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Summary 

In recent years, considerable attention has been given to the utilization of municipal solid 

waste incineration (MSWI) bottom ash as a mineral resource for construction materials. MSWI 

bottom ash is the primary residue discharged after incinerating municipal solid waste. The 

generation of MSWI bottom ash is increasing dramatically with the wide application of waste 

incineration techniques. Different methods have been proposed to improve the quality of 

MSWI bottom ash and make it suitable as supplementary cementitious material (SCM) or 

precursor for alkali-activated materials (AAM). However, there is no systemic guidance on 

how to select quality-upgrade treatments for MSWI bottom ash. When using MSWI bottom 

ash to prepare blended cement pastes and alkali-activated pastes, the optimal mix design is 

usually found by trial and error. Very little information is available in the literature regarding 

the reaction of MSWI bottom ash as SCM and AAM precursor. The contribution of MSWI 

bottom ash to the microstructure formation and strength development of blended cement 

pastes and alkali-activated pastes is not very well understood.  

The goal of this research is to develop knowledge that can be used to support the application 

of MSWI bottom ash as a mineral resource for construction materials. Based on this 

knowledge, a strategy for using MSWI bottom ash produced in the Netherlands (4-11 mm) as 

raw material to produce blended cement pastes and alkali-activated pastes is proposed. This 

research consists of the following parts:  

Quality-upgrade treatments of as-received MSWI bottom ash 

As-received MSWI bottom ash cannot be used directly as SCM and AAM precursor due to its 

large particle size and presence of metallic aluminum (Al). Mechanical treatments consisting 

of grinding and sieving were studied and selected to reduce the particle size and the metallic 

Al content of as-received MSWI bottom ash. The effectiveness of the mechanical treatments 

used to reduce the metallic Al content of MSWI bottom ash is strongly influenced by the 

distribution of metallic Al in bottom ash particles. Most metallic Al separated during 

mechanical treatment comes from the coarse particles. The metallic Al embedded in the 

particles smaller than 0.5 mm is difficult to be removed via mechanical treatments (see 

Chapter 3).  

Development and microstructure analysis of blended cement pastes and alkali-activated 

pastes  

The reactivity and leaching potential of mechanically treated MSWI bottom ash (MBA) are 

studied. This information is used in the development of blended cement pastes and alkali-

activated pastes. A dissolution test is proposed to assess the reactivity of MBA as AAM 

precursor. The reactivity of MBA as SCM and AAM precursor is similar to that of Class F coal 

fly ash (FA), but much lower than that of blast furnace slag (BFS). The leaching of antimony 

(Sb) and sulfate from MBA is above the threshold value prescribed in Dutch Soil Quality 

Decree. The dosage of MBA in blended cement pasts and alkali-activated pastes should be 
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controlled to prevent excessive leaching of contaminants into the environment (see Chapter 

4). 

The reactivity of MBA is determined by the content and the chemical composition of its 

amorphous phase. The amorphous phase of MBA has a chemical composition within the same 

range as that of the amorphous phase of FA. Given that the reactivity of MBA is close to that 

of FA, previous experience with the mix design of Class F coal fly ash-based pastes is used as 

a reference for the mix design of MBA-based AAM. Additionally, thermodynamic modeling is 

used to predict the assemblage of reaction products and the composition of pore solution in 

alkali-activated MBA paste when changing the Na2O content in the activator. The modeling 

results are also used to guide the mix design of MBA-based AAM (see Chapter 4).  

When water treatment and NaOH solution treatment are part of the mixture preparation 

procedure, the compressive strength of the blended cement pastes and alkali-activated 

pastes made from MBA is close to that of the pastes prepared with the same amount of FA 

(Chapters 5 and 6). The metallic Al that cannot be removed during mechanical treatments can 

be oxidized by treating MBA in water or NaOH solution at room temperature. Apart from 

reducing metallic Al content, water treatment and NaOH solution treatment also slightly 

change the mineralogical composition of MBA.  

Blending water-treated MBA (WMBA) with Portland cement paste leads to changes in the 

reaction products and microstructure. WMBA delays clinker hydration on the first day but 

enhances clinker hydration at later ages. The reaction products of WMBA contribute to the 

strength development of blended cement pastes (see Chapter 5).  

NaOH solution-treated MBA (CMBA) is used together with BFS to prepare alkali-activated 

pastes. CMBA retards the reaction of BFS during the first seven days but promotes the 

reaction of BFS at later ages. Adding CMBA into alkali-activated pastes changes the reaction 

products and microstructure. The reaction products of CMBA contributes to the strength 

development of alkali-activated pastes (see Chapter 6).  

Environmental impact assessment of blended cement pastes and alkali-activated pastes 

Compared with Portland cement paste, blended cement pastes and alkali-activated pastes 

prepared using MSWI bottom ash SCM and AAM precursor have lower environmental 

impacts, especially in the impact category of global warming (see Chapter 7). 

This research deepens the understanding of the reaction of MSWI bottom ash as SCM and 

AAM precursor. This study also demonstrates how to use MSWI bottom ash to prepare blended 

cement pastes and alkali-activated pastes by considering the chemical and physical properties 

of MSWI bottom ash. Since the MSWI bottom ash used in this research has chemical and 

mineralogical compositions within the same range as the MSWI bottom ash reported in the 

literature, the knowledge developed in this work stimulates the utilization of MSWI bottom 

ash produced in other regions as SCM and AAM precursor for construction materials. 
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Samenvatting 

De laatste jaren is veel aandacht besteed aan het gebruik van bodemas uit de verbranding van 

vast stedelijk afval (AVI) als minerale grondstof voor bouwmaterialen. AVI-bodemas is het 

primaire residu dat vrijkomt na de verbranding van vast stedelijk afval. De aanvoer van AVI-

bodemas neemt sterk toe door de brede toepassing van afvalverbrandingstechnieken. Er zijn 

verschillende methoden voorgesteld om de kwaliteit van AVI-bodemas te verbeteren en deze 

geschikt te maken als vulstof met bindmiddelfunctie in beton (SCM) of precursor voor alkali-

geactiveerde materialen (AAM). Er bestaan echter geen systematische richtlijnen voor de 

selectie van bewerkingen ter verbetering van de kwaliteit van AVI-bodemas. Bij het gebruik 

van AVI-bodemas in cementpasta's en alkali-geactiveerde pasta's wordt het optimale 

mengselontwerp meestal proefondervindelijk vastgesteld. In de literatuur is zeer weinig 

informatie beschikbaar over de reactie van AVI-bodemas als SCM en AAM-precursor. De 

bijdrage van AVI-bodemas aan de microstructuurvorming en de sterkteontwikkeling van 

cementpasta's en alkali-geactiveerde pasta's is nog niet volledig duidelijk.  

Het doel van dit onderzoek is kennis te ontwikkelen die kan worden gebruikt om de toepassing 

van AVI-bodemas als minerale grondstof voor bouwmaterialen te ondersteunen. Op basis van 

deze kennis wordt een strategie voorgesteld voor het gebruik van in Nederland 

geproduceerde AVI-bodemas (4-11 mm) als grondstof voor de productie van cementpasta's 

en alkali-geactiveerde pasta's. Dit onderzoek bestaat uit de volgende onderdelen:  

Verbetering van de kwaliteit van ontvangen AVI-bodemas 

De ontvangen AVI-bodemas kan niet rechtstreeks worden gebruikt als SCM- en AAM-

precursor vanwege de grote korrelgrootte en de aanwezigheid van metallisch aluminum (Al). 

Mechanische behandelingen, bestaande uit malen en zeven, worden bestudeerd en 

geselecteerd om de deeltjesgrootte en het metallisch Al-gehalte van de ontvangen AVI-

bodemas te verminderen. De doeltreffendheid van de mechanische behandelingen, ter 

vermindering van het metallisch Al-gehalte van AVI-bodemas, wordt sterk beïnvloed door de 

verdeling van metallisch Al in de bodemaskorrels. Het meeste metallische Al dat tijdens de 

mechanische behandeling wordt afgescheiden, is afkomstig van de grove korrels. Het 

metallisch Al in de korrels kleiner dan 0,5 mm is moeilijk te verwijderen via mechanische 

bewerkingen (zie hoofdstuk 3).  

Ontwikkeling en microstructuuranalyse van gemengde cementpasta's en alkali-geactiveerde 

pasta's  

De reactiviteit en het uitloogvermogen van mechanisch behandeld AVI-bodemas (MBA) 

worden bestudeerd. Deze informatie wordt gebruikt bij de ontwikkeling van cementpasta's 

en alkali-geactiveerde pasta's. Er wordt een oplossingstest voorgesteld om de reactiviteit van 

MBA als AAM-precursor te beoordelen. De reactiviteit van MBA als SCM en AAM-precursor is 

vergelijkbaar met die van klasse V (siliciumhoudend) poederkoolvliegas (FA), maar veel lager 

dan die van hoogovenslak (BFS). De uitloging van antimoon (Sb) en sulfaat uit MBA ligt boven 

de in het Besluit bodemkwaliteit voorgeschreven drempelwaarde. De dosering van MBA in 
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cementpasta's en alkali-geactiveerde pasta's moet worden gecontroleerd om overmatige 

uitloging van schadelijke stoffen naar het milieu te voorkomen (zie hoofdstuk 4). 

De reactiviteit van MBA wordt bepaald door het gehalte en de chemische samenstelling van 

de amorfe fase ervan. De amorfe fase van MBA heeft eenzelfde chemische samenstelling als 

de amorfe fase van FA. Aangezien de reactiviteit van MBA dichtbij die van FA ligt, wordt 

eerdere ervaring met het mixontwerp van pasta's op basis van poederkoolvliegas (klasse V) 

gebruikt als referentie voor het mixontwerp van AAM op basis van MBA. Daarnaast worden 

thermodynamische modellen gebruikt om de samenstelling van reactieproducten en de 

samenstelling van de poriënwater in alkali-geactiveerde MBA-pasta te voorspellen bij wijzigen 

van het Na2O-gehalte in de activator. De resultaten van de thermodynamische modellen 

worden gebruikt als leidraad voor het mengselontwerp van op MBA gebaseerde AAM’s (zie 

hoofdstuk 4).  

Wanneer waterbehandeling en behandeling met NaOH-oplossing deel uitmaken van de 

procedure voor de vervaardiging van het mengsel, ligt de druksterkte van de cementpasta's 

en alkali-geactiveerde pasta's gemaakt van MBA dicht bij die van de pasta’s vervaardigd met 

dezelfde hoeveelheid FA (hoofdstukken 5 en 6). Het metallische Al dat niet kan worden 

verwijderd tijdens mechanische behandelingen kan worden geoxideerd door MBA te 

behandelen in water of een NaOH-oplossing bij kamertemperatuur. Naast de vermindering 

van het gehalte aan metallisch Al veranderen de waterbehandeling en de behandeling met de 

NaOH-oplossing ook enigszins de mineralogische samenstelling van MBA.  

Het mengen van met water behandeld MBA (WMBA) in portlandcementpasta's leidt tot 

veranderingen in de reactieproducten en de microstructuur. WMBA vertraagt de hydratatie 

van het cement op de eerste dag, maar verbetert de hydratatie op latere leeftijden. De 

reactieproducten van WMBA dragen bij tot de sterkteontwikkeling van samengestelde 

cementpasta's (zie hoofdstuk 5).  

Met NaOH-oplossing behandeld MBA (CMBA) wordt samen met BFS gebruikt om alkali-

geactiveerde (AAM) pasta's te bereiden. CMBA vertraagt de reactie van BFS gedurende de 

eerste zeven dagen, maar bevordert de reactie van BFS op latere leeftijden. Toevoeging van 

CMBA aan alkali-geactiveerde pasta's verandert de reactieproducten en de microstructuur. 

De reactieproducten van CMBA dragen bij aan de sterkteontwikkeling van alkali-geactiveerde 

pasta's (zie hoofdstuk 6).  

Milieueffectbeoordeling van cementpasta's en alkali-geactiveerde pasta’s met AVI bodemas 

Vergeleken met portlandcementpasta's hebben cementpasta’s met SCM’s en alkali-

geactiveerde pasta's die AVI-bodemas bevatten lagere milieueffecten, vooral in de categorie 

opwarming van de aarde (zie hoofdstuk 7). 

Dit onderzoek verdiept het inzicht in de reactie van AVI-bodemas als SCM- en AAM-precursor. 

Dit onderzoek toont ook aan hoe AVI-bodemas kan worden gebruikt om cementpasta's en 

alkali-geactiveerde pasta's te vervaardigen door rekening te houden met de chemische en 

fysische eigenschappen van MSWI-bodemas. Aangezien de in dit onderzoek gebruikte AVI-

bodemas chemische en mineralogische samenstellingen heeft die in hetzelfde bereik liggen als 

de in de literatuur vermelde AVI-bodemas, stimuleert de in dit werk ontwikkelde kennis het 
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gebruik van in andere regio's geproduceerde AVI-bodemas als SCM- en AAM-precursor voor 

bouwmaterialen. 
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Chapter 1  

 

 

General introduction 

 

 

 

 

 
This chapter provides a general introduction to this thesis, regarding research 

background, knowledge gaps, research objectives, research scope, research strategy, 

and thesis outline.  

  



P a g e  | 2                                                              C h a p t e r | 1  

 

1.1 Research background 

With the continuous growth of populations and economics, municipal solid waste (MSW) 

generated worldwide is predicted to reach 3.40 billion tonnes by 2050 [1]. This estimated 

waste generation almost doubles the MSW collected in 2016 (around 2.01 billion tonnes) [1]. 

At present, the practices used to deal with MSW include recycling, composting, open dump, 

landfill, and incineration [1]. Among all these waste disposal methods, recycling and 

composting are considered as the most sustainable solutions [1,2]. Open dump and landfill 

are unsustainable since they usually lead to pollution of surface water, underground water, 

soil, and air [3]. Incineration of MSW reduces the amount of waste entering landfills. However, 

when MSW is burned in the open air, toxic chemicals and pollutants are released, posing risks 

to the environment and human health. In comparison, modern waste incineration is regarded 

as sustainable disposal practice, as it has an effective air pollution control system and can 

generates a significant amount of thermal energy to produce electricity [1,4].  

The modern waste incineration treatment is usually performed in waste-to-energy plants, 

where MSW can be converted into thermal energy at a temperature between 700 and 1100 

°C [5–7]. Over the past decades, the amount of MSW incinerated in waste-to-energy plants 

increased dramatically in the world. For example, in the 27 European Union countries, the 

MSW treated by incineration rose from 15 % in 1995 to 27 % in 2020 [8]. In China, 62 % MSW 

was sent to incineration plants in 2020 (146 million tonnes), while only 3 % MSW was 

incinerated in 2004 (4.5 million tonnes) [9]. It is worth noting that waste incineration cannot 

reduce the mass of MSW to zero. The mass of the residue produced after MSW incineration 

can be around 20 % of the waste input [10–12]. The disposal of residues is one of the primary 

environmental concerns for the wide application of modern waste incineration techniques 

[13].  

 

Figure 1.1 Mass balance of the input and output materials of the waste-to-energy plant [12]. 

As illustrated in Figure 1.1, the incineration of MSW generates three types of residues: bottom 

ash, fly ash (including the economizer/boiler ash), and air pollution residue [12]. Among these 
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residues, only bottom ash is generally considered as non-hazardous waste [14]. This municipal 

solid waste incineration (MSWI) bottom ash, which accounts for around 80 to 90 wt.% of the 

residues, is usually collected at the bottom of the combustion furnace [15,16]. It is worth 

exploring the technical feasibility of recycling MSWI bottom ash. One of the main reasons is 

that more and more MSW is treated with incineration, leading to an increase in the production 

of MSWI bottom ash [1,2].  

The primary constituents in MSWI bottom ash are metals and minerals [17]. The metal scraps 

in MSWI bottom ash are recyclable and are usually recycled in metal recovery plants. Apart 

from metal recovery, recycling the minerals in MSWI bottom ash is also important. This action 

will help to mitigate the depletion of primary mineral resources in the world, as terrestrial 

mineral deposits are not renewable over human timescales [18]. The minerals in MSWI 

bottom ash can be used in the production of ceramics [19–24] and construction materials 

(including cement clinker, aggregates, and binders) [25–31].  

It is estimated that the cement industry, in total, contributes around 8 % to the global carbon 

dioxide (CO2) emissions from human activities [32]. Reducing the proportion of clinker in 

cement can help to reduce the carbon footprints of cement production [33]. In blended 

cement, 10 to 90 wt.% clinker is substituted by supplementary cementitious materials, mainly 

blast furnace slag, coal fly ash, and limestone [33]. Replacing Portland cement with alkali-

activated materials (AAM) can also reduce 40 to 80 % CO2 emissions [34–42]. The alkali-

activated materials do not contain clinker and are usually prepared by reacting aluminosilicate 

precursor under alkaline conditions.  

At present, blast furnace slag and coal fly ash are the most used supplementary cementitious 

materials [33] and AAM precursors [43,44]. However, according to the World Business Council 

for Sustainable Development, the availability of blast furnace slag and coal fly ash is set to 

decrease in the coming 30 years [45]. A reduction in the supply of blast furnace slag and coal 

fly ash will inevitably hinder the low-carbon transition of cement industry, thereby increasing 

the need to explore alternative industrial by-products [46].  

MSWI bottom ash is abundant worldwide, and its availability is in the range of massive cement 

production. The research on MSWI bottom ash as a mineral resource to produce blended 

cement pastes and alkali-activated pastes(1) has attracted increasing interest in recent years. 

The feasibility of using MSWI bottom ash as supplementary cementitious material (SCM) [27] 

and AAM precursor [47] has been proved. However, unlike coal fly ash and blast furnace slag, 

MSWI bottom ash usually contains metallic Al [48–52]. The metallic Al embedded in MSWI 

bottom ash particles can react in the alkaline environment of blended cement pastes and 

alkali-activated pastes. The hydrogen gas released after the redox reaction of metallic Al can 

result in significant volume expansion and strength reduction of the construction materials 

made from MSWI bottom ash [53,54].  

Previous studies mainly focused on improving the engineering properties of the construction 

materials prepared with MSWI bottom ash. Methods, including mechanical treatments, 

chemical treatments, and thermal treatments, have been proposed to reduce the metallic Al 

content and improve the reactivity of MSWI bottom ash [53–57]. However, the intrinsic 

properties of MSWI bottom ash, such as the chemical composition of the reactive phases and 

(1) Alkali-activated pastes, alkali-activated mortars, and alkali-activated concretes all belong to alkali-activated 
materials.  
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the distribution of metallic Al in MSWI bottom ash particles, are rarely considered in the 

selection of quality upgrade methods and mix design. Currently, the requirements of MSWI 

bottom ash being used as SCM and AAM precursor are not specified. The reaction of MSWI 

bottom ash in blended cement pastes and alkali-activated pastes has not been fully 

understood yet. Very few studies have assessed the environmental impacts of the 

construction materials prepared using MSWI bottom ash as a mineral resource.  

1.2 Knowledge gaps 

The following knowledge gaps need to be addressed to promote the utilization of MSWI 

bottom ash as a mineral resource for construction materials.  

• The determination of acceptable metallic Al content in MSWI bottom ash as SCM and AAM 

precursor is necessary. The chemical properties of the reactive phases in MSWI bottom 

ash need to be fully understood. The quality-upgrade treatments of MSWI bottom ash 

should be selected according to the characteristics of received MSWI bottom ash and the 

requirements for the application in blended cement and AAM.  

• The changes in the composition and the molecular structure of MSWI bottom ash during 

the quality-upgrade treatments need to be fully understood. The reaction products 

formed during the quality-upgrade treatments can affect the reaction of MSWI bottom 

ash in blended cement pastes and alkali-activated pastes.  

• An in-depth understanding of the reaction of MSWI bottom ash in blended cement pastes 

and alkali-activated pastes is required to understand the contribution of MSWI bottom 

ash to the microstructure formation and strength development. The environmental 

impacts of the construction materials prepared with MSWI bottom ash as SCM and AAM 

precursor also need to be assessed. This information can help evaluate the value of using 

MSWI bottom ash as mineral additives.  

1.3 Research objectives  

The aim of this research is to provide a theoretical basis for the use of MSWI bottom ash as a 

mineral resource for construction materials. The MSWI bottom ash produced in the 

Netherlands with a particle size of 4 to 11 mm is studied in this work. According to the Dutch 

supplier of MSWI bottom ash, there will be more willingness to accept this size fraction as an 

ingredient for construction materials. This is because compared with the 4 - 11 mm size 

fraction, the size fraction below 4 mm contains more hazardous heavy metals and organics. 

The MSWI bottom ash particles larger than 11 mm are enriched with metals and un-burned 

organics. The specific objectives defined in this work are as follows:  

• To develop knowledge that can be used to guide the selection of quality-upgrade 

treatments and the mix design when MSWI bottom ash is used to prepare blended cement 

pastes and alkali-activated pastes. 

• To improve the quality of MSWI bottom ash and realize its utilization in blended cement 

pastes and alkali-activated pastes as an alternative to Class F coal fly ash. 
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• To provide insight into the reactive phases in MSWI bottom ash and assess the reactivity 

of MSWI bottom ash as SCM and AAM precursor.  

• To understand the reaction kinetics and the microstructure formation of MSWI bottom 

ash blended Portland cement pastes and the alkali-activated pastes prepared with blends 

of MSWI bottom ash and blast furnace slag.  

• To evaluate the advantages of producing blended Portland cement pastes and alkali-

activated pastes with MSWI bottom ash in terms of environmental impacts. 

1.4 Research scope 

The primary goal of this research is to investigate the reaction of MSWI bottom ash as SCM 

and AAM precursor in pastes. It would be too complicated to introduce aggregates or 

additives into the cement or AAM system and to analyze all the influencing factors of 

microstructure formation. Therefore, the experimental work is restricted as follows:   

1. Only paste samples are studied in this research.  

2. No admixtures are used for the sample preparation. 

3. All cement paste samples are prepared with water-to-binder ratio of 0.4.  

4. All alkali-activated paste samples are prepared with water-to-binder ratio of 0.35.  

5. All paste samples are sealed and cured in a fog room (20 °C, 99 % relative humidity (RH)) 

before the measurements. 

1.5 Research strategy 

The experiments and analyses performed in this work focus on the following aspects to 

achieve the goal of this research.  

• Characterization and quality-upgrade treatments of as-received MSWI bottom ash 

As-received MSWI bottom ash is characterized to identify the issues hindering its application 

as SCM and AAM precursor. Mechanical treatments are studied and selected to address the 

following issues: heterogeneous compositions, particle size in the range of fine aggregates, 

and incorporation of metallic Al. 

• Characterization of mechanically treated MSW bottom ash (MBA) 

Prior to the use of MBA in blended cement and AAM, the reactivity of MBA as SCM and AAM 
precursor is measured and compared with blast furnace slag (BFS) and Class F coal fly ash (FA). 
The leaching of contaminants from MBA is also assessed. The characterization results are used 
in the mix design of MSWI bottom ash blended cement pastes and alkali-activated pastes.  

• Development of blended cement pastes and alkali-activated pastes with MBA 

The target of sample preparation is to make the compressive strength of the pastes prepared 

with MBA close to that of the pastes made from FA. According to the application of MBA, 

different methods are used to reduce the metallic Al content in MBA during the sample 
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preparation process, like water treatment and NaOH solution treatment. Water treatment is 

performed when MBA is used as SCM. NaOH solution treatment is applied when MBA is used 

as AAM precursor. The reactions of MBA during water treatment or NaOH solution treatment 

are studied to detect the possible formation of reaction products. 

• Characterization of the pastes prepared with MBA as SCM and AAM precursor  

The reaction kinetics and microstructure formation of Portland cement pastes blended with 

water-treated MBA (WMBA) and alkali-activated pastes prepared with blends of NaOH 

solution-treated MBA (CMBA) and BFS are studied to reveal the contribution of MSWI bottom 

ash to the development of compressive strength.  

• Life cycle assessment of the pastes prepared with MBA as SCM and AAM precursor 

The environmental impacts of Portland cement pastes blended with WMBA (WMBA CEM) and 

alkali-activated pastes prepared with blends of CMBA and BFS (CMBA-BFS AAM) are 

compared with those of Portland cement paste with similar compressive strength. The life 

cycle assessment data can be used to evaluate whether the techniques proposed in this work 

for recycling MSWI bottom ash are eco-friendly.  

1.6 Thesis outline 

As illustrated in Figure 1.2, this thesis consists of eight chapters.  

In Chapter 1, the background, objects, scope, and methodology of this research are 

introduced. 

In Chapter 2, previous studies related to the utilization of MSWI bottom ash as SCM and AAM 

precursor are reviewed. The following aspects are covered for MSWI bottom ash: plant-scale 

and lab-scale treatments, chemical and mineralogical compositions, and reactivity as SCM and 

AAM precursor. Information about the mix design, microstructure, mechanical properties, 

risks of contaminant leaching, and environmental impacts of construction materials prepared 

with MSWI bottom ash as SCM and AAM precursor are also included in the literature study.  

In Chapter 3, as-received MSWI bottom ash is characterized in terms of its particle size and 

composition. Special attention is given to the content and distribution of metallic Al in as-

received MSWI bottom ash. The mechanical treatments are studied and selected to transform 

as-received MSWI bottom ash into fine powders that can be used as SCM and AAM precursor. 

The effectiveness of mechanical treatments in removing metallic Al from MSWI bottom ash is 

discussed. 

In Chapter 4, the reactivity of MBA as SCM and AAM precursor is measured and compared 

with that of BFS and FA. Thermodynamic modeling is used to predict the assemblage of 

reaction products and the composition of pore solution in alkali-activated MBA paste when 

changing the Na2O content in the activator. The modeling results of alkali-activated MBA 

paste are compared with those of alkali-activated BFS paste and alkali-activated BFS paste. 

The leaching of contaminants from MBA is also discussed. Based on the experimental and 

modeling results, remarks are made regarding how to use MBA in blended cement pastes and 

alkali-activated pastes.  
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Figure 1.2 Thesis outline. 

In Chapter 5, MBA after water treatment is used to prepare blended cement pastes. The 

effectiveness of water treatment in lowering the metallic Al content of MBA is examined. The 

reaction of MBA during water treatment is studied. Paste samples are prepared by blending 

water-treated MBA with Portland cement. The compressive strength of blended cement 

pastes prepared with water-treated MBA is compared with that of the blended cement made 

from the same amount of FA. The contribution of water-treated MBA to microstructure 

formation and strength development of blended cement pastes is investigated.  
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In Chapter 6, MBA after NaOH solution treatment is used to prepare alkali-activated pastes. 

The effectiveness of NaOH solution treatment in reducing the metallic Al content of MBA is 

demonstrated. The reaction of MBA during NaOH solution treatment is studied. The alkali-

activated paste under investigation is a binary system composed of NaOH solution-treated 

MBA and blast furnace slag. The compressive strength of alkali-activated pastes prepared with 

NaOH solution-treated MBA is compared with that of the alkali-activated pastes made from 

the same amount of FA. The effects of NaOH solution-treated MBA on microstructure 

formation and strength development of alkali-activated pastes are analyzed. 

In Chapter 7, the environmental impacts of MSWI bottom ash blended Portland cement 

pastes and alkali-activated pastes prepared with blends of MSWI bottom ash and BFS are 

assessed. The life cycle impact assessment results are compared with the environmental 

impacts of Portland cement paste and the pastes prepared with FA.  

In Chapter 8, the main findings of Chapters 3 to 7 are summarized. Remarks about how to use 

MSWI bottom ash as SCM and AAM precursor are presented. Recommendations for further 

research in this field are proposed.  
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Chapter 2  

 

 

Literature review 

 

 

 

 

 
This chapter reviews the literature on the use of MSWI bottom ash as supplementary 

cementitious material (SCM) and precursor for alkali-activated materials (AAM). The 

challenges of recycling MSWI bottom ash as SCM and AAM precursor are also 

discussed.  
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2.1 Introduction 

In this chapter, an overview of the literature is provided for using MSWI bottom ash as 

supplementary cementitious material (SCM) in blended cement and as precursor for alkali-

activated materials (AAM). The plant- and lab-scale treatments used to improve the quality of 

municipal solid waste incineration (MSWI) bottom ash are introduced. The chemical and 

mineralogical compositions of treated MSWI bottom ash sourced from different regions are 

summarized. Information is collected on the reactivity of MSWI bottom ash, as well as on the 

mix design, reaction kinetics, and reaction products of hardened blended cement pastes and 

AAM. Based on the current state of the art, challenges concerning the use of MSWI bottom 

ash as SCM and AAM precursor are discussed.  

2.2 Properties of fresh MSWI bottom ash 

Fresh MSWI bottom ash is referred to as the ash collected upon its discharge from the bottom 

of the municipal solid waste incinerator. In most waste-to-energy plants worldwide, MSWI 

bottom ash is discharged wet, also known as water quenching [58]. The wet-discharged fresh 

MSWI bottom ash consists of moist granulates with typical particle sizes ranging from 0.1 to 

100 mm [6,59,60]. The composition of wet-discharged fresh MSWI bottom ash shows 

considerable heterogeneity. The materials found in wet-discharged fresh MSWI bottom ash 

can be broadly classified as glass cullet, synthetic ceramic fragments, minerals (quartz, calcite, 

lime, feldspars), metals (both paramagnetic and diamagnetic), and unburned organic 

materials (paper, textiles, plastics) [15].  

Apart from heterogeneous composition, wet-discharged fresh MSWI bottom ash also has 

unstable phase assemblage and high leaching of contaminants into the environment, making 

its application as an ingredient for construction materials challenging. The phase assemblage 

of wet-discharged fresh MSWI bottom ash is generally in the metastable state under natural 

environmental conditions [17]. The phase alteration process immediately starts after 

quenching the hot bottom ash and will continue if the bottom ash remains wet [61–63]. The 

wet-discharged fresh MSWI bottom ash has a pH close to that of saturated portlandite 

solution [64–66]. At a pH above 12, lead (Pb), zinc (Zn), and copper (Cu) are the primary heavy 

metals that leach out from fresh MSWI bottom ash [65]. 

2.3 Plant-scale treatments of fresh MSWI bottom ash 

Fresh MSWI bottom ash is usually treated at the plant to recycle metal scraps and reduce the 

leaching of heavy metal ions into the environment. In this context, the treatments performed 

at the plant are referred to as “plant-scale treatments”. The plant-scale treatments of fresh 

MSWI bottom ash vary from plant to plant. Figure 2.1 summarizes the plant-scale treatments 

usually performed on fresh MSWI bottom ash. These treatments include particle size 

reduction, metal extraction, stabilization, cleaning, and classification. As illustrated in Figure 

2.1, each plant-scale treatment is carried out through corresponding techniques.  
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Figure 2.1 Plant-scale treatments and corresponding techniques. 

Particle size reduction 

The particle size of fresh MSWI bottom ash is reduced by crushing. This treatment aims to 

liberate the constituents that bond together during the incineration process. After 

pulverization, the material separation and classification become viable.  

Metal extraction 

The goal of metal extraction is to recover ferrous and non-ferrous metals. Magnetic 

separators are often used to extract Fe-enriched magnetic fractions [59,67]. Eddy current 

separators are developed to separate conductive metals, especially aluminum and copper 

[59,67]. 

Stabilization 

Fresh MSWI bottom ash is stabilized by weathering, which is also called aging. Weathering 

with a duration of one to three months [47,57,76–82,68–75] is regarded as the most 

economical treatment available to stabilize fresh MSWI bottom ash. This process can be 

conducted before or after metal extraction [60,83–85]. During weathering, fresh MSWI 

bottom ash is stacked in a heap of 5 to 10 meters high and is exposed to the wind and rain in 

the open air for months [60,83]. The fresh MSWI bottom ash stockpiles readily react with the 

oxygen, carbon dioxide, and water present in the environment. The reactions that can occur 

include dissolution and precipitation of salts, corrosion of the vitreous phases, and hydration 

and oxidation of the metal fragments [61]. 

The main purpose of stabilizing fresh MSWI bottom ash is to reduce the risk of heavy metal 

leaching. Fresh MSWI bottom ash usually has a pH ranging from 12.2 to 12.6 [64–66]. After 

one month of weathering, the pH drops to around 10.3 [64]. This pH decrease starts to slow 

down at the age of two months [64]. At 90 days, the pH falls within the range of 9.6 to 9.8 

[65]. Within one and a half years, the pH can reach the lowest value, between 8 to 8.5. This 

value remains unchanged until the twelfth year [66]. The decrease of pH in fresh MSWI 
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bottom ash, from high alkaline (≥ 12) to almost neutral (≈ 8 - 8.5), could prevent the 

redissolution of metal hydroxides, one of the main causes of heavy metal leaching from fresh 

MSWI bottom ash [65]. After the weathering process, the leaching of heavy metals, such as 

Pb, Zn, Ba, and Mo, was significantly reduced [61,62,65,66,81,86–88]. 

Cleaning and classification 

Cleaning by water washing is to remove the fine contaminants attached to the coarse MSWI 

bottom ash particles. Classification is realized by mechanical screening, where MSWI bottom 

ash is separated into multiple grades according to particle size. By adjusting the sieving mesh 

size, the optimal particle size distribution similar to the natural aggregates can be obtained 

[84]. 

2.4 Compositions of weathered MSWI bottom ash 

Compared with fresh MSWI bottom ash, weathered MSWI bottom ash produced after plant-

scale treatments shows greater potential for being used as an ingredient for construction 

materials due to its lower leaching of contaminants. The compositions of weathered MSWI 

bottom ash determine its reactivity as SCM and precursor for AAM. The chemical and 

mineralogical compositions of weathered MSWI bottom ash used in previous research are 

summarized in this section. The composition of weathered MSWI bottom ash is also compared 

with that of Portland cement clinker, blast furnace slag (BFS), and coal fly ash (both Class C 

and Class F ). BFS and coal fly ash are the most commonly used supplementary cementitious 

materials [33] and AAM precursors [43,44].  

2.4.1 Chemical composition 

The chemical compositions of weathered MSWI bottom ash were taken from the X-ray 

fluorescence (XRF) results. Figure 2.2 compares the contents of the main components in the 

weathered MSWI bottom ash sourced from different regions. The weathered MSWI bottom 

ash came from Belgium [48,89], China [90–92], France [93,94], the Netherlands [53,68–

70,82,95,96], Spain [47,79], the United Kingdom (UK) [57,73–76], and the United States (US) 

[62]. The ranges of all the components in weathered MSWI bottom ash are given in Table 2.1, 

together with those of coal fly ash (both Class C and Class F), BFS, and Portland cement clinker.  

Main components 

The main components in weathered MSWI bottom ash are SiO2, CaO, Al2O3, and Fe2O3. These 

four components together account for more than 60 % of the total weight of weathered MSWI 

bottom ash (Figure 2.2 (a)). The weight percentages of SiO2, CaO, Al2O3, and Fe2O3 were 

plotted in the SiO2 - CaO - Al2O3 and SiO2 - CaO - Fe2O3 ternary diagrams after renormalization 

to 100 %. The ternary diagram graphically depicts the ratios of three components as positions 

in an equilateral triangle. As illustrated in Figure 2.2 (b) and (c), all the dots in the ternary 

diagrams are far from the vertex representing 100 % Al2O3  and 100 % Fe2O3. This observation 

indicates that the percentage of Al2O3 or Fe2O3 is much lower than that of SiO2 or CaO in 

weathered MSWI bottom ash. Most of the dots in the ternary diagram are in the region where 
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the percentage of SiO2 is larger than that of CaO, indicating that most of the weathered MSWI 

bottom ash contains more SiO2 than CaO.  

The contents of SiO2, CaO, Al2O3, and Fe2O3 in weathered MSWI bottom ash are within the 

same range as those in coal fly ash, especially the type of Class C (see Table 2.1). The SiO2 

content of weathered bottom ash varies from 10.2 to 59.3 wt.%. This significant variation can 

also be observed in the SiO2 content of coal fly ash (both Class C and Class F) [97]. The 

weathered MSWI bottom ash contains 13.6 to 48.1 wt.% CaO, almost the same as Class C coal 

fly ash. The Al2O3 content in weathered MSWI bottom ash ranges from 4.2 to 16.3 wt.%, which 

is close to that in Class C coal fly ash (between 2.6 and 20.5 wt.%), but much lower than that 

in Class F coal fly ash (between 16.6 and 35.6 wt.%) [97]. In weathered MSWI bottom ash, the 

Fe2O3 content varies from 1.3 to 20.2 wt.%, similar to the situation in coal fly ash (both Class 

C and Class F).  

 

 

Figure 2.2 Comparison of the main components in weathered MSWI bottom ash produced in 
Belgium [48,89], China [90–92], France [93,94], the Netherlands [53,68–70,82,95,96], Spain [47,79], 

the UK [57,73–76], and the US [62]. The ternary diagram is plotted according to the weight 
percentages of the oxides.  
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Table 2.1 Ranges of the components present in weathered MSWI bottom ash [47,48,75,76,79,82,89–
92,95,96,53,57,62,68–70,73,74], coal fly ash [97], granulated blast furnace slag [98], and Portland 

cement clinker [99]. 

Compound  
(wt.%) 

Weathered MSWI 
bottom ash  

Class C  
coal fly ash  

Class F  
coal fly ash  

Granulated 
blast furnace 

slag  

Portland 
cement 
clinker  

SiO2 10.2 - 59.3 11.8 - 46.4 37 - 62.1 30 - 40 21 
CaO 13.6 - 48.1 15.1 - 54.8 0.5 - 14 30 - 50 67 
Al2O3 4.2 - 16.3 2.6 - 20.5 16.6 -35.6 7 - 20 6 
Fe2O3 1.3 - 20.2 1.4 - 15.6 2.6 - 21.2 0 - 2.5 3 
Na2O 0.0 - 8.1 0.2 - 2.8 0.1 - 3.6 - - 
Na2Oe 0.8 - 9.0 - - - 0.7 
MgO 1.6 - 3.3 0.1 - 6.7 0.3 - 5.2 0 - 21 1 
SO3 0.6 - 6.8 1.4 - 12.9 0.2 - 4.7 - ≤ 3.5 - 4* 
S - - - 0 - 2 - 
P2O5 0.3 - 3.5 0.2 - 0.4 0.1 - 1.7 - - 
TiO2 0.3 - 2.5 0.6 - 1.0 0.5 - 2.6 - - 
K2O 0.4 - 3.7 0.3 - 9.3 0.1 - 4.1 - - 
ZnO 0.2 - 1.3 - - - - 
CuO 0.1 - 0.9 - - - - 
Cl 0.1 - 9.5 - - - ≤ 0.1* 
MnO 0.1 - 1.9 0.03 - 0.2 0.03 - 0.1 0.2 - 2.5 < 0.5 
PbO 0.2 - 0.4 - - - - 
LOI 2.7 - 30 0.3 - 11.7 0.3 - 32.8 - < 3 

*Value required by standard EN196-2 [100] 

 

Soluble salts 

The contents of Cl, Na2O, K2O, and SO3 are higher in weathered MSWI bottom ash than in 

Portland cement clinker (see Table 2.1), indicating that weathered MSWI bottom ash contains 

more soluble salts. The chloride content in weathered MSWI bottom ash is above the upper 

limit (0.1 wt.%) of Portland cement clinker, as set by the EN196-2 standard [100]. The 

equivalent sodium oxide (% Na2Oe = % Na2O + 0.658 × % K2O) content of weathered MSWI 

bottom ash is between 0.8 and 9.0 wt.%, whereas this value changes within the range of 0.22 

to 1.06 wt.% for Portland cement clinker [101]. The amount of SO3 in weathered MSWI 

bottom ash is between 0.6 - 6.8 wt.%. Among available data, three types of weathered MSWI 

bottom ash exceed the upper limit of SO3 content (3.5 - 4 wt.%) specified in the standard 

(EN196-2) [47,53,92].  

The excessive soluble salts in weathered MSWI bottom ash may influence its application as 

SCM. Replacing Portland cement with weathered MSWI bottom ash could dramatically 

increase the contents of chloride, alkalis, and SO3 in the binder of Portland cement concrete 

or mortar. An increase in chloride content can increase the risk of steel corrosion in Portland 

cement concrete [99]. Increasing the alkali content in binder could make the Portland cement 

concrete more susceptible to deterioration caused by alkali-silica reaction (ASR) [99]. The 

higher SO3 content in the binder of Portland cement concrete may cause late formation of 

crystalline ettringite, resulting in expansion and cracking of hardened pastes [99].  
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The chloride content in weathered MSWI bottom ash is higher than in coal fly ash (both Class 

C and Class F) and BFS (see Table 2.1). Compared with coal fly ash and BFS, using weathered 

MSWI bottom ash to prepare AAM may increase the risk of steel corrosion in alkali-activated 

concrete. As shown in Table 2.1, the contents of Na2O and K2O are higher in weathered MSWI 

bottom ash than in BFS. Compared with coal fly ash (both Class C and Class F), the Na2O 

content in weathered MSWI bottom ash changes within a wider range, indicating that the 

alkalinity of weathered MSWI bottom ash can be higher. In this case, replacing BFS or coal fly 

ash with weathered MSWI bottom ash in alkali-activated concrete and mortar may raise the 

risk of ASR-induced deterioration when reactive aggregates are used. The SO2 content in 

weathered MSWI bottom ash is close to that in Class F coal fly ash (see Table 2.1). The risk 

associated with late formation of ettringite may not be a problem when weathered MSWI 

bottom ash is used as AAM precursor. In previous studies, ettringite was not formed in the 

AAM prepared with weathered MSWI bottom ash [29,102].  

Heavy metal and organics 

As shown in Table 2.1, the content of components related to the heavy metals in weathered 

MSWI bottom ash is generally higher than that in Portland cement clinker, BFS, and coal fly 

ash (both Class C and Class F). Using weathered MSWI bottom ash as SCM or AAM precursor 

poses the risks of soil and underground water contamination due to excessive leaching of 

heavy metals [29,102,103].  

The organics in MSWI bottom ash also contribute to heavy metal leaching from MSWI bottom 

ash, such as the leaching of Cu from humic acid-bound Cu and fulvic acid-bound Cu [104,105]. 

The content of organic matter in weathered MSWI bottom ash is usually determined by the 

LOI (Loss on Ignition) method at a temperature of 500-550 ֯C [106]. The organic matter 

detected by previous researchers varies from 2.7 to 30 wt.% [53,62,82,96].  

The LOI value in weathered MSWI bottom ash is similar to Class F coal fly ash [97]. The 

polycyclic aromatic hydrocarbons (PAHs) adsorbed in coal fly ash are the main organic 

compounds harmful to the environment and human health, due to their toxicity, mutagenicity, 

and carcinogenicity [107]. This is different from the situation in MSWI bottom ash. Until now, 

there is no research indicating that organic compounds are responsible for heavy metal 

leaching from coal fly ash.  

2.4.2 Mineralogical composition 

Crystalline phases  

The mineralogical composition of weathered MSWI bottom ash is mainly determined by three 

factors: composition of the original waste feed, incineration techniques, and weathering 

strategies. Weathered MSWI bottom ash contains a wide variety of minerals, which can be 

classified into 11 categories (Table 2.2). These categories are silicon dioxide (SiO2), iron oxides 

(FeOx), silicates, carbonates, sulfates, chloride salts, phosphates, non-ferrous metal oxides, 

hydroxides, sulfides, and other minerals. The minerals that belong to silicates are further 

divided into four sub-groups: melilite, feldspar, pyroxene, and other silicates. The group 

named "other minerals" includes minerals that are unique in specific kinds of bottom ash and 
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(2) Table A 1 is put in appendix A because it is a long table.    

only present in rare cases. The detection of quartz, calcite, silicates, and iron oxides is most 

frequently reported in the literature (see Table 2.2). 

Table 2.2 Classifications of minerals present in weathered MSWI bottom ash. 

Categories Typical minerals  

1 Silicon dioxide (SiO2) 

Quartz 
[25,29,76,79,81,86,87,89,90,92,93,96,47,102,108–
112,48,62,70–74]  
Cristobalite  
[17,47,81,108,109] 

2 Iron oxides (FeOX) 

Magnetite and hematite  
[25,29,81,86,89,93,96,108,110–
113,47,114,48,62,66,70,72,73,76] 
Wustite 
[47,48,66,72,81,93,110–112] 

3 Silicates  

Melilite 
Gehlenite and akermanite  
[25,29,86,87,89,93,96,102,108,110,114,47,48,62,70–
73,81] 

Feldspar 
Albite and anorthite  
[25,47,48,62,87,89,92,96,102,112] 

Pyroxene 
Diopside and wollastonite  
[29,47,71,72,81,86,93,110] 

Other silicates Mullite [47,90,115], zeolite [17,110] 

4 Carbonates 

Calcite 
[25,29,79,81,86,87,89,90,92,96,102,108,47,109–
114,48,70–74,76] 
Dolomite  
[25,82,102,108] 

5 Sulfates 
Ettringite, gypsum, and anhydrite  
[48,62,96,102,108–111,71,72,81,86,87,89,92,93] 

6 Chloride salts 
Halite (NaCl) and sylvite (KCl)  
[25,48,71,86,87,92,96,116–118] 

7 Phosphates - 

8 Non-ferrous metal oxides Rutile [17,25,110], corundum [17], zincite [66] 

9 Hydroxides 

• Iron hydroxide 
Goethite [62,111], lepidocrocite [17,111], ferrihydrite [119] 

• Aluminum hydroxide 
Gibbsite [17,71,109,113] 

10 Sulfides Copper sulfides [17,120], iron sulfides [17] 

11 Other minerals - 

 

Rietveld-based quantitative X-ray diffraction (QXRD) analysis is widely used to evaluate the 

abundance of individual crystalline phase and calculate the amount of amorphous phase in 

weathered MSWI bottom ash. Table A 1(2) summarizes the results of QXRD analyses of 

weathered MSWI bottom ash. The quartz content in weathered MSWI bottom ash can vary 

from 4.7 to 21 wt.%. The weight percentage of quartz is usually higher than that of other 

crystalline phases detected in weathered MSWI bottom ash. However, in the fine fraction (< 
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2 mm) of weathered MSWI bottom ash produced in the Netherlands [110] and Spain [112], 

calcite is the most abundant crystalline phase. There is a significant difference in the calcite 

content of weathered MSWI bottom ash collected from different regions. The weathered 

MSWI bottom ash can contain 0.9 to 22.7 wt.% calcite. The total silicate content in weathered 

MSWI bottom ash is generally below 15 wt.%. The silicates commonly found in MSWI bottom 

ash are gehlenite, akermanite of the melilite group, albite, anorthite of the feldspar group, 

and diopside, wollastonite of the pyroxene group. Weathered MSWI bottom ash usually 

contains less than 5 wt.% iron oxides, of which magnetite is the largest component.  

Amorphous phase  

The amorphous phase makes up 30.8 to 81.3 wt.% of the weathered MSWI bottom ash used 

in previous research (see Table A 1). The amorphous content in weathered MSWI bottom ash 

can be similar to that in coal fly ash, as the amorphous content in coal fly ash ranges between 

50 and 95 wt.% [121]. However, the amorphous phase in weathered MSWI bottom ash is less 

than that in BFS, which usually contains more than 90 wt.% amorphous phase [122,123]. The 

amorphous phase is the primary reactive phase in weathered MSWI bottom ash [28,54]. Given 

that the content of CaO, Al2O3, and SiO2 in the amorphous phase determines the reactivity of 

coal fly ash and BFS [124], the reactivity of weathered MSWI bottom ash may also depend on 

the chemical composition of its amorphous phase. It is worth noting that previous studies 

mainly focused on quantifying the amorphous phase. The chemical composition of this phase 

was rarely examined.  

Metallic Al and Zn  

Unlike coal fly ash and BFS, weathered MSWI bottom ash can contain metallic Al and Zn. The 

metals detected in weathered MSWI bottom ash are residues that cannot be removed during 

the metal extraction process of plant-scale treatments [85]. Metallic Al and Zn oxidize under 

the alkaline conditions in blended cement pastes and alkali-activated pastes. This redox 

reaction releases hydrogen gas, resulting in volume expansion and strength reduction of 

hardened pastes [53,54]. In previous research, metallic Zn is only detected in fresh MSWI 

bottom ash and is present in the form of Al-Zn alloy [55]. The detection of metallic Zn is not 

reported in the studies of weathered MSWI bottom ash. Only the metallic Al content of 

weathered MSWI bottom ash is mentioned in the literature (see Table 2.3).  

The content of residual metallic Al is usually measured with the water displacement method 

[74]. In this test, weathered MSWI bottom ash is immersed in sodium hydroxide (NaOH) 

solution, and the hydrogen gas released after the oxidation of metallic Al is collected. The 

volume of hydrogen gas is measured and used to calculate the percentage of metallic Al by 

following the stoichiometry of the equation 2Al + 2NaOH + 6H2O → 2NaAl(OH)4 + 3H2 ↑. 

As shown in Table 2.3, the metallic Al content is below 2 wt.% in weathered MSWI bottom ash 

used in previous research. There is a wide variation in the percentage of metallic Al in MSWI 

bottom ash produced in different countries. The variation in the content of metallic Al is 

mainly caused by the difference in the composition of municipal solid waste, the metal 

recovery process, and particle size.  
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Table 2.3 Metallic Al content in weathered MSWI bottom ash produced in different countries. 

Countries Particle size (mm) Metallic Al content (wt.%) References 

Belgium 

0 - 2 1.5 
[56] 2 - 6 0.64 

6 - 15 0.24 

< 8 1.1 [81] 

Canada unknown 0.06 [125] 

China < 2.36 0.048 [91] 

Germany 
2 - 8 1.22 

[78] 8 - 16 1.59 
16 - 32 1.06 

Spain 
0 - 1 0.38 

[112] 
1 - 2 1.16 

The Netherlands 

< 2 0.44 [53] 
0 - 2 0.8 [126] 

1 - 4 0.1 

[96] 0.25 - 1 0.13 

< 0.25 0.12 

 

2.5 Lab-scale treatments  

In contrast to the plant-scale treatments discussed in section 2.3, the treatments performed 

in the laboratory are referred to as “lab-scale treatments”. The goal of lab-scale treatments is 

to improve the quality of MSWI bottom ash and enable its application as SCM and AAM 

precursor. Previous work tailored the lab-scale treatments according to the chemical and 

physical properties of the fresh or weathered MSWI bottom ash. Most of the MSWI bottom 

ash sent to the laboratory is produced after the plant-scale treatments of fresh MSWI bottom 

ash.  

 

Figure 2.3 Lab-scale treatments proposed to improve the quality of MSWI bottom ash for the 
application as SCM and AAM precursor.  

During lab-scale treatments, the following issues of MSWI bottom ash can be addressed: 

heterogeneous composition, presence of hazardous components (such as metallic Al, soluble 

salts, and heavy metals), and low reactivity. Lab-scale treatments can be classified into 

mechanical treatments, chemical treatments, and thermal treatments (see Figure 2.3). In the 
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following sections, the details of each method are introduced. The type of MSWI bottom ash 

(fresh or weathered) will only be mentioned when this information is included in the literature. 

2.5.1 Mechanical treatments 

Most of the mechanical treatments proposed in previous work consist of dry grinding and 

sieving. The goal of mechanical treatments is mainly to reduce particle size and obtain a 

homogeneous composition. Due to size reduction, the surface area of MSWI bottom ash is 

increased after grinding, resulting in improved reactivity. Sieving is performed after grinding 

to examine the particle size of ground MSWI bottom ash. 

Metals embedded in MSWI bottom ash particles can also be removed during mechanical 

treatments. Current experience indicates that the effect of mechanical treatments on metal 

removal strongly depends on the parameter setting of the ball mill [127]. Short-time, low-

speed dry milling of MSWI bottom ash is recommended, which can break brittle minerals into 

small fragments and meanwhile press ductile metals into plate-shaped scraps, making it easy 

to sieve out the metals [53,126]. Plate-shaped metal scraps sieved out from milled MSWI 

bottom ash are illustrated in Figure 2.4. Chen et al. [126] and Sun et al. [128] reported that 

this method could remove around 80 wt.% of the metallic Al present in weathered MSWI 

bottom ash. 

 

Figure 2.4 The plate-shaped metal scraps sieved out after the ball milling of MSWI bottom ash [53]. 

The content of metallic Al in MSWI bottom ash can also be reduced by adding water during 

the grinding process. Bertolini et al. [30] found that water added for grinding could dissolve 

the alkalis from MSWI bottom ash, creating an alkaline condition to promote the corrosion of 

metallic Al [30]. However, only part of the metallic Al would oxidize during the period of wet 

grinding. When the slurry obtained after wet grinding of MSWI bottom ash was stored at room 

temperature, the time required for metallic Al to oxidize entirely at room temperature could 

vary from 2 days to more than 3 months [30]. The amount of metallic Al that can oxidize 

depends on the alkalinity of MSWI bottom ash and the parameter setting of the wet milling 

process. 

2.5.2 Chemical treatments 

Chemical treatments of MSWI bottom ash can be alkaline solution treatment, water 

treatment, or acid solution treatment. The alkaline solution treatment is used to reduce the 

content of metallic Al and Zn in MSWI bottom ash to zero. The most commonly used alkaline 

solution is NaOH solution [55,126,129–131]. The factors that influence the reaction rate 
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between NaOH solution and metallic Al and Zn include the particle size of MSWI bottom ash, 

the concentration of NaOH solution, the liquid-to-solid ratio, and the heating temperature 

[55,130]. The MSWI bottom ash slurry obtained after NaOH solution treatment can be used 

directly to prepare alkali-activated materials [131]. However, for the application as SCM, the 

alkalis that remained in NaOH solution-treated MSWI bottom ash need to be removed by 

water washing [126,130]. According to Liu et al. [130], the pozzolanic reactivity of MSWI 

bottom ash was enhanced after the NaOH solution treatment and water washing, but the 

reasons for this reactivity enhancement were not explained.  

The principle of water treatment is similar to alkaline solution treatment. Instead of adding an 

alkaline solution, water treatment is expected to create an alkaline environment by adding 

water to dissolve alkalis from MSWI bottom ash. The effectiveness and efficiency of water 

treatment depend on the particle size of MSWI bottom ash, the mass ratio between water and 

MSWI bottom ash, and the heating temperature. Joseph et al. [56] reduced the metallic Al 

content in fresh MSWI bottom ash via water treatment. After ground into powder, fresh 

MSWI bottom ash was immersed in water at the water-to-solid ratio of 5:1. The mixture was 

dried at 105 °C for 24 hours to accelerate the oxidation of metallic Al. However, the extent to 

which water treatment reduces the metallic Al content in MSWI bottom ash was not 

demonstrated [56].  

