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“ftaca t’ha donat el bell viatge,
sense ella no hauries sortit.

I si la trobes pobre, no és que [taca
t’hagi enganyat.

Savi, com bé t’has fet,

sabras el qué volen dir les ltaques.”
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Summary

The global energy demand and municipal solid waste (MSW) management have become the
most relevant environmental problems in modern society along with the global greenhouse
gas emissions. The consumption patterns and the economic development have led to an
increase in energy consumption and waste generation, which have caused in turn some
problems derived from their improper management. These conflicts have as main effects the
increase of greenhouse gases (GHG) emissions, global warming, and environmental and natural
resources pollution. Focusing on the construction sector, one of the most polluting and used
materials is the ordinary Portland cement (OPC), which is responsible for the consumption of
3% of global primary energy and 8% of CO, emissions worldwide. In the materials science field,
one of the solutions to minimize the impact of the problems mentioned above is the design of
more environmentally friendly materials. The greener alternative cements development is,
therefore, necessary to contribute to the EU's new strategic policies based on a low-carbon
economy. One of the most advantageous candidates to replace OPC is alkali-activated binders

(AABs), a subgroup of the alkali-activated materials (AAMs) family.

AAMs are a binder system resulting from the reaction between an alkali metal and a powder
solid with an aluminosilicates-rich content. Concerning the alkaline sources, they can be any
substance (alkaline hydroxides, silicates, etc.) that provides alkali metal cations, raising the pH
of the reaction mixture and accelerating the dissolution of the solid precursor. The AABs
formulation also consists of the reaction of a powder solid precursor with a high content of
amorphous aluminosilicates with an alkaline solution of variable concentration. The result of
the reaction, after a proper curing time and temperature, is to obtain a compact solid with
adequate mechanical properties and high resistance to chemical agents, high temperatures,
and fire. The AABs carbon footprint is lower compared to the OPC, and it is possible to
formulate AABs from different waste and industrial by-products. Most of the research papers
emerging in the last decade incorporate different kinds of waste to formulate AABs. The
valorisation of waste and industrial by-products through alkali-activation is an interesting
solution from an environmental point of view, as it allows the recovery of materials that have
ended their life cycle. In this sense, any aluminosilicate-rich waste can be used as a precursor

in the formulation of AABs, regardless of their alkali content.
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Summary

One of the innovative research lines in the field of AABs is the formulation based on the
valorisation of by-products obtained from MSW in waste-to-energy (WtE) plants. In those
countries where the waste landfilling is limited, MSW incineration can be a solution to reduce
the total volume of waste by up to 90%, as well as generating energy from combustion.
Currently, WtE plants produced two types of by-products known as incinerated fly ash (IFA)
and incinerated bottom ash (IBA). The IFA reuse is restricted by current legislation due to its
high content in heavy metals, soluble salts, and chlorinated organic compounds. Concerning
the IBA, is classified as a non-hazardous material, as they are residues rich in calcium oxide,
silica, and iron, with small amounts of heavy metals. It is a heterogeneous mixture of ferrous
and non-ferrous metals, ceramics, glass, and a small percentage of organic residual matter. IBA
composition and morphology is very similar to natural siliceous aggregates after an ageing
treatment where the weathered bottom ash (WBA) is obtained. This maturation process makes
feasible the WBA valorisation as a secondary aggregate in the field of construction and civil
engineering. It is expected that the high percentage of glass and aluminium found in the WBA
would allow its valorisation as an alkali-activated precursor for the AABs formulation. The main
goal of this PhD thesis was the scientific and technological development of new AABs based on
the alkali activation of WBA (AA-WBA binders), to reduce the use of OPC in building and civil
engineering fields. In this sense, this aim is related to the use of more sustainable cement-
based materials, which promote the circular economy and zero-waste principle through the
valorisation of WBA. The potential of WBA as a precursor in the AA-WBA binders’ formulation
was evaluated along with the PhD thesis through different studies that can be classified into

four major blocks or stages.

FIRST STAGE: The first stage was based on the evaluation of the WBA potential as a precursor
in AABs based on its particle size. The reactive SiO; and Al,05 availability were determined by
chemical attacks with NaOH (2M, 4M and 8M) and HF (1% v/v) solutions. The first work
presented in this thesis is titled "Municipal solid waste incineration bottom ash as alkali-
activated cement precursor depending on particle size", and it was published in Journal of
Cleaner Production (Impact factor: 7.246, Q1). This study demonstrated the variability in the
reactive SiO; and Al,Os availability as a function of the particle size (0-2, 2-4, 4-8, 8-16, 16-30,
and 0-30 mm size fractions). The potential of the entire fraction (EF) and the 8 to 30 mm

fraction highlighted the possible use of them as precursors in the AABs formulation.
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SECOND STAGE: Subsequently, in the second block of this thesis, the AA-WBA binders’
characterizations (chemical, physical, mechanical, and environmental) were carried out to
determine the feasibility of using the WBA as the sole precursor. It is important to highlight
that the scarcity of the studies where the WBA is used as the sole precursor, as it is often mixed
with other precursors, such as GBFS or OPC. Two investigations were carried out in this second
block, leading to the second and third publication presented in this PhD thesis. First, it was
published in Applied sciences journal (Impact factor: 2.474, Q2) the article entitled "Municipal
solid waste incineration bottom ash as sole precursor in the alkali-activated binder
formulation". This article was focused on the study of AA-WBA binders using the whole fraction
of WBA as a sole precursor to fully valorise this by-product. Mixtures of sodium silicate (WG)
and NaOH (2M, 4M, 6M, and 8M) were used as alkaline activator solutions to assess the effect
of the NaOH concentration on the final properties. It was demonstrated the possibility of
developing AA-WBA for non-structural purposes due to the porosity generated by the reaction
between NaOH and metallic aluminium. The influence of alkaline activator solution
concentration on the final properties of the AA-WBA was evidenced, obtaining better
mechanical performance with the use of the WG/NaOH 6M solution. The second investigation
of this block is titled "Alkali-activated binders based on the coarse fraction of municipal solid
waste incineration bottom ash”, and it was accepted and available online in Boletin de la
Sociedad Espafiola de Cerdmica y Vidrio journal (Impact factor: 2.517, Q2). The main objective
was to improve the mechanical properties obtained in the previous work by using the WBA
fraction above 8 mm, which has a higher availability of reactive SiO,. The alkaline activator
solutions used were the same as in the previous work. The results revealed the enhancement
in the mechanical properties as well as the influence of the NaOH concentration on the AA-
WBA binders’ properties. The environmental results revealed arsenic and antimony leaching

values that require further research to determine the environmental viability of AA-WBA.

THIRD STAGE: The third block of this thesis was focused on the use of WBA as a partial precursor
for the formulation of AA-WBA. Two aluminium-rich precursors, PAVAL® (PV) and metakaolin
(MK), were mixed with WBA to enhance the mechanical performance and heavy metal(loid)s
stabilisation of the obtained binders. Two more studies were carried out. The first research of
this third block is titled "Alkali-activated binders using ash bottoms from waste-to-energy plants

and aluminium recycling waste". It was published in Applied sciences journal (Impact factor:
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2.474, Q2). The study was based on the alkali activation of 8 to 30 mm fraction and aluminium
recycling industry by-product named PAVAL® (PV), keeping the mixtures of WG/NaOH as
alkaline activator solutions. The results showed the enhancement of the mechanical properties
with the use of PV as aluminium corrector. However, the leaching values of arsenic and
antimony did not ensure the environmental viability of the AA-WBA/PV obtained. For this
reason, in the fifth investigation of this PhD thesis, MK was used to improve the environmental
properties of AA-WBA binders. MK has lower content in heavy metal(loid)s compared to PV.
The second research of this block is titled “Weathered bottom ash from municipal solid waste
incineration: alkaline activation for sustainable binders” and is pending to submit to
Construction and Building Materials (Impact factor: 4.419, Q1). This work was focused on the
use of both 8 to 30 mm fraction of WBA and metakaolin as precursors. Mixtures of WG/NaOH
8M were used as alkaline activator solutions. Besides, the relative humidity conditions in the
curing of AA-WBA/MK binders to improve their mechanical performance. The results showed
an enhancement in the mechanical performance of AA-WBA/MK, as well as a reduction in the

leaching concentration of arsenic and antimony.

FOURTH STAGE: Finally, in the fourth block of this thesis was conducted an environmental and
ecotoxicological assessment of the optimal formulations obtained in the second, third, and
fourth studies. This work, which has been already accepted and available online in Journal of
Hazardous Materials, is titled "Environmental potential assessment of MSWI bottom ash-based
alkali-activated binders" (Impact factor: 9.038, Q1). Granular and monolithic tests were
performed to simulate the end-of-life and the service life scenario of AA-WBA binders. Daphnia
magna mobility inhibition test was also conducted to determine the leachate toxicity. The
results showed a level of acute medium-low ecotoxicity in AA-WBA binders formulated with

the 8 to 30 mm fraction, similar to alkali-activated MK binders.
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Resum

La demanda energetica i la gestié de residus solids urbans (RSU) sén alguns dels problemes de
mediambientals que més interés han generat en la societat moderna. Les seves pautes de
consum, aixi com el desenvolupament economic, han ocasionat un augment del consum
energetic i de la generacio de residus, amb la conseqlent aparicié de problemes derivats per
la seva inadequada gestid. Aquests conflictes tenen com a principals efectes 'augment de
I'emissié de gasos d’efecte hivernacle (GEl), I'escalfament global del planeta i la contaminacio
de I'entorn i els recursos naturals. Si es focalitza I'atencid al sector de la construccid, un dels
materials més contaminants és el ciment Portland (OPC), responsable del consum del 3% de
I'energia primaria global i del 8% de les emissions de CO; a nivell mundial. En el camp de la
ciencia i la tecnologia dels materials, una de les solucions per a contribuir a la minimitzacié de
I'impacte dels problemes esmentats anteriorment, és el disseny de materials més respectuosos
amb el medi ambient. Cal, per tant, desenvolupar ciments alternatius més ecologics, que
contribueixin a les noves politiques estrategiques de la UE basades en una economia baixa en
carboni. Un dels candidats més avantatjats per substituir el OPC sén els ciments activats

alcalinament (AABs), subgrup de la familia dels materials activats alcalinament (AAM).

Els AAM abasten qualsevol sistema aglutinant que deriva de la reaccié entre un metall alcali i
un solid ric en aluminosilicats. Pel que fa a les fonts alcalines es poden considerar qualsevol
substancia soluble que subministri cations de metalls alcalins, elevin el pH de la mescla de
reaccio i acceleri la dissolucio del precursor solid (hidroxids alcalins, silicats, etc.). L'obtencié de
AABs consisteix en la reaccié d’un precursor en pols amb alt contingut d’aluminosilicats amb
una solucio alcalina de concentracio variable. El resultat de la reaccid, després d’un temps i una
temperatura de curat convenient, és |'obtencié d’un solid compacte amb bones propietats
mecaniques i alta resisténcia a agents quimics, a les altes temperatures i al foc. A més,
presenten una baixa emissié en carboni durant la seva produccio si es compara amb la del OPC,
i és possible formular-los a partir de matéries residuals i subproductes industrials. Sén
nombrosos els treballs d’investigacid que han sorgit en I'Ultima decada sobre la sintesi de AABs
com a técnica per a la incorporacié de residus a la seva formulacié. Es una solucié molt
interesant des de el punt de vista mediambiental, ja que permet la valoritzacié de productes
que han finalitzat el seu cicle de vida. En aquest sentit, qualsevol residu amb un elevat contingut
en alumina i silici pot ser utilitzat com a precursor en la formulacié de AABs, independentment

del seu contingut en alcalis.
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Una de les linies de recerca pionera dins I'ambit dels AABs, és la seva formulacié a partir de la
reutilitzacié dels subproductes obtinguts a les plantes de recuperacié energetica de RSU. En
aquells paisos on I'espai destinat a abocadors controlats és limitat, la incineracié de RSU és la
solucié més emprada ja que permet reduir el volum total dels residus fins a un 90%, a més de
generar energia resultant de la combustid. Actualment, a les plantes de combustié de RSU es
generen cendres volants derivades del rentat dels gasos (IFA segons les sigles angleses;
incinerated fly ash) i escories (BA segons les sigles angleses; bottom ash). El reaprofitament de
IFA esta restringit per la legislacié actual, degut a I’elevat contingut en metalls pesants, sals
solubles i compostos organics clorats. Pel que fa a les BA, son una barreja heterogénia de
metalls férrics i no-ferrics, ceramics, vidre i un petit percentatge de matéria residual organica.
A diferencia de les cendres volants, les BA es classifiquen com a material no-perillds, donat que
son residus rics en oxid de calci, silice i ferro, amb petites quantitats de metalls pesants. La seva
composicio i morfologia és molt similar a la dels arids naturals d’origen silicic. Aquest fet
possibilita que, després d’un tractament de maduracié on s’obté la BA madurada (WBA), es
pugui reutilitzar com a arid secundari en el camp de la construccié i I'obra civil. Atenent a la
seva composicio, cal pensar que l'alt percentatge de vidre i alumini que hi ha a la WBA,
permetria emprar aquest residu com a materia primera, font de SiO, i Al,Os, per a la formulacié
de AABs. L'objectiu principal d’aquesta tesi doctoral va ser el desenvolupament cientific i
tecnologic de nous AABs basats en |'activacié alcalina de WBA (AA-WBA), per tal de reduir I'Us
d’OPC en els camps de I'edificacid i I'enginyeria civil. En aquest sentit, aquest objectiu esta
relacionat amb I'ds de materials base ciment més sostenibles, que promoguin I'economia
circular i el principi de residu zero mitjancant la valoritzacio de la WBA. Durant la present tesi
es va avaluar el potencial de la WBA com a precursor i dels aglutinants AA-WBA mitjancant

diferents estudis que es poden classificar en quatre grans blocs o etapes.

PRIMERA ETAPA: La primera etapa s’ha basat en I'avaluacio del potencial de la WBA com a
precursor en AABs en funcié de la seva mida de particula. S’ha determinat la disponibilitat de
SiO; i Al,03 reactius mitjangant atacs amb solucions de NaOH (2M, 4M i 8M) i HF (1% v/v). El
primer article de la present tesi, es titula “Municipal solid waste incineration bottom ash as
alkali-activated cement precursor depending on particle size”, i va ser publicat a la revista
Journal of Cleaner Production (Factor d'impacte: 7.246, Q1). Aquest estudi ha demostrat la

variabilitat de la disponibilitat de SiO, i AlOs3 reactius en funcié de la mida de particula
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(fraccions amb mida de 0-2, 2-4, 4-8, 8-16, 16-30 i 0-30 mm). Com a conclusid, destacar el
potencial de la fraccio sencera (EF) i la fraccié per sobre de 8 mm per ser emprades com a

precursores de AABs.

SEGONA ETAPA: Posteriorment, al segon bloc de la tesi, s’ha dut a terme la formulacid i
caracteritzacié (quimica, fisica, mecanica i mediambiental) dels diferents AA-WBA per tal de
corroborar la viabilitat de I'is de de la WBA com a Unic precursor. Es important remarcar que
a dia d’avui hi ha molts pocs estudis on s’utilitzi la WBA com a Unic precursor, ja que sol ser
mesclada amb d’altres productes i/o residus base ciment com les GBFS o el propi OPC. En
aquest segon bloc s’han realitzat dos estudis que han donat lloc a la segona i la tercera
publicacidé presentada a la present tesi. En primer lloc, I'article publicat a la revista Applied
sciences (Factor d’'impacte: 2.474, Q2) i que es titula “Municipal solid waste incineration bottom
ash as sole precursor in the alkali-activated binder formulation”. Aquest treball es centra en
I'estudi de AA-WBA emprant la fraccid sencera (EF) de la WBA com a precursora, per tal de
valoritzar la totalitat d’aquest subproducte. Com a solucions activadores s’han emprat mescles
de silicat sodic (WG) i NaOH de concentracio variable (2M, 4M, 6M i 8M) per avaluar I'efecte
de la concentracio en les propietats finals del material. S’ha demostrat la possibilitat de
desenvolupar AA-WBA amb proposits no estructurals degut a la porositat generada per I'alt
contingut d’alumini metal-lic que té aquesta fraccid (EF). Els resultats han revelat la gran
influencia de la concentracio de la solucid activadora en les propietats finals dels AA-WBA,
obtenint millor rendiment mecanic amb I'Us de la solucié WG/NaOH 6M. La segona investigacid
presentada en aquest bloc es titula “Alkali-activated binders based on the coarse fraction of
municipal solid waste incineration bottom ash”, i esta acceptada i disponible en linia a la revista
Boletin de la Sociedad Espafiola de Cerdmica y Vidrio (Factor d’'impacte: 2.517, Q2). L'estudi
tenia com a objectiu principal millorar les propietats mecaniques obtingudes en I'anterior
treball mitjancant I'Us de la fraccié de WBA per sobre de 8 mm, la qual té una major
disponibilitat de SiO, reactiu. Les solucions activadores emprades han estat les mateixes que a
I"anterior treball. Els resultats han revelat una millora de les propietats mecaniques, aixi com la
influencia de la concentracié de la solucié activadora en les propietats dels AA-WBA. Els
resultats mediambientals van revelar uns valors de lixiviacié d’arsénic i antimoni forca elevats,

que han de futures investigacions per validar la viabilitat ambiental dels AA-WBA.
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TERCERA ETAPA: El tercer bloc de la tesi es va centrar en |'Us de la WBA com a precursor parcial
per a la formulacié de AA-WBA. La finalitat era determinar si la mescla amb precursors amb
major disponibilitat d’Al,03 permetrien millorar les propietats mecaniques i I'efecte
d’estabilitzacié de metalls pesants. Fruit d’aquest tercer bloc han sorgit dos treballs més. El
primer treball d’aquest tercer bloc esta publicat a la revista Applied sciences (Factor d'impacte:
2.474,Q2), i es titula “Alkali-activated binders using bottoms ash from waste-to-energy plants
and aluminium recycling waste”. estudi es basa en I'activacié conjunta de la fraccié per sobre
de 8 mm de la WBA i d’un subproducte d’alumini anomenat PAVAL (PV), mantenint I'Us de les
mescles de WG/NaOH com a solucions activadores. S’ha demostrat que emprar PV com a
corrector d’Al,03 millorava les propietats mecaniques dels AA-WBA/PV obtinguts. No obstant,
les propietats ambientals van presentar uns valors de lixiviacid d’arsénic i antimoni que no
asseguraven la viabilitat ambiental dels materials obtinguts. Per tant, s’ha decidit encaminar la
recerca en la millora de les propietats ambientals dels AA-WBA emprant un precursor més
noble que presentés un contingut més baix en metalls pesants, com és el cas del metakaolin
(MK). La segona investigacio, que esta pendent de ser enviada a la revista Construction and
Building Materials (Factor d’'impacte: 4.419, Q1), es titula “Weathered bottom ash from
municipal solid waste incineration: alkaline activation for sustainable binders”. Es va focalitzar
en I"Gs de la fraccio per sobre de 8 mm de WBA i MK com a precursors, emprant mescles de
WG/NaOH 8M com a solucions activadores. A més, es van canviar les condicions d’humitat en
el curat dels aglutinants amb la finalitat de millorar les prestacions mecaniques. Els resultats
han demostrat una millora en el rendiment mecanic i les propietats ambientals dels AA-

WBA/MK.

QUARTA ETAPA: El quart bloc de la tesi s’ha centrat en I'estudi de la viabilitat ambiental de les
formulacions dptimes obtingudes a la segona, tercera i quarta investigacid. L'ultim estudi, que
ja ha estat acceptat i esta disponible en linia a la revista Journal of Hazardous Materials (Factor
d’impacte: 9.038, Q1), es titula “Environmental potential assessment of MSWI bottom ash-
based alkali-activated binders”. Es van realitzar proves granulars i monolitiques per simular el
final de la vida util i I'escenari de vida util dels AA-WBA. També es va dur a terme la prova
d'inhibicié de la mobilitat de Daphnia magna per determinar la toxicitat dels lixiviats. Els
resultats van mostrar un nivell d’ecotoxicitat mig-baix en els AA-WBA formulats amb la fraccié

de 8 a 30 mm, similar als aglutinants activats amb MK (AA-MK).
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CHAPTER |
PREFACE

The design and production of environmentally friendly materials have become one of the main
challenges in building and civil engineering fields. Both governments and industries around the
world are channelling their efforts in applying policies and standards to move forward to
sustainable materials’ manufacturing based on respect for the environment. From the
materials science and engineering point of view, the future goes through developing new
alternative materials which promote the circular economy, the zero-waste principle, and low
carbon and energy manufacturing. This first chapter is aimed to be a practical brief explanation

to understand the frame, origin, research motivation, and structure of this PhD thesis.
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1. Preface

This PhD thesis is framed in a broad project, which started in 1993 when DIOPMA (centre de
Disseny | Optimitzacié de Processos i Materials) research group began a collaboration with
Servei d'Incineracio dels Residus Urbans, S.A. (SIRUSA) and Tractament | Eliminacié de Residus,
S.A. (TERSA). Currently, SIRUSA continues to be the operating company of the facilities of the
waste-to-energy (WtE) plant, located in Tarragona. It incinerates the municipal solid waste
(MSW) of the 3 regions integrated into the Camp de Tarragona. In the vicinity of SIRUSA, the
company Valorizaciéon de Escorias para la Construccion, S.A. (VECSA) was created in 2000,
whose objective was valorisation and subsequent commercialisation of the weathered bottom

ash (WBA) generated from the incineration process of the SIRUSA plant.

1.1. Investigation origin and context

The firsts collaborations were focused on the characterization and leaching potential study of
the WBA to evaluate its environmental hazards [1-3]. The WBA is the main by-product
obtained in the MSW incineration (MSWI), which has been adopted as one of the most integral
MSW treatment options [4]. However, some chemical barriers, as well as the lack of technical

and legislative regulation on the use of WBA means that in some countries it is disposed of in

3
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landfills while in other countries it is valorised as secondary aggregate in the civil engineering
field almost 100% [5,6]. Accordingly, once the potential environmental risks were analysed, the
main purpose of the collaboration was the study and assessment of potential applications for
the valorisation of WBA in building, chemical engineering, and civil engineering fields. The
obtained results evidenced the feasibility for the WBA valorisation and consequently, several
ranges of possibilities were studied for its use as a secondary aggregate material in mortars and
concrete [7-12], CO, and H,S absorber [13], road sub-base material [14,15], and thermal

energy storage (TES) material [16], among others.

Finally, a new research line emerged as a result of a collaboration between the DIOPMA
research group and Dra. Isabella Lancellotti from Universita degli studi di Modena e Reggio
Emilia (UNIMORE) in 2016. This partnership began through a post-doctoral stay carried out by
Dra. Jessica Giro, supervisor of this PhD thesis. The collaboration was focused on the use of
WBA as a sole precursor to develop new sustainable cement-based materials [17]. The aim was
to give an added value to WBA to expand its applications, potentiating sustainability criteria
and environmental benefits associated with the secondary materials reuse and to the resource
extractive activities reduction. Additionally, it was also intended to design a material that could
partially replace the use of ordinary Portland cement (OPC) in the field of building and civil
engineering. The knowledge acquired and the promising results obtained served as the basis
for the funding obtention through a national project (BIA2017-83912-C2-1-R) granted by
Ministerio de Ciencia e Innovacién (Government of Spain). This national project was based on
the formulation and characterisation of alkali-activated binders (AABs) from the use of WBA as

a precursor.

The present doctoral thesis and the Spanish national project have gone together from the
beginning to the end. Both began in early 2017 and finished at the end of 2020. Once
completed, the perception is that the promising results obtained could represent an inflexion
point in the development of new sustainable cement-based materials through the valorisation

of WBA.
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1.2. Research motivation

Nowadays there is a great political, social, and economic interest to solve the issues posed by
the growth of emerging economies and population on the environment [18,19]. This conflict
has a greatimpact on a global scale and its main consequences are global warming, the increase
in greenhouse gas (GHG) emissions, the contamination and depletion of natural resources, and
excessive waste generation [20]. Furthermore, these problems have a greater repercussion in
the most impoverished regions, thus generating inequality and impeding their socioeconomic

development [21].

Regarding the impact derived from building and civil engineering activities, several
environmental concerns mentioned above can be identified. The increasing demand for
material resources required by the construction sector to meet the economic and population
needs leads to high CO, emissions levels contributing to global warming [22]. In addition, the
natural resources extraction essential for materials manufacturing involve soils and
groundwater contamination [23]. Finally, the raw materials obtention process and materials

manufacturing cause natural resource depletion and excessive waste generation [24,25].

Ordinary Portland cement (OPC) is the most widely used material in the building and civil
engineering fields. Its attraction lies in the abundance of its raw materials, low cost, and good
mechanical behaviour. However, the OPC benefits hide enormous risks to human health and
the environment [26]. OPC manufacturing entails high energy consumption and the emission
of polluting gases (CO,, NOy, and SO,) due to limestone exploitation and decarbonisation [27].
The OPC industry is responsible for 7% of global anthropogenic CO, emissions and 3% of global
primary energy consumption [28]. This demonstrates the need to move towards more
environmentally friendly cement manufacturing [29,30]. Governments and industries should
encourage and implement low-carbon cement production by promoting greener
manufacturing processes based on energy savings and the reuse and recycling of municipal and
industrial waste. In this way, the circular economy development and the principle of zero waste
would be promoting, which in turn would contribute to the natural resources preservation and

climate change mitigation [31,32].
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The investigation of sustainable alternatives to the OPC has allowed the development of new
cementitious materials in the last decades [33]. AABs have become one of the main candidates
due to their low carbon manufacturing and excellent properties [34]. These binders stand out
for their low heats of hydration during alkali activation and they have good mechanical
properties and durability to different aggressive media (acids, fire, etc.) [35]. The alkali
activation is produced through the reaction between an alkaline activator solution and an

aluminosilicate-rich powder precursor, which allows obtaining a cementitious matrix [36].

The most used alkaline activator solutions usually are sodium silicate solution (waterglass; WG),
NaOH, KOH, and sodium carbonate (Na,COs), either separately or mixed in different
proportions [37]. On the other hand, there is a greater variety of precursors that can be used:
from natural products such as clays (e. g. metakaolin; MK) to by-products and municipal and
industrial waste such as fly ash (FA) and blast furnace slag (BFS) [38]. In fact, one of the main
advantages of these kinds of cements is the versatility to use different precursors which can

favour the zero waste principle and minimise the overexploitation of natural resources.

FA and BFS are the industrial by-products most investigated as precursors due to their great
availability, and chemical composition similar to the MK and OPC, respectively. The mechanical
performance and durability properties of the AABs obtained with the use of FA and BFS as
precursors make them excellent candidates to replace Portland clinker [39]. However, the
replacement of OPC with other sustainable cement-based materials can be a complex and
utopic task. Hence, it is also necessary to look for other precursors with similar properties to

OPC, which partially supply the OPC demand, currently required.

At this point, this PhD thesis makes sense, since it is framed in the above-mentioned Spanish
national project. This project is focused on the development of AABs by using WBA from MSWI
as a sole precursor. Few studies used WBA as a sole precursor, obtaining low mechanical
performance due to the presence of metallic aluminium [40,41]. Therefore, this thesis
deepened in the WBA study as a sole precursor to obtain AABs with mechanical performances
comparable to the OPC. For this reason, the search for alternatives by valorising the WBA has
become a challenge to improve MSW management and to promote a sustainable economy

based on the zero waste principle.
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The main purpose and motivation of this doctoral thesis is the development of new low-carbon
cements based on the use of WBA from MSWI. The formulation of these cements will be carried
out by the alkali activation of WBA and other raw materials to give an added value and to

promote the use of sustainable cement-based materials.

1.3. Thesis structure

The PhD thesis has been presented in the form of a compendium of publications, which have
been published, submitted, or pending to submit in different high-quality scientific journals in
the building materials and environment field. The dissertation is divided into ten chapters as
shown in Figure 1.1. The theoretical framework is made up of four chapters, while the

experimental framework is divided into six chapters.

THEORETICAL FRAMEWORK

EXPERIMENTAL FRAMEWORK

Paper 1

Paper 2 & 3

Paper 4 &5

Paper 6

Figure 1.1. PhD thesis structure and contents.
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CHAPTER I
INTRODUCTION

Ordinary Portland Cement (OPC) is the most widely used construction material worldwide and
the most contributor to climate change. Both its high demand in the civil and building
engineering field and the chemical and thermal processes associated with its manufacturing
have become it a serious CO, emissions source. The cement industry must advance in line with
the Paris Agreement on climate change and go through a deep reconversion, improving
chemical and thermal processes and/or seeking cement-based materials alternatives. Alkali-
activated binders (AABs) are one of the most attractive alternatives, due to their properties
and low carbon and energy manufacturing. The purpose of this second chapter is to explain
the cement industry current context and why the alkali activation is presented as a suitable and

sustainable alternative.
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2. Introduction

Cementis a millenary material closely linked to the development of the human race throughout
its history. Egyptian, Greek, and Roman civilizations used variations of this material to build
buildings and infrastructures that are still standing today [1-3]. However, cement became the
binder material par excellence in the middle of the 19th century, thanks to the technological
development of rotary kilns for calcination and the tube mill, among others [4]. This cement
was named Portland because of its similar greyish colour to the Isle of Portland stone in the
English Channel. Ordinary Portland Cement (OPC) is nowadays the most widely used material
in the civil engineering and construction field. The versatility to build all kind of structures, its
low price, and its high performance has become it an attractive building material. OPC is also
easy to apply and reliable for the workers and construction companies. In addition, the raw
materials used (limestone, silica, and clay) are abundant and can be found worldwide.
However, not all are advantages, since the production of OPC entails high energy consumption
and the greenhouse gas (GHG) emissions severely affecting the environment and the planet's

climate change [5,6].
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Sustainable cementitious materials development is presented as one of the main solutions to
the environmental impact generated by the OPC. Among the most prominent candidates are
alkali-activated binders (AABs), which can be produced at low temperatures (below 100 °C) by
using natural materials or municipal and industrial waste and by-products as raw materials. In
addition, it has been demonstrated that its mechanical performance, durability, and resistance
to chemical agents are close to OPC [7]. However, it is necessary to find new raw materials
and/or deepen on the study of those already known to supply the current worldwide demand

for cement [8].

This PhD thesis is focused on the assessment of the incinerated bottom ash (IBA) from
municipal solid waste incineration (MSWI) as a potential raw material for obtaining AABs. Some
published studies have already demonstrated the possibility of using IBA as a raw material in
the alkali activation technology. Nonetheless, the results obtained thus far revealed low
compressive strength values which limit their applications for non-structural purposes [9].
Hence, it is still necessary to assess and provide new data of the IBA to consider it as a serious
cementitious material candidate. In this sense, this PhD thesis is aimed to increase the added
value of the IBA through the designing of new AABs. Although IBA is currently valorised as a
secondary aggregate material in some developed countries, in others is still disposed of in

landfills due to some legal, chemical, and technical barriers [10,11].

In this chapter, the fundamental aspects and main characteristics of the OPC and AABs are
explained to compare both cementitious materials through relevant data. In addition, a
description of the IBA is carried out to understand why this material should become a real

candidate material to produce AABs.

2.1. Ordinary Portland cement (OPC)

2.1.1. Manufacturing process

The OPC industrial production is a long and complex process (Figure 2.1) that requires a large
amount of energy for the treatment, obtaining, and processing of the different specific raw
materials [12]. In this sub-section, the most relevant stages, thermal, and chemical processes

of the OPC manufacturing system are described.
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Figure 2.1. OPC manufacturing process. Adapted from [13].

2.1.1.1. Raw materials extraction and preparation

The manufacturing process begins with raw materials mining. Afterwards, they are transferred
to the facilities to produce the clinker, which is the intermediary product obtained during the
OPC production. The elemental chemical composition of clinker is based on Ca0, SiO,, Al,Os,
and Fe,03, although small amounts of Na,0, K,0, SOs, MgO, P,0s y TiO; can also be found [14].
The appropriate oxides percentage to produce the clinker is obtained by mixing the different
raw materials, which come from primary or secondary sources such as clay and fly ash,

respectively (Table 2.1).

Table 2.1. Raw materials composition of clinker [12].

Raw materials Sources Mass percentage (%)
Lime Limestone, shells, chalk 60-67
Silica Sand, fly ash 17-25
Alumina Clay, shale, fly ash 2-8
Iron oxide Iron ore 0-6
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The quarries of the two main clinker components are located inside (limestone quarry) or in
the proximities (clay quarry) of the facilities to minimise the energy and economic cost
associated with transferring such heavy materials. The rest of the raw materials (sand and
mineral iron) are supplied by external companies and stored in piles. All primary clinker
components are mixed and subjected to a crushing, homogenization, grinding, and filtering
process to obtain a fine material named raw meal, which presents a suitable chemical and

mineralogical composition to favour the reactivity during the clinkerisation process [15].

2.1.1.2. Clinkerisation

Clinker pyro-processing is the most complex stage of the OPC manufacturing process. This fact
is due to the equipment necessary to reach temperatures close to 1500 °C, as well as the
sequence of thermochemical reactions that take place. Figure 2.2 depicts the main chemical

reactions and the required temperature to produced them.
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4L

Heating schedule

1000°c Cooling 1300°Cc
[ o GeecSsCACAF

Figure 2.2. Thermochemical reactions sequence on clinkerisation process [16].
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The clinkerisation starts with the progressive heating of the raw meal in the pre-calcination
tower until it reaches around 1000 °C. First, the raw meal dehydration and dehydroxylation of
clays (from 27 °C to 600 °C) occurs. Then, the decomposition and decarbonation of limestone
and magnesium carbonate take place from 550 °C to 1000 °C. Subsequently, once the raw meal
has been pre-calcined, it is introduced into the rotary kiln and heated to approximately 1450
°C to form the clinker [17]. In this stage, the CaO reacts with SiO,, Al,O3, and Fe,0s to form the

different mineralogical phases of clinker, which are shown in Table 2.2.
Table 2.2. Main mineralogical phases of clinker and weight percentage [18].

Compound Chemical formula Mass percentage

(%)
Tricalcium silicate, alite CasSiOs or 3Ca0-Si0,, C3S 50-55
Dicalcium silicate, belite Ca,Si04 or 3Ca0-Si0,, C,S 19-24
Tricalcium aluminate, aluminate CazAl,O0g or 3Ca0-Al,03, C3A 6-10

Tetracalcium aluminoferrite, ferrite 4Ca(():é/jl\ﬁ|é:?FZeOleO:rC4AF 7-11
The first formed phase until reaching 1280 °C is belite (C,S), which is characterised by its slow
hydration that contributes to the long-term OPC strength [18]. From 1300 °C to 1450 °C takes
place the melting and nodulisation of the C3A, C4AF, and C,S phases. Then, the abovementioned
phases melt together with the free lime and unreacted silica resulting in a liquid consistency
mass whose main mission is to favour the recrystallization and crystal growth of CsS at feasible
technological temperatures [19]. This C3S phase is characterized by having quick hydration that
confers early strength and setting to the OPC [20]. Finally, the last clinkerisation stage is the
hot clinker cooling in a grate cooler. This process is vital since the clinker cooling rate can modify
the quality and properties of the cement. Rapid cooling generates less magnesium oxide (MgO)
content and increases the cement's stability against sodium and magnesium sulphates, making
it more resistant to chemical attack. In opposition, a too slow cooling promotes the growth of
clinker minerals such as CsS, affecting the strength and slowing down the hydration of the

cement [21], apart from requiring more energy for grinding due to its higher hardness.
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2.1.1.3. Cement production

The OPC production ends with the transferring of the clinker to a ball mill where it is pulverized,
mixed, and homogenized together with different additives that provide the appropriate final
properties to the OPC. Among the additives, the addition of gypsum in a proportion of 3-7%

stands out as a setting regulator [18].

2.1.2. Production data

Cement production varies from state to state, depending on its economic potential and the
availability of raw materials. In this way, it is easy to explain why currently China and India, two
emerging economies with a wide variety of natural resources, are the leaders in cement
production as shown in Figure 2.3. In 2019, China and India were responsible for 62% of
worldwide cement production, reaching 4 billion tons [22]. China produced more cement in
the last decade than the United States in the entire 20™ century, an indicator data that

demonstrates its natural resource wealth and its huge economic development [23].
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2% Korean Republic Other countries
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Figure 2.3. Global cement production and clinker capacity in 2019 [22].
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The global cement production from 1990 to 2020 and the projection for the next 30 years are
shown in Figure 2.4. In the countries of the Organization for Economic Cooperation and
Development (OECD), cement production will remain constant, while in China it will undergo a
slight reduction. However, the expected economic and population growth in new emerging
economies such as India and Brazil, makes that the forecast for worldwide cement production
for the year 2050 is approximately 6 million tons [13]. These data reinforce the future role of
cement as a building material in the civil and engineering field, which is associated with the

growth and development of the countries.

BOECD MmChina @lindia OOther developing countries

Gt Cement

0
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Figure 2.4. Worldwide cement production 1990-2050 [24].

The cement production in 2019 in Spain was 17.4 Mt according to data provided by the General
Secretariat for Industry and Small and Medium Enterprises and the cement Spanish
manufacturers’ aggrupation (Oficemen) [25]. Although Figure 2.5 shows slight growth in
cement production in the last six years in Spain, these values are far away from those obtained

before 2008, when the global financial crisis seriously affected the construction sector.
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Figure 2.5. Cement production in Spain in the last two decades [25].

2.1.3. Ecological footprint

OPC production is associated with a wide variety of environmental issues that have forced both
governments and cement industry to move towards the development of greener
manufacturing [26,27]. Figure 2.6 illustrates a flow diagram where it is observed the inputs
(heat and energy) and emissions (gases and particulate) associated with each of the stages of
OPC manufacturing [12]. These inputs and emissions are the main causes of the high impact of
the OPC on the environment. Besides, the high demand and the relevance of the OPC
demonstrates that some corrective measures are necessary to mitigate the effects that OPC
have on climate change and global warming. In this sub-section, the environmental impact
related to OPC manufacturing activities is described. The main actions or solutions that are
currently being proposed or carried out in the cement industry to advance to low carbon

manufacture are also detailed.
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Figure 2.6. Inputs and emissions of OPC manufacturing process [12].

2.1.3.1. Greenhouse gases emissions

The reduction of greenhouse gases (GHG) emissions is one of the main targets of the EU to
move towards a sustainable model and to achieve climate neutrality in 2050. Indeed, as part
of the European Green Deal, the EU Commission proposed in September 2020 raising the 2030
reduction target to at least 55% compared to 1990 GHG emissions [28]. The main
environmental problem of the cement industry is related to GHG emissions (mainly CO,), which
is one of the main causes of global warming and climate change on the Earth [29,30]. Several
studies can be found in the literature where it is estimated that 5 to 8% of global anthropogenic
CO; emissions come from OPC production [31]. Figure 2.7 shows the worldwide average CO,
emissions sources in the OPC manufacturing process [13]. A large part of these CO, emissions
(= 50%) are attributed to the calcination of limestone, which is transformed into CaO as shown

in the following equation:

CaC03 — Ca0 + 1 CO, (Eg. 2.1)
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Around 40% of CO, results from the fossil fuels that are required to reach 1450 °C in the rotary
kiln during calcination. The rest of the CO, emissions come from quarry mining and
transportation of raw materials and other manufacturing activities [31]. For every ton of OPC
that is produced, around 0.83 tons of CO; are emitted into the atmosphere, a fact that invites
to reflect about the need to propose and develop solutions to reduce CO, emissions in the OPC

industry.
Transportation 10%

Calcination 50% Thermal energy 40% l

Unavoidable for OPC

Energy for the
! calcination reaction ! :
(22%) :
: i Heat losses
H (18%)

Figure 2.7. Worldwide average CO; sources in the OPC manufacturing process [13].

Although CO, emissions are the main threat to the environment, during the OPC production

other harmful gases and particles are also emitted [32—34], such as:

NOx: Generated during the burning of fossil fuels releasing more when the higher the
combustion temperature. They contribute to the island effect, reduction of air quality,

and involves risks to human health.

SO,: Produced by the sulphur compounds present in raw materials and during the
fossil fuels combustion. The alkali nature of the clinker reabsorbs between 70%-90%
of the SO,. However, the rest is released into the atmosphere reducing the air quality
and producing "smog" and acid rain. It also provokes certain respiratory problems in

human health.

Cement kiln dust (CKD): CKD is composed of alkalis, free lime, chlorides, and sulphates.
It includes the fine particles of unburned and partially burned raw materials, clinker,
and material eroded from the kiln refractory bricks [6]. It can cause irreversible skin
damage in form of third-degree burns.
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Other pollutants: Dioxins, furans, PMig, PM,s, and some heavy metals are emitted by
the OPC industry. These pollutants can produce chronic mortality, morbidity, and

carcinogenic effects on human populations.

2.1.3.2. Energy consumption

The OPC industry is a highly energy-intensive system because of the thermal processes that
take place during the manufacturing stages. It is estimated that around 3% of the global energy
is consumed annually as a result of the activities of the cement industry [35]. However, the OPC
is considered a material with a low embodied energy per kilogram (Figure 2.8) compared to
other used materials in building and civil engineering fields, such as aluminium, steel, and

timber [36,37]. Therefore, the high energy impact of OPC is mainly due to its high consumption

worldwide because of its versatility, properties, and low cost [38].
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Figure 2.8. Embodied energy (MJ-kg?) for materials in construction [38].

The pyroprocessing stage is the most energy-intensive since it represents around 90% of the
energy consumed in the OPC manufacturing process [39]. Figure 2.9 depicts the energy
consumption in a typical cement plant as a function of the stages and the energy source. The
low energy efficiency of the process stands out since around 40% of the energy is accounted

for in heat losses [13]. The proportion between the fossil fuels consumption (75%), coming
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mainly from the clinkerisation process, concerning that of electrical energy (25%), is also
striking [40]. The data demonstrates the low energy efficiency of the OPCindustry and the need

to improve the performance of thermal processes that take place in plants.

Crushing, grinding, blending, and transportation 10%

Pyro-processing and transportation 90% 1
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Energy for the calcination reaction 1 .
: Heat losses

Fossil fuels (75%) Electricity (25%)

1.7 GJ/t clinker 1.6 GJ/t clinker 1 GJ/t clinker

Figure 2.9. Energy consumption in manufacturing process [12,13].

2.1.3.3. Other environmental impacts

Despite the relevance given to the energy impact and GHG emissions produced by the cement
industry, there are other environmental issues attributed to the production of OPC. The
extractive activity of the raw materials necessary to obtain the OPC can lead to the depletion
of the natural resources [41] since 1.7 ton of raw materials is needed for obtaining 1 ton of OPC
[6]. In addition, OPC mining activities have a great impact on a local scale, generating waste,
polluting groundwater, and emitting gases that can trigger acid rain and affect the population

health [42].

2.1.4. Roadmap to green cement manufacturing

This sub-section shows the OPC industry efforts to minimise its impact on the environment and
the population [43]. The flow diagram in Figure 2.10 shows the current mitigation OPC
solutions related to the most relevant OPC production processes and their associated
consumption energy and CO; emissions [38]. The current solutions range are focused on
improving resource and energy efficiency, the CO, emissions sequestration, as well as the

development of novel cements based on low carbon manufacturing.
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Figure 2.10. Processes, emissions, and mitigation solutions of the OPC manufacturing [38].

2.1.4.1. Resource efficiency

Resource efficiency term encompasses those solutions that mitigate CO, emissions proposing
the use of alternative materials, either to substitute the fossil fuels used in the rotatory kiln or
to replace a part of the clinker used in the final OPC. On one hand, focusing on fuels
substitution, from the mid-1980s, emerged the interest to reduce the use of traditional fossil
fuels such as coal, petroleum coke, and natural gas which are used in the clinkerisation process
[26]. The high carbon footprint and their possible depletion led governments and industries to
seek more sustainable and abundant alternatives. Biomass, waste tyres, sewage sludge, animal
residues, waste oil, and plastic waste stand out as the most used alternative fuels [31].
However, their use presents some difficulties which must be considered since they alter the
clinker properties. The different combustion of alternative fuels can change the temperature
profile in the rotatory kiln, affecting the clinker cooling conditions and modifying the porosity
of the clinker granules, the crystal size of the clinker phases or its reactivity. In addition, this
type of fuels contains minor elements such as Zn, bringing a different composition to the clinker

which results in lower strength and setting time of cement [24]. Therefore, the manufacturing
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process monitoring is crucial to the correct combustion of alternative fuels without affecting
the final clinker properties [44]. Despite the difficulties mentioned above, the average
substitution rate in some European countries is around 70%, which demonstrates the feasibility

of this measure to mitigate CO, emissions [24].

On the other hand, supplementary cementitious materials (SCMs) are also considered a
suitable tool for reducing carbon emissions. These materials are used as a partial replacement
for clinker and they are mainly composed of soluble silicates, aluminosilicates, or calcium
aluminosilicates powders [45]. SCMs stands out for their pozzolanic properties which allow to
reduce of the clinker/cement ratio and contribute to lowering energy consumption in
clinkerisation process [31]. In this way, the cement manufactured through the addition of SCMs
has a lower carbon footprint than common OPC. The conventional SCMs are industrial by-
products such as blast furnace slag (BFS), power plants fly ash (FA), and silica fume (SF) due to
their calcium and aluminosilicates-rich nature and their low energy intensity. Although these
by-products are suitable as clinker substitutes, their global availability is limited [26]. Hence, it
is important to seek new sources of SCMs to develop low-clinker cements which allow reducing
the CO, emissions attributed to the calcination process. The most promising sources come
from natural materials such as pozzolans and calcined clays due to their large accessible
reserves. However, cement kiln dust (CKD), which is an industrial waste generated during the

OPC manufacturing process has also emerged as a promising source [46].

2.1.4.2. Energy efficiency

The improvement of energy efficiency in the cement manufacturing process goes through the
development of more efficient processes and technology, as well as the use of renewable
energy sources. The rotary kiln selection is a key technologic parameter in the energy efficiency
of a cement plant. The energy savings depending on the rotary kiln used in the calcination
process can become around 44%. Another solution to improve the thermal processes efficiency
is the use of preheaters before the calcination. The preheaters recover the kiln heat energy
through the heat exchanging and allows preheating of the raw meal. In this way, it can reduce

the thermal energy needed in the kiln to reach 1450 °C [41].
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2.1.4.3. Carbon sequestration and reuse

The carbon capture and storage process (CCS) allows avoiding the carbon emissions released
into the atmosphere. It is probably the most underdeveloped solution and the one that
requires the major equipment investment. However, it is a necessary solution to capture the
CO, emissions associated with the decomposition of limestone since they cannot be avoided
in any way. The post-combustion absorptive capture (MEA), the oxy-combustion, and the
calcium looping (CL) post-combustion are the main capture technologies [47-49]. MEA process
is based on the CO, capture from the flue gas flow. The oxy-combustion leads to a higher
flames’ temperature and fuel consumption reduction through the use of pure oxygen. Finally,
the CL process is considered a potentially low cost and highly efficient post-combustion CO,
capture technology and it is based on CaO use as a re-generable sorbent through

carbonation/calcination cycles [50].

2.1.4.4. Alternative cements

The use of novel low-carbon cements is considered one of the main solutions for the mitigation
of CO, emissions in the OPC industry. Nowadays, there are several alternatives to OPC that
could drastically reduce the CO, emissions and the energy consumption associated with OPC
manufacturing. However, these alternative cements penetration into the construction market
is still limited by some barriers which block the investigation at a large scale. On one hand, the
existing standards and protocols for testing and certifying cements are exclusively based on the
use of OPC. On the other hand, some of these solutions are found in an early stage of
maturation, showing manufacturers’ rejection. Finally, the consumer confidence in the OPC
due to its low cost and good performance makes complicated the consolidation of cement-
based alternatives found in advanced stages of maturity. It is, therefore, necessary to continue
investigating to build more confidence through data and advances, demonstrating the high

potential of these alternative low carbon cements [38].

Figure 2.11 shows the best positioned cement-based materials regarding the kilograms
emissions per ton and their potential reduction of carbon emission compared to the OPC. The
most advanced for their clinker-like mineralogy is the belite-rich cements such as the belite-
rich Portland (BPC), the belite-calcium sulphoaluminate (BCSA), and the belite-ye’elimite-

ferrite (BYF) cements [26]. These cements require less thermal energy in its manufacturing than
29



Chapter Il - Introduction

OPC, which results in CO, emissions reduction. On one hand, BPCs are characterised by
acquiring high strength comparable to the OPC at older ages [51]. However, its low potential
reduction of CO, emissions (only = 10%) does not convince to the manufacturers in their quest
to find an ideal candidate to replace the OPC. On the other hand, both BCSA and BYF cements
evidence a higher reduction (between 20-25%) of carbon emissions due to their composition
based on ye'elimite, belite, and ferrite phases. Besides, these cements’ manufacture requires
a similar technology to that currently existing in the OPC industry, which is an advantage in

terms of investment costs [26].
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Figure 2.11. Process CO, emissions of alternative clinkers compared to OPC [38].

Then, there is a group of cement-based materials with a greater emissions reduction potential
such as carbonatable calcium silicate cements (CCSCs), alkali-activated binders (AABs), and
magnesium oxide cements derive from magnesium silicates (MOMSs). The CCSCs are based on
the hardening through atmospheric carbonation and hydration of calcium silicates. Both low
Ca0 content and low required synthesising temperature, as well as the carbonation during
service life, leads to a reduction of carbon emission of around 70% [26]. However, the CCSCs
have low pH's (=9) which their use is limited to non-reinforced concretes [52]. Concerning
MOMSs, they are known as "carbon negative cements" since they can achieve negative carbon
emission savings due to the lime-free composition of their raw materials and the atmospheric
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carbonation during their life cycle. Nonetheless, the main issue of MOMSs is to find a natural
magnesium silicate source, which allows manufacturing them in an energy-efficient way [53].
Finally, AABs are probably the most investigated alternative cements because are considered
one of the best candidates to replace OPC due to the possibility of being manufactured through
a wide variety of natural sources, industrial by-products, and waste, which promotes the
circular economy and zero-waste manufacturing. It has also been demonstrated that their
mechanical performance and durability properties are comparable to the OPC, while their
resistance to chemical reagents they are even better [7,8,54]. In addition, their low energy
manufacturing and the aluminosilicate-rich nature of the raw materials allows reducing the

carbon emissions up to 80% [55].

For all these abovementioned reasons, this PhD thesis aims to collaborate on the AABs
development, using municipal and industrial by-products, contributing to progress towards
more environmentally friendly cement manufacture. In this sense, it is necessary to know the
fundamental aspects and the main characteristics of the AABs, which are detailed in the

following section to deepen the comprehension of these novel alternative cements.

2.2. Alkali-activated binders (AABs)

AABs are a subset of the alkali-activated materials (AAMs) family, which are obtained through
the reaction of an alkali metal source and a solid powdered calcium aluminosilicate-rich
precursor, resulting in a compact solid cement-based material comparable to the OPC [7].
These binders’” materials can be found with a wide variety of names in the literature (e.g., soil
cements, mineral polymers, inorganic polymers, geocements, zeocements, etc.) reflecting their
novelty and constant investigation during the last decades, as well as the lack of commercial
sense of the scientific community [8]. However, two terms stand out over the rest, which are
"alkali-activated cement" and “geopolymer”. The number of publications where they use these
two terms in the SCOPUS database has been growing exponentially in the last three decades
as shown in Figure 2.12, indicating the emerging interest in the study of AAMs due to its great

potential as a candidate to replace the OPC.
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Figure 2.12. Number of publications related to AAMs in SCOPUS database.

