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Abstract 

The aim of this research was the study and identification of suitable alternatives to develop 

new materials from industrial residues derived from thermal treatment of waste. In detail, 

this research was addressed to assess different alkali activation processes of incinerator 

bottom ash in order to evaluate the recycling potential as a structural material in 

engineering applications.  

Bottom ashes (BAs) from waste incineration are generated in relatively large amounts 

(>90% of the total solid residues mass) and account for 15-25% by mass of the original 

waste. The research stems from the observation that BAs are also the residues with 

technical properties most suited for utilization. The similarities in physical characteristics 

and major composition of granular construction materials and BA make this residue 

virtually suited for recycling as a substitute for natural aggregate; construction and building 

materials are the primary utilization route for BAs in Europe. All the mentioned utilization 

options rely on the implicit assumption of the predominantly inert characteristics of BA, 

however, the chemical reactivity of BA under natural conditions has also been widely 

assessed. Thus, advantage may be taken from the presence of reactive compounds in BA 

to improve the materials’ properties for utilization. Different processing methods have been 

investigated to improve the mechanical properties of BA in view of engineering 

applications, which are mostly based on preliminary activation of the material by means of 

mechanical, chemical or thermal methods (or a combination of the three). 

 

The experimental study conducted includes investigations of two main activation 

processes of bottom ash: 

 Alkaline activation using different alkaline compounds in order to improve the natural 

reactivity of bottom ash for blended cement formulation; 

 Geopoymerization process aimed at producing a mechanically resistant material 

without binder addition. 

Considering mechanical activation (i.e., increase of specific surface area) as a preliminary 

step required for both processes, the two experimental studies differ mainly for the alkali 

activation method used (type and concentration of activator, contact time, process 

temperature). 



Abstract  

- X - 

In the first process, a slurry-phase activation method of bottom ash with the selected 

activator at 90° C for 3h was applied. Different sodium-, potassium- and calcium-based 

activators were tested at different dosages (0, 0.4 and 0.8 wt %). The activated bottom ash 

was then mixed in different proportions (0, 20 and 40 wt %) with Portland cement to 

produce blended cements. The materials obtained were characterized in terms of 

mechanical characteristics, leaching properties; a detailed study of the hydration process 

evolution was also conducted in order to gain information about the main differences with 

respect to the hydration process of pure cement. The results indicated that Ca-based 

activators exhibited by far the best effects on the evolution of the hydration process of the 

mixtures and metal leaching from the hardened material. 

 

In the latter activation process a preliminary study concerning the identification of the main 

parameters controlling the geopolymerization process of bottom ash was conducted. The 

activation process involves lower temperatures (~ 75°C) than the previous one. Different 

mixtures were investigated for geopolymer production, which differed for the Si/Al ratio 

(obtained upon addition of sodium silicate and metakaolin) and the NaOH concentration in 

the alkaline medium. The obtained geopolymeric materials were characterized in terms of 

physical and mechanical properties, mineralogical and microstructural characteristics as 

well as chemical durability. While the physical and mechanical properties correlated well 

with the Si/Al ratio, no clear trend was found with the NaOH concentration; however, 

although the strength development upon geopolymerization was clear, the experimental 

data suggested that the optimal Si/Al ratio was probably beyond the investigated range. 

Microstructural and leaching tests showed that, although the onset of the geopolymer-

formation reactions was clear, the degree of matrix restructuring was relatively poor, 

indicating the need for further investigation to promote the development of the 

geopolymerization reactions. 
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Sintesi 

Lo scopo di questa ricerca è stato quello di studiare e identificare possibili alternative per lo 

sviluppo di nuovi materiali a partire da residui di origine industriale derivanti da processi 

termici di trattamento dei rifiuti.  

In particolare sono stati studiati due processi di attivazione alcalina di scorie di fondo 

(bottom ash) provenienti da un impianto di incenerimento di rifiuti solidi urbani al fine di 

valutare le possibilità di riciclo e riuso di questi scarti per la produzione di materiali dotati di 

buone caratteristiche meccaniche potenzialmente impiegabili per applicazioni 

ingegneristiche. 

Le scorie di fondo (BAs) rappresentano la porzione più abbondante tra tutti i residui solidi 

prodotti durante il processo di incenerimento (> 90% in massa) e circa il 15-25% in massa 

dei rifiuti conferiti in impianto. Le scorie di fondo sono residui dotati di caratteristiche 

tecniche tali da renderle potenzialmente riutilizzabili poiché presentano caratteristiche 

fisiche e composizione molto simili a quelle possedute dai materiali granulari utilizzati nel 

settore delle costruzioni. Queste caratteristiche fanno si che questo materiale venga 

ampiamente studiato allo scopo di riutilizzarlo per applicazioni che lo vedono impiegato 

come sostituto di aggregati naturali e come materiale da costruzione per sottofondi stradali 

(in Europa le scorie di fondo sono il materiale maggiormente utilizzato a questo scopo). 

Gli impieghi citati, oramai divenuti tradizionali per questo materiale, presuppongono una 

natura principalmente inerte del residuo. Studi recenti, ma già ampiamente consolidati, 

hanno però dimostrato l’intrinseca reattività chimica, specie in condizioni naturali e in 

ambienti alcalini, delle scorie di fondo. La presenza di composti potenzialmente reattivi 

all’interno della matrice del materiale, dovuta alle modalità di produzione del residuo,  fa si 

che processi di attivazione,  meccanica, chimica e termica, o combinazioni di questi tre 

metodi, vengano testati e sperimentati al fine di migliorare le prestazioni meccaniche e 

limitare l’impatto sull’ambiente dovuto alla presenza di metalli pesanti. 
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In questa tesi vengono presentati i risultati di una sperimentazione condotta su due 

differenti processi di attivazioni delle scorie di fondo: 

 attivazione alcalina con utilizzo di differenti composti per promuovere la naturale 

reattività delle scorie di fondo per la formulazione di cementi di miscela; 

 geopolimerizzazione delle scorie per la produzione di materiali dotati di buone 

resistenze meccaniche anche senza aggiunte di cementi. 

Considerando come propedeutica, per entrambi i processi, l’attivazione meccanica, allo 

scopo di aumentare la superficie specifica, i due filoni di ricerca si sono differenziati 

principalmente per il metodo di attivazione alcalina utilizzato (tipo e concentrazione di 

attivatore, tempo di contatto, temperatura di processo). 

 

Nella prima sperimentazione è stato studiato un processo di attivazione in fase slurry 

miscelando scorie e attivatore a 90°C per 3 h. Gli attivatori alcalini selezionati per questa 

sperimentazione, testati a differenti dosaggi (0, 0.4 e 0.8 % in peso), sono a base di sodio, 

potassio e calcio. Le scorie attivate sono successivamente state miscelate con cemento 

Portland variandone la percentuale nell’impasto (0, 20 e 40 % in peso). I materiali prodotti 

sono stati caratterizzati da un punto di vista meccanico, sono state studiate le proprietà di 

rilascio/immobilizzo attraverso test di cessione ed è stato condotto uno studio per valutare 

le principali modifiche al processo di idratazione rispetto a quello del cemento puro. Dai 

risultati ottenuti si è evidenziato una buona resa per gli attivatori a base di calcio sia in 

termini di sviluppo delle resistenze meccaniche sia per quanto concerne l’aspetto legato al 

rilascio dalla matrice cementizia di contaminanti nell’ambiente. 

 

La seconda sperimentazione ha avuto come oggetto lo studio preliminare di un processo 

di geopolimerizzazione delle scorie di fondo al fine di individuare i principali parametri 

controllanti il processo stesso. L’attivazione è stata condotto a temperatura inferiore 

rispetto a quella utilizzata durante la prima sperimentazione (circa 75°C). Sono state 

formulate diverse miscele caratterizzate da un diverso rapporto Si/Al (ottenuto con dosaggi 

differenti di una soluzione di sodio silicato e di metacaolino) e da una diversa 

concentrazione di NaOH nella soluzione alcalina. I geopolimeri, così ottenuti, sono stati 

caratterizzati dal punto di vista fisico, meccanico, chimico e micro strutturale; inoltre sono 

state studiate le caratteristiche di rilascio dei principali metalli pesanti.  

I primi risultati hanno evidenziato un’evidente relazione tra le resistenze meccaniche 

sviluppate ed il rapporto Si/Al delle miscele e un’influenza molto minore della 

concentrazione di NaOH della soluzione alcalina. Considerando l’evidente relazione tra 
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resistenze sviluppate dai geopolimeri e dosaggio Si/Al è possibile affermare che il rapporto 

Si/Al nei geopolimeri prodotti è ancora basso rispetto a quello ottimale. I risultati della 

caratterizzazione microstrutturale e degli studi sul rilascio hanno mostrato che, sebbene il 

processo di geopolimerizzazione sia stato attivato, il grado di riorganizzazione chimica 

della struttura ottenuta è ancora basso. Risulta quindi necessario condurre ulteriori studi al 

fine migliorare le condizioni per uno sviluppo completo delle reazioni di 

geopolimerizzazione. 
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Introduction 

Alkali-activated waste materials 

Over the last years a great deal of scientific research has been conducted to develop new 

materials from industrial residues including ashes from coal and waste combustion, 

metallurgical slags, red mud, etc. through the use of alkali activators to allow for beneficial 

reuse (van Deventer et al., 2010). The research in this area is addressed to produce an 

alternative to traditional inorganic binder materials such as Portland cement with the 

double purpose of saving natural resources and reducing the CO2 emissions associated to 

cement production (Pacheco-Torgal et al., 2008). It should be considered that in 2008 the 

global cement production was estimated to be around 2.6 billion tons per annum 

(Freedonia Group, 2009). Cement production has been identified as a primary contributor 

to the world greenhouse gas emissions, accounting for ~ 5-8% of all manmade emissions 

worldwide. 

Taking this into account, several alternatives to develop supplementary cementitious 

materials (SCMs) (Scrivener and Kirkpatrick, 2008) are the subject of research studies all 

over the world. 

In addition, other studies are being conducted in order to assess the most suitable 

approach to improve the natural reactivity of these materials; different alkaline compounds 

or combination of reagents have been tested to promote the dissolution of the 

aluminosilicate matrix thus improving the material’s reactivity. Among such compounds, 

the following have been tested: sodium and potassium silicate, sodium and potassium 

hydroxide, sodium, potassium and calcium carbonate, sodium aluminate, calcium sulphate 

and chloride (van Deventer et al., 2010). 

The materials produced through the use of alkaline activators are referred to as Alkali 

Activated Materials (AAMs). In several countries these materials have already found 

practical applications in a number of construction sectors. For example, incinerator bottom 

ash is already used as a fine aggregate substitute in hot-mix asphalt wearing surfaces, in 

emulsified asphalt cold-mix wearing surfaces, occasionally as unbound aggregate or 

granular material for pavement construction, as a structural fill material for the construction 

of highway embankments and/or the retaining walls or trenches (U.S. Department of 



In t roduct ion:  A lka l i  ac t ivated waste Mater ia ls  

- 2 - 

Transportation, 1997). Despite the presence of track records of successful applications of 

these materials, this has not been recognized by the market. However, the recent focus on 

global warming together with the public and consumer preference for “green products” 

have made AAMs a good alternative to partially replace cementitious materials. 

The threshold between materials of different properties in this area is sometimes quite 

subtle, and various terms are used by the scientific community to refer to such materials, 

including AAMs, inorganic polymers and geopolymers (Duxson et al., 2007; van Deventer 

et al., 2010). The definition for each class is provided below and outlined in Figure 1: (van 

Deventer et al., 2010). 

AAMs include any binder system derived by the reaction between an alkali salt or a 

combination of more alkali salts (either in the solid or dissolved form) and a solid silicate 

powder (Shi et al., 2006). As mentioned above, the solid can be a calcium silicate or a 

calcium aluminate-rich precursor such as coal fly ash, bottom ash or another waste 

material. The alkali salts used include: hydroxides, silicates, carbonates, sulphates, 

aluminates; essentially any soluble substance which can increase the pH of the reaction 

medium and accelerate the dissolution of the solid precursor can be used on the process. 

Inorganic polymers are, according to the above mentioned classification, a subset of 

AAMs. Inorganic polymers are characterized by the presence of a disordered silicate 

network as the primary binding phase. To obtain this, a higher degree of silicate 

connectivity or, in other words, a higher (SiO2+Al2O3)/(CaO+Na2O) ratio than that of pure 

Ordinary Portland Cement (OPC), is required. 

Geopolymers are a further subset of inorganic polymers where the binding phase (gel) is 

almost exclusively made of aluminosilicates. To form this type of gel as a primary binding 

phase, the calcium availability should be usually low in order to enable the formation a 

pseudo-zeolitic network characterized by a crystalline structure. This does not mean that 

the Ca content of the material is low, but simply that Ca availability is low (Yip et al., 2003; 

2005; 2008). 
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Figure 1: Classification of different subset of AAMs with comparisons to OPC. The gray level in the 

circles represents the alkali content, the higher content corresponding to darker grey level 
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1. State of the art 

1.1 State of the art of waste management in the EU and role of 
incineration 

About 30 years ago, the first legislation in the field of environmental policy including waste 

policy came into force. In the context of increasing awareness of negative environmental 

and health impacts of anthropogenic activities, the environmental policy established key 

areas to be covered by legislation. Since then a large number of legal obligations have 

been set in order to limit or reduce the negative impacts and to protect the environment 

and human health. 

One of the most prominent policy areas in this respect is waste policy, due to the serious 

environmental and social impacts it may entail. As a consequence, the corresponding 

European legislation sets standards for the handling, transport, treatment and disposal of 

waste for the purpose of reducing the negative effects to human health and to the 

environment. Therefore, Member States shall take appropriate measures for 

implementation and practical enforcement including the establishment of the necessary 

administrative and technical infrastructure, permitting, operation procedures, monitoring 

and effective control. 

The Waste Framework Directive 2008/98/EC (former 2006/12/EC) sets the legal 

framework and basic definitions relevant for waste management. Priority within the 

European waste hierarchy is given to prevent waste generation. Reuse, recycling and 

recovery options should be realized whenever suitable in order to reduce the consumption 

of primary resources and the amount of waste generated. However, a huge amount of 

waste is currently landfilled.  

Concerning the disposal of waste in landfills, the Directive 1999/31/EC on landfilling of 

waste and the Decision 2003/33/EC on the acceptance criteria set standards for the 

authorization, design, operation, closure and aftercare of landfills. First, the Landfill 

Directive (2003/33/EC) had to be applied for new landfills only, and since July 2009 even 

existing landfills have had to fully comply with the set requirements. Inter alia, landfills have 

to establish the provisions related to waste characterization and the acceptance of waste in 

different landfill categories as defined in Annex II to the Landfill Directive. The acceptance 
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criteria and the acceptance process are further specified in Council Decision 2003/33/EC 

(hereinafter referred to as WAC Decision). This includes a detailed description of waste 

characterization procedures, limit values for waste composition and leaching behaviour as 

well as acceptance procedures to be executed at each landfill site. The decision entered 

into force on 16 July 2004 and the limit values had to be applied in all Member States since 

16 July 2005. Member States must ensure that existing landfill sites may not continue to 

operate unless they comply with the provisions of the Directive as soon as possible 

(Eurostat, 2009). 

The 27 UE Member States according to European directive have developed a national 

waste strategy according to the each policy and legislation system (Figure 2). For example 

Italy has not developed a national waste management plan, as the legislation provides the 

plans are developed at a regional level. However, the National Waste Framework Act gives 

general criteria for the implementation of regional plans. In particular these criteria are 

defined in article 199 of the Legislative Decree 152/2006. According to the Directive 

1999/31/CE and the European Decision 33/2003 of transposition, Italy has developed a 

national strategy regarding the reduction of biodegradable municipal waste going to 

landfills. This strategy identifies some instruments to be implemented in order to achieve 

the targets. Each region has to establish its own plan for the reduction of biodegradable 

waste to be landfilled, in order to ensure a suitable management of this kind waste within 

the regional territory. In accordance to the national framework legislation, regions have 

developed their own programs in order to achieve an improved waste management within 

the regional territory. Referring to municipal waste each province has integrated the 

regional plan defining its own specific plan in order to achieve a proper municipal waste 

management within the ATO (Eionet, 2009). 
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Figure 2: Example of general schematics of policy and legislative system (Costa et al., 2010) 

 

The data about the total amount of wastes produced in the Member States (Figure 3) is 

very difficult to obtain. Here the data, derived from Eurostat (2009), related to the municipal 

waste produced without the amount of waste generated from agriculture and industry were 

presented. The amount of municipal waste generated is about 14% of the total amount of 

wastes produced. In the 27 Member States 524 kg of municipal waste were generated per 

person in 2008 (Figure 3) and the amount varies significantly across Member States. 
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Figure 3: Municipal Waste generated in the Member States in 2008 (Eurostat, 2009) 
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Between 500 and 600 kg per person of municipal waste were generated in Italy. In terms 

of treatment methods there are differences between the Members States as shown in 

Figure 4. A large number of Countries, in particular the new Member States, use landfilling 

as the main waste management method. Only few countries (Germany, The Netherlands, 

Austria and some North European States) have significantly reduced the amount of waste 

landfilled preferring recycling and incineration (Eurostat, 2010). Generally the amount of 

wastes landfilled in the EU27 countries has decreased from 1997 to 2008 with a more 

evident trend between 2002 and 2005, as shown in Figure 4 and Figure 5. The same trend 

has been observed in Italy but only starting from the year 2000 (Figure 5). 
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Figure 5: Amount of Municipal Waste Landfilled (Eurostat 2009) 



State of  the Ar t  

- 9 - 

Taking the above figures into account, over the next years an increase in the amount of 

waste incinerated is expected to occur in order to decrease the volume of waste to final 

disposal. Therefore, the incineration process, is evolving to reduce its potential 

environmental impacts, with particular regard to the emissions into the atmosphere. In 

modern incinerator plants the systems for the reduction of macro- and micro-pollutants in 

the off-gases are very sophisticated because the regulatory standards for emissions into 

the atmosphere have been made more and more restrictive. As a result, the contaminants 

are concentrated in the solid residues of the process which therefore must be managed 

with particular attention to minimize the environmental impact. 

Incinerator residues are of gaseous, liquid and solid nature. In particular, solid residues 

account for 1/4 of the weight and 1/10 of the volume of the original waste (Sabbas et al., 

2003). Typically the solid incinerator residues are classified as listed below and shown in 

Figure 6 (Lechner et al., 2006; IAWG, 1995; Sabbas et al., 2003): 

 bottom ash (BA): generated in the combustion chamber and collected from the 

quenching unit of this section. The main constituents are inorganic materials and 

unburned organic fraction. Usually this fraction is collected together with the grate 

siftings, which comprises the fine fraction of materials with get through the grate in 

the combustion unit. These fractions together represent about 20-25% by mass of 

the initial waste; 

 heat recovery ash: the material collected at the energy recovery unit. This contains 

the coarse fraction of solid particulate that is carried over from the combustion 

section by the off-gases flow and represents about 2-10% by mass of the initial 

waste; 

 fly ash(FA): the fine particulate fraction deriving from the off-gas treatment, before 

reagent injection, which represents about 1-3% by mass of the initial waste; 

 air pollution control residues (APC): the solid particulate deriving from acid gases 

treatment . These residues can be produced either in a solid, sludge or  liquid form 

depending on whether a dry or a wet treatment system is applied. This residue 

represents about 2-5% by mass of the initial waste. 
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Figure 6: Distribution and classification of solid residues from an incineration plant 

 

Usually a solid residue generated from a municipal solid waste incinerator (MSWI) plant 

ends up in two ways: disposed in landfill or reused as a secondary raw material (Lam et 

al., 2010). Taking into account the need to reduce the amount of waste landfilled and to 

save the consumption of natural resources, the latter way should be pursued as a first 

priority. 

1.2 Bottom Ash from waste incineration 

Among waste incineration residues, BAs are those generated in the largest amounts, 

accounting for more than 90% by mass of the total inventory of solid residues from the 

process and 15-25% by mass of the original waste, being at the same time the residues 

with technical properties most suited for utilization. 

The minerals present in BA, formed under the high temperatures of the combustion 

process, are subjected to a fairly rapid cooling down to ambient temperatures during 

quenching at the exit of the combustion unit (Figure 7). This sudden temperature drop 

makes most solid phases in BA metastable at ambient temperature and pressure, leading 

to a series of chemical and mineralogical transformations over time with the production of 

more stable minerals and mineral assemblages. 
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Figure 7: quenching unit and storage site 

 

Mineralogical studies on incinerator BA have shown that the fresh material is generally 

composed of a low-density, impurity-bearing slag or melt phase and a vitreous phase with 

variable quantities of crystals and glassy material. Silicates (quartz), alumino-silicates of 

Ca and Na (feldspars, gehlenite, pyroxene, olivine, alite, belite), metal oxides, hydroxides 

(portlandite), sulphates (anhydrite, gypsum), carbonates (calcite, siderite), as well as 

metals and alloys are recognized as the most common phases in municipal solid waste 

incineration (MSWI) BA (Eighmy et al., 1994; IAWG 1995; Clozel-Leloup et al., 1999; 

Eusden et al., 1999). 

1.3 Physical characteristics 

BA can include more than 20% wt of materials with sizes larger than 10 cm which are 

primarily composed of ceramics, glass and metal scrap fragments; this fraction is often 

separated from the BA for reuse process (IAWG, 1997). Except for the mentioned 10-cm 

oversize fraction, the size distribution of BA is quite homogeneous. Usually the material 

covers the size ranges typical of gravel and sand. As an example, Chimenos et al., (1999) 

found that about 30 % wt of their BA sample was characterized by 6-mm oversize 

particles, while the remaining 70% wt included 3-mm oversize particles. The finer fraction 

was found to be suitable for reuse in the construction field. There are also finer particles 

(size < 0.6 mm) mainly on the surface of coarse particles. 

The particle size distribution of BA (Chimenos et al., 2003; Speiser et al., 2000) also 

affects the morphological, microstructural and chemical characteristics of the material 

(Figure 8). In the fine fraction (particles size < 2 mm) higher concentrations of heavy 

metals (Pb, Zn, Cu, Ni, Cd) and Mn- Cr- Ti- Cu- Zn- Al- Mg- Si- based iron metal oxides 

were detected. Particles with sizes < 0.4 mm were found to contain secondary reaction 
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phases such as ettringite (Ca6Al2(SO4)3(OH)12*26H2O) and portlandite (Ca(OH)2) 

(Chimenos et al., 1999; Freyssinet et al., 2002; Piantone et al., 2004). In addition the fine 

fraction was observed to be richer in sulphates (anhydrite and ettringite), and carbonates 

(calcite and siderite), while the coarse fraction (16-25 mm) was found to be composed 

mainly by silicate phases such as quartz, gehlenite, plagioclase, pyroxene, by oxides such 

as magnetite and hematite, as well as by ceramics materials and glass fragments rich in 

Na. 

 
Figure 8: Main oxides (a) and trace elements (b) of BA as a function of particle size 

 

BA is characterised by a high porosity and specific surface of about 50 m2/g dry weight due 

to the gas expulsion during the formation process. The humidity is highly variable and 

values range between 6 and 60% depending on the cooling process in the quenching unit 

and the transportation method. The more representative range for humidity is around 15-

20% wt. The water content could be high enough to reduce the powder emission but not 

too high to increase the metal leaching during transportation and/or treatment of BA 

(IAWG, 1997). 

The loss on ignition (LOI) of BA gives a rough evaluation of the amount of carbon, 

hydroxides and hydration phases contained in the material.  

In Table 1 the typical ranges observed for LOI and humidity in BA derived from several 

incineration plants are reported. 
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Reference W% LOI% 

Polettini et al., 2004 13.6 3.9 
Fernandez Bertos et al., 2004 16.8_21.9* - 

Moller, 2004 12.4_13.5* - 

Polettini et al., 2005 39.3 8 

Giampaolo et al., 2002 21.7_39.3* 3.0_8.5* 

Izquierdo et al., 2002  2-10** 

Qiao et al., 2008 (a & b)  13 

Quiao et al., 2009  12.8 

Park et al., 2007  6.4 

Andrade et al., 2006  2.3 

Andrate et al., 2009  4.6 

Pan et al., 2008  3.2 

Saikia et al., 2007  4.6 

Targan et al., 2003  10.2 

(*): estimated values for BA derived from different MSWI plants. 

(**): range of estimated values for BA derived from different Spanish MSWI plants. 
 

Table 1: humidity (W%) and LOI (%) values in BA 

1.4 Chemical characteristics 

The composition of incinerator BA is observed to vary over relatively wide ranges, 

depending on the characteristics of the burned waste, the incineration technology adopted, 

as well as the operating conditions applied. Both the major and trace constituents may be 

affected by such factors, in turn influencing different chemical and mineralogical 

characteristics of the material and the associated environmental behavior. 

The pH of BA typically ranges between 9.5 and 12.3 (IAWG, 1997; Meima and Comans, 

1999; Fernandez Bertos et al., 2004; Moller, 2004; Rendek et al., 2007) due mainly to the 

high content of alkaline elements and metal oxides that generate hydroxides (for example, 

portlandite Ca(OH)2; Johnson et al., 1995) as a result of hydrolysis. The presence of Ca 

carbonates in the original waste affects the alkalinity of BA: during the combustion process 

Ca carbonates are decomposed into CO2  and CaO, the latter being converted to Ca(OH)2 

due to hydration during cooling.  

The main elements found in BA include Si, Ca, Al, Na, Mg and Fe. The overall content of 

these elements in the corresponding chemical forms in BA typically accounts for about 80-

90% of total weight. The Si content (about 32- 48%) derives mainly from the domestic 

waste and glass bottles. The Ca content (about 16-23%) derives from paper, alimentary 

and industrial wastes. The Fe content (6-13%) depends on the presence (and efficiency) of 



State of  the Ar t  

- 14 - 

a metal separation process in the incinerator. There are in addition small percentages of 

sulphate and chlorides. The former is generally present at concentrations of 0.290.47% 

and increases with the increasing of presence of industrial wastes. Chloride accounts for 

about 0.34-0.84% of the material and is founnd at higher concentrations for higher 

contents of plastic wastes. 

In addition traces of toxic and hazardous elements are found in BA. Table 2 lists the 

concentrations of the main and trace elements of BA collected from several studies 

reported as oxides concentration. 

Concentration of the oxides 
(wt.%) 

 Qiao 
et al., 
2008 
(a & 
b) 

Polettini 
et al., 
2009 

Jurič et 
al., 2006 

Kokalj 
et al., 
2005 

Bertolini 
et al., 
2004 

Andrade et 
al., 2007 

Park et 
al., 2007 

Targan 
et al., 
2003 

Andrade 
et al., 
2009 

SiO2 36.20 56.99 24.00 24.00 14.71-
61.90 

50.46 9.78 42.39 56.00 

CaO 20.20 13.22 30.00 39.00 13.25-
37.32 

2.07 11.14 17.57 0.80 

Al2O3 8.48 9.20 14.80 14.80 6.36-
10.72 

28.35 20.75 21.35 26.70 

Fe2O3 6.21 3.97 2.70 2.70 2.6-14.17 10.68 37.10 6.41 5.80 
Na2O 2.93 - 0.90 0.90 1.72-

11.34 
- - - 0.20 

SO3 2.34 - - - 1.21-8.49 0.34 - 2.34 0.10 
P2O5 1.59 0.70 - - 0.77-1.55 - 2.37 - - 

MgO 1.58 3.46 1.72 1,70 1.99-3.30 - 3.28 1.52 - 
K2O 1.04 1.35 0.20 0.20 0.40-6.94 3.81 - 1.11 2.60 
TiO2 0.89 0.49 - - 0.38-0.85 1.57 - - 1.30 
ZnO 0.37 - - - - 0.03 1.80 - - 
CuO 0.30 - - - - - 1.85 - - 
PbO 0.24 -  - - - 1.65 - - 
MnO - 0.08 - - 0.05-0.16 0.07 - - - 
ZrO - - - - - 0.18 - - - 
V2O5 - - -- - - 0.09 - - - 
Cr2O3 - -  - - - 0.78 - - 
NiO - - - - - - - - - 

 Jing 
et al., 
2007 

Pan et 
al., 2008 

Andreola 
et al., 
2008 

Gines 
et al., 
2009 

Kayabali 
et al., 
2000 

Naganathan 
et al., 2009 

Polettini 
et al., 
2005 

  

SiO2 44.00 13.44 46.7 49.38 15.1-57.9 43.85 41.13   
CaO 21.10 50.39 26.3 14.68 2-23.7 4.14 3.85   
Al2O3 11.30 1.26 6.86 6.58 7.5-27.8 8.37 11.35   
Fe2O3 7.00 8.84 4.69 8.38 3.3-20.3 11.91 6.77   
Na2O 8.20 12.66 4.62 7.78 0.08-9.9 2.73 2.84   

SO3 - 1.79 2.18 0.57 traces-
13.2 

- -   

P2O5 - 3.19 0.85 - - 1.73 1.84   
MgO 4.20 2.26 2.22 0.32 0.92-4.5 0.79 3.85   
K2O 2.60 1.78 0.89 1.41 0.60-1.14 0.71 1.57   
TiO2 - 2.36 0.77 - Traces-

1.03 
2.71 1.23   

ZnO - 2.60 - - - - -   
CuO - 1.51 - - - - -   
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PbO - 2.11 - - - - -   
MnO - - - - - 0.12 0.11   
ZrO - - - - - - -   
V2O5 - - - - - - -   
Cr2O3 - 0.18 - - - - -   
NiO - 0.16 - - - - -   

 

Table 2: Observed concentrations of main and trace elements in BA 

 

Even if BA includes only about 1-3% of grate siftings, these residues are the main 

contributor to the Pb, Al, Cu and Zn concentrations in BA. 

The concentrations of PCDDs and PCDFs, polycyclic aromatic hydrocarbons, 

chlorophenols and cholobenzene are usually lower than 2 ng/g of waste. 

1.5 Mineralogical Characteristics 

The BA particles can be classified in two major groups: non combusted waste products 

(15%) from the municipal solid waste feed and melt products (85%) (Dykstra Eudsen et al., 

1999). The former include waste minerals (2%), waste glasses (10%), waste metals (2%) 

and waste organics (1%). The latter include: opaque and metallic glass, schlieren and 

spinel-group minerals (magnetite, Fe3O4, chromite, FeCr2O4) and melilite-group minerals 

(gehlenite, Ca2Al2SiO7, akermanite, Ca2(Mg,Fe2+)Si2O7). The melt products are similar 

to those found in volcanic ashes both for morphology and chemical composition, and 

present vesicles for about 15-25% of the total volume of the particles providing for a 

significant measure of particle porosity (Dykstra Eudsen et al., 1999). The main minerals 

present in BA matrix are listed in Table 3. 