Acid washing combined with water washing is used to reduce the chloride and sulfate content 

in MSWI bottom ash. Lo et al. [132] washed MSWI bottom ash with water and 0.1 M acetic 

acid, followed by calcination at 1100 °C. After all these three steps, the chloride content 

decreased dramatically, from 2.78 wt.% in the raw material to 0.09 wt.% in calcined MSWI 

bottom ash. Meanwhile, there is a tenfold reduction in the sulfate content. However, the 

effectiveness of acid treatment on chloride and sulfate content reduction is not specified. In 

addition, Saikia et al. [89] found that adding Na2CO3 to water can promote the transformation 

of CaSO4 into more soluble Na2SO4, making it easy to remove the sulfate salt from MSWI 

bottom ash. After Na2CO3 treatment, bottom ash particles were washed with deionized water 

and dried at about 100 °C. 

2.5.3 Thermal treatments 

Thermal treatment is usually applied to improve the quality of MSWI bottom ash by burning 

out the organic substances, promoting the formation of reactive phases, stabilizing heavy 

metals, and oxidizing metallic Al and Zn. The heating temperature determines the 

effectiveness of this treatment. In previous studies, the temperature ranges selected are 500 

- 900 °C [53,54,57,74,76] and 1000 - 1500 °C [16,22,54,128,133,134].  

When the heating temperature is between 500 and 900 °C, a substantial amount of harmful 

organic components can be removed [135]. Thermal decomposition of the dissolved organic 

carbon in MSWI bottom ash contributes to the decrease in the leaching of Cu [53,136]. The 

compressive strength of MSWI bottom ash blended cement pastes [53,89] and alkali-activated 

materials [131] increased significantly after removing organic substances. The retardation of 

MSWI bottom ash on cement hydration was mitigated after MSWI bottom ash was treated at 

550 and 750 °C [53]. 
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Moreover, heating MSWI bottom ash between 550 and 900 °C also promotes the 

transformation of crystalline phases [53,57,74] and the oxidation of metallic Al [53,54]. Qiao 

et al. [57,74] reported that heating weathered MSWI bottom ash at 700 °C promoted the 

formation of hydraulic minerals, such as lime (CaO), gehlenite (Ca2Al2SiO7), and mayenite 

(Ca12Al14O33). The formation of lime increased the pH of MSWI bottom ash, which would lead 

to a decrease in the leaching of Sb [53]. Tang et al. [53] indicated that low-temperature thermal 

treatment could oxidize the surface of aluminum particles present in weathered MSWI bottom 

ash. However, Chen et al. [54] found that heating weathered MSWI bottom ash at 500 °C for 

2 hours only reduced the metallic Al content by 0.01 wt.%, which was insufficient for the 

complete oxidation of metallic Al.  

The primary purpose of calcinating MSWI bottom ash at 1000 - 1500 °C is to solve the problem 

of leaching and increase the amount of amorphous phase. High-temperature thermal 

treatment of MSWI bottom ash facilitates the decomposition of organic substances (such as 

organochloride and dioxin) and the volatilization of heavy metals (such as Cu, Pb, and Zn) 

[134,137]. MSWI bottom ash with an amorphous structure can be obtained when high-

temperature calcination is followed by rapid cooling. Lin et al. [16] found that vitrified MSWI 

bottom ash was highly resistant to leaching, as the glass melts formed at high temperature 

could immobilize heavy metals. Additionally, when vitrified MSWI bottom ash was used as 

cement substitute, it exhibited pozzolanic reactivity. In contrast, the combination of high-

temperature calcination with slow cooling will reduce the amount of amorphous phase in 

MSWI bottom ash, leading to a decrease in reactivity [54].  

Another advantage of high-temperature thermal treatment is that it helps to solve the 

problem of metallic Al and Zn. Increasing the calcination temperature to more than 1000 °C 

prolongs the reaction between metallic Al and Zn with air [54,131]. For example, Sun et al. 

[128] decreased the metallic Al content by 92.5 wt.% after heating weathered MSWI bottom 

ash at 1000 °C for 2 hours. Besides, calcinating bottom ash into molten state facilitates the 

agglomeration of MSWI bottom ash [54,57,76]. As a result, the metallic Al and Zn could be 

covered either by glass melts or newly formed crystalline phases, preventing their exposure 

to the alkaline solution [54]. Chen et al. [54] performed thermal treatment on weathered 

MSWI bottom ash at 1000 °C for 2 hours. The release of hydrogen gas was not detected after 

immersing thermally treated MSWI bottom ash in NaOH solution.  

2.6 Utilization of MSWI bottom ash as supplementary cementitious 

material  

Previous studies on the utilization of MSWI bottom ash as SCM are summarized in Table A 2(3) 

(see Appendix A). For the MSWI bottom ash used in previous research, its particle size, plant-

scale and lab-scale treatments, and main components can be found in Table A 2. The 

information about mix design, curing condition, sample size, and compressive strength is also 

included in Table A 2. Based on the information presented in the literature, the pozzolanic 

reactivity and pozzolanic reaction products of MSWI bottom ash, the reaction of MSWI 

bottom ash in blended cement pastes, the effects of MSWI bottom ash on cement hydration, 

(3) Table A 2 is put in appendix A because it is a long table. 
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and the mechanical properties and the leaching of contaminants from MSWI bottom ash 

blended cement pastes, mortars, and concretes are discussed in the following sections.   

2.6.1 Pozzolanic reactivity of MSWI bottom ash 

The pozzolanic reactivity of MSWI bottom ash is not always measured prior to its application 

as SCM. There is limited information about the pozzolanic reactivity of MSWI bottom ash. In 

previous work, pozzolanic reactivity was measured after grinding MSWI bottom ash into 

powder. The tested MSWI bottom ash was collected from Belgium [48,138], Italy [50], 

Portugal [49], Singapore [130], and the Netherlands [96].  

The methods used to determine the pozzolanic reactivity of MSWI bottom ash include R3 test 

[138], saturated lime test [96,130], Frattini test [50], modified Chapelle test [49], and lime 

reactivity test [48]. Among all these methods, the R3 test is a newly developed standardized 

method (see ASTM C1897-20 [139]), and its result shows better correlations to the benchmark 

of 28-day relative strength than the other conventional standardized methods [140]. 

The R3 test was used by Joseph [138] to assess the pozzolanic reactivity of fresh MSWI bottom 

and weathered MSWI bottom ash produced in Belgium. The test results indicated that the 

pozzolanic reactivity of weathered MSWI bottom ash was similar to that of Class F coal fly ash 

and natural pozzolans. Weathered MSWI bottom ash exhibited slightly lower pozzolanic 

reactivity than fresh MSWI bottom ash. 

The saturated lime test is a simplified Frattini test [141]. The saturated lime test was used by 

Caprai [96] to measure the pozzolanic reactivity of weathered MSWI bottom ash produced in 

the Netherlands. The weathered MSWI bottom ash sent for testing showed higher pozzolanic 

reactivity than quartz of the same particle size. The saturated lime test was also used by Liu 

et al. [130] to assess the pozzolanic reactivity of MSWI bottom ash produced in Singapore. 

The test result showed that MSWI bottom ash was less reactive than silica fume [130]. 

Like Liu et al. [130], detailed information about the plant-scale treatments of the MSWI 

bottom ash tested by Filipponi et al. [50], Simões et al. [49], and Saikia et al. [48] was not 

provided in their research. Filipponi et al. [50] determined the pozzolanic reactivity of MSWI 

bottom ash produced in Italy with the Frattini test. The test result indicated that MSWI bottom 

ash had weak pozzolanic reactivity. The strength gain resulting from the hydration of MSWI 

bottom could only be detected after 28 days of curing and in blended cement prepared with 

more than 50 wt.% MSWI bottom ash [50]  

The modified Chapelle test and lime reactivity test were used by Simões et al. [49] and Saikia 

et al. [48], respectively, to examine the pozzolanic reactivity of MSWI bottom ash. Simões et 

al. [49] found that the pozzolanic reactivity of MSWI bottom ash was slightly lower than that 

of Class F coal fly ash. Saikia et al. [48] compared the lime reactivity of ground MSWI bottom 

ash with metakaolin. After 7 days, the Ca2+ ion consumed by MSWI bottom ash was almost 

half of that of metakaolin, indicating that the pozzolanic reactivity of MSWI bottom ash was 

much lower than metakaolin [48].  

It should be noted that the CaO content is higher than the SiO2 content in the MSWI bottom 

ash used by Liu et al. [130] and Caprai [96]. In comparison, the MSWI bottom ash collected by 
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Joseph [138], Simões et al. [49], Saikia et al. [48], and Filipponi et al. [50] contains more SiO2 

(> 40 wt.%) than CaO (< 26 wt.%). In previous studies, MSWI bottom ash with high SiO2, but 

low CaO content, was commonly used as SCM to prepare blended cement pastes (see Table 

A 2).  

2.6.2 Pozzolanic reaction products of MSWI bottom ash 

Calcium silicate hydrate (C-S-H) gel is the main product formed after the pozzolanic reaction 

of MSWI bottom ash. The Ca/Si ratio of the gel derived from the pozzolanic reaction of MSWI 

bottom ash is much lower than that of the C-S-H detected in plain cement paste (between 1.5 

and 2.0) [76,142]. Qiao et al. [76] studied the reaction between weathered MSWI bottom ash 

and commercially available hydrated lime (Ca(OH)2) and found that the amount of C-S-H 

formed was too small to be detected by X-ray diffraction (XRD) analysis. According to the 

energy dispersive X-ray spectroscopy analysis (EDS) under scanning electron microscopy 

(SEM), the C-S-H derived from MSWI bottom ash had a Ca/Si ratio of 1.11. After thermal 

treatment at 800 °C, MSWI bottom ash released more silicon during its reaction with Ca(OH)2. 

As a result, the calculated Ca/Si ratio of the resultant C-S-H gel became lower, around 0.63.  

2.6.3 Reaction of MSWI bottom ash in blended cement pastes 

Very little information is available in the literature regarding the reaction of MSWI bottom ash 

in blended cement pastes. According to qualitative XRD analysis of MSWI bottom ash blended 

cement pastes, Li et al. [27] found that the Ca(OH)2 produced after cement hydration could 

be consumed by MSWI bottom ash. Zhang et al. [125] replaced 20 wt.% Portland cement with 

MSWI bottom ash in the binder of Portland cement concrete. The results of compressive 

strength measurements indicated that the reaction of MSWI bottom ash mainly contributed 

to the strength development in later stages. The 1-day compressive strength of the concrete 

made with the mixture of Portland cement and MSWI bottom ash was almost the same as 

that of Portland cement concrete. After 28 days of curing, the compressive strength of 

concrete containing MSWI bottom ash exceeded that of Portland cement concrete. The 90-

day compressive strength of concrete containing MSWI bottom ash was 18.4 % higher than 

that of Portland cement concrete. 

2.6.4 Effects of MSWI bottom ash on cement hydration  

The effect of MSWI bottom ash on Portland cement hydration is usually studied via isothermal 

calorimetry. This method is generally used to monitor the early-age hydration of Portland 

cement by measuring the heat flow. Figure 2.5 shows the schematic representation of the 

heat evolution curves of Portland cement paste and MSWI bottom ash blended cement pastes 

during the first three days of reaction. These curves are derived from the calorimetry results 

reported in the literature [28,53,56,103,125,143].  

As shown in Figure 2.5, replacing Portland cement with MSWI bottom ash usually results in a 

lower cumulative heat release. Like the hydration of pure cement, the hydration of MSWI 

bottom ash blended cement can be divided into five phases: initiation period (stage I), 

induction period (stage II), accelerating period (stage III), decelerating period (stage IV), and 

slow reaction period (stage V). The heat flow in MSWI bottom ash blended cement pastes is 



P a g e  | 24                                                              C h a p t e r | 2  

 

lower than that of Portland cement paste in each stage. The decrease in the reaction heat 

could be owing to the fact that the reactivity of MSWI bottom ash is much lower than that of 

Portland cement [48–51]. 

 

Figure 2.5 Schematic representation of the heat evolution curves that describe (a) cumulative heat 
release and (b) heat flow rate of Portland cement paste and MSWI bottom ash blended cement 

pastes during the first three days of reaction, derived from curves presented in the literature 
[28,53,56,103,125,143]. 

MSWI bottom ash is found to contribute to heat release in stage I and stage IV. Part of the 

reaction heat collected at the initiation period of MSWI bottom ash blended cement pastes 

could be attributed to the dissolution of soluble salts from MSWI bottom ash [143] or the 

oxidation of metallic Al present in MSWI bottom ash [56]. The shoulder peak in stage IV 

corresponds to the hydration of tricalcium aluminate (C3A) in cement pastes. This shoulder 

peak is broader and often observed in the calorimetric curve of MSWI bottom ash blended 

cement pastes [53,56,143]. This peak could be related to the anhydrite found in MSWI bottom 

ash, which can react with C3A and promotes ettringite (AFt) and monosulfate (AFm) formation 

in stage IV [53,143,144]. 

The addition of MSWI bottom ash mainly influences the reaction rate by delaying cement 

hydration in stage II and stage III [16,27,53,103,143]. The delay already starts at a replacement 

level of 5 wt.%, but is often reported at replacement levels between 20 and 30 wt.% 

[28,53,56,103,125,143]. If the onset of stage III is delayed, the shoulder peak also appears late 

in stage IV. However, Tang et al. [28] observed that the incorporation of MSWI bottom ash 

could also accelerate AFm formation in stage IV. This is because the addition of MSWI bottom 

ash may change the ratio between calcium sulfate and C3A in the mixture [28]. When this ratio 

is reduced, the formation of AFm can be accelerated [145].  

The induction period is longer if MSWI bottom ash with a high amount of Ca-bearing 

substances and heavy metal is used to replace cement [143]. Upon contact with water, soluble 

Ca-bearing substances (such as anhydrite and lime) can release a large number of calcium ions, 

hydroxyl ions, and other complicated soluble ions into the pore solution of bottom ash 
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blended cement pastes. The existence of these ions in pore solution could inhibit the release 

of calcium ions, silicate ions, and hydroxyl ions from alite (C3S), which may partly explain the 

delay of cement hydration in an early stage [143].  

The retarding effect on cement hydration can be reduced if heavy metals present in the form 

of organic matter are removed via thermal treatment of MSWI bottom ash [53]. The heavy 

metal ions, such as chromium, zinc, and lead, released from MSWI bottom ash tend to react 

with hydroxide ions in the pore solution of blended cement pastes. Metal hydroxides usually 

precipitate in the pore solution and could hinder cement hydration by precipitating on the 

surface of unhydrated cement particles [143]. Besides, some of the metal hydroxides formed 

are less soluble than portlandite. The formation of these metal hydroxides may delay the 

nucleation of portlandite [146–148], hindering the hydration of cement particles  

2.6.5 Mechanical properties of MSWI bottom ash blended cement pastes, 

mortars, and concretes  

As shown in Table A 2, there is a wide variety in the mix design and the type of MSWI bottom 

ash used in previous research. The compressive strength of MSWI bottom ash blended 

cement pastes, mortars, and concretes is mainly influenced by the properties of MSWI bottom 

ash, the percentage of cement replaced by MSWI bottom ash (replacement level), and water-

to-binder (w/b) ratio. The properties of MSWI bottom ash refer to its metallic Al content, 

pozzolanic reactivity, and particle size.  

Metallic Al content 

The control of metallic Al and Zn content in MSWI bottom ash is critical for its application as 

SCM in concrete and mortar prepared with w/b ratio around 0.5. The detection of Zn has 

rarely been reported in previous studies. In the literature, recommendations can be found 

regarding the metallic Al content in MSWI bottom ash. Alderete et al. [149] recommend 

reducing the metallic Al content of MSWI bottom ash to less than 0.3 wt.% when 20 wt.% 

Portland cement was replaced by MSWI bottom ash in concrete. Tang et al. [53] reported that 

volume expansion and cracks were not observed with the naked eye in mortar samples after 

the metallic Al content of MSWI bottom ash was reduced to less than 0.2 wt.%. The 

replacement level of cement by MSWI bottom ash in mortar samples was 30 wt.%. Liu et al. 

[130] found that when the metallic Al content was reduced to zero, the 90-day compressive 

strength of the mortar with 20 wt.% MSWI bottom ash in its binder was close to that of 

Portland cement mortar. Zhang et al. [125] proposed that MSWI bottom ash containing 0.06 

wt.% metallic Al was suitable for preparing zero-slump concrete (w/b ratio around 0.35). The 

generated hydrogen gas could easily escape from the channel pathways present in zero-slump 

concrete. As a result, cracks and volume expansion were not observed in the concrete with 

20 wt.% MSWI bottom ash in its binder. 

Pozzolanic reactivity and replacement level 

The pozzolanic reactivity of MSWI bottom ash is much lower than that of Portland cement 

[48–51]. Therefore, the flexural and compressive strength of MSWI bottom ash blended 

cement pastes decrease with the addition of MSWI bottom ash. For example, Jurič et al. [150] 

found a linear decrease of flexural and compressive strength of concretes by 0.03 and 0.02 
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MPa per wt.% of MSWI bottom ash in the binder, respectively. As shown in Table A 2, the 

replacement level of MSWI bottom ash in blended cement was between 5 and 50 wt.% in 

previous research. In most cases, the percentage of MSWI bottom ash used for cement 

replacement did not exceed 30 wt.%. The main reason for choosing this replacement level is 

that the addition of MSWI bottom ash slows down the hydration of cement, leading to a 

dramatic decrease in strength at early ages (see section 2.6.4). Li et al. [27] reported that the 

3-day compressive strength of mortars decreased by 54.7 % after replacing 50 wt.% cement 

with MSWI bottom ash.   

Water-to-binder ratio and particle size  

The compressive strength of MSWI bottom ash blended cement concrete can be higher than 

that of Portland cement concrete after reducing the w/b ratio and the particle size of MSWI 

bottom ash. Alderete et al. [149] reported that the 28-day and 90-day compressive strength 

of the MSWI bottom ash blended cement concrete prepared with w/b of 0.46 was higher than 

that of Portland cement concrete prepared with w/b ratio of 0.48. The particle size of MSWI 

bottom ash was similar to that of Portland cement, and the replacement level was 20 wt.%. 

The w/b ratio of MSWI bottom ash blended cement concrete was kept at 0.46 by adding 

superplasticizer.  

Bertolini et al. [30] reported that compressive strength increased after replacing 30 wt.% 

Portland cement with wet ground MSWI bottom ash in Portland cement concrete. The 

average particle size of wet ground MSWI bottom ash was around 3µm, smaller than that of 

Portland cement. When the w/b ratio was kept at 0.5, the addition of superplasticizer was 

needed to improve the workability of MSWI bottom ash blended cement concrete. The 28-

day compressive strength of this MSWI bottom ash blended cement concrete was 1.6 % higher 

than the Portland cement concrete prepared with the same w/b ratio [30]. Carsana et al. [151] 

used the same method as Bertolini et al. [30] to increase the compressive strength of self-

compacting Portland cement concrete. The percentage of Portland cement replaced by wet 

ground MSWI bottom ash was 30 wt.%. The w/b ratio of MSWI bottom ash blended cement 

concrete was 0.43, the same as that of Portland cement concrete. Compared with Portland 

cement concrete, more superplasticizer was used to modify the workability of MSWI bottom 

ash blended cement concrete. The 180-day compressive strength of MSWI bottom ash 

blended cement concrete increased by around 20 % relative to Portland cement concrete 

[151].  

2.6.6 Leaching of contaminants from MSWI bottom ash blended cement pastes, 

mortars, and concretes 

The leaching of contaminants from MSWI bottom ash blended cement pastes, mortars, and 

concretes into the environment need to be assessed before applying these building materials. 

This environmental concern is related to the presence of heavy metals (such as Cu, Zn, Pb, 

and Cr) and soluble salts (including Cl- and SO4
2-) in MSWI bottom ash. In most cases, the 

concentrations of these contaminants in leachates of MSWI bottom ash blended cement 

pastes, mortars, and concretes are lower than the allowable upper limits set by local 

government, when the replacement level of MSWI bottom ash is between 5 and 30 wt.% 

[16,27,53,103,132,152–154]. Whether the MSWI bottom ash has been weathered or not 
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during the plant-scale treatments is not always mentioned in the literature. The leaching test 

is usually carried out with deionized water, using the Toxicity Characteristic Leaching 

Procedure (TCLP) method, according to local standards.  

The leaching of MSWI bottom ash blended cement pastes highly depends on the leaching 

resistance of MSWI bottom ash. The leaching resistance of MSWI bottom ash can be improved 

by introducing weathering and water-washing processes in plant-scale treatments 

[61,62,65,66,81,86–88] or by conducting lab-scale thermal treatments [16,134,137]. If the 

leaching of heavy metals from treated MSWI bottom ash is below the threshold value 

prescribed in the standard, there is no concern about heavy metal leaching when using this 

treated MSWI bottom ash as SCM [16,27,132,153,154].  

For treated MSWI bottom ash with contaminants still above the legislative upper limit, it is 

necessary to control its replacement level to avoid the risk of excessive leaching. Loginova et 

al. [103] performed mechanical treatments on MSWI bottom ash (< 3 mm size fraction) and 

found that the leaching of chloride, sulfate, and antimony was beyond the regulatory 

threshold value. In this case, the recommended replacement level of this mechanically treated 

MSWI bottom ash would be 5 wt.%. Tang et al. [53] did mechanical and thermal treatments 

on MSWI bottom ash (< 2 mm size fraction) and found that the leaching of chloride, sulfate, 

and molybdenum still exceeded the upper limits. The replacement level was limited to 30 

wt.%.  

2.7 Utilization of MSWI bottom ash as precursor for AAM 

Table A 3(4) summarizes the studies related to the utilization of MSWI bottom ash as precursor 

for AAM (see Appendix A). The particle size, plant-scale and lab-scale treatments, and main 

components of the MSWI bottom ash used by previous researchers can be found in Table A 

3. The information about mix design, curing condition, sample size, and compressive strength 

is also provided in Table A 3. The reactivity of MSWI bottom ash as AAM precursor, the 

properties of the AAM prepared using MSWI bottom ash as precursor, and the properties of 

the AAM prepared with MSWI bottom ash and other industrial by-products as precursor are 

reviewed in the following sections.  

2.7.1 Reactivity as AAM precursor 

Very little information is available regarding the reactivity of MSWI bottom ash as AAM 

precursor. Currently, three methods are proposed in the literature to evaluate the reactivity 

of MSWI bottom ash as AAM precursor. These methods are the modified Chapelle test 

[155,156], chemical dissolution test [157], and the chemical attack test [47,158]. The modified 

Chapelle test is a standardized method designed to assess the pozzolanic reactivity of 

supplementary cementitious materials. In the research of Casanova et al. [155] and Carvalho 

et al. [156], the reactivity of MSWI bottom ash as AAM precursor was assessed by measuring 

the pozzolanic reactivity with the modified Chapelle test. The MSWI bottom ash used by 

Carvalho et al. [156] and Casanova et al. [155] is from the same plant in Portugal. Information 

about the plant-scale treatments was not provided. Their test results indicated that the 

pozzolanic reactivity of MSWI bottom ash was lower than that of Class F coal fly ash.  

(4) Table A 3 is put in appendix A because it is a long table. 
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The chemical dissolution test is used to determine the content of reactive silica in cement and 

supplementary cementitious materials. This standardized testing method is not only used to 

determine the content of reactive SiO2, but also used to quantify the content of reactive Al2O3 

and CaO in blast furnace slag [157] and coal fly ash [159]. Huang et al. [157] measured the 

content of reactive SiO2, CaO, and Al2O3 in MSWI bottom ash according to the test procedure 

described in the standard for determining reactive silica content. The MSWI bottom ash tested 

by Huang et al. [157] was produced in China and had been water-washed at the recycling 

station. Prior to the reactivity test, the received MSWI bottom was ground into fine powder in 

the lab. Huang et al. [157] reported that the reactive SiO2 detected in MSWI bottom ash was 

28.4 wt.%, higher than that in blast furnace slag (18.7 wt.%). In contrast, the reactive CaO in 

MSWI bottom ash was 12.7 wt.%, less than half of its content in blast furnace slag (33.6 wt.%). 

The MSWI bottom ash had 12.2 wt.% reactive Al2O3, slightly lower than that in blast furnace 

slag (18.4 wt.%).  

The chemical attack test is proposed by previous researchers for determining the amount of 

reactive SiO2 and Al2O3 in MSWI bottom ash that could participate in the AAM formation 

[47,158]. This test method has not been standardized yet. The chemical attack test is 

conducted by dissolving 1 g of MSWI bottom ash in 100 ml solution of hydrofluoric acid (HF) 

or NaOH. The attack with HF solution is usually performed at room temperature to quantify 

the amount of amorphous SiO2 in MSWI bottom ash. The attack with NaOH solution is 

conducted at 80 °C and is used to determine the amount of SiO2 and Al2O3 released from MSWI 

bottom ash [47,158,160].  

Maldonado-Alameda et al. [47] evaluated the potential of weathered MSWI bottom ash as 

AAM precursor using the chemical attack test. The MSWI bottom ash went through metal 

extraction and weathering treatments in a Spanish waste valorization plant. Before reactivity 

measurement, MSWI bottom ash was ground into fine powder. The results of the attack with 

HF solution showed that the attack with NaOH solution could only dissolve a small fraction of 

the amorphous SiO2. The results of the attack with NaOH solution indicated that more SiO2 

and Al2O3 was dissolved from MSWI bottom ash when the concentration of NaOH solution 

increased from 2 M to 8 M. The molar ratio between dissolved Si and Al was much higher than 

two [47]. Given that the strength of alkali-activated metakaolin was maximized when the 

molar ratio between Si and Al in the mixture of metakaolin and activator was 1.9 [161], 

Maldonado-Alameda et al. [47] recommended introducing additional sources of reactive Al2O3 

or SiO2 to modify the Si/Al molar ratio when MSWI bottom ash was used for the preparation 

of AAM. 

2.7.2 AAM prepared with MSWI bottom ash as precursor 

2.7.2.1 Reaction products in alkali-activated MSWI bottom ash(5) 

As shown in Table A 3, the activators, including NaOH solution, water glass solution, hydrated 

lime, and a mixture of water glass (Na2SiO3) solution and NaOH solution, were used by 

previous researchers to prepare alkali-activated M SWI botto m ash. Among all these 

activators, a mixture of water glass solution and NaOH solution is the most commonly used. 

Although there is a wide variety in the concentration of NaOH solution and the types of water 

(5) Alkali-activated MSWI bottom ash, which can be paste, mortar, or concrete, refers to the AAM prepared 
with MSWI bottom ash as precursor. 
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glass solution, the mass ratio between water glass solution and NaOH solution is usually set 

to be above one.  

This section discusses the reaction products formed in alkali-activated MSWI bottom ash 

prepared using the mixture of water glass solution and NaOH solution as activator. Previous 

studies have shown that the alkali activation of MSWI bottom ash mainly leads to the 

formation of amorphous gel phases, including the C-S-H gel, the calcium aluminosilicate 

hydrate (C-A-S-H) gel, and the sodium aluminosilicate hydrate (N-A-S-H) gels. In addition to 

the amorphous reaction products, the detection of crystalline reaction products was also 

reported by previous researchers, such as tobermorite (Ca5(Si6O16)(OH)2) [131], hillebrandite 

(Ca2(SiO3)(OH)2) [131], pirssonite (Na2Ca(CO3)2·2H2O) [162], gehlenite (Ca2Al(AlSi)O7), albite 

(NaAlSi3O8) [102,131], and gismondine (CaAl2Si2O8·4H2O) [29].  

The C-S-H gel and N-A-S-H gel formed in alkali-activated MSWI bottom ash were found to be 

similar to the C-S-H gel generated after cement hydration and the N-A-S-H gel formed in alkali-

activated Class F coal fly ash, respectively. Zhu et al. [162,163] selected the mixture of NaOH 

solution and Na2SiO3 solution as activator to react with fresh MSWI bottom ash. The alkali-

activated MSWI bottom ash paste samples were cured at 75 °C for 3 days. The MSWI bottom 

ash was collected from Singapore. According to the FTIR (Fourier transform infrared 

spectroscopy) analysis, the chemical structure of the C-S-H gel found in alkali-activated MSWI 

bottom ash paste was analogous to that of the C-S-H identified in 10-month Portland cement 

paste [162]. The main difference was that the C-S-H gel identified in alkali-activated MSWI 

bottom ash paste had a higher degree of polymerization of the silicate chains [162]. In the 29Si 

NMR spectrum of the N-A-S-H gel extracted from alkali-activated MSWI bottom ash paste, the 

main peak was observed at around -99 mm, corresponding to Al-substituted Si units of Q4(2Al). 

The same 29Si NMR resonance appeared in the measurement of 180-day alkali-activated Class 

F coal fly ash paste [164], indicating that the nanostructure of the N-A-S-H gel formed in alkali-

activated MSWI bottom ash paste resembles that detected in alkali-activated Class F coal fly 

ash paste. 

The formation of C-A-S-H gel in alkali-activated MSWI bottom ash can be influenced by the 

alkalinity of the activator. Maldonado-Alameda et al. [29,102] activated weathered MSWI 

bottom ash using a mixture of water glass solution and NaOH solution. The mass ratio 

between water glass solution and NaOH solution was fixed at four, while the concentration of 

NaOH solution was varied from 2 M to 8 M. Analysis of salicylic acid/methanol (SAM) 

extraction and hydrochloric acid (HCl) extraction indicated that both C-A-S-H gel and N-A-S-H 

gels were formed in alkali-activated MSWI bottom ash paste. When the NaOH concentration 

increased from 2 M to 6 M, the amount of C-A-S-H gel detected in alkali-activated MSWI 

bottom ash paste also increased. However, further increasing the NaOH molarity to 8 M did 

not increase the content of C-A-S-H gel [29]. 

Although the amorphous phase present in MSWI bottom ash mainly consists of waste glass 

particles, the gel formed in alkali-activated MSWI bottom ash is different from the gel 

obtained after the alkali activation of the glass fraction of MSWI bottom ash [165]. The 

chemical composition of these waste glass particles is almost the same as soda-lime silicate 

glass [165,166]. Zhu et al. [165] activated the glass fraction separated from fresh MSWI 
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bottom ash with the activator consisting of Na2SiO3 solution and 14 M NaOH solution. The 

main reaction product detected in synthesized alkali-activated paste was the sodium silicate 

gel [165]. This gel is unstable under a moisture environment and may result in strength loss 

[167]. It is recommended to improve the hydrolytic stability of sodium silicate gel by providing 

supplementary Ca and Al to promote the formation of C-A-S-H and N-A-S-H gels [168].  

2.7.2.2 Mechanical properties of alkali-activated MSWI bottom ash 

The mechanical properties of alkali-activated MSWI bottom ash are mainly influenced by four 

factors: metallic Al content in MSWI bottom ash, reactivity of MSWI bottom ash, selection of 

activator, and selection of curing condition.  

Metallic Al content in MSWI bottom ash 

As illustrated in Table A 3, most of the MSWI bottom ash used for AAM preparation contains 

metallic Al. The metallic Al embedded in MSWI bottom ash particles usually works as the 

foaming agent, resulting in volume expansion and low compressive strength of alkali-

activated MSWI bottom ash [29,131,155,156,169]. The volume expansion caused by the 

release of hydrogen gas is restrained by alkali-activated MSWI bottom ash paste, which would 

crack once the internal stress induced by volume expansion exceeds its strength [54]. Huang 

et al. [131] prepared alkali-activated mortars with MSWI bottom ash containing 1.92 wt.% 

metallic Al. After curing for three days at room temperature, the alkali-activated MSWI 

bottom ash mortars showed no strength, and severe defects, such as voids and 

interconnecting pores, were observed on the specimens. The 28-day compressive strength 

only reached 2.4 MPa.  

In addition to the quality-upgrade treatment of MSWI bottom ash (see section 2.5.2), the 

following methods were also used by previous researchers to minimize the negative effects 

of metallic Al on the compressive strength of alkali-activated MSWI bottom ash: 

• Method one is to prolong the mixing time of fresh pastes or cast freshly mixed pastes a 

few tens of minutes later during the preparation of alkali-activated MSWI bottom ash. The 

extension of mixing time accelerates the oxidation of metallic Al and facilitates the escape 

of hydrogen gas from fresh alkali-activated pastes [170]. A delay in the casting of fresh 

alkali-activated pastes provides sufficient time for the corrosion of metallic Al under 

alkaline conditions, making it possible to remove all the hydrogen gas released from the 

redox reaction of metallic Al via the vibration of fresh pastes [155,156]. Once entrained 

hydrogen gas is emitted from fresh pastes, the volume expansion of AAM can be 

dramatically reduced. It is worth noting that the feasibility of this method depends on the 

setting time of alkali-activated MSWI bottom ash.  

• Method two is to reduce the amount of water used for the preparation of alkali-activated 

MSWI bottom ash. When MSWI bottom ash contains metallic Al, alkali-activated MSWI 

bottom ash prepared at a lower water-to-solid ratio exhibits higher compressive strength 

[76,170]. The adverse effect of metallic Al content on the compressive strength of alkali-

activated MSWI bottom ash is smaller at a lower water-to-solid ratio. Qiao et al. [76] 

compared the alkali-activated MSWI bottom ash paste prepared at two different water-
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to-solid ratios: 0.2 and 0.5. The voids caused by hydrogen gas release were only observed 

in alkali-activated MSWI bottom ash paste prepared with the water-to-solid ratio of 0.5.  

• Method three is to separate MSWI bottom ash according to the metallic Al content and 

only use the fraction that contains the lowest amount of metallic Al to prepare AAM. Zhu 

et al. [168] separated the fresh MSWI bottom ash into non-ferrous, ferrous, and glass 

fractions. Among these three fractions, the metallic Al content in the glass fraction is the 

lowest, while the non-ferrous fraction has the highest metallic Al content. The 3-day 

compressive strength of the alkali-activated paste prepared with 100 % glass fraction 

reached up to 31.69 MPa.  

Reactivity of MSWI bottom ash 

Apart from metallic Al, the low reactivity of MSWI bottom ash is also responsible for the low 

compressive strength of alkali-activated MSWI bottom ash. Qiao et al. [57] used weathered 

MSWI bottom ash to prepare AAM and found that the 28-day compressive strength of alkali-

activated MSWI bottom ash paste was very low. The compressive strength increased 

significantly after improving the reactivity of MSWI bottom ash via thermal treatment (at 

700 °C). The 28-day compressive strength of the alkali-activated paste prepared with 

thermally treated MSWI bottom ash was around 2.9 MPa, much higher than that of the alkali-

activated paste made from untreated MSWI bottom ash (about 0.6 MPa) [57].  

Selection of activator 

The alkalinity of the activator is an important factor that influences the compressive strength 

of alkali-activated MSWI bottom ash. Carvalho et al. [156] found that MSWI bottom ash 

dissolved more easily in NaOH solution than in Na2SiO3 solution due to the higher alkalinity of 

NaOH solution. NaOH solution-activated MSWI bottom ash mortar had higher compressive 

strength than Na2SiO3 solution-activated MSWI bottom ash mortar. The compressive strength 

of NaOH solution-activated MSWI bottom ash mortars increased as the concentration of 

NaOH solution increased from 4 to 10 mol/kg. Chen et al. [170] reported that the alkalinity of 

the activator prepared with Na2SiO3 solution and 4 M NaOH solution was too low to activate 

MSWI bottom ash. When the concentration of NaOH solution increased from 4 M to 8 M, 

hardened paste samples were obtained as the result of an increased pH of the activator and 

the release of more monomers from the dissolution of MSWI bottom ash.  

When MSWI bottom ash is activated with a mixture of water glass solution and NaOH solution, 

the alkalinity and the alkali modulus (Ms) of the activator (the molar ratio between SiO2 and 

Na2O) can both influence the compressive strength of alkali-activated MSWI bottom ash. 

Maldonado-Alameda et al. [102] activated weathered MSWI bottom ash using a mixture of 

water glass solution and NaOH solution. A dramatic increase in compressive strength was 

observed after increasing the concentration of NaOH solution from 2 M to 6 M. However, 

further increasing the concentration of NaOH solution to 8 M led to a strength reduction in 

synthesized alkali-activated MSWI bottom ash paste. Maldonado-Alameda et al. [102] found 

the optimum modulus of the activator to be in the range of 2.0 - 2.5.  
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Selection of curing condition 

The curing temperature strongly influences the early-age compressive strength of alkali-

activated MSWI bottom ash. When alkali-activated MSWI bottom ash was cured at room 

temperature, the 1-day compressive strength could still be too low for demolding 

[29,57,76,102]. In this case, alkali-activated MSWI bottom ash was demolded after curing at 

room temperature for three days (see Table A 3). The early-age compressive strength of alkali-

activated MSWI bottom ash can be increased by curing at an elevated temperature. In 

previous research, thermal curing was performed at a temperature between 70 and 90 °C, 

and the curing period varied from one to three days [155,156,165,168,170].  

2.7.2.3 Leaching of contaminants from alkali-activated MSWI bottom ash  

The leaching of contaminants from alkali-activated MSWI bottom ash into the environment 

can be higher than that from MSWI bottom ash. Maldonado-Alameda et al. [47] found that 

large quantities of heavy metals were detected in the leachate after dissolving weathered 

MSWI bottom ash in 8 M NaOH solution. Chen et al. [170] reported that alkali activation of 

MSWI bottom ash increased the leaching of chromium (Cr). Test results of Giro-Paloma et al. 

[79] also indicated that the amount of arsenic (As) leached from alkali-activated MSWI bottom 

ash paste was 30 to 40 times as much as that detected in the leachate of MSWI bottom ash 

powder. The antimony (Sb) and Zn in the leachate of alkali-activated MSWI bottom ash paste 

rose to more than 5 times their concentrations in the leachate of MSWI bottom ash powder 

[79]. It is worth mentioning that Chen et al. [170] and Giro-Paloma et al. [79] did not mention 

whether the MSWI bottom ash had been weathered or not during plant-scale treatments. 

The leaching of heavy metals from alkali-activated MSWI bottom ash could exceed the 

regulatory limit. Maldonado-Alameda et al. [29,102] used weathered MSWI bottom ash to 

prepare AAM and found that the leaching of As and Sb from alkali-activated MSWI bottom 

ash paste exceeded the required limit of non-hazardous waste. The excessive leaching of 

these two metals can be related to the waste glass present in MSWI bottom ash, as As2O3 and 

Sb2O3 are usually used in the glass industry as fining agents to lighten glass and remove air 

bubbles [171]. When the pH of the activator became higher, more heavy metals would leach 

out from alkali-activated MSWI bottom ash paste, especially for the elements that were 

initially present in waste glass particles [29]. Zhu et al. [168] also found that alkali activation 

of the waste glass present in MSWI bottom ash promoted the leaching of Zn, Ni, Pb, and Cr, 

as compared with the leaching of unreacted waste glass. 

2.7.3 AAM prepared with MSWI bottom ash and other industrial by-products as 

precursor 

In previous studies, MSWI bottom ash was used together with other industrial by-products to 

prepare alkali-activated materials (see Table A 3). These industrial by-products include blast 

furnace slag [131,157,172–174], metakaolin [158,175], coal fly ash [176], waste glass [91], and 

secondary aluminum recycling by-product (PAVAL®) [177]. Compared with waste glass and 

PAVAL®, blast furnace slag, metakaolin, and coal fly ash are more commonly used AAM 

precursors [43,44]. Waste glass was used by Xuan et al. [91] to increase the content of reactive 

SiO2 in MSWI bottom ash-based AAM. The PAVAL® was used by Maldonado-Alameda et al. 
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[177] to compensate for the Al2O3 deficiency in MSWI bottom ash-based AAM. Binary AAM 

systems, including MSWI bottom ash-BFS, MSWI bottom ash-metakaolin, and MSWI bottom 

ash-coal fly ash, are discussed in the following section.  

MSWI bottom ash and blast furnace slag  

Blast furnace slag was used to partially replace MSWI bottom ash to increase the compressive 

strength of alkali-activated MSWI bottom ash. Huang et al. [157] found that the content of 

active calcium in BFS was more than two times as much as that in MSWI bottom ash. Replacing 

MSWI bottom ash with BFS can increase the active CaO content in the precursor, which is 

beneficial to the strength development of AAM. However, the residual metallic Al in MSWI 

bottom ash always leads to a strength decrease. This risk can be eliminated by treating MSWI 

bottom ash in NaOH solution [131,157,172–174,178]. The MSWI bottom ash slurry obtained 

after NaOH solution treatment can be used directly to prepare AAM. Huang et al. [131] used 

thermally treated MSWI bottom ash as precursor to prepare alkali-activated mortars. NaOH 

solution treatment was used to reduce the metallic Al content in thermally treated MSWI 

bottom ash. In the end, the alkali-activated MSWI bottom ash mortar exhibited no volume 

expansion and had a 28-day compressive strength of 13.6 MPa. After replacing 40 wt.% MSWI 

bottom ash with BFS, the compressive strength of alkali-activated mortar increased by around 

200 %.  

The compressive strength of AAM prepared with blends of MSWI bottom ash and BFS not only 

depends on the metallic Al content of MSWI bottom ash and the mass ratios between MSWI 

bottom ash and BFS, but also on the type of activator and the curing conditions. Sealed curing 

at room temperature is found to be the optimal curing condition for the alkali-activated mortar 

prepared with MSWI bottom ash and BFS [172]. Compared with NaOH solution and water 

glass solution, a mixture of NaOH solution and water glass solution is more suitable for 

activating blends of MSWI bottom ash and BFS. More C-S-H and C-A-S-H gels are formed when 

the mixture of NaOH solution and Na2SiO3 solution is used as activator, resulting in a higher 

compressive strength [157,174]. Besides, the compressive strength of alkali-activated mortar 

prepared with blends of MSWI bottom ash and BFS can be optimized by modifying the molar 

ratio between SiO2 and Na2O in the mixture of NaOH solution and Na2SiO3 solution. For the 

alkali-activate mortar prepared with 60 wt.% MSWI bottom ash and 40 wt.% BFS, the highest 

compressive strength can be obtained at the SiO2 to Na2O molar ratio of 1.04 [157].  

MSWI bottom ash and metakaolin  

Lancellotti et al. [158] studied the possibility of using MSWI bottom ash as an alternative to 

metakaolin for the preparation of alkali-activated paste. The maximum replacement level of 

MSWI bottom ash was 70 wt.%. The sample failed upon demolding when more than 70 wt.% 

metakaolin was replaced by MSWI bottom ash. According to SEM-EDS analysis, the mass ratio 

of Si/Al in the gel phases formed in alkali-activated MSWI bottom ash-metakaolin paste 

increased from 2.5 to 3.36 when the replacement level of MSWI bottom ash increased from 

50 wt.% to 70 wt. %. This test result indicated that the Si ions dissolved from MSWI bottom 

ash could participate in the formation of gel phases [158]. 
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Zhu et al. [175] used the metallic Al-containing MSWI bottom ash as a gas-foaming agent to 

prepare aerated alkali-activated metakaolin paste. MSWI bottom ash was regarded as an 

alternative to Al powder rather than a replacement for metakaolin. The aeration capacity of 

MSWI bottom ash was about 1/250 that of Al powder. The rheological properties of alkali-

activated metakaolin were almost independent of the incorporation of Al powder. In 

comparison, the addition of MSWI bottom ash delayed the setting and remarkably increased 

the yield stress and viscosity of the fresh paste. The porous alkali-activated metakaolin paste 

with MSWI bottom ash as a foaming agent showed similar compressive strength and thermal 

conductivity to that prepared with metallic Al. 

MSWI bottom ash and coal fly ash 

Wongsa et al. [176] used MSWI bottom ash to replace Class F coal fly ash for the preparation 

of alkali-activated mortar. This MSWI bottom ash was derived from the combustion of dry 

branches, paper, and dry leaves collected at a Thai university. The compressive strength of 

alkali-activated mortar decreased as the percentages of MSWI bottom ash increased from 20 

to 40 wt. % in the precursor. The 28-day compressive strength of alkali-activated mortar 

increased by 26 % when 20 wt.% Class F coal fly ash was replaced by MSWI bottom ash. At a 

replacement level of 40 wt.%, the compressive strength of alkali-activated MSWI bottom ash-

Class F coal fly ash mortar was still slightly higher than the alkali-activated coal fly ash mortar. 

The higher compressive strength of alkali-activated MSWI bottom ash-Class F coal fly ash 

mortar was attributed to the small particle size and high CaO content of MSWI bottom ash. 

The average particle size of MSWI bottom ash was 5.15 μm, much smaller than that of Class 

F coal fly ash (32.58 μm). MSWI bottom ash contained 38.1 wt.% CaO, more than two times 

the CaO content in Class F coal fly ash (14.5 wt.%). Blending MSWI bottom ash with Class F 

coal fly ash increased the CaO content in the precursor, promoting the formation of C-S-H gel 

[176].  

2.8 Environmental impacts of construction materials prepared with MSWI 

bottom ash  

Previous life cycle impact assessment (LCIA) results have indicated that using MSWI bottom 

ash to replace Portland cement [149] or to prepare AAM is environmentally beneficial [179]. 

There are, however, very few studies in this area [149,179], and life cycle assessment (LCA) is 

usually performed using the cradle-to-gate method according to ISO 14040 (2006) [180].  

Alderete et al. [149] reported that replacing 20 wt.% Portland cement with MSWI bottom ash 

reduced the environmental impacts of Portland cement concrete in all categories, including 

global warming, abiotic resource depletion, ozone layer depletion, photochemical ozone 

creation, acidification of soil and water, eutrophication, human toxicity, and ecotoxicity. The 

compressive strength and durability of MSWI bottom ash blended cement concretes were 

similar to that of Portland cement concrete. It should be noted that (semi-)industrial-scale 

treatments were performed on MSWI bottom ash prior to its use as SCM, but the 

environmental impacts of these treatments were neglected during the life cycle assessments 

[149].  
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Torelli [179] assessed the environmental impacts of alkali-activated mortars with their 

precursor consisting of a blend of 40 wt.% MSWI bottom ash and 60 wt.% Class F coal fly ash 

[176] or a mixture of 60 wt.% MSWI bottom ash and 40 wt.% BFS [157,172]. The mix designs 

of the alkali-activated mortars were proposed by Wongsa et al. [176] and Huang et al. 

[157,172], respectively. For life cycle assessment, the MSWI bottom ash used by Wongsa et 

al. [176] and Huang et al. [157,172] were assumed to be the same. The life cycle inventory 

(LCI) data of MSWI bottom ash was obtained by assessing the environmental impacts of the 

plant-scale treatments required to transform freshly quenched MSWI bottom ash into fine 

powders suitable for being used as AAM precursor. The data about the plant-scale treatments 

was directly taken from the literature. The LCIA results showed that MSWI bottom ash 

blended alkali-activated mortars had a significantly lower impact on global warming than 

Portland cement mortar with the same compressive strength. However, the alkali-activated 

mortars had higher environmental footprints in other impact categories, including abiotic 

depletion, ozone layer depletion, photochemical oxidation, acidification, and eutrophication. 

Among all the constituents of alkali-activated mortars, Class F coal fly ash and BFS were the 

main contributors to these environmental impact categories [179].  

2.9 Summary of literature studies 

In this chapter, a comprehensive overview was given of studies related to the utilization of 

municipal solid waste incineration (MSWI) bottom ash as supplementary cementitious 

material (SCM) and precursor for alkali-activated materials (AAM). The summary of the 

literature studies is presented below.  

• Due to its heterogeneous composition and high risk of heavy metal leaching, fresh bottom 

ash collected from MSWI plants cannot be directly used as an ingredient for building 

materials. Quality-upgrade treatments, such as plant-scale treatments and lab-scale 

treatments, are performed on fresh MSWI bottom ash to make it suitable to be used as 

SCM and AAM precursor. 

• Compared with fresh MSWI bottom ash, weathered MSWI bottom ash obtained after 

plant-scale treatments usually has a more stable mineralogical composition and lower 

leaching of contaminants into the environment. Weathered MSWI bottom ash produced 

in different regions shows common features. The chemical composition of weathered 

MSWI bottom ash varies within the same range as that of coal fly ash. The crystalline 

phases fall within 11 mineral groups. Most weathered MSWI bottom ash has more than 

50 wt.% amorphous phase.  

• Most of the MSWI bottom ash sent to the laboratory is produced after plant-scale 

treatments of fresh MSWI bottom ash. The lab-scale treatments include mechanical 

treatments, chemical treatments, and thermal treatments. All these methods can be used 

to reduce the metallic Al content in MSWI bottom ash. In addition to metallic Al content 

reduction, mechanical treatments can also reduce the particle size of MSWI bottom ash. 

Thermal treatments can increase the reactivity of MSWI bottom ash and reduce the 

contents of organics. 
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• The reactivity of MSWI bottom ash as SCM and AAM precursor can be similar to that of 

Class F coal fly ash. Pozzolanic reaction products of MSWI bottom ash are C-S-H, similar to 

those formed during cement hydration. Alkali activation of MSWI bottom ash mainly leads 

to the formation of amorphous gel phases, including C-S-H, C-A-S-H, and N-A-S-H.  

• Factors that influence the properties of MSWI bottom ash blended cement pastes, 

mortars, or concretes include the metallic Al content, pozzolanic reactivity, particle size, 

and replacement level of MSWI bottom ash and the water-to-binder ratio used in the 

mixture. For replacement levels ranging from 5-30 wt.%, the concentrations of heavy 

metals in the leachates of samples prepared with MSWI bottom ash as SCM are lower than 

the upper limits set by the government. The replacement of Portland cement with MSWI 

bottom ash will hinder cement hydration and strength development at early ages.  

• Factors that influence the properties of alkali-activated MSWI bottom ash are the metallic 

Al content and reactivity of MSWI bottom ash, the type of activator, and the curing 

condition. In most cases, the leaching of heavy metals from alkali-activated MSWI bottom 

ash is more severe than from unreacted MSWI bottom ash. Leaching of some heavy metals 

from alkali-activated MSWI bottom ash could exceed the regulatory upper limit. In 

previous research, MSWI bottom ash was also blended with other types of precursors to 

prepare AAM, such as blast furnace slag, metakaolin, and coal fly ash.  

• Previous studies indicated that construction materials prepared with MSWI bottom ash as 

SCM and AAM precursor had lower environmental impacts than Portland cement-based 

construction materials.  

2.10 Challenges of using MSWI bottom ash as SCM and AAM precursor 

Although a lot of research has been carried out to promote the use of MSWI bottom ash as 

SCM and AAM precursor, there are many challenges that need to be solved before the 

industrial application of MSWI bottom ash as a mineral resource for building materials can be 

realized.  

• Previous studies were performed on locally produced MSWI bottom ash. Although 

different methods have been proposed to improve the quality of MSWI bottom ash, there 

is no systematic guidance for the quality-upgrade treatments of MSWI bottom ash. The 

reaction of MSWI bottom ash during the quality-upgrade treatments has rarely been 

studied in previous research.  

• In previous research, the reactivity of MSWI bottom ash and the leaching of contaminants 

from MSWI bottom ash were not always measured before its application as SCM or AAM 

precursor. The link between the chemical composition of the amorphous phase and the 

reactivity of MSWI bottom ash remains unknown. When MSWI bottom ash was used to 

prepare blended cement pastes or alkali-activated pastes, the mix design was not based 

on the reactivity or the leaching potential (6) of MSWI bottom ash but on the mechanical 

properties of the construction materials. The mix design proposed for one type of MSWI 

bottom ash cannot be directly used to prepare blended cement pastes or alkali-activated 

pastes with another type of MSWI bottom ash.  

(6) Leaching potential refers to the likelihood of contaminants leaching from solids into the environment.  
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• Previous research mainly focused on the engineering properties of construction materials 

prepared with MSWI bottom ash as SCM and AAM precursor. The reaction kinetics and 

microstructure of blended cement paste and alkali-activated pastes determine the 

engineering properties of construction materials. A scientific understanding of the 

reaction of MSWI bottom ash in blended cement pastes and AAM is required to reveal the 

effects of MSWI bottom ash on the reaction kinetics and microstructure formation.  

• Environmental impacts of the construction materials prepared with MSWI bottom ash as 

SCM and AAM precursor are strongly influenced by the quality-upgrade treatments of 

MSWI bottom ash and the mix design. It is always required to evaluate the environmental 

impacts of produced construction materials to check whether these products are 

environmentally friendly.  
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Chapter 3  

 

Characterization and mechanical treatments of 
as-received MSWI bottom ash 

 

 

 
Highlights 

• As-received MSWI bottom ash cannot be directly used to prepare blended cement 

pastes or alkali-activated pastes, due to its large particle size and metallic Al content. 

• Mechanical treatments can effectively reduce the particle size and metallic Al content 

of as-received MSWI bottom ash. 

• The maximum amount of metallic Al that can be removed via mechanical treatments 

depends on the parameter settings and the distribution of metallic Al in different size 

fractions of as-received MSWI bottom ash. 
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3.1 Introduction 

This chapter is about the characterization and mechanical treatments of as-received 

municipal solid waste incineration (MSWI) bottom ash. The goal is to identify and resolve the 

issues that hinder the application of as-received MSWI bottom ash as supplementary 

cementitious material (SCM) and precursor for alkali-activated materials (AAM). Previous 

research indicates that MSWI bottom ash usually has heterogeneous compositions and can 

contain metallic Al (see Chapter 2). When MSWI bottom ash was used as SCM or AAM 

precursor, the metallic Al embedded in MSWI bottom ash particles would oxidize. The 

hydrogen gas released from the oxidation of metallic Al would lead to volume expansion and 

strength reduction [53,54].  

The particle size distribution, metallic Al content, and chemical and mineralogical 

compositions are usually measured for the characterization of weathered MSWI bottom ash 

(see Chapter 2). To the best of our knowledge, the distribution of metallic Al among different 

size fractions of weathered MSWI bottom ash particles has not been comprehensively studied 

yet. In previous research, only the metallic Al embedded in fresh MSWI bottom ash particles 

was studied [55,63]. However, the distribution of metallic Al in fresh MSWI bottom ash 

particles differs from that in weathered MSWI bottom ash particles. The weathered MSWI 

bottom ash is obtained after the weathering of fresh MSWI bottom ash (see Chapter 2). As a 

result of weathering, part of the metallic Al embedded in fresh MSWI bottom ash is oxidized. 

A significant reduction in metallic aluminum content was detected after weathering [56,85].   

As summarized in Chapter 2, different methods have been proposed by previous researchers 

to improve the quality of MSWI bottom ash. The particle size of MSWI bottom ash is usually 

reduced via mechanical treatments consisting of grinding and sieving. Due to size reduction, 

the homogeneity in the compositions of MSWI bottom ash is also increased after mechanical 

treatments. Metallic Al can be separated from MSWI bottom ash by sieving during mechanical 

treatments. Other methods used to reduce the metallic Al content in MSWI bottom ash 

include chemical treatments (e.g., water treatment and NaOH solution treatment) and 

thermal treatments.  

