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1 THESIS FRAMEWORK AND RESEARCH HYPOTHESIS  

1.1. RESUMEN 

El sistema económico actual está basado en una producción lineal y cerrado, donde 

cada uno de los procesos consume recursos naturales y genera residuos, que en su 

mayoría son depositados en vertederos. A lo largo de las últimas décadas, un nuevo 

pensamiento medioambiental está despertando y produciendo un cambio de 

mentalidad a todos los niveles. En esta línea, una de las iniciativas clave a nivel 

europeo es la estrategia 2020 que promueve el aprovechamiento de posibles 

sinergias en los procesos evitando el desperdicio de recursos, naturales y alternativos. 

La ciencia ha dado lugar al planteamiento de un nuevo escenario tecnológico 

interconectado, donde los procesos industriales dejen de ser lineales y los residuos 

sean considerados como los nuevos recursos del siglo XXI. Las corrientes residuales 

procedentes de procesos industriales tienen potencial para su explotación en 

determinados ciclos productivos. El reto actual es delimitar qué procesos productivos 

son los más atractivos para absorber grandes cantidades de residuos, sin que esto 

conlleve un perjuicio en las propiedades de los productos finales, así como que 

causen daños al medioambiente. 

El sector de la construcción lleva años introduciendo residuos industriales en sus 

productos. Desde el punto de vista productivo, el proceso cerámico presenta una 

gran variedad de materiales y composiciones para fabricar la amplia gama de 

productos cerámicos existentes. Esto último, sitúa a la industria cerámica como un 

sector que podría utilizar diferentes tipos de corrientes residuales. Por otro lado, el 

cemento Portland genera aproximadamente una tonelada de CO2 por tonelada de 

cemento generado lo que representa que esta industria sea la responsable del 5-7 

% de emisiones globales de CO2 a la atmosfera. Por esta razón en la actualidad, la 

comunidad científica se está centrando en el desarrollo de nuevos cementos 

activados alcalinamente o geopolímeros. Los geopolímeros están basados en 

precursores de aluminosilicatos, por lo que, estos nuevos materiales representan una 

excelente vía para la utilización/valorización de residuos industriales.  

De la necesidad de continuar rediseñando los procesos industriales tradicionales 

para lograr un sistema productivo interconectado, surge esta Tesis Doctoral que 

tiene por título “Aprovechamiento de residuos industriales como materia prima 

secundaria en prácticas de producción circular”, desarrollada en el grupo de 

investigación “Green Engineering and Resources”, del Departamento de Química e 

Ingeniería de Procesos y Recursos, de la Universidad de Cantabria. Partiendo del 

conocimiento adquirido tanto en los trabajos previos realizados en el grupo de 
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investigación como en la etapa de revisión bibliográfica, en este trabajo se ha 

establecido una premisa directamente ligada a tres hipótesis y tres preguntas de 

investigación. 

Teniendo en cuenta las hipótesis y preguntas de investigación planteadas, el objetivo 

principal de esta tesis doctoral es incorporar y/o utilizar residuos industriales térmicos 

en procesos cerámicos y de baja energía (geopolímeros) para evaluar su viabilidad 

como materias primas secundarias en la producción de materiales de construcción 

y de este modo impulsando prácticas de economía circular. Para la consecución del 

objetivo general se han establecido una serie de objetivos específicos que se 

cumplirán con los resultados presentados en este trabajo.  

Se obtuvieron resultados de la incorporación de residuos industriales de diferentes 

procesos térmicos en procesos cerámicos a escala laboratorio. Se analizaron las 

propiedades tecnológicas y medioambientales de los productos finales, así como la 

estimación de emisiones gaseosas del proceso de cocción. Además, se establecieron 

modelos matemáticos para predecir el comportamiento de incorporar estos residuos 

en las propiedades finales el producto y se realizó una optimización de las mezclas 

usando Análisis Multi-criterio como herramienta de toma de decisiones en base a 

unos criterios, técnicos, medioambientales, y económicos y escenarios propuestos. 

Se realizó una prueba industrial incorporando uno de estos residuos, arenas de 

fundición, en procesos cerámicos y se evaluaron las propiedades tecnológicas y 

medioambientales de los productos finales, así como la estimación de las emisiones 

gaseosas. Por último, se obtuvieron resultados del Análisis de Ciclo de Vida para 

determinar la evaluación ambiental de estos nuevos productos frente a los productos 

convencionales a escala industrial. 

Se han realizado estudios para determinar la viabilidad de la incorporación de 

residuos térmicos como precursores y subproductos alcalinos como activadores en 

procesos de baja energía para obtener geopolímeros. Además de demostrar la 

viabilidad de los residuos y subproductos, se realizaron estudios de reactividad de los 

residuos, así como un análisis microestrutural de los geopolímeros finales para validar 

los productos obtenidos. Estos geopolímeros desarrollados con residuos y 

subproductos fueron utilizados para inmobilización residuos ácidos peligrosos 

procedentes de procesos hidrometalúrgicos. Los productos 

Solidification/Estabilización fueron evaluados tecnológica y medioambientalmente 

de acuerdo con la normativa europea de vertido. Para finalizar, se realizó un diseño 

factorial de experimentos para optimizar los parámetros de la geopolimerización 

usando como variables de respuesta la lixiviación de los contaminantes críticos. 

Una vez demostrada la viabilidad de las cenizas volantes combustión de carbón en 

la obtención de geopolímeros en procesos de baja energía, se presenta el reto de 
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no usar ninguna materia prima virgen. Se realizaron geopolímeros con cenizas 

volantes y de fondo, procedentes de la combustión de lechos fluidizados, como 

precursores con bajos contenidos de Si y Al. La viabilidad técnica de estos residuos 

en aglutinantes activados alcalinamente se realizó mediante las propiedades 

tecnológicas de los productos finales. Además, un estudio mineralógico y 

microestructural fue realizado para determinar la validación de estos productos 

finales. 

Con la realización de esta tesis, se ha demostrado y concluido la viabilidad de 

incorporar residuos industriales térmicos en procesos cerámicos y de baja energía. 

La incorporación de estos residuos permite una eficiencia de materiales en los 

procesos cerámicos, una eficiencia energética al poder ser utilizados en la obtención 

de geopolímeros y una eficiencia dual de materiales y energética al poder obtener 

geopolímeros exclusivamente con residuos sin emplear materias primas virgenes. Se 

ha concluido que estos residuos se pueden convertir en los principales recursos en 

procesos productivos permitiendo crear prácticas producciones circulares en lugar 

de las producciones lineares actuales. 

• ABSTRACT 

The current economic system is based on a lineal and close-cycle production where 

each one of the processes consumes natural resources and generates residues. Most 

of these residues are disposed of in landfills. Over the last decades, new 

environmental thinking is appearing producing a change of mentality at all levels. In 

this sense, one of the key European initiatives is the 2020 strategy that promotes 

possible synergies among the process avoiding waste of natural and alternative 

resources. 

Science has given rise to the approach of a new interconnected technological 

scenario, where industrial processes are no longer closed and where waste were 

considered the new resources of the 21st century. Residual streams from industrial 

processes have the potential to be exploited in certain productive cycles. The current 

challenge is to delimit what processes are the most attractive to assimilate big 

amounts of residues without this harming the quality of the final products, as well as 

causing damage to the environment. 

The construction and building sector has been introducing industrial residues in its 

processes for several years. From a productive viewpoint, the ceramic sector has a 

wide variety of materials and compositions to manufacture bricks, tiles, and so on. 

Thus, the ceramic industry can position itself as a sector that could use different types 

of waste streams. On the other hand, Portland cement generates around 1 tonne of 

CO2 per tonne of cement which represents 5-7 % of global CO2 emissions. For this 
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reason, the scientific community is being focused on the development o new alkali-

activated cement, also known as geopolymers. Geopolymers are based on 

aluminosilicates precursors, so these new materials represent an excellent pathway 

for industrial waste use and valorisation. 

From the need to redesign traditional industrial processes to achieve an 

interconnected production system, the line of this research entitled "Use of industrial 

waste as secondary raw material in circular production practices" appears. This line 

was developed by the research group "Green Engineering and Resources", in the 

Department of Chemistry, Process Engineering and Resources, of the University of 

Cantabria. Starting from the knowledge acquired both in the previous works carried 

out in the research group and the bibliographic review stage, in this work a premise 

directly linked to three hypotheses and three research questions has been 

established.  

Taking into account the hypotheses and research questions raised, the main 

objective of this doctoral thesis is to incorporate and/or use thermal industrial waste 

in intensive energy processes (ceramics) and low-energy processes (geopolymers) to 

evaluate their viability as secondary raw materials in the production of construction 

materials promoting circular economy practices. To achieve the general objective, a 

series of specific objectives have been established that will be fulfilled with the results 

presented in this work. 

From the incorporation of thermal industrial residues in ceramic processes, results at 

a laboratory scale were obtained. Then, the technological and environmental 

properties of the final products were analysed, as well as the estimation of gaseous 

emissions from the firing process. In addition, mathematical models were established 

to predict the behaviour of incorporating these residues in the final properties of the 

product, and optimisation of the mixtures was carried out using multi-criteria analysis 

as a decision-making tool based on proposed criteria and scenarios. An industrial test 

was carried out by incorporating these residues into ceramic processes and the 

technological and environmental properties of the final products were evaluated, as 

well as the estimation of gaseous emissions. Finally, the results of the Life Cycle 

Analysis were obtained to determine the environmental evaluation of these new 

products compared to conventional products. 

Studies have been carried out to determine the feasibility of incorporating thermal 

residues as precursors and alkaline by-products as activators in low-energy processes 

to obtain geopolymers. In addition to demonstrating the viability of the residues and 

by-products, studies of the reactivity of the residues were carried out, as well as a 

microstructural analysis of the final geopolymers to validate the products obtained. 

These geopolymers developed with residues and by-products were used for S/S 
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hazardous acid residues from hydrometallurgical processes. The S/S products were 

technologically and environmentally evaluated by the European discharge 

regulations. Finally, a factorial design of experiments was carried out to optimize the 

geopolymerisation parameters using the leaching of critical contaminants as 

response variables. 

Once the viability of fly ash in obtaining geopolymers in low-energy processes has 

been demonstrated, the challenge of not using any virgin raw material arises. Alkali-

activated binders were made with fly and bottom ash, from the combustion of 

fluidized beds, as precursors with low contents of Si and Al. The technical feasibility 

of these residues in binders was made through the technological properties of the 

final products. In addition, a mineralogical and microstructural study was carried out 

to determine the validation of these final products. 

With the completion of this thesis, the feasibility of incorporating thermal industrial 

waste in ceramic and low-energy processes has been demonstrated and concluded. 

The incorporation of these residues allows material efficiency in ceramic processes, 

energy efficiency as they can be used to obtain geopolymers, and dual material and 

energy efficiency as geopolymers can be obtained exclusively with waste without 

using natural raw materials. It has been concluded that these residues can be 

converted into the main resources in production processes, allowing the creation of 

circular productions instead of the current linear productions. 
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1.2. CONTEXTUALISATION AND CURRENT LANDSCAPE 

1.2.1. Circular economy – intelligent reuse of waste 

The recovery of the world’s society from the impact of the COVID-19 pandemic may 

be an incentive to advance sustainable development strategies that respond to the 

challenges of climate change and environmental degradation. One of the most 

important tasks to achieve them is the mobilisation of the industry to promote a clean 

and circular economy, as proposed in the European Strategy of the Green Deal 2019 

for a sustainable future and also contributes to achieving the long-term United 

Nations Sustainable Development Goals (Borchasdt, et al., 2020; Vinvevica-gaile et 

al., 2021). Circular Economy or also called Industrial Ecology has aroused a growing 

interest as a practical tool in the political-industrial field. Initially, the concept of 

Industrial Ecology was associated with the metaphor between natural and industrial 

ecosystems. In an industrial ecosystem, the waste generated by one company would 

be used as a resource by another, in this way the residual flows would not leave the 

industrial system nor would they have negative impacts on the systems as an 

emerging field that examines the flows of materials and energy at various scales 

within a strategic sustainable development (Grdic et al., 2020). It can be concluded 

that the Circular Economy model gives waste a fundamental role, based on its 

intelligent reuse, to convert it into raw material for new technological products, thus 

reducing energy expenditure and generating value as an asset for industry and 

companies (Sarc et al., 2019). Concretely, it is a fact that the materials industry is 

strategic for the European economy, moving towards a circular economy could 

generate a net increase of 700,000 jobs in the EU by 2030. It is therefore a first-rate 

technology sector, and any contribution to improving it is of great scientific and 

economic interest (Hertwich et al., 2020). 

Construction is a sector that has very important economic dynamics worldwide since 

it is a natural engine for generating wealth. It is also fundamental in social terms due 

to its contribution to indirect employment, qualified workforce, professionals, and the 

generation of scientific and technological knowledge. But it cannot be ignored that 

it also has a great impact on the environment; since to its credit, there are effects of 

resource depletion, waste generation, greenhouse gas emissions, and hazardous 

substances, among others (Yifei Yu et al., 2022). Therefore, with the rise of Sustainable 

Construction, interest has arisen in environmentally optimizing the materials used in 

this important activity. On the other hand, the construction industry is a productive 

activity in which economic conditions play a very important role. To carry out any 

project it is necessary to consider that resources are limited, and energy saving is 

necessary, therefore the ecological criteria in the materialisation of the processes must 
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be applied. It is appropriate to frame it within the scope of the circular economy 

practice, based on producing goods and/or services, reducing the consumption and 

waste of resources used, by intersecting environmental and economic aspects. To 

promote this dynamic, the prices of raw materials should reflect the environmental 

impacts, in this way a rational use of resources could be achieved since it would 

reflect the real cost of the activity. In conclusion, raw materials extracted from nature 

should be taxed with a green tax, while if they replace technological nutrients or 

industrial residues, they should be credited. The main objective of green taxes is the 

conservation and protection of the environment. At the same time, they promote the 

use of technological nutrients that are usually abandoned, degrading the 

environment. These resources must be designed to be able to be assembled and 

reused many times, promoting the use of residual materials and energy savings, thus 

closing cycles, and therefore reducing their environmental impacts (Malabi 

Eberhardt et al., 2022). 

The recovery of waste as secondary raw materials in the production of construction 

materials could solve the problems associated with both the depletion of natural 

resources and the disposal of industrial waste. The ceramic sector, as well as in the 

cement sector, can assimilate large flows of alternative materials of diverse origins 

without the need for significant modifications in the production process and 

negative effects on the properties of the final product. In addition, the availability of 

potentially toxic and/or dangerous substances in the environment is reduced, as is 

the depletion of natural resources and in some cases energy consumption, as well 

as the reduction of gaseous pollutant emissions (Cifrian et al., 2019; Grdic et al., 2020). 

1.2.2. Fired clay products incorporating industrial waste 

Clay minerals, mainly aluminosilicates, are a resource widely used in industry for their 

well-known properties such as plasticity, fire resistance, and their wide distribution, 

but from an environmental engineering point of view, the relevant properties are 

cation exchange capacity, structure, texture, and surface area. The use of clay 

minerals as potential sorbent material for organic and inorganic contaminants has 

increased in recent decades (Ozona et al., 2019). Also, the mineralogical composition 

of clay-based ceramic products includes silicate phases capable of dissolving 

considerable amounts of metals in their structure. Furthermore, high-temperature 

firing conditions required in the manufacture of clay-based ceramic products make 

them good potential agents to incorporate waste into their matrices (Magalhaes et 

al., 2004; Freyburg and Schwarz, 2007). 

On the other hand, among the many industrial processes in which clay is used is the 

manufacture of fired clay bricks (FCBs), one of the most extended construction 
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materials (EC, 2020). FCBs are frequently produced from non-renewable materials or 

cementitious materials at high firing temperatures, which implies environmental 

damage due to the extraction of raw material, greenhouse gas (GHG) emissions, and 

air pollution globally. Recently, some authors are using a socio-technological lens to 

identify alternatives to mitigate the climatic effects of ceramic processes and products 

to make their life cycle more sustainable. In this line, transversal options for the 

decarbonisation of the ceramic industry as recycling, resource efficiency, and material 

substitution touch across all levels of the ceramic system are shown (Del Rio et al., 

2022). 

Research and application work carried out over the last decades have shown that 

the ceramic industry can incorporate different types of waste without degradation of 

properties. These residual materials can be classified according to their specific nature 

and origin, using the European waste list, as well as by the different roles they play 

in the ceramic matrix: (i) fluxing agents; (ii) filler materials; (iii) clay substitutes; (iv) fuels 

(oxidizers); (v) pore formers; (vi) agents affecting other properties (Coronado, et al., 

2015) In this way, the incorporation of industrial waste in clay based-ceramics 

contributes toward cleaner production practices and has been addressed by many 

scientific works during the last two decades (Zhang et al., 2018). Four groups of 

waste can mainly be determined according to their nature (Muñoz-Velasco et al., 

2014; Contreras et al. 2020): sludges from different industrial processes (Eliche-

Quesada et al., 2016; Beshah et al., 2021; Amin et al., 2019); inorganic waste, mainly 

from mining and metallurgy waste processes (Belmonte et al., 2018; Sharif et al. 

2017); organic waste from paper manufacturing plants and also biomass of different 

biological activities (Da Fonseca et al. 2014; Demir et al., 2005; Eliche-Quesada et al., 

2012) and ashes, mainly from coal energy production, and municipal solid waste 

and biomass incineration (Eliche-Quesada et al., 2016; Sutcu et al., 2019; Brunner et 

al. 2015; Vassilev et al., 2013). 

Recently, a comprehensive study presented by the research group of Dondi et al. 

(2021) shows that the main obstacle to waste recycling from a Circular Economy 

perspective is the lack of knowledge of the effect of waste in the manufacture of fired 

clay products. Waste recycling is analysed from the point of view of the industry, 

considering several aspects: technological behaviour, technical performance, 

environmental impact, and economic sustainability. The results are expressed in terms 

of Technology Readiness Level TRLs, at three levels: The higher TRLs, relative to 

industrial practice, residues with composition and technological behaviour similar to 

ceramic raw materials; An intermediate level is represented by residues suitable for 

recycling but not yet integrated into industrial production, such as sawing sludge, 

coal fly ash, spent foundry sand, sewage sludge, cathode tube glass. The issue 

preventing their recycling is due to the behaviour during the ceramic process and 
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the need for preventive treatments to avoid the release of hazardous components 

and potential pollutant emissions during firing. At the lowest TRLs, waste is evaluated 

at the laboratory scale. In this case, oil refining sludge, coal bottom ash, biomass ash, 

galvanic sludge, dredging soil, the criticism is due to waste pretreatment and 

environmental issues (bad odors, fermentation, acid release, or possible leaching of 

hazardous substances or gaseous emissions) than to ceramic manufacturing. It is 

concluded that several residues can play a role as filler or flux, if there is an adequate 

technological characterisation, therefore, more scientific and technological research 

is required to improve the tested residues to the lower TRLs (Dondi et al., 2021; Zanelli 

et al., 2021). 

On the other hand, although the ceramic industry in the context of the European 

Union is showing innovative solutions to move toward the Circular Economy, 

technical and regulatory barriers do not allow scaling up current initiatives or starting 

new ones. Such as various interpretations of end-of-waste and by-products status 

among the Member States and the lack of a well-functioning European market for 

secondary raw materials through standards to improve their quality and traceability. 

For example, the limit values for eluates from leaching tests in recycled materials and 

industrial by-products should be harmonized in all European countries. While, 

concerning technical barriers, the need for a waste collection, sortion, and separation 

system, as well as the adaptation of technical requirements of installations are 

identified by the European Ceramic Industry Association (Cerame-Unie, 2020).  

Construction Products Regulation (CPR) 305/2011 of the European Parliament and 

of the Council of March 9, 2011, establishes the harmonized conditions for the 

marketing of construction products. The CPR establishes that constructions must be 

designed and executed in such a way that they are not a threat to hygiene and the 

environment throughout their life cycle, both in use and in demolition. Sustainable 

use of natural resources is also established, in particular by promoting the use of 

secondary raw materials. The development of this regulation should establish 

technical compliance specifications that currently have not yet been established. The 

technological properties of the products and/or materials are defined by the 

requirements of the certificates of each product and/or material. However, there is 

no harmonisation to determine the environmental performance of materials derived 

from waste, when used in construction or civil works. Each member state must 

decide on the marketing of each construction product. For this reason, the European 

Commission (EC) is developing the regulations that will incorporate harmonized 

evaluation methods that will act as technical specifications that products must meet 

for a given use, together with a database where the dangerous substances that will 

be considered will be collected (Sebastian Wall, 2021). 
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Due to the different origins of the waste, its incorporation into ceramic processes 

must be evaluated from an integral point of view, considering the technological and 

environmental properties of the new materials, as well as the emissions generated 

during the process. The Construction Products Regulation (CPR), as well as the Life 

Cycle Analysis (LCA) and the Environmental Product Declaration (EPD) set the basic 

requirements on sustainability that define the relevant and specific information about 

the product and the associated environmental impacts throughout their life cycle 

(Allacker et al., 2014; Passer et al., 2015). Current trends in marketing policies and 

strategies for new products are aimed at providing product environmental 

information. This environmental information allows for evaluating the sustainability 

of new products before they are available on the market. On the other hand, 

decision-making tools such as Multi-Criteria Analysis (MCA) allow the final ceramic 

products to be evaluated from an optimal perspective, not only technological and 

environmental but also in economic and social aspects, making a truly innovative 

commitment in this sector and moving towards a Circular Economy (Dosal et al., 

2013; Del Rosario, et al., 2021). 