Figure 2.13 illustrates the classification of AAMs and the main Portland cement-based materials
based on their composition. Although all of them are based on a Ca0-Al,03-Si0,-M,0-Fe,0s-
H,0 system, substantial differences in the content of Al, Ca, and alkali M* can be found [7]. At
this point, it should be noted that there is some confusion in the scientific community for the
use of the term “geopolymer”. Many studies define geopolymer as any binder derived from
the reaction of an alkali metal source and a silicate-rich powder precursor. However, this term
created by Davidovits refers to the binders obtained from the alkali activation of low-calcium
and aluminosilicate-rich precursors [56]. In this PhD thesis, it is always used the AABs term
(instead of others, such as geopolymer) refers to the cement-based materials obtained since

the precursor used is rich in calcium silicates.
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Figure 2.13. Cement-based materials depending on Ca, Al, and M* content [7].

This section is intended to provide the basic information and fundamentals of AABs. From the
historical background to its reaction mechanism, as well as its main strengths with respect to
the OPC. All of this to understand why today they are proposed as one of the best candidates
to replace the OPC.

2.2.1. Historical background

Although the boom in the AAMs development is found to be at the end of the 20™ century,
from its beginning, some scientists laid the scientific basis for the development of these type
of binders (Figure 2.14). The first knowledge of AAMs study in the contemporary age dates
from 1908 when Hans Khul, German chemist and engineer, patented a material "fully equal to
the best Portland cements". This material was made by a mixture of vitreous slag and alkali
sulphate and carbonate [7]. Two decades later, in 1930, Khul carried out a study on the setting
of mixtures of slag and a caustic potash solution [54]. But it was in 1940 when the English
chemist Arthur Oscar Purdon conducted a deep study that established the knowledge basis of
AAMs. This study was based on the BFS alkali activation through NaOH solution [8]. Following
the Purdon investigations, between the 50s and 60s, the Soviet scientist Victor Glukhovsky was

the first investigator to research the possibility of preparing low-calcium cementitious
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materials from metallurgical slags and naming them soil cements [57]. Later, in 1979, the
French chemist Joseph Davidovits appeared establishing the geopolymer term, which consists

of the alkali activation of low-calcium precursor based on kaolinite, limestone, and dolomite

[58].
Purdon
Khul 1940 I
1908 Alkali- Davidovits
First activated 1979
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Khul Glukhovsky
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Figure 2.14. Chronologic scheme of main figures and advances in AAMs in 20%" century.

2.2.2. Why alkali activation?

There are many reasons why alkali activation technology continues growing, and why it is
proposed as one of the main solutions to replace the OPC. This subsection details the most
relevant scientific, technical, and environmental arguments why AABs attract the scientific
community and why AABs are beginning to be considered as a real alternative for Portland

cement-based manufacturers.

From a scientific point of view, it is important to highlight the role of alkali metals in the
formation of cement-based materials. For many years, both the scientific community and the
cement industry supported the theory that alkaline compounds adversely affected the OPC
properties due to their high solubility [59]. However, scientific studies of ancient concretes
carried out by various scientists (Glukhovsky, Davidovits, or Malinowski, among others)
demonstrated the positive influence that alkali metals have on cement-based materials
durability [1-3]. This excellent durability of ancient concretes is closely related to their alkali
metals content, which confers high stability to atmospheric reagents. Furthermore, this idea is

reinforced by the fact that stony-nature materials rich in sodium, potassium, and calcium
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aluminosilicate hydrated phases can be found in the Earth's crust with a composition and
structure analogous both to the ancient concretes and AABs [60]. In contrast, the lack of alkali
metals in OPC leads to durability issues when it is subjected to extreme conditions due to the
metastability of its hydration products. These facts are currently reflected in the numerous
studies that demonstrate the better performance of AABs in high temperatures, fire, or

corrosive environments [59].

The technical arguments supporting alkali activation technology as a suitable tool for the
manufacture of cement are mainly based on the properties exhibited by AABs. On the one
hand, its mechanical behaviour is comparable or even better than the OPC, since it can reach
compressive strength similar to those of the OPC after few hours of curing [61]. In addition,
AABs have excellent durability due to their resistance to certain chemical agents, high
temperatures, and the fire is higher than for Portland-based cements as mentioned above. On
the other hand, it is important to highlight the wide range of raw materials that can be used to
manufacture these cements, from natural materials such as clays to by-products and industrial
waste such as FA, and BFS, among others [7,57,62]. Finally, the current interest in developing
regulations, codes and protocols that support the use of AABs is also noteworthy. Today, some
countries of the former Soviet Union (Russia, Ukraine, and Belarus), as well as Australia, the
United Kingdom and Chine, have national standards or regulations associated with AABs use
[60,63]. The rest of the countries have not developed yet any regulatory standard that supports
a technology that has been known since the middle of the 20" century. This is probably due to
the pressure from the OPC industry lobby and consumer distrust for using unknowing cement-
based materials. However, certain gestures as the formation of a technical committee on
alkaline activation of materials (RILEM TC 224-AAM), and some clusters and Cost Actions show
the predisposition to continue developing this technology and to introduce appropriate test

methods to be incorporated into current cement regulations [60].

There also are environmental arguments for considering AABs more sustainable than Portland
cement-based materials. The manufacture of AABs is associated with mitigation in the carbon
footprint compared to the OPC as can be observed in Figure 2.15. These reductions can be up
to 40%, as long as sodium silicate is not used as part of the alkaline activator solution in the

manufacture of AABs [55].
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Figure 2.15. AABs and OPC concretes carbon footprint comparative [55].

Alkali activation technology requires carbon-free nature raw materials and low manufacturing
temperatures (below 100 °C), which also contributes to the minimization of CO, emissions and
energy savings. Finally, the possibility to use a wide range of industrial waste and by-products
as raw materials promotes the zero-waste principle in the framework of a circular economy, as
well as more sustainable processes as a result of the reduction of natural resource extractive

activity.

2.2.3. Alkali activation reaction mechanism

The alkali activation process can be defined in a simplified way as the reaction between a
powdered solid precursor (rich in aluminosilicates or calcium aluminosilicates) and alkaline
activator solution, which results in a compact cement-based matrix after a suitable curing
temperature and time [7]. A conceptual scheme with the main generic stages that take place
in the alkali activation is shown in Figure 2.16. The process begins with the dissolution of the
aluminates and silicates contained in the precursor’s reactive species in an alkaline medium.
Then, it is produced a rearrangement and exchange among the dissolved species resulting in
the nucleation of new solid phases (gelation). The result is the formation of gel structure
depending on the calcium content, being calcium aluminosilicate hydrate (C-A-S-H) in high
calcium systems and sodium aluminosilicate hydrate (N-A-S-H) in low calcium systems [64].
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Figure 2.16. Conceptual scheme of alkali activation process [64].

2.2.3.1. C-A-S-Hgel

The main reaction product formed in AABs obtained from a high calcium system (CaO-Al,0s-
Si0,-M;,0-Fe;03-H,0) is the C-A-S-H gel, which is similar to the hydration gel obtained on the
OPC (calcium silicate hydrate; C-S-H). However, the Ca0/SiO; ratio in AABs (0.7-1.2) is lower
than the OPC (1.5-2.0) due to the more SiO, presence in alkali-activated precursors than in
clinker [65]. Besides, the tobermorite structure in the C-A-S-H gel is substantially different from
the tobermorite structure of the OPC as shown in Figure 2.17 which are based on structural
models reported in the literature [64,66]. Both gels contain CaO layers and tetrahedrally
coordinated silicate chains with a dreierketten structure. Nonetheless, in the C-A-S-H gel, there
is an interlayer region where some calcium (Ca?*) and silicon (Si**) cations are partially
substituted by aluminium (AlI**) and alkali metals (typically Na* or K*), respectively. This
phenomenon leads to a substantial nanostructural disorder degree compared to the C-S-H gel
in Portland cement. The aluminium cations are incorporated into the gel structure occupying
the bridging sites (preferably) and interlayer sites, while the alkali metals balance the negative
charge generated by this replacement. The substitution specific site limits the inclusion of the
aluminium cations in the C-A-S-H gel and causes the Al,05/SiO; ratio to reach a maximum of

0.2 in a gel where the non-cross-linked tobermorite structure is predominant.
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Figure 2.17. C-A-S-H gel structure. Adapted from [64,66].

Along with the C-A-S-H gel, other reaction secondary products can be found depending on the
magnesium content in the precursor, the alkaline activator used, and the curing conditions
[60]. The main secondary products are the hydrotalcite (magnesium-rich carbonate phase),
alumino-ferrite-mono phase, gismondine and garronite (calcium-rich zeolite phases), and

pirssonite and gaylussite (calcium-sodium-rich carbonate phases).

2.2.3.2. N-A-S-H gel

In the case of AABs obtained through a low calcium precursor system (Al,03-SiO,-M,0-Fe,0s-
H,0) the main reaction product is highly cross-linked with a three-dimensional structure known
as N-A-S-H gel. The main stages of N-A-S-H gel formation proposed in the literature [57] are
described in Figure 2.18, where it is observed that the alkali activation starts with the
dissolution of the reactive aluminosilicates (as monomers, according to [67]) in the alkali media.
Both silicate and aluminate monomers interact to form oligomers and precipitate in an
intermediate N-A-S-H aluminium-rich gel form with a SiO,/Al,O3 ratio of around 1. The
formation of this N-A-S-H gel rich in aluminium is explained by the faster reactive aluminate
dissolution due to the Al-O bonds are weaker than the Si-O bonds [68]. Subsequently, as the
reaction progresses, more silicate species are dissolved favouring the formation of a silicon-
rich N-A-S-H gel with a SiO,/Al,03 ratio around 2, which confers higher mechanical performance

to the AABs [69]. Finally, it is produced the more organised structure formation
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(polymerisation) and growth of these amorphous aluminosilicate gel with a three-dimensional
(3D) structure known as N-A-S-H. In the gel structure, the silicon and aluminium are present in
tetrahedral units, with a predominance of Q* (mAl)-type environments, where the m value
depends on the SiO,/Al,O3 ratio of the gel [70], while the alkali metal cations (normally Na*)
are introduced into the gel structure to balance the negative charge produced to the
replacement of aluminium by silicon. Regarding the main reaction of secondary products in low
calcium-activated systems, they can be mainly found zeolites such as the hydroxisodalite,
zeolite-P, zeolite-Y, Na-chabazite, and faujasite [71-73]. Some similarities in the behave and
structure can be appreciated between aluminosilicate gel and zeolites, as reported elsewhere

[64,74,75].

oy

Chemical attack Dissolution N-A-S-H precipitation (Gel 1)
[(Si/Al) = 1]; [Q* (4Al) and Q* (3Al)]
s @A @o@na(OH

Polymerisation N-A-S-H precipitation (Gel 2)
[(Si/Al) = 2]; [ (3Al) and Q* (2Al)]

Figure 2.18. N-A-S-H gel formation model [57].

2.2.3.3. (C,N)-A-S-H gel

Recent studies have also revealed the possible coexistence in the AABs structure of N-A-S-H
and C-A-S-H gel which is known as (C,N)-A-S-H gels [76,77]. This phenomenon occurs when the
Ca?* ions associated with the C-A-S-H gel structure are replaced by Na* ions from the alkaline
activator solution, leading to a formation of (C,N)-A-S-H gel [78]. This type of gel is the strength-

giving phase in the AABs and the OPC blends with high aluminium content [66].
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2.2.4. Cementing components

The precursor cementitious materials are an essential element in the alkali activation
technology. The common characteristic of these materials is their composition, which must be
rich in aluminosilicates or calcium aluminosilicates. Another distinctive is the vitreous nature
of their aluminosilicate phases, which are also named reactive phases. Indeed, the more SiO,
and Al,O3 reactive phases available, the more suitable will be the solid precursor due to its
reactivity. Fortunately, there is a great variety of products that are composed of CaO-SiO,-Al,03
ternary system. They can be used from clay-nature materials to by-products and waste from
the industrial field (mining, coal, paper, etc.), rural areas (ashes of agricultural products), and
urban areas (municipal solid waste, demolition waste, sewage sludge, etc.) [62]. The most
widely used cementing raw materials are metakaolin (MK), fly ash (FA), and granulated BFS
(GBFS), which have been classified according to their composition in Figure 2.19. This
subsection will discuss the main characteristics of these raw materials which are classified as
low calcium precursors (aluminosilicate-rich) and high calcium precursors (calcium

aluminosilicate-rich precursors.

Sio,

o/ VAVAY

ALO; 0 10 20 30 40 50 60 70 8 90 100 CaO

Figure 2.19. Composition of the most common cementitious raw materials [8].
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2.2.4.1. Low calcium precursors

The MK and FA are part of the most common low calcium precursors systems. Most of the
studies that can be found in the literature are based on the alkali activation of these two
pozzolanic materials. Both are suitable for their composition (rich in amorphous (reactive) SiO,
and Al,0O3) and their high solubility in alkali media. Furthermore, the final properties of the AABs

obtained are comparable to those of OPC.

The studies of the alkaline activation of MK increased exponential from the 80s as a result of
the studies carried out by Davidovits [79]. MK is obtained through a thermal dehydroxylation
(500-750 °C) of kaolinite (Al,Si,Os(OH)4), which leads to a collapse of clay structure and the
formation of new amorphous and highly reactive aluminosilicate phases [64]. It is mainly
composed of amorphous SiO; (40-70%) and Al,O5 (30-40%) with other minor elements, such
as Na,0, K;0, Fe,03, and TiO,, among others [8]. The main reaction products obtained in the
alkali activation of MK are N-A-S-H gel and zeolites, whose properties can vary depending on
the alkaline activator and curing conditions. However, when is mixed with Ca(OH), and water,
it can also be obtained C-S-H and C-A-S-H gels [80]. For this reason, the MK is currently used as
a supplementary cementitious material to replace a proportion of the clinker in OPC [81].
Nonetheless, its application at large scale in the alkali activation technology is hampered by the

price and the problems with the rheology and workability due to its high specific surface area

[71.

FA alkali activation emerged a decade later, in the 90s, motivated by the growth of
environmental consciousness which led to a deepening of the study of the valorisation of this
industrial by-product deriving from coal combustion [82]. Its attraction is mainly due to its low
cost and availability, as well as its chemical and mineral composition, which is rich in amorphous
aluminosilicates [35]. FA is a heterogeneous fine powder obtained in the power generation
plants as a result of the capture by electrostatic precipitation of particulates present in the
combustion gases emitted in the coal combustion process. The type of coal (anthracite,
bituminous, sub-bituminous, and lignite) determines the final chemical composition of the FA.
They can be classified as class F (low calcium precursor; SiO; + Al,03 + Fe,03> 70%) or class C
(high calcium precursor; 50% < SiO; + Al,03 + Fe,03 < 70%) [54]. The FA that is produced from

the burning of anthracite or bituminous coal is typically pozzolanic and is referred to as a class
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F fly ash. Class F is the most studied in alkali activation technology due to its suitability and is
produced from the burning of anthracite or bituminous coal. Many studies focused on the FA
can be found in the literature [83—86]. It has been demonstrated that their reactive silica (40-
50%) and vitreous phase (> 50%) content are the key factors in the potential reactivity of FA to
produce good-quality binders [87]. The alkali activation of FA class F leads to the formation of
N-A-S-H gels and zeolites as the main reaction primary and secondary products, respectively

[88].

2.2.4.2. High calcium precursors

Although the firsts studies of the alkali activation of GBFS are dated to the early 1900s, it was
in the middle 90s when increased the interest in researching this precursor material. The GBFS
is a by-product obtained from the iron and steel-making industry when the iron ore combine
with lime (at temperatures around 1600 °C) to form a slag. The fast cooling of liquid slag avoids
crystal formation and growth, and the material acquires a glassy structure. Some studies
described the main requirements of this material to be useful for its use as cementing material.
The GBFS must mainly have a vitreous phase (85-95%) and disordered structure, as well as to
have a specific surface between 400-600 m?-kg™ [54,89]. The GBFS chemical composition is rich
in CaO (30-50%), SiO, (27-40%), and Al,Os (5-33%), which are essential components for any
cementing material [8]. After a suitable grinding, the GBFS can slowly react with water to form
a hardened binder [64]. However, this reaction can be accelerated through a suitable alkali
activation to enhance the precipitation of the reaction products, which are C-A-S-H gel and
hydrotalcite [90,91]. GBFS are valuable in the encapsulation of radioactive wastes because the
slag contains sulphide and Fe(ll). At the same time, both act as reducing agents, controlling the

solubility of radionuclides [92].

2.2.5. Alkaline activators

The alkaline activators are an essential element as they play an important role in the alkali
activation technology since their election determines the rheology of the fresh pastes, the
microstructural development, and the final properties of the AABs [89]. In 1980, Glukhovsky
classified these products according to their chemical compositions as is shown in Figure 2.20

[93].
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Figure 2.20. Alkaline activators classified by Glukhovsky.

These alkaline activators are currently used in the form of an agueous solution, and their choice
will depend on the alkalinity degree required to activate the powder solid precursor, being
moderate in high-calcium systems and high in low-calcium systems [8]. The most widely
alkaline activators used are sodium hydroxide (NaOH) and sodium silicate (Na,0-nSiO,) due to
their availability and cost, as well as for the good mechanical performance obtained in the
AABs. Both solutions can be used separately or mixed, affecting the microstructure and
properties of the cementitious matrix. In this subsection, the main characteristics of these two
alkaline activator solutions, the effect of their cations and anions, as well as the influence that

both have on the final properties of AABs will be described.

2.2.5.1. Sodium hydroxide (NaOH)

NaOH is one of the most widely used chemical products, both in the industrial and domestic
fields. Its production is based on an energy-intensive process named Chlor-alkali, which
consists of NaCl electrolysis using electrolytic cells (mercury, membrane, and diaphragm). The
degree of purity of the NaOH obtained depends on the electrolytic cell used, being higher in
the mercury and membrane cell methods. However, the best option in environmental footprint
terms is the membrane cell method because avoids the use of heavy metals such as Hg and

requires lower energy consumption [94].

NaOH is the most used alkaline activator solution from the group of caustic alkalis due to its
low viscosity and cost and high availability. However, the main reasons for its use are related
to the effect of their anions and cations. On one hand, it has been demonstrated the positive
effect of the OH ions, which leads to a catalysation of the Si** and AI** cations through the

hydrolysis of Si-O-Si and Si-O-Al bonds. Moreover, the presence of OH ions contributes to the
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increase in pH of the alkaline activator solution, which favours the dissolution of the initial
precursor. On the other hand, the Na* cation also plays an essential role during the alkali
activation process since allows maintaining the pH value of the system to favour the
aluminosilicates dissolution process. Besides, Na* is responsible for balance the charge when a

tetrahedron SiO, is replaced by a tetrahedron AlO4 [8].

2.2.5.2. Sodium silicates

Sodium silicates, also named waterglass (WG), are an inorganic chemical compound with a
generic formula Na;0-nSiO,. Their applications in the industry will be determined by the n value
and the SiOy/Na,O molar ratio, which is ranged from 1.6 to 3.8 [54]. In the industrial
manufacture of WG high temperatures are required for the fusion of the raw materials (high
purity silica salts and sodium carbonate), which means a highly polluting process from an
energy and environmental point of view [95]. There are some studies based on the obtention
of greener WG through the valorisation of waste glass, which demonstrates the awareness and
the efforts of the scientific community in reducing the environmental print generated from the
raw materials of cement-based materials [96-98]. However, WG commercial solutions are
currently the second most used product in the alkali activation technology due to their high
availability and the final properties obtained in the AABs. In the alkali activation with WG, the
SiO,/Na,0 ratio is a key parameter that affects the gel reaction mechanism. First, a low
Si0,/Na,0 ratio involves more presence of monomers and dimers which are favouring the
shorten time to initiate the gel precipitation. Instead, WG with a high SiO,/Na,O ratio contains
large quantities of polymeric species retarding the reaction progress [99]. Second, a higher SiO,
concentration leads to a decrease in pH solution, which can gel from values below 10. For this
reason, NaOH solutions are generally added to WG solutions to raise the pH values, avoiding

the gelation and favouring the dissolution of the precursor.

2.2.5.3. Influence of alkaline activator

The microstructural development and the final properties of the AABs are closely related to the
nature of the alkaline activator solution. Generally, in the alkali activation technology are used
mixtures of WG and NaOH depending on the calcium content of the precursor. For the low
calcium systems activation, the proportion of NaOH is normally higher than WG to reach high

pH values, which allows dissolving aluminosilicates precursors. Instead, for the activation of
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high calcium systems, the WG proportion is higher than NaOH since they need moderate
degrees of alkalinity to favour dissolution of both aluminosilicates and calcium phases (calcium
becomes less soluble with high pH values). In addition, whether NaOH and WG are used mixed
or separately, it has been demonstrated the optimal alkaline activator solution SiO,/Na,O ratios
must be ranged 1.0 to 1.5 to achieve an optimal activation and good mechanical properties
[99,100]. Higher or lower these values, the properties decrease abruptly. The effect of these
alkaline activator solutions on the formation of the reaction products and the properties of the

AABs are described below.

In the alkali activation of low calcium systems, the use of NaOH solutions (or mixed with low
WG proportions) is more common to achieve high pH values. Indeed, several studies revealed
that the pH value of the alkaline activator solution should be similar or above a NaOH 8M
solution [69,101]. It has been demonstrated that the higher the pH values, the denser is the
cementitious matrix obtained [102]. Instead, lower pH values negatively influence the
dissolution of the aluminosilicate phases, which leads to a decrease in the mechanical
properties of cements. It is also important to highlight the difference between the systems
activated with NaOH/WG and NaOH solutions. The NaOH/WG solutions lead to an obtention
of silica-rich N-A-S-H gels with more compact and denser structures. The rate of formation of
secondary reaction products such as zeolites is reduced, which implies a greater amount of N-
A-S-H gel [103]. The SiO,/Al,05 and Na,0/Al,Os ratios of these N-A-S-H gels substantially
increase compared to the N-A-S-H gels obtained from NaOH solutions (from 1.7 to 2.7 and 0.57
to 1.5, respectively). The use of NaOH/WG solutions has as a counterpart the lower degree of

reaction produced by the higher viscosity and lower pH of the solution [104].

In the alkali activation of high calcium, systems are widely used WG/NaOH mixed solutions,
which lead to a formation of C-A-S-H gels. These formed gels present structural differences
depending on the NaOH/WG proportion. In alkali-activated systems with NaOH-rich solutions
(AABs-NaOH), the silicate length chains of the tobermorite structure are shorter (5-8 versus 11-
14) than in alkali-activated systems with WG-rich solutions (AABs-WG). It is also observed that
AABs-NaOH have a higher structural degree, which reveals the obtention of more crystalline
reaction products. The CaO/SiO; ratio also varies from 0.7-0.8 (AABs-NaOH) to 0.9-1.2 (AABs-

WG) due to the lower availability of silicate species in the former [105]. The mechanical
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performance of high calcium systems is also influenced by the pH effect of the alkaline activator
solution. The moderate alkalinity degree of AABs-WG allows dissolving both calcium and

aluminosilicates species, developing higher strength than in AABs-NaOH [106].

2.2.6. Future trends in alkali activation technology

In alkaline activation technology, the precursor materials and the activator play a fundamental
role as seen in this section. Both products must be chosen carefully since the properties of the
cementitious material obtained will mainly depend on them. However, both elements present
certain shortcomings that difficult for these cement-based materials to leap definitively to the

cement market.

The use of alkaline activator solutions implies possible hazards in their handling due to the
corrosive nature of caustic alkalis and silicates. This fact can reduce the confidence of
manufacturers, which in turn could lead to lower research investment and promotion of alkali
activation technology. Indeed, the scientific community are searching for feasible alternatives
to the use of aqueous alkaline activators to simplify the alkali activation process. In this sense,
the one-part AABs are considered promising candidates where handling alkaline activator
solutions can be difficult [107]. Likewise, the solid alkaline activators could be previously mixed
with the precursor material reducing handling hazards, since the water would be the unique
liquid needed to initiate the alkali activation. In this way, one-part AABs could be applied in situ

while two-part mixtures would be suitable for precast works.

The lack of raw materials which can act as precursors to replace the high demand of OPC is the
other main shortcoming of alkali activation technology. Despite the promising and wide variety
of industrial by-products and waste that can be used as precursors to formulate AABs, most of
them require further development. More studies and large-scale tests of these promising
precursors are needed to build confidence in cement producers and consumers. Nowadays,
just a few precursors such as FA, GBFS, and some phosphorous slag can be considered suitable
cementing materials for their alkali activation due to their good durability and mechanical
properties, as well as their availability, cost, and chemical composition. Moreover, the
production of these industrial by-products and waste is limited compared to OPC raw materials,

being necessary for the pursuit of new cementing precursor materials.
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This PhD thesis is focused on approaching the study of new raw materials, contributing to new
relevant data which allows expanding the range of precursors in alkali activation technology.
The main raw material studied in this work is known as weathered bottom ash (WBA) and it
comes from municipal solid waste incineration (MSWI) in waste-to-energy (WtE) plants.
Although there are several studies where the WBA is used as a partial substitute with other
precursors, only a few of them use it as the main precursor material. Normally, it is added in
small quantities to other precursors such as FA or GBFS. In the next section, the fundamental
aspects of the MSWI process and the main properties and applications of the WBA are

described to show the potential of this by-product which is produced worldwide.

2.3. Incinerated bottom ash (IBA)

The concern about municipal solid waste (MSW) management is increasing every year due to
the amount of huge residue generated worldwide. This fact is mainly due to the high industrial
and economic activity of developed and emerging economies, which leads to population
growth and the rising in their standards of living, among others [108]. For this reason, some
governments are channelling their efforts in the implementation of innovative strategies and
policies based on the 3R: recycling, re-use, and reduction of residues [109]. In this sense, the
zero-waste policies coming into play to mitigate waste management problems. This concept
promotes an infrastructural change in waste management through designing and managing all
the manufacturing stages to transform the residues in resources [110]. The aim is to develop
new secondary materials by including residues as raw materials to move towards low-carbon
and zero-waste manufacturing [111], as the EU requires. In the EU, the waste framework
directive is based on maintaining the value of products, materials, and resources for as long as
possible, moving towards a circular economy [112,113]. This waste directive also established a
waste treatment hierarchy, which is based on giving priority to those treatments that leads to
a greater waste valorisation and are less harmful to the environment [112]. In this way, the

priority order was established as shown in Figure 2.21.
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Figure 2.21. Waste treatment hierarchy.

Prevention and re-use were established as the priority processes in the waste treatment

hierarchy. However, the preferred options for MSW treatment are recycling, incineration, and

landfill disposal as depicted in Figure 2.22. The landfill disposal downward trend is in line with

the EU target, which limits landfilling to 10% by the year 2030 [114].
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Figure 2.22. MSW amount by waste treatment operation in the EU-27.
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It is also interesting to note that energy recovery through incineration, despite occupying only
one position above landfill disposal, shows an upward trend. Many EU countries see the MSW
incineration (MSWI) in waste-to-energy (WtE) as an opportunity to recover energy. Moreover,
incineration allows reducing the mass (70%) and the volume (90%) of the MSW [115], which is
important in countries with a reduced extension. In 2016, there were 512 WtE plants in the EU
with a total incineration capacity of 93 Mt [116]. Approximately 20% of the MSWI becomes a
by-product known as incinerator bottom ash (IBA). IBA can be valorised as a secondary
aggregate material in the civil engineering field after a proper metal recovering and weathered
stabilisation process. The resulting material is mainly composed of heterogeneous mineral
fractions and is known as weathered bottom ash (WBA) [117,118]. Some legal, chemical and
technological barriers hamper the valorisation of IBA in many countries, which leads to the
landfilling of the IBA [11,116]. For this reason, the scientific community keep studying potential
valorisation applications of the IBA which could increase its added value. One of these potential
applications is focused on the use of IBA as precursor material in the alkali activation
technology [9,119]. In this section, all IBA fundamental aspects and characteristics are detailed,
from its production process, relevant data, and applications to why it is considered as a

potential precursor material for its alkali activation.

2.3.1. MSWI context

The incineration of MSW raised the interest in the last decades in many regions since it allows
to recover energy and avoids landfill disposal. Besides, the main resulting material from
combustion can be valorised after suitable conditioning. The number of WtE plants worldwide
has been increasing considerably since it was built the first in 1885 on Governors Island (New
York, United States). In 2016, there was around 1600 WtE plants mainly located in Asia (988),
Europe (512), and the United States (88). However, the MSWI as energy and the raw secondary
material source is underexploited. The incineration rate over the total amount of MSW
generated is only around 30% worldwide [116]. In Asia and the United States, more than 50%
of the MSW continues to be landfilled, while in the EU the percentage is around 20%.
Therefore, the MSWI must be promoted to contribute to the development of a green economy

based on renewable energy and the re-use of waste.
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In the EU framework, about 17.6 Mt of IBA is generated annually [11]. However, the
valorisation rate of the mineral fraction of IBA is unequal depending on the location of the W1E.
In many countries, some chemical, technological, and legislation barriers hamper the re-use of
IBA [116]. First, not all recovery plants have the technology and equipment necessary to reduce
the content of heavy metals, aluminium, zinc, and chlorides. The presence of high percentages
of these elements would lead to the contamination of soils and waters due to the leaching of
dangerous substances [120]. Another obstacle is the lack of regulation at the EU level as each
country has its leaching limits and regulations. In some countries like Norway, the re-use of IBA
is not allowed. It is also important to note that the use of IBA generates a certain distrust due
to its origin. Although its use is regulated, in Sweden, Norway, or Switzerland it is 100%
landfilled. On the contrary, in countries such as Denmark, the United Kingdom, and the

Netherlands (where it is mandatory) it is valorised at 100% [11].

In the Spanish state around 57% of the 111 Mt of MSW was still disposed of in landfills in 2018,
while 3,2% was incinerated [121]. Spain has 10 WtE plants with a capacity of 2.4 Mt, which
means the production of 0.44 Mt of IBA [11]. The use of IBA is only regulated in Catalonia [122],

where the IBA utilisation rate is 58%.

These data reflect the need for governments to promote incineration by creating common
regulation and investing in IBA treatment plants. In this way, confidence will be generated for
its use as secondary raw material in various fields of engineering, as well as to continue

investigating potential applications.

2.3.2. MSWI process

MSW!I process consists of several stages in which the initial waste is transformed into a
recoverable mineral by-product (WBA) if it complies with the limits set by the governments’
regulations. Figure 2.23 shows a diagram with the main stages of MSW transformations from
its collection in the municipalities to its valorisation treatment. The production process that is
explained below is the one carried out in the incineration plants with moving grate combustion
technology. Moving grate combustion technology is the most commonly used around the
world due to their ability to handle large amount of MSW without previous sorting or shredding

[123,124].
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Figure 2.23. Municipal solid waste incineration process (materials input/output).

2.3.2.1. MSW collection and transportation

The MSWI process begins with the collection of waste in each of the municipalities and its
transport to the incineration plant. The MSW is deposited in a trench and subsequently
transported to the inlet silos of the furnace. Once the MSW has been introduced into the silos,

it falls by gravity into a feeder with adjustable speed to control the load of the furnace.

2.3.2.2. MSW combustion

Once inside the furnace, the combustion takes place in a self-combustion furnace with moving
grates (which can be roller or feeder grates [125]). The furnace is equipped with combustion
and post-combustion chambers, to ensure the complete incineration of the MSW. As
established in current regulations, gases remain for at least 2 seconds, at a minimum
temperature of 850 °C to ensure optimal combustion and minimise unburned waste. Moving
grate incinerators also usually have auxiliary safety burners in the post-combustion chamber,
which are automatically connected when the temperature in this chamber drops down below
the minimum required. The combustion is carried out in such a way as to ensure complete
consumption of the exhaust gases. In order to achieve these conditions, the furnace has
primary air (combustion air) and secondary air inlets, both strategically located and under

suitable pressure and temperature conditions. After combustion, the IBA is water-quenched
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and transported by a drag conveyor to eliminate the magnetic particles. The flue gases are
cooled down through heat exchangers with a boiler and sent to a semi-dry scrubber. The
particulates are recovered by a fabric bag filter, obtaining air pollution control (APC) residue

(also known as incineration fly ash, IFA).

2.3.2.3. Incinerated bottom ash (IBA) treatment

The treatment and recovery process of the IBA begins with its transportation from the
incineration plant to the conditioning plant. IBA is mainly constituted of a mineral fraction (80—
85 wt.%), ferrous metals (mainly steel 12-10 wt.%), and non-ferrous metals (2-5 wt.% of which
2/3 is aluminium) [126,127]. The IBA (particle size of 0-250 mm) is introduced into a hopper
through a drag conveyor, where an initial screening separates the material into two lines
according to their particle size. The primary line circulates the >30 mm fraction, while the
secondary line circulates the material <30 mm fraction. On the primary line, magnetic metals
and lightweight materials such as papers and plastics are first separated. Subsequently, the
remaining fraction is crushed and screened again depending on its particle size. The <30 mm
fraction and 30 to 200 mm fraction are transported to the secondary and primary line,
respectively. The resting material (> 200 mm fraction) is considered inappropriate and it is
discarded. The <30 mm fraction of IBA is screened in the secondary phase using different
equipment to separate the mineral fraction from the metallic fraction, which will be recovered
and sent to a smelting plant for its re-use. The magnetic separators are used for the ferrous
metals while Foucault current equipment is used for the non-ferrous metals. It is important to
highlight that metal separation is ineffective with particles below 8 mm. Hence, the resulting

IBA mineral fraction contains fewer amount of metallic compounds in the >8 mm fraction [128].

2.3.2.4. Weathered bottom ash (WBA)

The IBA mineral fraction (>30 mm) is stockpiled outdoors (Figure 2.24) for at least 2-3 months
to ensure the immobilisation of heavy metalloids through a weathering process consisted of
the carbonation, pH stabilisation, and hydration of the IBA mineral phases [129]. The resulting
material after this ageing process is known as WBA. It is classified as hazardous (EWC 1901 11*
- asterisk mean hazardous) or non-hazardous waste (EWC 19 01 12) depending on its
concentration of hazardous substances [11]. Despite its high heterogeneity, the WBA is silica-

rich (mainly by the primary and secondary glass) and contains substantial amounts of calcium
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and aluminium, which are the essential compounds to obtain AABs [130]. It also contains other
oxides (Na,0, Ky0, etc.) and a small amount of heavy metal(loid)s mainly in the finest fractions
[131,132]. In the following sections, some relevant data on the production and current
applications of the WBA are provided, as well as the prospects for its application in alkali

activation technology.

Figure 2.24. Stockpiled area of WBA.

2.3.3. Applications

The potential applications of the WBA are plenty and assorted in the engineering field. The
main WBA appealing is its particle size distribution and its composition rich in glass, ceramics,
stone, brick, concrete, ash, and melting products. This fact becomes the WBA in a by-product
with similar properties to natural sand or gravel [133]. Indeed, the main application of the WBA
is found on the civil and building engineering field as secondary aggregate material for road
construction [134,135], embankments [136], pavements [137], land levelling, landfills in the
restoration of areas degraded by extractive activities, as well as concrete filling [138]. Other
constructive character applications are focused on the sintering of the WBA at high
temperatures (above 1000 °C) to obtain ceramics [139], glass-ceramics [140], bricks [141], and

tiles [142]. In this case, unlike the aforementioned applications where the WBA is used as
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artificial arid, a conditioning process based on the crushing and grinding of the WBA is
necessary. In the chemical engineering field, studies have been carried out for its use as an
absorbent for wastewater treatment processes and gas separation and purification through
capturing hazardous elements [143,144]. It is also assessed the use of WBA in co-disposal and
biogas production in landfills, as well as to protect wastes from pests and to avoid scattering of

lightweight residues [145].

The main concern in the WBA applications is the potential leaching of heavy metalloids,
chlorides, and sulphates [120]. Therefore, it is important to carry out the appropriate treatment
of the IBA to eliminate any hazardous substance that hinders its valorisation. One of the options
that are proposed as a potential application and could lead to the stabilisation and
immobilisation of hazardous substances is the alkali activation of the WBA. The formulation of
AABs by using WBA as a precursor can be a promising option to encapsulate the substances
which currently limit their use. Moreover, the alkali activation of WBA would promote the zero-
waste principle and circular economy. However, is needed more investigation to solve the
questions that today raises in its application as a cementitious precursor material [130]. The
main drawback that currently set out is the low compressive strength values obtained in the
alkali-activated WBA (AA-WBA) binders due to the presence of aluminium, which causes the
generation of hydrogen [146]. In this sense, this PhD aims to contribute, by providing new data,
to the formulation of AABs by using WBA as the main precursor. In the next chapter, a summary
of the state of the art of alkali activation of WBA will be explained, aiming to placing the current

context and where our research is heading.
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CHAPTER I
STATE OF THE ART

Incineration bottom ash (IBA) has been extensively studied in civil and building engineering
fields to search for potential applications which allow achieving its full valorisation. However,
some technical and environmental issues hinder the utilisation of IBA due to its glassy nature
and its heavy metal(loid)s concentration. Besides, there is no uniform regulation on the use of
IBA, which causes that some countries disposed of the IBA in landfills while others valorise it
almost 100%. In this sense, the valorisation of IBA through its alkali activation has gained
attention in the last decades to overcome the limitations mentioned above. The reactive SiO,
availability in IBA has become in a promising alkali-activated precursor. Moreover, the
obtention of a cement-based matrix can lead to the immobilisation of heavy metal(loid)s from
the IBA, reducing their toxicity. The main purpose of this chapter is to provide a brief review of

the alkaline activation studies of IBA carried out to date.
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3.State of the Art

IBA is the main by-product generated by waste-to-energy (WtE) plants. Both properties and

cost (around 1 €:tn't) make MIBA a suitable material for its use as a secondary aggregate in the
civil engineering field in many European countries [1-3]. However, this type of application
presents some limitations from the environmental and mechanical points of view [4,5]. The
high heavy metal(loid)s and soluble salts contents hinder the applicability of IBA, which must
be properly treated for its valorisation [6]. Additionally, its high content of glass involves the
development of materials with low mechanical performance [5,7]. Nonetheless, this last
drawback can be turned into an advantage in applications where silica-rich materials are
needed. The use of IBA as an alkali-activated precursor can become a feasible alternative to its
common reuse as secondary aggregate material due to its composition rich in SiO,, Al,03, and
Ca0, which are the essential elements to the alkali-activated binders (AABs) formulation [8].
Besides, the obtention of a cementitious matrix could lead to the stabilisation of heavy
metal(loid)s, reducing the initial IBA toxicity. Therefore, the alkali activation of IBA (AA-IBA) can
contribute to the circular economy, favouring the zero-waste principle and being a real greener

and sustainable alternative to OPC manufacturing.
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This chapter provides the most relevant data found in the literature where IBA is used as a
partial or sole precursor. First, the chemical and environmental properties of IBA are described.
Then, the main findings and shortcomings of the investigations are exposed, emphasising some
key parameters such as the raw materials properties, the dosage of the formulations, the curing

conditions, as well as the carried out tests.

3.1 |IBA chemical properties

The chemical composition of IBA shows a high heterogeneity, which depends on several factors
such as the customs of the local population, the season of the year, and the recovery treatment
to which the IBA is subjected in waste-to-energy (WtE) plants [9,10]. However, the average
percentage content of SiO; (36.8 + 9.1), Al,03(10.5 + 4.9), and CaO (26.4 * 8.6), calculated
based on several studies (Table 3.1) where IBA is used as a precursor material, demonstrates

its suitability as cementing material in alkali activation technology.

Si-containing phases in IBA mainly come from domestic items such as beverage bottles and
food packaging containers, sand, natural and synthetic ceramics, as well as some cementitious
materials. Al-bearing compounds may come from ceramics and cementitious materials (oxide
form) or metallic pieces, mainly aluminium foil. In this sense, it is important to mention that
some WtE plants carry out a recovery treatment of non-ferrous metals from IBA to recycle
metallic aluminium. However, the recovery method is regarded to be ineffective for size
particles below 8 mm [7]. The presence of this metallic aluminium extremely affects the
mechanical performance of AA-IBA binders, since leads to a porosity increase due to the
generation of H, gas from the reaction between aluminium and alkaline compounds contained
in IBA. The presence of Ca-containing phases may come from the cementitious OPC based
materials, improperly discarded domestic waste, soda-lime glass, natural and synthetic
ceramics, as well as the calcium carbonates formed during the weathering process of
portlandite [11]. Other oxides such as Fe,03, Na,0, K,0, MgO, P,0s, and TiO, can also be found
in IBA [12]. Fe-bearing compounds are probably found in metallic form due to the ineffective
recovery of magnetic particles below 8 mm [7]. However, they can also come from the glass
cullet (oxide form), since both Fe,03 and the rest of the listed oxides are typically used in the

silicate glass industry as nucleation agents or viscosity and colour modifiers [13—15].
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Table 3.1. Studies related to the use of IBA as a partial precursor.

Study Raw materials parameters Curing conditions Tests
Fraction Powder .
Author/s Year Type Precursors Alkaline of IBA LIS c;r?t':\nt size of T RH Time cha(r:;cetre?:gaatlion oo Toxicity Other
activator/s used ratio IBA (°C) (%) (d) (MPa) relevant tests
(%) tests
(mm) (Hm)
WG/NaOH/ 1,7,
Polettini etal. [16] 2004 P IBA/OPC Na2SO4/ EF 0.4 10-80 <150  20/40 90 28,56, XRF 6-43 yes
CaCl22H.0 90
Onori et al. [17] 2011 P IBA/IMK WG/NaOH EF 0.3 20-80 <425 75 room 7 SEM. FTIR, TG 0.1-7 nr.
Krausova etal. [18] 2012 P IBA/IFA/WG WG/NaOH EF 1.2 15-20 n.r. 700 30 7 SEM, XRD n.r. yes
Lancellotti et al. [19] 2013 P IBA/IMK WG/NaOH 0.2-1 0.5-0.7 50-80 75 room  room 15,30 SEM, FTIR, XRD n.r. n.r. Integrity
Lancellotti et al. [20] 2014 P IBA/MK/LS WG/NaOH EF 0.5-0.8 70 75 room 70 30 SEM, F'1I'_13R XRD, nr. nr.
Water/
Song et al. [21] 2014 P IBA/FA/OPC Ca(OH) EF 0.7 5-30 23 185 n.r. 7 SEM, XRD 3-9 n.r.
2
Garcia-Lodeiro et al. Water/
122] 2016 M IBA/IFA/OPC Ca(OH) EF 0.5 33 45 room 99 2,28 SEM. XRD 5-30 yes
Wongsa et al. [23] 2017 M IBA/FA/OPC WG/NaOH EF 0.7 0-100 45 60 50 7.28 SEM, FTIR, XRD  10-53 n.r.

Zhu et al. [24] 2017 P IBA/MK WG/NaOH EF 1.0-1.2 15-30 <150 28 80 3 5-11 n.r. A
Huang et al. [25] 2018 C IBA/(;EES/SL/ WG/NaOH EF 0.6 27-60 45 20 95 1[2(2)8’ FTIR, XRD nr. nr. Carbonation
Huang et al. [26] 2018 C IBA/GBFS/SL ~ WG/NaOH EF 0.6 50 45 20 95 1258’ FTIR, XRD 18-50 nr. Carbonation
Xuan et al. [27] 2019 C IBA/WG NaOH 0-2.36 0.4-0.8  0-100 20 80 95 17,28 SEM 1-21 n.r. I3
Huang et al. [28] 2019 M IBAé(;EFS/ WG/NaOH EF 0.6 12-60 45 20 95 3,28,60 SEM, XRD 13-56 n.r.

Huang et al. [29] 2019 M IBA/GBFS WG/NaOH EF 0.5-0.6 60 45 20 95 3,28,60 SEM, FTIR, XRD  30-60 n.r.
Huang et al. [30] 2019 M IBA/GBFS WG/NaOH EF 0.5-0.6 60 45 20 95 3,28,60 SEM,FTIR, XRD  15-52 n.r.
Jietal. [31] 2019 P IBA/DWTR WG/NaOH EF 0.7 60-100 75 80 room 7,1428 SEM, FTIR, XRD 1-24 yes
SAM/HCI
Biswal et al. [32] 2020 P IBA/MK WG/NaOH EF 0.6 20 <300 room  room 28 SEM, FTIR nr. yes extractions,
Bioleaching
Cristeloetal. [33] 2020 P IBA/IFA/IOPC ~ WG/NaOH EF 0.4-0.5  70-100 63 30 25 7 SEM, XRD 1-12 yes
Huang et al. [34] 2020 M IBA/GBFS/SL WG/NaOH EF 0.6 60-100 n.r. 20 95 3,28,60 FTIR, XRD, TG 2-60 n.r.
Huang et al. [29] 2020 M IBA/GBFS WG/NaOH EF 0.5-0.7 60 nr. 20 95 3,28,60 FTIR, XRD 5-50 n.r.

P — paste; M — mortar; C — concrete; n.r. — not reported
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There are a wide variety of heavy metals and metalloids (Zn, Cu, Pb, Mn, As, Sb, etc.) in IBA,
which mainly proceed from the improperly discarded electronic devices in the domestic
spheres [35]. A large proportion of these heavy metal(loid)s is found in oxide form due to their
oxidation during combustion or weathering process outdoors. Indeed, when IBA was properly
post-treated, it is usually classified as non-hazardous material by the European waste catalogue
(EWC) [7]. However, the AA-IBA formulation implies the use of alkaline activators such as NaOH,
which can lead to the activation of these hazardous metals [36]. Therefore, it is necessary to

assess the leaching potential of AA-IBA binders to determine their environmental properties.

The above mentioned demonstrates that IBA is a promising alkali-activated precursor.
However, its use can also involve some shortcomings when formulating AA-IBA binders due to
the presence of metallic aluminium and heavy metal(loid)s. For this reason, IBA has been
commonly investigated by other authors as a partial precursor mixed with other precursor
materials such as GBFS or MK. The next section aims to detail the most relevant studies where
IBA has been used as a partial precursor, mainly in small percentages. Special attention is paid
to some key parameters to formulate the AABs, the characterisation techniques used, as well

as the main findings, advantages, and drawbacks in the alkali activation of IBA.

3.2 Alkali-activated IBA as a partial precursor

The literature on the alkali-activated IBA as a partial precursor are still scarce as demonstrated
in Table 3.1, where the most relevant works based on this subject are summarised. Practically,
all the investigations were performed in the last decade (two thirds in the last three years) and
they were based on the evaluation of pastes and mortars, revealing that the formulation of AA-
IBA binders is just beginning to be remarkable. The studies were focused on the microstructure
analysis through the characterisation techniques such as SEM-EDS (scanning electron
microscopy - energy-dispersive X-ray spectroscopy), FT-IR (Fourier transform infrared
spectroscopy), XRD (X-ray diffraction), and TGA (thermogravimetric analysis). The mechanical
performance by means determination of compressive strength was also evaluated in most of
the investigations. Some relevant physical properties (i.e. density and porosity) and the
leaching potential and toxicity of AA-IBA binders were also assessed. Other noteworthy tests

carried out in some studies were the hydrolytic stability of AA-IBA [19], selective chemical
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extractions using salicylic acid methanol (SAM) and HCl solutions [32], and accelerated
carbonation assessment [26,37]. The former allows determining the resistance to dissolution
in the water. The SAM extraction allows identifying C-(A)-S-H formation during the gelation
step, while the HCl extraction determines the C-(A)-S-H, N-A-S-H, and carbonates phases in the
AA-IBA binders [38]. As for the accelerated carbonation test, this allows checking the

carbonation resistance of AA-IBA binders compared to OPC.

In Table 3.1 is also observed that IBA is usually mixed with slaked lime (SL), GBFS, MK, FA, and
OPC due to their composition rich in calcium and/or aluminosilicate phases and widespread
knowledge. However, other less conventional precursors such as incineration fly ash (IFA),
drink water treatment residue (DWTR), ladle slag (LS), and waste glass have also been mixed
with IBA. Most of the studies incorporated up to 60 wt.% of IBA, although some reached 100%.
Usually, the IBA fraction used was the entire fraction (EF), except in three investigations, where
they employed the 0.2 to 1 mm [19] and 0 to 2.36 mm [27] fractions. The variability of the
particle size of the powdered IBA is generally ranged from 45 to 150 pm.

On the other hand, the most widely alkaline activators used were mixtures of WG and NaOH in
different proportions (0:1 [27], 1:1 [17,19,20,23], 2:1 [18,20], 3:1 [30], 4:1 [24,30,31], and 5:1
[25,26,28-30,34,37]). Although most of the molarities of NaOH were ranged from 5M to 12M,
the NaOH 5M [25,26,28-30,34,37] and the NaOH 8M [19,20,27,32,33] were the most used.
Just in two studies [21,22], the water was used as alkali activation of IBA, IFA, and OPC (one-
part alkali activation method) instead of WG and NaOH, taking the advantage of the alkalinity
provided by OPC itself. Finally, it is remarkable that the liquid to solid (L/S) ratio (also defined

as an alkaline activator to precursor ratio) was mostly ranged from 0.4 to 0.8.

Regarding the curing of AA-IBA binders, most of the investigations were carried out at a similar
temperature and relative humidity (RH) conditions, which were based on keeping samples
under room temperature and RH around 95% + 5% until they were tested. Generally, during
the first curing days (1 to 3 depending on the study), the samples were sealed to prevent
excessive evaporation. Most of the AA-IBA binders were analysed at 3, 28, and 60 days,

although some study tested the samples at 1, 14, 56, or 90 days.
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All the investigations demonstrated the viability to obtain hardened cementitious binders with
different final properties. The microstructural analysis (mainly FT-IR and XRD analysis) of the
AA-IBA binders obtained revealed the formation of C-(A)-S-H gels and N-A-S-H gels. FT-IR
analysis evidenced the presence of C-(A)-S-H gels through the determination and shifting of
peaks (1000 cm™) associated with the asymmetric stretching vibration of Si-O-T bonds, where
T either represents tetrahedral silicon or aluminium. Most of the XRD analysis allowed to
identify secondary reaction products such as hillebrandite (C-S-H) [26,29,30,34,37],
gismondine (C-A-S-H) [19], gehlenite (C-A-S-H) [19,20,26,37], anorthite (C-A-S-H) [34], albite
(N-A-S-H) [37], and magadiite (N-A-S-H) [25,37], among others.

The mechanical characterisation showed the possibility to obtain AA-IBA binders or mortars for
non-structural or structural purposes, depending on the used precursors and the added IBA
content. The best mechanical performances were obtained using GBFS and SL since values up
to 50-60 MPa were reached by adding around 60% of IBA [34]. However, some studies
[17,21,24,33] showed low mechanical performances due to the reaction between metallic Al
and the NaOH. This reaction generates hydrogen gas, leading to an increase in porosity that
severely affects the mechanical properties. Other factors are influencing the compressive
strength such as the L/S ratio, the SiO,/NayO ratio of alkaline activator solution (known as
silicate modulus; Ms), and the NaOH concentration. The high strengths were obtained using an

L/S ratio comprised between 0.45 to 0.6 and Ms ranged from 2 to 2.5 [25,26,29,34,37].

Concerning the environmental assessment using the potential leaching assessment of AA-IBA
binders, some studies used different standard procedures such toxicity characteristic leaching
procedure (TCLP) [18,22,31], ANSI/ANS [22] or EN 12457-4 [33]. The results demonstrated that
alkali activation of IBA generally decreases the heavy metal(loid)s leaching concentration due
to the solidification/stabilisation process produced. Only one investigation deepened beyond
the leaching potential study, using bacterial interactions (P. aeruginosa strain PAO1) to
determine the bioleaching behaviour of AA-IBA binders [32]. The bioleaching rate of several

toxic elements was substantially reduced in AA-IBA binders compared to the initial IBA powder.
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3.3 Alkali-activated IBA as a sole precursor

The literature on the formulation of AA-IBA binders using IBA as a sole precursor is still scarcer
than the investigations described in the above section. Table 3.2 summarises the investigations
on the alkali activation of IBA as a sole precursor. Most of the studies were carried out in the
last 5 years [8,39—43], which demonstrate the unconventionality of using IBA as a sole
precursor in alkali activation technology. This is probably due to the heterogeneity of IBA or
the presence of metallic Al and heavy metal(loid)s. These difficulties generate distrust in the
scientific community, which prefers to study other homogeneous and noblest raw materials.
The characterisation performed in these AA-IBA binders was similar to those described in the
previous section. The main objective was the microstructural analysis through SEM, FT-IR, XRD,
TGA, and nuclear magnetic resonance (NMR). SAM and HCl extractions were also conducted to
verify the formation of C-(A)-S-H and N-A-S-H gels [8,39,42]. Another test was the boiling water
test, which was used to evaluate the resistance to dissolution, which consisted of placing the
samples in boiling water for 20 min and evaluating their integrity. The physical and mechanical
properties such as compressive strength, density, and porosity were also evaluated in the
studies showed in Table 3.2. Finally, the environmental analysis was carried out through the
European standard procedures such as EN 12457-2 [40] and EN 12457-4 [41].