Mechanical treatments have advantages over chemical treatments. Mechanical treatments 

are usually performed at room temperature, and no wastewater is discharged during this 

process. In comparison, water treatment needs to combine with thermal treatments to 

accelerate the oxidation rate of metallic Al and, meanwhile, evaporate the water added for 

the treatments [56]. The residual alkalis in NaOH solution-treated MSWI bottom ash need to 

be removed for the application as SCM, leading to the discharge of wastewater [126,130].  

The cost of thermal treatments can be higher than that of mechanical treatments. During 

thermal treatments, the heating temperature needs to reach 1000 °C to oxidize more than 90 

wt.% of the metallic Al in MSWI bottom ash [54,128]. Due to the agglomeration of particles, 

additional mechanical treatments are employed to reduce the particle size and make 

thermally treated MSWI bottom ash suitable for the application of SCM and AAM precursor 

[54,128].  
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This chapter consists of three parts (Figure 3.1):  

• Part 1 is to study the heterogeneity in the compositions of as-received MSWI bottom ash. 

The MSWI bottom ash particles of different sizes are compared regarding their chemical 

and mineralogical compositions.  

• Part 2 is to study the metallic Al in as-received MSWI bottom ash. The distribution of 

metallic Al among different size fractions is measured. The particles that contain metallic 

Al are characterized to investigate the metallic Al embedded in MSWI bottom ash 

particles.  

• In part 3, the mechanical treatments are selected to improve the quality of as-received 

MSWI bottom ash according to the information obtained in part 1 and part 2. The extent 

to which the metallic Al can be removed via mechanical treatments is discussed. 

 

Figure 3.1 The content of this chapter. 
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3.2 Materials and methods 

3.2.1 Materials  

As-received MSWI bottom ash has a particle size below 1.6 mm (Figure 3.2 (a)). This raw 

material was obtained by crushing 4 - 11 mm MSWI bottom ash aggregates (Figure 3.2 (b)) 

with Retsch® BB100. The crushing process was performed in a way similar to that employed 

by Van de Wouw [181]. The MSWI bottom ash aggregates were produced in a Dutch waste-

to-energy plant. The plant-scale treatments of MSWI bottom ash aggregates followed the 

strategy described by Keulen et al. [84], where the MSWI bottom ash was treated with dry 

separation, wet separation, and weathering. Most of the ferrous and non-ferrous metals were 

extracted during the dry separation process. The organic and inorganic leachable 

contaminants were removed in the wet separation process. The weathering process took 

around 3 months, and the goal was to immobilize heavy metals. After plant-scale treatments, 

the heavy metal leaching of MSWI bottom ash aggregates complied with the open (granular) 

application criteria of the Dutch Soil Quality Decree [84,182].  

 

Figure 3.2 Images of (a) as-received MSWI bottom ash and (b) MSWI bottom ash aggregates. 

3.2.2 Characterization techniques 

3.2.2.1 Chemical composition 

The Panalytical Axio Max WD-XRF spectrometer was used to measure the chemical 

composition of as-received and treated MSWI bottom ash. The test samples were ground to 

a size smaller than 63 µm with planetary ball mill (Retsch® PM 100) before the X-ray 

fluorescence (XRF) measurements.  

The unburned organic content in as-received MSWI bottom ash was also measured. This 

organic content, referred to as loss on ignition (LOI), was measured according to NEN-EN 

1744-7 (2010) [183] at 550 ˚C. 

3.2.2.2 Mineralogical composition 

The mineralogical composition of as-received and treated MSWI bottom ash was determined 

by X-ray diffraction (XRD) techniques using Bruker D8 Advance diffractometer. For the XRD 



P a g e  | 42                                                              C h a p t e r | 3  

 

analysis, the samples were first ground to a particle size smaller than 63 µm. Afterward, the 

ground samples were manually milled in agate mortar to ensure that their particle size was 

between 1 - 5 µm. The mineral phases of the samples were identified with Bruker software 

DiffracSuite.EVA 4.3. The mineralogical composition analysis of the metal scraps obtained 

after the treatments of as-received MSWI bottom ash (Figure 3.14) follows the same 

procedure as that of treated MSWI bottom ash.  

For the quantitative XRD analysis (QXRD), ten percent (10 wt.%) of silicon powder was mixed 

with test samples during the sample preparation process. The content of each mineral phase 

was estimated by using the Rietveld method with the software Profex-BGMN [184]. The 

crystal structure models taken from the Inorganic Crystal Structure Database (ICSD) were used 

to fit the observed XRD pattern. The content of amorphous and crystal phases was 

determined by normalizing measured XRD patterns on an equal-silicon-intensity basis. 

3.2.2.3 Metallic Al content 

Figure 3.3 illustrates the set-up used for the measurement of metallic Al content in as-

received MSWI bottom ash. The metallic Al content in the metal scraps separated from as-

received MSWI bottom ash is determined in the same way. The water displacement method 

is used for the experimental design [74]. The MSWI bottom ash is immersed in the NaOH 

solution. The hydrogen gas released from the reaction between metallic Al and NaOH solution 

in the three-neck round-bottom flask is first led to a U-shaped drying tube to subtract the 

contribution of water vapor. Afterward, due to pressure increase, the hydrogen gas displaces 

the water inside the wide mouth stoppered glass bottle. The volume of yielded hydrogen gas 

equals the volume of water that goes up in the graduated cylinder.  

 

Figure 3.3 Set-up used for the measurement of metallic Al content in MSWI bottom ash. 

The water displacement method cannot distinguish the hydrogen gas (H2 gas) released from 

the reaction of metallic Al and the reaction of metallic Zn. In our preliminary research, metallic 

Zn was hardly detected. A similar observation that the metallic Zn content was much less than 

metallic Al was reported in the literature for the MSWI bottom ash produced in the 

Netherlands [185,186]. Therefore, in the calculation, all the H2 gas collected was attributed to 

the reaction of metallic Al, and the contribution of metallic Zn to the release of the H2 gas was 
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neglected. The chemical reaction between metallic Al and NaOH solution is described in Eq. 

3.1. The weight percentage of metallic Al in MSWI bottom ash (𝑓𝐴𝑙) was calculated with Eq. 

3.2. In Eq. 3.2, ΔV corresponds to the volume of hydrogen gas measured at room temperature 

𝑇  in Celsius degree, 𝑉0  represents the molar gas volume at standard pressure and 

temperature (𝑃0 = 101.3kPa, 𝑇0 = 273𝐾), 𝑀𝐴𝑙  is the molar mass of aluminum, and 𝑚𝐵𝐴 

stands for the mass of MSWI bottom ash. 

2Al + 2NaOH + 6H2O → 2Na[Al(OH)4] + 3H2 ↑       pH > 11. Eq. 3.1 

𝑓𝐴𝑙 =
2ΔV(

273

273+𝑇
)

3𝑉0
 

𝑀𝐴𝑙

𝑚𝐵𝐴
  

Eq. 3.2 

3.2.2.4 Metallic Al embedded in MSWI bottom ash particles 

The Energy Dispersive X-rays spectroscopy (EDS) combined with scanning electron microscopy 

(SEM) was used to measure the elemental distribution within MSWI bottom ash particles and 

find the particles that contain metallic Al. The size fraction of 0.5 - 1.6 mm was selected for 

this analysis because it has the highest metallic Al content. More explanations for this 

selection will be presented in section 3.3.3.1. As for SEM sample preparation, several hundred 

randomly selected MSWI bottom ash particles were mounted in epoxy resin (see Figure 3.4). 

The mold was a polyethylene bottle with a diameter of 35 mm. For the sake of avoiding 

metallic Al oxidation, mounted samples were ground and polished to a flat surface using 

isopropanol in a N2 - atmosphere glove box. Afterward, the polished samples were coated 

with a thin layer of carbon (around 10 nm) to improve their conductivity under a high vacuum. 

The samples were analyzed using FEI QUANTA FEG 650 ESEM. The accelerating voltage and 

working distance of the measurement were set as 15 kV and 10 mm, respectively. 

 

Figure 3.4 Image of SEM sample prepared for metallic Al analysis. 

The optimal microscope settings for microanalysis were determined with Monte Carlo 

simulation in WinCasino v2.51 software. In the microanalysis, the phases of interest are 

metallic Al (including alloys of Al) and the oxidized Al (Al2O3 and Al(OH)3). Figure 3.5 provides 

visual depictions of the lateral extent of the X-ray interaction volume of metallic Al, aluminum 

oxides (Al2O3), and aluminum hydroxides (Al(OH)3). The pixel size (2 µm) selected is close to 

the lateral dimension of the interaction volume of metallic Al. A pixel scan field of 512 × 340 

was selected for elemental mapping. The spectral imaging (SI) data sets (atomic percentage) 
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were acquired for the identification of metallic Al, aluminum oxide, and aluminum hydroxide 

in image analysis.  

 

Figure 3.5 Monte Carlo simulation of the penetration of 1000 electrons accelerated at 15 keV in a 
beam of a radius of 10 nm into (a) metallic Al, (b) Al2O3, and (c) Al(OH)3, all shown at the same scale. 

(Red trajectories for Backscattered electrons, and blue trajectories for absorbed electrons). 

 

 

Figure 3.6 The process of image analysis for metallic Al containing MSWI bottom ash particles. 

The process of image analysis used in this work is illustrated in Figure 3.6. The first step was 

phase segmentation, which was carried out following Otsu’s method [187]. The image 

thresholding was performed on the atomic ratio between oxygen and aluminum (O/Al) at 
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each pixel location of the SEM images. The regions enriched with the phases, including 

metallic Al (Al), oxidized Al (Al-O), and Al alloy (e.g., Al-Fe or Al-Cu), were identified in the SEM 

images of MSWI bottom ash particles. For each segmented phase, their area percentage, 

average composition, and average O/Al ratio were calculated based on the information of 

corresponding pixels. In step two, the presence of Al2O3 and Al(OH)3 in segmented oxidized Al 

phase was demonstrated by creating density plots. Each point in the density plots represented 

the atomic percentages of Al and O at each pixel in the region of the Al-O phase. The density 

plots were colored according to the number of points in each area.  

3.3 Results and discussion of as-received MSWI bottom ash 

characterization 

3.3.1 Particle size distribution of as-received MSWI bottom ash  

As-received MSWI bottom ash was sieved into five size fractions to study the heterogeneity 

in its composition. These size fractions are 0.5 - 1.6 mm, 0.25 - 0.5 mm, 0.125 - 0.25 mm, 0.063 

- 0.125 mm, and < 0.063 mm. The images of all these size fractions are illustrated in Figure 

3.7, where the proportion of each size group in the MSWI bottom ash is also indicated. 

Regarding particle size distribution, the 0.5 - 1.6 mm size fraction constitutes around 50 wt.% 

of as-received MSWI bottom ash. The MSWI bottom ash with particle size between 0.063 mm 

and 0.125 mm accounts for the lowest proportion (less than 10 wt.%) among all the size 

fractions. For the remaining three size fractions, < 0.063 mm, 0.125 - 0.25 mm, and 0.25 - 0.5 

mm, their percentages are all between 10 - 20 wt.%. 

  

Figure 3.7 Different size fractions of as-received MSWI bottom ash (< 1.6 mm) and corresponding 
weight percentages. 
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3.3.2 Compositions of as-received MSWI bottom ash 

3.3.2.1 Chemical composition 

The chemical composition of the coarse and fine particles in as-received MSWI bottom ash are 

compared in Figure 3.8. The detailed XRF results can be found in Table B 1. Overall, the 

chemical composition of as-received MSWI bottom ash falls within the same range as the 

weathered MSWI bottom ash used by previous researchers (see Chapter 2). Figure 3.8 (a) 

shows that the main components within all size groups of MSWI bottom ash are SiO2, CaO, 

Al2O3, and Fe2O3. The SiO2 accounts for the highest proportion in each size fraction, ranging 

from 42.31 to 53.17 wt.% (see Table B 1).  

 

Figure 3.8 Comparison among the XRF results of different size fractions in as-received MSWI bottom 
ash. 
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The content of CaO, Al2O3, or Fe2O3 varies slightly among different size fractions (see Figure 

3.8 (a)). As listed in Table B 1, the CaO content changes from 12.67 to 14.42 wt.%. The Al2O3 

content is within the range of 9 - 13 wt.%. The Fe2O3 content is between 8 and 10 wt.%. 

Comparatively, Figure 3.8 (a) shows that the SiO2 and Na2O contents tend to decrease from 

the large size fraction (0.5-1.6 mm) to the small size fraction (<0.063 mm). The SO3 and Cl are 

concentrated in the smaller particles of MSWI bottom ash. The total amount of heavy metal 

compounds detected in the < 0.063 mm size fraction is much higher than in the coarser 

fractions. The content of each heavy metal compound can be found in Figure 3.8 (b). The 

fraction containing particles smaller than 0.063 mm has the highest unburned organic content 

(LOI), more than six times that detected in the 0.5 - 1.6 mm size fraction.  

3.3.2.2 Mineralogical composition 

The mineral phases detected in as-received MSWI bottom ash, together with their formulae 

and ICSD codes, are listed in Table 3.1. The proportions of the mineral phases identified in the 

individual size fraction of as-received MSWI bottom ash are listed in Table B 2. Compared with 

the weathered MSWI bottom ash used by previous researchers, the mineralogical 

compositions of as-received MSWI bottom ash vary within the same range (see Chapter 2). 

The QXRD results of different size fractions are compared in Figure 3.9. This figure indicates 

that MSWI bottom ash with different particle sizes has almost the same phase assemblages. 

Regardless of the particle size, the amorphous phase accounts for the highest percentage (see 

Figure 3.9 (a)). The content of the amorphous phase fluctuates around 65 wt.% across all size 

fractions (Table B 2).  

Table 3.1 Mineral phases present in MSWI bottom ash. 

Classifications Phases Formulae ICSD codes 

Silicon dioxide 
Quartz SiO2 541929 

Cristobalite SiO2 1251919 

Iron oxides 

Magnetite Fe3O4 92356 

Hematite Fe2O3 453828 

Wustite FeO 309924 

Silicates 

Gehlenite Ca2 Al2 Si O7 1411155 

Albite NaAlSi3O8 1402109 

Orthopyroxene Ca0.02 Mg0.30 Fe0.68 Si O3 1615622 

Diopside CaMg0.69Fe0.31Si2O6 77809 

Wollastonite CaSiO3 1253098 

Carbonates Calcite CaCO3 1611066 

Minor crystalline phases 

Anhydrite CaSO4 16382 

Halite NaCl 311644 

Whitlockite Ca18.16 Fe0.4 H1.68 Mg1.6 ( P O4 )14 23598 

Phosphammite H ( N H4 )2 ( P O4 ) 1401715 

Corundum Al2O3 527601 

Goethite FeO(OH) 71810 

Gibbsite Al(OH)3 1005040 

Aluminum Al 251015 

Iron Fe 1503158 
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Figure 3.9 Comparison among the QXRD results of different size fractions in as-received MSWI 
bottom ash. 
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As illustrated in Figure 3.9 (a), quartz, cristobalite, silicates (including gehlenite, albite, 

orthopyroxene, diopside, and wollastonite), calcites, and iron oxides (including magnetite, 

hematite, and wustite), are the primary crystalline phases in MSWI bottom ash. Quartz 

constitutes the highest proportion among all the crystals in each size fraction, ranging from 

11.5 to 17.3 wt.%, while cristobalite is present in trace amounts. Silicates are the second major 

phase in as-received MSWI bottom ash. The total content of silicates is the highest in the 0.5 

- 1.6 mm size fraction. The contents of the crystalline phases that belong to silicates are 

presented in Figure 3.9 (b). The calcite content increases with the decrease of particle size 

(see Figure 3.9 (a)). MSWI bottom ash with a particle size smaller than 0.063 mm has the 

highest percentage of calcite, up to 6.1 wt.%. Comparatively, the bottom ash with particle size 

between 0.5 and 1.6 mm has the smallest percentage of calcite, below 1.3 wt.%. The contents 

of iron oxides are very small (< 1.2 wt.%) in all size fractions of as-received MSWI bottom ash 

(Table B 2) 

Apart from the primary crystalline phases, other crystalline phases detected in as-received 

MSWI bottom ash are referred to as the minor crystalline phase, as shown in Figure 3.9 (a). 

The content of each minor crystalline phase can be found in Figure 3.9 (c). Figure 3.9 (c) 

indicates that the fraction of 0.5 - 1.6 mm has the highest percentage of metallic Al. The 

corundum content exceeds 1 wt.% only in the 0.5 - 1.6 mm size fraction (see Table B 2). In 

comparison, the content of gibbsite, the aluminum hydroxide, is around 0.5 wt.% in each size 

fraction. Corundum and gibbsites usually form due to the hydrolysis of metallic Al during the 

weathering process [17,71,109,113]. The metallic Al embedded in as-received MSWI bottom 

ash particles will be further studied in the following section.  
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3.3.3 Characterization of metallic Al in as-received MSWI bottom ash 

3.3.3.1 Distribution of metallic Al among different size fractions 

The distribution of metallic Al was studied by measuring the metallic Al content in each size 

fraction and finding the size fraction with the highest percentage of metallic Al in as-received 

MSWI bottom ash. As shown in Figure 3.10 (a), the metallic Al content decreases from 0.71 

wt.% in 0.5 - 1.6 mm size fraction to almost zero in the size fraction below 0.063 mm. Figure 

3.10 (b) indicates that 73 wt.% of the metallic Al detected in as-received MSWI bottom ash is 

embedded in particles of 0.5 - 1.6 mm. The particles larger than 0.25 mm contain around 90 

wt.% of the metallic Al in as-received MSWI bottom ash. Considering the distribution of 

metallic Al among different size fractions, removing metallic Al from the coarse particles (> 

0.25 mm) is of high importance for the metallic Al content reduction in as-received MSWI 

bottom ash.  

 

Figure 3.10 Distribution of metallic Al among different size fractions of as-received MSWI bottom 
ash.  

3.3.3.2 MSWI bottom ash particles containing metallic Al 

As discussed in section 3.3.3.1, the 0.5 - 1.6 mm size fraction contains the highest percentage 

of metallic Al in as-received MSWI bottom ash. Therefore, the particles within this size fraction 

were chosen to investigate the metallic Al embedded in MSWI bottom ash particles. In our 

preliminary study, the large area phase mapping analysis was performed with SEM-EDS for all 

MSWI bottom ash particles mounted in the epoxy (see Figure 3.4). The analysis results 

indicated that most of the particles in the 0.5 - 1.6 mm size fraction did not contain metallic 

Al. The metallic Al was only found in a few MSWI bottom ash particles with characteristic 

features. 

Two typical examples of the MSWI bottom ash particles containing metallic Al are illustrated 

in Figure 3.11 (particle 1) and Figure 3.12 (particle 2). Figure 3.11 (a) and Figure 3.12 (a) are 

the backscattered electron (BSE) images of these two particles. The element maps shown in 

Figure 3.11 (b)-(d) and Figure 3.12 (b)-(e) reveal the distribution of the major elements (Al, O, 

Fe, Mg) within MSWI bottom ash particles. After phase segmentation, the distribution of 

metallic Al in MSWI bottom ash particles is visualized in Figure 3.11 (e) and Figure 3.12 (f). The 
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area colored with blue, dark yellow, and purple corresponds to the phase identified as metallic 

Al (Al), oxidized Al (Al-O), and Al-Fe alloy (Al-Fe), respectively. The average O/Al atomic ratio 

and average composition of each phase are listed in Table 3.2. The average elemental 

composition is the mean value of the atomic percentages of each element measured at all 

pixel locations for each colored area labeled in Figure 3.11 (e) and Figure 3.12 (f).  

Table 3.2 Quantification of segmented phases in particle 1 (Figure 3.11) and particle 2 (Figure 3.12). 

Particle 1 

Phases Area % 
Average O/Al  
atomic ratio 

Average elemental composition (at. %)  

Al O Fe Mg Si 

Al-O 35.22 2.9 29.80 48.84 0.48 0.00 0.51 
Al 23.18 0.4 54.07 9.87 5.98 0.00 1.18 

Al-Fe 0.18 0.0 29.21 0.28 63.31 0.00 0.00 

Particle 2 

Phases Area % 
Average O/Al  
atomic ratio 

Average elemental composition (at. %) 

Al O Fe Mg Si 

Al-O 9.96 2.8 27.19 42.83 0.07 5.73 0.83 
Al 69.15 0.1 72.30 4.00 0.00 2.51 0.59 

Al-Fe 0.02 0.1 48.85 2.15 20.23 0.97 5.84 

 

Phases classified as Metallic Al (Al)  

The phases in particle 1 show different shades of grey in the BSE image (Figure 3.11 (a)). The 

phases in the areas of bright grey (labeled 1) and light grey (labeled 2) were both classified as 

metallic Al and colored dark yellow (see Figure 3.11 (e)). According to the element maps of O 

and Al (Figure 3.11 (b) and (c)), the concentration of Al in the areas of bright grey and light 

grey is high, while the concentration of O is almost zero. However, only the area in light grey 

is composed of 100 % metallic Al. The area in bright grey consists of metallic Al with Fe 

impurities, as the weak signals of Fe are detected in this area (see Figure 3.11 (d)). The metallic 

Al that contains Fe impurities may come from the aluminum beverage cans in municipal solid 

waste [188].  

For particle 2, the phases in the light grey area of the BSE image were categorized as metallic 

Al (Al) in phase segmentation (Figure 3.12 (f)). As illustrated in the element maps of O and Al 

(Figure 3.12 (b) and (c)), Al is highly concentrated in the light grey area, but the O content is 

nearly zero. However, the phase in the light grey area of particle 2 is metallic Al with Mg 

impurities rather than pure metallic Al. The element map of Mg (Figure 3.12 (e)) indicates that 

the phases in this area also incorporate Mg, but the signal of Mg is weak. The metallic Al that 

contains Mg impurities can be scrunched aluminum-magnesium foil initially used for food 

packing [189].  

Quantitative analysis was performed on the recognized Al phase to validate the results of 

phase segmentation. As shown in Table 3.2, the mean value of the O/Al atomic ratio 

calculated at each pixel is close to zero. This result indicates that the recognized Al phase 

mainly consists of metallic Al. The Fe/Al ratio is 0.11 for the Al phase in particle 1, and the 

Mg/Al ratio is 0.03 for the Al phase in particle 2. The low value of these ratios indicates that 

the content of Fe or Mg is much smaller than that of Al in the recognized Al phase, and these 
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two metals are presented as impurities in metallic Al. It can be concluded that the image 

analysis used for the separation of metallic Al is reliable. 

Oxidized Al (Al-O) in the surroundings of metallic Al 

The images obtained after phase segmentation (Figure 3.11 (e) and Figure 3.12 (f)) show that 

metallic Al is surrounded by oxidized Al (colored blue) in MSWI bottom ash particles. In the 

phase segmentation, the phases in the areas mainly composed of Al and O were classified as 

oxidized Al (Al-O). The oxidized Al was found to concentrate in the dark grey area of the BSE 

image of particle 1 (labeled 3) and particle 2 (thin layers). The average of the O/Al atomic ratio 

of the pixels in the group of Al-O in particle 1 and particle 2 is 2.9 and 2.8, respectively (Table 

3.2), which are close to the O/Al atomic ratio of Al(OH)3. 

Since the MSWI bottom ash particles were ground and polished in a N2 atmosphere, the 

oxidation of metallic Al was prevented during the sample preparation process. The oxidized 

Al detected in MSWI bottom ash could be the oxidation product of aluminum cans, sheets, 

and foils in household wastes. During the process of metal recycling, the MSWI bottom ash 

particles are usually crushed into small pieces, resulting in the cracking of metallic Al scraps. 

The exposed surfaces of metallic Al easily react with oxygen and water during the weathering 

process. The oxidized Al can behave as a protective layer preventing the further oxidation of 

metallic Al. 

The content of oxidized Al indicates the oxidation degree of the metallic Al initially embedded 

in MSWI bottom ash. In particle 1, the metallic Al was oxidized to a large extent as oxidized Al 

occupies a large area in the surroundings of metallic Al. The total area percentage of oxidized 

Al is 35.22 %, larger than the area covered by metallic Al (23.18 %). In comparison, only the 

surface of the metallic Al was oxidized in particle 2. The oxidized Al layers of 3 to 15 µm are 

mainly found along the perimeter of the areas of metallic Al. The metallic Al occupies around 

70 % of the area of particle 2, seven times the area of the Al-O phase.  

The possible mineralogical composition of the Al-O phase recognized in phase segmentation 

can be determined with the help of density plots. In the density plots (Figure 3.13), the 

location of each point represents the atomic percentages of Al and O at each pixel location in 

the Al-O phase (Figure 3.11 (e) and Figure 3.12 (f)). The areas in the density plots were colored 

according to the number of points located in the area. The area without points was colored 

dark blue (the relative point density was set at 0). The area with the most densely distributed 

points was shown in bright yellow (the relative point density was set at 1). In the density plot 

of particle 1 and particle 2, the bright yellow region lies between the lines representing the 

O/Al ratio of Al2O3 and Al(OH)3. This observation indicates that the Al-O phase in particle 1 

and particle 2 could be a mixture of Al(OH)3 and Al2O3. This inference is consistent with the 

results of the XRD analysis that both corundum and gibbsite are present in the bottom ash 

particles of 0.5 - 1.6 mm.  
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Figure 3.11. Typical morphology of MSWI bottom ash particle containing metallic Al (particle 1): (a) 
BSE image. (b)-(d) EDS element maps. (e) Image obtained after phase segmentation. 
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Figure 3.12 Typical morphology of MSWI bottom ash particle containing metallic Al (particle 2): (a) 
BSE image. (b)-(e) EDS element maps. (f) Image obtained after phase segmentation. 
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Figure 3.13 Density plot of the pixels representing Al-O phase in (a) particle 1 in Figure 3.11 and (b) 
particle 2 in Figure 3.12. 

Al alloy within metallic Al (Al) 

The phase segmentation results of particle 1 and particle 2 indicate that Al-Fe alloy (colored 

with purple) is scattered in the areas of metallic Al (Figure 3.11 (e) and Figure 3.12 (f)). 

According to the quantitative analysis, the Al-Fe alloy found in MSWI bottom ash particles also 

contains Si (Table 3.2). The detection of Al-Fe-Si alloy in MSWI bottom ash particles was also 

reported by Saffarzadeh et al. [63]. The formation of Al alloy can be induced by the melting of 

metallic Al during waste incineration. The melting point of pure metallic Al is around 660 °C 

[190], lower than the temperature in the waste incinerator (between 700 – 1100 °C) [6]. The 

metallic Al scraps of small size or the surface of large metallic Al scraps will melt during the 

waste incineration process. The formation of the liquidus metallic Al could lead to the 

adherence of the minerals on the surface of metallic Al scraps, as observed in particle 2 (Figure 

3.12 (f)). The presence of Fe and Si could reduce the temperature when metallic Al becomes 

liquid, resulting in the formation of Al-Fe-Si alloy [63].  
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3.4 Mechanical treatments of as-received MSWI bottom ash 

The characterization results of as-received MSWI bottom ash indicate that the large particle 

size and the incorporation of metallic Al are the main factors that inhibit its application as SCM 

and AAM precursor. These issues can be resolved by mechanical treatments, including ball 

milling and sieving (see Figure 3.14).  

Considering the distribution of metallic Al in as-received MSWI bottom ash, the mechanical 

treatments are more suitable than chemical treatments and thermal treatments for the 

reduction of metallic Al content. As presented in section 3.3.3, around 90 wt.% of the metallic 

Al detected in as-received MSWI bottom ash are embedded in particles larger than 0.25 mm. 

The metallic Al in these particles is surrounded by oxidized Al (a mixture of Al2O3 and Al(OH)3), 

which usually functions as a protective layer and prevents the oxidation of metallic Al. The 

oxidation rate of metallic Al can be slow during chemical treatments and thermal treatments. 

It is worth noting that the efficiency of chemical treatments and thermal treatments on the 

oxidation of metallic Al can be improved after the mechanical treatments of as-received MSWI 

bottom ash [30,55]. This is because the grinding of as-received MSWI bottom ash can break 

the oxidized Al layers on the surface of metallic Al.  

In this work, as-received MSWI bottom ash was loaded in the planetary ball mill (Retsch® PM 

100). According to the performance of the ball mill, the grinding speed was set between 200 

and 350 rpm. The milling duration was controlled between 20 and 30 min. Grinding as-

received MSWI bottom ash into powder reduced its particle size, as well as the heterogeneity 

in its composition. The metallic Al was removed by passing ground MSWI bottom ash (GBA) 

through the sieve of 0.063 mm. The MSWI bottom ash powder obtained after sieving is named 

mechanically treated MSWI bottom ash (MBA), as shown in Figure 3.14.  

 

Figure 3.14 The process of mechanical treatments and material separation. 
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3.4.1 Effects of mechanical treatments on the composition of MSWI bottom ash 

As illustrated in Figure 3.15, the XRD patterns of ground MSWI bottom ash and mechanically 

treated MSWI bottom ash are almost the same, indicating that these two have nearly the 

same mineralogical composition. The main difference between GBA and MBA lies in the peaks 

of metallic Al. The metallic Al peak at 2θ of 38.5° in the spectrum of GBA is not observed in 

the XRD spectrum of MBA. This change is mainly caused by the decrease in the metallic Al 

content.  

 

Figure 3.15 XRD spectra of GBA, MBA, and plate-shaped metal scraps. The labels in the spectrum of 
plate-shaped metal scraps: 1. Aluminum, 2.Khatyrkite, 3. Copper, 4. Iron, 5. Quartz, 6. Magnetite.  
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3.4.2 Effectiveness of mechanical treatments on metallic Al removal 

Figure 3.16 (a) depicts the mechanical treatments of as-received MSWI bottom ash at optimal 

milling speed and duration. In the milling process, the brittle minerals were broken into small 

fragments while ductile metals were pressed into plate-shaped scraps. The images of 

separated metal scraps and MBA are shown in Figure 3.16 (a). The plate-shaped metal scraps 

separated from GBA has a diameter of up to 1 mm, much larger than the particle size of MBA. 

The size difference between MBA and metal scraps enables their separation by sieving.  

The metallic Al content in sieved metal scraps is only around 27.8 wt.%. Apart from metallic 

Al, other metals were also separated from as-received MSWI bottom ash during mechanical 

treatments. As shown in Figure 3.15, separated metal scraps consist of aluminum (Al, ICSD 

251015), khatyrkite (Al2Cu, ICSD 42517), copper (Cu, ICSD 261638), and iron (Fe, ICSD 

1503158). In the XRD spectrum of the metal scraps, peaks of quartz (SiO2, ICSD 541929) and 

magnetite (Fe2O3, ICSD 92356), albeit with low intensity, are also observed. 

After mechanical treatments, the metallic Al content decreased from 0.56 wt.% in as-received 

MSWI bottom ash to 0.13 wt.% in MBA. The metallic Al content in MBA is close to that in the 

ground MSWI bottom ash used by Tang et al. [53], Caprai [96], and Alderete et al. [149] for 

the application as SCM, and Chen et al. [54] for the application as AAM precursor. Most 

metallic Al removed by the mechanical treatments is from the 0.5 - 1.6 mm size fraction. The 

metallic Al detected in the 0.5 - 1.6 mm size fraction accounts for 72.9 % of the total weight 

of the metallic Al in as-received MSWI bottom ash. This value is close to the percentage of the 

metallic Al content removed by the mechanical treatments (around 77 %).  

The effects of mechanical treatments on large and small particles of as-received MSWI bottom 

ash are different. During the milling process, the metallic Al embedded in the MSWI bottom 

ash particles of 0.5 - 1.6 mm is more likely to be pressed into plate-shaped scraps. This is 

because metallic Al can occupy up to 70 % of the area in the MSWI bottom ash particle (see 

section 3.3.3.2). As-received MSWI bottom ash mainly consists of mineral phases, while 

metals are only present in trace amounts (see Figure 3.9). As illustrated in Figure 3.16 (b), 

metals can be separated from ground MSWI bottom ash by sieving when the size of metal 

plate-shaped scraps is larger than the mineral particles. 

Compared with metallic Al in the particles of 0.5 -1.6 mm, the size of metallic Al embedded in 

the MSWI bottom ash with particle size smaller than 0.5 mm is also smaller. After grinding, 

these metallic Al scraps easily fall in the same size range as the minerals derived from the 

pulverization of MSWI bottom ash in 0.5 - 1.6 mm size fraction. As shown in Figure 3.16 (c), 

the separation of the metallic Al from ground MSWI bottom ash is difficult when it has a 

particle size similar to that of the mineral particles. From this perspective, most of the residual 

metallic Al detected in MBA is originally embedded in the MSWI bottom ash particles smaller 

than 0.5 mm.  
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Figure 3.16 Illustration of the mechanical removal process of metallic Al: (a) Mechanical treatments 
of as-received MSWI bottom ash particles (mix of all size fractions). (b) Effects of grinding and sieving 

on large MSWI bottom ash particles (c) Effects of grinding and sieving on small MSWI bottom ash 
particles.  
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3.5 Conclusions 

In this chapter, as-received municipal solid waste incineration (MSWI) bottom ash was 

characterized in terms of particle size distribution, chemical and mineralogical compositions, 

and distribution of metallic Al. The characterization results were used in the selection of 

quality-upgrade treatments of as-received MSWI bottom ash. Based on the experimental 

results and analysis, the following conclusions can be drawn:  

• The composition analysis of as-received MSWI bottom ash indicates that the chemical and 

mineralogical composition varies slightly among different size fractions. Around 73 wt.% 

of the metallic Al detected in as-received MSWI bottom ash concentrates in the 0.5 - 1.6 

mm size fraction.  

• The MSWI bottom ash particles containing metallic Al have two typical morphologies. The 

main differences between these two types of particles are the thickness of the oxidized Al 

layers on the surface of metallic Al and the area percentage of metallic Al in the particle. 

The oxidized Al layers consist of Al2O3 and Al(OH)3. 

• The mechanical treatments effectively improved the quality of as-received MSWI bottom 

ash. After mechanical treatments, metallic Al content was reduced by 77 %, and the 

particle size was reduced to below 63 µm. The mechanically treated MSWI bottom ash 

(MBA) with metallic Al content of 0.13 wt.% can be used as supplementary cementitious 

material (SCM) and precursor for alkali-activated materials.  

• In addition to the settings of ball mill, the effectiveness of mechanical treatments on 

metallic Al content reduction is strongly influenced by the distribution of metallic Al in as-

received MSWI bottom ash particles. The key to removing metallic Al by sieving lies in 

creating a size difference between metal scraps and mineral components of as-received 

MSWI bottom ash during the milling process.  

• Most metallic Al removed by mechanical treatments is from 0.5 - 1.6 mm MSWI bottom 

ash particles. The metallic Al embedded in smaller MSWI bottom ash particles is difficult 

to be removed by mechanical treatments.  

 



C h a p t e r | 4                                                            P a g e  | 61 

 

 

  

Chapter 4  

 

Reactivity and leaching potential(6) of 
mechanically treated MSWI bottom ash 

 

 

 
Highlights 

• The reactivity of mechanically treated MSWI bottom ash (MBA) as supplementary 

cementitious material (SCM) and precursor for alkali-activated materials (AAM) is 

determined by the content and chemical composition of its amorphous phase.  

• The method of thermodynamic modeling is very useful for predicting the solid phase 

assemblages and pore solution in alkali-activated MBA paste. The modeling results can 

be used as references for the mix design of MBA-based AAM.  

• Although the leaching of Sb and sulfate from MBA exceeds the allowable upper limits 

prescribed in the standard, this may not be an issue when using MBA as SCM and AAM 

precursor.  

• This chapter provides recommendations for the reactivity assessments of MBA, the 

quality upgrade treatments of MBA, and the mix design of using MBA as SCM and AAM 

precursor.  

(6) Leaching potential refers to the likelihood of contaminants leaching from solids into the environment.  
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4.1 Introduction 

As a follow-up to the mechanical treatments presented in Chapter 3, this chapter deals with 

the reactivity of mechanically treated MSWI bottom ash (MBA) for its application as 

supplementary cementitious material (SCM) and precursor in alkali-activated materials 

(AAM). This chapter provides recommendations about the assessment of the reactivity of 

MBA as SCM and AAM precursor. The reactivity of MBA is compared with that of blast furnace 

slag and Class F coal fly ash. As introduced in Chapter 2, the leaching resistance of MSWI 

bottom ash influences its addition to blended cement and AAM. Therefore, the leaching of 

heavy metals from MBA is also assessed. The findings of this chapter provide a theoretical 

basis for the quality upgrade treatments performed on MBA and the mix design of using MBA 

to prepare the blended cement pastes (in Chapter 5) and alkali-activated materials (in Chapter 

6).  

As discussed in Chapter 2, the reactivity and leaching potential of MSWI bottom ash are 

determined by its chemical and mineralogical compositions. The presence of soluble salts and 

heavy metals in MSWI bottom ash is one of the main factors that inhibit its application as an 

ingredient for construction materials. The amorphous phase is usually regarded as the major 

reactive phase in blast furnace slag and Class F coal fly ash [191,192]. In MSWI bottom ash, 

the amorphous phase, which mainly consists of waste glass particles, is also the primary 

reactive phase [28,168]. Although the content of the amorphous phase was quantified in 

previous work, the chemical composition of the amorphous phase was not determined. Up 

till now, the contribution of the amorphous phase to the reactivity of MSWI bottom ash has 

not been very well understood.  

The application of MSWI bottom ash as SCM and AAM precursor strongly depends on its 

reactivity. At present, different standardized methods have been used to measure the 

pozzolanic reactivity of MSWI bottom ash [48–51,130]. However, there is no standardized 

method for measuring the reactivity of MSWI bottom ash as AAM precursor. The alkali 

activation in AAM is generally considered as a series of reactions involving dissolutions of 

precursors and precipitation of products [193,194]. The dissolution of precursors in alkaline 

solution is the first step in the chemical reaction to form AAM [193,194]. Previous researchers 

assessed the reactivity of MSWI bottom ash as AAM precursor by measuring the amount of 

SiO2 and Al2O3  that can dissolve from MSWI bottom ash in alkaline solutions [47,158]. 

However, this method neglects the contribution of other elements to the reaction product 

formation and thus provides limited information about the reactivity of MSWI bottom ash.  

Thermodynamic modeling combined with accurate and complete thermodynamic databases 

can predict the phase formation in alkali-activated materials [195]. This method has been used 

to simulate the phase diagrams for alkali-activated blast furnace slag, when NaOH, Na2SiO3, 

Na2Si2O5, Na2CO3, or Na2SO4 is used as activator [196]. The phase assemblages and pore 

solution predicted by thermodynamic modeling can be used to guide the mix design of alkali-

activated materials [197]. It is meaningful to explore the possibility of using thermodynamic 

modeling to simulate the phase assemblages and pore solution in alkali-activated MSWI 

bottom ash. The simulation results may provide insight into the reactivity of MSWI bottom 
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ash as AAM precursor and can be used as references for the mix design of alkali-activated 

MSWI bottom ash. 

As mentioned in Chapter 3, the heavy metal leaching of as-received MSWI bottom ash 

complies with the open (granular) application criteria of the Dutch Soil Quality Decree 

[84,182]. However, the mechanical treatments reduced the particle size of as-received MSWI 

bottom ash. The size reduction of MSWI bottom ash can facilitates the leaching of heavy 

metals. Giro-Paloma et al. [79] ground MSWI bottom ash aggregates (0 - 2 mm) into fine 

powder for the application of AAM precursor. The concentrations of As, Cr, Mo, and Sb in the 

leachate of MSWI bottom ash powder almost doubled that in the leachate of MSWI bottom 

ash aggregates. The leaching of contaminants from MSWI bottom ash determines its 

acceptable dosage in blended cement and AAM (see Chapter 2). Therefore, measuring the 

leaching potential of MBA is required prior to its application as SCM and AAM precursor.  

This chapter consists of five parts (Figure 4.1): 

 

Figure 4.1 The content of this chapter.  
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• In part 1, the chemical composition of the amorphous phase in MBA is determined and 

compared with that of BFS and Class F coal fly ash.  

• In part 2, the reactivity of MBA as SCM is studied by conducting calorimetry tests and 

following the rapid, relevant, and reliable (R3) methods. The pozzolanic reactivity of MBA 

is compared with that of blast furnace slag and Class F coal fly ash.  

• In part 3, a dissolution test is proposed to measure the reactivity of MBA as AAM 

precursor. The reactivity of MBA is compared with that of blast furnace slag and Class F 

coal fly ash.  

• In part 4, the solid phase assemblages and pore solution compositions of alkali-activated 

MBA paste are predicted with thermodynamic modeling. The modeling results are 

compared with experimental data reported in the literature to assess the reliability of the 

simulation. The modeling results provide references for the mix design of MBA-based 

AAM.  

• In part 5, the leaching of contaminants from MBA is assessed, and the risks of environment 

contamination caused by the addition of MBA in blended cement pastes and alkali-

activated pastes(1) are also discussed. Based on the information presented in these five 

parts, remarks about how to use MBA as SCM and AAM precursor are made. 

4.2 Materials and methods 

4.2.1 Materials  

The MBA obtained after the mechanical treatments described in Chapter 3 was studied in this 

chapter. MBA has a particle size below 63 µm and contains around 0.13 wt.% residual metallic 

Al. The Class F coal fly ash (FA) and blast furnace slag (BFS) were used as reference materials. 

BFS met the specifications of NEN-EN 15167-1 [198] and was provided by Eco2cem Benelux 

B.V.. FA complied with the requirements of Class F coal fly ash and was supplied by Vliegasunie 

B.V.. The densities of MBA, FA, and BFS, as measured by pycnometer, are 3.2 g/cm3, 2.7 g/cm3, 

and 3.5 g/cm3, respectively.  

 

Figure 4.2 Particle size distribution of MBA, BFS, and FA  determined by laser diffraction method. 

(1) Alkali-activated paste, alkali-activated mortar, and alkali-activated concrete all belong to alkali-activated 
materials.  
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The particle size distribution of these materials was measured using the laser diffraction 

method (Malvern Mastersizer). As illustrated in Figure 4.2, FA with D50 of 44.2 µm is coarser 

than MBA and BFS. The D50 of MBA is 24 µm, larger than that of BFS (18.3 µm). The free lime 

content in MBA is zero, as measured by following the NEN-EN1744-1 [199].  

4.2.2 Characterization techniques 

4.2.2.1 Chemical and mineralogical compositions  

The chemical composition, mineralogical composition, and loss on ignition of MBA, FA, and 

BFS were determined in the same way as the methods used in Chapter 3.  

4.2.2.2 Analysis of amorphous phase  

The content of the amorphous phase in MBA was determined by quantitative XRD analysis 

(QXRD) analysis, the same method as that used in Chapter 3. The percentages of SiO2, Al2O3, 

CaO, Fe2O3, Na2O, K2O, and MgO present in the amorphous phase of MBA were obtained by 

subtracting the percentages of these oxides in crystalline phases from the bulk composition 

of MBA [184]. The proportions of SiO2, Al2O3, CaO, Fe2O3, Na2O, K2O, and MgO in the 

crystalline phases were calculated from the Rietveld refinement results with the software 

Profex-BGMN [184]. The bulk compositions refer to the chemical compositions determined 

by the XRF measurement. The methods used in the analysis of the amorphous phase MBA 

were also used to study the amorphous phase of FA and BFS. 

The existence of the amorphous phase was further proved by performing chemical dissolution 

treatments on MBA. This method was also used by Ma [159] and Zhang et al. [200] to 

determine the contents of the amorphous phase and the reactive silica in Class F coal fly ash. 

According to NEN-EN 196-2 [201], the fraction of the SiO2 dissolved during the chemical 

dissolution treatments is defined as reactive silica content. The treatments were performed 

following the description in NEN-EN 196-2 [201]. MBA was successively treated with a 

hydrochloric acid solution and boiling potassium hydroxide solution. The insoluble residue of 

MBA was ignited at 950 °C. After all these steps, the amorphous phase, such as the glass and 

the organics, was removed from MBA. The insoluble residue was analyzed with XRD and XRF. 

The test results were compared with that of MBA to evaluate the composition changes.  

Since waste glass is one of the primary sources of the amorphous phase in MBA, the chemical 

composition of the glass particles in MBA was compared with that of the amorphous phase of 

MBA. The glass particles in MBA were analyzed by measuring the chemical and mineralogical 

compositions of the waste glass particles initially present in as-received MSWI bottom ash. 

The glass particles were manually separated from the 0.5-1.6 mm size fraction of as-received 

MSWI bottom ash according to their transparent appearance. The images of the MSWI 

bottom ash particles within the 0.5-1.6 mm size fraction and the separated glass particles are 

illustrated in Figure 4.3. After grinding separated glass particles into fine powders, the 

compositions of glass particles were determined by XRF and XRD analysis, in the same way as 

that for MBA. 
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Figure 4.3 (a) Image of 0.5-1.6 mm size fraction of as-received MSWI bottom ash. (b) Image of glass 
particles separated from 0.5-1.6 mm size fraction. 

It is worth mentioning that there are two reasons for choosing 0.5 -1.6 mm size fraction for 

glass composition analysis. First, the mineralogical composition of MBA is also the same as 

that of as-received MSWI bottom ash (see Chapter 3). The chemical and mineralogical 

composition varies slightly among different size fractions of as-received MSWI bottom ash 

(see Chapter 3). Second, the 0.5-1.6 mm size fraction accounts for around 50 wt.% of as-

received MSWI bottom ash (see Chapter 3). Separating glass particles from 0.5-1.6 mm size 

fraction is much easier than the fraction with smaller particles.  

4.2.2.3 Reactivity test for the application as SCMs  

The pozzolanic reactivity of MBA, which determines its application as SCM, was measured 

using isothermal calorimetry test. The experiment design followed the R3 method [139,140], 

where the reaction of SCM in blended cement pastes is mimicked. The test was conducted by 

following the procedures and protocols described in ASTM C1897-20 [139]. The test pastes 

(also called R3 pastes) were prepared by mixing 11.11 g SCM with 33.33 g Ca(OH)2, 5.56 g 

CaCO3, 0.24 g KOH, 1.2 g K2SO4, and 60 g deionized water [140]. The supplementary 

cementitious materials (SCMs) measured in this work are MBA, BFS, and FA. The heat released 

during the hydration of the pastes at 40 °C until 7 days was recorded by isothermal conduction 

calorimeter (TAM-Air-314). The cumulative heat released by the pozzolanic reaction of 1 g of 

SCM was calculated after recording the heat release for 7 days. It is worth noting that the 

compressive strength was not used as an indicator for the pozzolanic reactivity of MBA. Since 

MBA contains metallic Al, the method of strength measurement will underestimate the 

pozzolanic reactivity of MBA. The metallic Al in MBA will react with Ca(OH)2 and release 

hydrogen gas, causing a strength decrease [53].  

4.2.2.4 Reactivity test for the application as AAM precursors 

The solubility of precursor in alkaline solution determines the amount of Si, Al, Ca, Fe and Mg 

that can participate in the formation of reaction products. The reactivity of MBA as AAM 

precursor was assessed by dissolution test, where the reaction of MBA in the alkaline 

environment of AAM was reproduced. The same test was performed on BFS and FA to 

compare with the test results of MBA.  

The reactivity test was designed by adapting the dissolution test proposed for measuring the 

reactivity of synthesized blast furnace slag and coal fly ash in alkaline environment [202]. The 
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solid-to-liquid ratio was set as 1 g to 1 liter. At this ratio, the solution was in the 

undersaturated condition, preventing the precipitation of the reaction products to the largest 

possible extent [202,203]. To accelerate the dissolution of tested precursors, the pH of the 

NaOH solution used in the tests was slightly higher than that of the pore solution of alkali-

activated slag (13.77 - 14.67) and alkali-activated fly ash (13.08 - 14.07) reported by Zuo et al. 

[204]. The sodium hydroxide solution with different molarity (4M, 5M, and 6 M) was selected 

to mimic the alkaline environment in the pore solution of AAM. The pH of 4 M, 5M, and 6M 

NaOH solutions is 14.6, 14.7, and 14.8, respectively.  

In the experiment, 1 g of precursor (MBA, FA, or BFS) was dissolved in 1 L NaOH solution 

stored in a polypropylene container, and the solution was stirred continuously for 24 h. The 

whole setup was kept in a temperature-controlled room at 25 °C. After the dissolution test, 

the concentrations of dissolved Si, Al, Ca, Fe and Mg in the solution were determined. The 

filtered solutions were diluted with nitric acid (0.2 vol.%). The diluted solutions were analyzed 

through inductively coupled plasma-optical emission spectroscopy (ICP-OES), model 

PerkinElmer Optima 5300DV.  

4.2.3 Thermodynamic modeling  

Thermodynamic modeling was used to predict the solid phase assemblages and pore solution 

compositions of alkali-activated MBA paste, alkali-activated BFS paste, and alkali-activated FA 

paste. This information can be used to guide the application of MBA as AAM precursor. In the 

modeling, MBA was activated by NaOH solution. The reason for this mix design is to prevent 

the ions in the activator (especially Si4+) from affecting the reaction of the ions released by 

MBA. The NaOH solution was reacted with 100 g MBA, 100 g BFS, or 100 g FA. The water-to-

precursor ratio in these three AAM systems was kept at 0.35. The alkalinity of NaOH was 

represented as the percentage of Na2O relative to the mass of the precursor.  

The changes in phase assemblages were simulated by changing the Na2O content in the 

activator from 2 wt.% to 10 wt.%. It was assumed that only the SiO2, CaO, Al2O3, Fe2O3, Na2O, 

K2O, and MgO in the amorphous phase of MBA, FA, and BFS were reacted in alkali activation, 

and their reaction degree was 100 %. The remaining components in the amorphous phase, 

together with the crystalline phases, were considered as the un-reactive fraction. The AAM 

system was under (metastable) thermodynamic equilibrium conditions. 

The thermodynamic calculations were performed using the Gibbs energy minimization 

software GEMS-Selektor v.3 (https://gems.web.psi.ch/) [205,206] and the Cemdata 18 

database [195]. The ideal solid solution model (CNASH_ss) derived by Myers et al. [207] for 

calcium (sodium) aluminosilicate hydrate (C-(N-)A-S-H) gel was used to simulate the gel 

phases in alkali-activated blast furnace slag. The hydrotalcite-like phases formed in alkali-

activated blast furnace slag were simulated with the solid solution model, MA-OH-LDH_ss 

[208]. The ideal solid solution model (N(C)ASH_ss) proposed by Zuo [209] for sodium (calcium) 

aluminosilicate hydrate (N-(C-)A-S-H) gel was used for the simulation of gel phases formed in 

alkali-activated fly ash. The details of the end-members used in these three idea solid solution 

models are listed in Table 4.1, Table 4.2, and Table 4.3.  

https://gems.web.psi.ch/
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Table 4.1 End-members in the CNASH_ss model used to describe the C-(N-)A-S-H gel [207]. 

End-
member 
groups 

End-
member 
names 

Formulae 
Molar ratios 

Ca/Si  Al/Si  Na/Si 

C-A-S-H 
5CA (CaO)1.25·(Al2O3)0.125·(SiO2)·(H2O)1.625 1.25 0.25 0 

INFCA  (CaO)·(Al2O3)0.15625·(SiO2)1.1875·(H2O)1.65625 0.84 0.26 0 

C-N-A-S-H 
5CNA  (CaO)1.25·(Na2O)0.25·(Al2O3)0.125·(SiO2)·(H2O)1.25 1.25 0.25 0.50 

INFCNA  (CaO)·(Na2O)0.34375·(Al2O3)0.15625·(SiO2)1.1875·(H2O)1.3 0.84 0.26 0.58 

C-N-S-H INFCN  (CaO)·(Na2O)0.3125·(SiO2)1.5·(H2O)1.1875  0.67 0 0.42 

C-S-H 

T2C (CaO)1.5·(SiO2)·(H2O)2.5 1.50 0 0 

T5C (CaO)1.25·(SiO2)1.25·(H2O)2.5 1.00 0 0 

TobH  (CaO)·(SiO2)1.5·(H2O)2.5  0.67 0 0 

 

Table 4.2 End-members in the MA-OH-LDH_ss model used to describe the hydrotalcite-like phases 
[208]. 

End-member names Formulae 

M4AH10  (MgO)4·(Al2O3) (H2O)10 

M6AH12 (MgO)6·(Al2O3) (H2O)12 

M8AH14 (MgO)8·(Al2O3) (H2O)14 

 

Table 4.3 End-members in the N(C)ASHss model used to describe the N-(C-)A-S-H gel [209]. 

End-member 
groups 

End-member 
names 

Formulae 
Molar ratios 

Ca/Si Al/Si Na/Al 

N-C-A-S-H 

NCASH_1-0.1  (Na2O)0.05·(CaO)0.45·(Al2O3)0.5·(SiO2)1·(H2O)1 0.45 1.00 0.1 
NCASH_2-0.1  (Na2O)0.05·(CaO)0.45·(Al2O3)0.5·(SiO2)2·(H2O)1 0.23 0.50 0.1 
NCASH_3-0.1  (Na2O)0.05·(CaO)0.45·(Al2O3)0.5·(SiO2)3·(H2O)1 0.15 0.33 0.1 
NCASH_4-0.1  (Na2O)0.05·(CaO)0.45·(Al2O3)0.5·(SiO2)4·(H2O)1 0.11 0.25 0.1 

N-A-S-H 

NASH_1-1 (Na2O)0.5·(Al2O3)0.5·(SiO2)1·(H2O)1 0 1.00 1 
NASH_2-1  (Na2O)0.5·(Al2O3)0.5·(SiO2)2·(H2O)1 0 0.50 1 
NASH_3-1  (Na2O)0.5·(Al2O3)0.5·(SiO2)3·(H2O)1 0 0.33 1 
NASH_4-1  (Na2O)0.5·(Al2O3)0.5·(SiO2)4·(H2O)1 0 0.25 1 

 

For the simulation of the gel phases formed in alkali-activated MBA paste, the selection of the 

ideal solid solution model was based on the types of reaction products detected in alkali-

activated MSWI bottom ash by previous researchers. The reaction products of the alkali 

activation of MSWI bottom ash were mainly amorphous phases, including calcium silicate 

hydrate (C-S-H) gel [29,131,162], calcium aluminosilicate hydrate (C-A-S-H) gel [29], and 

sodium aluminosilicate hydrate (N-A-S-H) gel [163]. Therefore, apart from CNASH_ss model 

[207] and N(C)ASH_ss model [209], the CSHQ model [195,210] usually used for Portland 
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cement simulation was also selected in the setting of the database. Table 4.4 provides the 

details of the end-members included in the CSHQ model.  

Table 4.4 End-members in the CSHQ model used to describe the C-S-H gel [195,210]. 