 Component 

non combusted waste products 

Quartz (SiO2) 
Feldspars ((K,Ca,Na)(Al,Si)4O8) 

Biotite (K(Mg,Fe)3AlSi3O10O22(OH)2) 

Olivine ((Mg,Fe)2(SiO4) 

Pyroxene (Ca(Mg,Fe)Si2O6) 

melt products 

Mulilite group 
(ghelenite (Ca2Al2SiO7),akermanite (Ca2(Mg,Fe2+)Si2O7) 

Magnetite (Fe2+(Fe3+)2O4), Hematite (Fe2O3) 

Plagioclase feldspar ((K,Ca,Na)(Al,Si)4O8) 
Wollastonite (CaSiO3) 
Chromite (Fe2+Cr2O4) 

Ca oxide (CaO) 
 

Table 3: Main mineral phases in BA (Dykstra Eudsen et al., 1999) 
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Other minerals have also been detected in BA (Kirby and Rimstidt, 1993; IAWG, 1995; 

Dykstra Eudsen et al. 1999; Speiser et al., 2000), including: 

 sulphate-based minerals such as anhydrite (CaSO4), ettringite 

(Ca6Al2(SO4)3(OH)12*26H2O) and gypsum (CaSO4*2H2O) (about 5%);  

 carbonate-based minerals such as calcite (CaCO3), accounting for about 20% of BA 

mass and deriving from reaction between Ca(OH)2 and CO2. Metal carbonates of 

Fe, Zn and Cu- have also been detected in BA; 

 small percentages of chlorides such as NaCl and CaCl2. 

Traditionally incinerator BA has been considered as an inert material. Numerous studies 

have been conducted in order to use BA as an aggregate substitute in asphalt mixtures 

and more generally in the field of road construction. A dramatic reduction in heavy metal 

leaching was observed in such applications (Chen et al., 2008; Pecqueur et al., 2001; 

Vagas et al., 2008). 

However, taking into account the modes of formation of BA and the resulting content of 

reactive and unstable phases, BA should rather be considered as a reactive material. 

Among the different treatments applied to promote the reuse and recycling of BA, a novel 

approach involves taking advantage from the presence of reactive compounds to improve 

the material’s properties for utilization. This approach stems from the consideration that 

incinerator BA is typically composed of amorphous and vitreous phases, the most 

abundant constituents being Ca, Si and Al minerals, which are also major components of 

common pozzolanic materials. 

Some researchers have investigated different processing methods to improve the 

mechanical properties of BA for use in engineering applications, which are based on 

preliminary activation of the material by means of different, often combined, methods: 

mechanical activation relies on intensive milling of the material to increase the surface area 

available for reaction; chemical activation is based on the addition of chemical agents 

capable of breaking down the structure of alumino-silicate minerals, releasing silicate and 

aluminate ions which can thereafter be transformed into mechanically resistant phases 

(e.g., in blends with hydraulic binders such as cement and lime, or in geopolymer 

products); thermal activation involves a moderate-to-high temperature treatment to allow 

for mineralogical rearrangement of the solid matrix, producing (depending on treatment 

temperature) either a zeolitized or a predominantly glassy material, the latter being more 

reactive in alkaline environments, and at the same time immobilizing trace contaminants 

within the treated material. 
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The regulatory framework for BA utilization is quite constraining in Italy; for this reason only 

about 20% of this residue is used as a raw material in cement kilns or as a daily cover 

layer in landfills, while about 80 % is landfilled (Baun et al., 2007). As observed by many 

authors (Freyssinet et al., 2002; Meima and Comans, 1997; 1999; 2002; Sabbas et al., 

2003; Polettini et al., 2004), the main critical aspect to be taken into account for reuse is 

the leaching behavior of the material. Other detrimental effects related to the chemical 

reactivity of BA involve hydrogen gas production, hydration of Ca and Mg oxides with 

ettringite formation, with associated expansion and cracking phenomena (Pera et al., 1997; 

Pecqueur et al., 2001; Sabbas et al., 2003; Ginés et al., 2009) in case of blending with 

cement materials. 

1.6 Recycling of incinerator BA for the formulation of blended 
cements. 

An intensive research is particularly focused on the usability of residues as engineering 

materials (Kayabali et al., 2000). In particular, a large number of these was aimed at 

improving the reactivity of coal fly ash (Ma et al., 1994; Sekulić et al., 1998; Kumar et al., 

2007; Lam et al., 2000; Arjunan et al., 2001; Lee et al., 2007; Poon et al., 2004; Shi et al., 

1995) and industrial slag (Wang et al., 1995; Malolepszy et al., 1994; Donatello et al., 

2010; Shi et al., 1999), using mechanical, chemical or thermal activation or a combination 

of these three methods.  

The use of alkaline activators to stimulate the latent pozzolanic properties of different types 

of residues was studied since 1940’s with Purdon’s work. He used blast furnace slag as 

the raw material and sodium hydroxide as the alkali activator. It should however be noted 

that alkali activation to improve the natural pozzolanic properties of various materials was 

applied also since times dating back to the Babylonian, Roman and Egyptian period (Roy, 

1999; Pacheco-Torgal et al., 2008). The use of appropriate chemical activators - as 

suggested by a number of investigators for materials of different origin (Poon et al., 2003; 

2004; Giergiczny, 2004; Fan et al., 1999; Qiao et al., 2001; Shi et al., 1995; 2000; 2001) - 

combined with thermal and mechanical activation of different residues, including 

incinerator BA, was found to promote the development of mechanical strength in Portland 

cement mixtures (Polettini et al., 2005; 2009; Qiao et al., 2008; 2009). 

In Table 4 some of the recent studies conducted to improve the reactivity of different 

residues using chemical activators are summarized. Among the different alkali activators, 

the more tested are those based on Ca, Na, and K. 
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Type of 
residue 

Chemical Activator type Reference 

FA Na2SO4 Lorenzo et al., 2002 

BA Na2SiO3, NAOH, KOH, CaCl2, Na2SO4,CaNO3 Polettini et al., 2004; 2009 

FA CaCl2, CaSO4 , Ca(OH)2 Giergiczny, 2004 

FA/BA NaOH Arjunan et al., 2001 

FA Na2SiO3,Ca(OH)2 Fan et al., 1998 

FA Na2SO4, K2SO4, triethanolamine Lee et al., 2002 

wastePb CaCl2 Cheeseman & Asavapisit, 1999 

FA Na2SO4, K2SO4,CaCl2,Ca(OH)2 Poon et al., 2003 

FA,FGD Na2SO4, K2SO4,CaCl2,Ca(OH)2, NaOH, KOH Poon et al., 2004 

BA Ca(OH)2 Qiao et al., 2007 ,2008 

BA 
Na2SO4, K2SO4,Na2CO3, K2CO3, NaOH, 

KOH,CaCl2, Ca(OH)2 
Qiao et al., 2009 

FA Na2SO4, NaCl,CaCl2, Ca(OH)2 Shi & Day,  1994 

FA Na2SO4, CaCl2, Ca(OH)2 Shi, 1996 

Waste mud Na2SO4  Ca(OH)2CaCl2 Shi et al., 1999 

FA,SLAG Na2SO4 Jueshi et al., 2000 

BFS CaCO3, Ca(OH)2, CaCl2, NaCl, CaBr2 Bellan & Stark, 2009 

GBS FA Na2SiO3 Zhang et al., 2007 
 

FA: Fly Ash wastePb: synthetic 10M NaOH+1M Pb(NO3)2 exsiccate a 105°C 

BA: Bottom Ash BFS: Blast furnace slag 

FGD: Flue Gas Desulphurization GBS: granulated Blast furnace slag 

Table 4: Main chemical activators user to improve pozzolanic reactions of reactivity for different 

residues 

 

Over the last years, the studies on BA activation in blended cements have largely 

increased (Qiao et al., 2008 (a); 2008 (b); 2007; 2009; Jurić et al., 2006; Rechberger 2001; 

Andrade et al., 2009; Pan et al., 2008; Jing at al., 2007; Chen et al., 2008). The literature 

on the utilization of BA is not as plentiful, however, as it is for other types of industrial 

residues investigated for similar application.  

Some evidence was gained of the capability of BA to exhibit pozzolanic properties in 

cement-based systems (Polettini et al., 2005; 2009; Qiao et al., 2008 (a); 2009) suggesting 

potential useful applications for blended cement formulation. 

Generally, the main positive effect observed when using alkaline activation of industrial 

ashes in cement-based systems can be summarised as: 
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 decrease in volume and amount of pores due to the presence of sulphate and 

sodium into the microstructure of the material (Lorenzo et al., 2002; Lee et al., 

2003); 

 acceleration of the early hydration stage and improvement in mechanical strength 

(Shi et al., 1995; 1999; Arjunan, 2001; Jueshi et al., 2001; Zhang et al., 2007; 

Cheeseman and Asavapisit 1999; Lee et al., 2003; Poon et al., 2003; Poon et al., 

2004). 

All these aspects have been observed as being largely affected by both the starting 

material and the activator type. The engineering application of blended cement with a 

partial substitution of treated BA or residues has still some limitations underlined by 

different studies (Roy, 1999; Rechberger, 2001):  

√ absence of specific standards or guidelines for application; 

√ absence of databases: it is necessary to collect data in order to allow for prediction 

of the performance of these materials. This aspect is particularly significant taking 

into account the large variability of the starting materials; 

√ need to learn more about the reaction mechanisms in order to better define the 

activation effectiveness of different types of alkaline compounds used. It is also 

important, for prediction of long-term durability and environmental behavior, to 

more fully characterize the hydration process occurring, specifically in terms of 

type and strength of hydration products, presence of residual soluble species in 

the pore solution, and mobility and leaching of inorganic contaminants. 

1.7 Geopolymers 

In the present work, we intend to gain insights into the feasibility of production of 

geopolymeric materials from incinerator BA, considering that the material is known to be 

composed of amorphous and vitreous phases, the most abundant constituents being Ca-, 

Si- and Al-containing minerals. While other kinds of inorganic industrial wastes as: 

coal/lignite fly ash (Andini et al., 2007; Chindaprasirt et al., 2006; 2009; Kumar et al., 2011; 

Panias et al., 2007; Škvára et al., 2009; Temuujin 2009; 2010; van Jaarsveld et al., 2002), 

biomass ash (Songpiriyakij et al., 2009), coal bottom ash (Chindaprasirt et al., 2009; Xu et 

al., 2010),  blast furnace slag (Cheng  et al., 2003; Oh et al., 2010), air pollution control ash 

from waste incineration (Kourti et al., 2010) and wastewater sludge (Lampris et al., 2009) 

have been investigated in previous studies for similar applications, to the authors’ 

knowledge no specific study on geopolymer production from incinerator BA has been 

conducted so far. 
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1.7.1 History 

Geopolymers, also referred to as inorganic polymers, are alumino-silicate materials having 

the potential of being used in a number of applications, e.g. as structural and non-structural 

materials, concrete products, reagents for waste and wastewater treatment, structural 

ceramics, fire resistant composites, etc.  

A precursor of geopolymer materials was first developed in the Ukraine in the mid 1950s 

by Glukhovsky. This researcher in 1930 began investigating the materials used by ancient 

Romans and Egyptians to build their structures and hypothesized that the superior 

durability of this ancient concretes resulted from the coexistence of cements containing 

calcium silicate hydrate (C-S-H) with some form of alkaline aluminosilicate hydrates. 

Taking these observations into account, he developed a kind of binder named “soil 

cement” using aluminosilicate wastes such as industrial slag, coal fly ash and other 

wastes, mixed with alkaline industrial waste solutions (Shi et al., 2006; van Deventer et al., 

2010). The research on these materials in Ukraine dramatically increased afterwards and 

from the 1960s the materials were used for structural applications with a consequent 

production of a large number of standards and patents. All this research, developed in the 

last 30 years in the Soviet union, Ukraine, Scandinavia and Eastern Europe remained 

almost unknown in the Western European and American countries (Pacheco-Torgal et al. 

2008 (a); van Deventer et al., 2010).  

In Europe and in the rest of the world the research had an exponential increment when the 

results of Davdovits studies were published. Davidovits in 1972 and onwards began the 

research on geopolymers starting from observation of inorganic polymers and from a 

research about new heat resistant materials in the form of non-flammable and non-

combustible “plastic materials”. He was the first that examined the geopolymer chemistry 

and coined the term “geopolymers” in 1978 after the development of a patent of a binder 

obtained from alkali activation of metakaolin (Davidovits, 1994; Kriven et al., 2003; 

Pacheco-Torgal et al., 2008 (b)). The new theory on the structure of geopolymeric 

materials was based on the study of inorganic polymer technologies and understanding of 

zeolite synthesis and chemistry. The name was chosen starting from the observation that 

the production of the geopolymers is similar to that of synthetic zeolites and a number of 

tectoaluminosilicate minerals and that inorganic polymeric materials can be considered to 

be the amorphous equivalent of geological feldspars, but synthesized in a similar manner 

to that used for thermosetting the organic polymers. Taking this into account, the term 

“geopolymer” was coined recognizing that this material is an inorganic polymer analogous 
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to conventional organic polymers (Hos et al., 2002). As reported, geopolymers can be 

seen as analogue amorphous of synthetic zeolites: the chemistry involved is similar, 

although the resulting products are different in composition and structure (Davidovits, 

1991; van Jaarsveld et al., 1997; 1998). Geopolymeric products, however, do not have 

stoichiometric composition and comprise mixtures of amorphous to semi-crystalline 

structures and crystalline Al–Si particles as through nano-crystalline zeolites are dispersed 

in an alumino-silicate gel. During geopolymerisation, when the alumino-silicate powder is 

mixed with the alkaline solution, a paste forms which quickly transforms into a hard 

geopolymer, and there is no sufficient time and space for the gel or paste to grow into a 

well-crystallised structure; this is the main difference between zeolites and geopolymers 

(Xu et al., 2000; Komnitsas et al., 2007). The geopolymerisation process involves leaching, 

diffusion, condensation and hardening steps, while zeolite synthesis is due to 

prenucleation, nucleation and crystal growth but the factors affecting the synthesis of 

zeolites also affect geopolymerisation and include: temperature, pH, cations concentration, 

water/solid ratio, curing time and Al2O3/SiO2 ratio in the mix (Komnisas et al., 2007; Khale 

et al., 2007). As reported by Davidovits in 1991, the temperature required to produce 

geopolymers is lower than that necessary to zeolite synthesis. 

Nowadays, the abundance of names describing these materials, including alkali-bounded 

ceramics, hydroceramics and alkali-activated cements, maybe misleading however, in all 

cases alkali activation is essentially involved (Davidovits, 2005). Probably, a more 

appropriate broad term that describes the produced materials is ‘‘inorganic polymers’’ 

(Duxon et al., 2007). 

1.7.2 Chemistry aspects 

Geopolymers are characterized by silicon and aluminium thetraedral structures linked 

together by oxygen atoms. To describe the three-dimensional geopolymeric structures, a 

new terminology was proposed by Davidovits during an IUPAC Symposium in 1976. The 

geopolymer structures includes three classes of inorganic polymers that, depending on the 

silica/alumina ratio, are based on three different monomeric units followed descibed 

(Figure 9) (Van Jaaesveld et al., 1997, Davidovits, 1991):  

1) Poly(sialate) (PS) with [-Si-O-Al-O-] as the repeating unit, with SiO2/Al2O3 = 2; 

2) Poly(sialate-siloxo) (PSS) with [-Si-O-Al-O-Si-O-] as the repeating unit, with SiO2/ Al2O3 

= 4; 

3) Poly(sialatedisiloxo) (PSDS)  with [-Si-O-AI-O-Si-O-Si-O- ] as the repeating unit, with 

SiO2/Al2O3 = 6 as repeating unit.  
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Figure 9 Types of polysialate units 

 

Sialate is an abbreviation for silicon-oxo-aluminate. The sialate network consists of SiO4 

and AlO4 thetraedra linked alternately by sharing all the oxygens. Positive ions (Na+, Ca++, 

K+…) must be present in the framework cavities to balance the negative charge of Al3
+ in 

IV-fold coordination. Poly-sialates have this empirical formula:  

Mn[–(SiO2)z–AlO2]n•wH2O 

Where M is a cation such as potassium, sodium or calcium, n is the degree of 

polymerization and z is 1, 2 or 3 depending on the type of sialate structure formed . Poly-

sialates are chain- and ring-polymers with Si4
+ and Al3

+ in IV-fold coordination with oxygen 

and range from amorphous to semi-crytalline. 

For the synthesis of geopolymers three main components are required: raw material, 

inactive filler and geopolymer liquor (see Figure 10) (Komnitsas et al., 2007): 

 raw materials include natural alumino-silicate materials or aluminosilicate wastes 

such as industrial slag, coal ashes and others. The main role in the 

geopolymerzation process is to provide the source of Si and Al ions. Although 

geopolymers are traditionally produced through alkali activation of naturally 

occurring alumino-silicates, the results of several studies published in the last ten 

years have shown that industrial residues with high silicon and aluminium contents 

may be considered as suitable source materials for the production of inorganic 

polymers; 

 the inactive filler is added to increase the amount of Al3
+ ions. One of the most 

utilized inactive filler is kaolin or metakaolin (obtained from kaolin calcinations). 

This filler is required when the Al dissolution rate of the raw material is not 

sufficient to promote the production of the geopolymer gel. The inactive filler 

reduces the reactivity of the mixture by increasing the reaction time between the 
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raw material and the alkali activator, promoting the gel formation and than 

improving mechanical strength and decreasing the porosity and permeability of the 

resulting geopolymer;  

 the geopolymer liquor is an alkali solution obtained by mixing an alkali metal 

hydroxide solution with a sodium silicate solution named waterglass. The 

geopolymer liquor is required to dissolve the raw materials and it plays also the 

additional role of activator, binder, dispersant and plasticiser. 

 

Pure Si-Al powder or 
alumino-silicate
waste material

Metakaolin

Sodium silicate
solution

+
MOH

WATERGLASS

Geopolymeric
material

40-90°C

RAW MATERIAL

INACTIVE FILLER

 

Figure 10: Main components used to produce geopolymeric materials 

1.7.3 Geopolymerization process 

Geopolymerisation is an exothermic process that include the geosyntetic reaction of 

alumino-silicate minerals in the presence of an alkali solution at low temperatures (25-

80°C); adoption of elevated pressures is not essential and is applied only than lower than 

the normal porosities of the final product are required (van Jaarsveld et al., 1997; 1998; 

Davidovits, 1991). The series of geochemical reactions involved is complex and the exact 

mechanism by which geopolymer setting and hardening occurs is not completely known 

because the reactions are almost impossible to isolate for individual study (Provis et al., 

2009). However, according to a large numbers of the authors, the main steps of the 

process involve (van Jaarsveld et al., 1997; 1998; Phair et al., 2003; Xu and Van Deventer, 

2000; Duxon et al., 2007; Komnitsas et al., 2007): 

1) dissolution of solid alumino-silicate structures in the MOH solution with formation of 

mobile precursor  through the complexing action of hydroxide ions; 
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2) diffusion and transport of the dissolved Al and Si complexes from the particle 

surface to the among particle space; 

3) polycondensation and structural re-organisation with the formation of a gel phase 

resulting from polymerization between the added silicate solution and Si and Al 

complexes and reprecipitation where the whole system hardens into an inorganic 

polymeric structure. 

In general alumino-silicate materials react with the MOH solution and the water glass and 

form a gel layer on the particle surface. The gel grow away from the particle surface and 

move into the interstitial space between the particles, as a consequence precipitation of 

the gel followed by the dissolution of new solids from particles occur. When the gel 

hardens the particles are bound together by the gel (Xu et al., 2000).  

A schematic description of the main phases and reactions associated with the 

geopolymerization process are reported in Figure 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11:  Main steps and reaction associated in a geopolymerization process 

 

During the first step the raw materials dissolution proceeds like in the zeolitization process. 

The extent of Al and Si dissolution depends from the particle size, the original content of 

these elements in the materials and the concentration of the alkali solution used. The most 

important differences between the zeolite formation process and geopolimerization are 

mainly placed in this step. Zeolites are formed in a more dilute aqueous solution than 

geopolymers (Khale et al., 2007). Taking this into account, it is possible to observe that the 
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precursors concentration are different for the two process and their mobility too. In 

particular, lower precursor concentrations and higher mobility make the zeolite structure 

crystalline because is allowed enough time to undergo proper orientation before bonding 

into the crystalline structure. Taking this into account, according to several authors (van 

Jaarsveld et al., 1998; van Jaarsveld et al., 2002) for both processes the H2O/SiO2 molar 

ratio was found to play an important role during both dissolution and polycondensation of 

zeolite and geopolymer precursor species and therefore deserves attention to evaluate the 

effect on the final geopolymer properties. 

In addition, to perform a good geopolymerization process compositional criteria is also 

critical. In particular, the following optimal conditions have been determined (Davidovits et 

al., 1994): 

 SiO2/M2O molar ratio in the alkaline solution = 4 - 6.6; 

 SiO2/Al2O3: molar ratio = 5.5 - 6.5; 

 The main part of Aluminium must be in soluble form.  

Many authors have demonstrated that such ranges, which were determined for kaolin as 

the raw material, are only indicative when different raw materials such as industrial waste 

are used. The surface reaction on waste particles depend on numerous issues like 

mineralogy, silica and alumina content, fineness, reactive surface area and morphology, all 

these characteristics being involved in the synthesis reaction. The aluminum contained in 

most waste materials is in much too stable forms (e.g. mullite) to be dissolved by alkaline 

solutions, which often requires the Al content to be adjusted to attain suitable values for 

geopolymerization (van Jaarsveld et al., 1997; 1998; Xu et al., 2000). 

Usually, as the secondary source of soluble aluminum either kaolin or its dehydroxylated 

form metakaolin (which also contains soluble silica) are used.  

The main difference between kaolin and metakaolin is that in the latter the octahedral 

sheer containing aluminium atoms is broken down, forcing aluminum into a tetrahedral 

coordination (van Jaarsveld et al., 1998; Feng et al., 2004; Khale et al., 2007). An excess 

in metakaolin dosage negatively affects the mechanical characteristics because of the 

presence of unreacted metakaolin particles; mixture workability can also be affected due to 

water absorption and retention (van Jaarsveld et al., 2002). 

In the first step the alkali metal salt or hydroxide plays a key role related to a catalytic 

function promoting raw material dissolution and also governing the condensation reactions. 

The initial dissolution process is promoted by the presence of OH- ions and is thought to be 

independent of the type or concentration of cations (step 3); at the same time if the alkali 

concentration is too large, the connectivity of silicate anions may be reduced thus resulting 
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in poor polymerisation (Komnitsas et al., 2007; van Jaarsveld et al., 1998; 1999). As alkali 

elements, theoretically, any alkali and alkali earth cation can be used (Komnitsas et al., 

2007). However, the type of metal cation used during geopolymer synthesis affects most of 

the physical and chemical properties of the final product; the formation of different zeolites 

is also largely documented by different authors depending on the alkali cation used during 

geopolymer synthesis. Among the metal cations that can be used in the geopolymerization 

process the most common are Na+ and K+ and to a lower extent Ca2+. In the 

geopolimerization process metal cations play a charge balancing role of Al3+ in IV-fold 

coordination as already said. In general the optimal polymer properties are obtained when 

the alkali cation concentration is sufficient to provide the charge balance for the 

substitution of thetrahedral Si by Al; therefore, the presence of the cation also affect the 

SiO2/Al2O3 ratio of the products (van Jaarsveld et al., 1999; Komnitsas et al., 2007). The 

role of the ratio between alkaline hydroxide and waterglass is particularly relevant on 

mechanical strength of the products, probably because an excess in waterglass (sodium 

silicate) hinders water evaporation and structure formation (Khale et al., 2007); on the 

other hand, an excess of the alkaline hydroxide, slowing the hydration rate, reduces 

mechanical strength and produces an undesirable morphology and an inhomogeneity of 

hydration products in the paste (Khale et al.2007). For as much as the water content also 

plays a key role in geopolymer formation as mentioned by various authors (Van Jaarsveld 

et al., 2002; Khale et al., 2007; Panias et al., 2006; Perera et al., 2007; Zuhua et al., 2009; 

Panias et al., 2007) and determines the solid to liquid (S/L) ratio of the starting materials in 

the geopolymeric matrices. Water takes part in different process steps: dissolution and 

hydrolysis, as well as polycondensation reactions. Providing OH- ions, the water content 

acts as a medium for the dissolution of aluminosilicates and facilitates the transfer of 

various ions, the hydrolysis of Al3+ and Si4+ and polycondensation of different aluminate- 

and silicate-hydroxyl species (Zuhua et al., 2009). Generally in a geopolymeric mixture, as 

the water content decreases, the MOH concentration in the aqueous phase increases 

substantially and consequently an acceleration in the Si and Al dissolution reactions is 

observed promoting the start of the geopolymerization process. Additionally, the increase 

in the Si and Al concentrations in the aqueous phase, due to the dissolution of raw 

material, enhances the process of Si and/or Si–Al oligomers formation and consequently, 

polycondensation of oligomers and hardening of the geopolymer (Panias et al., 2007). As a 

result, the water content has a key effect on geopolymer formation, gel structure and final 

product properties. As a result, when water/solid ratio increases, mechanical strength 
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decreases drastically as also observed for cementitious materials (Zuhua et al., 2009; 

Khale et al., 2007). 

Another key factor that can affect the properties of geopolymers is the calcium content (Xu 

et al., 2000; Komnitsas et al., 2007). Nevertheless its role during the geopolymerization 

process at the moment is unclear (Yip et al. 2007). In general, the presence of calcium 

gives a positive effect on the mechanical properties of geopolymers due to the formation of 

a small amount of calcium silicate hydrate C-S-H in addition to the amorphous 

geopolymeric gel. The major difference between the C-S-H gel and the geopolymeric gel in 

terms of their elemental composition is the calcium content (Yip et al., 2003; 2005; 2007; 

Khale et al., 2007). 

The nature of the end products obtained upon alkali activation of an alumino silicate source 

containing calcium depends on various factors such as: elemental composition, 

mineralogy, particle size distribution, surface properties, curing conditions and type of alkali 

metal cation used. 

In particular some studies (Yip et al., 2005; 2007) demonstrated that only in some cases 

does the coexistence of the geopolymer gel and C-S-H occurs and this depends on the 

level of alkalinity (concentration of MOH in the solution) and also on the ratio between the 

amount of aluminum, silicon and calcium of the matrix. The chemical mechanisms 

responsible for  the formation of these products were proposed by Yip (Yip et al., 2003; 

2005; 2008). The dissolution of silicon, calcium and aluminum from the raw material 

depends on the alkali concentration (the different elements have a different dissolution rate 

which depends on the alkalinity); the concentration of each elements in the solution 

determines  the subsequent reactions including polymerization and other precipitation 

processes. It can be observed two main cases: 

 at high concentration of MOH in the aqueous solution, the raw materials will be 

saturated with hydroxyl ions. Only a small amount of calcium will be dissolved from 

the particles surface of raw material and diffuse into the solution. Here the calcium 

dissolved will react with the OH- groups to precipitate as Ca(OH)2. When the 

quantity of this precipitate will be too match, the dissolution and diffusion of 

calcium from raw material will be more difficult due also to the presence of OH- 

thick layer. In this situation the small amount of dissolved calcium from particles 

remains within the particles and forms a new nucleation seed in which amorphous 

C-S-H can be produced only as a secondary product. The lack of dissolved 

calcium inhibits the formation of C-S-H; 
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 at low MOH concentrations, the OH- layer is slim and a certain quantity of calcium 

will be able to be dissolved and diffused out. When the amount of calcium is 

sufficient and the respective amount of silicon and aluminium dissolved is not 

enough to promote the geopolymer gel formation, the formation of C-S-H will be 

favoured since the Ca(OH)2 concentration won’t be as high to reduce the available 

space for C-S-H nucleation. The results, in this case, will be the simultaneous 

formation of C-S-H and calcium silicate aluminate hydrate (CSAH) (Yip et al., 

2003; 2008; Temuujin et al., 2009). 

1.7.4 Applications 

It may be interesting to compare the engineering characteristics of geopolymers whit those 

of ordinary cement (Khale et al., 2007). First of all geopolymer production is associated 

with lower CO2 emissions and production cost: the production of geopolymer concrete, 

without considering the activator, may be from 10 to 30% cheaper than that of Portland 

cement concrete (Komnitsas et al., 2007). Further positive characteristics of gepolymers 

include high early strength and fast setting (generally geopolymers attain 70% of the final 

compressive strength within the first 4 hours of setting), long-term durability, low shrinkage 

and permeability, freeze-thaw resistance, sulphate resistance, corrosion resistance, acid 

resistance (unlike the Portland cement, geopolymer cements do not rely on lime and are 

not dissolved by acidic solutions), fire resistance (the compressive strength of Portland 

cement decreases dramatically above 300°C, whereas geopolymer cements are stable up 

to 600°C) and no dangerous alkali-aggregate reactions (Khale et al., 2007; Whalla et al., 

2006; Davidovits, 1994; van Jaarsveld et al., 1997; 1999 (a & b)). Geopolymer material are 

suitable to several practical industrial applications such as automobile and aerospace, non-

ferrous foundries and metallurgy, civil engineering and plastics industries. In particular one 

of the main potential fields of application of geopolymeric materials is in toxic waste 

management because geopolymers have similar behaviour to zeolitic materials that have a 

known ability to absorb toxic chemicals from wastes (Whalla et al., 2006). In particular, 

based on the application field, a number of suitable applications may be indentified (van 

Jaarsveld et al., 1998):  

Hydrogeology: 

 dam construction; 

 vertical barriers and water control structures where water deflection is needed, both 

above and below the surface. 
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Construction: 
 structural surfaces like floor and storage areas as well as runways; 

 pre-casting of simple structures used in non-specialist applications such as fences, 

paving materials and low cost pipes. Generally the mould-ability of geopolymeric 

pastes is very good and together with their relatively low shrinkage compared to 

Portland cement, any such non-specialist application should be suitable. 

Waste management:  

 surface capping of waste dumps and landfill sites where a stiff high strength 

structure is needed to prevent contact by rainwater and provide a solid and safe 

cover which can also assist in utilizing the area for building purposes; 

 low permeability base liners where minimum leakage of contaminants into the 

groundwater is desired or where fresh water reservoirs need a lining to prevent 

water from seeping away as in regions where not enough clay is present in the 

soil; 

 intermittent horizontal barriers in waste masses, used to keep waste masses stable 

and prevent contact between various layers stacked on top of one another; 

 immobilization of metal-containing toxic waste. This is possibly one of the major 

areas where geopolymerisation can impact heavily on the status quo; 

 inexpensive but durable encapsulation of hazardous waste such as radioactive 

wastes. 

As already reported, one of the main perspectives of geopolymers application in waste 

management is related to their capacity to immobilize toxic waste like heavy, toxic and 

radioactive elements, This capacity derives from the similar behaviour of geopolymers, 

zeolites and feldsphatoids. Unlike the traditional binders used for stabilization/solidification 

of inorganic wastes, geopolymers can also be used in the presence of: sodium salt, 

arsenate, borate, phosphate, iodate and sulphide as well as magnesium, tin, zinc, copper, 

lead salts.  
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2. Materials and methods 

2.1 Bottom Ash 

The BA used in the present study comes from an Italian grate-type refuse derived fuel 

(RDF) incinerator located in central Italy, having a nominal size of 90,000 t/y and a BA 

production of 12,000 t/y. Two sampling campaigns were performed for each experimental 

study conducted. The BA used for the alkali activation experiments on blended cement 

formulation will be named Sample 1 while the BA used to study the geopolymerization 

process will be named Sample 2. The fresh bottom ash was sampled at the exit of the 

quenching unit, homogenized by quartering, and oven-dried at 60°C to constant weight. 

