
                             Elsevier Editorial System(tm) for Journal of 

Cleaner Production 

                                  Manuscript Draft 

 

 

Manuscript Number: JCLEPRO-D-19-07060R3 

 

Title: Municipal solid waste incineration bottom ash as Alkali-Activated 

Cement precursor depending on particle size  

 

Article Type: Original article 

 

Keywords: Bottom Ash; Waste Management; Alkali Activated Cement; Cement 

precursor 

 

Corresponding Author: Dr. Josep Maria Ma. Chimenos, Ph.D. 

 

Corresponding Author's Institution: University of Barcelona 

 

First Author: Àlex Maldonado-Alameda 

 

Order of Authors: Àlex Maldonado-Alameda; Jessica Giro-Paloma; Adela 

Svobodova-Sedlackova; Joan Formosa; Josep Maria Ma. Chimenos, Ph.D. 

 

Abstract: Bottom Ash (BA) is the main by-product of municipal solid waste 

incineration (MSWI). It is stabilised outdoors to obtain weathered bottom 

ash (WBA) whose main application is in the construction sector as a 

secondary aggregate for road sub-base. Here, the aim of this work is to 

advance the study of the potential use of WBA as a precursor in the 

synthesis of new alkali-activated cements (AACs). An exhaustive 

physicochemical characterisation (X-ray fluorescence, X-ray diffraction, 

Fourier-transform infrared spectroscopy, inductively coupled plasma - 

optical emission spectroscopy, and Inductively coupled plasma - mass 

spectroscopy) of WBA was provided depending on its particle size (<30, 

30-16, 16-8, 8-4, 4-2 and 2-0 mm). The study reveals that WBA is composed 

mainly of the essential reactive phases to form AACs, which are SiO2, 

Al2O3, and CaO. It is demonstrated the larger the particle size, the 

higher the content of SiO2; and the smaller the particle size, the higher 

the heavy metal(loid) content. The availability of reactive phases was 

analysed through chemical attacks with HF and NaOH solutions of different 

concentrations (2M, 4M, and 8M). The results demonstrate the availability 

of reactive phases (including 150 to 250 g·kg-1 of SiO2 and 50 to 65 

g·kg-1 of Al2O3) in all the particle size fractions studied. WBA 

potential will be of considerable use to formulate AACs, depending on the 

particle size fraction and the Si/Al ratio, both as the sole precursor 

and mixed with others. 

 

 

 

 



1 

Title: Municipal solid waste incineration bottom ash as Alkali-Activated 

Cement precursor depending on particle size 

 

 

Authors: A. Maldonado-Alameda, J. Giro-Paloma, A. Svobodova-Sedlackova,  

J. Formosa, J.M. Chimenos 

The responses to editor suggestions are presented below. Hopefully, we answered all the 

questions and clarified all issues. Enclosed, please find the revised manuscript. 

Answers to the Editor suggestions 

Is it possible to remove 'as a function of particle size in the title? It will look better and looks 

like a title rather than a sentence. 

Thank you for the suggestion. The authors think that the part ‘as a function of particle size’ 

provide relevant information for the potential readers. However, the title has been modified 

to looks like a title. 

Please remove those redundant words, e.g. Additionally, etc. 

The redundant words were removed. 

Please make the Conclusions more concise, of about 1-2 paragraph to only underscore the key 

results and how it contributes to the future work. 

The conclusions have been changed. Now, they are more concise underscore the key 

results and to emphasise the future work. 

 

 

Detailed Response to Reviewers



 

 

 

 

Municipal solid waste incineration bottom ash as Alkali-

Activated Cement precursor depending on particle size 

 

 

A. Maldonado-Alameda 
a
, J. Giro-Paloma 

a
, A. Svobodova-Sedlackova 

a
, J. Formosa 

a
,  

J.M. Chimenos 
a, * 

 

 

a Departament de Ciència de Materials i Química Física, Universitat de Barcelona, C/ Martí i Franquès, 1, 

08028, Barcelona, Spain.  

 

*Corresponding author e-mail: chimenos@ub.edu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Title Page
Click here to download Title Page: Title Page.docx

mailto:alex.maldonado@ub.edu
http://ees.elsevier.com/jclepro/download.aspx?id=1779556&guid=d35aaabb-679e-4e40-8035-7162d62692fa&scheme=1


Highlights 

 Weathered bottom ash (WBA) potential as alkali-activation material has been 

evaluated. 

 SiO2, Al2O3, and CaO are the main components of WBA. 

 The availability of SiO2 and Al2O3 is high in the coarser fractions of WBA. 