End-member names Formulae 
Molar ratios 

Ca/Si 

TobH (CaO)2/3 (SiO2) (H2O)1.5 0.67 
TobD (CaO)5/6 (SiO2)2/3 (H2O)1.83 1.25 
JenH (CaO)1.33 (SiO2) (H2O)2.17 1.33 
JenD (CaO)1.5 (SiO2)0.67 (H2O)2.5 2.24 

 

4.2.4 Assessment of leaching potential 

One stage batch test was used to assess the leaching of contaminants from MBA. The test was 

performed following the standard NEN-EN 12457-4 [211]. The leaching agent was mixed with 

MBA at the liquid-to-solid ratio of 10 L/kg. The mixture was agitated for 24 h. After the test, 

the eluate was filtered over a 0.45 µm membrane filter. The concentrations of heavy metals 

were measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The 

chloride (Cl), bromide (Br), and sulfate (SO4
2-) in the filtered eluate were analyzed by ion 

chromatography (IC). The content of Fluoride (F) was determined by flow injection analysis 

with spectroscopic detection. The test results were compared with the limiting level described 

in the Dutch Soil Quality Decree, 2015 [212].  

4.3 Results and discussion 

4.3.1 Compositions of MBA 

4.3.1.1 Chemical composition 

The chemical composition of MBA provides information about the presence of major 

components and hazardous components (such as soluble salts and heavy metals). The 

chemical compositions of MBA, BFS, and FA are listed in Table 4.5. In MBA, the main 

constituents are SiO2, CaO, Al2O3, and Fe2O3. The SiO2 content in MBA is 52.91 wt.%, close to 

that in FA but higher than in BFS. The CaO content in MBA is 13.44 wt.%, three times as much 

as that in FA but much lower than that detected in BFS. The amount of Al2O3 in MBA is 10.18 

wt.%, less than half of the Al2O3 content in FA. The Al2O3 content in MBA is around 4 wt.% less 

than that in BFS. Regarding Fe2O3, its content in MBA is higher than in FA and BFS. In addition 

to the major components, the contents of heavy metals, unburned organics, equivalent alkalis 

(Na2Oe), SO3, and Cl are of concern when MBA is used as SCM or AAM precursor.  

As illustrated in Table 4.5, MBA contains much more heavy metals, unburned organics, alkalis, 

and chloride than FA and BFS. Only the SO3 content in MBA is lower than that in FA and BFS. 

Although the toxic heavy metal components, such as CuO, PbO, and Cr2O3, are present in trace 

amounts in MBA (< 1 wt.%), their contents are much higher in MBA than in FA and BFS. In 

MBA, the unburned organic content, referred to as LOI550, is 2.17 wt.%, more than two times 
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as much as that in FA and BFS. The heavy metals and unburned organics in MSWI bottom ash 

were found to be the primary sources of the heavy metals leached from the building materials 

prepared with MSWI bottom ash [213].  

Table 4.5 Chemical compositions of MBA, FA, and BFS, as determined by XRF analysis. 

Compounds (wt.%) MBA FA BFS 

SiO2 52.91 55.29 34.99 

CaO 13.44 4.43 36.33 

Al2O3 10.18 25.03 14.32 

Fe2O3 9.29 6.94 0.40 

Na2O 4.24 0.91 0.24 

K2O 0.84 1.66 0.46 

SO3 0.70 0.73 1.36 

Cl 0.27 0.01 0.02 

P2O5 1.03 1.01 0.01 

MgO 2.40 1.41 9.42 

ZnO 0.55 0.03 - 

CuO 0.31 0.01 0.18 

TiO2 1.12 1.23 1.21 

MnO 0.21 0.04 0.26 

PbO 0.09 0.01 - 

Cr2O3 0.07 0.02 - 

BaO 0.09 0.07 0.04 

NiO 0.03 0.01 - 

ZrO2 - 0.06 0.04 

SrO 0.04 0.12 0.05 

SnO2 0.02 - - 

Rb2O - 0.01 - 

Nb2O5 - - - 

Y2O3 - 0.01 0.01 

V2O5 - 0.04 0.02 

CeO2 - - 0.08 

LOI550 2.17 0.92 0.56 

Sum 100 100 100 

 

The Na2Oe content in MBA is 4.79 wt.%, as calculated according to the equation: Na2Oe = Na2O 

+ 0.658 K2O. This value is 2.01 wt.% and 0.54 wt.% in FA and BFS, respectively. The Na2O 

present in the waste glass is responsible for this high Na2Oe content in MBA, which will be 

confirmed in section 4.3.1.3. For Portland cement concrete prepared using MSWI bottom ash 

as aggregates, the products of alkali-silica reaction (ASR) were observed [214], and the cracks 

induced by the formation of ASR gel were also identified [55]. However, when using MSWI 

bottom ash as SCM and AAM precursor, it remains unclear whether adding MSWI bottom ash 

will induce alkali-silica reaction. More research is required in this area. 
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The chloride content in MBA is 0.27 wt.%. This value is much higher than that in FA or BFS. 

According to the European standard NEN-EN 206 [215], the chloride content in binder may 

not exceed 1 wt.% for concretes without steel reinforcement or other metal embedment. For 

reinforced and pre-stressed concretes, the maximum chloride content in binder is restricted 

to 0.2 wt.%. Given that the Cl content of MBA is slightly higher than 0.2 wt.%, it is suitable to 

use MBA as binder materials in non-reinforced concretes. For the application of reinforced 

concretes, the risk of steel reinforcement corrosion induced by the Cl in MBA can be mitigated 

by reducing the percentage of MBA in the binder.  

4.3.1.2 Mineralogical composition 

The contents of the reactive crystalline phases and the amorphous phase determines the 

reactivity of MBA. Figure 4.4 (a) presents the XRD spectrum of MBA. This figure shows that 

quartz is the primary crystalline phase in MBA. Besides, the peaks of silicates and calcite are 

also identified in the spectrum of MBA. The silicates detected include gehlenite, albite, 

orthopyroxene, diopside, and wollastonite. Table 4.6 lists the formulae and the Inorganic 

Crystal Structure Database (ICSD) codes of all the crystalline phases found in MBA. The 

proportion of each phase, as determined by the QXRD analysis, is also presented in the same 

table. According to the QXRD analysis, quartz accounts for the largest proportion (12.1 wt.%) 

among all the crystalline phases. The second major crystalline phase in MBA is diopside, with 

its content of 4.4 wt.%. Except for diopside, the contents of other silicates are all below 3 wt.%. 

The content of calcite is around 2.1 wt.%. Phases like halite, corundum, goethite, gibbsite, and 

iron are present in trace amounts (< 1 wt.%).  

The diffraction pattern of MBA also illustrates the “hump” feature. By enlarging the area 

marked in Figure 4.4 (a), a broad hump centered at a 2Ɵ angle of 32.5° between 25° and 40° 

can be observed in Figure 4.4 (b). As presented in Table 4.6, the amorphous phase in MBA 

reaches 68.1 wt.%. The quantity of the amorphous phase in MBA is slightly lower than in FA, 

but much lower than in BFS. As illustrated in Figure 4.5 (a) and (b), the broad amorphous hump 

can be easily recognized in the spectra of FA and BFS. In the XRD patterns of FA and BFS, the 

hump centered at 2Ɵ of 22.5° and 30°, respectively. Unlike entirely amorphous BFS, FA 

contains crystal phases, mainly quartz and mullite. The QXRD analysis results indicate that FA 

has 11.5 wt.% quartz and 11.7 wt.% mullite (Table 4.7). The amorphous phase makes up 74 % 

of the total weight of FA.  

Figure 4.4 (c) shows the XRD spectrum of the insoluble residue obtained after the dissolution 

treatments of MBA. The hump representing the amorphous phase is not found in Figure 4.4 

(c), indicating that the amorphous phase in MBA was dissolved during the chemical dissolution 

treatments. This observation further confirms the presence of amorphous phase in MBA. 

According to the results of XRF analysis, the insoluble residue mainly consists of SiO2 (70.5 

wt.%), Al2O3 (12.5 wt.%), CaO (5.5 wt.%), Fe2O3 (3.8 wt.%), and MgO (2.5 wt.%). In the XRD 

pattern of the insoluble residue, mainly the peaks of quartz, augite, and wollastonite are 

observed. Quartz and wollastonite are the phases of MBA that remained undissolved after 

the chemical dissolution tests, while augite (CaMg0.6Fe0.2Al0.7Si1.5O6, ICSD 16905) is the newly 

formed crystalline phase. The mass of MBA decreased by 78.5 % due to dissolution treatments, 

higher than the amorphous phase content calculated by the QXRD analysis (68.1 wt.%). This 



P a g e  | 72                                                              C h a p t e r | 4  

 

is because part of the mass loss is caused by the dissolution of the crystalline phases during 

the chemical dissolution treatments of MBA.  

 

 

Figure 4.4 (a) XRD spectrum of MBA. (b) Enlarged image of the area labeled in the XRD spectrum of 
MBA. (c) XRD spectrum of the insoluble residue of MBA obtained after chemical dissolution 

treatments. The peak labels follow the labels described in Table 4.6.  
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Figure 4.5 (a) XRD spectrum of FA. The peak labels follow the labels defined in Table 4.7. (b) XRD 
spectrum of BFS. 

 

Table 4.6 Mineral phases present in MBA and QXRD analysis results of MBA 

Phases 
Proportions  

(wt.%) 
Labels Formulae ICSD codes 

Quartz 12.1 1 SiO2 541929 

Cristobalite 0.4 2 SiO2 1251919 

Magnetite 0.9 3 Fe3O4 92356 

Hematite 0.4 4 Fe2O3 453828 

Wustite 0.2 5 FeO 309924 

Gehlenite 2.8 6 Ca2Al2SiO7 1411155 

Albite 1.9 7 NaAlSi3O8 1402109 

Orthopyroxene 1.4 8 Ca0.02Mg0.30Fe0.68SiO3 1615622 

Diopside 4.4 9 CaMg0.69Fe0.31Si2O6 77809 

Wollastonite 2.6 10 CaSiO3 1253098 

Calcite 2.1 11 CaCO3 1611066 

Halite 0.4 12 NaCl 311644 

Phosphammite 1.1 13 H(NH4)2(PO4) 1401715 

Corundum 0.7 14 Al2O3 527601 

Goethite 0.4 15 FeO(OH) 71810 

Gibbsite 0.2 16 Al(OH)3 1005040 

Iron 0.1 17 Fe 1503158 

Amorphous phase 68.1 - - - 

Sum 100 - - - 
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Table 4.7 Mineral phases present in FA and QXRD analysis results of FA 

Phases 
Proportions  

(wt.%) 
Labels Formulae ICSD codes 

Quartz 11.5 1 SiO2  156198 

Mullite 11.7 2 Al2.24Si0.76O4.88 313794 

Hematite 0.5 3 Fe2O3 2070090 

Lime 0.1 4 CaO 1503123 

Calcite 0.2 5 CaCO3 1611066 

Hexapotassium hexaoxodiferrate 0.1 6 K6(Fe2O6) 16534 

Iron(III) oxide hydroxide 1.3 7 FeO(OH) 94874 

Periclase 0.3 8 MgO 1110749 

Wadsleyite 0.3 9 Mg1.84Fe0.16SiO4 66491 

Amorphous phase 74.0 - - - 

Sum  100 - - - 

 

4.3.1.3 Chemical composition of amorphous phase 

When MBA is used as SCM and AAM precursor, it is necessary to determine the chemical 

composition of the amorphous phase in MBA. The amorphous phase is the primary reactive 

phase in MBA, and its chemical composition can influence the reaction product formation. 

Table 4.8 lists the chemical composition of the amorphous phase in MBA, FA, and BFS. The 

percentages are absolute values and are presented without normalization. As shown in Table 

4.8, SiO2 is the primary component (34.2 wt.%) in the amorphous phase of MBA. In terms of 

CaO, Al2O3, Na2O, Fe2O3, and MgO, the content of each is lower than 10 wt.%. It is worth 

noting that the SiO2 content calculated for the amorphous phase of MBA in the QXRD analysis 

is slightly lower than the reactive silica content (37.77 wt.%) determined by the chemical 

dissolution treatments. One possible explanation is that the chemical dissolution treatments 

overestimate the content of the amorphous phase in MBA, resulting in a higher value of the 

reactive silica content.  

Table 4.8 Chemical composition of amorphous phase in MBA, FA, and BFS, calculated by subtracting 
the percentages of the elements in crystalline phases from the chemical compositions of MBA, FA, 

and BFS. 

Compounds  
Percentages in amorphous phase (wt.%) 

MBA FA BFS 

SiO2 34.2 41.3 35.0 
CaO 8.8 4.3 36.3 
Al2O3 7.9 15.7 14.3 
Fe2O3 6.2 5.1 0.4 
Na2O 3.8 0.9 0.2 
K2O 0.8 1.6 0.5 
MgO 1.7 0.9 9.42 
Others 4.7 4.2 3.9 
Sum 68.1  74.0 100 
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Compared with FA, MBA contains less SiO2 in the amorphous phase. The SiO2 content in the 

amorphous phase of MBA is almost equal to that in BFS. The CaO content in the amorphous 

phase of MBA (8.8 wt.%) is about one-quarter of that in BFS, but twofold the CaO content in 

FA. The Al2O3 content in the amorphous phase of MBA is 7.9 wt.%, only around half of that in 

the amorphous phase of FA or BFS. Besides, much more Na2O was found in the amorphous 

phase of MBA (3.8 wt.%) than in FA or BFS (lower than 1 wt.%). The amount of Fe2O3 in the 

amorphous phase of MBA is also higher than that in FA and BFS. In terms of the MgO content, 

MBA has 1.7 wt.% MgO, much lower than BFS.  

Composition difference between the amorphous phase and the glass in MBA 

Given that waste glass is one of the major sources of the amorphous phase in MBA, it is 

necessary to examine whether the amorphous phase of MBA and the glass particles in MBA 

have the same composition. The XRD spectrum in Figure 4.6 (a) proves that these manually 

selected glass particles are almost 100 % amorphous. The QXRD analysis results indicate that 

these glass particles only contain 1 wt.% quartz. The hump representing the amorphous phase 

appeared in the XRD spectrum of the glass particles at the same location as that observed in 

the XRD spectrum of MBA (Figure 4.4 (a)).  

 

Figure 4.6 (a) mineralogical composition (determined by XRD analysis) and (b) chemical composition 
(determined by XRF analysis) of the glass particles shown in Figure 4.3 (b).  

The chemical composition of the glass particles in MBA is illustrated in Figure 4.6 (b). The main 

components in the glass particles are SiO2 (70.2 wt.%), Na2O (12.9 wt.%), and CaO (10.7 wt.%). 

This chemical composition is almost the same as that of the soda-lime glass used in the 

production of glass containers and glass windows [216]. In the SiO2-CaO-Al2O3 and the SiO2-

Na2O-Fe2O3 ternary diagram, the location of the dot representing the composition of glass 

particles does not overlap with the dot of the amorphous phase in MBA (see Figure 4.7 (a) 

and (b)). This observation indicates that the chemical composition of the glass particles is 

quite different from the chemical composition determined in the amorphous phase in MBA. 

In addition to soda-lime glass, other amorphous phases containing CaO, Al2O3, and Fe2O3 are 

also present in MBA.  
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Figure 4.7 (a) Ternary diagram showing the relative content of SiO2, CaO, and Al2O3 in the amorphous 
phase of MBA, BFS, FA, and glass particles of MBA (b) Ternary diagram showing the relative content 
of SiO2, Na2O, and Fe2O3 in the amorphous phase of MBA, BFS, FA, and glass particles of MBA. The 

data of the amorphous phase of Class F coal fly ash are collected from the literature [217–224]. The 
composition information of blast furnace slag is from the literature [225,226,235–244,227,245–

254,228,255–264,229,265–274,230,275–279,231–234]. The ternary diagrams are plotted according 
to the weight percentages of the oxides. 

Relative contents of SiO2, CaO, and Al2O3 in the amorphous phase of MBA 

The chemical composition of the amorphous phase in MBA was compared with the chemical 

composition of the amorphous phase in Class F coal fly ash and blast furnace slag reported in 

the literature. The reference data collected for Class F coal fly ash are the chemical 

composition of the amorphous phase [217–224]. The reference data collected for blast 

furnace slag are the XRF results [49–103]. There are two reasons for this choice. First, the 

information about the composition of the amorphous phase is very limited in the literature. 

Second, blast furnace slag usually contains more than 90 % amorphous phase [122,123]. The 

XRF results of blast furnace slag can largely reflect the composition of the amorphous phase. 

As shown in the SiO2-CaO-Al2O3 ternary diagram (Figure 4.7 (a)), the chemical compositions 

of the amorphous phase in FA and BFS used in this work are typical for Class F coal fly ash 

[217–224] and blast furnace slag [49–103]. The dot representing the relative contents of SiO2, 

CaO, and Al2O3 in the amorphous phase of MBA is within the same region as that in the 

amorphous phase of Class F coal fly ash reported in the literature [217–224].  

The mass ratio of CaO/SiO2 in the amorphous phase of blast furnace slag is usually used as an 

indicator to assess its reactivity as AAM precursor [123]. As demonstrated in Figure 4.8, the 

CaO/SiO2 ratio of MBA is 0.3, much lower than that of BFS (1.0). BFS with higher CaO/SiO2 

usually has a more depolymerized and disordered structure, resulting in a higher reactivity for 

the application of AAM precursor [280–282]. In the case of coal fly ash, the mass ratio 

between SiO2/Al2O3 in the amorphous phase can be used to indicate its reactivity as AAM 

precursor [123]. As shown in Figure 4.8, the SiO2/Al2O3 ratio for the amorphous phase of MBA 

is 4.3, almost two times that in the amorphous phase of FA. The aluminosilicate glass with its 

SiO2/Al2O3 ratio within the range of 2 to 4 was found to be a suitable precursor for alkali-
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activated materials [161,283–288]. Unlike FA, the SiO2/Al2O3 ratio of the amorphous phase in 

MBA is not within the desirable range.  

 

Figure 4.8 Mass ratio of CaO/SiO2 and SiO2/Al2O3 calculated for the amorphous phase in MBA, BFS, 
and FA. 

4.3.2 Reactivity of MBA as SCM 

The information about the pozzolanic reactivity of MBA can be used in the mix design of 

blended cement pastes. The reactivity of MBA as SCM was studied by measuring the hydration 

heat evolution of R3 pastes. The calorimetry test results of the R3 pastes prepared with MBA, 

FA, or BFS are presented in Figure 4.9 (a). The cumulative heat collected after different time 

intervals is shown in Figure 4.9 (b). After 7 days of reaction, the cumulative heat generated by 

MBA is only one-third of that by BFS, but slightly more than that of FA. These results indicate 

that MBA is much less reactive than BFS but could be as reactive as FA.  

 

Figure 4.9 (a) Calorimetry test results of the R3 pastes prepared with MBA, FA, or BFS, the results are 
expressed as J/g of SCMs. The details of the R3 pastes can be found in section 4.2.2.3. (b) Cumulative 

heat collected after different time intervals.  

The difference in the heat release between MBA and FA is significant during the first 3 days 

(Figure 4.9 (a)). Afterward, this heat release difference decreased, reaching the lowest value 

at 7 days. The big difference observed at early ages (< 3 days) can be attributed to the 
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intensive oxidation of the residual metallic Al in MBA. The residual metallic Al in MBA reacts 

readily with Ca(OH)2, which is introduced excessively in the R3 pastes [140]. The oxidation of 

the metallic Al is expected to finish within 1 day [56].  

At room temperature, in the alkaline solution, metallic Al first reacts with water to form 

Al(OH)3 and H2, then Al(OH)3 reacts with OH-. Theoretically, the reaction of 1 g of metallic Al 

with water generates 16.3 kJ of heat (2Al+6H2O→2Al(OH)3+3H2) [289]. The mass of metallic 

Al in 1 g of MBA is 0.0013 g. In this case, the reaction heat contributed by the reaction between 

metallic Al and water in the calorimetry test of MBA would be 21 J. As shown in Figure 4.9 (b), 

after subtracting the reaction heat of metallic Al, the heat released by the reaction of the 

reactive minerals in MBA is around 158 J, almost the same as the 7-day heat of FA (161 J). It 

can be concluded that as SCM, the reactivity of MBA is similar to FA. 

4.3.3 Reactivity of MBA as AAM precursor 

The reactivity of MBA as AAM precursor was assessed via dissolution tests. The dissolution 

tests mimic the dissolution of precursors in the pore solution. Analysis of the dissolution 

behavior of MBA provides information about the elements that participate in the formation 

of reaction products and delivers a fundamental understanding of the early-age reaction. The 

concentrations of Si, Al, Ca, Fe, and Mg (hereafter denoted as [Si], [Al], [Ca], [Fe], and [Mg], 

respectively) in the filtrated solution are shown in Figure 4.10. This solution was obtained 

after dissolving MBA, FA, or BFS in NaOH solution for 24 hours.  

4.3.3.1 Concentrations of dissolved elements 

[Si], [Al], and [Ca] 

As shown in Figure 4.10, the filtrate of MBA, FA, and BFS is enriched with Si and Al. Regardless 

of the concentration of the NaOH solution, MBA and FA released much less Si and Al than BFS. 

Compared with MBA and FA, the amorphous phase of BFS with higher CaO/SiO2 has a more 

depolymerized and disordered structure [280] and dissolves more easily in alkaline solution. 

Accordingly, the reactivity of MBA and FA is much lower than that of BFS. The high [Si] and 

[Al] in the filtrate of BFS indicates that a large amount of BFS has been dissolved.  

Given that the mass ratio between SiO2 and CaO in the amorphous phase of BFS is one, the 

[Ca] in the filtrate of BFS is expected to be in the same range as [Si]. However, the [Ca] in the 

filtrate of BFS is much lower than [Si]. When 4M NaOH solution was used in the dissolution 

test, the [Ca] in the filtrate of BFS was higher than that in the filtrate of MBA and FA. Further 

increasing the concentration of NaOH solution to 5 M or 6 M, the [Ca] in the filtrate of BFS 

decreased and was similar to that in the filtrate of MBA and FA.  

The low [Ca] in the filtrate of BFS can be attributed to the formation of Ca-bearing phases, 

such as Ca(OH)2, C-S-H gel, and C-A-S-H gel. Although a large liquid-to-solid ratio is used to 

prevent the precipitation of reaction products, there exists a concentration gradient in the 

vicinity of the surface of BFS particles [290]. The [Ca] in the region close to the surface of BFS 

particles is higher than the bulk solution [290]. As a result, the Ca2+ ions in this region could 

combine with OH- and form Ca(OH)2 precipitates. In the NaOH solution with a pH higher than 

11.5, Ca(OH)2 is thermodynamically more stable than Ca2+ ions [291]. Compared with Ca(OH)2, 
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the Ca2+ ions are less likely to interact with the silicate and aluminate species to form a C-S-H 

or C-A-S-H layer on the surface of BFS particles. This is because if Ca2+ ions are consumed due 

to the formation of C-S-H or C-A-S-H gel, the decline of [Si], [Al], and [Ca] in the filtrate should 

be in the same order of magnitude. In reality, [Ca] is much smaller than [Si] and [Al] in the 

filtrate of BFS. 

 

Figure 4.10 Element concentrations in the filtrated solution obtained after the dissolution tests of 
MBA, FA, and BFS in the NaOH solution of 4M, 5M, and 6M (M: molarity).  
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The [Si] and [Al] in the filtrate of MBA are higher than in the filtrate of FA, indicating that MBA 

is more soluble than FA. Considering that the CaO content in the amorphous phase of MBA is 

around two times that in FA, MBA with higher solubility is expected to release more Ca2+ than 

FA during the dissolution tests. However, the [Ca] in the filtrate of MBA appeared to be in the 

same range as that in the filtrate of FA. As discussed above, precipitation of Ca2+ ions cannot 

be avoided during the dissolution test. The precipitate formed is more likely to be Ca(OH)2 

than the C-S-H gel or C-A-S-H gel. It is possible that the Ca2+ ions released by MBA also react 

with OH- to form Ca(OH)2, resulting in a low [Ca] in its filtrate.  

[Fe] and [Mg] 

The [Fe] in the filtrate of MBA is only around one-quarter of [Si]. The [Fe] in the filtrate of MBA 

is higher than that of FA and BFS. This higher Fe concentration in MBA can be due to the higher 

Fe2O3 content in the amorphous phase of MBA compared with FA and BFS. In the filtrate of 

MBA, the [Mg] is the lowest ( < 0.5 mg/l) among the measured element ([Si], [Al], [Ca], [Fe], 

and [Mg]). The concentration of Mg remained at a very low level regardless of the molarity of 

NaOH. Similar phenomena can also be observed for the Mg dissolved from BFS and FA. 

4.3.3.2 Ratio of dissolved Si and Al 

The compressive strength of AAM can be used as an indicator of the reactivity of precursors. 

The AAM prepared with a more reactive precursor usually has a higher compressive strength. 

Duxson et al. [292] indicated a correlation between the compressive strength of AAM and the 

Si/Al molar ratio in the mixture of precursor and alkaline activator. When increasing the Si/Al 

molar ratio from 1.15 to 1.9, the compressive strength of the AAM became higher due to the 

formation of a more homogeneous and denser microstructure. The optimal Si/Al molar ratio 

was 1.9 for preparing AAM with aluminosilicate materials [292]. Therefore, the Si/Al molar 

ratio in the filtrate of MBA, FA, or BFS was calculated to provide additional insight into the 

reactivity of these precursors and the mix design of AAM. 

 

Figure 4.11 Si/Al molar ratio in the filtrate, calculated using the dissolution test results presented in 
Figure 4.10 (M: molarity).  
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As illustrated in Figure 4.11, the Si/Al molar ratio in the filtrate of MBA fluctuates around 0.9, 

lower than the ratio in the filtrate of FA and BFS. The molar ratio of Si and Al released by MBA 

is far below the optimal value found by Duxson et al. [292]. This low Si/Al molar ratio is not 

favorable for the strength development of alkali-activated MBA at an early age. In our 

preliminary research, alkali-activated MBA paste did not harden within 24 hours at room 

temperature when NaOH solution (4M) was used as activator. The hardened paste samples 

can be obtained after increasing the Si content in the AAM system by adding water glass to 

the activating solution. Therefore, when MBA is used to prepare AAM, it is recommended to 

increase the Si/Al ratio in the mixture of precursor and activator by adding Si-enriched 

precursors or Na2SiO3 solution.  

4.3.4 Thermodynamic modeling of the reactions in alkali-activated MBA paste 

Thermodynamic modeling was used to predict the solid phase assemblages and the pore 

solution in alkali-activated MBA paste. The modeling results provide insight into the evolution 

of the reaction products and the pore solution in alkali-activated MBA paste when the Na2O 

content in the activating solution changes from a low level (2 wt.%) to a high level (10 wt.%). 

This information can also be used as a rough guide to the mix design, making it possible to 

control the reaction product formation and tailor the properties of MBA-based AAM.  

Total amount of reaction products 

The amount of reaction products that can form upon alkali activation is strongly influenced 

by the proportions of reactive phases (mainly the amorphous phase) in AAM precursors. MBA 

contains less amorphous phase than FA and BFS (see Table 4.8), suggesting that the reaction 

products formed in alkali-activated MBA paste would be less than that in alkali-activated FA 

paste and alkali-activated BFS paste. Figure 4.12 presents the solid phase assemblages 

predicted by thermodynamic modeling in alkali-activated MBA paste, alkali-activated FA paste, 

and alkali-activated BFS paste. According to the prediction, the reaction products obtained 

after activating 100g BFS with NaOH solution would be much more than those obtained from 

the reaction of 100 g MBA or 100g FA. Compared with alkali-activated FA paste, the mass of 

reaction products formed in alkali-activated MBA paste would be slightly lower. 

Apart from the reaction products, Figure 4.12 also shows that the un-reactive fraction in MBA 

is larger than in FA and BFS. The un-reactive fraction illustrated in Figure 4.12 refers to the 

crystalline phases and part of the amorphous phase. In the modeling, only the components 

including SiO2, CaO, Al2O3, Fe2O3, Na2O, K2O, and MgO of the amorphous phase were assumed 

to participate in reaction product formation. The remaining components of the amorphous 

phase were considered to be unreactive. Regarding the pore solution, its mass in alkali-

activated MBA paste was forecast to be roughly equivalent to that of alkali-activated FA paste 

but much larger than that of alkali-activated BFS paste (Figure 4.12).  
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Figure 4.12 Thermodynamically simulated phase assemblage, solid reaction product mass, and pore 
solution mass after activating 100 g MBA, 100 g FA, or 100g BFS with NaOH solution. The simulation 
was performed with GEMS-Selektor v.3 [205,206]. The data is presented as a function of the Na2O 

content in the activator. The percentage of Na2O is with respect to the mass of the precursor. 

Predicted solid phase assemblages 

It is meaningful to predict the gel phases that can form in alkali-activated MBA. This 

information can be used as a reference when designing MBA-based AAM mixtures. The 

nanostructure of the gel phases formed in alkali-activated materials has a significant effect on 

the mechanical properties of synthesized alkali-activated materials [44]. According to 

thermodynamic modeling (Figure 4.12 (a)), the major reaction products formed after MBA 

reacting with NaOH solution are C-(N-)A-S-H gel, N-(C-)A-S-H gel, and zeolite. The details about 

the chemical compositions of predicted C-(N-)A-S-H gel and N-(C-)A-S-H gel can be found in 

Appendix C. The zeolite minerals predicted in alkali-activated MBA paste include natrolite 

(Na2Al2Si3O10·2H2O) and Ca-chabazite (Ca0.111Al0.111Si0.778·0.667H2O). The mass of C-(N-)A-S-H 

gel shows little changes with the increase of the Na2O in the NaOH solution. When the Na2O 

content was higher than 4.5 wt.%, the amount of N-(C-)A-S-H gel in alkali-activated MBA paste 

started to decrease with the increase of Na2O content. Meanwhile, more natrolite was 
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expected to be found in alkali-activated MBA paste [165]. The Ca-chabazite was forecast to 

form only when the Na2O content was lower than 2.5 wt.%. 

The prediction about the solid phase assemblages in alkali-activated MBA paste at the Na2O 

content of 10 wt.% agrees with the experimental results reported by Maldonado-Alameda et 

al. [29]. The MSWI bottom ash used by Maldonado-Alameda et al. [29,47] has a chemical 

composition (determined by XRF) and amorphous phase content (determined by QXRD 

analysis) falling within the same range as that of MBA. In their work, the 28-day alkali-

activated MSWI bottom ash paste was prepared using an activator containing 9.7 wt.% Na2O 

with SiO2/Na2O molar ratio of 2.9. In the synthesized paste specimen, the C-(A)-S-H gel, N-A-

S-H gel, and zeolite were all identified. The total amount of N-A-S-H gel, zeolite, and C-(A)-S-

H dissolved in HCl extraction was 59.9 wt.%. The amount of C-(A)-S-H gel was around 33.5 

wt.%, as determined by the salicylic acid/methanol (SAM) extraction. By subtracting the 

amount of C-(A)-S-H gel dissolved by HCl extraction, the total amount of N-A-S-H gel and 

zeolite is around 26.4 wt.%. The mass ratio between C-A-S-H gel and the sum of N-A-S-H gel 

and zeolite is 1.26. This value is slightly higher than 0.95, the mass ratio predicted by 

thermodynamic modeling at the Na2O content of 10 wt.%. This discrepancy in the mass ratio 

may be due to the difference in the SiO2 content in the activator.  

The types of zeolite phases predicted in alkali-activated MBA paste are the same as those in 

alkali-activated BFS paste. The Ca-chabazite and natrolite formed in alkali-activated BFS paste 

are expected to be much less, only in trace amounts. According to the modeling results, the 

alkali activation of FA only leads to the formation of Ca-chabazite, and its content decreases 

with the increase in the Na2O content. Previous researchers also detected zeolite minerals in 

alkali-activated MSWI bottom ash. However, instead of Ca-chabazite and natrolite, the zeolite 

mineral found in literature was gismondine (CaAl2Si2O8·4H2O) [29]. This zeolite mineral was 

formed after the MSWI bottom ash reacted with a mixture of NaOH and Na2SiO3 solution for 

28 days. In the activator, the Na2O content was 10.7 wt.% with respect to the content of MSWI 

bottom ash, and the SiO2/Na2O molar ratio was 2.6 [29].  

The minor reaction products in alkali-activated MBA paste were predicted to be goethite 

(FeO(OH)) and brucite (Mg(OH)2). These two phases with small quantities were also likely to 

form in alkali-activated FA paste. The formation of goethite and brucite could be attributed 

to the existence of Fe2O3 and MgO in the amorphous phase of MBA (Table 4.8). However, the 

detection of these two phases in alkali-activated MSWI bottom ash is rarely reported in the 

literature. It is worth mentioning that the primary crystalline reaction products of alkali-

activated BFS paste, including katoite (3CaO·Al2O3·6H2O), strätlingite (2CaO·Al2O3·SiO2·8H2O), 

and hydrotalcite-like phases (MA-OH-LDH), were not expected to form in alkali-activated MBA 

paste. Portlandite, the reaction product of alkali-activated FA paste, was not likely to form 

after MBA reacted with NaOH solution.  

Predicted pore solution  

The prediction of the pore solution in alkali-activated MBA paste can help people understand 

the role of MBA in the formation of reaction products. Figure 4.13 provides information about 

simulated pore solution of alkali-activated MBA paste, alkali-activated FA paste, and alkali-

activated BFS paste. The concentrations of Al, Ca, Fe, and Mg in the pore solution were 
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forecast to be very small (close to zero) for alkali-activated MBA paste, alkali-activated FA 

paste, and alkali-activated BFS paste. This prediction indicates that most of these elements 

released by MBA, FA, and BFS were incorporated into the reaction products. The main 

differences in the pore solution of these three AAM systems were predicted to lie in the pH 

and the concentrations of Na and Si.  

The alkalinity of the pore solution affects the leaching of heavy metals [293] and the long-

term stability of calcium-aluminosilicate hydrates [294] and alkali-aluminosilicate gels [295] 

in AAM. Therefore, it is useful to predict the pH of the pore solution in alkali-activated MBA 

paste. As shown in Figure 4.13, the pH of the pore solution of alkali-activated BFS paste was 

expected to be the highest (14.43 to 14.92). The predicted alkalinity in the pore solution of 

alkali-activated MBA paste, ranging from 13.8 to 14.74, was higher than that of alkali-

activated FA paste, between 9.17 and 14.48. This difference in predicted pH of pore solution 

could be explained by the CaO content difference in the amorphous phase of precursors. The 

CaO content in the amorphous phase, from the largest to the smallest, was in the following 

order: BFS, MBA, and FA. This order was the same as that of the predicted pH of the pore 

solution in synthesized alkali-activated materials. This finding was consistent with the 

thermodynamic modeling results reported by Xiao et al. [197]. When the Na2O content in the 

activator was fixed, increasing the CaO content of the amorphous phase would also increase 

the pH of the pore solution [197].  

Figure 4.13 shows the predicted concentrations of Na in the pore solution of alkali-activated 

MBA paste, alkali-activated FA paste, and alkali-activated BFS paste. The Na concentration in 

the pore solution of alkali-activated MBA paste was forecast to be slightly higher than that of 

alkali-activated BFS paste. The pore solution of alkali-activated FA paste was predicted to have 

the lowest Na concentration. The concentration of Na in the pore solution AAM would 

increase due to the release of Na after the dissolution of precursors. The Na2O content in the 

amorphous phase of MBA (3.8 wt.%) is much higher than that in FA and BFS. The Na dissolved 

from MBA could be much more than FA and BFS, dramatically increasing the Na concentration 

in the pore solution.  

It is worth noting that the Na2O content in the amorphous phase of FA (0.9 wt.%) is much 

higher than that in BFS (0.2 wt.%). However, the Na concentration in the pore solution of 

alkali-activated FA paste is lower than that of alkali-activated BFS paste. One possible 

explanation for the lower Na concentration in the pore solution of alkali-activated FA paste 

can be that more Na was incorporated in the Na-bearing reaction products. The Na 

concentration would decrease when the Na in the pore solution was consumed in the reaction 

product formation. As predicted by the thermodynamic modeling, the N-(C-)A-S-H gel formed 

after the alkali activation of FA was more than that obtained from the reaction of MBA and 

BFS (Figure 4.12). 

In the pore solution of alkali-activated MBA paste, the concentration of Si was forecast to 

become higher with the increase of Na2O content in the activator. When the Na2O content 

exceeds 4 wt.%, the concentration of Si in the pore solution of alkali-activated MBA paste is 

the highest among these three AAM systems. The increase in the concentration of Si in the 

pore solution of alkali-activated MBA paste could be attributed to the reduction in N-(C-)A-S-
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H gel formation. The Si/Al ratio of the N-(C-)A-S-H gel could reach as high as four. However, at 

the Na2O content above 5 wt.%, the N-(C-)A-S-H gel mass was predicted to decrease while 

more natrolite was formed (Figure 4.12). The Si/Al molar ratio of natrolite is around 1.5, less 

than half of that in the amorphous phase of MBA (3.67). In this case, only part of the Si 

released by the amorphous phase of MBA could be incorporated into the reaction products. 

The remaining Si could not form stable reaction products with Na. Introducing Ca- or Al-

enriched resources into MBA-based AAM is recommended. In this case, the excessive Si and 

Na in the pore solution can be consumed, forming stable N-(C-)A-S-H gel or C-(N-)A-S-H gel.  

 

Figure 4.13 Simulated pH of the pore solution and simulated concentration of Na, Si, Al, Mg, Ca, and 
Fe in the pore solution. The data is presented as a function of the Na2O content in the activator. The 

percentage of Na2O is with respect to the mass of the precursor. 
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Figure 4.13 (Continued) simulated pH of the pore solution and simulated concentration of Na, Si, Al, 
Mg, Ca, and Fe in the pore solution. The data is presented as a function of the Na2O content in the 

activator. The percentage of Na2O is with respect to the mass of the precursor. 

4.3.5 Leaching potential of MBA 

Possible leaching of contaminants from MBA should be checked prior to its application as SCM 

and AAM. This information is required to guide the mix design and prevent environmental 

contamination caused by using MBA in construction materials. Figure 4.14 provides 

information about the mass of heavy metals, chloride, bromide, and sulfate leached from 1 

kg MBA. Among all the tested constituents, only the leaching of sulfate and antimony (Sb) is 

above the threshold values specified in the Dutch Soil Quality Decree 2015 [212]. The amount 

of sulfate and Sb leached from MBA is almost twice the threshold value. The leaching of 

bromide, fluoride, and most heavy metals is below the allowable level. The amount of Cl 

released by 1 kg MBA is 610 mg, just below the upper limit set by the Dutch government (616 

mg/kg). The Cl detected in the leachate can be traced back to the soluble salt in MBA, as halite 

(NaCl) was detected in the XRD analysis of MBA.  

Leaching of sulfate  

Sulfate is usually leached from the mineral phases in MSWI bottom ash, such as ettringite and 

gypsum [68]. However, ettringite and gypsum were not found in the XRD analysis of MBA. The 

SO3 content in MBA was lower than FA, BFS, and Portland cement clinker. Given that the SO3 

content determined by XRF analysis is very low (0.7 wt.%), the contents of sulfate-containing 

mineral phases may be too small to be detected. It is worth mentioning that the leaching of 
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sulfate may not be an issue when MBA is used as SCM. The sulfate released by MSWI bottom 

ash can be immobilized by forming ettringite (AFt) and monosulfate (AFm) [53].  

 

Figure 4.14 The quantities of soluble constituents leached from MBA and the threshold values 
specified in Dutch Soil Quality Decree, 2015 [212]. The unit is in mg/kg of dry matter (d.s). 

Leaching of antimony  

The excessive leaching of Sb can be attributed to the organic acids (such as humic and fulvic 

acids) in MBA and the alkalinity of MBA. The organic acids would form mobile organo-metallic 

complexes with Sb, promoting the leaching of Sb from MBA [296–300]. Tang et al. [53] found 

that the leaching of Sb is associated with the organics in MSWI bottom ash. The leaching of 

Sb reduced after removing the decarboxylation of organic acids from MSWI bottom ash via 

heat treatment at 400 °C [301]. The end pH of the leachate obtained after the leaching test of 

MBA is 9.7. Verbinnen et al. [301] performed the leaching test at a liquid-to-solid ratio of 10 

L/kg, the same as that used in this research. The leaching of Sb from MSWI bottom ash was 

highest at the pH between 8 and 10.  

Using MBA as SCM would dramatically reduce the leaching of Sb. In cement system, the pore 

solution is supersaturated with Ca(OH)2. The pH value of the pore solution lies in the range of 

12.4-13.5 [302]. Verbinnen et al. [301] found that the leaching of Sb from MSWI bottom ash 

reached the lowest value at the pH between 12-14, which was around one-quarter of the 

amount of Sb leached at pH of 9. Accordingly, the leaching of Sb under the alkalinity of cement 

pore solution would be much lower than that at the pH of 9.7. Besides, the Ca2+ dissolved by 

Portland cement clinker could react with Sb released from MBA to form calcium antimonate 

precipitates [303], which could inhibit the leaching of Sb. The hydration products, such as C-
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S-H gel and ettringite, could also incorporate the heavy metals released by MSWI bottom ash 

via physical and chemical adsorption [27,304].  

The excessive leaching of Sb would not be an issue when using 100% MBA to prepare AAM. 

According to the thermodynamic simulation results illustrated in Figure 4.13 (a), the pore 

solution of alkali-activated MBA paste would have a pH of around 13.8 to 14.74. At this 

alkalinity, the leaching of Sb from MSWI bottom ash would be very small [301]. The zeolite 

minerals (including natrolite and Ca-chabazite) predicted to form in alkali-activated MBA 

paste could function as adsorbents to immobilize heavy metals [305]. The N-(C-)A-S-H gel and 

C-(N-)A-S-H gel, the predicted reaction products in alkali-activated MBA paste, also have the 

potential to encapsulate the heavy metals [306,307].  

It is recommended to add BFS to MBA-based AAM systems in order to reduce the leaching of 

contaminants. Blending MBA with BFS can reduce the proportion of MBA in the AAM, 

decreasing the total amount of heavy metals in the system. Adding BFS also increases the 

amount of reactive Ca in the MBA-based AAM system, which in turn raises the pH of the pore 

solution [197] and promotes the formation of calcium antimonate precipitates [303]. In this 

way, the Sb released from MBA would be immobilized. Since BFS is much more reactive than 

MBA, the reaction products formed in AAM prepared with blends of BFS and MBA would be 

more than that in AAM prepared with MBA. The gel phases formed in AAM would contribute 

to the encapsulation of heavy metals.  

4.3.6 Remarks on using MBA as SCM and AAM precursor 

Based on the above analysis of the composition, reactivity, and leaching potential of MBA, the 

following remarks are made about how to use MBA for the preparation of blended cement 

pastes and alkali-activated pastes. These comments will serve as guidance for the utilization 

of MBA as SCM in Chapter 5 and the utilization of MBA as AAM precursor in Chapter 6.  

Quality upgrade treatments of MBA  

It is not recommended to increase the reactivity of MBA by increasing its amorphous phase 

because the amorphous phase already accounts for 70 wt.% in MBA, which is close to the 

amorphous content in FA. The amorphous phase of MBA is rich in SiO2 but deficient in CaO 

and Al2O3. Increasing the contents of reactive CaO and Al2O3 in MBA is more beneficial to the 

reactivity enhancement of MBA.  

It is possible to use MBA as SCM and AAM precursor even without removing heavy metals and 

soluble salts. The leaching of contaminants from the construction materials prepared with 

MBA can be minimized by limiting the addition of MBA to a low level. The reaction products 

formed in MBA blended cement pastes or MBA-based AAM can immobilize sulfate and Sb 

released by MBA.  

It is important to reduce the metallic Al content in MBA and determine a threshold value 

before using MBA as SCM and AAM precursor. The metallic Al in MBA will pose risks of volume 

expansion and strength reduction to pastes prepared with MBA.  
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Mix design of using MBA in blended cement pastes and AAM 

When preparing blended cement pastes and alkali-activated pastes with MBA, previous 

experience with Class F coal fly ash-based pastes can be used as a reference because the 

reactivity of MBA is similar to that of FA. However, it is challenging to obtain equivalent 

compressive strength when the same mix design is used for MBA and FA. The presence of 

metallic Al in MBA can lead to a strength decrease of MBA-based pastes.  

The content of alkalis and Cl in MBA exceeds the acceptable upper limits in Portland cement 

clinker. A threshold value for the dosage of MBA in the binder of steel-reinforced concretes 

should be specified to prevent the risk of steel corrosion. When using MBA in the binder of 

concretes, the total amount of alkalis in the system should be controlled to avoid the alkali-

silica reaction caused by excessive addition of MBA.  

According to the dissolution test results of MBA, the molar ratio of dissolved Si/Al is much 

lower than the optimal value (1.9), indicating that alkali-activated MBA may have low early-

age strength. For the mix design of MBA-based AAM, it is recommended to add an appropriate 

amount of water glass or more reactive Si-enriched precursors to the MBA-based AAM system 

to increase the early-age strength.  

The results of thermodynamic modeling indicate that when the Na2O content in the activator 

is higher than 5 wt.%, some of the Si released by MBA cannot form stable reaction products 

with the Na provided by the activator. This information needs to be considered when 

designing the mix of MBA-based AAM. The Na2O content in the activator may not exceed 5 

wt.% to ensure that all the Si released by MBA is incorporated into the reaction products. If 

the Na2O content in the activator is set to be higher than 5 wt.%, it is recommended to add 

Ca- or Al-enriched precursors, such as blast furnace slag, to MBA-based AAM. Adding Ca- or 

Al-enriched precursors can promote gel formation by consuming Si dissolved from MBA, 

resulting in a strength increase of MBA-based AAM. The Ca2+ dissolved from Ca-enriched 

precursors could also facilitate the immobilization of Sb by forming calcium antimonate 

precipitates. 
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4.4 Conclusions  

In this chapter, the reactivity and leaching potential of mechanically treated MSWI bottom 

ash (MBA) as supplementary cementitious material (SCM) and precursor for alkali-activated 

materials (AAM) were studied. Based on the experimental results and analysis, 

recommendations about how to use MBA in blended cement pastes and AAM were provided. 

The findings of this study are summarized as follows: 

• The amorphous content in MBA is slightly lower than Class F coal fly ash (FA), but much 

lower than blast furnace slag (BFS). The amorphous phase of MBA has a chemical 

composition falling within the same range as that of Class F coal fly ash. Calculating the 

relative contents of SiO2, CaO, and Al2O3 in the amorphous phase can be used as a 

simplified method to select the AAM precursors that may have high reactivity.  

• When using the rapid, relevant, and reliable (R3) methods to measure the pozzolanic 

reactivity of MBA, the effect of metallic Al on the test results needs to be considered. The 

reactivity of MBA as AAM precursor can be measured by dissolution tests. The dissolution 

test results provide information about the early-age reaction of MBA. According to the 

dissolution test of MBA, the molar ratio of dissolved Si/Al is much lower than the optimal 

value (1.9), indicating that alkali-activated MBA may have low early-age strength. It is 

recommended to add soluble Si or more reactive Si-enriched precursors into MBA-based 

AAM to increase the early-age strength. 

• Thermodynamic modeling is a promising method to guide the mix design of MBA-based 

AAM. The chemical and mineralogical compositions of MBA are within the same ranges as 

the compositions of MSWI bottom ash used by previous researchers. The phase 

assemblages of alkali-activated MBA paste predicted by thermodynamic modeling are in 

good agreement with the experimental results reported in the literature. The modeling 

results for the composition and the pH of the pore solution in alkali-activated MBA provide 

indications about the reaction of MBA. The predicted pH value can be used to analyze the 

risk of contaminants leaching from the MBA-based AAM.  

• As SCM and AAM precursor, the reactivity of MBA is close to FA but much lower than BFS. 

When MBA is used to prepare blended cement pastes and alkali-activated pastes, the mix 

design can refer to previous experience with the pastes prepared with Class F coal fly ash. 

However, it is necessary to determine the threshold value for the metallic Al content in 

MBA. The dosage of MBA in blended cement pastes and alkali-activated pastes should not 

exceed 50 wt.% to avoid the excessive leaching of contaminants (especially antimony and 

sulfates) into the environment.
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Chapter 5  

 

Blended cement pastes prepared with 
mechanically treated MSWI bottom ash as 

supplementary cementitious material 

water treatment, microstructure formation, and strength 

development 

 

 

 
Highlights 

• For the application of supplementary cementitious material, the metallic Al content in 

mechanically treated MSWI bottom ash (MBA) needs to be further reduced to prevent 

the cracking of blended cement pastes caused by hydrogen gas generation.  

• Most of the metallic Al in MBA can be oxidized at room temperature by allowing MBA 

to react with water in advance during the sample preparation process.  

• After water treatment of MBA, the compressive strength of MBA blended Portland 

cement pastes increased dramatically and was close to that of Portland cement pastes 

blended with Class F coal fly ash.  

• Blending Portland cement with water-treated MBA (WMBA) enhanced the hydration of 

clinker at later ages. The reaction products of WMBA contributed to the strength 

development of blended cement pastes. 
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5.1 Introduction 

This chapter focuses on the utilization of mechanically treated MSWI bottom ash (MBA) as 

supplementary cementitious material (SCM) to prepare blended cement pastes. Given that 

the pozzolanic reactivity of MBA is similar to that of Class F coal fly ash (FA) (see Chapter 4), 

one of the research goals is to use MBA as a substitute for FA in blended cement and achieve 

similar compressive strength by optimizing the sample preparation process. The other goal is 

to understand the contribution of MBA to compressive strength by studying the effects of 

MBA on the reaction products and microstructure of blended cement pastes.  

Unlike Class F coal fly ash, MBA contains metallic Al. As reported in Chapter 3, mechanical 

treatments cannot completely remove the metallic Al in as-received MSWI bottom ash. The 

remaining metallic Al in MBA will oxidize upon its contact with the alkaline pore solution of 

blended cement pastes. The hydrogen gas released after the oxidation of metallic Al can 

significantly reduce the compressive strength of Portland cement pastes blended with MBA. 

Before substituting Portland cement (PC) with MBA, it is necessary to reduce the metallic Al 

content in MBA.  

Apart from mechanical treatments, water treatment was also employed to oxidize the 

metallic Al embedded in MSWI bottom ash, especially when it was used as SCM (see Chapter 

2). The oxidation rate of metallic Al in water depends on the particle size of MSWI bottom ash, 

the pH in the mixture of MSWI bottom ash and water, the temperature of the environment, 

and the duration of treatment [30,56]. There is a significant difference in the time required to 

complete the oxidation of metallic Al in water. With water treatment, the decrease in the 

metallic Al content of MSWI bottom ash is slow at room temperature [30]. The reaction of 

metallic Al can be accelerated by increasing the temperature from room temperature to 

105 °C [56] or by reducing the particle size of MSWI bottom ash to 3 µm [30]. However, these 

two approaches are both energy-consuming. Previous studies mainly focused on the 

effectiveness and efficiency of water treatment on metallic Al content reduction. Little 

attention has been devoted to investigating the composition changes induced by the water 

treatment of MSWI bottom ash. 

When using MSWI bottom ash as SCM, compressive strength is the primary index used in the 

selection of mix design. However, other properties, such as volume stability and durability, 

are strongly influenced by the microstructure of hardened pastes [308]. Previous researchers 

mainly studied the effects of MSWI bottom ash addition on cement hydration via calorimetry 

(see Chapter 2). The contribution of MSWI bottom ash to the microstructure development of 

hardened pastes was rarely reported. Investigating the reaction process and the reaction 

products of MSWI bottom ash in blended cement pastes can provide a theoretical basis for 

the wide application of MSWI bottom ash as SCM.  

This chapter consists of three parts (Figure 5.1): 

• In part 1, MBA is treated with water at room temperature to reduce its metallic Al content. 

The limitations of water treatment on the reduction of metallic Al content in MBA are 

explored. The reaction of MBA during water treatment is also studied.  

• In part 2, Portland cement pastes blended with water-treated MBA (WMBA) are prepared, 

and their compressive strength is compared with that of Portland cement pastes blended 
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with FA. The effectiveness of water treatment in eliminating expansive cracks in blended 

cement paste prepared with MBA is examined.  

• In part 3, Portland cement pastes blended the highest amount WMBA are characterized 

to study the reaction of WMBA in blended cement pastes. The Portland cement pastes 

blended with WMBA are compared with plain cement paste and Portland cement pastes 

blended with micronized sand to clarify the effects of WMBA on cement hydration, 

reaction product formation, and strength development. 

 

 

Figure 5.1 The content of this chapter. 

5.2 Materials and methods 

5.2.1 Materials  

The materials used in this chapter include PC (CEM I 52.2R), MBA, FA, and micronized sand 

(M300). Table 5.1 and Table 5.2 provide information about the chemical and mineralogical 

compositions of PC. This information was acquired via the X-ray fluorescence (XRF) and 

quantitative X-ray diffraction (QXRD) analysis described in Chapter 3. The density of PC and 
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M300 is 3.2 g/cm3 and 2.7 g/cm3, respectively. The detailed composition information of MBA 

and FA can be found in Chapter 4. The micronized sand, a chemically inert quartz powder 

provided by SIKRON®, was used as a reference for MBA. As shown in Figure 5.2, the D50 of 

M300 is 17 µm, almost the same as that of PC. Compared with MBA and FA, the particle size 

of M300 is smaller. However, it is difficult to find commercially available micronized sand with 

the same particle size as MBA. M300 is the one that has particle size distribution most similar 

to MBA.  

Table 5.1 Chemical composition of PC (CEM I 52.5 R) determined by XRF analysis. 

Compound SiO2 CaO Al2O3 Fe2O3 Na2O K2O SO3 Cl MgO Others LOI550 Sum 

wt.% 20.58 63.74 4.74 2.47 0.36 0.71 3.07 0.10 2.76 1.32 0.16 100 

Table 5.2 Mineralogical composition of PC (CEM I 52.5 R) determined by QXRD analysis. 

Phases wt.% Formulae ICSD codes 

Alite (C3S) 66.1 Ca3SiO5 94742 
Belite(C2S) 15.5 Ca2SiO4 963 
C3A cubic 2.1 Ca9 (Al2O6)3 1841 
C3A orthorombic 2.9 Al5.176Ca8.393Fe0.46Na0.875O18Si0.375 100220 
C4AF 6.9 Ca2FeAlO5 51265 
Calcite 0.8 CaCO3 80869 
Mayenite 1.3 Ca12Al14O33 6287 
Bassanite 0.6 Ca(SO4)(H2O)0.5 380286 
Anhydrite 1.2 CaSO4 16382 
Quartz 0.4 SiO2 174 
Arcanite 1.4 K2SO4 79777 
Amorphous phase 1.0 - - 
Sum 100 - - 

 

Figure 5.2 Particle size distribution of MBA, FA, M300, and PC, determined by laser diffraction 
method. 
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5.2.2 Mix design  

According to the remarks of Chapter 4, the mix design of Portland cement blended with MBA 

can refer to the experience with Portland cement blended with Class F coal fly ash. Since the 

percentage of coal fly ash added as SCM in concretes usually ranges from 15 wt.% to 35 wt.% 

[309], the percentages of PC replaced by MBA in blended cement were chosen to be the same. 