Both samples were sieved using a shaker equipped with a standard mesh series to 

produce two different size classes: a coarse fraction (CF), having 12.5> Φ >0.425 mm and 

a fine fraction (FF), having Φ < 0.425 mm. In addition, the CF was also sieved to separate 

some other fraction: class A 12.5> Φ >5.6 mm; class B 5.6> Φ > 2 mm and class C 2 > Φ 

>0.425 mm; while only for Sample 1 the FF was also separated considering  in two 

additional classes: class D, having 0.425 > Φ >0.150 mm and class E, having Φ < 0.150 

mm. The 12.5 mm oversize fraction (~ 6% wt of total bottom ash mass in both cases) was 

primarily composed of ceramics, glass and metal scrap fragments, therefore they were 

judged unsuitable for subsequent processing and discarded. The individual size classes 

were separately characterized for physical and chemical properties. 

The physical and chemical characterization involved determination of: water content, loss 

on ignition, elemental composition, anion content, leaching behaviour; and for Sample 2 

microstructure and mineralogy was also investigated. 

The elemental composition was determined by atomic absorption spectrometry (AAS- 

Perkin-Elmer 3030B) after alkaline digestion at 1050 °C in platinum melting pots using 

lithium tetraborate as the melting agent. Anions were analyzed by Metrohm 761 Compact 

IC ion chromatographer after dissolution according to the Italian UNI 8520 methods.  

Chloride and acid-soluble sulphates were measured using the Italian standard test 

procedure UNI 8520, which involves dissolution with hot deionised water and titration with 

AgNO3 for chloride analysis, whereas dissolution with 3% HCl followed by spectrometric 

analysis for sulphates. The carbonate content of untreated and carbonated BA was 



Mater ia ls  and Methods 

- 42 - 

measured with a Dietrich–Frühling calcimeter (only for Sample 2). The loss on ignition 

(LOI) at 1000°C and the water content of the BA were determined according to the ASTM 

C25 and ASTM D2216 procedures.  

The leaching behaviour was investigated on bottom ash samples, on activated bottom ash 

mixed with cement and also on geopolymeric materials produced, using the EN 12457-2 

batch compliance test and the CEN/TS 14429 pH-dependence leaching test for evaluation 

of the acid neutralization capacity (ANC).  

The EN 12457-2 was applied to asses the material’s compliance with both the European 

regulatory limits for disposal into inert waste landfills (EU Council Directive 99/31/EC, 

1999) and the Italian limits regulatory for waste utilization (annex 3 D.M. 05/02/1998, 

Ministero dell'Ambiente della Repubblica Italiana, 1998). The EN 14429 (ANC) leaching 

test was applied to evaluate the material’s capacity to neutralize pH variations and to 

acquire information about the material’s durability upon acid addition; furthermore the 

analysis of contaminants concentrations in the ANC eluates was performed to derive 

information on the solubility curves as a function of pH, which in turn were used to infer 

about possible leaching-controlling mechanisms. Understanding the mechanisms 

governing the release of toxic species from the treated waste is indeed considered of key 

importance in order to estimate potential environmental impacts. The ANC test was carried 

out over a 48 h period by contacting a number of material sub-samples with nitric acid 

solutions (L/S = 10 ml/g ) having increasing acid concentrations. The acid addition 

schedule was arranged so as to cover pHs in the final eluate ranging from the material-

controlled value to approximately four or three units. The equivalents of acid added were, 

therefore, dependent on the ANC of the individual sample tested. Agitation was 

accomplished through tumbling. After 48 h, the pH was measured in the suspension, and 

the liquid phase was extracted through centrifugation followed by 0.45 µm filtration and 

acidified with 1:1 v/v HNO3 for the subsequent chemical analyses. Metals and major 

elements were analyzed by means of atomic absorption spectrometry. 

Scanning Electron Microscope (SEM) analysis were conducted using a Phillips XL- 30 

microscope with an operating voltage of 25 kV a spot size of 200 nm; a tilt angle of 35º; a 

take-off angle of 61.34º, equipped with an energy dispersive EDAX DX-4 spectrometer set 

with a count rate of about 1200 cps and a live time of 50 s. The samples were first 

impregnated with an ultra-low viscosity resin and then polished. A carbon film (about 3 nm) 

was deposited onto the polished surfaces of samples under vacuum to prevent charging.  

FT-IR absorbance spectra were collected with an Impact 420 Nicolet instrument in the 

wavenumber range 4004000 cm−1 with a resolution of 4 cm1 on pellets with KBr; the 
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pellets were prepared by pressing a mixture of 1 mg of sample with 300 mg of KBr. 

Raman spectroscopy analysis were carried out using an Horiba Jobin Yvon LABRAM 

Infinity spectrometer coupled with an Olympus BX 40 microscope and equipped with an 

optical notch filter, a charge coupled device detector, and a 20mW He–Ne laser standard 

HR 800 (k = 632.817 nm). The X-Ray Diffraction (XRD) analysis were performed using a 

Siemens D 501 diffractometer with Cu Kα radiation scanning the unoriented powder solids 

from 20° to 80° 2θ with a 0.04° 2θ step interval and a 1s per step counting. 

2.1 Activation of bottom ash for use in Portland cement blends 

The aims of this experimental study, concerning the alkali activation of BA for blended 

cement formulation, are: 

 the investigation of the main effects of the activators in the BA reactivity promotion;  

 the study of the main changes on the hydration process of the cement mixtures;  

 the understanding of the influence of activated BA on the mechanical strength 

development. 

Both mechanical and chemical activation were adopted during the experiments. 

Mechanical activation involved ball-milling of the material to a final maximum particle size 

of 150 μm, in order to increase the surface area thus improving the potential reactivity. 

Chemical activation has been made using different inorganic compounds to promote the 

conversion of original Ca-Si-Al matrix of the waste into hydration phases with adequate 

mechanical strength. In detail different Ca-, Na- and K-based compounds, including 

CaCl2·2H2O, CaSO4·2H2O, NaOH, KOH (reagent-grade compounds), were selected as BA 

activators on the basis of a literature survey and the results from previous studies (Shi and 

Day, 1995; 2000 (a),(b); 2001; Fan et al., 1999; Qian et al., 2001; Giampaolo et al., 2002; 

Filipponi et al., 2003; Polettini et al., 2005; 2009; Pacewska et al., 2008; Qiao et al., 2008; 

2009). The chemical activation procedure was applied using two different methods. 

According to Method 1, slurries (L/S = 2 ml/g) containing the ball-milled bottom ash and the 

chemical activator were heated at 90°C for 3 h and subsequently oven-dried at 60°C. 

Cementitious mixtures were prepared by blending different proportions of activated BA and 

Ordinary Portland Cement (OPC) type I 42.5 R at a water/total solids weight ratio of 0.4. 

The investigated BA/(BA + OPC) ratios were 20 and 40 wt%, while the activator additions 

adopted (expressed as activator/BA ratio) were 2 and 4 wt%. Control samples containing 

0, 20 and 40 wt% of un-activated BA were also prepared for reference purposes. 

According to the second activation method, Method 2, the milled BA and the mixing water 
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containing the required dissolved amount of the chemical activator were simply added to 

cement without any pre-processing stage. The second activation method was only applied 

with Ca-based activators (CaCl2 and CaSO4·2H2O). For selected mixtures Table 5shows 

the different mixtures tsted during the experimental campaign. 

 Mixture composition   

 (g/100 g) (%)   

Mix no. OPC BA Act. 
BA 

/(BA+OPC) 

Activator

/BA 

Activator BA size 

fraction 

Activation 

method 

type symbol
Method 

1 

Method 

2 

control 100   0       

U20c 80 20  20    CF   

U40c 60 40  40    CF   

U20f 80 20      FF   

ref. C20-2 100  0.04 0  CaCl2 C    

ref. C20-4 100  0.08 0  CaCl2 C    

ref. C40-2 100  0.08 0  CaCl2 C    

ref. C40-4 100  1.06 0  CaCl2 C    

ref. S20-2 100  0.04   CaSO4 C    

ref. S20-4 100  0.08   CaSO4 C    

K20-2c 80 20 0.04 20 2 KOH K CF X  

K20-4c 80 20 0.08 20 4 KOH K CF X  

K40-2c 60 40 0.08 40 2 KOH K CF X  

K40-4c 60 40 1.06 40 4 KOH K CF X  

N20-2c 80 20 0.04 20 2 NaOH N CF X  

N20-4c 80 20 0.08 20 4 NaOH N CF X  

N40-2c 60 40 0.08 40 2 NaOH N CF X  

N40-4c 60 40 1.06 40 4 NaOH N CF X  

C20-2c 80 20 0.04 20 2 CaCl2 C CF X X 

C20-4c 80 20 0.08 20 4 CaCl2 C CF X X 

C40-2c 60 40 0.08 40 2 CaCl2 C CF X X 

C40-4c 60 40 1.06 40 4 CaCl2 C CF X X 

S20-2c 80 20 0.04 20 2 CaSO4 S CF X X 

S20-4c 80 20 0.08 20 4 CaSO4 S CF X X 

C20-2f 80 20 0.04 20 2 CaCl2 C FF X X 

C20-4f 80 20 0.08 20 4 CaCl2 C FF X X 

S20-2f 80 20 0.04 20 2 CaSO4 S FF X X 

C20-2cf 80 20 0.04 20 2 CaCl2 C CF+FF X  

S20-2cf 80 20 0.04 20 2 CaSO4 S CF+FF X  

 

Table 5: Composition of the OPC/BA mixtures 
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The blends were cast in 30-mm cubic moulds (Figure 12), stored at 40 °C and relative 

humidity (RH) > 90% for 24 h, then demoulded and allowed to cure at 40 °C and RH >90% 

for 7, 28, 56 and 90 days.  

 

 

 

 

 

 

 

 

 

Figure 12:Cubic moulds for cement mixtures 

 

Measurements of unconfined compressive strength (UCS) were made on triplicate 

specimens according to the ASTM C109 method. and expressed as specific unconfined 

compressive strength, SUCS (Pu, 1999). The SUCS is defined as the mechanical strength 

of a given mixture divided by its cement content and was used to identify any additional 

contribution of cement admixtures to mechanical strength other than that produced by the 

cement hydrates. 

The experiments were arranged according to two main factorial designs and the analysis 

of variance (ANOVA; Box et al., 2005; Montgomery, 2005) was applied to the experimental 

data. The ANOVA is a statistical method to derive information on the statistical significance 

of the main interaction effects between the factors as well as the error of the experiments.  

The first design (design 1) included the “activator type”, “bottom ash content” and “activator 

dosage” as the three factors. A mixed design was obtained with different levels of variation 

for the selected factors: 

 three variation levels for the “activator type”, CaCl2, NaOH and KOH (qualitative 

factor); 

 two variation levels for “activator dosage”, 0.04 and 0.08 wt % (quantitative factor); 

 two variation levels for “bottom ash content”, 20 and 40 wt % (quantitative factor). 

Due to the number of levels used in design 1 for the two quantitative factors “BA dosage” 

and “activator addition”, only linear main effects and interactions between factors could be 

estimated.  

The latter design (design 2) was arranged only for CaCl2 activator. The selected factors 
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were the “bottom ash content” and “activator dosage” according to a 32 full factorial design. 

The variation levels of the factors were: 

 three variation levels for the “activator dosage”, 0, 0.04 and 0.08 wt %; 

 three variation levels for the “bottom ash content”, 0, 20 and 40 wt %. 

Since in this case three variation levels of each factor were used, statistical processing of 

the experimental data allowwed for estimation of both linear and quadratic main effects and 

interactions. To evaluate the linear and quadratic effects of each factor the coefficients for 

orthogonal contrast (cj) were used (Table 6).  

 

Coefficient for orthogonal contrast 

Linear Quadratic 

-1 1 

0 -2 

1 1 

Table 6: coefficient for orthogonal contrast 

 

Taking into account the factors selected in the design 2 it was possible to subset the 

interaction between the two factors (activator dosage (A) and bottom ash content (S)) in 

four main components, each of these with 1 degree of freedom: AxSLXL; AxSLXQ; AxSQXL 

and AxSQXQ. The interaction effects were determined through the contrast coefficients 

shown in Table 7. 

 

AxSLxL  AxSQxL 
 SL   SL 

AL -1 0 1  AQ -1 0 1 
-1 1 0 -1  1 -1 0 1 
0 0 0 0  -2 2 0 -2 
1 -1 0 1  1 -1 0 1 
         

AxSLxQ  AxSQxQ 
 SQ    AQ  

AL 1 -2 1  AQ 1 -2 1 
-1 -1 2 -1  1 1 -2 1 
0 0 0 0  -2 -2 4 -2 
1 1 -2 1  1 1 -2 1 

 

Table 7: contrast coefficients for interaction effects 
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The designs were generally arranged as reported in Table 8 (e.g. results for design 2 at 

56-day curing). 

 

   S (%)  

   1 2 b   

   0 20 40 yi..  

A
(%

) 

  46.3 22.61 24.7   

1 0 41.5 29.78 24.6   

  49.6 26.19 25.7   

  137.5 78.58 75.1 291.1  

  58.6 43.4 45.1   

2 2 66.9 40.5 49.9   

  45.2 46.2 37.1   

  170.7 130.0 132.2 433.0  

  78.14 62.65 39.41   

a 4 41.26 31.52 41.19   

  47.38 39.51 39.59   

  166.7 133.6 120.1 420.6  

  y.j. 475.0 342.2 327.5 1144.9 y… 

Table 8: general arrangement for a factorial design (design 32; UCS value at 56-day curig) 

 

Where, yi.. denote the total of all observations under the ith level of factor “acvtivator 

dosage“ (A); y.j. denote the total of all observations under the jth level of factor “bottom ash 

content” (S); yij. denote the total of all observations under in the ijth cell and y… denote the 

grand total of all the observations. Mathematically these components are computed as: 
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Where: i = 1,2…a; j = 1.2...b and k = 1,2…n (in the case of design 2 a=b=n= 3). 

The ANOVA results were expressed in terms of sum of squares (SS) degrees of freedom 

(DF), mean squares (MS) and Fischer distribution (F0), as reported in Table 9. 
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Sum of squares  
((SSSS)) 

DF 
Mean sq.  

((MMSS)) 
F0 

SSA 1372.0 2 686.00 7.2 

SSS 1467.1 2 733.58 7.7 

SSINNTT 85.9 4 21.50 0.2 

SSE 1707.8 18 94.88  

SST 4632.9 26 178.1  

SSAxSLxL 20.8 1 20.8 0.2 

SSAxSLxQ 35.6 1 35.6 0.3 

SSAxSQxL 28.3 1 28.3 0.3 

SSAxSQxQ 1.1 1 1.1 0.01 

SSAL 930.9 1 930.9 9.8 

SSAQ 441.0 1 441.0 4.6 

SSSL 1209.1 1 1209.1 12.7 

SSSQ 258.0 1 258.0 2.7 

Table 9: the Analysis of Variance Table for 32 facorial design 

 

Mathematically these components are computed using the equations shown in Table 10. 

 

Table 10: ANOVA components 

 

For both factors, different predictive models were derived for each investigated curing time. 

The calculated main effects and interactions, in both cases, were processed through least-

squares linear regression to derive a predictive model for each design, describing the so-
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called response surface, for the variables of interest. The analytical formulation of the 

predictive models were as follows for design 1 and design 2, respectively: 

y = a0 + a1 x1 + a2 x2 + a3 x3 + a12 x1 x2 + a13 x1 x3 + a23 x2 x3 + a123 x1 x2 x3   (1) 

y = a0 + a1 x1 + a11 x1
2 + a2 x2 + a22 x2

2 + a12 x1 x2 + a112 x1
2

 x2 + a122 x1 x2
2 + a1122 x1

2
 x2

2 (2) 

In the two equations above, only significant effects were used to derive the model, implying 

that, case by case, non-significant terms were removed from the general formulations. 

The meaning of terms in equation (1) is as follows: 

 y is the response variable (e.g., UCS); 

 x1, x2 and x3 are the levels of the three factors “activator type”, “bottom ash content” 

and “activator dosage”; 

 ai(j)(k) are the coefficients of the polynomial function.  

while the meaning of terms in equation (2) is: 

 y is the response variable (e.g., UCS); 

 x1, x2 are the levels of the two factors “activator type” and “bottom ash content”; 

 a(i)(j)(j) are the coefficients of the polynomial function.  

In both cases the ANOVA results for UCS were computed for the four curing times 

investigated (7, 28, 56, 90 days). 

Simultaneous thermogravimetric (TGA) and differential scanning calorimetry (DSC) 

analyses were performed, for a number of selected samples, a thermal analyzer operating 

at a heating rate of 10°C/min in static air over a temperature range of 20-1000°C was 

used.  

The EN 14429 (ANC) leaching test was applied after mechanical strength testing on ball-

milled (Φ<150 µm) and oven-dried (60°C) specimens to assess the pH-dependent 

leaching of both major elements and trace metals from the hardened matrices. 

To derive information on both the evolution of the hydration process and the mechanisms 

governing the leaching of contaminants from the hardened materials for a number of 

selected samples (those that shown the best results), geochemical modeling of the ANC 

eluates was conducted using Visual Minteq as the mathematical code. To allow for a better 

description of the speciation of eluates from the cement-based materials, the standard 

thermodynamic database, which presently does not include solid phases typical of 

hydrated cementitious systems, was thoroughly updated and extended including the 

stability constants of several cement hydrates from different literature sources (U.S. 

Department of Energy, 2004; Astrup et al., 2006; Lothenbach and Winnefeld, 2006; Blanc 

et al., 2007; Hills, 2009; Hyks et al., 2009), which are listed in Table 11 with reference to 

the corresponding dissolution reaction. In some cases it was required to rearrange the 
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    nSI
measeq CC

1
10 

dissolution reaction to fit with the type of components used by Visual MINTEQ, and 

recalculate the stability constant accordingly. The application of the geochemical 

speciation code followed a three-step procedure: 

(1) the program was run using the measured eluate concentrations and pHs as the input 

data and suppressing precipitation for all solid phases;  

(2) potential solubility-controlling minerals where chosen among those displaying 

saturation indices (SI) in the range −1.5 ≤ SI ≤ +1.5 and on the basis of the likelihood of 

formation in cementitious systems;  

(3) the predicted concentrations of each element in equilibrium with the selected mineral 

phases were derived according to the following empirical equation (3) (Astrup et al., 2006): 

                 (3) 

where Ceq and Cmeas are the theoretical and measured element concentrations, 

respectively, while n is the stoichiometric coefficient of the element in the mineral of 

concern. In the modeling calculations, the hypothesis of oxidizing conditions was always 

assumed. 

 

Mineral Dissolution reaction log K 

Sulphate minerals   

K2SO4 K2SO4  2 K+ + SO4 -1.87 6 

Pentasalt (CaSO4)5K2SO4H2O  5 Ca2+ + 2 K+ + 6 SO4 + 6 H2O -29.3 6 

PbSO4PbO PbSO4PbO + 2 H+ 2 Pb2+ + SO4 + H2O -0.19 1 

Syngenite K2Ca(SO4)2  Ca2+ + 2 K+ + 2 SO4 -7.45 6 

C-S-H phases   

Afwillite 3CaO2SiO23H2O + 6 H+  3 Ca2+ + 2 H4SiO4 + 2 H2O 46.90 6 

C-S-H(0.8) 0.8CaOSiO22.2H2O + 1.6 H+  0.8 Ca2+ + H4SiO4 + H2O 11.08 6 

C-S-H(1.1) 1.1CaOSiO23.9H2O + 2.2 H+  1.1 Ca2+ + H4SiO4 + 3 H2O 16.72 6 

C-S-H(1.7) 1.7CaOSiO22.617H2O + 3.4 H+  1.7 Ca2+ + H4SiO4 + 2.317 H2O 29.52 2 

C-S-H(1.8) 1.8CaOSiO25.2H2O + 3.6 H+  1.8 Ca2+ + H4SiO4 + 5 H2O 32.60 6 

Jennite 1.5CaO0.9SiO2(OH)4.80.9H2O + 3 H+  1.5 Ca2+ + 0.9 H4SiO4 + 2.1 H2O 26.40 4 

Tobermorite 2CaO2.4SiO24H2O + 4 H+  2 Ca2+ + 2.4 H4SiO4 + 1.2 H2O 27.81 4 

AFm phases   

C4AH13 2CaOAl2O313H2O + 14 H+  4 Ca2+ + 2 Al3+ + 20 H2O 104.424 

C4AH19 4CaOAl2O319H2O + 14 H+  4 Ca2+ + 2 Al3+ +  26 H2O 100.602 

C4FH13 2CaOFe2O313H2O + 14 H+  4 Ca2+ + 2 Fe3+ + 20 H2O 99.50 4 

C2AH8 2CaOAl2O38H2O + 10 H+  2 Ca2+ + 2 Al3+ + 13 H2O 60.43 4 

C2FH8 2CaOFe2O38H2O + 10 H+  2 Ca2+ + 2 Fe3+ + 13 H2O 55.51 4 

C2ASH8 2CaOAl2O3SiO28H2O + 10 H+  2 Ca2+ + 2 Al3+ + H4SiO4 + 11 H2O 49.35 4 

C2FSH8 2CaOFe2O3SiO28H2O + 10 H+  2 Ca2+ + 2 Fe3+ + H4SiO4 + 11 H2O 44.44 4 
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C4AS’H12 3CaOAl2O3CaSO412H2O + 12 H+  4 Ca2+ + SO4
2- + 2 Al3+ + 18 H2O 74.29 4 

Cr-monosulphate 3CaOAl2O3CaSO415H2O + 12 H+  4 Ca2+ + CrO4
2- + 2 Al3+ + 21 H2O 71.62 7 

C4FS’H12 3CaOFe2O3CaSO412H2O + 12 H+  4 Ca2+ + SO4
2- + 2 Fe3+ + 18 H2O 69.37 4 

C4AC’H11 3CaOAl2O3CaCO311H2O + 12 H+  4 Ca2+ + CO3
2- + 2 Al3+ + 17 H2O 70.52 4 

C4FC’H11 3CaOFe2O3CaCO311H2O + 12 H+  4 Ca2+ + CO3
2- + 2 Fe3+ + 17 H2O 65.60 4 

C4AC’0.5H12 3CaOAl2O30.5Ca(OH)20.5CaCO311.5H2O + 13 H+  4 Ca2+ + 0.5 CO3
2- + 2 

Al3+ + 18.5 H2O 

86.23 4 

C4FC’0.5H12 3CaOFe2O30.5Ca(OH)20.5CaCO30.511.5H2O + 13 H+  4 Ca2+ + 0.5 CO3
2- + 2 

Fe3+ + 18.5 H2O 

85.63 4 

Fiedel’s salt 3CaOAl2O3CaCl210H2O + 12H+  4 Ca2+ + 2 Al3+ + 2Cl- + 16 H2O 72.04 6 

Kuzel’s salt 3CaOAl2O30.5CaCl20.5CaSO412H2O + 12H+  4 Ca2+ + 2 Al3+ + Cl- + 0.5 

SO4
2- + 18 H2O 

71.94 6 

AFt phases   

Cl-ettringite 3CaOAl2O33CaCl230H2O + 12H+  6 Ca2+ + 2 Al3+ + 6 Cl- + 36H2O 56.84 6 

Cr-ettringite 3CaOAl2O33CaCrO432H2O + 12 H+  6 Ca2+ + 2 Al3+ + 3 CrO4
2- + 38 H2O 60.54 7 

Fe-ettringite 3CaOFe2O33CaSO432H2O + 12 H+  6 Ca2+ + 2 Fe3+ + 3 SO4
2- + 38 H2O 51.98 4 

Tricarboaluminate 3CaOAl2O33CaCO332H2O + 12 H+  6 Ca2+ + 2 Al3+ + 3 CO3
2- + 38 H2O 60.69 4 

(Hydro)garnets   

C3AS3 3CaOAl2O33SiO2 + 12 H+  3 Ca2+ + 2 Al3+ + 3 H4SiO4 52.55 6 

C3AH6 3CaOAl2O36H2O + 12 H+  3 Ca2+ + 2 Al3+ + 12 H2O 79.53 4 

C3AS0.5 3CaOAl2O30.5SiO25H2O + 12 H+  3 Ca2+ + 2 Al3+ + 0.5 H4SiO4 + 10 H2O 74.12 6 

C3ASH4 3CaOAl2O3SiO24H2O + 12 H+  3 Ca2+ + 2 Al3+ + H4SiO4 + 8 H2O 69.37 6 

C3FH6 3CaOFe2O36H2O + 12 H+  3 Ca2+ + 2 Fe3+ + 12 H2O 74.61 4 

CAH10   

CAH10 CaOAl2O310H2O + 8 H+  Ca2+ + Al3+ + 14 H2O 38.51 4 

Mg phases   

Hydrotalcite Mg4Al2(OH)143H2O + 14 H+  2 Al3+ + 4 Mg2+ + 17 H2O 73.96 4 

CO3-hydrotalcite Mg4Al2(OH)12CO32H2O + 12 H+  4 Mg2+ + CO3
2- + 2 Al3+ 50.85 4 

Other phases   

Akermanite Ca2MgSi2O7 + 6 H+ + H2O  2 Ca2+ + Mg2+ + 2 H4SiO4 46.08 5 

Anorthite CaAl2Si2O8 + 8 H+  Ca2+ + 2 Al3+ + 2 H4SiO4 25.31 5 

CA CaOAl2O3 + 8 H+  Ca2+ + 2 Al3+ +  4 H2O 45.73 2 

CA2 CaO2Al2O3 + 14 H+  Ca2+ + 4 Al3+ + 7 H2O 61.77 2 

C2S 2CaOSiO2 + 4 H+  2 Ca2+ + H4SiO4 38.82 2 

C3S 3CaOSiO2 + 6 H+  3 Ca2+ + H4SiO4 + H2O 73.66 2 

C3A 3CaOAl2O3 + 12 H+  2 Al3+ + 3 Ca2+ + 6 H2O 113.056 

C4AF 4CaOAl2O3Fe2O3 + 20 H+  2 Al3+ + 2 Fe3+ + 4 Ca2+ + 10 H2O 140.516 

C12A7 12CaO7Al2O3 + 66 H+  12 Ca2+ + 14 Al3+ +  33 H2O 487.202 

Ca oxychloride 3CaOCaCl216H2O + 6 H+  4 Ca2+ + 2Cl- + 19 H2O  68.75 6 

Ca zincate CaZn2(OH)62H2O + 6 H+  Ca2+ + 2 Zn2+ + 8 H2O 43.90 3 

Ca-zeolite P CaOAl2O32.6SiO23.2H2O + 8 H+  Ca2+ + 2 Al3+ + 2.6 H4SiO4 + 2 H2O 20.20 6 
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Chabazite CaAl2Si4O126H2O + 8 H+  Ca2+ + 2 Al3+ + 4 H4SiO4 + 2 H2O 13.63 6 

Forsterite Mg2SiO4 + 4 H+  2 Mg2+ + H4SiO4 28.60 5 

Gehlenite Ca2Al(AlSi)O7 + 10 H+  2 Ca2+ + 2 Al3+ + H4SiO4 + 3 H2O 55.23 5 

Leucite KAl(SiO3)2 + 2 H2O + 4 H+  K+ + Al3+ + 2 H4SiO4 6.42 3 

Merwinite Ca3Mg(SiO4)2 + 8 H+  3 Ca2+ + Mg2+ + 2 H4SiO4 69.28 5 

Na-zeolite P Na2OAl2O32.6SiO23.2H2O + 8 H+  Ca2+ + 2 Al3+ + 2.6 H4SiO4 + 2 H2O 26.40 6 

ZnFe2O4 ZnFe2O4 + 8 H+  Zn2+ + 2 Fe3+ + 4 H2O 9.85 1 

ZnSiO3 ZnSiO3 + H2O + H+  Zn2+ + H4SiO4 2.93 3 

Wairakite CaAl2Si4O122H2O + 2 H2O + 8 H+  Ca2+ + 2 Al3+ + 4 H4SiO4 18.87 3 

Wollastonite CaSiO3 + H2O + H+  Ca2+ + H4SiO4 12.99 3 

1 Dijkstra et al., 2002 ;  2 U.S. Department of Energy, 2004;  3 Astrup et al., 2006;  4 Lothenbach and Winnefeld, 

2006;  5 Blanc et al., 2007;  6 Hills, 2009;  7 Hyks et al., 2009 

Table 11: Stability constants of the new mineral phases added to the standard thermodynamic 

database in Visual MINTEQ, based on the dissolution reactions reported 

 

To improve the modelling predictions for trace metals, additional runs of the geochemical 

speciation program for selected cases were performed, accounting for the binding of trace 

metals onto the surface of hydrous ferric oxide (HFO). This was described using the diffuse 

layer model (DLM) proposed by Dzombak and Morel (1990) which is incorporated in the 

Visual Minteq code. The thermodynamic database for surface complexation was modified 

by increasing the log K of the complexation reaction of Pb onto high-capacity/low-affinity 

sites from 0.3 to 1.7, as suggested by Meima and Comans (1998) and also used by other 

investigators (see e.g. Martens et al., 2010). Surface sorption onto amorphous aluminum 

minerals (AAM), which have been demonstrated to have a binding capacity towards metal 

ions (Stumm and Morgan, 1995; Meima and Comans, 1998), was also taken into account 

by means of the same surface complexation model as before. Due to the lack of a 

consistent thermodynamic data set for complexation by AAM, HFO was used as a 

surrogate sorbent mineral for AAM, considering the similarities in the degree of 

coordination, charge and reactivity of Fe(III) and Al(III) in such (hydr)oxide forms (Meima 

and Comans, 1998); the same specific surface area and concentration of binding sites as 

HFO were used in the calculations, assuming a 1:1 molar equivalence between HFO and 

AAM. The measured leachate concentrations of Fe and Al at pH < 2 were taken as a 

measure of the total amount of HFO and AAM in the samples, as suggested by Engelsen 

et al. (2009). The amount available for sorption was estimated from low-pH eluates for 

trace metal cations and from alkaline pH leachates for Cr. 
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2.2 Production of geopolymeric materials from bottom ash 

The aim of this experimental study is to investigate the feasibility to produce geopolymers 

starting from incinerator BA materials. Taking into account the relatively few experience of 

the research fiel the present study is addressed to identify the process, and corresponding 

process parameters, that could be applied to this material in order to obtain a good level of 

matrix geopolymerization. In addition, the investigation has been also addressed to better 

understand the geopolymer chemistry. The interest on geopolymers production starts from 

the assumption that this material could represent a new “raw material” for cement 

production or to replace use of binders because it possesses its own structural strength 

with no need of adding cement or any other blending material.  

Bottom ash was selected as a potential candidate for the geopolymer production process 

on account of its composition, being assumed to provide Ca, Si and Al elements to the 

reacting medium. As reported in the introduction section, the last two elements are 

considered to be the most important in view of formation of the geopolymer network. BA 

pre-treatment involved ball-milling the dried as-received material to a final mean particle 

size below 425 m taking into account that the finesses plays an important role in the 

development of mechanical strength in alkali-activated mixtures (Khale et al., 2007; 

Fernandez Jimenes and Palomo, 2003). 

The alkaline activator used for geopolymerization included a sodium silicate solution (SiO2 

= 26.91%; Na2O = 8.68%; SiO2/Na2O = 3.1 w/w) and an NaOH solution (10-15.5 M), which 

were mixed in different proportions to provide the desired reacting medium. Metakaolin 

(MK) was used to adjust the Si/Al ratio in the desired range of values; metakaolin was 

obtained from commercial-grade kaolin by calcination at 800°C for 2 hours in air. Milled BA 

was mixed with the alkaline activator at a solid-to-liquid (S/L) ratio of 4 kg/l except for 

pastes with the highest metakaolin content, where additional water was required to ensure 

a suitable workability, resulting in a S/L ratio of 3.3. 