 After NaOH 8M chemical attack, metal(loid)s content is high in the finest fractions. 

 

 

Highlights (for review)



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

1 

 

 

 

 

 

 

Municipal solid waste incineration bottom ash as Alkali-Activated 

Cement precursor depending on particle size 

 

 

A. Maldonado-Alameda 
a
, J. Giro-Paloma 

a
, A. Svobodova-Sedlackova 

a
, J. Formosa 

a
,  

J.M. Chimenos 
a, * 

 

 

a Departament de Ciència de Materials i Química Física, Universitat de Barcelona, C/ Martí i Franquès, 1, 08028, 

Barcelona, Spain.  

 

*Corresponding author e-mail: chimenos@ub.edu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Revised Manuscript - Clean Version
Click here to view linked References

mailto:alex.maldonado@ub.edu
http://ees.elsevier.com/jclepro/viewRCResults.aspx?pdf=1&docID=75794&rev=3&fileID=1779557&msid={6993DDA2-1C56-47E9-AB6A-161F674B931B}


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

2 

 

Abstract 

Bottom Ash (BA) is the main by-product of municipal solid waste incineration (MSWI). It is 

stabilised outdoors to obtain weathered bottom ash (WBA) whose main application is in the 

construction sector as a secondary aggregate for road sub-base. Here, the aim of this work is 

to advance the study of the potential use of WBA as a precursor in the synthesis of new alkali-

activated cements (AACs). An exhaustive physicochemical characterisation (X-ray 

fluorescence, X-ray diffraction, Fourier-transform infrared spectroscopy, inductively coupled 

plasma – optical emission spectroscopy, and Inductively coupled plasma – mass 

spectroscopy) of WBA was provided depending on its particle size (<30, 30-16, 16-8, 8-4, 4-2 

and 2-0 mm). The study reveals that WBA is composed mainly of the essential reactive 

phases to form AACs, which are SiO2, Al2O3, and CaO. It is demonstrated the larger the 

particle size, the higher the content of SiO2; and the smaller the particle size, the higher the 

heavy metal(loid) content. The availability of reactive phases was analysed through chemical 

attacks with HF and NaOH solutions of different concentrations (2M, 4M, and 8M). The 

results demonstrate the availability of reactive phases (including 150 to 250 g·kg
-1

 of SiO2 

and 50 to 65 g·kg
-1

 of Al2O3) in all the particle size fractions studied. WBA potential will be 

of considerable use to formulate AACs, depending on the particle size fraction and the Si/Al 

ratio, both as the sole precursor and mixed with others. 
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1. Introduction 

The Waste Framework Directive (European Parliament and Council, 2008) of the 

European Parliament and the policies of the member states of the European Union (EU) focus 

on maintaining the value of products, materials and resources for as long as possible, moving 

towards a circular economy (European Commission, 2017). The priority of the member states 

is to continue promoting and developing systems and infrastructures that provide proper 

municipal solid waste (MSW) management. According to the EU waste management 

hierarchy (European Parliament and Council, 2008), landfilling is the least preferable option, 

and its use is expected to be limited to as little as 10% by the year 2030 (European 

Commision, 2015). The EU order of priority establishes prevention, reuse, and recycling as 

the main processes in MSW management. However, one of the most suitable alternatives to 

landfilling for MSW is energy recovery in waste-to-energy (WtE) plants, which  contribute to 

reducing the volume (up to 90%) and weight (up to 75%) of municipal waste (MW) (Cheng 

and Hu, 2010).  

Incineration bottom ash (IBA) is the main by-product of the combustion process in WtE 

plants (Chimenos et al., 1999). Around 18 Mt·y
-1

 of IBA is produced in the EU (CEWEP, 

2016). This MSW incineration (MSWI) residue, which is approximately 85% of the solid 

resulting from combustion, can be considered as slag, granular material, and non-hazardous 

waste (Valle-zermeño et al., 2017). IBA is mainly composed of silicon, calcium, iron, 

aluminium, and sodium, although it also contains small amounts of several heavy 

metal(loid)s. For its subsequent reuse as a secondary material, a weathering (aging) process 

lasting 2-3 months is necessary, during which the IBA is stored outdoors. This procedure 

results in carbonation and oxidation of the IBA and its consequent pH stabilisation with 
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values between 8 to 10, as well as the neo-formation and hydration of mineral phases, among 

other consequences (Chimenos et al., 2000). The material resulting from the weathering 

process is known as weathered bottom ash (WBA). Approximately 85% of WBA is glass, 

ceramics, stone, brick, concrete, ash, and melting products, which has a grain size distribution 

and technical properties that are similar to those of natural sand and gravel (Zhang and 