1.2.3. Alkali-activated materials from industrial waste 

Currently, the International Energy Agency (IEA) proposes a global plan to reduce 

CO2 emissions. This plan proposes a reduction of around 25 % in the cement industry 

between 2007 and 2050. In the same period, there is a forecast for the growth of 

cement production by 50 %. Both production and emission data seem incompatible 

(International Agency Energy, 2018). The use of alternative fuels, biomass, and 

supplementary materials in the concrete production industries does not seem 

sufficient to reduce CO2 emissions (Damtoft et al., 2008, Barcelo et al., 2014). The 

study and investigation of new ecological and sustainable materials are crucial to 

reducing the Portland cement carbon footprint. 

Alkali-activated materials (AAMs) or alkali-activated binders (AABs) encompass 

essentially any binder system that derives from the reaction between an alkali metal 

and a solid with some silicon content. This solid may be a silicate or aluminosilicate 

precursor, such as metallurgical slag, natural pozzolan, or thermal fly ash, while alkali 

sources may include any soluble substance that supplies alkali metal cations, raises 

the pH value of the mixed reaction, and accelerate the dissolution of the solid 

precursor, such as alkali hydroxides, silicates, carbonates, sulphates or aluminates. 

Among the AAMs, the so-called geopolymers stand out, considered in many cases 

as a subset of the AAMs, where the binder phase is a highly coordinated 

aluminosilicate, with an amorphous pseudo-zeolitic structure (Mellado et al., 2014; 

Pasuello et al. 2017). Although some researchers consider that the term 
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“geopolymer” and “alkali-activated binder” represent different chemical concepts, 

other authors consider that it is more appropriate to use them without distinction, 

despite their difference (Palomo et al., 2021). 

Geopolymer materials have been applied in a wide variety of engineering sectors, 

including their use as a Portland cement substitute, for waste immobilisation, fire-

resistant panels, and refractory cement. The use of these new inorganic materials, as 

a partial or total substitute for traditional cement, plastics, and ceramic-based 

products, contributes positively to the reduction of global pollution and growth in 

sustainable development, mainly because the production of traditional materials 

brings with it the emission of large volumes of polluting gases, high energy 

consumption and natural resources (Provis and Deventer, 2009; Pacheco-Torgal, 

2015). 

Geopolymers, of growing interest in the scientific-technological field, is an alternative 

to the extensive use of Ordinary Portland Cement (OPC), more sustainable and with 

a smaller environmental footprint; it requires less energy to manufacture and 

generate between 60 and 80 % less CO2 emissions (Yang et al., 2013). In the 1960s, 

at a time of strong construction growth in Russia, Glukhovsky was one of the first 

researchers to study AAMs, looking for alternatives to OPC. He found that AAMs had 

similar hardening and compressive strength performance to OPCs. Years later, in 

1972, in France, Davidovits first coined the term geopolymer to refer to a three-

dimensional synthetic structure of alkali-activated aluminosilicates (Davidovits, 2011). 

Obtaining geopolymers consists of the reaction of a powder precursor, with a high 

content of amorphous aluminosilicates, with a strongly alkaline activating solution. 

The result of the reaction, after a suitable curing time, is the obtaining of a compact 

solid with good mechanical properties and general formula: Mn[-Si-O2]z[-Al-

O]n·wH2O. In general terms, the geopolymerisation reaction is a polycondensation, 

which begins when the aluminosilicates dissolve in the strongly alkaline medium to 

form free tetrahedrons of silica and aluminum cations coordinated with oxygen. The 

tetrahedrons are linked by oxygen atoms to form a three-dimensional structure 

similar to that of a zeolite, following the order (-Si-O-Al-O-). The cation in the alkaline 

activating solution provides the positive charge that maintains the electro neutrality 

of the solution. Under appropriate temperature conditions (between 20 and 90 ºC) 

and a certain curing time, a gel is formed that solidifies by ionic interaction, forming 

a three-dimensional solid structure, the base of the geopolymer. The reaction 

mechanisms can be summarized in the following stages: dissolution of the 

amorphous phases in the alkaline solution, condensation of the monomers, and 

gelation. The precursors become oriented, and the viscosity of the gel increases until 

the three-dimensional network is formed. Finally, the monomers polymerise, and 



Chapter 1                                                     Thesis Dissertation of Juan Dacuba García 
 

 
12 

crystallisation takes place. Depending on the ratio of alumina to silica, different 

monomers and polymers can be formed (Xu and Deventer, 2000; Davidovits, 2011; 

Garcia-Lodeiro et al., 2015). 

Numerous research works have emerged in recent years (Zhao et al., 2021; Zakka et 

al., 2021; Alnahhal et al., 2021; Ji and Pei, 2019; Samarakoon et al., 2019) to study 

the synthesis of geopolymers as a technique for incorporating waste or by-products 

into their formulation. It is an interesting solution for the revaluation of by-products 

that have completed their life cycle, being used as a secondary source in a second 

production cycle. In this sense, residues with alumina and silica content can be used 

as precursors for the formation of geopolymers, regardless of their alkali content. On 

the other hand, Palomo et al., (2021) consider that the industrial and commercial 

development of AABs is limited as an alternative to Portland clinker because it is not 

possible to guarantee a stable supply of precursors with the time. To avoid the raw 

material limitations for the manufacture of AABs worldwide, they propose the 

alkaline activation of natural (non-waste) materials mostly, manufacturing 

aluminosilicate precursors in industrial facilities (Palomo et al., 2021). 

Despite the environmental benefits and the long history of academic and industrial 

development of AAM over the past half century, there has been until very recently 

no significant commercialisation of the technology. Which has been mainly due to a 

lack of drivers for uptake. Recently the image of OPC technology is being questioned 

due to energy costs in the form of carbon footprint. Which acts as an important 

motivating factor to consider using alternative materials. Therefore, it is necessary to 

quickly address the tangible barriers from technical to regulatory. Since, now the cost 

of carbon will have both a commercial and a social cost attached to it over the 

coming decades (Duxon and Deventer, 2009; Farooq et al., 2021). Therefore, based 

on the concept of sustainability, the industrialisation and commercialisation of any 

alkaline binder for the construction sector are advantageous compared to Portland 

cement.  For this reason, there is an urgent need to explore standardisation formulas 

that allow the commercial development of sustainable binders (Palomo et al., 2021). 
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1.3. HYPOTHESIS & OBJECTIVES 

The work presented in this doctoral dissertation was conducted at the Chemistry and 

Process & Resources Engineering Department of the University of Cantabria (Spain), 

within the Green Engineering & Resources (GER) research group, and specifically, 

on the topic of Valorisation of industrial waste by incorporation to ceramic matrices. 
This research topic arises from the need to redesign resource life cycles considering 

materials historically discarded as waste as high-value materials. The previous 

dissertation works carried out in this research group provided relevant results about 

the valorisation of sediments, foundry sand (Alonso-Santurde, 2010), Waelz slag 

(Quijorna, 2013), foundry waste (Coronado, 2014), and electric arc furnace dust 

(Díaz, 2016) in ceramic processes. In addition, previous dissertation work provided 

significant knowledge in the valorisation of coal fly ash to develop geopolymer 

matrices (Díaz, 2016). Considering this background, the present Ph.D. thesis aims to 

carry forward these works. 

This Ph.D. study was supported by the project “Valorisation of fly ash in ceramic 
products and fly ash-based products” funded by Solvay Química S.L, and the project 

supported by the European Regional Development Fund “Desarrollo experimental 
de productos cerámicos de arcilla cocida incorporando residuos de la industria de la 
fundición”. 

Figure 1.1 shows the methodology applied in this thesis to establish the main 

hypotheses and the objectives, general and specifics, of this work. Firstly, one premise 

was formulated considering the knowledge of the state of art according to the 

literature review. Based on this premise, three hypotheses and three research 

questions were formulated, which are directly linked to the objectives established in 

this thesis. 
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Figure 1.1. Methodology to establish the hypothesis and the main objective of this thesis. 
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1.4. STRUCTURE OF THE THESIS 

The present thesis, as stated before, pursues the main objective of incorporating 

and/or using industrial thermal waste in ceramic and low energy (geopolymers) 

processes to assess their feasibility as secondary raw materials in the manufacture of 

construction materials, boosting circular economy practices. To achieve this goal, 

three results chapters were raised: 

• CHAPTER 2 entitled “Thermal Process Waste in Fired Clay Ceramic Process” 

• CHAPTER 3 entitled “Coal Combustion Ashes in Low Energy Clay Ceramic 

Process” 

• CHAPTER 4 entitled “Coal Fluidized Bed Combustion Ashes in Low Energy 

Clay Ceramic Process” 

Each one of the chapters requires a big set of experiments and results of waste 

characterisation, mixtures formulation to obtain ceramic bricks and geopolymers, 

analysis of technological, mineralogical, microstructural, environmental properties of 

the obtained products, and gas emission estimation of the ceramic process. 

In chapter 2 results of incorporation of a combustion waste (coal fly ash) in ceramic 

processes were shown and coal fly ash-fired clay bricks (CFA-FCBs) at a laboratory 

scale were prepared. The second part of chapter 2 includes the incorporation of 

several foundry waste in ceramic processes and the preparation of foundry by-

products-fired clay bricks (FB-FCBs) at a laboratory scale was performed. In the last 

part of chapter 2, foundry sands were selected to make foundry sand-fired clay bricks 

on an industrial scale. 

Unlike the previous chapter where various residues were introduced into energy-

intensive processes to obtain ceramics, chapter 3 relies on the incorporation of CFA 

in low energy-consuming processes to obtain geopolymers. In addition, alkaline by-

products provided from a local industry were used as alkaline activators of the CFA-

clay activated bricks. Finally, apart from the low energy-consuming bricks, CFA-clay 

binders were also made at a laboratory scale. 

Once demonstrated the suitability of coal fly ashes to get alkali-activated binders into 

a low-energy consuming process, the challenge of avoiding any natural resource 

(clay) is proposed in chapter 4. Therefore waste-based alkali-activated binders were 

developed in this chapter by using circulating fluidized bed combustion (CFBC) 

bottom and fly ashes. The technical feasibility of CFBC was also checked in terms of 

compressive strength and water absorption. Besides mineralogical, microstructural, 

and thermogravimetric behaviour of the CFBC alkali-activated binders were also 

analysed. 
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The timeline containing the four chapters that formed this thesis is shown in Figure 

1.2. 

 

Figure 1.2. Evolution and summary of the thesis structure. 
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2. THERMAL PROCESS WASTE IN FIRED CLAY 

CERAMIC PROCESS 

2.1. INTRODUCTION 

Research works carried out in the last decade have demonstrated the ceramic 

industry can admit different kinds of residues without affecting end-quality properties. 

Such materials can be classified according to their specific nature and origin, 

according to the List of European Residues (LER), or the different roles they play 

within the ceramic matrix: fluxing agents, filler materials, clay substitutes, body fuels, 

pore formers and other agents (Coronado, 2014). Regarding the waste origin and 

the LER code, the most used for its valorisation in the ceramic industry are LER 01, 10, 

and 19. It is worth highlighting the residues that belong to the LER code number 10 

that was used in this chapter. LER 10 are waste generated in the thermal process: 

power plants, other combustion plants, iron, steel, aluminium, lead industry, and zinc 

thermal metallurgy. Therefore, in this category coal fly ash, biomass fly ash, metal 

sludge, metal slags, and foundry sands are included (Baspinar et al., 2010; Jonker 

and Potgieter, 2005; Bhagat et al., 2011; Furnali et al., 2010).  

The technological properties of the ceramic products resulting from the introduction 

of waste are defined by the requirements of the certificates of each product. The 

most commonly measured properties of fired clay bricks are compressive strength, 

water absorption, frost, efflorescence, shrinkage, and suction (Rehman et al., 2020). 

However, there is no harmonisation to determine the environmental behaviour of 

ceramic products derived from waste, neither in the tests nor in the components to 

be studied (Zhang et al., 2018). The Construction Products Regulation (Regulation 

EU 305/2011 CPR) establishes that construction materials must be designed and built 

in such a way that they do not cause damage to hygiene, health, or the environment 

during the life cycle of the material (use and demolition). The European Commission 

is developing the regulations that will incorporate harmonized evaluation methods 

that will act as technical specifications that products must meet for a given use, 

together with a database where the dangerous substances will be considered. The 

European Committee for Standardisation (CEN) is working on a draft in which 

release scenarios are proposed based on the characteristics and use of the 

construction product. Specifically, CEN/TC 351 ‘Construction Products - Assessment 

of release of dangerous substances’ develops harmonized test methods to monitor 

the release of dangerous substances from construction products and (several 
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deliverables will publish in 2022, currently existing as Technical Specifications, EN 

16637 on leaching tests and CEN/TS 17459 on ecotoxicity tests (CEN, 2022).  

On the other hand, from the point of view of the environmental behaviour of the 

process, the cooking stage is a critical stage, due to emissions into the atmosphere 

(IPPC, 2007). In this stage, chemical and mineralogical transformations take place 

with absorption and release of heat, in which cooking gases are released, mainly 

carbon, nitrogen and sulphur oxides, fluorine, chlorinated compounds, heavy metals, 

and organic compounds due to the decomposition of the minerals present in the 

raw materials and the fuels used. It is due to these emissions that the ceramic industry 

is included in the scope of application of the European Directive on Integrated 

Pollution Prevention and Control (IPPC) and therefore in the European Pollutant 

Emission Register (EPER), establishing the Best Available Technologies (BATs), as well 

as the Emission Limit Values of the process (April 2021 Review of the CER BREF – Kick-

off Meeting report). 

In this chapter, several foundry by-products (FBs) were used as secondary materials 

for manufacturing fired-clay bricks. The Multi-Criteria Analysis (MCA) tool was applied 

to determine which one of the FBs is the most appropriate from technical, economic, 

and environmental criteria. Then, industrial tests will be conducted and Life Cycle 

Analysis (LCA) of the facing brick will be performed. 

2.2. COAL FLY ASH-CLAY BRICKS 

Coal Fly Ashes (CFA) are generated during the combustion of pulverised coal in coal-

fired power stations; CFA is an industrial by-product. They are generated at 1200-

1700 ºC from the various inorganic and organic constituents of the feed coal. 

Because of the scale of the variety of the components, CFA is one of the most 

complex anthropogenic materials that can be characterised. Approximately 316 

individual minerals and 188 mineral groups have been identified in different CFA 

demonstrating their complexity (Blisset et al., 2012). This waste is an excellent 

illustration of the Circular Economy concept. Despite having a long history of 

utilisation, CFA is still being sent to landfills or stored in lagoons. 750 million tons of 

CFA are generated globally and of this only 20-50 % is utilised in applications other 

than land reclamation and restoration projects. CFA constitutes more than 75 % of 

carbon combustion products according to data from 2015, 300 million tons of CFA 

were landfilled per year in China, followed by Europe (100 million tons), India (100 

million tons), and USA (70 million tons) (Vilakazi et al., 2022; Harris, 2016).  

There are many varied applications where CFA can be valorised. These applications 

can be classified in different ways as shown in Figure 2.1. Classification is based on 
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the scale and the Technology Readiness Level (TRL) of the application: (i) Current: use 

of Fly Ash in applications at industrial scale; (ii) Future: use of Fly Ash in applications 

at laboratory scale or pilot plant. The second classification is based on whether the 

CFA need before or not for use treatments in this application. This classification can 

be distinguished: (i) Direct: Fly Ash does not require any pre-treatment for their use 

in these applications; (ii) Indirect: Fly Ash requires pre-treatment for their use in these 

applications. These two classifications are interrelated, as current applications use Fly 

Ash without needing any pre-treatment, while future applications that use Fly Ash 

need previous pre-treatments. 

 

Figure 2.1. Scheme of the different applications of Coal Fly Ashes. 

A comprehensive literature review was carried out checking more than 230 

references. Based on the scheme presented in Figure 2.1, there is a wide variety of 

strategies for CFA valorisation. The strengths and weaknesses, and potential markets 

considerations of introducing CFA (class F) used in this thesis into four different 

sectors: (i) construction; (ii) civil engineering; (iii) cement, concrete, and ceramics; and 

(iv) agriculture are given in Tables A1.1 and A1.2 (Annex 1). These tables belong to 

the current and direct CFA applications. Regarding the future and indirect CFA 

applications, the strengths, weaknesses, and main remarks were again reviewed.  In 

Table A1.3 two products, fired-clay bricks, and geopolymers were selected as the 

most promising CFA strategies in the ceramic, concrete, and cement industry. In 
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Table A1.4 the use of CFA as the catalyst and/or adsorbent for the treatment of 

effluent discharges. Finally, in Table A1.5, the recovery of CFA components is 

reviewed. Studies of metals, cenospheres, and unburnt carbon recovered from CFA 

were found in the literature. 

CFA, which is generated in thermal power plants, typically constitutes around 80 % 

of the total ash, and approximately 30 % of the mass of coal consumed (CEDEX). It 

has been estimated that the world’s 2300 coal-fired power station fleet creates 

approximately one billion tonnes of new fly ash each year. Therefore, the 

incorporation of CFA in the production of FCBs can be an important application, 

bearing in mind the large quantities of raw materials needed for FCB production (Xu 

et al. 2018). The valorisation of CFA contributes to the reduction in natural resources 

extracted as its composition is very similar to that of clay, SiO2, Al2O3, and Fe2O3 with 

some minor constituents such as CaO and MgO and other inorganic elements. 

Amorphous material and crystalline phases as well as unburned or partially burned 

carbon residues represent its mineralogical composition (Hower et al. 2017). CFA is 

considered “non-hazardous” waste according to different regulations (EPA and EU) 

despite containing metals and metalloids such as, As, Pb, Zn, Ni, Cu, Mn, Cd, Cr, and 

Se at trace levels (Jayaranjan et al., 2014). However, due to serious environmental 

accidents, agencies such as the EPA have questioned the need to include them in a 

new classification such as special waste (Resource Conservation and Recovery Act, 

2008) (EPA). Therefore, CFA disposal is an important issue worldwide due to its huge 

volume and its potential negative environmental impacts, which requires great 

disposal fees and the consequent negative Public Relations (PR) of the sector. On the 

other hand, unburned carbon in CFA is an indicator of defective combustion of the 

original fuel, mainly due to the ageing of the boilers (Elías, 2009). CFA can be 

valuable as a source of activated carbon or a source of coal to return to the boiler. 

However, an unburned carbon content greater than 10 % considerably reduces its 

pozzolanic capacity, preventing its recovery in cement and concrete industries 

(CEDEX). For this reason, in practice, only 30 % of the total ash produced in the world 

is re-used (ECOBA). These limitations in the recovery of ashes in the manufacture of 

concrete reinforce the need for a more rigorous study of its recovery in other 

industrial processes, specifically in the ceramic industry. Many studies have 

investigated the properties of clay-based bricks containing CFA to evaluate the 

technical performance of FCBs (Leiva et al., 2016; Wang et al. 2016; Kockal et al., 

2012; Eliche-Quesada et al., 2018). Specifically, the study of the percentage of 

unburned in CFA on the final properties of FCBs, only Vasic et al. (Vasic et al., 2021) 

considered it as an input parameter in an artificial neural network model. 
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On the other hand, there is no harmonisation to determine the environmental 

behaviour of ceramic products incorporating waste; the most widely used leaching 

tests to evaluate them at the end of their useful life, as construction and demolition 

waste (C&DW), whether deposited in landfills or used as secondary raw material, are 

the compliance tests: TCLP (Toxicity Characteristic Leaching Procedure) (Eliche-

Quesada et al., 2018; García-Ubaque et al., 2013; Singh et al., 2007) and the 

Equilibrium Leaching Test EN 12457 (Galán-Arboledas et al., 2017; Fernández-

Pereira et al., 2011; Alonso-Santurde et al., 2010; Quijorna et al., 2011; Quijorna et al., 

2012; Little et al., 2008). Specifically, in the case of ceramic products manufactured 

with coal ash, only very few authors (Leiva et al., 2016; Eliche-Quesada et al., 2018; 

Little et al., 2008) have reported equilibrium leaching test data of heavy metal mobility 

with different proportions CFA. Only Gupta et al. (2019) (Gupta et al., 2019) showed 

comparative results of batch and column leaching test of metal release, and the 

difference between bricks with/without CFA was minimal. 

Furthermore, from the point of view of the environmental performance of the 

process, firing is a critical stage due to emissions into the atmosphere (EC, 2007). For 

this reason, the ceramic industry is included in the pollutant release and transfer 

register (PRTR), establishing the best available technologies (BAT) as well as the 

emission limit values of the process. Considering that the incorporation of waste can 

affect gaseous emissions, some authors have studied these effects on an industrial 

scale (Galán-Arboledas et al., 2017; Quijorna et al., 2011; Quijorna et al., 2012; Hamer 

et al., 2002; Anderson et al., 2002; García-Ubaque et al., 2007) and also on a 

laboratory scale (Dondi et al., 2002; Souza et al., 2008; Coronado et al., 2016). 

However, only extremely limited information has been obtained on the effects of the 

composition, mineral transformation, and firing parameters on these emissions. 

As highlighted in the review of Zanelli et al. (Zanelli et al., 2021), it is essential for a 

technological transfer to the industrial practice of a correct evaluation of the technical 

performance of the FCBs incorporating waste as well as an assessment of the 

environmental behaviour through the leaching test of the final products and gas 

emissions during the firing process. 
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2.2.1. Raw Materials and Methodology 

2.2.1.1. Raw Materials 

Two illitic clays (Clay A and Clay B), currently used as traditional raw materials in two 

Spanish industrial ceramic processes (face bricks), and two combustion by-products, 

low calcium fly ashes (ASTM class F), with different contents of unburnt carbon, low 

(FAA) and high content (FAB), were used in this study to prepare the coal fly ash-

fired clay bricks (CFA-FCBs).  

