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ABSTRACT

Geopolymers are synthetic materials formed by the activation of solid
particles, rich in silicon and aluminum, with alkaline solutions. Many
industrial wastes present chemical composition potentially suitable for
the geopolymerization process, allowing the complete reaction of the
constituents and obtaining properties adjusted for various applications.
Thus, this thesis aimed at the use of solid wastes, biomass fly ash and
construction wastes, in the development of geopolymers. The industrial
wastes used are suitable for the development of geopolymers, generating
a saving of up to 75% in the consumption of metakaolin, reducing the
environmental impact of the extraction of natural resources and the
economic cost of the production of metakaolin and the destination of the
waste in landfills. The different methods of curing and concentration of
alkaline activators studied showed that curing under environmental
conditions of geopolymers is an adequate option for use in the in-situ
construction industry. The geopolymer mortars produced with
construction and demolition waste as a fine aggregate presented superior
mechanical properties compared to mortars produced with natural
aggregate (sand). The use of a porogenic agent (H20) in the development
of porous geopolymer mortars caused an increase of 85% in the moisture
absorption and desorption capacity, being the highest value found in the
literature for mortars. Finally, the addition of porogenic agent at different
cure times showed that it is possible to produce faujasite and P zeolites in
geopolymers using the hydrothermal cure at 60 °C. Most importantly, in
this work eco-friendly geopolymers were developed with low energy and
environmental costs associated with mechanical, physical and chemical
properties suitable for their applications.

Keywords: aluminosilicates, geopolymers, residues, porosity, mortars,
zeolites.



RESUMO

Os geopolimeros sdo materiais sintéticos formados pela ativacdo de
particulas sélidas, ricas em silicio e aluminio, com solugbes alcalinas.
Muitos  residuos industriais apresentam composicdo  quimica
potencialmente adequada ao processo de geopolimerizacdo, permitindo a
completa reacdo dos constituintes e obtencdo de propriedades ajustadas
para diversas aplicagfes. Assim, essa tese visou o uso de residuos sélidos,
cinzas volantes de biomassa e residuos de construcdo, no
desenvolvimento de geopolimeros. Os residuos industriais utilizados séo
adequados para o desenvolvimento de geopolimeros, gerando uma
economia de até 75% no consumo de metacaulim, reduzindo o impacto
ambiental da extracdo de recursos naturais e o custo econdmico da
producdo de metacaulim e a destinacdo do produto. residuos em aterros.
Os diferentes métodos de cura e concentracdo de ativadores alcalinos
estudados mostraram que a cura sob condi¢cbes ambientais de
geopolimeros é uma op¢do adequada para uso na industria de construcédo
in situ. As argamassas geopoliméricas produzidas com residuos de
construcao e demolicdo como agregados finos apresentaram propriedades
mecanicas superiores as argamassas produzidas com agregado natural
(areia). O uso de um agente porogénico (H202) no desenvolvimento de
argamassas geopoliméricas porosas causou um aumento de 85% na
capacidade de absorcdo e dessorcdo de umidade, sendo o maior valor
encontrado na literatura para argamassas. Finalmente, a adicdo de agente
porogénico em diferentes tempos de cura mostrou que é possivel produzir
zedlitas de faujasita e P em geopolimeros utilizando a cura hidrotérmica
a 60 °C. Mais importante ainda, neste trabalho geopolimeros
ecologicamente corretos foram desenvolvidos com baixos custos
energéticos e ambientais associados as propriedades mecanicas, fisicas e
quimicas adequadas para suas aplicagdes.

Palavras-chave: aluminossilicatos, geopolimeros, residuos, porosidade,
argamassas, zeolitas.






RESUMO ESTENDIDO

Introducéo

Geopolimeros sdo materiais sintéticos formados por ativagdo de
particulas sélidas, com alto teor de silica e alumina, em meio alcalino.
S&o constituidos por uma malha tridimensional em que os atomos de
silicio se alternam com os de aluminio em coordenagdo tetraédrica,
compartilhando todos os 4&tomos de oxigénio (Davidovits, 1991).

Os geopolimeros proporcionam desempenho comparavel ao
cimento Portland comum em muitas aplicagdes, como substituicdo de
produtos cerdmicos, cimentos e concretos para a industria de construcao,
protecdo ao fogo de prédios e de tlneis, remogdo e imobilizacdo de
residuos tdxicos e radioativos, entre outras aplicacdes de alta tecnologia
(Davidovits, 1994; Fernandez-Pereira et al., 2018; Maleki et al., 2019;
Roviello et al., 2015; Siyal et al., 2018). Além disso, comparativamente
ao cimento Portland, ha reducdo significativa nas emissdes de gases de
efeito estufa durante seu processamento (Peter Duxson et al., 2007
Hassan et al., 2019; McLellan et al., 2011).

A principal fonte de aluminossilicatos usada na producdo de
geopolimeros é o metacaulim. Esse material vem sendo usado por sua
melhor dissolu¢do no meio alcalino, facilidade de controle da razdo Si/Al
e coloracédo branca (Hardjito and Rangan, 2005). Contudo, o metacaulim
tem disponibilidade limitada, elevados custo e gasto energético,
decorrentes do processo de calcinagdo. Dessa forma, o uso de residuos
industriais, como a cinza volante, na substitui¢cdo do metacaulim, como
fonte de aluminossilicatos é uma solucdo amigavel do ponto de vista
ambiental (Zhuang et al., 2016).

As cinzas volantes sdo materiais solidos particulados
submicromeétricos que apresentam contetdos elevados em silica (SiO>),
alumina (Al.O3), e quantidades menores de outros dxidos, como hematita
(Fe203), 6xido de calcio (CaO), oOxido de potassio (K20), oxido de
magnésio (MgO). Essa composicdo quimica das cinzas volantes pode
variar de acordo com as caracteristicas dos carvBes ou biomassas
gueimados, sendo classificados pela norma ASTM C618. Tém despertado
um crescente interesse para aplicagdo em geopolimeros por ser um
subproduto resultante da queima de carvdo ou biomassa com composi¢ao
quimica e caracteristicas fisicas favoraveis (Nazari et al., 2012).

Outro material com potencial para valorizagdo devido a elevada
geracdo e taxas de reciclagem baixas sdo os residuos da construcéo e
demoli¢do (Construction and Demolition Wastes, CDW). Portanto a
incorporacdo desse material na producdo de argamassas de alvenaria



implica em uma alternativa de reciclagem de CDW no setor de construgdo
civil (Saiz Martinez et al., 2016), com ampla utilizacdo e reducdo do
impacto ambiental gerado pela disposicdo final inadequada desses
residuos (Vasquez et al., 2016). Os CDW tém sido empregados por varios
pesquisadores como agregado reciclado na producdo de argamassas de
alvenaria e o0s resultados encontrados mostram diminuicdo das
propriedades mecanicas das argamassas (Jiménez et al., 2013; Ledesma
etal., 2015; Martinez et al., 2013; Saiz Martinez et al., 2016). No entanto,
ndo foram encontradas pesquisas que abordassem a utilizacdo dos CDW
como agregados finos para producdo de argamassas geopoliméricas.

Diversos estudos disponiveis na literatura contemplam o uso de
cinzas como ligantes para o processo de geopolimeriza¢do. Contudo, o
uso de cinza de biomassa como ligante e residuos da construcdo e
demolicdo como agregado fino no desenvolvimento de pastas e
argamassas tem sido pouco explorado.

Objetivos

O objetivo principal dessa tese consiste na avaliacdo do uso de
cinza de biomassa e residuos da construcdo e demolicdo na producéo de
geopolimeros densos e porosos. Adicionalmente, avaliaram-se os efeitos
dos métodos de cura e da concentracdo dos ativadores alcalinos; da
substituicdo do agregado natural pelo agregado reciclado em argamassas
densas; da adicdo do agente porogénico em argamassas porosas aplicadas
ao controle de umidade; e da cura hidrotermal em geopolimeros densos e
porosos, nas caracteristicas dos geopolimeros produzidos.

Metodologia

Para o desenvolvimento das pastas e argamassas geopoliméricas
densas e porosas, foram selecionados dois residuos industriais, cinzas de
biomassa (biomass fly ash, BA) e o residuo da construcdo e demolicdo
(CDW). A BA e 0 metacaulim (MK) foram utilizados como fontes de
aluminossilicatos, com proporcdo de 75% em massa de BA e 25% em
massa de MK. A BA foi obtida a partir da queima de biomassa em caldeira
de leito fluidizado de uma induUstria de pasta de papel em Portugal e o
MK, Argical M1200S, um silicato de aluminio comercial (Univar). O
CDW foi utilizado como agregado fino no desenvolvimento de
argamassas geopoliméricas.

O processo de geopolimerizagdo foi realizado com a mistura de
silicato de sddio e hidroxido de s6dio (NaOH), ativadores alcalinos, nas
proporcbes de 1,0 e 1,5 em massa. A solugcdo de NaOH (10 M) foi
preparada por dissolugdo de esferas de hidroxido de sédio em &gua



destilada. Como agente porogénico, foi utilizado perdxido de hidrogénio
(H20,) em diferentes concentragées (0,15, 0,30 e 0,45% em massa).

As varidveis estudadas no capitulo 2 foram os efeitos dos
métodos de cura e ativadores alcalinos sobre as propriedades das pastas
geopoliméricas. No capitulo 3, foram avaliadas as propriedades das
argamassas geopoliméricas densas no estado fresco e endurecido,
desenvolvidas com CDW e areia como agregado fino. No capitulo 4,
argamassas geopoliméricas porosas foram desenvolvidas para o controle
de umidade, de acordo com a norma 1SO 24353 (2008). Para finalizar, no
capitulo 5 foi avaliado o desenvolvimento de zeélitas em pastas
geopoliméricas densas e porosas curadas em condigdes hidrotérmicas a
60 °C.

Para avaliar os materiais utilizados e as propriedades dos
geopolimeros desenvolvidos, analises fisicas, quimicas, mineraldgicas e
microestruturais foram realizadas. Dentre essas analises, estdo difragdo e
fluorescéncia de raio X, microscopia eletrénica de varredura com
espectroscopia de dispersédo de raio X, resisténcia mecanica a compressao
e flexdo, termogravimetria e térmica diferencial, condutividade térmica,
absorcao de agua, densidade aparente, porosidade, tamanho de particula,
entre outras analises especificas para cada capitulo experimental.

Resultados e Discussdo

A cinza volante de biomassa, utilizada como ligante, é adequada
para o desenvolvimento de geopolimeros, gerando uma economia de até
75% no consumo de metacaulim, reduzindo o impacto ambiental da
extracdo de recursos naturais e o custo econdémico da producdo de
metacaulim e da destinacdo dos residuos em aterros sanitarios.

Os diferentes métodos de cura e concentracdo de ativadores
alcalinos estudados mostraram que a cura dos geopolimeros em condic6es
ambientais é adequada para sua utilizacdo in-situ na industria da
construgdo civil. Por outro lado, os demais métodos podem ser utilizados
de acordo com as caracteristicas e aplicacdes desejadas. As argamassas
geopoliméricas produzidas com residuos da construcdo, com a funcdo de
agregado fino, apresentaram propriedades mecénicas superiores em
comparagdo as argamassas produzidas com agregado natural (areia) em
todos os tamanhos de particula estudados. Os maiores valores de
resisténcia mecanica (~40 MPa) foram obtidas com particulas na faixa de
0,5e 2,0 mm.

A adicéo de H,0; nas argamassas geopoliméricas ocasionou um
aumento de 85% na capacidade de absorcdo e dessor¢do de umidade,
indicando excepcional capacidade de tamponamento de umidade. Por



fim, a adig8o de agente porogénico e diferentes tempos de cura mostraram
que € possivel produzir materiais hibridos de zedlitas P/geopolimero e
faujasita/geopolimero utilizando-se a cura hidrotérmica a 60 °C.