They were used different IBA fractions to formulate AA-IBA binders (EF [8,39,40,42,44], 0 to 14
mm [45,46], 0 to 2 mm [41], and 4 to 11 mm [43]). Another investigation also used the glass
fraction of IBA (IBA-G) to enhance the mechanical properties of AA-IBA binders [47]. The
particle size of powdered IBA was usually ranged from 20 to 150 pm depending on the study.
In some cases, IBA was thermally treated at temperatures around 500°C to 1000°C to enhance
its reactivity during the alkali activation [43,45]. The alkaline activators used were mixtures of
WG and NaOH (generally 8M) in a proportion mass ratio of 2:1. Only two studies used a one-
part alkali activation method using mixing water with Ca(OH); to obtain AA-IBA binders [45,46].
It is also important to highlight that studies of IBA as a sole precursor used higher L/S ratios.
This fact is probably due to the low reactivity of IBA, which hinders the calcium aluminosilicates

phases dissolution of IBA powder, reducing the workability of the mixtures.
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Table 3.2. Studies related to the use of IBA or IBA glass (IBA-G) as a sole precursor.

Study Raw materials parameters Curing conditions Relevant tests
Fraction Powder Chemical
Alkaline of IBA L/S size of T RH . g Gc -
Author/s Year  Type Precursor activator/s used ratio IBA ) %) Time (d) charai;es?ssatlon (MPa) Toxicity Other tests
(mm) (Hm)
IBA
Qiao et al. [45] 2008 P IBA Ca(OH)2 0-14 05 <200 20 98 3,7,28 SEM, XRD 0.5-3 n.r.
Qiao et al. [46] 2008 P IBA Ca(OH)2 0-14 0.5 <200 20 98 7,28 SEM, XRD 0.5-15 yes
Yamaguchi etal. [44] 2013 P IBA WG(I'O,\NAZ;OH EF 04 63 80 100 2 SEM, XRD nr. n.
Chen et al. [40] 2016 P IBA WG + EF 0.6-1.1 20 75 n.r 3 SEM, FTIR, XRD 1.0-2.8 yes
’ NaOH (8M) o o ! ! T
WG + SAM
Zhu et al. [39] 2016 P IBA NaOH (8M) EF 1.0 <150 75 n.r. 3 FTIR, NMR 2.8 n.r extraction
Giro-Palomaet al. [41] 2017 P IBA WG + 0-2 13-14 80 23 50 7,30,90 SEM, FTIR, TG n.r es
’ NaOH (8M) T 30, , ) T y
WG + SAM
Zhu et al. [42] 2018 P IBA NaOH (8M) EF 1.0 <150 75 n.r. 3 FTIR, XRD 2.8 n.r. extraction
WG + SAM/HCI
Zhu et al. [8] 2019 P IBA NaOH (8M) EF 1.0 <150 75 n.r. 3 XRD, TG, NMR n.r. n.r. extraction
Chen et al. [43] 2019 P IBA WG + 4-11 0.5 63 40 n.r 7,28 XRD 8 n.r
' NaOH (4M) ! o ! o
IBA glass
Zhu et al. [47] 2019 P IBAglass WG + Engf 05 <75 75 98 3 FTIR, XRD,NMR  5-70 nr SAM/HCI
’ Y NaOH (14M) glass ’ ' ’ o extraction
IBA glass + EF of
WG + SAM/HCI
Zhu et al. [48] 2019 P nonlfézous NaOH (8M) gIE,SAS 0.5 <75 75 98 3 FTIR, XRD 4-30 yes extraction

P — paste; M — mortar; C — concrete; n.r. — not reported
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Concerning the curing of the samples, the temperature and relative humidity (RH) conditions
substantially vary compared to the curing of samples in the section above. The studies that
used the EF of IBA conducted dry curing, keeping the samples above 75 °C. The alkali-activated
IBA-G investigations used wet curing (98% RH) with the same temperature. However, the other
studies with IBA placed the samples at room temperature conditions or relatively low
temperatures [41,43]. In these last cases, the conditions ranged from 50% to 98% RH. In all
studies, the samples were sealed in plastic bags to prevent excessive evaporation and drying

shrinkage. The AA-IBA binders were analysed at 3, 7, or 28 days.

The investigations revealed the viability to obtain AA-IBA binders for non-structural purposes
due to their low compressive strength values. This is due to the high porosity of the samples,
generated by the reaction between metallic Al and NaOH which leads to the H, formation.
Instead, the alkali activation of IBA-G led to higher compressive strength values, reaching 70
MPa because of the absence of metallic Al. XRD analysis of AA-IBA binders mainly evidenced
the formation of secondary reaction products typical from C-(A)-S-H gels such as Gehlenite or
Pirssonite. Albite or chabazite phases were also identified elsewhere [40], which demonstrate
the formation of secondary products of N-A-S-H gels. The formation of C-(A)-S-H gels was also
confirmed by FT-IR through the presence and displacement of peaks (1000 cm™) ascribed to
the asymmetric stretching vibration of Si-O bonds. The novelty of these binders has not yet
allowed determining the influencing factors of AABs such as L/S ratio, the Ms, and the NaOH
concentration. However, to date, it is evident that L/S ratios close to one are required. As for
the silicate modules, they should be within a range of 2-2.5 instead of 1-1.5 as suggested with

other types of AABs [49-51].

Lastly, it is demonstrated the studies scarcity on toxicity in AA-IBA binders, should be
fundamental to verify their environmental viability. The EN 12457-2 and EN 12457-4 standards
were used to determine the heavy metal(loid)s leaching concentration in AA-IBA binders.
Generally, most of the heavy metal(loid)s (Zn, Cu, Ni, Pb, Mn, Ba, Hg, and Mo) were immobilised
into the cementitious matrix [40,41], excepting Cr and As which presented high values

compared to the initial IBA [41].
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3.4 Next steps in AA-IBA binders’ development

This chapter has demonstrated the potential of IBA as a partial or sole precursor in the alkali
activation technology. Nonetheless, there is still a long way ahead to consolidate the acquired
knowledge regarding the AA-IBA binders. The main research line to follow could be the
strategic use of IBA [47,48], using the fractions with higher availability of reactive SiO,/Al,03
and lower heavy metal(loid)s content. This fact would allow enhancing the mechanical
properties and reducing the toxicity of AA-IBA binders. The NaOH concentration effect in the
alkaline activator solution used must be also assessed due to the presence of Ca-bearing phases
in IBA. It has been demonstrated that the dissolution of calcium or aluminosilicate phases is
enhanced by low and high NaOH concentrations [52], respectively. Curing at room temperature
should be one of the objectives to improve the applicability of these binders since curing at
higher temperatures only allows its use as precast material. Besides, low curing temperatures
implies a reduction of energy consumption which can confer a high environmental added value
to the AA-IBA binders. The environmental assessment should be essential to understand the

leaching potential of binders once they have completed their lifecycle.
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CHAPTER IV
OBJECTIVES

Once the theoretical framework is exposed in the previous chapters, the methodology of the
different conducted investigations must be detailed as well as the main goals pursued. The
purpose of this fourth chapter is to describe the PhD thesis experimental framework, relating

the general and specific objectives with the carried-out publications and investigations.
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3. Objectives

The main goal of this PhD thesis was the scientific and technological development of new alkali-
activated binders (AABs) based on the alkali activation of WBA (AA-WBA binders), to reduce
the use of OPC in building and civil engineering fields. In this sense, this aim is related to the
use of more sustainable cement-based materials, which promote the circular economy and

zero-waste principle through the valorisation of WBA.

This PhD thesis has been presented in the form of a compendium of publications. Five works
have already been accepted or published while the other is pending to be submitted in a
scientific journal. The unifying thread of investigations is framed in the assessment of the
potential of WBA (as the sole or the main precursor) in the formulation of alkali-activated
binders. Besides, the potential and feasibility of the AA-WBA binders using different chemical,
physical, mechanical, and environmental characterisation techniques were also assessed. The
conceptual scheme of the experimental framework of this PhD thesis and its objectives are
shown in Figure 4.1. Up to four stages associated with four general objectives (GO) can be
distinguished. These GO encompassed, in turn, seven specific objectives (SO) related to the

investigations carried out.
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STAGE 1

S01. Determining the availability of reactive Si0, and Al,O; in the WBA.

STAGE 2

$02. Formulation of AA-WBA binders using the 0 - 30 mm fraction.

503. Formulation of AA-WBA binders using the 8 - 30 mm fraction.

STAGE 3

SO4. Formulation of AA-WBA binders using WBA and PAVAL®.

SO5. Formulation of AA-WBA binders using WBA and MK.

STAGE 4

ent of the AA-WBA b

SO7. Determination of the ecotoxicology of the AA-WBA binders.

Figure 4.1. Conceptual scheme of the experimental framework and objectives.

The four stages shown in the conceptual scheme are in-depth detailed below, where the logical
sequence of the investigations is explained. In this way, the GO and SO are related to the six

papers, indicating the chapter of the PhD thesis they belong to.
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STAGE 1:

GO1. Assessment of the WBA potential as an AAB precursor. The goal was to determine the

fraction(s) with the greatest potential for the AABs formulation.

SO1. Determining the availability of reactive SiO, and Al,O3 depending on the particle

size. The reactive SiO; and Al,03 availability depending on the WBA particle size was

studied. SO1 corresponds to the first paper published, described in Chapter V.
STAGE 2:

GO2. AA-WBA binders formulation using WBA as a sole precursor. The formulation and

characterisation of AA-WBA binders considering the use of suitable fractions in terms of the
availability of SiO, and Al,Os were carried out. This second stage encompasses the formulation

of AABs using the 0 - 30 mm and the 8 - 30 mm fractions of WBA, respectively.

S02. Formulation of AA-WBA binders using the 0 - 30 mm fraction. The O - 30 mm

fraction was used to fully valorise the WBA. The AA-WBA binders obtained were
characterised from a chemical, physical, mechanical, and environmental point of view.

SO2 corresponds to the second published article, described in Chapter VI.

SO3. Formulation of AA-WBA binders using the 8 - 30 mm fraction. The 8 - 30 mm

fraction was used for its high SiO, availability, as well as for its low heavy metal(loid)s
content. The AA-WBA binders obtained were characterised from a chemical, physical,
mechanical, and environmental point of view. SO3 corresponds to the third paper

accepted and available online, which is described in Chapter VI.
STAGE 3:

GO3. AA-WBA binders formulation using WBA and other aluminium-rich sources. The

formulation and characterisation of AABs through alkali activation of WBA and other
aluminium-rich precursors such as PAVAL® (PV) and Metakaolin (MK) were conducted. The
purpose was to enhance the mechanical and environmental properties of the AA-WBA binders

obtained in stage 2.
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S04. AA-WBA binders using WBA and PV _(AA-WBA/PV) as precursors. The PV

precursor was mixed with the 8 - 30 mm fraction of WBA to provide an aluminium-
rich source, which theoretically enhances the mechanical properties of the AA-WBA
binders. The AA-WBA/PV binders obtained were characterised from a chemical,
physical, mechanical, and environmental point of view. SO4 corresponds to the fourth

paper published in a scientific journal, which is described in Chapter VII.

SO5. AA-WBA binders using WBA and MK (AA-WBA/MK). MK was mixed with the 8 -

30 mm fraction to provide an aluminium-rich source which enhances the
environmental properties of the AA-WBA/PV binders. The AA-WBA/MK binders
obtained were characterised from a chemical, physical, mechanical, and
environmental point of view. SO5 corresponds to the fifth investigation, which is

described in Chapter VIl and is pending to be submitted to a scientific journal.
STAGE 4:

GO4. Environmental and ecotoxicological assessment of the AA-WBA binders. An exhaustive

environmental characterisation was performed to evaluate the leaching potential and the

ecotoxicology of the optimal AA-WBA binders obtained in stages 2 and 3.

SO6. Determination of the leaching potential of the AA-WBA binders in service. The

leaching potential of AA-WBA binders during their service life was assessed. SO6
corresponds to the sixth investigation (accepted and available online in a scientific

journal) described in Chapter VIII.

SO7. Determination of the ecotoxicology of the AA-WBA binders. The environmental

feasibility of the AA-WBA binders was studied through the Daphnia Magna acute

toxicity test. SO7 also corresponds to the sixth publication described in Chapter VIII.
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CHAPTER V

THE WBA POTENTIAL DEPENDING ON THE
PARTICLE SIZE

The potential of WBA as a sole or partial precursor in alkali activation technology has been

widely demonstrated in various studies in the last decade. However, WBA applicability in the
building and civil engineering field is hampered by its composition heterogeneity and its
metallic aluminium content, which lead to the low mechanical performance of the AA-WBA
binders. This fifth chapter details the first investigation carried out in this PhD thesis, which is
focused on the assessment of WBA as a precursor as a function of its particle size. The aim was

to determine the most suitable(s) fraction(s) to enhance the AA-WBA binders’ properties.
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4. The WBA potential depending on
the particle size

Nowadays, there is a wide range of promising wastes and industrial by-products used as
precursors to produce AABs [1]. The common and essential characteristic of this type of
materials is its chemical composition, which must be rich in aluminosilicates [2]. Besides, the
aluminosilicates compounds contained in precursors must have a mostly vitreous or
amorphous nature to favour their dissolution in alkali media [3]. Indeed, a high proportion of
amorphous phases in a solid precursor generally leads to a higher strength than solid
precursors poor in amorphous phases [4]. Therefore, it is needed the use of chemical
characterisation techniques and different methods to properly determine the feasibility of any
material to be used as a precursor. Most of the studies which use chemical characterisation to
elucidate the reactivity of the precursor are based on FA, where the XRD analysis, in
conjunction with Rietveld quantitative phase analysis method, is the most widely used [5,6].
However, other synergistic methods using FT-IR, NMR, SEM-EDS, and chemical analysis with

selective solutions can also be found in the literature [7-10].
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The potential of the WBA as an alkali-activated precursor has been demonstrated in some
studies through the development and characterisation of the AA-WBA binders. The potential
reactivity assessment of WBA as a precursor in alkali activation technology is rarely mentioned
in the literature. Only in one investigation is evaluated the reactive fraction percentage of WBA
using a selective solution of NaOH (8M) to determine its SiO,/Al,O3 ratio [11]. The results
obtained in this commented study revealed a low reactive fraction percentage of WBA,
probably due to the use of 0.2 to 1 mm particle size. The reactive fractions of the other WBA
particle sizes were not evaluated in that study. Most of the studies rely on the SiO, and Al,Os
percentages obtained through XRF (X-ray fluorescence) analysis to demonstrate the viability of
the WBA as a precursor, depending on the chemical composition. However, the XRF analysis is
not suitable to identify the potential reactivity, as it determines the percentage of reactive
(amorphous) and non-reactive (crystalline) aluminosilicate phases contained in the WBA.
Therefore, the reactive fraction assessment of the WBA through adequate methods is essential

to achieve the aim of enhancing the mechanical performance of the AA-WBA binders.

The first investigation carried out in this PhD thesis was based on determining the reactive
fraction of WBA as a function of its particle size. In this sense, the main goal was to determine
the suitable fraction(s) to formulate AA-WBA binders with optimal mechanical and
environmental properties. The next section briefly summarises the key points of this first study,

emphasising the used methodology to determine the reactive fractions of the WBA.

4.1. WBA potential reactivity

The WBA used in this PhD thesis was provided by SIRUSA and VECSA companies. SIRUSA plant
can incinerate 140 kt-y! of MSW, treated to recover energy, ferrous and non-ferrous metals,
as well as a mineral fraction (WBA) [12]. SIRUSA provides services to the municipalities of the
three regions of the Camp de Tarragona. In total, there are around 626.277 citizens who benefit
from energy recovery, which represent 77% of the population of the Tarragona province. The
feed stream of the SIRUSA incineration plant is mainly household rubbish, with a small input
from commercial vendors. The combustion takes place in a self-combustion furnace with
rotating grates at 850°C. Evacuation, handling, and management of the IBA (32 kt-y!) and the

IFA (4 kt-y?) are carried out separately [12]. Finally, IBA treatment begins with its transportation
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from the SIRUSA incineration plant to the VECSA conditioning plant, where ferrous and non-

ferrous metals are recovered before the weathering process to obtain WBA.

The methodology used to determine the potential reactivity of the WBA was based on selective
chemical extractions by chemical attacks with HF (1% v/v) [13] and NaOH at different molarities
(2M, 4M, and 8M [14]). The chemical attack by HF solutions was conducted to determine the
total availability of SiO, in the WBA. The chemical attacks by NaOH solutions were carried out
to reproduce the alkali activation process conditions and quantify the SiO, and Al,Os released
in the alkali media. In this way, it was possible to assess the percentage of SiO, extracted from
the NaOH attacks as a function of the SiO; extracted from the HF attacks, as well as the

influence of NaOH concentration in the dissolution of WBA aluminosilicates phases.

4.1.1. SiO; availability assessment

The experimental procedure to determine the total availability of SiO, in WBA is shown in
Figure 5.1. For this trial, one gram of WBA sample was mixed with 100 mL of HF solution and
stirred constantly for 5 h in a sealed Teflon container at room temperature. The resulting
solution was filtered (Whatman filter paper with 20 um pore size) and then analysed using
inductively coupled plasma optical emission spectrometry (ICP-OES) by a Perkin EImer Optima

ICP-OES 3200 RL equipment. The results of ICP-OES allows quantifying the total SiO; available

in the WBA.

| 1g of WBA |
5 hours, Stirring 100 mL
Room T (HF) HF 1% (v/v)

v
Unreactive
‘ Leachate ‘ Residue
] phases
ICP-OES |
% %Si0,released | Available
Sio,

Figure 5.1. Experimental procedure used to quantify the SiO availability. Procedure adapted
from [13].
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4.1.2. Determination of reactive SiO, and Al,O3

The quantification of reactive SiO, and Al,O3 was performed following the experimental
methodology depicted in Figure 5.2, where one gram of WBA sample was mixed with 100 mL
of NaOH (2M, 4M, and 8M) and stirred constantly for 5 h in a sealed Teflon container at 80 °C.
The same procedure regarding the filtration and analysis followed in the previous section was
carried out. The ICP-OES results allow determining the released SiO; and Al,O5 in the WBA. The
results obtained were compared depending on the particle size, as well as depending on the

molarity of the NaOH concentration used.

| 1g of WBA |
5 hours, Stirring 100 mL
80°C (NaOH) NaOH (2M, 4M, and 8M)

Unreactive
‘ Leachate ‘ Residue
] phases
ICP-OES |
% Si0, released ‘ Reactive
% Al,O; released 5i0,/A1,0,

Figure 5.2. Experimental procedure used to quantify the reactive SiO, and Al,Os.

4.1.3. Originality and chief contributions

The novelty of this investigation is based on the evaluation of the reactive fraction (SiO, and
Al,03) depending on the WBA particle size. As far as the authors’ knowledge, this was the first
study in the literature that allowed determining which is (are) the WBA potential fraction(s) to
formulate AABs with proper mechanical performance. Furthermore, the experimental
procedure used to evaluate the potential reactivity of WBA was substantially varied concerning
the existing literature [13,14]. A selective chemical extraction procedure by using NaOH
solutions with different molarities was proposed to evaluate the NaOH concentration effect in

the release of SiO; and Al,QOs.
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The chief contribution of this investigation was to demonstrate the differences in the amount
of released SiO; and Al,0s depending on the WBA particle size and the NaOH concentration of
selective chemical solutions. This contribution is extremely relevant since would allow
predicting the properties of AA-WBA binders as a function of the fraction and the alkaline
activator concentration used. Besides, it was evidenced by the possibility to extract a significant
amount of SiO; and Al,03 using NaOH solutions with molarities below 8M. Indeed, the amount

released in the coarser fractions was practically the same.

4.1.4. Paper 1: Municipal solid waste incineration bottom ash as alkali-

activated cement precursor depending on particle size

The published article in the Journal of Cleaner Production is available online since the 17t of
September 2019 and it was published on the 1°t January 2020 in volume 242, as shown in Figure
5.3. Besides, a related work was presented at The International Conference on the
Environmental and Technical Implications of Construction with Alternative Materials (WASCON

2018 — June 2018) in Tampere (Finland).

L

Journal of Cleaner Production
¥ Volume 242, 1 January 2020, 118443

v

Municipal solid waste incineration bottom ash as
alkali-activated cement precursor depending on
particle size

A. Maldonado-Alameda, |. Giro-Paloma, A. Svobodova-Sedlackaova, . Formosa, J.M. Chimenos & B
Figure 5.3. Article published in the Journal of Cleaner Production in 2020, titled “Municipal

solid waste incineration bottom ash as alkali-activated cement precursor depending on
particle size” [15].
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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 po-
tential 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 SiO,, Al;0s3, and CaO. It is demonstrated the larger the particle size, the higher the
content of SiOy; and the smaller the particle size, the higher the heavy metal(loid) content. The avail-
ability 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
150-250 g kg~ of SiO, and 50—65 gkg ! of Al,03) in all the particle size fractions studied. WBA po-
tential 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.

© 2019 Elsevier Ltd. All rights reserved.

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

* Corresponding author.
E-mail address: chimenos@ub.edu (J.M. Chimenos).

https://doi.org/10.1016/j.jclepro.2019.118443
0959-6526/© 2019 Elsevier Ltd. All rights reserved.

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 Mty ! 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-zermeno 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 sta-
bilisation with values between 8 and 10, as well as the neo-
formation and hydration of mineral phases, among other conse-
quences (Chimenos et al., 2000). The material resulting from the
weathering process is known as weathered bottom ash (WBA)
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(Johansson and Bavel, 2003). 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 con-
struction (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 engi-
neering 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 CO, 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 con-
taining WBA, i.e. general ceramics, glass or glass-ceramics, have
been successful (Arm, 2003; Magnusson, 2005). Alkali-activated
cements (AACs) have become an ideal 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 (Yao et al., 2018). If AACs are compared to
OPC, the former reduces the CO, emissions and the energy con-
sumption 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 cat-
ions 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
SiO; and Al,03, the CaO content, the alkali activator used, and the
curing temperature (Aljerf, 2015).

Previous studies have revealed that WBA is mainly composed of
Si0,, Al;03, and CaO (Valle-zermeno 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-zermeno 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 hetero-
geneity and its composition varies depending on particle size

fraction (Valle-zermeno et al.,, 2017). The availability of reactive
phases (SiO; and Al;03) in each fraction will vary as a function of
the composition and the alkali activator concentration. Physico-
chemical characterisation and determination of SiO, and Al,O3
availability will allow to determine the 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 SiO,/Al,05 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 SiO, and Al,0O3 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-zermeno 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 pre-
cursor in the formulation of AACs.

2. Experimental procedure
2.1. Materials

The WBA sample was supplied by the company Valorizaciéon de
Escorias para la Construccion 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 (140kty~") is mainly composed of household
rubbish with a small input from commercial sources. The inciner-
ation temperature is around 950°C (Chimenos et al, 1999).
Approximately, 32 kty ! of fresh IBA is produced by the incinera-
tion 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 of WBA was
collected from various stockpiles, homogenised, and stored ina 30 L
plastic container.

2.2. Samples preparation

The samples preparation scheme is shown in Fig. 1 (Pérez-
Martinez et al, 2019). First, the WBA was dried overnight at
105°C 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-zermeno 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 hard-
ened 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 um
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.



A. Maldonado-Alameda et al. / Journal of Cleaner Production 242 (2020) 118443

Collected WBA
Dried WBA
1
I 1
{ B uarterin
Sieve Analysis and PSD Q &
T T { T ] Subsample
<30
2:0 mm 42 mm 8-4 mm 16-8 mm >16mm it
| | | l | Crusl?iljg and
Quartering Quartering Quartering Quartering Quartering Milling
Metals removal
Subsample Subsample Subsample Subsample Subsample
2-0 mm 4-2 mm 8-4 mm 16-8 mm 30-16 mm
| I | l | Subsample
Crushing and Crushing and Crushing and Crushing and Crushing and Sz
Milling Milling Milling Milling Milling

Metals removal

Metals removal

Metals removal

Metals removal

Metals removal

Subsample
2-0 mm

Subsample
4-2 mm

Subsample
8-4 mm

Subsample
16-8 mm

Subsample
30-16 mm

Fig. 1. Scheme of the preparation of samples.

2.3. WBA characterisation

2.3.1. Physicochemical characterisation

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 frac-
tions were identified by X-ray diffraction analysis (XRD) using a
Bragg—Brentano Siemens D-500 powder diffractometer with CuKo.
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).

2.3.2. SiOy and Al,03 availability

The availability of reactive phases (SiO, and Al,03) was deter-
mined through chemical attacks with HF (1% v/v) and NaOH solu-
tions (2M, 4M, and 8M) (Aljerf, 2015; Ruiz-Santaquiteria et al.,
2011). For these experimental trials, 1 g of WBA sample was mixed
with 100 mL of each activating solution and stirred constantly for
5hin a sealed plastic container, at 80 °C 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 op-
tical emission spectrometry (ICP-OES) using PerkinElmer 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 PerkinElmer.

2.3.3. Heavy metals content
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 PerkinElmer ELAN
6000 ICP mass spectrometry (ICP-MS) device.

3. Results and discussion
3.1. WBA characterisation

3.1.1. Physicochemical characterisation

Fig. 2 shows the PSD of the WBA. Around 50% of the WBA cor-
responds to fractions below 4 mm (fine fraction), in agreement
with previous findings (Chimenos et al., 1999; Valle-zermeno et al.,
2017).

35
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< 201
£
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5
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Fig. 2. Particle size distribution of weathered bottom ash.
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Table 1
Major-, minor- and trace-elements for each size fraction of WBA.
(Wt. %)
2-0mm 4-2mm 8-4mm 16-8mm  30-16mm <30 mm
Si0, 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
Al,03 11.19 9.62 732 6.74 12.39 10.38
Na,0 2.78 4.93 8.14 7.77 3.11 5.04
K0 1.11 141 1.25 1.61 1.95 1.54
Fe 05 722 6.89 543 4.19 3.49 6.08
MgO 2.88 3.24 1.99 230 274 2.66
TiO, 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 0.63 227 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
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 nd. <0.01 <0.01
r 0.03 0.03 0.04 0.11 0.12 0.03
Nb <0.01 <0.01 <0.01 nd. <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
Lol 18.13 10.98 3.17 2.65 5.54 5.78

*Loss on ignition at 1000 °C.

The major and minor elemental composition, as elemental ox-
ides and trace-elements in each size fraction of WBA analysed, are
given in Table 1. As expected, the most abundant oxides were SiO,
Cao, and Al,0s, which are the key compounds in cementitious
materials (Aljerf, 2015; Roy, 1999). As can be seen, the contents of
these oxides varied, depending on the size fraction. The highest
Si0; 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-zermeno et al., 2017). As for Al,Os, its content trends to in-
crease as the particle size decreases, except for the 30-16 mm
fraction. This is due to the Eddy current device, because only re-
covers 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-zermeno 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 frag-
mented 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).

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 20° to 35° (26). Fig. 3b shows the dominant
peaks in XRD patterns. The only crystalline phases present in all the
fractions were quartz and calcite.

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-
0mm) and the great variety of silico-aluminate phases in all the
fractions while being more abundant in coarse fractions.

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
5° to 80° (20). The results are shown in Table 3, where the amor-
phous index of the particle size fractions was 44%—70%. As ex-
pected, 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).

3.1.2. SiO; and Al,03 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 re-
action times that cannot be assumed. It is known that the crystal-
line 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 ! of WBA) of SiO, and Al,03 available to form
AACs. It is expected that most of the SiO, and Al,03 available come
from the amorphous phases. To a greater or lesser extent, all the
particle size fractions contain SiO, and Al03 amorphous phases, as
shown in Figs. 4—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 SiO, 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 SiO, availability of each
fraction with the primary and secondary glass results obtained in a
previous study (Valle-zermeno et al., 2017), validates this trend,
except for the results in the 30-16 mm fraction. In this last case, the
SiO, extracted with chemical attacks comes from the synthetic
ceramics. It is important to highlight that the HF attack indicated
the existence of a large amount of available SiO, amorphous phases
that were not extracted with the NaOH chemical attacks, since they
are less aggressive.

Fig. 5 shows the percentage of SiO;, extracted from the NaOH
chemical attacks as a function of the SiO, extracted from HF
chemical attack (thereby assuming that the amount extracted with
the HF attack is 100% of the SiO; available in the WBA samples). The
results show that it is not possible to extract the same amount of
SiO, with NaOH as with HF chemical attacks, at least not under the
experimental conditions of this study (particle size, NaOH



85

Intensity (a.u)

A. Maldonado-Alameda et al. / Journal of Cleaner Production 242 (2020) 118443

<30 mm
— 30-16 mm
— 16-8 mm

10

e 1 A: Albite
2-0 mm Qc x| Ak ™ (i < C“C_lQ C ‘f o c Ak: Akermanite
An: Anorthite
At: Anorthoclase
Q ¢ C: Calcite
4-2mm © Anfl Ak Q € C€CQ Q Q D: Dolomite
; A e ksl L M: Mag
Mu: Mullite
Q P: Pseudowollas-
tonite
8-4mm ¢ | rCp g q P [ Q Q o Dot

X: Xonotlite

Angle (2-Tetha, deg)

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



6 A. Maldonado-Alameda et al. / Journal of Cleaner Production 242 (2020) 118443

Table 2
Major crystalline phases in WBA samples.
Mineral Phase Fraction
2-0mm 4-2mm 8-4mm 16-8 mm 30-16 mm <30 mm
Albite (NaAlSizOg) v v v v
Akermanite (Ca;MgSi,07) v v v v v
Aluminium (Al) v v
Anorthite (CaAl,Si;Os) v
Anorthoclase ((Na,K)AISi3Og) v
Calcite (CaCOs) v v v v v v
Cesanite (Ca;Nas[(OH)(SO4)3]) v
Cristobalite (SiO3) v v v
Diopside (CaMgSi>0¢) v
Dolomite (CaMg(COs3),) v v v
Hematite (Fe,03) v v
Magnetite (Fe304) v v v
Mullite (AlgSiz013),
Pseudowollastonite (Ca3Si3Og),
Quartz (Si0,) v v v v v v
Woaustite (FeO) v
Xonotlite (CagSigO17(0OH)2) v
Table 3 availability in the finest fractions is that the Eddy current equip-

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

Size Fractions Amorphous content (wt.%)

<30 mm 60
30-16 mm 44
16-8 mm 66
8-4mm 70
4-2mm 53
2-0mm 49
[__JHF attack
I NaOH [2M] attack
3004 [ NaOH [4M] attack
£ I NaOH [8M] attack
250 .
- =
7 200 i
=
&
< 150
2
w1
100
50

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

Fraction

Fig. 4. SiO, availability of WBA as a function of particle size fraction and chemical
attack solution.

concentration, agitation, and temperature).

The Al,0O5 availability in Fig. 6 shows the same broad trends as in
Fig. 4. Considering each particle size fraction, as the NaOH con-
centration increases, the Al,0O3 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 concentra-
tion increases, it is also increasing the Al,03 availability (except for
the <30 and 8-4 mm fractions). The main reason for the high Al,O3

ment only separates fractions above 10 mm, as mentioned previ-
ously. Hence, the aluminium content in fractions below 10 mm is
high. The low Al,O3 availability in coarse fractions is due to the high
content of synthetic ceramics, which implies more Al,05 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 Al,O3 phases.

Considering the SiO, and Al,03 availability the SiO,/Al,03 ratio
was obtained, as shown in Fig. 7. Taking into account that several
authors consider the optimal SiO2/Al,03 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 Al;03 or SiO», depending on their content of
SiO; or Al,0s3, respectively. Considering the high Al,O3 availability
in the finest fractions and the high SiO, availability in coarser
fractions, it is expected the best results for the <30 mm fraction.
This fraction presents the required ratio between the available SiO,
and Al,O3 content.

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™ ', assigned to the stretching mode of carbonates, as well
as sharp peaks at 875cm ™' and 714 cm ™ related to the bending
mode of carbonates. On the other hand, there is a broad band at
1000 cm ™! ascribed to T—O stretching vibrations (where T = Si or
Al), and a weak double peak at 780 cm ™! associated with Si—O—Si
bridging bonds in quartz (SiO) (Criado et al., 2005). It can be
observed a broad shoulder around 980 cm™! related to Si(Al)—O
asymmetrical vibrations. The FT-IR results validate those of the XRF
and XRD analysis, where Si and Al were determined as major ele-
ments and some alumino-silicate compounds were also identified.

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
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Fig. 6. Al,05 availability of WBA as a function of particle size fraction and chemical attack solution.

WBA samples, a great reduction (slightly pronounced in HF) of the
Si—0—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 ™). These
results agree with those obtained in the chemical attacks, where
more SiO, 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 disappear in the HF

chemical attack, in contrast with the NaOH 4M and NaOH 8M so-
lutions, 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 solubil-
ity of alkaline-earth carbonates (e.g. calcium carbonate) and SiO»-
based vitreous compounds was hardly affected. The aggressiveness
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Fig. 8. FT-IR spectrum of the particle size fractions of WBA.

of the reactive solution (i.e. NaOH 4M and 8M) increases the sol-
ubility of the SiO, mainly the vitreous materials. When the solu-
bility of alkaline-earth carbonates decreases, the relative content of
the carbonates in the attacked residues increases.

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 ') is shown in Table 4. The re-
sults 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-zermeno
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).

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. Physico-
chemical characterisation determined the composition based on
aluminosilicates and the amorphous nature of WBA samples. The
chemical attacks results showed that the SiO, and Al;03 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 environ-
mental characterisation of WBA 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 valor-
ising the maximum amount of WBA (using >30 mm sample or
mixing some fractions) without affecting to the AACs environ-
mental properties. It will certainly be necessary to study the release
of heavy metals and metal(loid)s from new AACs developed using
WABA 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
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Table 4

Metal(loid)s content of WBA (mg-kg ') samples.
Fraction As Ba Cr Cu Hg Mo Ni Pb Zn
<30mm 6.06 294.58 2339 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
8-4mm 8.80 536.79 19.98 26.79 - 16.90 6.58 156.68 2209.05
4-2mm 16.05 474.21 16.43 48.17 - 18.60 9.13 736.89 1710.49
2-0mm 8.82 408.09 18.41 77.63 0.07 17.72 8.48 433.43 4187.92

heavy metal(loid)s content.
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CHAPTER VI

ALKALI-ACTIVATED WBA AS A SOLE
PRECURSOR

Once the WBA potential reactivity was determined, the development of AA-WBA binders using

the most suitable particle size fractions of the WBA was carried out. This sixth chapter includes
the second and the third publications, which were based on the alkali activation of WBA as a
sole precursor. The main purpose was to formulate and characterise AA-WBA binders from
chemical, physical, mechanical, and environmental points of view. Besides, unlike other
authors, the curing was conducted at room temperature to enhance their applicability and not

restricting their use as a precast material.
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5.Alkali-activated WBA as a sole
precursor

The investigations where WBA is used as a sole precursor are relatively scarce as mentioned in
chapter Ill. This is mainly due to the distrust caused by the heterogeneity of WBA and to the
metallic aluminium content, which reacts with alkaline activators generating H, gas and leading
to a low mechanical performance [1]. Indeed, the AA-WBA binders obtained so far could only
be used for non-structural purposes of lightweight cementitious materials. Besides, when these
binders being cured at temperatures above room temperature, their applicability would be
reduced to prefabricated pieces for claddings and/or floorings. Concerning their environmental
risks of AA-WBA binders, they are practically unknown since there is only one study in the
bibliography that investigates this issue [2]. This study revealed the severe activation and the
release of some heavy metal(loid)s (As, Cr, Cu, Mo, Pb, and Zn) in AA-WBA binders compared
to the powdered WBA. However, it is important to highlight that the finest fraction (0 to 2 mm)
was used, which is the one that contains a greater amount of heavy metals as reported

elsewhere [3].
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Concerning the investigations presented in this chapter, both were based on the alkali
activation of the WBA as a sole precursor. AA-WBA binders using the entire fraction (EF; O to
30 mm) and the least polluted fraction (8 to 30 mm) were formulated and characterised from
chemical, physical, mechanical, and environmental points of view. The first investigation
presented in this chapter was carried out to fully valorise the WBA, while the second was
performed to enhance the mechanical and environmental properties of the AA-WBA binders.
The following sections describe the key points of the second and third publications of this PhD

thesis, as well as their novelties and main contributions.

5.1. Alkali activation using the entire fraction

The entire fraction of WBA used is composed of granular particles sizes ranging from 0 to 30
mm. However, most of the WBA (around 50%) is comprised of the finest fractions (0 to 2 mm
and 2 to 4 mm). The finest fractions contain a large amount of CaO due to the presence of
cementitious materials and synthetic ceramics from small domestic works [4]. This fraction also
contains a large amount of metallic aluminium due to the ineffectiveness of Eddy current
devices in particle sizes below 10 mm [3]. It is also important to highlight that the presence of
heavy metal(loid)s come mainly from small pieces of electronic devices [5]. On the other hand,
the coarser fractions (4 to 8 mm, 8 to 16 mm, and 16 to 30 mm) are mainly composed of
aluminosilicates-bearing compounds due to the presence of primary and secondary glass,
which come from container beverages, as well as synthetic ceramics, which derive from broken

tiles and dishes [3].

Following the above, the alkali activation of the WBA probably leads to the formation of both
C-(A)-S-H and N-A-S-H structures due to its composition rich in Ca0, SiO,, and Al,0s. In this
sense, the pH of alkaline activator solutions can play an essential role in the reaction products
formed in the AA-WBA binders. It is well-known that in alkaline activation technology the higher
pH of alkali activator solution, the higher dissolution of aluminosilicates phases [6]. On the
other hand, the precipitation of Ca®* to form C-(A)-S-H phases could be disadvantaged at high
alkalinity media as reported elsewhere [7]. Therefore, the formation of N-A-S-H structures is

favoured at high pH, while the formation of C-(A)-S-H structures are favoured at medium pH.
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5.1.1. Effect of NaOH concentration

Considering that the choice of alkaline activator solution pH influences the reaction products
formed. The effect of the NaOH concentration on the AA-WBA binders’ properties was
evaluated. The tests carried out on the AA-WBA binders were focused on the chemical
characterisation (using XRD, FT-IR, and SEM analysis) to find evidence regarding the WBA alkali
activation and the reaction products formation. Selective chemical extractions through SAM
and HCl solutions were also performed to verify the presence of C-(A)-S-H and N-A-S-H phases.
The physicomechanical properties (dry density, open porosity, and compressive strength) were
assessed to determine the potential applications of the AA-WBA binders. Finally, leaching tests
according to the European standard EN 12457-2 were conducted to simulate the binders'
potential release of heavy metal(loid)s at the end of the lifecycle. This last test is considered
essential to determine the effect of pH on the activation of heavy metal(loid)s and the

environmental feasibility of AA-WBA binders.

5.1.2. Originality and chief contributions

The originality of this study was based on the curing conditions of AA-WBA binders, which were
the same as the OPC (room temperature and RH=95%). The curing procedure at room
temperature facilitates and increases the AA-WBA binders’ applicability, avoiding their
limitation to be only used as precast material. Another investigation uniqueness was the
evaluation of the NaOH concentration effect in the final AA-WBA binders’ properties. The
studies carried out to date have set the NaOH concentration at 8M or higher as presented in
Chapter 111 [1,2,8-11]. In this study, four different NaOH solutions (2M, 4M, 6M, and 8M) were
used to determine the pH influence of the alkaline activator.

The main contribution to the state of the art was to demonstrate the possibility to formulate
AA-WBA binders for non-structural purposes using the entire fraction of the WBA as a
precursor along with the alkaline activator solutions with NaOH concentrations lower than 8M.
In this study, the effect of NaOH concentration in the final properties of AA-WBA binders was
also evidenced, being the NaOH 6M solution the optimal from a chemical and
physicomechanical point of view. Finally, the release of some heavy metal(loid)s such As and
Sb revealed the importance to further investigate the environmental properties of AAB's

formulated using glassy nature precursors.
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5.1.3. Paper 2: Municipal solid waste incineration bottom ash as sole

precursor in the alkali-activated binder formulation
The following article was published on 16™ June 2020 in volume number 12 (issue 10) in Applied
sciences journal, as shown in Figure 6.1. Also, two works related to this investigation were
presented as oral communication and poster, respectively (see Appendix 1). The first was on
The V Congreso Hispano-Luso de Cerdmica y Vidrio (October 2018) in Barcelona (Spain), and
the second was on The Il European Geopolymer Network (EGN 2018 — November 2018) in

Faenza (ltaly).
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Figure 6.1. Article published in Applied sciences journal in 2020, titled “Municipal solid waste
incineration bottom ash as sole precursor in the alkali-activated binder formulation” [12].
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Abstract: The concern about the large amount of weathered bottom ash (WBA) produced
in waste-to-energy plants (WtE) has caused an increased search for alternatives to reduce their
environmental impact. The present study aims to provide an added value through the WBA
valorization from municipal solid waste incineration (MSWI) for its use as a sole precursor
for developing alkali-activated binders (AABs). Alkali-activated weathered bottom ash binders
(AA-WBA) were formulated with a liquid-to-solid ratio of 1.0 and using sodium silicate (80 wt.%)
and NaOH (20 wt.%) at different concentrations (2, 4, 6, and 8M) as alkali-activator solutions. AA-WBA
were cured at room temperature to extend their applicability. The effect of the alkali-activator solution
molarity on the final properties of the AA-WBA was evaluated. The physicochemical characterization
by XRD, FTIR, and SEM evidenced the presence of the typical phases (calcium silicate hydrate
and gehlenite) of C-(A)-S-H gel. Leaching concentrations of As, Cu, and Mo exceed the acceptance
in landfills for inert waste, while the leaching concentration of Sb exceeds the one for non-hazardous
waste. The structure of the binders depends on the alkalinity of the activator, obtaining better results
using NaOH 6M in terms of microstructure and compressive strength (6.7 MPa). The present study
revealed that AA-WBA for non-structural purposes can be obtained. The AA-WBA formulation
contributes to the WBA valorization and development of low-carbon cements; therefore, it is an
encouraged alternative to ordinary Portland cement (OPC). Considering the amounts and costs of
the WBA, sodium silicate, NaOH, and water, the total cost of the developed formulations is comprised
in a range between 137.6 and 153.9 €/Tn.

Keywords: waste recycling and management; valorization; weathered bottom ash; municipal solid
waste incineration; alkali-activated binder

1. Introduction

Municipal solid waste incineration (MSWI) in waste-to-energy (WtE) plants is one of
the main processes for municipal solid waste (MSW) management [1]. MSWI contributes to the energy
recovery from MSW, and the reduction of its volume (by 90%) and weight (by 75%) [2]. It is extensively
applied in many European countries. According to the information provided by the Confederation of
European Waste-to-EnergyPlants (CEWEP) [3], 492 WtE plants are operating in Europe [4]. In 2017,
around 70 Mt of MSW were incinerated in the EU (EU-28) [5]. The main by-product produced during
the MSW treatment in WtE plants is the incinerator bottom ash (IBA). IBA represents 85% of the solid
resulting from combustion [6] and it is classified as a hazardous (EWC 19 01 11*—asterisk means
hazardous) or non-hazardous waste (EWC 19 01 12) depending on its concentration of hazardous
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substances. It is mainly composed of Si, Al, Ca, and Na oxides, and a small amount of heavy
metal(loid)s [7]. IBA undergoes previous stabilization through an outdoor maturation treatment of
2-3 months, consisting of its carbonation and pH stabilization at values between 8-10 [8]. The resultant
by-product of the IBA maturation treatment is weathered bottom ash (WBA), which is valorized for
engineering purposes. The main application fields of WBA as secondary material are civil engineering,
chemical engineering, and the building sector as reported elsewhere [9]. However, new applications of
WBA have emerged in recent years for its use as a precursor on alkali-activated cements (AACs) [10]
due to its composition rich in silicates and aluminosilicates [7].

AACs have become an alternative to ordinary Portland cement (OPC) given that the manufacturing
process involves CO, reductions, energy-savings, and lower resource consumption. This fact has been
certified by the large amount of studies published in the last decade [11,12]. Their obtention consists of
the reaction of a solid powder precursor (based on amorphous aluminosilicates) [13] in an alkaline
activate solution (usually NaOH, KOH, and/or Na,SiO3) of variable concentration. After a suitable
activation process, a gel is formed (N-A-S-H, C-A-S-H, or N-(C)-A-S-H), of which the nature and final
properties depend on the CaO content of the precursor [14], the alkali activator used [15], and the curing
temperature [16]. AACs have good mechanical properties [17], high resistance to chemical attack
by aggressive aqueous and acid solutions [18], and resistance to high temperatures and fire [19].
The carbon emission levels generated during AAC production are lower than that of OPC [20], which
is beneficial from an environmental point of view. AACs are sustainable materials since these can
be formulated from waste materials and industrial by-products [21,22]. Because of their similar
properties to OPC, AAC applications are associated with building and civil engineering [23], as well
as for the stabilization and solidification of hazardous and radioactive wastes [24-26]. For all of
the above-mentioned reasons, AACs have shown a high potential to be applied as sustainable cements
following the zero waste principle [27] promoted by EU [28].

Most of the published studies that include WBA in their AAC formulations add other precursors
such as metakaolin [29], fly ash of thermal power plants [30], granulated blast furnace slag [31],
or ladle slag [32] to obtain AACs. In all the cases described above, the reported AACs’ strength
values were low due to the presence of metallic Al found in WBA samples. Aluminum reacts with
the alkali activator by forming hydrogen gas [33,34], increasing the porosity of AACs and decreasing
the mechanical strength. On the other hand, great results were obtained when WBA was also used
as a raw material in alkali-activated blended or hybrid cements to increase the AACs’ mechanical
strength [30,35-37]. There are few studies where WBA is used as a sole precursor [38-40]. However,
the potential use of WBA as a sole precursor in AAC formulation was revealed by analyzing the SiO,
and Al,Oj3 reactive phases through different chemical attacks [41]. AACs for non-structural purposes
(compressive strength results were around 0.95 to 2.8 MPa) were obtained after activating WBA with
a mixture of NaOH and sodium silicate (Na;SiO3) solutions, where curing time and temperature
were 3 days and 75 °C, respectively [38,39]. Other studies obtained highly porous AACs after a long
curing process of 20 months at room temperature [40]. The compressive strength was not reported
in this case. It is important to highlight that there are no published studies where AACs (using WBA
as the sole precursor) have been obtained by curing them under similar conditions of temperature
(room temperature) and maximum curing time (28 days) to OPC. Low temperatures and curing times
would improve the sustainability in the use of the AACs formulated using WBA as the sole precursor,
facilitating their processing and increasing their applicability.

The main goal of this study is to evaluate the potential of new alkali-activated binders formulated
with WBA as the sole precursor (AA-WBA). This research contributes to the development of new
alternative cements and provides an added value to the WBA by-product. Different formulations
were prepared using WBA as the sole precursor by mixing Na,SiO3 and different NaOH solutions
for alkali activation. In contrast to the few similar research works found in the literature, the novelty
and uniqueness of this study is based in the time and curing temperature, which facilitates
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and increases the AA-WBA applicability. This work focuses on the effect of NaOH concentration from
a physicochemical, physical, mechanical, and environmental point of view on the resultant binders.

2. Materials and Methods

The WBA sample was provided by the VECSA company, which is responsible for valorizing
the IBA collected from the WtE plant located in Tarragona (Catalonia, Spain), with a capacity of
140 kt-y~L. The feed stream treated in this incineration plant is mainly composed of household rubbish,
with a small input from commercial sources. Around 32 kt-y~! of fresh IBA is obtained in this WtE
plant. The combustion temperature is 950 °C [42]. After combustion, fresh IBA is further processed
in a conditioning plant to recover some valuable materials (ferrous and non-ferrous metals) and to
obtain a homogenized granular material. Finally, the resultant IBA is subjected to natural weathering
outdoors for at least 3 months to stabilize heavy metal(loid)s and to obtain WBA, which is reused
as secondary aggregate. Because of the heterogeneity of WBA, 100 kg were collected from stockpiles
and then homogenized and stored in 30 L plastic containers. The alkali activator used consisted of a
commercial Na;SiOj3 solution (Scharlab S.L.; 26.44 wt.% of SiO; and 8.21 wt.% of Na,O; p = 1.37 g~cm‘3)
and NaOH solutions prepared by using NaOH pearls (Labbox Labware S.L.; purity > 98%) dissolved
in distilled water: 2 (p = 1.08 g~cm‘3), 4(p=116 g~cm‘3), 6(p=120 g~cm‘3), and 8M (p =1.24 g-cm‘3).

The preparation to obtain the WBA powder started by quartering the whole 100 kg sample to
acquire a representative sub-sample of 10 kg. The quartered sample was dried in a stove at 105 °C
for 24 h. Then, the dried sample was sieved (by using standard sieves: 32, 16, 8, 4, 2, 1, 0.5, 0.125,
0.063 mm) to determine the particle size distribution (PSD), as shown in Figure 1. Subsequently,
the WBA was crushed and milled until a powder below 80 um in particle size was obtained. Finally, a
metal magnet (Nd; 0.485 T) was passed over the ground sample to remove magnetic particles.
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Figure 1. Particle size distribution of weathered bottom ash (WBA).

The elemental oxide composition of WBA was assessed by X-ray fluorescence (XRF) analysis
with a spectrophotometer Panalytical Philips PW 2400 sequential X-ray equipped with the software
UniQuant® V5.0. Major oxides are given in Table 1. There was a high content of SiO,, CaO, Al,O3,
and NayO, which are the main compounds used to obtain AACs [43]. The high SiO, content was due to
the presence of primary and secondary glass in WBA [6,44]. The CaO and Al,O3 content was because
WBA contains cementitious materials based on OPC, as well as synthetic ceramics from small domestic
works. It is important to highlight that the percentage shown in Table 1 represents the total content of
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the oxides considering both their amorphous and crystalline phases. The SiO, and Al,O3 availability
(reactive phases) of the WBA sample are reported in previous studies by the authors [37].

Table 1. Elemental oxide composition of WBA powder.

Major Elements (wt.%)
Si02 CaO A1203 Nazo Kzo Fe203 MgO Ti02 Cl- SO3 1 LOI
4544 1755 1038  5.04 154 608 266 0.65 142 257 5.78

1 Loss on ignition at 1000 °C.

Figure 2 shows the WBA mineralogical results obtained by a Bragg—Brentano Siemens D-500
powder diffractometer device with CuK« radiation. A halo is observed between 20 and 35°
due to the mainly vitreous nature of the WBA sample [6]. The main crystalline phases are rich
in Si, Al, and Ca, such as quartz (S5iO,; PDF# 01-083-0539), calcite (CaCO3; PDF# 01-072-1937),
akermanite (CayMgSi, O7; PDF#01-076-0841), hydrocalumite (Cas Al,(OH)12(C1,CO3,0H),-4H,O; PDF#
016-0333), and pseudowollastonite (CaSiOz; PDF# 01-074-0874). Muscovite (KAl,(AlSi3O19)(OH),;
PDF# 01-075-0948), microcline (KAISi;Og; PDF# 01-076-0918), kyanite (Al,SiOs; PDF# 01-074-1827),
and magnetite (Fe3O4; PDF# 01-077-1545) were also identified as minor crystalline phases.
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Calcite
Akermanite 2
Hydrocalumite
Pseudowollastonite
Muscovite
Microcline

Kyanite

Magnetite
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Figure 2. XRD pattern of WBA.