Quarry clays were collected from two different industrial ceramic companies, and Fly 

ashes were supplied by coal combustion boilers. All of them are located in Cantabria 

region, Spain. 

2.2.1.2. Processing Method 

The methodology used in this work is represented in Figure 2.2. Both clays are 

subjected to a grinding process to achieve a particle size not exceeding 0.5 mm Clay 

A and 1 mm Clay B. The mixture of raw materials, Fly Ash, and Clay were realized 

with a laboratory mixer Raimondi, Iperbet model. The proportions of raw materials 

were calculated by weight and the necessary water was added to obtain a plastic 

mixture (between 5 and 10 % of moulding water). The mixture was processed by 

pressing in a hydraulic press Nanetti Mignon model SS/EA, which reaches 200 bar 

pressure, and prismatic moulds with dimensions of 80x40x20 mm. The samples were 

dried for 30 hours at 105 °C before the firing cycle, using a laboratory muffle furnace 

Hobersal, PR Model 12/300 capable of ramping temperature versus time of up to 16 

points. The industrial firing cycle is provided by the ceramic companies reaching 

temperatures of 1021 °C for Clay A and 1058 °C for Clay B.  
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Figure 2.2. Methodology conducted in this study. 
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Table 2.1 shows the experimental formulations developed. Samples were prepared 

with additions of coal fly ashes, varying from 0 to 100 wt %. These formulations were 

studied for both types of coal fly ashes FAA and FAB, and clays. 

Table 2.1. Coal Fly Ash-Clay Bricks Formulation. 

Sample Coal Fly Ash (A/B) Clay (A/B) 
P1 100 0 
P2 90 10 
P3 80 20 
P4 70 30 
P5 60 40 
P6 50 50 
P7 40 60 
P8 30 70 
P9 20 80 

P10 10 90 
P11 0 100 

2.2.1.3. Characterisation of Raw Materials 

Elemental analysis and major oxide composition were determined by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) with an ARL Fisons 3410 

spectrometer and X-ray fluorescence, respectively, in Activations Laboratories 

(Ancaster, ON, Canada). The particle size distribution was determined by sieving (ISO 

series sieves) and weighing. The mineralogical characterisation of all materials was 

carried out by powder X-ray diffraction (XRD) using a D8 Advance Automatic 

Diffractometer in Bragg-Brentano geometry. Cu Kα1 radiation (λ = 1.5406 Å) was 

employed with 0.03° 2θ steps and a constant 8 s acquisition time in the 10–90° 2θ 

range. The effect of temperature was studied on the clays and coal fly ashes at 10 

°C/min up to 1200 ºC using thermogravimetry (Setaram Setsys Evolution 

Thermogravimetric Analyser). 

2.2.1.4. Characterisation of fired samples 

Fired ceramic products of all replicates were characterised in terms of linear firing 

shrinkage (using a precision caliper), weight loss during firing (UNE 772–13), water 

absorption (UNE 67027), bulk density (UNE-EN 772–13:2001), and 3-point flexural 

strength (UNE-EN 843–1). 

The compliance leaching behaviour of potentially hazardous pollutants was 

determined by applying the equilibrium leaching test EN12457-2 proposed by 

European regulation. This test was realized for raw materials and fired specimens 

(three replicates). Samples were milled to below 4 mm and contacted with deionized 
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water, used as leachant, at a liquid/solid ratio of 10 and 24 h stirring. At the end of 

the test, samples were filtered, and the leachates were analysed. The pH was 

measured and the concentrations of As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, and Zn in the 

leachates were determined by Inductively coupled plasma mass spectrometry (ICP-

MS). These concentrations were compared with the limits established for open landfill 

conditions (landfill Directive 2003/33/EC), to assess the environmental performance 

of the construction products at the end of life when they become demolition waste. 

The mineralogical characterisation was obtained, as described earlier for the raw 

materials, by XRD. Microstructural analysis of the clays, coal fly ashes, and fired bricks 

was carried out by field emission scanning electron microscopy (FESEM) using an 

accelerating voltage of 20 kV. The microstructural porosity study was performed on 

polished fracture surfaces, while phase distribution observations were carried out on 

polished samples, which were subsequently etched for 10 seconds in a 5 % HF 

solution. Before observation, all samples were coated with a layer of C. The ion 

distribution between the different crystalline phases was determined by digital X-ray 

mapping. The mineralogical characterisation was obtained, as described earlier for 

the raw materials, by XRD. 

Finally, the emission of potentially harmful species (HCl, HF, SOx, NOx, CO2) into the 

atmosphere during the firing of ceramic bricks was determined according to the 

standard methodology described in BREF Document on Ceramic Manufacturing 

Industry. The method involves analysing the raw materials and the fired specimens 

for potentially polluting elements. The concentration of carbon, sulphur, and 

nitrogen was determined using a FISONS EA 1108 elemental analyzer, and the 

concentration of halogens (Cl and F) was determined by neutron activation (INAA) 

and an ion-selective electrode (ISE), respectively, in Activations Laboratories (Canada). 

Emission values (Ψ) for each element were determined by simple mass balance 

according to eq 1. This equation assumes that elemental Cl, F, S, N, and C are released 

into the atmosphere during the firing process in the form of HCl, HF, SO2, NO2, and 

CO2, respectively: 

𝜓௜ ൌ 10000 ∙
ெೢ೔

஺೘ೕ
∙ ቂቀ

ଵ଴଴

ଵ଴଴ି௅ைூ
ቁ ∙ 𝐶௝

௥ െ 𝐶௝
௙ቃ          (1) 

Where i=polluting compounds (HCl, HF, SO2, NO2, CO2) and j=constituting elements 

(Cl, F, S, N, and C) of the polluting compounds. Ψi = emission (in mg of compound i 

per kg of brick produced). LOI = loss on ignition (%). Mwi = molecular weight of the 

polluting compounds. Amj = atomic mass of the element. Crj = concentration of 

element (j) in the raw material and Cfj = concentration of element (j) in fired product. 
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2.2.2. Results of Incorporating CFA in Ceramic Processes 

2.2.2.1. Characterisation of Raw Materials 

Table 2.2 shows the results of the main oxides and elements in all the raw materials 

used to form bricks. Clays and FAA have three major oxides (silicon, aluminum, and 

iron) which represent over 75 % of raw materials whereas FAB represents 61%. The 

minor fraction consists of eight oxides: manganese, magnesium, calcium, sodium, 

potassium, titanium, and phosphorus. Loos on Ignition (LOI) values obtained for each 

type of clay are related to the content of unburned carbon. Furthermore, FAA and 

FAB have a higher content of alkaline, earth alkaline, and iron oxides, which make 

them suitable for their valorisation in fired clay ceramic bricks due to their melting 

character. 

Table 2.2. Chemical composition of raw materials. 

Major oxide, wt (%) Clay A Clay B FAA FAB 

SiO2 63.35 63.7 52.53 40.20 

Al2O3 17.11 15.69 22.23 16.62 

Fe2O3 5.89 6.26 8.38 5.26 

MnO 0.054 0.079 0.103 0.057 

MgO 0.85 0.86 2.25 1.71 

CaO 0.47 0.58 4.70 3.37 

Na2O 0.61 0.69 1.11 0.88 

K2O 3.08 2.67 2.03 1.82 

TiO2 0.843 0.762 0.898 0.681 

P2O5 0.10 0.10 0.61 0.56 

LOI (Loss of ignition)1 6.15 7.40 5.43 27.03 

Trace elements (ppm)     

As 23 25 31 39 
Ba 634 1597 1965 1800 
Cd <0.5 <0.5 <0.5 <0.5 
Cr 80 80 170 120 
Cu 30 20 50 40 
Mo <2 <2 17 11 
Ni 40 40 80 60 

Pb 28 37 27 < 5 

Sb 0.007 0.008 2.6 2.2 
Zn 80 140 140 <30 

1 Determined at 650 °C. 

The particle size distribution of fly ashes is given in Figure 2.3. FAA has a lower particle 

size than FAB.  
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Figure 2.3. Particle size distribution of Coal Fly Ash A and B. 

FAA shows 4 % of ash particles above 100 microns; 23 % of particles between 63 

and 100 microns; and 73 % of FA with particle size below 63 microns. Instead, FAB 

has 25 % of particles with sizes greater than 100 microns; 23 % with sizes between 

63 and 100 microns; and 52% of particles with sizes lower than 63 microns. 

Mineralogical analysis of raw materials is shown in Figure 2.4. The mineralogical 

analysis of Clay A and B shows an amorphous fraction in the form of maximum width 

between 15 and 30 degrees. On the other hand, the crystal phases present are 

majority quartz (SiO2), muscovite (KAl3Si3O10(OH)1.8F0.2), dickite (Al2Si2O5(OH)4), and 

kaolinite (Al2Si2O5(OH)4). These phases can constitute approximately 90 % of the total 

clay, respectively. Furthermore, minority phases are iron oxides (Fe3O4). FAA and FAB 

show an amorphous fraction in the form of maximum width, much larger than clays, 

between 15 and 30 degrees. On the other hand, the crystal phases present are 

majority quartz (SiO2), mullite (Al4+2xSi2-2xO10-x being x~0.4), and anhydrous aluminum 

silicate (Al2O7Si2). These phases can constitute approximately 70 and 50 % of FAA 

and FAB, respectively. Furthermore, minority phases are dolomite CaMg(CO3)2, 

calcium aluminate (xCaO·yAl2O3 being x and y the number of molecules), calcium 

silicate (2CaO.SiO2), and iron oxides (Fe3O4). 
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Figure 2.4. XRD pattern of Clay A (A), Clay B (B), FAA (C), and FAB (D). 

Figure 2.5A shows the thermal behaviour during firing (10°C/min) of Clay A and B 

up to 1200 °C. Thermogravimetric analysis shows the typical clay dehydroxylation 

process (water of hydration) with a mass loss of 2.33 % and 3.57 % up to 100 °C, 

respectively. The second step is around 500-550 °C which corresponds with the 

dehydroxylation of clays (aluminosilicates decomposition) with a mass loss of 5.70 % 

and 5.84 %, respectively.  
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Figure 2.55B has represented the thermogravimetry of both FA. The mass loss of 1.55 

% for FAA and 2.93 % for FAB between 100 and 400 °C corresponds to the thermal 

decomposition of water present in ashes. Between 500 and 700 °C, where the mass 

loss for FAA is 5.69 % and for FAB is 27.91 %, corresponds to the thermal 

decomposition of carbonates and unburned carbon. In this case, the decomposition 

of carbonates is due to the presence of dolomite MgCa(CO3)2, which is decomposed 

into calcium and magnesium oxides and carbon dioxide. The total mass loss due to 

thermal decomposition of water, carbonates, and unburned carbon for FAA is 7.95 

% and for FAB is 30.84 %. In the case of FAB is much higher due to the high contents 

of unburned carbon of FAB.  
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Figure 2.5. Thermogravimetric behaviour of A) Clay A and Clay B; B) FAA and FAB. 

The Compliance Leaching test EN 12457-2 was performed in triplicate for raw 

materials and the results are presented as an average and standard deviation of 

concentrations in Table 2.3. For all the pollutants considered in the European landfill 

regulation, the concentrations on Clay A and B are below the inert threshold limit, 

but for Clay A, As is close to the inert limit. Most of the pollutants considered for the 

FAA and FAB are below the inert threshold limit, except Cr and Mo, which are below 

the non-hazardous limit for both ashes Only Se exceeds the non-hazardous limits, 

and it is well below the limit for landfilling hazardous waste landfills. 
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Table 2.3. pH values and leaching of major elements from raw materials according to 

compliance leaching test EN 12457-2. 

 Leaching Concentrations (mg/kg) Landfill Limits1 

 Clay A Clay B FAA FAB Inert Non-Hazardous 

pH 7.72 9.35 11.01 12.52 - - 

As 0.461±0.02 0.296±0.01 0.146±0.16 0.110±0.03 0.5 2 

Ba 1.075±0.036 11.337±0.036 4.668±0.220 2.163±0.099 20 100 

Cd 0.003±0.0001 0.013±0.0002 0.006±0.004 0.004±0.001 0.04 1 

Cr 0.006±0.005 0.008±0.0002 1.375±0.13 1.998±0.128 0.5 10 

Cu 0.106±0.003 0.095±0.001 0.046±0.004 0.059±0.005 2 50 

Hg 0.002±0.0001 0.0013±0.0002 0.008±0.007 0.009±0.006 0.01 0.2 

Mo 0.0183±0.0001 0.004±0.001 5.450±0.065 5.196±0.007 0.5 10 

Ni 0.047±0.005 0.016±0.001 0.015±0.001 0.011±0.001 0.4 10 

Pb 0.046±0.001 0.057±0.002 0.035±0.01 0.021±0.01 0.5 10 

Sb 0.008±0.0002 0.008±0.0002 0.021±0.001 0.013±0.001 0.06 0.7 

Se 0.021±0.007 0.087±0.0007 2.617±0.255 0.619±0.053 0.1 0.5 

Zn 1.599±0.035 1.60±0.012 0.943±0.044 0.370±0.019 4 50 

 1Limits for inert and non-hazardous waste according to Landfill Decision 2003/33/EC 

2.2.2.2. Technological properties of CFA-Clay Bricks 

The effect of unburned carbon of Fly Ash on the linear shrinkage is shown in Figure 

2.6. FAB/clay ceramics present a higher value of linear shrinkage for percentages of 

Fly Ash greater than 50 %. There is a difference of over 3 units between FAA and 

FAB for both clays. For concentrations between 10-50 % of Fly Ash, fired clay 

ceramics with FAB have a linear shrinkage close to the bricks with FAA. The 

difference between Ashes is lower than 0.5 units and presents a linear shrinkage 

close to the bricks with 100 % Clay. The same tendency of increasing the linear 

shrinkage, due to the addition of waste, was observed in other studies (Cultrone et 

al., 2009). Table A.2.1. of Annex 2 are shown the average values and standard 

deviation of the experimental values obtained for the linear shrinkage. 
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Figure 2.6. Main technological properties of fired clay bricks. 

Weight loss increases as the percentage of FAB increases, due to the high carbon 

contents (Kockal, 2012). Samples are fired up to 1058ºC and at this range FAB 

experience a thermal decomposition of carbonates and unburned carbon 

(Naganathan et al., 2015). This decomposition supposes a loss of weight and is 

confirmed with the thermogravimetric analysis (Figure 2.5). Fired clay bricks with FAA 

present results of weight loss close to the bricks made with 100 % clay. Percentages 

of FAA upper 60% have slightly higher values due to the thermal decomposition of 

water and carbonates. The difference between fired bricks is 5 units for 10 % of Fly 

Ash, while 15 and 20 units for 60 % and 90 % of FAB respectively, so unburned 

carbon significantly influences the weight loss of fired clay bricks. The results of 

average weight loss and standard deviation are shown in Table A.2.2. of Annex 2. 

FA is less dense than the clays used thereby lowering the density with increasing the 

ash content in the bricks. The percentage of FA used considerably affects the 

densification. The presence of unburned carbon in the FA provides less dense bricks. 
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Bricks with 10 % of FA present 100 units of difference between FAA and FAB and 

with 50 % have 400 units of difference. With percentages up to 20 % of FA, results 

of bulk density are very close between FAA and FAB, regardless of the Clay used. In 

Table A.2.3. of Annex 2 the results of bulk density are collected. 

FAB/clay bricks present higher results of water absorption than FAA. The difference 

in results between bricks 100 % Clay and bricks incorporating FA is due to the 

porosity caused by the thermal decomposition of water and carbonates. In this case, 

FAB is greater due to the higher contents of unburned carbon which also 

experiences a thermal decomposition. This thermal decomposition releases gases 

that generate materials more porous. Bricks with 20 % FAB have the same results as 

bricks with FAA. Bricks up to 20 % FAA and 10 % FAB have water absorption close 

to 100 % clay bricks. Table A.2.4. of Annex 2 are shown the average values and 

standard deviation of the experimental values obtained. 

Flexural strength is related to water absorption and density which are associated with 

the porosity of the ceramic brick. As FAB/clay bricks present the highest results of 

water absorption and the lowest density, in flexural strength these bricks have results 

related to these properties. Bricks with 10 % of FA present 2 units of difference 

between FAA and FAB and bricks with 50 % of FA have 7 units of difference. It can 

be concluded that a higher unburned carbon content, worse results of flexural 

strength, but at percentages of 10 the obtained values are close to fired clay bricks 

with FAA, and from 80 % ash, the values are close again. The results of average 

flexural strength and standard deviation are shown in Table A.2.5. of Annex 2. 

2.2.2.3. Leaching Behaviour of Fired Bricks 

Once a leaching test was applied, those elements than exceeded the limit of the inert 

waste landfill on raw materials were studied (Table 2.3). The contaminants associated 

with FA were Cr, Mo, and Se as shown in Figure 2.7a. Introducing FA into fired clay 

bricks in a dosage of 50 % reduces the mobility of Mo and immobilizes Cr and Se 

below the inert waste limit. The concentration of As for FA is below the limit of inert 

waste landfill but when it is incorporated into the ceramic bricks in 50 % of FAB, it is 

exceeded. 100 % Clay B is above the inert waste limit, so Clay B is the raw material, 

which favours that 50 % FAB/Clay B bricks exceeded this limit. The content of 

unburned carbon does not influence the mobility of contaminants. 

It also studied the limits of non-hazardous waste landfills for these contaminants, as 

shown in Figure 2.7b. All the contaminants are below the limit of landfills for non-

hazardous waste, and the unburned carbon content does not influence the mobility 

of elements. As mobility is due to its presence in Clay, concentrations of 100 % Clay 
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bricks are higher than 50 % FA/Clay bricks. In conclusion, the unburned carbon 

content does not affect the leaching of contaminants, so the obtained results are very 

interesting. 

Oxyanions like Mo can be adsorbed on the surface of amorphous iron oxides that 

many alkaline waste contain. Furthermore, the complexation of these compounds 

has been studied and a relation between the specific surface area and the extension 

of the complexation process was found for MoO2-
4. In his work, McKenzie concluded 

that the decrease in the specific surface leads to higher Mo leaching (McKenzie, 

1983). 

 

Figure 2.7. The concentration of contaminants of FA/Clay bricks regarding the inert waste 

landfill limits (A) and the non-hazardous waste landfill limits (B) according to Decision 

2003/33/EC. 

2.2.2.4. Microstructural Characterisation of Fired Clay Bricks 

From the results obtained on the technological and environmental properties of the 

fired products, Clay B was chosen to carry out a microstructure study of the bricks 

obtained, and the gaseous emissions generated during the firing process. 

XRD Characterisation 

Figure 2.8 shows the XRD patterns of ceramic brick compositions with 10 – 50 % 

FAA, 10–50 % FAB, and without FA, only 100 % clay B that were fired at 1058 ºC. 

The mineral phases of the bricks were identified as quartz, sillimanite, microcline, 

kyanite, and iron oxide (hematite). 
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As can be seen, XRD patterns of FAA/clay and FAB/clay are close to the clay ones. 

The increase of peaks of quartz and Fe-containing phases, such as hematite, with the 

FAs amount in the ceramic matrix, can be observed. Mullite and dolomite, a 

significant phase in both FA samples, are not detected in bricks incorporating both 

FAA and FAB, which are mainly composed of quartz and hematite and other 

characteristics aluminosilicates of clay bricks. The presence of high amounts of 

unburned carbon in FAB samples does not imply differences in the final mineral 

phases of bricks. 

 

Figure 2.8. XRD patterns of: (A) FAA/Clay fired bricks; (B) FAB/Clay fired bricks. 
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FESEM analysis 

Figure 2.9a, and Figure 2.9b show the microstructure observed by FESEM (field 

emission scanning electron microscopy) on the polished surfaces of FAA/clay and 

FAB/clay bricks, respectively. The main microstructural effect is the increase in porosity 

as the content of CFA in the brick body increases. The increase in porosity is mainly 

associated with the presence of dolomite and unburned carbon in the mineralogical 

composition of the FAs (Figure 2.4). 

However, the incorporation of FAA and FAB leads to different impacts on the 

porosity. For further discussion, Figure 2.10 presents details of the polished surface 

microstructure of samples prepared from Clay B exclusively (100 % Clay B) and those 

prepared with 50 % FA incorporation (50 % FAA/Clay B and 50 % FAB/Clay B). The 

microstructure of the 100 % Clay B sample is characterised by the presence of open 

porosity consisting of interconnected and irregular cavities with a thickness of fewer 

than 5 μm. This porosity is the result of the dehydroxylation of the clay during firing, 

which causes a volume reduction. The increase in porosity observed when FA is 

incorporated into the brick body is probably due to the combined action of two 

factors, namely the larger particle size of FA compared to clay and the dolomite and 

unburned carbon content in FA. Thus, due to its larger average size, the inclusion of 

FA in the brick paste will result in green-shaped specimens with different porosity. 

According to Amorós et al. (Amorós et al., 2007) at equal pressing variables, a higher 

content of larger particles results in compacted specimens of higher bulk density 

(lower porosity), which, however, contain larger pores. As the pore size in the fired 

bodies depends more on the pore size in the green body than on the pore volume, 

the inclusion of FA in the brick paste will result in less densified fired bodies, and to 

achieve maximum densification of the product, a higher firing temperature would 

be required. On the other hand, FA contains dolomite and unburned carbon, which 

during the firing process will decompose with the consequent release of gases, 

causing the size of the open porosity to increase. FAA presents low dolomite and 

unburned carbon content, as can be inferred from its LOI value (Table 2.2), which is 

even lower than that of Clay B. Therefore, the major effect induced by the 

incorporation of FAA in the body of the brick is a slight increase in porosity associated 

with its larger particle size (Figure 2.10). In contrast, FAB contains much higher 

dolomite and unburned carbon than the clays, so during firing it will generate a high 

increase in porosity due to the release of the gases generated during its 

decomposition. This increase in porosity, which is evident in Figure 2.10, is associated 

with a significant increase in the water absorption of the brick specimens 

manufactured with this FA (Figure 2.6). 
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Figure 2.9. FESEM images of fired clay bricks: (A) FAA/Clay fired bricks; (B) FAB/Clay fired 

bricks. 