Conclusdes finais
A combinacdo da BA e do CDW é apropriada para o
desenvolvimento de geopolimeros. Os resultados obtidos neste estudo
mostraram a possibilidade de produzir geopolimeros ecologicamente
corretos com baixos custos energéticos e ambientais associados a
propriedades mecanicas, fisicas e quimicas adequadas para as aplicacdes
requeridas. As principais conclusdes deste trabalho sdo:
e obtencdo de geopolimeros baseados em BA com cura em
condicBes ambientais,
e aumento nas propriedades mecanicas das argamassas ao
substituir o agregado natural pelo agregado reciclado,
o alta capacidade de tamponamento de umidade com argamassas
geopoliméricas porosas, e
e obtencdo de zedlitas a partir da cura hidrotérmica de
geopolimeros baseados em cinza de biomassa.

Palavras-chave: aluminossilicatos, geopolimeros, residuos, porosidade,
argamassas, zedlitas.
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1. INTRODUCTION

Civil construction is one of the most demanded industrial activities
in the world and it is becoming one of the sectors with the greatest impact
on the economic development of the countries (Vasquez et al., 2016). The
construction industry is responsible for 50% of the consumption of natural
resources (European Commission, 2001) and for the generation of 5-7%
of the global anthropogenic emissions of CO, during the production of
the Ordinary Portland Cement (OPC) (Huntzinger and Eatmon, 2009;
Meyer, 2009), motivating a constant concern related to the preservation
of the environment.

Thus, the search for alternative materials to OPC and other natural
raw materials is permanent. An alternative cementitious binder,
denominated "geopolymer", is considered as a substitute for OPC (Turner
and Collins, 2013), due to the high performance and structural and
functional applications in multiple areas (Davidovits and Quentin, 1991).

Geopolymers consist of a Si-O-Al polymer structure, with
alternately bonded SiO4 and AlO4 tetrahedra sharing all the oxygen
atoms. Aluminum (AI**) and silicon (Si**) assume coordination 4 with
oxygen (O%), that is, each one is connected to 4 oxygen atoms arranged
at the vertices of an imaginary tetrahedron, which causes a negative
charge imbalance. The electrical neutrality of the matrix is ensured by the
presence of cations such as K*, Na* and Ca?* (Swanepoel and Strydom,
2002).

These cations are inserted into the polymeric structure of the
hydration reaction of aluminosilicates through alkaline activation with
alkaline or alkaline-earth solutions. Generally, alkaline hydroxide
solutions (single activators) or a mixture of silicate and alkali hydroxide
solutions (compound activators) are used as activators (Weng and Sagoe-
Crentsil, 2007). The most commonly used simple activators are sodium
hydroxide (NaOH) and potassium (KOH), with sodium silicate
(NaxxSiO2+x or (Na2,0)x-SiO2) being the most frequently used compound
activator (Pacheco-Torgal et al., 2008). Various grades of sodium silicate
are available in the market, which are identified by their SiO2:Na,O
weight ratio ranging from 2:1 to 3.75:1 (Lagaly et al., 2000).

The choice of materials for geopolymerization depends on factors
such as availability, cost and type of application. Various inorganic
materials have in their composition silica and alumina that can be alkali-
activated (Pacheco-Torgal et al., 2008). Among the main materials that
have been studied as raw materials for geopolymerization are metakaolin
(Ahn et al., 2019; Zheng et al., 2019) and various industrial wastes such



28

as fly ash (De Rossi et al., 2019; Gunasekara et al., 2019; Lee et al., 2016;
Liu et al., 2016b; Zhuang et al., 2016), waste glass (Bai et al., 2019;
Toniolo et al., 2018) blast furnace slag (Collins and Sanjayan, 2002;
Wang et al., 2015), red mud (Hertel et al., 2019; Novais et al., 2019;
Toniolo et al., 2018) and mixtures of these materials (Cheng and Chiu,
2003; Koshy et al., 2019; Puertas and Fernandez-Jiménez, 2003).

Due to the increasing cost of raw materials and the continuous
reduction of natural resources, the selection of sustainable aluminosilicate
materials has become imperative (Liguori et al., 2017) and new waste
materials have been proposed according to the availability of each
country/region where the geopolymers are being developed. Biomass
ashes and construction and demolition waste present high generation and
few recovery alternatives. Biomass ashes are chemically and physically
similar to metakaolin and can substitute and maintain geopolymer
characteristics with lower economic and environmental costs.
Construction and demolition wastes have the potential to substitute
metakaolin and natural aggregates for the development of mortars and
concretes geopolymer.

Biomass ash is a waste generated through the thermal recovery by
biomass combustion. In the paper and pulp industries, biomass ash is one
of the main waste generated, since a large fraction of the forest biomass
received is not suitable for the production of paper and cellulose, thus the
biomass is valued through the generation of energy in the boilers (Al-
Kassir et al., 2010; Gonzalez et al., 2011; Haykiri-A¢gma, 2003; Sami et
al., 2001).

Biomass combustion ash is classified as solid waste according to
the European Waste List (European Commission, 2000), which is
generally disposed of in landfills. However, landfilling is not sustainable,
with economic and environmental disadvantages (Tarelho et al., 2015).

Ashes produced from biomass burning in boilers are classified as
inert waste, Class 11-B, according to the ABNT:NBR 10004 (2004)
standard. It is a very variable residual material in composition, collected
from both the bottom (bottom ash) and the particulate collection
precipitator (fly ash) (FOELKEL, 2011). Global production of bottom ash
and fly ash from biomass combustion is estimated at 480 Mtons/year
(Modolo et al., 2014; Vassilev et al., 2013).

Considering the increasing amounts of biomass ash produced and
associated environmental issues, many studies have evaluated the use of
these ashes to develop environmentally friendly and sustainable building
materials. Due to the physical characteristics, such as lower density and
higher specific surface area, and chemical as high amounts of SiO; in
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amorphous form, fly ash is more suitable for the development of
geopolymers as compared to bottom ash (Loo and Koppejan, 2008;
Tarelho et al., 2011; Vassilev et al., 2010).

Construction and demolition waste (CDW) has been identified by
the European Commission as a priority stream because of the large
amount of waste generated and its high potential for reuse and recycling
(Vieira and Pereira, 2015). In Brazil, approximately 84 million m3 of
CDW were generated in 2014 (Miranda et al., 2016), and this amount
continues to increase, motivating the constant search for new
environmentally correct ways of use and/or disposal of these materials at
a global level.

The incorrect allocation of CDW has caused flooding, loss of
drainage infrastructure due to clogging of galleries, pollution and
increased public administration costs. One way to reduce these negative
impacts is by recycling CDW (Abrecon, 2015).

In order to regulate the management of CDW, a Brazilian
ministerial resolution (CONAMA, 2002) defines that large public and
private generators are obliged to develop and implement a management
plan that aims at the reuse, recycling or other environmentally correct
destination of CDW. Thus, for environmental and economic reasons there
is a growing need for recycling. In addition, the scientific community,
companies and the public sector have carried out several actions to
develop this activity (Miranda et al., 2009).

Therefore, the recycling of CDW through geopolymerization is a
topic of great interest because its use reduces the environmental impact
generated by the inadequate disposal of these wastes and allows a wide
use of waste (Vasquez et al., 2016). However, in this work CDW will not
be used as a binder in the production of geopolymers, due to the economic
cost associated with waste comminution. Nevertheless, CDW was applied
as fine aggregates in the production of dense and porous geopolymer
mortars.

In this work, thus, geopolymer materials were developed with
biomass ash from the pulp and paper industry and with construction and
demolition waste. The effects of the curing methods and the alkaline
activator concentration on the physical and chemical properties of
geopolymers were initially evaluated. In the sequence, the influence of
the total substitution of the natural aggregate by the recycled aggregate
(CDW) on the production of dense geopolymer mortars was studied.
Next, the properties of porous geopolymer mortars for the control of
humidity in built environments were investigated. Finally, geopolymers
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with specific characteristics for the adsorption of liquid and gaseous
pollutants were developed.

1.1. OBJECTIVES
1.1.1. General objective

The general objective of this work is the valorization of biomass
ashes and construction and demolition waste in the development of dense
and porous geopolymer materials for structural and environmental
applications.

1.1.2. Specific objectives
The specific objectives of this thesis are:

e To characterize wastes through physical and chemical analysis
and evaluate their potential in the development of geopolymers;

¢ To develop formulations based on the potentialities identified in
the wastes for the development of dense and porous
geopolymers;

e To characterize the physical, chemical and mineralogical
properties of geopolymers in order to identify potential
applications;

e To study the influence of the curing methods and the weight
ratios of the activators on the characteristics of the geopolymers;

e To evaluate the porous geopolymers developed in the passive
control of relative humidity of indoor built environments;

¢ To analyze the influence of particle size of the recycled fine
aggregates on the fresh and hardened properties of dense
geopolymer mortars;

¢ To produce zeolites in dense and porous geopolymer slides from
biomass ash in hydrothermal conditions.

1.2. CONTENT OF THE THESIS

This thesis was proposed in the scope of the project “Development
of low energy geopolymer hydraulic coatings from industrial solid waste
for application in the passive control of built environments” of the
CAPES/FCT program with international cooperation between the Federal
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University of Santa Catarina (UFSC) and the Polytechnic Institute of
Viana do Castelo (IPVC), Portugal.

The work was designed for recovery of waste from the pulp and
construction industry for the manufacture of non-limestone hydraulic
binders (geopolymers). Thus, in this thesis the focus was to use biomass
fly ash from the paper industry as well as construction and demolition
waste for the development of dense and porous geopolymer materials for
different applications. This thesis is divided into 6 chapters, as described
below. Chapters 2 to 5 contain the relevant state of art, experimental
section, results, discussion and remarks.

e Chapter 1 provides a general introduction to the subject discussed
in this thesis, the general and the specific objectives;

o Chapter 2 presents different curing methods and weight ratios of
alkaline activators in the development of geopolymers, and their
physical, chemical and mechanical properties;

¢ In Chapter 3, dense geopolymer mortars were developed with
total replacement of the natural aggregate by the recycled
aggregate. CDW was used as a fine aggregate, in three particle
sizes, and the influence on the characteristics of the mortars in
the fresh and hardened state were studied;

e In Chapter 4, the moisture control with porous geopolymer
mortars was studied. H2O, was used as a porogenic agent and
CDW as a fine aggregate. The moisture adsorption and
desorption cycles were performed in a climatic chamber;

e Chapter 5 was to evaluate the effect of hydrothermal conditions
over time on the mineralogical characteristics of the geopolymer.
The development of zeolites at different times and additions of
H,0, was evaluated and applications were suggested;

e In Chapter 6, the conclusions are summarized, as well as some
suggestions for future work.
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1.3. GENERAL METHODOLOGY

The structure of the experimental section of this thesis is divided
into 4 chapters, (2 to 5), including processing and characterization
methods carried out in each chapter, which are presented in the diagram
in Figure 1. Specific procedures and analyzes are presented in each
chapter. Generic methods are presented in the following sections.

1.3.1.Materials and processing

In this thesis, all geopolymers were prepared using a standard
mixture of biomass ash (BA) and metakaolin (MK, Argical M 1200 S,
Univar, Portugal) as a source of reactive silica and alumina (binder). BA
provided the main aluminosilicate source (75 wt.%), whereas MK was
used in lower content (25 wt.%). BA was obtained from biomass burning
in a bubbling fluidized combustor of a paper pulp plant in Portugal.

For the development of dense and porous mortars, the
construction and demolition wastes (CDW) were used as fine aggregates
in different fractions, specific in the referential chapters. CDW was
collected from a demolition site of a concrete-based construction and
classified as 17.01.01 (concrete) and 17.01.02 (bricks) according to the
European List of Wastes (EU, 2014). CDW was first segregated from
wood residues, plastic and metals, and after was drying at 110 °C for 24
h. A double comminution process was then carried out: jaw crushing
(BB2 Retsch) followed by hammer milling (5657 Retsch), to obtain
particles < 4 mm in diameter. The different fractions of CDW used for
mortar development were selected by sieving.

A mixture of sodium silicate (SS, 9.13 wt.% Na-O, 28.77 wt.%
Si0g, 62.1 wt.% H,0; Quimiamel) and sodium hydroxide (SH, 97 wt.%
purity, Sigma Aldrich) were used as alkaline activators with weight ratio
SS:SH = 1.0 and/or SS:SH = 1.5. A NaOH solution (10 M) was prepared
by dissolution of sodium hydroxide beads in distilled water.