Shimaoka, 2013). The potential applications of the WBA are plenty and assorted. In many 

countries like France, Italy, the Netherlands or China, there is a great interest in valorising 

WBA. During the last years several studies have been carried out in some sectors. In the field 

of civil engineering as secondary aggregate for road construction (Cioffi et al., 2011; Hjelmar 

et al., 2007), embankments (Pecqueur et al., 2001), and pavements (Toraldo et al., 2013), as 

well as concrete filling (Ginés et al., 2009). Regarding the building sector it is studied its 

application as ceramic material such as tiles, bricks and glass-ceramics (Lancellotti et al., 

2014). In the chemical engineering field, studies have been carried out for its use as an 

absorbent for wastewater treatment processes (Shim et al., 2003) as well as co-disposal and 

biogas production (Silva et al., 2017). 

Besides the concerns regarding waste management, the cement industry can also present a 

threat to the environment (Aljerf, 2015). Cement production is responsible for some 5%-7% 

of CO2 emissions worldwide (McLellan et al., 2011) and it is estimated to consume 2% of 

global primary energy (Chen, 2009). The cement industry must face the challenge of finding 

new processes to manufacture in a more ecological and respectful way, reducing energy 

consumption and greenhouse gas emissions. The use of by-products such as WBA to 

manufacture cementitious materials could be one way to obtain eco-friendly cements. Full-

scale demonstrations of the technical feasibility of unbound and cement-bound sub-base 

layers containing WBA, i.e. general ceramics, glass or glass-ceramics, have been successful 

(Arm, 2003; Magnusson, 2005). Alkali-activated cements (AACs) have become an ideal 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

5 

 

alternative to ordinary Portland cement (OPC) because of their properties. AACs have good 

compression strength (Alonso et al., 2000), high resistance to chemical attack by aggressive 

aqueous and acid solutions (Bakharev, 2005), and resistance to fire and high temperature 

(Murri et al., 2013). However, the main benefit exhibited by AACs is their greater respect for 

the environment, compared to other cementitious materials. If AACs are compared to OPC, 

the former reduces the CO2 emissions and the energy consumption associated with cement 

manufacture (Van Deventer et al., 2012). It is important to highlight that AACs, as most of 

the new cements produced using industrial by-products or waste (Bernal et al., 2016), follow 

the zero waste principle (Komnitsas, 2011). For this reason, AACs are considered new 

sustainable and eco-friendly cements (Phair, 2006). The alkaline activation reaction is a 

polycondensation which starts when a solid powder precursor (based on alumino-silicates) is 

dissolved in an alkaline medium. This reaction generates free silica tetrahedral and aluminium 

cations coordinated with oxygen, which will form a 3D structure (Duxson et al., 2007; Singh 

et al., 2015). The final AACs properties depend on the precursor, the relation between the 

proportions of SiO2 and Al2O3, the CaO content, the alkali activator used, and the curing 

temperature (Aljerf, 2015). 

Previous studies have revealed that WBA is mainly composed of SiO2, Al2O3, and CaO 

(Valle-zermeño et al., 2017; Wei et al., 2011), which are the essential mineral phases required 

to formulate AACs. WBA contains enough glassy materials (primary or secondary glass) 

(Valle-zermeño et al., 2017), as well as important amounts of both sources of aluminium and 

calcium for its use as a precursor in the formulation of AACs. However, WBA presents a high 

heterogeneity and its composition varies depending on particle size fraction (Valle-zermeño et 

al., 2017). The availability of reactive phases (SiO2 and Al2O3) in each fraction will vary as a 

function of the composition and the alkali activator concentration. Physicochemical 

characterisation and determination of SiO2 and Al2O3 availability will allow to determine the 
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possibilities of using a specific WBA particle size as the sole precursor in the synthesis of 

AACs; or whether, additional sources (precursors) would be required to achieve an optimal 

SiO2/Al2O3 ratio.(Aljerf, 2015). 

In this research, the main goal is to determine the added value of WBA as precursor in 

AACs formulation to contribute to the EU’s objectives in the waste management and 

valorisation fields. This work focuses on the determination of SiO2 and Al2O3 available in 

WBA, as the reactive phases required to formulate new AACs, as a function of WBA particle 

size. The availability of these reactive phases in each fraction is analysed through chemical 

attacks, and it is related to the amorphous phases content, as well as with the material 

characterisation determined elsewhere (Chimenos et al., 1999; Valle-zermeño et al., 2017). 