 

Figure 2.10. FESEM images of 100 % Clay B and 50 % FAA and FAB/Clay B fired clay bricks. 

The incorporation of FA into the brick composition affects not only the porosity of 

the fired pieces but also their crystalline composition and the distribution of crystalline 

phases. Figure 2.11 presents FESEM images of polished and etched fracture surfaces 

of samples of 100 % Clay B and 50 % FAB/Clay B compositions, together with the 

mapping of the elements Al, Si, K, Ti, Fe and Ca. The different crystalline phases that 

comprise the mineralogical composition of the fired bricks are clearly distinguished 

by the colour differences caused by the varying concentrations of these ions in each 

of the crystalline phases. The 100 % Clay B sample shows the conventional phase 

distribution in traditional fired clay materials composed mainly of quartz grains 

embedded in a ceramic matrix enriched in aluminium oxide. 



 
Chapter 2                                                   Thesis Dissertation of Juan Dacuba García 
 

 
41 

 

Figure 2.11. FESEM images and mapping of elements of samples 100 % Clay B and 50 % 

FAB/Clay B. 

Figure 2.12A depicts FESEM images of different regions observed in the 

microstructure of 100 % clay B brick. Some of the quartz grains show micro cracks, 

which are likely formed as a result of the relaxation of micro stresses caused by the 

difference between the coefficients of thermal expansion of the quartz grains and 

the surrounding ceramic phase as stated in Romero et al. (Romero et al., 2015).  

 

Figure 2.12. Microstructure FESEM images taken at different regions of 100% Clay B. 

In addition to quartz particles, in the ceramic matrix, regions with high potassium 

oxide content with crystals of irregular morphology are identified in Figure 2.12B, 

which must correspond to the microcline phase as observed in the XRD of the fired 

bricks (Figure 2.8). Isolated iron oxide particles are also clearly distinguishable in the 

mapping image 100% clay B sample. Regarding the morphology of the ceramic 

matrix, FESEM observations at high magnification (Figure 2.12C) allow distinguishing 

regions with elongated crystals, which likely correspond to the sillimanite phase (as 

observed in Figure 2.8). As far as the microstructure of the 50% FAB/Clay B bricks, 

Figure 2.11 shows the presence of quartz grains to a smaller extent. The quartz grains 

show fewer micro-cracks, probably because they are surrounded by a much more 
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porous matrix that can absorb the stresses caused by the differences in expansion 

coefficients. The microcline crystals are not distinguishable and potassium oxide is 

dispersed throughout the matrix, which is more enriched in calcium oxide. 

2.2.2.5. Estimation of Gas Emissions within the Firing Process 

The content of Cl, F, S, C, and N for the Clay B and Fly Ash A (low LOI) and B (high 

LOI), as well as their corresponding acid gas emissions HCl, HF, SO2, and CO2 after 

the firing stage at the temperature of 1058 ºC simulating the industrial processes and 

estimated by mass balance (Eq. 1), are summarized in Table 2.4. The initial and final 

content of CFA and Clay of the elements mentioned before and after firing are 

collected in Table A.3.1. (Annex 3). The content of N is below the detection limit of 

the equipment used. Chlorine emissions will be related to its content in the samples. 

The chlorine in the clay comes from micas, halite, and organic matter, while in the 

ash it forms mainly chlorinated compounds associated with its organic matter. The 

significant increase in chlorine emissions in clay compared to fly ash, despite having 

the same initial content, may be due to the presence of chlorine as sodium chloride 

(halite), which is very unstable during the firing process. While the difference in 

emissions between the two types of ashes is directly related to the unburned content, 

the higher the LOI, the higher the decomposition of chlorinated compounds. 

Fluorine emissions also depend on the initial concentration of this element in the 

samples. The difference observed between the clay and the ashes may be due to the 

decomposition of phyllosilicates present in the clay. While the difference between 

both ashes may be due to the formation of thermally stable compounds (CaF2) in 

samples with low carbonate content (González et al., 2011). Sulphur emissions 

depend on the mineralogy of the samples. Due to the oxidation and decomposition 

of pyrite and organic matter during the firing process, high values of sulphur 

emissions are obtained for ashes with a high content of unburned carbon 

(Uaciquete et al., 2021). Finally, in the case of CO2 emissions, a direct relationship is 

observed between the initial carbon content in the raw materials and the level of 

emissions. 

Table 2.4. Content and pollutants emissions of Clay B and Fly Ashes A and B. 

Raw Materials 
Initial Content (%) Emissions (mg/kg)* 

Cl F S C N HCl HF SO2 CO2 N 
Clay B 0.02 0.02 0.02 0.3 _ 119.28 122.14 31.93 454.27 _ 

FAA (low LOI) 0.02 0.01 0.17 4.7 _ 11.81 6.05 2992 17844 _ 

FAB (high LOI) 0.02 0.01 0.31 24.4 _ 76.19 39.01 6090 122160 _ 

(-) < Detection Limit; (*) Gas emissions calculated according to the mass balance of eq. 1. 
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Gas emissions for the mixtures of FAA/Clay and FAB/Clay fired at the temperature of 

1058 ºC simulating the industrial processes and estimated by mass balance (Eq. 1) 

are summarized in Figure 2.13. Emission limit values for HF, HCl, and SO2 proposed 

by Gonzalez et al. (2011) aim to include them in the Andalusian-Spain legislation in 

response to the indications of the IPPC, have also been considered. From a study 

conducted with 40 ceramic factories in Andalusia, Spain through the median and 

the 90th percentile values of 180 samples, three ranges de emission values are 

established: “acceptable”, “recommended intervention” and “compulsory 

intervention”. The emission values are shown in Table A.3:2. (Annex 3) (González et 

al., 2011). 

The introduction of Fly Ash in the mixtures reduces the emissions of HCl due to low 

chlorine emissions from fly ash. Incorporating up to 90 % of FAA and FAB, a 

reduction in emissions of HCl is achieved compared with the brick 100 % clay. The 

percentage of reduction obtained is 61 % for FAA and 25 % for FAB. The reduction 

of emissions by introducing FAA is higher due to the lower value of emission 

concerning FAB. As indicated above, it is probably due to a greater decomposition 

of chlorinated compounds associated with organic matter, that is, the content of 

unburned matter. The introduction of Fly Ash in the mixtures FAA/Clay and FAB/Clay 

reduces the emissions of HF due to the low contents of F that Fly Ash present. The 

reduction of HF emissions is higher for Fly Ash due to the lower contents of F before 

the firing process compared to Clay. This is because clay contains one of the most 

important sources of fluorine, such as phyllosilicates, therefore, the less clay in the 

mixture, the greater the reductions in fluorine emissions. Incorporating up to 90 % of 

FAA and FAB reduces the emissions of HF by 42 % and 60 % compared to 100 % 

clay brick.  

The introduction of Fly Ash in the mixtures produces an increase in SO2 emissions 

due to the high content of S present in the Fly Ash. FAB/Clay mixtures show 

extremely high levels due to the presence of the combination of different sulphur 

associated with inorganic, pyritic, and organic carbon.  

The introduction of Fly Ash in the mixtures FAA/Clay and FAB/Clay increases the 

emissions of CO2 due to the high contents of unburnt carbon that Fly Ash presents. 

The increase of CO2 emissions is higher for FAB due to the high contents of unburnt 

carbon (27.03 %) before the firing process compared to FAA (5.43 %) and Clay. In 

this case, the CO2 emissions from inorganic carbon are not important in an overall 

assessment.  
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Figure 2.13. Estimation of HCl, HF, SO2, and CO2 emissions for mixtures performed with 

FAA/Clay B and FAB/Clay B during the firing process, including reference emission values 

proposed by I. Gonzalez et al. (González et al., 2011). 

Considering the technological properties to the market of this type of brick according 

to AENOR Fired Clay Piece HD Clinker R-55 and the leaching behaviour, it could be 

possible to incorporate up to 20 % of FAA and 10 % of FAB. The reduction in 

emissions of HCl with these additions is 13 % and 5 %, respectively that according to 

reference emission values. As the HCl emission limit value is <160 ppm, the addition 

of 20 % FAA and 10 % FAB do not exceed the acceptable emission value proposed. 

In the case of HF, the introduction of FA supposes a reduction of 10-11 %, 

respectively. The HF emission limit value is < 180 ppm, therefore, the addition of 20 

% FAA and 10 % FAB do not exceed the acceptable emission value. In the case of 

SO2, the introduction of FA produces an increase in SO2 emissions is 61 % and 65 %, 

respectively. The SO2 emission limit value is < 450 ppm, therefore, exceeds the 

acceptable emission value, therefore, and an intervention to review the values would 

be advisable. For 20 % of FAA and 10 % of FAB in the mixtures, so the increase of 

CO2 emissions is 62 % and 87 %, respectively. It is important to note that the level of 

CO2 emissions must be estimated based on the total annual production of the 

ceramic factory. 
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2.2.3. Conclusions 

The influence of the amount of unburned carbon present in coal fly ash on the 

proper- ties of fly ash-fired clay bricks was studied through the dosage of increased 

amounts of fly ashes with different unburned carbon content: FAA (low LOI) and 

FAB (high LOI). 

The main microstructural effect was the increase in porosity as the content of coal fly 

ash (FAB) in the brick body increased. The porosity was associated with the release 

of the gases generated during the decomposition of dolomite and the content of 

unburned carbon of the fly ash. This increase in porosity corresponded with a 

significant increase in the water absorption and therefore, a bulk density and flexural 

strength reduction. Although unburned carbon plays an important role in the final 

properties, no detriment was observed in the properties of ceramic bricks containing 

up to 30 % FAA and percentages of 20 % FAB. 

The leaching behaviour of critical contaminants associated with the presence of fly 

ash showed an immobilisation of Cr and Se in fired clay bricks while Mo reduced its 

mobility to values close to the inert landfill limit values. No influence of porosity on 

Mo leaching was observed, but higher retention, in samples with FAB, due to the 

adsorption of Mo on the surface of amorphous iron oxides. HF and HCl emissions 

were below the emissions of the 100 % clay bricks, so introducing fly ash would 

reduce the emissions of these pollutants in the firing process. The decomposition of 

chlorinated compounds associated with the unburned material was the main 

difference in the emission reduction values between both ashes. SO2 emissions of 

FAB/clay mixtures showed high levels due to the presence of the combination of 

different sulphur associated with unburned carbon, mainly. 

On the other hand, the level of CO2 emissions should be estimated based on the 

total annual production of the company. Therefore, an unburned carbon separation 

option from fly ash would be advisable to obtain acceptable emission values in the 

CFB process. 
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2.3. FOUNDRY WASTE-CLAY BRICKS 

The ceramic sector is affected by the implementation of the Integrated Pollution 

Prevention and Control (IPPC) Directive. Therefore, it is advisable to go to the source 

of the pollution by applying the best available technologies (BATs) to the production 

process. Currently, this sector is considered an improvement in the replacement of 

traditional raw materials with other alternative materials that minimize environmental 

impacts: saving natural resources, improving gaseous emissions, and reducing 

energy consumption, while eliminating management difficulties of such materials 

(IPPC, 2007).  

The ceramic sector is an attractive alternative to valorise waste from a wide variety of 

industrial activities due to the heterogeneity of raw materials compositions used in 

this industry. Foundry processes produce different kinds of waste that could be 

incorporated into ceramic processes, as these waste could play a different role in 

ceramics. Foundry sands are used as inert or filler material. Foundry sands generated 

in moulding are characterised by a mixture of silica sand, bentonite (clay), and 

mineral black (coal) as an additive (Alonso-Santurde et al., 2012; Pytel, 2014; 

Heidemann et al., 2021). In addition, the use of sand is indicated in the conditioning 

of the plasticity characteristics of the mixture of raw materials, as well as a degreaser 

when too greasy clays are used, and as a pyrogenic material, replacing paper 

cuttings, in addition to providing carbon in the kiln (Lin et al., 2018; Mymrin et al., 

2016). 

The considered flux material, foundry sludge or steel dust, is a waste material that has 

properties very similar to ferritic clays since it contains important proportions of iron 

oxide or hydroxide (Mymrin et al., 2016. This sludge comes from the iron smelting 

process, it contains all the non-volatile components of the furnace, essentially iron 

oxides, lime, and silica. It has been observed that the content of alkali and alkaline 

earth oxides in this material act as network modifiers, reducing the stability of the 

network, which gives rise to liquid phases at lower temperatures and consequently 

improves the ceramic properties and reduces the firing temperature.  

In this section ‘FBs-fired clay bricks‘, waste from two companies allocated in the 

Cantabria region dedicated to iron cast has been selected. Due to the short distance 

to the fired brick company (Reciclados Cabezón), make its introduction into the 

production process viable, fulfilling the principle of proximity and as a circular 

economy paradigm. More specifically, one of the waste selected in this work comes 

from the cupola furnace where the metallic scrap is melting. During melting, two 

waste are generated, cupola flies ash and cupola bottom ash. The cupola fly ash is 

less dense and is trapped in the filters placed at the top of the furnace. On the other 
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hand, cupola bottom ash composes of metallic oxides non-reduced, scrap impurities, 

and coke and collected in the bottom of the furnace. Due to scrap melting in the 

cupola furnace, a purification system of gases locates in the furnace trapped the 

combustion gases by wet method generating the foundry sludge, and in the dry 

method which produced steel dust. In both cases, the resulting waste is classified as 

hazardous waste due to its high concentration of oxides of the most volatile metals. 

Then, the melting liquid is deposited in moulds made with silica sand and different 

types of additives, the most common being bentonite. Once the metal piece is 

obtained, the sand moulds are broken where the foundry sands are collected. 

Foundry sands, due to their large volume of production (around 2,500-3,000 

tons/company year) and their carbon content, can be used as fuel for the furnace 

(CAEF, 2020). At this stage, there is an aspiration system with filters so that during the 

demoulding stage, the sand particles are not dispersed throughout the factory. This 

waste, from the aspiration system, is called fines (or Foundry sand dust). At last, a 

secondary vibration system is used for a more exhaustive demoulding process. 

During this stage, the wet sands are produced. 

As part of the results, first, analysis and modelling of the technological and 

environmental properties of the FBs-fired clay bricks at a laboratory scale are carried 

out. Then, a statistical analysis of the results obtained was conducted. A selection of 

the optimal formulations based on technical, environmental, and economic 

requirements using MCA (Multi-Criteria Analysis) was developed to determine which 

ones of the tested FBs will be used at the industrial scale in the next section ‘FS-fired 

clay bricks at industrial scale’. 

2.3.1. Raw Materials and Methodology 

2.3.1.1. Raw Materials Characterisation 

Clay and seven different foundry by-products were the materials used in this work to 

prepare the foundry by-products-fired clay bricks (FB-FCBs). 

On one hand, the illitic clay used in this work is currently being used as traditional 

raw materials in a Spanish industrial ceramic process for manufacturing face bricks. It 

is the Clay A used in CFA-FCBs. On the other hand, seven different thermal waste 

were used as by-products. Foundry by-products (FBs) used in this research were 

described in Table 2.5 according to List of European Residues (LER). 
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Table 2.5. Foundry by-products are used in this chapter in relation to List of European 

Residues (LER). 

By-products LER Code Acronym Line Process 

Foundry Sand-cast iron 100907 FS Moulding 

Foundry Sludge 100213* FSL Wet Gas Cleaning 

Steel Dust 100207* SD Dry gas Cleaning 

Foundry Sand-ductile iron 100907 FS2 Moulding 

Cupola Bottom Ash 100910 CA Metal Melting 

Wet Sand 100908 WS Secondary vibration sakeout 

Fines 100910 F Aspiration 

2.3.1.2. Processing Method 

The methodology used in this work is represented in Figure 2.14.  

The clay is subjected to a grinding process to achieve a particle size exceeding 1 mm, 

respectively. Then we proceed to the mixture of raw materials, Foundry by-products, 

and Clay, with a laboratory mixer Raimondi, Iperbet model. The proportions of raw 

materials are calculated by weight and the necessary water is added to obtain a 

plastic mixture. It has worked between 5 and 10 % water moulding.  

Once the mixture of raw materials was done, we proceed to mould by pressing. To 

this end, a hydraulic press Nanetti Mignon model SS/EA, which reaches 200 bar 

pressure, was used. The mould used is prismatic 80x40x20 mm. The samples are 

dried for 30 hours at 105 °C before the cooking cycle. A laboratory muffle furnace 

Hobersal, PR Model 12/300 capable of ramps temperature versus time of up to 16 

points was used. The industrial firing cycle is provided by the companies reaching 

temperatures of 1021 °C.
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Figure 2.14. Methodology was carried out in the development of this study. 
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Table 2.6 shows the experimental formulations developed to study the viability of the 

introduction of foundry by-products (FBs) into lab-scale bricks.  

Table 2.6. Design of formulations for foundry by-products. 

Sample Foundry by-product (%) Clay (%) 

X1 40 60 
X2 30 70 
X3 20 80 
X4 10 90 
X5 0 100 

Samples were prepared with additions of FB, varying from 0 to 40 wt %. X is each of 

the FBs described in the materials section. In total, 15 bricks were prepared per 

sample, and 60 bricks per waste made a total of 420 bricks. 

2.3.1.3. Characterisation of Raw Materials 

Elemental analysis and major oxide composition were determined by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) with an ARL Fisons 3410 

spectrometer and X-ray fluorescence, respectively, in Activations Laboratories (An-

caster, ON, Canada). The particle size distribution was determined by sieving (ISO 

series sieves) and weighing. The mineralogical characterisation of all materials was 

carried out by Dust X-ray diffraction (XRD) using a D8 Advance Automatic 

Diffractometer in Bragg-Brentano geometry. Cu Kα1 radiation (λ = 1.5406 Å) was 

employed with 0.03° 2θ steps and a constant 8 s acquisition time in the 10–90 ° 2θ 

range. The effect of temperature was studied on the clays and FBs at 10 °C/min up 

to 1200 ºC using thermogravimetry (Setaram Setsys Evolution Thermogravimetric 

Analyser). 

2.3.1.4. Characterisation of Fired Bricks 

Fired ceramic products of all replicates were characterised in terms of linear firing 

shrinkage (using a precision calliper), weight loss during firing (UNE 772-13), water 

absorption (UNE 67027), bulk density (UNE-EN 772–13), 3-point flexural strength 

(UNE-EN 843-1), and compression strength (UNE-EN 772-13). 

The leaching behaviour of potentially hazardous pollutants was determined by 

applying the equilibrium leaching test EN12457-2 proposed by European regulation 

as described previously in section 2.1.1.4. The elements studied were As, Cr, Mo, Pb, 

Sb, and Se. 
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The potential emissions (ψ) of pollutants (HCl, HF, SO2, CO2, and NOx) were 

calculated using equation 1 displayed in section 2.1.1.4. 

2.3.1.5. Statistical Treatment of Results. Validation of Established Models 

The statistical analysis entails an adjustment of the results of the three replications of 

the technological properties: physical and mechanical, as well as the mobility results 

of polynomial mathematical equations, usually of 1st and 2nd degree. The results 

obtained in its 3 replications have been used to iteratively calculate the regression 

coefficients of the statistically relevant equations (models), for each clay-residue 

mixture and each of the responses. In this way, the final properties of the fired pieces 

have been related to the proportions of clay and residues present in the non-fired 

formulations. The calculations have been carried out with Statistica 7.0. 

2.3.1.6. Multi-Criteria Analysis: Selection of the Optimal Formulations 

A multi-criteria analysis (MCA) has been carried out through the application of a 

decision-making tool. Based on environmental impacts and technological results, the 

products that allow reducing the associated environmental burden will be proposed, 

while considering economic aspects, always complying with technical requirements. 

For this, DEFINITIVE 3.0 software has been used. The standardisation method used 

was weighted summation. 

To use this decision-making tool, it is first necessary to define the alternatives, criteria, 

and scenarios to determine the best industrial formulation from a technical, 

environmental, and economic point of view. 

The alternatives that have been considered for conducting the MCA are the FBs that 

have shown good technological properties and environmental performance. These 

waste are FS, FSL, SD, FS2, WS, and F. These alternatives are considered for the 

incorporation of 10 %, 20 %, and 30 % of residue, therefore, 19 alternatives have 

been defined considering the 100 % clay brick as well. 

Three types of criteria have been defined to determine the optimal formulation to be 

carried out at an industrial scale. These criteria are in turn broken down into sub-

criteria. Each of the criteria and their associated sub-criteria are presented below: 

• Technical criteria: to evaluate this criterion, the results of density, water absorption, 

and compression strength of the clay-foundry mixtures obtained on a laboratory 

scale have been considered, therefore, 3 sub-criteria have been considered. 

• Environmental criteria: the results obtained at the laboratory scale of the 

concentrations of the pollutants As, Cr, Mo, Sb, Se, and Pb in the leachates of the 
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ceramic products, the estimated atmospheric emissions of SOx, HCl, HF, CO2 were 

considered. In addition, NOx for each of the clay-foundry residue mixtures and 

the saving of land that would entail the non-deposition of these residues in a 

landfill. In total, 12 sub-criteria were evaluated. 