The proportions of the alkali-activator solution, alkali dosage, and silicate modulus (Ms) are given
in Table 2. The formulation’s optimal stoichiometry was determined after carrying out a preliminary
study to delimit the proportion of raw materials and to obtain the best mechanical performance
of AA-WBA binders cured at room temperature. The same amount of WBA, NaOH, and Na,SiO3
solutions (referred as liquid; L) were used in each formulation. The concentration of the NaOH solutions
(2,4, 6, and 8M) was varied to evaluate its effect on the AA-WBA final properties and structure of
the cementitious matrix. The concentrations of NaOH were chosen considering the previous studies
carried out by the authors [41].
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Table 2. Alkali-activator solution proportions and chemical composition.

L
Reference 1 NaOH (wt.%) 1 o 1 . 2si0 o
Na,SiO t.% Na;O (wt.% i
M M oM oM 28103 (wt.%) 2,0 (Wt.%) i02/Nay
AA-WBA-2M 20 80 7.7 3.6
AA-WBA-4M 20 80 8.7 3.2
AA-WBA-6M 20 80 9.7 29
AA-WBA-8M 20 80 10.7 2.6

! With respect to the WBA content. 2 Molar ratio.

The AA-WBA binders’ preparation procedure began by mixing the NaOH and Na;SiOs (ratio of
1:4 by weight). This ratio was selected because a higher proportion of NaOH increases the porosity
and reduces the mechanical performance of the binders [33]. Then, the WBA and the alkali-activator
solution were mixed (liquid-to-solid ratio of 1:1 by weight) and mechanically stirred in a plastic beaker
for 5 min. Fresh AA-WBA binders were poured into 25 mm cubic molds and sealed in plastic bags for
3 days in a climate chamber (25 + 1 °C and relative humidity of 95% + 5%). After 3 days, the samples
were unmolded and removed from the plastic sealed bag, and the AA-WBA specimens continued
curing in the climate chamber under the same above-mentioned conditions. Nine cubic-shaped
specimens were prepared for each formulation. The AA-WBA specimens’ characterization was carried
out after 28 curing days.

The hydrolytic stability of the AA-WBA binders was evaluated by introducing a dried cubic
specimen of each formulation in boiling water for 20 min [39]. Afterwards, the specimen remained at
room temperature until reaching a constant weight in a desiccator with silica gel. Then, before and after
the test, the sample was weighed to determine the mass loss and to verify the chemical stability
and resistance to the dissolution of the AA-WBA binders. The integrity of AA-WBA was assessed by
introducing a cubic specimen in deionized water (liquid-to-specimen ratio of 10.0 by weight) under
stirring for 2 days. Conductivity (k) and pH were measured (after 1, 15, 30, 60, 120, 240, 600, 1440, 2160,
and 2880 min) to evaluate pH variation and ion diffusion over time and the effect that may have on
the formation of cementitious phases.

The main reaction product of alkali activation of calcium-rich precursors such as WBA [41] is
calcium silicate hydrate (C-(A)-S-H) gel [39,45]. C-(A)-S-H gel coexists in the AAC’s microstructures
along with the N-A-S-H gel [46]. It has even been reported that a mixture of both gels improves
the durability of AACs as compared to the single N-A-S-H gel [47]. However, when both formed
gels coexist, it is difficult to conduct a proper elucidation of C-(A)-S-H using classical characterization
techniques such as X-ray diffraction (XRD) or Fourier transform infrared spectroscopy (FTIR).
For this reason, selective dissolution characterization is gaining popularity in order to eliminate
any ambiguity between C-(A)-S-H and N-A-S-H gels [46]. AA-WBA binders were subjected to
the salicylic acid/methanol (SAM) extraction [43] and HCI extraction [44] to determine C-(A)-S-H
and N-A-S-H phases’ content. The calcium-containing phases were dissolved in the SAM medium
after the attack, while phases without calcium remained in the insoluble residue. The SAM extraction
procedure consisted of mixing 1 g of grounded sample with salicylic acid (6 g) and methanol (40 mL) for
1 h. The mixture was subsequently filtered (Whatman filter with 20 um pore size) to obtain the insoluble
residue. The HCl extraction consisted of stirring 1 g of AA-WBA binder with 250 mL of HCI (1:20)
solution for 3 h, followed by filtration (Whatman filter with 20 um pore size). Then, the insoluble
residues were washed with deionized water and dried in a desiccator until reaching a constant
weight. The percentage of weight loss due to SAM and HCl extraction was calculated by weighing
the insoluble residue.

XRD analysis was performed to determine the crystalline phases of AA-WBA binders.
FTIR was used to determine the reaction products of alkali-activated WBA by means of various Si-O-X
(X=Al, Si) stretching peaks’ identification, which are assigned to different chemical structures of silicate
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phases. Spectrum Two™ equipment from Perkin Elmer was used. The insoluble residue obtained
in SAM and HCl extraction was also analyzed by FTIR to identify possible changes in the AA-WBA
binders” composition and elucidate the co-existence of both C-(A)-S-H and N-A-S-H gels. A scanning
electron microscopy (SEM) technique was conducted by an ESEM FEI Quanta 200 to evaluate
the AA-WBA binders’ microstructure. A planar sample (1.5 mm thickness) of each formulation
was obtained by means of a diamond disc (140 rpm) cutter, and coated with graphite.

Bulk density and open porosity were studied by using 3 cubic shape specimens for each formulation.
The values were determined following the standard EN 1936:2006. After 28 curing days of the AA-WBA
specimens, compressive strength (o.) tests were performed using Incotecnic MULTI-R1 equipment.
Three tests were performed for each formulation. A progressive load until fracture was applied with a
loading rate of 240 kg-s~1.

Leaching tests in deionized water for 24 h were conducted according to European standard
EN 12457-2 to evaluate the potential release of heavy metal(loid)s from WBA and AA-WBA binders.
A PerkinElmer ELAN 6000 ICP mass spectrometry (ICP-MS) device was used to analyze heavy
metal(loid)s (As, Ba, Cd, Cr, Cu, Hg, Mo, Pb, Ni, Sb, and Zn) in the obtained eluates.

The cost of AA-WBA binders (€-t™1) considering the cost of the raw materials (Table 3) used for
their formulation was calculated.

Table 3. Raw materials cost (€-t™1).

WBA Na,SiO3 NaOH (Pearls) Water
0.6 566 [48] 884 [48] 1.9 [48]

3. Results and Discussion

3.1. Hydrolytic Stability Test and Integrity Test

The boiling water test demonstrated the AA-WBA binders’ resistance to hydrolytic degradation.
The specimen mass loss percentage was lower than 3% in all formulations. The AA-WBA binders
also remain consolidated after the integrity test. Figure 3a shows the pH results of AA-WBA binders.
There was a significant pH increase at the beginning of the integrity test due to the alkalinity of
all samples. The pH values were stabilized after 120 min around a range between 10.75 and 11.25.
The conductivity values (Figure 3b) increased gradually during the test because of the contribution of
Na* and OH™ ions found in unreacted NaOH and Na,SiO3. The presence of C1~ ions in WBA also
led to an increase of conductivity. As expected in both cases, the higher the concentration used to
formulate the AA-WBA binder, the higher the pH and conductivity values obtained. These results
demonstrate the chemical stability of AA-WBA binders.
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Figure 3. Alkali-activated weathered bottom ash binders’ (AA-WBAs) values of (a) pH (b) conductivity
during the integrity test.
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3.2. Selective Chemical Extractions

The SAM and HCl extraction results are given in Table 4. The percentage of mass dissolved by SAM
extraction in OPC paste compared with that of AA-WBA binders was higher due to its composition based
in C-S-H phases. The main contribution of C-(A)-S-H phases dissolved in WBA powder probably came
from the residues of small construction works in the domestic sphere. The most C-(A)-S-H formation
in AA-WBA occurred in the AA-WBA-6M sample, as it showed the maximum value of dissolved
mass by SAM extraction. A slight reduction of dissolved mass by SAM extraction in the AA-WBA-8M
sample compared with that of the AA-WBA-6M sample was also observed. These results reveal that
the NaOH 6M was the maximum NaOH concentration from which the precipitation of Ca?* in form of
C-(A)-S-H was disadvantaged against the formation of aluminosilicate gels [49]. The HCl extraction
results show that increases in the NaOH concentration of AA-WBA binders resulted in an increase
in the dissolved mass. The selective chemical extraction by HCI led to the dissolution of calcium
and sodium carbonate phases [50], sodium aluminosilicate gels, and zeolites [44], as well as C-(A)-S-H
phases leading to the removal of Ca>* and leaving silica gel as an insoluble residue [46]. The results of
HCl extraction indicate that the higher the NaOH concentration, the higher mass dissolved. This fact
is due to the formation of C-A-S-H gels as demonstrated in SAM extraction, as well as the increased
presence of sodium carbonate phases as the alkali dosage was increased (Table 2).

Table 4. Salicylic acid/methanol (SAM) and HCl extraction results.

Mass Dissolved by SAM (wt.%)  Mass Dissolved by HCI (wt.%)

Portland cement paste 89.8 -
WBA powder 15.9 -
AA-WBA-2M 16.6 56.0
AA-WBA-4M 24.2 57.6
AA-WBA-6M 33.5 59.9
AA-WBA-8M 29.7 615

3.3. Physicochemical Characterization

The analysis of the XRD patterns of the WBA and AA-WBA binders shows the presence of new
crystalline phases. The appearance of new peaks or variations demonstrates the formation of new
crystalline phases in the AA-WBA binders. This can be observed in the shaded areas of Figure 4, where
the XRD pattern of WBA compared with that of the AA-WBA-6M sample is shown.
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Figure 4. XRD patterns of WBA and AA-WBA-6M.
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In the shaded areas of Figure 5a,b, some variation on the peaks’ intensity between the AA-WBA
binders is appreciated, therefore indicating that the amount of these new crystalline phases increases
as the NaOH concentration increases.
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Figure 5. XRD patterns of (a) AA-WBA-2M and AA-WBA-4M, and (b) AA-WBA-6M and AA-WBA-8M.

Figure 6a,b depicts the XRD patterns of AA-WBA-6M and AA-WBA-8M samples, respectively.
These two formulations contain the highest percentage of C-(A)-S-H phases as demonstrated above
(see Section 3.2). In both cases, the main reaction products formed are calcium silicate hydrate (C-S-H;
PDF# 003-0728), gehlenite (Cay Al,SiOy; PDF# 01-072-2128), and reinharbraunsite (Cas(5i04)2(OH)y;
PDF# 029-0380). In the AA-WBA-8M sample, gismondine (CaAlySipOg-4H,O; PDF# 020-0452)
and gaylussite ((NayCa(CO3),-5H,O; PDF# 020-1088) were also identified. All the aforementioned
compounds are related with C-(A)-S-H phases excluding gaylussite, which is a sodium carbonate
compound that reveals the cation exchange between precursor and alkali-activator solution [51].
It is important to note that XRD results agree with the results obtained in the selective
chemical extractions.

1. Calcium silicate hydrate (C-S-H) 1. Calcium silicate hydrate (C-S-H)
a 2. Gehlenite (C-A-S-H) b 2. Gehlenite (C-A-S-H)
3. Reinhardbraunsite (C-S-H) 3. Gismondine (C-A-S-H)
4. Reinhardbraunsite (C-S-H)
5. Gaylussite

Intensity (a.u)

Angle (2-Theta, deg) Angle (2-Theta, deg)

Figure 6. XRD patterns of (a) AA-WBA-6M and (b) AA-WBA-8M.

Depicted in Figure 7 is the WBA FTIR spectrum compared to the FTIR spectra of the AA-WBA
binders, which was used to find evidence of the alkali-activation of the WBA. The broad band at
984 cm™! ascribed to T-O stretching vibrations (where T=Si or Al) was displaced towards higher
frequencies, indicating the formation of C-(A)-S-H gel [52]. With respect to the AA-WBA spectra,
a shift of the main broad band towards lower frequencies was observed. This fact is probably due to
both the inclusion of aluminum on the C-S-H gel [53], which is consistent with chemical extraction
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and XRD results. There was a weak peak at 780 cm™! associated with Si-O-Si bridging bonds in quartz
(Si0,) [54]. The peak mentioned above was indiscernible in AA-WBA-6M and AA-WBA-8M samples.
This fact probably means that a large proportion of quartz had reacted to form new phases due to
the higher alkalinity of the alkali-activator solution used. The strong band at 1429 cm~L, assigned to
the stretching mode of carbonates, as well as sharp peaks at 875 cm~! and 713 em~! which were related
to the bending mode of carbonates, were less intense in AA-WBA binders [54].
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Figure 7. WBA and AA-WBA FTIR spectra.

The FTIR spectra of WBA before and after SAM is shown in Figure 8a. The band at 984 cm™!
associated with T-O stretching vibrations (where T=Si or Al) was shifted to 1003 cm™!, which means
that C-(A)-S-H phases were dissolved by SAM extraction [55]. The strong band at 1429 cm™!, assigned
to the stretching mode of carbonates, as well as sharp peaks at 875 cm™! and 713 cm™! related to
the bending mode of carbonates, did not present any changes. Figure 8b shows the FTIR spectra of
the AA-WBA-6M sample before and after SAM and HCl extraction. This sample was chosen because
it was the one that would potentially present better results. A more pronounced shifting (995 to
~1065 cm™1) in the band associated with T-O stretching vibrations (where T=Si or Al) could be observed
because of the large amount of C-(A)-S-H phases in the AA-WBA-6M sample. Both in SAM extraction
and HCl extraction spectra, three peaks (*790, ~930, ~1050 cm~1) and a shoulder (1162 cm™!) were
also observed, which are characteristic of silica gels [56,57].

a —— WBA b —— AA-WBA-6M
—— WBA - SAM Residue —— AA-WBA-6M SAM residue

—— AA-WBA-6M HClI residue
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Figure 8. FTIR spectra before and after SAM extraction of (a) WBA and (b) AA-WBA-6M.
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Figure 9 shows the SEM images of AA-WBA binders in backscattering electron (BSE) mode.
The effect of alkali-activator concentration in the compactness and microstructure of the material
is demonstrated. Two differentiated areas in all samples can be observed; a light grayish compact
area which was essentially attributed to the C-(A)-S-H gel [52]; and a dark grayish disaggregated
area composed of unreacted WBA. In the AA-WBA-2M sample (Figure 9a), it can be observed that
the unreacted WBA area is prominent compared with the compact area. The same appearance
on the AA-WBA-4M microstructure is shown in Figure 9b. However, there is a predominance of
the C-(A)-S-H gel in the cement matrix in contrast with Figure 9a. The microstructure of the AA-WBA-6M
(Figure 9c) shows a prominent lighter grayish homogeneous-colored matrix with two distinguished
areas corresponding to C-(A)-S-H gel. The compact area is associated with the C-(A)-S-H gel formed by
sodium silicate [52], while the rough compact area is ascribed to the C-(A)-S-H gel formed by NaOH [58].
The microstructure of AA-WBA-8M sample (Figure 9d) shows three distinguished areas: The same
two light grayish areas of Figure 9c and a darker grayish area corresponding to the unreacted WBA.
The formation of C-(A)-S-H gel to a greater or lesser extent, depending on NaOH in the alkali-activator
solution used, was demonstrated. The SEM images reveals that the use of NaOH 6M led to a greater
formation of the C-(A)-S-H gel in agreement with the selective extraction results mentioned above
(Section 3.2).

Figure 9. SEM images of AA-WBA binders. (a) 2, (b) 4, () 6, (d) 8M.

3.4. Physical and Mechanical Characterization

The density and open porosity of the AA-WBA binders were determined to analyze the mechanical
behavior because these properties are extremely linked. The bulk density (1.18 + 0.1 g-em™2) and open
porosity (38 + 0.5%) results demonstrated the material formation with low density and porosity,
probably due to the reaction between metallic aluminum and the alkaline activator to generate
hydrogen gas [33,34]. Figure 10 depicts the compressive strength and bulk density results where
the same trend can be observed in both cases. A maximum value of compressive strength and bulk
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density was obtained in the AA-WBA-6M sample, in congruence with selective chemical extraction
results and the AA-WBA microstructure observed in SEM images (Sections 3.2 and 3.3, respectively).
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Figure 10. Bulk density and compressive strength of AA-WBA binders.
3.5. Environmental Characterization

The environmental characterization through leaching tests in deionized water according EN
12457-2 was performed to assess the potential release of heavy metal(loid)s in the AA-WBA binders.
In the case of the WBA, the test was carried out for both a non-milled sample and milled sample
to evaluate if the process of particle size reduction increased the potential release of heavy metals
and metal(loid)s on leachates. In the AA-WBA, the test was carried out on crushed particles below
4 mm, aiming to simulate the worst possible scenario for the AA-WBA leachates, which is at the end of
their life cycle when they are demolished. The leaching concentrations of heavy metal(loid)s in WBA
and AA-WBA binders are given in Table 5. In WBA, the leaching concentrations of Cu, Cr (only for WBA
powder), Mo, and Sb exceeded the limit for acceptance at landfills for inert waste [59]. Most of the heavy
metal(loid)s were more leached (As, Pb, Ni, Sb, and Zn) in AA-WBA binders when compared to WBA
due to pH increase and the greater pH-dependent metals” mobility. Leaching concentration of Cu
and Mo exceeded the acceptance at landfills for inert waste. However, Sb and As were the main causes of
concern, since the former exceeded the limit marked for acceptance at landfills for non-hazardous waste,
whilst As was very close to this limit. The presence of these two heavy metal(loid)s was because of
the substantial amount of primary and secondary glass in the WBA [6]. Arsenic (As;O3) and antimony
(SbpO3) oxides are extensively used in the glass industry as fining agent, to lighten glass and to remove
air bubbles [60]. It is important to highlight that the AA-WBA binders were subjected to an aggressive
leaching test. The authors expect better results can be obtained with other, less aggressive leaching
tests (such as the monolithic test). The environmental characterization reveals that the higher Na,O
content in alkali-activator solution, the higher the heavy metal(loid)s’ activation.

Table 5. Leaching concentrations (mg-kg™!) on WBA and AA-WBA binders after leaching tests (EN
12457-2) and limits for acceptance at landfills.

Sample As Ba Cd Cr Cu Hg Mo Pb Ni Sb Zn pH
Non-milled WBA 0.02 042  <0.01 0.21 3.27 0.05 0.71 0.07 <0.03 023 0.90 9.66
WBA powder 0.04 037  <0.01 0.51 3.33 0.01 1.26 0.03 <0.03 035 0.44 11.33
AA-WBA-2M 1.29 0.05 0.01 0.47 346  <0.01 0.94 0.41 0.23 1.61 2.30 11.26
AA-WBA-4M 1.44 0.07 0.02 0.34 2.80  <0.01 0.85 0.51 0.27 1.50 3.26 11.39
AA-WBA-6M 1.51 0.08 0.00 0.27 3.25 0.01 0.88 0.54 0.29 1.62 3.44 11.62
AA-WBA-8M 1.65 0.08 0.00 0.37 3.91 0.12 0.89 0.40 0.12 1.93 3.09 11.77

1 Inert waste (mg»kg’l) 0.5 20 0.04 0.5 2 0.01 0.5 0.5 0.4 0.06 4

! Non-hazardous waste (mg-kg™") 2 100 1 10 50 0.2 10 10 10 0.7 50

1 Hazardous waste (mg-kg’l)

300

5

70

100

2

30

50

40

5

200

! Limit for acceptance at landfills [59].
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3.6. AA-WBA Formulation Costs

The costs of AA-WBA formulations compared to OPC costs are shown in Table 6. An increase
in the cost of AA-WBA binders in a range between 29 to 45% with respect to OPC can be observed.
As expected, the higher the NaOH concentration, the higher the cost of the formulation due to the high
cost of NaOH pearls. It is important to note that the electricity for the WBA grinding process was not
considered; therefore, the formulation’s final cost would be slightly higher. However, the key to
produce a competitive AA-WBA binder in cost terms is to reduce the cost of sodium silicate.

Table 6. Cost (€-t~! binder) of AA-WBA formulations.

orc AA-WBA-2M  AA-WBA-4M AA-WBA-6M AA-WBA-8M
106.2 [61] 137.6 143.3 148.8 153.9

4. Conclusions

The valorization of the WBA is a challenge to be solved by the WtE plants due to the continuous
growth of MSW around the world. The work reported herein validates the potential of WBA
as precursor in alkali-activated cements. The use of WBA as precursor promotes the zero-waste
principle and contributes to the development of new low-carbon cements. Moreover, the novelty
and uniqueness of this research was based on reducing the curing temperature of the AA-WBA.
The curing at room temperature allowed for the extension and facilitation of the applicability of
the AACs. The hydrolytic stability and integrity tests demonstrated that AA-WBA were properly
bonded. Selective chemical extraction and physicochemical characterization revealed the formation
of C-(A)-S-H gel in the AA-WBA. It also proved the influence of the alkali-activator concentration
in their microstructure. The selective chemical extraction and physical characterization results were
in accordance with the compressive strength results, where it was demonstrated that the use of
AA-WBA is only for non-structural purposes. Environmental characterization showed a concerning
activation of As and Sb, which entails a setback for the waste management of the material once its
cycle of life is finalized. The cost of the AA-WBA formulations demonstrate that it is not possible to
compete with OPC in economic terms due to the high cost of sodium silicate. It would be necessary
to search alternatives to produce a sodium silicate from waste glass, making AA-WBA binders more
economical and sustainable.

The authors will focus their future line investigation on the formulation of AA-WBA using
the least polluted fractions of WBA (coarser fractions). The main aim is using fractions that
contain greater availability of SiO,, hence favoring the formation of C-(A)-S-H and N-A-S-H gels to
enhance the mechanical properties of AA-WBA. The environmental properties of AA-WBA binders
would also improve given the low content of heavy metal(loid)s in coarse fractions.

Author Contributions: Conceptualization, ].M.C. and J.G.-P.; methodology, AM.-A.and A.A.-R; validation, J.G.-P,
J.E, and ].M.C,; formal analysis, AM-A,; investigation, AM.-A. and A.A.-R; data curation, J.E; writing—original
draft preparation, AM.-A; writing—review and editing, J.G.-P, J.E,, and ].M.C.; supervision, ] M.C. and ].G.-P;
funding acquisition, ].M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Government (BIA2017-83912-C2-1-R).

Acknowledgments: The authors would like to thank the Catalan Government for the quality accreditation given
to their research groups DIOPMA (2017 SGR 118). The authors also want to thank SIRUSA and VECSA for
supplying MSWI Bottom Ash and Karla Montes for the linguistic revision. Alex Maldonado-Alameda is grateful
to the Government of Catalonia for the research Grant (FI-DGR 2017).

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.



Appl. Sci. 2020, 10, 4129 13 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

European Commission. The Role of Waste-to-Energy in the Circular Econonty; European Commission: Brussels,
Belgium, 2017; Available online: http://ec.europa.eu/priorities/energy-union-and-climate/state-energy-
union_en%0Ahttp://ec.europa.eu/environment/waste/waste-to-energy.pdf (accessed on 11 June 2020).
Cheng, H.; Hu, Y. Municipal solid waste (MSW) as a renewable source of energy: Current and future practices
in China. Bioresour. Technol. 2010, 101, 3816-3824. [CrossRef] [PubMed]

Confederation of European Waste-to-Energy Plants. Waste-to-Energy Plants in Europe in 2017, CEWEP:
Brussels, Belgium, 2019; Available online: https://www.cewep.eu/waste-to-energy-plants-in-europe-in-2017/
(accessed on 11 June 2020).

Bontempi, E.; éyc, M.; Lederer, J.; Quina, M.]J.; Blanc-Biscarat, D.; Bogush, A.; Bontempi, E.; Blondeau, J.;
Chimenos, ].M.; Quina, M.].; et al. Legal situation and current practice of waste incineration bottom ash
utilisation in Europe. Waste Manag. 2020, 102, 868-883. [CrossRef]

Eurostat—European Statistical Office. Municipal Waste Statistics, Luxembourg. 2019. Available online:
https://ec.europa.eu/eurostat/statistics-explained/index.php?titte=Municipal_waste_statistics (accessed on
11 June 2020).

Del Valle-Zermeno, R.; Gomez-Manrique, J.; Paloma, J.G.; Formosa, J.; Simon, F.-G. Material characterization
of the MSWI bottom ash as a function of particle size. Effects of glass recycling over time. Sci. Total Environ.
2017, 581, 897-905. [CrossRef] [PubMed]

Wei, Y.; Shimaoka, T.; Saffarzadeh, A.; Takahashi, F. Mineralogical characterization of municipal solid waste
incineration bottom ash with an emphasis on heavy metal-bearing phases. |. Hazard. Mater. 2011, 187,
534-543. [CrossRef] [PubMed]

Chimenos, ].M.; Fernandez, A.L; Nadal, R.; Espiell, F. Short-term natural weathering of MSWI bottom ash.
J. Hazard. Mater. 2000, 79, 287-299. [CrossRef]

Verbinnen, B.; Billen, P.; Van Caneghem, J.; Vandecasteele, C. Recycling of MSWI Bottom Ash: A Review of
Chemical Barriers, Engineering Applications and Treatment Technologies. Waste Biomass Valoriz. 2016, 8,
1453-1466. [CrossRef]

Silva, R.; De Brito, J.; Lynn, C.; Dhir, RK. Use of municipal solid waste incineration bottom ashes
in alkali-activated materials, ceramics and granular applications: A review. Waste Manag. 2017, 68,
207-220. [CrossRef]

Shi, C.; Fernandez-Jiménez, A.; Palomo, A. New cements for the 21st century: The pursuit of an alternative
to Portland cement. Cem. Concr. Res. 2011, 41, 750-763. [CrossRef]

Provis, J.L.; Palomo, A_; Shi, C. Advances in understanding alkali-activated materials. Cem. Concr. Res. 2015,
78,110-125. [CrossRef]

Duxson, P.; Fernandez-Jiménez, A_; Provis, J.L.; Lukey, G.C.; Palomo, A.; Van Deventer, ].S.]. Geopolymer
technology: The current state of the art. J. Mater. Sci. 2006, 42, 2917-2933. [CrossRef]

Lodeiro, I.G.; Palomo, A.; Fernandez-Jiménez, A.; Macphee, D. Compatibility studies between N-A-S-H
and C-A-S-H gels. Study in the ternary diagram Na20-CaO-A1203-SiO2-H20. Cem. Concr. Res. 2011, 41,
923-931. [CrossRef]

Fernandez-Jiménez, A.; Palomo, A. Composition and microstructure of alkali activated fly ash binder:
Effect of the activator. Cem. Concr. Res. 2005, 35, 1984-1992. [CrossRef]

De Vargas, A.S.; Molin, D.C.D,; Vilela, A.; Da Silva, E]J.; Pavao, B.; Veit, H.M. The effects of Na20/SiO2molar
ratio, curing temperature and age on compressive strength, morphology and microstructure of alkali-activated
fly ash-based geopolymers. Cem. Concr. Compos. 2011, 33, 653-660. [CrossRef]

Alonso, S.; Vazquez, T.; Puertas, F.; Martinez-Ramirez, S. Alkali-activated fly ash/slag cement Strength
behaviour and hydration products. Cem. Concr. Res. 2000, 30, 1625-1632.

Bakharev, T. Resistance of geopolymer materials to acid attack. Cem. Concr. Res. 2005, 35, 658-670. [CrossRef]
Provis, J.L.; van Deventer, ].S.J. Geopolymers: Structures, Processing, Properties and Industrial Applications;
Elsevier: Amsterdam, The Netherlands, 2009.

Van Deventer, ].S.].; Provis, J.L.; Duxson, P. Technical and commercial progress in the adoption of geopolymer
cement. Miner. Eng. 2012, 29, 89-104. [CrossRef]



Appl. Sci. 2020, 10, 4129 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bernal, S.A.; Rodriguez, E.D.; Kirchheim, A.P,; Provis, ].L. Management and valorisation of wastes through
use in producing alkali-activated cement materials. . Chem. Technol. Biotechnol. 2016, 91, 2365-2388.
[CrossRef]

Rivera, J.; Castro, F; Fernandez-Jiménez, A_; Cristelo, N. Alkali-Activated Cements from Urban, Mining
and Agro-Industrial Waste: State-of-the-art and Opportunities. Waste Biomass Valoriz. 2020. [CrossRef]
Provis, ].L. Alkali-activated materials. Cem. Concr. Res. 2018, 114, 40-48. [CrossRef]

Lancellotti, I; Kamseu, E.; Michelazzi, M.; Barbieri, L.; Corradi, A.; Leonelli, C. Chemical stability of
geopolymers containing municipal solid waste incinerator fly ash. Waste Manag. 2010, 30, 673—-679.
[CrossRef]

Galiano, Y.L.; Pereira, C.E,; Vale, J. Stabilization/solidification of a municipal solid waste incineration residue
using fly ash-based geopolymers. J. Hazard. Mater. 2011, 185, 373-381. [CrossRef]

Zheng, L.; Wang, C.; Wang, W.; Shi, Y.; Gao, X. Immobilization of MSWI fly ash through geopolymerization:
Effects of water-wash. Waste Manag. 2011, 31, 311-317. [CrossRef] [PubMed]

Komnitsas, K. Potential of geopolymer technology towards green buildings and sustainable cities. Procedia Eng.
2011, 21, 1023-1032. [CrossRef]

European Comission. Towards a Circular Economy: A Zero Waste Programme for Europe; European Comission:
Brussels, Belgium, 2014; Available online: https://eur-lex.europa.eu/resource. html?uri=cellar:aa88c66d-4553-
11e4-a0cb-01aa75ed71a1.0022.03/DOC_1&format=PDF (accessed on 11 June 2020).

Lancellotti, I.; Ponzoni, C.; Barbieri, L.; Leonelli, C. Alkali activation processes for incinerator residues
management. Waste Manag. 2013, 33, 1740-1749. [CrossRef] [PubMed]

Lodeiro, I.G.; Carcelen-Taboada, V.; Fernandez-Jiménez, A.; Palomo, A. Manufacture of hybrid cements with
fly ash and bottom ash from a municipal solid waste incinerator. Constr. Build. Mater. 2016, 105, 218-226.
[CrossRef]

Huang, G, Ji, Y,; Li, J.; Zhang, L.; Liu, X,; Liu, B. Effect of activated silica on polymerization mechanism
and strength development of MSWI bottom ash alkali-activated mortars. Constr. Build. Mater. 2019, 201,
90-99. [CrossRef]

Lancellotti, I; Ponzoni, C.; Bignozzi, M.C.; Barbieri, L.; Leonelli, C. Incinerator Bottom Ash and Ladle Slag
for Geopolymers Preparation. Waste Biomass Valorization 2014, 5, 393-401. [CrossRef]

Saffarzadeh, A.; Arumugam, N.; Shimaoka, T. Aluminum and aluminum alloys in municipal solid waste
incineration (MSWI) bottom ash: A potential source for the production of hydrogen gas. Int. ]. Hydrog.
Energy 2016, 41, 820-831. [CrossRef]

Zhu, W.; Rao, X.H.; Liu, Y,; Yang, E.-H. Lightweight aerated metakaolin-based geopolymer incorporating
municipal solid waste incineration bottom ash as gas-forming agent. J. Clean. Prod. 2018, 177, 775-781.
[CrossRef]

Huang, G.; Yuan, L.; Ji, Y,; Liu, B.; Xu, Z. Cooperative action and compatibility between Portland cement
and MSWI bottom ash alkali-activated double gel system materials. Constr. Build. Mater. 2019, 209, 445-453.
[CrossRef]

Liu, Y.; Sidhu, K.S.; Chen, Z.; Yang, E.-H. Alkali-treated incineration bottom ash as supplementary
cementitious materials. Constr. Build. Mater. 2018, 179, 371-378. [CrossRef]

Chen, Z.; Yang, E.-H. Early age hydration of blended cement with different size fractions of municipal solid
waste incineration bottom ash. Constr. Build. Mater. 2017, 156, 880-890. [CrossRef]

Chen, Z.; Liu, Y.; Zhu, W.; Yang, E.-H. Incinerator bottom ash (IBA) aerated geopolymer. Constr. Build. Mater.
2016, 112, 1025-1031. [CrossRef]

Zhu, W.; Chen, X,; Struble, L.J.; Yang, E.-H. Characterization of calcium-containing phases in alkali-activated
municipal solid waste incineration bottom ash binder through chemical extraction and deconvoluted Fourier
transform infrared spectra. J. Clean. Prod. 2018, 192, 782-789. [CrossRef]

Lancellotti, I.; Cannio, M.; Bollino, F.; Catauro, M.; Barbieri, L.; Leonelli, C. Geopolymers: An option for
the valorization of incinerator bottom ash derived “end of waste”. Ceram. Int. 2015,41,2116-2123. [CrossRef]
Maldonado-Alameda, A.; Paloma, J.G.; Svobodova-Sedlackova, A.; Formosa, J.; Simon, F.-G. Municipal solid
waste incineration bottom ash as alkali-activated cement precursor depending on particle size. ]. Clean. Prod.
2020, 242, 118443. [CrossRef]

Chimenos, ].M.; Segarra, M.; Fernandez, M.; Espiell, E. Characterization of the bottom ash in municipal solid
waste incinerator. |. Hazard. Mater. 1999, 64,211-222. [CrossRef]



Appl. Sci. 2020, 10, 4129 15 of 15

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lodeiro, 1.G.; Macphee, D.E.; Palomo, A.; Fernandez-jiménez, A. Effect of alkalis on fresh C-S-H gels.
FTIR analysis. Cem. Concr. Res. 2009, 39, 147-153. [CrossRef]

Fernandez-Jiménez, A.; Palomo, A. Mid-infrared spectroscopic studies of alkali-activated fly ash structure.
Microporous Mesoporous Mater. 2005, 86, 207-214. [CrossRef]

Huang, G; Ji, Y.; Zhang, L.L.; Li, J.; Hou, Z. The influence of curing methods on the strength of MSWI bottom
ash-based alkali-activated mortars: The role of leaching of OH—- and free alkali. Constr. Build. Mater. 2018,
186, 978-985. [CrossRef]

Puligilla, S.; Mondal, P. Co-existence of aluminosilicate and calcium silicate gel characterized through
selective dissolution and FTIR spectral subtraction. Cem. Concr. Res. 2015, 70, 39-49. [CrossRef]

Zhuang, X.Y.; Chen, L.; Komarneni, S.; Zhou, C.; Tong, D.S.; Yang, H.M.; Yu, W.H.; Wang, H. Fly ash-based
geopolymer: Clean production, properties and applications. . Clean. Prod. 2016, 125, 253-267. [CrossRef]
You, S.; Ho, SSW.; Li, T.; Maneerung, T.; Wang, C.-H. Techno-economic analysis of geopolymer production
from the coal fly ash with high iron oxide and calcium oxide contents. ]. Hazard. Mater. 2019, 361, 237-244.
[CrossRef] [PubMed]

Alonso, S.; Palomo, A. Calorimetric study of alkaline activation of calcium hydroxide-metakaolin solid
mixtures. Cem. Concr. Res. 2001, 31, 25-30. [CrossRef]

Taylor, H. Cement chemistry. Cem. Chem. 1997. [CrossRef]

Kovtun, M.; Kearsley, E.; Shekhovtsova, J. Chemical acceleration of a neutral granulated blast-furnace slag
activated by sodium carbonate. Cem. Concr. Res. 2015, 72, 1-9. [CrossRef]

Puertas, F.; Fernandez-Jiménez, A.; Blanco-Varela, M.T. Pore solution in alkali-activated slag cement pastes.
Relation to the composition and structure of calcium silicate hydrate. Cem. Concr. Res. 2004, 34, 139-148.
[CrossRef]

Walkley, B.; Nicolas, R.S.; Sani, M.-A.; Rees, G.J.; Hanna, ].V.; Van Deventer, ].S.J.; Provis, ].L. Phase evolution
of C-(N)-A-S-H/N-A-S-H gel blends investigated via alkali-activation of synthetic calcium aluminosilicate
precursors. Cem. Concr. Res. 2016, 89, 120-135. [CrossRef]

Criado, M.; Palomo, A.; Fernandez-Jiménez, A. Alkali activation of fly ashes. Part 1: Effect of curing
conditions on the carbonation of the reaction products. Fuel 2005, 84, 2048-2054. [CrossRef]

Ravikumar, D.; Neithalath, N. Effects of activator characteristics on the reaction product formation in slag
binders activated using alkali silicate powder and NaOH. Cem. Concr. Compos. 2012, 34, 809-818. [CrossRef]
Lodeiro, 1.G.; Fernandez-Jiménez, A.; Blanco, M.T.; Palomo, A. FTIR study of the sol-gel synthesis of
cementitious gels: C-S-H and N-A-S-H. J. Sol Gel Sci. Technol. 2007, 45, 63-72. [CrossRef]

Zhu, W.; Chen, X.; Zhao, A_; Struble, L.J.; Yang, E.-H. Synthesis of high strength binders from alkali activation
of glass materials from municipal solid waste incineration bottom ash. J. Clean. Prod. 2019, 212, 261-269.
[CrossRef]

Puertas, F.; Palacios, M.; Manzano, H.; Dolado, ]J.S.; Rico, A.; Rodriguez, J. A model for the C-A-S-H gel
formed in alkali-activated slag cements. J. Eur. Ceram. Soc. 2011, 31, 2043-2056. [CrossRef]

Council of the European Union. 2003/33/EC, Council Decision establishing criteria and procedures for
the acceptance of waste at landfills pursuant to Article 16 of and Annex II to Directive 1999/31/EC. Off. ]. Eur.
Communities 2003, 11, 27-49.

Apostoli, P; Giusti, S.; Bartoli, D.; Perico, A.; Bavazzano, P.; Alessio, L. Multiple exposure to arsenic, antimony,
and other elements in art glass manufacturing. Am. J. Ind. Med. 1998, 34, 65-72. [CrossRef]

McLellan, B.; Williams, R.; Lay, J.; Van Riessen, A.; Corder, G. Costs and carbon emissions for geopolymer
pastes in comparison to ordinary portland cement. J. Clean. Prod. 2011, 19, 1080-1090. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



Chapter VI - Alkali activation of WBA as a sole precursor

5.2. Alkali activation using the least polluted fraction

The third published manuscript was in line with the determination of the WBA potential as a
sole precursor in the alkali activation technology. The least polluted fraction of the WBA (from
8 to 30 mm) was used instead of the entire fraction (0 to 30 mm) to enhance the mechanical
and environmental properties of AA-WBA binders. The 8 to 30 mm fraction is mainly composed
of primary and secondary glass which come mainly from beverages containers, as well as
synthetic and fired ceramics, like tiles, pavements, and other construction materials in the
domestic spheres. This fraction was chosen considering previous studies carried out by the
authors, where the highest SiO, availability was demonstrated to be in the fractions above 8
mm [4]. It was expected that the higher SiO, availability on WBA least polluted fraction (from
8 to 30 mm) enhance the precursor reactivity during the alkali activation process and the
binders’” mechanical properties. Moreover, this fraction contains less amount of metallic
aluminium. Therefore, the generation of H, gas would be lower compared to other studies
found in the literature [1,8]. Despite the glassy composition of the least polluted fraction, which
should lead to the N-A-S-H gel formation, the presence of calcium potentially reactive phases
such as anhydrite could also contribute to the C-(A)-S-H gel formation. As mentioned in section
6.1, the pH of the alkaline activator plays an essential role in the dissolution of Ca?*, Si**, and
AlP* species. For this reason, it was also evaluated the influence of NaOH in the AA-WBA binders
formulated with the 8 to 30 mm fraction. The same chemical, physical, mechanical, and
environmental characterisation as the previous investigation was conducted to compare the

benefits and disadvantages of using this particle size fraction (8 to 30 mm).

5.2.1. Originality and chief contributions

The novelty of this investigation was the use of the WBA least polluted fraction considering its
highest reactive SiO; availability to enhance the mechanical performance of AA-WBA binders.
As far as the authors’ knowledge, there are no studies on the literature where the least polluted
fraction is used. This fraction was also chosen due to its low metallic aluminium and heavy
metal(loid)s content to decrease the porosity and potential release of hazardous compounds,

respectively.
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The chief contribution was to reveal the enhancement of AA-WBA binders’ mechanical
properties using the 8 to 30 mm fraction instead of EF (0 to 30 mm). As in the second
publication, it was also demonstrated the influence of the alkaline activator concentration in
the final properties of AA-WBA binders, obtaining better performance using the NaOH 6M
solution. The high leaching release of As and Sb was once again evidenced due to the higher

amount of SiO; in the least polluted fraction compared to the entire fraction.

5.2.2. Paper 3: Alkali-activated binders based on the coarse fraction of

municipal solid waste incineration bottom ash
The published article in the Boletin de la Sociedad espafiola de cerdmica y vidrio is available
online since the 11™ January 2020, but it is not published in journal paper format yet (Figure
6.2). In addition, a work related to the investigation was presented on The LVII Congreso

Nacional de la Sociedad Espafiola de Cerdmica y Vidrio (October 2020) in Castelldn (Spain) (see

Appendix 1).
% Boletin de la Sociedad Espafiola de Ceramicay |e= ]
o e Vidrio :
& .i\uiLI' . S
Available online 11 January 2021
In Press, Corrected Proof ()
Original

Alkali-activated binders based on the coarse
fraction of municipal solid waste incineration
bottom ash

Aglutinantes alcalinos basados en la fraccion
gruesa de las escorias de incineracion de los
residuos urbanos

N ., ) . - ) ) o
Alex Maldonado-Alameda, |essica Giro-Paloma, Jofre Manosa, Joan Formosa, Josep Maria Chimenos & B

Figure 6.2. Article published in Boletin de la Sociedad espafiola de cerdmica y vidrio in 2021,
titled “Alkali-activated binders based on the coarse fraction of municipal solid waste
incineration bottom ash” [13].
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las propiedades finales del material. Los resultados verificaron la estabilidad hidrolitica de
todas las formulaciones. La seleccién quimica extractiva y la caracterizacién fisico-quimica
revel6 la formacion de geles C-S-H, C-A-S-H y (N,C)-A-S-H. Los prometedores resultados de
resistencia a compresién demostraron el potencial de los AA-WBA. El incremento del pH

de la solucién activadora contribuye a la formacién de los productos de reaccién y mejora

las propiedades mecanicas. Esta investigacién promueve la fabricaciéon de cementos mas

respetuosos con el medio ambiente y el uso de materias primas provenientes de fuentes
secundarias para minimizar la extraccién de recursos naturales utilizados en la fabricacién

de cemento Portland.

© 2020 SECV. Publicado por Elsevier Espaia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ordinary Portland cement (OPC) is the most used building
material due to its mechanical properties, abundance, and
low cost. The OPC manufacturing is energy-intensive since
requires combustion processes at high temperatures (1450 °C)
as well as heavy equipment to crush and grind the raw mate-
rials and clinker [1]. In 2019, the worldwide OPC production
was 4.1 billion tonnes [2]. Emerging economies (e.g. China
and India) were responsible for 60% of the global OPC pro-
duction because of their economy and population growth.
For these reasons, the OPC manufacturing is responsible for
5-7% of global anthropogenic CO, emissions [3] and the 2%
of the global primary energy consumption [4]. Excessive OPC
production has become an important threat to the popula-
tion health and the environment [5,6]. The main challenge
for the cement industry is seeking more efficient manufactur-
ing processes and new eco-friendly materials, promoting the
new low-carbon strategies and policies raised by the govern-
ments [7]. Focusing on the investigation and the development
of new sustainable materials, one of the leading and promising
alternatives are the alkali-activated cements (AACs) [8].

AACs are a high strength binder system consisting of
the reaction of an alkali-activating solution with a solid
aluminosilicate-rich powder precursor [9]. The alkali media,
usually sodium hydroxide (NaOH), potassium hydroxide
(KOH), and sodium silicate (Na,SiO3) [10], accelerates the dis-
solution of the solid precursor. After a proper curing process,
a binder matrix with similar properties to the OPC is obtained
[11]. The main reaction products are C-A-S-H, N-A-S-H, or
(N,C)-A-S-H gels depending on the calcium availability in the
powder precursor [12]. Binder’s final microstructure and prop-
erties also vary as a function of the alkali activator used [13],
and the curing temperature [14,15]. The mechanical proper-
ties and high resistance to temperature and fire are the most
highlighted AACs properties [16,17]. However, their highest
added value is their low carbon footprint compared to OPC
[18]. The energy reduction required for their production turns
AACs into a greener material than OPC [8]. The use of munic-
ipal and industrial wastes [19,20] as prevalent precursors is
also remarkable because it allows moving towards zero waste
principle promoted by the European Union (EU) [21].

The bottom ash (BA) from municipal solid waste incinera-
tion (MSWI) is a potential precursor in AACs, as demonstrated
in somerecent publications [22-24].1n 2018, 250 million tonnes

of MSW were generated in the 28 countries of the EU (EU-28).
The leading European states base a large part of their waste
management policy on energy recovery through incineration
[25]. Around 28% of MSW in the EU-28 (2018) were incinerated
in waste-to-energy plants (WtE) [26]. The incinerated bottom
ash (IBA) production in 2017 was 19 Mt, which is approximately
20 wt.% of the waste treated in the plants in the EU-28 [27,28].
IBA is mainly composed of mineral fraction (85%), ferrous met-
als (10-12%), and non-ferrous metals (2-5%) [27]. The mineral
fraction can be considered a slag and granular material and
it is classified as hazardous or non-hazardous waste accord-
ing European waste codes (EWC). For its application in a wide
range of engineering sectors [29], it is necessary a weather-
ing process for 2-3 months to carbonation, pH stabilisation,
and hydration of the IBA mineral phases [30]. Weathered bot-
tom ash (WBA) is the technical name of the resulting material
after this maturation process. Despite the high WBA hetero-
geneity, its composition is silica-rich and contains substantial
amounts of calcium and aluminium [31,32]. These are the
essential compounds to obtain AACs. Therefore, it is demon-
strated that WBA can be considered as a potential source in
the AACs formulation [24]. Although the WBA potential in
the AACs formulations has been demonstrated elsewhere [24],
just a few studies use WBA as sole precursor. The AACs for-
mulated with WBA stand out for their high porosity [33] which
is directly related to the metallic aluminium content in the
powder precursor. During the AACs reaction process, the alkali
media reacts with the metallic aluminium generating hydro-
gen gas [34]. Therefore, AACs for non-structural purposes are
obtained [23,35], due to its high porosity and low compressive
strength values.

The aim of this study is the use of the least polluted fraction
of the WBA (from 8 to 30 mm) as sole precursor to formulate
new sustainable alkali-activated binders (AA-WBA). Although
WBA is extensively used as secondary aggregate in civil engi-
neering, its valorisation as precursor is a great opportunity to
give it an added value and promote the zero-waste cement
manufacturing. In addition, the WBA alkali-activation pro-
motes the use of secondary resources instead the natural
resources exploitation associated to the clinker production.
The novelty of this study is the use of the 8-30mm fraction
instead of 0-30mm fraction [35] to enhance the mechanical
properties of final AA-WBA. The 8-30 fraction is mainly com-
posed by container glass and fired ceramics, and it was chosen
considering previous studies carried out by the authors, where
the highest SiO, availability was demonstrated to be in the
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Fig. 1 - Particle size distribution (PSD) of WBA.

fractions above 8 mm [24]. It is expected that higher SiO,
availability on WBA (from 8 to 30 mm) enhance the precursor
reactivity during the alkali activation process and the binders’
compressive strength. Moreover, the least polluted fraction
contains less amount of metallic aluminium and therefore the
generation of hydrogen gas will be lower than other studies
carried out by the authors [35]. The curing process was per-
formed at room temperature to favour the manufacture as well
as to expand the applicability of the AA-WBA. The AA-WBA
binders were formulated using sodium silicate (Na;SiO3) and
NaOH solutions at different concentrations. The NaOH con-
centration effect on the final AA-WBA properties was studied
from physicochemical, mechanical, and environmental point
of view.

Experimental details
Materials

The WBA was collected from a WtE plant located in Tarrag-
ona (Spain), which incinerates around 380tday~' of MSW.
After recovering ferrous and non-ferrous metals in a treat-
ment process, and removing lightweight unburned materials,
around 88 tday ! of fresh IBA are obtained. Finally, the obten-
tion of WBA is produced when the fresh IBA is stockpiled
outdoors for 2-3 months to stabilise the heavy metal(loid)s.
The collected WBA (25kg) was dried in an oven at 105°C for
24h and subsequently sieved to obtain the 8-30 mm fraction.
This fraction represents approximately the 30% of the total
sample, as it is shown in particle size distribution in Fig. 1
(shaded zone was discarded). This 30% is mainly composed
by ceramic materials, as well as primary and secondary glass
[32]. After sieving, the WBA was crushed and milled until the
whole fraction presented a particle size below 80 um. The crys-
talline phases of WBA powder were determined by means
of a Bragg-Brentano Siemens D-500 powder diffractometer
equipment with Cu Ka radiation. The X-ray diffraction (XRD)
pattern of the WBA (Fig. 2) confirms the presence of quartz
(SiO,; PDF# 01-079-1910) and calcite (CaCOs; PDF# 01-083-
1762) as main crystalline phases. Dolomite (CaMg(CO3),; PDF#
01-075-1759), akermanite (CaMg(Si;0y); PDF# 01-079-2424),

1. Quartz

2. Calcite

3. Akermanite

4. Albite

5. Anhydrite

6. Dolomite

7. Microcline
2 8. Muscovite

Intensity (a.u.)

Angle (2-Theta, deg)

Fig. 2 - XRD pattern of WBA.

anhydrite (CaSO4; PDF# 01-072-0503), albite calcian ordered
((Na,Ca)Al(Si,Al)3O0g); PDF# 020-0548), microcline (KAlSi3Og;
PDF# 01-076-0918), and muscovite (KAl,(AlSi3O10)(OH),; PDF#
01-077-2255) were also detected. The XRD results agree with
previous studies where was demonstrated that coarser frac-
tions of the WBA contain a large amount of natural and
synthetic ceramics, as well as substantial amounts of pri-
mary and secondary glass [32]. The chemical composition of
the WBA powder was conducted by X-ray fluorescence (XRF)
analysis with a spectrophotometer Panalytical Philips PW 2400
sequential X-ray equipped with the software UniQuant® v5.0.
Table 1 shows major and trace elements, and confirms that
the main compounds are SiO,, CaO, and Al,Os. This frac-
tion presents a substantial lack of aluminium due to the
high amount of non-ferrous metals recovered by Eddy cur-
rent device in the fractions above 6 mm [27]. The presence
of Al,O3 comes from fired ceramics as mentioned above. XRF
results also agree with the XRD results and the previous stud-
ies mentioned above. The alkali-activator solution used is
composed of Na,SiO3 and NaOH mixture. The Na;SiO3 solu-
tion with 26.44% of SiO, and 8.21% of NayO (p=1.37 gcm™3)
was provided by Scharlab, S.L. company. NaOH solutions (2M
(p=1.08gcm™3); 4M (p=1.16 gcm3); 6M (p=1.20gcm3); and
8M (p=1.24 gcm~3)) were prepared by dissolving NaOH pearls
(Labbox Labware S.L.; purity >98%) in deionised water.

AA-WBA preparation

The alkali-activator (Na;SiO3/NaOH) to precursor (WBA) ratio
remains constant in all the formulations and only the con-
centration of the NaOH solution was varied. Table 2 shows the
mix proportion and chemical composition of alkali-activator
solution. The liquid-to-solid (L/S) mass ratio was determined
considering the good workability of the fresh AA-WBA pastes
during mixing and casting processes. This parameter was
determined by means mini-slump test procedure reported in
the literature [36]. The spread diameters were comprised in
a range between 120 and 140 mm. Liquid (L) term is referred
to the mixture of Na,SiO3 and NaOH solutions. Solid (S) term
is attributed exclusively to the WBA powder. The preparation
of AA-WBA was initiated mixing NaOH and Na,SiO3; solu-
tions (mass ratio of 1:4) in a plastic beaker. This proportion
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Table 1 - Major, minor, and trace elements composition of WBA powder.