The specific preparation of geopolymers is described in each
experimental chapter.
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1.3.2. Characterization methods

For the characterization of raw materials and developed
geopolymers physical, chemical, microstructural and mineralogical
analyzes were performed. The analyzes performed in each experimental
section are presented in the flowchart of Figure 1 and are described in this
section. The specific methods for each geopolymer material are described
in their respective chapters.

The mineralogical compositions of MK, BA, CDW and all
geopolymers were evaluated by X-ray diffraction (XRD, D8 Advance
Bruker) using Cu K a radiation, in the range of 5-80°, with a 0.02° step-
scan and 10 s/step. Diffraction patterns were analyzed with the aid of
ICDD database (International Center of Diffraction Data, PDF 4) in a
dedicated software (EVA, Bruker). The chemical compositions of raw
materials were obtained by X-ray fluorescence (XRF, X'Pert PRO MPD
Philips), while the loss on ignition (LOI) at 1000 °C was also determined.

The particle size distribution (PSD) of BA was measured by laser
scaterring (Malvern Mastersizer 3000). Microstructural analysis of BA
and geopolymer was performed by scanning electron microscopy (SEM,
SU1510, Hitachi) equipped with energy dispersion spectroscopy (EDS,
Bruker).

Geopolymers, BA and MK were submitted to simultaneous
thermal analysis, thermogravimetry/differential thermal analysis
(TG/DTA, 402 EP, Netzsch) with a heating rate of 10 °C/min from 25-
1000 °C. The thermal conductivity (TH) (ASTM C518, 2010) and water
absorption coefficient (NP EN 1015-18) were measured using three cubic
specimens (40 x 40 x 40 mm?3) of each formulation.

Physical characteristics of the geopolymers, such as water
absorption (WA — Eq.1), bulk density (BD - Eq.2) and apparent porosity
(AP - Eq.3), were estimated accordance to NBR 9778 (ANBT NBR 9778,
1987) and ASTM 373 (ASTM C373-88, 1999).

_ [(M-D)
wa = [*=2] x 100 1)
D
BD == @)

AP = (%) x 100 3)
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Where M = saturated mass, D = dry mass and S = suspended
mass.

For the dense geopolymer mortars, the compressive and flexural
strength (CS and FS) measurements were performed according to EN
1015-11 (1999) from samples obtained by filling prismatic molds with
the mortar, after compaction by manual vibration. The prismatic samples
were removed from the molds after 24 h and subsequently cured in room
conditions (20 °C and 68% relative humidity) for 28 days. A universal
testing machine (Lloyd, LR 30 K) was used, running at a displacement
rate of 0.5 mm/min. Three prismatic samples (40 x 40 x 160 mm?) were
tested for the flexural strength, resulting into 2 broken parts, which,
according to the standard procedure, were then cut into 5 cubic samples
(40 x 40 x 40 mm?) for the compressive strength determinations (RAEIS
SAMIEI et al., 2015). Average and standard deviation data were reported.

For paste and porous geopolymer mortars, the compressive
strength (CS) was determined using a universal testing machine (LR 30
K, Lloyd) running at a displacement rate of 0.5 mm/min. Five cylindrical
samples, which were polished flat, of each formulation (22 mm diameter
x 44 mm length) were tested and the average data were reported.

The Brunauer-Emmer-Teller (BET) surface area and pore
properties for geopolymers were measured by a N adsorption—desorption
isotherm at liquid nitrogen temperature (Gemini V2, Micromeritics
Instrument Corporation, Norcross, GA), with N as adsorbate after drying
of the monolith samples (~ 0.1 mg) at 200 °C. Mercury intrusion
porosimetry (MIP) was conducted using a porosimeter (Autopore IV
9500, Micromeritics Instrument Corp., Norcross, GA). Single-intrusion
data were measured to provide information on the total porosity and the
pore size.
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2. EFFECT OF CURING METHODS AND ALKALINE
ACTIVATORS RATIO INFLUENCE ON
MICROSTRUCTURE AND PROPERTIES OF BIOMASS ASH
GEOPOLYMERS!

In this Chapter, it is reported the effect of different curing
conditions on the properties of geopolymers produced from biomass ash.
Five different curing methods, moisture range, temperature control,
concentration of alkali activators, and Na,SiOs/NaOH ratio were
evaluated and their effect on the geopolymers are discussed.

Geopolymers are synthetic materials obtained by the alkaline
activation of some materials rich in silicon and aluminum, mainly
metakaolin and specific industrial wastes as fly ash and slag (Davidovits,
2008; Lee et al., 2019).

It is well-known that the geopolymers properties can be influenced
by several factors, such as composition, material sources, water content,
particle size, setting time and curing temperature (Zribi et al., 2019). All
these variables can result in a wide range of properties and characteristics,
including high compressive strength, low shrinkage, fast or slow setting,
acid and fire resistance and low thermal conductivity (P. Duxson et al.,
2007).

Compositionally, the geopolymers may be formulated according to
the relative ratios between the major constituents, such as Al.Os, SiO,
Na>0 and H.O. The relationship between these oxides has been deeply
discussed in the literature (Davidovits, 2008), offering a compositional
support to predict specific properties. The increase of SiO2/Al,Os ratio
enhances mechanical properties, and its control has been applied in
studies where the geopolymers are intended for building and construction
materials (Duxson et al., 2005; Ozer and Soyer-Uzun, 2015).

Another important factor for adjusting mechanical properties is the
solid/liquid ratio (Lahoti et al., 2017), because the excess water during
cure is adverse to the generated porosity (Xie and Kayali, 2014).
Furthermore, it is necessary to better understand the processing conditions
effects on the geopolymers properties, while achieving desired properties,
and simultaneously reducing production costs and minimizing
environmental impacts.

In general, fly-ash based geopolymer curing requires a thermal
treatment that increases the manufacturing cost and the carbon footprint
(Dong et al., 2017). However, heat curing improves geopolymerization,

! Submitted for publication.
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and subsequently the mechanical behavior of final products. At room
temperature, fly ash is not completely dissolved and the low reactivity
increases the setting time of the geopolymer, affecting the mechanical
properties (Dong et al., 2017).

Longer heat curing and higher temperatures can increase the
strength of fly ash-based geopolymers at early ages (Adam and Horianto,
2014; Collins and Sanjayan, 2002; Mustafa Al Bakri et al., 2012; Puertas
et al., 2000), but it leads to a lower strength at later ages. This is due to
the fast reaction rate, which causes microstructural inhomogeneity, once
the reaction products are located near porous structures. These reaction
products form a barrier for further reaction, resulting in slow strength
growth at later ages (Bakharev et al., 1999). In addition, fly ash-based
geopolymers present highly stable structures when compared to
metakaolin-based geopolymers (Kong et al., 2008). Therefore, to
maintain acceptable early age strength, accelerate curing methods are
normally be used.

According to Izquierdo et al. (Izquierdo et al., 2010), the curing
conditions of fly ash/slag-based geopolymers affect the mechanical
properties. Open cure conditions enable water to evaporate and, as a
consequence, produce geopolymers with high porosity and low
compressive strength. In contrast, protected curing promotes the binder
development, giving rise to systems of lower porosity and higher
mechanical resistance. Furthermore, the application of the obtained
geopolymers is directly linked to the cure conditions (lzquierdo et al.,
2010).

This work studies the influence of different curing treatments on
the final characteristics of geopolymers, thus trying to better understand
the phenomena involved during geopolymer processing. In this sense,
physical and chemical properties as well as compressive strength at 28
days were measured. Moreover, the structure and morphology of
geopolymers were analyzed by thermal gravimetric analysis (TGA), X-
ray diffractometry (XRD), scanning electron microscopy (SEM), and
energy-dispersive X-ray spectroscopy (EDS).

2.1. EXPERIMENTAL

The quantities (in a weight basis) and molar ratios of oxides present
in the initial geopolymer paste are shown in Table 1.
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Table 1. Geopolymer composition with two different sodium silicate (SS) to
sodium hydroxide (SH) weight ratios.

SS:SH weight ratio

Raw material (wt.%6)

1.0 15
BA 375 375
MK 125 125
SS 25 30
SH 25 20
Molar ratio
SiO2/Al,03 454 4.79

Mixing of the geopolymer raw materials was performed in a
planetary mixer (Kenwood), following the steps: i) previous
homogenization of sodium silicate and NaOH solution at 60 rpm for 5
min; ii) mixture at the same speed of the alkaline solution with BA and
MK for 10 min, and iii) mixture of the paste for further 5 min at 95 rpm.

Then, the paste was transferred to cylindrical plastic moulds and
exposed to five methods of cure: Thermal Conditions (TC), Hydrothermal
Conditions (HC), Room Conditions (RC), Water Submerged Conditions
(SC) and Usual Conditions (UC), according to Figure 2.

In TC, the samples were kept in the hot chamber for 28 days at 40
°C. In HC, the samples were cured for 28 days in a hermetic bottle at 40
°C. In RC, the specimens remained in an open vessel at room temperature
and humidity for 28 days (20 °C and 65%). In SC, the specimens were
cured for 1 day at room temperature and humidity and after maintained
for 27 days at 20 °C submerged in water. The UC method is a combination
of methods TC and RC, traditionally employed in several works of the
literature (Novais et al., 2018a, 2018b, 2016a, 2016b), which consists in
curing the sealed samples for 24 h at 40 °C in a hot chamber (such as TC,
but only for 1 day) and subsequently in open conditions at room
temperature and humidity, during 27 days (similar to RC).



Figure 2. Geopolymers preparation and curing methods used. TC: Thermal
Conditions; HC: Hydrothermal Conditions; RC: Room Conditions; SC:
Submerged Conditions; UC: Usually Conditions.
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2.2. RESULTS

2.2.1.Raw materials characterization

Figure 3 shows the main chemical and mineral components of BA
and MK. As reported in previous studies (De Rossi et al., 2019, 2018),
the biomass fly ash consists of SiO; (34.0 wt.%), Al.O3 (13.5 wt.%), CaO
(16.5 wt.%), K20 (5.5 wt.%), MgO (3.1 wt.%), Na:O (1.5 wt.%), Fe.Os
(5.0 wt.%), others (6.5 wt.%) and loss on ignition (LOI, 14.3 wt.%). MK
is composed by SiO; (54.4 wt.%), Al,O3 (39.4 wt.%), others (3.08 wt.%)
and LOI (2.66 wt.%). The main oxides present in BA were SiO, CaO and
Al>Os3, and those values are similar to the compositions of other biomass
ashes available in the literature (Teixeira et al., 2019). For MK, the
expected main presence of SiO; and Al,O3 was detected. The identified
crystalline phases in BA were calcite, quartz and muscovite, while in MK,
quartz and anatase were identified.
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Figure 3. XRD patterns and main oxides (XRF) of BA and MK, where (Q =
Quartz (PDF-00-046-1045); M = Muscovite (PDF-00-05-2035); A = Anatase
(PDF-01-084-1285; Ca = Calcite (PDF-04-012-0489).
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The particle size measured for BA was 32 pum (dso), with spherical
and asymmetric particles, as respectively observed in the particle size
distribution and SEM micrograph in Figure 4.
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Figure 4. SEM micrograph and particle size distribution of BA.
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Thermogravimetric analysis of BA and MK is presented in Figure
5. For the BA -~10 wt.% of total loss was detected, with ~1.8 wt.% of
loss being up until 250 °C, related with the endothermic residual moisture
evaporation (Brown and Dykstra, 1995). Between 250 and 500 °C, there
is a further mass loss (~1.5%), whereas the DTA curve shows an
exothermic peak (40 uV), typically associated with the organic material
combustion, and finally from 500 to 800 °C, an endothermic reaction
occurred due to CaCOs decomposition with —6% of mass loss (Simdo et
al., 2017). MK thermogravimetry, Figure 4, denoted lower total loss (~4
wt.%) when compared to BA, which can be expected from the metakaolin
calcination process. However, a residual adsorbed and combined water
(2.1 wt.%) evaporated endothermally up to 250 °C. An exothermic peak
at approximately 970 °C indicates mullite crystallization (Ramli and
Alonge, 2016). The respective total mass loss values of BA (~10 wt.%)
and MK (~4 wt.%) are comparable to those of ignition loss associated to
XRF, considering the inherent uncertainty of both analyses.
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Figure 5. Thermograms (TG - DTA) curves of biomass fly ash (BA) and
metakaolin (MK).
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2.2.2. Effect of the alkaline activator’s ratio on the geopolymers
properties