• Economic criteria: the costs of clay extraction, the cost of transporting the waste 

to the company Reciclados de Cabezón and the economic benefit that the 

company could obtain as a waste manager were evaluated, therefore, in this 

criterion 3 sub-criteria were considered. 

These criteria have been given different weights to determine which is the best 

alternative in the three different scenarios described below. Such scenarios were 

formulated by giving different weights to the previously described criteria as shown 

next. 

1st Scenario: all criteria have the same weight. 

2nd Scenario: 50 % weight is associated with the economic criteria, a weight of 25 % 

with the technical criteria, and another 25 % with the environmental criteria. 

3rd Scenario: 75 % weight to economic criteria, 12.5 % weight to technical and 

environmental criteria, respectively. 

2.3.2. Incorporating Foundry Waste in Ceramic Processes 

2.3.2.1. Raw Materials Characterisation 

The characterisation results obtained from the raw material (clay) and all the by-

products that have been valued for use as ceramics will be presented. The visual 

appearance of all the materials used is shown below in Figure 2.15. 

The clay, supplied by Reciclados Cabezón enterprise, is a reddish granular material 

with a moisture content of 0.305 %. The particle size used is less than 0.5 mm. FS is a 

black and grey granular material with a humidity of 0.77 %. FS has a bulk density of 

0.96 g/mL and an apparent density of 1.85 g/mL. The visual aspect is presented in 

Figure 2.15A. The FSL has a greyish colour and a humidity of 27 %, as can be seen 

in Figure 2.15B. The FSL was dried at 40 ºC for 3 days to determine the bulk and 

apparent density, as well as the particle size distribution. The bulk density is 0.84 g/mL 

and the apparent one is 1.91 g/mL. SD is a mustard-coloured powder with a 

humidity of 0.29 %. The bulk and apparent density of said residue are 0.82 g/mL and 

2.65 g/mL, respectively. In Figure 2.15C, the visual appearance of SD is shown. FS2 

is a sand-coloured powder with a humidity of 0.036, as seen in Figure 2.15D. This 

residue has a bulk density of 1.57 g/mL and an apparent density of 2.40 g/mL. CA is 
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a granular material with small greenish-black stones with a humidity of 0.21%, as 

shown in Figure 2.15E. This residue has a bulk density of 0.65 g/mL and an apparent 

density of 1.76 g/mL. WS is a black powder with and humidity of 2.44. In addition, 

they have a bulk density of 0.69 g/mL and an apparent density of 1.33 g/mL. The 

visual appearance of WS is presented in Figure 2.15G. The F is a black powder, as 

seen in Figure 2.15H, and humidity of 0.36%. The F has a bulk and apparent density 

of 1.12 g/mL and 2.02 g/mL, respectively. 

The particle size of all the by-products used in this work (FS, FSL, SD, FS2, CA, WS, and 

F) whose visual appearance has been previously discussed, is shown in Figure 2.16. 

The particle size distribution of the FS is presented in Figure 2.16A. FS presents 3 % of 

particles below 0.1 mm. The greatest contribution is produced by particles between 

0.4 and 1 mm with 50 %, and, in addition, they have 14 % greater than 2 mm, as 

can be seen in Figure 2.16A. The particle size distribution of the FSL is presented in 

Figure 2.16B. Given the results obtained, the FSL has 40 % of particles below 0.4 mm. 

There are 45 % of particles between 0.4 and 2 mm, and 12 % of particles above 2 

mm, approximately. The FSL has a heterogeneous particle size distribution after the 

drying process. The particle size distribution of SD is presented in Figure 2.16C. All 

particles have a particle size of less than 1 mm. The largest contribution is produced 

by particles with a size less than 0.15 mm, representing 67 % of the size. Between 

particle sizes of 0.15 mm and 4 mm there are 30 % of the particles and 3 % have a 

particle size between 0.4 mm and 0.8 mm. The particle size distribution of the FS2 is 

presented in Figure 2.16D. In this case, all the particles have a size of less than 0.8 

mm, as was the case with SD. 65 % of the particles have a particle size less than 0.1 

mm and the remaining 35 % have a particle size between 0.1 and 0.4 mm. CA has a 

particle size of less than 2 mm, as shown in Figure 2.16E. The highest contribution is 

produced by the ashes with a particle size of less than 0.4 mm with 50 %, 40 % of 

particles have a size between 0.4 and 0.8 mm and 10 % have a particle size between 

1 and 2 mm. The particle size distribution of WS is presented in Figure 2.16F. WS has 

a particle size of less than 1 mm. 75 % of the wet sand particles have a size less than 

0.1 mm, 20 % have a size between 0.1 and 0.4 mm, and 5 % have a size between 

0.4 and 1 mm. The particle size distribution of the F is presented in Figure 2.16G. The 

F has a particle size of less than 0.8 mm. The largest contribution is produced by fine 

particles with a size smaller than 1 mm with 85 % and the remaining 15 % has a 

particle size between 0.1 and 0.4 mm. 
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Figure 2.15. Visual appearance of the FBs used: (A) FS (Foundry Sand-cast iron); (B) FSL 

(Foundry Sludge); (C) SD (Steel Dust); (D) FS2 (Foundry Sand-ductile iron); (E) CA (Cupola 

Bottom Ash); (F) WS (Wet Sands); and (G) F (Fines). 
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Figure 2.16. Particle size distribution of FBs: (A) FS (Foundry Sand-cast iron); (B) FSL (Foundry 

Sludge); (C) SD (Steel Dust); (D) FS2 (Foundry Sand-ductile iron); (E) CA (Cupola Bottom Ash); 

(F) WS (Wet Sands); and (G) F (Fines). 

Table 2.7 shows the chemical composition (major and minor oxides and trace 

elements) of the clay from the company Reciclados Cabezón S.L. and the by-products 

used in this chapter. 

The clay has three major oxides: silicon with 63.4 %, aluminium with 17.11%, and 

iron with 5.89 %, which together make up more than 75 % of the total clay. The 

minority fraction is made up of eight oxides: manganese (0.079 %), magnesium (0.86 

%), calcium (0.58%), sodium (0.69 %), potassium (2.67 %), titanium (0.762 %) and 
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phosphorus (0.1 %). The contents of the major oxides and trace elements identified 

in raw materials are listed in Table 2.7.  

The FS has silica (SiO2) as the main oxide with 86.9 %. The other oxides that have a 

weight percentage greater than 1 % are Al2O3 (2.31 %) and Fe2O3 (4.31 %), the rest 

of the alkali, alkaline earth oxides, MnO, TiO2, and SO4 are below 0.5 % concentration. 

The trace elements with the highest content in FS are Ba, Cu, and Zn.  

Loss of ignition (LOI) is associated with the presence of clay minerals, hydroxides, 

organic matter, and volatile components and is an important parameter in the 

ceramic process. The loss on ignition of the FS is 6.24 %. FSL has Zn as the main 

element in its composition since it has concentrations higher than 10,000 ppm. In 

addition to Zn, among the trace elements, Cu and Pb have the highest content in 

FSL.  

Among the major oxides, those with the highest concentrations are SiO2 (11.3 %) 

and Fe2O3 (9.25 %). Iron oxides act as fluidizing agents in the firing stage, favouring 

the development of the liquid phase. FSL has a loss on ignition of 18.07% due to the 

presence of organic matter. The main oxides of SD are SiO2 (18.4 %), Fe2O3 (22.9 %), 

and CaO (9.97 %), it also presents concentrations higher than 1.00 % in alkali and 

alkaline earth oxides, as shown see in Table 2.7.  

Alkali and alkaline earth oxides, together with iron oxides, act as fluidizing agents. 

Among the trace elements with the highest content are Cd, Cu, Cr, Pb, and Zn. SD 

has an LOI of 9.48 %. FS2 whose chemical composition is indicated in Table 2.7, 

present SiO2 (99.1 %) as the main oxide in their composition, the rest of the oxides 

are found in concentrations lower than 0.50 %. The trace element with the highest 

content is Zn. The LOI is 0.04 % so it does not suffer losses in the ceramisation process. 

CA present as major oxides SiO2 (8.73 %) and Fe2O3 (12.1 %).  

The loss on ignition of CA is 58.0 %, as presented in Table 2.7. This may be due to the 

presence of organic matter. The trace elements with the highest content are Cu and 

Zn. WS present as major oxides SiO2 (46.4 %) and Al2O3 (11.4 %), they also present 

important compositions in alkali, alkaline earth, and ferric oxides that could act as 

fluidizing agents in the ceramisation process. The LOI is 31.74, as presented in Table 

2.7. The trace elements with the highest content are Ba and Zn. F present as two 

major oxides: silica with 43.5 % and iron with 41.3 %, which together represent more 

than 83.0 % of the total fines. The rest are made up of up to eight more oxides, the 

most important being: aluminium (6.41 %), manganese (1.32 %), magnesium (1.54 

%), and calcium (1.22 %), and sodium (1.04 %). They have an LOI of 3.67 %, as 

observed in Table 2.7. Cr, Ni, and Zn are the trace elements with the highest content.  
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Table 2.7. Chemical composition of the raw material and foundry by-products used. 

Oxides 

(%, 

weight) 

Clay FS FSL SD FS2 CA WS F 

SiO2 63.35 86.94±0.95 11.26±0.12 18.43±0.01 99.06±0.21 8.73±0.21 46.37±0.25 43.51±0.05 

Al2O3 17.11 2.31±0.04 0.56±0.02 4.54±0.01 0.31±0.00 2.13±0.03 11.42±0.19 6.41±0.06 

Fe2O3 5.89 4.31±0.08 9.25±0.02 22.90±0.18 0.59±0.00 12.13±0.29 2.83±0.03 41.32±0.19 

MnO 0.054 0.10±0.05 1.49±0.01 0.93±0.01 0.06±0.00 0.28±0.01 0.10±0.00 1.32±0.03 

MgO 0.85 0.32±0.08 0.34±0.00 1.48±0.00 0.03±0.00 0.22±0.00 2.71±0.04 1.54±0.01 

CaO 0.47 0.34±0.09 1.73±0.02 9.97±0.01 0.05±0.01 1.81±0.09 2.16±0.02 1.22±0.01 

Na2O 0.61 0.27±0.01 0.59±0.02 1.53±0.01 0.02±0.00 0.16±0.01 1.87±0.01 1.04±0.01 

K2O 3.08 0.52±0.04 0.68±0.03 1.29±0.01 0.04±0.00 0.33±0.01 0.50±0.01 0.35±0.01 

TiO2 0.843 0.20±0.05 0.02±0.00 0.19±0.00 0.07±0.00 0.13±0.00 0.30±0.00 0.24±0.00 

P2O5 0.1 0.03±0.00 0.03±0.01 0.21±0.01 <0.01 0.03±0.01 0.05±0.01 0.04±0.01 

LOI* 6.15 17.1±1.24 18.07±0.05 9.48±0.04 0.04±0.00 58.04±0.72 31.74±0.06 3.67±0.01 

Trace 

elements 

(ppm) 

                

As 23 <5 <5 17.50±2.12 <5 7±0.00 <5 10.00±0.00 

Ba 634 163.67±0.89 68.33±0.58 1095±4.24 40±0.00 163.67±0.89 337.33±1.53 230.00±1.53 

Cd <0.5 <0.5 1.93±0.15 1090±0.00 <0.5 <0.05 <0.5 0.55±0.07 

Cr 80 76.61±0.91 80.00±0.00 440.00±0.00 50.00±0.00 133.33±0.77 23.33±0.77 743.33±5.77 

Cu 30 164.33±0.89 405.67±7.37 1235±21.21 14±0.07 583.67±12.58 23.00±1.00 113.33±1.55 

Hg 

(ppb) 
- 14±0.72 60.67±0.58 871.50±10.61 <5 <5 10.00±0.00 6.33±0.58 

Mo <2 5.00±0.83 5.67±0.58 33.50±0.70 <2 9.00±0.00 <2 72±0.00 

Ni 40 24.33±0.96 18.00±1.00 175.50±0.71 29.00±0.00 44.33±0.58 9.00±0.00 206.00±1.73 

Pb 28 12.67±0.66 223.67±3.06 >5000 <5 14.67±1.15 13.67±1.15 11.67±1.15 

Sb <0.5 <0.5 6.30±1.51 >200 <0.5 2.17±0.06 <0.5 2.17±0.06 

Sr 12 29.67±0.97 63.33±1.53 405.50±9.19 4.00±0.00 142±1.00 136.67±1.15 79.00±0.00 

Zn 80 116.67±0.31 >10000 >10000 875.00±0.21 >10000 233.67±5.28 193.33±5.77 
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The mineralogical analyses of the clay (Figure 2.17A) show crystalline phases of 

quartz (SiO2) and aluminosilicates such as muscovite (KAl2 (AlSi3O10) (OH)2), kaolinite 

(Al₂Si₂O₅ (OH)₄) and dickite (Al2Si2O5 (OH)4). These phases can constitute 

approximately 90.0 % of the total.  

 

Figure 2.17. XRD of raw material and FBs: (A) Clay; (B) FS (Foundry Sand-cast iron); (C) FSL 

(Foundry Sludge); (D) SD (Steel Dust); (E) FS2 (Foundry Sand-ductile iron); (F) CA (Cupola 

Bottom Ash); (G) WS (Wet Sands); and (H) F (Fines). 

The minority phase is iron oxide (Fe2O3), as observed in the X-ray diffractogram (XRD) 

in Figure 2.17A. FS has quartz (SiO2) as the majority crystalline phase, which 
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represents approximately 85 % of this residue. The minority phases are sanidine (K 

(AlSi3O8) and magnetite (Fe3O4), as shown in Figure 2.17B. Mineralogical analysis of 

the FSL shows crystalline major phases of fayalite (Fe2SiO4). This phase can constitute 

approximately 90 % of the total. The minority phase is greenalite (Fe3Si2O5OH4), as 

can be seen in Figure 2.17C. The majority phases of the SD are magnetite (Fe3O4) 

and hematite (Fe2O3) which represent approximately 80 % of this. SD has quartz 

(SiO2) and kamaishilite (Ca2Al2SiO6 (OH)2) as minor phases, as shown in Figure 2.17D. 

FS2 has as crystalline phase the quartz (SiO2) that constitutes approximately 100 % of 

this residue, as shown in Figure 2.17E. The mineralogical analysis of CA presents 

quartz (SiO2) and fayalite (Fe2SiO4) as the main crystalline phases. In this sense, quartz 

and fayalite can constitute about 80 % of the residue, as presented in Figure 2.17F. 

As a minority phase, it presents magnetite (Fe2O3). The mineralogical analysis of the 

WS shows an amorphous fraction in the form of maximum width between 20 and 

30 degrees. On the other hand, the main crystalline phases are quartz (SiO2) and 

montmorillonite (AlSi2O6 (OH)2), as shown in Figure 2.17G. These phases constitute 

approximately 80.0 % of WS. In addition, WS has minority phases of muscovite (KAl2 

(AlSi3O10) (OH)2). The main crystalline phases of the F are quartz (SiO2), iron (Fe), and 

ferric aluminosilicate (Al0.5Fe3Si0.5). As a minority phase this montmorillonite (AlSi2O6 

(OH)2), as observed in Figure 2.17H. 

The thermogravimetric analysis (TGA) of the clay, represented in Figure 2.18A, shows 

the typical dehydroxylation process with a loss of mass of 2 % up to 100 ºC which is 

associated with the exothermic pick (Figure 2.18I). Furthermore, the clay presents 

two endothermic picks referred to as the dihydroxylation of the clays, and 

decomposition of aluminosilicates at 500-550 ºC. The thermal behaviour of FS 

presents an endothermic peak at 127 ºC accompanied by a weight loss of almost 2 

%, indicating the evolution of physically adsorbed surface waters, as shown in Figure 

2.18B and Figure 2.18J. Between 300 ºC and 600 ºC, two endothermic peaks (Figure 

2.18J) are produced accompanied by a loss of mass of 4 %, which may be due to 

the decomposition of organic matter and combustion of volatile compounds, as 

observed in Figure 2.18B. FSL shows an endothermic peak 1 associated with a 10.0 

% mass loss at 290 ºC due to the decomposition of the phenols present in this residue, 

as shown in Figure 2.18C and Figure 2.18K. Between 300 ºC and 700 ºC, there is a 

10 % loss of mass (Figure 2.18C) that is associated with three endothermic 

decompositions of organic matter and combustion of volatile compounds, as 

observed in Figure 2.18K. SD presents a loss of mass of 2 % at 120 ºC (Figure 2.18D) 

associated with an exothermic peak 1 due to the elimination of absorbed surface 

waters, as observed in Figure 2.18L. The greatest mass loss of this residue occurs at 

600 ºC to 950 ºC (Figure 2.18D), with 10 % associated with an endothermic peak 2 
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(Figure 2.18L) at 690 ºC, due to the presence of clay minerals and hydroxides. FS2 

presents a mass loss of 0.45 % up to 600 ºC due to the elimination of surface water 

and organic matter, as observed in Figure 2.18E. The exothermic peak that appeared 

at 600 ºC in Figure 2.18M, is associated with a weight gain in the TGA, which could 

be due to the oxidation of some compounds present in the atmosphere. The CA 

presents a 20 % mass loss between 600 ºC and 850 ºC (Figure 2.18F) that is 

associated with endothermic peaks 1 and 2 (Figure 2.18N) due to the combustion 

of volatile compounds and decomposition of organic material. At 900 ºC there is an 

exothermic peak 3 that implies a mass gain in the residue up to 1050 ºC of 10.0 %, 

as shown in Figure 2.18N. This mass gain may be due to the oxidation of Fe (II) to Fe 

(III) since it is the majority oxide in this residue. WS (Figure 2.18G and Figure 2.18O) 

present an endothermic peak at 120 ºC accompanied by a 6 % loss of mass, 

indicating the evolution of physically absorbed surface waters. The greatest mass loss 

of WS occurs between 400 ºC and 600 ºC with a 24 % loss accompanied by an 

endothermic peak at 550 ºC due to the decomposition of clay minerals, as shown in 

Figure 2.18G and Figure 2.18O. This loss of mass is in tune with the losses due to 

ignition presented by WS. F shows a loss of mass of 1.5 % at 130 ºC (Figure 2.18H) 

accompanied by an endothermic peak due to the elimination of surface water. The 

greatest mass loss is 7 % between 500 ºC and 600 ºC (Figure 2.18H) due to the 

decomposition of clay minerals that are associated with an endothermic point at 540 

ºC, as shown in Figure 2.18P. At 800 ºC, an exothermic peak occurs that is 

accompanied by a mass gain by the residue, due to the oxidation of iron, which is 

the main element of F. 
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Figure 2.18. Thermal characterisation of raw materials and Foundry by-products. On the left: 

Thermogravimetric analysis (TGA); Right: Differential Scanning Calorimetry (DSC): (A) and (I) 

Clay; (B) and (J) FS (Foundry Sand-cast iron); (C) and (K) FSL (Foundry Sludge); (D) and (L) SD 

(Steel Dust); (E) and (M) FS2 (Foundry Sand-ductile iron); (F) and (N) CA (Cupola Bottom Ash); 

(G) and (O) WS (Wet Sands); and (H) and (P) F (Fines). 
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2.3.2.2. Technological Properties of Fired Bricks 

Looking at the bricks of Figure 2.19, the pieces obtained with a percentage in FS, WS, 

F, and FS2 less than 40 %, show a visual appearance like the pieces made only with 

clay. FSL, CA, and SD with a percentage of 10 % show a visual appearance like that 

of 100 % clay-based bricks, undergoing changes in aspects at higher percentages as 

observed in Figure 2.19. 

 

Figure 2.19. Ceramic pieces using clay-foundry by-products: (A) FS (Foundry Sand-cast iron); 

(B) FSL (Foundry Sludge); (C) SD (Steel Dust); (D) FS2 (Foundy Sand-ductile iron); (E) CA 

(Cupola Bottom Ash); (F) WS (Wet Sands); and (G) F (Fines). 

The technological properties of the alternative ceramic products containing foundry 

by-products measured in this work were weight loss during firing, linear firing 

shrinkage, water absorption, bulk density, and flexural strength. Results are 

summarized in Figure 2.20.  

The weight loss values can be mainly attributed to the elimination of both free water 

and water of crystallisation, the combustion and volatilisation of organic matter, and 

the decomposition of carbonates. The release of these species during the firing 

process leads to the development of a porous system in the ceramic product in 

general. Foundry sands FS and FS2 show weight loss results higher than 100 % clay-

based bricks, however, higher percentages present better results. This may be due to 
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the low ignition loss content of these by-products (0.04 % and 6.24 %), which implies 

that it does not suffer losses due to the combustion of organic matter and volatile 

compounds. FSL and SD have LOI values of 18.0 % and 9.03 %, respectively, meaning 

a high loss of mass in the firing stage due to the decomposition of the organic matter. 

WS and CA have similar weight loss values to those of FSL and FS2. Their weight 

losses increase, as the percentage of FBs increases due to the high LOI values of these 

by-products (31 % and 57 %, respectively). On the other hand, F presents lower 

values of loss by firing than 100 % clay-based bricks even for the 40 % percentage, 

since it hardly undergoes decomposition at high temperatures. The results of average 

weight loss and standard deviation are shown in Table A.4.1. (Annex 4). 

Linear shrinkage is the change in length measurements of specimens when firing 

and is a very important test in ceramic industries as it is related to the formation of the 

glass phase and the degree of densification during sintering. The linear shrinkage of 

FB-FCBs increases as more by-product is introduced into the brick. Introducing 10.0 

% of FS2 the same results are obtained as for 100 % clay-based bricks. For FS and SD, 

up to 20 % can be introduced into FB-FCBs since shrinkage results are lower or like 

100 % clay-based bricks. The only by-product that presents similar results to 100 % 

clay-based bricks for all dosages is FS. In the case of CA-based bricks and F-based 

bricks, there is an expansion caused by the high content of Fe2O3 present in both by-

products. WS can be introduced up to 10 % obtaining lower results than 100 % clay-

based bricks. In Table A.4.2. (Annex 4) the results of linear shrinkage are collected. 