Major elements (wt.%)

SiO, CaO Al 03 NayO K,0 Fey03 MgO TiO2 Cl- SO3 LOI

52.08 20.72 6.35 3.38 2.09 4.12 243 0.65 0.54 1.07 6.10
Minor and trace elements (wt.%)

Mn Cu Zn Br Rb Sr Zr Nb Sn Sb Ba Pb

0.02 0.04 0.12 <0.01 0.01 0.05 <0.01 0.10 <0.01 0.01 0.01 0.04 0.04

Loss on ignition at 1100°C.

Table 2 - Mix proportion and alkali-activator chemical composition.

Reference S L 2Nay0 (Wt.%) Si0,/Na; O pH
WBA #NaOH (wt.%) #Na,SiO3 (Wt.%)
2M 4M 6M 8M
AA-WBA-2M 100 16 64 6.2 2.83 11.43
AA-WBA-4M 100 16 64 6.9 2.51 11.90
AA-WBA-6M 100 16 64 7.7 2.26 12.18
AA-WBA-8M 100 16 64 8.4 2.06 12.68

@ Respect to the WBA content.
b Molar ratio.

of alkali-activator solution responds to the main goal of this
work, which is to enhance the mechanical properties of AABs
formulated with WBA as the sole precursor. A NaOH higher
proportion leads to a higher generation of hydrogen affecting
to the mechanical properties of final samples [34]. The WBA
and the alkali-activator solution were mechanically mixed
(liquid-to-solid mass ratio of 0.8:1). The mixing procedure con-
sisted of adding gradually the solid into the liquid for 2min
at 472 rpm to favour the dissolution of reactive phases. After-
wards, the whole mixture was mixed for 3 min at 760 rpm. The
fresh pastes of AA-WBA were cast into 25 mm cubic moulds
and sealed in plastic bags for 3 days in a climate chamber at
25+1°C and relative humidity of 95+5%. After 3 days, the
specimens were demoulded and kept in the climate cham-
ber under the same conditions for 28 days. Nine cubic shape
specimens were obtained from the same batch for each formu-
lation. Four of these specimens were used for the compressive
strength test. The fractured particles after the compressive
strength test were ground to carry out the leaching test. These
fractured particles were also milled to determine the physic-
ochemical characterisation (excepting SEM characterisation)
and selective chemical extraction. Finally, three more speci-
mens were used to determine the apparent density and open
porosity and two specimens for the boiling water test and SEM
characterisation, respectively.

Experimental tests

Boiling water test

The hydrolytic stability and degradation of the AA-WBA
samples were assessed through the immersion of the spec-
imens (previously dried in a desiccator with silica gel until
constant weight) in boiling water for 20 min [37]. Afterwards,

the specimens were placed in a desiccator with silica gel until
constant weight. Finally, the specimen was weighed before
and after the test to determine the mass loss percentage and
to certify the hydrolytic stability of all samples.

Selective chemical extractions

The selective chemical extraction is a complementary tool
to the characterisation techniques which allows determining
the gels nature formed during the AACs geopolimerisation
process [38]. The main reaction products formed in calcium-
rich precursors, such as WBA, are C-S-H or C-A-S-H gels
[39]. These gels can coexist with sodium aluminosilicates or
N-A-S-H gels obtaining a binder matrix with (N,C)-A-S-H gel
[38].

The salicylic acid/methanol (SAM) extraction was con-
ducted to dissolve calcium silicate hydrate phases (C-S-H and
C-A-S-H gels) of the AA-WBA formulated [38]. The SAM pro-
cess consisted of adding 1 g of milled sample in a solution of
salicylic acid (6 g) and methanol (40 ml) and stirring for 1h [23].
Later the solution was filtered (cellulose filter with 20 pm pore
size), and the insoluble residue was washed with methanol
and placed in a desiccator until constant weight. Finally, the
insoluble residue was weighed to determine the weight loss
percentage.

The HCl extraction method was performed to dissolve
both calcium silicate hydrate phases and the sodium alumi-
nosilicate gels and zeolites [40]. For the HCI extraction, 1g of
powdered AA-WBA sample of each formulation was stirred in
a plastic beaker containing a 250 ml HCl solution (1:20) for 3h.
Then, the solution was filtered (cellulose filter with 20 pm pore
size), and the insoluble residue was washed with deionised
water and dried in a desiccator until constant weight. The
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weight loss percentage was determined by weighing the insol-
uble residue.

Physicochemical characterisation

The main crystalline phases of AA-WBA samples were
assessed with Bragg-Brentano Siemens D-500 powder diffrac-
tometer device with Cu Ka radiation. The formation of
AA-WBA main reaction products and insoluble residues
obtained in selective chemical extractions were also eval-
uated by Fourier transform infrared spectroscopy (FT-IR) in
attenuated total reflectance mode (ATR). A Spectrum Two™
equipment from Perkin Elmer was configured for conduct-
ing measurements with an average of 32 scans in the range
of 4000-400 cm~?! and a resolution of 4cm~?. The FT-IR spec-
tra deconvolution of the AA-WBA binders were performed by
means of computer software to acquire a complete under-
standing of the reaction products formed. The deconvolution
was performed in the range of 1250-800 cm—?, corresponding
to the symmetric and asymmetric stretching vibrations of Si-O
bonds [41]. Gaussian functions were added to adjust the shape
of the spectra, following some criteria extracted from litera-
ture: (i) the presence of a shoulder or a slope variation in the
FT-IR spectrum should correspond to the presence of a band;
(ii) the addition of a peak improves the fit in the range and
the coefficient of correlation; (iii) the coefficient of correlation
should be always above 0.999 [42]. The fitting with the Gaus-
sian functions was combined with the self-fitting function
of the computer software. The microstructure characterisa-
tion of the samples was conducted through scanning electron
microscopy (SEM), using an ESEM FEI Quanta 200 equipment.
The Ca0/SiO,, Al,03/Si0,, and Al,03/Na,0 ratios were deter-
mined through the energy-dispersive X-ray spectroscopy (EDS)
analysis of the micrograph areas for each sample. The sam-
ples were cut with a diamond disc cutter at low velocity
(140 rpm) to obtain a planar sample with 1.5 mm thickness for
each formulation. The samples were coated with graphite due
to the non-conductive nature of the AA-WBA binders. Bulk
density and open porosity were determined following the EN
1936:2006 standard.

Mechanical characterisation

The compressive strength was evaluated by testing three
specimens for each formulation. Specimens were evalu-
ated through compressive strength test with an Incotecnic
MULTI-R1 device, equipped with 20kN load cell, following
the standard UNE-EN 196-1. A progressive load until fracture
(loading rate of 240kgs~?!) was applied. The mean values for
the four cubic shape specimens for each formulation were
reported.

Leaching test

The environmental characterisation of the AA-WBA was per-
formed following the European standard EN 12457-2 to assess
the heavy metal(loid)s (As, Ba, Cd, Cr, Cu, Hg, Mo, Pb, Ni, Sb,
and Zn) potential release in deionised water. Leaching tests
were conducted to the crushed AA-WBA (below 4 mm) aim-
ing to simulate when AA-WBA binders are demolished at the
end of their life cycle as the worst possible scenario. The effect
of the alkali-activator solution and the stabilising capacity of
the AA-WBA was also evaluated. Aliquots of both WBA and

Fig. 3 - AA-WBA specimens before (up) and after (down)
the boiling water test.

Table 3 - Selective chemical extraction results.

Mass dissolved
by HCI (wt.%)

Mass dissolved
by SAM (wt.%)

OPC paste 89.8 =

WBA powder 5.5 27.1
AA-WBA-2M 18.8 36.6
AA-WBA-4M 21.1 38.6
AA-WBA-6M 236 39.2
AA-WBA-8M 24.7 40.8

AA-WBA leachates (3 replicas for each formulation) were anal-
ysed by means an ELAN 6000 inductively coupled plasma mass
spectrometry (ICP-MS) from Perkin Elmer.

Results and discussion
Boiling water test

The samples before and after the boiling test are shown
in Fig. 3. All the samples succeed the test and there is
no remarkable disaggregation, proving their hydrolytic sta-
bility and non-degradation. Some negligible disintegrations
on the surfaces and the edges of the AA-WBA-2M and
AA-WBA-4M samples can be observed. The appearance anal-
ysis agrees with the weight loss percentage results, which
were 1.3% in AA-WBA-2M, 1.1% in AA-WBA-4M, and below
0.8% in AA-WBA-6M and AA-WBA-8M. Hence, the specimens
presented the expected integrity, showing that these formu-
lations resisted to hydrolytic degradation and maintained the
structural consistency. This fact indicates that the specimens
were properly bonded probably due to the alkali-activation of
the precursor.

Selective chemical extraction

The dissolved percentage mass after selective chemical
extraction test is summarised in Table 3. SAM extraction was
also conducted to compare the differences between a common
hydrated cement (OPC) with the alkali-activated binders for-
mulated. The contrast is very remarkable since the OPC paste
is mainly composed of calcium silicates hydrates (C-S-H)
while the WBA composition is highly heterogeneous as seen
in section “Materials”. It is also observed a substantial increase
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Fig. 4 - XRD patterns of AA-WBA samples.

in the mass dissolved between the WBA powder and AA-
WBA samples. This fact revealed the formation of C-S-H and
C-A-S-H gels [23,38] in all AA-WBA binders. It is remarkable
that the mass dissolved by the HCI extraction was higher
than SAM extraction since the former dissolved calcium (alu-
minium) silicate hydrate phases [43], sodium aluminosilicate
gels [40], and carbonate phases [44]. The HCl extraction results
demonstrated a probable formation of sodium aluminosilicate
gels and dissolution of carbonates in all formulations.

Physicochemical characterisation

Fig. 4 depicts the new crystalline phases detected in the
XRD patterns of the AA-WBA formulations. Calcium sili-
cate hydrate (C-S-H; PDF# 01-072-1864), as well as gehlenite
(CapAl(AlSi)O7; PDF# 025-0123), which is associated with the
secondary products formed in the C-S-H gel [45], were
detected in all formulations. A higher sodium rich phase
of albite (NaAlSi3Og; PDF# 01-072-1245) was also identified
in all pastes, which is attributed to N-A-S-H gel [46]. In
the AA-WBA-6M and AA-WBA-8M formulations, gaylussite
(NapCa(C0Os3),-5H,0; PDF# 020-1088) was also detected, which
is a phase formed at early ages that indicates the cation
exchange between the WBA and the alkali-activated solution
[47]. The XRD results agree with those obtained in selective
chemical extraction. The FT-IR spectra of the WBA and AA-
WBA (Fig. 5) were assessed to verify the formation of the
main reaction products (C-S-H, C-A-S-H, and N-A-S-H gels)
compared to the initial WBA. It is observed a broad band (at
1200-900 cm™1) in all cases, which is attributed to the stretch-
ing vibrations of Si-O [41]. The change in this band shape

1000
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Fig. 5 - FT-IR spectra of AA-WBA samples.

and position revealed the formation of new phases due to
the alkali-activation of WBA. The shift of the broad band at
1000 cm ™! (attributed to asymmetric T-O (T = Si or Al) stretch-
ing vibrations) demonstrates the alkali activation of the WBA
[12]. 1t is appreciated that the increasing of the NaOH con-
centration displaces the band to lower frequencies [43]. This
is probably due to both the inclusion of aluminium on the
C-S-H gel [48] and the formation of N-A-S-H gels [40] in
agreement with chemical extraction and XRD results. The
band at 1408 cm~! is ascribed to the formation of gaylussite
(NayCa(CO3)2-2H,0) [49]. The rest of the peaks were ascribed
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Fig. 6 - Deconvoluted spectra of AA-WBA samples in the range of 1250-800 cm—1.

to the stretching (1436 cm~?) and bending modes (875cm™?*
and 713 cm™?) of carbonates [50].

In Fig. 6 are shown the deconvoluted spectra of the AA-WBA
binders, which allow identifying and quantifying the differ-
ent peaks and bands in the range of 1200-800 cm~*. The main
band at 1009-996 cm~! is assigned to the v3(Si-O) stretching
vibrations, typical in the activated pastes with waterglass [51].
This band shifts to lower wavenumber with a pH increase,
as commented above [43]. In the four spectra, the bands at
~1090cm~? and ~1160cm~1 are attributed to Q3 and Q* sili-
con tetrahedra in a silica rich gel [43]. The band at ~905cm™!
is assigned to the v,(Si-O) stretching vibrations. The narrow
peak observed at ~875cm~! is associated to the presence of
C-O stretching vibrations in carbonates [43]. The small band at
~865cm™" is ascribed to Si-O terminal vibrations, which may
imply an incomplete polymerisation [52], as well as the pres-
ence of gaylussite. It should be emphasised the relevance of
the peak at ~1000cm ™! (see Fig. 6) which is associated to the
formation of C-S-H and C-A-S-H gels [41].

Fig. 7 shows the FT-IR spectra of AA-WBA before and after
the selective chemical extraction. The broad band around
~1000cm~! was displaced to a higher frequency in the
residues of the extraction (1064cm~!) which demonstrated
the dissolution of C-S-H and C-A-S-H phases by SAM and
HCl extraction [38]. The three characteristic peaks of silica gel
(790cm~1, 930cm~!, and 1050 cm~!) were also observed after
both selective extractions [53]. Finally, the peak attributed to
gaylussite was dissolved in both extractions while the peak
associated to bending modes of calcium carbonates remained
after the HCl extraction [44].

The SEM micrographs in backscattering electron (BSE)
mode of the AA-WBA are presented in Fig. 8. The AA-WBA
binders’ microstructure was similar except to AA-WBA-2M,

which presented aless compact appearance. The lightest grey-
ish compact area in all samples revealed the formation of
C-S-H or C-A-S-H gels [51]. A darkest greyish colour matrix
and a largest number of unreacted particles can be seen in the
AA-WBA-2M sample. The rest of the formulations are simi-
larly compacted although the AA-WBA-6M matrix seemed to
be the most homogeneous and dense sample. Microcracks can
also be appreciated in all pastes (except in the AA-WBA-2M
sample) due to the drying shrinkage in this type of AACs [54].

The Ca0/SiO,, Al,03/Si0,, and Al,03/Nay0 ratios of the
lightest greyish compact areas of each sample were deter-
mined by EDS analysis (20 measures each). The results are
summarised in Table 4. The CaO/SiO, ratios show the typi-
cal values for pastes formulated using waterglass as activator
[16,51] while the Al,03/SiO, and Al,03/NayO ratios reveal a
lack of aluminium content in all pastes. It is important to high-
light that the higher the NaOH concentration, the higher the
Al/Na ratio due to the aluminium inclusion into the C-S-H
gels, as demonstrated in the displacement of the main band
at ~1000cm~! (Figs. 5 and 6).

Physical and mechanical properties

The bulk density, open porosity, and compressive strength are
key parameters to understand the behaviour of the AA-WBA
formulated and to determine their potential applications. The
bulk density (1.68 + 0.1 gcm~3) and open porosity (19.5 + 0.5%)
results were similar in all samples and their negligible dif-
ference did not justify the mechanical behaviour observed in
Fig. 9.

A substantial increase in compressive strength was
appreciated when the NaOH solution above 4 M in the alkali-
activator solution was used. This fact was probably due to
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Fig. 7 - FT-IR spectra of AA-WBA samples before and after selective chemical extraction.

the increase in alkali dosage in alkali-activator solution (Na,O
wt.% by WBA weight), as well as to the decrease in silicate
modulus (Ms; SiO,/Na,O ratio) as increase the NaOH concen-
tration (Table 2). Other researchers revealed the influence of
these two parameters in the mechanical properties of alkali-
activated slags (AASs) [55]. The Ms and Na,0% (by weight
of slag) must be in the range of 0.75-1.25 and >6% to obtain
good mechanical properties as reported elsewhere [56]. How-
ever, in the present study these Ms were not reduced more
because it implied an increasing of NaOH proportion in the
alkali-activator mixture. This increase in the NaOH propor-
tion in the alkali-activator solution leads to a higher reactivity
with metallic aluminium contained in the WBA generating
hydrogen and reducing the mechanical properties [34]. The
highest compressive strength value (22.8 MPa) was obtained
in the AA-WBA-6M sample, which had a higher Ms (2.26) than
AA-WBA-8M formulation (2.06). Therefore, the optimal mod-
ulus to obtain better compressive strength in the AA-WBA
binders was found in the range of 2.0-2.5. It is important to
highlight that the use of non-standard measures for the spec-
Fig. 8 - SEM micrographs of AA-WBA samples. imens influences the compressive strength results as reported
elsewhere [57]. In the case of 25mm cubic-shape specimens

Table SEM-EDS microanalysis of AA-W] nders

Reference Weight percentage (wt.%) Ratios by wt.%

Ca Si Al Na Ca0/Si0, Al,05/S10, Na,0/Al,03
AA-WBA-2M 38.98 23.61 0.56 0.14 1.08 0.02 0.17
AA-WBA-4M 40.27 24.76 0.58 0.2 1.06 0.02 0.24
AA-WBA-6M 36.83 32.01 0.60 0.22 0.78 0.02 0.26
AA-WBA-8M 39.18 25.65 0.84 0.46 1.00 0.03 0.39

Please cite this article in press as: A. Maldonado-Alameda, et al., Alkali-activated binders based on the coarse fraction of municipal solid waste
incineration bottom ash, Bol. Soc. Esp. Ceram. Vidr. (2021), https://doi.org/10.1016/j.bsecv.2020.12.002




BSECV-263; No.of Pages 12

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO XXX (202 1) XXX-XXX 9

Table 5 - Leaching concentrations (mg kg~

WBA and AA-WBA binders after leaching tests (EN 12457-2) and limits for

acceptance at landfills.

Sample As Ba Cd Cr Cu Hg Mo Pb Ni Sb Zn pH
WBA 0.02 0.25 <0.01 0.17 0.69 0.01 0.33 0.01 0.11 0.27 0.12 9.54
AA-WBA-2M 1.92 0.23 <0.01 1.00 1.130 0.029 0.460 0.80 0.18 1.42 1.03 11.32
AA-WBA-4M 221 0.23 <0.01 0.89 0.935 0.022 0.433 0.74 0.16 1.57 0.88 11.36
AA-WBA-6M 242 0.27 <0.01 0.57 0.972 0.024 0.409 0.65 0.17 1.59 0.65 11.36
AA-WBA-8M 247 0.18 <0.01 0.36 0.779 0.010 0.412 0.54 0.18 1.61 0.79 11.53
aInert waste (mgkg?) 0.5 20 0.04 0.5 2 0.01 0.5 0.5 0.4 006 4
2Non-hazardous waste (mgkg) 2 100 1 10 50 0.2 10 10 10 0.7 50
#Hazardous waste (mgkg?) 25 300 5 70 100 2 30 50 40 5 200

2 Limit for acceptance at landfills [60].
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Fig. 9 - Compressive strength of AA-WBA samples.

the conversion coefficient compared to 40mm cubic-shape
standardised specimens is between 0.7 and 0.86. The compres-
sive strength results obtained are low compared to a common
OPC paste [58,59]. However, the results are substantially high
compared to other studies which have been used WBA as sole
precursor [33,35,37]. This fact is due to the use of 8-30mm
WBA fraction, which has a higher reactive SiO, availability
than the whole WBA fraction [24]. In addition, the lower alu-
minium content in 8-30 mm fraction leads to a lower hydrogen
generation [34]. It is also remarkable that SEM micrographs
revealed a similar and high compactness in AA-WBA-4M, AA-
WBA-6M, and AA-WBA-8M samples, in agreement with the
compressive strength results.

Leaching test

From an environmental point of view, it was tried to simu-
late the worst possible scenario for the cements, which is the
end of their lifecycle. This test was not intended to assess the
potential release of the AA-WBA during their life service. The
leaching test results were compared with the limits for accep-
tance in landfills for inert, non-hazardous, and hazardous
waste according the criteria for the acceptance of waste estab-
lished by the EU legislation [60]. The leaching concentration of
heavy metal(loid)s in the leachates of WBA and AA-WBA are
summarised in Table 5.

The WBA should be classified as non-hazardous waste
because of the Sb value exceed the limit for acceptance in

landfills as inert waste. In AA-WBA binders it is observed that
heavy metal(loid)s are more leached than WBA due to the
high pH of the alkali-activator solution. Most of the heavy
metal(loid)s (Cr, Cu, Hg, Mo, Pb, and Zn) remained below
the classification as non-hazardous waste and decreased
their content as increase the NaOH concentration of the
alkali-activator solution. However, As and Sb exceed the clas-
sification as non-hazardous waste. The presence of As and
Sb is due to the large amount of container glass present in
this WBA size fraction [32]. The glass industry uses As,O3 and
Sb,03 as a fining agent, to lighten glass, and to remove air bub-
bles [61]. It is important to note the aggressiveness of this test.
It will be necessary in future investigations to carry out a more
realistic test (monolithic test) considering that during the AA-
WBA service life a gradual leaching will be produced due to the
external agents (e.g. precipitations). The authors expected that
better results would be obtained. However, it has been shown
that the increase in Na,0 content in alkali-activator solution
entails a negative effect to the leaching concentration of As
and Sb.

Conclusions

The valorisation of WBA generated in the waste-to-energy
facilities is an important challenge to the EU because of the
large amount of this material produced yearly. The alkali
activation of WBA is presented as an interesting alternative
with a higher added value than its use as a secondary aggre-
gate material. In addition, the use of WBA as a precursor
would lead to a reduction in the consumption of the natural
resources used to cement manufacturing. The present work
revealed that least polluted fraction (from 8 to 30 mm) of WBA
is a suitable precursor to formulate low-carbon cements at
room temperature. No studies were found in the literature
with such promising results of compressive strength using
WBA as sole precursor. Although the composition of WBA
showed a substantial lack of aluminium, the hydrolytic sta-
bility of the AA-WBA was verified. The selective chemical
extractions and physicochemical characterisation indicated
the formation of C-S-H, C-A-S-H, and/or (N,C)-A-S-H gels.
XRD results were revealed the formation of secondary prod-
ucts as gaylussite. The effect of NaOH concentration in the
AA-WBA was demonstrated since the higher the NaOH con-
centration, the higher formation of reaction products. The
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use of NaOH solution above 4M led to the formation of a
compact matrix which enhanced the mechanical behaviour.
The compressive strength values reported herein also demon-
strated that it is possible to develop alternative binders using
WBA (from 8 to 30 mm fraction) as sole precursor. It was also
proved that the better mechanical behaviour is obtained when
the alkali-activator Ms is found between 2.0 and 2.5 range.
Environmental characterisation showed that the increasing of
NaOH concentration leads to a higher leaching concentration
of As and Sb.

The authors consider that the main future line research
should be the formulation of the AA-WBA mortars or con-
cretes. The discarded fractions to formulate AA-WBA binders
can be used as fine and coarse aggregates to enhance the AA-
WBA binders’ mechanical performance. In this way, the entire
fractions of WBA would be valorised. Another research line
could be based on the formulation of AA-WBA at different cur-
ing temperatures (e.g. 25-85 °C) to determine the effect of this
parameter on the final properties of the binder. The increase of
curing temperature must promote the formation of the main
reaction products and improve the mechanical properties of
the material. In addition, considering the lack of aluminium of
these binders, the use of other raw materials aluminium-rich
precursors could be used to favour the formation of reaction
products, as well as to improve the mechanical properties and
dilute the leaching concentration of heavy-metal(loid)s as the
As and Sb.
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CHAPTER VI

ALKALI-ACTIVATED WBA AS A PARTIAL
PRECURSOR

The use of WBA with particle size 8 to 30 mm instead of the 0 to 30 mm substantially increased

the AA-WBA binders’ mechanical properties. However, there was no improvement in the As
and Sb leaching behaviour, and similar results were obtained in both cases. For this reason,
new AA-WBA binders were formulated to enhance the heavy metal(loid)s immobilisation in the
cementitious matrix, as well as to further improve their mechanical performance. In this sense,
two aluminium-rich precursors such as PAVAL® and metakaolin (MK) were mixed with the 8 to
30 mm fraction of WBA, providing a reactive aluminium source to counteract the lack of

aluminium in coarse WBA fractions.
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6.Alkali-activated WBA as a partial
precursor

The use of WBA as a partial precursor has been more investigated compared to its use as a sole
precursor, as showed in chapter lll. This is probably due to the poor mechanical performance
of AA-WBA binders due to the metallic aluminium content, which generates high porosity
reducing the compressive strength. The WBA is generally mixed with GBFS in most of the
studies found in literature due to its suitability to formulate AABs [1-5]. In this way, the
mechanical performance is enhanced because of its calcium and aluminosilicates-rich
composition. Besides, the reduction in the proportion of WBA also contributes to increasing
the strength since having a lower content of metallic aluminium generates less porosity.
Nonetheless, the previous chapter showed that the mechanical performance of the AA-WBA
binders can substantially enhance using a fraction with a lower content of metallic aluminium
and greater availability of reactive SiO,. However, the strength results obtained using coarse
fractions (8 to 30 mm) were not good enough for its use as a structural material. This fact is
probably due to the lack of reactive aluminium in these fractions, which is mainly composed of

glass and fired ceramics [6].
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The reactive aluminium content in the precursor plays an essential role in the alkali activation,
which affects the nature of the formed products and the strength of the AABs [7-9]. Indeed,
when the precursors used in alkali activation have a substantial lack of reactive aluminium, as
is the case of these WBA fractions [10], the use of aluminium correctors is necessary. For this
reason, the possibility to mix the least polluted fraction of WBA with other sources with high
reactive Al,Os availability was investigated. In this regard, the selected sources were PAVAL®
and MK. The former was used for its reactive Al,0O3 availability, while the latter was tested for
its reactive SiO, and Al,Os availability as well as its noble composition low in heavy metal(loid)s.
The following sections detail the fourth and fifth investigations (submitted to different journal

papers). The main novelties and contributions to the state of the art are described.

6.1. Alkali activation using the least polluted fraction and PAVAL®

PAVAL® is a by-product rich in aluminium oxide generated after the treatment of the salt slag
produced during the aluminium recycling process [11]. This industrial by-product is also known
by other commercial names such as Oxiton®, Noval®, Serox®, and Valoxy®. The production of
these by-products from the secondary aluminium industry would tend to increase since more
and more aluminium is recycled due to their economic and environmental benefits [12]. In
2010, the worldwide aluminium production was around 56 million tonnes, being 18 of which
recycled from scrap [13]. Almost a decade later, in 2018, the production raised to 64.3 million
tonnes, and close to 28 million tonnes came from the secondary aluminium industry [14].
Therefore, both PAVAL® and the other mentioned by-products can become potential

precursors as an aluminium reactive source in the alkali activation technology.

The main stages of the aluminium recycling process from salt slag carried out by BEFESA
company (PAVAL® supplier) are shown in Figure 7.1. This process allows recovering free metal,
scarified salts, and inert products as PAVAL®. The first stage consists of crushing the salt slag
blocks and screening the obtained particles as a function of their size. The aluminium is easily
recovered since are usually condensed in the thicker fractions and remains unfragmented due
to its plastic nature. The salts (NaCl and KCI) and metal oxides (which are the finest fragmented
particles) are mixed with water to dissolve the former and to obtain PAVAL®. Finally, the salts

are recovered through steam evaporation and condensation.
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Crushing and screening

Metallic
aluminium

Dissolution in water

PAVAL
Crystallisation
The salts are recovered through the water Salts
evaporation and condensation (NaCl + KCl)

Figure 7.1. Aluminium recycling process from salt slag carried out by BEFESA.

Around 400 kt-y! of PAVAL® are generated by BEFESA company in their 3 facilities (Valladolid,
Linen, and Hannover) in Europe. Its cost is ranged from 2 to 8 €tn’!, which is negotiated
depending on the transport. It is mainly composed of aluminium-rich oxide phases (bayerite,
nordstrandite, gibbsite, and corundum), as well as other phases such as spinel and quartz
[11,15]. Recent studies have shown the potential applications of PAVAL® in the cement,
ceramic, refractory, and building industries [15—17]. In this sense, its commercialization is
subject to its chloride content, which cannot be higher than 2%; otherwise, it could only
dispose of landfill [18]. PAVAL® is used as a precursor source in alkali activation technology
because of its high reactive aluminium content [15,17]. However, it is also used as a chemical
foaming agent due to the presence of metallic aluminium (<1%) and aluminium nitride (>1.5%),
which react with the alkaline activator solution generating the release of hydrogen and

ammonia gases [17], respectively, according to the following reactions:

2Al+6 H,0 — 2 Al(OH); + T3 H, (Eq.7.1)
2Al+3H,0 —» Al,O;+13H, (Eq. 7.2)
2 Al+ 6 H,0 +2 NaOH — 2 Na[Al(OH),] + 1 3 H, (Eq.7.3)
AIN + 3 H,0 — Al(OH); + 1 NH, (Eq. 7.4)
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In this PhD thesis, PAVAL® was used to correct the lack of aluminium of the WBA least polluted
fraction. The use of aluminium correctors can enhance the strength properties of AABs as
reported in the literature [9]. The fourth investigation presented in this PhD thesis, as a
compendium of papers, both WBA (8 to 30 mm fraction) and PAVAL® were alkali-activated
using alkaline activator solutions (WG/NaOH) to obtain AA-WBA/PV binders. Therefore, the
main goal was to evaluate the effect of PAVAL® content and alkaline activator concentration
on the binder’s final properties. The next sections briefly describe the key points of this study,

as well as the main contributions to the state of the art.

6.1.1. The effect of PAVAL® content and the alkaline activator concentration

In view to follow the same methodology used in the previous investigations, the influence of
NaOH concentration in alkaline activator solution was evaluated. However, unlike in the second
and third publication presented in this PhD Thesis, only the NaOH 4M and NaOH 6M mixed
with WG were used. The other solutions (NaOH 2M and NaOH 8M) were discarded for different
reasons. The 2M was discarded because in the previous studies the compressive strength
values were lower than other molarities. The NaOH 8M solution was rejected due to the
excessive porosity generated, which made impossible the demoulding process of the AA-
WBA/MK binders. In this study, both WBA and PAVAL® precursors were mixed at weight ratios
of 98/2, 95/5, and 90/10 to assess the effect of PAVAL® content in the final properties of the
AA-WBA/PV binders, regarding the chemical, physical, mechanical, and environmental
characterisation. Special attention was paid to the mechanical and environmental

characterisation to compare with previous investigations presented in this PhD.

6.1.2. Originality and chief contributions

The novelty of this investigation was based on the use of an aluminium-rich source as PAVAL®,
which has been scarcely investigated to date in the alkali activation field. Besides, the
synergistic alkali activation of both WBA and PAVAL® precursors has been studied for the first
time. Finally, it is important to highlight that, in the few studies where the PAVAL® is used for
alkali activation, the curing was conducted at temperatures above 60 °C, while the present
research the curing process was carried out at room temperature in all the AA-WBA/PV binders

developed.
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The chief contribution to the state of the art was to evidence the possibility to formulate AA-
WBA/PV binders. It was also revealed the influence of alkaline activator solution pH and
PAVAL® content in the binders’ final properties. These two factors are closely related to the
porosity generation of AA-WBA/PV binders. The higher the pH of the alkaline activator or
PAVAL® content, the more porosity generated. Indeed, the compressive strength substantially
varied, demonstrating the potential versatility of PAVAL® as a precursor to develop AABs with

different properties.

6.1.3. Paper 4: Alkali-activated binders using bottom ash from waste-to-

energy plants and aluminium recycling waste
The investigation was published on 23™ April 2021 in volume number 11 (issue 9) in Applied
sciences journal, as shown in Figure 7.2. In addition, a work related to the investigation was
presented on The LVII Congreso Nacional de la Sociedad Espariola de Cerdmica y Vidrio (October

2020) in Castelldn (Spain) (see Appendix 1).
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Figure 7.2. Article submitted to Applied sciences journal in 2021, titled “Alkali-activated
binders using bottom ash from waste-to-energy plants and aluminium recycling waste”.
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Abstract: Alkali-activated binders (AABs) stand out as a promising alternative to replace ordinary
Portland cement (OPC) due to the possibility of using by-products and wastes in their manufacturing.
This paper assessed the potential of weathered bottom ash (WBA) from waste-to-energy plants
and PAVAL® (PV), a secondary aluminium recycling process by-product, as precursors of AABs.
WBA and PV were mixed at weight ratios of 98/2, 95/5, and 90/10. A mixture of waterglass
(WG) and NaOH at different concentrations (4 and 6 M) was used as the alkaline activator solution.
The effects of increasing NaOH concentration and PV content were evaluated. Alkali-activated
WBA/PV (AA-WBA /PV) binders were obtained. Selective chemical extractions and physicochemical
characterization revealed the formation of C-S-H, C-A-S-H, and (N,C)-A-S-H gels. Increasing the
NaOH concentration and PV content increased porosity and reduced compressive strength (25.63
to 12.07 MPa). The leaching potential of As and Sb from AA-WBA /PV exceeded the threshold for
acceptance in landfills for non-hazardous waste.

Keywords: MSWI; weathered bottom ash; aluminium salt slag; alkali-activated materials; waste
valorization; by-product

1. Introduction

The importance of waste management is increasing every year due to the large amount
of residues generated as a result of the increasing population, urbanization, and rising
living standards [1]. European Union (EU) countries are channelling their efforts into imple-
menting innovative strategies and policies based on the recycling, re-use, and reduction of
residues [2]. The European Waste Framework Directive (2008/98/EC) promotes the search
for viable alternatives for waste management and efficient resource use. It also promotes
zero-waste policies to mitigate waste management problems. The zero-waste concept is
based on an infrastructural change in waste management involving all the manufacturing
stages and aiming to transform residues into resources [3]. The goal is to move toward
low-carbon zero-waste manufacturing through developing new secondary materials by
turning residues into raw materials [4].

Municipal solid waste (MSW) represented around 10% of the 2.54 billion tonnes of
waste generated in the European Union (EU) in 2018 [5,6]. Around 30% of the MSW is
incinerated in waste-to-energy (WtE) plants [5]. MSW incineration (MSWI) can recover
energy and reduce landfilling, as well as decrease the mass (70%) and volume (90%) of
the MSW [7]. Approximately 20% of the MSWI becomes a product known as incinerator
bottom ash (IBA), which is mainly composed of a mineral fraction (80-85 wt. %), ferrous
metals (10-12 wt. %, mainly steel), and non-ferrous metals (2-5 wt. %, two-thirds of which
is aluminium) [8,9]. IBA is highly heterogeneous and contains potentially leachable soluble
salts and heavy metalloids [10]. A natural weathering process that involves storing the IBA
outdoors (2-3 months) is necessary to immobilize the heavy metalloids and stabilize pH
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through the carbonation of the fresh IBA [11]. The resulting material after the weathering
process is known as weathered bottom ash (WBA). The particle size distribution and a
composition rich in glass, ceramics, stones, bricks, and melting products [12] make the
WBA suitable for cement production [13], as aggregates in road construction, concrete, or
mortars [14,15], or for the manufacture of ceramic-based products [16]. However, the use
of WBA in engineering is limited due to its environmental risks and inferior properties
compared to natural aggregates and products. Research on the potential applications of
WBA must therefore be focused on those that minimize the leaching potential of heavy
metalloids [10]. In this sense, WBA can be used as an aluminosilicate precursor in alkali
activation technology, since a cementitious matrix can immobilize heavy metalloids. Some
recent studies have demonstrated the potential of WBA as a precursor in the synthesis of
alkali-activated cements (AACs) [17-19].

AAC s are high-strength binders obtained from the reaction between an aluminosilicate-
rich solid precursor and an alkaline activator [20]. One of their main advantages is that
they can be formulated from aluminosilicate-rich urban, industrial, agro-industrial, and
mining wastes [21,22]. AACs are an excellent alternative to mitigating the CO, emissions
and energy consumption associated with the production of ordinary Portland cement
(OPC) [23]. Hence, the production of AACs can promote suitable waste management and
sustainable cement production. Additionally, the properties of the AACs are very promis-
ing and comparable to those of OPC [24]. These properties vary depending on the curing
temperature [25], the alkaline activator used [26], the SiO, / Al, O3 ratio, and the calcium
content [27]. The aluminium content plays an essential role in the alkali activation, which
affects the nature of the formed products and the strength of the AACs [28,29]. Therefore,
the use of aluminium correctors is necessary when the AACs are obtained from the alkali
activation of precursors that have a substantial lack of reactive aluminium compared to
reactive silica, as is the case with WBA [17,30].

In this study, new sustainable alkali-activated binders (AABs) were obtained from the
alkali activation of municipal and industrial waste. The least polluted fraction of WBA
(8 to 30 mm) was used, given that it has the lowest concentrations of heavy metalloids
and the highest SiO, availability [17,31]. Additionally, this fraction allows enhancing
the mechanical properties of alkali-activated WBA binders as reported elsewhere by the
authors [32]. PAVAL® (PV) was also used as a source of reactive aluminium. PV is an
industrial waste generated from the salt slag recovery phase of the secondary aluminium
recycling process [33]. This aluminium salt slag is processed to separate PV (mainly
composed of aluminium oxides) from metallic aluminium and flux, as well as from scarified
salts (NaCl and KCI) [34]. Recent studies have shown the potential applications of PV
in the cement, ceramic, refractory, and building industries [33,35]. The main goal of this
study was to formulate AABs using the coarser and least polluted fraction of WBA and PV
(AA-WBA/PV) to enhance the mechanical properties of the alkali-activated WBA binders
(AA-WBA) obtained previously [36]. The valorization of WBA and PV contributes to the
zero-waste principle and low-carbon manufacturing and gives an added value to the final
material. Several AA-WBA/PV formulations were developed by mixing WBA and PV
at different weight ratios and using a mixture of sodium silicate (Na,SiO3) and sodium
hydroxide (NaOH) as the alkaline activator solution. The effects of PV and the alkaline
activator concentration on the AA-WBA /PV binders were also evaluated.

2. Materials and Methods
2.1. Materials

WBA and PV were used as precursors to prepare the AA-WBA /PV formulations. The
WBA was supplied by the VECSA company and collected from a WtE plant located in Tar-
ragona (Spain), which produces 32 kt-y~!. PV was provided by the BEFESA company from
its salt slag treatment plant located in Valladolid (Spain), which generates around 90 kt-y !
of this aluminium salt slag [35]. Na,SiO3 was supplied by Scharlab, S.L. (Barcelona, Spain),
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while the NaOH solutions were prepared by dissolving NaOH pearls (Labbox Labware
S.L. (Barcelona, Spain); purity > 98%) in deionized water.

The WBA and PV were first dried for 24 h in a stove at 105 °C. Both materials were then
sieved through standard sieves to determine the particle size distribution (PSD) (shown in
Figure 1). The shaded area of the WBA in Figure 1 shows the least polluted fraction (8 to
30 mm), which was used to formulate the AA-WBA /PV binders. Finally, the WBA and PV
were crushed and milled separately until a particle size below 80 pum was obtained.

100

—e—PV
—e— WBA
80+

60

40

Cumulative percentage (%)

20+

0 T T T
0.01 0.1 1 10

Particle size (mm)
Figure 1. Particle size distribution (PSD) of weathered bottom ash (WBA) and PAVAL® (PV).

Table 1 shows the chemical compositions of the WBA and PV determined by X-ray flu-
orescence (XRF) using the Panalytical Philips PW2400 Sequential X-ray spectrophotometer
(Malvern Panalytical, Malvern, United Kingdom) equipped with the UniQuant® version
5.0 software. The main oxide compounds identified in the WBA were SiO,, Al,O3, and
CaO from the high levels of glass cullet and fired ceramics in the least polluted fraction [31].
The main oxides found in PV were SiO; and Al,Os. Therefore, the WBA and PV were
considered potential AABs precursors due to their calcium aluminosilicate-rich nature.
Furthermore, these elemental oxides have reactive phases (amorphous SiO, and Al,O3)
to form AABs, as well as unreactive or less reactive phases (SiO, and Al,O3 crystalline
phases) that probably remain inert in the alkali-activation process.

Table 1. Major and minor elements composition of weathered bottom ash (WBA) and PAVAL®
(PV) powders.

WBA (wt. %)

SiOZ CaO A1203 Nazo Kzo Fe203 MgO Ti02 LOI 1

52.08 20.72 6.35 3.38 2.09 4.12 243 0.65 6.1
PV (wt. %)

Si02 CaO A1203 NazO Kzo Fe203 MgO Ti02 LOI 1

7.93 224 61.02 3.22 0.68 2.65 4.73 0.80 15.71

T Loss on ignition at 1100 °C.

The availability of the reactive phases of the WBA and PV was assessed using different
concentrations of NaOH solution (4, 6, or 8 M) [17,37]. These experimental trials consisted of
mixing 1 g of WBA and PV with 100 mL of the NaOH solution in a Teflon beaker and stirring
for 5 h at 80 °C. Afterwards, the leached Si and Al concentrations were determined by
analyzing the resulting filtered solution with inductively coupled plasma optical emission
spectrometry (ICP-OES) using the PerkinElmer Optima 3200 RL spectrometer (PerkinElmer
Inc., Waltham, MA, USA). The percentages of available SiO; and Al,O3 in both the WBA
and PV are plotted in Figure 2. Around 20% of SiO; and 3% of Al,O3 were available in the
WBA, while approximately 2.5-5% of SiO, and 35% of Al,O3 were available in PV. These
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results indicate that the WBA and PV have the potential to be secondary silica-rich and
alumina-rich sources, respectively.
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Figure 2. SiO, and Al,Oj3 availability percentage in (a) WBA and (b) PV samples.

X-ray diffraction (XRD) analysis of the WBA and PV was conducted with a Bragg—
Brentano Siemens D-500 powder diffractometer (Siemens, Munich, Germany) with CuK« radi-
ation. The main crystalline phases detected in the WBA were quartz (SiO,; PDF# 01-079-1910)
and calcite (CaCOgz; PDF# 01-083-1762), as shown in Figure 3a. Other minor phases such
as dolomite (CaMg(COs3),; PDF# 01-075-1759), akermanite (Cap,Mg(Si,O7);
PDF# 01-079-2424), anhydrite (CaSO4 PDF# 01-072-0503), albite calcian-ordered
((Na,Ca)Al(Si,Al)30g; PDF# 020-0548), microcline (KAISizOg; PDF# 01-076-0918), and mus-
covite (KAl (AlSi3Oq9)(OH),; PDF# 01-077-2255) were also identified.

Intensity (a.u.)

1. Quartz 1. Gibbsite 8. Potassium aluminium
a 2. Calcite b 2. Bayerite oxide

3. Akermanite - 3. Nordstrandite 9. Potassium sodium

4. Albite 4. Corundum aluminium silicate

5. Anhydrite 5. Spinel 10. Calcium fluoride

6. Dolomite 6.Quartz 11. Cryolite

7. Microcline 7. Aluminium nitride 4

8. Muscovite

Intensity (a.u.)

Angle (2-Theta, deg)

Angle (2-Theta, deg)

@) (b)

Figure 3. XRD patterns of (a) WBA and (b) PV.

Gibbsite (Al(OH)3; PDF# 01-070-2038), bayerite (Al(OH)3; PDF# 01-077-0114), nord-
strandite (AlI(OH)z; PDF# 01-072-0623), corundum (Al,O3; PDF# 01-071-1123), and spinel
(MgAl,O4; PDF# 01-077-0435) were detected as the major crystalline phases in PV (Figure 3b).
Minor phases such as aluminium nitride (AIN; PDF# 01-075-1620), potassium sodium alu-
minium silicate (Al(K,Na)OgSiy; PDF# 01-070-1260), potassium aluminium oxide (AIKOy;
PDF# 01-084-0380), calcium fluoride (CaF,; PDF# 01-077-0245), cryolite (NazAlFq; PDF#
25-0772), and quartz (SiO,; PDF# 01-079-1910) were also identified. The XRD results were
consistent with those of the XRF analysis, demonstrating the calcium aluminosilicate-rich
composition of the WBA and PV.
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2.2. AA-WBA/PV Preparation

Table 2 shows the mixture proportion of the AA-WBA /PV formulations, the silicate
modulus (Ms) of the alkaline activator solution, and the alkali dosage (Na,O wt. %). The
weight percentages of the WBA and PV (referred to as solid (S)) varied, while the weight
percentage of the alkaline activator (referred to as liquid (L)) was fixed. A mixture of
Na,SiOj (26.44% of SiO, and 8.21% of Na,O; p = 1.37 g-cm‘S) and NaOH solution (4 or
6 M) was prepared as the alkaline activator solution. The liquid-to-solid (L/S) mass ratio
was fixed (0.6) to maintain good workability of the pastes during the mixing and casting
process. The use of 8 M NaOH solution and the addition of more than 10% of PV were
discarded, since both excessively increased porosity through the reaction between the
aluminium nitride in PV and NaOH, generating ammonia gas [38].

Table 2. AA-WBA /PV mix proportion.

S L
NaOH 2 1 : 3
Reference WBA 1 Pyl al Na,SiO; 2 Na, O Si0,/Na,O
4M 6M
WO98-PV2-4M 98 2 20 80 5.2 2.5
W95-PV5-4M 95 5 20 80 5.2 2.5
WO90-PV10-4M 920 10 20 80 5.2 2.5
W98-PV2-6M 98 2 20 80 5.8 2.3
W95-PV5-6M 95 5 20 80 5.8 2.3
WO90-PV10-6M 920 10 20 80 5.8 2.3

1 wt. % respect to the total solid; > wt. % respect to the total liquid; > Ms of alkali-activator solution (molar ratio).

The preparation of the pastes started by mechanically stirring the Na;SiO3 and NaOH
solution (mass ratio of 4:1) in a plastic beaker. The mixed precursors were then added
gradually into the alkali-activated solution for 2 min at 568 rpm to promote the dissolution
of the reactive phases in the alkali media. Afterwards, the mixture was mixed for 3 min
at 760 rpm. The pastes were poured into 25-mm> moulds that were sealed in plastic bags
for three days in a climate chamber at 25 & 1 °C and with a relative humidity of 95 & 5%.
Finally, the specimens were demoulded after three days and kept in a climate chamber with
the same conditions until the experiments (28 days). Nine cubic specimens were prepared
for each formulation.

2.3. Test Methods

The hydrolytic stability of AA-WBA/PV was evaluated by using the boiling water
test [18], which evaluates the resistance of the binders to degradation in water. One
specimen for each formulation was first dried in a desiccator with silica gel to constant
weight. The specimen was then placed in boiling water for 20 min, before being dried
again in a desiccator to constant weight. Later, visual analysis was conducted to verify
the cohesion of the sample. Finally, the sample was weighed to calculate the weight
loss percentage.

A selective chemical extraction was carried out to determine the main reaction prod-
ucts formed. The formation of calcium silicate hydrate (C-S-H), calcium aluminosilicate
hydrate (C-A-S-H), and sodium aluminosilicate hydrate (N-A-S-H) gels after the alkali
activation can be estimated from the calcium and aluminium contents of the precursors [39].
Salicylic acid/methanol (SAM) extraction can be used to determine the formation of the
C-S-H and C-A-S-H phases [40]. SAM extraction consisted of mixing 1 g of the binder sam-
ple with salicylic acid (6 g) and methanol (40 mL) for 1 h. The resulting solution was then
filtered (Whatman filter paper with a 20-um pore size), and the residual fraction (RF) was
washed and dried to constant weight in a desiccator with silica gel. The RF was weighed
to calculate the mass dissolved percentage. Another selective chemical extraction test
with HCI was performed to determine the formation of the C-S-H, C-A-S-H, and N-A-S-H
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gels [39]. The extraction process consisted of stirring 1 g of the binder sample with 250 mL
of the HCl solution (1:20) for 3 h. Afterwards, the solution was filtered (Whatman filter
paper with a 20-um pore size), and the weight loss percentage of the washed and dried RF
was determined.

XRD analysis of the AA-WBA /PV formulations was performed using a Bragg—-Brentano
Siemens D-500 powder diffractometer (Siemens, Munich, Germany) with CuK« radiation
to identify the main crystalline phases. Fourier transform infrared spectroscopy (FT-IR)
spectra of the AA-WBA /PV binders in the attenuated total reflectance (ATR) mode were
obtained with a Spectrum Two™ FT-IR spectrometer from PerkinElmer (PerkinElmer Inc.,
Waltham, MA, USA). Measurements were performed in the 4000400 cm ™! range with a
32-scan average and a 4-cm ! resolution. FT-IR spectra deconvolution of the most repre-
sentative samples in the 1200-800 cm~! range was also performed. This range is associated
with the symmetric and asymmetric stretching vibrations of the Si-O bonds [41]. The
computer software Origin Pro 9 (OriginLab Corporation, Northampton, MA, USA) was
used to fit and adjust the shape of the spectra with Gaussian functions, following some of
the criteria from the literature [41]. Scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM-EDS) was used to evaluate the microstructure of the samples
using an ESEM FEI Quanta 200 equipment (Thermo Fisher Scientific, Waltham, MA, USA).
The samples were cut with a diamond disc cutter and coated with graphite.

Bulk density and open porosity tests were performed following the EN 1936:2006
standard. The compressive strength of the AA-WBA /PV formulations was determined
following the UNE-EN 196-1 standard and using an Incotecnic MULTI-R1 device (Matest
S.P.A., Bergamo, Italy) equipped with a 20-kN load cell. Three cubic specimens were used
in the physical and mechanical tests.

The WBA, PV, and AA-WBA /PV formulations were assessed to determine the leaching
of heavy metalloids (As, Ba, Cd, Cr, Cu, Hg, Mo, Pb, Ni, Sb, and Zn) using an ELAN-6000
inductively coupled plasma mass spectrometer (ICP-MS) from PerkinElmer (PerkinElmer
Inc., Waltham, MA, USA). Three replicates per sample (WBA, PV, and AA-WBA/PV) were
used following the European EN 12457-2 standard. In the case of the AA-WBA /PV binders,
the crushed specimens (smaller than 4 mm) obtained after the compressive strength test
were used.

3. Results and Discussion
3.1. Hydrolitic Stability Test

The boiling water test demonstrated that all the formulations of the AA-WBA /PV
tested were resistant to degradation in water (Figure 4). Although some negligible defects
were observed at the edges of the specimens, the visual analysis revealed that all the
samples remained dimensionally unaltered. As shown in Figure 4a, a layer of sodium
carbonate efflorescence formed on the surface of the AA-WBA /PV specimens, which was
removed after the test (Figure 4b). The weight loss percentage (below 1.5% in all cases) also
confirmed the hydrolytic stability of the AA-WBA /PV binders, revealing the structural
integrity of the samples, probably due to the formation of new reaction products.

3.2. SAM and HCI Extraction

The results from the selective chemical extractions are given in Table 3. The SAM
extraction results demonstrated that the OPC paste was mainly composed of the C-S-H
gel, as expected, while all the formulations of AA-WBA/PV contained C-5-H and C-A-S-H
gels. The concentration of the alkaline activator solution had an effect, since AA-WBA/PV
activated with 6 M NaOH solution showed a higher percentage of mass dissolved by the
SAM extraction method. This was due to the higher pH of the alkaline activator solution,
which increased the Ca content of the formed gel [42]. The SAM extraction results were
not conclusive in determining the effect of varying the PV content, since there was no
appreciable change in the percentage of mass dissolved by the SAM extraction method
among the formulations activated with the same NaOH concentration.
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Figure 4. AA-WBA /PV specimens (a) before and (b) after the boiling test.

Table 3. Selective chemical extraction results.