Figure 6 shows that a higher sodium silicate to sodium hydroxide
weight ratio (SS:SH = 1.5) caused an increase in mechanical strength
when compared to SS:SH = 1.0, for all the curing methods studied. This
strength gain is explained by the increase of the SiO2/Al,Os molar ratio
(Table 1) resulting in formation of more Si—O-Si bonds, which are
stronger than Si—-O—Al and Al-O-Al bonds (De Jong and Brown, 1980;
Leong et al., 2016). As evidenced in the study of CRIADO; PALOMO;
FERNANDEZ JIMENEZ (2005), the addition of sodium silicate to the
activating solution promotes the polymerization of the ionic species
present in the system, and explains the development of high mechanical
strength at higher SS:SH weight ratio (1.5). However, the mechanical
strength results obtained for the geopolymers with SS:SH = 1.0 were still
satisfactory, perhaps as a result of the high OH™ content maintained in this
system throughout the activation process (Criado et al., 2005).
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Figure 6. Compressive strength (CS) and bulk density (BD) of geopolymers
developed with SS:SH = 1.0 and SS:SH = 1.5 (weight ratios) and different curing
methods at 28 days.
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The bulk density results, Figure 6, showed low differences in the
values with the different concentrations of alkaline activators. The
increase in bulk density with the weight ratio SS:SH = 1.5 is associated
to a higher amount of sodium silicate that increases the alkaline solution
viscosity, contributing to the compactness of the network structures
(Huseien et al., 2018). Geopolymers produced with SS:SH = 1.0
presented lower values of bulk density, with the exception of the
geopolymer submitted to HC, which reached the highest value (1.29
g/cmd) of bulk density. This increase in bulk density is related to the
densification process, where during the curing process the formation and
the growth of zeolite crystals occurs, in hydrothermal conditions (Le et
al., 2019).

Table 2 presents the water absorption of geopolymers with
different curing methods and alkaline activators ratios. Regardless of the
curing method used, with exception to HC, the samples produced with the
lowest relative concentration of sodium silicate (SS:SH = 1.0) presented
higher values of water absorption when compared to those produced with
SS:SH = 1.5. This is explained by the increased amount of water
available, generating higher porosity (lower density) and consequently
higher water absorption.
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Table 2. Water absorption of geopolymers produced with different curing
methods and alkaline activators weight ratios (1.0 and 1.5) at 28 days.

SS:SH=1.0 SS:SH=15
Method (%) (%)
HC 29.32+0.3 39.99+0.3
RC 4220+1.1 35.59+0.5
ucC 43.34+05 41.33+05
TC 39.21+0.6 38.21+0.6
SC 4774 +0.4 4355 +0.1

The XRD spectra of geopolymers (cured for 28 days) are presented
in Figure 7. The formation of a new amorphous material is observed
between the angles of 25° and 35° (20), characterized by a hump and
referred to as a geopolymer gel formation (De Rossi et al., 2019; Novais
et al., 2016b; Provis et al., 2005). Quartz, calcite and muscovite peaks
were also detected, corresponding to crystalline phases originating from
the raw materials, BA and MK, with lower intensity. It seems that the
mineralogical composition of the geopolymers was not affected by the
different methods of cure tested. An exception was the sample HC-1.0, in
which the development of new crystalline peaks was observed, through
the conversion of geopolymer gel into crystalline zeolites (faujasite and
zeolites P), as also detected in the literature for hydrothermal conditions,
at the temperature range from 60 °C to 180 °C (Lee et al., 2016; Liu et al.,
2016b; Yan et al., 2012).
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Figure 7. XRD patterns of geopolymers with different curing methods and weight
ratios of SS:SH = 1.0 and 1.5 at 28 days, where Q = Quartz (PDF 00-046-1045);
M = Muscovite (PDF 00-05-2035); Ca = Calcite (PDF 04-012-0489); P = Zeolite
P (PDF 00-040-1464); F = Faujasite (PDF 04-014-0612).
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The formation of new crystals can be seen in a SEM micrograph
(Figure 8). The presence of the crystalline zeolites might be related to the
increased density (1.29 g/cmq) and the lower value of water absorption
(29%) for HC-1.0 (Mohseni, 2018; Mohseni et al., 2016).

Figure 8. SEM micrograph of HC-1.0 with new crystalline phases, where F =
Faujasite and P = P zeolite.

UIDM-IPVC 15.0kV 15.6mm x1.00k SE

The XRD patterns show that the geopolymers developed with
SS:SH = 1.5 presented less intense crystalline peaks when compared to
those with SS:SH = 1.0, indicating the transformation of quartz and
muscovite, BA and MK minerals, into amorphous geopolymerization
products (Tuyan et al., 2018). Thus, the decrease in peak intensity
confirms the increase in the dissolution of these oxides and the increase
of the geopolymerization rate, contributing to the increase of the
compressive strength.

SEM images and EDS spectrum of specimens produced with
SS:SH =1.0 and 1.5 and cured with HC, RC, UC, TC and SC are shown
in Figure 9. It can be seen from the micrographs that geopolymers
produced with SS:SH = 1.0 and 1.5 are microscopically similar in all
curing methods. The EDS was used to perform a semi-quantitative
analysis of the geopolymers and their respective reaction products. The
formation of an aluminosilicate gel mainly composed of Si, Al and Na
was observed in all compositions, which provides additional evidence of
a geopolymerization reaction (Novais et al., 2016d; M. Zhang et al.,
2014).
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Figure 9. SEM micrograph and correspondingly EDS spectrum of geopolymers
with five curing methods (TC, HC, RC, SC and UC) and SS:SH = 1.0 (a) and 1.5
(b) at 28 days
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According to the thermogravimetric results, the total mass loss of
the developed geopolymers with SS:SH = 1.0 ranged from 18.8% for TC
to 45.6% for SC. For SS:SH = 1.5, and the mass loss was from 17.1%
(TC) to 42.2% (SC). For the other cure methods, the values were within
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this range as well. It is observed that the main differences of mass loss are
associated with loss of free or interstitial absorbed water (Bagheri et al.,
2018). The thermal events occurred were similar for all developed
geopolymers and as discussed in the next section.

Figure 10. Thermograms (TG - DTA) curves of geopolymers submitted to five
methods of cure (TC, HC, RC, SC and UC) with two alkaline activators weight
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2.2.3. Discussion

For the curing methods HC, RC and UC, it was not possible to
observe significant differences in the values of mechanical strength
considering different weight ratios of SS:SH = 1.0 and 1.5. In the same
way, bulk density does not have a greater difference between methods,
staying within the standard deviations. Thus, the obtained results denote
that the geopolymers process curing under environmental conditions of
humidity and temperature (RC) may be the indicated method for the
development of ecofriendly geopolymers (low economic and
environmental costs) since equivalent mechanical properties or even
superior are obtained when compared to the other methods tested.

The curing of geopolymers under hydrothermal conditions (HC)
with SS:SH = 1.0 can be justified for the development of materials with
specific characteristics, such as the production of zeolites (De Rossi et al.,
2019; Khalid et al., 2018; Zheng et al., 2019), although at higher
economic expenses and environmental impacts.

In our case, the UC method, which has been extensively used in
studies to improve the geopolymers properties, did not increase the
mechanical strength values and did not add any specific characteristics to
the geopolymers. According to TURNER; COLLINS, (2013), curing at a
temperature of 50 °C for 24 h increases the CO; emission in the
geopolymer concrete production by 11%, thus showing that this curing
method is not advantageous for the geopolymers development.

For thermal cure (TC), the use of SS:SH = 1.0 is not the most
appropriate because it presents low mechanical strength. For TC-1.5,
where the highest mechanical strength value of the compression was
obtained, its use can be exploited to obtain pre-molded geopolymer
materials with improved mechanical properties, although it adds an extra
energy cost to maintain the cure temperature at 40 °C. As mentioned
earlier, the energy consumed during the hardening process goes back to
the issue of CO, emissions (Turner and Collins, 2013), which may not
advisable.

The cured of geopolymers under submerged conditions (SC) is
valid for sealing geo-sequestration or petroleum/oil wellbore (Giasuddin
et al., 2013). Geopolymers can also be applied in environmental
remediation, as pH regulators where high buffer capacity is required
(Novais et al., 2016d), taking advantage of its high alkalinity. Curing
geopolymers submerged in water may be an alternative for those with
efflorescence problems, since excess sodium is leached during the
process; thus, not affecting the final properties (Z. Zhang et al., 2014).
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When analyzing the mechanical behavior with the different curing
methods for SS:SH = 1.0, it was observed that the greatest variation (3.68
MPa) occurred from TC to SC. Thus, it was concluded that the water
curing in SC, with humidity control, positively influenced the
geopolymers mechanical strength, and when the temperature increases
without moisture control, as in the case of TC method, the mechanical
properties decreased. According to VAN JAARSVELD; VAN
DEVENTER; LUKEY, (2002) geopolymers cured at higher temperatures
for long periods can lead to the breakdown of their granular structure,
resulting in the dehydration and excessive retraction by gel contraction
during the cure process.

However, in geopolymers developed with SS:SH = 1.5, the highest
mechanical strength was obtained for TC (24.21 MPa) and the lowest
strength for HC (18.39 MPa). These two methods have the same curing
temperature (40 °C), and the humidity control did not positively influence
the mechanical strength, as in geopolymers with SS:SH = 1.0. Thus, it is
believed that the increase of the SiO2/Al,O3 molar ratio by the addition of
sodium silicate did not affect the mechanical strength due to dehydration,
since larger amounts of Si were available for reaction, accelerating the
geopolymerization process. Similar results in other studies have shown
that higher cure temperatures between 30 and 90 °C are beneficial,
especially in the first hours, because they promote the reactive species
dissolution, allowing the geopolymers production with higher
compressive strength (Bakharev, 2005; Palomo et al., 1999). In other
words, higher concentration of silicate might contribute to higher strength
development due to higher silicates availability for the geopolymerization
(Palomo et al., 1999), that accelerate the stages of dissolution, nucleation,
oligomerization, and polymerization. Nevertheless, they are not affected
by the loss of water during cure at 40 °C, without moisture control, as this
study also evidenced.

From the thermal analysis results (TG - DTA) of geopolymer
samples shown in Figure 10, it is seen that weight loss for all specimens
increases gradually with temperature (Komnitsas et al., 2015). The
endothermic peak up to 200 °C, identified for P1 in the DTA curves, was
observed for all samples caused by the adsorbed water evaporation, which
is a normal result for mineral materials (Jin et al., 2018; Nikolov et al.,
2017). In this event mass loss was different for each curing method, due
to the process conditions used and to the loss of water physically absorbed
(Al Saadi et al., 2017; Badanoiu et al., 2015; Bai et al., 2019). The lowest
mass loss was obtained with TC (7.6% in 1.0 and 7.1% in 1.5), where the
water available on the surface of the sample was evaporated, during the
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curing process without moisture control, thus reducing the humidity of
the sample. The largest mass loss was observed with the SC geopolymer
(39.8%in 1.0 and 36.2% in 1.5) where the surface and pores of the sample
were saturated, because the samples were submerged in water.

Between 200 - 600 °C, the loss of mass is attributed to the
elimination of water and hydroxyl structural groups, Si-OH and Al-OH
(Alomayri et al., 2013; Bagheri et al., 2018; Duan et al., 2017; Jin et al.,
2018). identified as P2. According to WEN et al., (2019) the exothermic
peaks occurred in this case between 700 - 800 °C, and identified in Figure
9 as P3, represented a crystalline phase of transition.

2.3. REMARKS

The results of this study showed that curing methods and relative
ratios of alkaline activators can affect the physical and chemical
properties of geopolymers.

Increasing SiO./Al;Os ratios causes a positive influence on
geopolymers mechanical resistance to compression, as expected from the
literature. Otherwise, when geopolymers are developed for other
applications, such as pollutant adsorbents, a lower SS:SH relative
concentration is preferred in order to achieve a suitable porosity.