For each particle size fraction of WBA under study, it is analysed the concentration of heavy 

metals and metal(loid)s leached during the alkaline activation of reactive phases to determine 

the potential release of WBA used as a precursor in the formulation of AACs. 

2. Experimental procedure 

2.1. Materials 

The WBA sample was supplied by the company Valorización de Escorias para la 

Construcción S.A. (VECSA), which is responsible for valorising and commercialising the 

IBA collected from the WtE plant located in Tarragona (Spain). The feed stream treated in the 

incineration plant (140 kt·y
-1

) is mainly composed of household rubbish with a small input 

from commercial sources. The incineration temperature is around 950ºC (Chimenos et al., 

1999). Approximately, 32 kt·y
-1

 of fresh IBA is produced by the incineration plant annually 

and treated to recover both ferrous and non-ferrous metals, as well as the lightweight 

materials that can be removed. After being conditioned, the resultant IBA is stockpiled 

outdoors for at least three months, to ensure immobilisation of heavy metal(loid)s by 

weathering and to obtain WBA. Due to the heterogeneity of IBA, for this study around 100 kg 
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of WBA was collected from various stockpiles, homogenised, and stored in a 30 L plastic 

container. 

2.2. Samples preparation 

The samples preparation scheme is shown in Fig. 1. First, the WBA was dried overnight at 

105ºC in a stove. Then, the particle size distribution (PSD) was analysed by sieving the dried 

WBA through openings standards of 2, 4, 8 and 16 mm (Valle-zermeño et al., 2017). After 

sieving, around 100 g of each fraction (<30, 30-16, 16-8, 8-4, 4-2 and 2-0 mm) was initially 

quartered and crushed in a jaw crusher. The samples were milled in a vibratory disc mill, 

using a grinding set made of hardened steel. It is important to highlight that the <30 mm 

fraction corresponds to the bulk sample without being sieved. The milling continued until the 

whole sample passed through a sieve of 80 µm mesh (except for the ferrous and non-ferrous 

metal particles which, due to their ductility, were retained in the sieves) resulting in a 

homogeneous powder. A magnet (Nd; 0.485 T) was passed over the sample to remove 

magnetic particles. 
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Fig. 1. Scheme of the preparation of samples. 

2.2. WBA Characterization 

2.2.1. Physicochemical characterization 

For each powdered size fraction of the WBA, the chemical composition of the major and 

minor elements was determined by means of X-ray fluorescence spectroscopy (XRF) using a 

Panalytical Philips PW 2400 sequential X-ray spectrometer with UniQuant
®
 V5.0 software. 

The mineral and crystalline phases of the powdered WBA fractions were identified by X-

ray diffraction analysis (XRD) using a Bragg–Brentano Siemens D-500 powder 

diffractometer with CuKα radiation. The amorphous index for samples containing both 

amorphous and crystalline phases was quantified with the external standard method (Jansen et 

al., 2011; Snellings et al., 2014). 

2.2.2. SiO2 and Al2O3 availability 

The availability of reactive phases (SiO2 and Al2O3) was determined through chemical 

attacks with HF (1% v/v) and NaOH solutions (2M, 4M, and 8M) (Aljerf, 2015; Ruiz-

Santaquiteria et al., 2011). For these experimental trials, one gram of WBA sample was mixed 

with 100 mL of each activating solution and stirred constantly for 5 h in a sealed plastic 

container, at 80ºC for alkaline solutions, or at room temperature in the case of HF. The 

resulting solution was filtered and analysed by means of inductively coupled plasma optical 

emission spectrometry (ICP-OES) using Perkin Elmer Optima ICP-OES 3200 RL equipment 

to quantify the Si and Al leached (Ruiz-Santaquiteria et al., 2011). It was used Fourier-

transform infrared spectroscopy by attenuated total reflection (FT-IR ATR) to evaluate the 

chemical structure and composition and compared both the initial and attacked WBA powders 

(with HF and the different NaOH solutions) using Spectrum Two™ equipment from Perkin 

Elmer. 

2.2.3. Heavy metals content 
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The potential environmental impact of the WBA was assessed by analysing the heavy 

metal(loid)s released in the filtered NaOH 8M solutions during the alkaline activation using a 

Perkin Elmer ELAN 6000 ICP mass spectrometry (ICP-MS) device. 

3. Results and discussion 

3.1. WBA Characterization 

3.1.1. Physicochemical characterization 

Fig. 2 shows the PSD of the WBA. Around 50% of the WBA corresponds to fractions 

below 4 mm (fine fraction), in agreement with previous findings (Chimenos et al., 1999; 

Valle-zermeño et al., 2017). 