Samples Mass Dissolved by SAM (wt. %) Mass Dissolved by HCI (wt. %)
OPC paste 89.8 -
WBA powder 5.5 27.1
PV powder 6.5 30.4
W98-PV2-4M 20.5 38.5
W95-PV5-4M 20.2 37.9
W90-PV10-4M 20.4 38.1
W98-PV2-6M 22.8 39.1
W95-PV5-6M 23.3 39.6
W90-PV10-6M 23.1 39.0

The HCl extraction results showed a slight increase in the percentage of mass dissolved
for the formulations activated with 6 M NaOH. There was no appreciable difference when
varying the PV content, similar to that observed with the SAM extraction. The results on the
percentages of mass dissolved for the WBA and PV regarding AA-WBA /PV demonstrated
the formation of new reaction products in all the formulations of AA-WBA /PV. However, it
is important to highlight that HCl extraction dissolves the main reaction products of AABs
(C-5-H, C-A-S-H, and N-A-S-H gels) [39] and the other mineral phases (i.e., carbonate
phases) of the precursors and the AA-WBA /PV binders [43]. Therefore, physicochemical
characterization is necessary to confirm the formation of these new reaction products.

3.3. Physicochemical Charaterization

The crystalline phases found in the AA-WBA /PV binders are summarized in Table 4.
The presence of calcite, cristobalite, corundum, dolomite, gibbsite, and quartz was due to
the unreacted WBA and PV. Calcium silicate hydrate as the main C-S-H phase and gismon-
dine [44] and gehlenite [45] as the C-A-S-H phases were detected in all the AA-WBA/PV
formulations. The presence of anorthite in the W98PV2 formulations and albite in all the
formulations indicated the formation of (C,N)-A-S-H [46] and N-A-S-H [47] gels, respec-
tively. Sodalite, which is associated with a zeolitic product [48,49], was also detected in all
the XRD patterns. Kanemite, another typical phase of alkali-silica reaction products [50,51],
was identified in the formulations activated with 6 M NaOH. The XRD results are consistent
with the SAM and HCl extraction results (Section 3.2) in demonstrating the formation of
new reaction products (C-S-H, C-A-S-H, and (C,N)-A-S-H gels).
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Table 4. Crystalline phases in AA-WBA /PV binders.
Formulations
Identified Phase PDF NaOH 4 M NaOH 6 M
W98PV2 WO5PV5  W90PV10 W98PV2 WO95PV5 W90PV10
Albite 01-083-1609 Y Y Y Y Y Y
Calcite 01-072-1937 Y Y Y Y Y Y
Calcium Silicate Hydrate 014-0035 Y N N N Y N
Calcium Silicate Hydrate 011-0507 Y Y Y N Y
Cristobalite 01-082-1479 Y Y Y Y Y Y
Corundum 01-071-1123 Y Y N Y Y
Diopside 01-071-1067 Y N Y Y N
Dolomite 01-079-1342 Y N N N N
Gehlenite 01-079-2422 Y Y Y Y Y Y
Gibbsite 01-076-1782 Y Y Y Y Y Y
Gismondine 020-0452 Y Y Y Y Y Y
Kanemite 025-1309 N N Y Y Y
Quartz 01-083-0539 Y Y Y Y Y Y
Sodalite 01-082-1811 Y Y Y Y Y Y

Figure 5 shows the results of the FT-IR analysis of the WBA and AA-WBA /PV for-
mulations in the range of 1650-600 cm~!. There is a broad band (1200-900 cm~1) in all
the spectra that is associated with the asymmetric T-O (T = Si or Al) stretching mode [41].
The change in the position and shape of this broad band in the AA-WBA/PV spectra
regarding that of the WBA indicates alkali activation and the formation of new phases. The
displacement of the broad band to higher frequencies in the AA-WBA /PV spectra, when
compared to the WBA spectrum, demonstrates the formation of the C-5-H and C-A-S-H
phases [52]. The broad band shifts to lower frequencies with increasing NaOH concentra-
tion and aluminium in the AA-WBA/PV spectra. This is probably due to the formation of
the N-A-S-H phases [53] and the inclusion of aluminium in the C-S-H gel [54]. This agrees
with the results from the selective chemical extractions (Section 3.2) and XRD analysis.
There is a band at 785 cm ! in all the spectra corresponding to the quartz contained in the
WBA [53]. The other observed peaks are attributed to the stretching vibrations (1405, 1436,
and 1483 cm ') and bending vibrations (875 and 713 cm ™) of calcium carbonates [55].

The deconvoluted FT-IR spectra in the range of 1200-800 cm~! are shown in Figure 6.
The W98PV2-4M and W90PV10-6M samples were selected as they had the lowest and
highest NaOH concentration and aluminium content, respectively. The spectra present the
same peaks that have slightly displaced to lower frequencies due to increases in the NaOH
concentration and PV content. The main narrow band at 1016-1013 cm~! and the band at
1144-1153 cm ™! are ascribed to the v3(Si-O) bridging bond stretching vibrations [56]. The
displacement of these bands to lower frequencies for the W90PV10-6M sample indicates
a lower degree of polymerization of the silicate chains [41]. The two bands at ~ 900 and
A2 866 cm ! correspond to Si-O terminal bonds, indicating an incomplete polymerization
of the gel [56]. Finally, the narrow peak at 875 cm~! corresponds to calcium carbonate
stretching vibrations (C-O).
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Figure 7 depicts the FI-IR spectra of the W98PV2-4M and W90PV10-6M samples before
and after the selective chemical extractions. The shift and displacement of the broad band
(1009-1013 cm ') towards a higher frequency (1064 cm 1) indicates the dissolution of the
C-S-H, C-A-5-H, and (C,N)-A-S-H phases. The dissolution of these phases produced three
characteristic peaks that indicate the presence of silica gel (790, 945, and 1064 cm™1) [57].
HCI extraction completely dissolved the calcium carbonate peaks associated with the
stretching vibrations (1405 and 1448 cm 1) and bending vibrations (875 and 713 cm ). In
the case of SAM extraction, some peaks in the spectra are diffused (713 and 1448 cm ') or
remain equal (875 cm™ ).

1000
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Figure 5. FT-IR spectra of WBA and AA-WBA/PV.
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Figure 6. FT-IR deconvoluted spectra of (a) the W98PV2-4M sample and (b) W90PV10-6M sample.
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Figure 7. FT-IR spectra after selective chemical extractions: (a) W98PV2-4M sample and (b) W90PV10-6M sample.
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SEM micrographs obtained in the backscattered electron (BSE) mode of the W98PV2-4M
and W90PV10-6M samples are depicted in Figure 8. There was a substantial difference in
the compactness of the samples. The W98PV2-4M sample presented a homogeneous dark
greyish compact matrix with some small spherical pores (darkest zones) and unreacted
particles. Microcracks could also be observed throughout the sample, indicating drying
shrinkage during the curing process [58]. The W90PV10-6M sample presented higher
porosity than the WI8PV2-4M sample. Increasing the PV content and NaOH concentration
in the W90PV10-6M formulation increased the aluminium nitride (AIN) content and
alkaline activator concentration, respectively. As mentioned before, the reaction between
AIN and NaOH produces ammonia gas, which is mainly responsible for generating the
porosity of AA-WBA/PV [38].

BEC 20kV WD15mm
CCiTUB

x150 100pum  —

(b)

Figure 8. SEM images of (a) W98PV2-4M sample and (b) WI0PV10-6M sample.

3.4. Physical and Mechanical Properties

The bulk density and open porosity of the AA-WBA /PV binders are shown in Figure 9,
which demonstrates the influence of the PV content and NaOH concentration on these
properties. As mentioned in Section 3.3, increasing the PV content and NaOH concentration
promotes porosity, which implies a decrease in the bulk density. The open porosity curves in
Figure 9 also show the porosity-enhancing effect of the PV content and NaOH concentration
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when increased, as demonstrated by the pronounced slope for the samples formulated
with 6 M NaOH.
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Figure 9. Bulk density and open porosity of AA-WBA /PV binders.

Compressive strength (Figure 10) decreased with increasing PV content and NaOH
concentration, which agrees with the physical properties of the samples. The substantial
difference between the W98PV2-4M and W90PV10-6M samples demonstrated the negative
effect of increased porosity on the mechanical properties of the AA-WBA /PV binders.
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Figure 10. Compressive strength of AA-WBA /PV binders.

3.5. Environmental Characterization

Leaching tests in deionized water were conducted following the EN 12457-2 stan-
dard to simulate the environmental impact of the AA-WBA /PV binders when they are
demolished at the end of their useful life. The concentrations of the heavy metals and
metalloids leaching from the WBA, PV, and AA-WBA/PV binders, as well as the limits
for acceptance in waste landfills [59], are summarized in Table 5. For the WBA, only
the Sb concentration exceeded the limit for inert waste. For the PV powder, Mo and Sb
concentrations exceeded the limits for inert waste and non-hazardous waste, respectively.
The results for the AA-WBA/PV binders varied substantially depending on the heavy
metals and metalloids. Mo and Pb concentrations were above the limit for non-hazardous
waste. However, the main issue was the high activation of metalloids (As and Sb) in the
AA-WBA/PV binders regarding the WBA and PV. Indeed, the leaching concentrations of
As and Sb exceeded the limits for acceptance at landfills for non-hazardous waste. The
immobilization of these two metalloids is hampered by the high pH environment during
the alkali activation process, which contributes to their anionic formation [60]. However,
an increase in immobilization efficiency after 18 months of curing has been reported in the
literature [61]. Therefore, the immobilization of As and Sb in the AA-WBA /PV matrix is
expected to improve with longer curing times comparable to the lifecycle of these materi-
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als. The primary and secondary glass contents of the WBA are the main contributors of
the metalloids in AA-WBA/PV [31]. Sb and As oxides are used in the glass industry as
refining and coloring agents [62] and are mainly found in the coarse fraction of WBA [17].
Furthermore, Sb is also found in PV, because this metal is used in the aluminum industry
as a modifier of the eutectic structure and as a grain refiner [63]. Increasing the NaOH
concentration affected the leaching of the metalloids from the AA-WBA /PV formulations.
The higher the concentration of the alkaline activator solution, the higher the concentration
of the leaching metalloids. However, the effect of increasing the PV content was negligible.

Table 5. Leaching concentrations (mg-kg ™) in WBA, PV, and AA-WBA/PV binders after leaching tests (EN 12457-2) and limits for

acceptance at landfills.

Sample

As Ba Cd Cr Cu Hg Mo Ni Pb Sb Zn pH

WBA
PV

0.02 025 <0.01 017 0.69 0.01 0.33 0.11 0.01 0.27 0.12 9.54
0.10 0.06 <0.01 0.01 015 <0.01 290 <020 0.01 1.38 0.10 10.03

WO98-PV2-4M
WO95-PV5-4M
W90-PV10-4M

2.44 014 <0.01 012 0.54 0.04 042 <020 044 2.82 0.76 11.61
2.45 016 <0.01 0.14 0.50 0.02 050 <020 054 2.86 0.71 11.59
2.34 031 <0.01 0.14 0.55 0.01 072 <020 049 2.86 0.51 11.48

W98-PV2-6M
W95-PV5-6M
W90-PV10-6M

2.78 0.15 <0.01 0.05 0.53 0.01 052 <020 0.55 3.15 0.54 11.63
277 019 <0.01 0.18 0.81 0.06 050 <020 0.52 322 0.68 11.57
2.68 022 <0.01 024 0.34 0.02 070 <020 0.50 3.18 0.80 11.57

1 Inert waste (mg-kg 1)
1 Non-hazardous waste
(mg-kg™)

1 Hazardous waste

(mg-kg )

0.5 20 0.04 0.5 2 0.01 0.5 0.4 0.5 0.06 4
2 100 1 10 50 0.2 10 10 10 0.7 50

25 300 5 70 100 2 30 40 50 5 200

1 limit for acceptance in landfills [59].

4. Conclusions

The use of WBA and PV in the formulation of AABs can lead to a low-carbon and
zero-waste manufacturing of cement. This study demonstrated the potential of the coarse
fraction of WBA and PV as silica-rich and alumina-rich precursors, respectively. The
AA-WBA/PV binders remain stable after immersion in boiling water due to the formation
of new phases. Selective chemical extractions, XRD analysis, and FI-IR analysis revealed
the presence of C-S-H, C-A-S-H, and/or (N,C)-A-5-H gels as the main reaction products
formed in the AA-WBA /PV binders. The NaOH concentration and PV content influenced
the mechanical and physical properties of the binders. Increasing the NaOH concentration
and the PV content increased the formation of the reaction products as well as porosity.
Increasing the PV content, however, reduced the compressive strength of the binders. These
results reflect the versatility of PV when applied to enhance mechanical properties or used
as an aerating agent to improve thermal conductivity. Finally, the environmental impact of
the binders was assessed with leaching tests, which revealed that a high pH of the alkaline
activator solution increased the leaching of metalloids from AA-WBA /PV. Considering
that the main goal of this study was to obtain AABs with good mechanical properties,
WO98PV2-4M is the optimal formulation, with the lowest metalloid leaching potential.
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6.2. Alkali activation using the least polluted fraction of WBA and
metakaolin

MK has been widely investigated in the field of alkali activation technology since its boom in
the 80’s due to the investigations carried out by Joseph Davidovits [19]. This product is obtained
through the kaolinite (Al,Si,Os(OH),) thermal dehydroxylation at 500-750 °C to collapse clay
structure and to form new amorphous and highly reactive aluminosilicate phases [20]. MK is
mainly composed of amorphous SiO; and Al,03 with other minor elements such as Na,O, KO,
Fe,0s, and TiO,, among others [21]. It requires a high alkaline activator solution (similar to a
NaOH 8M solution) due to its aluminosilicate-rich nature. Despite the suitability of its
composition, the application of MK at a large scale in the alkali activation technology is
hampered by the price and the problems with the rheology and workability because of its high
specific surface area [22]. Concerning the use of both WBA and MK as alkali-activated mixed
precursors, they have been scarcely studied [23—26]. The maximum percentage of WBA used
in these studies to obtain AA-WBA/MK binders was 80%, with low resistance results. This is
probably due to the use of the entire fraction or the finest fraction, which contain metallic
aluminium and react with NaOH to generate hydrogen gas, as well as a high content of soluble
salts. Hence, in the fifth investigation presented in this PhD thesis, the use of the least polluted
fraction was considered due to its low content of metallic aluminium. As mentioned in chapter
I, the non-ferrous metals recovering is more effective in particles above 8 mm [6]. In this way,
the possibility to generate hydrogen gas is reduced, enhancing, in turn, the mechanical
performance. Besides, the use of a noble precursor such as MK could reduce the environmental
risks produced by leaching of some heavy metal(loid)s revealed in the previous investigations

[27,28].

The main goal of the study was to determine the environmental properties of AA-WBA/MK
binders employing leaching tests simulating, in turn, two different scenarios. First, as in the
previous studies, it was conducted the leaching test according to EN 12457-2 standard, to
evaluate the potential heavy metal(loid)s release of AA-WBA/MK binders at the end of their
lifecycle. Secondly, it was carried out a dynamic surface leaching test (DSLT) following CEN/TS

166637-2 standard to assess the heavy metal(loid)s leaching during their service life.
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6.2.1. Effect of the WBA/MK proportion

Aiming to evaluate the effect of MK on the developed AA-WBA/MK binders, five proportions
of WBA/MK (100/0, 75/25, 50/50, 25/75, and 0/100) precursors were prepared with different
mixtures of WG/NaOH 8M alkaline activator solutions. Unlike previous studies, it was only used
NaOH 8M solution due to the aluminosilicate-rich nature of MK. As can be seen in the third
investigation presented in Chapter VI, the results of AA-WBA binders obtained using WG/NaOH
8M mixture as alkaline activator solution were similar to the WG/NaOH 6M [28]. Another
unigueness concerning the previous investigations was the relative humidity conditions in the
AA-WBA/MK binders. The specimens were subjected to a room relative humidity (50%) to
maintain the same curing conditions reported elsewhere [25], as well as to enhance their
mechanical properties. It has been demonstrated the negative humidity effect on the final
strength of alkali-activated MK binders [29]. The characterisation was in line with the previous
studies, emphasising the assessment of the environmental risks of AA-WBA/MK binders as a
building material. The authors also expected that incorporating MK could dilute the heavy

metal(loid)s concentration such as Sb and As.

6.2.2. Originality and chief contributions

The originality of this fifth investigation lay on the environmental assessment carried out to the
AA-WBA/MK binders. The heavy metal(loid)s leaching potential of alkali-activated WBA/MK
mixtures were deepened studied. In this sense, it was the first time that AA-WBA/MK binders
were subjected to a monolithic tank leaching test, which allowed simulating the service life
behaviour of these materials.

The main contribution to the state of art was the demonstration and validation of the possibility
to develop AA-WBA/MK binders for its use as building material without any environmental risk
when the WBA/MK proportion is 50/50. Therefore, it was revealed the dilution effect of MK on

the heavy metal(loid)s leaching concentration of the AA-WBA binders.
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6.2.3. Paper 5: Weathered bottom ash from municipal solid waste

incineration: alkaline activation for sustainable binders
This fifth investigation (Figure 7.3) is pending to submit to the Construction and Building
Materials journal once the porosity results of the AA-WBA/MK binders have been obtained. It
should be noted that this study was performed through a collaboration with the Dipartimento

di Ingegneria “Enzo Ferrari” in Modena, where | did my international stay.

Weathered bottom ash from municipal solid waste incineration:

alkaline activation for sustainable binders

A. Maldonado-Alameda', J. Giro-Paloma!, F. Andreola?, L. Barbieri?, J. M. Chimenos!:*
Isabella Lancellotti®
I Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/ Marti i Franqués, 1-11, 08028,
Barcelona, Spam. Ph: +34-934037244.

2 Department of Engineering “Fnzo Ferrari”, Universiti degli Studi di Modena e Reggio Emilia, Via Pietro Vivarelli 10,
41125, Modena, Italy.

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

Figure 7.3. Article submitted to Construction and Building Materials in 2021, titled “Alkali-
activated binders using bottom ash from MSW! and metakaolin”.
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Abstract

Alkali-activated binders (AABs) stands out as promising candidates to replace ordinary
Portland cement (OPC) since they allow the use of residues as raw material for their
manufacture. This investigation addresses the environmental feasibility of using the least
polluted fraction of weathered bottom ash (WBA) from municipal solid waste incineration
(MSWI) and metakaolin (MK) as alkali-activated binder precursors (AA-WBA/MK). Different
proportions of WBA and MK were mixed (100/0, 75/25, 50/50, 25/75, and 0/100 wt. %) with
a mixture of waterglass (WG) and NaOH as alkaline activator solution. The effect of the MK
content increase was assessed from a chemical, physical, mechanical, and environmental point
of view. The results demonstrated the possibility of using AA-WBA/MK binders with some
restriction at the end of their useful life. Besides, the formation of typical reaction products
from C-(A)-S-H, (C,N)-A-S-H, and N-A-S-H gels was observed. It was also revealed the

negative influence of increasing MK content in AA-WBA/MK binders’ compressive strength.

Keywords: Weathered bottom ash, Metakaolin, Alkali-activated binders, Waste management



1. Introduction

Waste Management (WM) has become one of the great concerns of the European Union
(EU) in the last decades [1]. The main challenge is to achieve suitable management based on
waste prevention, reuse, and recycling which leads to a more environmentally friendly economy
[2,3]. In this sense, many countries choose waste-to-energy (WtE) as the main alternative to
avoid the environmental issues generated by municipal solid waste (MSW) landfilling [4—7].
In 2019, 224 Mt of MSW were produced in the EU, 26% of which was incinerated in WtE
plants [8]. MSW incineration (MSWI) allows recovering energy from non-separable waste
fractions and reducing the waste volume by 90% and the waste weight by 75% [9,10]. Only
three countries (Germany, France, and Italy) are responsible for 60% of the total amount of
waste incinerated in the EU. In Spain, MSWI has increased by around 25% in the last 10 years,
reaching 2.5 Mt in 2019 [8]. The solution of recovering energy in WtE plants in Spain emerges
as a good alternative considering that 54% of MSW ended up in the landfill in 2019 [8].

Incinerated bottom ash (IBA) is the main by-product generated from MSWI and accounts
for 85% of the solid resulting from combustion [11]. It is classified as hazardous or non-
hazardous waste by the European waste catalogue (EWC) depending on its concentration of
hazard compounds [12]. IBA needs a natural weathering treatment for its valorisation, which
consists of storing it outdoors in stockpiles for 2-3 months to obtain a resulting material known
as weathered bottom ash (WBA) [13]. This treatment leads to the chemical stabilisation and the
reduction of the solubility of toxic elements through the carbonation, oxidation, precipitation,
and pH neutralisation reactions [14]. The final composition of WBA (rich in CaO, SiO., and
Al>,03) allows its application in building, civil [15—19] and chemical engineering [20,21] fields.
However, some chemical, legal, and technological barriers linked to leachate toxicity hamper

its valorisation in many countries due to the heavy metal(loid)s contained in WBA [12,22,23].



For this reason, alkali activation of WBA stands out as a suitable option to achieve the heavy
metal(loid)s stabilisation in a cementitious matrix.

The alkali activation consists of the reaction between an aluminosilicate-rich precursor
powder and an alkaline activator solution to obtain a compact cementitious matrix [24]. There
are environmental reasons to support the use of alkali-activated cements (AACs) instead of
ordinary Portland cement (OPC) as they offer innovative and ingenious solutions to reduce
energy consumption and greenhouse gas (GHG) emissions associated with the manufacture of
OPC [25-27]. Besides, most AACs precursors are industrial by-products or wastes, which
favours the zero-waste principle and the circular economy promoted on the new EU policies
[3,28]. However, the hazardousness of the AACs can substantially enhance due to the
combination of these precursors with highly alkaline media. During the service life of AACs,
toxic elements such as trace metals, polycyclic aromatic hydrocarbons (PAH), dissolved
organic carbon (DOC), sulphates, chlorides, fluorides, etc could be released into the
environment [29,30]. Therefore, it is important to assess the environmental viability through
different tests which allow determining the potential toxicity of these cement-based materials.
The requirements of AACs must not only be related to their properties or the safety of buildings
but also the health and protection of the environment as Regulation No 305/2011 of the
European Parliament marks.

Focusing on alkali activation of WBA, many studies have evidenced the possibilities of
using it to formulate ACCs in the last decade [31-36]. WBA has been mixed with a wide range
of materials as precursors. From natural raw materials such as metakaolin (MK) [37-41] and
slaked lime (SL) [42], industrial by-products such as fly ash (FA) [43] and granulated blast
furnace slag (GBFS) [36,44] or urban wastes such as incineration fly ash (IFA) [45,46] and
DWTR [47]. The microstructure, chemical stability, and mechanical properties of alkali-

activated WBA (AA-WBA) binders and mortars have been exhaustively studied in the literature



[48]. Nonetheless, the environmental risks assessment of these materials should be deepened
due to the heavy metal(loid)s contained in WBA [23]. In this sense, some studies evaluated the
leaching concentration of metal(loid)s through different granular (EN 12457-2 [49]and 12457-
4 [46,50]) and monolithic (TCLP [45,47,51], ANSI/ANS [45], and NEN 7375 [52]) leaching
tests. However, most of the studies did not analyse the leaching concentration of arsenic (only
in some cases) and antimony, whose significant presence in the AA-WBA binders' leachates
has been demonstrated by the authors elsewhere [53—56]. Indeed, the leaching concentration of
both metal(loid)s in AA-WBA binders was above the non-hazardous waste limit set by
European landfill legislation [57]. Hence, it should be extremely important to analyse all heavy
metal(loid)s to validate that their use as building material does not imply any environmental
and complies with the requirements set by the European standards in the construction materials
field.

The present research is focused on the formulation of new alkali-activated binders (AABs)
using WBA and MK (AA-WBA/MK) to contribute to the development of more sustainable
construction cements. The main goal of this work is to assess the effect of mixing different
percentages of MK and WBA as powder precursors in the final AA-WBA/MK binders’
properties. The originality of this research is based on the exhaustive assessment of the
environmental properties through granular (EN 12457-2) and monolithic (CEN/TS 16637-2)
leaching tests to simulate the service life scenario and end-of-life scenario of the AA-WBA/MK
binders. Another novelty is the use of the 8-30-mm fraction and MK to enhance the mechanical
properties. On one hand, this WBA fraction has the highest SiO> availability in the WBA [53],
which can contribute to enhancing the mechanical behaviour. Besides, the metallic aluminium
(Al) contained in the 8-30-mm fraction is lower than WBA fine fractions due to the recovering
effectiveness of the Eddy current device for particles above 6 mm [11]. This fact can lead to

the decrease in porosity generated by the reaction of Al and NaOH, improving the strength of



AA-WBA/MK binders. On the other hand, the use of MK can balance the lack of reactive
aluminium of the WBA, enhancing the strength development and the AAC polycondensation
reaction [58,59]. Besides, its chemical composition is less polluting than WBA, which can
contribute to improving the environmental properties through the dilution of heavy metal(loid)s
in the obtained binder matrix. A previous study carried out by some authors of this paper [38]
already demonstrated the viability to develop AABs with 70% maximum content of WBA by
using the size fraction between 0.2 to 1 mm. However, the mechanical behaviour and
environmental properties were not evaluated in that study. Five AA-WBA/MK formulations
with different WBA and MK content have been studied. A mixture of sodium silicate (Na>SiO3)
and sodium hydroxide (NaOH) was used as alkali-activator solution. The properties were
determined from a physicochemical, physical, mechanical, and environmental point of view.
Special attention was placed on the environmental characterisation since this work is aimed to
develop sustainable binders which promotes the zero-waste principle and contributes to search
for a greener alternative to the OPC pastes.
2. Experimental procedure

2.1. Materials

The WBA was provided by VECSA (Spain) and gathered in its WtE plant located in
Tarragona (Spain). The commercial Metakaolin (MK) powder was supplied by Bal-Co (Italy).
A mixture of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) were used as the
alkaline activator solution. The Na>SiOs solution with molar ratio Si02/Na;O = 3.22 (26.44%
of SiO2 and 8.21% of Na,O; p = 1.37 g-em™) was supplied by Scharlab, S. L. and the SM NaOH
solution (p = 1.24 g-cm™) was prepared using pellets (Labbox Labware S.L.; purity > 98%) and
deionised water.

2.2. WBA preparation



The 60 kg of WBA sample collected in WtE plant was quartered to obtain a representative
sample of 15 kg. Afterwards, the sample was dried in a stove at 105 °C for 24h and sieved to
obtain the 8-30 mm fraction. The magnetic particles in WBA were removed by a metal magnet
(Nd; 0.485 T) before its crushing and milling with a Jaw Crusher RETSCH BB 50 and Vibratory
Disc Mill RETSCH RS20, respectively. A powder of 80 pm of particle size was obtained to
favour the reactivity between the two precursors since the particle size of MK powder is 75 pm.

2.3. Raw materials characterization

X-ray fluorescence (XRF) elemental analysis of WBA was conducted by a
spectrophotometer Panalytical Philips PW 2400 sequential X-ray equipped with the software
UniQuant® V5.0. Mineralogical analysis of MK and WBA was carried out using a Bragg-
Brentano Siemens D-500 powder diffractometer device with CuKa radiation to determine the
crystalline phases of WBA. The SiO2/Al>03 availability of WBA and MK was determined by
chemical attack with 8M NaOH solution to determine the reactive phase (amorphous
aluminosilicates phases) of the two precursors [60]. One gram of powder raw materials was
placed in a 100 mL NaOH solution and stirred constantly for 5h in a sealed Teflon beaker at
80°C. The resulting solution was filtered and analysed by a Perkin Elmer Optima ICP-OES
3200 RL equipment to quantify the Si and Al content. Leaching tests were conducted according
the European standard EN 12457-2 to evaluate the hazardousness of WBA according the limits
for acceptance at landfills stablished by the EU [57]. The leachates analysis was carried out by
means of an ICP-MS Perkin-Elmer Elan-6000 device.

2.4. Samples preparation

Five formulations with different MK/WBA content (Table 1) were prepared to assess the
effect when increasing the WBA content on the final structure and properties of the AA-
WBA/MK binders. The NaxO/ALOs3 ratios by wt. % were adjusted to 0.9 considering the Si,

Al, and Na weight percentages coming from the precursors (WBA and MK) and activators



(NazSiO3 and NaOH solutions). The Na»O/Al,O3 ratio leads to an improvement of the
dissolution step of Si*" and AI’* and enhances the polymerization process [61]. The SiO2/Al,O3
ratio could not be adjusted as the higher WBA content, the higher SiO»/Al>O3 ratio. This is
because of the lack of reactive aluminium in the WBA precursor. In the case of 100W
formulation, both ratios could not be adjusted, and the authors were used the formulation
reported elsewhere [55].

Table 1. Alkali-activated binders’ formulations by WBA/MK mixture.

S L AlKali-

. e 5
Reference 'WBA MK 'NaOH 'Na:SiO3 r];/ﬁso i}%/ 1:?28/ 13;0(2)/ asf)tl‘]r::f::f
(Wt%) (Wt%)  (Wt.%)  (Wt.%) s ARS ?

pH

100W 100 0 16 64 0.8 19.4 44 2.1 12.7
75W25M 75 25 12 47 0.6 6.1 0.9 2.0 12.9
S0W50M 50 50 34 47 0.8 4.2 0.9 1.2 14.1
25W75M 25 75 52 52 1.0 3.5 0.9 1.1 14.4
100M 0 100 66 68 1.3 3.0 0.9 1.0 14.4

"wt. % respect to the total solid
’Ms of alkali-activator solution (molar ratio)

The preparation of the formulations consisted of the following steps:

(i) weighing and mixing in a plastic beaker the WBA/MK powder and the activating

solutions, separately, to homogenize both mixtures;

(i1) adding gradually the activating solutions on the powder mixture of WBA/MK and
stirring mechanically for 5 min at 760 rpm, to favour the precursor dissolution and to obtain a

homogeneous and fluid paste;

(iii) pouring the paste into silicon cubic-shape moulds and putting these in a plastic sealed

bag at room temperature for three days to avoid the loss of water (setting and curing phase);

(iv) removing the moulds of the plastic sealed bag and unmoulding the specimens,
maintaining them at room temperature and humidity (25 °C £ 1 °C and relative humidity of 50%
+ 5%) until the day of the tests (curing phase).

2.5. Hydrolytic stability tests



All formulations were subjected to integrity test, consisting of immersing one specimen of
each formulation in deionised water for 48 h [38]. The specimens were also exposed to boiling
water tests based on placing them into the water at 100 °C for 20 min [54]. In both cases, the
specimens were tested after 28 days of curing and were dried in a desiccator with silica gel until
constant weight after the tests. The weight loss percentages after the two tests were calculated.
These tests allow evaluating the hydrolytic stability and therefore, the consolidation of the
specimens after the alkali activation process.

2.6. Alkali-activated binders’ characterisation

The AA-WBA/MK characterisation was determined through different analysis and tests,
some of them were carried out at different ages (3, 28, and 60 days) to well-understanding the

alkali activation process (Fig. 1).
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Fig. 1. Tests scheme.

The salicylic acid/methanol (SAM) and hydrochloric acid (HCI) dissolution treatments
were conducted to evaluate the formation of C-(A)-S-H and N-A-S-H phases [62]. SAM and
HCI extraction were performed by the attack of 1 g of the powdered AABs in a salicylic
acid/methanol solution for 1h (5 g of salicylic acid and 40 ml of methanol) and 250 ml solution

of HCl for 3h (1:20 by volume), respectively. Then, the solutions were filtered (Whatman filter



20 um pore size) and the insoluble residue (IR) was washed and dried in a desiccator with silica
gel until constant weight to calculate the mass dissolved by both extractions. The mass
dissolved by SAM solution indicated the presence of C-(A)-S-H phases while the mass
dissolved by HCI solution revealed the presence of C-(A)-S-H, N-A-S-H, and carbonate phases
[63].

X-ray diffraction (XRD) analysis was performed to determine the new crystalline phases
and main reaction products in AA-WBA/MK by using a Bragg—Brentano Siemens D-500
powder diffractometer device with CuKa radiation.

Fourier transformed infrared spectroscopy (FT-IR) in attenuated total reflectance mode
(ATR) was carried out to evaluate the new formation, changing, and rupture of bonds by
comparing the initial precursors’ powders and AA-WBA/MK binders. A 32-scans average with
4 cm! resolution (in 4000 to 400 cm™ range) were collected by a Spectrum Two™ equipment
from Perkin Elmer. The range (1200-800 cm™) ascribed to the C-(A)-S-H phases was
deconvoluted by means Gaussian functions with computer software and following the criteria
reported elsewhere [64].

The microstructure observation was conducted by a scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS) ESEM FEI Quanta 200 equipment. The energy-dispersive
X-ray spectroscopy (EDS) analysis was also performed to determine the SiO»/AlO3 and
Al,03/Na;0 ratios. The fractured specimens of the samples after the compressive strength test
were used. The samples were impregnated with epoxy, polished with SiC papers, and coated
with graphite. The micrographs were collected at voltages of 20 kV and a working distance
around 10 mm.

The bulk density (pa) and porosity (@) after 28 curing days were determined to a better
comprehension of the mechanical behaviour of AA-WBA/MK binders. The porous network of

each formulation was analysed with the mercury (Hg) intrusion porosimetry (MIP) technique



using a porosimeter Micromeritics Autopore IV 9510 equipment. Hg intrusion porosimetry was
carried out to measure pore size distributions, total pore volume, total pore surface area, and
bulk density. The fractured specimens after the compressive strength tests (cc) were dried in a
stove at 50 °C to remove the humidity before the mercury intrusion [65]. Then, about 1 g of
dried samples was put in a penetrometer with a 15 mL sample cup and steam volume of 0.38
mL. The operative conditions were fixed to identify capillary pores between 0.006 and 350 pm:
(i) equilibrium time (10 sec) and (ii) pressure limits of 345 kPa and 228 MPa permits.

The compressive strength (oc) tests after 3, 28, and 60 curing days were performed by an
Incotecnic MULTI-R1 equipment (loading rate of 240 kg-s' until fracture). Three measures
per each formulation were conducted.

Leaching tests were performed to evaluate the metal(loid)s potential release of the AA-
WBA/MK. During the alkali activation process is expected that some heavy metal(loid)s could
be activated due to the high alkaline activator solution pH [54]. The heavy metal(loid)s leaching
concentrations of each formulation were analysed following the European standards EN 12457-
2 and CEN/TS 16637-2. The former was used to simulate the leaching behaviour after a
potential demolition (end-of-life scenario). The second was conducted to assess the leaching
potential of the samples under service life conditions (service life scenario). The powdered raw
materials and crushed fragments (particles below 4 mm) of AA-WBA/MK binders obtained
after the compressive strength test were used to perform granular leaching test (EN 12457-2).
The fragments were in continuous rotating agitation (10 min™') with deionised water (L/S ratio
of 10 L-kg™") for 24 h at room temperature. Monolithic specimens (40-mm cubic size) were
used to follow the CEN/TS 16637-2 standard. The specimens were submerged in deionised
water (water volume to surface area was 80 + 10 L-m™) at room temperature. The solvent was
exchanged at cumulative time intervals of 0.25, 1, 2.25,4, 9, 16, 36, and 64 days. The eluate of

each interval and formulation was then sampled. The resulting leachates in both leaching tests
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were filtered with a 0.45-pm nitrocellulose membrane. Two replicas per sample and one aliquot
per replica were analysed by ICP-MS (Inductively coupled plasma mass spectrometry)
technique with a PerkinElmer ELAN device, evaluating As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb,
Sb, Se, V, and Zn concentrations. The results of granular test (EN 12457-2) were compared to
the limits for acceptance at landfills established by the EU legislation [57] to determine the
hazardousness of AA-WBA/MK binders. Concerning monolithic test (CEN/TS 16637-2), the
cumulative metal(loid)s release (mg-m) of AA-WBA/MK binders was compared to the limits
established in Dutch Building Materials Decree. This standard allows classifying construction
materials in two categories [66]: (i) materials below the U; limit, without any environmental
restriction. (ii) materials that exceed the Uz limit, which should be used with restrictions and
dismantled at their end of life. For materials whose any cumulative metal(loid) release is
comprised between U; and U: limits, the pollutant that exceeds the threshold should be removed
at the end of their lifecycle [67].
3. Results and discussion

3.1. Raw materials characterization

The major oxide elements of the WBA and MK are given in Table 2. As can be seen both
precursors are rich in SiOz, CaO, and Al>Os, which are the key elements to obtain AABs.

Table 2. Chemical composition of raw materials.

Element Si0: ALO; Na;0 K:0 Fe:03 CaO MgO TiO: LOI
(wt. %)
MK 55.0  40.0 20.8 1.4 0.3 1.5 1.0
WBA 52.08 635 338 2.09 412 20.72 243 0.65 6.1
!Chemical analysis indicated on the product technical data sheet.
2Sum of Na20 and K20

The mineralogical analysis of WBA (Fig. 2a) demonstrates that the identified phases are
constituted of Si, Al, and Ca compounds. Quartz (SiO2; PDF# 01-079-1910) and calcite
(CaCOs3; PDF# 01-083-1762) were detected as main crystalline phases. Dolomite

(CaMg(COs);; PDF# 01-075-1759), akermanite (Ca;Mg(Si207); PDF# 01-079-2424),
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anhydrite (CaSOs4; PDF# 01-072-0503), albite calcian ordered ((Na,Ca)Al(Si,Al)3Osg); PDF#
020-0548), microcline (KAISizOg; PDF# 01-076-0918), and muscovite (KAl2(AlSizO10)(OH)2;
PDF# 01-077-2255) were also detected. It is important to highlight the partial vitreous nature
of the sample due to the presence of a halo between 20° and 35°. The XRD pattern of MK (Fig.
2b) reveals the presence of Quartz (SiO2; PDF# 01-078-2315) and Kaolinite (Al2Si20s5(OH)a;
PDF# 01-075-1593) as main phases, as well as traces of Anatase (TiO2; PDF# 01-078-2486),

and Tllite ((K,H30)(AIMgFe)>(Si,Al)s010; PDF# 026-0911).

1 1. Quartz b K: Kaolinite
a 2. Calcite 2 Q: Quartz
3. Akermanite A: Anatase
4. Albite I: Illite
- 5. Anhydrite
:! 6. Dolomite
~ 7. Microcline
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w
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Fig. 2. XRD patterns of (a) WBA (b) MK.

FT-IR spectra of MK and WBA (Fig. 3) show two broad bands (at 1050 cm™ and 1000 cm
I, respectively) attributed to the asymmetric T-O (T=Si or Al) stretching mode. The broad
shoulder of MK spectrum at 800 ¢cm™! is ascribed to the symmetric Al-O stretching vibration.
Three peaks related with the stretching (1436 cm™) and bending modes (875 cm™ and 713 cm’
1) of the WBA carbonates phases can also observed, as well as two peaks at 796 cm™ and 776
cm’! corresponding to quartz. These results are in accordance with the identified phases in the

XRD.
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Fig. 3. Raw materials FT-IR spectra.

The reactive phase’s availability in raw materials, determined by chemical attack in NaOH,
is summarised in Table 3. Comparing with the XRF analysis shown in Table 2, the results
revealed that most of the SiO2 and Al,Os3 content in the MK is reactive. However, the SiO2 and
Al>Os availability is substantially reduced in the WBA due to the large amount of natural and
synthetic ceramics contained in this raw material [11]. Therefore, as expected by the authors,

MK is an aluminosilicate-rich source while WBA is a silica-rich source with a substantial lack

of aluminium.
Table 3. SiO> and A,Os availability of MK and WBA.
SiO:z wt. %) Reactive % ALO3 wt. %) Reactive %
MK 46.01 84 36.46 91
WBA 21.66 42 2.89 45

Table 4 shows the leaching concentration of heavy metal(loid)s found in the eluates after
leaching test according to the EN 12457-2 standard, as well as the marked limits by the EU for
waste acceptance at landfills. WBA and MK can be classified as a non-hazardous materials
since the leaching concentration of Sb (in the WBA) and Ni and Se (in the MK) exceed the

limits for inert waste material [57]. Therefore, from environmental point of view, the starting
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raw materials (WBA and MK) can be considered suitable for its use as precursors for their
alkali activation.

Table 4. Leaching concentrations (mg-kg') on WBA after leaching test (EN 12457-2) and
limits for acceptance at landfills.

Sample As Ba Cd Cr Cu Hg Mo Ni Pb Sb Se Zn

WBA 0.02 025 <0.01 0.17 0.9 0.01 033 0.11 0.01 027 <0.01 0.12
MK 0,01 0,84 <0,01 0,04 0,02 <001 001 053 <001 0,01 020 0,18

IInert waste
(mg-kg™)
'Non-
hazardous

0.5 20 0.04 0.5 2 0.01 0.5 0.4 0.5 0.06 0.1 4

N

100 1 10 50 0.2 10 10 10 0.7 0.5 50
waste

(mg-kg™)
'Hazardous
waste 25 300 5 70 100 2 30 40 50 5 7 200
(mg-kg")
imit for acceptance at landfills [57]

3.2. Chemical stability tests

The qualitative evaluation of integrity test and boiling water test allows determining that all
samples remained unaltered after contact with deionised water. The weight loss percentage was
below 3% in all cases, which revealed the resistance of AA-WBA/MK binders to dissolution in
deionised water. Both tests evidenced the structural consolidation of all samples and alkali
activation of WBA and MK in all formulations.

3.3. AA-WBA/MK binders’ characterisation

3.3.1. Selective chemical extractions

The mass dissolved percentages (wt. %) of WBA, MK, and AA-WBA/MK binders after
SAM and HCI extraction are depicted in Fig. 4. It can be observed in SAM extraction results
the small amount of C-(A)-S-H dissolved in WBA (5.5 %) and MK (2.2 %). This is because of
the presence of calcium in MK is minimum as shown in XRF and XRD characterisation, while
in the WBA the calcium is found in carbonate (calcite) or sulphate (anhydrite) form and they
are not dissolved by SAM attack. Around 30 % of mass was dissolved by HCI extraction in the

WBA mainly due to the presence of carbonate phases such as calcite [68]. It is important to

14



highlight the origin of WBA, which is obtained after an ageing process leading to a carbonation
of IBA. In the case of MK, the mass dissolved by HCI extraction was 5.8 %.

As for the AA-WBA/MK binders, the results reveal the formation of C-(A)-S-H and N-A-
S-H phases in all formulations. Both in the SAM and HCI extraction is shown a trend
corresponding to an increase of the mass dissolved percentage as increase the amount of MK.
This trend was expected by the authors in the HCI extraction since the alkali activation of MK
produce N-A-S-H and aluminosilicate gels. However, in the SAM extraction the same trend is
observed although the presence of the potential calcium phases that can form C-(A)-S-H phases
is lower as increase the MK amount in formulations. This unexpected fact, it could be justified
by the same trend observed between the L/S ratio of each formulation (Table 1) and the mass

dissolved by SAM extraction.
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Fig. 4. Mass dissolved percentage after selective chemical extractions.

3.3.2. Physicochemical characterisation
Table 5 shows the main crystalline phases found in the AA-WBA/MK binders. Quartz and
calcite (excepting in 100MK) were identified in all formulations. These phases were found in

raw materials and remain in the cement matrix without reacting. Calcium silicate hydrate (C-
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S-H) as the main reaction product and tokkoite, gehlenite, and anorthite as secondary reaction
products attributed to the C-(A)-S-H phases were identified in the formulations containing
WBA. Albite phases, which are ascribed to the N-A-S-H and (C,N)-A-S-H phases, were also
observed. Other three reaction products associated to the N-A-S-H and K-A-S-H gel such as
nepheline, dehydroxylate paragonite, and dehydroxylate muscovite were detected in 100M
formulation. Finally, a sodium carbonate phase (natron) probably formed due to the carbonation

of unreacted NaxO was also identified in the formulations activated with a mixture of two

precursors.
Table 5. Crystalline phases in AA-WBA/MK binders.
Identified phase PDF 100W  75W25MK 50W50MK 25W75MK  100MK
Albite (NaAlSi3Oys) 01-083-1609 v v

Albite calcian low

. 01-076-0927 v v 4
(Naog.34Cao.16)Al1.16 Siz2.8405)
Anbhortite (CaAl>Si,Os) 00-041-1486 v
Anorthoclase
. 01-075-1633 v
(Na0,75K0,25)(AlSI303)
Calcite (CaCO:3) 01-072-1937
Calcium Silicate Hydrate
11- v v v v
(C%Si}O]szO) 0 0507
Dehydroxilated muscovite
. 046-0741 v
(MI3SI30] 1)
Dehydroxilated paragonite
- v
(NaALSi:011) 046-0740
Gehlenite
- _ v
(Ca(Al(AISi)O7) 01-073-2041
Nepheline
. 01-076-2468 v
(Na3K(Sio.56Al0.44)3016)
Tokkoite
. 01-079-1981
(Ki1.5Ca3.94(S17015(OH)(OH))
Quartz (Si0») 01-078-2315 4 4 v v v
Natron (Na,CO310H,0) 01-082-1811 v v v

XRD patterns of the 100W and 100MK samples and their respective SAM and HCl
insoluble residues (IRs) are shown in Fig. 5. In both samples can be observed significantly
changes in the shape and position of amorphous hump, as well as the disappearance of some
peaks related to the secondary reaction products of C-(A)-S-H and N-A-S-H gels. The SAM

and HCI IRs of 100W sample showed a substantial change in position (shift to a lower angle)
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and shape of the amorphous hump, indicating the variation in the composition of amorphous
phases. These changes in amorphous hump had already been detected in other investigations of
alkali-activated IBA [62,69]. Besides, the IR after SAM extraction evidenced the dissolution of
C-(A)-S-H phases such as gehlenite and tokkoite, while the IR after HCl extraction
demonstrated the dissolution of carbonate (calcite) and aluminosilicate (albite) phases. Indeed,
the only crystalline phase present after HCI extraction is quartz. As for the 100MK sample, a
significantly reduction of amorphous hump in both SAM and HCI extractions can be identified.
The IR of SAM extraction revealed the presence of crystalline phases typical from TiOz such
as anatase (PDF# 01-078-2486) and rutile (PDF# 01-072-1148), which were indiscernible
before the chemical attack. Another secondary product associated to N-A-S-H gels such as
muscovite (KAL>Si3Al010(OH)z; PDF# 00-007-0032) was detected. On the other hand, the
reduction of amorphous hump was more pronounced in the IR of HCI extraction, revealing the
N-A-S-H nature of the gel formed in the 100M sample. In this case, crystalline phases such as
quartz, rutile, anatase, and kaolinite (Al2(Si2Os)(OH)s; PDF# 01-080-0886) remain unaltered
after the chemical attack. Therefore, the XRD analysis is consistent with the selective chemical

extractions results showed in section 3.3.1.
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Fig. 5. XRD patterns of 100W and 100M before and after SAM/HCI extractions.
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The FT-IR spectra of AA-WBA/MK binders at different curing times (3d, 28d, and 60d)
are shown in Fig. 6. The lines indicate the position of the broad band assigned to the asymmetric
T-O (T=Si or Al) stretching mode of the MK (short red dash) and the WBA (black dash and
dot). The shaping changes (mainly the sharpening) and shifting of the broad bands in all
formulations reveals the alkali activation of raw materials and the formation of new phases
[63,70]. In the samples with high-MK content (100M and 25W75M) and S0W50M the
disappearance of the MK band (vs Al-O) at 800 cm™' and the appearance of a new band at ~700
cm! also evidences the formation of the N-A-S-H gel network [71]. The signal at 869 cm! is
also attributed to a Si-O terminal bonds of a typical N-A-S-H gel as reported elsewhere [72].
On the other hand, in the samples with high WBA-content (75W25MK and 100W), the shift to
a lower frequencies is less pronounced due to the formation of C-(A)-S-H gel structure, which
can be observed at higher frequencies [73]. Regarding the influence of curing time, only the
formulations with high-WBA content (75W25MK and 100W) show substantial changes from
the 60 days. The main band is displaced towards higher frequencies, which reveals the
carbonation of the samples [74]. This carbonation also alters the peaks ascribed to the stretching
(1436 cm™ and 1408 cm™) and bending modes (875 cm™ and 713 cm™) of [COs]*, which
become wider and higher. In this sense, new [CO3]* peaks also appear at 1452 cm™ and 1394
cm’! [75]. Finally, the two signals at 796 cm™ and 776 cm™! reveals the presence of unreacted

quartz contained in WBA [76].

18



MK WBA
i

i 796/776
¥ § »
i 100W
i

T5W25M

S50Ws50M

25W75M

100M

Transmittance (%)

3 days

1484/1434

796/776
5
100W

T5W25M
S0W50M

25W75M

100M

Transmittance (%)

28 days

1480/1452/1408

a7y

100W

1

i

1
T 0
i 796/776
P s

1

1

1

T5W25M

SOWS0M

25W75M

Transmittance (%)

100M

60 days 1

T T T T T
1500 1350 1200 1050 900 750 600

Wavelength (cm™)

Fig. 6. AA-WBA/MK binders FT-IR spectra at 3d, 28d, and 60d.

The FT-IR spectra of most representative samples (100W, S0W50M, and 100M) compared
to the IRs after their selective chemical extractions are shown in Fig. 7. The characteristic broad
band (~1000 cm™) associated to C-(A)-S-H and N-A-S-H phases was displaced to a higher
wavenumber in all the IRs, indicating the dissolution of these gels after SAM and HCl

extraction [63]. However, the position of the characteristic broad band in the IR after SAM and
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HCI extraction of the 100W sample remained unaltered, demonstrating the C-(A)-S-H nature
of the gel formed in the 100W sample. Instead, in the SOW50M and 100W samples, the IRs
spectra significantly varied, being more displaced the IRs after HCI extraction. This fact
revealed the (C,N)-(A)-S-H and N-A-S-H nature of the 50W50M and 100W samples,
respectively. The remained broad bands and peaks at 790 cm™', 930 cm™, and 1050 cm ™' after
SAM (in 100W sample) and HCI extraction (in all samples) can be considered characteristics

of silica gel [77].
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Fig. 7. AA-WBA/MK binders FT-IR spectra before and after SAM/HCI extractions.
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The SEM images in backscattering electron (BSE) mode of the most representative samples
(100W, S0W50M, and 100M) are shown in Fig. 8. Although in all samples can be appreciated
the formation of a cement-based compact matrix and a large number of unreacted particles, the

microstructure substantially varied depending on the content of WBA and MK.

Fig. 8. SEM micrographs of AA-WBA/MK binders (a) 100W (b) SOWS50M (c) 100M
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The SEM-EDS analysis allowed determining the chemical composition of the cementitious
matrix and unreacted particles of the three samples. The average of Si02/Al>03 and Na,O/Al>O;3
ratios (20 measures per each sample area) are summarized in Table 6. In all cases, lower ratios
were determined in the matrix area than expected theoretically (Table 1). The lower value of
NaO/Al>Os3 ratio is because of the migration of the Na element under the electron beam [78].
The lower SiO2/Al>Oj3 ratio is probably due to the less reaction of SiO» than expected by the
chemical attack with NaOH 8M. It must be taken into account that these chemical attacks were
carried out with an excess of NaOH, so the pH of the solution is higher than the used as an
alkaline activator. It can also be observed a downward trend in the SiO2/Al203 and NaxO/Al>O3
ratios as increased the MK content due to the higher reactive Al2Os availability. The lack of
aluminium in the 100W sample was evidenced. This is because of the effective non-ferrous
metals recovery treatment of the IBA in particles above 8 mm [11]. The SiO»/Al,O3 and
AO3/NayO average ratios in the particles area in the 100W and 50W50M samples revealed
the glass nature of the particles due to the primary and secondary glass contained in least
polluted fraction of WBA [11,53]. The average ratios obtained in 100M sample demonstrated
that the unreacted particles are silicon phases such as quartz.

Table 6. Si02/Al203 and Al203/NaxO ratios of 100M, S0W50M, and 100M samples.