The heavy metal contents in blended cement system will increase with the addition of MBA. 

The low percentage of MBA in blended cement also prevents the leaching of contaminants 

into the environment. Table 5.3 provides detailed information about the mix design used in 

this work. The water-to-binder ratio is the same for all mixtures (0.4). The binder includes PC 

and supplementary cementitious materials (SCMs). 

In total, five series of paste samples were prepared. Table 5.3 provides details about the mix 

design of these paste samples. 100 CEM, FA CEM, and M300 CEM are reference paste 

samples. 100 CEM was made by mixing PC with water. FA CEM and M300 CEM are pastes of 

Portland cement blended with FA and M300, respectively. MBA CEM and WMBA CEM are 

blended cement pastes made from the same raw materials (Portland cement and MBA) but 

following different sample preparation procedures. The percentages of FA, M300, and MBA 

added in blended cement are 15 %, 25 %, and 35 % by weight. 

Table 5.3 Mix design of the paste samples. 

Paste samples 
Raw materials 

(wt.%) 
Water-to-
PC ratio 

Water-to-
binder 
ratio FA MBA M300 PC 

100 CEM - - - 100 0.4 

0.4 

15 FA CEM 15 - - 
85 0.47 15 MBA CEM - 15 - 

15 WMBA CEM* - 15 - 

25 FA CEM 25 - - 

75 0.53 
25 MBA CEM - 25 - 
25 WMBA CEM* - 25 - 
25 M300 CEM - - 25 

35 FA CEM 35 - - 
65 0.62 35 MBA CEM - 35 - 

35 WMBA CEM* - 35 - 

*The water treatment of MBA was included in the sample preparation process.  

5.2.3 Samples preparation 

Figure 5.3 (a) demonstrates the sample preparation procedure of WMBA CEM. The water 

used to prepare WMBA CEM was divided into two portions. One portion was used to treat 

MBA prior to the addition of PC. The remaining water was added when mixing the fresh pastes. 

The aim of water treatment is to oxidize the metallic Al embedded in MBA. The deionized 

water was mixed with MBA at a mass ratio of 0.4. The mixture obtained was named “slurry” 

in this context. As shown in Figure 5.4, the slurry was sealed in a polyethylene container at 
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room temperature (between 22 to 25 °C). The solids in the slurry are called water-treated 

MBA (WMBA). 

 

Figure 5.3 Illustration of the sample preparation process of (a) WMBA CEM and (b) MBA CEM. 

 

Figure 5.4 illustration of water treatment of MBA. 

The water treatment lasted until the metallic Al content in WMBA reached the lowest 

achievable value. The metallic Al content in WMBA at different time intervals of water 

treatment was monitored by measuring the metallic Al content in the slurry with the water 

displacement method described in Chapter 3. Considering the low metallic Al content in the 

slurry, around 140 g of the slurry was used for each measurement. The hydrogen gas collected 

during the measurement of 140 g slurry equals the hydrogen gas released by the metallic Al 

present in 100 g WMBA. With the volume of released hydrogen gas, the metallic Al content 

in WMBA can be calculated by following Eq. 3.2. In the end, the water treatment lasted for 14 

days. The obtained slurry, also named 14-day slurry, was mixed with PC and the remaining 

water to make WMBA CEM.  

The raw materials used to prepare MBA CEM are the same as that of WMBA CEM. However, 

the sample preparation procedure of MBA CEM differs from that of WMBA CEM. As illustrated 

in Figure 5.3 (b), for the preparation of MBA CEM, the MBA was first blended with PC. 

Afterward, the dry powder blends were directly mixed with water to prepare MBA CEM. FA 



C h a p t e r | 5                                                            P a g e  | 97 

 

 

  

CEM and M300 CEM were prepared following the same procedure as MBA CEM. 100 CEM was 

prepared by directly mixing PC with water.  

All the fresh pastes were mixed for 4 minutes with a high-shear mixer (model IKA® T 50 ULTRA-

TURRAX®) and then cast in the mold with the dimension of 20 × 20 × 20 mm3. The paste 

specimens were first cured at room temperature for 24 hours. After demolding, the 

specimens were sealed with cling film and cured in a fog room (20 °C, 99 % RH) until the test 

ages.  

5.2.4 Studies of reaction between MBA and water 

The dissolution of MBA during water treatment was studied by measuring the pH and 

elemental concentration of the liquid in the slurry at time intervals of 1 day, 7 days, and 14 

days. The slurry tested at each time interval was prepared by mixing 500 g of MBA with 200 g 

of water. The liquid in the slurry was filtered through Whatman™ 42 filter paper with a pore 

size of 1.1 µm. The pH of filtered liquid was measured with a pH meter from Metrohm (model 

827). The pH meter was calibrated with buffer solution with pH of 7 and 10.01 produced by 

HACH®. The filtered solutions were diluted with nitric acid (0.2 vol.%) or sodium hydroxide 

solution (0.1 mol/L). It is worth mentioning that the sodium hydroxide solution was only used 

for dilution when measuring the concentration of sulfur in the filtered solution. The diluted 

solutions were analyzed through inductively coupled plasma-optical emission spectroscopy 

(ICP-OES), model PerkinElmer Optima 5300DV. 

The reaction of MBA in the process of water treatment was also investigated by measuring 

the reaction heat with a TAM-AIR-314 isothermal conduction calorimeter. Around 10 g of 

slurry, after being poured and sealed in a glass ampoule, was loaded in the calorimeter. The 

temperature of the calorimeter was controlled at 20 °C. 

After water treatment, the 14-day slurry was dried in a vacuum freeze-dryer (-24 °C and 0.1 

Pa) for more than three months to remove the water in WMBA. After drying, the mineralogical 

composition of WMBA was measured with X-ray diffraction (XRD). The QXRD analysis was 

performed to quantify the contents of the phases present in WMBA. The molecular structure 

of WMBA was studied by identifying its chemical bonds with Attenuated Total Reflectance-

Fourier Transform Infrared (ATR-FTIR) spectroscopy (model Perkin Elmer Spectrum 100). The 

measurement covers the wavenumber from 600 to 4000 cm-1, and the resolution is 1 cm-1. 

5.2.5 Paste sample characterization 

Compressive strength measurements 

The compressive strength of cubic paste samples (20 × 20 × 20 mm3) was measured for 100 

CEM, FA CEM, MBA CEM, WMBA CEM, and M300 CEM, at the curing ages of 1 day, 7 days, 28 

days, and 90 days. The test procedure was the same as that described in NEN-EN 196-1:2016 

[100]. The compressive strength was determined by calculating the arithmetic mean of 12 

repeated test results.  
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X-ray computed tomography (CT) scan 

The X-ray computed tomography scan is a non-destructive testing technique that can be used 

to examine whether the metallic Al in MBA and WMBA causes cracking inside MBA CEM and 

WMBA CEM. The corrosion of metallic Al is very fast at the pH of cement pore solution [30]. 

The hydrogen gas released by the reaction of metallic Al in Portland cement pastes blended 

with MSWI bottom ash could cause volume expansion before setting [30] or even cracking 

upon hardening [53]. Given that the damage induced by the corrosion of metallic Al usually 

occurred within the first day, the 1-day cubic samples prepared for the strength measurement 

were scanned using a Phoenix Nanotom Micro-CT scanner. During scanning, the samples were 

sealed with plastic film to prevent drying. The X-ray source tube worked at 120 kV and 130 

µA, and the voxel resolution was 15 µm3.  

The image analysis process of the projections obtained after CT scan is shown in Figure 5.5. 

The 3D reconstruction of acquired projections was carried out with the software Phoenix 

Datos|x Reconstruction 2.0 to obtain greyscale value images. ImageJ, an image processing 

program, was used to process the greyscale value images. The pores and cracks were 

segmented using the triangle thresholding algorithm proposed by Zack et al.[310]. After the 

thresholding operation, the 2D binary images were created from the greyscale value images. 

The 2D binary image stacks were visualized with the ImageJ 3D viewer [311]. The region of 

interest was the cube of edge 12 mm located in the center of the specimen. A 3D image of 

the binary image stacks for this cube was used to illustrate the spatial distribution of the pores 

and cracks in MBA CEM and WMBA CEM. 

 

 

Figure 5.5 The image analysis process of the projections obtained after the CT scan of 1-day paste 
sample with water-to-binder ratio of 0.4. 
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Pore solution analysis 

Comparing the ion concentrations in the pore solution derived from 1-day paste samples of 

WMBA CEM and M300 CEM can provide insight into the reaction of WMBA in blended cement 

within the first day of reaction. The samples used for pore solution extraction were prepared 

in the same way as those used for strength measurement. The only difference is the size of 

the mold. The pastes were cast and sealed in polyethylene bottles with a diameter of 35 mm 

and a height of 70 mm. The pore solution of 1-day hardened pastes was extracted by the steel 

die method [312] using pressure up to 300 MPa. The extracted solution was immediately 

filtered through Whatman™ 42 filter paper. The pH and the elemental concentration of 

filtrated solution were determined by pH meter and ICP-OES spectrometer, respectively, in 

the same way as for the analysis of the liquid part of the slurry (section 5.2.4). The elements 

under consideration are Ca, Na, K, Mg, Si, Al, Zn, Fe, and S. 

Isothermal calorimetry 

Isothermal calorimetry was used to study the hydration kinetics. The heat flow of the 

hydration during the first eight days was measured by TAM-AIR-314 isothermal conduction 

calorimeter. The fresh pastes were prepared the same way as that used for the strength 

measurements. The tests were performed at 20 °C following the ASTM C1697 [313].  

Hydration stoppage 

The hydration process was stopped using the solvent exchange method. The fresh pastes 

were cast and sealed in polyethylene bottles (d=35 mm, h=70 mm). The curing condition was 

the same for the samples prepared for strength measurement. After curing for 1 day, 7 days, 

28 days, and 90 days, the hardened pastes were demolded and cut into slices with a diameter 

of 35 mm and a thickness of 2 mm. These slices were immersed in isopropanol for 7 days, 

during which the isopropanol was refreshed after 24 hours. After 7 days of immersion, the 

slices were dried and stored in a low-humidity, low-vacuum desiccator.  

The dried slices were directly used to prepare test samples for scanning electron microscopy 

(SEM) and nitrogen adsorption tests. The dried slices were manually ground into powder using 

mortar and pestle to prepare the samples for XRD analysis and thermogravimetric analysis 

(TGA). Before grinding, the layer on the surface of dried slices was removed by dry polishing 

with sandpaper. The polishing and grinding were performed in a glove box under N2 

atmosphere to prevent carbonation.  

X-ray diffraction analysis  

The XRD analysis was used to identify the newly formed crystalline products. The changes in 

the contents of the crystalline and amorphous phases in hardened pastes with curing ages 

were determined by the QXRD analysis. Silicon powder was used as internal standard to mix 

with test powder samples. The experiments and the analysis of obtained XRD spectra were 

performed in the same way as that described in Chapter 3. 

Thermogravimetric analysis  

The reaction of SCMs in blended cement is usually accompanied by the consumption of 

portlandite [314]. The portlandite content in hardened cement pastes at different curing ages 
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was determined by TGA. The thermal analyzer NETZSCH STA 449 F3 Jupiter® was used for the 

analysis. The experiment was performed under argon atmosphere. The temperature 

increased from 40 to 1000 °C at a rate of 10 °C/min. The weight loss of Ca(OH)2 (WLCa(OH)2
) 

was determined using the tangential method described in [142]. The amount of portlandite 

in 100 g of anhydrous paste sample was determined following the equation:  

Ca(OH)2,anhydrous = 
WLCa(OH)2×

74

18

weight at 600℃  
. 

Scanning electron microscopy  

The hydration products in hardened pastes samples were analyzed using FEI QUANTA FEG 650 

ESEM. After being mounted in epoxy resin, the samples were ground and polished with pure 

ethanol (≥ 96 % v/v, TechniSolv®) as lubricant. The polished samples were coated with a thin 

layer of carbon (around 10 nm) to improve their conductivity under a high vacuum. The 

electron beam voltage and working distance were set at 15 kV and 10 mm, respectively. The 

morphology of hydration products was observed by backscattered electron (BSE) imaging in 

scanning electron microscopy (SEM). The chemical composition of the hydration products was 

measured with integrated Energy Dispersive X-rays spectroscopy (EDS) detector. The spot 

analysis was performed at around 200 manually selected locations in the region of hydration 

products. It is worth mentioning that the inner products that form rims around the 

unhydrated cement grains were not measured. The settings of the measurements and the 

selection of measured locations follow recommendations proposed by Rossen et al. [315]. 

Porosity measurements 

The porosity in 90-day hardened pastes was analyzed using nitrogen adsorption tests. The test 

was conducted by using Gemini VII 2390. The pore volume and size were determined 

according to the Barret-Joyner-Halenda model [316].  
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5.3 Results and discussion 

5.3.1 Water treatment of MBA 

Effectiveness of water treatment on metallic Al content reduction 

Water treatment was applied to MBA to reduce its metallic Al content. As illustrated in Figure 

5.6, the MBA obtained after the mechanical treatments of as-received MSWI bottom ash 

contains an average of 0.13 wt.% metallic Al. The metallic Al content decreased by 46 % within 

the first day of water treatment. The decrease of metallic Al content became slower with the 

prolonging of water treatment. From the 7th to the 14th day, the metallic Al content only 

decreased by around 0.01 wt.%. After 14 days, the metallic Al content was reduced by 85 %, 

reaching 0.02 wt.% in WMBA.  

The duration of water treatment was set at 14 days because the corrosion of the residual 

metallic Al in water was slower in later stages. The reaction products of metallic Al and water 

can function as protective layers to inhibit further corrosion of metallic Al. After 14 days of 

water treatment, the metallic Al content in WMBA was minimal. When water treatment was 

prolonged to more than 14 days, it became more difficult to detect the change of metallic Al 

content by water displacement method.  

 

Figure 5.6 The changes of metallic Al content after mechanical treatments and water treatment. The 
metallic Al was separated from as-received MSWI bottom ash by sieving during the mechanical 

treatments. Due to water treatment, the metallic Al in MBA transformed into the oxidized form.  

Mechanism of water treatment on metallic Al oxidation 

The mechanism of water treatment on metallic Al oxidation was studied by analyzing reaction 

products and the influencing factors of metallic Al corrosion. The types of reaction products 

formed after the reaction of metallic Al and water largely depend on temperature [289]. 

Possible reaction products of metallic Al and water are Al(OH)3 (Eq. 5.1), AlOOH (Eq. 5.2), and 

Al2O3 (Eq. 5.3) [289]. At the temperature between room temperature and 280 °C, the 

formation of Al(OH)3 is thermodynamically favored over AlOOH and Al2O3 [289]. Since the 
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water treatment of MBA was performed at room temperature, the reaction between metallic 

Al and water will produce Al(OH)3 and hydrogen gas.  

2Al +  6 H2O→ 2Al (OH)3 +  3H2 +  16.3 MJ/kg of Al Eq. 5.1 

2Al +  4 H2O→ 2AlOOH +  3H2 +  15.5 MJ/kg of Al Eq. 5.2 

2Al +  3 H2O→ Al2O3 +  3H2 +  15.1 MJ/kg of Al Eq. 5.3 

The liquid filtered from the slurry was tested to be alkaline (see Table 5.4). This alkaline 

condition, which is beneficial to the corrosion of metallic Al, was created through the 

dissolution of MBA during water treatment. The pH of filtered liquid increased slightly when 

water treatment lasted from 1 day to 14 days. It is worth mentioning that the measuring 

accuracy of pH is ± 0.003 [317]. The increased pH of filtered liquid suggests a continuous 

formation of Al(OH)3 during water treatment because the dissociation of the Al(OH)3 in water 

releases OH-. This test result is consistent with that reported by Teng et al. [318], who found 

the pH of the solution increased after the reaction of metallic Al with water.  

As reported in Chapter 4, halite (NaCl) was detected in the XRD measurement of MBA. The 

halite in MBA may facilitate the corrosion of metallic Al during water treatment. The 

concentration of Na+ increased with time during water treatment (see Table 5.4), indicating a 

continuous dissolution of MBA. With the dissolution of MBA, halite releases Na+ and Cl- ions 

into the slurry. The Cl- ions provided by halite could easily penetrate the aluminum oxide film 

to reach the surface of metallic Al, causing the corrosion pitting of metallic Al and thus 

accelerating the corrosion of metallic Al [319].  

Table 5.4 The pH and elemental concentrations of the liquid filtered from the slurry during the water 
treatment. 

Water treatment 
intervals 

pH 
Concentration (mg/L) 

Ca Na K Mg Si Al Zn Fe S 

1 day 8.14 833 749 142 45.3 2 1.1 < 0.1 0.3 836 
7 days 8.12 840 860 155 45.7 2.1 0.8 < 0.1 < 0.1 882 

14 days 8.33 845 966 165 43.4 2.3 0.4 < 0.1 < 0.1 860 

 

Reaction of MBA during water treatment 

The reaction of MBA during water treatment was investigated by recording heat flow. There 

are two peaks in the heat evolution rate curve (Figure 5.7 (a)). Figure 5.7 (a) shows that the 

first peak appeared at 0.0016 day (2.3 min). This peak can be attributed to the wetting and 

dissolution of MBA in water. After the first peak, the second peak was observed at 0.14 day 

(see Figure 5.7 (c)). The appearance of the second calorimetric peak is mainly due to the 

reaction between metallic Al and water.  

For the water treatment of MBA, the water to MBA mass ratio is 0.4. Thus, the amount of 

MBA used to prepare 1 g of slurry for water treatment is 0.71 g. After 1 day of water treatment, 

the metallic Al content decreased by 0.06 wt.% relative to the mass of MBA (Figure 5.6), which 

means 0.00043 g metallic Al in the slurry was reacted. Considering the reaction of 1 g of 
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metallic Al with water will generate 16.3 kJ (Eq. 5.1), the heat released after 0.00043 g of 

metallic Al reacting with water will be 7 J. This calculated value is only slightly lower than the 

total heat (8.1 J) recorded from the beginning (0.09 day) to the end (0.6 day) of the second 

calorimetric peak (see Figure 5.7 (d)).  

 

Figure 5.7 (a)-(c) Heat evolution rate and (d) cumulative heat release during water treatment of MBA 

Composition change induced by water treatment 

The changes in the mineralogical composition and the molecular structure of MBA were 

examined after water treatment. The XRD and the FTIR patterns of WMBA and MBA are 

presented in Figure 5.8. The XRD and FTIR spectra of WMBA are almost the same as that of 

MBA. The peaks in the XRD spectrum of WMBA are also identified in the XRD measurement 

of MBA (Figure 5.8 (a)). Although Al(OH)3 is expected to form after the metallic Al in MBA 

reacted with water, the gibbsite content remained unchanged (0.2 wt.%) after water 

treatment (Table 5.5). There are two possible explanations for this QXRD result. First, the 

increase in the gibbsite content is too small to be detected by XRD. Second, the Al(OH)3 

formed after water treatment is semi-crystalline or has an amorphous structure. Compared 
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with the FTIR spectrum of WMBA, the bands detected in MBA did not change their shape or 

location after the water treatment (Figure 5.8 (b)). These observations indicate that the water 

treatment of MBA did not lead to a noticeable change in its mineralogical composition and 

molecular structure.  

 

Figure 5.8 (a) XRD spectra and (b) FTIR spectra of WMBA and MBA. 

Table 5.5 Mineral phases present in MBA and WMBA and QXRD analysis results.  

Phases 
MBA 

(wt.%) 
WMBA 
(wt.%) 

Formulae ICSD codes 

Quartz 12.1 12.1 SiO2 541929 

Cristobalite 0.4 0.4 SiO2 1251919 

Magnetite 0.9 0.9 Fe3O4 92356 

Hematite 0.4 0.4 Fe2O3 453828 

Wustite 0.2 0.2 FeO 309924 

Gehlenite 2.8 2.8 Ca2Al2SiO7 1411155 

Albite 1.9 1.1 NaAlSi3O8 1402109 

Orthopyroxene 1.4 0.9 Ca0.02Mg0.30Fe0.68SiO3 1615622 

Diopside 4.4 4.0 CaMg0.69Fe0.31Si2O6 77809 

Wollastonite 2.6 2.6 CaSiO3 1253098 

Calcite 2.1 2.2 CaCO3 1611066 

Halite 0.4 0.3 NaCl 311644 

Phosphammite 1.1 1.1 H(NH4)2(PO4) 1401715 

Corundum 0.7 0.7 Al2O3 527601 

Goethite 0.4 0.4 FeO(OH) 71810 

Gibbsite 0.2 0.2 Al(OH)3 1005040 

Iron 0.1 0.1 Fe 1503158 

Amorphous phase 68.1 69.7 - - 

Sum 100 100 - - 

 

According to the QXRD results illustrated in Table 5.5, water treatment changed the contents 

of the amorphous phase, calcite, albite, diopside, orthopyroxene, and halite. The contents of 
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the amorphous phase and calcite in WMBA are slightly higher than in MBA. The higher amount 

of amorphous phase in WMBA indicates that amorphous phase can be the reaction product 

formed after water treatment, such as Al(OH)3 with a semi-crystalline or amorphous structure. 

The increase in the calcite content may result from the precipitation of the Ca2+ ions released 

by MBA during water treatment (Table 5.4). Compared with MBA, WMBA contains a smaller 

amount of albite, diopside, orthopyroxene, and halite. The decrease in the contents of these 

phases can be attributed to their dissolution during water treatment [320–322].  

5.3.2 Effectiveness of water treatment in improving compressive strength of 

blended cement pastes prepared with MBA 

As shown in Figure 5.9 (a), the 28-day compressive strength of WMBA CEM is much higher 

than that of MBA CEM. This result indicates that the water treatment of MBA facilitates the 

strength improvement of blended cement pastes prepared with MBA. The main difference 

between MBA and WMBA is the metallic Al content. The water treatment caused little 

changes to the mineralogical compositions and molecular structure of MBA (see section 

5.3.1). Therefore, the higher compressive strength of WMBA blended Portland cement pastes 

is mainly due to the lower metallic Al content in WMBA.  

 

Figure 5.9 Compressive strength of (a) 28-day cement pastes and (b) 90-day cement pastes. The 
water-to-binder ratio of cement pastes is 0.4.  

The 28-day and 90-day compressive strength of WMBA CEM are close to that of FA CEM when 

the replacement level is between 15 wt.% and 35 wt.% (Figure 5.9). This finding suggests that 

MBA, after water treatment, can be used as an alternative to FA in blended cement. It is worth 

noting that the 28-day 15 WMBA CEM is stronger than the 28-day 15 FA CEM. Although the 

reactivity of FA is similar to MBA, the particle size of FA is larger than MBA. The lower 28-day 

strength of 15 FA CEM can be attributed to the slower reaction rate of FA at room 

temperature. The contribution of FA to strength development is more significant at later ages. 

The compressive strength of 15 FA CEM is slightly higher than that of 15 WMBA CEM (Figure 

5.9 (b)). Apart from the influence of reactivity, the lower strength of 15 WMBA CEM is also 

related to its higher porosity caused by residual metallic Al in WMBA.  



P a g e  | 106                                                              C h a p t e r | 5  

 

Compared with 100 CEM, the compressive strength of WMBA CEM is lower. After being cured 

for 28 days, the plain cement paste sample had a compressive strength of 88 MPa. The 28-

day compressive strength of 15 WMBA CEM was 77.9 MPa, decreasing by 11 % relative to 100 

CEM. The 28-day compressive strength of 25 WMBA CEM was 23 % lower than 100 CEM. The 

differences in the compressive strength between 100 CEM and WMBA CEM became smaller 

with the prolonging of curing time. Compared with 100 CEM, the 90-day compressive strength 

of 15 WMBA CEM and 25 WMBA CEM was 9 % and 15 % lower, respectively.  

5.3.3 Effectiveness of water treatment in eliminating expansive cracks in 

blended cement pastes prepared with MBA 

As demonstrated in Figure 5.10 and Figure 5.11, the cracks and pores in MBA CEM are 

generally more than those in WMBA CEM due to the higher metallic Al content in MBA. The 

volume of cracks and pores in blended cement pastes increased with the addition of MBA (see 

Figure 5.10). Although cracks were not found on the surface of 15 MBA CEM, cracks inside 

cement paste samples can be observed clearly in the 2D binary image obtained after CT scan 

and image analysis. Cracks can be observed on the surface of 25 MBA CEM and 35 MBA CEM. 

Therefore, MBA with 0.13 wt.% metallic Al is not suitable to be directly used as SCM in blended 

cement pastes. In comparison, at the same replacement level (15 wt.%, 25 wt.%, and 35 wt.%), 

cracks were not observed on the surface of WMBA CEM (Figure 5.11). 

As illustrated in the 2D binary images and the 3D images, the volume occupied by air voids 

inside WMBA CEM increased with the incorporation of WMBA, from 15 to 35 wt.% WMBA. 

There are no cracks within 15 WMBA CEM and 25 WMBA CEM. Cracks were observed in the 

2D binary image of 35 WMBA CEM, and cracking surfaces were found inside 35 WMBA CEM 

on its 3D image. Considering the adverse effects of metallic Al on strength development, for 

WMBA with metallic Al content of 0.02 wt.%, its replacement for PC may not exceed 25 wt.% 

to avoid cracking of blended cement pastes. The paste sample of 25 WMBA CEM was used in 

the microstructure analysis to study the reaction of WMBA in blended cement pastes, as will 

be discussed in the following sections. 
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Figure 5.10 The cracks and pores of 1-day MBA CEM with water-to-binder ratio of 0.4: Photos of 1-
day MBA-CEM samples indicate the cracks and pores on the surface. The greyscale value images and 
2D binary images obtained after CT scan and image analysis illustrate the cracks and pores inside 1-

day MBA CEM samples. The white areas in the 2D binary images represent the pores and cracks. 
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Figure 5.11 The cracks and pores of 1-day WMBA CEM with water-to-binder ratio of 0.4: Photos of 1-
day WMBA CEM samples indicate that there are no cracks or pores on the surface. The greyscale 

value images, 2D binary images, and 3D images obtained after CT scan and image analysis show the 
cracks and pores inside 1-day WMBA CEM samples. The white areas in the 2D binary image 

represent the pores and cracks. The regions colored cyan in 3D images refer to the space occupied 
by cracks and pores.  
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5.3.4 Formation and analysis of the microstructure of cement pastes  

As discussed above, after water treatment of MBA, its dosage in blended cement pastes can 

reach up to 25 wt.%. The compressive strength of 25 WMBA CEM is similar to that of 25 FA 

CEM. In this section, the paste sample of 25 WMBA CEM is analyzed to investigate the role of 

water-treated MBA in the formation of cement paste microstructure. For comparison 

purposes, the microstructure formation of plain cement paste (100 CEM) and Portland 

cement paste blended with 25 wt.% inert micronized sand (25 M300 CEM) is also studied.  

5.3.4.1 Effect of WMBA on cement hydration  

Kinetics of hydration  

The heat release of 25 WMBA CEM during the first eight days of reaction was studied by 

isothermal calorimetry (Figure 5.12 (a)). As a reference, the reaction heat of 100 CEM and 25 

M300 CEM was also recorded. Figure 5.12 (b) shows the heat evolution curves during the first 

two days of hydration. The results demonstrate that the substitution of PC with 25 wt.% M300 

did not retard cement hydration, while cement hydration was delayed by around 2.5 hours in 

25 WMBA CEM. The retardation effect of MSWI bottom addition on cement hydration was 

also reported in previous research, especially when the replacement level of MSWI bottom 

ash was between 20 and 30 wt.% [28,53,56,103,125,143]. 

The retardation of cement hydration in 25 WMBA CEM is mainly caused by the Ca2+ ions 

released by MBA during water treatment. After 14 days of water treatment, the Ca2+ 

concentration in the liquid filtered from the 14-day slurry reached 845 mg/L (see Table 5.4). 

These Ca2+ ions increased the initial Ca2+ concentration in Portland cement pastes blended 

with WMBA, thus hindering the release of Ca2+ from the hydration of C3S. Chen et al. [143] 

also reported that the retardation effect became more severe when MSWI bottom ash with 

a higher amount of soluble Ca-bearing substances (such as anhydrite and lime) was used as 

SCM.  

The Zn2+ ions and organics released due to the water treatment of MBA may also influence 

cement hydration in 25 WMBA CEM. The CaZn2(OH)6·2H2O formed in the presence of zinc ions 

could inhibit cement hydration at an early age by depositing on the surface of C3S grains 

[146,148,323]. Additionally, the formation of metal hydroxides would reduce the pH in the 

blended cement system, leading to a retardation in the precipitation of portlandite [323]. A 

delay in the formation of portlandite would decrease the rate of C3S hydration. Since MBA 

contains organics, the adsorption of organics onto the calcium hydroxide nuclei or the initial 

hydration products of tricalcium aluminate (C3A) could both impede cement hydration [324].  

In the heat evolution curve (in Figure 5.12 (b)), the main peak, which came after the induction 

period, is assigned to cement hydration [325]. The replacement of PC with WMBA reduced 

the intensity of this peak. The intensity of the main peak of 25 WMBA CEM is lower than the 

main peak of 25 M300 CEM. The reason for the lower peak intensity in 25 WMBA CEM is that 

the incorporation of WMBA in blended cement impeded cement hydration in the initial stage. 

The shoulder peak observed at around 0.9 day in the deceleration period can be attributed to 

the heat released during ettringite formation [325]. The shoulder peak of 25 WMBA CEM 

exhibits a slightly higher intensity than that of 25 M300 CEM (Figure 5.12 (b)), suggesting that 
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more ettringite was formed in 1-day 25 WMBA CEM. This deduction was confirmed by the 

QXRD analysis results (see Figure 5.15). 

The cumulative heat released by 100 CEM, 25 WMBA CEM, and 25 M300 CEM during the first 

eight days of reaction is shown in Figure 5.12 (c). The hydration of 100 CEM released more 

heat than that of 25 WMBA CEM and 25 M300 CEM. After eight days of reaction, the reduction 

in the cumulative heat release caused by substituting PC with 25 wt.% M300 or WMBA was 

around 19 % (Figure 5.12 (c)). The heat generated by 25 WMBA CEM started to exceed 25 

M300 CEM after 4.5 days of reaction. As illustrated in Figure 5.12 (d), the difference in the 

cumulative heat between 25 WMBA CEM and 100 CEM was smaller than that between 25 

M300 CEM and 100 CEM after 4.5 days of curing. This higher amount of heat release in 25 

WMBA CEM is caused by the higher degree of clinker hydration and the reaction of WMBA. 

More explanations will be provided in the following sections.  

 

Figure 5.12 (a) and (b) Heat release per gram of paste for 100 CEM, 25 M300 CEM, and 25 WMBA 
CEM. (c) Cumulative heat release per gram of pastes for 100 CEM, 25 M300 CEM, and 25 WMBA 

CEM. (d) Decrease in cumulative heat release of 25 M300 CEM and 25 WMBA CEM relative to 100 
CEM. The water-to-binder ratio of the paste samples is 0.4.  
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Hydration degree of clinker 

The hydration degree of clinker in 100 CEM, 25 WMBA CEM, and 25 M300 CEM is illustrated 

in Figure 5.13. The degree of clinker hydration at specific curing age (DoH clinker, t) equals the 

percentage of clinker that has been reacted relative to the clinker initially added to the 

system. In the calculation, only the main phases in the clinker, including C3S, C2S, C3A, and 

C4AF, are considered. The content of these phases in cement pastes was obtained by QXRD 

analysis, as presented in Table D 1, Table D 2, and Table D 3. The DoH clinker, t was calculated 

using the following equation:  

𝐷𝑜𝐻𝑐𝑙𝑖𝑛𝑘𝑒𝑟,𝑡 =
∑(𝐶3𝑆 + 𝐶2𝑆 + 𝐶3𝐴 + 𝐶4𝐴𝐹)𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − ∑(𝐶3𝑆 + 𝐶2𝑆 + 𝐶3𝐴 + 𝐶4𝐴𝐹)𝑡

∑(𝐶3𝑆 + 𝐶2𝑆 + 𝐶3𝐴 + 𝐶4𝐴𝐹)𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

 

Figure 5.13 Hydration degree of clinker in cement pastes with water-to-binder ratio of 0.4, 
determined according to the QXRD results. 

According to Figure 5.13, after 1 day of curing, the fraction of reacted clinker in 100 CEM is 

61.5 %, more than that in 25 WMBA CEM and 25 M300 CEM. However, from 7 days to 90 days, 

the hydration degree of clinker in 25 WMBA CEM and 25 M300 CEM was higher than that in 

100 CEM. The heterogeneous nucleation and dilution effect could be the main physical effects 

responsible for the enhancement of cement hydration in 25WMBA CEM and 25 M300 CEM 

[326,327]. The M300 and WMBA particles could provide nucleation sites for the 

heterogeneous precipitation of hydrates [314,326]. Due to the replacement of PC with M300 

and WMBA, the water-to-cement ratio in 25 M300 CEM and 25 WMBA CEM is higher than 

that in 100 CEM (Table 5.3), resulting in larger water-to-cement distance in 25 M300 CEM and 

25 WMBA CEM [328]. The hydrates in 25 M300 CEM and 25 WMBA CEM could have more 

space to grow, enhancing the clinker hydration [99].  

There is no significant difference between 25 WMBA CEM and 25 M300 CEM in the hydration 

degree of clinker from 1 day to 28 days. The difference in clinker hydration degree between 

these two samples is more noticeable at 90-days. In the 90-day samples, the hydration degree 
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of clinker reaches 94.5% in 25 M300 CEM and 90.8% in 25 WMBA CEM. The higher hydration 

degree of clinker in 25 M300 CEM can be attributed to the smaller particle size of M300 (see 

Figure 5.2). 

5.3.4.2 Reaction products in hardened cement pastes 

The mineralogical composition of 25 WMBA CEM was analyzed with XRD to study the effect 

of WMBA on reaction product formation in blended cement. 100 CEM and 25 M300 CEM were 

also characterized and compared with 25 WMBA CEM. As shown in Figure 5.14, the XRD 

patterns of 100 CEM, 25 M300 CEM, and 25 WMBA CEM change slightly from 1 day to 90 days. 

The differences among 100 CEM, 25 M300 CEM, and 25 WMBA CEM are most evident at 2θ 

below 20° in the XRD patterns.  

According to the XRD analysis, the reaction products detected in 100 CEM include portlandite 

(Ca(OH)2, ICSD code 202220), monocarbonate (Ca4Al2(OH)12(CO3)(H2O)5, ICSD code 59327), 

monosulfate (AFm) (Ca2Al(OH)6(SO4)0.5(H2O)3, ICSD code 100138), and ettringite (AFm) 

(Ca6Al2(SO4)3(OH)12(H2O)26, ICSD code 155395). The reaction products found in 100 CEM were 

also detected in 25 M300 CEM. However, the types of reaction products in 25 WMBA CEM 

are slightly different from that of 100 CEM. Monocarbonate and monosulfate (AFm) were not 

identified in 25 WMBA CEM. Sodicgedirte (Na0.55(Ca0.04Al1.37Mg3.01Fe2.57)(Si5.95Al2.05)O22(OH)2, 

ICSD code 34833) is the crystalline reaction product only found in 25 WMBA CEM. The QXRD 

results of the reaction products formed in these three cement systems are compared in Figure 

5.15. 

 

Figure 5.14 XRD patterns of 100 CEM, 25 M300 CEM, and 25 WMBA CEM with water-to-binder ratio 

of 0.4 at different curing ages. 
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Figure 5.14 (continued) XRD patterns of 100 CEM, 25 M300 CEM, and 25 WMBA CEM with water-to-
binder ratio of 0.4 at different curing ages. 
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Figure 5.15 Content of ettringite, monosulfate, sodicgedrite, amorphous phase, and C3A in 100 CEM, 
25 M300 CEM, and 25 WMBA CEM with water-to-binder ratio of 0.4 as a function of curing ages, 

determined by QXRD analysis. This figure was made based on the data presented in Table D 1, Table 
D 2, and Table D 3. 
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Ettringite and monosulfate 

At 1 day, the ettringite content in 25 WMBA CEM is higher than in 100 CEM and 25 M300 CEM 

(Figure 5.15 (a)). The higher ettringite content in 25 WMBA CEM is related to the sulfate 

dissolved from MBA during water treatment. In the solution filtered from the 14-day slurry, 

the concentration of sulfur (S) is 860 mg/L (Table 5.4). The SO4
2- supplied by MBA increased 

the sulfate concentrations in the pore solution of 25 WMBA CEM in the initial stage. This 

increased sulfate concentration would promote the consumption of C3A, resulting in the 

formation of a higher amount of ettringite. As illustrated in Figure 5.15 (e), the C3A remained 

in 1-day 25 WMBA CEM is 0.9 wt.%, less than that in 1-day 25 M300 CEM (1.4 wt.%).  

Figure 5.15 (a) shows that the ettringite content in 100 CEM, 25 M300 CEM, and 25 WMBA 

CEM decreases by around 50 % from 1 day to 7 days. Ettringite usually converts to 

monosulfate with the decrease of the sulfate content in the pore solution after the 

consumption of calcium sulfate [329]. The ettringite content decreased, while the 

monosulfate content increased with the prolonging of curing ages (Figure 5.15). However, the 

reduction in the ettringite content is much higher than the increase in the monosulfate 

content. One possible explanation is that most of the monosulfate converted from ettringite 

was poorly crystalline and did not exhibit sharp diffraction peaks in the XRD measurements 

[330].  

It is worth noting that, unlike 25 M300 CEM, the peaks of monosulfate were not found in the 

XRD patterns of 25 WMBA CEM (Figure 5.14). The lower monosulfate content in 25 WMBA 

CEM can be attributed to the higher sulfate concentration in the pore solution of 1-day 25 

WMBA CEM (see Table 5.6). Since WMBA contains sulfur, sulfate could be released by WMBA 

in later stages, leading to a higher sulfate concentration in 25 WMBA CEM than in 25 M300 

CEM. Thus, the conversion of ettringite to monosulfate was more difficult in 25 WMBA CEM. 

Table 5.6 Elemental concentration of the pore solution of 1-day cement pastes with water-to-binder 
ratio of 0.4. 

1-day paste samples 
Concentration in pore solution (mg/L) Ca/Si molar 

ratio Ca Si Al S 

100 CEM 118 13.1 3.1 336 6.3 
25 M300 CEM 310 52 13.1 72 4.2 
25 WMBA CEM 134 9.8 2.3 90 9.6 

 

From 7 days to 90 days, the ettringite content in 100 CEM, 25 M300 CEM, and 25 WMBA CEM 

only changed slightly. The majority of the ettringite present in the 7-day samples did not 

convert to monosulfate. There are two possible reasons for this phenomenon. First, the C3A 

content in PC is limited (around 5 wt.%). After 7 days of hydration, only traces of C3A (< 1 wt.%) 

remained in plain cement paste and blended cement pastes, which is unfavorable to the 

conversion of ettringite to monosulfate. Second, the calcite present in PC and WMBA may 

prevent ettringite from reacting with C3A to form monosulfate. In the presence of carbonate, 

the crystallization of monocarbonate was favored over monosulfate, as the monocarbonate 
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is more stable at room temperature [331]. Monocarbonate was found in 100 CEM and 25 

M300 CEM after 28 days of curing, as illustrated in Table D 1 and Table D 2.  

Sodicgedrite  

After 7 days of reaction, the peaks of sodicgedrite, the magnesium sodium iron aluminate 

silicate hydroxide, appeared in the XRD patterns of 25 WMBA CEM (Figure 5.14 (c)). The peak 

intensity of this crystalline phase increased with the progress of hydration. The QXRD results 

show that the content of sodicgedrite increased from 7 days to 90 days (Figure 5.15 (c)). 

Sodicgedrite is not the reaction product of Portland cement hydration. Therefore, 

sodicgedrite can be the reaction product of WMBA and portlandite, which will be discussed 

in detail in section 5.3.4.3.  

Amorphous phase  

The amorphous phase content in 100 CEM, 25 M300 CEM, and 25 WMBA CEM increased from 

1 day to 90 days, which is mainly due to the hydration of clinker. While M300 is unreactive in 

blended cement, WMBA can contribute to the formation of the amorphous phase from the 

first day of hydration. The degree of clinker hydration in 1-day 25 WMBA CEM is roughly 

equivalent to that in 1-day 25 M300 CEM (Figure 5.13). In this case, the portlandite content 

and the Ca2+ concentration in 1-day 25 WMBA CEM and 1-day 25 M300 CEM should be within 

the same range. However, the portlandite content in 25 WMBA CEM is lower than in 25 M300 

CEM (Figure 5.16). The concentrations of Ca, Al, and Si in the pore solution of 1-day 25 WMBA 

CEM are much lower than that in 1-day 25 M300 CEM (Table 5.6). The possible reason could 

be that the reaction of WMBA consumed portlandite. The reaction product of WMBA may 

have amorphous structure, such as calcium silicate hydrate (C-S-H), because new crystalline 

phases were not identified in 1-day 25 WMBA CEM. 

 

Figure 5.16 Portlandite content in anhydrous paste samples with water-to-binder ratio of 0.4, 
determined by TGA. 
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There is a drop in the content of portlandite determined by TGA in 25 WMBA CEM (Figure 

5.16) from 7 days to 28 days. From 7 days to 28 days, the amount of clinker hydrated in 25 

WMBA CEM was less than that in 25 M300 CEM (see Figure 5.13). In contrast, the content of 

the amorphous phase in 25 WMBA CEM increased by 7.3 wt.%, almost doubling that in 25 

M300 CEM (3.8 wt.%) (Figure 5.15 (d)). For these reasons, some of the portlandite produced 

after clinker hydration in 25 WMBA CEM should be consumed by WMBA, and the reaction 

product was the amorphous phase. 

5.3.4.3 Morphology of hardened cement pastes 

The morphology of 25 WMBA CEM was observed under SEM to investigate the influence of 

WMBA on the microstructural development of cement pastes. For comparison purposes, the 

morphology of 100 CEM and 25 M300 CEM was also studied. Figure 5.17 shows the SEM-BSE 

images of the 90-day hardened paste samples of 100 CEM, 25 M300 CEM, and 25 WMBA CEM. 

Since the pores were filled with epoxy during sample preparation, they were identified as the 

black areas of the SEM-BSE images. Compared with the Portland cement pastes blended with 

WMBA or M300, the plain cement pastes exhibited a denser microstructure. At the 

magnification of 1000, more pores were found in 25 WMBA CEM and 25 M300 CEM than in 

100 CEM (see Figure 5.17 (a), (c), and (e)).  

The area surrounding WMBA and M300 particles was examined under high magnification 

(4000). As shown in Figure 5.17 (d) and (f), the WMBA particles and M300 particles both have 

angular shapes. Unlike the intact M300 particles, cracks were found within the WMBA 

particles. The grey levels of different regions within a single WMBA particle can differ because 

of the heterogeneity in chemical compositions. The M300 and WMBA particles labeled in the 

BSE images were recognized by SEM-EDS spot analysis. The BSE images of 25 M300 CEM and 

25 WMBA CEM indicate that a dense microstructure was formed around the M300 and WMBA 

particles.  

Figure 5.18 (a) and (b) demonstrate two typical examples of partially reacted WMBA particles 

in 90-day 25 WMBA CEM. Layers of reaction products were deposited on the surface of these 

two particles (particle 1 and particle 2). In the SEM-BSE images, the reaction products formed 

in situ from WMBA have a thickness below 0.5 µm and are brighter in color than the gel 

formed between unreacted particles. According to the SEM-EDS spot analysis (see Figure 5.18 

(c)), the elements detected at location 1 of particle 1 and location 2 of particle 2 are mainly 

Na, Ca, Al, Mg, Fe, Si, and O. These elements are also the constituents of sodicgedrite 

(Na0.55(Ca0.04Al1.37Mg3.01Fe2.57)(Si5.95Al2.05)O22(OH)2). It is possible that the in-situ reaction 

product of WMBA is sodicgedrite.  
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Figure 5.17 SEM-BSE images of 100 CEM, 25 M300 CEM, and 25 WMBA CEM paste samples at 90 
days. The magnifications are 1000 (left images) and 4000 (right images). The water-to-binder ratio of 

the paste samples is 0.4. 
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Figure 5.18 (a) and (b) SEM-BSE images of the partially reacted WMBA particles in 90-day 25 WMBA 
CEM with water-to-binder ratio of 0.4. (c) SEM-EDS spot analysis results of the locations labeled in 

particle 1 and particle 2.  

The glass particles are the primary resources of the reactive phase in MBA (see Chapter 4). 

Given that the mineralogical composition of WMBA is almost the same as that of MBA (see 

section 5.3.1), the elemental compositions of particle 1 and particle 2 were compared with 

the chemical composition of the glass particles in MBA. The SEM-EDS spot analysis was 

performed on the glass particles separated from as-received MSWI bottom ash (see Figure 

4.3 (b)) to determine the composition of the glass in MBA. The measured compositions were 

projected onto ternary diagrams (Figure 5.19). The ternary diagram depicts the ratios of three 

elements as positions in an equilateral triangle. As shown in Figure 5.19, the atomic ratios of 

the elements detected at location 1 and location 2 are within the same range as that of 

elements present in the glass particles. It can be deduced that particle 1 and particle 2, which 

are reactive in 25 WMBA CEM, are WMBA particles consisting of glass. The sodicgedrite 

detected in 25 WMBA CEM can be the reaction products of portlandite and the glass particles 

in WMBA.  
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Figure 5.19 Comparison between the chemical compositions (atom %) of the glass particles in MBA 
and the chemical compositions measured at location 1 and location 2 (shown in Figure 5.18 (a) and 

(b)) in 90-day 25 WMBA CEM with water-to-binder ratio of 0.4. The ternary diagrams are plotted 
according to the atomic percentages of the elements. 

5.3.4.4 Chemical composition of C-S-H gel in hardened cement pastes 

The chemical composition of the C-S-H gel formed in 25 WMBA CEM was compared with that 

of 100 CEM and 25 M300 CEM after 90 days of curing. The composition of C-S-H gel was 

measured at randomly selected locations in the region between unreacted particles, such as 

the “point 1” shown in Figure 5.20. It is worth mentioning that the chemical composition of 

the reaction products deposited on the surface of WMBA particles (see Figure 5.18) was not 

measured with SEM-EDS spot analysis. This is because the thickness of these in-situ reaction 

products is much smaller than the radius of interaction volume between the electron beams 

and gel phases at 15 kV [315].  
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Figure 5.20 An example of the location selected for the measurement of C-S-H gel composition in 
SEM-EDS spot analysis. The sample is 90-day 25 WMBA CEM, and the magnification is 8000. The 

water-to-binder ratio of the paste samples is 0.4.  

The Si/Ca and Al/Ca atomic ratios calculated from the analysis results were plotted in Figure 

5.21 (a)-(c). The scatter plots indicate that the Si/Ca atomic ratio of the C-S-H gel in 100 CEM 

is between 0.3 and 0.6, while this ratio changes across a wider range (0.3 - 0.65) in the C-S-H 

gel of 25 M300 CEM and 25 WMBA CEM. It seems that replacing 25 wt.% PC with M300 or 

WMBA only had little effect on the Si/Ca atomic ratio of the C-S-H gel. However, in addition 

to C-S-H gel, the composition information collected at a single location in the SEM-EDS spot 

analysis may also include signals from other phases, such as ettringite and portlandite. When 

an electron beam strikes the specimen, the interaction volume may contain two or more 

phases [142]. It is necessary to separate the signals of C-S-H gel from those of the other phases 

so as to compare the composition of the gel phases formed in 100 CEM, 25 M300 CEM, and 

25 WMBA CEM. 

According to the method proposed by Scrivener et al. [142], the Si/Ca and Al/Ca atomic ratios 

in the C-S-H gel can be estimated by taking the value at the right edge of the cloud of 

measured C-S-H compositions in the scatter plots. The point at the right edge is the “least-

intermixed point”, and its value is very close to the atomic ratio of C-S-H gel. The value 

represented by the point at the right edge is determined by fitting the dataset of measured 

composition with Gaussian distribution [315]. Figure 5.21 (d)-(f) illustrate the distribution 

plots of the dataset of the measured Si/Ca and Al/Ca atomic ratios plotted in Figure 5.21 (a)-

(c). The mean value (µ) of the fitted distribution is taken as the Al/Ca atomic ratio for the C-S-

H gel. The Si/Ca atomic ratio of the C-S-H gel is taken to be µ+2σ, where σ represents the 

standard deviation of the fitted distribution. The locations of fitted compositions are also 

labeled in the scattering plots (Figure 5.21 (a)-(c)).  
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Figure 5.21 (a)-(c) The 2D scatter plot of the SEM-EDS analysis results of the C-S-H gel in 100 CEM, 25 
M300 CEM, and 25 WMBA CEM at 90 days. (d)-(e) The distribution plot of the SEM-EDS analysis 

results shown in (a)-(c). The distribution of the data is fitted with a Gaussian curve. The mean (µ) and 
the standard deviation of the fitted distribution (σ) are used to find the atomic ratio of the elements 
in C-S-H: Al/Ca (at µ), Si/Ca (at µ+2 σ). The points representing fitted compositions are referred to as 

the “edge points”. The water-to-binder ratio of the paste samples is 0.4.  



C h a p t e r | 5                                                            P a g e  | 123 

 

 

  

 

Figure 5.22 Comparison of atomic ratios of fitted compositions (at edge points) of the C-S-H in 100 
CEM, 25 M300 CEM, and 25 WMBA CEM at 90 days. The water-to-binder ratio of the paste samples 

is 0.4.  

The Si/Ca and Al/Ca atomic ratios represented by the edge points of 100 CEM, 25 M300 CEM, 

and 25 WMBA CEM were summarized in Figure 5.22. The Al/Si and Ca/Si atomic ratios were 

also calculated from the atomic ratios of Si/Ca and Al/Ca. Figure 5.22 shows that the Al/Si 

atomic ratio is almost the same in the C-S-H gel of 100 CEM, 25 M300 CEM, and 25 WMBA 

CEM. The Ca/Si atomic ratio of the C-S-H gel in 25 WMBA CEM and 25 M300 CEM are nearly 

equal. Both are lower than the Ca/Si atomic ratio of the C-S-H gel in 100 CEM.  

The low Ca/Si atomic ratio of the C-S-H gel in 25 M300 CEM can be attributed to the low Ca/Si 

molar ratio in the pore solution. Blending PC with M300 reduced the Ca/Si molar ratio in the 

pore solution. As shown in Table 5.6, the Ca/Si molar ratio in the pore solution of 1-day 25 

M300 CEM is 4.2, lower than that in the pore solution of 1-day 100 CEM (6.3). The Ca/Si molar 

ratio in the pore solution of Portland cement paste decreased with the prolonging of curing 

time [332]. Given that the addition of M300 enhanced cement hydration, the decrease of the 

Ca/Si molar ratio in the pore solution of 25 M300 CEM would be faster than that in the pore 

solution of 100 CEM. From 1 day to 90 days, the Ca/Si molar ratio in the pore solution of 25 

M300 CEM remained lower than that in the pore solution of 100 CEM, resulting in a lower 

Ca/Si atomic ratio of the C-S-H gel.  

In the case of 25 WMBA CEM, the low Ca/Si atomic ratio of the C-S-H gel is mainly caused by 

the reaction of WMBA. There are three possible explanations: 

• First, like the situation in 25 M300 CEM, cement hydration was also accelerated in 25 

WMBA CEM due to the heterogeneous nucleation and dilution effect. The Ca/Si molar 

ratio would decrease faster than that in the pore solution of Portland cement. Besides, as 

discussed in section 5.3.4.2, the reaction of WMBA in 25 WMBA CEM consumed 

portlandite. The Ca/Si molar ratio in the pore solution may also decrease after some Ca2+ 

ions were consumed by the reaction of WMBA, resulting in a low Ca/Si atomic ratio of the 

C-S-H gel.  

• Second, the Ca/Si atomic ratio of the C-S-H gel could be lower after incorporating the Si 

dissolved from WMBA. The mineralogical composition of MBA only slightly changed after 

water treatment (see section 5.3.1). Like MBA, the amorphous phase of WMBA also has 
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much more Si than Ca (see Chapter 4). The dissolution of WMBA mainly provided Si to the 

formation of C-S-H gel, which would increase the Si content in the gel.  

• Third, the pozzolanic reaction of WMBA may produce C-S-H gel with a low Ca/Si atomic 

ratio. Since the chemical compositions of the amorphous phase in WMBA and Class F coal 

fly ash are within the same range (see Chapter 4), the pozzolanic reaction products of 

WMBA and Class F coal fly ash could be similar. According to Bentz et al. [333], the 

pozzolanic reaction products of coal fly ash can be calcium silicate hydrate (C1.1SH3.9) and 

strätlingite (C2ASH8). It is possible that in 25 WMBA CEM, the C1.1SH3.9 also formed after 

the pozzolanic reaction of WMBA. When C-S-H gel with a low Ca/Si atomic ratio was mixed 

with the C-S-H gel formed after cement hydration, the overall Ca/Si atomic ratio of the C-

S-H gel in 25 WMBA CEM was decreased.  

 

Figure 5.23 (a)-(c) The 2D scatter plot of the SEM-EDS analysis results of the C-S-H gel in 100 CEM, 25 
M300 CEM, and 25 WMBA CEM at 90 days. The water-to-binder ratio of the paste samples is 0.4. For 

comparison purposes, the axis scale settings are the same as those of the scatter plots shown in 
Figure 5.21.  

Based on what has been discussed above, it is difficult to distinguish the C-S-H gel formed in 

25 WMBA CEM and 25 M300 CEM by comparing the Ca/Si or the Al/Si atomic ratio. However, 
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the alkali contents are different in the C-S-H gel of 25 WMBA CEM and 25 M300 CEM. As 

shown in Figure 5.23, blending PC with M300 did not change the (Na+K)/Si atomic ratio of the 

C-S-H gel. Comparatively, more alkali ions were incorporated in the C-S-H gel formed in 25 

WMBA CEM. These extra alkali ions were released by WMBA (Figure 5.18 (c)). 

5.3.4.5 Porosity of hardened cement pastes 

The porosity of the 90-day 25 WMBA CEM was measured by the nitrogen adsorption test. The 

test result was compared with that of 90-day 100 CEM and 25 M300 CEM (see Figure 5.24). 

The nitrogen adsorption test mainly measured the volumes of the capillary pores ranging from 

2 to 500 nm [334]. The gel pores with their characteristic size of 1.5 to 2 nm [335] cannot be 

measured with this technique.  