Different pastes were tested for the geopolymerization process by varying the Si/Al molar 

ratio (1.28-2.29) and the NaOH concentration (5-9 M) in the alkaline medium as a source 

of metallic cations to the dissolving medium, which are known to be required to attain a 

neutrally charged matrix during geopolymer synthesis (Table 12).  

The first two steps (dissolution of solid alumino-silicate oxides, diffusion and transportation 

of dissolved Al and Si complex) of the geopolymerization process occur in the mixing stage 

(Feng et al., 2004).  
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The paste preparation procedure was performed as described below: 

 preparation of the activator solution. This involved dissolving NaOH pellets in 

deionised water to reach the desired concentration. The strongly exothermic 

reaction required cooling the solution to ambient temperature before use. The 

NaOH solution was mixed with the Na silicate solution for 5 minutes using a 

magnetic stirrer at 600 rpm); 

 hand-mixing of the dry BA and metakaolin for 2 minutes; 

 hand-mixing for additional 7 minutes of the resulting dry mixture with previously 

blended Na silicate and NaOH solutions to obtain a homogeneous paste. 

    Mixture components   Final values 

Name 
Sample 
code BA MK Na silicate sol. NaOH sol. S/L ratio Si/Al NaOH 

    (g) (g) (ml) (M) (ml) (g/ml) (mol/mol) (M) 

A S-2.29-6 15.8 4.2 3 15 2 4 2.29 6 

B S-1.69-6 11.7 8.3 3 15 2 4 1.69 6 

C S-1.28-6 4.6 15.4 3.5 14.5 2.5 3.3 1.28 6 

D S-2.29-9 16.2 3.8 2 15 3 4 2.29 9 

E S-1.69-9 12.3 7.7 2 15 3 4 1.69 9 

F S-1.28-9 5.7 14.3 2.5 15.5 3.5 3.3 1.28 9 

G S-2.29-12 16.7 3.3 1 15 4 4 2.29 12 

H S-1.69-12 13 7 1 15 4 4 1.69 12 

I S-1.28-12 7.2 12.8 1 14.5 5 3.3 1.28 12 

J S-2.29-5 16 4 2.5 10 2.5 4 2.29 5 

L S-1.69-5 12 8 2.5 10 2.5 4 1.69 5 

M S-1.28-5 5.2 14.8 3 10 3 3.3 1.28 5 

O S-2.29-7.5 16 4 2.5 15 2.5 4 2.29 7.5 

P S-1.69-7.5 12 8 2.5 15 2.5 4 1.69 7.5 

Q S-1.28-7.5 5.2 14.8 3 15 3 3.3 1.28 7.5 

Table 12: Compositional characteristics of mixtures used for geopolymer synthesis 

 

The resulting pastes were cast in 20-mm diameter, 45-mm height cylindrical steel moulds 

(Fugure 13) manually compacted with a steel piston to reduce the presence of voids in the 

specimen, and de-moulded afterwards.  
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Figure 13: Cylindrical steel moulds and geopolymer samples obtained 

The cylindrical specimens were transferred to an oven where they were heated at 75°C for 

24 hours; such operating values were selected on the basis of the results from preliminary 

tests. After the heat treatment the specimens were wrapped in parafilm foils to prevent 

oxidation, carbonation and evaporation, and cured at room temperature for 7, 28 and 56 

days. After the selected curing times, the products were tested for physical, mechanical, 

mineralogical, microstructural and leaching properties.  

Physical and mechanical characterization involved triplicate measurements of unconfined 

compressive strength (UCS). On the basis of the results obtained for mechanical strength, 

a number of representative samples were also characterized in terms of wet apparent unit 

weight (measured on the humid sample using the volume displacement principle), total 

porosity and solids unit weight (pycnometric measurement), mineralogical and 

microstructural characteristics, in order to better understand the unfold of the 

geopolymerization process (see Table 13). These selected samples are: 

 samples S-2.29-7.5 and S-2.29-5 (which gave the best results in terms of UCS), 

characterized by the same Si/Al molar ratio (2.29) and different NaOH molar 

concentrations in the alkaline solution (7.5 and 5 M respectively);  

 samples S-1.69-7.5 and S-1.28-7.5 (which yielded the lowest UCS values), with the 

same NaOH concentration as that of sample S-2.29-7.5, but with a different Si/Al 

molar ratios (1.69 for sample S-1.69-7.5 P and 1.27 for sample S-1.28-7.5). 

Mineralogy and microstructure were investigated through SEM/EDAX, FT-IR, XRD, 

RAMAN spectroscopy and TGA/DTA analyses; while SEM observations were carried out 

on specimen fragments obtained from mechanical testing, the other analytical techniques 

were applied on powdered samples.  

SEM analyses was conducted using a Phillips XL- 30 microscope with an operating 

voltage of 25 kV a spot size of 200 nm; a tilt angle of 35°; a take-off angle of 61.34°, 

equipped with an energy dispersive EDAX DX-4 spectrometer set with a count rate of 

about 1200 cps and a  live time of 50 s). The samples were first impregnated with an ultra-

low viscosity resin and then polished. A carbon film (about 3 nm) was deposited onto the 

polished surfaces of samples under vacuum to prevent charging.  
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FT-IR absorbance spectra were collected with an Impact 420 Nicolet instrument in the 

wavenumber range 4004000 cm−1 with a resolution of 4 cm1 on pellets with KBr. 

The X-Ray Diffraction (XRD) analysis was performed using a Siemens D 501 

diffractometer with Cu Kα radiation scanning the unoriented powder solids from 20 to 80◦ 

2θ with a 0.04 2θ step interval and a 1 s per step counting. Raman spectra were collected 

between 100 and 1800 cm-1 using using an Horiba Jobin Yvon LABRAM Infinity 

spectrometer coupled with an Olympus BX 40 microscope and equipped with an optical 

notch filter, a charge coupled device detector, and a 20mW He–Ne laser standard HR 800 

(k = 632.817 nm).  

Simultaneous TGA/DTA analyses were performed at a heating rate of 10 °C/min in static 

air over a temperature range of 20–1000°C.  

 

Name O J P Q BA 

Sample code S-2.29-7.5 S-2.29-5 S-1.69-7.5 S-1.28-7.5  

Curing time 7 28 7 28 7 28 7 28   

Physical Charact. x   x   x   x     

SEM/EDX 
(piece) x  x x      

(powder) x  x  x  x  x 
TGA/DTA (powder) x  x  x  x   

XRD (powder) x   x   x   x   x 

ANC (powder) x  x  x  x  x 

Raman (powder) x x x x x x x x x 

FT-IR (powder) x x x x x x x x x 

Table 13: Samples selected for microstructural and leaching characterization 

 

The EN 14429 (acid neutralization capacity, ANC) leaching test was applied after 

mechanical strength testing on ball-milled (<425 m) specimens to evaluate the pH-

dependent leaching of the main trace metals (Zn, Cr, Cu, Ni and Pb) from the 

geopolymeric matrices to infer on metal immobilization yield. This test was conducted on 

the same samples characterized in terms of microstructure at 7-day curing; the leaching for 

samples cured for longer periods was not investigated assuming that for geopolymeric 

materials a period of 7 days was long enough to allow for the most relevant mineralogical 

transformations to occur. 
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3. Results and Discussion: Bottom ash 
characterization 

Fresh bottom ash was sampled at the exit of the quenching unit, homogenized by 

quartering (Figure 14 (a)), and dried at 60°C (until constant weight, about 48 hours) (Figure 

14 (b) and (c)).  

 

 

 

 

 

 

Figure 14: quartering (a), wet sample (b), dry sample (c) 

 

During quartering the coarse fractions with a size between 15 and 40 cm were separated 

by hand. The total amount of these fractions, mainly composed by coarse glass, plastics 

and metal objects, accounted for about 6% wt of the materials for each BA sample and 

was discarded for the subsequent treatment. The humidity was also determinate for both 

samples; Sample 1 resulted more humid than Sample 2: 25.54% versus 14.67% respectly. 

3.1 Size classification  

The bottom ash were sieved into several size classes  to identify the particle size 

distribution shown in Figure 15 a for sample 2. After sieving, 4 classes were separated 

from both samples: class A [12.5>Φ>5.6 mm], class B [5.6>Φ>2mm], class C 

[2>Φ>0.425mm] and class DE [Φ<0.425 mm]. Class C was more aboundant in Sample 1 

than in Sample 2 (47 wt% and 36 wt% respectively). All the other classes, instead, were 

more abundant in sample 2: class A 15 wt% in Sample 2 versus 10 %wt in Sample 1, class 

B 36 wt% in Sample 2 versus 35 wt% in Sample 1 and class DE 13 wt% versus 9 wt%. 

Only for Sample 1 the finer fraction (DE) was also separated in two parts: class D 

[0.425>Φ>0.150 mm], accounted for about 6 wt%, and class E [Φ<0.150 mm], accounted 

a b c 
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for about 3 wt%. Considering the three coarse fractions (A, B, C) together (CF), they 

represent 91 wt% of Sample 1 and 87 wt%  of Sample 2. Class DE, that rapresents the 

fine fraction (FF) of the material was equal to 9 wt% of Sample 1 and 13 wt% of Sample 2.  

 

 

Figure 15: particle size distribution for Sample 2, comparison of class weights between Sample 1 and 

Sample 2 

3.2 LOI determination 

The LOI for CF was equal to 19.70% for Sample 1 and 5.08% for Sample 2. Conversely for 

FF the LOI value of Sample 1 was lower than for Sample 2, (11.24% and 14.11% 

respectively). In addition while for Sample 1 the LOI value of CF was higher  than the LOI 

of FF in the case of sample 2 the trend is opposite. 

In particular, the LOI values measured for the CF of Sample 2 were in good agreement 

with the results of other studies (Izquierdo et al., 2002; Giampaolo et al., 2002), and the 

relatively high values measured for the FF could be associated with chemically bound 

water in hydroxide species, carbonates and with organic matter. In order to confirm this 

last results the carbonates were also measured. The carbonate values measured were 

around 10% for CF and about 14% for FF. 

3.3 Elemental Composition 

The elemental composition and anion content of the size classes for both samples are 

reported in Table 14. The corresponding values for the combined classes are also reported 

to highlight the contribution of each size class to the chemical composition of the original 

sample. 
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Concentration (mg/kg) ± std. error (%) 

 Sample 1 Sample 2 

Element

/Anion 
CF FF CF+FF CF FF CF+FF 

Al 59691  8% 44051  6% 58322 ± 8% 41836 ± 2% 37142 ± 2% 41213 ± 2% 

As 2.1  25% 1.2  26% 2.0± 25% 3.6 ± 6% 2.3 ± 6% 3.4 ± 6% 

Ca 248567  9.0% 272715  11% 250680 ± 10% 271073 ± 6% 299977 ± 13% 274910 ± 7% 

Cd 25.2  25% 14.0  25% 23.2 ± 25% 4.6 ± 25% 32.0 ± 25% 8.3 ± 15% 

Cr 478  4% 517  4% 481 ± 4% 368 ± 4% 510 ± 1% 387 ± 4% 

Cu 6278  21% 6790  18% 6322 ± 19% 6021 ± 17% 4920 ± 9% 5875 ± 16% 

Fe 18467  16% 17725  19% 18401 ± 17% 29398 ± 3% 2925 ± 4% 29377 ± 3% 

K 5110  11% 4470  5% 5054 ± 11% 3935 ± 2% 3440 ± 1% 3869 ± 2% 

Mg 18029  9% 17829  6% 18011 ± 8% 18820 ± 5% 19627 ± 2% 18927 ± 4% 

Mn 488  6% 490  4% 488 ± 6% 706 ± 5% 778 ± 5% 715 ± 5% 

Mo 12.8  11% 14.4  14% 24.0 ± 15% 30.2 ± 3% 31.4 ± 10% 30.4 ± 4% 

Na 17851  20% 14695  17% 17575 ± 20% 17630 ± 1% 16619 ± 3% 17496 ± 1% 

Ni 110  21% 152  13% 114 ± 19% 171 ± 22% 186 ± 19% 173 ± 22% 

Pb 3064  18% 4235  25% 3166 ± 19% 1318 ± 11% 1931 ± 17% 1399 ± 12% 

Sb 39.5  25% 34.8  22% 39.0 ± 25% 130 ± 16% 187 ± 9% 137 ± 15% 

Si 104422  21% 66640  25% 101115 ± 25% 154076 ± 3% 120359 ± 6% 149600 ± 3% 

Zn 2194  17% 1964  13% 2173 ± 17% 6363 ± 7% 4949 ± 2% 6175 ± 6% 

Cl 22522  5% 17865  7% 22114 ± 6% 48718 ± 5% 91688 ± 4% 54423 ± 5% 

SO4
2 11912  8% 10331  1% 11773 ± 7% 2416 ± 5% 15058 ± 2% 4095 ± 5% 

Table 14: Bottom ash elemental composition for CF, FF and CF+FF for Sample 1 and Sample 2 

 

The elemental composition was similar for both samples analyzed. Considering the total 

sample, the main differences were related to the concentrations of heavy metals. Sample1 

was richer by about 48% in Cd, about 11% in Cr and about 39% in Pb. The Cu 

concentration was very similar for both classes, with a difference by 4% more in Sample 1. 

Conversely sample 2 was richer in Ni (about 21%) and in Zn (about 48%). Considering the 

main constituents, in particular Al, Ca and Si: Sample 1 presented 17% more of Al than 

Sample 2, that was 5% and 19% richer in Ca and Si respectively.  

Other differences among the two samples were the concentrations of sulphate and 

chloride: the former was more abundant in Sample 1 (by about 48%) while the latter in 

Sample 2 (by about 42%).  

A comparison between the CF and the FF, for each sample, confirms the results of a 

previous study (Chimenos et al., 2003) which indicated a larger amount of heavy metals in 
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the FF in comparison to the CF. This result was valid for all trace metals in Sample 1 

except for Zn, while for all metals in Sample 2 except for Zn and Cu.  

Sample 1 was used to test different types of alkaline activators to promote the pozzolanic 

reactions and the performance of BA when used to produce blended cement. For this 

experimental study, it was decided to test separately the CF and the FF, starting from the 

assumption that the FF was more reactive than the CF. The different results obtained 

especially in terms of mechanical strength were studied in order to better understand if the 

differences in the original particle size and composition can play a key role in the 

performance of the final products obtained. At the end of the experimental study some 

tests were also conducted using the combined material (CF+FF) testing only on the best 

conditions identified. 

Sample 2 was used for a preliminary study on geopolymer materials production. The main 

elements relevant for the geopolymerization process are Si, Al and Ca. These three main 

elements were present at similar concentrations in both classes, even if the CF was richer 

in Si and Al (154.08 and 41.84 g/kg respectively) than the FF (120.36 and 37.14 g /kg) and 

less abundant in Ca (271.07 g/kg for CF versus 299.98 for FF). Also the Fe, Na, K, Mg and 

Mn concentrations appeared to be equally distributed among the two classes. Taking these 

observations into account, with a view to a possible future industrial application it may be 

judged more appropriate to use BA without any preliminary size separation. The 

combination of CF and FF presented, in terms of the main oxides of concern, the following 

concentrations: 15.57% of Al2O3, 32.06% of SiO2 and 38.47% of CaO. These values were 

judged to be satisfactory in view of the application for geopolymers production. In addition, 

the FF in the original sample was present in quite a low amount and, even if this fraction 

was richer in heavy metals, its larger fineness could have a good effect on improving the 

mechanical strength of the geopolymer materials.  

3.4 EN 12457-2 test 

The results of the EN 12457-2 compliance test indicated that both size fractions of each 

sample were alkaline in nature, with a pH ranging between 12.4 and 12.9 (see Table 15). 

These clearly alkaline characteristics were due to the large presence of alkaline metal 

oxides that, during an hydrolysis process, are transformed into hydroxides like portlandite 

(Ca(OH)2) (Johnson et al., 1995), as confirmed also through the high LOI values measured 

that, as already explained, are related to the hydroxide and carbonates content in the 

materials. 
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 Concentration (mg/l) 

Element pH Cd Cr Cu 

 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 

CF 12.56 12.40 <0.0005 <0.0005 0.01 0.01 0.02 0.26 

FF 12.67 12.88 <0.0005 <0.0005 0.06 0.02 0.09 0.09 

CF+FF 12.71 11.84 <0.0005 n.a. 0.04 0.02 0.08 0.06 

EU LD 
(hazardous waste) 

  0.2 7 10 

EU LD 
(non hazar. waste) 

  0.0129 1 5 

EU LD (inert waste)   0.004 0.05 0.20 

DM 
05/02/1998 (reuse) 5.512.0 0.005 0.05 0.05 

Detection limit   0.0005 0.002 0.002 

         

Element Ni Pb Zn   

 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2   

CF 0.004 0.01 2.11 0.32 0.09 0.45   

FF 0.01 <0,002 5.89 2.1 0.11 0.47   

CF+FF 0.03 <0,002 2.52 0.04 0.06 0.06   

EU LD 
(hazardous waste) 

 5.0000 20   

EU LD 
(non hazar. waste) 

 1.0000 5   

EU LD (inert waste) --- 0.05 0.40   
DM 

05/02/1998 (reuse) 
0.01 0.05 3.00   

Detection limit 0.002 0.002 0.02   

Table 15: Comparison between EN 12457-2 test results (natural pH) and regulatory limits for 

selected heavy metals of both BA samples 

 

For both samples and all fractions analyzed Pb was highly mobile. The leachate 

concentrations were found to be above the limit established by the EU regulation for non-

hazardous waste landfills for CF and CF+FF of Sample 1 and FF of Sample 2, while the 

concentration for FF of Sample 1 was even above the limit for hazardous waste landfills. 

For Sample 2 CF and the combination of CF and FF were above the limits for inert waste 

landfills. 

Zn showed for all classes of Sample 2 leachate concentrations above the limit established 

by the EU regulation for inert waste landfills, while for all the fractions of Sample 1 the 

values measured were all below the regulatory limits. The Cu leachate concentration for 

both Samples 1 and 2 was higher than the Italian limit for reuse, while the CF of Sample 2 

showed a value above the limit established by the EU regulatory for inert waste landfills. 



Resul ts  and Discuss ion:  Bot tom ash character izat ion 

- 66 - 

The Ni concentrations in the leachate from FF of Sample 1 and CF of Sample 2 showed 

values equal to the Italian regulatory limit for waste reuse. The Cr concentration in the 

eluate from the FF of Sample 1 was above the Italian regulatory limit for reuse while all the 

other fractions analysed for both samples were all below all the regulatory limits. Finally the 

Cd concentrations were always below the detection limit. 

3.5 ANC TEST  

For Sample 1 the ANC test was conducted separately for each size class analysed: class 

A [12.5>Φ>5.6 mm], class B [5.6>Φ>2mm], class C [2>Φ>0.425mm], class D 

[0.425>Φ>0.150 mm] and class E [Φ<0.150 mm]. 

For Sample 1 (see Figure 16) notably different acid neutralization behaviours were 

observed for the five size classes investigated. Differences in the titration curves were 

evident in both the pH values at which the plateaus occurred and in the amount of acid 

required to reach specific pH values. In terms of total acid neutralization capacity, fraction 

E followed by fraction D displayed the strongest total buffering behavior, while the weakest 

value was presented by fraction A. Fractions B and C, although starting from different 

natural pHs, showed similar trends of the titration curves. Fraction E also displayed a pH 

plateau of appreciable width at a pH of ~7, indicating the presence of a specific buffering 

phase in this pH region. 

For Sample 2 the ANC test was conducted on theCF, FF and CF+FF fractions. As it is 

shown in Figure 16, the ANC curves obtained for the CF and the CF + FF had a very 

similar buffering behavior. This result confirms the low influence of FF on the mixture due 

mainly to its small amount. As obtained also in the ANC analysis of Sample 1 the strongest 

buffering capacity was shown by the finer fraction. In particular, the titration curve for the 

FF of Sample 2 resembled the curve for fraction D of Sample 1 (Figure 16). 

Concerning metal leaching, the concentrations in the leachates from Sample 1 (Figure 17) 

were appreciably different for the various size fractions only in the case of Cr, for which the 

finer classes were found to displayed a higher release particularly at pHs above 6. For the 

other metals the variations between the leaching curves were less evident, with generally 

more similar release trends as a function of pH. 
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Figure 16: ANC curves for Sample 1 (a), for Sample 2 (b) and comparison between both Samples 

 

 

 

 

 

 

 

 

 

 

Figure 17: Sample 1 - Metals leaching 

 
For Sample 2 (Figure 18) the raw material (CF+FF) and CF showed very similar metals 

leaching curves, likely for the same reason indicated above to explain the trend of the 

titration curves (slight influence of the FF). In addition, similarly to what observed for 
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Sample 1, Cr  was found to be released in higher amounts by the FF as compared to the 

other materials.  

 
 

 

 

 

 

 

 

 

 

Figure 18: Sample 2 - Metals leaching  

3.6 Mineralogical and morphological characterization of BA Sample 2  

The mineralogical and morphological characterization was conducted only on the whole 

Sample 2 to better understand the influence of BA on the geopolymer formation process 

and to evaluate the differences between the BA structure and that of the geopolymeric 

products. 

SEM micrographs (100 magnification) were collected to study the morphology of the 

materials (Figure 19(a)). The picture showed loose particles with large areas characterized 

by a dark grey level (P2 area) intermixed with light gray zones (P3 area) of more limited 

extension more visible in the zoomed image (Figure 19 (b)). In addition some small white 

inclusions (P1 area) were visible.The three different areas were analyzed for elemental 

composition through EDAX analysis (Figure 19 (c)). The EDAX measurements showed a 

similar composition for both grey zones (dark and light), while the white area was 

characterized by larger amounts of heavy metals (in particular Pb). In detail: 

 the light grey area (P3) mainly contained Ca (16 mol%), Si (13.5 mol%) and Al (5.4 

mol%), which could roughly be described by the presence of CaO, SiO2 and Al2O3 

at molar ratios of 6:5:1; lower contents of C (4.6 mol%), Na (3.7 mol%), Cl (1.9 

mol%) and Mg (1.3 mol%) were also detected; 
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 dark grey zones (P2) mainly contained Si (24.4 mol%), Na (9.8 mol%) and Ca (7.3 

mol%), with smaller concentrations of C (3.9 mol%), Al (2.8 mol%) and Mg (1.4 

mol%). 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: SEM micrograph (a and b) and results of EDAX spot analysis (c) for powdered BA 

(Sample 2) 

 

Infrared spectra (Figure 20) of the same sample were also acquired to have a comparison 

between the raw material and new geopolymer materials produced.  

 

 

 

 

 

 

 

Figure 20: FT-IR spectra for CF+FF fraction of sample 2 and position of the main peaks 
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The main peaks identified are placed around: 

 3690 cm1 associated to OH stretching in the Ca(OH)2 structure (Yousuf et al., 

1995); 

 16401660 cm1 and 34403460 cm1 associated to stretching and deformation 

vibrations of OH and HOH groups (Chindaprasirt et al., 2009; Barbosa et al., 

2003; Lee et al., 2002; Palomo et al., 1999); 

 1450 cm-1 associated to the presence of OCO stretching vibration in carbonate 

(Barbosa et al., 2003, Andini et al., 2008, Mozgawa et al., 2009, Lee et al., 2003); 

 980-1040 cm-1 associated to asymmetric stretching vibrations of SiO/AlO bonds 

(Barbosa et al., 2000, Phair et al., 2002); 

 450470 cm1 assigned to the in-plane bending vibration of SiOSi (Barbosa et al., 

2000, Phair et al., 2002). 

According to previous studies (Barbosa et al., 2000, Phair et al., 2002), the peaks centred 

at 9801040 cm1 and 450470 cm1 were assumed as the main molecular vibration 

fingerprints of geopolymeric materials. While the latter was not present in the BA, the 

former appeared but with a different shape and intensity if compared to the peak of the 

geopolymeric materials (Figure 45).  

The BA was also characterized through RAMAN spectroscopy. Several Raman spectra 

(one for each area characterized by a different colour) were collected. Figure 21shows the 

results of the anlaysis.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21: Raman spectra collected for the CF+FF of Sample 2 in three main areas: grey (G), white 

(W), black (B) 
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In the white zone a double peak around 1400 cm-1 was observed, probably associated to 

alumina. The same peak, although less pronounced, was also detected in the Raman 

spectrum of the grey zone. In a spectrum associated to the black zone some small peaks 

around 1050 cm-1, 700 cm-1 and between 150 and 300 cm-1 were detected which were 

likely associated to calcite. In the grey zone a large numbers of peaks ranging from 150 

and 300 cm-1, around 500 cm-1 and between 600 and 1000 cm-1 were identified, which 

could be attributed to several phases listed in Table 16 including gehlenite, hematite, 

quartz, amorphous and crystalline silica or C-S-H. Unfortunately the noise of the spectra 

probably due to the amorphous nature of the material, makes a more accurate spectra 

interpretation difficult. This is the main restriction of RAMAN spectroscopy application to 

amorphous materials, even if RAMAN spectroscopy could provide a good support for the 

mineralogy characterisation when coupled with other techniques (e.g. XRD).  

 

cm-1 Raman shift     

Alumina 1381 1410      double peak 

Silicon 520        

Amorphous silica 540       broad peak 

Calcite 155 281 711 1087    not all visible 

Quartz 130 208 466     not all visible 

Gehlenite 620 656 690 910    not all visible 

Hematite 225 245 291 410 490 610 660 not all visible 

CSH 650       broad peak 

Table 16: Main RAMAN peaks 

 

The analysis of XRD spectra confirmed the results of elemental analysis and RAMAN 

measurements. In detail the results of XRD for the CF+FF (Figure 22) confirm the findings 

of other literature studies (Chimenos et al., 1999; Eusden et al., 1999; Freyssinet et al., 

2002; Piantone et al., 2004).  

Gehlenite (Ca2Al2SiO7), a mineral of the melilite group, showed the most intense diffraction 

peaks together with quartz and hydrocalumite (Ca2Al(OH)6[Cl1_xOx]3H2O). Calcite 

(CaCO3), which is typically formed as a result of hydration and carbonation reactions 

during quenching and storage, was also identified.  

Other important phases detected by XRD analysis included dicalcium silicate (Ca2SiO4) 

and hematite (Fe2O3).  
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Figure 22: XRD spectra for BA sample 2 
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4. Results and Discussion: BA activation 
for blended cement formulation 

4.1 Mechanical properties 

The results from mechanical characterization of the cementitious materials are reported in 

Figure 23 (activation Method 1) in terms of UCS values for the coarse BA fraction (CF). 
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Figure 23: Unconfined Compressive Strength (UCS) UCS of mixtures containing the CF of BA 

 

The addition of un-activated BA (samples U20c and U40c) was observed to result in 

decreased mechanical strength values in comparison to the control mixture (100%OPC). 

When activated BA was used as a cement admixture, the effects produced on mechanical 

strength were dependent on the type of chemical activator added. As a general feature, the 

four activators tested always produced a gain in mechanical strength in respect to the 

specimens without activator addition (samples U20c and U40c), however the UCS values 

were largely variable depending on the individual activator used. In particular, as already 

observed in a previous study on a BA sample from a different source (Polettini et al., 2005; 
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2009), CaCl2 was capable of improving the mechanical characteristics of cementitious 

blends in respect to the control mixture, as also observed by other authors in the activation 

of natural pozzolans (Shi and Day, 2001). The addition of small amounts of CaCl2 is known 

to decrease the solubility of Ca(OH)2, at the same time increasing its dissolution rate, thus 

improving the rate of pozzolanic reactions (Shi and Day, 2000 (a)). Furthermore, CaCl2 is 

known to decrease the setting time, as well as to promote the formation of 

monochloroaluminate, C3ACaCl210H2O (Shi, 1998). In the present study the best results 

were obtained for a 20% BA content at 2% CaCl2 addition, with UCS values of 44.6, 43.3, 

52.9 and 57.7 MPa after 7, 28, 56 and 90 days, as opposed to 42.0, 45.8, 44.9 and 51.1 

MPa measured for the control sample (100% OPC); increasing the CaCl2 addition from 2% 

to 4% appeared to exert a minor effect on strength improvement. When the BA addition 

was increased to 40%, mechanical strength was reduced only slightly below that of the 

control specimen.  

As for the other activators, there was still a positive effect on mechanical strength 

compared to the un-activated material, although this was less pronounced. The two 

activators CaSO4 and KOH affected similarly the mechanical properties of the material. 

The positive effect of sulphate-based activators is known to be associated to the enhanced 

formation of AFt phases (Shi and Day, 2000 (b); Poon et al., 2003 (b)). Gypsum also 

appeared to play a role in the dissolution of the glassy phase of fly ashes (Poon et al., 

2003 (b)). In addition, to the specific mechanisms described above for CaCl2 and CaSO4, 

the favourable contribution of Ca-based activators to the hydration process of systems 

containing alkaline waste materials has been indicated by other authors (Bellmann and 

Stark, 2009) and associated to modified precipitation equilibria resulting from the increased 

Ca concentration in the pore solution. Concerning the KOH at both the dosages (2 and 

4%) and for lower BA (20%) addition it was possible to observe that this activator was 

capable of promoting the hydration process at early curing (7 days) yielding UCS values 

above that of the control (41.1 and 40.3 MPa, respectively for 2% and 4% activator 

addition, as opposed to 40.2 MPa for the control mixtures), no similar gain was observed at 

longer curing times. In addition, unlike noted for CaCl2, the decreasing in UCS with the BA 

content when KOH was used as the activator was still considerable at all curing times. This 

suggested that KOH was only capable to affect hydration to some extent during the early 

stages of the process and for low BA dosages. Although NaOH is reported in the literature 

to be a valid activator for a variety of materials, particularly ashes rich in C2AS (Shi and 

Qian, 2000), the effect on strength development has been found to differ depending on the 

composition of the material to be activated (Shi and Qian, 2000). In this research the 
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mechanical properties were worsened when NaOH was added to the mixtures, showing 

that this species was not suited to significantly contribute to strength development, 

irrespective of the amount of both BA and activator added to the mixtures. When 

comparing the effects of the two alkaline hydroxides used in the present study the negative 

effect of NaOH on strength development is believed to be associated to either the higher 

alkalinity induced in comparison to KOH at the same weight addition, or by an excess of 

sodium in the pore solution which modified the precipitation equilibria of the main hydration 

phases. Some investigators have also indicated detrimental effects of NaOH in terms of 

altered morphology and reduced microstructural uniformity of the hydration products at 

both early and late ages (Wang et al., 2004). The same authors also highlighted that this 

negative effect on microstructure is enhanced at elevated curing temperatures, which may 

explain the results obtained in these experiments.  

Considering the influence of the BA content of the mixtures, irrespective of the specific 

activator tested an increase from 20 to 40% was observed to considerably decrease 

mechanical strength. 

From the statistical analysis of UCS values, an increase in the activator dosage at any of 

the investigated curing times was also generally found to produce only a minor effect on 

mechanical strength, indicating the BA content as the main factor affecting the mechanical 

properties of the hardened materials. 

 

 

 

Figure 24: UCS vs. curing time for mixtures containing 20% BA (CF) and 2% and 4% activator 

 

The UCS evolution as a function of curing time for mixtures containing 20% of the coarse 

BA fraction and 2%  and 4% activator are reported in Figure 24. 