Sample SiOz/A'1203 Na:O/ {81203

ratio ratio

Matrix area
100M 1.98 0.58
SOWS0M 2.98 0.76
100W 15.56 3.32

Particles area
100M 264.42 0.11
S0W50M 32.53 4.50
100W 34.78 4.56
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3.3.3. Physical and mechanical characterisation

Fig. 9 depicts the bulk density, porosity, and compressive strength of each AA-WBA/MK
binders’ formulation at 28 days of curing. An increase in porosity can be noticed as increases
the amount of MK. This is probably due to the increase of the L/S ratio (see Table 1), which
leads to an increase in initial water content. It has been demonstrated that the dominant factor
influencing porosity and density in metakaolin-based geopolymers is the "free water" [79]. This
“free water” evaporates during the curing of specimens, leaving porosity in the matrix
microstructure. The high density of the 100W sample compared to other studies [49,69] is due
to the use of 8-30 mm, whose amount of metallic aluminium is low compared to the fine
fractions [13]. A downward trend in bulk density and compressive strength can also be observed
as increases the amount of MK in formulations, agreeing with the porosity results (excepting
for 75W25M sample). In the case of the 75W25M sample, it will be seen that the porous

network plays an important role in decreasing its compressive strength.
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Fig. 9. Bulk density and porosity of AA-WBA/MK binders at 28 days of curing.
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The mercury Intrusion Porosimetry (MIP) results obtained on the 28-day curing samples
are summarised in Table 7. It has been demonstrated that the presence of WBA in the matrix
reduces the total porosity of the AA-WBA/MK binders compared with the 100M sample. The
same trend shows the total pore volume (corresponding to the Hg volume intruded). Instead,
the trend of the total pore area is linked to the dimension of the pores. The introduction of WBA
into AA-WBA/MK binders leads to an increase in the total pore area until 50 wt% of WBA.
Upper amounts of WBA into the binder matrix also lead to a decrease in the composition
prepared with WBA (9 times lower to 100M). Simultaneously, the size of the pores decreases
(up to 50% WBA) and then increases, having a minimum value in the sample SOW50M.

Table 7. Mercury intrusion porosimetry (MIP) results.

Pore Pore Average . Bulk
Sample  volume area . pore Porosity density
mLgh (g B OO o)
(nm)
100W 0.089 4.392 0.0812 16.87 2.06
75W25M  0.231 22.735 0.0406 33.13 1.63
S0W50M  0.333 41.312 0.0266 39.12 1.39
25W75M 0.377 45.031 0.0334 40.17 1.26
100M 0.405 37.129 0.0436 47.07 1.22

The incremental intrusion curve vs. pore diameter (Fig.10) reveals the pore size distribution
for the different AA-WBA/MK binders. The SOW50M sample shows a shift to the lower pore
size distribution compared to the 100M sample. It is interesting to note that the main peak for
the 100M sample (0.103 pm) is displaced to (0.046 um) for the S0W50M sample. Regarding
the pore size distribution of the 100W sample, it is very different with big capillary pores
concentrated around 173, 1.33 and small at 0.026 pm. This distribution demonstrates that the

microstructure of the 100W sample is different to the rest.
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Fig. 10. Incremental intrusion curve of AA-WBA/MK binders at 28 days of curing.

The compressive strength of AA-WBA/MK binders at different ages (3, 28, and 60 days)
are depicted in Fig. 10. A generalised downward trend was observed as increased the MK
content. The 75W25M did not follow this trend probably by the less amount of alkaline
activator used. However, it was used this amount by the interest of the authors to adjust the
Na>O/Al>Os ratio of formulations containing MK with the aim to favour the dissolution step of
Si** and AI** and enhances the polymerization process as reported in literature [61]. Another
hypothesis is the low pH value of the alkaline activator in the formulation of 7SW25M sample
(12.9), which hinders the dissolution of the aluminosilicate phases of MK. The authors
demonstrated that lower pH (pH<13) is required for alkaline activation of the WBA in other
studies [54,55]. However, in the case of the 75W25M sample, it is probably that it required a
higher pH value similar to a NaOH 8M solution as it contains considerable content of
aluminosilicate phases from MK [80]. On the other hand, it was observed an upward trend as
increase the curing time of the samples, being more pronounced in samples that contains up to
50% of WBA. The increase in strength is especially significant in I00M and 75W25M samples,

where the strengths were multiplied by 50.
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The highest compressive strength was obtained in 100W sample (61.6 MPa), while the
lowest in 100MK sample (12.6 MPa). The results obtained evidenced the possibility to obtain
AA-WBA/MK with good mechanical performance comparable to the OPC pastes [81,82],
depending on the content of WBA and MK. Moreover, the mechanical properties improve
significantly compared to other studies that use WBA as sole precursor [83] or as partial
precursor mixed with MK [41]. The authors want to highlight that the use of 25 mm cubic
specimens influences the compressive strength values. Indeed, it is necessary to apply a

conversion coefficient (0.7-0.86) to be compared to 40 mm cubic standardised specimens [84].
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Fig. 10. Compressive strength of AA-WBA/MK binders at 3, 28, and 60 days.
3.3.4. Environmental characterisation
The leaching potential of the AA-WBA/MK binders was assessed through the EN 12457-2
and the CEN/TS 16637-2 standards. The former was used to simulate the leaching potential of
the binders at the end of life. The leaching concentration of 12-heavy metal(loid)s after 28 and
60 days of curing was evaluated by means leaching test in deionised water (liquid to solid ratio
=1/10 1-kg’") for 24 h. The leaching concentration of heavy metal(loid)s and the leaching limit

values for its acceptance at landfills are summarised in Table 7. The results obtained at 28 days
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showed that concentration of As, Cr, Cu, Mo, Sb, and Se increased with respect to the leaching
values of raw materials (Table 3). However, seven metals (Ba, Cd, Cu, Hg, Mo, Ni, and Zn)
are found below the limits for acceptance at landfills as inert waste. Another three metals (Cr,
Pb, and Se) can be classified as inert or non-hazardous waste depending on the formulation.
The main drawback was observed for the values of As and Sb (excepting 100M sample), which
exceeded the limit values for non-hazardous waste. This means that As and Sb were activated
by the alkaline activator solution due to its high alkalinity. The high pH environment contributes
to the anionic formation of these two pH-dependent metalloids, as reported elsewhere [85]. As
and Sb are found in WBA in oxide form because they are used in the glass industry to remove
bubbles and as colouring agents [55]. As for the MK, As is commonly adsorbed from kaolinite,
and easily desorbed in high-pH environments [86]. On the other hand, the results at 60 days
showed a significantly downward trend in heavy metal(loid)s leaching concentrations excepting
for the As in the 100W and 75W25M samples. Therefore, it was demonstrated that
encapsulating effect improve with curing time. This fact is consistent with other study which

revealed that the encapsulation efficiency increase after long curing periods [87].
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Table 7. Leaching concentrations (mg-kg"') on AA-WBA/MK binders after leaching test (EN
12457-2) and limits for acceptance at landfills.

As Ba Cd Cr Cu Hg Mo Ni Pb Sb Se Zn

28 days
100W 225 069 <001 062 079 <001 033 010 0,78 558 0,12 0,19

75W25M 4,17 0,12 <001 036 064 <001 029 007 013 240 0,19 0,01
50W50M 401 005 <001 013 030 <001 026 005 003 046 025 0,01
25W75M 530 0,03 <001 043 028 <001 023 003 002 020 027 0,01

100M 721 0,03 <001 061 025 <001 020 003 004 003 027 0,01

60 days

100W 221 046 <001 035 060 <001 043 008 042 354 020 011
75W25M 410 0,09 <001 026 037 <001 033 004 006 09 020 <001
50W50M 2,34 0,03 <001 009 023 <001 023 0,02 001 030 020 <0,01
25W75M 3,77 004 <001 043 020 <001 021 003 002 0,11 020 <0,01

100M 4,18 0,02 <001 045 014 <001 0,15 0,02 0,01 0,02 020 <0,01

Tnert
waste 0.5 20 0.04 05 2 001 05 04 05 0.06 0.1 4

(mg-kg™)
'Non-

hazardous 5 4 10 5 02 10 10 10 07 05 50
waste

(mg-kg™)
Hazardous
waste 25 300 5 70 100 2 30 40 50 5 7 200
(mgkg™)
limit for acceptance at landfills [57]

The CEN/TS 16637-2 standard was conducted to reproduce the leaching potential during
the service life of AA-WBA/MK binders. The leaching concentrations and the restriction limits
for its use as construction material set by the Dutch Building Materials Decree are shown in
Table 8. The materials with leaching values below the Uj limit do not present any environmental
restriction for their use, the choice for its use will only depend on physical and structural criteria.
Concerning the materials with leaching concentrations between U; and Ua, they have no
restrictions for its use, but is mandatory to extract the pollutant at the end of the life of this
material. Finally, the materials with leaching values exceeding the Uy limit have a restricted

used. Once detailed the norm considerations, it can be observed that 50W50M, 25W75M, and
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100M samples could be used as construction material without any restriction. However, as some
leaching concentration values (As, Sb, Se, and V), the heavy metal(loid)s that exceeded U limit
should be extracted. Regarding the 100W and 75W25M samples, the leaching concentration of
Sb exceeded the Us value and limits the use of them. The authors want to highlight the high
leaching concentrations of As (in all samples), Sb (100W and 75W25M samples), and V
(samples activated with MK). The presence of As and Sb was described above, while the
presence of V is due to the retention of this element by the kaolin as reported elsewhere [88].

Table 8. Leaching concentrations (mg-m™) on AA-WBA/MK binders after tank leaching test
(CEN/TS 16637-2) and restriction limits for its use as construction material.

Sample As Ba Cd Cr Cu Hg Mo Pb Ni Sb Se Sn \% Zn

100W 33,1 13,5 1,6 199 194 0,1 4,1 1,9 20,1 56,4 1,8 34 8,7 27,5
75W25M 57,6 1,9 0,6 9,2 10,1 0,1 3,9 1,9 3,6 27,7 3,0 04 2364 11,1
50W50M 377 0,8 0,2 5,1 5,6 0,0 22 0,6 0,4 15,8 2,6 0,2 2629 20,7

25W75M 41,7 0,6 0,0 2,5 5,0 0,0 1,9 0,5 0,3 4.4 2,8 0,3 3409 2,9
100M 53,7 0,6 0,1 2,9 4,1 0,0 1,6 0,4 0,4 0,8 3.4 0,3 4504 4,4

Ui
(mg-m?)
Uz
(mg-m?)

40 600 1 150 50 0.4 15 100 50 3.5 1.5 25 250 200

300 4500 7.5 950 350 3 95 800 350 25 9.5 200 1500 1500

4. Conclusions

The valorisation of municipal solid waste incineration bottom ash is one of the main
challenges in waste management due to the large amount produced worldwide. This research
evidenced the potential of WBA as alkali-activated precursor (sole or mixed with MK) to obtain
medium-high strength binders to be applied in civil and building engineering. The
physicochemical characterisation revealed the formation of C-(A)-S-H, (C,N)-A-S-H, and N-
A-S-H phases depending on the WBA/MK content. In SAM extraction, an interference was
discovered that shows that this test may be inconsistent since it dissolves other phases apart
from C-(A)-S-H gel. Moreover, the addition of 50% of MK enhanced the encapsulation effect

of AA-WBA/MK binders, allowing its use without any environmental restriction according to
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Dutch Building Materials Decree. However, the leaching potential of As and Sb should be
further investigated to assure their stabilisation at longer curing periods.
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CHAPTER VilI
ENVIRONMENTAL ASSESEMENT

Once demonstrated the feasibility to develop AA-WBA binders using different fractions of WBA

and other precursors, a deepened evaluation of their global toxicity was conducted. The main
purpose of the sixth investigation of this PhD thesis was focused on assessing the
environmental risks of AA-WBA binders. Compliance leaching tests for monolithic and granular
materials were performed to simulate the leaching release of AA-WBA binders during its
service life and its end-of-life. Furthermore, an acute toxicity test with crustacean Daphnia
magna as model organisms was conducted to determine the relationship between the leachate

metal(loid) concentrations and the ecotoxicity of AA-WBA binders.
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7. Environmental assessment

Concern about the environmental impact generated by industrial activities increased in the last
decades, leading to the implementation of policies and regulations to protect the population
and environment from their harmful effects. These measures also affect the building and civil
engineering field, where every construction work must “be designed and executed so as not to
endanger the safety of persons, domestic animals or property nor damage the environment”
according to Regulation 305/2011 of the European Parliament [1]. This regulation established
harmonised conditions for the marketing of construction products listed in the “Basic
requirements for construction works” (Annex |). Among the requirements, the environmental
analysis of construction products is proposed by assessing the hazardous substances’ release
in agueous systems and soils. This environmental analysis can be performed through
assessment methods such as horizontal harmonised leaching tests, which have been
standardised by the European Committee for Standardisation (CEN). However, according to
Bandow et al. (2018), although these leaching tests can be used to determine the leaching
potential of certain compounds, they, unfortunately, do not reproduce real scenarios due to
the complexity of some construction products and some experimental limitations that affect

the experimental conditions [2]. For this reason, the CEN/TC 351 published a technical report
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(CEN/TR 17105) to develop modular horizontal standardised ecotoxicity tests for construction
products [3]. These tests allow assessing any potential environmental damage through
bioassays, mainly when the composition of the leachates or their interaction with the
environment is unknown.

The use of bioassays to evaluate the environmental risks of alkali-activated materials (AAMs) is
a relatively unexplored area at the international level. The ecotoxicity of AABs formulated with
by-products and waste has not yet been assessed, as no bioassays have been performed in
these cement-based materials. The inclusion of this type of bioassays in the research of AABs
is extremely important to validate their use as building materials, as well as to determine their
hazardousness. Only a few studies have evaluated the ecotoxicity of mortars and concrete
formulated with by-products and residues partially substituting OPC [4-7]. Different bioassays
such as the Desmodesmus subspicatus (green algae) growth inhibition test (ISO 8692) or the
Lemna minor (freshwater plant) growth inhibition test (ISO 20079) have been used.
Nonetheless, the Daphnia magna mobility inhibition assay (ISO 6341) is the most widely used
method that evaluates the toxicity of binder materials formulated with (or containing)
secondary raw materials in freshwater aquatic ecosystems. These assays have confirmed the
suitability of materials in which OPC has been partially replaced with some industrial wastes.
However, in the case of AABs, the use of a highly alkaline medium in their manufacturing could
have a lethal impact on most of the organisms. Moreover, the different and complex
composition of the precursors could lead to potential increases in ecotoxicity due to the release
of some toxic elements that would otherwise be stabilised.

In previous chapters, the potential release of metal(loid)s in the AA-WBA binders according to
granular leaching test (EN 12457-2) or tank leaching test (CEN 16637-2) was studied. Most of
these heavy metal(loid)s (Cr, Cu, Hg, Mo, Pb, and Zn) release remain below the limit established
by the EU legislation for its acceptance at landfills as non-hazardous waste. However, the
concentration of other metal(loid)s such as As and Sb exceeded this limit, leading to the
classification of AA-WBA binders as hazardous waste [8,9]. Therefore, considering that heavy
metal(loid)s release is the main concern regarding the applications of WBA [10], it is necessary
to thoroughly study AA-WBA binders’ toxicity to determine their environmental impact. Based

on the preceding, this sixth investigation proposes to assess the environmental feasibility of
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the AA-WBA binders through Daphnia magna toxicity test to validate their use as construction

material.

7.1. Leachate toxicity of AA-WBA binders

The main goal of this work was based on determining the relationship between the AA-WBA
binders’ leachates and their ecotoxicity, as well as the leachate metal(loid)s depending on the
precursors used. The environmental evaluation was carried out through three different tests:
(i) a horizontal dynamic surface leaching test for monolithic materials (CEN/TS 16637-2) to
simulate the material service life scenario, (i) a compliance leaching test for granular materials
(EN 12457-2) to simulate the material end-of-life scenario, and (iii) an acute toxicity test using
Daphnia magna mobility inhibition test [11] to determine the global toxicity of AA-WBA
binders. In addition, the results were compared with those for two reference materials: an
alkali-activated metakaolin (AA-MK) binder and OPC binder. Figure 8.1 shows a diagram flow
where the methodology that has been carried out for the environmental assessment of AA-
WBA binders is specified schematically. It can also be observed both process conditions and

testing methods, as well as the main goal for each test.

Materials Methods Goals
Granular leaching test . Classification
Raw materials —_— (EN |2457_2) —_— Leachate metal[lmd)s —— according to EU
— . ) —_— concentration e landfill
End-of-life scenario legislation
Classification
S Monolithic tank . = .
Alkali-activated . Leachate metal(loid)s according to
binders 1T leaching tet - concentration Using ~ NENT3®
(CEN/TS 16637-2) leachates n
freshwater
Leachate potential |, ilcacs{?ig‘if]“;i;“
Ecotoxicological test ecotoxicity CEMWE

(Daphnia magna) Correlation between

leachate metal(loid)s -—
and ecotoxicity

Figure 8.1. Scheme of the methodology used for the environmental assessment of AA-WBA
binders.
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7.1.1. Leaching tests
7.1.1.1. Service life scenario (CEN/TS 16637-2)

The semi-dynamic leaching test CEN/TS 16637-2 using monolithic specimens was used to
simulate the service life scenario of AA-WBA binders. In this scenario, only the interaction of
the surface of the monolith with the solvent leads to the leaching of toxic elements. The
leaching mechanisms were also investigated to determine the leaching behaviour of
metal(loid)s. In addition, the cumulative metal(loid)s release (mg-m=) in AA-WBA binders was
compared with leaching limits by the Dutch tank leaching test (NEN 7345). This regulation
classifies the building materials in two categories: (i) materials without any environmental
restriction, which are those that do not exceed the U; limit (ii) materials with restriction use,
which are those that exceed the U, limit. Although materials whose cumulative metal(loid)
release is comprised U; and U; limits do not have any environmental restriction, at the end of
their life cycle should remove the pollutant that exceeds the threshold (dismantling) [12]. It is
important to highlight that the feasibility of this horizontal harmonised test was validated by
different European laboratories [13]. However, it is also required more realistic scenarios to
determine environmental risks. For this reason, apart from leachate metal(loid)s evaluation, a
bioassay test was performed to determine a global parameter of toxicity which validates the

use of AA-WBA binders as construction material.

7.1.1.2. End-of-life scenario (EN 12457-2)

Leaching tests of the powdered raw materials and AA-WBA binders were carried out according
to a standardised leaching test for granular materials (EN 12457-2). The analysis of the leaching
concentration of powdered raw materials (OPC, MK, WBA (entire and least polluted fractions),
and PV) was conducted using deionised water to determine their initial hazardousness. The
leaching behaviour of AA-WBA binders was evaluated by testing their crushed fragments to
represent its end-of-life scenario after a potential demolition. It was performed in duplicate
using two different extraction solutions: (i) deionised water, according to the standard
procedure EN 12457-2, and (ii) freshwater prepared with different salts concentrations, which
is standardised in the OECD TG 202 [11]. The deionised water leachates were used as an
indicator to estimate the mobility of heavy metal(loid)s, allows classifying the examined

materials. The freshwater leachates were later used for the ecotoxicity bioassay.
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7.1.2. Ecotoxicological assessment (Daphnia magna)

The “Daphnia sp. Acute Immobilisation Test” has been chosen because it allows assessing the
global toxicity of the AA-WBA binders. Besides, it is important to highlight that Daphnia magna
is highly sensitive to a wide range of chemicals and is relatively easy to culture and maintain in
the laboratory [5]. Seven different dilutions were prepared with each of the binders’ eluates
(EN 12457-2 using standard freshwater) before the toxicity test. Both small particle size and
dynamic leaching conditions of the end-of-life scenario could favour and increase the potential
release of metal(loid)s from the binders. Consequently, this can result in higher leaching and
ecotoxicity compared to the monolithic leaching test (service life scenario). Therefore, the use
of these eluates can be considered as the worst-case scenario. The test solutions obtained were
the following (volume of eluate:volume of standard freshwater): 0:1 (0%, the negative control
group), 1:16 (6.25%), 1:8 (12.5%), 1:4 (25%), 1:2 (50%), 3:4 (75%), and 1:0 (100%). The putative
aquatic toxicity and the inhibition of the mobility of Daphnia magna after 24 and 48 hours of
eluate exposure were determined. The ECso value (the concentration that is estimated to

immobilise 50% of the daphnids within a stated exposure period) was also obtained.

7.1.3. Originality and chief contributions

The novelty of this study mainly lies in the application of Daphnia magna to evaluate the
environmental risks of AA-WBA binders. These types of bioassays have not yet been performed
in any AABs as far as the authors know. Moreover, it is the first time that monolithic tests have
been performed on AA-WBA binders, which allowed us to approach the simulation of these
materials under service conditions.

The results obtained in this study provided a clear picture of the environmental and
ecotoxicological potential of AA-WBA binders. It was demonstrated that the synergistic
combination of the leaching tests (EN 12457-2 and CEN/TS 16637-2) and the acute toxicity test
(Daphnia magna) could become an interesting tool to determine the environmental and
ecotoxicological risks of the AABs. Besides, the results revealed that the toxicity of the AA-WBA
binders formulated from the least polluted fraction was significantly better than those
formulated with the entire fraction. The increase in the availability of reactive aluminium by
using PV as a precursor also slightly decreased the mobility of the metal(loid)s, probably due to

the greater formation of cementitious phases.
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7.1.4. Paper 6: Environmental potential assessment of MSWI bottom ash-

based alkali-activated binders
The following article was accepted on 3 April 2021 in the Journal of hazardous materials

(Figure 8.2) and it will be published in volume number 416 on the 15™ August 2021.
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Figure 8.2. Article published in Journal of hazardous materials in 2021, titled “Environmental
potential assessment of MSWI bottom ash-based alkali-activated binders”.
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ARTICLE INFO ABSTRACT

Editor: Dr. C. LingXin Alkali-activated binders (AABs) stand out as a sustainable alternative to ordinary Portland cement (OPC) as they
can be formulated using by-products or waste as raw materials. However, the presence of hazardous compounds
in residues can lead to an increase in AABs’ toxicity due to the highly alkaline media. Therefore, it is extremely
important to evaluate their environmental risks to validate their use as building materials. This study environ-
mentally assessed AABs prepared with two different fractions (0-30 mm and 8-30 mm) of weathered bottom ash
(AA-WBA) from WtE plants. The potential leachate toxicity of AA-WBA was assessed using granular and
monolithic leaching tests that simulated end-of-life and service life scenarios, respectively. Furthermore, an acute
toxicity test with crustacean Daphnia magna as model organisms was conducted to determine the relationship
between the leachate metal(loid) concentrations and the ecotoxicity of AA-WBA. The results showed higher
metal(loid) concentrations in AA-WBA specimens prepared with the 0-30 mm fraction of WBA. The service life
scenario revealed multiple metal(loid)-release mechanisms. The 48 h ECsy value (close to 10%; moderate
toxicity) indicated that the use of the coarse fraction of WBA increased the immobilisation of the metal(loid)s.
Finally, the correlation between the concentrations of some of the metal(loid)s and toxicity was demonstrated.

Keywords:

Alkali-activated binder
Weathered bottom ash
Heavy metal immobilisation
Ecotoxicity

Daphnia magna

1. Introduction

Concerns about municipal solid waste (MSW) management are
increasing every year due to the huge amount of residue generated
worldwide (Scarlat et al., 2019). MSW incineration (MSWI) can mitigate
the MSW management issues and also provide some by-products that
can be used to develop new sustainable materials. Many EU countries
see MSWI in waste-to-energy (WtE) plants as an opportunity to recover
energy. In 2016, there were 512 WtE plants in the EU with an inciner-
ation capacity of 93 Mt (Scarlat et al., 2019). Incineration reduces the
mass (70%) and volume (90%) of the MSW (Cheng and Hu, 2010),
which can be important in countries with a reduced landfill area.
Furthermore, around 20% of the incinerated MSW becomes a
by-product known as incinerator bottom ash (IBA). IBA is mainly
composed of a mineral fraction (85%) and also contains ferrous metals
(10-12%) and non-ferrous metals (2-5%) (CEWEP — Confederation of
European Waste-to-Energy, 2019). It can be valorised as secondary

* Corresponding author.
E-mail address: chimenos@ub.edu (J.M. Chimenos).

https://doi.org/10.1016/j.jhazmat.2021.125828

aggregates after metal recovery and weathering. The resulting material
is known as weathered bottom ash (WBA), which is mainly composed of
heterogeneous mineral fractions (Wei et al., 2011). However, some
legal, chemical, and technological barriers hamper the valorisation of
WBA in many countries, which leads to its landfilling (Blasenbauer et al.,
2020; Verbinnen et al., 2017). For this reason, the scientific community
is studying the potential valorisation applications of WBA to increase its
added value. One of these potential applications is the use of WBA as a
precursor material in the formulation of alkali-activated binders (AABs)
(Maldonado-Alameda et al., 2020; Chen et al., 2016; Zhu et al., 2018).

AABs are one of the sustainable alternatives to ordinary Portland
cement (OPC), which remains as the most widely used material in the
building and civil engineering field. It is important to highlight that the
massive production of OPC is the cause of the release of around 5-8% of
the anthropogenic worldwide emissions (Amran et al., 2020; Zhang and
Panesar, 2019) and 2% of the global primary energy consumption
(Chen, 2009). AABs cements are produced through an alkaline
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activation process that involves the reaction between an
aluminosilicate-rich powdered precursor and an alkaline activator so-
lution. Apart from WBA, other aluminosilicate-based by-products or
wastes, such as blast furnace slag (BFS), red mud (RM) or fly ash (FA)
from thermal power plants, can be used as precursors in the formulation
of AABs (Duxson and Provis, 2008). In this regard, the formulation of
AABs has a low carbon footprint and low energy consumption, and also
preserves raw materials and significantly reduces landfilling (Allahverdi
and Mahinroosta, 2020; Sandanayake et al., 2018), demonstrating that
these materials can be sustainable alternatives to OPC (Matheu et al.,
2015). However, some precursors can potentially increase the toxicity of
the resulting binders due to their complex and dangerous compositions,
as well as the aggressive conditions produced by the highly alkaline
media of the alkaline activator solution. Moreover, toxic elements such
as trace metal(loid)s can be released into the environment (Roussat
et al., 2008).

Both silica-rich composition and substantial calcium and aluminium
content (Maldonado-Alameda et al., 2020; del Valle-Zermeno et al.,
2017) turn the WBA into a potential precursor in alkali activation
technology, as has been demonstrated in the literature (Chen et al.,
2020; Maldonado-Alameda et al., 2020; Wongsa et al., 2017; Zhu et al.,
2018). However, the environmental assessment to validate the com-
mercial use of alkali-activated WBA (AA-WBA) binders as a building
material has been scarcely performed. Only the potential release of
metal(loid)s in deionised water according to granular leaching test (EN
12457-2) has been studied by the authors in previous works (Maldo-
nado-Alameda et al., 2020a, 2020b). Most of these heavy metal(loid)s
(Cr, Cu, Hg, Mo, Pb, and Zn) remain below the limit established by the
EU legislation for its acceptance at landfills as non-hazardous waste (EC,
2003). However, the concentration of other metal(loid)s such as As and
Sb exceeded this limit, leading to the classification of AA-WBA binders
as hazardous waste. Therefore, considering that heavy metal(loid)s
release is the main concern regarding the applications of WBA (Xuan
et al., 2018), it is necessary to thoroughly study AA-WBA binders’
toxicity to determine their environmental impact.

In this sense, the EU Regulation 305/2011 established harmonised
conditions for the marketing of construction products. The “Basic re-
quirements for construction works” are listed in Annex I, where the envi-
ronmental analysis of construction products is proposed by assessing the
hazardous substances’ release in aqueous systems and soils (The Euro-
pean Parliament and the Council of the European Union, 2011). This
environmental analysis can be performed through assessment methods
such as horizontal harmonised leaching tests, which have been stand-
ardised by the European Committee for Standardisation (CEN). How-
ever, according to Bandow et al. (2018), although these leaching tests
can be used to determine the leaching potential of certain compounds,
they, unfortunately, do not reproduce real scenarios due to the
complexity of some construction products and some experimental lim-
itations that affect the experimental conditions (Bandow et al., 2018).
For this reason, the CEN/TC 351 published a technical report (CEN/TR
17105) to develop modular horizontal standardised ecotoxicity tests for
construction products (Comité Européen de normalisation, 2017). These
tests allow assessing any potential environmental damage through bio-
assays. Concretely, when the composition of the leachates or their
interaction with the environment is unknown.

Environmental risk assessments of alkali-activated materials (AAMs)
are a relatively unexplored area at the international level. The ecotox-
icity of AABs formulated with by-products and waste as precursors has
been scarcely evaluated. The inclusion of this type of bioassays in the
research of AABs is extremely important to validate their use as building
materials, as well as to determine their hazardousness. Only some
studies have evaluated the ecotoxicity of mortars and concrete formu-
lated with by-products and residues which partially substitute the OPC
(Rodrigues et al., 2017, 2020; Choi et al., 2013; Mocova et al., 2019).
These assays have confirmed the suitability of materials in which OPC
has been partially replaced with some industrial wastes. However, the
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Table 1
Major, minor, and trace elements composition of WBA depending on the particle
size fraction (wt%).

Major and minor elements Trace elements

WBA0/30 WBA8/30 WBAO0/30 ‘WBAS8/30
Si0, 45.44 52.08 Cu 0.13 0.04
Ca0 17.55 20.72 Zn 0.51 0.12
Al03 10.38 6.35 Br <0.01 <0.01
NaO 5.04 3.38 Rb <0.01 0.01
K20 1.54 2.09 Sr 0.07 0.05
Fe,03 6.08 4.12 Y <0.01 <0.01
MgO 2.66 2.43 Zr 0.03 0.10
TiOy 0.65 0.65 Nb <0.01 <0.01
cr 1.42 0.54 Sn 0.02 0.01
SO3 2.57 1.07 Sb 0.01 0.01
Mn 0.03 0.02 Ba 0.07 0.04
Lor* 5.78 6.10 Pb 0.11 0.04

LOI*: loss on ignition at 1100 °C.

highly alkaline medium of the leachates has a lethal impact on most of
the tested organisms, while lowering of the pH lead to a reduction of the
potential toxicity.

This study aimed to assess the environmental potential of the AABs
produced through the alkaline activation of WBA (two different particle
size fractions) and PAVAL® (PV), which is an aluminium oxide by-
product generated in the aluminium recycling process. The novelty
mainly lies in the application of bioassay in these novel cement-based
materials to evaluate their environmental risks. The main goal of this
work was based on determining the relationship between the AA-WBA
binders’ leachates and their ecotoxicity, as well as the leachate metal
(loid)s depending on the precursors used. The environmental evaluation
was carried out through different tests: (i) a compliance leaching test for
granular materials (EN 12457-2) to simulate the material end-of-life
scenario, (ii) a horizontal dynamic surface leaching test for monolithic
materials (CEN/TS 16637-2) to simulate the material service life sce-
nario, and (iii) an acute toxicity test using Daphnia magna (D. magna)
mobility inhibition test (OECD, 2004) to determine the global toxicity of
AA-WBA binders. In addition, the results were compared with those for
two reference materials: an alkali-activated metakaolin (AA-MK) binder
and OPC binder.

2. Materials and methods
2.1. Materials

The IBA was produced by a Waste-to-Energy (WtE) plant located in
Tarragona (Spain), which incinerates around 380 t-day™ of MSW. After
recovering ferrous and non-ferrous metals in a treatment process and
removing lightweight unburned materials, around 88 t-day™ of fresh
IBA is obtained at this WtE plant. The fresh IBA is then stockpiled out-
doors for 2-3 months to stabilise the metal(loid)s and WBA. The
collected WBA (50 kg) was quartered to obtain a representative sub-
sample of 10 kg and, which was then dried on a stove at 105°C for 24
h. The dried sample was sieved to determine the particle size distribu-
tion (PSD), as shown in Fig. S1 (Supplementary Material). Afterwards, a
metal magnet (Nd; 0.485 T) was passed over the sample to remove
magnetic particles. Finally, the WBA was crushed and milled until
obtaining a powder with a particle size below 80 um. The formulation of
the AA-WBA binders was carried out by using two samples of WBA with
different particle size fractions (see Section 2.2.): (i) the 0-30 mm
(WBAO/30) fraction, which is the total WBA fraction, and (ii) the 8-30
mm (WBAS8/30) fraction, which is around 30 wt% of total WBA. The
chemical composition was analysed by X-ray fluorescence (XRF) with a
Panalytical Philips PW 2400 sequential X-ray spectrophotometer
(Table 1). X-ray diffraction (XRD) was conducted with a Bragg-Brentano
Siemens D-500 powder diffractometer equipment with CuKa radiation
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Table 2
Major, minor, and trace elements composition of PAVAL® (wt%).

Journal of Hazardous Materials 416 (2021) 125828

Major and minor elements

Si0, CaO Al,03 NayO K20 Fe,03 P,0s5 MgO TiO, MnO Lor*
8.21 1.99 61.24 2.70 0.63 1.57 0.06 6.21 0.80 0.18 15.71
Trace elements

Ba Cr Cu Mn Ni Pb Sr v Zn Zr

0.16 0.05 0.29 0.16 0.02 0.02 0.02 0.01 0.12 0.01

2 LOI: loss on ignition at 1100 °C.

(Fig. 52). Both XRF and XRD results showed that both fractions contain
silica and alumina-rich mineral phases. The high SiO, content is mainly
due to the presence of primary and secondary glass, whose weight
percentage increased with the particle size fraction. The CaO and Al;03
contents originated mainly from the cementitious materials containing
OPC, as well as fired ceramics and metallic aluminium (del
Valle-Zermeno et al., 2017). In previous studies, the most abundant
trace elements (mainly metal(loid)s) were more concentrated in the fine
fractions (del Valle-Zermeno et al., 2017; Maldonado-Alameda et al.,
2020). Consequently, the content of metal(loid)s in was greater in the
WBAO/30 than in the WBA8/30 fraction, mainly those of Cu, Zn and Pb
(Table 1). Previous studies have reported the SiO, and Al;O3 availability
from each WBA fractions regardless of their content (Maldonado-Ala-
meda et al., 2020).

The WBA8/30 fraction had a substantial lack of aluminium (Table 1)
due to the high amount of non-ferrous metals recovered by an Eddy
current device in the fractions above 6 mm (del Valle-Zermeno et al.,
2017). It is important to highlight the role of aluminium in alkaline
activation since it affects the nature of the reaction products and the
strength development of AABs (Duxson et al., 2007; Fernandez-Jiménez
et al., 2006). For this reason, an aluminium oxide by-product named
PAVAL® (PV) was used in the formulation of AA-WBA binders as a
source of aluminium (Garcia-Lodeiro et al., 2014). This by-product is
generated during the recovery of metallic aluminium from the salt slags
in the secondary aluminium refining process. PV was provided by Befesa
Company and collected from its aluminium recycling plant in Valladolid
(Spain). After homogenisation, the PV sample was dried overnight at
105 °C to avoid possible moisture variations in the sample received. The
dry sample was then milled and sieved (< 80 um) to adapt PV powder for
its use as a precursor in the AA-WBA formulations. The XRF analysis of
PV (Table 2) showed that it predominantly contained Al;O3. These re-
sults agreed with the XRD pattern of PV (Fig. S3), revealing the presence
of a greater number of aluminium crystalline phases, with corundum
(Aly03) being the main mineral phase.

AA-MK binders were formulated using commercial metakaolin (MK)
powder to compare to AA-WBA binders. There is a wide range of ref-
erences and several studies carried out formulating AABs using MK as a
precursor (Duxson et al., 2007; Duxson et al., 2005; Provis et al., 2015).
The chemical composition of MK powder, supplied by Bal-Co (Italy), is
shown in Table S1. Ordinary Portland cement (OPC) paste was also used
as reference material in the ecotoxicological study along with the
AA-MK binders. In this case, CEM I 52.5R supplied by Cementos Molins

(Spain) was used (Table S1) as raw material.

A mixture of sodium silicate (NaySiO3) and sodium hydroxide
(NaOH) was used as the alkaline activator solution. The Na,SiO3 solu-
tion with an SiO»/NaO molar ratio of 3.22 (26.44% of SiO, and 8.21%
of Nap0; p = 1.37 g-cm ) was supplied by Scharlab, S. L. NaOH solutions
(4M(p=1.16gcm™),6M (p=1.20 g-cm™), and 8 M (p = 1.24 g-cm™>))
were prepared by dissolving NaOH pearls (Labbox Labware S.L.; purity
> 98%) in deionised water.

2.2. OPC and alkali-activated binders (AABs) preparation

In earlier studies (Maldonado-Alameda et al., 2020a, 2020b, 2021),
the AA-WBA binders have been exhaustively characterised from a
physicochemical and mechanical point of view. One formulation of each
study was selected as optimal to formulate again for this environmental
assessment. The OPC, AA-MK, and AA-WBA (AA-WBAO0/30,
AA-WBAS8/30, and AA-WBA/PV) binders were formulated using the mix
proportions shown in Table 3, which specifies the precursors (referred to
solid, S), water or alkaline activator solutions (referred to liquid, L) ra-
tios, and the liquid/solid ratio (L/S). The preparation of the pastes was
started by mechanically stirring the NaySiO3 and NaOH solution in a
plastic beaker (except for OPC). The precursors were then gradually
added into the alkaline activator solution for 2 min at 500 rpm to favour
the dissolution of reactive phases in the alkaline media. Afterwards, the
mixture was mixed for 3 min at 750 rpm. The pastes were poured into
40-mm cubic moulds and vibrated for 5 min. The moulds were then
sealed in plastic bags for 3 days in a climate chamber at 25 °C + 1 °C and
relative humidity of 95% =+ 5%. Finally, the specimens were demoulded
after 3 days and kept in a climate chamber under the same conditions
until testing (28 days). Nine cubic shape specimens were prepared for
each formulation.

2.3. Environmental assessment methods

Fig. 1 shows a diagram flow where the methodology that has been
carried out for the environmental assessment of AABs is specified
schematically. It can be observed both process conditions and testing
methods, as well as the main goal for each test.

2.3.1. Granular leaching test (EN 12457-2)
Leaching tests of the powdered raw materials (OPC, MK, WBA0/30,
WBA8/30, and PV) and AABs were carried out according to a

Table 3

OPC paste and alkali-activated binders (AABs) mix proportion.
Binder S L L/S ratio

“OPC “MK “WBA “WBA8/30 PV "NaOH (wt%) "NaySiO3 (Wt%) "H,0 (Wt%)
4M 6M 8M

OPC paste 100 - - - - - - - - 100 0.5
AA-MK - 100 - - - - - 68 66 - 1.3
AA-WBAO0/30 - - 100 - - - 20 - 80 - 1.0
AA-WBA8/30 - - - 100 - - 20 - 80 - 0.8
AA-WBA/PV - - - 98 20 - - 80 - 0.6

2 wt% respect to the total solid.
> wt% respect to the total liquid.
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Fig. 1. Scheme of the methodology and goals of the study.

Table 4
Reagent grade chemicals used to prepare 1 L of standard freshwater stock so-
lution (OECD, 2004).

Formula Amount (g)
Calcium chloride CaCl,.2H,0 11.76
Magnesium sulphate MgS04.7H,0 4.93
Sodium bicarbonate NaHCO3 2.59
Potassium chloride KCl 0.23

*Distilled water with conductivity <10 pS-cm-1 was used.

standardised leaching test for granular materials (EN 12457-2). The
analysis of the leaching concentration of powdered raw materials was
conducted using deionised water to determine their initial hazardous-
ness. The leaching behaviour of AABs was evaluated by testing its
crushed fragments to represent its end-of-life scenario after a potential
demolition. It was performed in duplicate using two different extraction
solutions: (i) deionised water, according to the standard procedure EN
12457-2, and (ii) freshwater prepared with different salts concentra-
tions (Table 4), which is standardised in the OECD TG 202 (OECD,
2004). The deionised water leachates were used as an indicator to es-
timate the mobility of heavy metal(loid)s, allows classifying the exam-
ined materials. The freshwater leachates were later used for the
ecotoxicity bioassay. The leaching test consisted of applying continuous
rotating agitation (10 min') to the crushed specimen (particle size <
4 mm) that was in contact with the extraction solution at an L/S ratio of
10 Lkg~! for 24 h at room temperature. The resulting leachates were
filtered with a 0.45-pm nitrocellulose membrane. Two replicas per raw
material and AABs formulation were conducted. One aliquot per replica
was extracted for further analysis by ICP-MS (Inductively coupled
plasma mass spectrometry) technique with a PerkinElmer ELAN device,
evaluating As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, V, and Zn
concentrations.

2.3.2. Monolithic tank leaching test (CEN/TS 16637-2)

The semi-dynamic leaching test CEN/TS 16637-2 using monolithic
specimens was used to simulate the service life scenario of AABs.
Following the standard test procedure, a cured specimen (28 days) with
a defined geometry (40-mm cubic) was immersed in deionised water at
room temperature. In this scenario, only the interaction of the surface of
the monolith with the solvent leads to the leaching. The water volume to
surface area (L/A) ratio was 80 + 10 L-m™ (~ 850 mL). The top, bottom,
and lateral surfaces of the tested specimen were covered/submerged by
at least 20 mm. Leaching solutions were exchanged with deionised
water at predetermined cumulative time intervals of 0.25, 1, 2.25, 4, 9,
16, 36, and 64 days to quantify the long-term diffusive leaching from the
binder materials. The eluate was sampled and changed, with the pH and

conductivity determined for each interval. Two replicas per formulation
were conducted. Both filtration procedure and the trace elements ana-
lysed in the eluates were the same of the granular leaching test. The
concentrations of metals and metalloids were determined for each in-
terval, and the cumulative release was calculated following the Eqs. (1)
and (2).

®

8
=Zrif0rn=ll08 2)
i=1

where c; is the concentration of the substance in eluate i, in pg-L; r; is
the area release of the substance in fraction i, in mg-m™; R, is the cu-
mulative area release of the substance for period n including fraction
i=1ton,in mg~m'2; A is the area of the specimen, in m?, and V is the
volume of the leachate, in L.

The leaching mechanisms were also investigated to determine the
leaching behaviour of metal(loid)s, following the procedures, calcula-
tions, and requirements described in the CEN/TS 16637-2 standard. In
addition, the cumulative metal(loid)s release (mgm’z) in AABs was
compared with leaching limits by the Dutch tank leaching test (NEN
7345). This regulation classifies the building materials in two categories:
(i) materials without any environmental restriction, which are those that
do not exceed the Uy limit (ii) materials with restriction use, which are
those that exceed the Uy limit. Although materials whose any cumula-
tive metal(loid) release is comprised U; and Uy limits do not have any
environmental restriction, at the end of their life cycle should remove
the pollutant that exceeds the threshold (dismantling) (Cusido and
Cremades, 2012).

Finally, it is important to highlight that the feasibility of this hori-
zontal harmonised test was validated by different European laboratories
(Hjelmar et al., 2013). However, it is also required more realistic sce-
narios to determine environmental risks. For this reason, apart from
leachate metal(loid)s evaluation, a bioassay test was performed to
determine a global parameter of toxicity which validates the use of AABs
as construction material.

2.4. D. magna acute toxicity test

The D. magna mobility inhibition bioassay (ISO 6341) is used to
evaluate the ecotoxicity of binder materials formulated with (or con-
taining) secondary resources in freshwater aquatic ecosystems (Rodri-
gues et al., 2020; Choi et al., 2013; Mocova et al., 2019; Rodrigues et al.,
2017). This test has been chosen because it allows assessing the global
toxicity of the formulated AABs through the eluates obtained in the
granular leaching test. Besides, it is important to highlight that D. magna
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Table 5

Leaching concentration values (mg»kg’l) of powdered raw materials according to EN 12457-2.
Sample As Ba cd Cr Cu Hg Mo Ni Pb Sb Se Zn pH
OPC <0.01 4.80 <0.01 3.23 0.09 <0.01 8.79 0.29 0.03 <0.01 0.2 0.22 12.88
MK 0.01 0.84 <0.01 <0.01 0.02 <0.01 0.01 0.53 <0.01 <0.01 0.2 0.18 7.89
WBAO0/30 0.04 0.37 <0.01 0.45 3.33 <0.01 1.26 0.03 <0.03 0.35 0.21 0.44 11.33
WBAS8/30 0.02 0.25 <0.01 0.17 0.69 <0.01 0.33 0.11 0.01 0.27 <0.10 0.12 9.54
PV 0.10 0.06 <0.01 0.01 0.15 <0.01 2.90 <0.20 0.01 1.38 <0.10 0.10 10.03
“Inert waste (mg-kg™) 0.5 20 0.04 0.5 2 0.01 0.5 0.4 0.5 0.06 0.1 4
“Non-hazardous waste (mg~kg'1) 2 100 1 10 50 0.2 10 10 10 0.7 0.5 50
“Hazardous waste (mg-kg™) 25 300 5 70 100 2 30 40 50 5 7 200

? Limit for acceptance at landfills. EU landfill legislation (EC, 2003).

is highly sensitive to a wide range of chemicals and is relatively easy to
culture and maintain in the laboratory.

Seven different dilutions were prepared with each of the binders’
eluates (EN 12457-2 using standard freshwater) prior to the toxicity
test. The test solutions obtained were the following (volume of eluate:
volume of standard freshwater): 0:1 (0%, the negative control group),
1:16 (6.25%), 1:8 (12.5%), 1:4 (25%), 1:2 (50%), 3:4 (75%), and 1:0
(100%). The negative control group was used to ensure the acceptability
of the ecotoxicity test (> 90% survival and normal mobility). Eluates
obtained from the EN 12457-2 leaching test represented the worst-case
scenario, involving a small particle size and dynamic leaching condi-
tions that favoured leaching and increased the potential release of metal
(loid)s from the binders. Consequently, this can result in higher leaching
and ecotoxicity compared to normal service conditions.

The OECD TG 202 “Daphnia sp. Acute Immobilisation Test” standard
(OECD, 2004) was followed to assess putative aquatic toxicity and
obtain the ECs( value (the concentration that is estimated to immobilise
50% of the daphnids within a stated exposure period). This acute
toxicity test assesses the inhibition of the mobility of D. magna after 24
and 48 h of exposure to the eluate being tested. A total of 600 D. magna
neonates (<24 h in age) were kept at 20 + 2 °C and under a light/dark
cycle of 16/8 h prior to the assay. Three hours after spirulina feeding,
groups of 5 neonates were randomly exposed to 10 mL of each test so-
lution for 48 h under darkness. Immobilisation measurements (when
daphnids were not able to swim within 15 s) were recorded at 24 and
48 h and compared with the values obtained in the negative control
group. For each test solution, four replicates were tested. The results
were analysed to calculate the ECsg of each test item at 24 and 48 h.
Temperature (20 + 2 °C), light/dark cycles (16/8 h), pH (6.9-7.5) and
the oxygen concentration (8.3-8.8 mg-L™") were controlled, while any
adverse events and/or abnormal daphnid behaviour were monitored
during the experimental period.

Table 6

2.5. Statistical analysis

Percentage of immobilisation by treatment group and material was
analysed by using the EPA probit analysis programme version 1.5, which
allowed the calculation of ECsq values as well as the 95% confidence
limits of the slope, intercept of the probit-concentration curve and any
EC value from 1% to 99%.

Spearman’s rank correlation was used to determine significant re-
lationships (¢ = 0.05) between the presence of trace elements in the
eluate and changes in the mobility response of D. magna. Statistical
analysis was performed with SPSS Statistics 24 for Mac.

3. Results and discussion
3.1. Granular leaching test (EN 12457-2)

3.1.1. Raw materials hazardousness

The initial hazardousness of powdered raw materials was deter-
mined using the EN 12457-2 procedure. Table 5 summarises the metal
(loid) leaching concentrations and the limits established by EU for the
acceptance of waste at landfills (EC, 2003). Some differences can be
found in the release of metal(loid)s between the two fractions of the
WBA assessed (WBAO/30 and WBAS8/30 fractions). The metal(loid)
leaching concentration was higher in the WBA0/30 fraction in agree-
ment with previous studies (Chimenos et al., 2003; Pérez-Martinez et al.,
2019; Lin et al., 2015). This fraction contains a large amount of particles
size below 4 mm (Fig. S1), in which mainly the metal(loid)s and soluble
salts are accumulated (del Valle-Zermeno et al., 2017; Pérez-Martinez
et al., 2019). These metal(loid)s could be released during WBAO/30
fraction milling and re-dissolved at this pH (11.33). Concerning the pH
of WBA samples, it can be observed a substantial decrease in the
WBA8/30 compared to the WBAO0/30 fraction. This is due to the initial
content of portlandite is much higher in the fine fractions, and their pH
is controlled by the ettringite formed during the weathering process of

Leaching concentration values (mg-kg™") of OPC paste and AABs according to EN 12457-2.

Using deionised water

As Ba cd Cr Cu
OoPC 0.00 4.46 <0.01 0.87 0.07
AA-MK 3.57 0.04 <0.01 0.54 0.17
AA-WBAO0/30 3.56 0.05 <0.01 0.81 3.15
AA-WBAS8/30 1.25 0.23 <0.01 0.61 0.78
AA-WBA/PV 0.83 0.15 0.01 0.37 0.46

Using freshwater (OECD. 2004)

As Ba cd Cr Cu
oPC 0.00 5.27 <0.01 1.29 0.12
AA-MK 1.46 0.06 <0.01 0.22 0.24
AA-WBAO/30 2.39 0.07 0.01 0.52 3.60
AA-WBA8/30 0.34 0.14 <0.01 0.24 1.22
AA-WBA/PV 0.38 0.31 <0.01 0.15 0.74
“Inert waste (mg-kg™) 0.5 20 0.04 0.5 2
“Non-hazardous waste (mg~kg'1) 2 100 1 10 50
“Hazardous waste (mg-kg™) 25 300 5 70 100

Hg Mo Ni Pb Sb Se v in pH
<0.01 1.19 0.20 0.03 0.01 0.01 0.01 0.18 12.72
<0.01 0.06 0.02 0.08 0.02 0.07 26.75 0.19 10.72
0.01 1.45 0.15 0.30 3.48 0.21 2.68 1.68 11.29
<0.01 0.18 0.04 0.44 1.74 0.05 0.26 0.49 11.64
<0.01 0.12 0.03 0.17 1.17 0.06 0.35 0.33 11.19
Hg Mo Ni Pb Sb Se v in pH
<0.01 2.09 0.21 0.02 0.02 0.04 0.01 0.37 7.13
<0.01 0.14 0.02 0.02 0.03 0.11 7.25 0.16 6.98
<0.01 1.23 0.18 0.24 1.69 0.15 2.56 2.07 7.24
<0.01 0.08 0.05 0.11 0.98 0.07 0.15 0.69 7.14
<0.01 0.08 0.05 0.09 0.72 0.05 0.21 0.44 7.12
0.01 0.5 0.4 0.5 0.06 0.1 4 0.5

0.2 10 10 10 0.7 0.5 50 2

2 30 40 50 5 7 200 25

2 Limit for acceptance at landfills. EU landfill legislation (EC, 2003).
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Fig. 2. Cumulative area release of As, Se, and V from AABs specimens according to CEN/TS 16637-2 standard.

IBA. By contrast, as the initial content of lime is lower in the coarse
fractions, it is quickly carbonated, lowering the pH controlled by the
calcite (Lin et al., 2015). Both samples were below the threshold
established by the landfill legislation to classify wastes as non-hazardous
materials. Moreover, it is remarkable that the concentrations of most of
the elements were found below the limits for inert materials. Only the
leaching concentration of Cu, Mo, Sb, and Se in the WBA0/30 fraction,
and the leaching concentration of Sb in the WBA8/30 fraction, exceeded
the limits for inert materials.