When curing was carried out in environmental conditions, a similar
mechanical strength was obtained when compared to the methods usually
adopted in the literature, which need higher energy consumption. This
result brings an important contribution, enhancing the economic and
environmental benefits of geopolymers and favoring their application.
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3. EFFECT OF THE PARTICLE SIZE RANGE OF
CONSTRUCTION AND DEMOLITION WASTE ON THE
FRESH AND HARDENED-STATE PROPERTIES OF FLY
ASH-BASED GEOPOLYMER MORTARS?

In this chapter, the valorization of industrial wastes (biomass fly
ash and construction and demolition waste (CDW)) through the
production of geopolymer mortars was studied. The effect of the sand
substitution by CDW and the influence of the particle size range of CDW
fine aggregates on the fresh and hardened properties of the mortars were
evaluated.

The European Commission has identified construction and
demolition waste (CDW) as a priority stream for reuse, highlighting the
environmental benefits of its recovery (Directive 2008/98/EC, 2008;
Pacheco-Torgal et al., 2012). It is estimated that the construction industry
generates about 860 million tons of waste per year in the European Union,
representing 34% of all waste produced (Eutostat, 2014). In some
European countries, such as Denmark, Germany, Ireland, Netherlands
and Estonia, the CDW recycling rates reach over 80% (Villoria Saez et
al., 2011). In developing countries, such as Brazil, only 21% of CDW is
recycled (Miranda et al., 2016). CDW has been increasingly recycled as
aggregate in the production of new construction products, including
concrete (Raeis Samiei et al., 2015).

Alternatively, CDW has been used to produce geopolymers
(Komnitsas et al., 2015; Zaharaki et al., 2016). These novel binders may
present properties comparable to those of Portland cement, but with a
much lower CO; footprint (Davidovits, 1994; Provis and Bernal, 2014).
A rigid control of the particle size and chemical composition of silicates
and aluminates sources is required to obtain the suitable characteristics.
Usual raw materials employed in geopolymerization are fly ash, blast
furnace slag, and metakaolin (calcined clay) (Khale and Chaudhary,
2007). Some studies have demonstrated that metakaolin could be
completely/partially replaced by biomass fly ash (Novais et al., 2018b) or
powdered CDW (Komnitsas et al., 2015; Vasquez et al., 2016; Zaharaki
etal., 2016).

CDW can be also used as fine aggregates to produce mortars,
which is a more attractive application, since the particle size required in

2 Accepted for publication in Process Safety and Environmental
Protection.
https://www.sciencedirect.com/science/article/pii/S0957582019304914
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this case is coarser than that to corresponding to geopolymer binders.
However, the mechanical properties of the mortars produced from CDW,
such as flexural strength and compressive strength, decrease as the
amount of recycled aggregates in the mortar increases (Silva et al., 2016).

Research targeting the use of CDW as aggregate in geopolymers is
scarce (Cristelo et al., 2018; Mohammadinia et al., 2016). Nevertheless,
fine sized CDW (dsp = 0,39 mm) was considered an adequate aggregate
to be used in alkali activated fly ash, since no effect on the strength value
during or after activation reactions was observed. CDW might act as filler
but the finer fraction might even react with the activator (Cristelo et al.,
2018), partially acting as binder in the geopolymerization process.
Nevertheless, the influence of the particle size on the characteristics of
geopolymer mortars was not fully evaluated, being this the main objective
of the current work. We observed that is possible to produce geopolymer
mortars with enhanced mechanical strength by adjusting the CDW
particle size, used as alternative aggregate to natural sand.

3.1. EXPERIMENTAL
3.1.1. Fine Aggregates

The dense mortars were prepared using the standard mixture of BA
and MK as binder, and CDW as fine aggregates. The CDW samples used
in this work were sieved in two fractions: 0.5-1.0 mm, 1.0-2.0 mm; one
third fraction (0.5-2.0 mm) was obtained by mixing (1:1 wt.%) the two
sieved fractions. Normalized sand used as fine aggregate was
commercially supplied (Mibal, Barqueiros, Portugal) with similar
particles size distribution of the prepared CDW. CDW 0.5-1.0 mm and
1.0-2.0 mm fractions were visually selected in brick and concrete particles
for characterization.

3.1.2. Mortar preparation and flow characterization

The geopolymer mortars were prepared using binder: aggregate
weight ratio = 1:3, the mix design of samples prepared in this study was
presented in the Table 3. The binder (BA and MK), aggregates (CDW or
sand) and alkaline activators (SS and SH) were added to the mixer,
following the steps: i) initial homogenization of sodium silicate and
NaOH solution at 60 rpm for 5 min; ii) mixture at the same speed of the
alkaline solution with solids materials for 10 min, and iii) homogenization
and mixture for another 5 min at 95 rpm.
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The mixture was maintained under agitation until the materials
were completely impregnated. The alkaline solution was the only liquid
component in all mixtures (no water addition).

The effect of the replacement of natural by recycled aggregate and
of different particle sizes, 0.5-1.0 mm, 1.0-2.0 mm and 0.5-2.0 mm, on
the rheological behavior of mortars was evaluated. Flow measurements
of fresh mortars were performed according to ASTM C 1437 (2007) and
the results were expressed as spread diameter.

Table 3. Mix design of geopolymer mortars with CDW and sand (wt.%).

Mortar CDW Sand
Binder 20 20
Alkaline activator 20 20
Aggregate 60 60

3.2. RESULTS AND DISCUSSION

Materials used as sources of aluminosilicates (BA and MK) and as
fine aggregates (CDW and sand) have the chemical compositions shown
in Table 4. As expected, in sand the dominant oxide was SiO», and in MK
were SiOz and AlxOs. In the BA and CDW, the main components were
Si0O3, Al03 and CaO. The composition of CDW is variable, as expected,
but falls reasonably within the weight ranges referred in the literature: 40-
70 wt.% SiO», 5-20 wt.% Al>O3, 10-25 wt.% CaO, and 0.5-8 wt.% Fe,Os
(Contreras et al., 2016; Saiz Martinez et al., 2016; Vasquez et al., 2016).
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The particle size distribution of CDW can be seen in Figure 11a.
After milling, -65 wt.% of particles are between 0.5 - 2.0 mm. Figure
11b shows SEM and optical photographs of CDW particles. In the Figure
11b, it is possible to visually observe the CWD composition from the
optical photos and SEM micrographs, consisting basically of concrete and
clay brick particles in the size ranges of 0.5-1.0 and 1.0-2.0 mm.

Figure 11. Characteristics of CDW: a) Particle size distribution; b) SEM
micrographs (left) and optical photos (right) of CDW samples: 1) 0.5-1.0 mm and
I1) 1.0-2.0 mm.
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They also reveal the irregular shape of the grains, which causes «~
20% reduction in the bulk density of the recycled aggregates compared to
sand (Table 5), this effect is related to the greater packing of the spherical
particles of the sand.
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XRF results of CDW 0.5-1.0 and 1.0-2.0 mm fractions are similar,
revealing that the grain size fractioning does not significantly alter the
chemical composition. However, by segregating the brick and concrete
fraction of the CDW, compositional changes were observed (Fig. 12).

Initially, in the 1.0-2.0 mm fraction, brick and concrete
components correspond to 27 wt.% and 73 wt.%, respectively. In the 0.5-
1.0 mm fraction, the brick amount decreased to 17.4 wt.%. This is
expected, since the concrete is composed of finer elements (cement and
sand) than bricks, being segregated upon grinding. This is confirmed by
FRX results, revealing a ~6% increase in the SiO; content in the concrete
fraction in the particle size of 0.5-1.0 mm, as shown in Table 2.

Figure 12. Composition (wt.%) of bricks and concrete in the CDW aggregates of
sizes 0.5-1.0 and 1.0-2.0 mm, respectively.

CDW 0.5-1.0 mm CDW 1.0-2.0 mm
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The mineralogical compositions of the raw materials used are
given in Figure 13. The identified crystalline phases in CDW were quartz
(PDF 00 046 1045), calcite (PDF 04 012 0489) and muscovite (PDF 00
058 2035). In the XRD patterns of BA were identified quartz and calcite,
and quartz and muscovite in the MK, as presented in previous work (De
Rossi et al., 2018). Similar composition was found elsewhere for fly ash
(Arenas et al., 2017; Mehta and Siddique, 2017) and CDW (Arenas et al.,
2017; Contreras et al., 2016; Vasquez et al., 2016).
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Figure 13. XRD patterns of raw materials (CDW and BA) and the geopolymer
mortars with CDW 0.5-2.0 mm and sand 0.5-2.0 mm. Q = Quartz (PDF-00-046-
1045); M = Muscovite (PDF-00-05-2035); C = Calcite (PDF-04-012-0489).
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The fly ash presents an halo visible approximately 26 between 17°
and 33°, revealing its amorphous or vitreous character (Cristelo et al.,
2018). In this fly ash, no halo was identified, evidencing low potential for
geopolymerization. However, it is supposed that if formulated correctly
with MK, it could be used as a binder for geopolymers, as demonstrated
by NOVAIS et al., (2016b) and (De Rossi et al., 2019). The mortars
produced with CDW and sand with particle size of 0.5-2.0 mm present
the same minerals of the raw materials, as can be also observed.

3.2.1. Flow measurements of fresh geopolymer mortars

The results of the flow table test presented in Fig. 14 show that the
mortars developed with CDW had smaller scattering diameters, when
replacing the natural aggregate (sand), in all size ranges. This behavior is
related with the lower sphericity of the CDW particles (Moreno, 2005),
enhancing the internal attrition/friction between particles (Senff et al.,
2009), reduced the flowability of mortars.
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Figure 14. Flow diameter of geopolymer mortars with CDW and sand aggregates.
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The lowest spread values were registered on mortars prepared with
aggregates of broader size distribution (0.5-2.0 mm): 126 mm and 133
mm, respectively for CDW and sand. The extended particle size range
will increase the packing density of the fresh mortars, and more compact
systems shown higher yield stress values. Similar results were found in
the literature using fine CDW aggregates for cement mortars (Fan et al.,
2015; Topgu and Bilir, 2010; Torkittikul and Chaipanich, 2010).

3.2.2. Physical properties and mechanical behavior of hardened
geopolymer mortars

The properties of hardened mortars samples are listed in Table 5.
The water absorption results were similar for all mortars produced
(~12%), which is in accordance with the results obtained by
MERMERDAS et al., (2017a), using natural sand as an aggregate for
geopolymer mortars. Nonetheless, CDW and sand mortars have a similar
porosity (~22%) after 28 days of curing period, showing the viability of
CDW reuse as fine aggregate. The results of the mortars bulk density
show that the natural aggregate replacement by the recycled aggregate, in
all size ranges, influences the obtained results. Thus, the mortars
produced with CDW presented a lower density compared to the sand
mortars, which are in agreement with several works showing that, by
increasing the amount of recycled aggregate, the density of mortars
decreases (Hwang et al., 2008; Silva et al., 2016).

In the thermal conductivity tests (Figure 15a), mortars produced
with CDW aggregate presented values between 0.70 and 0.81 W/m'K,
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lower than those obtained when using sand as aggregate (0.87 and 0.91
W/mK).

Figure 15. Physical properties of hardened geopolymer mortars: a) Thermal
conductivity; b) Compressive strength; c) Flexural strength.
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These results are related to the density of the studied aggregates,
higher aggregates’ density increases solid conduction and consequently
thermal conductivity increases (Gomes et al., 2017) of mortar with sand.
For CDW mortars, the lower density of the residues associated with the
porosity of the residues influenced the lower values of thermal
conductivity, as shown in Table 5. Similar thermal conductivity results
were obtained by NARAYANAN; SHANMUGASUNDARAM, (2017),
when investigating geopolymer mortars with natural sand, 0.91 W/m-K.

The compressive strength values for geopolymer mortars with
CDW and sand are shown in Figure 15b. The highest strength was
achieved when CDW was used as aggregate, except for the mortar
produced with the particles of 1.0-2.0 mm, when higher resistance was
obtained with sand. The obtained results for CDW-geopolymer mortars
were ~21 MPa (1.0-2.0 mm), ~34 MPa (0.5-1.0 mm) and -~40 MPa (0.5-
2.0 mm). The highest strength values were obtained for the mixed
fraction, due to the highest packing density (Reig et al., 2017; Sohn and
Moreland, 1968).