It is evident that, in addition to producing higher mechanical strengths, CaCl2 was also 

shown to exhibit a higher strength gain with time in comparison to all the other mixtures 

tested, including the control one in the case of 2% activator dosage. For an activator 
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addition of 4% the results were very similar, although UCS was observed to decrease at 

longer curing times (≥ 28 days) in comparison to the control mixture. Furthermore, CaSO4 

and KOH yielded UCS values comparable to that of the control mixture up to 28-day 

curing, while the residual gain in mechanical strength upon prolonged curing was lower 

than that of the pure OPC specimen in both cases of 2% and 4% activator dosages. 

Mixtures containing CaSO4-activated BA at 4% activator addition also showed a trend in 

UCS similar to that displayed by mixtures containing CaCl2-activated BA. 
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Figure 25 : Specific Unconfined Compressive Strength (SUCS) of mixtures containing the CF of BA 

 

The findings commented above become more clear when interpreted in terms of specific 

strength values. SUCS (Pu, 1999) is defined as the mechanical strength of a given mixture 

divided by its OPC content and, is used to identify any additional contribution of cement 

admixtures to mechanical strength other than that produced by the OPC hydrates. As 

shown in Figure 25, while the SUCS of CaCl2-contaning mixtures were all well above the 

corresponding values for the control specimen, the strength gain was less pronounced for 

CaSO4 and KOH and much less visible (or absent at all) for NaOH. 

Comparing the results obtained using the different activators, it was decided for the follow-

up of the study to investigate in more detail the effects of the Ca-based activators. In 

particular, for these activators, additional mixtures were formulated to assess the real 
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activation potential of BA displayed by these compounds and to separate any possible 

effect on the improvement of the hydration process of cement only. 

Additional reference mixtures (ref.) were formulated using CaCl2 and CaSO4 added to 

cement at the same dosages (2 and 4 %wt) used for activated BA-containing mixtures. 

The SUCS results showed that the positive influence of CaCl2 and CaSO4 on cement 

strength, although visible at all curing times , was less pronounced than that observed for 

the mixtures containing activated BA. For example, while mixture C20-2c at 7-day curing 

had an SUCS (relative to that of the control mixture) of 1.39, the corresponding value for 

the reference mixture (ref.C20-2) was 1.16. Thus, it may be concluded that the strength 

gain recorder for mixture C20-2c was related to two main contributions: one due to the 

contribution of the activator on the hydration process of cement (probably the same 

observed for mixture ref.C20-2) and the other related to the activation effect of BA.  

In terms of absolute UCS values the effects commented above were less evident, since 

they were probably masked by the reduced cement content in the BA-containing mixtures. 

For the same mixtures mentioned above as an example, the UCS values at 7-day curing 

were 44.6 MPa for the C20-2c mixture and 46.3 MPa for the ref.C20-2 mixture, as opposed 

to 40.20 MPa of the control specimen.  

A comparison was also made between the effects of CaCl2 and CaSO4 on mechanical 

strength in the case of mixtures containing the FF of BA. The results in terms of UCS, 

compared with the corresponding mixtures formulated with CF and CF+FF and the 

reference and control mixtures are shown in Figure 26. It is evident that the FF of the 

material generally exhibited lower UCS values than the coarse fraction, due to its lower 

content of alumino-silicate minerals as evidenced by the elemental composition. The 

mixtures containing the fine fraction also displayed mechanical strength values well below 

that of the control mixture, even upon chemical activation. When the two size fractions 

were blended together in the cementitious mixtures, the mechanical behaviour was quite 

similar to that displayed by the coarse material, obviously due to the prevalence of this in 

the raw BA. It was also found that, while for the fine material CaCl2 and CaSO4 produced 

comparable results in terms of UCS, for the coarse fraction CaCl2 was capable of 

appreciably improving the mechanical properties, with an increase in UCS by 12-26% 

(depending on curing time) as compared to the corresponding mixture containing the fine 

fraction. 
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Figure 26: UCS and SUCS of mixtures containing the CF, FF and CF+FF of BA activated with Ca-

based compound 

 

The influence of the type of alkaline activation method applied is depicted in Figure 27 in 

the case of Ca-based activators; the mixtures obtained with activation method 2 were 

marked with “_2” while the mixtures obtained with activation method 1 were marked with 

“_1”. The results obtained show that the activation process with a pretreatment at 90°C 

was capable of promoting an increase in mechanical strength of the mixtures more than 

the other method (method 2).  
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Figure 27: UCS and SUCS of mixtures containing the CF, FF of BA activated with Ca-based 

compound; method 1 (“_1) and method 2 (“_2”) 

4.2 Analysis of variance (ANOVA) of results 

The results of mechanical strength measurements were processed through the ANOVA, 

which was used to judge the statistical significance of factor effects and interactions, 

required to build the predictive model described by equation (1) and (2).  
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For the first factorial design which included three factors: “bottom ash content”, “activator 

type” and “activator dosage”, set at 2, 3 and 2 levels, respectively, the ANOVA results for 

UCS at the four curing times investigated (7, 28, 56 and 90 days) are shown in Table 17. 

The results are expressed in terms of sum of squares (SS) for the individual 

effect/interaction, the corresponding degrees of freedom (DF) and mean squares (MS). 

The bold values in Table 17 indicate the significant effects at a 10% significance level. Due 

to the number of levels used for the two quantitative factors “BA dosage” and “activator 

addition”, only linear main effects and interactions between factors could be estimated, 

resulting in a linear predictive model for the response variables (equation 1). 

 

 t = 7 d t = 28 d 
 SS DF MS SS DF MS 

SSt 1194.7 2 597.3 1231.2 2 615.6 
SSS 1693.3 1 1693.3 814.8 1 814.8 
SSA 53.1 1 53.1 139.9 1 139.9 
SStS 75.0 2 37.5 298.4 2 149.2 
SStA 36.3 2 18.1 40.3 2 20.2 
SSSA 6.3 1 6.3 22.1 1 22.1 
SStSA 9.5 2 4.8 10.9 2 5.4 
SSE 301.8 24 12.6 1034.0 24 43.1 
SST 3369.9 35 96.3 3591.7 35 102.6 
 t = 56 d t = 90 d 
 SS DF MS SS DF MS 

SSt 1374.6 2 687.3 2646.5 2 1323.3 
SSS 1123.4 1 1123.4 1126.3 1 1126.3 
SSA 164.4 1 164.4 118.8 1 118.8 
SStS 177.2 2 88.6 305.7 2 152.9 
SStA 87.7 2 43.9 25.8 2 12.9 
SSSA 2.6 1 2.6 10.1 1 10.1 
SStSA 37.6 2 18.8 279.3 2 139.7 
SSE 990.1 24 41.3 972.9 24 40.5 
SST 3957.6 35 113.1 5485.4 35 156.7 

t = “activator type”; S = “BA dosage”; A = “activator addition” 
E = error; T = total 

Table 17: ANOVA results for UCS at the four curing times investigated, expressed in terms of sum of 

squares (SS) for the individual effect/interaction, the corresponding degrees of freedom (DF) and 

mean squares (MS) 

 

The response surfaces obtained using this approach are plotted in Figure 28 at constant 

values for factor “activator type” (level 1 = CaCl2, level 2 = KOH and level 3 = NaOH) 

separately for each curing time. 
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On the whole, the analysis of the contour plots shows, in agreement with UCS results, the 

minor effect of an increase in activator dosage for all the investigated curing times; 

conversely, UCS was more negatively affected by a corresponding increase in BA dosage. 
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Figure 28: Response surfaces for UCS as derived from model as per equation (1) – values in MPa 
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The minor influence of the activator dosage is more visible in the case of KOH and NaOH 

especially at low (7 days) and longe (90 days) curing times. 

In the case of CaCl2 the influence of BA content is again quite relevant, although some 

influence, even if rather weak, of the activator dosage can also be recognized.  

For this reason and taking into account the good results obtained using CaCl2 on 

mechanical strength development, a full 32 factorial design was arranged in this case in 

order to better evaluate higher-order effects/interactions of factors. In Table 18 the ANOVA 

results for UCS at the three curing times investigated are reported. The bold values 

indicate significant effects at a 5% significance level considering the Fischer distribution. 

Considering the significant effects identified by the ANOVA, a predictive model for UCS as 

described by equation (2) was built. The response surfaces obtained using this approach 

are plotted separately for each curing time in Figure 29. 

 

 t = 7 d t = 28 d t = 56 d t = 90 d 

 SS DF MS SS DF MS SS DF MS SS DF MS 

SSA 956.2 2 478.1 1372.0 2 686.0 614.3 2 307.2 1505.7 2 752.9 

SSS 1270.8 2 635.4 1467.2 2 733.6 373.0 2 186.5 545.2 2 272.6 

SSInteraction 106.7 4 26.7 86.0 4 21.5 218.5 4 54.6 902.3 4 225.6 

SSE 248.7 18 13.8 1707.8 18 94.9 989.6 18 55.0 1684.5 18 93.6 

SST 2582.3 26 99.3 4633.0 26 178.2 2195.4 26 84.4 4637.7 26 178.4 

SSAxSLxL 7.9 1 7.9 20.9 1 20.9 31.8 1 31.8 420.2 1 420.2 

SSAxSLxQ 2.1 1 2.1 35.7 1 35.7 48.2 1 48.2 160.2 1 160.2 

SSAxSQxL 96.6 1 96.6 28.3 1 28.3 10.0 1 10.0 32.8 1 32.8 

SSAxSQxQ 0.1 1 0.1 1.1 1 1.1 128.5 1 128.5 289.2 1 289.2 

SSAL 761.4 1 761.4 931.0 1 931.0 330.3 1 330.3 472.3 1 472.3 

SSAQ 194.8 1 194.8 441.0 1 441.0 284.0 1 284.0 1033.4 1 1033.4 

SSSL 1215.5 1 1215.5 1209.1 1 1209.1 361.5 1 361.5 405.1 1 405.1 

SSSQ 55.3 1 55.3 258.0 1 258.0 11.5 1 11.5 140.1 1 140.1 

t = “activator type”; S = “BA dosage”; A = “activator addition”; E = error; T = total; L: linear; Q: quadratic 

Table 18: ANOVA results for UCS at the four curing times investigated, expressed in terms of sum of 

squares (SS) for the individual effect/interaction, the corresponding degrees of freedom (DF) and 

mean squares (MS) 

.  
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Figure 29: Response surfaces for UCS as derived from model as per equation (2) – values in MPa 
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 the trend of the response curves at 28 and 56 curing was comparable. The main 

influence on mechanical strength was, even in this case, exerted by the BA 

content. However, the influence of activator dosage was more evident and 

appeared to exert a higher influence on strength development at dosages up to 

2%. For additions above 3%, the activator effect involved reducing mechanical 

strength, while in the intermediate range the influence of the activator was much 

less evident; 

 at 90-day curing an increase in BA content was again found to decrease UCS , while 

an increase in the activator dosage was observed to improve mechanical strength 

at all BA dosages. It was also evident that for activator additions above 3% 

mechanical strength was approximately independent from the BA content. 

4.3 TGA analysis of selected samples 

The TGA/DSC patterns for the control, U20c and C20-2c mixtures at 28-day curing are 

reported in Figure 30. Five main regions can be identified on the basis of the characteristic 

temperature range (Alarcon-Ruiz et al., 2005):  

1) 20-105°C, corresponding to the loss of the evaporable and part of the bound water;  

2) 110-170°C, due to the dehydration of gypsum (displaying a double endothermic peak 

associated to the subsequent loss of the two water molecules), ettringite and part of the 

carboaluminate hydrates;  

3) 180-300°C, related to the dehydration of CSH and carboaluminate phases;  

4) 450-550°C, associated to the decomposition of portlandite (Ca(OH)2); 

5) 700-900 C, corresponding to the loss of CO2 from carbonates.  

On the basis of the experimental results depicted in Figure 30, the weight loss associated 

to the portlandite peak corresponded to a Ca(OH)2 content of 11.5, 10.9 and 6.2 wt% for 

the control, U20c and C20-2c mixtures, respectively, which were then corrected to account 

for the carbonate content in the materials, yielding values of 22.3, 18.5 and 16.0 wt%. The 

difference in the portlandite content between the control and the un-activated BA mixture 

suggests that BA addition to cement produced merely a dilution effect of the hydrate 

system. When CaCl2 was used as the activator, the portlandite content was found to 

decrease further, however, given the observed accompanied improvement in mechanical 

strength (see above), this may be interpreted as a positive influence of chemical activation 

on the hydration reactions. In other terms, the lower amount of portlandite measured in the 

mixture where CaCl2 was added, along with its improved mechanical properties, may 
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suggest an effect of activation by CaCl2 upon the development of pozzolanic reactions 

within the cementitious system. 

The total weight loss (excluding the loss of free water) recorded in the TGA measurements 

for the control, U20c and C20-2c samples (19.1, 19.4 and 20.4 wt%, respectively) seems 

to confirm the increase in the total amount of hydration phases in the presence of CaCl2.  

 

 

 

 

 

 

 

 

 

 

Figure 30. TGA/DSC measurements of selected mixtures 

4.4 ANC leaching test on selected mixtures 

As for the acid neutralization behaviour of the hydrated mixtures, Figure 31 compares the 

titration curves obtained for the Ca based activator-containing samples at all the curing 

days analysed. The acid neutralization capacity was observed to decrease with the BA 

content, as indicated by the increasing slope of the titration curves. Comparing the titration 

curves, especially considering those at 7 and 56 days, it is possible to observe that below 

pH 10 the addition of CaCl2 was also found to reduce the buffering capacity of the material, 

and this effect became more appreciable at a 40% BA dosage.  

In detail it is observed that the ANC to pH 10, which gives a rough estimation of the main 

hydration phases formed, decreased by about 1-2 meq/g (depending on curing time) as 

the BA content increased from 20 to 40%. The trend of the investigated titration curves for 

CaSO4-activated mixtures was similar to the shape of the corresponding curves for 

mixtures containing CaCl2.  
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Figure 31 ANC curves for Ca-based activator-containing mixtures at all the curing days together with 

reference samples (control and mixture containing untreated BA) 

 

In Figure 32 the ANC titration curves for mixtures containing Ca-based activators and 

separately for CaCl2 ad CaSO4, at 7 and 56 curing days are shown, which also include a 

comparison with the corresponding mixtures where the activation method used was 

method 2. It is possible to observe that the influence of increasing the BA content was 

similar for both activation methods (1 and 2). Furthermore, activation according to method 

2 was found to produce a decrease in acid neutralization capacity if compared to method 

1. 
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Figure 32: ANC curves for Ca based activator-containing mixtures at 7 and 56 curing days for 

“Method 1” and “Method 2”, the first marked with “_1”, the latter marked with the “_2” 

 

4.5 Visual Minteq results 

Figure 33 and Figure 34 report the experimental leaching data for Ca, Si and SO4
2 as 

obtained from the ANC leaching test on the reference mixtures and the C20-2c sample at 

curing times of 7 and 56 days; the theoretical curves of the solubility-controlling minerals 

identified on the basis of geochemical modeling results are also reported. Modelling 

calculations were conducted to gain a better insight into the evolution of the hydration 

process of OPC in the presence of BA and the activator and derive information on the 

mechanisms governing the leaching of major elements and trace metals from the solid 

matrices. The behavior of the major solid matrix constituents is deemed particularly 

important to understand the mechanisms of trace contaminant release from the material, 

since major phases are able to control the leachate pH (which is a key parameter for metal 

leaching) and to interact with trace elements through several mechanisms including co-



Resul ts  and Discuss ion:  Bot tom ash act ivat ion for  b lended cement  formulat ion 

- 91 - 

precipitation, incorporation, sorption, ion exchange and others. In general, depending on 

the nature of the mixture tested, different hydration phases were found to control the 

solubility of major elements/species. 

For the control sample, at early curing (7 days) at pH < 11 two AFm phases including 

gehlenite hydrate (also known as strätlingite, having the composition 

2CaOAl2O3SiO28H2O, or C2ASH8 in the cement chemistry notation) and 

3CaOFe2O3(CaSO4)12H2O (C4F S H12) were found to describe the leaching of Ca; such 

two phases also appeared to govern the leaching of, respectively, Si and sulphate in the 

same pH range. At more alkaline pH values (12-13), the only phase which could explain 

the release of Ca as well as Si was C-S-H with a Ca/Si ratio of 0.5. The occurrence of 

CSH phases with low Ca/Si ratios as potential solubility-controlling minerals may be 

explained on account that, due to the large solubility of portlandite in water, even from Ca-

rich solutions the equilibrium precipitate has been reported to be always low in Ca/Si ratio 

(Kersten, 1996). It is thus still possible that, although not apparent from the analysis of the 

ANC eluates, other calcium silicate hydrate phases with higher Ca/Si ratios were actually 

present in the solid material. In the control sample at early curing the leaching solutions 

were calculated to be oversaturated by ~1 order of magnitude with respect to ettringite 

(Ca6Al2(SO4)3(OH)12·26H2O), although the shape of the theoretical solubility curve for this 

phase was very similar to the experimental leaching curve. 

At longer curing times (56 days) Ca leaching from the control mixture was comparably well 

described by both ettringite and C2ASH8 at pHs in the range 10-12. Ettringite was also a 

good candidate for solubility control of sulphate within the same pH range. Ca leaching at 

pH>12 appeared to be better controlled by two AFm phases including monosulphate 

(Ca4Al2(SO4)(OH)12·6H2O or C4A S H12, which also showed a good fit with sulphate 

concentration data within the same pH range) and chromium monosulphate 

(Ca4Al2(CrO4)(OH)12·9H2O). The appearance of Cr-monosulphate as a potential solubility-

controlling mineral for both Ca and Cr may well explain the incorporation of Cr within the 

hydration products of Portland cement as the hydration proceeded, with an associated 

decrease in the release levels as indicated by the corresponding leaching curves (see 

Figure 35 below). The fit between Si leaching data from the control mixture and the 

theoretical solubility curves of the above mentioned phases was relatively poor. Only 

C2ASH8 in a limited pH interval (10.5-11.5) appeared to somehow describe the 

experimental data, while Ca/Si=0.5 C-S-H, which gave a good fit with the measured Ca 

concentrations (see above), was not found to adequately explain the leaching behavior of 
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Si. As far as the reference mixture containing un-activated BA (U20c) was concerned, at 7-

day curing either anhydrite or gypsum were identified as potential solubility-controlling 

minerals for both Ca and sulphate in the pH range 8.5-11.5. In the alkaline range (pH>12), 

while the leaching of Ca was described by Ca oxychloride (3CaOCaCl215H2O), no 

solubility-controlling minerals could be identified for sulphate, with eluates being 

oversaturated by 1-2 orders of magnitude with respect to both ettringite and monosulphate. 

It is tempting to hypothesize that the absence of such sulphate-bearing phases in the U20c 

sample indicates a delay in the hydration process of cement when un-activated BA was 

added to the mixture.  

In the case of Si, again Ca/Si=0.5 CSH was identified as the potential leaching-

controlling mineral below pH 12.5, while no suitable phases were found to describe Si 

leaching at higher pH levels. At 56-day curing ettringite appeared to be a good candidate 

for solubility control for both Ca and sulphate at pH values in the range 9.5-12, although 

approximately in the same pH interval (10-13) C2ASH8 was also found to display a good 

match with Ca and Si leaching data. At pH values below ~9.5, when ettringite becomes 

unstable as widely reported in the literature (Damidot and Glasser, 1992; 1993; Perkins 

and Palmer, 1999), gypsum appeared to control Ca and sulphate leaching from the 

material.
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Figure 33. Results of geochemical modeling for Ca, Si and SO4
2- for the control, U20c and C20-2c 

mixtures at 7-day curing (A: anhydrite; Ca_ox: Ca oxychloride; CSH-l: CSH (Ca/Si = 0.5); CSH-m: 

CSH (Ca/Si = 0.8); E: ettringite; G: gypsum; M: monosulphate, C4FS*H12 

 

When CaCl2-activated BA was added to cement (specimen C20-2c), at 7-day curing 

gypsum at pH < 9 was found to be the most probable candidate for solubility control of 

both Ca and sulphate. In the case of Ca, monosulphate and Ca oxychloride were also 

identified as solubility controlling solids in the pH ranges 12-13.8 and 13-13.8, respectively. 

On the other hand, in the alkaline range (pH > 9) sulphate concentrations in the leaching 

solutions always showed oversaturation with respect to ettringite by about 2 orders of 

magnitude, and no mineral was found suitable to explain the release of sulphate from the 

hardened material. 
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Figure 34: Results of geochemical modeling for Ca, Si and SO42- for the control, U20c and C20-2c 

mixtures at 56-day curing (A: anhydrite; CSH-l: CSH (Ca/Si = 0.5); CSH-m: CSH (Ca/Si = 0.8); 

E: ettringite; G: gypsum; Gh: gehlenite hydrate; M: monosulphate; MCr: Cr-Monosulphate; Q: quartz 

 

As mentioned above for the sample containing un-activated BA, the only mineral 

describing Si leaching (although again with relatively poor fitting of the measured data) was 

Ca/Si = 0.5 C-S-H at pH < 10, while at higher pH values none of the phases included in the 

expanded thermodynamic database was capable of matching the experimental leaching 

curves. Upon prolonged curing (56 days), the minerals responsible for solubility control of 

the major elements/species were found to change. Again, at pH < 9 gypsum was selected 

as the leaching-controlling mineral for both Ca and sulphate; on the other hand, ettringite 

appeared to be the best candidate for solubility control at pH > 10 for both species, with a 

very good fit with the measured concentrations. 
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It should also be mentioned that at the same pH values C2ASH8 appeared to adequately 

describe the release of Ca as well, along with that of Si. In other pH ranges, the dissolution 

of this element was found to be dictated by quartz (pH < 9) and Ca/Si = 0.8 C-S-H (pH = 

12-13). 

4.6 Results of leaching tests for trace metals 

The results of the ANC leaching test at natural pH for the trace metals Cd, Cr, Cu, Ni, Pb 

and Zn are compared in  

Table 19 with the European regulatory limits for hazardous, non hazardous and inert waste 

landfills (EU Council Directive 99/31/EC, 1999) and with the limits established by the Italian 

law for waste utilization (annex 3 D.M. 05/02/1998, Ministero dell'Ambiente della 

Repubblica Italiana, 1998).  

    Concentration (mg/l) 

Element pH Cd Cr Cu Ni Pb Zn 

raw bottom ash 12.71 <0.0005 0.04 0.08 0.0034 2.52 0.06 

control (7d) 12.95 <0.0005 3.52 0.018 <0.002 <0.002 0.022 

control (28d) 12.92 0.0009 0.151 0.009 <0.002 0.007 <0.01 

control (56d) 12.95 0.0008 0.065 0.061 0.002 1.9 0.179 

C20-2c (7d) 13.8 <0.0005 0.09 0.39 0.06 0.54 0.15 

C20-2c (28d) 12.74 <0.0005 0.05 0.04 0.06 0.14 0.032 

C20-2c (56d) 12.66 0.0005 0.09 0.054 0.013 0.1 0.016 

C20-2c (90d) 12.42 <0.0005 0.06 0.041 0.033 0.005 0.021 

C20-4c (7d) 13.8 <0.0005 0.04 0.05 0.06 0.09 0.031 

C20-4c (28d) 13.01 <0.0005 0.08 0.05 0.004 0.023 0.05 

C20-4c (56d) 12.58 0.0111 0.08 0.027 0.05 0.061 0.045 

C40-2c (7d) 13.82 <0.0005 0.05 0.43 0.004 0.5 0.225 

C40-2c (28d) 13.01 0.005 0.08 0.11 0.004 0.15 0.051 

C40-2c (56d) 12.71 <0.0005 0.07 0.09 <0.002 0.12 0.031 

C40-2c (90d) 12.37 <0.0005 0.12 0.14 2.3 0.27 0.025 

C40-4c (7d) 13.79 <0.0005 0.06 0.13 <0.002 0.27 0.052 

C40-4c (28d) 13.03 <0.0005 0.05 0.07 0.003 <0.002 0.038 

C40-4c (56d) 12.65 <0.0005 0.07 0.09 0.05 0.16 0.041 

S20-2c (7d) 12.16 n.a 0.07 0.06 n.a 0.11 0.029 

S20-2c (56d) 13.2 n.a 0.1 0.23 n.a 0.18 0.023 

S20-4c (7d) 13.16 n.a 0.06 0.06 n.a 0.125 <0.01 

S20-4c (56d) 13.36 n.a 0.04 0.02 n.a 0.13 0.059 
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C20-2cF (7d) 13.48 n.a 0.01 0.03 n.a 0.013 0.015 

C20-2cF (56d) 13.3 n.a 0.03 0.03 n.a 0.014 0.013 

C20-4cF (7d) 13.14 n.a 0.05 0.04 n.a 0.21 0.037 

C20-4cF (56d) 13.78 n.a 0.02 0.06 n.a 0.09 0.017 

C40-2cF (7d) 13.65 n.a 0.05 0.09 n.a 0.27 <0.01 

C40-2cF (56d) 13.1 n.a 0.03 0.05 n.a 0.29 0.029 

C40-4cF (7d) 13.3 n.a 0.03 0.06 n.a 0.32 0.035 

C40-4cF (56d) 13.27 n.a 0.02 0.07 n.a 0.17 0.042 

S20-2cF (7d) 13.39 n.a 0.04 0.06 n.a 0.03 0.048 

S20-2cF (56d) 13.4 n.a 0.02 0.03 n.a 0.08 0.04 

S20-4cF (7d) 13.4 n.a 0.01 0.02 n.a 0.13 0.041 

S20-4cF (56d) 13.5 n.a. 0.03 0.02 n.a. 0.05 0.022 

EU LD (hazardous waste)  0.2 7 10 5 20 

EU LD (not hazar. waste)  0.0129 1 5  1 5 

EU LD (inert waste)  0.004 0.05 0.2 --- 0.05 0.4 

DM 05/02/1998 (reuse) 5.5 -12.0 0.005 0.05 0.05 0.01 0.05 3 

Detection limit    0.0005 0.002 0.002 0.002 0.002 0.02 

 

Table 19: Comparison between leaching test results (natural pH) and regulatory limits for selected 

heavy metals 

 

Other trace elements of environmental concern, including the oxyanion-forming elements 

As, Mo, Sb and V, were not analyzed since for the raw BA either their total content or the 

leaching levels were below the detection limits. In general the leachate concentrations for 

the investigated heavy metals were found to decrease, in some cases appreciably, with 

curing, indicating a progressive immobilization with time. According to the values 

presented in Table 19, it is also clear that the critical elements for the materials include Cr 

and Pb. As evident from the leaching curves as a function of pH presented Figure 35, the 

high leaching levels measured for Cr are by no means caused by the contribution of the 

cement used, with the control specimen releasing more than 35 mg Cr/kg at 7-day curing; 

the presence of BA and CaCl2 decreased the leaching level for this metal, however for the 

majority of the samples tested the Cr concentration in the leaching solutions exceeded the 

regulatory threshold limits. This result claims for a very careful control of the chemical 

composition of the raw materials used for cement production, as this can negatively affect 

the environmental behaviour of the hardened products obtained, even when they do not 

include waste materials as admixtures. As for Pb, notwithstanding the significant decrease 
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in leaching observed in comparison to the raw BA, the release was often above the 

regulatory limits due to the typical strongly amphoteric behaviour of this metal. The 

leaching levels were also found to benefit from prolonged curing, although with some 

fluctuations likely due to changes in the pH of the leaching solutions; the best results in 

terms of Pb release were obtained for the C20-2c specimen after 90 days of curing, with a 

leachate concentration well below the limits established for both disposal in inert waste 

landfills and utilization. 

The results of the ANC leaching test in terms of trace metal leaching as a function of pH 

are depicted in Figure 35 for the control mixture and those containing CaCl2-activated BA 

(coarse fraction) and compared to the corresponding leaching data obtained for the raw BA 

sample. Blending BA with cement produced largely different effects on the leaching 

behaviour depending on the trace metal under concern. It is clear from the leaching curves 

obtained that curing time significantly affected the extent of trace metal leaching, producing 

a progressive immobilization of metals within the hydrated matrix. Metal leaching as a 

function of pH showed no large differences between the different mixtures investigated. 

However, as also observed for mechanical strength, CaCl2 addition at a 20% BA content 

gave the best results, especially upon prolonged curing. 

Among the trace metals of interest, Cr was observed to be released to an appreciably 

higher degree by the control mixture than by the samples containing BA, due to the 

contribution of OPC itself. Cr in the control mixture was however found to get progressively 

more immobilized with curing time, likely due to the incorporation in the hydration phases 

as indicated by the results from geochemical modelling discussed above. At all ages, an 

addition of 4% CaCl2 was also observed to exert a more positive effect on Cr leaching in 

comparison to the 2% dosage. For both Cu and Pb, the control sample displayed 

appreciably lower release levels at all pHs since early hydration, however the differences 

in leaching with the BA-containing mixtures became fairly less evident as curing 

progressed, with a similar behaviour being observed for Zn as well. 

The results of the ANC leaching test in terms of trace metal leaching as a function of pH 

are depicted also in Figure 36 for the mixtures containing CaCl2-activated BA (CF) and 

CaSO4-activated BA (CF) at 7- and 56-day curing, in order to make a comparison between 

the two activation methods tested. Irrespective of curing time, the effect of activation 

method 1 was not evident, in particular for Cu and Cr the leaching levels were higher than 

the corresponding values obtained for samples activated according to activation method 2. 

In the case of Pb and Zn leaching, the results of the two methods were very similar. For all 

the elements under concern, also in this case, the immobilization degree was found to be 
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positively related to curing time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Metal leaching as a function of pH in the ANC test for reference and CaCl2-containing 

mixtures (activation method 1) 
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Figure 36: Metal leaching as a function of pH in the ANC test for CaCl2- and CaSO4-containing 

mixtures at 7 and 56 curing days (activation methods 1 and 2) 
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The results of geochemical modelling for the investigated trace metals showed that it was 

not possible to identify common secondary minerals including metal (hydr)oxides, 

carbonates and sulphates as potential solubility-controlling solids, with leaching solutions 

being always undersaturated in respect to such phases. This is the reason why the 

modelling predictions were not shown in Figure 35 and Figure 36 When surface 

complexation was accounted for in the modelling calculations, the results showed reliable 

predictions only in the case of Pb (see Figure 37 as an example of the results obtained for 

specimen C20-2c), which was found to be largely bound to HFO and AAM species in all 

samples tested (>95% of total leachable Pb, except at pH > 13.5 where the predominantly 

anionic speciation of Pb in solution likely reduced the amount sorbed). Surface 

complexation by Fe and Al minerals was thus likely the reason for the strong reduction in 

Pb leaching within the whole pH range investigated as compared to the raw BA sample. 

For the other trace metals of concern, the surface complexation model was not able to 

adequately predict the observed leaching levels, so that the solution concentrations were 

always strongly overestimated. Clearly, the difference between the observed and model-

predicted leachate concentrations is caused by the role played by additional mechanisms 

(not accounted for in the model) in the immobilization of trace metals within the 

investigated materials. This is believed to be related to the presence of trace metals as 

complex minerals or phase assemblages which can hardly be described in a univocal 

manner from the viewpoint of both chemical composition and thermodynamic data. 