Leachates from PV had Sb concentration that was above the estab-
lished non-hazardous limit. The presence of antimony is due to its use in
some aluminium-bearing alloys, which may contain up to 4-6 wt% of Sb
(Taylor et al., 2013). This metalloid is probably removed during the
refining secondary aluminium process and concentrated into the saline
slags. The leaching concentrations of the remaining metal(loid)s were
below the threshold of inert waste or non-hazardous waste.

Among the reference materials OPC and MK, only the concentrations
of Ba, Cr, and Mo in the leachates from OPC stood out. Barium is added
to raw meal in carbonate or sulphate form before the clinkerisation
process in OPC manufacturing (Zezulova et al., 2016). Chromium is
primarily incorporated in the silicate phases during the clinker burning
process (Vollpracht and Brameshuber, 2016). Its stabilisation in OPC has
been extensively studied (Lin et al., 1996, 1997; Zhang et al., 2018).
Finally, molybdenum is incorporated into the procurement and milling
processes of the clinker (Vollpracht and Brameshuber, 2016).

On the basis of the results obtained in the raw materials, it is pro-
posed how the highly alkaline medium of the activator can affect the

leaching conditions of AA-WBA binders. The different and complex
composition of the precursors could lead to potential increases in eco-
toxicity due to the release of some toxic elements that would otherwise
be stabilised. In this regard, we investigated whether the synthesis of
AA-WBA binders increased the leaching of the metal(loid)s or if the
formation of a cementitious matrix encapsulated these elements,
thereby preventing their leaching.

3.1.2. AA-WBA binders (end-of-life scenario)

Table 6 shows the concentrations of the metal(loid)s and the pH of
the leachates from AA-WBA binders determined with the EN 12457-2
standard procedure. The leachate results of OPC and AA-MK specimens
were used as references. This test was conducted in the AA-WBA binders
to simulate the leaching behaviour at the end of life, after a potential
demolition. The metal(loid) concentrations of the leachates from the
AA-WBA binders (deionised water) were below the limits set for clas-
sification as non-hazardous wastes, except for those of As (for AA-
WBAO0/30) and Sb (for all AA-WBA binders). These two metalloids
showed a considerable increase in their concentration in the leachates as
a result of the strong alkaline reaction of the activators. The rest of the
metal(loid)s only showed a slight increase in concentration due to the
alkaline reaction and the pH of the aqueous leaching solution. As and Sb
originated mainly from the high content of glass cullet in the MSW (del
Valle-Zermeno et al., 2017). Their oxides are used as clarifying or (de)
colouring agents in glass manufacturing (Apostoli et al., 1998). More-
over, SbyO3 is used as a pigment in dyes and paints as well as in the
textile industry (Gad, 2005). Several studies link the release of both As
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Fig. 3. Cumulative area release of Cd, Cu, Mo, Ni, Sb, and Zn from AABs specimens according to CEN/TS 16637-2 standard.

and Sb to calcium-bearing minerals (Cornelis et al., 2006; Thriveni et al.,
2019; Diquattro et al., 2018; Van der Sloot, 2008) and Fe, Al, Mn-(hydr)
oxides (Nakamaru and Altansuvd, 2014), which are neoformed during
the natural weathering process of IBA. When the pH increases in the
WBA as a result of the addition of a strongly alkaline solution (i.e., pH >
12.5), calcium precipitates as portlandite and the metalloids are released
into the solution. In addition, the neoformed secondary glass during the
combustion of MSW can encapsulate metal(loid)s in its structure,

preventing their release (del Valle-Zermeno et al., 2017). This amor-
phous structure, however, can dissolve in a strongly alkaline medium,
releasing some of these metals.

As expected, most of the metal(loid)s showed a higher concentration
in the leachates obtained from the AA-WBAO0/30 binder due to the high
content of fine fractions
(Pérez-Martinez et al., 2019). The leachates from the AA-WBA/PV
specimens had the lowest concentrations of metal(loid)s among those

in the WBAO/30 fraction (Fig. S1)
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Fig. 4. Cumulative area release of Ba, Cr, and Pb from AABs specimens according to CEN/TS 16637-2 standard.

that had been formulated with only WBA (WBA0O/30 and WBA8/30
fractions). This fact is probably due to the use of PV as a precursor,
which increased the formation of N-A-S-H and C-A-S-H gels and the
number of cementitious phases (Maldonado-Alameda et al., 2021).
Thus, the increase in the encapsulating effect of the binder decreased the
release of metals into the leaching solutions (Lancellotti et al., 2015).

The concentration of metal(loid)s in the leachates obtained from the
two reference binders (OPC and AA-MK) was generally lower than those
from the AA-WBA binders. On one hand, the leachates from OPC had
substantial concentrations of Ba, Cr, and Mo, coming from the raw
materials and/or the clinker milling process (Zezulova et al., 2016;
Vollpracht and Brameshuber, 2016; Zhang et al., 2018), as mentioned
previously. On the other hand, the leachates from the AA-MK specimens
showed high concentrations of As, which was above the limits estab-
lished for the classification as non-hazardous waste (>2 mg/kg™). The
high leaching concentration of As is probably due to the desorption of
arsenate from the natural kaolinite (Quaghebeur et al., 2005).

The metal(loid) concentrations in the leaching test conducted using
standard freshwater presented substantial differences to that obtained
using deionised water (Table 6). These differences can be mainly
attributed to the decreasing in binders’ pH due to the standard
composition of the freshwater (Table 4), as well as the difference in the
solubility of metal(loid)s depending on the pH of the medium (Van der
Sloot, 2008). This decrease in pH led to a decrease in the concentrations
of the trace elements with high oxidation states that can form oxyanions
(As, Cr, Mo, Sb, and Se) and an increase in the concentrations of divalent
pH-dependent metals (Ni, Cu, and Zn). As a result of the decrease in
some metal(loid)s concentration, the leachates of AA-WBA binders
formulated with WBA8/30 (AA-WBAS8/30 and AA-WBA/PV) were
below the limits for its classification as inert waste, excepting for Sb,
which exceeded the threshold established for non-hazardous waste
(>0.7 mg-kg™).

3.2. Monolithic leaching test (service life scenario)

The generic horizontal dynamic surface leaching test (DSLT) was
conducted mainly to determine the surface-dependent release of metal
(loid)s from monolithic specimens of AABs, as well as to identify the
mechanisms controlling the leaching processes. It was also performed to
simulate the service life scenario of AABs and compare their leach-
ability. The DSLT of the AA-MK was also included as a reference.
Table S2 (Supplementary Material) shows the concentrations of the
metal(loid)s and the pH of the leachates from AA-MK and AA-WBA
binders, using the CEN/TS 16637-2 test procedure. Overall, the re-
sults from the CEN/TS 16637-2 leaching test agreed to those from the
EN 12457-2 leaching test. The metal(loid)s with the highest leaching
concentrations in the granular test also showed the highest surface-
dependent release in the leaching test using monolithic samples.

Figs. 2—4 show the cumulative release of metal(loid)s from the AA-
MK and AA-WBA binders. Fig. 2 groups the elements (As, Se, and V) that
had a larger cumulative release from the AA-MK leachate compared to
those from AA-WBA specimens. These metal(loid)s probably come from
natural kaolinitic soils (Quaghebeur et al., 2005; Fry et al., 1993; Wells,
1967; Mikkonen and Tummavuori, 1994). Moreover, Se and V can also
be released in soils via anthropogenic activities such as fuel combustion
(Zhu et al., 2018; Tan et al., 2016; Suzuki et al., 2019), which is
necessary for the thermal dehydroxylation process of kaolinite.
Although our results for Se were similar to those of other studies (Sun
and Vollpracht, 2020), the cumulative release of As and V was much
higher, probably due to the initial content of these metals(loid)s in MK.

Fig. 3 shows the cumulative release of the metal(loid)s (Cu, Mo, Ni,
Sb, and Zn) that presented a higher leaching concentration for the AA-
WBAO0/30 specimen compared to the AA-WBA formulated with
WBA8/30 (AA-WBAS8/30 and AA-WBA/PV). As expected, the use of
WBAO0/30 fraction led to a greater release since their finer fractions have
a higher content of metal(loid)s and soluble salts (Pérez-Martinez et al.,
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Table 7

Identification of metal(loid)s surface release mechanisms according to CEN/TS 16637-2 standard.

Ba cd Cr Cu Mo
P2

As
P2

Release mechanisms

P5

P4

P3

P2

P5

P4

P3

P2

P5

P4

P3

P2

P5

P4

P3

P5

P4

P3

P2

P5

P4

P3

M1

M2

M3

M3.1
M3.2
M3.3

M4

M5

M5.1
M5.2

Zn

Se

Sb
P2

Pb
P2

Ni

P2

Release mechanisms

P5

P4

P3

P2

P5

P4

P3

P2

P5

P4

P3

P2

P5

P4

P3

P5

P4

P3

P5

P4

P3

M1

M2

M3

M3.1
M3.2
M3.3

M4

x NS

M5

M5.1
M5.2

M1: overall low concentration. M2: surface wash-off followed by low concentration, M3: diffusion controlledrelease of a substance: M3.1: surface wash-off preceding diffusion-controlledrelease; M3.2: diffusion-controlled

release followed by depletion; M3.3: surface wash-off preceding diffusion-controlled release followed by depletion. M4: dissolution controlled release of a substance. M5: unidentified mechanism: M5.1: surface wash-off of

a substancepreceding the unidentified release; M5.2: unidentified mechanism followed by depletion. P2: AA-MK. P3:AA-WBA0/30. P4: AA-WBA8/30. P5: AA-WBA/PV.
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2019). It should be noted that the difference in the cumulative release of
these metals at 64 days (Rg) was much lower when the WBA8/30 frac-
tion was used. In the specific cases of Cu and Zn, these differences were 4
and 5 times lower, respectively. In all the cases, the metal(loid) leaching
concentrations were similar or slightly lower for the AA-WBA/PV
specimen compared to the AA-WBA8/30 specimen. Additionally,
Fig. 3 depicts the cumulative release of the metals (Ba, Cr, and Pb) that
had higher leaching concentrations for AA-WBA8/30 than for
AA-WBAO/30. This is probably due to the glassy and ceramic nature of
the WBA8/30 fraction, which contains a large amount of fired ceramics
coming from small domestic works, as well as primary and secondary
glass coming from beverage containers (del Valle-Zermeno et al., 2017).
Barium carbonate and lead oxide are widely used as additives in ceramic
glazes (Vela et al., 2007; Chuenwong et al., 2017; Schabbach et al.,
2011), while trivalent chromium is extensively used as a green colouring
agent in glass manufacturing (Mirhadi and Mehdikhani, 2011). In
addition, the WBA8/30 fraction also contains construction wastes such
as OPC-cement based materials that can be generated in the household
sector and municipal cleaning services. As mentioned above, OPC has a
high content of barium and chromium (Vollpracht and Brameshuber,
2016) that show long-term release (Van der Sloot, 2008; Sun and Voll-
pracht, 2020).

The release of metal(loid)s from cementitious materials that are in
contact with water can be controlled and affected by various physical
and chemical retention mechanisms (Van der Sloot, 2008). In this re-
gard, the leaching mechanisms were determined using the data analysis
procedure introduced in CEN/TS 16637-2 (see Fig. S4 in Supplementary
Material). Table 7 summarises the release mechanisms identified for
each metal(loid) with the DSLT using AA-MK binder as the reference.
Some of the metals that leached from the AA-MK specimen showed a low
concentration or surface wash-off followed by a low concentration (Ba,
Cd, Mo, Ni, and Sb). These same metals had shown low leaching in the
EN 12457-2 batch test. A surface release mechanism controlled by
dissolution was identified for the rest of the metals (As, Cr, Cu, Pb, Se,
and V), except for Zn, which showed diffusive control. By contrast, for
the AA-WBAO/30 specimen, the surface release of all the metal(loid)s
under consideration was controlled by a dissolution mechanism, except
for As and Cd, which showed a low concentration and an unidentified
mechanism, respectively. In the AA-WBA8/30 and AA-WBA/PV speci-
mens, the dissolution-controlled release was also the main mechanism
for surface release (i.e., As, Cu, Mo, Ni, Sb, and V). The release mecha-
nism determined for Ba, Pb, and Zn was a surface wash-off preceding a
diffusion-controlled or unidentified mechanism (see Table 7). Once
again, a concentration below the detection limits was determined for Cd
in both samples. However, earlier studies determining the surface
release mechanisms of metal(loid)s from cementitious matrix materials
have reported no clear differences between diffusion-controlled and
dissolution-controlled mechanisms (Van der Sloot, 2008; Sun and Voll-
pracht, 2020; Ginés et al., 2009).

Fig. 5 shows the cumulative surface release (R,,) of some of the metal
(loid)s from AA-WBA binders vs. leaching time plotted on a log-log scale.
According to Van der Sloot et al. (2008), the slope for leaching times
controlled by a diffusive surface release mechanism should be 0.5. As
can be seen in Fig. 5, the leaching from some of the AA-WBA specimens
showed a different trend in the first aliquots compared to the last ones,
with a significant change in the slope. Likewise, the slope of the line of
best fit was close to 0.5, indicating a diffusion-controlled leaching pro-
cess. This trend was more noticeable for the AA-WBA binders formulated
with the WBA8/30 fraction (AA-WBA8/30 and AA-WBA/PV), corrobo-
rating a decrease in open porosity and an increase in the tortuosity of the
binder matrix.

The cumulative metal(loid)s release (expressed in mg-m’z) was
compared to the limits set in NEN 7345 standard (Table 8), aiming to
determine the feasibility of AABs from an environmental point of view.
Although most metal(loid)s release are below U; threshold, the results
revealed that AA-WBA binders should be used with environmental
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Fig. 5. Log-log plot of cumulative area release (R,) of some metal(loid)s leached from AABs specimens formulated using WBA as the precursor.

restrictions. This is due to Sb exceeded the U, limit. In the case of AA-
MK, the results evidenced the possibility of using this binder without
any environmental restriction. However, according to NEN 7345, some
metal(loid)s (As, Se, and V) should be removed at the end of its life cycle.
It is important to highlight that the most problematics metal(loid)s
release (in granular and monolithic test) are those that can form oxy-
anions (As, Sb, and V) as reported elsewhere (Keulen et al., 2018). In this
sense, it was demonstrated that longer curing periods increase the

10

immobilisation efficiency of these metal(loid)s (Lancellotti et al., 2018).
Finally, the authors want to emphasise that in this study they have been
tested AABs instead of alkali-activated mortars or concretes. Thereby,
the preparation of AABs with sand and/or gravel could lead to a dilution
of raw materials and consequently decrease in leachate metal(loid)s
concentration.
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Table 8
Cumulative release (mg~m’2) of AABs after 8 extractions (64d) following CEN/TS 16637-2.
Sample As Ba cd Cr Cu Hg Mo Ni Pb Sb Se v Zn
AA-MK 53.8 0.6 0.1 2.9 4.1 <0.1 1.7 0.4 0.4 0.8 3.4 450 4.5
AA-WBA0/30 25.3 1.3 6.8 10.6 75.6 0.2 10.8 3.6 13.2 55.8 2.2 27.2 115.9
AA-WBA8/30 33.1 13.5 1.6 19.9 19.4 0.1 4.1 1.9 20.1 56.3 1.8 8.7 27.5
AA-WBA/PV 30.1 7.2 1.3 16.8 19.9 0.1 3.9 1.5 15.3 54.9 2.6 20.5 27.9
Uy limit 40 600 1 150 50 0.4 15 100 50 3.5 1.5 250 200
“U, limit 300 4500 7.5 950 350 3 95 800 350 25 9.5 1500 1500
2 Leaching limits set by the Netherlands tank leaching test (NEN 7345).
Table 9 110
ECsp values and 95% confidence limits by probit analysis in the Daphnia magna 100 24 h .
immobilisation test. f
~ 9] i /
24h 48h NS
~ 804 /
ECso 95% 95% ECso 95% 95% 2
(%) LCL ucL (%) LCL ucCL g 704
OPC 29.7 24.1 36.7 24.1 19.4 29.9 .5 60
AA-MK 12.5 - - 8.8 6.3 11.1 T 50
AA-WBAO/ 6.0 - - 5.0 - - 2
30 = 40+
AA-WBAS/  10.8 8.9 13.0 8.5 7.0 10.2 g 30
30 g —eo—OPC
AA-WBA/ 13.2 - - 7.8 5.3 9.9 - 20 —e— AA-MK
PV 104 AA-WBA0/30
ECso for P2, P3 and P5 at 24 h and P4 at 48 h were extrapolated. LCL: lower 0] : :::xg:%i?
confidence limit to the ECso. UCL: upper confidence limit to the ECsp. ' . . . ' . r ; T I Y
0 10 20 30 40 50 60 70 80 90 100 110
3.3. D. magna acute toxicity test Leachate concentration (%)
The standard mobility test with the freshwater crustacean D. magna
is considered the most sensitive when analysing the ecotoxicity of .
building materials (Rodrigues et al., 2020). In this study, all binders 100 P— °
(OPC paste, AA-MK, and AA-WBA binders) were assessed at concen- 904 —
trations ranging from 6.25% to 100% of the eluates (EN 12457-2 using ;\? 80
standard freshwater). The immobilisation of D. magna individuals was g
recorded at 24 and 48 h. The validity criteria were met since no control E 70
daphnids were immobilised after 48 h of exposure and the daphnids o 60
from the negative control group did not show any abnormal behaviour -E 504
or adverse events. The influence of the leachate pH was minimised by .2‘
using standard freshwater that contained pH-buffering chemicals (Seco _—5: 407
et al., 2003). The number of D. magna individuals immobilised after 24 g 30 —e—0OPC
and 48 h of exposure is summarised in Tables S3—S5 and Fig. S5. The E 20 —e— AA-MK
addition of the leachates from all the specimens tested induced a 10 AA-WBA0/30
sequential (at 24 and 48 h) and concentration-dependent immobilisa- © AA-WBA8/30
tion of the daphnids. The percentages of immobilised D. magna in- ] I . . . . : ; ; .I AA-WBAPY

dividuals in each eluate after 24 and 48 h of exposure are plotted in
Fig. 5. The percentage of immobilised daphnids was used to determine
the ECsg by probit analysis, which is summarised in Table 8. Due to the
distribution results, there was no option to estimate the 95% confidence
limits by probit analysis for three of the binders (AA-MK, AA-WBA0/30
and AA-WBA/PV at 24 h and AA-WBAO/30 at 48 h), which were
extrapolated. Lower ECs( values indicate greater toxicity because the
material is toxic even at low concentrations (high dilutions). Accord-
ingly, the toxicity of the AA-WBAO/30 sample was higher than that of
the rest of the binders studied, which showed similar toxicity (AA-MK =

AA-WBA8/30 = AA-WBA/PV). The toxicity of the formulated AABs was

Table 10

T T
0 10 20 30 40 50 60 70 8 90 100 110

Leachate concentration (%)

Fig. 6. Immobilization rate of Daphnia magna according to the concentration of
the leachate resulting from the EN-12457-2 standard.

significantly higher than that determined for OPC. The ECso of OPC
obtained in this study was lower than that reported previously (Barbosa
et al., 2013), probably due to the greater release of Mo and Ba as a
consequence of a more acidic pH. It should also be noted that the toxicity
of the binders formulated with WBA8/30 fraction (AA-WBA8/30 and

Spearman’s correlation coefficient for metal content in leachates obtained according to EN 12457-2 (using freshwater) and ECs values calculated from Daphnia magna

immobilisation test.

As Ba cd Cu Mo

Ni Pb Sb Se A% Zn

ECso -0.7 0.3 0.3 -0.9% 0.359

0.051 -0.072 -0.9% -0.6 -0.4 -0.8

3Significant correlations at p < 0.05 are marked with one asterisk. "Chromium is notincluded in the analysis because their values determined in the leachates

werebelow detection limit.
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AA-WBA/PV) was similar to that of the AA-MK binder. Furthermore, the
ECsp results demonstrated that the addition of PV as a precursor had
practically no effect on toxicity (AA-WBA/PV).

Comparison with the results from the EN 12457-2 leaching test
(Table 6) indicated good correspondence between toxicity and the
concentrations of trace elements in the eluates (see Fig. S6 in Supple-
mentary Material). Spearman’s correlation was used to link the con-
centration of trace elements in the eluates with the immobilisation
response of D. magna (Table 10). This identified significant correlations
(p < 0.05) between the presence of Cu and Sb in the eluates and the
immobilisation of D. magna (i.e., ECs values). A previous study showed
that Cu and Sb concentrations in elutriates from sewage sludge have a
strong impact on the mobility of Daphnia (Fjallborg and Dave, 2004).
Although As, Pb, and Zn concentrations in the leachates correlated with
acute toxicity in Daphnia, these correlations were not statically signifi-
cant (p = 0.188, p = 0.054 and p = 0.104 for As, Pb, and Zn, respec-
tively). The toxicity of metals on D. magna has been reported previously
by several studies (Zaltauskaité and Vaitonyte, 2016; Sackey et al.,
2020; Untersteiner et al., 2003). However, other factors rather than just
the released metals mentioned (e.g., chlorides, sulphates, sodium, etc.)
may affect the biological responses of the crustacean (Rodrigues et al.,
2020).

Comparing the 48 h ECs values for the AABs obtained in this study
(Table 9) with those reported by other studies using ecotoxicity tests
with D. magna for WBA (ECsg 0.5-17.0) (Lapa et al., 2002), it can be
concluded that the decrease in particle size (<80 um) and the alkaline
activation did not significantly affect the toxicity of the binder materials.
Nevertheless, taking into account the ecotoxicity limit values estab-
lished in the French proposal of the Criterion and Evaluation Methods of
Waste Ecotoxicity (CEMWE) document (CEMWE, 1998), the
alkali-activated binders formulated with WBA (and MK) showed evi-
dence of acute toxicity (48-h ECso < 10%). Since the ECsq values for
AA-WBAS8/30 (8.5%) and AA-WBA/PV (7.8%) were less than 10% but
considerably greater than 1%, it can be said that they showed
moderate-low acute ecotoxicity. By contrast, the ECso for AA-WBAO0/30
was closer to 1%, indicating moderate-high ecotoxicity. Fig. 6.

4. Conclusions

The results obtained in this study provide a clear picture of the
environmental and ecotoxicological potential of AA-WBA binders. The
synergistic combination of the leaching tests (EN 12457-2 and CEN/TS
16637-2) and the acute toxicity test could become an interesting tool to
determine the environmental and ecotoxicological risks of the binder
materials.

Granular leaching test (EN 12457-2) was used to assess the initial
hazardousness of powdered raw materials, as well as to simulate the
leaching behaviour of AABs binders after their end-of-life. This test
demonstrated the different hazardousness of raw materials, which could
be classified as inert (OPC and MK), non-hazardous (WBA/0/30 and
WBA8/30), and hazardous (PV) waste according to the EU landfill
legislation. Moreover, the metal(loid)s concentrations in the leachates
from AA-WBA binders revealed severe activation of As and Sb, both for
deionised water and freshwater. These two metalloids are commonly
used as additives during the manufacturing of container glass and were
affected by alkaline activation, showing higher concentrations than in
the raw materials leachates. It is also important to highlight the sub-
stantial decrease in some metal(loid)s concentration (As and Sb) when
freshwater was used as a leaching solution. This is due to the stand-
ardised composition of freshwater led to the decreasing in pH of AA-
WBA binders, which in turn contributed to a decrease in the concen-
trations of the trace elements with high oxidation states that can form
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oxyanions.

Monolithic leaching test (CEN/TS 16637-2) was used to simulate the
leaching behaviour of AABs during their service life. The surface-
dependent release mechanism in some metal(loid)s was unpredictable,
except for those that showed low concentrations or a depletion mech-
anism. A mixed release mechanism, diffusion-dissolution, probably
controlled the surface release of most of the metal(loid)s. In the AA-WBA
binders, given that the pH was very similar in all the aliquots, the dif-
ferences in the release mechanism determined for the same metal(loid)
could be attributed to the use of different size fractions or the use of PV
(i.e., Ba, Pb, and Zn). In this case, higher SiO, and Al;03 availability led
to a greater formation of reaction products, which decreased open
porosity and increased the tortuosity of the cementitious matrix.

The present study demonstrated the suitability of the D. magna acute
toxicity test for the ecotoxicological assessment of AA-WBA binders. To
the authors’ knowledge, there are no previous studies that have included
an ecotoxicological analysis in the environmental assessment of AABs. In
this study, only the eluates obtained from the EN 12457-2 leaching test
(with freshwater) were selected for the ecotoxicological assessment.
These eluates represented the worst-case scenario, involving a small
particle size and leaching conditions that favoured leaching and
increased the potential release of metal(loid)s from the binder materials.
Consequently, this can result in much higher leaching and ecotoxicity
compared to normal service conditions. The specimens formulated with
WBAB8/30 fraction showed less toxicity, presenting similar toxicity as
AA-MK binder. The AA-WBA8/30 and AA-WBA/PV formulations
showed moderate-low acute ecotoxicity, according to the ecotoxicity
limit values established in the French proposal of the CEMWE document,
with ECsq values close to 10%. Hence, the potential ecotoxicity of ma-
terials studied could be ordered as follows: AA-WBA0/30 > AA-MK ~
AA-WBA8/30 ~ AA-WBA/PV >> OPC.

Therefore, the environmental and ecotoxicological behaviour of the
AA-WBA binders formulated from the WBA8/30 fractions was signifi-
cantly better than those formulated with the WBA0/30 fraction due to
the higher content of metal(loid)s in the fine fractions. The increase in
the availability of reactive aluminium by using PV as a precursor that
partial substituted WBA (8-30 mm) also slightly decreased the mobility
of the metal(loid)s, probably due to the greater formation of cementi-
tious phases.
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Fig. S1. Particle size distribution of weathered bottom ash (WBA)

Approximately 30 wt.% of WBA have a particle size greater than 8 mm. The composition of this
0 - 30 mm size fraction has been widely studied (Chimenos et al., 1999; del Valle-Zermefio et al.,
2017). The content of synthetic ceramic materials, as well as primary and secondary glass
(amorphous phases), is greater in this coarse fraction than in the finer fractions.
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Fig. S2. XRD pattern of (a) 0-30 mm fraction and (b) larger 8 mm fraction of WBA. () Quartz
(SiO2; PDF# 01-083-0539); (M) Calcite (CaCOs; PDF# 01-072-1937); (A) Akermanite
(CaxMgSixO7; PDF# 01-076-0841); (A) hydrocalumite (CasAl2(OH)12(CL,CO3,0H)2-4H,0; PDF#
016-0333), (O) Pseudowollastonite (CaSiOz; PDF# 01-074-0874), (®) Muscovite
(KAL2(AlSi3010)(OH)2; PDF# 01-075-0948); () Microcline (KAISi30s; PDF# 01-076-0918); (#)
Kyanite (Al2SiOs; PDF# 01-074-1827); (#) Magnetite (Fe3Os; PDF# 01-077-1545); (») Albite
calcian ordered ((Na,Ca)Al(Si,Al);03); PDF# 020-0548); (M) Anhydrite (CaSOs; PDF# 01-072-
0503); (A) Dolomite (CaMg(COs3)2; PDF# 01-075-1759).
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Fig. S3. XRD pattern of PAVAL. (M) Gibbsite (AI(OH)3; PDF# 01-070-2038); () Bayerite
(AI(OH)3; PDF# 01-077-0114); (#) Nordstrandite (AI(OH)3; PDF# 01-072-0623); (¢) Corundum
(AL,O3; PDF# 01-071-1123); (A) Spinel (MgAl2O4; PDF# 01-077-0435); (A) Quartz (SiO2; PDF#
01-079-1910); (») Aluminium nitride (AIN; PDF# 01-075-1620); (®) Potassium aluminium oxide
(AIKO2; PDF# 01-084-0380); (O) Potassium sodium aluminium silicate (Al1(K,Na)OsSi2; PDF#
01-070-1260); (M) Calcium fluoride (CaF2; PDF# 01-077-0245); (A) Cryolite (Na3AlFe; PDF#
25-0772).



Table S1. Chemical composition of MK and OPC (wt.%).

wt.% (dry basis)

SiO2 K20 CaO MgO Na:O ALO; Fe:03 TiO: LOI”

MK 550 020 030 0.10 0.60 400 140 1.50 1.00
OPC 199 045 6393 130 0.17 470 338 - 2.97

LOI*: Loss on ignition at 1100 °C
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Leaching test results
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Fig S4. Procedure for identifying the release mechanism



Table S3. Individuals of Daphnia magna immobilised in OPC and AA-MK.
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Table S4. Individuals of Daphnia magna immobilized in AA-WBAO0/30 and AA-WBAS/30.
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Table SS. Individuals of Daphnia magna immobilized in AA-WBA/PV.
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Chapter IX - Conclusions

CHAPTER IX
CONCLUSIONS

Along with this PhD thesis, the main conclusions may be found through the different chapters

and the conclusions subsection in the scientific articles. Nonetheless, the conclusions will be

transversally recapitulated in this chapter to highlight the essential contributions to the state

of the art.
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Chapter IX - Conclusions

8. Conclusions

The alkali activation of WBA is still a novel research topic with high potential for improvement
as could see in this PhD thesis. The worldwide MSW production is continuously growing due to
the increase in population and their rising standards of living. For this reason, many countries
increasingly adopt the incineration process as a measure to reduce the volume of MSW
generated and conserve landfill space while recovering energy. The main by-product obtained
from the MSWI is WBA, which is mainly composed of the essential elements (Ca, Si, and Al)
required to formulate AABs. Therefore, the WBA could stand out as an alternative to other
precursors (FA, GBFS, etc.) for its composition, its high production, and its potential availability
all over the world. Besides, the alkali activation of this by-product would promote the new EU
environmental policies based on the circular economy and the zero-waste principle, leading to
some environmental and economic benefits such as the municipal solid waste valorisation and
waste management improvement. The main conclusions found throughout the doctoral thesis

are summarised below:
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v

v

The WBA potential as a precursor in the alkali-activation technology depends on its
initial particle size, being more suitable in the entire fraction and the coarser fractions
(above 8 mm) because of the higher reactive SiO; availability. This is mainly due to the
primary and secondary glass contained in these fractions, which is above 60% in both
cases. The alkaline character of the solution used in the alkaline activation also has a
determining role in the activation of the heavy metal(loid)s contained in the WBA

which must be considered in the AA-WBA formulation.

The AA-WBA binders’ formulation through the activation of different WBA fractions
(0 to 30 mm and 8 to 30 mm) as the sole precursor was succeeded. It was
demonstrated that the use of the coarse fraction enhances the mechanical
performance of AA-WBA binders due to their silica-rich composition and their lowest

metallic aluminium content compared to the entire fraction.

The alkali activation of the WBA coarser fraction as partial precursor mixed with
aluminium-rich precursors such as PAVAL® (PV) and metakaolin (MK) was also
achieved. The use of PV leads to AA-WBA/PV binders with versatile properties
depending on their content and the alkaline activator pH used. It was revealed that a
low PV amount (2%) counteracts the lack of aluminium of the WBA coarse fraction,
enhancing the mechanical performance. Instead, high PV content leads to high
porosity AA-WBA/PV binders due to the reaction between the aluminium nitride (AIN)
and metallic aluminium with NaOH, which generate ammonia and hydrogen gases,

respectively.

The alkali activation of WBA and MK showed the influence of MK content on the
increase in porosity, leading to a decrease in the mechanical properties. It was also
revealed the influence of the humidity conditions during the curing in the mechanical
performance of AA-WBA binders. Room humidity conditions enhance the AA-WBA
binders’ strength instead of high humidity conditions. The excessive humidity in curing
leads to leaching of OH and free alkali in the specimens, leading to a decline in

compressive strength.
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v' The environmental properties based on heavy metal(loid)s leaching concentration
assessment revealed high content of As and Sb in all studied binders. This is due to
the high content of glass into WBA, since As and Sb are widely used in the glass
industry as fining agents to lighten glass and remove air bubbles. Nonetheless, it was
demonstrated that an increase in the curing period enhances the encapsulation
effect, decreasing the leaching concentration of heavy metal(loid)s. Besides, the
ecotoxicological analysis carried out on the optimal formulations derived from this
PhD thesis evidenced a moderate-low and moderate-high acute toxicity in the AA-
WBA binders activated with the coarser fraction and the entire fraction of WBA,
respectively. This fact strengthens the idea to use the 8 to 30 mm fraction due to its

lowest heavy metal(loid)s content.
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CHAPTER IX
FUTURE WORK

Despite the advances revealed in this PhD thesis, further investigation is needed to generate

confidence and support the feasibility of the alkali-activated WBA (AA-WBA) binders as a

building material. This chapter shows some recommendations for future research in the AA-

WBA binders' development.

261






Chapter X - Future work

9. Future work

As in any project that has a limited time, some issues have remained unresolved in the present
PhD thesis. Therefore, the following recommendations for future investigations are proposed

to give continuity to the main findings revealed to date:

v' A deeper assessment of the curing conditions effect (temperature and relative
humidity) in the final properties of AA-WBA binders is needed. In this sense, the
optimal formulations could be cured in different temperature and relative humidity
ranges.

v' The leaching concentration of heavy metal(loid)s in AA-WBA binders that are cured
over long periods should be evaluated to determine the influence of curing time on
the immobilization of these hazardous elements.

v' An exhaustive characterisation of physicomechanical properties should be conducted
using techniques such as X-ray microtomography (Micro-CT) and nanoindentation.
Thereby, a better comprehension of AA-WBA binders' mechanical behaviour could be

achieved.
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v' The use of WBA as a partial precursor must continue developing through the addition
of other promising precursors that come from residues such as CSP (Ceramic, stone,
and porcelain), CDW (Construction and demolition waste), and PAVAL®.

v" The development of alkali-activated mortars and micro-concrete using the WBA itself
as an aggregate material will be interesting. In this way, the entire WBA could be
valued by formulating mortars using the fraction above 4 mm as a binder and the
fraction below 4 mm as fine aggregate. Or in the case of micro-concretes, using the
fraction above 8 mm as a binder and the fraction below 8 mm as aggregate.

v Finally, after the knowledge learned throughout the PhD thesis, it would be interesting
to develop hybrid cements (using WBA and OPC as main cementing raw materials) to

enhance the mechanical properties of the AA-WBA binders.
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10.APPENDIX 1

OTHER CONTRIBUTIONS IN CONFERENCES
AND PUBLICATIONS

The aim of Appendix 1 is to briefly summarise the contributions in conferences and scientific

journal during the PhD thesis. The topics of this works are related to the valorisation of by-

products and residues, as well as the development of alternative cement-based materials for

different building purposes.
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Appendix 1. Other contributions in
conferences and publications
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Al.1. Contributions associated to alkali-activated WBA

Al1.1.1. Conferences

Al1.1.1.1. WBA potential reactivity

o “Characterization of MWI bottom ash and its potential use as alkali-activated material

precursor”

This work was presented as oral communication in The International Conference on the
Environmental and Technical Implications of Construction with Alternative Materials (WASCON
2018 in Tampere, Finland) on 6™ June 2018 (Figure Al.1). It is associated with the first
investigation (Chapter V - paper 1), previously to its publication in the journal paper. The main
results of the reactive SiO, and Al,Os availability depending on the WBA particle size were

presented.

Alex Maldonado

Has participated to the following international conference

10th International Conference on the Environmental and
Technical Implications of Construction with Alternative
Materials

WASCON 2018

June 6-8, 2018, Tampere Finland

Mr. Ville Raasakka

WASCON 2018 Conference secretariat
Finnish Association of Civil Engineers RIL
Lapinlahdenkatu 1 B, 00180 Helsinki, Finland
tel. +358 50 366 8687. e-mail ville.raasakka@ril.fi

Figure A1.1. Oral communication presented in The International Conference on the

Environmental and Technical Implications of Construction with Alternative Materials
(WASCON 2018 in Tampere, Finland).
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A1.1.1.2. Alkali-activated WBA as sole precursor

o “Development of alkali-activated cements by using MSWI weathered bottom ash”

Figure A1.2 shows the oral communication presented in V Congreso Hispano-Luso de Cerémica
y Vidrio (Barcelona, Spain) on 8" October 2018. This presentation was related to the second
investigation (Chapter VI — Paper 2). The chemical characterisation of AA-WBA binders and the

influence of alkaline activator concentration in mechanical properties were mainly exposed.

V Congreso Hispano-Luso de Ceramica y Vidrio

Development of Alkali Activated Cements by using Municipal Solid Waste Incineration
(MSWI) Weathered Bottom Ash

A. Alfoceal, J. Maiiosa', J. Giro-Paloma', J. Formosa', J.M. Chimenos’,
A. Maldonado-Alameda®: *

! Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/Marti i Franqueés, 1-11,
08028, Barcelona, Spain. Ph: +34-934037244
E-mail glex.maldonado(@ub.edu

Figure A1.2. Oral communication presented in The VV Congreso Hispano-Luso de Cerdmica y
Vidrio (Barcelona, Spain).

o “Development of alkali-activated cements by using MSWI weathered bottom ash”

Another work related to the second investigation (Chapter VI — Paper 2) was presented as a
poster in The Ill European Geopolymer Network (EGN 2018 in Faenza, Italy) on 30" November
2018 (Figure Al1.3). A summary of the chemical, physicomechanical, and environmental

characterization was presented.

JECS TRUST Best POSTER Award Competition

DEVELOPMENT OF ALKALI ACTIVATED CEMENTS BY USING MUNICIPAL SOLID WASTE
INCINERATION (MSWI) WEATHERED BOTTOM ASH

A. AIfocea-Roig1‘ A. Maldonado-Alameda" ", J. Mafiosa', J. Giro-Paloma', J. Formosa', JM Chimenos’
*alex.maldonado@ub.edu
! Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/Marti i Franqués, 1-11,
08028, Barcelona, Spain.

Figure A1.3. Title of the poster presented in The Il European Geopolymer Network (EGN 2018
in Faenza, Italy).
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o “Valorisation of bottom ash from waste-to-energy plants as precursors in alkali-

activated cements”

Another oral communication was presented in LVIl Congreso Nacional de la Sociedad Espafiola
de Cerdmica y Vidrio (Castellon, Spain) on 26" October 2020 (Figure A1.4). This presentation
was focused on summarising the investigations associated with Chapter VI (paper 2 and paper

3) and Chapter VII (paper 4).

LVII Congreso Nacional de la SECV

Revalorizacion de escorias de planta de recuperacion energética de residuos
municipales como precursores de cementos activados alcalinamente.

A. Maldonado-Alameda, J. Mafiosa, J. Giro-Paloma, J. Formosa, J.M. Chimenos*

Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, Marti i Franques, 1,
08028, Barcelona

“E-mail: chimenos@ub.edu

Figure A1.4. Oral communication presented on The LVII Congreso Nacional de la Sociedad
Espafiola de Ceradmica y Vidrio (Castelldn, Spain).
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Al.2. Contributions associated with alkali-activation of other
precursors

Al1.2.1. Conferences

o “Novel alkali-activated cements based on waste glass”

This work was presented as oral communication in I Jornada de Jévenes Investigadores de
Cerdmica y Vidrio en el ICMA on 20™ March 2018 (Figure A1.5). The investigation presented
the chemical characterisation of alkali-activated binders based on waste glass. Concretely, it
was used a residue known as CSP (Ceramic, Stone, and Porcelain), which is generated in

recycled glass treatment plants.

D. Javier Campo Ruiz, Director del Instituto de Ciencia de Materiales de Aragon (ICMA), centro
mixto del Consejo Superior de Investigaciones Cientificas, CSIC y de la Universidad de Zaragoza.

HACE CONSTAR

Oue Alex Maldonado Alameda ha participado en la | Jornada de “Jévenes Investigadores de Cerdmica
y Vidrio en el ICMA" impartiendo la comunicacion oral titulada “Nuevos cementos alcalinos basados
en residuos vitreos” en la Facultad de Ciencias de la Universidad de Zaragoza el dia 20 de marzo de
2018 (Zaragoza).

Y para que asi con%e firmo la presente en Zaragoza, a 20 de marzo de 2018.

0" JaVi&r Campo Ruiz

Figure A1.5. Oral communication presented on | Jornada de Jovenes Investigadores de
Cerdmica y Vidrio en el ICMA on 20th March 2018 (Zaragoza, Spain).

o “Use of water treatment sludge as precursor in alkali-activated cements based on non-

dehydroxylated clay”

Another oral communication was presented in LVIl Congreso Nacional de la Sociedad Espafiola
de Cerdmica y Vidrio (Castellon, Spain) on 26" October 2020 (Figure A1.6). This presentation

was focused on alkali-activation of water treatment sludge and dehydroxylated kaolin.
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LVII Congreso Nacional de la SECV

Uso de lodos de planta potabilizadora de agua como precursor en cementos alcalinos a
base de arcilla no deshidroxilada

J. Maiiosa', A. Maldonado-Alameda’, J. Formosa®, J. Giro-Paloma'. J.R. Rosell’,
J.M. Chimenos"”

! Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/ Marti i Franques, I,
Barcelona, 08028, Espaiia

? Universitat Politécnica de Catalunya (GICITED), Av. Doctor Marafion 44-50, Barcelona, 08028, Espaiia
E-mail: chimenos@ub.edu

Figure A1.6. Oral communication presented on The LVII Congreso Nacional de la Sociedad
Espafiola de Ceramica y Vidrio (Castellon, Spain).

Al1.2.2. Publications

o “Alkali-Activated Cements for TES Materials in Buildings’ Envelops Formulated with

Glass Cullet Recycling Waste and Microencapsulated Phase Change Materials”

This work was published in Materials journal on 3™ July 2019, as shown in Figure A1.7. The
investigation was based on assessing the feasibility to incorporate microencapsulate phase

change materials (MPCMs) in alkali-activated binders.

< A materials ﬁn\n\py

Article

Alkali-Activated Cements for TES Materials in
Buildings” Envelops Formulated With Glass Cullet
Recycling Waste and Microencapsulated Phase
Change Materials

Jessica Giro-Paloma "*(, Camila Barreneche "%#(%, Alex Maldonado-Alameda !, Miquel Royo !,
Joan Formosa !, Ana Inés Fernindez '™ and Josep M. Chimenos !

1 Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/Marti i Franques 1,

08028 Barcelona, Spain
2 Birmingham Centre for Energy Storage & School of Chemical Engineering, University of Birmingham,

Birmingham B152TT, UK
Correspondence: jessicagiro@ub.edu (].G.-I.); c.barreneche@ub.edu (C.B.)

check for
Received: 6 June 2019; Accepted: 1 July 2019; Published: 3 July 2019 updates

Figure A1.7. Article published in Materials journal in 2019.
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o “Water treatment sludge as precursor in non-dehydroxylated kaolin-based alkali-

activated cements”

This investigation was published in Applied Clay Science journal in April 2021 (Figure A1.8). An
exhaustive characterisation (chemical, physicomechanical, and environmental) were
performed in alkali-activated binders based on water treatment sludge and dehydroxylated

kaolin.

: Applied Clay Science
g L Volume 204, April 2021, 106032

Research Paper

Water treatment sludge as precursor in non-
dehydroxylated kaolin-based alkali-activated
cements

. Manosa %, M. Cerezo-Pinas %, A. Maldonado-Alameda ?, |. Formesa ?, . Giro-Paloma 2, .R. Rosell %, .M. Chimenos

pE

Figure A1.8. Article published in Applied Clay Science journal in 2021.

o “Preliminary Study of New Sustainable, Alkali-Activated Cements Using the Residual

Fraction of the Glass Cullet Recycling as Precursor”

This investigation was published in Applied Clay Science journal on 15™ April 2021 (Figure A1.9).
The investigation presented the chemical characterisation of alkali-activated binders based on
CSP (Ceramic, Stone, and Porcelain).

riiel applied
sciences

Article

Preliminary Study of New Sustainable, Alkali-Activated
Cements Using the Residual Fraction of the Glass Cullet
Recycling as Precursor

Jessica Giro-Paloma ¥, Alex Maldonado-Alameda ', Anna Alfocea-Roig *, Jofre Mafiosa ),
Josep Maria Chimenos ' and Joan Formosa *

Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/Marti i Franqués, 1,
08028 Barcelona, Spain; jessicagiro@ub.edu (J.G-P); alex.maldonado@ub.edu (AM.-A.);

1 bedu (A.A-R); j ib.edu (JM.); chimenos@ub.edu (.M.C.)
* Correspondence: joanformosa@ub.edu; Tel.: +34-93-402-1316

Figure A1.9. Article published in Applied Sciences journal in 2021.
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Al.3. Contributions associated with other cement-based
building materials

A1.3.1. Conferences
A1.3.1.1. Magnesium phosphate cements

e “Magnesium phosphate cements (MPC) as lightweight material”

This oral communication was presented in | Jornada de Jovenes Cientificos en Materiales de
Construccién (Madrid, Spain) on 19t June 2018 (Figure A1.10). This work was based on the use

of hydrogen peroxide to formulate MPC with high porosity to develop lightweight materials.

Cementos de fosfato de magnesio como material ligero

A. Maldonado-Alamedal-*, S. Huete-Hernandez!, J. Giro-Paloma!, Eric Barés!, TM
Chimenos!?, ]. Formosal
Departament de Ciéncian de Materials i Quimica Fisica, Universitat de Barcelona, C/Marti i
Franques, 1-11, 08028, Barcelona, Spain. Ph: +34-934037244
*Corresponding author e-mail: alex.maldonado@ub.edu

Figure A1.10. Oral communication presented on | Jornada de Jovenes Cientificos en Materiales
de Construccion (Madrid, Spain).
e “Magnesium phospho-silicate cements developed with low grade magnesium oxide

and glass waste”

Another oral communication was presented in Congreso Nacional de Materiales 2018
(Salamanca, Spain) on 4™ July 2018 (Figure Al.11). This presentation was focused on

incorporating CSP as filler to enhance the mechanical properties of MPC.

Magnesium phospho-silicate cements developed with low
grade magnesium oxide and glass waste

Alex Maldonado-Alameda' ", J. Giro-Palomal. J. M. Chimenos!. J. Formosa'

1 Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona, C/Marti i Franques,
1-11, 08028, Barcelona, Spain. Ph: +34-934037244

*alex.maldonado(@ub.edu

Figure A1.11. Oral communication presented in Congreso Nacional de Materiales 2018
(Salamanca, Spain).
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o “Development of animal fibers composites for construction applications”

This oral communication was presented in Il Jornada de Jévenes Cientificos en Materiales de
Construccién (Madrid, Spain) on 28" May 2019 (Figure A1.12). This work was based on the use

of sheep wool to formulate MPC with insulation properties to develop thermal panels.

Development of animal fibers composites for construction
applications

S. Huete-Hermandez, A. Maldonado-Alameda, J. Giro-Paloma, ].M. Chimenos, ]. Formosa’
Departament de Ciéncia de Materials 1 Quimica Fisica, Universttat de Barcelona, G/Mart{ 1 Frangués,
1-11, 08028, Barcelona, Spain. Ph: +34-934037244
*Corresponding autor: joanformosa@ub.edu

Figure A1.12. Oral communication presented on Il Jornada de Jévenes Cientificos en
Materiales de Construccién (Madrid, Spain).

“Preparation of magnesium phosphate cement mortars using glass residue from

recycling glass industry”

Another oral communication was presented in LVII Congreso Nacional de la Sociedad Espafiola
de Cerdmica y Vidrio (Castellon, Spain) on 26" October 2020 (Figure A1.13). This presentation

revealed the most relevant physicomechanical results of MPC mortars incorporating CSP to

enhance their mechanical properties.

LVII Congreso Nacional de 1a SECV

Preparacion de morteros de cementos de Fosfato de Magnesio Sostenibles a partir del
reciclado de un residuo de la industria del vidrio

S. Huete-Hern:dindez', A. Maldonado-Alameda’, J. Giro-Paloma’, J.M. Chimenos', J. Formosa'

! Departament de Ciéncia de Materials i Quimica Fisica. Universitat de Barcelona, Marti i Franqués 1, 03028
Barcelona, Spain

* E-mail: joanformosa@ub.edu

Figure A1.13. Oral communication presented on The LVII Congreso Nacional de la Sociedad
Espafiola de Cerdmica y Vidrio (Castellon, Spain).
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Al1.3.2. Publications
Al1.3.2.1. Magnesium phosphate cements

e “Magnesium phosphate cements formulated with low grade magnesium oxide

incorporating phase change materials for thermal energy storage”

This work was published in Construction and Building Materials journal on 30" November 2017,
as shown in Figure Al.14. The investigation was based on assessing the feasibility to
incorporate an aerating additive and microencapsulate phase change materials (MPCMs) in

MPC to enhance their thermal insulation properties.

Construction and Building Materials
Volume 155, 30 November 2017, Pages 209-216

Magnesium phosphate cements formulated with
low grade magnesium oxide incorporating phase
change materials for thermal energy storage

A. Maldonado-Alameda * & B, A.M. Lacasta "B, |. Giro-Paloma * &, |.M. Chimenos *H, L. Haurie “H, ). Formosa *
=

Figure A1.14. Article published in Construction and Building Materials journal in 2017.

e “Fabrication of sustainable magnesium phosphate cement micromortar using design
of experiments statistical modelling: Valorization of ceramic-stone-porcelain

containing waste as filler”

This work was published in Ceramics International journal on 15 April 2021, as shown in Figure
A1.15. The investigation was based on assessing the mechanical properties of MPC

incorporating CSP through a design of experiments (DoE).

: 1 Ceramics International =
g% Volume 47, Issue 8, 15 April 2021, Pages 10905-10917

¥

Fabrication of sustainable magnesium phosphate
cement micromortar using design of experiments
statistical modelling: Valorization of ceramic-
stone-porcelain containing waste as filler

S. Huete-Hernandez, A. Maldonado-Alameda, J. Giro-Paloma, J.M. Chimenos, ). Formosa & B

Figure A1.15. Article published in Ceramics International journal in 2021.
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Al1.3.2.2. Weathered bottom ash valorisation
e “Characterisation and partition of valuable metals from WEEE in weathered municipal

solid waste incineration bottom ash, with a view to recovering”

This work was published in Journal of Cleaner Production on 1°* May 2019 (Figure A1.16). The

investigation assessed the potential valorisation of valuable metals contained in weathered

bottom ash.

Journal of Cleaner Production
Wolume 218, 1 May 2019, Pages 61-68

Characterisation and partition of valuable metals
from WEEE in weathered municipal solid waste
incineration bottom ash, with a view to recovering

5. Pérez-Martinez 2, . Giro-Paloma 2, A. Maldonado-Alameda 2, . Formosa 2, I. Queralt ©, .M. Chimenos * & &
Figure A1.16. Article published in Journal of Cleaner Production in 2019.

o “Rapid sintering of weathered municipal solid waste incinerator bottom ash and rice

husk for lightweight aggregate manufacturing and product properties”

This work was published in Journal of Cleaner Production on 20" September 2019 (Figure

A1.17). This paper was based on sintering WBA and rice husk ash to develop lightweight

aggregate materials.

Journal of Cleaner Production
WVolume 232, 20 September 2019, Pages 713-721

Rapid sintering of weathered municipal solid
waste incinerator bottom ash and rice husk for
lightweight aggregate manufacturing and product
properties

). Gire-Paloma 2, |, Mafiosa 2, A. Maldanado-Alameda 3, M.J. Quina ®, .M. Chimenos * &2 &

Figure A1.17. Article published in Journal of Cleaner Production in 2019.

277



Appendix 1 - Other contributions in conferences and publications

o “Valorisation of water treatment sludge for lightweight aggregate production”

This work was published in Construction and Building Materials journal on 1 February 2021
(Figure A1.18). In view of the previous paper, this investigation based on sintering WBA and

water treatment sludge to develop lightweight aggregate materials.

Construstion
and Building

Construction and Building Materials MATERIALS
Volume 269, 1 February 2021, 121335

Valorisation of water treatment sludge for
lightweight aggregate production

J. Mafiosa %, |. Formosa 2, ). Giro-Paloma 2, A. Maldonado-Alameda 2, M.). Quina b, J.M. Chimenos 2 2 B

Figure A1.18. Article published in Construction and Building Materials journal in 2021.
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