Considering EN 998-2, (2010) standard, they can be classified as
M20 (>20 MPa) and Md (>25MPa), for masonry mortars have
compressive strength, after 28 days. However, it is important to note that
there are still no standards for the mortars produced by geopolymerization
(only for geopolymer concrete standard PAS 8820, (2016) so that the use
of the standard EN 998-2, (2010) was only for comparison with
commercial cement-based mortars.

Figure 15c presents the flexural strength results of the mortars
cured during 28 days at room conditions. When comparing to sand used
as aggregate, the best performance was obtained again with the mortars
produced with CDW as aggregate. When the extended range of particles
was used (0.5-2.0 mm), the highest values of flexural strength were
obtained (8.5 £ 0.8 MPa), following the tendency of the compression
strength results. Thus, the larger distribution of aggregate sizes increases
the packing density of mortars, as observed elsewhere (Contreras et al.,
2016; Mermerdas et al., 2017b; Reig et al., 2017; Sohn and Moreland,
1968).

Similar results were also obtained in other studies, where it is
suggested that the cement mortars produced with CDW fine fractions
developed higher mechanical resistance, when compared with natural
aggregates (Neno et al., 2014; Topcu and Bilir, 2010). This increase in
the mechanical strength may be associated with chemical reactions of the
non-hydrated cement particles present in CDW (Braga et al., 2014) or to
the pozzolanic reactions between alumina, silica and calcium hydroxide
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available in cement (Vieira et al., 2016) and also because the concrete
particles have a higher specific surface and more porous than sand,
promoting the better bond with the cement paste (Neno et al., 2014). Thus,
other factors that generally affect the mechanical properties of mortars,
such as porosity and water absorption, did not influence the results
obtained in this study.

Photos of CDW and sand hardened mortars samples are compared
in Figure 16. It is possible to observe that the aggregates used, CDW and
sand, were totally integrated into the geopolymer paste, forming a
homogeneous and compacted microstructure. Thus, no preferential paths
are visible, which facilitate the rupture of the hardened mortar. The
content of brick particles in the CDW aggregate and the presence of some
porosity can be also observed in all samples. The residual porosity is
probably due to the absence of vibration in the fresh mortar, but it did not
compromise the good performance in the mechanical behavior as seen
previously.

Figure 16. Photos of geopolymer mortar samples with CDW (a, b, ¢) and sand (d,
e, f) as fine aggregates.
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In Fig. 17 presented the semiquantitative chemical composition by
EDS of geopolymer mortars with recycled and natural aggregate, for a
particle size of 0.5-2.0 mm. It is observed that the chemical elements
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identified were Si, Al, Na, K and Ca in both mortars analyzed. It was
detected that in the mortar produced with sand, an increase in the silicon
peak is observed, due the sand presence (with 98 wt.% of SiOy).

Figure 17. SEM micrographs and EDS spectra of mortar paste with a) CDW 0.5-
2.0 mm and b) sand 0.5-2.0 mm.
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The lower results obtained with the mortar developed with natural
aggregate can be attested by SEM micrographs (Fig. 17b). Here
microcracks are observed in the interface region of the natural aggregate
and the geopolymer paste, which induce the easily rupture of the
specimens and reduce the compressive and flexural strength of hardened
mortars. These microcracks were not observed in the microstructure of
mortars produced with CDW, thus reiterating the advantages of the
recycled fine aggregate using in the production of geopolymer mortars.

3.3. REMARKS

In this work, the geopolymer mortars produced with biomass fly
ash as a binder and CDW as fine aggregate and cured in environmental
conditions exhibited enhanced mechanical and flexural strength,
exhibited increase 78% in mechanical strength and 175% flexural
strength, in comparison with the sand as fine aggregate (0.5-2.0 mm).

In the fresh state, mortars produced with CDW showed less
dispersion compared to the sand aggregate samples, possibly due to the
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higher absorption of water by this industrial waste. However, in the
hardened state, the highest mechanical strength results were obtained with
CDW with a wide range of particles (0.5-2.0 mm), due to the higher
packaging of the particles and microcracks absence. The results obtained
for porosity, density and water absorption show total compatibility
between mortars produced with CDW in substitution of sand as
aggregate. Thus, the possibility of adding CDW as a fine aggregate in the
production of geopolymer mortars has been proven, with excellent
mechanical properties and potential for several applications in building,
replacing conventional mortars.

In addition, 75 wt.% of the materials used in the production of
geopolymer mortar are industrial wastes (BA and CDW). The use of
wastes as raw materials reduces the exploitation of natural resources and
highlights the environmental and economic advantages of recycling.
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4. WASTE-BASED GEOPOLYMER MORTARS WITH VERY
HIGH MOISTURE BUFFERING CAPACITY?

In this chapter, for the first time, lightweight waste-based
geopolymer mortars were evaluated regarding their potential to passively
adjust indoor relative humidity (RH) levels. Geopolymer mortars were
prepared using a mixture of fly ash (BA) and metakaolin (MK) as a
binder, in a proportion of 75:25 wt.% (BA:MK), construction and
demolition waste as the fine aggregate and a pore forming agent in
varying amounts.

The development of novel building materials with improved
moisture buffering capacity is growing due to the energy consumption
associated with mechanical heating, ventilation and air-conditioning
(HVAC) systems in buildings (Zhang et al., 2017). Besides the economic
aspects, high indoor humidity levels can cause condensation on interior
surfaces, material defacement and the proliferation of microorganisms
with negative effects on human comfort and health (Di Giuseppe and
D’Orazio, 2014; Zhang et al., 2017). Thus, the use of alternative
materials, devices and approaches to minimize the use of HVAC systems
and consequently to reduce the energy demand in buildings has been
recently proposed. A promising alternative is the use of novel materials
to control the indoor hygrothermal conditions passively (Gianangeli et al.,
2017).

The mechanism of moisture diffusion in hygroscopic materials is
dependent on the moisture capacity and water vapor or liquid
permeability. The moisture buffer value (MBV) is used as an unequivocal
measure to characterize this property of building materials. This is a direct
measurement of the amount of water vapor adsorbed or desorbed by a
hygroscopic material when it is exposed to a periodic wave in daily cycles
(Rode et al., 2007). A hypothetical example of such cycles could be 12 h
of higher relative humidity (RH = 75%) followed by 12 h of lower relative
humidity (RH = 50%). It has being reported that the energy saving
increases with increasing MBV values (Zhang et al., 2017).

Different studies have shown that materials commonly used in
building and construction (wood and wood-based components (Hameury,
2005; Hameury and Lundstrom, 2004; Osanyintola et al., 2006), modified
mortars (Gongalves et al., 2014b, 2014a; Senff et al., 2015), and cellulose
insulation (Padfield, 1999) or furnishings (textiles, wood and paper)

3 Published in Construction and Building Materials 191 (2018) 39-46.
https://doi.org/10.1016/j.conbuildmat.2018.09.201.
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(Svennberg K, Hedegaard L, 2004), can be used for indoor moisture
buffering. Modified mortars with enhanced moisture buffering can be
produced using a porogenic additive (aluminum powder, sodium olefin
sulfonate or superabsorbent polymers) (Gongalves et al., 2014b, 2014a;
Senff et al., 2016, 2015) or an aggregate (sand, zeolite, perlite, biomass
waste) (Giosué et al., 2016; Tittarelli et al., 2015). Although the MBV of
these modified mortars is improved, all of these materials are classified
as “moderate” (0.5 < MBV < 1.0) or “good” (1.0 < MBV < 2.0) (Rode et
al., 2007) in terms of their moisture buffering capacity. Moreover, these
mortars contain Portland cement, which has excellent binder properties
but its use is considered unsustainable due to the high level of CO;
emissions arising from its production (Chen et al., 2010). One eco-
friendly alternative to Portland cement is the use of geopolymers.
Geopolymers are synthesized by mixing solid aluminosilicates with
alkaline activators at low temperatures (below 100 °C) (Novais et al.,
2018b, 2016d). This exciting technology also allows the use of various
waste streams as raw materials (Novais et al., 2017, 2016b) which further
decreases the production cost and carbon footprint. However, despite the
promising properties of these innovative binder systems the possibility of
using geopolymer mortars as moisture buffer materials remains
unexplored.

In this study, lightweight waste-based geopolymer mortars were
prepared using varying amounts of hydrogen peroxide (pore-forming
agent) to produce very high moisture buffering eco-friendly materials,
able to provide an efficient control of indoor humidity levels.

4.1. EXPERIMENTAL

Mortars were produced using the standard mixture of BA and MK,
and the construction and demolition wastes (CDW) were used as the fine
aggregate, fraction of 0.5-1.0 mm, and the binder: aggregate ratio was 1:1
(by weight). The grain size distribution curve of the fine aggregate is
given in Figure 18.



71

Figure 18. Size distribution curve of the fine aggregate of CDW.
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4.1.1. Geopolymer mortar preparation

The alkaline activators were previously mixed by agitation at 60
rpm for 5 min, and all solid materials (BA, MK and CDW) were added to
the reactor. The mixture was maintained under agitation (60 rpm) for 10
min until complete homogenization was achieved. The H,O, was then
added in the appropriate amount and the mixture was homogenized for 2
min at 95 rpm (Novais et al., 2016a). In the next step, the geopolymer
mortars were transferred to prismatic molds (40 mm x 40 mm x 160 mm),
cylindrical molds (22 mm x 44 mm) and circular molds (12 mm x 94 mm)
for the thermal conductivity, compressive strength and MBV
measurements, respectively (Rode et al., 2007). The samples were
removed from the molds after 24 h and subsequently cured at ambient
temperature (~20 °C) and humidity (~68%) for 28 days. Table 6
summarizes the composition of the samples prepared in this study.

Table 6. Mix design of geopolymer mortars (wt.%).

H.0, BA MK CDW Na,SiOs:NaOH
0.00 25.05 8.35 33.3 33.3
0.15 25.01 8.34 33.25 33.25
0.30 24.98 8.32 33.2 33.2

0.45 24.94 8.31 33.15 33.15
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4.1.2. Moisture buffering tests

The MBV was determined through the Nordtest method [4], using
a climate chamber (Fitoclima 300 EDTU Aralab). The mass variation of
cylindrical samples (diameter = 90 mm and height = 10 mm) was
continuously determined and the data was recorded during the cyclic
variation of the moisture according to ISO 24353 (2008) at a constant
temperature of 23 °C.

The MBV was calculated through equation (1):

Am
MBV = PPV 1)

Where Am is the mass variation, A is the exposed surface of the
sample, and A%RH is the amplitude of the humidity variation. In this
study, the specimens were first preconditioned at 63% relative humidity
for 24 h and then the humidity levels inside the chamber fluctuated
between 75% (12 h) and 50% (12 h), this corresponding to middle
humidity levels according to 1SO 24353 (2008). The humidity changes
were imposed four times in order to obtain four adsorption/desorption
cycles.

4.2. RESULTS AND DISCUSSION
4.2.1. Evaluation of moisture buffering performance

The mass evolution of the mortars during the cyclic variation of
the ambient moisture is shown in Fig. 19. All specimens show a slight
increase in mass after each adsorption/desorption cycle. Nevertheless, the
weight gain is moderate and the rate of increase tends to decrease with
the number of cycles. For the mortar with the highest porosity (containing
0.45 wt.% H,0;), the specimen mass increase was 0.8 wt.% after the 1st
cycle and decreased to 0.2 wt.% after the 4™ cycle. This result indicates
that these samples do not have a strong tendency toward saturation.
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Figure 19. Mass evolution of mortars with different hydrogen peroxide contents
registered during cyclic variation of the ambient moisture: a) 0.00 wt.%, b) 0.15
wt.%, c) 0.30 wt.% and d) 0.45 wt.%.
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The mass evolution for the least porous mortar (prepared without
H20,) indicates a poor moisture buffer ability. In fact, the moisture
adsorption and desorption rates for this mortar, shown in Fig. 20, confirm
that the specimen was not efficient in terms of promoting indoor humidity
control. The compositions containing different amounts of the pore-
forming agent displayed distinct behaviors, as clearly demonstrated by
the adsorption/desorption curves (see Fig. 19). Thus, the additional
porosity promoted by the oxygen release, due to the H,O, decomposition
in the alkaline medium, plays a vital role in the moisture buffer ability of
the mortars, with the MBYV increasing from 0.80 g/m?A% RH (reference
mortar) to 5.61 g/m?>A%RH (higher porosity mortar). Nevertheless, the
results show that desorption is less efficient that adsorption, that is, the
moisture removal/desorption during exposure at 50% RH (12 h) does not
fully compensate the adsorption that occurred in the previous step at 75
%RH (12 h). This result is in line with other studies performed with
Portland cement mortars (Gongalves et al., 2014a). The difference
between the adsorption and desorption values shows that the geopolymer
mortars studied have a low saturation tendency over time in an
environment with humidity and temperature conditions similar to those
applied in this study.
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Figure 20. Moisture buffer value obtained from adsorption and desorption tests
for the porous geopolymer mortars (cured for 28 days) with different amounts of
porogenic agent.
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The highest MBV value (5.61 g/m*A%RH), obtained in this study
for the mortar with the highest porosity, demonstrates the good potential
of this waste-based material for promoting indoor moisture control. In
fact, based on this result, according to the Nordtest classification method,
this mortar shows excellent performance in terms of its moisture buffering
capacity (> 2.0 g/m> A%RH) (Rode et al., 2007). Nevertheless, it should
be highlighted that the humidity fluctuations imposed (following ISO
24353, 2008) differ from those prescribed in the Nordtest method (16 h
at 33 %RH and 8 h at 75 %RH) and the final MBV value may differ
slightly when using the Nordtest humidity fluctuations. This issue will be
addressed in future work.