 

 

 

 

 

 

 

 

Figure 37: Results of geochemical modelling of Pb leaching on account of surface complexation by 

HFO and AAM (SCM = surface complexation model) for sample C20-2c 
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5. Results and Discussion: BA based 
geopolymer materials 

5.1 Mechanical properties of geopolymer products 

The results from mechanical characterization of the geopolymeric matrices are shown in 

Figure 38 and in Table 20 in terms of average UCS values and corresponding standard 

deviations of measurements. Depending on paste composition, large variations in the 

mechanical properties were observed, with values ranging: 

 at 7 curing days from a minimum of < 0.1 MPa for sample S-1.28-7.5 to a maximum 

of 7.38 MPa for sample S-2.29-7.5; 

 at 28 curing days from a minimum of < 0.1 MPa for sample S-1.69-12 to a maximum 

of 9.99 MPa for sample S-2.29-7.5; 

 at 56 curing days from a minimum of < 0.1 MPa for sample S-1.69-5 to a maximum 

of 8.28 MPa for sample S-2.29-7.5. 

0

2

4

6

8

10

12

14

S
-2

.2
9

-5

S
-1

.6
9

-5

S
-1

.2
8

-5

S
-2

.2
9

-6

S
-1

.6
9

-6

S
-1

.2
8

-6

S
-2

.2
9

-7
.5

S
-1

.6
9

-7
.5

S
-1

.2
8

-7
.5

S
-2

.2
9

-9

S
-1

.6
9

-9

S
-1

.2
8

-9

S
-2

.2
9

-1
2

S
-1

.6
9

-1
2

S
-1

.2
8

-1
2

U
C

S
 (M

P
a

)

7 d 28 d 56 d

 

Figure 38: Results of UCS testing on geopolymerized materials (error bars are drawn at one 

standard deviation of values) 
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Figure 39: Relationship between UCS and the Si/Al ratio at given NaOH concentrations in the 

alkaline medium 

 

 

Sample code 

Media UCS (MPa) Dev. st. (MPa) Si/Al NaOH 

Name 7 d 28 d 56 d 7 d 28 d 56 d (mol/mol) (M) 

A S-2.29-6 4.23 6.86 6.37 1.17 1.73 2.49 2.29 6 

B S-1.69-6 1.44 2.48 1.42 0.73 0.79 0.51 1.69 6 

C S-1.28-6 0.43 n.a n.a 0.40 n.a n.a 1.27 6 

D S-2.29-9 1.78 3.32 2.32 1.74 1.79 1.19 2.29 9 

E S-1.69-9 0.58 0.60 0.60 0.17 0.28 0.60 1.69 9 

F S-1.28-9 0.19 n.a n.a 0.19 n.a n.a 1.27 9 

G S-2.29-12 7.23 1.75 2.53 2.16 1.14 1.04 2.29 12 

H S-1.69-12 0.44 0.00 0.07 0.56 0.00 0.06 1.69 12 

I S-1.28-12 0.90 0.17 0.17 0.90 0.21 0.21 1.27 12 

J S-2.29-5 4.52 9.90 5.32 0.59 2.93 2.23 2.29 5 

L S-1.69-5 0.93 0.94 0.00 1.11 0.48 0.00 1.69 5 

M S-1.28-5 0.40 n.a n.a 0.28 n.a n.a 1.27 5 

O S-2.29-7.5 7.38 9.99 8.28 1.29 2.86 1.97 2.29 7.5 

P S-1.69-7.5 1.18 2.43 4.04 0.45 0.62 5.17 1.69 7.5 

Q S-1.28-7.5 0.00 0.10 0.13 0.00 0.01 0.15 1.27 7.5 

Table 20: Values of UCS for geopolymeric samples 

 

While an increase in the Si/Al ratio appeared to improve compressive strength (see Figure 

39), the influence of NaOH concentration in the reacting medium was less clear, so that at 

this stage of the investigation it is not possible to derive any conclusive information about 

the optimal NaOH dosage. However, at longer curing times (28 and 56 days) it can be 

observed that the mechanical characteristics were worsened atNaOH concentrations of 9 
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and 12 mol/l. For the Si/Al ratio, the results shown in Figure 39 appear to indicate that the 

optimum value for mechanical strength development probably lies beyond the investigated 

range. Decreasing the Si/Al molar ratio a considerable decrease in mechanical 

characteristics was observed for all samples and for all the NaOH concentrations 

investigated. While the measured UCS values were relatively weak at the operating 

conditions tested, the trend reported in Figure 39 suggests that improved mechanical 

characteristics may be obtained when increasing the Si/Al molar ratio above 2.29.  

The best results in terms of mechanical strength were obtained for the geopolymeric 

samples with Si/Al=2.29.  

Previous studies on geopolymerization of waste materials (Chindaprasirt et al., 2006; 

2009; Andini et al., 2008; Kumar et al., 2011; Panias et al., 2007; Škvára et al., 2009; 

Temuujin et al., 2009; 2010; van Jaarsveld et al., 2002; Songpiriyakij et al., 2009; Xu et al., 

2010; Cheng et al., 2003; Oh et al., 2010; Kourti et al., 2010) have shown that a very wide 

range of mechanical strength values can be obtained depending on the initial material 

composition and processing conditions. For a more detailed physical and 

mineralogical/microstructural characterization and to gain knowledge on the 

microstructure-mechanical strength relationship, four samples were selected among those 

displaying the best and worst mechanical behaviour and which differed also in the Si/Al 

ratio and the NaOH concentration; these included:  

 sample S-2.29-7.5 (UCS = 7.38  1.29 MPa at 7-day curing; UCS = 9.99  2.86 MPa 

at 28-day curing and UCS = 8.28  1.97 MPa at 56-day curing); 

 sample S-2.29-5 (UCS = 4.52  0.59 MPa at 7-day curing; UCS = 9.90  2.23 MPa 

at 28-day curing and UCS = 5.32  2.29 MPa at 56-day curing); 

 sample S-1.69-7.5 (UCS = 1.18  0.45 MPa at 7-day curing; UCS = 2.43  0.62 MPa 

at 28-day curing and UCS = 4.04  5.17 MPa at 56-day curing); 

 sample S-1.28-7.5 (UCS < 0.1 MPa at 7-day curing; UCS = 0.10  0.01 MPa at 28-

day curing and UCS = 0.13  0.15 MPa at 56-day curing). 

The unit weight and total porosity values for such samples are reported in Table 21. The 

wet apparent unit weight was found to vary from 10.5 to 15.6 kN/m3, the solids unit weight 

ranged from 25.3 to 28.5 kN/m3, while total porosity ranged from 40.2 to 66.5%, and all 

these parameters displayed a good correlation with mechanical strength data. 
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Name 
Sample 

code 
UCS 

(MPa) 

Wet apparent 
unit weight 

(kN/m3) 
Porosity 

(%) 
Solids unit weight 

(kN/m3) 

O S-2.29-7.5 7.38 ± 1.29 14.96  0.12 42.8  1.2 28.46 

J S-2.29-5 4.52 ± 0.59 15.57  0.15 40.2  0.5 25.33 

P S-1.69-7.5 1.18 ± 0.45 12.02  0.21 58.9  0.9 25.49 

Q S-1.28-7.5 < 0.1 10.54  0.24 66.5  1.2 26.12 

Table 21: Results of physical characterization for selected samples (mean values  standard 

deviation) 

5.2 SEM (Secondary Electron Images) interpretation 

After compressive strength tests, crushed geopolymer samples were collected for 

SEM/EDX analysis.  

The morphological studies were focused on the geopolymers surfaces for samples S-2.29-

7.5 at 7 day-curing and S-2.29-5 at 7- and 28-day curing. Additional analyses were made 

for S-2.29-7.5, S-2.29-5, S-1.69-7.5 and S-1.28-7.5 powdered (425-μm undersize particle 

≥ 95%) samples at 7-day curing. 

The SEM micrographs (200 magnification) of polished fragments for sample S-2.29-7.5 at 

7-day curing and samples S-2.29-5 at 7- and 28-day curing are shown in Figure 40.  

These samples were those with the best characteristics in terms of mechanical strength. In 

general, the samples showed an amorphous and quite compact microstructure with some 

irregularly shaped macropores. The homogeneous microstructure of samples indicates 

that the geopolymerization process induced microstructural changes which were evenly 

distributed in the whole sample and the dissolution of the raw material was well started 

(Temuujin et al., 2009). In detail, morphological observations suggest that individual 

unreacted particles of different size were still present in the material and were surrounded 

by a layer of small sheets of reacted solids. This effect has been also observed in 

geopolymers produced using plasma vitrified incinerator air pollution control residues 

(Kourti et al., 2010).  

In the present case, it is apparent that the external layer of reacting material filled the 

original pores and acted by forming bridges and interconnections between the original 

grains. The fact that geopolymerization reactions had occurred within the material appears 

to be indicated by the relatively low pore volume and small void size visible in the SEM 

pictures. Visual observation of the amount and size of pores in the investigated samples 

also appears to confirm the results from total porosity (Table 21) measurements which 

indicated that sample S-2.29-7.5 was more porous than sample S-2.29-5.  
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Figure 40: SEM micrographs of fracture surfaces for samples (a) S-2.29-7.5 at 7 curing days (b) S-

2.29-5 at 7 curing days and (c) S-2.29-5 at 28 curing day 

 

The EDAX analyses were also done on selected locations on sample surface. In particular, 

on the basis of differences visually observed in terms of colour and/or morphology, 

different locations for the analysis were selected. For sample S-2.29-7.5  at 7-day curing 

two points were selected for the analysis as shown in Figure 41 (a): point P1 was a white 

particle while point P2 was the matrix portion of the sample.  

For sample S-2.29-5 at 7-day and 28-day curing three different points were selected for the 

analysis as shown in Figure 41 (b) and (c): P1 was a white area (maybe an unreacted 

metakaolin particle), P2 was the bulk of the matrix and P3 was a grey zone different in 

color from the matrix.  

 

 

 

 

 

a b

c



Resul ts  and Discuss ion:  BA based geopolymer  mater ia ls  

- 112 - 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: SEM micrographs and zone selected for EDAX spot analysis: 

samples (a) S-2.29-7.5 at 7-day curing (b) S-2.29-5 at 7-day curing and (c) S-2.29-5 at 28-day curing 

 

EDAX spot analyses (Figure 42) conducted on 10-m2 square areas indicated the main 

presence of Si (20.9 and 18.0 mol% for samples S-2.29-7.5 and S-2.29-5, resp.) and Al 

(19.8 and 15.7 mol% for samples S-2.29-7.5 and S-2.29-5, resp.), corresponding to Si/Al 

molar ratios of 1.05 and 1.15. The Si/Al ratio for these samples thus decreased from 2.29 

mol/mol to a final value of ~1.0 mol/mol, which may be explained considering that 

polysialate-type geopolymers [Rn(SiOAlO)n], having an Si/Al ratio of 1 (Davidovits 

2008), were formed under the treatment conditions applied. For sample S-2.29-5 at 28-day 

curing the main presence of Si (13.6 mol%) and Al (9.03 mol%) corresponded to an Si/Al 

molar ratio of 1.46. Sample S-2.29-5 at both curing times was also found to have a 

significant Na content (around 10.8 mol%), which was also appreciably higher than that of 

sample S-2.29-7.5 (around 2 mol%). 
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Figure 42: Main elements indentified in geopolymer samples through EDAX analysis  

 

From SEM micrographs and EDAX results for powders (Figure 43) samples, it was 

possible to observe, a different composition f white zone (P1) in comparison  to that of the 

bulk of matrix (P2). Some of these small areas contain Fe, Ba, Zn, S, Pb, Cl and Ti-rich  

particles. These elements derive from bottom ash and metakaolin (the kaolin precursor 

was a commercial) which appear to remain unreacted during geopolymerization and 

trapped within the geopolymer gel (predominantly hydrated sodium aluminosilicate)(Zhang 

et al. 2008, Stevenson et al., 2005). Although they appeared to be concentrated into 

regions of less than 5 μm not uniformly included in the geopolymeric matrix (Zhang et al 

2008).  
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Figure 43: SEM micrograph and results of EDAX spots analysis for powder samples (a) S-2.29-7.5 at 

7 day-curing (b) sample S-2.29-5 at 7 day-curing (c) sample S-1.69-7.5 at 7 day-curing (d) sample S-

1.28-7.5 at 7 day-curing  
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5.3 TGA interpretation 

The thermal analysis results are reported in Figure 44. for the selected geopolymer 

samples at 7 curing days. The thermograms displayed basically four regions characterized 

by different amounts and rates of mass loss in the following ranges: 20-240°C, 240-380°C, 

380-700°C and > 700°C. Within the first region, a major weight loss occurred, accounting 

for 58-75% of the total weight loss recorded over the temperature range investigated. As 

outlined by numerous studies (Andini  e al., 2008; Škvára et al., 2009; Duxson et al., 2006; 

Kong and Sanjayan, 2010; Pan et al., 2010; Rickard and van Riessen, 2010), a large 

endothermic peak was observed at temperatures of 120-130 °C, which was related to 

sample dehydration, with loss of absorbed and loosely bound water. As reported in Table 

22, the weight loss associated to the first temperature region ranged from 4.4 to 5.3% and 

it was larger for samples S-1.69-7.5 and S-1.28-7.5, for which a poorer geopolymerization 

degree was also indicated by the other characterization analyses. 

Further weight decrease was recorded, although at a lower rate (as also noted by other 

investigators (Kong and Sanjayan, 2010; Rickard and van Riessen, 2010), in the second 

temperature region and was associated to sample dehydroxylation (Andini et al., 2008; 

Duxson et al., 2006), the mass loss values ranged from 1.4 to 1.8%. However, in the DTA 

patterns of samples S-1.69-7.5 and S-1.28-7.5, an exothermic peak was identified at about 

330 °C, with an associated weight loss of 1.6 and 1.4%, respectively, which indicates the 

presence of a different phase for such samples if compared to the other materials 

investigated. Based on the information available, however, no tentative association with 

any specific phase, the occurrence of which could reasonably be expected only in samples 

S-1.69-7.5 and S-1.28-7.5, could be made. If the weight loss associated to the 

decomposition of this unknown phase is subtracted from the overall weight decrease in the 

temperature region 240-380 °C, net mass loss values are obtained, as shown in Table 22, 

which suggested a higher degree of hydration for samples S-2.29-7.5 and S-2.29-5, 

possibly confirming the larger geopolymerization degree attained for such materials. 

An additional, much slower, mass loss was observed between 380 and 700 °C, which 

mirrors a more stable thermal behaviour of the materials at temperatures above 380 °C 

and confirms the results obtained from other studies (Kong and Sanjayan, 2010; 

Prud’homme et al., 2010). Finally, a small weight gain (~1%) was observed in the fourth 

temperature region (> 700 °C). 
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Temperature Sample code 

range S-2.29-7.5 S-2.29-5 S-1.69-7.5 S-1.28-7.5 

0-240 °C 4.42 4.57 4.81 5.27 

240-380 °C 1.38 1.45 1.83 1.57 

240-380 °C (net) 1.38 1.45 0.21 0.19 

380-700 °C 1.36 1.74 1.50 1.24 

700-1000 °C -0.33 0.05 -0.56 -1.03 
 

Table 22: Weight loss for different temperature regions as derived from the TGA curves in Figure 44: 

(a) TGA and (b) DTA curves  for samples O, J, P and Q at 7 day curing 

 

 

 

 

 

 

 

 

Figure 44: (a) TGA and (b) DTA curves  for samples O, J, P and Q at 7 day curing 

 

5.4 FT-IR (Fourier transform infrared spectroscopy) analysis 

FTIR absorption spectroscopy is well known for its sensitivity to characterize materials with 

short-range structural order, and is considered as a useful tool to characterize geopolymer 

matrices (Guo et al., 2009). Infrared spectra were obtained for selected samples at 7- and 

28-day curing (Figure 45 (a)) in order to attain a better description of the structural 

implications of the degree of silicate polycondensation on the nature of the final product 

(Phair et al., 2002). Infrared spectra of the unreacted bottom ash sample were also 

collected for comparison purposes. 

Five main adsorption bands can be identified in the FT-IR spectra (Table 23 and Figure 45) 

of treated materials, namely: a band at 450-470 cm1 associated to in-plain bending 

vibration of SiOSi (Barbosa et al., 2000; Phair et al., 2002) (referred to as peak 1), a 

second main band at 980-1040 cm1 associated to asymmetric stretching vibrations of 
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SiO/AlO bonds (Barbosa et al., 2000; Mozgawa et al., 2009; Guo et al., 2010; Phair et 

al., 2002) (referred to as peak 2), a band at ~1450 cm1 due to the presence of OCO 

stretching vibration in carbonate groups (Andini et al., 2008; Barbosa et al.,  2000; 

Mozgawa et al., 2009; Lee et al., 2002) (referred to as peak 3), two broad bands at 

16401660 cm1 and 34403460 cm1 related to stretching and deformation vibrations of 

OH and HOH groups (Chindaprasirt et al., 2009; Barbosa et al.,  2000; Lee et al., 2002; 

Palomo et al., 1999) (referred to as peaks 4 and 5). For the untreated BA, a sharp band 

(although of low intensity) at ~3690 cm1 was also identified (referred to as peak 6) and 

associated to OH stretching in the Ca(OH)2 structure (Yousuf et al., 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: FT-IR spectra at 7- and 28-day curing (a) and comparison of relative peak intensities (b) 

for BA-based geopolymers 

 

According to previous literature studies (Barbosa et al., 2000; Mozgawa et al., 2009; Guo 

et al., 2010; Phair et al., 2002), the peaks centred at 980-1040 cm1 and 450-470 cm1 
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were assumed as the main molecular vibration fingerprints of geopolymeric materials. 

While the latter was not present in the original BA and was visible in the treated products, 

the former appeared in the treated materials with a different shape and intensity if 

compared to the untreated ash. The absorption characteristics in the range of peak 2 

suggest that FT-IR spectra display broad and asymmetric curves, which likely result from 

the overlapping of several characteristic vibrational bands (Rovnaník 2010); it is thus 

possible that not only stretching vibrations of SiO/AlO bonds were associated to the 

observed IR peaks, but that additional vibration modes were also hidden in the spectra. 

However, a quantitative derivation of such additional characteristic bands has not been 

performed in the present study. Considering the main peak identified as peak 2, its position 

tended to shift from wavenumbers of 1020-1040 cm1 (samples S-1.69-7.5 and S-1.28-7.5) 

towards lower values in the range 985-1007 cm1 (samples S-2.29-5 and S-2.29-7.5), 

which may be taken as an indication of the increase in the degree of geopolymerization 

associated to the inclusion of tetrahedrally-coordinated Al in the SiOSi skeletal structure 

(Andini et al., 2008; Škvára  et al., 2009; Mozgawa et al., 2009; Rovnaník et al., 2010; 

Rees et al., 2008). 

A comparison between the intensities of FT-IR peaks for the four BA-based geopolymers is 

provided in Figure 45 (b). Data for each sample were calculated as relative intensities of 

the peaks of interest normalised to the intensity of peak 3, assuming that the degree of 

carbonation was the same for all samples tested, so that the carbonate peak should have 

the same height. The most evident difference in peak height could be observed for peak 2, 

with samples S-2.29-5 and S-2.29-7.5 displaying higher peak intensities than the other two 

samples, in agreement with the higher strengths measured; however, the fact that sample 

S-2.29-7.5 showed a higher UCS than the former could not be related to the information 

provided by FT-IR data. In general, FT-IR data showed that sample S-2.29-5 displayed 

higher peak intensities than the other samples. The fact that the height of peak 5, 

associated to absorbed water, followed the same trend already noted for peak 2 may be 

considered as an indication of the higher degree of hydration attained for samples S-2.29-5 

and S-2.29-7.5, as opposed to the other materials investigated. 

Another interesting feature noted in the FT-IR spectra was the fact that a small peak 

appearing at ~800 cm1 for the raw BA, which was attributed to SiOAl vibration (Barbosa 

et al., 2000), disappeared in the treated materials and was replaced by several weaker 

bands at lower wavenumbers, ranging from 700 to 800 cm1. This may be interpreted 

assuming that decomposition of Al-containing chemical structures occurred during 
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geopolymerization and that the resulting Al was afterwards incorporated in alumino-silicate 

structures indicated by peak 2. 

    peak 5 peak 4 peak 3 peak 2 peak 1 

    

H-O–H 
DEFORMATION 

O–H 
STRETCING 
VIBRATION 

O-C-O 
STRETCHING 
VIBRATION 

Al-O   Si-O  
ASYMMETRIC 
STRETCHING 
VIBRATION 

Si-O-Si 
BENDING 

VIBRATION 

  cm -1  

  Name Sample code

7 
d

ay
s

 O  S-2.29-7.5 3444 1651 1454 1007 442 

J S-2.29-5 3458 1651 1454 985 468 

P  S-1.69-7.5 3453 1655 1452 1020 439 

Q  S-1.28-7.5 3450 1657 1454 1039 467 

28
 d

ay
s

 O  S-2.29-7.5 3452 1654 1448 993 470 

J S-2.29-5 3436 1650 1446 1000 472 

P  S-1.69-7.5 2442 1650 1452 1012 474 

Q  S-1.28-7.5 3442 1660 1454 1039 472 

Table 23: Position and interpretation of the main FT-IR peaks for geopolymer samples 

5.5 XRD interpretation 

The mineralogy of the ground selected samples was determined by X-ray diffraction 

(XRD). In Figure 46 are shown the XRD patterns of bottom ash sample as well as those of 

geopolymers samples at 7-day curing. 
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Figure 46: XRD patterns for geopolymer samples at 7-day curing and BA  

Q: quartz, Gh: gehelenite, C: calcite, Sc: calcium silicate, A: anorthite, H: hydrocalumite 
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The XRD patterns of bottom ash, as previously described, displayed peaks associate to 

some crystalline phases such as: quartz (SiO2), gehlenite (Ca2Al2SiO7), calcite (CaCO3), 

calcium silicate (Ca2(SiO4)), anorthite (Na0.05Ca0.95Al1.95Si2.05O8) and hydrocalumite 

Ca2Al(OH)6.5Cl0.5•3(H2O), iron oxides including hematite.  

In general, the patterns for geopolymer samples show the same crystalline phases 

indentified in the bottom ash sample although with reduced peak intensities. The main 

crystalline phases, including quartz and gehlenite, well detected in all the geopolymers 

patterns, are relatively inert during the geopolymerization process and the intensity of 

these peaks generally has not been found to change dramatically (Criado et al., 2007; 

Rees et al., 2008; Zhang et al., 2008), while the other crystalline phases seem to have 

more largely decreased as a result of geopolymerization, likely forming amorphous and 

semi-crystalline phases (Feng et al., 2004). 

In BA a broad hump located in the 2 region around 25-38° with a maximum around 32° 2 

(Figure 47) was detected and associated to the amorphous phases present in BA. Many 

other studies conducted on similar materials indicated that the same region extended from 

20 to 32° 2 (Alvarez-Ayuso et al. 2008; Bakharev 2005; De Silva et al. 2007; Criado et al., 

2007) with a maximum around 24-26° 2The location of the glass diffraction maximum is 

around 22.7°-27.5° 2in ashes containing up to about 20% CaO; while for ashes with CaO 

contents above 20% the location of the maximum is around 32° 2(Diaz et al., 2010) The 

shift observed in the BA sample investigated could derive from the higher Ca content of the 

material (38.5 wt %). When BA is mixed with the alkaline solution the original phases in the 

material are dissolved producing a new amorphous aluminosilicate gel phase in 

geopolymeric matrices (Alvarez-Ayuso et al., 2008; Panias et al., 2007). For this reason, 

the major feature of XRD of geopolymers is this large ‘hump’ (Provis et al., 2005) generally 

attributed to the amorphous aluminosilicate gel assumed to be the primary binder phase 

present in geopolymeric systems (Rhaier et al., 1996). 

The broad hump, registered between 25-38°2 in the BA pattern, is shifted towards higher 

values up to 42° 2 for the geopolymeric samples S-2.29-7.5 and S-2.29-5. The broad 

hump from 20-25°2to 38-40° 2is typical of a calcium aluminate glass structure that is 

significantly more reactive with water compared with the siliceous glass structure (Diaz et 

al., 2010).This leads to the formation of calcium silicate hydrate (C-S-H) compounds in 

addition to the geopolymeric gel icreasing the mechanical strength of the hardened 

matrices (Diaz et al., 2010; Guo et al., 2010). 
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For samples S-1.69-7.5 and S-1.28-7.5 the shift in the hump location is less evident in 

comparison to the other geopolymeric samples, but the slope is more prominent; however, 

the maximum remains in the typical range characteristic of materials with high Ca contents. 

Probably for this reason the mechanical characteristics of both samples were not 

satisfactory. 
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Figure 47: XRD patterns for geopolymer samples and BA with  details about the position of 

amorphous broad hump 

RAMAN interpretation 

Raman spectra were collected between 100 and 1800 cm-1. In Figure 49 the main Raman 

spectra for each analyzed samples (S-2.29-7.5, S-2.29-5, S-1.69-7.5 and S-1.28-7.5 at 7- 

and 28-day curing) are shown. Due to the inhomogeneity of geopolymer samples different 

spectra were collected for different areas depending on their prevalent colour (grey “G”, 

white “W” and black “B”, see Figure 48), as already described.  

The following features were observed for the investigated samples: 

 for sample S-2.29-7.5 at 7-day curing  a series of peaks in the region between 100 

and 550 cm-1, some peaks around 600 and 800 cm-1and a clear double peak 

between 1380-1400 cm-1 could be identified. At longer curing times (28 days) the 

double peak at around 1400 cm-1 was still present; 
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 for sample S-2.29-5 at 7-day curing there were less clear peaks, likely due to the 

signal noise, centered at 150, 225, 375, 400, 600 and 1100 cm-1, as well as the 

double peak at around 1400 cm-1. At longer curing times (28 days) a clear peak 

around 200 cm-1 was identified while the double peak at 1400 cm-1 appeared to 

have considerably broadened and flattened; 

 for sample S-1.69-7.5at 7-day curing some small peaks around 400, 430, 720, 1600, 

1650 and 1700 cm-1 were detected while, at 28-day curing most peaks 

disappeared with only two peaks at 400 and 720 cm-1 remained visible, and a 

small new peak between 120 and 200 cm-1 appeared; 

 for sample S-1.28-7.5, at both curing times, it was not possible to identify clear 

peaks. 

Taking these information into account, in Table 24 the main peaks associated to mineral 

phases also identified by XRD analysis are reported.  

 

 

 

 

 

 

 

Figure 48: Examples of the areas where the spectra have been collected (sample S-2.29-5 28 d) 

 

According to literature data, the peak at around 1400 cm-1 visible in samples S-2.29-7.5 

and S-2.29-5, at both curing times analyzed, may be associated to alumina ). Similarly, the 

peaks observed in sample S-2.29-7.5 at 7-day curing and in sample S-2.29-5 at longer 

curing times at ~520 and ~540 cm-1 may be ascribed to silicon (either amorphous or 

crystalline).  

Quartz can be identified, even though not all bands can well be identified, for sample S-

2.29-7.5 and S-2.29-5 at 7-day curing (series of peaks in the region between 100 and 550 

cm-1). The presence of a peak at 720 cm-1 may suggest the presence of calcite in sample 

S-2.29-7.5 at early curing times. 
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Figure 49: Raman spectra of geopolymer samples at 7 and 28 curing days 
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cm-1 Raman shift Notes 

Alumina 1381 1410   double peak 

Silicon 520     

Amorphous silica 540    broad peak 

Calcite 155 281 711 1087 not all visible 

Quartz 130 208 466  not all visible 

Gehlenite 620 656 690  not all visible 

CSH 650       broad peak 

Table 24: Raman shift for main phase characteristics of the bottom ash and geopolymers samples. 
(http://rruff.geo.arizona.edu/rruff; http://www.geocities.com/ostroum/FTRAMAN) 

 

5.6  ANC test on selected samples 

The ANC curves of the untreated BA and the BA-based geopolymers (selected samples at 

7 curing days) are shown in Figure 50. Significant changes in the buffering capacity were 

observed in comparison to the raw ash and between the geopolymerized samples. Due to 

the high alkali amount added to the mixtures, the natural pH of the original BA (11.84) was 

found to increase by almost two units in the BA-based geopolymers, reaching values in the 

range 13.02-13.33. The different mineralogical composition of the untreated and treated 

materials is mirrored by the different shapes of the titration curves: while the raw BA 

displayed a sort of plateau in the pH range 10-12, the curves of the treated materials were 

steeper in this pH range, indicating no significant buffering by mineral phases. The acid 

buffering capacity of the treated material was generally lower than that of the original BA 

within the whole range investigated: for the purpose of comparison, while the ANC to pH 8 

was 3.2 meqH+/g for the raw BA, it was reduced to 1.6 meqH+/g (sample S-1.28-7.5)  2.9 

meqH+/g (sample S-2.29-7.5). Furthermore, samples S-2.29-5 and S-2.29-7.5 displayed 

similar ANC curves in the entire pH range investigated and showed stronger buffering 

capacities with respect to the other two samples; these also appreciably differed from each 

other, with sample S-1.28-7.5 displaying the steepest curve. The lower buffering capacity 

of samples S-1.28-7.5 and S-1.69-7.5 is assumed to confirm the lower degree of 

geopolymerization reactions occurred for these materials as indicated by the previous 

analyses. 
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Figure 50: ANC curves for selected samples 

 

The results from the ANC leaching test at the natural pH of the materials for the trace 

metals Cr, Cu, Ni, Pb and Zn are compared in Table 25 with the European regulatory limits 

for hazardous, non hazardous and inert waste landfills (EU Council Directive 99/31/EC, 

1999) and with the limits established by the Italian law for waste utilization (annex 3 D.M. 

05/02/1998, Ministero dell'Ambiente della Repubblica Italiana, 1998). 

According to the values shown in Table 25, it is clear that the critical elements for the 

materials under concern are Cr and Cu, as also evident from the leaching curves as a 

function of pH shown in Figure 51. As shown, the Cr leaching was higher than the 

corresponding values measured for BA sample for the pH above 6. In the case of Cu the 

leaching of contaminants from geopolymer samples shows higher values above pH 10. In 

general not clearly visible differences in leaching can be detected among the different 

geopolymer samples under concern. 
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Table 25: Comparison between leaching test results (natural pH) and regulatory limits for selected 

heavy metals 

 

 

 

 

 

 

Figure 51: Metal leaching as a function of pH in the ANC test for selected samples 

Element pH Cr Cu Ni Pb Zn 

raw bottom ash 11.84 0.02 0.06 <0.002 0.04 0.1 

O 7 days 13.08 0.26 0.11 0.01 0.04 0.5 

J 7 days 13.09 0.29 0.07 <0.002 0.03 0.4 

P 7 days 13.33 0.28 0.15 <0.002 0.04 0.3 

Q7 days 13.02 0.18 0.12 <0.002 0.01 0.1 

EU LD ( hazardous  waste)   7 10 5 20 

EU LD (non hazardous. waste)   1 5 1 5 

EU LD (inert waste)   0.05 0.2 --- 0.05 0.4 

DM 05/02/1998 (reuse) 5.5¸12.0 0.05 0.05 0.01 0.05 3 

Detection limit (mg/l)  0.002 0.002 0.002 0.002 0.02 
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6. Conclusions 

In this research different alkali activation processes of incinerator bottom ash were 

investigated with the purpose of evaluating the recycling potential as a structural material 

in engineering applications.  