 

Fig. 2. Particle Size Distribution of Weathered Bottom Ash 

The major and minor elemental composition, as elemental oxides and trace-elements in 

each size fraction of WBA analysed, are given in Table 1. As expected, the most abundant 

oxides were SiO2, CaO, and Al2O3, which are the key compounds in cementitious materials 
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(Aljerf, 2015; Roy, 1999). As can be seen, the contents of these oxides varied, depending on 

the size fraction. The highest SiO2 content was in coarse fractions (30-16, 16-8, and 8-4 mm) 

due to the primary and secondary glass present, as well as the synthetic ceramic materials 

present in these fractions (Chimenos et al., 2003; Valle-zermeño et al., 2017). As for Al2O3, 

its content trends to increase as the particle size decreases, except for the 30-16 mm fraction. 

This is due to the Eddy current device, because only recovers the non-ferrous fraction from 

the particle size fractions greater 10 mm.  Moreover, the 30-16 mm size fraction contains a 

large amount of synthetic ceramics (Valle-zermeño et al., 2017). The high content of CaO in 

the finest fractions (4-2 and 2-0 mm) is due to the presence of large amounts of calcium 

carbonates that are neo-formed during the weathering process of portlandite (Chimenos et al., 

2003). This CaO high amount is also because of the presence of cementitious materials, based 

on OPC, and synthetic ceramics from small domestic works. These materials are fragmented 

by mechanical attrition and thermal shock inside the combustion furnaces (Aljerf, 2015). It is 

important to note that the major and minor element contents of the <30 mm fraction agree 

with the contents calculated from the XRF results and the PSD weighting for each fraction 

(Fig. 2). 

Table 1. Major-, minor- and trace-elements for each size fraction of WBA. 

 

  (wt. %) 

  2-0 mm 4-2 mm 8-4 mm 16-8 mm 30-16 mm <30 mm 

        SiO2  
25.11 39.02 54.45 59.3 50.23 45.44 

CaO 
 

23.77 19.35 15.15 13.6 16.25 17.55 

Al2O3  
11.19 9.62 7.32 6.74 12.39 10.38 

Na2O 
 

2.78 4.93 8.14 7.77 3.11 5.04 

K2O 
 

1.11 1.41 1.25 1.61 1.95 1.54 

Fe2O3  
7.22 6.89 5.43 4.19 3.49 6.08 

MgO 
 

2.88 3.24 1.99 2.30 2.74 2.66 

TiO2  
0.82 0.67 0.44 0.37 0.56 0.65 

Cl
-
 

 
1.99 1.14 0.62 0.40 0.93 1.42 

SO3  
3.57 1.59 0.96 0.63 2.27 2.57 

        Mn 
 

0.05 0.03 0.03 0.02 0.02 0.03 

Cu 
 

0.18 0.13 0.10 0.04 0.04 0.13 

Zn 
 

0.73 0.39 0.64 0.09 0.18 0.51 

Br 
 

< 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

11 

 

Rb 
 

< 0.01 0.01 < 0.01 0.01 0.01 < 0.01 

Sr 
 

0.08 0.08 0.04 0.06 0.04 0.07 

Y 
 

< 0.01 < 0.01 < 0.01 n.d. < 0.01 < 0.01 

Zr 
 

0.03 0.03 0.04 0.11 0.12 0.03 

Nb 
 

< 0.01 < 0.01 < 0.01 n.d. < 0.01 < 0.01 

Sn 
 

0.03 0.02 0.01 0.01 0.02 0.02 

Sb 
 

0.02 0.01 0.01 < 0.01 0.01 0.01 

Ba 
 

0.15 0.10 0.07 0.04 0.05 0.07 

Pb 
 

0.15 0.34 0.13 0.05 0.04 0.11 

        LOI 
 

18.13 10.98 3.17 2.65 5.54 5.78 
*
Loss on ignition at 1,000 ºC. 

The XRD patterns of the <30, 30-16. 16-8 mm fractions shown in Fig. 3a demonstrates 

that the WBA is a heterogeneous material (Giro-Paloma et al., 2017b), which has low 

crystallinity and is mainly composed of amorphous phases, as shown between the angular 

range from 20º to 35º (2θ). The Fig. 3b shows the dominant peaks in XRD patterns. The only 

crystalline phases present in all the fractions were quartz and calcite. 