The maximum MBV observed for the BA-based geopolymer
mortars was compared with previously reported values, as shown in Table
7. It can be observed that the results for the BA-based geopolymer mortars
surpass all of the MBVs obtained in other studies, being 8 times higher
compared with hydraulic lime mortars (Giosué et al., 2016), between 2
and 5 times higher compared with cement mortars (Gongalves et al.,
2014b, 2014a; Senff et al., 2016, 2015) and around 3 times higher
compared with lime-based plaster (Senff et al., 2017). The humidity
fluctuations used here are similar to those used in (Senff et al., 2016) for
cement mortar. In this study the authors reported an MBV of 1.3
g/m?A%RH, which is 4.3 lower than the one here reported. These results
demonstrate the excellent moisture buffering capacity of the BA-based
geopolymer mortars produced. To understand the phenomena involved in
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the moisture adsorption by the porous geopolymer mortars, the analysis
of adsorption-desorption moisture isotherms is fundamental and this will
be discussed below.
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4.2.2. Effect of porogenic agent concentration on phase composition
and physical properties

The raw materials used to produce the geopolymer mortars present
mainly SiO,, Al,O3 and CaO in their chemical composition, as shown in
Table 8. Quartz, calcite and muscovite were identified in the BA and
CDW, while quartz and muscovite are the main minerals present in the
MK (see Fig. 21). The mineralogical composition of the geopolymer
mortars (GMs) produced showed the phases identified in the raw
materials. The presence of H»O, did not modify the mineralogical
compositions of the geopolymer mortars (for the sake of brevity only one
mortar composition is shown in Fig. 21), which is in agreement with
findings reported by NOVAIS et al., (2016d).

Table 8. Chemical composition (in wt.%) of metakaolin (MK), fly ash (BA) and
construction and demolition waste (CDW) determined by XRF.

Oxides MK BA CDW
SiO, 54.40 34.00 70.51
Al,03 39.40 13.50 8.01
MgO 0.14 3.10 111
CaO 0.10 16.50 9.62
Na.O - 1.50 0.16
K20 1.03 5.50 1.80
Fe 0s 1.75 5.00 2.27
TiO, 1.55 0.60 0.32
SOs 2.80 0.41

LOI 2.66 14.30 5.48
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Figure 21. XRD patterns for metakaolin (MK), fly ash (BA), construction and
demolition waste (CDW) and geopolymer mortar containing 0.30 wt.% H,0-
(GM).
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Table 9 shows the compressive strength, porosity, BET surface
area and pore size for the different GMs. As expected, increasing the
amount of H20; in the composition induces a decrease in the compressive
strength of the specimen from 11.9 MPa to values ranging from 2.7 to 3.6
MPa, for compositions containing 0.30 and 0.45 wt.% H.0O, respectively.
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Table 9. Mechanical, porosity and surface characterization of the porous
geopolymer mortars.

H.0, Compressive Porosity BET surface Pore size
(wt.%) strength (MPa) (%) area (m?%g) (um)
0.00 11.9+0.7 44.40 18.93 0.198
0.15 59+038 47.79 24.40 0.786
0.30 2701 54.52 23.97 22.84
0.45 3.6+0.2 55.92 26.70 31.88

The mortars solid to liquid ratio was intentionally kept at low levels
in order to produce lightweight geopolymers. This is the reason why the
reference mortar presents such high total porosity, despite the fact that no
pore forming agent was been added to this composition. Thus, the
reference mortar had exhibiting total porosity of around 44.40%, and the
mortar with 0.45 wt.% H20O, obtained 55.92%. Else, the compressive
strength of mortar with 0.30% H>O is slightly lower than that with 0.45%
of H20; even if the total porosity is almost the same. Further studies about
the microstructure of these mortars using microtomography, for example,
could explain these results.

Figure 22. Influence of the hydrogen peroxide content on the microstructure of
geopolymer mortars: a) 0.00 wt.%, b) 0.15 wt.%, c) 0.30 wt.% and d) 0.45 wt.%.
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The results for the optical and SEM characterization of the GMs
can be observed in Figs. 22 and 23. The micrographs clearly show an
increase in the size and volume of the pores with increasing H.O;
concentration in the GMs.

Figure 23. SEM characterization of the geopolymer mortars prepared with
different hydrogen peroxide contents: a) 0.00 wt.%, b) 0.15 wt.%, c) 0.30 wt.%
and d) 0.45 wt.%.

The N2 adsorption and desorption isotherms (measured at 77 K)
for the distinct mortars and the pore size distribution of the specimens,
are shown in Fig. 24. While the results for the BET specific surface area
(SSA) and pore size are reported in Table 4.

The GMs exhibited type Il isotherms, which are characteristic of
non-porous or macroporous solids (Brunauer et al., 1940). The pore size
(Table 9) obtained from the mercury intrusion porosimetry were different
for GMs, and macroporosity was prevalent, as seen by the inserts of Fig.
24. The SSA increased as the H.O, concentration in the compositions
increased, similarly to the pore size (Table 9) except in mortar with 0.30
wt.%.
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Figure 24. Nitrogen adsorption (green diamonds) and desorption (red squares)
isotherms and pore size distribution of the geopolymer mortars prepared with
increasing hydrogen peroxide content: a) 0.00 wt.%, b) 0.15 wt.%, c) 0.30 wt.%
and d) 0.45 wt.%.
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The results of the water absorption by capillarity tests performed
on the porous mortars are shown in Figure 25. It can be observed that the
addition of 0.15 and 0.30 wt.% H20. decreases the capillary index when
compared to the reference mortar. This is because the addition of H20;
leads to an increase in the quantity and size of the pores, affecting the
capillary absorption by reducing the capillary pores. Moreover, although
the GMs with 0.30 and 0.45 wt.% H»0, presented similar total porosity,
the pore size is different (Table 9), the addition of 0.45 wt.% H0; is

expected to lead to a higher amount of interconnected pores than 0.30
wt.% H,0..
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Figure 25. Capillary water absorption of mortars prepared with different
hydrogen peroxide contents.
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The mortar with 0.45 wt.% H2O. did not follow the tendency
previously observed for the mortars, showing an increase in the capillary
index. This difference may be related to the amount of porogenic agent
added, which caused the generation of pores with larger dimensions
through the coalescence of smaller pores (Ducman and Korat, 2016), as
can be observed in Fig. 23 and the pore size. This would lead to the
formation of macropores in some parts of the mortars and compressing
loads in other areas, thus favoring the creation of capillary pores and
making it possible to increase the capillary index.

In fact, despite having similar total porosity in comparison with the
composition prepared with 0.30 wt.% H20,, this mortar (0.45% wt.%
H20,) showed much faster and greater water absorption, as demonstrated
by the water absorption evolution over time, shown in Fig. 26. The water
absorption for this composition reached ~ 36 %, while that observed for
the mortar containing 0.30 wt.% H,O> was only ~ 30 %. These results
suggest that the mortars have a distinct pore size distribution, which in
the case of the mortar containing a higher amount of pore forming agent
resulted in a high capillary index.
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Figure 26. Water absorption of mortars prepared with different hydrogen
peroxide contents (wt.%).
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During the capillary tests, some efflorescence was observed in the
mortars. One possible explanation for this is an excess of cations (Na* and
Ca?") in the materials, as show is in the Figure 27. As the samples come
into contact with water, the solubilization of salts and their migration
through the pores to the surface of the mortar can occur, forming a saline
deposit. It is important to note that this phenomenon of efflorescence did
not occur in any of the other tests performed with the porous geopolymer
mortars, for instance, in the MBV tests. Nevertheless, this effect is
obviously deleterious in terms of the durability of the material and should
be avoided or minimized (Vieira et al.,, 2014). The presence of
efflorescence can be easily prevented by ensuring an appropriate mix
design (e.g., decreasing the activator content), by prolonging the curing
period or by curing at a slightly elevated temperature (Najafi Kani et al.,
2012; Z. Zhang et al., 2014).
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Figure 27. Photos of geopolymer mortar: a) without efflorescence, b) with
efflorescence.

a)

To further characterize the GMs, their thermal conductivity and
apparent density were determined and the results are reported in Fig. 28.
It can be observed that an increase in the concentration of porogenic agent
(0.00 - 0.45 wt.%) makes the mortars lighter, with a decrease from 1.71
g/cm? (reference mortar) to 1.00 g/cm?® being observed. This is associated
with a reduction in the thermal conductivity of the mortars from 0.44 to
0.19 W/m-K, due to the greater amount of air trapped in the sample. This
trend has been previously reported for plaster using cellulose fibers (Senff
et al., 2017) and for FA-based geopolymers using hydrogen peroxide
(Novais et al., 2016c) and aluminum powder (Novais et al., 2018a) as
porogenic agents.

Figure 28. Thermal conductivity and apparent density of the geopolymer mortars
as a function of hydrogen peroxide content.
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These results demonstrate the multifunctionality of the waste-
based GM that may be used simultaneously as a material of low thermal
conductivity (to reduce the indoor heat loss from buildings) and as an
indoor moisture buffering material, thus enhancing the comfort level
inside buildings and promoting energy savings.

4.3. REMARKS

The mortars were produced using a ‘green’ low-cost technology,
in which an unexplored industrial waste was used as the main
aluminosilicate source (biomass fly ash) and the fine aggregate was
obtained from construction and demolition waste. The use of hydrogen
peroxide as a porogenic agent increased the moisture buffering
performance of developed geopolymer mortars. The moisture buffer
values for the mortar specimens increased from 0.80 (reference mortar)
to 5.61 g/m*A%RH (higher porosity mortar), this being the highest value
ever reported for binder materials. On increasing the H.O- content in the
compositions there was a decrease in the thermal conductivity and
mechanical performance and an increase in the water absorption and
porosity. The very high moisture buffering capacity of the waste-based
geopolymer mortars associated with their low thermal conductivity (0.19
W/m'K) indicates the potential for their simultaneous use for indoor
moisture buffering and as a low thermal conductivity material, aimed at
improving the health of the building occupants and decreasing the energy
consumption associated with HVACs.
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5. IN-SITU SYNTHESIS OF ZEOLITES BY
GEOPOLYMERIZATION OF BIOMASS FLY ASH AND
METAKAOLIN*

In this chapter, the in-situ synthesis of zeolites through
geopolymerization of biomass fly ash wastes at low temperature in a
hermetic container was evaluated. The raw materials were activated using
a mixture of sodium silicate and sodium hydroxide, and then the
specimens cured at 60 °C to obtain zeolite-containing geopolymers.
Hydrogen peroxide (H.02) was used as a porogenic agent.

Geopolymers are produced through an exothermic chemical
reaction between aluminosilicate raw materials (metakaolin, fly ash,
among others (Rajamma et al., 2012; Toniolo and Boccaccini, 2017) and
activation solutions (mainly sodium or potassium compounds). They are
regarded as amorphous materials consisting of SiO4 and AlO4 tetrahedral
units connected by oxygens and charge-balanced by hydrated alkali
cations. Those units form rings of various sizes in the network and
provide the geopolymer matrix with ion exchange properties similar to
those of zeolites, which show normally superior crystallinity (Papa et al.,
2018).