 

The results obtained from the first process, involving the use of alkaline activators to 

enhance the reactivity of bottom ash in cementitious blends, showed the positive effect of 

some of the chemical activators tested on the development of mechanical properties of the 

materials. In all the analysed cases, activation contributed to increasing mechanical 

strength if compared to untreated bottom ash. CaCl2 was found to be the most effective 

activator, being able to increase UCS above that of Portland cement. The effect of CaCl2 

appeared to promote the onset of pozzolanic reactions in the cementitious mixtures, with 

an increase in the total amount of hydration phases present. CaSO4 was also found to 

increase mechanical strength, while KOH gave positive results in terms of mechanical 

strength development only in a few cases, and NaOH was found to not be particularly 

effective.  

The environmental performance of the material, investigated for mixtures containing Ca-

based activator, was also evaluated through leaching tests, which showed that metal 

leaching was reduced if compared to the raw bottom ash. The extent of reduction in metal 

leaching was more relevant as curing time increased, indicating a progressive 

immobilization of trace metals by the hydrate system. For the mixture giving the best 

results in terms of mechanical behavior, metal leaching at the natural pH of the material 

was below the regulatory limits established by the Italian law for utilization; Cr was the only 

exception, with a release into the leaching solution slightly above the corresponding 

threshold value, which was attributed to a large extent to the contribution of cement. The 

theoretical description of the composition of the hydrated materials, gained though 

geochemical modeling of the leaching solutions, indicated the formation of different 

hydration phases when bottom ash was added to Portland cement. In the case of un-

activated bottom ash, the analysis of the modeling results indicated a possible delay in the 

hydration process in comparison to the normal evolution of pure cement systems. The 
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modeling results for trace metal leaching indicated a strong contribution of surface 

complexation by Fe and Al minerals to the immobilization of PbFor the other trace metals 

investigated, modeling of the leaching solutions resulted in only poor prediction of the 

observed leaching behaviour. This was likely related to the complex mineral forms in which 

trace metals were present in the original material, with association to solid phases for 

which a chemical and thermodynamic description is not currently available.  

 

The second activation process was applied to investigate the feasibility of producing 

geopolymeric materials starting from incinerator bottom ash and an alkaline medium. A 

preliminary study concerning the identification of the main parameters controlling the 

geopolymerization process of bottom ash was conducted Depending on the process 

conditions adopted (Si/Al ratio, NaOH concentration in the alkaline solution), wide 

variations in the main characteristics of the materials were observed, indicating a 

significant influence of the selected process variables on the evolution of the 

geopolymerization reactions. While the physical and mechanical properties were found to 

be well correlated with the Si/Al ratio, no clear trend was found with the NaOH 

concentration in the alkaline medium. For the best combination of the operating variables 

studied, an appreciable gain in the mechanical characteristics of the material was attained, 

with unconfined compressive strength values as high as 10 MPa. When examining the 

trend observed for mechanical strength data as a function of the Si/Al ratio, it is apparent 

that further investigation on the Si and Al content is required to identify the optimal range of 

values for inducing the highest possible mechanical properties. It thus appears that further 

improvement in mechanical strength, in turn resulting from a higher degree of 

geopolymerization, may be attained if the contents of the relevant elements for the process 

are appropriately adjusted within the corresponding optimal ranges. This conclusion may 

also be confirmed by the results from mineralogical characterization (SEM, FT-IR, TG, 

XRD, RAMAN spectroscopy) of the geopolymeric products, as well as from chemical 

durability testing, which showed that, although the onset of the geopolymer formation 

reactions was clearly confirmed, the degree of matrix restructuring was relatively poor, in 

agreement with the suggestions provided by the analysis of the mechanical properties. 

In general terms, the results from the present study show that some benefits may be taken 

from the reactivity of incinerator bottom ash in alkaline environments, with a view to reuse 

in engineering applications of various nature. However, the reactivity characteristics of the 

material are rather weak under normal conditions, and the associated chemical reactions 

proceed typically with slow rates. As a result, appropriate conditions are required to 
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promote the evolution of the chemical and mineralogical transformations involving the 

mineral phases in bottom ash at the level imposed by technical requirements. While the 

present study demonstrated that it is possible to identify suitable conditions for bottom ash 

activation, the results obtained also indicated that the activation reactions are dramatically 

dependent on the particular type of activation method applied and the specific composition 

of the material used. The need is therefore recognized to further improve the knowledge in 

the reaction mechanisms involved, in order to define a quantitative criterion to identify the 

optimal activation conditions as a function of material composition. 
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Abstract  

In the present study the feasibility of chemical and mechanical activation to improve the 
reactivity of incinerator bottom ash in Portland cement mixtures was investigated. Three 
chemical activators, NaOH, KOH and CaCl2, were selected for the experimental campaign 
on the basis of the results from previous studies. The experiments were arranged 
according to a full factorial design of three factors - “bottom ash content”, “activator type” 
and “activator dosage” - set at 2, 3 and 2 levels, respectively. The evolution of mechanical 
strength and the leaching behavior of activated bottom ash/Portland cement mixtures was 
a matter of major concern in this study. The results indicated that CaCl2 exhibited by far 
the best effects on the evolution of the hydration process of the mixtures and metal 
leaching from the hardened material. As for the other activators used, while an 
improvement in the mechanical properties was still recognizable when KOH was added to 
the mixtures, no positive effect could be observed in the presence of NaOH. This study 
provides some promising indications about the feasibility of incinerator bottom ash 
utilization for the formulation of blended cements, which however will need to be further 
assessed through a deeper insight into the mechanisms governing the development of 
mechanical strength in cementitious systems containing bottom ash. 

Background 

Bottom ash (BA) represents the major portion of the solid residues generated by waste 
incineration, accounting for 15-25% by mass of the original waste. The minerals present in 
BA are formed under high-temperature combustion conditions and are subjected to rapid 
cooling down to ambient temperatures during quenching at the exit of the combustion unit. 
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This temperature drop explains the metastability of most of such solid phases and 
accounts for the chemical reactivity of bottom ash under natural conditions, particularly in 
alkaline and oxidizing environments (Sabbas et al., 2003; Polettini et al., 1998). Incinerator 
BA is generally composed of amorphous and vitreous phases, and the most abundant 
constituents are calcium, silicon and aluminum oxides, which are also major components 
of typical pozzolanic materials. 

Previous studies (Filipponi et al., 2003; Giampaolo et al., 2002) appeared to indicate the 
capability of bottom ash of exhibiting pozzolanic properties in cement based systems, 
suggesting potential useful applications for blended cement formulation. Nevertheless, 
such studies indicated also that the mechanical strength of bottom ash-Portland cement 
products was always lower than that of pure Portland cement or Portland cement-
pozzolanic systems, suggesting the need to enhance the weak pozzolanic properties of 
bottom ash.  

More recently, the use of appropriate chemical activators - as suggested by a number of 
investigators for different materials (Fan at al.,1999; Quian et al., 2001; Shi et al., 1995, 
2000, 2001) - combined with thermal and mechanical activation of BA was found to 
promote the development of mechanical strength for BA-Portland cement mixtures 
(Polettini et al., 2005, 2009). 

In the present work, further investigation on the role of chemical activators in the 
development of physical, mechanical and leaching characteristics of RDF incinerator 
BA/Portland cement mixtures has been conducted. 

Materials and methods 

The bottom ash used in the present study comes from an Italian grate-type RDF 
incinerator. Fresh bottom ash was sampled at the exit of the quenching unit, homogenized 
by quartering and characterized for elemental composition as well as anion content. The 
material was sieved to produce five size classes, which were separately characterized for 
physical and chemical properties. The elemental composition was determined by atomic 
absorption spectrometry after sample digestion according to an alkaline digestion 
procedure at 1050 °C using lithium tetraborate as the melting agent. Anions were analyzed 
by ion chromatography after solubilization according to the Italian UNI 8520 method. On 
the basis of the anticipated different behavior of the finer fractions when blended with 
cement, in this study only the 0.42512.0 mm size classes were selected for the 
experiments. 

Different Ca-, Na- and K-based compounds, including CaCl2·2H2O, NaOH, KOH (reagent-
grade compounds), were selected as BA activators on the basis of a literature survey and 
the results from previous studies (Filipponi et al., 2003; Giampaolo et al., 2002; Polettini et 
al., 2005, 2009; Fan at al.,1999; Quian et al., 2001; Shi et al., 1995, 2000, 2001). The 
activation procedure applied to BA involved heating at 90 °C for 3 h of slurries (L/S = 2 
ml/g) containing the ball-milled (<150 m) ash and the chemical activator. After the pre-
treatment step, BA was oven-dried at 60 °C. 
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Cementitious mixtures were prepared (see Table 26) by blending different proportions of 
ball-milled BA and ordinary Portland cement (OPC) at a water/total solids weight ratio of 
0.4. The investigated BA/(BA+ OPC) ratios were 20 and 40 wt.%, while the activator 
additions adopted (expressed as activator/(BA + OPC) ratios) were 2 and 4 wt.%. Control 
samples containing 0, 20 and 40 wt.% of BA were also prepared for reference purposes. 
The experiments were arranged according to a full factorial design of the three factors “BA 
content”, “activator type” and “activator dosage”, set at 2, 3 and 2 levels, respectively. 

Table 26: Composition of the OPC/BA mixtures. 

Mixture 
code 

BA/(BA+OPC) 
(%) 

Activator/(BA+OPC) 
(%) 

  KOH NaOH CaCl2 
OPC 0    
C1 20    
C2 40    
A1 20 2   
A2 20 4   
A3 40 2   
A4 40 4   
A5 20  2  
A6 20  4  
A7 40  2  
A8 40  4  
A9 20   2 
A10 20   4 
A11 40   2 
A12 40   4 

 

The blends were cast in 30-mm cubic moulds, stored at 40 °C and relative humidity (RH) > 
90% for 24 h, then demoulded and allowed to cure at 40 °C and RH> 90% for 7, 28 and 56 
days. 

Measurements of unconfined compressive strength (UCS) were made on triplicate 
specimens according to the ASTM C109 method. The EN14429 ANC test was applied 
after mechanical strength testing on ball-milled (< 150 m) and oven-dried (60 °C) 
specimens. 

The analysis of variance (ANOVA) (Box et al., 2005; Montgomery, 2005) was applied to 
the experimental data to derive an estimation of the statistical significance of the main and 
linear interaction effects between the factors as well as the error of the experiments. The 
significant effects were then processed through least-squares linear regression to derive a 
predictive model, describing the so-called response surface, for the variables of interest. 
The analytical formulation of the predictive model was as follows: 

y = a0 + a1 x1 + a2 x2 + a3 x3 + a12 x1 x2 + a13 x1 x3 + a23 x2 x3 + a123 x1 x2 x3  (1) 
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where y is the response variable (e.g., UCS), x1, x2 and x3 are the levels of the three 
factors “activator type”, “bottom ash content” and “activator dosage” and ai(j)(k) the 
coefficients of the polynomial function. 

The evolution of the hydration process for the investigated mixtures was also studied by 
means of geochemical modeling of ANC leaching solutions using Visual Minteq as the 
mathematical code. To allow for a better description of the eluates from cementitious 
systems, the standard thermodynamic database was thoroughly updated including the 
stability constants of several typical cement hydrates from different literature sources 
(Astrup et al., 2006; Lothenbach and Winnefeld, 2006; Blanc et al., 2007; Hyks et al., 
2009). The application of the speciation code followed a three-step procedure: (1) the 
program was run using the measured concentrations and pHs as input data and 
suppressing precipitation for all solid phases; (2) potential solubility-controlling minerals 
where chosen among those displaying saturation indices (SI) in the range −1.5 ≤ SI ≤ +1.5 
and on the basis of the likelihood of formation in cementitious systems; and (3) the 
predicted concentrations of each element in equilibrium with the selected mineral phases 
were derived according to the following empirical equation (Astrup et al., 2006): 

  nSI
measeq CC

/1
10            (2) 

where Ceq and Cmeas are the theoretical and measured element concentrations, 
respectively, while n is the stoichiometric coefficient of the element in the mineral of 
concern. 

In all the modeling calculations, the hypothesis of oxidizing conditions was always 
assumed.  

Results and discussion 

The chemical composition of the three BA size classes investigated (12.05.6 mm; 5.62.0 

mm and 2.00.425 mm) is reported in Table 27. 

Table 27: Chemical composition and leaching of the three size fractions investigated 

Element CLASS A 
(12.05.6 mm) 

CLASS B 
(5.62.0 mm) 

CLASS C 
(2.00.425 mm) 

 TC* 
(mg/kg) 

L** 
(mg/kg) 

TC* 
(mg/kg) 

L** 
(mg/kg) 

TC* 
(mg/kg) 

L** 
(mg/kg) 

Al 64591 57 68087 242 52470 202 
As 2 0 3 0 2 0 
Ca 228165 663 232945 928 264349 982 
Cd 61 0 40 0 7 0 
Cr 487 0 467 0 483 0 
Cu 6452 0 8499 0 4601 1 
Fe 21313 0 18795 0 17632 0 
K 4410 221 4852 240 5447 281 
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Mg 16311 0 16652 1 19403 0 
Mn 458 0 475 0 503 0 
Mo 128 0 13 0 12 0 
Na 14901 242 15175 204 20442 208 
Ni 209 0 97 0 100 0 
Pb 2441 51 2782 41 3403 83 
Sb 102 0 42 0 25 0 
Si 118872 5 115175 0 93474 0 
Zn 2824 4 2424 1 1892 1 
Cl- 18953  19306  25639  
SO4

2- 13417  10427  8800  
*TC = total content   ** L = leachate concentration (EN 12457-2) 

The trace metals displaying the highest concentrations in BA were Pb (2400-3400 mg/kg), 
Zn (1900-2800 mg/kg) and Cu (4600-8500 mg/kg). As far as metal leaching was 
concerned, the Pb and Cr concentrations exceeded the regulatory limits established by the 
Landfill Directive for disposal in hazardous waste landfills. 

The results from mechanical characterization of cementitious materials are reported in 
Figure 52 in terms of measured UCS values and calculated specific UCS values (relative 
to OPC), and in Figure 53 in terms of UCS values as a function of curing time and activator 
type. SUCS (Pu, 1999) is defined as the mechanical strength of a given mixture divided by 
its OPC content and is used to identify any additional contribution of cement admixtures to 
mechanical strength other than that produced by the OPC hydrates. 

The addition of BA to the mixtures with no preliminary activation treatment (samples C1 
and C2) was observed to result in decreased mechanical strength values if compared to 
the control mixture (100% OPC). A linear decrease in UCS with the BA content was 
observed, irrespective of curing time, when KOH or NaOH were used as the activators, 
indicating a dilution effect of the cement hydrates system by BA; in the case of CaCl2, the 
UCS decrease was less than proportional to the BA content, suggesting some possible 
contribution of the material to the development of mechanical properties. 

 

 

 

 

 

 

Figure 52: UCS and SUCS values as a function of curing time 
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Figure 53: UCS as a function of curing time and activator type 

When activated BA was used as a cement admixture, the effects produced on mechanical 
strength were found to be related to the type of chemical activator used. As a general 
feature, the three activators tested always resulted in a gain in mechanical strength if 
compared to the specimens without activator addition. However, the absolute UCS values 
were found to be largely variable depending on the individual activator used. In particular, 
as already observed in a previous study on a BA sample from a different source, CaCl2 
was found to be capable of improving the mechanical characteristics of cementitious 
blends in respect to the control mixture. The best results were obtained for a 20% BA 
content, with UCS values of 44.6, 43.3, 52.9 and 57.7 MPa after 7, 28, 56 and 90 days, as 
opposed to 42.0, 45.8, 44.9 and 51.1 MPa measured for the control sample; increasing the 
CaCl2 addition from 2% to 4% appeared to have only a minor effect on strength 
improvement. When the BA addition was increased to 40%, mechanical strength was 
reduced only slightly below that of the 100% OPC specimen. 
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As for the two other activators KOH and NaOH, the positive effect on mechanical strength 
as compared to the non-activated material was by far less evident. Although at 20% BA 
addition KOH (at both the 2% and 4% dosages) was capable of promoting the hydration 
process at early curing (7 days) yielding UCS values above that of the control (41.1 and 
40.3 MPa, respectively, as opposed to 40.2 MPa), no similar gain was observed at longer 
curing times. In addition, unlike noted for CaCl2, the decrease in UCS with the BA content 
when KOH was used as the activator was still considerable at all curing times. This 
suggested that KOH was only capable to affect hydration to some extent during the early 
stages of the process and for low BA dosages. 

The results obtained when BA was activated by NaOH showed that this activator was not 
suited to significantly contribute to strength development. This occurred irrespective of the 
amount of both BA and activator added to the mixtures. Furthermore, an increase in the 
NaOH dosage was found to adversely affect UCS, likely due to an excess of sodium in the 
pore solution. The findings commented above become more clear when interpreted in 
terms of specific strength values: while the SUCS of CaCl2-contaning mixtures were all 
well above the corresponding values for the control specimen, the strength gain was less 
pronounced for KOH and much less visible (or absent at all) for NaOH. For the reasons 
explained above, in the following discussion more evidence will be devoted to further 
examine the mechanical and environmental behavior of the BA/OPC mixtures in the 
presence of CaCl2. 

The results of the mechanical strength measurements were processed by means of the 
ANOVA, which was used to judge the statistical significance of factor effects and 
interactions, required to build the predictive model described by equation (1). Table 28 
reports the ANOVA results for UCS at the three curing times investigated, expressed in 
terms of sum of squares (SS) for the individual effect/interaction, the corresponding 
degrees of freedom (DF) and mean squares (MS).  

The bold values in Table 28 indicate the significant effects at a 10% significance level. It 
should be noted that, due to the number of levels used for the two quantitative factors “BA 
dosage” and “activator addition”, only linear main effects and interactions between factors 
could be estimated, resulting in a linear predictive model for the response variables. The 
response surfaces obtained using this approach were plotted in Figure 54 at a constant 
value for factor 1 (activator type = CaCl2) separately for each curing time. 

Table 28: ANOVA results for UCS 

 t = 7 d t = 28 d 
 SS DF MS SS DF MS 
SS1 1194.7 2 597.3 1231.2 2 615.6 
SS2 1693.3 1 1693.3 814.8 1 814.8 
SS3 53.1 1 53.1 139.9 1 139.9 
SS12 75.0 2 37.5 298.4 2 149.2 
SS13 36.3 2 18.1 40.3 2 20.2 
SS23 6.3 1 6.3 22.1 1 22.1 
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SS123 9.5 2 4.8 10.9 2 5.4 
SSE 301.8 24 12.6 1034.0 24 43.1 
SST 3369.9 35 96.3 3591.7 35 102.6 
 t = 56 d t = 90 d 
 SS DF MS SS DF MS 
SS1 1374.6 2 687.3 2646.5 2 1323.3 
SS2 1123.4 1 1123.4 1126.3 1 1126.3 
SS3 164.4 1 164.4 \118.8 1 118.8 
SS12 177.2 2 88.6 305.7 2 152.9 
SS13 87.7 2 43.9 25.8 2 12.9 
SS23 2.6 1 2.6 10.1 1 10.1 
SS123 37.6 2 18.8 279.3 2 139.7 
SSE 990.1 24 41.3 972.9 24 40.5 
SST 3957.6 35 113.1 5485.4 35 156.7 
1 = “activator type”; 2 = “BA dosage”; 3 = “activator addition” 
E = error; T = total 
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Figure 54: Response surfaces for UCS as derived by equation (1) – values in MPa 

The analysis of the contour plots shows the minor effect of an increase in activator dosage 
at any of the investigated curing times; conversely, UCS was more negatively affected by a 
corresponding increase in the BA dosage. 

The mechanical behaviour of mixtures discussed so far was confirmed by the ANC results. 
The titration curves for the CaCl2-containing blends, depicted in Figure 55 for curing times 
of 28 and 56 days, appeared to be affected mainly by the BA content while inappreciably 
by the activator dosage. 

 

 

 

 

 

 

Figure 55: ANC curves for CaCl2-containing blends 

It was observed that the ANC to pH 10, which gives a rough estimation of the main 
hydration phases formed, decreased by about 1-2 meq/g (depending on curing time) as 
the BA content increased from 20 to 40%.  

For all the metals under concern, a very dramatic decrease in leaching was observed if 
compared to the raw BA sample. Metal leaching as a function of pH showed no large 
differences between the different mixtures investigated. However, as also observed for 
mechanical strength, the addition of 4% CaCl2 at 20% BA content gave the best results; in 
particular, in the pH range above 12 metal immobilization efficiency increased by almost an 
order of magnitude. This is evident in Figure 5, which shows the leaching results obtained 
for Pb. 
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Figure 56: Pb leaching as a function of pH in the ANC test 

An attempt was made to infer on the evolution of the hydration process with curing time for 
the mixtures containing 20% BA and 2% CaCl2. Ca leaching was found to be controlled by 
different phases as the hydration reactions progressed. In particular, gypsum at low pH 
values and C2AH8 at pH > 12 were the most probable candidates for solubility control at 7-
day curing; for longer curing times C2AH8 appeared to be replaced by monosulphate; at 
56-day curing, additional solubility-controlling phases were identified, consisting of complex 
Cl-containing hydrates including Friedel’s (3CaOAl2O3CaCl210H2O) and Kuzel’s 

(3CaOAl2O30.5CaCl20.5CaSO412H2O) salts. This indicates that, as already observed in 
the literature (Glasser et al., 1999), the AFm phase C2AH8 was subjected to changes in its 
mineral structure, accommodating anion substitutions for Cl- and SO4

2-. 

In the case of Si, no solubility-controlling solids could be identified at low curing times, 
except for chalcedony at pHs in the range 9-10; as curing progressed, Ca silicate hydrate 
phases including C-S-H with a Ca/Si ratio = 0.8 and tobermorite (Ca/Si ratio = 0.83) were 
found to control Si leaching above pH = 9. 

As observed for Ca, SO4
2- were observed to be controlled by gypsum at low pHs and, for 

curing times of 28 and 56 days, by monosulphate at pH > 10. It should be noted that te 
leaching solutions were always found to be oversaturated with respect to ettringite, 
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although the shape of the theoretical solubility curve for this phase was very similar to the 
measured concentrations. Further investigation is required to judge about the reliability of 
the stability constant used in the thermodynamic database for ettringite in the case of 
impurity-bearing cementitious systems. 

Among the major cations, Mg leaching (results not reported graphically here) appeared to 
be controlled by forsterite at 28- and 56-day curing, while no clear solubility control was 
observed for lower curing times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57: Results of the geochemical speciation modeling for Ca SO4
2-, and Si (20% BA, 

2% CaCl2) 
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Conclusions 

The preliminary results of a study on the formulation of blended cements using incinerator 
bottom ash revealed that in order to attain adequate mechanical strength, an activation 
pre-treatment was required. In all cases, activation contributed to increasing mechanical 
strength if compared to untreated bottom ash. However, among the activators tested, 
CaCl2 only was able to increase UCS above that of Portland cement. The environmental 
performance of the material was also evaluated through leach testing, which showed that 
metal leaching was drastically reduced if compared to the raw bottom ash. For the mixture 
giving the best results in terms of mechanical behavior, metal leaching at the natural pH of 
the material was below the regulatory limits established by the Italian law for utilization; Cr 
was the only exception, with a release into the leaching solution slightly above the 
corresponding threshold value. 

While the study conducted so far for CaCl2 and, partly, KOH gave encouraging results in 
terms of mechanical strength development, a deeper insight into the mechanisms acting 
during the hydration process as a result of chemical activation of bottom ash is still 
claimed. In this respect, further studies are currently being conducted through TGA, XRD 
and Raman spectroscopy techniques to derive information on the mineralogical changes 
occurring during the hardening process in the presence of activators. 

As far as the predictive model developed is concerned, a better description of the effects of 
the hydration phenomena involved may be obtained through proper consideration of 
higher-order effects and interactions between the factors of interest. Thus, additional levels 
for the factors “BA dosage” and “activator addition” will be considered in further analysis. 
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Abstract  

In the present study the feasibility of chemical and mechanical activation to improve the 
reactivity of incinerator bottom ash in Portland cement mixtures was investigated. Three 
chemical activators, NaOH, KOH and CaCl2, were selected for the experimental campaign 
on the basis of the results from previous studies. The experiments were arranged 
according to a full factorial design of three factors - “bottom ash content”, “activator type” 
and “activator dosage” - set at 2, 3 and 2 levels, respectively. The evolution of mechanical 
strength and the leaching behavior of activated bottom ash/Portland cement mixtures was 
a matter of major concern in this study. The results indicated that CaCl2 exhibited by far 
the best effects on the evolution of the hydration process of the mixtures and metal 
leaching from the hardened material. As for the other activators used, while an 
improvement in the mechanical properties was still recognizable when KOH was added to 
the mixtures, no positive effect could be observed in the presence of NaOH. This study 
provides some promising indications about the feasibility of incinerator bottom ash 
utilization for the formulation of blended cements, which however will need to be further 
assessed through a deeper insight into the mechanisms governing the development of 
mechanical strength in cementitious systems containing bottom ash. 

Background 

Bottom ash (BA) represents the major portion of the solid residues generated by waste 
incineration, accounting for 15-25% by mass of the original waste. The minerals present in 
BA are formed under high-temperature combustion conditions and are subjected to rapid 
cooling down to ambient temperatures during quenching at the exit of the combustion unit. 
This temperature drop explains the metastability of most of such solid phases and 
accounts for the chemical reactivity of bottom ash under natural conditions, particularly in 
alkaline and oxidizing environments (Sabbas et al., 2003; Polettini et al., 1998). Incinerator 
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BA is generally composed of amorphous and vitreous phases, and the most abundant 
constituents are calcium, silicon and aluminum oxides, which are also major components 
of typical pozzolanic materials. 

Previous studies (Filipponi et al., 2003; Giampaolo et al., 2002) appeared to indicate the 
capability of bottom ash of exhibiting pozzolanic properties in cement based systems, 
suggesting potential useful applications for blended cement formulation. Nevertheless, 
such studies indicated also that the mechanical strength of bottom ash-Portland cement 
products was always lower than that of pure Portland cement or Portland cement-
pozzolanic systems, suggesting the need to enhance the weak pozzolanic properties of 
bottom ash. More recently, the use of appropriate chemical activators - as suggested by a 
number of investigators for different materials (Fan at al.,1999; Quian et al., 2001; Shi et 
al., 1995, 2000, 2001) - combined with thermal and mechanical activation of BA was found 
to promote the development of mechanical strength for BA-Portland cement mixtures 
(Polettini et al., 2005, 2009).In the present work, further investigation on the role of 
chemical activators in the development of physical, mechanical and leaching 
characteristics of RDF incinerator BA/Portland cement mixtures has been conducted.  

Materials and methods 

The bottom ash used in the present study comes from an Italian grate-type RDF 
incinerator. Fresh bottom ash was sampled at the exit of the quenching unit, homogenized 
by quartering and characterized for elemental composition as well as anion content. The 
material was sieved to produce five size classes, which were separately characterized for 
physical and chemical properties. The elemental composition was determined by atomic 
absorption spectrometry after sample digestion according to an alkaline digestion 
procedure at 1050 °C using lithium tetraborate as the melting agent. Anions were analyzed 
by ion chromatography after solubilization according to the Italian UNI 8520 method. On 
the basis of the anticipated different behavior of the finer fractions when blended with 
cement, in this study only the 0.42512.0 mm size classes were selected for the 
experiments.Different Ca-, Na- and K-based compounds, including CaCl2·2H2O, NaOH, 
KOH (reagent-grade compounds), were selected as BA activators on the basis of a 
literature survey and the results from previous studies (Filipponi et al., 2003; Giampaolo et 
al., 2002; Polettini et al., 2005, 2009; Fan at al.,1999; Quian et al., 2001; Shi et al., 1995, 
2000, 2001). The activation procedure applied to BA involved heating at 90 °C for 3 h of 
slurries (L/S = 2 ml/g) containing the ball-milled (<150 m) ash and the chemical activator. 
After the pre-treatment step, BA was oven-dried at 60 °C.Cementitious mixtures were 
prepared (see Table 26) by blending different proportions of ball-milled BA and ordinary 
Portland cement (OPC) at a water/total solids weight ratio of 0.4. The investigated 
BA/(BA+ OPC) ratios were 20 and 40 wt.%, while the activator additions adopted 
(expressed as activator/(BA + OPC) ratios) were 2 and 4 wt.%. Control samples containing 
0, 20 and 40 wt.% of BA were also prepared for reference purposes. The experiments 
were arranged according to a full factorial design of the three factors “BA content”, 
“activator type” and “activator dosage”, set at 2, 3 and 2 levels, respectively. 
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Mixture 
code 

BA/(BA+OPC) 
(%) 

Activator/(BA+OPC) 
(%) 

  KOH NaOH CaCl2 
OPC 0    
C1 20    
C2 40    
A1 20 2   
A2 20 4   
A3 40 2   
A4 40 4   
A5 20  2  
A6 20  4  
A7 40  2  
A8 40  4  
A9 20   2 
A10 20   4 
A11 40   2 
A12 40   4 

Table 29: Composition of the OPC/BA mixtures. 

The blends were cast in 30-mm cubic moulds, stored at 40 °C and relative humidity (RH) > 
90% for 24 h, then demoulded and allowed to cure at 40 °C and RH> 90% for 7, 28 and 56 
days.Measurements of unconfined compressive strength (UCS) were made on triplicate 
specimens according to the ASTM C109 method. The EN14429 ANC test was applied 
after mechanical strength testing on ball-milled (< 150 m) and oven-dried (60 °C) 
specimens.The analysis of variance (ANOVA) (Box et al., 2005; Montgomery, 2005) was 
applied to the experimental data to derive an estimation of the statistical significance of the 
main and linear interaction effects between the factors as well as the error of the 
experiments. The significant effects were then processed through least-squares linear 
regression to derive a predictive model, describing the so-called response surface, for the 
variables of interest. The analytical formulation of the predictive model was as follows: 

y = a0 + a1 x1 + a2 x2 + a3 x3 + a12 x1 x2 + a13 x1 x3 + a23 x2 x3 + a123 x1 x2 x3  (1) 

where y is the response variable (e.g., UCS), x1, x2 and x3 are the levels of the three 
factors “activator type”, “bottom ash content” and “activator dosage” and ai(j)(k) the 
coefficients of the polynomial function. 

Results and discussion 

The chemical composition of the three BA size classes investigated (12.05.6 mm; 5.62.0 

mm and 2.00.425 mm) is reported in Table 27.  

Element CLASS A 
(12.05.6 mm) 

CLASS B
(5.62.0 mm) 

CLASS C 
(2.00.425 mm) 

 TC*
(mg/kg) 

L**
(mg/kg) 

TC*
(mg/kg) 

L**
(mg/kg) 

TC*
(mg/kg) 

L** 
(mg/kg) 

Al 64591 57 68087 242 52470 202 
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As 2 0 3 0 2 0 

Ca 228165 663 232945 928 264349 982 

Cd 61 0 40 0 7 0 

Cr 487 0 467 0 483 0 

Cu 6452 0 8499 0 4601 1 

Fe 21313 0 18795 0 17632 0 

K 4410 221 4852 240 5447 281 

Mg 16311 0 16652 1 19403 0 

Mn 458 0 475 0 503 0 

Mo 128 0 13 0 12 0 

Na 14901 242 15175 204 20442 208 

Ni 209 0 97 0 100 0 

Pb 2441 51 2782 41 3403 83 

Sb 102 0 42 0 25 0 

Si 118872 5 115175 0 93474 0 

Zn 2824 4 2424 1 1892 1 

Cl- 18953  19306  25639  

SO4
2- 13417  10427  8800  

*TC = total content   ** L = leachate concentration (EN 12457-2) 

Table 30: Chemical composition and leaching of the three size fractions investigated 

The trace metals displaying the highest concentrations in BA were Pb (2400-3400 mg/kg), 
Zn (1900-2800 mg/kg) and Cu (4600-8500 mg/kg). As far as metal leaching was 
concerned, the Pb and Cr concentrations exceeded the regulatory limits established by the 
Landfill Directive for disposal in hazardous waste landfills.The results from mechanical 
characterization of cementitious materials are reported in Figure 1in terms of measured 
UCS values and calculated specific UCS values (relative to OPC), and in Figure 53 in 
terms of UCS values as a function of curing time and activator type. SUCS (Pu, 1999) is 
defined as the mechanical strength of a given mixture divided by its OPC content and is 
used to identify any additional contribution of cement admixtures to mechanical strength 
other than that produced by the OPC hydrates. 