 

a 
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Fig. 3. (a) XRD patterns of <30, 30-16, and 16-8 mm fractions (b) Dominant peaks of 

XRD patterns of all samples  

The main crystalline phases determined, depending on the size fraction, are shown in 

Table 2. The mineralogical compositions are similar, being the phases rich in Si, Al and Ca 

(quartz, calcite, albite, dolomite, etc.) more abundant. It is important to highlight the presence 

of metallic phases in the finest fractions (<30, 4-2 and 2-0 mm) and the great variety of silico-

aluminate phases in all the fractions while being more abundant in coarse fractions. 

Table 2. Major crystalline phases in WBA samples. 

Mineral Phase 
  Fraction 

  2-0 mm 4-2 mm 8-4 mm 16-8 mm 30-16 mm <30 mm 

        Albite (NaAlSi3O8) 
 

          

Akermanite 

(Ca2MgSi2O7)  
           

Aluminium (Al) 
 

        

Anorthite (CaAl2Si2O8) 
 

       

Anorthoclase 
 

       

b 
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((Na,K)AlSi3O8) 

Calcite 

(CaCO3)  
            

Cesanite 

(Ca2Na3[(OH)(SO4)3])  
       

Cristobalite (SiO2) 
 

         

Diopside (CaMgSi2O6) 
 

       

Dolomite 

(CaMg(CO3)2)  
         

Hematite (Fe2O3)          

Magnetite (Fe3O4)           

Mullite (Al6Si2O13),         

Pseudowollastonite 

(Ca3Si3O9), 
        

Quartz (SiO2)              

Wustite (FeO)         

Xonotlite 

(Ca6Si6O17(OH)2) 
        

From the XRD patterns of each size fraction, the amorphous phases of the samples were 

quantified (Jansen et al., 2011; Snellings et al., 2014). Due to their abundance, quartz and 

amorphous glass samples were used as external patterns for this quantification. First, the 

crystalline compound was determined and then the amorphous phases were derived by 

differences, in the main angular range from 5º to 80º (2θ). The results are shown in Table 3, 

where the amorphous index of the particle size fractions was 44%-70%. As expected, the 30-

16, 4-2, and 2-0 mm size fractions presented the lowest amorphous index because of their 

high content in synthetic ceramics and metal compounds, in contrast to the rest of the 

fractions where the amorphous amount is around or above 60%. It is important to highlight 

that the amorphous index of the <30 mm is in agreement with that calculated using the 

external standard method and the PSD weighting of each fraction (Fig. 2). 

Table 3. Amorphous content (wt.%) in the size fractions of WBA. 

Size 

Fractions 
Amorphous content (wt.%) 

<30 mm 60 

30-16 

mm 
44 
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16-8 mm 66 

8-4 mm 70 

4-2 mm 53 

2-0 mm 49 

3.1.2. SiO2 and Al2O3 availability 

XRF and XRD results show a large content of silico-aluminate phases and amorphous 

phases, but not all of these are available to react with the activating solution and form AACs. 

In fact, although thermodynamics allows certain reaction mechanisms, the chemical kinetics 

shows that some of these require very long reaction times that cannot be assumed. It is known 

that the crystalline phases are far less reactive than the amorphous phases, and that the active 

surface of the particles and their size. The reaction temperature and the concentration of the 

activators, are some of the important parameters for activation of the reactive phases (Ruiz-

Santaquiteria et al., 2011). Accordingly, for each WBA particle size fraction, a chemical 

attack test was performed to determine the real amount (g·kg
-1

 of WBA) of SiO2 and Al2O3 

available to form AACs. It is expected that most of the SiO2 and Al2O3 available come from 

the amorphous phases. To a greater or lesser extent, all the particle size fractions contain SiO2 

and Al2O3 amorphous phases, as shown in Figs. 4 to 6. 

Focusing on the NaOH chemical attacks as a function of WBA particle size fraction, Fig. 

4 shows that there is a broad trend (except for 8-4 and 16-8 mm) to increase SiO2 availability 

as the NaOH concentration increases. This tendency is due to the highly aggressive chemical 

attack (from 2M to 8M). Moreover, if it is compared the trend for all the fractions as a 

function of chemical attack, the same curve results in all cases and the maximum value was 

for the 16-8 mm fraction. Analysing the SiO2 availability of each fraction with the primary 

and secondary glass results obtained in a previous study (Valle-zermeño et al., 2017), 

validates this trend, except for the results in the 30-16 mm fraction. In this last case, the SiO2 

extracted with chemical attacks comes from the synthetic ceramics. It is important to highlight 
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that the HF attack indicated the existence of a large amount of available SiO2 amorphous 

phases that were not extracted with the NaOH chemical attacks, since they are less aggressive. 

 

Fig. 4. SiO2 availability of WBA as a function of particle size fraction and chemical 

attack solution. 