 

Figure 5.24 Pore size distribution of 100 CEM, 25 M300 CEM, and 25 WMBA CEM at 90 days, 
determined using the nitrogen adsorption method. The water-to-binder ratio of the paste samples is 

0.4.  

As illustrated in Figure 5.24 (a), the total pore volume in 90-day hardened pastes increased in 

the following order: 100 CEM < 25 WMBA CEM < 25 M300 CEM. The differential curve of 90-

day 100 CEM displays a unimodal distribution (Figure 5.24 (b)). The corresponding critical pore 

width is 20 nm. In the differential curve of 90-day 25 WMBA, the main peak was observed at 

22.5 nm, which shifted slightly to the larger pore width relative to the peak of 90-day 100 CEM. 

Unlike 90-day 100 CEM and 25 WMBA CEM, the differential curve of 90-day 25 M300 CEM 

shows a bimodal distribution. The first peak was found at the same pore width as the main 

peak of 90-day 25 WMBA CEM. The second peak of 90-day 25 M300 CEM appeared at the 

pore width of 8 nm.  

Compared with 100 CEM, less PC was used for the preparation of 25 WMBA CEM and 25 M300 

CEM, reducing the quantities of reaction products. As a result, the porosity of 25 WMBA CEM 

and 25 M300 CEM is higher. When comparing 90-day 25 WMBA CEM and 25 M300 CEM, the 

reaction products formed after clinker hydration are less in 25 WMBA CEM (Figure 5.13). The 

formation of a denser microstructure in 90-day 25 WMBA CEM can be attributed to the 
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reaction products of WMBA particles filling the capillary pores, especially those smaller than 

10 nm.  

5.3.5 Strength development of hardened cement pastes 

Figure 5.25 shows the compressive strength of 25 WMBA CEM at different curing ages. The 

compressive strength of 100 CEM and 25 M300 CEM was also provided for comparison. 

Regardless of the curing age, the compressive strength of 100 CEM is the highest among all 

these three mixtures. Compared with 100 CEM, the replacement of 25 wt.% PC with WMBA 

reduced the compressive strength by around 15 % at the age of 90 days. The compressive 

strength of 25 WMBA CEM is higher than that of 25 M300 CEM, which is more evident at 1 

day and 90 days.  

The 1-day compressive strength of 25 WMBA CEM is 29.8 MPa, which is 5 MPa higher than 

the strength of 1-day 25 M300 CEM. The higher 1-day compressive strength of 25 WMBA CEM 

is mainly due to the formation of a larger amount of ettringite. As discussed in section 5.3.4.1 

and section 5.3.4.2, clinker hydration degree in 25 WMBA CEM is almost equal to that in 25 

M300 CEM. The SO4
2- dissolved from WMBA particles facilitates ettringite formation. After 1-

day curing, the total amount of reaction products in 25 WMBA CEM is more than that in 25 

M300 CEM. 

At 90 days, the compressive strength of 25 WMBA CEM reaches 82.3 MPa, which is 10.8 MPa 

larger than that of 25 M300 CEM. A denser microstructure in 90-day 25 WMBA CEM explains 

its higher compressive strength. The porosity of 90-day 25 WMBA CEM is smaller than that of 

25 M300 CEM. Unlike M300, WMBA is reactive, and its reaction products can fill the capillary 

pores, thereby reducing the volume of capillary pores in 25 WMBA CEM (see section 5.3.4.5).  

 

Figure 5.25 Compressive strength of cement pastes as a function of curing ages. The water-to-binder 
ratio of the paste samples is 0.4.  
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5.4 Conclusions 

In this chapter, the use of mechanically treated MSWI bottom ash (MBA) as an alternative to 

Class F coal fly ash (FA) in blended cement pastes was discussed. Compared with plain cement 

paste (100 CEM), adding MBA to Portland cement paste affected clinker hydration and 

changed the reaction products and microstructure of cement pastes. MBA also participated 

in the reaction product formation in blended cement pastes and contributed to the strength 

development. The following are the findings of this work:  

• The water treatment of MBA, performed at room temperature during the preparation of 

blended cement pastes, could reduce the metallic Al content by 85 %, reaching 0.02 wt.% 

in water-treated MBA (WMBA). Due to water treatment, the replacement level of MBA in 

blended cement pastes can reach up to 25 wt.% without the formation of cracks caused 

by hydrogen gas release. The 28-day and 90-day compressive strength of Portland cement 

pastes blended with WMBA (WMBA CEM) was close to that of Portland cement pastes 

blended with FA.  

• In the process of water treatment, the dissolution of MBA in water created an alkaline 

environment to facilitate the corrosion of metallic Al embedded in MBA. The water 

treatment only slightly changed the mineralogical compositions of MBA by increasing the 

contents of amorphous phase and calcite.  

• Compared with 100 CEM, the incorporation of WMBA delayed cement hydration on the 

first day, but the hydration of clinker was enhanced at later ages in blended cement pastes 

prepared with 25 wt.% MBA and 75 wt.% Portland cement (25 WMBA CEM). After 90 days, 

the hydration degree of clinker in 25 WMBA CEM was higher than that in 100 CEM. The 

sulfate dissolved from MBA during water treatment increased the initial sulfate 

concentration in blended cement and thus promoted the ettringite formation in 1-day 25 

WMBA CEM.  

• In 25 WMBA CEM, the reaction of WMBA consumed portlandite, and the reaction 

products of WMBA were sodicgedrite and amorphous phase. The pozzolanic reaction of 

WMBA may produce C-S-H gel with a lower Ca/Si ratio. The Ca/Si ratio of the C-S-H gel was 

smaller than that of the C-S-H gel generated in 100 CEM. 

• Although the Al/Si and Ca/Si atomic ratios were almost the same in the C-S-H gel formed 

in 25 WMBA CEM and Portland cement pastes blended with 25 wt.% M300 (25 M300 CEM), 

the C-S-H gel in 25 WMBA CEM incorporated more alkali ions. More reaction products 

were formed in 25 WMBA CEM than in 25 M300 CEM to fill the capillary pores. The 

compressive strength of 25 WMBA CEM was higher than 25 M300 CEM.
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Chapter 6  

 

Alkali-activated pastes(1) prepared with 
mechanically treated MSWI bottom ash as 

precursor 

NaOH solution treatment, microstructure formation, and 

strength development 

 

 

 
Highlights 

• When used as precursor for alkali-activated materials (AAM), the metallic Al content of 

mechanically treated MSWI bottom ash (MBA) needs to be reduced to zero to prevent 

the volume expansion of alkali-activated pastes.  

• The metallic Al in MBA can be completely oxidized at room temperature by allowing 

MBA to react with NaOH solution in advance during the sample preparation process.  

• After NaOH solution treatment of MBA, the compressive strength of alkali-activated 

pastes prepared with MBA and blast furnace slag (BFS) was similar to that of the alkali-

activated pastes made from BFS and Class F coal fly ash. 

• Blending BFS with NaOH solution-treated MBA (CMBA) enhanced the reaction of BFS at 

later ages. The reaction products of CMBA contributed to the strength development of 

alkali-activated CMBA-BFS pastes.  

(1) Alkali-activated paste, alkali-activated mortar, and alkali-activated concrete all belong to alkali-activated 
materials.  
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6.1 Introduction 

This chapter is about using mechanically treated MSWI bottom ash (MBA) to prepare alkali-

activated materials (AAM). Given that the reactivity of MBA as precursor for AAM is similar to 

that of Class F coal fly ash (FA) (see Chapter 4), one of the research goals is to use MBA as an 

alternative to FA for the preparation of AAM and obtain similar compressive strength by 

optimizing the sample preparation process. The other goal is to understand the contribution 

of MBA to compressive strength by studying the effects of MBA addition on the reaction 

products and microstructure of alkali-activated pastes.  

The prerequisite for preparing MBA-based AAM with compressive strength close to FA-based 

AAM is to reduce the metallic Al content of MBA to zero. The residual metallic Al in MBA is 

detrimental to the strength development, as it can easily oxidize and release hydrogen under 

high alkaline conditions in AAM [29,131,155,156,169]. The NaOH solution treatment of MSWI 

bottom ash has been performed by previous researchers to eliminate the adverse effects of 

metallic Al on strength development [131,157,172–174,178]. The NaOH solution treatment 

of MSWI bottom ash accelerated the oxidation of metallic Al, as well as the release of 

hydrogen gas.  

At present, there is no protocol for the NaOH solution treatment of MSWI bottom ash (see 

Chapter 2). The concentration of the NaOH solution and the duration of the treatment was 

usually tailored according to the properties of as-received MSWI bottom ash. Current studies 

mainly focused on the effectiveness of NaOH solution treatment in reducing metallic Al 

content [131,157,172–174,178]. The reaction of MSWI bottom ash during NaOH solution 

treatment has not been extensively investigated yet. The compositional change caused by 

NaOH solution treatment can affect the reaction of MSWI bottom ash upon alkali activation, 

which in turn influences the mechanical properties of synthesized AAM.  

As described in Chapter 2, AAM prepared with 100 wt.% MSWI bottom ash usually exhibits 

low strength at an early age. Compared with un-reacted MSWI bottom ash, AAM prepared 

with 100 wt.% MSWI bottom ash leaches more heavy metals into the environment 

[29,102,168]. MSWI bottom ash was used together with more reactive precursors to improve 

the compressive strength of MSWI bottom ash-based AAM. Blast furnace slag (BFS) is a more 

commonly selected precursor for blending with MSWI bottom ash than coal fly ash and 

metakaolin.  

Previous researchers mainly studied the factors influencing the compressive strength of AAM 

prepared with blends of MSWI bottom ash and BFS (see Chapter 2). The influencing factors 

include the metallic Al content and the reactivity of MSWI bottom ash, the mass ratio between 

MSWI bottom ash and BFS in the precursor, the alkali modulus of the activator, and the curing 

condition [131,157,173]. There is little information about the reaction kinetics and the 

microstructure formation of AAM prepared with a blend of MSWI bottom ash and BFS. The 

engineering properties of AAM are determined by its microstructure. For a detailed 

understanding of the microstructural development, the reaction of MSWI bottom ash in AAM 

prepared with blends of MSWI bottom ash and BFS needs to be better understood.  

This chapter consists of three parts (Figure 6.1): 
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Figure 6.1 The content of this chapter. 

• In part 1, MBA is treated with NaOH solution to reduce its metallic Al content to zero. The 

effects of NaOH solution treatment on the mineralogical composition and the molecular 

structure of MBA are studied.  

• In part 2, the NaOH solution-treated MBA (CMBA) in the slurry obtained after NaOH 

solution treatment is pre-activated before the alkali activation of BFS. The reaction 

products formed during the pre-activation of CMBA are investigated. The compressive 

strength of alkali-activated CMBA-BFS pastes is compared with that of the alkali-activated 

FA-BFS pastes.  

• In part 3, the alkali-activated CMBA-BFS paste prepared with the highest amount of MBA 

is used for microstructure analysis to study the contribution of CMBA to compressive 
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strength. The samples of alkali-activated BFS paste and alkali-activated micronized sand-

BFS pastes are used as references. The effects of CMBA on the reaction of BFS are studied 

from the perspectives of reaction kinetics, reaction degree, reaction product formation, 

porosity, and strength development.  

6.2 Materials and methods 

6.2.1 Materials  

The materials used in this chapter include MBA, BFS, FA, and micronized sand (M300). For 

MBA, BFS, and FA, detailed information about their chemical and mineralogical compositions 

and particle size distribution can be found in Chapter 4. The micronized sand used in this 

chapter is the same as that used in Chapter 5.  

6.2.2 Mix design  

The mix was designed according to the reactivity of MBA, the leaching potential of MBA, and 

the thermodynamic modeling results of alkali-activated MBA paste (see Chapter 4). MBA was 

used together with BFS to prepare AAM and avoid the risks associated with the excessive 

leaching of heavy metals into the environment. As discussed in Chapter 4, the dosage of MBA 

in alkali-activated pastes should be lower than 50 wt.%. In addition to solving the problem of 

excessive leaching, the addition of more BFS than MBA is beneficial to the strength 

development of AAM, as BFS is much more reactive than MBA. The percentage of MBA in the 

precursor is 10 wt.%, 20 wt.%, or 30 wt.%. 

The weight percentage of Na2O in the activator was set to be 5 wt.%, relative to the mass of 

the precursor. This is because when the Na2O content in the activator (NaOH solution) 

exceeds 5 wt.%, some of the Si released from MBA was predicted to present in the pore 

solution rather than forming stable reaction products with the Na provided by the activator 

(see Chapter 4). Besides, the reactivity of MBA is similar to that of FA. For BFS and FA used in 

this work, the experimental results of Nedeljković et al. [336] indicated that the optimal Na2O 

wt.% in the activator was 4.8 wt.% for obtaining high compressive strength when blends of 

BFS and FA were used as precursor to prepare AAM.  

The activator is composed of NaOH solution and water glass solution. The water glass solution 

contains 8 wt.% Na2O and 26.9 wt.% SiO2. The molar ratio between SiO2 and Na2O in the 

activator, also referred to as the alkali modulus (Ms) of the activator, is chosen to be one. 

Considering that the reactivity of MSWI bottom ash is similar to that of FA, the value of Ms is 

determined with reference to the optimal range of the alkali modulus (between 1 and 1.5 

[337]) for the preparation of AAM with a mixture of BFS and FA. The experience of Huang et 

al. [157,174] is also used as a reference. They reported that the mixture of water NaOH 

solution and water glass with the alkali modulus of 1.04 was the optimal activator for AAM 

prepared with MSWI bottom ash and BFS [157,174].  

For all mixtures, the water-to-precursor mass ratio was kept constant at 0.35. In total, five 

series of alkali-activated paste samples were prepared. The mix design of these paste samples 

can be found in Table 6.1. 100 BFS AAM, FA-BFS AAM, and M300-BFS AAM were prepared as 



P a g e  | 132                                                              C h a p t e r | 6  

 

references to MBA-BFS AAM and CMBA-BFS AAM. 100 BFS AAM is alkali-activated paste 

prepared with 100 % BFS. FA-BFS AAM, MBA-BFS AAM, CMBA-BFS AAM, and M300-BFS AAM 

are alkali-activated pastes made from BFS and another type of precursor. The raw materials 

used to prepare MBA-BFS AAM and CMBA-BFS AAM are the same, but the sample preparation 

procedures are different. In binary AAM systems, the percentages of BFS replaced by FA, 

M300, or MBA are 10 wt.%, 20 wt.%, and 30 wt.%. It is worth mentioning that if the dosage 

of MBA exceeds 30 wt.%, the amount of solution required for the NaOH solution treatment 

of MBA is more than can be taken from the activator used for the preparation of CMBA-BFS 

AAM.  

Table 6.1 Mix design of alkali-activated paste samples. 

Paste samples 
Precursors 

(wt.%) Activator 
FA MBA M300 BFS 

100 BFS AAM - - - 100 

• Water-to-precursor mass 
ratio: 0.35 

• Na2O content: 5 wt.% 

• Alkali modulus: 1 

10 FA-BFS AAM 10 - - 
90 10 MBA-BFS AAM - 10 - 

10 CMBA-BFS AAM* - 10 - 

20 FA-BFS AAM 20 - - 
80 

20 CMBA-BFS AAM* - 20 - 

30 FA-BFS AAM 30 - - 
70 30 CMBA-BFS AAM* - 30 - 

30 M300-BFS AAM - - 30 

*The NaOH solution treatment of MBA was included in the sample preparation process. 

6.2.3 Sample preparation  

Figure 6.2 (a) depicts the sample preparation procedure of CMBA-BFS AAM. MBA and BFS are the 

precursors used to prepare CMBA-BFS AAM. The activator used for the preparation of CMBA-

BFS AAM is divided into two parts. One part is the NaOH solution (3 mol/L) prepared by 

dissolving the NaOH pellets (analytical grade, purity ≥ 98 %) in distilled water. The other part, 

also referred to as the remaining activator, is made by mixing NaOH pellets, distilled water, 

and Na2SiO3 solution.  

When preparing CMBA-BFS AAM, MBA was first treated with NaOH solution, and the goal was 

to oxidize the metallic Al in MBA. The mass ratio between NaOH solution and MBA is 0.7. As 

shown in Figure 6.3, the mixture of MBA and NaOH solution was sealed in a polyethylene 

container at room temperature (between 22 to 25 °C). This mixture is named “slurry” in this 

context. The NaOH solution treatment lasted until the metallic Al content in the slurry was 

reduced to zero. During NaOH solution treatment, the water displacement method described 

in Chapter 3 was used to measure the metallic Al content in the slurry and to monitor its 

changes with time. In the end, the NaOH solution treatment lasted for 5 days. The solids in 

the 5-day slurry are the NaOH solution-treated MBA (CMBA).  

After NaOH solution treatment, the remaining activator was added to the 5-day slurry. The 

mixture of slurry and activator was kept for 1 day at room temperature. During this process, 
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the CMBA in the slurry was pre-activated. After the pre-activation of CMBA, the 1-day mixture 

was blended with BFS using a high-shear mixer (model IKA® T 50 ULTRA-TURRAX®) to prepare 

CMBA-BFS AAM.  

 

Figure 6.2 Illustration of the sample preparation process of (a) CMBA-BFS AAM and (b) MBA-BFS 
AAM. 

 

Figure 6.3 Illustration of the NaOH solution treatment of MBA.  

Although the raw materials were the same, MBA-BFS AAM was prepared in a way different 

from CMBA-BFS AAM. As illustrated in Figure 6.2 (b), the precursors of MBA-BFS AAM were 

dry mixed before the addition of the activator. The activator, which was prepared with NaOH 

pellets, distilled water, and Na2SiO3 solution, was directly added to the dry powder mixture. 

The activator and precursors were mixed for 4 minutes using a high-shear mixer to prepare 

MBA-BFS AAM. 

FA-BFS AAM and M300-BFS AAM were prepared following the same procedure as that of 

MBA-BFS AAM. 100 BFS AAM was prepared by mixing BFS with activator for 4 minutes with a 

high-shear mixer. The mold used for the casting of AAM fresh pastes has a dimension of 20 × 

20 × 20 mm3. The alkali-activated paste specimens were first cured at room temperature for 

24 hours. After demolding, the specimens were sealed and cured in a fog room (20 °C, 99 % 

RH) until the test ages.  
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6.2.4 Studies of reactions during NaOH solution treatment and pre-activation 

process 

Reaction between MBA and NaOH solution 

The reaction of MBA during NaOH solution treatment was studied using a TAM-AIR-314 

isothermal conduction calorimeter. The calorimeter was loaded with around 10 g of slurry 

that had been poured and sealed in a glass ampoule. The slurry was prepared by mixing MBA 

with NaOH solution. The temperature of the calorimeter was kept at 20 °C.  

Characterization of CMBA 

The effect of NaOH solution treatment on the composition change of MBA was investigated 

by characterizing CMBA. The CMBA used for characterization was obtained after drying the 5-

day slurry in a vacuum freeze-dryer (-24 °C and 0.1 Pa) for more than three months (Figure 

6.4). The mineralogical composition of CMBA was characterized using X-ray diffraction (XRD) 

measurements combined with quantitative X-ray diffraction (QXRD) analysis. The XRD 

measurements and data analysis follow the same procedure described in Chapter 3. The 

molecular structure of the amorphous phase was studied by identifying the chemical bonds 

of CMBA with Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-

FTIR) (model Perkin Elmer Spectrum 100). The measurement covers the wavenumber from 

600 to 4000 cm-1, and the resolution is 1 cm-1. The FTIR spectra of MBA and the glass particles 

present in MBA were measured as a reference. The glass particles used here are the same as 

those used in Chapter 4 (Figure 4.3(b)).  

 

Figure 6.4 The preparation of NaOH solution-treated MBA (CMBA) and alkali-activated CMBA 
(AACMBA) used for characterization. 

Reaction of CMBA during pre-activation process 

After NaOH solution treatment, the 5-day slurry, which contains CMBA, was mixed with the 

remaining part of the activator for one day (see Figure 6.2). The reaction of CMBA during this 

pre-activation process was studied by measuring the reaction heat with a TAM-AIR-314 

isothermal conduction calorimeter. For the test, around 10 g of the mixture of slurry and 

activator was loaded in the glass ampoule. The temperature of the calorimeter was kept at 

20 °C.  
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Characterization of AACMBA 

The reaction products formed after the 1-day pre-activation of CMBA were studied by XRD 

and ATR-FTIR. The water in the 1-day mixture of the slurry and the activator was removed in 

a vacuum freeze-dryer (-24 °C and 0.1 Pa) (Figure 6.4). After drying, the solid obtained was 

named alkali-activated CMBA (AACMBA). The mineralogical composition of AACMBA was 

determined with XRD. The molecular structure of the amorphous phase in AACMBA was 

studied with ATR-FTIR. The measurement and data analysis were the same as that used in the 

analysis of CMBA.  

6.2.5 Paste sample characterization 

The alkali-activated paste samples were characterized from the following perspectives: 

compressive strength, reaction kinetics, porosity, reaction products, and reaction degree. 

Except for the determination of reaction degree, the tests and analysis of the alkali-activated 

paste samples followed the same method used for the characterization of cement pastes (see 

Chapter 5). The compressive strength of the cubic samples was measured at the curing ages 

of 1 day, 7 days, 28 days, and 90 days. The X-ray computed tomography scan was performed 

on the paste samples to check whether cracks were formed in CMBA-BFS AAM. The reaction 

kinetics of AAM were measured using isothermal calorimetry tests.  

The reaction in alkali-activated pastes was stopped using the solvent exchange method before 

the characterization of porosity, reaction products, and reaction degree. The porosity in 

hardened pastes was measured using nitrogen adsorption tests. The crystalline reaction 

products formed in AAM were identified with XRD. The contents of the crystalline and 

amorphous phases in AAM were determined with QXRD analysis. The molecular structure of 

the gel formed in AAM was characterized by ATR-FTIR. The morphology of the paste samples 

was observed under scanning electron microscopy (SEM). The backscattered electron (BSE) 

images of the hardened paste samples were taken with SEM. The chemical composition of the 

gel phases in AAM was measured with the Energy Dispersive X-rays spectroscopy (EDS) 

detector of the SEM.  

Reaction degree of BFS in AAM 

The reaction degree of the BFS in AAM was determined to study the effects of CMBA or M300 

on the reaction of BFS. The reaction degree of BFS in hardened alkali-activated pastes can be 

calculated with the equation: α(t) = (1 − 
𝑉𝑡

𝑉0
) × 100%, where α(t) is the degree of reaction at age 

t, Vt is the volume fraction of BFS at age t, and V0 is the initial volume fraction of BFS in the 

pastes [159,338,339]. The volume fraction of unreacted BFS in hardened pastes was 

determined by image analysis. According to Chayes et al. [340], the volume fractions can be 

assumed to be equal to the area fraction calculated from two-dimensional images. The 

number of frames required for the image analysis was determined according to the method 

proposed by Ye [339]. This BSE image used for the image analysis was taken at the 

magnification of 1500. The frame area of this BSE image was 50770 µm2. The area fraction of 

BFS was plotted as a function of the total investigated area. Figure 6.5 indicates that the area 

fraction of BFS reached a stable value after the total investigated area exceeded 7.6×105 µm2. 
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This means at least fifteen BSE images were required to get a representative area fraction of 

BFS in the pastes. 

 

Figure 6.5 The area fraction of blast furnace slag as a function of total investigated area for 90-day 
100 BFS AAM paste sample. 

The area fraction of BFS in hardened pastes was calculated for the BSE images of 100 BFS AAM, 

30 M300-BFS AAM, and 30 CMBA-BFS AAM paste samples. Examples of the phase 

segmentation process are shown in Figure 6.6 and Figure 6.7. The BSE image has 255 different 

shades of gray. The gray level ranges from 0 (black) to 255 (white). The grey level histogram 

indicates the number of pixels for each brightness level. The phase segmentation was 

performed with the image processing program ImageJ.  

The unreacted BFS particles can be easily identified in the BSE images of 100 BFS AAM and 30 

M300-BFS AAM (Figure 6.6). The unreacted BFS particles in 100 BFS AAM and 30 M300-BFS 

AAM were segmented using the thresholding method proposed by Prewitt et al. [341]. After 

the thresholding operation, pixels representing the unreacted BFS particles were separated. 

In obtained 2D binary images (Figure 6.6 (c) and (f)), the white area corresponds to the 

unreacted BFS particles. The chemical composition in the white area is consistent with the 

chemical composition of unreacted BFS particles measured by the SEM-EDS spot analysis.  

It is difficult to distinguish the unreacted BFS particles from the unreacted CMBA particles 

based on the grey level histogram of 30 CMBA-BFS AAM (Figure 6.7 (b)). The BSE images were 

analyzed with Trainable Weka Segmentation plugin in ImageJ, the machine-learning tool. With 

this method, the pixels of the BSE image of 30 CMBA-BFS AAM were separated into two 

classes: gel phases and particles. The particles mentioned here include unreacted CMBA 

particles, unreacted BFS particles, and reaction products that are brighter than the 

surrounding gel phases. The reference pixels corresponding to the gel phases and particles 

were manually selected to train the classifier, then the remaining pixels of the BSE images can 

be segmented automatically. The output image of Trainable Weka Segmentation is illustrated 

in (Figure 6.7 (c)). The unreacted BFS particles (colored yellow in Figure 6.7 (d)) were manually 

selected from the particles shown in Figure 6.7 (c) by combining the composition information 

obtained by the SEM-EDS spot analysis and the characteristic morphology of unreacted BFS 
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particles. The unreacted BFS particles are characterized by a layer of inner products located 

in their surroundings.  

 

Figure 6.6 Phase segmentation of 90-day 100 BFS AAM and 90-day 30 M300-BFS AAM. The white 
particles in the 2D binary images are segmented unreacted BFS particles. 
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Figure 6.7 Phase segmentation of 90-day 30 CMBA-BFS AAM.  

6.3 Results and discussion 

6.3.1 Reactions during NaOH solution treatment and pre-activation process 

When preparing CMBA-BFS AAM, MBA was treated with NaOH solution to reduce its metallic Al 

content to zero. Apart from metallic Al, the mineral phases of MBA also reacted during NaOH 

solution treatment, resulting in composition changes. After NaOH solution treatment, the 

obtained 5-day slurry was mixed with the remaining part of the activator for one day to allow 

CMBA to react prior to the alkali activation of BFS (see Figure 6.2 (a)). This pre-activation of 

CMBA may lead to the formation of reaction products. In the following sections, the reactions 

that occurred during the NaOH solution treatment of MBA and the pre-activation of CMBA 

are discussed.  

Reaction of MBA during NaOH solution treatment  

The reaction between MBA and the NaOH solution was studied by isothermal calorimetry. In 

the heat evolution curve (Figure 6.8 (a)-(c)), the first peak with an intensity of 18 mW/g 

corresponds to the wetting and dissolution of MBA. The dissolution of MBA mainly concerns 
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the oxidation of metallic Al and the dissolution of the amorphous phases. The second peak 

appeared at 1.5 days. Although the intensity of this peak is minimal (about 0.04 mW/g), the 

appearance of this peak still indicates the possible formation of gel phases. After 2 days, no 

other peaks were observed in the heat evolution rate curve, but the heat release continued. 

The cumulative heat collected after 5-day NaOH solution treatment of MBA is about 30 J/g 

(Figure 6.8 (d)).  

 

Figure 6.8 (a)-(c) Heat evolution rate and (b) cumulative heat release per gram of slurry. The slurry is 
prepared for the NaOH solution treatment of MBA.  

Composition change induced by NaOH solution treatment 

The mineralogical composition of MBA changed slightly after NaOH solution treatment. The 

XRD patterns of MBA and CMBA are nearly identical (Figure 6.9). The most notable differences 

are found at the 2θ of 29.4 and 37.7. The peak identified at 29.4° is assigned to calcite. 

Compared with MBA, the intensity of this calcite peak is lower in the XRD pattern of CMBA. 

According to the QXRD analysis, CMBA contains 1.3 wt.% calcite, lower than the calcite 

content in MBA (2.1 wt.%). The peak of natrite (Na2CO3) was observed at 37.7° in the XRD 

pattern of CMBA, while sodium carbonate was not detected in MBA. The content of natrite in 

CMBA is 2.3 wt.% (Table 6.2). The CMBA used for characterization was prepared by drying the 
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5-day slurry obtained after NaOH solution treatment. During the drying process, the NaOH in 

the slurry can carbonate, leading to the formation of natrite.  

 

Figure 6.9 XRD patterns of MBA, CMBA, and AAMBA. 

Table 6.2 Mineral phases present in MBA, CMBA, AACMBA, and QXRD analysis results. 

Phases 
MBA 

(wt.%) 
CMBA 
(wt.%) 

AACMBA 
(wt.%) 

Formulae 
ICSD 

codes 

Quartz 12.1 11.7 10.7 SiO2 541929 

Cristobalite 0.4 0.3 0.3 SiO2 1251919 

Magnetite 0.9 0.9 0.6 Fe3O4 92356 

Hematite 0.4 0.3 0.3 Fe2O3 453828 

Wustite 0.2 0.2 0.0 FeO 309924 

Gehlenite 2.8 2.0 0.9 Ca2Al2SiO7 1411155 

Albite 1.9 2.0 3.1 NaAlSi3O8 1402109 

Orthopyroxene 1.4 1.8 0.9 Ca0.02Mg0.30Fe0.68SiO3 1615622 

Diopside 4.4 4.3 3.7 CaMg0.69Fe0.31Si2O6 77809 

Wollastonite 2.6 3.0 3.5 CaSiO3 1253098 

Calcite 2.1 1.3 1.6 CaCO3 1611066 

Halite 0.4 0.4 0.3 NaCl 311644 

Phosphammite 1.1 0.9 0.3 H(NH4)2(PO4) 1401715 

Corundum 0.7 0.6 0.4 Al2O3 527601 

Goethite 0.4 0.5 0.3 FeO(OH) 71810 

Gibbsite 0.2 0.2 0.2 Al(OH)3 1005040 

Iron 0.1 0.1 0.1 Fe 1503158 

Natrite - 2.3 4.7 Na2CO3 168130 

Amorphous phase 68.1 67.3 68.5 - - 

Sum 100 100 100 - - 
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The FTIR spectrum of CMBA was compared with that of MBA to study the changes in 

molecular structure caused by NaOH solution treatment (Figure 6.10). In the spectra of MBA 

and CMBA, the bands at 797 cm-1 and 778 cm-1, and 693 cm-1 are characteristic vibrations of 

the Si-O in quartz [342]. The vibrations at 1455 cm-1, 1430 cm-1, 876 cm-1, and 713 cm-1 are 

due to the presence of carbonates. The bands at 1455 cm-1 and 1430 cm-1 are attributed to 

the C-O stretching vibration mode [342,343]. The bands at 876 cm-1 and 713 cm-1 are assigned 

to the C-O bending vibration mode [342]. After the NaOH solution treatment of MBA, the 

intensity of the carbonate bands at 1430 cm-1 and 876 cm-1 was higher in the spectrum of 

CMBA. This band intensity increase is associated with the increased carbonate contents in 

CMBA (see Table 6.2).  

 

Figure 6.10 FTIR spectra of MBA, CMBA, AAMBA, and glass particles in MBA.  

The main band observed in MBA is related to the stretching vibration of the Si-O-Si bond of 

the glass network [344]. This band is broad and centered at 965 cm-1, which corresponds to 

the location of the main band observed in the FTIR spectrum of the glass particles in MBA. 

Compared with MBA, the main band of CMBA is sharper, and its center is positioned at a lower 

wavenumber (950 cm-1). The differences in the main band between MBA and CMBA can be 

explained by the dissolution of the amorphous phase and the formation of calcium 

aluminosilicate hydrate (C-A-S-H) gel during NaOH solution treatment.  

Since waste glass is one of the primary sources of the amorphous phase of MBA, the silicon 

released by MBA during NaOH solution treatment is likely to present as monomers. The 

silicate monomers were found after the dissolution of waste glass in NaOH solution [345]. The 

silicate monomers can react with each other to form dimers. The monomeric and dimeric 

silicate species exhibit vibrational bands between 950 and 910 cm-1 [346], which overlap with 

the region of the main band of CMBA.  
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The silicate monomers can react with the Al(OH)4
- species dissolved by MBA, forming Si-O-Al 

complexes [347]. The asymmetric stretching vibration of Si-O-T bonds (T: tetrahedral Si or Al) 

in C-A-S-H gel [348–350] appeared at wavenumber the same as the main band of CMBA. A 

band at 1650 cm-1, albeit with low intensity, was detected in the FTIR measurements of CMBA. 

This band is usually assigned to the bending mode of the H-OH bond, which is the typical 

resonance of water within the gel phases [350]. These findings show that the C-A-S-H gel was 

formed during the NaOH solution treatment of MBA, but its content was very small.  

Reaction of CMBA during pre-activation process 

The reaction of CMBA during pre-activation process was studied by measuring the reaction 

heat. In the heat evolution curve (Figure 6.11 (a)), the peak associated with the wetting and 

dissolution was observed at the beginning of the measurement. However, the intensity of this 

peak was very small. A possible explanation is that no additional solid was added to the 

mixture, and CMBA was already wetted in the 5-day slurry. The main peak appeared at around 

0.12 day. The appearance of this exothermic peak can be attributed to the gel phase 

formation. The cumulative reaction heat collected during the 1-day pre-activation of CMBA 

was about 10 J/g (Figure 6.11 (b)). 

 

Figure 6.11 (a) Heat evolution rate and (b) cumulative heat release per gram of the mixture of 5-day 
slurry and activator. The 5-day slurry is obtained after the NaOH solution treatment of MBA and thus 

contains CMBA.  

Reaction products formed during pre-activation process 

The intensity of the main peak observed at around 0.12 day during the 1-day pre-activation 

of CMBA (Figure 6.11 (a)) is much higher than the second peak detected during the NaOH 

solution treatment of MBA (Figure 6.8 (c)). This observation suggests that more gel phases 

were formed after the pre-activation of CMBA. This statement is further supported by the 

results of XRD and FTIR measurements. Compared with MBA and CMBA, the hump 

representing the amorphous phase is more evident in the XRD pattern of AACMBA (Figure 

6.9). According to the QXRD analysis, the amorphous phase in AACMBA is slightly higher than 

in MBA and CMBA (Table 6.2). In the FTIR spectra of AACMBA and CMBA (Figure 6.10), the 



C h a p t e r | 6                                                           P a g e  | 143 

 

 

  

band at 1650 cm-1 is assigned to the H-OH bond within the gel phases [350]. This band is more 

pronounced in the AACMBA spectrum than in the spectrum of CMBA. It is worth mentioning 

that a large amount of activator was not consumed by the pre-activation of CMBA, as the 

natrite content in AACMBA is higher than that in CMBA (Table 6.2). 

The main band at 910 cm-1 in the FTIR spectrum of AACMBA can be attributed to the silicate 

monomers present in the activator [346], the Al-O stretching vibration in octahedral Al species 

[351,352], and the Si-O-Na bond formed on the surface of CMBA due to the hydrolysis of silica 

[353]. The bands associated with the vibrations of silicate monomers and dimers are observed 

in the region of 910-950 cm-1 [346]. As shown in Figure 6.10, the main band of AACMBA is 

narrower and positioned at a lower wavenumber than the main band of CMBA. The main 

band in CMBA is assigned to the stretching vibration of the Si-O-T bonds (T: tetrahedral Si or 

Al) in C-A-S-H gel [348–350]. The shift of the main band to a lower wavenumber in AACMBA 

indicates that some Si4+ ions have been substituted by Al3+. The bonding force of Al-O is 

weaker than that of the Si-O bond [348,354]. Another factor that can cause a significant shift 

in the asymmetric stretch of the Si-O-T network to lower wavenumbers is the incorporation 

of Na+ [355]. The molecular vibrational constant of the Si-O-Na bond was lower compared to 

the Si-O-T bond.  

The gel phases detected in AACMBA can be a mixture of C-A-S-H gel and sodium 

aluminosilicate hydrate (N-A-S-H) gel. The C-A-S-H gel already formed after the NaOH solution 

treatment of MBA, and this gel remains in AACMBA. The addition of NaOH solution and 

activator to MBA increased the total mass. As a result, the relative content of the minerals 

initially present in MBA should be lower in CMBA and AACMBA. However, the albite and 

wollastonite content increased continuously after the NaOH solution treatment of MBA and 

the pre-activation of CMBA (Table 6.2). This phenomenon indicates the possible formation of 

the C-A-S-H and N-A-S-H gel. The deduction about the co-existence of the C-A-S-H and N-A-S-

H gel in AACMBA is consistent with the phase assemblage of alkali-activated MBA paste 

predicted by thermodynamic modeling (see Chapter 4) and the observations reported by 

previous researchers [29,47].  
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6.3.2 Effectiveness of NaOH solution treatment in eliminating volume expansion 

of alkali-activated pastes prepared with MBA and BFS 

When MBA was used to substitute BFS in BFS-based AAM, volume expansion could already 

be observed at a replacement level of 10 wt.%. Figure 6.12 shows the side view of the alkali-

activated paste sample prepared with blends of 10 wt.% MBA and 90 wt.% BFS (10 MBA-BFS 

AAM). This figure shows that the height of the 10 MBA-BFS AAM paste sample is higher than 

2 cm, the height of the mold used for casting. The volume expansion of 10 MBA-BFS AAM was 

caused by the oxidation of metallic Al embedded in MBA. Metallic Al was oxidized upon its 

contact with activator. The hydrogen gas released after this reaction led to the volume 

expansion of unhardened alkali-activated pastes.  

After the NaOH solution treatment of MBA, the metallic Al that remained in CMBA was zero. 

The risks of cracking and volume expansion associated with metallic Al were eliminated 

(Figure 6.13). Only pores were found within CMBA-BFS AAM, as illustrated in the 2D binary 

images and 3D images obtained after CT scan (Figure 6.13). These pores were mainly air 

bubbles entrained in the fresh pastes during the sample preparation. The total volume of the 

air bubbles can be minimized by optimizing the vibration process of the fresh pastes. As for 

metallic Al removal, the NaOH solution treatment of MBA is very effective.  

 

Figure 6.12 The side view of 1-day 10 MBA-BFS AAM paste sample.  
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Figure 6.13 CMBA-BFS AAM paste samples: Photos of 1-day CMBA-BFS AAM paste samples indicate 
that there are no cracks or pores on the surface. The greyscale value images, 2D binary images, and 
3D images obtained after CT scan and image analysis show the pores inside 1-day CMBA-BFS AAM 

paste samples. The white areas in the 2D binary image represent the pores. The regions colored cyan 
in 3D images refer to the space occupied by pores. 
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6.3.3 Comparison of compressive strength between CMBA-BFS AAM and FA-BFS 

AAM 

The compressive strength of CMBA-BFS AAM was compared with FA-BFS AAM to examine the 

possibility of using MBA as an alternative to FA for the preparation of alkali-activated pastes. 

Figure 6.14 (a) shows that the 28-day compressive strength of 10 CMBA-BFS AAM is slightly 

lower than that of 10 FA-BFS AAM. At replacement levels of 20 wt.% and 30 wt.%, the 28-day 

CMBA-BFS AAM is stronger than the 28-day FA-BFS AAM. After 90 days of curing (Figure 6.14 

(b)), the compressive strength of FA-BFS AAM is almost equal to that of CMBA-BFS AAM at 

the same replacement level (from 10 wt.% to 30 wt.%). Therefore, it is possible to replace FA 

with MBA in alkali-activated FA-BFS pastes without loss of compressive strength when NaOH 

solution treatment of MBA is included in the sample preparation process. 

It is worth noting that the reactivity of MBA as AAM precursor is almost the same as that of 

FA (see Chapter 4). The NaOH solution treatment of MBA only slightly changed its 

compositions. The 28-day and 90-day compressive strength of CMBA-BFS AAM and FA-BFS 

AAM are expected to be within the same range. The higher 28-day compressive strength of 

20 CMBA-BFS AAM and 30 CMBA-BFS AAM can be attributed to the fact that MBA had reacted 

with the activator prior to the addition of BFS. Due to the NaOH solution treatment and the 

pre-activation process, the reaction of MBA was accelerated and thus can contribute to the 

28-day compressive strength. In the case of FA-BFS AAM, FA and BFS were mixed with the 

activator at the same time. The reaction rate of FA at room temperature is very slow and 

usually contributes to the strength development at later ages [159,225]. The contribution of 

FA to the 28-day compressive strength was much smaller than to the 90-day compressive 

strength.  

 

Figure 6.14 Compressive strength of (a) 28-day alkali-activated pastes and (b) 90-day alkali-activated 
pastes. 
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6.3.4 Formation and analysis of the microstructure of alkali-activated pastes  

As discussed above, the compressive strength of CMBA-BFS AAM is close to that of FA-BFS 

AAM when the dosage of MBA and FA is the same. The highest achievable dosage of MBA in 

CMBA-BFS AAM is 30 wt.%. In this section, the paste sample of 30 CMBA-BFS AAM is analyzed 

to investigate the role of NaOH solution-treated MBA in the formation of alkali-activate paste 

microstructure. For comparison purposes, the microstructure formation of alkali-activated 

BFS paste (100 BFS AAM) and alkali-activated pastes prepared with blends of 30 wt.% inert 

micronized sand and 70 wt.% BFS (30 M300-BFS AAM) is also studied.  

6.3.4.1 Effects of CMBA on the reaction of BFS 

Reaction kinetics 

The heat evolution of 30 CMBA-BFS AAM was measured to determine its reaction kinetics. As 

a reference, the heat release of 100 BFS AAM and 30 M300-BFS AAM was also measured. The 

main peak in the heat evolution rate curve appeared between 0.5 and 1 day (Figure 6.15 (a)). 

The appearance of this peak is associated with the formation of reaction products. The 

intensity of the main peak is the highest in 100 BFS AAM, followed by 30 M300-BFS AAM and 

30 CMBA-BFS AAM.  

The heat released by 30 M300-BFS AAM and 30 CMBA-BFS AAM within the first two days is 

mainly due to the reaction of BFS, as the reactivity of BFS is much higher than M300 and MBA. 

The lower main peak intensity in 30 M300-BFS AAM and 30 CMBA-BFS AAM is because there 

is less BFS in the binary AAM system. Given that CMBA is more reactive than M300, the main 

peak of 30 CMBA-BFS AAM is expected to be stronger. However, 30 CMBA-BFS AAM exhibited 

smaller exotherm than 30 M300-BFS AAM, indicating that the reaction degree of BFS in 30 

CMBA-BFS AAM was lower. As shown in Figure 6.15 (b), after 7 days, the cumulative heat 

collected for 30 CMBA-BFS AAM is around 133 J/g, less than the heat released by 30 M300-

BFS AAM (149 J/g) and 100 BFS AAM (169 J/g).  

 

 

Figure 6.15 (a) Heat evolution rate and (b) cumulative heat release per gram of pastes for 100 BFS 
AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM.  
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The main peak of 30 CMBA-BFS AAM was significantly delayed, appearing later than the peaks 

of 100 BFS AAM and 30 M300-BFS AAM. The substitution of 30 wt.% BFS with M300 only 

slightly prolonged the induction period. As M300 is unreactive, the amount of Si available for 

the reaction of BFS in 30 M300-BFS AAM is more than that in 100 BFS AAM. As a result of the 

higher Si concentration, the dissolution rate of BFS in 30 M300-BFS AAM is lower than in 100 

BFS AAM in the initial stage. Regarding 30 CMBA-BFS AAM, the extension of the induction 

period is also caused by the delay of BFS reaction. However, the factors that lead to this 

reaction delay are different from the situation in 30 M300-BFS AAM. There are mainly three 

contributing factors for the delay of BFS reaction in 30 CMBA-BFS AAM. First, the Ca, Si, and 

Al released by MBA during the NaOH solution treatment increased the concentrations of 

these ions in the activator, which can inhibit the dissolution of BFS. Second, the pH of the 

activator was reduced after the NaOH solution treatment of MBA and the pre-activation of 

CMBA. Third, the monomers in the activator are the most reactive silicate species and are 

essential for gel formation [356]. Before adding BFS, the pre-activation of CMBA had already 

consumed a portion of the silicate monomers in the activator. Some silicate monomers may 

transform into dimers (see section 6.3.1), which are less reactive than the monomers.  

Reaction degree of BFS at 90 days 

At 90 days, the reaction degree of BFS in 30 CMBA-BFS AAM and 30 M300-BFS AAM was 

determined by image analysis. As shown in Figure 6.16, the reaction degree of BFS in 30 

CMBA-BFS AAM is 66.7 %, higher than that in 30 M300-BFS AAM (59.4 %) and 100 BFS AAM 

(46.8 %). Compared with 100 BFS AAM, the reaction of BFS was enhanced in 30 M300-BFS 

AAM and 30 CMBA-BFS AAM. The enhancement of the reaction of BFS in the binary system 

can be attributed to the heterogeneous nucleation and dilution effect of M300 and CMBA. 

The particles of M300 and CMBA could provide nucleation sites for the heterogeneous 

precipitation of the gel phases [314,326]. Due to the partial substitution of BFS, the activator 

to BFS mass ratio in 30 M300-BFS AAM and 30 CMBA-BFS AAM is higher than that in 100 BFS 

AAM, which could promote the activation of BFS. 

 

Figure 6.16 Reaction degree of BFS in 90-day 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS 
AAM. 



C h a p t e r | 6                                                           P a g e  | 149 

 

 

  

The accelerating effect of CMBA on the reaction of BFS is more significant than that of M300. 

This finding can be explained from the following perspectives. First, the pH of the pore 

solution in 30 CMBA-BFS AAM should be higher than in 30 M300-BFS AAM. The alkali ions, 

such as Na+ and K+, dissolved from MBA, increased the alkalinity of the pore solution of 30 

CMBA-BFS AAM. The higher alkalinity of the pore solution facilitated the dissolution of BFS. 

Second, the C-A-S-H gel formed during the NaOH solution treatment of MBA and the pre-

activation of CMBA may function as nuclei to promote the formation of this type of gel [357]. 

The accelerated gel phase formation was accompanied by a faster consumption of the 

released ions. As a result, the undersaturation degree of the pore solution was increased, 

which would, in turn, enhance the dissolution of BFS. 

6.3.4.2 Crystalline reaction products in hardened alkali-activated pastes 

The mineralogical compositions of 30 CMBA-BFS AAM were compared with those of 100 BFS 

AAM and 30 M300-BFS AAM to investigate the effects of CMBA on the reaction product 

formation. According to the XRD analysis, the crystalline phases formed in 30 CMBA-BFS AAM 

include tobermorite (Ca4.9(Si5.5Al0.5O16.3)(OH)0.7(H2O)5, ICSD code 93590), hydrotalcite 

((Mg0.667Al0.333)(OH)2(CO3)0.167(H2O)0.5, ICSD code 81963), and microcline (K(AlSi3O8), ICSD code 

83534). The peak of microcline was observed at 2θ of 27.6 ° (Figure 6.17). The formation of 

tobermorite and hydrotalcite was also detected in 100 BFS AAM and 30 M300-BFS AAM. 

Instead of microcline, another crystalline reaction product of 100 BFS AAM and 30 M300-BFS 

AAM is brucite (Mg(OH)2, ICSD code 28275). The peak of brucite was found at 2θ of 38 ° (see 

Figure 6.19 and Figure 6.21). 

In the XRD patterns of 30 CMBA-BFS AAM, the peaks of tobermorite, albeit overlapping with 

the peaks of quartz, are evident at 2θ of 49.5 ° (Figure 6.18). Compared with 30 CMBA-BFS 

AAM, the peaks of tobermorite are more pronounced in the XRD pattern of 100 BFS AAM, at 

2θ of 31.9 °, 50 °, and 55 ° (Figure 6.19). The observation of the tobermorite peaks is more 

difficult in the XRD spectra of 30 M300-BFS AAM than in 30 CMBA-BFS AAM, as these peaks 

overlap with the amorphous hump and the peaks of quartz (Figure 6.21). The fitted curves of 

tobermorite obtained after the Rietveld refinement were also demonstrated together with 

the XRD patterns of 30 CMBA-BFS AAM and 30 M300-BFS AAM. 

The hydrotalcite peaks were only observed at 2θ of 11.5 ° in the XRD patterns of 30 CMBA-

BFS AAM (Figure 6.17). Comparatively, more hydrotalcite peaks were identified in the XRD 

spectra of 100 BFS AAM and 30 M300-BFS AAM, with higher peak intensities. The peaks of 

hydrotalcite were found at 2θ of 11.5 °, 23.2 °, and 61 ° in the XRD spectra of 100 BFS AAM 

(Figure 6.19). In the XRD patterns of 30 M300-BFS AAM, the peaks of hydrotalcite appeared 

at the same locations as those in 100 BFS AAM (Figure 6.20 and Figure 6.21). 
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Figure 6.17 XRD patterns of 30 CMBA-BFS AAM at different curing ages (enlargement of low-angle 
area). Q: Quartz, H: Hydrotalcite, Cr: Cristobalite, Ge: Gehlenite, Ma: Magnetite, M: Microcline. 

 

Figure 6.18 XRD patterns of 30 CMBA-BFS AAM at different curing ages (enlargement of low-intensity 
peaks). Q: Quartz, T: Tobermorite, W: Wollastonite, He: Hematite, D: Diopside, C: Calcite. The fitted 

pattern of tobermorite is obtained after Rietveld refinement. 
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Figure 6.19 XRD patterns of 100 BFS AAM at different curing ages. H: Hydrotalcite, T: Tobermorite, B: 
Brucite, N: Nickel titanium, Bo: Bornite. 

 

Figure 6.20 XRD patterns of 30 M300-BFS AAM at different curing ages (enlargement of low-angle 
area). Q: Quartz, H: Hydrotalcite. 
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Figure 6.21 XRD patterns of 30 M300-BFS AAM at different curing ages (enlargement of low-intensity 
peaks). Q: Quartz, H: Hydrotalcite, B: Brucite, N: Nickel titanium. The fitted pattern of tobermorite is 

obtained after Rietveld refinement. 

The QXRD results of the crystalline reaction products formed in 100 BFS AAM, 30 M300-BFS 

AAM, and 30 CMBA-BFS AAM were compared in Figure 6.22. Detailed information on the 

QXRD results can be found in Table E 1, Table E 2, and Table E 3. In 30 CMBA-BFS AAM, the 

content of microcline is slightly higher than that of hydrotalcite, but lower than that of 

tobermorite. In 100 BFS AAM and 30 M300-BFS AAM, the content of brucite is much lower (< 

0.5 wt.%) than that of tobermorite or hydrotalcite.  

As illustrated in Figure 6.22, the tobermorite content in 30 CMBA-BFS AAM is close to that in 

100 BFS AAM but higher than that in 30 M300-BFS AAM. Blending BFS with CMBA stimulates 

the reaction of BFS, contributing to the formation of tobermorite in 30 CMBA-BFS AAM. The 

reaction degree of BFS in 30 CMBA-BFS AAM is higher than in 100 BFS AAM and 30 M300-BFS 

AAM (see section 6.3.4.1). However, the hydrotalcite content did not increase with the 

enhancement of the reaction of BFS. The hydrotalcite content in 30 CMBA-BFS AAM is much 

lower than in 30 M300-BFS AAM and 100 BFS AAM. 

The formation of tobermorite and hydrotalcite in 30 CMBA-BFS AAM can be influenced by the 

C-A-S-H gel formed after the pre-activation of CMBA during the sample preparation process 

(see section 6.3.1). The C-A-S-H gel may function as nuclei to promote the growth of C-A-S-H 

gel and the formation of tobermorite [357]. Due to the existence of gel nuclei, the Al dissolved 

from BFS tends to form C-A-S-H gel, reducing the Al available in the system and consequently 

hindering the formation of hydrotalcite. Besides, the dissolution of CMBA also provides 

monomers to form C-A-S-H gel and tobermorite.  
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It is worth noting that the hydrotalcite content in 30 M300-BFS AAM is slightly higher than 

that in 100 BFS AAM. The enhancement in the formation of hydrotalcite is associated with the 

higher reaction degree of BFS in 30 M300-BFS AAM. As discussed in section 6.3.4.1, the 

reaction degree of BFS in 30 M300-BFS AAM is higher than 100 BFS AAM. Due to the higher 

reaction degree, a higher amount of Mg was released by BFS. The solubility product of the 

hydrotalcite-like phase is lower than that of C-A-S-H gel. Hence, the formation of hydrotalcite-

like phases is thermodynamically favored over C-A-S-H gel [207,208]. Before being 

incorporated by C-S-H gel, the available Al would first combine with Mg to form hydrotalcite 

[358], resulting in an increased hydrotalcite content. 

 

 

Figure 6.22 Contents of the reaction products formed in 100 BFS AAM, 30 M300-BFS AAM, and 30 
CMBA-BFS AAM as a function of curing ages, determined by QXRD analysis. This figure was made 

based on the data presented in Table E 1, Table E 2, and Table E 3. 
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6.3.4.3 Chemical bonds in hardened alkali-activated pastes 

The chemical bonds in 30 CMBA-BFS AAM were measured with FTIR to study the effect of 

CMBA on the structure of reaction products at the molecular level. The FTIR spectra of 100 

BFS AAM and 30 M300-BFS AAM were also measured for comparison. Figure 6.23 shows the 

results of FTIR measurements for BFS, M300, and AAM pastes. The FTIR spectra of MBA and 

CMBA are illustrated in Figure 6.10, and detailed information is given in section 6.3.1. 

 

Figure 6.23 FTIR spectra of (a) BFS and M300, (b) 100 BFS AAM, (c) 30 M300-BFS AAM, (d) 30 CMBA-
BFS AAM. The FTIR spectra of alkali-activated pastes are presented as a function of curing ages.  

In the FTIR spectra of 30 CMBA-BFS AAM, 30 M300-BFS AAM, and 100 BFS AAM (Figure 6.23), 

the carbonate bands are in the region from 1300 to 1500 cm-1 [343]. The carbonate bands 

within the same region were seen in the FTIR spectra of MBA and CMBA (Figure 6.10). In the 

spectrum of BFS, the small bands seen at 1490 cm-1 [343], 875 cm-1 [342], and 685 cm-1 [359] 

represent the vibration of CO3
2−. The weak bands at 1164 cm-1 in the FTIR spectra of 30 CMBA-

BFS AAM (Figure 6.23 (d)) can be attributed to the Si-O bond in quartz [342]. The quartz signal 

was also detected in the FTIR measurements of MBA and CMBA. The bands of quartz were 

also observed in the FTIR spectra of 30 M300-BFS AAM. In the FTIR spectra of M300, the bands 
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at 1164 cm-1,1080 cm-1, 1059 cm-1, 797 cm-1, 778 cm-1, and 693 cm-1 are characteristic 

vibrations of the Si-O bond in quartz [342].  