 

Figure 58: UCS and SUCS values as a function of curing time 
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The addition of BA to the mixtures with no preliminary activation treatment (samples C1 
and C2) was observed to result in decreased mechanical strength values if compared to 
the control mixture (100% OPC). However, the decrease in UCS depended on BA content 
in an approximate linear manner at short curing times (7 days), indicating a dilution effect 
of the cement hydrates system by BA; for longer curing times, the UCS decrease was less 
than proportional to the BA content, suggesting some possible contribution of the material 
to the development of mechanical properties. 

 

Figure 59: UCS as a function of curing time and activator type 
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as already observed in a previous study on a BA sample from a different source, CaCl2 
was found to be capable of improving the mechanical characteristics of cementitious 
blends in respect to the control mixture. The best results were obtained for a 20% BA 
content, with UCS values of 44.6, 43.3 and 52.9 MPa after 7, 28 and 56 days, as opposed 
to 42.0, 45.8 and 44.9 MPa measured for the control sample; increasing the CaCl2 addition 
from 2% to 4% appeared to have only a minor effect on strength improvement. When the 
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BA addition was increased to 40%, mechanical strength was reduced only slightly below 
that of the 100% OPC specimen.As for the two other activators KOH and NaOH, the 
positive effect on mechanical strength as compared to the non-activated material was by 
far less evident. Although at 20% BA addition KOH (at both the 2% and 4% dosages) was 
capable of promoting the hydration process at early curing (7 days) yielding UCS values 
above that of the control (41.1 and 40.3 MPa, respectively, as opposed to 40.2 MPa), no 
similar gain was observed at longer curing times. In addition, unlike noted for CaCl2, the 
decrease in UCS with the BA content when KOH was used as the activator was still 
considerable at all curing times. This suggested that KOH was only capable to affect 
hydration to some extent during the early stages of the process and for low BA 
dosages.The results obtained when BA was activated by NaOH showed that this activator 
was not suited to significantly contribute to strength development. This occurred 
irrespectively of the amount of both BA and activator added to the mixtures. Furthermore, 
an increase in the NaOH dosage was found to adversely effect UCS, likely due to an 
excess of sodium in the pore solution. The findings commented above become more clear 
when looking at the specific strength values: while the SUCS of CaCl2-contaning mixtures 
were all well above the corresponding values for the control specimen, the strength gain 
was less pronounced for KOH and much less visible (or absent at all) for NaOH. For the 
reasons explained above, in the following more evidence will be devoted to further 
examine the mechanical and environmental behavior of the BA/OPC mixtures in the 
presence of CaCl2.The results of the mechanical strength measurements were processed 
by means of the ANOVA, which was used to judge the statistical significance of factor 
effects and interactions, required to build the predictive model described by equation (1). 
Table 28 reports the ANOVA results for UCS at the three curing times investigated, 
expressed in terms of sum of squares (SS) for the individual effect/interaction, the 
corresponding degrees of freedom (DF) and mean squares (MS).  

 t = 7 d t = 28 d t = 56 d 
 SS DF MS SS DF MS SS DF MS 

SS1 1194.7 2 597.3 1231.2 2 615.6 1374.6 2 687.3 

SS2 1693.3 1 1693.3 814.8 1 814.8 1123.4 1 1123.4 

SS3 53.1 1 53.1 139.9 1 139.9 164.4 1 164.4 

SS12 75.0 2 37.5 298.4 2 149.2 177.2 2 88.6 

SS13 36.3 2 18.1 40.3 2 20.2 87.7 2 43.9 

SS23 6.3 1 6.3 22.1 1 22.1 2.6 1 2.6 

SS123 9.5 2 4.8 10.9 2 5.4 37.6 2 18.8 

SSE 301.8 24 12.6 1034.0 24 43.1 990.1 24 41.3 

SST 3369.9 35 96.3 3591.7 35 102.6 3957.6 35 113.1 
1 = “activator type”; 2 = “BA dosage”; 3 = “activator addition” 
E = error; T = total 
Table 31: ANOVA results for UCS 

The bold values in Table 28 indicate the significant effects at a 10% significance level. It 
should be noted that, due to the number of levels used for the two quantitative factors “BA 
dosage” and “activator addition”, only linear main effects and interactions between factors 
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could be estimated, resulting in a linear predictive model for the response variables. The 
response surfaces obtained using this approach were plotted in Figure 54 at a constant 
value for factor 1 (activator type = CaCl2) separately for each curing time. 
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Figure 60: Response surfaces for UCS as derived by equation (1) – values in MPa 

The analysis of the contour plots shows the minor effect of an increase of activator dosage 
at any of the investigated curing times; conversely, UCS was more negatively affected by a 
corresponding increase in the BA dosage.The mechanical behaviour of mixtures discussed 
so far was confirmed by the ANC results. The titration curves for the CaCl2-containing 
blends, depicted in Figure 55 for curing times of 28 and 56 days, appeared to be affected 
mainly by the BA content while inappreciably by the activator dosage. 
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Figure 61: ANC curves for CaCl2-containing blends 

It was observed that the ANC to pH 10, which gives a rough estimation of the main 
hydration phases formed, decreased by about 1-2 meq/g (depending on curing time) as 
the BA content increased from 20 to 40%. For all the metals under concern, a very 
dramatic decrease in leaching was observed if compared to the raw BA sample. Metal 
leaching as a function of pH showed no large differences between the different mixtures 
investigated. However, as also observed for mechanical strength, the addition of 4% CaCl2 
at 20% BA content gave the best results; in particular, in the pH range above 12 metal 
immobilization efficiency increased by almost an order of magnitude. This is evident in 
Figure 5, which shows the leaching result obtained for Pb. 
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Figure 62: Pb leaching as a function of pH in the ANC test 

Conclusions 

The preliminary results of a study on the formulation of blended cements using incinerator 
bottom ash revealed that in order to attain adequate mechanical strength, an activation 
pre-treatment was required. In all cases, activation contributed to increasing mechanical 
strength if compared to untreated bottom ash. However, among the activators tested, 
CaCl2 only was able to increase UCS above that of Portland cement. The environmental 
performance of the material was also evaluated through leach testing, which showed that 
metal leaching was drastically reduced if compared to the raw bottom ash. For the mixture 
giving the best results in terms of mechanical behavior, metal leaching at the natural pH of 
the material was below the regulatory limits established by the Italian law for utilization; Cr 
was the only exception, with a release into the leaching solution slightly above the 
corresponding threshold value.While the study conducted so far for CaCl2 and, partly, KOH 
gave encouraging results in terms of mechanical strength development, a deeper insight 
into the mechanisms acting during the hydration process as a result of chemical activation 
of bottom ash is still claimed. In this respect, further studies are currently being conducted 
through TGA, XRD and Raman spectroscopy techniques to derive information on the 
mineralogical changes occurring during the hardening process in the presence of 
activators. 
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As far as the predictive model developed is concerned, a better description of the effects of 
the hydration phenomena involved may be obtained through proper consideration of 
higher-order effects and interactions between the factors of interest. Thus, additional levels 
for the factors “BA dosage” and “activator addition” will be considered in further analysis. 
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ABSTRACT 

The feasibility of geopolymer synthesis using incinerator bottom ash as the source of Si- 
and Al- containing phases was tested in the present study. Alkaline activation at moderate 
temperatures was used to force the rearrangement of the alumino-silicate matrix resulting 
in the production of a geopolymeric material. Different mixtures were investigated for 
geopolymer production, which differed in the Si/Al ratio (obtained upon addition of sodium 
silicate and metakaolin at varying proportions) and the NaOH concentration in the alkaline 
medium. The obtained geopolymeric materials were characterized in terms of physical and 
mechanical properties, mineralogical and microstructural characteristics as well as 
chemical durability. Wide variations in the main characteristics of the obtained products 
were observed, indicating a significant influence of the process variables on the evolution 
of the geopolymerization reactions. While the physical and mechanical properties 
correlated well with the Si/Al ratio, no clear trend was found with the NaOH concentration; 
however, although the strength development upon geopolymerization was clear, the 
experimental data suggested that the optimal Si/Al ratio was probably beyond the 
investigated range. SEM, FT-IR, TG and leaching test data showed that, although the 
onset of the geopolymer-formation reactions was clear, the degree of matrix restructuring 
was relatively poor, indicating the need for further investigation to promote the 
development of the geopolymerization reactions. 

INTRODUCTION 

Bottom ashes (BAs) from waste incineration are generated in relatively large amounts (> 
90% of the total solid residues mass) and account for 15-25% by mass of the original 
waste. BAs are also the residues with technical properties most suited for utilization. The 
similarities in physical characteristics and major composition of granular construction 
materials and BA make this residue virtually suited for recycling as a substitute for natural 
aggregate; construction and building materials are the primary utilization route for BAs in 
Europe1. All the mentioned utilization options rely on the implicit assumption of the 
predominantly inert characteristics of BA, however, the chemical reactivity of BA under 
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natural conditions has also been widely assessed. Thus, advantage may be taken from the 
presence of reactive compounds in BA to improve the materials’ properties for utilization. 
Different processing methods have been investigated to improve the mechanical properties 
of BA in view of engineering applications, which are mostly based on preliminary activation 
of the material by means of mechanical, chemical or thermal methods (or a combination of 
the three). In our previous studies2-6 we applied a number of processes of different nature 
to transform incinerator BA in a valuable material for various applications. Namely, the 
studies focused on the production of: 1) sintered ceramics to be used for manufacturing of 
tiles and linings for pipes and ducts or as an aggregate material; 2) zeolitized materials for 
the treatment of high-strength industrial wastewaters; 3) pozzolanic materials for the 
formulation of blended cements. In the present work, we intend to gain insights into the 
feasibility of production of geopolymeric materials from incinerator BA,  considering that the 
material is known to be composed of amorphous and vitreous phases, the most abundant 
constituents being Ca-, Si- and Al-containing minerals. While other kinds of inorganic 
industrial wastes (coal/lignite fly ash7-15, biomass ash16, coal bottom ash9,17, blast furnace 
slag18,19, air pollution control ash from waste incineration20 and wastewater sludge21) have 
been investigated in previous studies for similar applications, to the authors’ knowledge no 
specific study on geopolymer production from incinerator BA has been conducted so far. 

MATERIALS AND METHODS 

Waste incinerator BA from an Italian grate-type RDF incinerator was used as the starting 
material for geopolymer synthesis. Fresh BA was sampled at the quenching unit outlet, 
homogenized by quartering and characterized for elemental composition and anion 
content. The elemental composition was determined using a Perkin-Elmer 3030B atomic 
absorption spectrometer after triplicate alkaline digestions at 1050 °C in platinum crucibles 
using lithium tetraborate as the melting agent. Anions were analyzed using a Metrohm 761 
Compact IC ion chromatographer after dissolution according to the Italian UNI 8520 
methods. Microstructure was investigated with a Philips XL-30 SEM analyzer, operating at 
25 kV with a spot size of 200 nm, a tilt angle of 35º, a take-off angle of 61.34º and 
equipped with an EDAX DX-4 energy-dispersive spectrometer operated at a count rate of 
1200 cps and a live time of 50 s. Samples were first impregnated with an ultra-low viscosity 
resin, then polished and carbon-coated under vacuum. BA pre-treatment involved ball-
milling the dried as-received material to a final mean particle size < 425 m. The alkaline 
activator used for geopolymerization included a sodium silicate solution (SiO2 = 26.91%, 
Na2O = 8.68%; SiO2/Na2O = 3.1 w/w) and an NaOH solution (1015.5 M), which were 
mixed in different proportions to provide the desired reacting medium. Metakaolin (MK) 
was used to adjust the Si/Al ratio in the desired range of values; metakaolin was obtained 
from commercial-grade kaolin by calcination at 800°C for 2 hours in air. Milled BA was 
mixed with the alkaline activator at a solid-to-liquid (S/L) ratio of 4 kg/l except for pastes 
with the highest metakaolin content, where additional water was required to ensure a 
suitable workability, resulting in a S/L ratio of 3.3.Different pastes were tested for the 
geopolymerization process by varying the Si/Al molar ratio (1.282.29) and the NaOH 

concentration (59 M) in the alkaline medium, as reported in Table 1 (sample codes 
include the values of the two parameters in each mixture). The paste preparation 
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procedure involved hand-mixing of the dry BA and metakaolin for 2 minutes, followed by 
hand-mixing for additional 7 minutes of the resulting dry mixture with previously blended 
Na silicate and NaOH solutions. The resulting pastes were cast in 20-mm diameter, 45-mm 
height cylindrical steel moulds, manually compacted with a piston and de-moulded 
afterwards. The cylindrical specimens were transferred to an oven where they were heated 
at 75 °C for 24 hours; such operating values were selected on the basis of the results from 
preliminary tests. After the heat treatment the specimens were wrapped in parafilm foils 
and cured at room temperature for 7 days. 

Table XXXII. Composition of pastes used for the geopolymerization experiments 

 Mixture components  Final values 
Sample 
code 

BA MK 
Na silicate 

sol. 
NaOH sol. 

S/L 
ratio

Si/Al NaOH 

 (g) (g) (ml) (M) (ml) 
(g/ml

) 
(mol/mo

l) 
(M) 

S-2.29-5 16 4 2.5 10 2.5 4 2.29 5 
S-1.69-5 12 8 2.5 10 2.5 4 1.69 5 
S-1.28-5 5.2 14.8 3 10 3 3.3 1.28 5 
S-2.29-6 15.8 4.2 3 15 2 4 2.29 6 
S-1.69-6 11.7 8.3 3 15 2 4 1.69 6 
S-1.28-6 4.6 15.4 3.5 14.5 2.5 3.3 1.28 6 
S-2.29-7.5 16 4 2.5 15 2.5 4 2.29 7.5 
S-1.69-7.5 12 8 2.5 15 2.5 4 1.69 7.5 
S-1.28-7.5 5.2 14.8 3 15 3 3.3 1.28 7.5 
S-2.29-9 16.2 3.8 2 15 3 4 2.29 9 
S-1.69-9 12.3 7.7 2 15 3 4 1.69 9 
S-1.28-9 5.7 14.3 2.5 15.5 3.5 3.3 1.28 9 
After 7 days, the products were tested for physical, mechanical, mineralogical, 
microstructural and leaching properties. Physical and mechanical characterization involved 
triplicate measurements of bulk density (volume displacement principle), total porosity 
(pycnometric measurement) and unconfined compressive strength (UCS). Mineralogy and 
microstructure were investigated through SEM/EDAX, FT-IR and TGA/DTA analyses; while 
SEM observations were carried out on specimen fragments obtained from mechanical 
testing, the other analytical techniques were applied on powdered samples. SEM analyses 
were conducted as already described above. FT-IR absorbance spectra were collected 
with an Impact 420 Nicolet instrument in the wavenumber range 4004000 cm−1 with a 

resolution of 4 cm1 on pellets with KBr. Simultaneous TGA/DTA analyses were 
performed at a heating rate of 10 °C/min in static air over a temperature range of 20–1000 
°C. The EN 14429 (acid neutralization capacity, ANC) leaching test was applied after 
mechanical strength testing on ball-milled (<425 m) specimens to assess the chemical 
durability of the materials. 

RESULTS AND DISCUSSION 

Chemical, microstructural and mechanical characterisation the elemental composition of 
the BA used is reported in Table II. The major constituents of the untreated bottom ash 
are: Ca (27.5% dry wt.), Si (15.0% dry wt.), soluble chloride (5.4% dry wt.) and Al (4.1% 
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dry wt.). Appreciable amounts of trace metals were also detected in the material, the 
highest contents being displayed by Cu (5900 mg/kg), Pb (1400 mg/kg) and Zn (6200 
mg/kg). 

Table XXXIII. Concentrations (average values ± standard error) of major elements, trace 
metals and anionic species in the untreated BA 

Element/Anio
n 

Concentration 
(mg/kg) 

 
Element/Anio
n 

Concentration 
(mg/kg) 

Al 41213 ± 2%  Mo 30.4 ± 4% 
As 3.4 ± 6%  Na 17496 ± 1% 
Ca 274910 ± 7%  Ni 173 ± 22% 
Cd 8.3 ± 15%  Pb 1399 ± 12% 
Cr 387 ± 4%  Sb 137 ± 15% 
Cu 5875 ± 16%  Si 149600 ± 3% 
Fe 29377 ± 3%  Zn 6175 ± 6% 
K 3869 ± 2%  Cl 54423 ± 5% 
Mg 18927 ± 4%  SO4

2 4095 ± 5% 
Mn 715 ± 5%    

The SEM micrograph (100 magnification) of the untreated milled BA is shown in Figure 1, 
which indicates a microstucture with loose particles with large areas characterized by a 
dark gray level intermixed with lighter gray zones of more limited extension. Both areas 
were analyzed for elemental composition through EDAX analyses. Dark gray areas mainly 
contained Ca (16 mol%), Si (13.5 mol%) and Al (5.4 mol%), which could roughly be 
described by the presence of CaO, SiO2 and Al2O3 at molar ratios of 6:5:1; lower contents 
of C (4.6 mol%), Na (3.7 mol%), Cl (1.9 mol%) and Mg (1.3 mol%) were also detected. 
Light gray zones mainly contained Si (24.4 mol%), Na (9.8 mol%) and Ca (7.3 mol%), with 
smaller concentrations of C (3.9 mol%), Al (2.8 mol%) and Mg (1.4 mol%).The results from 
mechanical characterization are reported in Figure 2 in terms of UCS values and the 
relationship between UCS and the Si/Al ratio at given NaOH concentrations in the alkaline 
medium. Depending on paste composition, large variations in the mechanical properties 
were observed, with values ranging from a minimum of < 0.1 MPa for sample S-1.28-7.5 to 
a maximum of 7.4 MPa for sample S-2.29-7.5. While an increase in the Si/Al ratio 
appeared to improve compressive strength (see Figure 2 b), the influence of NaOH 
concentration in the reacting medium was less clear, so that at this stage of the 
investigation it is not possible to derive any conclusive information about the optimal NaOH 
dosage. For the Si/Al ratio, the results shown in Figure 64Figure 2 b) appear to indicate 
that the optimum for mechanical strength development should lie beyond the investigated 
range. While the measured UCS values were relatively weak at the operating conditions 
tested, the trend reported in Figure 2 b) suggests that improved mechanical characteristics 
may be obtained when increasing the Si/Al molar ratio above 2.29. Previous studies of 
geopolymerization of waste materials7-21 have shown that a very wide range of mechanical 
strength values can be obtained depending on the initial material composition and 
processing conditions. 
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Figure 63. SEM micrographs of polished surfaces for untreated BA. 

 

 

 

 

 

 

 

 

 

Figure 64. Results of UCS testing on geopolymerized materials (error bars are drawn at 
one standard deviation of values). The lines in (b) are only for clarify as aid to the eye. 

For a more detailed physical and mineralogical/microstructural characterization and to gain 
knowledge on the microstructure-mechanical strength relationship, four samples were 
selected among those displaying the best and worst mechanical behaviour; these included 
S-2.29-7.5 (UCS = 7.38  1.29 MPa), S-2.29-5 (UCS = 4.52  0.59 MPa), S-1.69-7.5 (UCS 

= 1.18  0.45 MPa) and S-1.28-7.5 (UCS < 0.1 MPa), which differed in the Si/Al ratio and 
the NaOH concentration. The unit weight and total porosity values for such samples are 
reported in Table III. Unit weight was found to vary from 10.5 to 15.6 kN/m3, while total 
porosity ranged from 40.2 to 66.5%, and both parameters displayed a good correlation with 
mechanical strength data. 
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Table XXXIV. Results of physical characterization for selected samples (mean values  
standard deviation) 

 UCS Unit weight Porosity 
Sample code (MPa)  (kN/m3) (%) 
S-2.29-7.5 7.38 ± 1.29 14.96  0.12 42.8  1.2 
S-2.29-5 4.52 ± 0.59 15.57  0.15 40.2  0.5 
S-1.69-7.5 1.18 ± 0.45 12.02  0.21 58.9  0.9 
S-1.28-7.5 < 0.1 10.54  0.24 66.5  1.2 

 

The SEM micrographs (200 magnification) of polished fragments for samples S-2.29-7.5 
and S-2.29-5 (Figure 3) suggest that individual unreacted particles of different size were 
still present in the material and were surrounded by a layer of small sheets of reacted 
solids. This effect has been also observed in geopolymers produced using plasma vitrified 
incinerator air pollution control residues20. In the present case, it is apparent that the 
external layer of reacting material filled the original pores and acted by forming bridges and 
interconnections between the original grains (Figure 3). The fact that geopolymerization 
reactions had occurred within the material appears to be indicated by the relatively low 
pore volume and small void size visible in SEM pictures. Visual observation of the amount 
and size of pores in the investigated samples also appears to confirm the results from total 
porosity measurements which indicated that sample S-2.29-7.5 was more porous than 
sample S-2.29-5. EDAX spot analyses conducted on the 10-m square areas indicated in 
Figure 3 showed the main presence of Si (20.9 and 18.0 mol% for samples S-2.29-7.5 and 
S-2.29-5, resp.) and Al (19.8 and 15.7 mol% for samples S-2.29-7.5 and S-2.29-5, resp.), 
corresponding to Si/Al molar ratios of 1.05 and 1.15. The Si/Al ratio for these samples thus 
decreased from 2.29 mol/mol to a final value of ~1.0 mol/mol, which may be explained 
considering that polysialate-type geopolymers [Rn(SiOAlO)n], having an Si/Al ratio 
of 122, were formed under the treatment conditions applied. 

Sample S-2.29-5 was also found to have a significant Na content (10.8 mol%), which was 
also appreciably higher than that of sample S-2.29-7.5. 

 

b) a) 
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Figure 65. SEM micrographs of fracture surfaces for samples a) S-2.29-7.5 and b) S-2.29-
5. 

The results of infrared spectroscopy characterization are reported in Figure 4 a) for the 
untreated BA and the four BA-based geopolymeric materials mentioned above. Five main 
adsorption bands can be identified in the FT-IR spectra of treated materials, namely: a 
band at 450470 cm1 associated to in-plain bending vibration of SiOSi23,26 (referred to 

as peak 1), a second main band at 9801040 cm1 associated to asymmetric stretching 

vibrations of SiO/AlO bonds23-26 (peak 2), a band at ~1450 cm1 due to the presence of 

OCO stretching vibration in carbonate groups7,23,24,27 (peak 3), two broad bands at 

16401660 cm1 and 34403460 cm1 related to stretching and deformation vibrations of 

OH and HOH groups9,23,27,28 (peaks 4 and 5). For the untreated BA, a sharp band 

(although of low intensity) at ~3690 cm1 was also identified (peak 6) and associated to 

OH stretching in the Ca(OH)2 structure29. According to previous literature studies23-26, the 

peaks centered at 9801040 cm1 and 450470 cm1 were assumed as the main molecular 
vibration fingerprints of geopolymeric materials. While the latter was not present in the 
original BA and was visible in the treated products, the former appeared in the treated 
materials with a different shape and intensity if compared to the untreated ash. The 
absorption characteristics in the range of peak 2 suggest that FT-IR spectra display broad 
and asymmetric curves, which likely result from the overlapping of several characteristic 
vibrational bands30; it is thus possible that not only stretching vibrations of SiO/AlO 
bonds were associated to the observed IR peaks, but that additional vibration modes were 
also hidden in the spectra. However, a quantitative derivation of such additional 
characteristic bands has not been performed in the present study. Considering the main 
peak identified as peak 2, its position tended to shift from wavenumbers of 10201040 

cm1 (samples S-1.69-7.5 and S-1.28-7.5) towards lower values in the range 9851007 

cm1 (samples S-2.29-5 and S-2.29-7.5), which may be taken as an indication of the 
increase in the degree of geopolymerization associated to the inclusion of tetrahedrally-
coordinated Al in the SiOSi skeletal structure7,12,24,30,31. 

 

 

 

 

 

 

 

Figure 66. FT-IR spectra (a) and comparison of relative peak intensities (b) for BA-based 
geopolymers. 
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A comparison between the intensities of FT-IR peaks for the four BA-based geopolymers is 
provided in Figure 4 b). Data for each sample were calculated as relative intensities of the 
peaks of interest normalised to the intensity of peak 3, assuming that the degree of 
carbonation was the same for all samples tested, so that the carbonate peak should have 
the same height. The most evident difference in peak height could be observed for peak 2, 
with samples S-2.29-5 and S-2.29-7.5 displaying higher peak intensities than the other two 
samples, in agreement with the higher strengths measured; however, the fact that sample 
S-2.29-7.5 showed a higher UCS than the former could not be related to the information 
provided by FT-IR data. In general, FT-IR data showed that sample S-2.29-5 displayed 
higher peak intensities than the other samples. The fact that the height of peak 5, 
associated to absorbed water, followed the same trend already noted for peak 2 may be 
considered as an indication of the higher degree of hydration attained for samples S-2.29-5 
and S-2.29-7.5, as opposed to the other materials investigated.Another interesting feature 
noted in the FT-IR spectra was the fact that a small peak appearing at ~800 cm1 for the 

raw BA, which was attributed to SiOAl vibration23, disappeared in the treated materials 
and was replaced by several weaker bands at lower wavenumbers, ranging from 700 to 
800 cm1. This may be interpreted assuming that decomposition of Al-containing chemical 
structures occurred during geopolymerization and that the resulting Al was afterwards 
incorporated in alumino-silicate structures indicated by peak 2.The thermal analysis results 
are reported in Figure 5. The thermograms displayed basically four regions characterized 
by different amounts and rates of mass loss in the following ranges: 20240 °C, 240380 

°C, 380700 °C and >700 °C. Within the first region, a major weight loss occurred, 

accounting for 5875% of the total weight loss recorded over the temperature range 
investigated. As outlined by numerous studies7,12,32-35, a large endothermic peak was 
observed at temperatures of 120130 °C, which was related to sample dehydration, with 
loss of absorbed and loosely bound water. As reported in Table XXXV IV, the weight loss 
associated to the first temperature region ranged from 4.4 to 5.3% and it was larger for 
samples S-1.69-7.5 and S-1.28-7.5, for which a poorer geopolymerization degree was also 
indicated by the other characterization analyses. 

 

 

 

 

 

 

 

Figure 67. TGA and DTA results for BA-based geopolymers. 
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Further weight decrease was recorded, although at a lower rate (as also noted by other 
investigators33,35), in the second temperature region and was associated to sample 
dehydroxylation7,32; the mass loss values ranged from 1.4 to 1.8%. However, in the DTA 
patterns of samples S-1.69-7.5 and S-1.28-7.5, an exothermic peak was identified at about 
330 °C, with an associated weight loss of 1.6 and 1.4%, respectively, which indicates the 
presence of a different phase for such samples if compared to the other materials 
investigated. Based on the information available, however, no tentative association with 
any specific phase, the occurrence of which could reasonably be expected only in samples 
S-1.69-7.5 and S-1.28-7.5, could be made. If the weight loss associated to the 
decomposition of this unknown phase is subtracted from the overall weight decrease in the 
temperature region 240380 °C, net mass loss values are obtained, as shown in Table 1, 
which suggested a higher degree of hydration for samples S-2.29-7.5 and S-2.29-5, 
possibly confirming the larger geopolymerization degree attained for such materials.An 
additional, much slower, mass loss was observed between 380 and 700 °C, which mirrors 
a more stable thermal behaviour of the materials at temperatures above 380 °C and 
confirms the results obtained from other studies33,�. Finally, a small weight gain (~1%) was 
observed in the fourth temperature region (> 700 °C). 

Table XXXV. Weight loss for different temperature regions as derived from the TGA curves 
in Figure 5 

 Sample code 
Temperature range S-2.29-7.5 S-2.29-5 S-1.69-7.5 S-1.28-7.5 
0-240 °C 4.42 4.57 4.81 5.27 
240-380 °C 1.38 1.45 1.83 1.57 
240-380 °C (net) 1.38 1.45 0.21 0.19 
380-700 °C 1.36 1.74 1.50 1.24 
700-1000 °C -0.33 0.05 -0.56 -1.03 

 

Chemical durability 

The ANC curves of the untreated BA and the BA-based geopolymers are shown in Figure 
6. Significant changes in the buffering capacity were observed in comparison to the raw 
ash and between the geopolymerized samples. Due to the high alkali amount added to the 
mixtures, the natural pH of the original BA (11.84) was found to increase by almost two 
units in the BA-based geopolymers, reaching values in the range 13.0213.33. The 
different mineralogical composition of the untreated and treated materials is mirrored by 
the different shapes of the titration curves: while the raw BA displayed a sort of plateau in 
the pH range 1012, the curves of the treated materials were steeper in this pH range, 
indicating no significant buffering by mineral phases. The acid buffering capacity of the 
treated material was generally lower than that of the original BA within the whole range 
investigated: for the purpose of comparison, while the ANC to pH 8 was 3.2 meq H+/g for 
the raw BA, it was reduced to 1.6 meq H+/g (sample S-1.28-7.5)  2.9 meq H+/g (sample 
S-2.29-7.5). Furthermore, samples S-2.29-5 and S-2.29-7.5 displayed similar ANC curves 
in the entire pH range investigated and showed stronger buffering capacities with respect 
to the other two samples; these also appreciably differed from each other, with sample S-
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1.28-7.5 displaying the steepest curve. The lower buffering capacity of samples S-1.28-7.5 
and S-1.69-7.5 is assumed to confirm the lower degree of geopolymerization reactions 
occurred for these materials as indicated by the previous analyses. 
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Figure 68. ANC curves for BA-based geopolymers as compared to the untreated BA. 

CONCLUSIONS 

In the present work, a number of mixtures obtained from BA with the addition of 
metakaolin, sodium silicate and sodium hydroxide were subjected to a low-temperature 
thermal treatment in order to induce the formation of geopolymeric materials. Physical, 
mechanical, microstructural and mineralogical analyses were applied in order to derive 
information about the influence of the Si/Al ratio and the amount of added NaOH on the 
main properties of the obtained products. Depending on the process conditions adopted, 
wide variations in the main characteristics of the materials were observed, indicating a 
significant influence of the selected process variables on the evolution of the 
geopolymerization reactions. While the physical and mechanical properties were found to 
be well correlated with the Si/Al ratio, no clear trend was found with the NaOH 
concentration in the alkaline medium. Mechanical strength data also suggested that further 
investigation on the Si and Al content is required to identify the optimal range of values for 
inducing the highest possible mechanical properties. SEM, FT-IR, TG and chemical 
durability (ANC) data showed that, although the onset of the geopolymer-formation 
reactions was clearly confirmed, the degree of matrix restructuring was relatively poor, in 
agreement with the suggestions provided by the analysis of the mechanical properties. 
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