Fig. 5 shows the percentage of SiO2 extracted from the NaOH chemical attacks as a 

function of the SiO2 extracted from HF chemical attack (thereby assuming that the amount 

extracted with the HF attack is 100% of the SiO2 available in the WBA samples). The results 

show that it is not possible to extract the same amount of SiO2 with NaOH as with HF 

chemical attacks, at least not under the experimental conditions of this study (particle size, 

NaOH concentration, agitation, and temperature). 
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Fig. 5. SiO2 percentage extracted from NaOH attacks as a function of HF attack. 

The Al2O3 availability in Fig. 6 shows the same broad trends as in Fig. 4. Considering 

each particle size fraction, as the NaOH concentration increases, the Al2O3 availability also 

increases (except for the 8-4, and 16-8 mm fractions). Regarding the trend for all the fractions 

as a function of the chemical attack, an inverse curve to that observed in Fig. 4 is the result, 

with the minimum value for the 16-8 mm fraction. Considering each fraction, as NaOH 

concentration increases, it is also increasing the Al2O3 availability (except for the <30 and 8-4 

mm fractions). The main reason for the high Al2O3 availability in the finest fractions is that 

the Eddy current equipment only separates fractions above 10 mm, as mentioned previously. 

Hence, the aluminium content in fractions below 10 mm is high. The low Al2O3 availability in 

coarse fractions is due to the high content of synthetic ceramics, which implies more Al2O3 

crystalline phases. The results obtained with the HF chemical attack are not shown, since this 

solution does not contribute to the extraction of the reactive Al2O3 phases. 
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Fig. 6. Al2O3 availability of WBA as a function of particle size fraction and chemical 

attack solution. 

 Considering the SiO2 and Al2O3 availability the SiO2/Al2O3 ratio was obtained, as 

shown in Fig. 7. Taking into account that several authors consider the optimal SiO2/Al2O3 

ratio for AACs to be around 2 (Duxson et al., 2005), this matches with the <30 mm fraction 

(for all the NaOH chemical attacks), the 4-2 mm fraction (for NaOH 8M), the 8-4 mm 

fraction (for NaOH 8M), and the 2-0 mm fraction (for NaOH 4M). It should be emphasised 

that the other fractions need an additional source of Al2O3 or SiO2, depending on their content 

of SiO2 or Al2O3, respectively. Considering the high Al2O3 availability in the finest fractions 

and the high SiO2 availability in coarser fractions, it is expected the best results for the <30 

mm fraction. This fraction presents the required ratio between the available SiO2 and Al2O3 

content. 
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Fig. 7. Si/Al ratio of WBA as a function of particle size fraction and chemical attack 

solution. 

The initial WBA FT-IR spectra for each fraction were compared to the FT-IR spectra 

of the attacked WBA in order to evaluate changes in its structure and composition after the 

chemical attacks. Fig. 8 depicts the FT-IR spectra of the initial WBA samples, according to 

particle size fraction. The predominant peaks observed in the spectra are typical of carbonate 

and silicate compounds (Criado et al., 2005). On the one hand, there is a strong band at 1429 

cm
-1

, assigned to the stretching mode of carbonates, as well as sharp peaks at 875 cm
-1

 and 

714 cm
-1

 related to the bending mode of carbonates. On the other hand, there is a broad band 

at 1000 cm
-1

 ascribed to T–O stretching vibrations (where T=Si or Al), and a weak double 

peak at 780 cm
-1

 associated with Si-O-Si bridging bonds in quartz (SiO2) (Criado et al., 2005). 

It can be observed a broad shoulder around 980 cm
-1

 related to Si(Al)-O asymmetrical 

vibrations. The FT-IR results validate those of the XRF and XRD analysis, where Si and Al 
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were determined as major elements and some alumino-silicate compounds were also 

identified. 

 

Fig. 8. FT-IR spectrum of the particle size fractions of WBA. 