The results obtained for density are shown in Figure 2.20. As the dosage of by-

products introduced into ceramics increases, the brick density decreases. Bricks made 

with 10 % of FS, 30 % of SD, and 30 % of FS2 present density results similar to or 

higher than 100 % clay-based bricks. The admissible amount of FS is lower in 

comparison with SD and FS2 because of the high LOI values, affecting the 

densification of the bricks. Regarding F, CA, and WS, these by-products also show 

lower density results as the FB dosage increases. For a percentage of 10 %, F-based 

bricks have similar densities to 100 % clay-based bricks. Bricks made of CA and WS, 

due to their LOI contents, present low values for 100 % clay-based bricks, and the 

density decreases more and more as the number of by-products increases. Table 

A.4.3. (Annex 4) are shown the average values and standard deviation of the 

experimental values obtained for the bulk density. 
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Figure 2.20. Technological properties of foundry by-products-fired clay bricks (FB-FCBs). FS 

(Foundry Sand-cast iron); FSL (Foundry Sludge); SD (Steel Dust); FS2 (Foundy Sand-ductile 

iron); CA (Cupola Bottom Ash); WS (Wet Sands); and F (Fines). 

The specific absorption of the brick is the percentage of water absorbed with the 

mass of the dried brick. The water absorption for the seven tested FBs is also 

represented in Figure 2.20. As the content of FB increases, there is an increase in the 

absorption of water, because FB-FCBs are more porous than 100 % clay-based bricks. 

This is due to the decomposition of the organic matter present in the by-product. 

When the dosage of FB is below 10 %, the water absorption results of the FB-FCBs 

are quite similar to 100 % clay-based bricks, except for FSL. In terms of water 

absorption, FS2 could be introduced up to 40 % since similar results are obtained in 

the case of 100 % clay-based bricks. CA and WS, which have high LOI contents, 

present very high-water absorption values as the content of said residues increases. 

During the firing process of the bricks, the porosity of the bricks increases, due to the 

decomposition process of organic matter, increasing the final water absorption. CA 

dosage of 10 % can be introduced into the bricks to achieve similar absorption values 
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as the 100 % clay-based bricks. The results of average water absorption and standard 

deviation are shown in Table A.4.4. (Annex 4). 

The results obtained for compression strength are shown in Figure 2.20. In general 

terms, the compression strength decreases as the dosage content of FBs increases. 

This property is related to the absorption of water which is equivalent to the porosity 

of the ceramic piece. The greater the water absorption, the less the compression 

force, due to the greater volume of pores in the brick that act as crack initiation points. 

Bricks with a 10 % content of FS present compression strength values close to 100 % 

clay-based bricks. Bricks with a 10 % content of F achieve a resistance like that of 100 

% clay-based bricks. In Table A.4.5. and Table A.4.6. (Annex 4), the results of flexural 

and compression strength are collected. 

Looking at the results of the technological properties previously discussed for each 

of the FBs tested, among all the by-products, the worst behaviour was shown in the 

bricks made with CA even at lower dosages. As can be seen in Figure 2.20, CA-based 

bricks presented the highest weight loss and water absorption, the lowest linear 

shrinkage, and one of the worst results of flexural strength and compression strength. 

Consequently, FB-FCBs containing CA, will not be studied in the subsequent sections.  

2.3.2.3. Leaching Behaviour of Fired Bricks 

For the study of environmental behaviour, mixtures of clay-foundry waste with good 

technological properties are considered, therefore, those obtained by incorporating 

Cupola Ash and mixtures with 40 % residue are discarded. 

The FB-FCBS comply for Sb, Cr, Pb, and Se with the limits established by the ministerial 

order AAA / 661/2013 (Order AAA / 661, 2013) in landfills of inert waste at the end 

of its useful life at any FB dosage. As and Mo are below the non-hazardous waste 

landfill limit. 

Looking at the results observed in Table 2.8, in all cases, concentrations of elements 

are below the limit for disposal in non-hazardous waste landfills. For all waste, Cr 

concentrations are below the limits for inert landfills. For all the percentages of WS, 

the values of concentrations obtained allow its dumping in the inert landfill. For SD 

and F, in all cases, the limit for Mo is exceeded for its discharge into an inert landfill. 

For FSL, in percentages equal to and greater than 20 %, the limit for its discharge into 

an inert landfill is exceeded for Mo. For FS, in percentages equal to and greater than 

20 %, the limit for its dumping of inert is exceeded for As. 
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Table 2.8. Average values of the concentration (mg/kg) of the elements from compliance 

leaching test EN 12457-2 applied to FB-FCBs and the landfill limit established by Ministerial 

Order AAA / 661/2013.  

Foundry By-products- Fired Clay Bricks (FB-FCBs) 

FB dosage 
(%) 

As  Cr Mo Pb Sb Se 

- 0.3±0.06 0.08±0.005 0.2±0.001 0.06 <0.06 <0.1 

FS 

10 0.35±0.01 0.05±0.002 0.2±0.001 <0.05 <0.06 <0.1 

20 0.7±0.08 0.055±0.001 0.1±0.008 <0.05 <0.06 <0.1 

30 0.4±0.02 0.06±0.003 0.1±0.006 <0.05 <0.06 <0.1 

FSL 

10 0.4±0.01 0.055±0.006 0.3±0.005 <0.05 <0.06 <0.1 

20 0.4±0.01 0.05±0.001 0.6±0.003 <0.05 <0.06 <0.1 

30 0.3±0.03 0.05±0.003 0.75±0.002 <0.05 <0.06 <0.1 

SD 

10 0.3±0.04 0.09±0.002 1.2±0.009 <0.05 <0.06 <0.1 

20 0.2±0.001 0.07±0.008 1.9±0.01 <0.05 <0.06 <0.1 

30 0.2±0.009 0.055±0.001 2.1±0.03 <0.05 <0.06 <0.1 

FS2 

10 0.4±0.03 0.065±0.004 0.2±0.005 <0.05 <0.06 <0.1 

20 0.6±0.005 0.06±0.003 0.1±0.001 <0.05 <0.06 <0.1 

30 0.85±0.06 0.065±0.002 0.1±0.007 <0.05 <0.06 <0.1 

WS 

10 0.4±0.07 0.05±0.009 0.2±0.006 <0.05 <0.06 <0.1 

20 0.25±0.009 0.09±0.001 0.2±0.003 <0.05 <0.06 <0.1 

30 0.35±0.01 0.065±0.002 0.2±0.002 <0.05 <0.06 <0.1 

F 

10 0.2±0.02 0.085±0.003 1.4±0.01 <0.05 <0.06 <0.1 

20 0.4±0.003 0.085±0.004 3.5±0.09 <0.05 <0.06 <0.1 

30 0.45±0.01 0.065±0.007 4.65±0.11 <0.05 <0.06 <0.1 

Landfill Limit 

Inert 0.5 0.5 0.5 0.5 0.06 0.1 

Non-
hazardous 

2 10 10 10 0.7 0.5 

FS (Foundry Sand-cast iron); FSL (Foundry Sludge); SD (Steel Dust); FS2 (Foundy Sand-ductile 
iron); CA (Cupola Bottom Ash); WS (Wet Sands); and F (Fines). 
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2.3.2.4. Gas Emissions within the Firing Process 

The content of Cl, F, S, C, and N for the Clay and FBs, as well as their corresponding 

acid gas emissions HCl, HF, SO2, CO2, and NOx after the firing stage at the 

temperature of 1050ºC simulating the industrial processes and estimated by mass 

balance (Eq. 1), are summarized in Table 2.9. The initial and final content of FBs and 

Clay of the elements mentioned before and after firing are collected in Table A.5.1. 

(Annex 3). FS2 presents lower emissions of pollutants than those of clay due to the 

high crystallinity of these FBs. FS2 is formed by quartz (SiO2) which is very stable at a 

high temperature (Figure 2.17D). Chlorine emissions depend on the initial 

concentration of the samples (Galan et al., 2002). In Table 2.9, all the FBs present 

higher concentrations of Cl compared to clay, except FS and Fines. The significant 

increase in chlorine emissions in F compared to clay, despite having similar initial 

content, may be due to the presence of organic matter. Fluorine emissions also 

depend on the initial content of samples (Galan et al., 2002). All the FBs present 

higher concentrations of F than clay, except FS. In the case of CO2 emissions, a direct 

relationship is observed between the initial carbon content in the raw materials and 

the level of emissions. As is observed in Table 2.9, all the FBs present C concentrations 

higher than clay. These C concentrations are related to the LOI content of FBs. Finally, 

in the case of NOx emissions, N is below the detention limit for Clay, FSL, SD, and 

FS2. FS, WS, and F present NOx emissions due to the foundry process where these 

FBs are generated. The NOx emissions in these FBs may be due to the presence of 

nitrogen as Phenolic-Isocyanate, which is very unstable during the firing process.  

Table 2.9. Content and pollutants emissions of Clay and Foundy By-products. 

Raw 
Materials 

Initial Content (%) Emissions (mg/kg)* 

Cl F S C N HCl HF SO2 CO2 NOx 

Clay 0.025 0.01 0.065 0.3 _ 54.79 56.10 958.02 11323 _ 

FS 0.01 0 0.05 3.01 0.1 0 0 639.29 117242.9 334.82 

FSL 0.21 0.08 0.72 10.7 - 1631.83 899.7 15558.7 476310 - 

SD 3.3 0.3 0.89 4.35 - 36242.7 3373.7 5518.1 175277.6 - 

FS2 0.01 0 0 0.01 - 0 0 0 0 - 

WS 0.05 0.07 0.27 20.6 0.5 602.65 925.62 585.41 1105282 18413.6 

F 0.02 0.05 0.27 8.95 0.2 106.76 437.27 4148.25 340062.7 3262 

(-) < Detection Limit; (*) Gas emissions calculated according to the mass balance of eq. 1. 

Gas emissions for the mixtures of FBs/Clay fired at the temperature of 1050 ºC 

simulating the industrial processes and estimated by mass balance (Eq. 1) are 

summarized in Figure 2.21. Emission limit values for HF, HCl, and SOx proposed by 
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Gonzalez et al., 2011 (Gonzalez et al., 2011) aim to include in the Andalusian-Spain 

legislation in response to the indications of the IPPC, have also been considered. From 

a study conducted with 40 ceramic factories in Andalusia, Spain through the median 

and the 90th percentile values of 180 samples, three ranges de emission values are 

established: “acceptable”, “recommended intervention” and “compulsory 

intervention”. The emission values proposed by González et al. are shown in Table 

A.3:2. of Annex 3 

The HCl emission for the FB-FCBs fired at a temperature of 1050 ºC is plotted in Figure 

2.21. The introduction of FS, FS2, and F in the mixtures reduce HCl emissions due to 

the low content of Cl present in these waste (Quijorna et al.; 2012; Coronado et al., 

2016). The reduction percentage obtained is 30 % for FS, 30 % for FS2 and 89 % for 

F. The estimated emission values for the clay mixtures with these residues are below 

the acceptable emission values proposed by Gonzalez et al., 2011 (González et al., 

2011) up to 30 % dosages. On the other hand, FSL, SD, and WS increase HCl 

emissions. Although the atmospheric emissions of HCl increase, the addition of 30% 

WS presents emission values below the acceptable emission limit, the FSL presents 

acceptable emission values up to 10 %, and the SD is observed to exceed the 

emission values for mandatory intervention for dosages above 10 %, so it is 

recommended to introduce lower dosages.  

The introduction of FS and FS2 in the FB-FCBs reduces HF emissions due to the low 

F content of these foundry sands, as shown in Figure 2.21B. Incorporating up to 30% 

FS and FS2 reduce HF emissions by 30 % compared to 100 % clay brick. The mixtures 

of clay with FSL, SD, WS, and F increase the estimated HF emission values calculated 

using equation 1, due to the higher F contents presented by these residues for clay 

(Coronado 2016). According to the values proposed in Gonzalez et al., 2011, the 

acceptable emission limit value of HF is <180 ppm, therefore, the addition of 30 % of 

FS, FS2, and F, 20 % of WS, and 10 % of FSL does not exceed the acceptable emission 

value proposed in the study. Additions of 10% of SD are below the recommended 

intervention values. 

The SOx emissions for the FB-FCBS fired at the temperature of 1050 ºC are shown in 

Figure 2.21C. The introduction of FS, FS2, and WS in the mixtures produce a decrease 

in SOx emissions due to the low content of S for the FS and FS2 and little loss of S that 

the WS experience during the firing process. The introduction of these residues in 

the mixtures would reduce the emissions between 15-30 % for dosages of up to 30 

%. FSL, SD, and F increase SOx emissions in mixtures, being higher for SD (Ukwatta 

et al., 2018). Considering the emission values proposed in Gonzalez et al., 2011, FS, 

FS2, and WS would be below the acceptable value limit for dosages of 30 % of 

residue, and FSL and F would be between the recommended intervention values for 
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dosages of 30 % and SD would be between the recommended intervention values 

for 10 % of the introduction of this waste, for higher dosages it presents emission 

values of mandatory intervention.  

 

Figure 2.21. Estimated atmospheric emissions of FB-FCB mixtures: (A) HCl emissions; (B) HF 

emissions; (C); SOx emissions; (D) CO2 emissions; and (E) NOx emissions. 

The introduction of FBs in the FB-FCBs increases CO2 emissions except for the FS2-

clay mixture, as shown in Figure 2.21D. The introduction of FS2 reduces CO2 

emissions due to its low loss of ignition (LOI) content and its high crystallinity. The 

greater the loss of ignition of the waste used, the greater the estimated CO2 emissions 

(Gonzalez et al., 2016; Ukwatta et. al., 2018; de la Casa and Castro, 2018). The 
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increase in CO2 emissions is greater for WS with a loss on ignition of 31.74 % and FSL 

with 18.01 % LOI before the firing process compared to FS (17.1 %) and SD (9.48 %). 

According to González et al. (2011), depending on the carbonate content (calcite + 

dolomite), firing temperature, and percentage of CO2 emitted (calcimetry and 

microanalysis), it is necessary to evaluate the company's production to establish the 

dangerousness of CO2 emissions. 

The introduction of FS, WS, and F in the FB-FCBs increase NOx emissions due to the 

higher N contents that they present for clay, as shown in Figure 2.21E. FS2, SD, and 

FSL present N contents below the equipment quantification limit, so there would be 

no problem in the introduction of these residues in the emissions NOx (de la Casa 

and Castro, 2018). 

2.3.2.5. Analysis and Modeling of the Technological and Environmental 
Properties. Selection of Optimal Formulations 

Statistical treatment of technological properties 

The technological properties that were studied on a laboratory scale and that have 

been the object of study for statistical treatment are weight loss, linear contraction, 

bulk density, water absorption, and flexural and compression strengths. These 

properties were studied incorporating 10 %, 20 %, 30 %, and 40 % of six FBs provided 

by two companies in the region. Three replicas of each of the technological 

properties were made. Tables of Annexe 4 show the experimental results obtained 

for each of the FBs used in the realisation of the FB-FCBs. 

The representation of the values obtained for the 3 replications is shown in Figure 

4.1 (Annex 4)Figure. The experimental results obtained on a laboratory scale are 

presented to fit them to first and second-order polynomials. In Table 2.10 the 

equations for each technological property as a function of % waste introduced, as 

well as the R2 and DSR are presented. As can be observed, the technological 

properties of weight loss, water absorption, and density fit first-degree equations, 

while linear shrinkage and flexural and compression strengths better fit second-

degree equations. 

The technological properties present lower values as the residue is introduced into 

the FB-FCBs, as presented in Table 2.10. The fits to equations of 1st and 2nd degree 

are good since values of R2 are obtained in all the technological properties and for 

all the residuals above 75 %, except the linear shrinkage. The experimental errors 

made, expressed with the DSR, present values below 10 % for all properties, except 

for linear shrinkage and the flexural and compression strengths in some waste such 

as FS2. 
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Table 2.10. Relationship between the percentage of waste and the technological properties of 

the waste studied. 

Waste Technological properties as a function of % waste R2 DSR 
(%) 

FS 

Weight Loss ሺ%ሻ ൌ െ1.31 10ିଶ  ሺ%Wሻ ൅ 6.33 0.581 2.98 

Linear Shrinkage ሺ%ሻ ൌ 2.52 10ିଷ ሺ%Wሻଶ െ 5.96 10ିଶ ሺ%Wሻ ൅ 1.33 0.695 32.4 

Water Absorption ሺ%ሻ ൌ 6.02 10ିଶ  ሺ%Wሻ ൅ 7.86 0.774 5.46 

Bulk Density ሺkg/mଷሻ ൌ െ0.187 ሺ%Wሻଶ ൅ 1.58 ሺ%Wሻ ൅ 2.10 10ଷ 0.989 0.524 

Flexural Strength ሺMPaሻ ൌ 4.30 10ିଷ ሺ%Wሻଶ െ 0.462 ሺ%Wሻ ൅ 13.2 0.952 15.9 

Compression Strength ሺMPaሻ ൌ 1.08 10ିଶ ሺ%Wሻଶ െ 1.15 ሺ%Wሻ ൅ 33.0 0.952 15.8 

FSL 

Weight Loss ሺ%ሻ ൌ 0.119 ሺ%Wሻ ൅ 6.27 0.973 3.50 

Linear Shrinkage ሺ%ሻ ൌ 1.02 10ିଶ ሺ%Wሻ ൅ 1.19 0.107 33.3 

Water Absorption ሺ%ሻ ൌ 0.264 ሺ%Wሻ ൅ 7.53 0.965 6.00 

Bulk Density ሺkg/mଷሻ ൌ െ6.05 ሺ%Wሻ ൅ 2.10 10ଷ 0.992 0.404 

Flexural Strength ሺMPaሻ ൌ 8.73 10ିଷ ሺ%Wሻଶ െ 0.564 ሺ%Wሻ ൅ 11.8 0.894 22.6 

Compression Strength ሺMPaሻ ൌ 2.18 10ିଶ ሺ%Wሻଶ െ 1.41 ሺ%Wሻ ൅ 29.5 0.894 22.6 

SD 

Weight Loss ሺ%ሻ ൌ 0.116  ሺ%Wሻ ൅ 6.00 0.956 4.56 

Linear Shrinkage ሺ%ሻ ൌ 1.80 10ିଶ ሺ%Wሻଶ െ 3.24 10ିଶ ሺ%Wሻ ൅ 1.29 0.716 25.3 

Water Absorption ሺ%ሻ ൌ 0.132  ሺ%Wሻ ൅ 7.44 0.946 4.74 

Bulk Density ሺkg/mଷሻ ൌ െ0.187 ሺ%Wሻଶ ൅ 1.58 ሺ%Wሻ ൅ 2.10 10ଷ - 1.29 

Flexural Strength ሺMPaሻ ൌ 1.33 10ିଶ ሺ%Wሻଶ െ 0.660 ሺ%Wሻ ൅ 12.7 0.974 7.03 

Compression Strength ሺMPaሻ ൌ 3.33 10ିଶ ሺ%Wሻଶ െ 1.65 ሺ%Wሻ ൅ 31.7 0.974 7.03 

FS2 

Weight Loss ሺ%ሻ ൌ 5.60 10ିଶ ሺ%Wሻ ൅ 6.41 0.987 1.83 

Linear Shrinkage ሺ%ሻ ൌ 1.21 10ିଷ ሺ%Wሻଶ െ 3.90 10ିଷ ሺ%Wሻ ൅ 1.34 0.567 32.6 

Water Absorption ሺ%ሻ ൌ 4.08 10ିଶ ሺ%Wሻ ൅ 8.06 0.746 4.07 

Bulk Density ሺkg/mଷሻ ൌ െ1.27 ሺ%Wሻ ൅ 2.08 10ଷ 0.515 0.912 

Flexural Strength ሺMPaሻ ൌ 8.56 10ିଶሺ%Wሻଶ െ 0.601 ሺ%Wሻ ൅ 11.9 0.935 23.0 

Compression Strength ሺMPaሻ ൌ 2.14 10ିଶ ሺ%Wሻଶ െ 1.50 ሺ%Wሻ ൅ 29.8 0.935 22.8 

WS 

Weight Loss ሺ%ሻ ൌ 0.263 ሺ%Wሻ ൅ 6.15 0.997 1.79 

Linear Shrinkage ሺ%ሻ ൌ 8.60 10ିସ ሺ%Wሻଶ ൅ 3.03 10ିଶ ሺ%Wሻ ൅ 1.23 0.868 17.1 

Water absorption ሺ%ሻ ൌ 0.155 ሺ%Wሻ ൅ 7.78 0.920 6.37 

Bulk Density ሺkg/mଷሻ ൌ െ11.6ሺ%Wሻ ൅ 2.07 10ଷ 0.943 2.37 

Flexural Strength ሺMPaሻ ൌ 5.29 10ିଶ ሺ%Wሻଶ െ 0.385 ሺ%Wሻ ൅ 12.6 0.945 8.68 

Compression Strength ሺMPaሻ ൌ 1.32 10ିଶ ሺ%Wሻଶ െ 0.961 ሺ%Wሻ ൅ 31.4 0.945 8.70 

F 

Weight Loss ሺ%ሻ ൌ െ3.10 10ିଶ ሺ%Wሻ ൅ 6.45 0.820 3.78 

Linear Shrinkage ሺ%ሻ ൌ 2.29 10ିଷ ሺ%Wሻଶ െ 0.185 ሺ%Wሻ ൅ 1.25 0.881 52.6 

Water Absorption ሺ%ሻ ൌ 8.67 10ିଶ ሺ%Wሻ ൅ 7.60 0.865 5.59 

Bulk Density ሺkg/mଷሻ ൌ െ5.27 ሺ%Wሻ ൅ 2.11 10ଷ 0.908 1.27 

Flexural Strength ሺMPaሻ ൌ െ0.261 ሺ%Wሻ ൅ 12.5 0.975 6.84 

Compression Strength ሺMPaሻ ൌ െ0.564 ሺ%Wሻ ൅ 31.2 0.975 6.85 
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From the equations in Table 2.10, the values of the technological properties are 

estimated and are represented in Figure 2.22. 

