countries. Incineration residues such as Municipal Solid Waste 

Incineration bottom ash (MSWI BA) are often contaminated with heavy metals and salts, which might 

leach in the surrounding environment. Moreover, those by-products show irregular particles morphology, 

characterized by high porosity and surface area. Those aspects signifi cantly affect the applicability of  MSWI 

BA as a secondary building material. Firstly, this study aims to defi ne treatment methods for improving 

these properties and facilitate the application of  MSWI BA. Later, the reliability of  those treatments is 

evaluated once that the by-products are applied as a cement replacement, aggregates replacement, wood 

composites, and pellets. 

Part 1 defi nes the state of  the art and study motivations of  this study. Chapter 1 provides an overview of  

the management of  MSWI BA in Europe, defi ning the legal and environmental background in which this 

thesis is developed. Here are also presented research goals and structure. Chapter 2 introduces the used 

materials and their processing, both on a general level (e.g., the processing of  MSWI BA worldwide) and 

a specifi c one (e.g., processing of  the MSWI BA used for this research). Characterization of  the materials 

used in this study is shown, later used for the evaluation of  the treatments and the design of  the cement-

based materials.

In Part 2, three treatments are proposed for enhancing MSWI BA physical and chemical properties. In 

Chapter 3, the fi ne fraction (below 0.250 mm) is mechanically activated by soft milling, which improves 

water absorption and packing density of  the residues by the compaction of  the material in spherical 

particles. The overall water demand of  those fi nes decreases by 70% after milling treatment while the bulk 

density increases by 15%. In Chapter 4, the effects of  a hydrothermal treatment are evaluated on BA used 

as sand replacement. The optimal curing is found to be 6 h HT at 11 bars and 190° C. In this condition, the 

mortars can achieve 45% fl exural and 25% higher compressive strengths compared to the uncured samples. 

Moreover, it is clear from the results that the presence of  a washing treatment before autoclaving does not 

reduce the leaching of  contaminants of  the fi nal product, except for chlorides. In Chapter 5, the porosity of  

the coarser fraction (1-4 mm) is reduced by applying an impregnation treatment based on sodium silicates, 

creating a coating layer which closes the porosity of  the particles and smoothens their surface. As a result, 

the BET surface area is reduced by 60%, allowing a 100% replacement of  the sand fraction in mortars. 

The benefi cial effects of  the coating are visible on the increasing rheological behavior of  the paste, on 

the higher fl exural strength due to the lower Ca/Si ratio obtained and on the reduction of  the leaching of  

contaminants, such as copper, barium, and zinc. 

In Part 3, the application of  the MSWI BA fractions in cement-based materials is evaluated. In order to 

limit the presence of  additional treatments, the fi ne fraction is applied as binder substitute in different 

rates, while the coarser fraction is used as fi ne aggregates. In Chapter 6, fi ne fraction is applied as a minor 
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additional constituent (MAC) and as supplementary cementitious material (SCM), after the evaluation of  

its reactive phases. Mechanical and environmental performances are addressed for replacement between 

1-20% wt., as well as the reaction products in the paste are analyzed for different hydration ages. The 

application of  BA as fi ne aggregates is evaluated in Chapter 7 applying cold bonding pelletization technique, 

where BA fraction between 0.25 and 1 mm is used as a core, and blended mixtures of  cement and BA 

fi nes are applied as external coating. Defi ned the optimal rotation speed and pan inclination, the pellets 

are manufactured and tested as granular material and in mortars at 28 days curing. The pellets can be 

classifi ed as lightweight aggregates according to EN 13055, as their bulk density ranges around 1070 kg/

m3. The treatments evaluated in Part 2 are here applied during the manufacture of  the pellets. The impact 

of  the hydrothermal treatment on the pellets is determined before the application in mortars on the basic 

recipe, but also combining impregnation treatment and autoclaving technique, for maximization of  the 

environmental effi ciency. Environmentally, the granular pellets and the fi nal mortars are tested based on 

the one batch leaching test.   

As an alternative application, Chapter 8 shows the application of  MSWI BA fi nes as cement replacement 

in wood composites. As already observed in Chapter 3, the replacement of  cement by BA fi nes results 

in the deterioration of  the compressive strength due to the higher porosity of  the residue compared to 

cement. On the other hand, it is benefi cial for the thermal conductivity of  the fi nal products, reducing 

it by 50% compared to the reference. In wood-wool composites, the presence of  BA fi nes cover more 

homogeneously the wood fi bers and reduces the macroporosity among strands, leading to higher fl exural 

and comparable thermal conductivity. For the determination of  the correct amount of  water to apply in 

the composites, a novel model is applied which, taking into account the competitive behavior of  the wood 

wool and binder, help to estimate the pre-soaking water amount.
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DEPARTMENT OF THE BUILT ENVIRONMENT

Due to the increasing quantities of refuses produced by the 
modern lifestyle, a proper management of the municipal solid 
waste is necessary for the protection of the ecosystem. Although 
its incineration provides an alternative to coal for the electricity 
production, the remaining by-products of incineration (MSWI 
bottom ash) represent a treat for the environment, due to the 
high content of harmful compounds. Therefore, the research of 
alternative uses for MSWI bottom ash is necessary for the 
minimization of the landfi lling phenomena, unavoidably 
connected to the land scarcity and contamination of 
groundwater. 
Thanks to the cement immobilization potential, the use of 
cement-based materials in combination with MSWI bottom ash 
can mitigate the leaching of contaminants. Moreover, it can 
enhance the physical properties of the fi nal product, 
contributing to the reduction of CO2 emission connected to the 
cement production and the depletion of natural resources. 
This thesis aims to be a tool to deeply understand the properties 
of MSWI bottom ash, to investigate innovative treatments for its 
improvement, but especially to help the acknowledgment of 
MSWI bottom ash as an alternative building material.