Fig. 9 shows the FT-IR spectra for all the samples as a function of the chemical attack 

solution, with remarkable differences between them. If the spectra of the WBA samples 

attacked by HF and NaOH 8M solutions are compared with the FT-IR spectrum of the initial 

WBA samples, a great reduction (slightly pronounced in HF) of the Si-O-Si peak can be 

observed. The spectra of the WBA samples attacked with NaOH 2M and NaOH 4M presents 

a morphological variation in the Si-O-Si peak compared with the spectrum of the initial WBA 

samples (a sharpening of the peak at 1000 cm
-1

). These results agree with those obtained in 

the chemical attacks, where more SiO2 with the HF and NaOH 8M attacks were extracted 

than with the NaOH 2M and NaOH 4M attacks, due to the greater aggressiveness of the 

formers. It also can be observed that the initial carbonate broad band and sharp peaks 
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disappear in the HF chemical attack, in contrast with the NaOH 4M and NaOH 8M solutions, 

where there is an increase in the intensity of the peaks. As for NaOH 2M, both the broad band 

and sharp peak are slightly reduced in comparison with the initial WBA. This is all consistent 

with the aggressiveness of the reactive solutions. When a slightly aggressive reactive solution 

was used (i.e. NaOH 2M), the solubility in aqueous media of some alkali-carbonates, mainly 

sodium and potassium carbonates was strongly affected. However, the solubility of alkaline-

earth carbonates (e.g. calcium carbonate) and SiO2-based vitreous compounds was hardly 

affected. The aggressiveness of the reactive solution (i.e. NaOH 4M and 8M) increases the 

solubility of the SiO2, mainly the vitreous materials. When the solubility of alkaline-earth 

carbonates decreases, the relative content of the carbonates in the attacked residues increases. 

 

 

Fig. 9. FT-IR spectra of attacked WBA samples as a function of chemical attack solution 

(a) HF (b) NaOH 2M (c) NaOH 4M (d) NaOH 8M 

 

a b 

c d 
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3.1.3. Heavy metals content 

An environmental characterisation of the WBA was performed to evaluate the potential 

release of metal(loid)s. The study was only conducted for the worst-case scenario, 

corresponding to the use of the most aggressive reactive alkaline solution (i.e. NaOH 8M). 

The heavy metal(loid)s content (mg·kg
-1

) is shown in Table 4. The results demonstrate that 

the WBA samples release more metal(loid)s with an excess of NaOH 8M. This means that the 

alkaline nature of NaOH 8M caused a severe activation of heavy metal(loid)s, because of the 

high pH value obtained, since the initial WBA is considered a non-hazardous material (Giro-

Paloma et al., 2017a; Valle-zermeño et al., 2017).  However, it is expected that with the 

formulation of AAC using WBA as precursor, most of the activated metalloids will remain 

encapsulated (Kupwade-Patil et al., 2014). 

Table 4. Metal(loid)s content of WBA (mg·kg
-1

) samples. 

Fraction As Ba Cr Cu Hg Mo Ni Pb Zn 

<30 mm 6.06 294.58 23.39 23.87 0.05 14.84 8.04 133.30 896.00 

> 16 mm 16.77 196.98 35.65 13.44 0.16 16.72 8.24 582.07 454.70 

16-8 mm 12.71 385.89 10.31 18.95 0.28 16.59 8.99 477.00 325.18 

8-4 mm 8.80 536.79 19.98 26.79 - 16.90 6.58 156.68 2209.05 

4-2 mm 16.05 474.21 16.43 48.17 - 18.60 9.13 736.89 1710.49 

2-0 mm 8.82 408.09 18.41 77.63 0.07 17.72 8.48 433.43 4187.92 

 

4. Conclusions 

It is necessary to find a solution to valorise the large amount of MSWI bottom ash 

produced around the world and especially in Europe, to promote the new environmental 

policies of the EU. The research reported herein demonstrates the potential of WBA for use as 

a precursor in the alkali-activation of cements. Physicochemical characterisation determined 

the composition based on aluminosilicates and the amorphous nature of WBA samples. The 

chemical attacks results showed that the SiO2 and Al2O3 reactive phases are available in each 

particle size fraction of the WBA. The calculated Si/Al ratio of each WBA sample suggests 

the possibility of formulating AACs using WBA as sole precursor, or mixed with others, in 

order to adjust the Si/Al ratio to around 2. The environmental characterisation of WBA 
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samples showed a high activation of heavy metal(loid)s, due to the redissolution of the pH-

dependent metal(loid)s in high pH media, generated by the alkaline reactive solutions.  

The investigation future line will be based on the formulation of AACs using WBA as 

only precursor. The main goal must be valorising the maximum amount of WBA (using >30 

mm sample or mixing some fractions) without affecting to the AACs environmental 

properties. It will certainly be necessary to study the release of heavy metals and metal(loid)s 

from new AACs developed using WBA as a precursor to elucidate if it means a limitation on 

the final environmental properties of the materials. It is expected that to obtain AACs, there 

will be less release due to the encapsulation of metal(loid)s in the binder matrix and a 

decrease of the permeability of leaching solutions. Otherwise, WBA will be mixed with other 

more noble precursors in order to dilute the concentration of the heavy metal(loid)s content. 
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