 

Figure 2.22. Estimated results of technological properties by type and percentage of waste. FS 

(Foundry Sand-cast iron); FSL (Foundry Sludge); SD (Steel Dust); FS2 (Foundy Sand-ductile 

iron); CA (Cupola Bottom Ash); WS (Wet Sands); and F (Fines). 
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Based on the results estimated with the equations in Table 2.10 and the results 

obtained at a laboratory scale, it can be concluded that up to 30 % of FS and FS2 

could be introduced since these FBs present values close to the bricks 100 % clay. 

Regarding the rest of the waste, up to 20 % could be introduced without 

compromising the technological properties of the bricks. 

Statistical Treatment of Environmental Behaviour 

For the study of environmental behaviour, mixtures of clay-foundry waste with good 

technological properties are considered, therefore, those obtained by incorporating 

Cupola Ash and mixtures with 40 % residue are discarded. The equilibrium test has 

been carried out following the UNE-EN 12457-2 standard, with a liquid / solid 10 

ratio. This leaching test involves the simulation of the management of this material at 

the end of its useful life. The test has been carried out in duplicate. Those pollutants 

(As, Cr, Mo, Sb, Se, and Pb) that have been seen in other works (Alonso-Santurde et 

al., 2011; Quijorna, 2013; Coronado, 2014) that present greater problems when 

introduced into ceramic matrices have been studied. Table 2.11 present the 

concentrations of the main contaminants of FBs. 

As observed in Table 2.11, Sb, Se, and Pb are below the detection limit of the 

equipment that is below the discharge limit for inert waste landfills. Thus, Cr and Mo 

increase their concentration when the amount of waste introduced is greater. Due 

to Sb, Se, and Pb present concentrations below the detection limit is not possible to 

fit the experimental value to first and second-order polynomials. The mean values of 

As, Cr, and Mo concentrations are represented against % residue in Figure 2.23. 
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Table 2.11. Concentrations of contaminants in mg/kg from compliance leaching test EN 

12457-2 applied to FB-FCBs (Foundry by-products-fired clay bricks).  

Waste % Waste As Cr Mo Pb Sb Se 

Clay 0 
0.3 <0.05 0.2 0.06 <0.2 <0.1 
0.3 0.08 0.2 <0.05 <0.2 <0.1 

FS 

10 
0.4 0.05 0.2 <0.05 <0.2 <0.1 
0.3 0.05 0.2 <0.05 <0.2 <0.1 

20 
0.7 0.06 0.1 <0.05 <0.2 <0.1 
0.7 0.05 0.1 <0.05 <0.2 <0.1 

30 
0.4 0.06 0.1 <0.05 <0.2 <0.1 

0.4 0.06 0.1 <0.05 <0.2 <0.1 

FSL 

10 
0.4 0.05 0.3 <0.05 <0.2 <0.1 
0.4 0.06 0.3 <0.05 <0.2 <0.1 

20 
0.4 0.05 0.6 <0.05 <0.2 <0.1 
0.4 <0.05 0.6 <0.05 <0.2 <0.1 

30 
0.3 0.05 0.8 <0.05 <0.2 <0.1 

0.3 <0.05 0.7 <0.05 <0.2 <0.1 

SD 

10 
0.3 0.09 1.2 <0.05 <0.2 <0.1 
0.3 0.09 1.2 <0.05 <0.2 <0.1 

20 
0.2 0.07 1.9 <0.05 <0.2 <0.1 

0.2 0.07 1.9 <0.05 <0.2 <0.1 

30 
0.2 0.05 2.1 <0.05 <0.2 <0.1 

<0.2 0.06 2.1 <0.05 <0.2 <0.1 

FS2 

10 
0.4 0.07 0.2 <0.05 <0.2 <0.1 
0.4 0.06 0.2 <0.05 <0.2 <0.1 

20 
0.6 0.06 0.1 <0.05 <0.2 <0.1 

0.6 0.06 0.1 <0.05 <0.2 <0.1 

30 
0.9 0.07 0.1 <0.05 <0.2 <0.1 
0.8 0.06 0.1 <0.05 <0.2 <0.1 

WS 

10 
0.4 0.05 0.2 <0.05 <0.2 <0.1 
0.4 0.05 0.2 <0.05 <0.2 <0.1 

20 
0.3 0.09 0.2 <0.05 <0.2 <0.1 
0.2 0.09 0.2 <0.05 <0.2 <0.1 

30 
0.4 0.07 0.2 <0.05 <0.2 <0.1 

0.3 0.06 0.2 <0.05 <0.2 <0.1 

F 

10 
0.2 0.09 1.4 <0.05 <0.2 <0.1 
0.2 0.08 1.4 <0.05 <0.2 <0.1 

20 
0.4 0.08 3.5 <0.05 <0.2 <0.1 

0.4 0.09 3.5 <0.05 <0.2 <0.1 

30 
0.5 0.06 4.7 <0.05 <0.2 <0.1 
0.4 0.07 4.6 <0.05 <0.2 <0.1 

FS (Foundry Sand-cast iron); FSL (Foundry Sludge); SD (Steel Dust); FS2 (Foundy Sand-ductile 

iron); CA (Cupola Bottom Ash); WS (Wet Sands); and F (Fines). 
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Figure 2.23. Average concentrations of As, Cr, and Mo in mg/kg in the FB-FCBs (Foundry by-

products-fired clay bricks). FS (Foundry Sand-cast iron); FSL (Foundry Sludge); SD (Steel Dust); 

FS2 (Foundy Sand-ductile iron); CA (Cupola Bottom Ash); WS (Wet Sands); and F (Fines). 
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It is observed that for all cases the concentrations are below the limit for dumping in 

non-hazardous waste landfills. For all waste, Cr concentrations are below the limits 

for inert landfills. For all the percentages of WS, the values obtained from 

concentrations allow its dumping in the inert landfill. For F and SD, in all cases, the 

limit for Mo is exceeded for its discharge into an inert landfill. For FSL, in percentages 

equal to and greater than 20 %, the limit for its discharge into an inert landfill is 

exceeded for Mo. For FS, in percentages equal to and greater than 20 %, the limit for 

its dumping of inert is exceeded for As. 

2.3.2.6. Multi-Criteria Analysis (MCA). Selection of the Optimal Formulations 
based on Technical, Environmental and Economic Requirements 

In Figure 2.24 the alternatives for each of the different scenarios are presented. Table 

2.12 shows the impact matrix of the multi-criteria analysis (MCA) for the different 

alternatives and criteria sets. 

As can be seen in Figure 2.24, for scenario 1 where all the criteria have the same 

weight, 10 % of FS, FS2, and 10 % of F are the ones that are presented as the best 

alternatives for their development to industrial scale. As in scenario 1, in scenario 2 

they repeat 10 % FS and F while FS2 are replaced in this case by 10 % of SD. The 

higher weights in the economic criteria the SD and FSL are presented as the best 

alternatives due to the economic benefit received by the company when managing 

this waste since it is hazardous waste. To maintain a balance between technical, 

environmental, and economic criteria, the second scenario was chosen as the best 

alternative for the development of mixtures at an industrial scale: FS incorporating 10 

%. This residue is presented in each of the scenarios, as one of the three best possible 

alternatives for possible development at an industrial scale. 
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Figure 2.24. Results of the best alternatives based on the scenarios proposed. 
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Table 2.12. Impact matrix of the multi-criteria analysis of the different alternative clay-foundry by-products mixtures. FS (Foundry Sand-cast iron); FSL (Foundry 

Sludge); SD (Steel Dust); FS2 (Foundy Sand-ductile iron); CA (Cupola Bottom Ash); WS (Wet Sands); and F (Fines). 

 Alternatives 

Criteria 
100% 
Clay 

FS FSL FS2 SD WS F 

10% 20% 30% 10% 20% 30% 10% 20% 30% 10% 20% 30% 10% 20% 30% 10% 20% 30% 
C1. Density (kg/m3) 2096 2107 2064 1964 2045 1995 1925 2041 2058 2063 2038 2107 2088 1959 1756 1724 2081 2029 1916 

C2. Water 
absorption (%) 

7,83 8,16 9,50 9,82 10,49 11,91 15,15 8,73 9,06 9,02 8,51 9,71 11,33 8,99 11,59 11,82 8,2 9,51 9,76 

C3. Compression 
strength (MPa) 

31,59 26,37 11,47 8,02 13,02 11,08 9,93 13,23 8,66 7,26 18,43 13,05 10,97 23,22 15,85 16,44 26,04 19,07 13,15 

C4. [As] (mg/kg) 0,30 0,35 0,70 0,40 0,40 0,40 0,30 0,40 0,60 0,85 0,30 0,20 0,20 0,40 0,25 0,35 0,20 0,40 0,45 

C5. [Cr] (mg/kg) 0,08 0,05 0,06 0,06 0,06 0,05 0,05 0,07 0,06 0,07 0,09 0,07 0,06 0,05 0,09 0,07 0,09 0,09 0,07 

C6. [Mo] (mg/kg) 0,20 0,20 0,10 0,10 0,30 0,60 0,75 0,20 0,10 0,10 1,20 1,90 2,10 0,20 0,20 0,20 1,40 3,50 4,65 

C7. [Sb] (mg/kg) 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 

C8. [Se] (mg/kg) 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 

C9. [Pb] (mg/kg) 0,06 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 

C10. [SOx] (mg/kg) 958,02 926 894 862 2220 3482 4745 862 766 670 1394 1830 2267 904 851 798 1288 1617 1947 

C11. [HCl] (mg/kg) 54,79 49,31 43,83 38,35 191 328 465 49,31 43,83 38,3 3544 7035 10525 93 131 169 38,35 21,92 5,48 

C12. [HF] (mg/kg) 56.1 50,49 44,88 39,27 129 201 274 50,90 44,88 39,27 375 695 1015 117 179 241 95.37 134 173 

C13. [CO2] (mg/kg) 11322 2190
3 

32484 43064 5177
1 

92220 132669 10190 9058 7925 27096 4286
9 

58643 90580 169839 249047 45095 7886
7 

112640 

C14. [NOx] (mg/kg) 0 33,48 66,96 100 0 0 0 0 0 0 0 0 0 1339 2678 4017 334 669 1004 

C15. Land Saving (%) 100 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30 
C16. Clay extraction 

cost (€) 45000 
4050

0 36000 31500 
4050

0 36000 31500 40500 36000 31500 40500 
3600

0 31500 40500 36000 31500 40500 
3600

0 31500 

C17. Transport Cost 
(€) 

0 600 1200 1800 600 1200 1800 600 1200 1800 600 1200 1800 600 1200 1800 600 1200 1800 

C18. Benefit as 
waste manager (€) 

0 7578 15156 22734 
3462

9 
69258 103887 7578 15156 22734 34629 

6925
8 

10388
7 

7578 15156 22734 7578 
1515

6 
22734 
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2.3.3. Conclusions 

The physical, chemical, mineralogical, and thermal characterisation of the clay and 

foundry residues has been carried out. SD, FS2, WS, and F present a 70 % distribution 

of particle size below 0.5 mm like clay, therefore it would not be necessary to carry 

out pre-treatments for its incorporation into the ceramic process. FS and CA would 

require grinding and FSL would require drying pre-treatment. Regarding the 

chemical characterisation, the FBs present significant amounts of compounds 

considered as network modifiers (FeO, CaO, and MgO) that increase the amount of 

liquid phase and decrease its viscosity, favouring both sintering and densification of 

the sample. The clay shows quartz and aluminosilicates such as muscovite, kaolinite, 

and dickite as the majority crystalline phases. The minor phase is iron oxide. All the 

FBs have the crystalline phases that the clay has present either as the majority or 

minority phases, except for the FS2, which only has quartz. The FBs present a thermal 

behaviour like that of clay since they show the typical dehydroxylation process up to 

100 ºC, hydration waters, and the second around 500-550 ºC of dehydroxylation of 

clays, decomposition of aluminosilicates. CA and F show weight gains at 

temperatures above 800 ºC due to iron oxidation. 

FB-FCBs present a similar behaviour, taking as a reference to the 100 % clay-fired 

pieces, against weight loss, linear contraction, density, water absorption, and 

compressive strength. It can be concluded that the viability of introducing FBs in 

ceramic clay matrices, under the processing conditions in which the study has been 

carried out, has been demonstrated for percentages of the order of 40 %. Taking into 

account the values required by AENOR UNE-EN 771-1: 2011 + A1: 2016 for the 

certification of facing brick and lightened ceramic block in the technological 

properties of water absorption and compressive force, it can be concluded that it is 

feasible to carry out ceramic pieces with the content of FBs in the order of 10-20 % 

in the case of facing brick and with contents in the order of 30 % in the case of the 

lightened ceramic block based on the moulding (pressing) and firing conditions 

applied on a laboratory scale. 

The environmental behaviour of the FB-FCBs according to order AAA / 661/2013 

relative to the disposal of waste shows that all pollutants are below the inert waste 

limit except As and Mo, which is below the limit. non-hazardous waste limit. For FB-

FCBs, the emissions of HF and HCl by introducing FS and FS2 are below the emissions 

of 100 % of clay bricks, so the introduction of these sands would reduce the emissions 

of these pollutants in the combustion process and these emissions are lower than 

the acceptable emission values proposed to be incorporated in Andalusian 

legislation. The introduction of WS and F present estimated emission values below 

acceptable emission values. FSL and SD should be added to control due to the high 

concentrations of F and Cl that they present. On the other hand, SOx emissions are 
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above 100 % emissions from clay bricks, except for FS, FS2, and WS, due to the high 

content of S present in the waste. CO2 depends on the content of carbonates (calcite 

+ dolomite) and unburned carbon, the firing temperature, and the percentage of 

CO2 emitted (calcimetry and microanalysis), therefore, it is necessary to evaluate the 

company's production to establish the danger of CO2 emissions. Finally, NOx 

emissions are negligible for FS2, SD, and FSL, and monitoring of these emissions is 

necessary for WS, F, and FS on an industrial scale. 

The statistical analysis of the results obtained in the technological and environmental 

properties of the clay-foundry waste mixtures was adjusted to first and second-order 

mathematical equations. With these equations, the values of the technological and 

environmental properties were estimated and experimental errors below 10% were 

obtained, validating the established mathematical models that allow predicting the 

behaviour of future clay formulations with different foundry residues. 

A multicriteria analysis was carried out defining different alternatives and criteria. 3 

types of criteria were defined: technical, environmental, and economic. Considering 

these criteria, 3 scenarios were established. A first scenario where all the criteria have 

the same weight over the alternatives, a second scenario where the economic 

criteria have 50 % weight and the other two criteria 25 %, and the third scenario 

with 75 % weight for the economic criteria and 12.5 % for the other two criteria. In 

each of these scenarios, the ones that are presented as the best alternatives for its 

development at an industrial scale are 10 % FS, 10 % F, and 10 % SD. As FS was 

always among the best alternatives in the 3 scenarios proposed, it was decided to 

use this residue for its production at an industrial scale. 
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2.4. FOUNDRY SAND-CLAY BRICKS AT INDUSTRIAL SCALE 

In the foundry industry, millions of tons of spent materials are generated worldwide, 

70 % of which consists of sand, called foundry sand (FS). The sand is used as moulds 

in the casting of metal. It is reused until it becomes too fine due to heat degradation 

and loses the properties required for casting and must be replaced. This spent sand, 

produced in the sand-casting system, has been identified as the most important 

problem in foundries (Heidemann et al., 2021). According to the European Foundry 

Association (CAEF), the iron and steel foundries from 22 European countries 

produced 9.1 million tons of castings. On the order of approximately one ton of 

waste, sand is generated for each ton of cast metal. The six countries that dominate 

this industry in terms of weight, namely Germany, Turkey, France, Spain, and Italy, 

account for 79.8 % of the production of ferrous metal castings (CAEF, 2020). 

Given its great availability, particle size, and its chemical composition, FS is regarded 

as a suitable raw material for brick production. In this chapter, FS was selected to 

replace clay content in brick ceramic materials on an industrial scale. 

Depending on the casting process followed in the foundry industry, FS can be 

classified as green sand and core sand. Green sands are generated in the sand cast 

system whereas core sands are generated in the chemically bonded sand cast 

system. Green sand consists of high-quality silica sand (85-95 %), bentonite clay (4-10 

%), sea coal (2-10 %), and water (2-5 %). Core sand is composed of silica (93-99 %) 

and chemical binder (1- 3%) that could be phenolic-urethanes, epoxy-resins, furfuryl 

alcohol, and sodium silicates (Alonso-Santurde et al., 2010). According to the 

European regulation, code 100907*, both sand are classified as hazardous materials 

due to their content of heavy metals and organic contaminants that can be released 

into the atmosphere or condensed in the foundry sand. Due to its composition core 

sand is difficult to reuse and needs to be solidified/stabilized to be disposed of in a 

landfill after each use, resulting in approximately 10 million tons of sand per year in 

the world (Pittenger, 2017). 

While the study of the use of green sands in concrete, subbases, low-strength 

materials, and soils, has been promoted, core sands have had a more restrictive 

alternative management. Given its great availability, particle size, and its chemical 

composition, FS is also regarded as a suitable raw material for brick production. Its 

use can play a role in controlling the plasticity characteristics of the mixture of raw 

materials, as degreasing or as a porous material, in addition to providing carbon to 

the furnace. 

Some researchers have studied the technological feasibility of using spent foundry 

sands in the ceramics industry on a laboratory scale (Raupp-Pereira et al., 2007; 

Mymrin et al., 2016; Lin D.F. et al., 2018). While Alonso-Santurde et al. (2012) 



 
 
Chapter 2                                         Thesis Dissertation of Juan Dacuba García 

81 

addressed a scaling-up study to produce ceramic bricks with two types of FS (green 

and core sand) at different firing cycles based on the technological properties of the 

final products only. On the other hand, a prerequisite for using residual material as 

secondary raw material should not only be technically suitable but also 

environmentally friendly. For this reason, the environmental evaluation of clay/green 

and core sands ceramic mixtures generated at an industrial scale, using different 

European compliance leaching tests has been carried out by our group in previous 

work (Alonso-Santurde et al., 2010). In the literature related to foundry sand, only 

Braçansa et al. (2006) and Pytel (2013) have considered the environmental 

evaluation of materials based on foundry sand through leaching tests and gaseous 

release analysis during the firing stage. The results show environmental impacts 

during the manufacturing similar to those registered when traditional materials are 

used, evidencing the absence of atmospheric emissions of hazardous substances 

and low level of heavy metal leaching compared to acceptable limits.  

Although the benefits of incorporating residues into fired clay bricks are well known, 

most of these experiments have been prepared in the laboratory under controlled 

conditions using an electric furnace. Currently, they have not yet been scaled up to 

mass production in factories. However, the properties of clay bricks can vary greatly 

between laboratory and under actual field conditions in an industrial kiln (Muñoz et 

al., 2014; Abbas et al., 2017; Munir et al., 2018). Therefore, once the technical and 

environmental evaluation of fired products and estimation of the gas emissions 

generated in the firing process at a laboratory scale, using core sands have been 

demonstrated (previous section). And they have also been validated as the best 

alternative among the foundry by-products considered by the application of multi-

criteria analysis (MCA) from a sustainability point of view. This chapter aims to carry 

out FS-fired clay bricks at an industrial scale’, to be evaluated from an integral point 

of view. First, consider the technological and environmental properties of the new 

materials, as well as the emissions generated during the process. Second, 

incorporating the environmental information obtained into the LCA methodology to 

evaluate the sustainability of new products before they are available on the market, 

Results of FS-fired clay bricks at industrial scale section include first an optimisation of 

the heating curve in the laboratory before performing the industrial scale mixtures. 

Then, the experimental procedure followed in the ceramic industry was described. 

Afterward technical and environmental evaluation of fired products at an industrial 

scale, estimation of the gas emissions generated in the process of manufacturing the 

facing bricks, and the LCA of the final bricks were done. Such tools determine 

environmental impacts and information necessary to decide on the feasibility of FS-

fired clay bricks. 

   



 
 
Chapter 2                                         Thesis Dissertation of Juan Dacuba García 

82 

2.4.1. Raw Materials and Methodology 

2.4.1.1. Optimisation of temperature ramps in the firing process 

The optimisation of the process control/heating curve can be applied in all sectors of 

the ceramic industry, but it should be noted that, in practice, the heating curves in 

the clay processing industry are optimized considering the quality of the product and 

energy consumption. Therefore, the heating curves can only be changed if the 

technical properties of the final product allow it, and additional costs must be 

considered when altering the heating curves for emission reasons. 

To optimize the heating curve, it was studied how the firing temperature affects the 

clay-foundry sand mixtures on the properties of loss of ignition (LOI), linear 

contraction, and water absorption. For this, mixtures were made from 0% residue to 

50% sand. The properties were studied in triplicate. 

2.4.1.2. Characterisation of Fired Products and Gas Emissions Estimation 

Fired ceramic products were characterised in terms of compression strength (UNE-

EN 772-1). 