The bands at 1647 cm-1, 900 cm-1, and 657 cm-1 were all detected in the FTIR measurements 

of 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM. The band at 1647 cm-1 is mainly 

caused by the bending vibration of the H-OH bond within the gel phases [350]. The bands at 

900 cm-1 and 657 cm-1 can be assigned to the deformational vibrations of Si-O-Si in 

tobermorite [360]. The shoulder band located at 900 cm-1 is due to the Si-O stretching 

vibrations, while the band at 657 cm-1 is related to the Si-O-Si bending vibrations. The 

tobermorite band at 657 cm-1 in 100 BFS AAM is sharper than that in 30 M300-BFS AAM and 

30 CMBA-BFS AAM.  

The shoulder bands at 710 cm−1 and 815 cm-1 were found in the FTIR spectra of 30 CMBA-BFS 

AAM and 100 BFS AAM but were not observed in the FTIR measurement of 30 M300-BFS AAM. 

These two shoulder bands observed in 30 CMBA-BFS AAM were not as evident as those in 100 

BFS AAM. Given that these two shoulder bands only appeared after the alkali activation of 

BFS, the reaction products in alkali-activated BFS paste are responsible for the appearance of 

these two bands. The band at 710 cm−1 corresponds to the bending of Al-O-Si bonds in the gel 

phases [361,362]. The shoulder band at 815 cm-1 is typical for Si-O symmetric stretching 

vibrations [348].  

BFS is a significant contributor to the formation of amorphous reaction products in 30 CMBA-

BFS AAM and 30 M300-BFS AAM, as BFS accounts for 70 wt.% in the precursor and is more 

reactive than CMBA and M300. The BFS used in this work is highly amorphous. The changes 

in the molecular structure of the amorphous phases induced by the alkali activation of BFS 

can be detected by comparing the main bands of BFS and 100 BFS AAM in the FTIR spectra. 

The main band of BFS, which overlaps with the carbonate band (at 875 cm-1), is broad and 

centered at around 900 cm-1 (Figure 6.23 (a)). This band is associated with the asymmetric 

stretching vibration mode of Si-O-T bonds (T: tetrahedral Si or Al) [363]. Upon alkali activation 

of BFS, the main band was found at 945 cm-1 in the FTIR spectra of 100 BFS AAM. 

Compared with the FTIR spectra of 100 BFS AAM, the incorporation of CMBA or M300 in BFS-

based AAM changed the position of the main band. As illustrated in Figure 6.23, the main 

band of 30 CMBA-BFS AAM, 30 M300-BFS AAM, and 100 BFS AAM appear at 949 cm-1, 948 

cm-1, and 945 cm-1, respectively. The main band of alkali-activated pastes (at around 950 cm-

1) can be assigned to the asymmetric stretching vibration of Si-O-T bonds (T: Si, Al, or Na+) in 

C-(N-)A-S-H gel (sodium-incorporated C-A-S-H gel), as well as the band at 893 cm−1 [348–

350,355]. These main bands did not change positions with the prolonging of curing time. 

However, their intensity increased from 1-day to 90-day samples, indicating that the C-(N-)A-

S-H gel formed continuously.  

The position of the Si-O-T stretching band reflects the extent of the polymerization degree of 

the gel formed in 30 CMBA-BFS AAM, 30 M300-BFS AAM, and 100 BFS AAM. The main band 

in 30 CMBA-BFS AAM appeared at the highest wavenumber, suggesting that the 

polymerization degree of the gel phases in 30 CMBA-BFS AAM is higher than 100 BFS AAM 

and 30 M300-BFS AAM [360]. The C-A-S-H gel formed due to the NaOH solution treatment of 

MBA and the pre-activation of CMBA may function as nuclei and promotes the growth and 
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polymerization of C-A-S-H gel in 30 CMBA-BFS AAM [357]. Besides, CMBA can provide silicate 

monomers for the formation of Si-O-Si bonds. The Si-O-T bond will also shift to a higher 

wavenumber with an increase in the percentage of the Si-O-Si bonds.  

Apart from the polymerization degree, the final position of the Si-O-T band in 30 CMBA-BFS 

AAM, 30 M300-BFS AAM, and 100 BFS AAM is also influenced by the chemical composition of 

the gel phases, especially the Ca/Si molar ratio, Al/Si molar ratio, and the percentage of Na in 

the gel phases. When comparing the chemical composition of the gel phases, the Ca/Si and 

Al/Si molar ratios in 30 CMBA-BFS AAM are higher than in 100 BFS AAM and 30 M300-BFS 

AAM (see Table 6.3). The position of the Si-O-T bond shifts toward a higher wavenumber with 

decreasing Ca/Si molar ratio [360]. The substitution of Si with Al in the network will weaken 

the bond and shift the band to a lower wavenumber [364]. From this perspective, the main 

band of 30 CMBA-BFS AAM is expected to be positioned at a lower wavenumber. However, 

the Na/Si molar ratio is much higher in 100 BFS AAM and 30 M300-BFS AAM than in 30 CMBA-

BFS AAM. The lower uptake of Na+ in the Si-O-Si network of 30 CMBA-BFS AAM can cause a 

significant shift to a higher wavenumber [355]. As a result, the effects of the Ca/Si molar ratio 

and Al/Si molar ratio on the wavenumber position was compensated, and the main band of 

30 CMBA-BFS AAM was positioned at a high wavenumber. 

6.3.4.4 Morphology of hardened alkali-activated pastes 

The morphology of 90-day 30 CMBA-BFS AAM was observed under SEM to study the effect of 

CMBA on microstructure formation. Figure 6.24 shows the representative SEM-BSE images of 

30 CMBA-BFS AAM. The SEM-BSE images of 90-day 100 BFS AAM and 30 M300-BFS AAM were 

also presented for comparison. In the BSE images of alkali-activated pastes (Figure 6.24), the 

pores filled with epoxy are black. The BFS, M300, and CMBA particles with irregular polygonal 

shapes are distributed throughout the gel phases. The gel phases generally show a darker grey 

color than the embedded particles, except for M300. The grey level of M300 is close to the 

gel phases. The BFS and M300 particles exhibit uniform grey values due to their homogeneous 

composition. Comparatively, the grey level of the CMBA particles varies over a wide range. 

Due to the heterogeneity in chemical compositions, the grey levels of different regions within 

a single CMBA particle are not necessarily the same. The CMBA particles can be brighter or 

darker than the BFS particles in the BSE images of 30 CMBA-BFS AAM.  

The microstructure of 100 BFS AAM (Figure 6.24 (a)) observed at the magnification of 1500 is 

slightly denser than that of 30 M300-BFS AAM (Figure 6.24 (c)) and 30 CMBA-BFS AAM (Figure 

6.24 (e)). The areas surrounding the BFS, M300, and CMBA particles were examined under 

the magnification of 4000. As shown in magnified BSE images, the reaction products formed 

rims around the partially reacted BFS particles. The BFS particles that had entirely reacted left 

regions with a darker greyscale value than the surrounding gel phases. These regions are 

usually in the shape of the original BFS particles (see Figure 6.24 (b)). Figure 6.24 (d) and (f) 

present a higher magnification view of the areas surrounding M300 and CMBA particles. 

These images indicate that a dense microstructure was formed around the M300 particles 

and CMBA particles.  
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Figure 6.24 SEM-BSE images of 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM paste 
samples at 90 days. The magnifications are 1500 (left images) and 4000 (right images). 
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Figure 6.25 (a) and (b) illustrate two typical examples of partially reacted CMBA particles in 

90-day 30 CMBA-BFS AAM. Layers of reaction products were found around the edges of these 

two CMBA particles (particle 1 and particle 2). The reaction product layers show a lighter grey 

color relative to the surrounding gel phases. The thickness of these reaction product layers is 

around 0.55 µm, which is about half the thickness of the reaction product rim of the BFS 

particle adjacent to particle 2. It is difficult to determine the chemical composition of the 

reaction product layers precipitated on particle 1 and particle 2 with SEM-EDS analysis. This is 

because the thickness of these reaction product layers is much smaller than the interaction 

volume between the radius of interaction volume between the electron beams and gel phases 

at 15 kV [315].  

The reaction product layers were most likely formed due to the reaction of particle 1 and 

particle 2 in the pore solution of 30 CMBA-BFS AAM. However, the gel phases formed during 

the NaOH solution treatment of MBA and the pre-activation of CMBA may also precipitate 

reactive CMBA particles, such as particle 1 and particle 2. As discussed in section 6.3.1, the 

formation of C-A-S-H gel was detected in CMBA after the NaOH solution treatment of MBA. 

The pre-activation of CMBA could lead to the formation of C-A-S-H gel and N-A-S-H gel. During 

the curing process of 30 CMBA-BFS AAM, the ions dissolved from particle 1 and particle 2 may 

promote the growth of the gel initially precipitated on their surfaces, resulting in the 

formation of reaction product layers.  

 

Figure 6.25 (a) and (b) SEM-BSE images of partially reacted CMBA particles in 90-day 30 CMBA-BFS 
AAM. (c) SEM-EDS spot analysis results of the locations labeled in particle 1 and particle 2. 
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The chemical compositions of particle 1 and particle 2 were measured to identify the phases 

incorporated in these two reactive CMBA particles. According to the SEM-EDS spot analysis 

(see Figure 6.25 (c)), the elements detected in location 1 of particle 1 and location 2 of particle 

2 are mainly O, Si, Ca, Na, Al, Fe, and Mg. Considering that the glass particles are the primary 

resources of the reactive phase in MBA and CMBA, the chemical compositions measured in 

partially reacted CMBA particles (particle 1 and particle 2) were compared with the chemical 

composition of glass in MBA (see Chapter 5). The atomic percentages of Si, Ca, Na, Al, and Fe 

in partially reacted CMBA particles (particle 1 and particle 2) and glass particles were 

projected onto the ternary diagrams to visualize their relative contents. Figure 6.26 shows 

that the dots indicating the chemical composition of particle 1 and particle 2 are in the same 

areas of the ternary diagrams as the dots representing the chemical composition of the glass 

particles present in MBA. For the above reasons, the partially reacted CMBA particles (particle 

1 and particle 2) in 90-day 30 CMBA-BFS AAM are mainly composed of glasses. This finding is 

consistent with the assumption made in Chapter 4 that the amorphous phase is the major 

reactive phase in MBA. 

 

Figure 6.26 Comparison between the chemical compositions (atom %) of the glass in MBA and the 
chemical compositions measured at location 1 and location 2 (shown in Figure 6.25 (a) and (b)) in 90-
day 30 CMBA-BFS AAM. The ternary diagrams are plotted according to the atomic percentages of the 

elements. 
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6.3.4.5 Chemical composition of the gel phases in alkali-activated pastes 

The gel composition change induced by incorporating CMBA in BFS-based AAM was studied 

by comparing the gel phases formed in 90-day 30 CMBA-BFS AAM with those in 90-day 100 

BFS AAM and 30 M300-BFS AAM. For each type of alkali-activated paste sample, the chemical 

composition of the gel phases was measured with SEM-EDS analysis at around 200 randomly 

selected locations in the region between unreacted particles. Figure 6.27 shows an example 

of the location (point 1) selected in the measurement of the gel phases.  

 

Figure 6.27 An example of the location selected for the measurement of the gel composition in SEM-
EDS spot analysis. The sample is 90-day 30 CMBA-BFS AAM, and the magnification is 6000. 

The gel compositions of 30 CMBA-BFS AAM were compared with that of 30 M300-BFS AAM 

and 100 BFS AAM by projecting all the measured compositions onto the ternary diagram, 

which graphically depicts the ratios of three elements as positions in an equilateral triangle. 

In Figure 6.28, the Al, Si, Ca, and Na atomic percentages are presented on an oxide basis and 

plotted in the CaO - Al2O3 - SiO2 and Na2O - Al2O3 - SiO2 ternary diagrams after renormalization 

to 100 %.  

Figure 6.28 shows that there is a significant overlap between the gel compositions of 30 

CMBA-BFS AAM, 30 M300-BFS AAM, and 100 BFS AAM in the ternary diagrams. The dots 

representing the gel compositions are all located in the compositional region characterized by 

high SiO2 and CaO but low Al2O3 and Na2O percentages. This finding reveals that the C-(N-)A-

S-H gel is dominant in these three AAM systems. The C-(N-)A-S-H gel, namely the C-A-S-H gel 

that incorporates sodium, is the main reaction product formed in Ca-rich AAM systems [207]. 

The dots indicating the gel compositions of 100 BFS AAM are closely clustered in the ternary 

diagrams. In contrast, the dots representing the gel compositions of 30 M300-BFS AAM and 

30 CMBA-BFS AAM are spread over a wider area, especially the compositional region of lower 

CaO or Na2O.  

Apart from C-(N-)A-S-H gel, other types of gel may form in 30 CMBA-BFS AAM and 30 M300-

BFS AAM. In the CaO - Al2O3 - SiO2 diagram (Figure 6.28 (a)), some dots, which correspond to 

the gel compositions of 30 CMBA-BFS AAM and 30 M300-BFS AAM, are located in the region 

where the CaO percentage is almost zero, suggesting the possible formation of N-A-S-H gel in 

these two AAM systems. However, the N-A-S-H gel was not detected in the FTIR analysis. The 

possible reason is that the amount of N-A-S-H gel formed in 30 CMBA-BFS AAM and 30 M300-
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BFS AAM is too small to be detected. When a considerable amount of Ca is present in the pore 

solution of AAM due to the dissolution of BFS, the Si and Al tend to participate in the formation 

of C-A-S-H gel rather than N-A-S-H gel. The C-A-S-H gel is more stable than the N-A-S-H gel 

under highly alkaline conditions (pH > 12) [350]. Besides, the Ca released by BFS can partially 

replace the Na in the N-A-S-H gel, resulting in the formation of (N,C)-A-S-H gel, also called 

calcium-modified N-A-S-H gel [365]. 

 

Figure 6.28 (a) CaO - Al2O3 - SiO2 and (b) Na2O - Al2O3 - SiO2 ternary diagrams comparing the main 

elements present in the gel phases 90-day 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS 
AAM. The diagrams are made using the atomic percentages obtained via SEM-EDS spot analysis. The 

ternary diagrams are plotted according to the atomic percentages of the oxides. 

At some locations of the gel phases in 30 CMBA-BFS AAM and 30 M300-BFS AAM, sodium was 

rarely detected. Correspondingly, the dots representing their compositions approach the top 

vertex of the Na2O - Al2O3 - SiO2 ternary diagram at which the Na2O percentage is zero ((Figure 

6.28 (b)). This observation implies the possibility of forming C-A-S-H gel without the inclusion 

of Na. This statement can be supported by the detection of tobermorite in the XRD analysis 

of 30 CMBA-BFS AAM and 30 M300-BFS AAM. In the case of 30 CMBA-BFS AAM, the C-A-S-H 

gel formed during the NaOH solution treatment of MBA and the pre-activation process of 

CMBA may function as nuclei and promote the formation of C-A-S-H gel [357]. 

The average atomic ratios are calculated for the gel matrix of the 90-day alkali-activated paste 

samples. As shown in Table 6.3, the differences in the Mg/Si and Al/Si atomic ratios are very 

small among the gel phases of 30 CMBA-BFS AAM, 100 BFS AAM, and 30 M300-BFS AAM. The 

Mg/Si atomic ratio is almost the same in the gel phases of 30 CMBA-BFS AAM, 100 BFS AAM, 

and 30 M300-BFS AAM (Table 6.3). The detection of Mg in the gel phases indicates the 

possible incorporation of Mg in the C-(N-)A-S-H gel. Since the diffusion of Mg from reacted 

BFS to the gel phases is difficult [366], the amount of Mg detected in the gel phases is also 

limited, resulting in a low Mg/Si atomic ratio (around 0.21). The Al/Si atomic ratio of the gel 

in 30 CMBA-BFS AAM is close to that in the gel of 100 BFS AAM. Compared with 30 M300-BFS 

AAM, the Al/Si atomic ratio of the gel in 30 CMBA-BFS AAM is slightly higher. This is because 

the dissolution of CMBA can provide Al for the formation of the gel phases.  
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Table 6.3 Atomic ratios of the elements present in the gel phases of 90-day 100 BFS AAM, 30 M300-
BFS AAM, and 30 CMBA-BFS AAM. 

Atomic 
ratio 

100 BFS AAM 30 M300-BFS AAM 30 CMBA-BFS AAM 

Average Stdev Average Stdev Average Stdev 

Ca/Si 0.91 0.06 0.73 0.12 0.77 0.11 
Al/Si 0.32 0.08 0.29 0.08 0.33 0.08 
Na/Si 0.44 0.08 0.47 0.1 0.39 0.08 
Mg/Si 0.21 0.09 0.22 0.12 0.21 0.09 

 

The incorporation of CMBA or M300 in BFS-based AAM mainly changed the Ca/Si and Na/Si 

atomic ratios of the gel phases (Table 6.3). The average Ca/Si atomic ratio of the gel in 100 

BFS AAM is 0.91, close to the molar ratio of CaO/SiO2 in the amorphous phase of BFS (see 

Chapter 4). Compared with 100 BFS AAM, the Ca/Si atomic ratio of the gel in 30 CMBA-BFS 

AAM and 30 M300-BFS AAM was lower. The gel in 30 CMBA-BFS AAM has a Ca/Si atomic ratio 

of 0.77, higher than that in 30 M300-BFS AAM. The higher Ca/Si atomic ratio of the gel in 30 

CMBA-BFS AAM can be attributed to the higher reaction degree of BFS in 30 CMBA-BFS AAM 

than in 30 M300-BFS AAM (Figure 6.16). Besides, the amorphous phase of CMBA also contains 

CaO, which can be released upon the alkali-activation of CMBA.  

The Na/Si atomic ratio of the gel in 30 M300-BFS AAM is the highest, followed by 100 BFS 

AAM and 30 CMBA-BFS AAM. The difference in the Na/Si atomic ratio among the gel phases 

of 90-day 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM can be explained from 

the perspective of Ca content in AAM system. The low level of Ca in the binary system will 

stimulate the uptake of Al and Na in the C-(N-)A-S-H gels [349]. Compared with 30 M300-BFS 

AAM, the Al/Si atomic ratio of the gel in 30 CMBA-BFS AAM is higher, indicating that more Al 

was incorporated in the gel. As a result, the incorporation of Na in the gel of 30 CMBA-BFS 

AAM was less than that of 30 M300-BFS AAM. Instead of Al, the deficiency of Ca in the gel of 

30 M300-BFS AAM was mainly compensated by the Na, resulting in a high Na/Si atomic ratio.  

6.3.4.6 Porosity of hardened alkali-activated pastes 

The porosity of 90-day 30 CMBA-BFS AAM was compared with that of 90-day 100 BFS AAM 

and 30 M300-BFS AAM. As illustrated in Figure 6.29 (a), the total pore volume in 90-day 30 

CMBA-BFS AAM is the largest, followed by 90-day 30 M300-BFS AAM and 100 BFS AAM. In 

the differential curve (Figure 6.29 (b)), the main peak of 90-day 30 CMBA-BFS AAM was 

observed at the same pore width as the peak of 90-day 100 BFS AAM. Only one peak was 

found in the differential curve of 90-day 100 BFS AAM. The corresponding critical pore width 

is 15 nm. The differential curve of 90-day 30 M300-BFS AAM follows the same trend as 90-

day 100 BFS AAM, but its peak appears at a larger pore width (around 20 nm).  
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Figure 6.29 Pore size distribution of 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM at 90 
days, determined using the nitrogen adsorption method. 

100 BFS AAM is made from 100 % BFS, while BFS only accounts for 70 wt.% in the precursor 

of 30 M300-BFS AAM and 30 CMBA-BFS AAM. Compared with 90-day 100 BFS AAM, the 

reaction products available to fill the pores are less in 90-day 30 CMBA-BFS AAM and 30 M300-

BFS AAM, resulting in a larger porosity. Figure 6.29 (a) indicates that the porosity of 90-day 30 

CMBA-BFS AAM is larger than 90-day 30 M300-BFS AAM. However, the reaction products 

formed in 90-day 30 CMBA-BFS AAM were more than that in 90-day 30 M300-BFS AAM, as 

the reaction degree of BFS in 90-day 30 CMBA-BFS AAM was higher (see section 6.3.4.1), and 

MBA participated into the formation of reaction products (see section 6.3.4.2 and section 

6.3.4.4). The lower porosity in 90-day 30 CMBA-BFS AAM can be explained by the influences 

of densities of raw materials, reaction kinetics of alkali-activated pastes, and densities of 

reaction products.  

• The amount of MBA used to prepare 30 CMBA-BFS AAM is the same as the amount of 

M300 used to prepare 30 M300-BFS AAM. However, the volume occupied by MBA in the 

pastes is smaller than that of M300 of the same mass because the density of MBA is larger 

than that of M300. As a result, the porosity of 30 CMBA-BFS AAM should be higher than 

30 M300-BFS AAM at the beginning of the curing process.  

• The calorimetric results indicate that at early ages, the reaction of BFS was delayed for a 

longer time in 30 CMBA-BFS AAM than in 30 M300-BFS AAM (Figure 6.15 (a)). Due to the 

delay of BFS reaction, fewer reaction products were formed after 7 days of curing, leading 

to a higher porosity in 7-day 30 CMBA-BFS AAM than 7-day 30 M300-BFS AAM. With the 

progress of reaction, the pores in the 7-day alkali-activated paste became smaller as the 

reaction products grew into the pore space. From 7 days to 90 days, more reaction 

products were formed in 30 CMBA-BFS AAM than in 30 M300-BFS AAM. However, the 

reaction products formed in 30 CMBA-BFS AAM during this period may not be able to 

reduce its porosity to smaller than that of 30 M300-BFS AAM.  

• The hydrotalcite content also affects the porosity of BFS-based AAM. The density of 

hydrotalcite is lower than the gel formed in alkali-activated BFS paste [358]. Compared 
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with gel phases, the same amount of hydrotalcite by mass can fill a larger volume of pores 

[367]. The amount of hydrotalcite detected in 30 M300-BFS AAM is almost equal to that 

in 100 BFS AAM (see section 6.3.4.2). In comparison, much less hydrotalcite was formed 

in 30 CMBA-BFS AAM. The contribution of hydrotalcite to the porosity reduction was 

smaller in 30 CMBA-BFS AAM than in 30 M300-BFS AAM. 

6.3.5 Strength development of hardened alkali-activated pastes 

As shown in Figure 6.30, incorporating CMBA or M300 in BFS-based alkali-activated pastes 

reduced the compressive strength, especially at early ages. The 1-day compressive strength 

of 100 BFS AAM was 60 MPa. Relative to 100 BFS AAM, the 1-day compressive strength of 30 

M300-BFS AAM and 30 CMBA-BFS AAM decreased by more than 30 %. At later ages, the 

reaction of BFS in the binary AAM system was enhanced due to the heterogeneous nucleation 

and dilution effect of M300 and CMBA (see section 6.3.4.1). After 90 days, the compressive 

strength of 30 CMBA-BFS AAM and 30 M300-BFS AAM was only around 10 % and 14 % lower 

than that of 90-day 100 BFS AAM, respectively.  

Compared with 30 M300-BFS AAM, the 1-day and 7-day compressive strength of 30 CMBA-

BFS AAM is lower. This is because the reaction of BFS was significantly delayed in 30 CMBA-

BFS AAM during the first 7 days (see Figure 6.15 (a)). After 28 days, the compressive strength 

of 30 CMBA-BFS AAM increased to 110 MPa, exceeding the strength of 28-day 30 M300-BFS 

AAM. At 90 days, 30 CMBA-BFS AAM with a compressive strength of 116 MPa remained 

stronger than 30 M300-BFS AAM. The higher compressive strength of 30 CMBA-BFS AAM at 

later ages is mainly due to the formation of a larger amount of reaction products. The reaction 

degree of BFS in 90-day 30 CMBA-BFS AAM was higher than in 30 M300-BFS AAM. Besides, 

CMBA also reacted and contributed to the reaction product formation.  

 

Figure 6.30 Compressive strength of 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM as a 
function of curing ages. 
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6.4 Conclusions  

In this chapter, the use of mechanically treated MSWI bottom ash (MBA) as an alternative to 

Class F coal fly ash (FA) in the alkali-activated pastes prepared with blends of FA and blast 

furnace slag (BFS) was discussed. Compared with the alkali-activated BFS paste (100 BFS 

AAM), incorporating MBA in BFS-based alkali-activated pastes influenced the reaction of BFS 

and changed the reaction products and microstructure of alkali-activated pastes. The MBA 

added to BFS-based alkali-activated pastes participated in the formation of reaction products 

and contributed to strength development. The findings of this work are presented below:  

• During the sample preparation process of alkali-activated CMBA-BFS pastes (CMBA-BFS 

AAM), the metallic Al content in MBA was reduced to zero after NaOH solution treatment 

of MBA. The formation of C-A-S-H gel was detected in NaOH solution-treated MBA 

(CMBA). The 1-day pre-activation of CMBA could lead to the formation of C-A-S-H gel and 

N-A-S-H gel.  

• The compressive strength of CMBA-BFS AAM was lower than that of 100 BFS AAM. For the 

same replacement level (from 10 to 30 wt.%), the 90-day compressive strength of CMBA-

BFS AAM and the alkali-activated FA-BFS pastes (FA-BFS AAM) was almost equal.  

• The incorporation of CMBA in BFS-based alkali-activated pastes delayed the reaction of 

BFS during the first 7 days but promoted the reaction of BFS at later ages. Compared with 

alkali-activated paste prepared with blends of 30 wt.% M300 and 70 wt.% BFS (30 M300-

BFS AAM), the reaction of BFS was delayed for a longer time in alkali-activated paste 

prepared by replacing 30 wt.% BFS with MBA (30 CMBA-BFS AAM). After 90 days, the 

reaction degree of BFS in 30 CMBA-BFS AAM was higher than in 100 BFS AAM and 30 

M300-BFS AAM.  

• The crystalline reaction product, microcline, was only found in 30 CMBA-BFS AAM. The C-

(N-)A-S-H gel was the primary amorphous reaction product in 30 CMBA-BFS AAM, 30 

M300-BFS AAM, and 100 BFS AAM. The gel formed in 30 CMBA-BFS AAM had a 

polymerization degree higher than the gel of 100 BFS AAM and 30 M300-BFS AAM. The 

Ca/Si atomic ratio of the gel in 30 CMBA-BFS AAM and 30 M300-BFS AAM was similar, 

both lower than that in the gel of 100 BFS AAM. The Na/Si atomic ratio was the lowest in 

the gel of 30 CMBA-BFS AAM.  

• More reaction products were formed in 30 CMBA-BFS AAM than in 30 M300-BFS AAM. 

However, the porosity of 90-day 30 CMBA-BFS AAM was higher than that of 90-day 30 

M300-BFS AAM, as the pore volume in 30 CMBA-BFS AAM was larger than that of 30 

M300-BFS AAM at early ages. This information explains the difference in the compressive 

strength of 30 CMBA-BFS AAM and 30 M300-BFS AAM. 
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Chapter 7  

 

 

Environmental impacts of blended cement 
pastes and alkali-activated pastes prepared 

with mechanically treated MSWI bottom ash 

 

 

 
Highlights 

• The blended cement pastes prepared by partially replacing Portland cement with 

mechanically treated MSWI bottom ash (MBA) have a lower environmental impact than 

Portland cement paste in every impact category. When comparing MBA and Portland 

cement, the contribution of MBA to the environmental impacts of blended cement 

pastes is minimal relative to that of Portland cement to plain cement paste.  

• The alkali-activated pastes(1) prepared with blends of MBA and blast furnace slag have 

lower environmental impacts than Portland cement paste, except for the impact 

categories of human toxicity and ecotoxicity potential. Among all the ingredients, the 

activator is the most significant contributor to the environmental impacts of alkali-

activated pastes.  

  

(1) Alkali-activated paste, alkali-activated mortar, and alkali-activated concrete all belong to alkali-activated 
materials.  
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7.1 Introduction 

The environmental impacts of the construction materials prepared with MSWI bottom ash as 

mineral additives are influenced by the treatments of MSWI bottom ash and the mix design 

(see Chapter 2). As stated in Chapter 1, reducing the carbon footprints of Portland cement-

based construction materials is a primary motivation for using MSWI bottom ash as 

supplementary cementitious material (SCM) in blended cement or precursor for alkali-

activated materials (AAM). In this chapter, a preliminary life cycle assessment (LCA) is 

performed to evaluate the environmental impacts of the blended cement pastes prepared 

using mechanically treated MSWI bottom ash (MBA) as SCM (WMBA CEM) and the alkali-

activated pastes made from blends of MBA and blast furnace slag (CMBA-BFS AAM). The 

environmental impacts under consideration include global warming, abiotic resource 

depletion, ozone layer depletion, photochemical ozone creation, acidification of soil and 

water, eutrophication, human toxicity, and ecotoxicity [368].  

The life cycle inventory (LCI) data of MBA is obtained by assessing the environmental impacts 

of the mechanical treatments of as-received MSWI bottom ash aggregates (see Chapter 3). 

The life cycle assessment is carried out for the mix design proposed in Chapter 5 and Chapter 

6. As demonstrated in Chapter 5 and Chapter 6, MBA can be successfully used as an alternative 

to Class F coal fly ash (FA) for the application of SCM and AAM precursor, and paste samples 

with similar compressive strength can be obtained. During the sample preparation process, 

water treatment (see Chapter 5) and NaOH solution treatment (see Chapter 6) are performed 

on MBA to lower its metallic Al content. To improve the accuracy of the life cycle impact 

assessment (LCIA) results of WMBA CEM and CMBA-BFS AAM, the environmental impacts of 

the treatments of MBA are examined. In the end, the LCIA results of the MBA-containing 

blended cement pastes and alkali-activated pastes are compared with those of Portland 

cement paste and FA-containing blended cement pastes and alkali-activated pastes to 

determine which mix design is more environmentally friendly for paste production. 

7.2 Methodology 

The life cycle assessment of pastes was performed following the method described in ISO 

14040 (2006) [180]. With this method, the LCA procedure consists of four phases: definition 

of goal and scope, inventory analysis, impact assessment, and interpretation of the results.  

7.2.1 Definition of goal and scope  

• Goal 

The first goal of the life cycle assessment (LCA) is to assess the environmental impacts of 

WMBA CEM and CMBA-BFS AAM. The second goal is to identify the constituents with the 

most significant environmental impacts and find opportunities to reduce the environmental 

burdens of WMBA CEM and CMBA-BFS AAM.  

• Functional unit 

The environmental impacts of the pastes with different mix designs were calculated and 

compared on the basis of the functional unit, which is a quantified description of the functions 
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or performance characteristics of a product [369]. In this work, the functional unit was taken 

as 1 m3 paste.  

Table 7.1 provides information about the cement pastes and alkali-activated pastes evaluated 

in the life cycle assessment. It is worth noting that the water treatment or NaOH solution 

treatment was integrated into the sample preparation process of WMBA CEM and CMBA-BFS 

AAM, respectively. WMBA CEM was prepared with MBA and PC. The water-treated MBA 

(WMBA) is the solid obtained after the water treatment of MBA. The precursors used to 

prepare CMBA-BFS AAM are MBA and BFS. The NaOH solution-treated MBA (CMBA) is the 

solid resulting from the NaOH solution treatment of MBA. More detailed information about 

the cement pastes and alkali-activated pastes can be found in Chapter 5 and Chapter 6, 

respectively.  

Table 7.1 Information about the cement pastes and alkali-activated pastes evaluated in LCA.  

Names 

Raw materials  
(wt.%) 

CEM BFS MBA FA 

100 CEM 100 - - - 

15 FA CEM 85 - - 15 

25 FA CEM 75 - - 25 

15 WMBA CEM* 85 - 15 - 

25 WMBA CEM* 75 - 25 - 

100 BFS - 100 - - 

10 FA-BFS AAM - 90 - 10 

20 FA-BFS AAM - 80 - 20 

30 FA-BFS AAM - 70 - 30 

10 CMBA-BFS AAM** - 90 10 - 

20 CMBA-BFS AAM** - 80 20 - 

30 CMBA-BFS AAM** - 70 30 - 

* The water treatment of MBA was integrated into the sample preparation process of WMBA CEM. 

**The NaOH solution treatment of MBA was integrated into the sample preparation process of CMBA-

BFS AAM. 

 

• Scope 

According to EN 15804 (2012) [369], the life cycle of a building is divided into four stages: 

product stage, construction process stage, use stage, and end-of-life stage (in Figure 7.1). The 

LCA conducted in this work only covers the product stage in the life cycle (cradle to gate). The 

product stage includes raw material supply, transport, and manufacturing. Since the object of 

this work is to compare the environmental impacts of pastes prepared with different raw 

materials, the LCA only deals with the raw material supply in the product stage. The 

transportation and manufacturing in the product stage were assumed to be the same for all 

the cement and alkali-activated paste mixtures and thus were excluded from the LCA.  
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Figure 7.1 The four stages defined in the life cycle of a building [369]. 

7.2.2 Inventory analysis  

The raw materials used for the paste sample preparation include MBA, Portland cement (CEM 

I 52.5 R), blast furnace slag, Class F Coal fly ash, NaOH pellets, sodium silicate solution (35 wt.% 

solid), and water. In terms of the data resources, the environmental impacts of MBA cannot 

be found in the current life cycle inventory (LCI) database. The LCI data of Portland cement 

(PC), BFS, and FA were taken from the environmental product declaration (EPD) provided by 

the suppliers, Heidelberg Cement, Eco2cem Benelux B.V., and Vliegasunie B.V., respectively. 

The LCI data of NaOH pellets and sodium silicate solution were provided by the database of 

NIBE [370]. The environmental impacts of water are assumed to be zero, as it is a kind of 

natural resource. The data collected for the environmental impacts of PC, BFS, FA, NaOH 

pellets, and sodium silicate solution are summarized in Table F 1 (see Appendix F).  

As illustrated in Figure 7.2, MBA was obtained after the mechanical treatments of as-received 

MSWI bottom ash aggregates. As-received MSWI bottom ash aggregates can be considered 

as free of environmental burden [370] because it is the residue of the municipal solid waste 

incineration and the metal recovery process. The LCI data of MBA was obtained by assessing 

the environmental impacts of the mechanical treatment process [179]. Like other raw 

materials, the environmental impacts of MBA were also quantified using ten environmental 

impact categories and relevant impact indicators (Table 7.2), according to the CML-IA 

(baseline) impact method developed by the center of Environmental Science of Leiden [368].  
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Figure 7.2 The energy consumption of the treatments conducted on as-received MSWI bottom ash 
aggregates and mechanically treated MSWI bottom ash (MBA). 

 

Table 7.2 The environmental impact categories and relevant impact indicators used in the CML-IA 
impact method [368] to quantify the environmental impacts in life cycle assessment. 

Environmental impact categories Impact indicators 
Indicator 

abbreviations 

Global warming Global warming potential (100 years) GWP 

Abiotic resource depletion 
Abiotic depletion potential-Elements ADP-Elements 

Abiotic depletion potential--Fossil fuels ADP-fossil fuels 

Ozone layer depletion Ozone layer depletion potential ODP 

Photochemical ozone creation Photochemical ozone creation potential POCP 

Acidification of soil and water Acidification potential of soil and water AP 

Eutrophication Eutrophication potential EP 

Human toxicity Human toxicity potential HTP 

Ecotoxicity (freshwater) Freshwater aquatic ecotoxicity potential FAETP 

Ecotoxicity (marine) Marine aquatic ecotoxicity potential MAETP 

Ecotoxicity (terrestrial) Terrestrial ecotoxicity potential TETP 
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Table 7.3 Life cycle inventory data of Dutch wind power and the mechanical treatment process of as-
received MSWI bottom ash aggregates. The full name of the environmental impact indicators can be 

found in Table 7.2. 

Environmental 
impact indicators 

Unit 
Electricity (kWh): 100% wind 

power (NL) - low voltage 
(max 1kV) [370] 

Mechanical treatments of 
1 kg MSWI bottom ash 

aggregates (grinding and 
sieving) 

GWP kg CO2 Equiv. 5.41E-02 2.01E-03 

ADP-Elements kg Sb Equiv. 3.24E-06 1.20E-07 
ADP-Fossil fuels kg Sb Equiv. 3.64E-04 1.35E-05 

ODP kg CFC 11 Equiv. 2.83E-09 1.05E-10 
POCP kg Ethene Equiv. 2.71E-05 1.01E-06 
AP kg SO2 Equiv. 2.73E-04 1.02E-05 
EP kg PO4

3- Equiv. 3.12E-05 1.16E-06 

HTP 

kg 1.4 DB Equiv. 

6.71E-02 2.49E-03 
FAETP 1.14E-03 4.24E-05 
MAETP 3.38E+00 1.26E-01 
TETP 3.16E-03 1.18E-04 

 

The mechanical treatments consist of grinding and sieving (Figure 7.2). The grinding of as-

received MSWI bottom ash aggregates is analogous to the methods of grinding Portland 

cement clinker. In terms of particle size, the D50 of MBA is 24 µm, almost the same as that of 

CEM I 42.5N (23.4 µm) [371]. Therefore, the energy consumption of the grinding of as-

received MSWI bottom ash is assumed to be 34.7 kWh/t, the same as that of the grinding 

employed in the production of Portland cement with 42.5 strength class [372]. The sieving 

process is also similar to that of the dynamic separator used in the mill plant of Portland 

cement [373]. Therefore, the energy consumption of the sieving process is taken to be 2.5 

kWh/t [373].  

The environmental impacts of the mechanical treatments of 1 kg as-received MSWI bottom 

ash were calculated using its energy consumption (0.0372 kWh/kg) times the environmental 

impacts of 1 kWh Dutch wind power provided by NIBE [370]. Wind power is widely used in 

the Netherlands, and its LCI data is shown in Table 7.3. The calculated LCI data of the 

mechanical treatments of 1 kg as-received MSWI bottom ash are presented in the same table.  

As shown in Figure 7.2, when used as SCM and AAM precursor, MBA was further treated with 

water or NaOH solution to reduce its metallic Al content. The water treatment and NaOH 

solution treatment were performed at room temperature by manually immersing MBA in 

water and NaOH solution, respectively (see Chapter 5 and Chapter 6). Therefore, the energy 

consumption of water treatment and NaOH solution treatment can be negligible. The water 

treatment and NaOH solution treatment of MBA are considered as free of environmental 

burden.  
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7.2.3 Impact analysis 

According to the CML-IA (baseline) impact method [368], ten environmental impact 

categories and relevant impact indicators (Table 7.2) were used to quantify the environmental 

impacts of 1 m3 cement paste or alkali-activated paste. The equation used for the 

quantification of each environmental impact is 𝐶𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑀𝑖  · 𝐶𝑖, where 𝐶𝑡𝑜𝑡𝑎𝑙 represents the 

calculated impact indicator result of 1 m3 paste, 𝑀𝑖  is the mass of a certain kind of raw 

material used to prepare 1 m3 paste, and 𝐶𝑖 indicates the value of the impact indicator of a 

certain kind of raw material. Table 7.4 and Table 7.5 provide the mass of the raw materials 

used to prepare 1 m3 cement paste and alkali-activated paste, respectively.  

Table 7.4 Mass of the raw materials used to prepare 1 m3 cement paste.  

Sample names 
PC MBA FA H2O 

kg 

100 CEM 1401 - - 561 

15 FA CEM  1177 - 208 554 

25 FA CEM  1030 - 343 549 

15 WMBA CEM  1191 210 - 561 

25 WMBA CEM  1051 350 - 561 

 

Table 7.5 Mass of the raw materials used to prepare 1 m3 alkali-activated paste. 

Sample names 
BFS MBA FA Water glass solution NaOH pellets H2O 

kg  

100 BFS AAM 1507 - - 271 69 335 

10 FA-BFS AAM 1339 - 149 268 68 330 

20 FA-BFS AAM 1176 - 294 264 68 326 

30 FA-BFS AAM 1016 - 435 261 67 322 

10 CMBA-BFS AAM 1351 150 - 270 69 333 

20 CMBA-BFS AAM 1196 299 - 269 69 332 

30 CMBA-BFS AAM 1042 447 - 268 68 331 

 

It is worth noting that the LCIA results of pastes with different mix designs are comparable 

only when these paste samples have similar compressive strength [369]. The 90-day 

compressive strength of cement and alkali-activated paste samples is presented in Figure 7.3. 

Figure 7.3 (a) shows that the 90-day compressive strength of 15 WMBA CEM and 25 WMBA 

CEM is similar to the Portland cement paste (100 CEM). The WMBA CEM and FA CEM exhibited 

similar 90-day compressive strength when the same amount of MBA and FA was added to 

blended cement pastes. Figure 7.3 (b) indicates that the compressive strength of 10 CMBA-

BFS AAM and 20 CMBA-BFS AAM is close to that of 100 BFS AAM. The compressive strength 

of 30 CMBA-BFS AAM is much lower than 100 BFS AAM but is within the same range as that 

of 100 CEM. The 90-day compressive strength of CMBA-BFS AAM and FA-BFS AAM are almost 

equal when the percentage of BFS replaced by MBA and FA (from 10 wt.% to 30 wt.%). 
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Figure 7.3 The 90-day compressive strength of cement and alkali-activated paste samples listed in 
Table 7.1. 

7.3 Result interpretation  

7.3.1 Environmental impacts of cement pastes 

The environmental impacts of Portland cement blended with WMBA (WMBA CEM) were 

compared with that of the cement pastes with similar compressive strength, including 100 

CEM and FA CEM. Figure 7.4 shows the LCIA results of cement pastes with different mix 

designs. As illustrated in Figure 7.4, WMBA CEM has a lower environmental impact than 100 

CEM in every impact category. At the same replacement level (15 wt.% and 25 wt.%), WMBA 

CEM and FA CEM present similar results for all the environmental categories. The 

environmental benefits become more pronounced as the addition of MBA or FA in Portland 

cement paste increased from 15 wt.% to 25 wt.%. 

Among all the constituents of blended cement pastes, PC is the most significant contributor 

in each impact category of WMBA CEM and FA CEM. The contribution of MBA or FA to the 

environmental impacts of blended cement pastes is almost negligible relative to that of PC. 

This is because MBA and FA are industrial by-products. Compared with PC, the environmental 

impacts of FA are much smaller (see Table F 1). As-received MSWI bottom ash aggregates are 

free of environmental burden. The environmental impacts of producing MBA via the 

mechanical treatments of as-received MSWI bottom ash are much smaller than the 

manufacturing of PC (see section 7.2.2). The large environmental impacts of PC are mainly 

caused by the calcination of raw ingredients to a temperature over 1000 °C for clinker 

production [32].  
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Figure 7.4 The life cycle impact analysis (LCIA) results showing the environmental impacts of 1 m3 
cement paste with different mix designs. 
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Figure 7.4 (Continued) the life cycle impact analysis (LCIA) results showing the environmental 
impacts of 1 m3 cement paste with different mix designs. 
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7.3.2 Environmental impacts of alkali-activated pastes 

Figure 7.5 demonstrates the LCIA results of the alkali-activated pastes with different mix 

designs. Considering that the environmental impacts can only be compared among the paste 

samples with similar compressive strength, the LCIA results of 10 CMBA-BFS AAM and 20 

CMBA-BFS AAM are compared with those of 10 FA-BFS AAM, 20 FA-BFS AAM, and 100 BFS 

AAM. The environmental impacts of 30 CMBA-BFS AAM are comparable to those of 30 FA-BFS 

AAM and 100 CEM.   

The environmental impacts of 10 CMBA-BFS AAM and 20 CMBA-BFS AAM are smaller than 

that of 100 BFS AAM in all impact categories. The discrepancy between the environmental 

impacts of CMBA-BFS AAM and 100 BFS AAM became larger when the addition of MBA 

increased from 10 wt.% to 20 wt.%. The environmental burdens of 100 BFS AAM are larger 

because the environmental impact of BFS is larger than that of MBA in every impact category 

(see Table 7.3 and Table F 1). For the CMBA-BFS AAM and FA-BFS AAM prepared with the 

same amount of MBA or FA (10 wt.% or 20 wt.%), their environmental impacts are almost 

equal. This is because MBA and FA have similar environmental footprints. 

The LCIA results of 30 CMBA-BFS AAM are similar to that of 30 FA-BFS AAM. The 

environmental impact of 30 CMBA-BFS AAM is generally much lower than 100 CEM, except 

for the categories of human toxicity and ecotoxicity potential (HTP, FAETP, MAETP, and TETP). 

For all these toxicity categories, 30 CMBA-BFS AAM present higher impacts per functional unit 

when compared with 100 CEM. The higher toxicity potential of 30 CMBA-BFS AAM is due to 

the addition of NaOH pellets and sodium silicate solution. The environmental impacts of NaOH 

pellets and sodium silicate solution are much larger than the solid precursors in most of the 

impact categories, except for ADP-elements and MAETP. The NaOH pellets and sodium silicate 

solution are the ingredients of alkaline activator. It is recommended to reduce the 

environmental impacts of the alkaline activator to improve the sustainability of alkali-

activated material. For example, alternative alkaline activators can be made from waste 

materials. The waste-derived activators have the potential to perform similarly to commercial 

activators [374].  
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Figure 7.5 The life cycle impact analysis (LCIA) results showing the environmental impacts of 1 m3 
alkali-activated paste with different mix designs. 
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Figure 7.5 (Continued) the life cycle impact analysis (LCIA) results showing the environmental 
impacts of 1 m3 alkali-activated paste with different mix designs. 
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7.4 Conclusions  

In this chapter, the environmental impacts in the product stage were assessed for the blended 

cement pastes prepared by partially replacing Portland cement with mechanically treated 

MSWI bottom ash (WMBA CEM) and the alkali-activated pastes made from blends of BFS and 

MBA (CMBA-BFS AAM). The life cycle impact analysis (LCIA) results of WMBA CEM and CMBA-

BFS AAM were also compared with those of the Portland cement paste (100 CEM), the 

Portland cement pastes blended with Class F coal fly ash (FA CEM), and alkali-activated FA-

BFS pastes (FA-BFS AAM). The following conclusions and recommendations can be made: 

• Using mechanically treated MSWI bottom ash (MBA) as an alternative to Class F coal fly 

ash (FA) brings little change to the environmental impacts of blended cement pastes and 

alkali-activated pastes. When the same amount of MBA and FA is blended with Portland 

cement, the results of calculated LCIA for WMBA CEM and FA CEM are almost equal. When 

the percentage of BFS replaced by MBA is the same as that of FA, the environmental 

impacts of CMBA-BFS AAM and FA-BFS AAM are similar.  

• Compared with 100 CEM, the environmental impacts of WMBA CEM and FA CEM are 

smaller, indicating that the replacement of a portion of PC with MBA or FA to produce 

blended cement pastes is environmentally friendly. The contribution of MBA and FA to the 

environmental impacts of WMBA CEM and FA CEM is negligible relative to that of Portland 

cement (PC).  

• The environmental impacts of alkali-activated paste prepared with 30 % of MBA (30 

CMBA-BFS AAM) are smaller than that of 100 CEM, except for the impacts associated with 

human toxicity and ecotoxicity (HTP, FAETP, MAETP, and TETP). The higher toxicity 

potential of 30 CMBA-BFS AAM is caused by NaOH pellets and sodium silicate solution, 

the constituents that contribute the most to the environmental burdens of alkali-activated 

pastes. It is recommended to reduce the environmental burdens of alkali-activated pastes 

by using the activator derived from industrial by-products or wastes. 

7.5 Limitations of this study 

• In this study, the life cycle inventory (LCI) data of MBA was estimated by considering the 

energy consumed during the mechanical treatments of as-received MSWI bottom ash. The 

mechanical treatments consisting of grinding and sieving were assumed to be the same as 

those used in the industrial production of Portland cement. In order to improve the quality 

of the LCI data for MBA, it is necessary to upscale the lab-scale mechanical treatments to 

the industrial scale and perform the LCI analysis. This is because the parameters selected 

for the industrial-scale grinding of MSWI bottom ash aggregates can differ from the 

industrial parameter settings in the grinding of Portland cement clinker due to the 

differences in their hardness  

• Due to the lack of data, the life cycle assessment (LCA) performed in this work is limited 

to the raw material supply in the product stage. The transport and manufacturing in the 

product stage are assumed to be the same for the cement and AAM mixtures. This 

assumption is valid only when the transport distances of the raw materials and the sample 
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preparation methods are similar for cement pastes and alkali-activated pastes. Since the 

LCA only includes the product stage, the impacts of CMBA-BFS AAM and WMBA CEM may 

be underestimated in the categories of human toxicity and ecotoxicity potential. MBA 

contains leachable heavy metals and soluble salts, which may leach out at the use stage 

and the end-of-life stage of MBA-BFS AAM and WMBA CEM, increasing their toxicity 

potential.  

• This work only performed the LCA at the paste level. The mix designs may have to be 

adjusted when the pastes are used in concretes. It is recommended to conduct a complete 

LCA (“cradle to grave”) at the concrete level. In addition to the compressive strength 

considered in this work, the durability and leaching test results also need to be considered 

when comparing the LCIA results of concretes. The concretes with superior durability 

usually have a longer service life, lowering the environmental impacts at the use stage. 

The durability of the concretes with CMBA-BFS AAM or WMBA CEM as binder can differ 

from that of the Portland cement concretes. The leaching of heavy metals and soluble 

salts from MBA hinders the recycling of demolition wastes, increasing the environmental 

burdens at the end-of-life stage. 
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Chapter 8  

 

 

Retrospection, conclusions, contributions, and 
outlooks 

 

 

 
 

 
This chapter summarizes the work and main findings of this thesis and 

presents the scientific and engineering contribution of this research. 

Recommendations are given concerning the utilization of MSWI bottom 

ash as a mineral resource for construction materials.  
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8.1 Retrospection 

As discussed in Chapter 1, incineration with an effective air pollution control and energy 

recovery system is a sustainable solution for the disposal of municipal solid waste. However, 

municipal solid waste incineration (MSWI) discharges residues, among which bottom ash 

accounts for the largest proportion. The availability of MSWI bottom ash is in the range of 

massive cement production. Therefore, it is worth exploring the feasibility of using MSWI 

bottom ash as an ingredient of construction materials. In recent years, a lot of research has 

been conducted on the use of MSWI bottom ash as a mineral resource to develop blended 

cement pastes and alkali-activated pastes (see Chapter 2). This action can help to solve the 

environmental problems caused by the landfill of MSWI bottom ash, address the worldwide 

depletion of primary mineral sources, and provide a solution to future shortages of 

supplementary cementitious material (SCM) and precursor for alkali-activated materials 

(AAM).  

The goal of this research is to develop the knowledge that can be used to guide the application 

of MSWI bottom ash as SCM and AAM precursor. Based on this knowledge, a strategy for 

using MSWI bottom ash produced in the Netherlands (4-11 mm) as a mineral resource for 

construction materials was proposed.  

• In Chapter 3, the metallic Al embedded in as-received MSWI bottom ash particles was 

analyzed, with emphasis on the relationship between the particle size of bottom ash and 

its metallic Al content. Mechanical treatments consisting of grinding and sieving were 

selected and studied to reduce the particle size and the metallic Al content of as-received 

MSWI bottom ash. 

• In Chapter 4, the link between the chemical composition of the reactive phases and the 

reactivity of mechanically treated MSWI bottom ash (MBA) was established. The leaching 

risk of contaminants from MBA to the environment was assessed. Based on this 

information, remarks about how to use MBA in blended cement pastes and alkali-

activated pastes were made.  

• In Chapter 5 and Chapter 6, the quality-upgrade treatments of MBA and the mix design of 

blended cement pastes and alkali-activated pastes were proposed according to the 

remarks made in Chapter 4. Water treatment and NaOH solution treatment were included 

in the sample preparation process of blended cement pastes and alkali-activated pastes, 

respectively, to lower the metallic Al content in MBA. Water treatment and NaOH solution 

treatment were both performed at room temperature. The extent to which these quality-

upgrade treatments can reduce the metallic Al content in MBA was discussed. The 

acceptable metallic Al content in MSWI bottom ash as SCM and AAM precursor was 

determined. The chemical reactions that occurred during these quality-upgrade 

treatments of MBA were analyzed. The reaction of treated MBA in blended cement pastes 

and alkali-activated pastes was investigated to examine its contribution to microstructure 

formation and strength development.  

• In Chapter 7, the environmental impacts of pastes prepared with MSWI bottom ash SCM 

and AAM precursor were assessed with the aim of evaluating whether it is 



C h a p t e r | 8                                                           P a g e  | 183 

 

 

  

environmentally beneficial to use MSWI bottom ash as a mineral resource for construction 

materials. 

8.2 Conclusions 

The findings of this research are summarized as follows: 

1. Mechanical treatments dramatically reduce the metallic Al content and particle size of 

as-received MSWI bottom ash. The effectiveness of mechanical treatments in reducing 

metallic Al content is strongly influenced by the distribution of metallic Al in MSWI bottom ash 

particles.  

Most metallic Al removed by mechanical treatment comes from the 0.5-1.6 mm size fraction. 

The metallic Al embedded in MSWI bottom ash particles smaller than 0.5 mm is difficult to 

remove with mechanical treatments because they are in the same size range as the mineral 

particles after grinding. Comparatively, during the grinding process, metallic Al incorporated 

in coarse MSWI bottom ash particles is more likely to be pressed into plate-shaped scraps 

with sizes larger than the mineral particles (see Chapter 3).  

1. The reactivity of MBA as SCM and AAM precursor is found similar to that of Class F coal 

fly ash (FA), but much smaller than that of blast furnace slag (BFS). The reactivity of MBA as 

SCM and AAM precursor is determined by the content and the chemical composition of its 

amorphous phase.  

The amorphous phase of MBA has a chemical composition within the same range as the 

amorphous phase of FA. Moreover, the content of the amorphous phase in MBA is close to 

that of the amorphous phase in FA. Compared with BFS, MBA has less amorphous phase. The 

CaO/SiO2 mass ratio of the amorphous phase in MBA is lower than that of the amorphous 

phase in BFS. The amorphous phase with a lower CaO/SiO2 mass ratio tends to have a less 

depolymerized and disordered structure and is thus less reactive under alkaline conditions 

(see Chapter 4). 

2. The factors that influence the utilization of MBA in blended cement pastes and alkali-

activated pastes include its reactivity, leaching potential, and metallic Al content. 

Given that the reactivity of MBA is similar to that of FA, the mix design of MBA as SCM and 

AAM precursor can benefit from the experience with FA reported in the literature. The 

leaching of Sb and sulfate from MBA is above the upper limits set by the Dutch government. 

The dosage of MBA in blended cement pastes and alkali-activated paste should not exceed 50 

wt.% to prevent the environmental risks of contaminant leaching from the pastes into the 

environment. The metallic Al content in MBA may not exceed 0.02 wt.% for the application of 

SCM to prevent the formation of expansive cracks in blended cement pastes. Prior to the 

application as AAM precursor, the metallic Al content in MBA needs to be reduced to zero to 

avoid volume expansion of alkali-activated pastes (see Chapters 4-6).  