Zeolites have been widely used as catalysts (Seo et al., 2018), ion
exchangers (Tekin and Bac, 2016), molecular sieves (Gabrus$ et al., 2018)
and adsorbents (Wang et al., 2017), since they can encapsulate in their
structure a large number of small molecules (Papa et al., 2018). Among
their characteristics, the zeolites usually have fixed-sized pores, allowing
the filtration of some metals, giving those materials a property of selective
separation of compounds (Liu et al., 2016b). Depending on the desired
application, incorporation or in-situ synthesis of zeolites is essential to
increase the open porosity and the surface area of the geopolymers (Zhang
et al., 2016). Comparing the porous structure of both materials, the
geopolymers are generally macroporous (>50nm) and mesoporous
(2 nm—50 nm), whereas the zeolites are microporous (<2 nm) (Papa et al.,
2018; Takeda et al., 2013).

Many studies have been conducted to optimize the adding
commercial zeolites into the geopolymer formulation (Papa et al., 2018),
or by attempting to produce zeolites in-situ using hydrothermal conditions
during processing (Lee et al., 2016). As examples, ZSM-20 (Minelli et
al., 2016), P and X (Takeda et al., 2013), and Na-A zeolites (Greiser et

4 Published in Materials Letters 236 (2019) 644-648
https://doi.org/10.1016/j.matlet.2018.11.016
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al., 2017) were successfully obtained from different raw materials by
geopolymerization. Geopolymer-zeolite composites also were produced
by adding a zeolite as a filler to a geopolymer matrix (Liu et al., 2016a).

Thus, zeolite crystals synthesis in the structure geopolymer matrix
increases the potential for use in filtration membranes, combining the
geopolymer mechanical strength and the zeolite adsorptivity. In the
present work, a mixture of biomass fly ash waste (75 wt.%) and
metakaolin (25 wt.%) were alkali activated and cured in a hermetic
container set in a heating chamber to obtain zeolite-containing
geopolymers.

5.1. EXPERIMENTAL

The main objective of this work was to evaluate the effect of
hydrothermal (H) conditions over time on the mineralogical
characteristics of the geopolymer. Thus, a standard formulation was used,
75 wt.% BA and 25 wt.% MK (De Rossi et al., 2018), with curing of 3, 7
and 28 days (H3, H7 and H28 respectively) in hermetic glass container at
60 °C and the results obtained were compared to cure by 28 days at room
temperature (R28). Based on the results achieved, other samples were
prepared with addition of H,O;, at two different concentrations, 0.15 and
0.30 wt.% with curing of 28 days (H28-15 and H28-30, respectively).

The solids were mixed for 1 min at 60 rpm in a planetary mixer
(Kenwood) and then the alkaline activators were added under the same
agitation for 10 min. Stirring was continued for further 5 min at 95 rpm
with addition of the H,O2, when necessary. The geopolymer paste was
molded into cylindrical (20 mm diameter; 40 mm height) samples and
cured at room temperature for 24 h in sealed plastic bags. Then, they were
demolded and cured as described above. Previous tests were performed
under different temperatures, and 60 °C was selected as the lowest
temperature at which zeolites crystals were formed.

5.2. RESULTS AND DISCUSSION

XRD patterns of BA and MK (Fig. 29) detected calcite crystalline
phases for BA and muscovite for MK, in addition to quartz in both
materials. Moreover, XRD of MK showed the characteristic “hump”
centered at approximately 23° 26. The shift of this hump to 26 angles
between 25° and 35° corresponds to a new amorphous material formation;
in this case, the geopolymer gel (Davidovits and Quentin, 1991; P.
Duxson et al., 2007; Novais et al., 2016b).
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This hump decreases with the time that the samples stay in the
heating chamber, particularly for H3 and H7 it is barely perceptible after
28 days of cure. This change is related to the conversion of geopolymer
gel into crystalline zeolites. The formation of faujasite (PDF-04-014-
0612) and P zeolites (PDF 00-040-1464) was observed for samples coded
as H3 and H7. However, higher curing times (28 days) were found to
promote an increase in the intensity of those peaks. The tests with
porogenic agent (H28-15 and H28-30) were evaluated only with 28 days
of cure, and the formation of characteristic peaks of sodium faujasite and
P zeolites were observed. Residual quartz peaks (PDF-00-046-1045) from
BA and MK were also found in all samples.

When comparing the X-ray diffractograms of raw materials with
geopolymers cured under room (R28) or hydrothermal conditions (H), it
can be seen that R28 still has residual peaks of muscovite (PDF-00-05-
2035) and calcite (PDF-04-012-0489), as stable and less reactive
crystalline phases. However, increasing the curing time of the samples in
the heating chamber decreases those peaks and increases the intensity of
the faujasite peaks.
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Figure 29. XRD patterns of raw materials metakaolin (MK) and biomass fly ash
(BA); and hydrothermal geopolymers cured for 3, 7 e 28 days (H3, H7, H28),
with 0.15 or 0.30 wt.% porogenic agent (H28-15, H28-30), respectively,
compared to geopolymers cured at room temperature for 28 days (R28).
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The temperature and pressure provide appropriate conditions to
destabilize the crystalline structures and make them reactive to the
geopolymerization process. This process of alkaline activation of
crystalline materials is also referred in the literature, under specific
compositional and processing conditions (Aboulayt et al., 2017; Cwirzen
etal., 2014; Yip et al., 2008).

The obtained SEM microstructures (Fig. 30) were consistent with
previous referred works. The P zeolite crystals appear in octahedral
crystalline shape with sizes of ~1 um [8], (Liu et al., 2016a). Moreover,
H28 sample presents different crystal shapes when compared to the other
samples (diamond-like and sharp edges) coherent with to those of the P
zeolites found in the literature (Liu et al., 2016a). In fact, some peaks of
P zeolite (PDF 00-040-1464) were identified in the H28 diffractogram,
confirming that the absence of porogenic agent favored the formation of
this zeolite type. In the micrographs of samples cured under room
conditions (R28), it can be observed that the formed geopolymer at 100x
magnification (Fig. 30a) is similar to that obtained upon curing under
hydrothermal conditions (H28), with a homogeneous surface. This
homogeneous surface is maintained at room temperature and can be
observed in the SEM images at 500x and 2000x (Fig. 30b and 30c), while
hydrothermal samples show faujasite and P zeolites crystals, as described
elsewhere (Aboulayt et al., 2017; Liu et al., 2016a).
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LIU et al, (2016a) and QIU et al., (2015) observed that
hydrothermal conditions above 100 °C cause part of the faujasite to be
converted into P zeolite. This can occur because higher temperatures
increase the internal pressure in the samples favoring the formation of
these crystals. In the samples obtained in the present work, the same
temperature was maintained for all concentrations of porogenic agent, and
only in the formulation without porogenic agent the formation of P zeolite
was significant (diffraction peaks and large number of crystals in the
micrographs). This can be explained by the higher internal pressure in the
samples without porogenic agent (less porosity), causing the same effect
reported in the literature at temperatures above 100 °C.

The bulk density results support this point, indicating that there
was an increase in packing in H28 (1.16 £0.01 g/cm?®) compared to the
values found in H28-15 (0.93+0.02g/cm®) and H28-30
(0.75+0.03 g/cm®). This decrease in the bulk density with addition of
H20, (H28-30 has a ~35% lower bulk density than H28) is associated to
the closed porosity generated, as reported by Vaou and Panias %19, The
cells are normally closed and almost spherical when the percentage
content of H2O- is low (Vaou and Panias, 2010), as shown in the SEM
images in Fig. 30a (H28-15 and H28-30).

H28 had higher apparent porosity than H28-30, Table 10. This can
be explained by the formation of P zeolite in the samples without
porogenic agent, increasing the apparent porosity in H28 (Zhang et al.,
2016).

The porosity and density values affect directly the mechanical
strength (Novais et al., 2016a), so that the higher bulk density in H28
(1.16 £0.01 g/cm®) resulted in increased compressive strength
(9.78 £0.96 MPa, Table 10). Higher amounts of porogenic agent in H28-
30 decreased the bulk density (0.75+0.03 g/cm®) and the compressive
strength (4.90 + 0.45 MPa).

The mechanical strength of R28 (10.05+0.17 MPa) and H28
(9.78 £0.96 MPa), is virtually the same, considering the dispersion of
values, 1.09 +0.02 for R28 and 1.16 +0.01 g/cm? for H28. Here, although
some works suggest an increase in mechanical strength with higher
densities (Davidovits, 2008; Zhuang et al., 2016), the change in
geopolymer gel microstructure into crystalline zeolites may have
originated negative influences on mechanical strength, as described by
De Silva and Sagoe-Crenstil, (2008).
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N2 adsorption and desorption isotherms (measured at 77 K) for the
H28 and R28 are shown in Fig. 31, while the BET specific surface area is
presented in Table 10. H28 sample exhibits Type Il isotherm with a
hysteresis loop typical of mesoporous materials, while R28 exhibits an
isotherm characteristic of non-porous or macroporous solid, with a
narrow hysteresis related to interparticle pores. In fact, this change
between macro (R28) and mesoporosity (H28) corresponds to an increase
of surface area (BET) from 40.69 to 56.35 m?/g.

Figure 31. Nitrogen adsorption (circles) and desorption (diamonds) isotherms of
geopolymers cured 28 days at room (R28) and hydrothermal (H28) conditions.

80
70 4 O~ Adsorption R28 - ¢ - Desorption R28 o
50 ©-- Adsorption H28 Desorption H28 ’
e
B 50 -
= (3]
T 40
= S
Q oy =@
Z 30 - = 9000
< i
z 20 - o emmitiTag
o % eg - ts)
10 @ e
ol . . . .
0 0.2 0.4 0.6 0.8 1
Relative Pressure (p/p°)
5.3. REMARKS

The results show that it is possible to obtain faujasite and P zeolites
at 60 °C in sealed containers. The presence of faujasite and P zeolites was
affected by the time and temperature of curing of the samples. Higher
curing time (H28) intensified the XRD peaks and the amount of zeolite
formed in the geopolymers. The cure in hydrothermal conditions was
determinant for the development of the zeolites, since the sample cured at
room temperature (R28) did not show peaks referring to zeolites.

The mechanical strength of 9.78 MPa (H28) and change of
microstructure in comparison with R28 encourage the study for
application of this innovative waste-based material in membranes. The
identified zeolites might be employed for the treatment of atmospheric
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emissions (adsorption of volatile organic compounds or CO; capture) or
liquid effluents (adsorption of toxic metal compounds).
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CONCLUSIONS AND OUTLOOK
The main conclusions of this thesis are:

¢ Geopolymers obtained from industrial waste are an alternative to
ordinary Portland cement, because they reduce the environmental
impact of the extraction of natural materials and the emission of
COy, besides adding value to the wastes;

¢ Biomass fly ash is an efficient binder to replace metakaolin in the
production of geopolymers, in amounts up to 75 wt.% of the
natural raw material;

¢ Construction and demolition waste can be used as a fine
aggregate in the production of geopolymer mortars for improving
their mechanical strength;

e Geopolymers cured under environmental conditions presented
similar properties to the those subjected to (hydro)thermal
treatments, proving the possibilities of their in-situ industrial
applications;

¢ Dense geopolymer mortars with high mechanical strength were
developed using recycled aggregate for replacing natural
aggregates, with cure under environmental conditions;

e Faujasite and P zeolites were obtained through the
geopolymerization of biomass ash and metakaolin at 60 °C in
sealed containers;

e Porous geopolymer mortars developed with addition of 0.45
wt.% H,O; presented the highest moisture adsorption/ desorption
values so far reported in the literature.

For future work, some suggestions are proposed:

e Evaluate the influence of different concentrations of sodium
hydroxide to produce geopolymers;

e Investigate other waste materials for total metakaolin
replacement;

e Evaluate the production of geopolymer concrete from
construction and demolition waste;

¢ Optimize the in-situ production of zeolites in geopolymers and
apply them in the treatment of liquid and gaseous effluents;

e Test new applications for geopolymers.
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