3. Thermodynamic modeling is a very useful tool to guide the mix design when MBA is 

used as AAM precursor. 
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The chemical and mineralogical compositions of MBA are within the same ranges as the 

compositions of MSWI bottom ash reported in the literature. The phase assemblages of alkali-

activated MBA paste predicted by thermodynamic modeling are in good agreement with the 

experimental results of previous researchers. The modeling results indicate that if the Na2O 

content in the activator is higher than 5 wt.%, some of the Si released by MBA will be present 

in the pore solution rather than forming stable reaction products with the Na provided by the 

activator. This modeling result can give a rough guide to the mix design. When MBA is used 

to prepare alkali-activated pastes, the Na2O content in the activator may not exceed 5 wt.% 

to ensure that all the Si released by MBA is incorporated into the reaction products. If the 

Na2O content in the activator is designed to be higher than 5 wt.%, it is better to blend MBA 

with Ca- or Al-enriched precursors to prepare AAM, such as blast furnace slag, to consume 

the Si dissolved from MBA (see Chapter 4).  

4. The water treatment proposed in this work is effective in lowering the metallic Al 

content of MBA at room temperature. At the same replacement level, the compressive 

strength of WMBA blended Portland cement pastes is close to that of FA blended Portland 

cement pastes.  

After water treatment of MBA, the residual metallic Al content in WMBA is around 0.02 wt.%. 

Water treatment of MBA only slightly changes the mineralogical compositions by increasing 

the content of amorphous phase and calcite. When water treatment is combined with the 

sample preparation process, the replacement level of MBA in blended cement pastes can 

reach up to 25 wt.% without forming cracks caused by hydrogen gas release (see Chapter 5). 

5. The metallic Al embedded in MBA can be completely oxidized at room temperature 

with the NaOH solution treatment proposed in this work. The compressive strength of alkali-

activated CMBA-BFS pastes is almost equal to that of alkali-activated FA-BFS pastes when the 

amount of MBA and FA used in sample preparation is the same.  

MBA reacts during the NaOH solution treatment, resulting in slight dissolution of the 

amorphous phase and formation of a trace amount of C-A-S-H gel. When NaOH solution 

treatment is part of the mixture preparation process, the highest achievable dosage of MBA 

in alkali-activated pastes is 30 wt.%. If the dosage of MBA exceeds 30 wt.%, the amount of 

solution required for the NaOH solution treatment of MBA is more than that can be taken 

from the activator used for the preparation of alkali-activated CMBA-BFS pastes (see Chapter 

6).   

6. Adding MBA in Portland cement paste and alkali-activated BFS paste changes the 

reaction product and microstructure formation. The reaction products of WMBA and CMBA 

contribute to the strength development of blended cement pastes and alkali-activated pastes, 

respectively. 

Although blending WMBA with Portland cement delays clinker hydration on the first day, the 

hydration of clinker is enhanced at later ages. The sulfate dissolved from MBA during water 

treatment promotes ettringite formation in 1-day WMBA blended Portland cement pastes. 

The reaction of WMBA consumes portlandite, resulting in the formation of sodicgedrite and 



C h a p t e r | 8                                                           P a g e  | 185 

 

 

  

amorphous phase. The Ca/Si atomic ratio of the C-S-H gel formed in WMBA blended Portland 

cement pastes is smaller than that of the C-S-H gel generated in Portland cement paste (see 

Chapter 5). 

The reaction of BFS in the alkali-activated CMBA-BFS pastes is delayed during the first 7 days 

but is enhanced at later ages. Microcline is the newly formed crystalline reaction product after 

adding CMBA in alkali-activated BFS. Blending CMBA with BFS increased the polymerization 

degree of the gel phases formed in alkali-activated pastes. The Ca/Si atomic ratio and the 

Na/Si atomic ratio of the gel in alkali-activated CMBA-BFS pastes are lower than the ratios of 

the gel in alkali-activated BFS paste (see Chapter 6).  

7. Using MBA as a mineral resource to prepare blended cement pastes and alkali-

activated pastes is environmentally beneficial, especially for the reduction of CO2 emission.  

The partial replacement of Portland cement with MBA can reduce the environmental 

footprints of Portland cement paste in every impact category, including global warming, 

abiotic resource depletion, ozone layer depletion, photochemical ozone creation, acidification 

of soil and water, eutrophication, human toxicity, and ecotoxicity (see Chapter 7).  

Compared with Portland cement paste, alkali-activated pastes prepared with blends of MBA 

and blast furnace slag have lower environmental impacts, except for the impact categories of 

human toxicity and ecotoxicity potential. Among all the ingredients, the activator is the most 

significant contributor to the environmental impacts of alkali-activated pastes (see Chapter 

7).  

8.3 Contributions of this research to science and engineering 

The contributions of this research to science and the application of MSWI bottom ash as 

SCM and AAM precursor are summarized as follows: 

1. This research deepens the understanding of the reaction of MSWI bottom ash as SCM 

and AAM precursor. The knowledge developed in this work can help to stimulate the 

application of MSWI bottom ash as mineral resources in construction materials.  

The chemical and mineralogical compositions of the MSWI bottom ash studied in this research 

are within the same range as the compositions of the MSWI bottom ash reported in the 

literature. The knowledge developed in this work, including the distribution of metallic Al 

embedded in MSWI bottom ash particles, the chemical properties of the amorphous phase of 

MSWI bottom ash, and the reaction of MSWI bottom ash in blended cement pastes and alkali-

activated pastes, can be used to stimulate the application of MSWI bottom ash produced in 

other regions.  

2. This study proposed a solution for the quality upgrade of MSWI bottom ash (4-11 mm) 

produced in the Netherlands, making it suitable as an alternative to Class F coal fly ash for the 

application of supplementary cementitious material and precursor for alkali-activated 

materials.  
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The mechanical treatments, water treatment, and NaOH solution treatment proposed in this 

work are effective in reducing the metallic Al content of MSWI bottom ash and have the 

potential to be up-scaled to commercial plant-scale treatments. During mechanical 

treatments of as-received MSWI bottom ash, grinding is performed at low speed and finished 

within a short time. The energy consumption and cost of proposed mechanical treatments are 

relatively low. The water treatment and NaOH solution treatment have very low 

environmental impacts, as they are performed at room temperature and no wastewater is 

discharged from these treatments.  

3. This work demonstrated how to develop blended cement pastes and alkali-activated 

pastes with MSWI bottom ash by considering the chemical and physical properties of as-

received MSWI bottom ash. The strategy employed in this work is also applicable to the 

development of construction materials by using MSWI bottom ash produced in other regions 

as SCM and AAM precursor.  

In this research, the method used to develop blended cement pastes and alkali-activated 

pastes with MSWI bottom ash includes the following five steps:  

• Step 1 Characterization of as-received MSWI bottom ash to identify the issues that hinder 

the application of MSWI bottom ash as SCM or AAM precursor (see Chapter3). 

• Step 2. Selection of appropriate treatments to improve the quality of as-received MSWI 

bottom ash and make treated MSWI bottom ash meet the requirements for use as SCM 

and AAM precursor (see Chapters 3-6). 

• Step 3. Mix design according to the reactivity and leaching potential of treated MSWI 

bottom ash and targeted compressive strength of blended cement pastes and alkali-

activated pastes (see Chapters 4-6).  

• Step 4. Assessment of the environmental impacts of the construction materials prepared 

with MSWI bottom ash as SCM and AAM precursor (see Chapter 7).  

8.4 Outlooks 

Mix design of blended cement pastes and alkali-activated pastes with MSWI bottom ash as 

SCM and AAM precursor 

Thermodynamic modeling is a powerful tool to simulate the reaction products and pore 

solution of the pastes prepared with MSWI bottom ash as SCM and AAM precursor (see 

Chapter 4). The simulation results can be used as a reference to guide the mix design when 

MSWI bottom ash is used to prepare blended cement pastes and alkali-activated pastes. With 

the help of modeling, it takes a shorter time to find a desirable mix design. In this way, the 

efficiency of developing new construction materials with MSWI bottom ash can be greatly 

improved. 

It is worth noting that the accuracy of the modeling results is determined by the ideal solid 

solution model used for the simulation of the gel phases. Given that the composition of the 

amorphous phase in MSWI bottom ash is within the same range as Class F coal fly ash (see 
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Chapter 4), it is recommended to extend the N(C)ASH_ss model proposed for Class F coal fly 

ash and improve its accuracy in predicting the reaction products of alkali-activated MSWI 

bottom ash. The experimental study of the solid phase evolution of alkali-activated MSWI 

bottom ash pastes is required to validate the simulated solid phase evolution. Considering the 

wide variety of the MSWI bottom ash produced in the world, it is recommended to study the 

ones with representative chemical and mineralogical compositions. The compositional range 

for the MSWI bottom ash produced worldwide can be found in Chapter 2.  

Industrial application of MSWI bottom ash as SCM and AAM precursor 

The prerequisite for using a high dosage of MSWI bottom ash in blended cement pastes and 

alkali-activated pastes is to improve the quality of MSWI bottom ash through quality-upgrade 

treatments. However, a high dosage of MSWI bottom ash should not be realized at the 

expense of unexpected damage to the environment. The risk of excessive heavy metal 

leaching and high cost of quality-upgrade treatments discourage the construction industry 

from using MSWI bottom ash as SCM or AAM precursor. Considering the rapid growth rate of 

global MSWI bottom ash production, it is necessary to invest time and energy in developing 

environmentally friendly and economical plant-scale treatment techniques.  

It is recommended to build a database about the chemical and physical properties of MSWI 

bottom ash produced in the world. Based on this database, a classification system can be 

made according to the qualities of MSWI bottom ash. The classification system of cement can 

be used as a reference for classifying MSWI bottom ash. Establishing a database can help 

promote the commercial application of MSWI bottom ash in concrete.   

This research shows that the addition of MSWI bottom ash in blended cement pastes and 

alkali-activated pastes changes the reaction production and microstructure (see Chapter 5 

and Chapter 6). It is necessary to investigate whether these changes have any impact on the 

long-term performance of the pastes. It is important to study the fresh properties, long-term 

performance, durability, leaching potential, and environmental impacts of concrete products 

prepared with MSWI bottom ash. This information is critical for the formulation of the design 

codes when MSWI bottom ash is used as an ingredient of concrete. Once the legal guidelines 

are established, the widespread industrial application of MSWI bottom ash as a mineral 

resource for construction materials will be possible.  

Environmental impacts of constructions containing MSWI bottom ash 

It is important to keep track of the leaching of heavy metals over the life cycle of constructions 

containing MSWI bottom ash. The concrete elements that contain MSWI bottom ash should 

be registered. In this case, at the stage of demolition, it is possible to distinguish and separate 

the concretes made from MSWI bottom ash. The demolished concrete elements with MSWI 

bottom ash as an ingredient should not mix with other demolition wastes to avoid 

contamination of heavy metals. The recycling of the demolition waste containing MSWI 

bottom ash is another important topic from the perspective of minimizing environmental 

impacts.  
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Appendix A 

Table A 1 Mineralogical compositions of weathered MSWI bottom ash determined by QXRD analysis. 

Mineral Types 
Minerals 

(wt.%) 

Particle size (mm) of weathered MSWI bottom ash 

< 0.6  
[115] 

0 - 8  
[375] 

8 - 30 
[375]  

≤ 4  
[110] 

4 - 12 
[82] 

Unknown  
[70] 

Not 
separated  

[17] 

0 - 2 
[112] 

Unknown 
[125] 

0 - 8 
[81] 

Thailand  UK The Netherlands Germany Spain Canada Belgium 

SiO2 
Quartz 13.5 22.6 7.2 7.6 12.5 5.4 14.4 9.4 10.9 4.7 12 21 

Cristobalite - - - - - - - 0.3 - - 0.6 1.1 

FeOx 

Hematite 0.8 1.5 - - 3.8 0.4 0.9 1.8 0.9 1.6 1 2.4 

Magnetite 1.8 2.9 - - 8.9 0.2 - 1.8 1.7 - 2.5 0.8 

Wustite - - - - 1.5 - - 0.6 - - 0.6 - 

Magnesioferrite - - 0.9 0.7 - - - - - - - - 

Silicates 

Melilite group 

Melilite - - 2.1 1.2 4.7 2 - 2.1 - - - - 

Gehlenite - 11.3 - - - - 2.2 - - - 4.5 0.7 

Feldspar group 

Alkali Feldspar - - - - - - - - - - 1.8 2.2 

Sanidine - - 1.1 2.0 - - - - - - - - 

Microcline 3.5 3.3 - - - - - - 1.4 - - - 

Albite 4.5 1.2 3.0 6.7 - 4.3 - - 2.3 - - - 

Plagioclase 
Feldspar  

- - - - 5.7 - - 1.7 - 5.1 - - 

Anorthite - - - - - - 0.6 - - - - - 

Pyroxene group 
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Pyroxene - - - - 4.2 - - - - - 1 - 

Diopside - - - - - 1.8 - 1.4 - - - - 

Wollastonite - - - - - - - - - - 1.8 1.6 

Augite - - - - - - - 1.1 - - - - 

Clinopyroxene - - - - - - 9.3 - - - - - 

Other silicates 

Mullite 12.1 - - - - - - - - - - - 

Mg-chloritoid 2.3 - - - - - - - - - -- - 

Margarite - - 0.3 1.3 - - - - - - - - 

Muscovite - - - - - - - 2.8 0.9 - - - 

Zeolite - - - - 0.1 - - - - - - - 

Chabazite - - - - - - - 0.8 - - - - 

Amphibole - - - - - - - 3.7 - - - - 

Carbonates 

Calcite 2.7 - 0.9 0.8 13.5 2.9 3.4 4.7 11.4 22.7 7.5 1.9 

Dolomite - - - - - 1.2 - - - - - - 

Potassium 
carbonate 

- - - - - - - 2.1 - - - - 

Sulfates 

Ettringite - - - - 0.2 - - 6.5 - - - - 

Gypsum - - - - 0.2 - - - - - 0.7 0.4 

Anhydrite - - - - - - - 1.7 - 4.2 0.3 4.1 

Vishnevite - - 0.3 0.8 - - - - - - - - 

Rozenite - - - 0.8 - - - - - - - - 

Alunite - - - - - - - 0.7 - - - - 

Baryte - - - - - - - 0.2 - - - - 

Chloride Salts Halite - - - - 0.8 0.5 - - - 2.4 - - 

Phosphates Apatite - - - - 6.5 - - - 1.1 - - 7.7 

Non-ferrous 
metal oxides 

Corundum - - - - - - - 4.4 - - - - 

Periclase - - - - - - - 0.5 - - - - 

Rutile - - - - 1.3 - - 0.9 - 2.2 - - 

Hydroxides 
Hydrocalumite - - - - - - - 15.4 6.7 - - - 

Hydroxilapatite - - - - - - - - 2.1 - - - 
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Rosenhahnite - - - - - - - 1.5 - - - - 

Gibbsite - - - - - - - 0.4 - - - - 

Lepidocrocite - - - - - - - 0.6 - - - - 

Tobermorite - - - - - - - 0.6 - - - - 

Sulfides Covellite  - - - - - - - 0.8 - - - - 

Other minerals 

Hercynite  - - - - - - - 0.8 - - - - 

Graphite - - 1.7 2.4 - - - - - - - - 

Silicon - - - - - - - 0.3 - - - - 

Amorphous 58.8 59.3 81.3 75.4 36.1 81.2 69.2 30.8 60.1 57.1 65 56 
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Table A 2 Summary of the studies reporting utilization of MSWI bottom ash as supplementary cementitious materials. 

Origin 

Particle size of used 
MSWI bottom ash (μm) 

and plant-scale 
treatments 

Lab-scale 
treatments and 

remaining 
metallic Al 

content (wt.%) 

SiO2 CaO Binder 

Water to 
binder ratio 

Mix ratio 
Curing 

conditions 

Measured 
specimen size 

(mm) 

Compressive strength at 
max. replacement (MPa) 

References 

wt.% from XRF 

MSWI 
bottom 

ash (Max. 
wt.%) 

Other 
binders 

Belgium 

< 250 
(as - received: fresh 0 -
2 mm, 2 - 6 mm, 6 - 15 

mm) 
 

Ball milled + 
water treated+ 
dried (105 °C) 

 

32.1 - 
56.6 

14.47 - 
22.70 

25 

Portland 
cement 
(CEM I 
52.5 N) 

0.5 1:3 (M) N 40 × 40 × 160  
28d: decreased compared 

with reference mortar 
[56] 

Belgium 

< 142 
D50 = 10 

(as - received: 2 - 6 
mm) 

Ball milled + 
sieved 

Metallic Al: 0.19  
43.9 18.4 20 

Portland 
cement 
(CEM I 
52.5R) 

0.48 (OPC 
concrete) 
0.46 (BA 
blended 

concrete) 
(superplastici

zer) 

C 
20 ± 2 °C, 95 ± 

5 % RH 
150 × 150 × 150  

2d and 7d: close to 
reference concrete 

28d and 91d: higher than 
reference concrete 

[149] 

Canada Average: 9.3 
Milled 

Metallic Al: 0.06 
28.64 22.91 20 

Portland 
cement 

Paste 
(pressurized 

compact 
molding): 

0.15 
Concrete (dry 

cast): 0.35 

P 
C 

100% RH 

Cylindrical paste: 
15 (diameter) × 

30 (height) 
Concrete: 100 × 

76 × 31 

Paste: 76.5190d 
(88.3 % of reference OPC) 

Concrete: 32.0290d 
(18.4 % higher than 

reference OPC concrete) 

[125] 

China < 45 Ball milled 59.59 7.58 50 
Portland 
cement 

(PII 52.5) 
N M 

20 ± 1 °C, > 95 
% RH 

40 × 40 × 160 

10.13d, 29.228d 
(decreased 54.7 % and 
44.5 % compared with 

OPC mortar) 

[27] 

China 
< 150 

Average: 30 

Ball milled, Alkali 
treated + water 

washed 
Metallic Al: 0 

25.89 32.47 20 
Portland 
cement 

0.484 
(superplastici

zer) 
1:2.75 (M) 

Lime water 
immersion 

50 × 50 × 50  
90d: close to reference 

mortar 
[130] 

China 
< 154 

Average: around 10 
Milled 53.8 14.30 50 

Portland 
cement 

Class 42.5 
N P 

20 ± 2 °C, > 90 ± 
5 % RH 

40 × 40 × 160  
28d: dramatic decrease 

compared with reference 
paste 

[153] 

China < 180 Ball milled 48.41 14.78 30 
Portland 
cement 

Class 42.5 
0.5 

1:3 (M) 
0.5:1.86:3.

78 (C) 

20 ± 2 °C, > 95 
% RH 

40 × 40 × 160 
24.428d 

(decreased compared 
with reference mortar) 

[376] 

China 
D50 = 10-40 

(as-received: 5 - 10 
mm) 

Ball milled 51.18 15.47 20 
Portland 
cement 

0.484 1:2.75 (M) Ambient (23 °C) 40 × 40 × 40 

28d: decreased 10 - 20 % 
compared with OPC 

mortar 
90d: close to OPC mortar 

[28] 

China D50 = 10 Ball milled 53.76 14.25 30 
Portland 
cement 

Class 42.5 
0.5 1:3 (M) 

20 ± 2 °C, 
saturated lime 

water 
40 × 40 × 160 28d: around 40 [152] 

Italy D50 = 3 
Microsphere 
milled (wet 

ground, 
53.41 13.25 30 

Portland 
cement 

0.5 
(superplastici

zer) 
C 95 % RH 100 × 100 × 100 

64.528d 
(1.6 % higher than OPC 

concrete) 
[30] 
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solid/water ratio 
of 1:1) 

(CEM I 
52.5 R) 

90d and 180d: higher than 
OPC concrete 

Italy D50 = 3.5 
wet ground 

(solid content in 
the slurry: 44 %) 

61.9 15.9 30 
Portland 
cement  

0.43 
(superplastici

zer) 
C 

20 °C, moist 
curing 

100 × 100 × 100 
87180d 

(around 20 % higher than 
OPC concrete) 

[151] 

Netherlan
ds 

< 63 
(as - received: < 2 mm) 

Ball milled + 
thermally 

treated (550 °C, 
750 °C) 

Metallic Al: < 0.2 

35.98 19.34 30 

Portland 
cement 
(CEM I 
52.5 R) 

N 1:3 (M) 
Water 

immersion 
40 × 40 × 160 

5128d 
(15 % reduction compared 

to reference mortar) 
[53] 

Netherlan
ds 

D50 = 39 
(as - received material: 

< 3 mm) 
Milled 50.7 12.9 5 

Portland 
cement 
(CEM I 

52.5 R and 
CEM I 42.5 

N) 

0.5 1:3 (M) N 40 × 40 × 160 
28d: decreased 7-11 % 

compared with reference 
mortar 

[103] 

Portugal Average: 39 N 51.84 22.99 40 

Portland 
cement 
(CEM I 
42.5 R) 

and coal 
fly ash 

0.72 
(water 

reducer) 
C 

20 ± 2 °C, 50 ± 5 
% RH 

150 × 150 × 150  
Decreased compared with 

reference concrete 
[49] 

Slovenia 
< 90 

(as - received: 1 to 200 
mm) 

Ball milled 24 39 40 

Portland 
cement 
(CEM I 
42.5 R) 

0.5 1:3 (M) 
22 ± 2  C, 100% 

RH 
40 × 40 × 160 

28d: decreased compared 
with OPC mortar 

[150] 

Taiwan < 75 

Thermal treated 
(1400 °C, 

vitrification) + 
Ball milled 

25.6 26.1 40 
Portland 
cement 
(type I) 

0.38 P 
25 °C, > 98 % 

RH 
Rectangular 

217d, 3828d, 5090d 
(decreased 42 %, 19 %, 
and 10 %, respectively, 

compared with OPC) 

[16] 

Taiwan < 75 

Thermal treated 
(1400 °C, 

vitrification) + 
Ball milled 

25.6 26.1 40 
Portland 
cement 
(type I) 

0.38 P 
25 °C, > 98 % 

RH 
50 × 50 × 50 

From 1d till 90d: 10 to 42 
% decline compared with 

OPC 
[154] 

Taiwan 
D90 < 21 

(as - received 5 - 10 
mm) 

Water washed + 
acid washed + 

thermally 
treated (1100 

°C) + ball milled 

38.14 
(raw) 
86.46 

(treate
d) 

43.27 
(raw) 
6.14 

(treated) 

15 vol.% 
(volume 
percenta

ge) 

15 vol.% 
rice husk 

ash 
(treated 
at 550, 

700, 900 
°C) + 

70 vol. % 
Portland 
cement 
(type I) 

0.21 
(superplastici

zer) 
P 

25  ± 2 °C, 
water 

50 × 50 × 50 
28d: 35.92-42.11 

(decreased by 25.6 % to 
12.8 %) 

[132] 

Thailand 
< 45 

D50 = 5.15 
Ball milled 15.8 38.1 40 

Portland 
cement 

0.484 
(superplastici

zer) 
1:2.75 (M) 

Saturated 
limewater 

50 × 50 × 50 
29.37d 
35.728d 

[176] 
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US 
< 90 

(as - received: < 50 
mm) 

Ball milled 
Metallic Al: 0.03 

% 
N N 30 

Portland 
cement 
(type I) 

> 0.5 P 
21 ± 1 °C,  

70 ± 3 % RH 

Cylinder:  
100 (diameter) × 

50 (height) 

15.128d 
(decreased 46.6 % 

compared with OPC) 
[377] 

N: no information 

D50: Mean particle size, RH: Relative humidity, P: Paste, M: Mortar (cement: sand), C: Concrete (cement: sand: aggregate), d: day 
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Table A 3 Summary of studies reporting utilization of MSWI bottom ash as precursor for alkali-activated materials. 

Alkali-activated materials prepared using MSWI bottom ash as precursor 

Origin 

Information 
of used 
MSWI 

bottom ash 
and plant-

scale 
treatments 

Lab-scale 
treatments 
and metallic 
Al content 

(wt.%) 

SiO2 Al2O3 CaO Binder  

Activators 
Mix 
ratio 

Curing conditions 
Measured specimen 

size 
(mm) 

Compressive 
strength 

(MPa) 
References 

wt.% from XRF 
MSWI bottom ash 

(%) 

China 
Metallic Al 
content: 

1.92 wt.% 

Water 
washed + 
ball milled 

+ NaOH 
solution 

treated (3 h) 
or calcinated 

(1050 °C) 

51.82 14.18 16.44 100 
Na2SiO3 solution 
+ NaOH solution 

0.6 
(liquid to 

binder ratio) 
1:3 (M) 20 ± 2 °C, 95 % RH 40 × 40 × 160  

Original: 
03d 

2.428d 

[131] 

After NaOH 
treatment: 

1.93d 

8.428d 
10.360d 

After 
calcination: 

3.83d 

10.428d 
13.360d 

Portugal 

D50 = 45 μm 
Contains 

metallic Al 
(percentage 
unknown) 

Ball milled 
Metallic Al: 

0.44 
(defoamed 

before 
casting) 

51.84 5.00 23.00 100 

Na2SiO3 solution  
or 

NaOH solution  
 

0.65 
(liquid to 

binder ratio) 
(2% water 
reducer) 

1:3 (M) 
70 °C (1d) 

then 
20 ± 3 °C, 50 % RH 

40 × 40 × 160  

90d NaOH 
activated 

samples: 6 - 
7 

[156] 

90d Na2SiO3 
activated 

samples: 1 - 
4 
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Portugal 

D50 = 45 μm 
Contains 

metallic Al 
(percentage 
unknown) 

Ball milled 
Metallic Al: 

0.44 
(15 min 

mixing time + 
45 min 

defoamed 
before 
casting) 

51.84 5.00 23.00 100 
NaOH solution 

(10M) 

0.65 
(water 

reducer) 
1:3 (M) 

18 °C, 65 % RH (1d) 
or 70 °C (1d) 
or 70 °C (2d) 
or 90 °C (1d) 

then 
20 °C, 60 % RH 

40 × 40 × 160  

112d: 15 - 30  

[155] 

90d flexural 
strength: 2 - 

4 

Singapore 

D50 < 20 μm 
(Fresh) 

Contains 
metallic Al 

(percentage 
unknown) 

105°C 24 h 32.75 8.57 29.06 100 
NaOH solution+ 
Na2SiO3 solution 

0.6 or 0.75 or 
0.9  

(liquid to solid 
ratio) 

P 75 °C (3d) 50 × 50 × 50 
3d: 0.95 - 

2.82 
[170] 

Singapore 
< 75 μm 
(Fresh) 

Ball milled + 
sieved 

(only use the 
glass 

fraction) 

67.64 1.76 9.81 100 

NaOH solution 
(14 M) + Na2SiO3 

solution 
Mass ratio: 1:2 

0.5 
(liquid to solid 

ratio) 
P 75 °C, 98 % RH – 3d 50 × 50 × 50 30.03d [165] 

Singapore 

Glass 
fraction: < 
75 μm, D50 
= 16.9 μm 

Manual 
separation + 

magnet 
separation + 
ball milled 

68.04-
69.05 
Glass 

fraction: 
 

1.71-
1.96 
Glass 

fraction 

9.59-
10.42 
Glass 

fraction 

Glass fraction + 
non-ferrous 

fraction 

NaOH solution (8 
M) + Na2SiO3 

solution 
SiO2/Na2O ratio = 

1.57) 

0.5 
(solution to 

solid) 
P 75 °C 3d, 98 % RH 50 × 50 × 50 3d: 4.0 - 31.7 [168] 

Non-ferrous 
fraction: < 

150 μm, D50 
= 22.7 μm 

(> 1.18 mm 
fraction) 

30.5-
40.2 
Non-

ferrous 
fraction  

8.87-10 
Non-

ferrous 
fraction 

24.16-
30.1 
Non-

ferrous 
fraction 

Fresh, 
original < 1 

dm 
Contains 

metallic Al 
(percentage 
unknown) 

Spain 

< 80 μm 
(Weathered 
3 months) 
Contains 

metallic Al 
(percentage 
unknown) 

Sieved +  
crushed 
(Jaw) +  

milled (disc 
mill) 

45.44 10.38 17.55 100 
Na2SiO3 solution+ 

NaOH solution 
Mass ratio 4:1 

1  
(liquid to solid 

ratio) 
P 

25 ± 1 °C 
95 ± 5 % RH 

(demold after 3 days) 
25 × 25 × 25 28d: 4 - 7 [29] 
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Spain 

< 80 μm 
(As-

received: 8 
- 30 mm 

Weathered 
(2 - 3 

months) 
Contains 

metallic Al 
(percentage 
unknown) 

Crushed + 
milled 

Contains 
metallic Al 

(percentage 
unknown) 

52.08 6.35 20.72 100 
Na2SiO3 solution+ 

NaOH solution 
Mass ratio: 4:1 

0.8 
(liquid to solid 

mass ratio) 
P 

25 ± 1 °C 
> 95 ± 5 % RH 

25 × 25 × 25 
Demoulded after 3 

days 

28d(max.): 
22.8  

[102] 

UK 

< 200 μm 
(weathered

, as 
received < 

14 mm) 
Contains 

metallic Al 
(percentage 
unknown) 

Milled 
(hammer + 

ball) 
 + thermally 
treated (800 

°C) 

36.2 8.48 20.20 90 
Hydrated lime 
(10 wt.% of dry 

mix) 

0.5 
0.2 

(water to solid 
ratio) 

P 

Condition 1: 20 °C, 98 
% RH (3d), then 

demold 
Condition 2: 20 °C, 98 

% RH (7d) + lime 
water immersion 

(21d) 

20 (diameter) × 40 
7d: 0.5 - 12.7 

28d: 1.1 - 
14.7 

[76] 

UK 

< 200 μm 
(weathered
, original < 

14 mm) 
Contains 

metallic Al 
(percentage 
unknown) 

Hammer 
milled + ball 

milled 
 + thermally 

treated (600, 
700, 800, 880 

°C) 

36.2 8.48 29.20 100 Hydrated lime 
0.5 (water to 

solid ratio) 
P Demold after 3 days 20 (diameter) × 40 28d: 0.5 - 3 [57] 

AAM prepared with MSWI bottom ash and other industrial by-products as precursor 

Origin 

Information 
of used 
MSWI 

bottom ash 
and plant-

scale 
treatments 

Lab-scale 
treatment 

and metallic 
Al content 

(wt.%) 

SiO2 Al2O3 CaO Binder 

Activators 
Mix 
ratio 

Curing condition 
Analyzed specimen 

size 
(mm) 

compressive 
strength 

(MPa) and 
Curing age 

(days) 

References 

wt.% from XRF 
MSWI 
botto
m ash  

Others 

China 

D50 = 47 μm 
Contains 

metallic Al 
(percentage 
unknown) 

Ground + 
sieved + 

NaOH 
defoamed 

53.82 14.18 14.44 60 BFS NaOH + Na2SiO3 
0.6 

(liquid to 
binder ratio) 

1:3 (M) 
Sealed, 20 ± 2 °C, > 95 

% RH 
40 × 40 × 160  

53.728d 
56.360d 

[172] 

China 

Contains 
metallic Al 

(percentage 
unknown) 

Ball milled 
Alkali-treated 

53.82 14.18 14.44 60 BFS 

NaOH + Na2SiO3 
(NaOH pellets 

percentage in the 
activator: 0 - 16.9 

wt.%) 

0.5 1:3 (M) 20 ± 2 °C, > 95 % RH 40 × 40 × 160  

28d: 4.7 - 
47.4 

60d: 5.2 - 
50.6 

[173] 
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China 

D50 = 47 μm 
Contains 

metallic Al 
(percentage 
unknown) 

Sieving +  
NaOH 

defoaming 
53.8 14.2 14.4 60 BFS 

NaOH + Na2SiO3 
(SiO2/Na2O molar 

ratio: 0 - 1.14) 

0.5 
(liquid to 

binder ratio) 
1:3 (M) 20 ± 2 °C, > 95 % RH 40 × 40 × 160  

Max: 49.628d, 
53.460d 

[157] 

China 
Metallic Al 
content: 

1.92 wt.% 

Water 
washed + 

 + ball milled 
 + calcinated 

(700 °C) 
 + NaOH 

treatment(3h
) 

51.82 14.18 16.44 60 BFS Na2SiO3 + NaOH 
0.6 

(liquid to 
binder ratio) 

1:3 (M) 20 ± 2 °C, 95 % RH 40 × 40 × 160  
40.628d 

45.460d 
[131] 

China 

D50 = 18.44 
μm 

(original: < 
2.36 mm) 

 

Sieved + 
oven dried + 
ball milled 
Metallic Al 
content: 

0.048 

37.72 8.46 21.6 0-80 
Waste 
glass 

NaOH 
0.4 - 0.8 

(liquid to solid 
ratio) 

P Steam curing, 80 °C 50 (diameter) × 100 
28-day: 0.86 

- 21 
[91] 

China D50 = 49 μm 
Dried + ball 

milled 
53.82 14.18 14.44 60 BFS 

NaOH 
Or Na2SiO3 

Or Na2SiO3 + 
NaOH 

0.5 (liquid to 
solid ratio) 

1:3 (M) 20 ± 2 °C, > 95 % RH 40 × 40 × 160  

NaOH 
activated: 
28d:0.8 - 

25.7 
60d:1.2 - 

29.4 

[174] 

Na2SiO3 
activated: 

3d: 5.6 - 8.4 
28d: 7.5 - 

12.2 
60d: 8.2 - 

14.4 

Na2SiO3 + 
NaOH 

activated: 
28d: 34.7 - 

43.1 
60d: 38.6 - 

48.2 

Singapore 

< 150 μm 
Contains 

metallic Al 
(percentage 
unknown) 

Oven dried + 
ball milled 

29.7 7.77 26.35 
7.5-
17.5 

Metaka
olin 

Na2SiO3 + NaOH 

1.36 
(activator to 
metakaolin 
mass ratio) 

P 
28 ± 3 °C 

84 ± 10 % RH 
50 × 50 × 50  3d: 5.5 - 10.9 [175] 
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Spain 
< 80 μm 

(weathered
, 8-30 mm) 

Crushed + 
milled 

52.08 6.35 20.72 90-98 

PAVAL® 
(second

ary 
aluminu

m 
recyclin

g by-
product

) 

Na2SiO3 + NaOH 
(Na2O respect to 
the total solid: 
5.2 %, 5.8 %; 

SiO2/Na2O molar 
ratio: 2.3, 2.5) 

0.6 P 
25 ± 1  C, 95 ± 5 % RH 
(demold after 3 days) 

25 × 25 × 25 28d: 11 - 26 [177] 

Thailand 
< 45 μm 

D50 = 5.15 
μm 

Ball milled 15.8 0.9 38.1 0-40 
Coal Fly 

ash 

NaOH (10M) + 
Na2SiO3  

(mass ratio: 1:1) 

0.65 
(liquid to 

binder ratio) 

1:2.75 
(M) 

60 °C for 2days,  
then in controlled 

room at 25 °C, 50 % 
RH 

50 × 50 × 50 
9.27d 

10.628d 
[176] 

D50: Mean particle size, RH: Relative humidity, M: Mortar, P: Paste, d: day 
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Appendix B 

Table B 1 Chemical compositions of different size fractions of as-received MSWI bottom ash 
(determined by XRF). 

Compounds 
(wt.%) 

< 0.063 
mm 

0.063 - 0.125 
mm 

0.125 - 0.25 
mm 

0.25 - 0.5 
mm 

0.5 - 1.6 
mm 

SiO2 42.31 48.86 51.57 52.71 53.17 
CaO 14.42 12.67 12.77 13.25 13.63 
Al2O3 12.44 11.66 11.26 10.60 9.83 
Fe2O3 9.81 8.78 8.79 9.08 9.58 
Na2O 2.91 3.24 3.70 4.26 4.80 
K2O 0.88 0.86 0.84 0.85 0.83 
SO3 1.64 1.04 0.82 0.65 0.42 
Cl 0.36 0.30 0.28 0.22 0.19 
P2O5 1.04 1.06 1.06 1.04 0.94 
MgO 2.27 2.15 2.28 2.43 2.56 
ZnO 0.74 0.64 0.58 0.58 0.54 
CuO 0.47 0.39 0.39 0.34 0.42 
TiO2 1.01 0.96 1.03 1.05 1.13 
MnO 0.28 0.20 0.18 0.20 0.19 
PbO 0.11 0.09 0.10 0.11 0.08 
Cr2O3 0.08 0.07 0.08 0.09 0.08 
BaO 0.05 0.05 0.06 0.06 0.05 
NiO 0.04 0.03 0.03 0.03 0.02 
SrO 0.05 0.04 0.04 0.04 0.04 
SnO2 0.02 0.01 0.01 0.01 0.02 
LOI550 9.04 6.87 4.1 2.38 1.42 
Sum 100 100 100 100 100 

 

  



A p p e n d i x  B  f o r  C h a p t e r  3                                       P a g e  | 201 

 

 

  

Table B 2 Quantitative X-ray Diffraction analysis results for different size fractions of MSWI bottom 
ash. 

Phases 
(wt.%) 

< 0.063 
mm 

0.063 - 0.125 
mm 

0.125 - 0.25 
mm 

0.25 - 0.5 
mm 

0.5 - 1.6 
mm 

Quartz 11.5 16.7 17.3 15.3 12.1 
Cristobalite 0.4 0.5 0.4 0.5 0.2 
Magnetite 1.1 1.0 0.9 0.9 1.0 
Hematite 0.5 0.5 0.5 0.4 0.4 
Wustite 0.2 0.3 0.3 0.2 0.3 
Gehlenite 2.6 2.5 2.7 3.2 3.7 
Albite 0.8 1.4 2.0 2.1 3.0 
Orthopyroxene 1.7 1.0 0.6 - 1.0 
Diopside 2.7 2.9 3.6 4.1 5.8 
Wollastonite 3.5 2.1 2.6 2.1 2.2 
Calcite 6.1 3.8 2.6 1.3 1.3 
Anhydrite 1.3 0.4 0.1 0.2 - 
Halite 0.2 0.4 0.5 0.3 0.3 
Whitlockite 1.1 0.5 0.9 0.5 0.7 
Phosphammite 1.2 1.3 1.1 0.9 0.5 
Corundum 0.5 0.6 0.6 0.8 1.3 
Goethite 0.5 0.6 0.4 0.3 0.2 
Gibbsite 0.3 0.5 0.5 0.4 0.5 
Aluminum - - 0.1 0.1 0.2 
Iron 0.1 0.1 0.1 0.1 0.1 
Amorphous phase 63.7 63.2 62.3 66.3 65.2 
Sum 100 100 100 100 100 
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Appendix C 

In Chapter 4, thermodynamic modeling was used to predict the reaction products that could 

form after the alkali activation of mechanically treated MSWI bottom ash (MBA), Class F coal 

fly ash(FA), or blast furnace slag (BFS). According to thermodynamic modeling, the gel phases 

formed in alkali-activated MBA paste will be C-(N-)A-S-H gel and N-(C-)A-S-H gel. The gel phase 

generated upon the alkali activation of BFS is C-(N-)A-S-H gel. The N-(C-)A-S-H gel is the 

amorphous reaction product formed in alkali-activated FA paste. The chemical composition 

of the gel formed in alkali-activated MBA paste is compared with that of the gel formed in 

alkali-activated BFS paste and alkali-activated FA paste, respectively. Detailed information is 

presented in the following sections. 

Predicted C-(N-)A-S-H gel 

In thermodynamic calculation, the chemistry of the C-(N-)A-S-H was simulated by the 

sublattice solid solution. The changes in the solid solution reflect the structure and 

composition changes of the C-(N-)A-S-H gel. Figure C 1 (a) and (b) provide information about 

the end-members chosen within the CNASH_ss model to define the C-(N-)A-S-H gel in alkali-

activated BFS paste and alkali-activated MBA paste.  

As illustrated in Figure C 1 (a), the solid solution used to describe the chemistry of the C-(N-

)A-S-H gel in alkali-activated BFS paste consists of eight end-members. The molar percentages 

of the C-A-S-H end-members (5CA, INFCA) and the C-S-H end member (T5C) in the solid 

solution model decreased with increasing Na2O content in the activator. Meanwhile, the 

molar percentages of C-N-A-S-H end-members (INFCNA and 5CNA) increased in the solid 

solution model. The C-N-A-S-H end-members have a higher Na content than the C-A-S-H and 

C-S-H end-members. This composition change in the solid solution indicates that the Na 

content of C-(N-)A-S-H gel in alkali-activated BFS paste would increase after increasing the 

Na2O content in the activator.  

For alkali-activated MBA paste (see Figure C 1 (b)), the C-N-S-H end-member (INFCN) was the 

dominant component of the solid solution used for the description of the C-(N-)A-S-H gel. The 

INFCN has a Ca/Si molar ratio of 0.67 (see Table 4.1). This value is lower than most end-

members selected in the solid solution that represents the chemical composition of the C-(N-

)A-S-H gel in alkali-activated BFS paste. Accordingly, the Ca/Si molar ratio of the C-(N-)A-S-H 

gel in alkali-activated MBA paste could be much lower than that in alkali-activated BFS paste. 

The lower Ca/Si in the C-(N-)A-S-H gel of alkali-activated MBA paste can be attributed to the 

lower CaO content in the amorphous phase of MBA (Table 4.8).  

Apart from the C-N-S-H end-member (INFCN), the solid solution used to describe the C-(N-)A-

S-H gel of alkali-activated MBA paste also includes C-A-S-H end-members (INFCA, 5CA) and C-

N-A-S-H end-member (INFCNA). The total amount of these Al-bearing constituents in the solid 

solution was predicted to be less than 10 mol%, and their molar percentages decreased with 

the increase in Na2O content. In the case of alkali-activated BFS paste, much more Al-bearing 

end-members (54 to 67 mol %) were included in the solid solution to simulate the C-(N-)A-S-

H gel. This forecast suggests that the C-(N-)A-S-H gel formed in alkali-activated MBA paste 

would incorporate much less Al than that in alkali-activated BFS paste. The low Al content in 
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the C-(N-)A-S-H gel of alkali-activated MBA paste could be explained by the low Al2O3 content 

(7.9 wt.%) in the amorphous phase of MBA.  

In addition, as predicted by the modeling, the total amount of the C-S-H end-members in the 

solid solution would not exceed 15 mol% for the C-(N-)A-S-H gel of alkali-activated MBA paste. 

At the same Na2O wt.%, the molar percentages of the C-S-H end-members in the solid solution 

representing the C-(N-)A-S-H gel in alkali-activated MBA paste was forecast to be much lower 

relative to alkali-activated BFS paste (Figure C 1 (a) and (b)). For alkali-activated MBA paste, 

the molar percentages of the C-S-H end-members in the solid solution decreased with the 

increase of Na2O content. The C-S-H end-members (T2C, T5C, TobH) selected in the solid 

solution model to define the C-(N-)A-S-H gel were derived from the downscaled CSH3Tmodel 

[210]. The C-S-H end-members defined in the CSH3T model have a Ca/Si ratio between 0.67 

and 1.5.  

According to Zhu et al. [162], the chemical structure of the C-S-H gel formed in alkali-activated 

MSWI bottom ash paste was similar to that detected in 10-month Portland cement paste. 

Although the C-S-H endmembers belonging to the CSHQ model were selected in the database, 

these endmembers were chosen by the model for the simulation of the C-(N-)A-S-H gel in 

alkali-activated MBA paste. The CSHQ model [195,210] is usually used in the thermodynamic 

modeling of Portland cement [210]. The Ca/Si ratio of the C-S-H gel described in the CSHQ 

model ranges from 0.67 to 2.25 [210]. A possible explanation for this prediction could be that 

the amorphous phase of MBA has much less CaO than cement clinker [99], resulting in a lower 

Ca/Si ratio of the C-S-H gel. In comparison, the CaO content (determined by XRF) in the MSWI 

bottom ash used by Zhu et al. [162] was almost two times that in MBA. The C-S-H gel 

synthesized by Zhu et al. [162] could have a higher Ca/Si ratio and thus was more similar to 

the C-S-H gel of Portland cement. 

Predicted N-(C-)A-S-H gel 

The compositions of the solid solution used for the description of the chemistry of the N-(C-

)A-S-H gel in alkali-activated FA paste and alkali-activated MBA paste are shown in Figure C 1 

(c) and (d). The solid solution representing the N-(C-)A-S-H gel in alkali-activated MBA paste 

was predicted to mainly consist of the N-A-S-H end-members. The N-A-S-H end-members 

were also expected to be the main components of the N-(C-)A-S-H gel formed after the alkali 

activation of FA. These modeling results about the solid solution suggest that the N-(C-)A-S-H 

gel in alkali-activated MBA paste and alkali-activated FA paste could be similar in chemical 

structure and composition. This prediction is consistent with the experimental results 

reported by Zhu et al. [162,163]. In their research, the aluminate silicate gel found in alkali-

activated MSWI bottom ash paste had a chemical structure similar to that found in the 180-

day alkali-activated Class F coal fly ash.  

In addition to the N-A-S-H end-members, the N-C-A-S-H end-members were also included in 

the solid solution model to consider the uptake of Ca by N-A-S-H gel in alkali-activated MBA 

paste and alkali-activated FA paste. Compared with alkali-activated FA paste, the proportions 

of these Ca-bearing end-members selected to model the N-(C-)A-S-H gel in alkali-activated 

MBA paste were smaller. For alkali-activated MBA paste, the Ca-bearing end-members in the 

solid solution decreased from around 20 mol% to zero when increasing the Na2O content from 
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2 to 10 wt.% in the activator. For alkali-activated FA paste, the total amount of N-C-A-S-H end-

members in the solid solution was in the range of 15 to 40 mol %. The prediction about the 

Ca-bearing end-members indicates that the Ca content of the N-(C-)A-S-H gel in alkali-

activated MBA paste would be lower than that in alkali-activated FA paste. 

 

Figure C 1 (a) and (b) Molar percentages of the end-members in the solid solution used for the 
description of the C-(N-)A-S-H gel predicted in alkali-activated MBA paste and alkali-activated BFS 

paste. (c) and (d) Molar percentages of the end-members in the solid solution used for the 
description of the N-(C-)A-S-H gel predicted in alkali-activated MBA paste and alkali-activated FA 
paste. These end-members were defined in the N(C)ASH_ss model [209] and C(N)ASH_ss model 

[207]. Detailed information about these end-members can be found in Table 4.1 and Table 4.3. The 
data is presented as a function of the Na2O content in the activator. The percentage of Na2O is with 

respect to the mass of the precursor. 
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Appendix D 

Table D 1 Mineralogical composition of 100CEM at different curing ages, determined by QXRD. 

Phases 
(wt.%) 

100 CEM 

1-day 7-day 28-day 90-day 

Alite (C3S) 11 3 2.4 0.9 
Belite(C2S) 10.1 9.7 8.3 5.3 
C3A cubic 0.6 0.5 0.4 0.2 
C3A orthorombic 0.7 0.3 0.1 0 
C4AF 3.3 2.7 2.5 2.4 
Calcite 0.2 0.2 0.2 0.5 
Mayenite 0.8 0.3 0 0 
Bassanite 1.8 2 2 2 
Quartz 0.2 0.2 0.2 0.2 
Cristobalite 0.5 0.5 0.5 0.5 
Arcanite 0.2 0 0 0 
Periclase 0.8 0.5 0.5 0.4 
Monocarbonate 0 0 2.3 2.6 
Portlandite 14.8 17.6 17.7 17.8 
Monosulfate (AFm) 0.1 0.2 0.2 0.5 
Ettringite (AFt) 3.6 2 2 2.1 
Amorphous phase 51.3 60.3 60.7 64.6 
Sum  100 100 100 100 

 

Table D 2 Mineralogical composition of 25 M300 CEM at different curing ages, determined by QXRD. 

Phases 
(wt.%) 

25 M300 CEM 

1-day 7-day 28-day 90-day 

Alite (C3S) 8 0.6 0 0 
Belite(C2S) 8.9 7.8 4.6 1.8 
C3A orthorombic 1.4 0.1 0.1 0 
C4AF 3.1 1.5 0.9 0.9 
Calcite 0.8 0.2 0.2 0.3 
Mayenite 1 0.7 0.7 0.7 
Bassanite 1.2 1.6 1.1 0.7 
Quartz 25.4 23.3 23.3 23.3 
Cristobalite 0.5 0.4 0.3 0.3 
Arcanite 0 0 0 0 
Periclase 0.4 0.5 0.3 0.3 
Monocarbonate 0.0 0.0 1.7 1.9 
Portlandite 14.2 15.7 15.8 15.8 
Monosulfate (AFm) 0.1 0.4 0.5 0.8 
Ettringite (AFt) 4.3 2.4 1.9 1.5 
Amorphous phase 30.7 44.8 48.6 51.7 
Sum 100.0 100.0 100.0 100.0 
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Table D 3 Mineralogical composition of 25 WMBA CEM at different curing ages, determined by 
QXRD. 

Phases 
(wt.%) 

25 WMBA CEM 

1-day 7-day 28-day 90-day 

Alite (C3S) 7.6 0.5 0 0 
Belite(C2S) 9.1 8.3 4.9 4.4 
C3A cubic 0.3 0 0 0 
C3A orthorombic 0.6 0.2 0.2 0.2 
C4AF 3.4 0 0 0 
Calcite 0.4 0.4 0.5 0.2 
Mayenite 1.5 0.8 0.3 0 
Bassanite 0.4 0.3 0.0 0.0 
Quartz 3.0 3.0 3.0 2.9 
Cristobalite 0.2 0.2 0.2 0.2 
Arcanite 0 0 0 0 
Periclase 0.8 0.5 0.3 0.2 
Portlandite 11.8 14.4 12.3 13.4 
Ettringite (AFt) 6.0 3.0 2.7 3.3 
Sodicgedrite 0.0 0.2 0.3 0.5 
Magnetite 0.4 0.3 0.2 0.2 
Hematite 0.3 0.1 0.1 0.1 
Gehlenite 1.1 1.1 1.1 1 
Orthopyroxene 0.4 0.1 0 0 
Diopside 1 0.9 0.9 0.9 
Wollastonite 1.4 1.4 1.4 1.4 
Amorphous phase 50.3 64.3 71.6 71.1 
Sum 100 100 100 100 
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Appendix E 

Table E 1 Mineralogical composition of 100 BFS AAM at different curing ages, determined by QXRD. 

Phases 
(wt.%) 

100 BFS AAM 

1-day  7-day  28-day  90-day  

Tobermorite 1.7 2.2 2.8 2.9 

Hydrotalcite 0.7 1.0 1.6 1.8 

Brucite - - 0.4 0.5 

Bornite - 0.1 0.1 0.1 

Nickel titanium - 0.1 0.1 0.1 

Amorphous phase 97.6 96.6 95.0 94.6 

Sum 100.0 100.0 100.0 100.0 

Table E 2 Mineralogical composition of 30 M300-BFS AAM at different curing ages, determined by 
QXRD. 

Phases  
(wt.%) 

30 M300-BFS AAM 

1-day 7-day 28-day 90-day 

Tobermorite - - 0.5 1.6 

Hydrotalcite 0.7 1.5 2.1 2.1 

Brucite - - 0.1 0.1 

Quartz 27.2 27.2 27.2 27.2 

Nickel titanium - - 0.1 0.1 

Amorphous phase 72.1 71.3 70.0 68.9 

Sum 100.0 100.0 100.0 100.0 

Table E 3 Mineralogical composition of 30 CMBA-BFS AAM at different curing ages, determined by 
QXRD. 

Phases  
(wt.%) 

30 CMBA-BFS AAM 

1-day  7-day  28-day  90-day  

Tobermorite 1.4 2.1 2.1 2.8 

Hydrotalcite 0.3 0.5 0.9 1.2 

Microcline 1.1 1.6 1.8 1.9 

Quartz 2.8 2.8 2.7 2.3 

Cristobalite 0.3 0.3 0.2 0.2 

Magnetite 0.3 0.3 0.3 0.3 

Hematite 0.2 0.2 0.2 0.2 

Gehlenite 1.5 1.5 1.5 1.5 

Diopside 1.5 1.4 1.3 1.0 

Wollastonite 1.6 1.6 1.6 1.6 

Calcite 0.5 0.5 0.5 0.5 

Amorphous phase 88.5 87.2 86.9 86.5 

Sum 100.0 100.0 100.0 100.0 
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Appendix F 

Table F 1 Life cycle inventory data of the raw materials used for the preparation of cement pastes and alkali-activated pastes. 

Environmental 
impact indicators* 

Unit 
CEM I 52.5 R (PC)  

[ENCI / Heidelberg 
Cement] [370] 

Blast furnace slag 
(BFS) [Eco2 cem] 

[378] 

Class F Coal fly ash 
(FA) [Vliegasunie] 

[370] 

NaOH pellets 
[370] 

Sodium silicate 
solution  

(35 wt.% solid) [370] 

GWP kg CO2 Equiv. 8.57E-01 3.03E-02 1.33E-03 8.73E-01 3.33E-01 

ADP-Elements kg Sb Equiv. 5.28E-07 1.94E-04 1.26E-09 2.66E-05 2.51E-05 

ADP-Fossil fuels kg Sb Equiv. 2.11E-03 2.26E-04 8.42E-06 6.23E-03 1.91E-03 

ODP kg CFC 11 Equiv. 1.09E-08 3.47E-09 1.94E-10 8.23E-07 2.27E-08 

POCP kg Ethene Equiv. 7.58E-05 5.68E-06 7.72E-07 2.81E-04 1.19E-04 

AP kg SO2 Equiv. 1.10E-03 1.17E-04 9.57E-06 4.64E-03 1.78E-03 

EP kg PO4
3- Equiv. 3.16E-04 1.67E-05 2.11E-06 6.04E-04 1.86E-04 

HTP 

kg 1.4 DB Equiv. 

2.40E-02 1.12E-02 3.40E-04 3.91E-01 2.15E-01 

FAETP 1.14E-03 2.20E-04 7.98E-06 7.26E-03 3.01E-03 

MAETP 3.34E+00 3.97E+00 2.48E-02 3.11E+01 1.20E+01 

TETP 9.83E-04 2.62E-04 5.13E-06 1.43E-02 6.17E-04 

*The full names of the impact indicators: global warming potential (GWP, 100 years), abiotic depletion potential (including ADP-Elements and ADP-fossil fuels), 

ozone layer depletion potential (ODP), photochemical ozone creation potential (POCP), acidification potential of soil and water (AP), eutrophication potential 

(EP), human toxicity potential (HTP), freshwater aquatic ecotoxicity potential (FAETP), marine aquatic ecotoxicity potential (MAETP), and terrestrial ecotoxicity 

potential (TETP). 
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