The leaching behaviour of potentially hazardous pollutants was determined by 

applying the equilibrium leaching test EN12457-2 proposed by European regulation 

as described in section 2.1.1.3.  

The potential emissions (ψ) of pollutants (HCl, HF, SO2, CO2, and NOx) were 

calculated using equation 1 displayed in section 2.1.1.4. 

2.4.1.3. LCA Methodology 

The Life Cycle Analysis (LCA) is a methodological tool that determines the potential 

environmental impacts associated with a product or a service, from the moment the 

raw materials are extracted until their final disposal (Güereca, 2006). 

In this study, the LCA methodology has been applied to carry out a preliminary 

analysis of the environmental implications of incorporating foundry sand as a 

substitute for clay in brick production. The LCA model applied takes into 

consideration different phases of the brick life cycle: extraction of raw material and 

transportation to the plant, production of the brick, and different scenarios of the 

waste management system such as landfill and recycling of bricks as construction 

and demolition waste (RCD). The stages analogous to the two types of products, 

traditional and alternative, that produce the same type and amount of impacts, have 

not been taken into account in the study, such as the commissioning, the useful life 

of the brick, or the demolition stage. 
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The LCA methodology has been applied to the two types of ceramic bricks 

manufactured on a semi-industrial scale. Standard bricks are made with the addition 

of foundry sand with a clay-foundry sand ratio of 90-10 % (bricks B + S) and standard 

bricks without the addition of sand (100 % clay) (Brick B). The life cycle analysis (LCA) 

has been carried out based on the standard methodology ISO 14040 and ISO 14044 

(ISO 2006a, 2006b). The experimental results are incorporated into the LCA model 

using SimaPro v.8 software with the Ecoinvent v.3 life cycle inventory database. The 

endpoint approach has been used with the Eco-Indicator 99 method to estimate the 

effects of different impact categories. 

The key phases associated with a Life Cycle Analysis study are: 

1. Definition and scope of objectives 

2. Inventory analysis (LCI, life cycle inventory) 

3. Impact assessment (LCIA, life cycle impact assessment) 

4. Interpretation of the results  

2.4.2. Results of FS-Clay Bricks at Industrial Scale 

2.4.2.1. Production of FS-Fired Clay Bricks at Industrial Scale 

The heating curve will be optimized, the process followed to develop the FS/clay 

mixtures at an industrial scale will be described and the results of the environmental 

properties and estimation of gaseous emissions obtained in these mixtures will be 

presented at this scale. 

Scale-up from Laboratory Level to Pilot Plant. Heating Curve Optimisation 

To evaluate the influence of the firing temperature on the weight loss suffered by the 

samples, the FS/clay samples are fired in a laboratory muffle at temperatures of 850, 

950,1000, 1050, and 1100 ºC, as shown in the Figure 2.25. The results show that 

increasing the firing temperature causes increases in weight loss. Increasing the 

percentage of FS in the matrix reduces weight losses. This could be due to weight 

losses associated with raw materials. However, the variations of LOI with the 

percentage of residues are relatively small (4.2 - 4.6 %), so it is considered that the 

influence of the firing temperature in the analysed range does not have a significant 

influence on the weight loss. That is why temperatures of 850 ºC, characteristic of 

solid bricks, and 1050 ºC, characteristic of facing bricks, are selected. Additionally, an 

intermediate temperature of 950 ° C is selected to check the influence of the oven 

atmosphere, pieces are fired at 1050 ºC in an industrial oven. 
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Figure 2.25. Influence of temperature on weight loss (LOI) of FS/clay mixtures. 

The technological characterisation of the FS/clay pieces is carried out utilizing firing 

contraction and water absorption tests, as shown in Figure 2.26. In general terms, 

higher firing temperatures imply greater contractions of the pieces, indicating that 

the densification produced during ceramics is favoured by the temperature. Likewise, 

it is verified that the atmosphere of the industrial furnace is more efficient regarding 

the densification of the pieces. However, there are no clear trends regarding the 

influence of the percentage of FS on the shrinkage of the pieces, apart from pieces 

fired in an industrial kiln, in which the shrinkage decreases. This may be since the FS 

does not have a great sintering capacity, which means that high amounts of FS in 

the matrix make the sintering process difficult. The absorption tests show that higher 

firing temperatures imply lower water absorption values, which is because the higher 

the degree of sintering of the part, the lower the open porosity through which it can 

be introduced into the matrix (Alonso-Santurde et al., 2011). 

Because of the results presented, it can be concluded that with the introduction of 

FS in the brick firing process at an industrial scale, no optimisation of the firing 

temperature would be produced, since better results are obtained at the firing 

temperature of the company Reciclados Cabezón. 
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Figure 2.26. Technological characterisation of the clay-sand pieces: a) shrinkage firing and b) 

water absorption. 

Production of Ceramic Products Incorporating Waste at Industrial Scale 

From the results obtained on a laboratory scale, we proceeded to produce industrial-

scale mixtures of clay with 10 % of FS. In addition, an agreement was reached with 

the company Reciclados de Cabezón to incorporate 1 % and 20 % of FS due to the 

good results obtained in the technological properties and the good visual 

appearance presented by the bricks made on a laboratory scale at the University of 

Cantabria. 

The process carried out to produce these mixtures will be described. First, the clay 

was extracted from the quarry next to the company. This clay with very 

heterogeneous particle sizes is passed through a shredder where the size is reduced 

below 5 mm (Figure 2.27A) and at the exit, through a conveyor belt, the clay is taken 

to a feeder (Figure 2.27B). 
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Figure 2.27. Equipment of the Company Reciclados de Cabezon: A) Shredder; B) Feeder. 

From the feeder, the clay is transported to a hammer mill (Figure 2.28A) to further 

reduce the particle size of the clay to below 2 mm. From the mill, the clay is taken to 

another feeder where the foundry sands are introduced for production at an 

industrial scale. The mixture leaves the feeder and reaches the mixer (Figure 2.28B). 

In the mixer, the addition of water occurs so that the mixture has the correct density 

for extrusion. To determine that the density of the mixture is adequate, operators use 

a pycnometer. Barium carbonate is also added to the mixer, which is a material that 

prevents efflorescence, and lignosulphonates improve the mechanical properties of 

the bricks. 

 

Figure 2.28. Equipment for the conditioning of clay-foundry sand mixtures: A) Hammer mill; B) 

Kneader. 

The clay is transported from the kneader to the rolling mill (Figure 2.29A). In this 

conveyor belt, there is a magnet that attracts the metallic particles that the clay may 

have and that can interfere with the firing process of the bricks. In the rolling mill, the 

particle size of the clay is reduced again to below 0.7 mm, which is the working 

particle size of Reciclados de Cabezón. With the defined particle size and with the 
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correct density of the mixture, it is taken to the extruder (Figure 2.29B) where the 

bricks are produced. 

 

Figure 2.29. Company equipment: A) Laminator; B) Extruder. 

The extruded mass is cut into bricks (Figure 2.30A) with the dimensions specified by 

the standard. The bricks are loaded into automatic racks and placed in the dryer. In 

the dryer, they will be at 105 ºC for 24 hours to eliminate the water introduced during 

the shaping process. After this time, the bricks are fired in the tunnel kiln (Figure 

2.30B) following the industrial cycle of Reciclados Cabezón. 

 

Figure 2.30. Cutting and firing of the pieces: A) Cutter; B) Tunnel kiln. 

Once the clay-foundry sand pieces have been obtained, their technical and 

environmental properties are evaluated. 
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2.4.2.2. Technical and Environmental Assessment of Fired Products 

In Figure 2.31 the bricks obtained with foundry sands-N are shown. At first glance, 

they are bricks that present the characteristic colour of facing bricks and also present 

a great consistency. 

 

Figure 2.31. The visual appearance of the FS-Clay bricks. 

Compression strength has been carried out in triplicate. The average value of 

compression strength and the standard deviation of FS/Clay bricks is presented in 

Table 2.13. As can be observed, the compression strength decreases when the 

percentage of FS increases. However, good results of compression strength are 

obtained and up to 20 % of FS can be incorporated on an industrial scale to produce 

facing bricks. 

Table 2.13. The compression strength of FS/clay bricks is carried out at an industrial scale. 

FS (%) Compression Strength (MPa) Standard deviation (MPa) 

1 44.76 1.31 

10 39.55 0.86 

20 31.86 1.46 

 

Environmental Assessment of the FS/clay Products 

The equilibrium test has been carried out following the UNE-EN 12457-4 standard, 

with a liquid / solid ratio of 10. This leaching test involves the simulation of the 

management of this material at the end of its useful life when the material is 

converted into secondary aggregate or is managed as waste by depositing it in a 

landfill. The test has been carried out in duplicate. Table 2.14 shows the 

concentrations of the metals. 

As shown in Table 2.14, Cr, Sb, Se, and Pb are below the detection limit of the 

equipment that is below the discharge limit for inert waste landfills. As and Mo have 

the same concentration regardless of the amount of residue introduced. As and Mo 

concentrations are also below the inert limit.  
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Table 2.14. Concentrations of pollutants (mg/kg) from compliance leaching test EN 12457-2 

applied to clay-foundry sand pieces and the discharge limits established by Spanish Ministerial 

Order AAA / 661/2013. 

By-product % By-product As Cr Mo Pb Sb Se 

FS 

1 
0.3 <0.05 0.1 <0.05 <0.02 <0.1 
0.4 <0.05 0.1 <0.05 <0.02 <0.1 

10 
0.4 <0.05 0.1 <0.05 <0.02 <0.1 
0.3 <0.05 0.1 <0.05 <0.02 <0.1 

20 
0.4 <0.05 0.1 <0.05 <0.02 <0.1 
0.4 <0.05 0.1 <0.05 <0.02 <0.1 
0.4 <0.05 0.1 <0.05 <0.02 <0.1 

 Landfill Limit 
Inert 0.06 0.5 0.5 0.5 0.5 0,5 0,1 

Non-hazardous 7 2 10 10 10 10 0,5 

2.4.2.3. Estimation of Gaseous Emissions of Clay-Foundry Sands Mixtures at 
Industrial Scale 

Finally, the gaseous emissions of the products developed at an industrial scale were 

re-estimated, as was done on a laboratory scale. 

The S, Cl, F, C, and N content for the FS/clay mixtures before and after firing in the 

industrial kiln at 1050 ºC is in  

Table 2.15. The content of the studied elements S, Cl, and F remains the same before 

and after the products are fired. The C is the only element that presents variations 

between its initial and final contents. N presents concentrations below the detection 

limit of the equipment. 

Table 2.15. Initial and final concentrations of S, Cl, F, C, and N of the FS/clay products. 

% FS 
Concentration initial (mg/kg) Concentration final (mg/kg) 

S Cl F C N S Cl F C N 
1 900 100 200 6400 ND 900 100 200 500 ND 

10 800 200 200 6400 ND 800 200 200 100 ND 
20 900 100 200 6000 ND 920 100 200 200 ND 

The emission of pollutants (HF, HCl, SOx, CO2, and NOx) for the FS/clay mixtures fired 

at a temperature of 1050 ºC in the industrial furnace are summarized in Table 2.16. 

The emissions of SOx, HCl, and HF are zero because the initial and final 

concentrations of S, Cl, and F remained constant. CO2 emissions are the only ones 

that should be considered when introducing foundry sands-N in the ceramic 

process. 
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Table 2.16. Emission values of pollutants in clay-foundry sands products are calculated using 

the material balance of equation 1. 

FS dosage (%) 
Emissions (mg/kg) 

SOx HCl HF CO2 
1 0 0 0 23035 

10 0 0 0 24599 
20 0 0 0 22649 

 

2.4.2.4. Environmental Valorisation of the Process and New Ceramic 
Products  

Life Cycle Analysis 

The geographical area in which the study has been carried out is the Cantabria 

region, specifically in the Cabezón plant, and its objective has been to compare the 

environmental impacts associated with the life cycles of traditional clay-based brick 

(B) and the alternative brick based on clay with the addition of FS in 10% (B + S), 

knowing that both bricks fulfil similarly the functional requirements as construction 

materials. The functional unit selected for these analyses has been “one ton of 

finished product”. 

Two different end-of-life scenarios (S1 - S2) have been analysed for demolished bricks 

that are managed as construction and demolition waste (RCD). Scenario 1 (S1) is 

represented by the current state of the RCD management system in Cantabria and 

based on the estimates of the Ministry of the Environment that established that 53% 

of RCD is effectively recycled. Scenario 2 (S2) has been set according to the recycling 

and rejection target given for RCD by European legislation (Directive 2008/98 / CE) 

(EC 2008) which establishes a recycling target of 70 % for 2020. 

FS is classified as non-hazardous waste according to the European Waste Catalog. 

The introduction of this residue in ceramic bodies as a substitute for clay avoids the 

generation of some impacts related to its management, normally through landfill 

disposal. Figure 2.32 shows the flow diagram of the life cycle of bricks (B and B + S) 

for the dumping and recycling of RCD as alternatives to the end-of-life phase. 
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Figure 2.32. Life cycle flow diagram of the bricks produced (B and B + S) to apply the LCA 

tool. 

Life cycle inventory: 

i) Extraction and transportation of raw materials 

The inputs of the system in this stage are limited to the consumption of diesel used 

by the machinery used to extract the clay from the quarry, as well as the trucks used 

to transport them to the plant, and the transport of the waste from the industrial 

plant to the brick production plant. The outputs, causing the impacts, correspond to 

those derived from atmospheric emissions resulting from the combustion of diesel, 

as well as from the depletion of resources produced by the extraction of clays. For 

the manufacture of 1 ton of finished product B an average clay consumption of 1.25 

tonnes of clay is required, and for product B + P, 1.1 ton of clay and 0.15 tonnes of 

FS, as is observed in Table 2.17. There is a consumption of 0.49 liters of diesel per ton 

of finished product (Obis J. et al., 2006). 
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Table 2.17. Inventory data for the extraction and transportation stages of raw materials. 

Concept Unit Amount B Amount B+S ACV Data Set 

Clay Ton 1,25 1,10 
Clay/CH/pit 

operation/Conseq, U 

FS Ton 0 0,15  
Clay 

Transport 
tKm 0 0  

FS Transport tKm 0 3.45 
Transport, freight, lorry 16-32 

metric ton, 
EURO3/RER/Conseq, U 

ii) Manufacture of ceramic products 

In this stage, it is considered from when the clay is collected at the foot of the plant 

until the finished product is loaded for transport on site. The main environmental 

impacts that occur are those derived from different energy consumption: electricity, 

natural gas, and diesel. Table 2.18 shows the energy requirements for two ceramic 

products, one traditional and the other alternative (with 10 % FS) obtained through 

a study in an industrial plant (Quijorna, 2013). A decrease in the energy consumption 

of the alternative product is assumed due to the inclusion of FS in the mix, which acts 

as a degreaser and does not sinter. The emissions produced in the brick firing stage 

are also a potentially impactful stage to the environment. The emission data are those 

corresponding to the study of the laboratory stage, both for traditional brick (B) and 

for brick with 10 % FS (B + S). All these data are collected in Table 2.18. 

Table 2.18. Inventory data for the brick production stage. 

Concept Unit Amount B Amount B+S ACV Data Set 

Electricity MWh 50 47,5 
Electricity, medium 
voltage / ES /market 
for/Conseq, U 

Natural Gas MJ 1664 1580 

Electricity, high 
voltage/ES/ Electricity 
production, natural gas, 
at conventional power 
plant /Conseq, U 

Diesel Oil MJ 384,6 384,6 
Diesel burned in building 
machine/GLO/market 
for/Conseq, U 

Emissions during firing due to the transformation of raw materials (Clay and FS) 
CO2 g 11323 21903 Emissions to air-CO2 
SO2 g 958 926 Emissions to air-SO2 
NOx g 0 33 Emissions to air-NOX 
HCl g 55 49 Emissions to air-HCl 
HF g 56 50 Emissions to air-HF 
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iii) Transportation, commissioning, useful life, and demolition of the building 

This phase encompasses all the operations and processes that are intended to put 

the products into work, as well as the energy consumption and emissions that occur 

during the subsequent use of the building throughout its useful life. In the case of 

the demolition of the building, all those activities that have as their purpose the 

dismantling of the building or the constructive unit in which the ceramic products 

are included must be considered. 

However, all these stages will not be included in the comparative analysis of both 

products, since it is assumed that the impacts caused are the same using brick B and 

brick B + S. The mortar used to build the wall and the water required for the mortar 

in the construction phase is the same for both products, so it is not included in the 

analysis (Calstar, 2014). 

iv) End-of-use stage 

A similar situation occurs with the recycled aggregates generated in the RCD 

treatment plant for both bricks. The number of aggregates obtained would be the 

same for B and B + S. As both would generate the same number of recycled 

aggregates, the positive impact that arises as a consequence of its transformation into 

a secondary product is equivalent, so it is not taken into account in this study. 

In Spain, the GEAR project establishes a series of technical recommendations about 

the use of recycled aggregates according to geometric, physical-mechanical, 

chemical, and environmental requirements. To evaluate environmental 

performance, this study determines the need to apply the UNE EN-12457 leaching 

test to recycled aggregates and then compares the results with the limit value 

established by Order AAA / 661/2013 (BOE 2013) that updates the limit values of 

Directive 2003/33 / EC (EC 2003). 

In the case of the alternative of dumping at the end of its useful life, the leachates 

from both bricks are taken into consideration, because this time, the different 

products give rise to leachates of different concentrations of metals. 

The inputs of the system in this phase of the life cycle, for the two proposed scenarios, 

are the energy consumption due to the transport of the waste to the recycling plant 

or the landfill, the consumption of materials and energy for the daily operation in the 

landfill of non-hazardous waste and RCD's recycling plant. The outputs, causing the 

impacts, correspond to those derived from atmospheric emissions resulting from the 

combustion of diesel, and electricity consumption, as well as the leachate associated 

with the C&DW, managed in a landfill. The data corresponding to the inventory is 

shown in Table 2.19. 
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Table 2.19. Inventory data for the end-of-use stage of the product. 

Concept Ud 
Amount B Amount B+S 

LCA Data set 
Esc. 1 Esc. 2 Esc. 1 Esc. 2 

Quantity managed 
in landfill 

% 47 30 47 30 Not found 

Transportation of 
RCD to landfill 

tKm 103 66 103 66 
Transport, freight, lorry 

16-32 metric ton, 
EURO3/RER/Conseq, U 

Clay for daily 
coating of the pour 
face 

Kg 16,21 10,34 15,32 9,78 
Clay/CH/pit 

operation/Conseq, U 

Sand for 
intermediate cover 
in landfill 

Kg 3,44 2,19 3,25 2,07 
Gravel, round /CH/ 

gravel and sand quarry 
operation/Conseq, U 

Electricity for landfill 
operation 

kWh 0,08 0,05 0,08 0,05 
Electricity, medium 
voltage/ES/market 

for/Conseq, U 

Diesel for landfill 
operation 

MJ 10,80 6,89 10,21 6,51 

Diesel burned in 
building 

machine/GLO/market 
for/Conseq, U 

Water for landfill 
operation 

Kg 22,09 14,1 22,09 14,1 Water, fresh 

Leachin
g of 
RCD in 
landfill 

As mg 164,5 105 164,5 105 Emissions to soil - As 

Mo mg 47 30 47 30 Emissions to soil – Mo 

Recycled RCD % 53 70 53 70 Not found 

RCD transport to 
treatment plant 

tKm 122 162 122 162 
Transport, freight, lorry 

16-32 metric ton, 
EURO3/RER/Conseq, U 

Electricity for 
separation (before 
plant) 

kWh 1,96 2,59 1,96 2,59 
Electricity, medium 
voltage/ES/market 

for/Conseq, U 

Diesel oil for 
separation (before 
plant) 

MJ 2,17 2,86 2,17 2,86 

Diesel burned in 
building 

machine/GLO/market 
for/Conseq, U 

Electricity treatment 
plant RCD 

kWh 0,44 0,58 0,44 0,58 
Electricity, medium 
voltage/ES/market 

for/Conseq, U 

RCD gas oil 
treatment plant 

MJ 7,09 9,40 7,09 9,40 

Diesel burned in 
building 

machine/GLO/market 
for/Conseq, U 

Finally, in Table 2.20, at this stage of the life cycle, it is necessary to consider the 

environmental impacts that are avoided by introducing a residue in a ceramic 

product. The management that is applied to the foundry sand is as already explained 

previously, it is the deposition in the landfill. 
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Table 2.20. Inventory data for the foundry sand management stage. 

Concept Ud Amount B+S LCA Data Set 
Amount of FS kg 1000 - 

FS Transport to landfill Km 27 
Transport, freight, lorry 16-32 

metric ton, 
EURO3/RER/Conseq, U 

Clay for daily coating of 
the pour face 

Kg 16,8 
Clay/CH/pit 

operation/Conseq U 

FS for intermediate 
cover in landfill 

Kg 3.57 
Gravel, round /CH/ gravel 

and sand quarry 
operation/Conseq, U 

Electricity for landfill 
operation 

kWh 0.175 
Electricity, medium 
voltage/ES/market 

for/Conseq, U 

Diesel for landfill 
operation 

MJ 11,1 
Diesel burned in building 

machine/GLO/market 
for/Conseq, U 

Water for landfill 
operation 

Kg 47,0 Water, fresh 

There is no leaching of toxic species in landfills when depositing FS 

Impact evaluation 

The life cycle impact assessment is oriented to the known situation and the evaluation 

of the quantity and significance of the potential environmental impacts of a defined 

system over a complete life cycle (ISO 2006a; 2006b). 

The results obtained from the SimaPro8 software consist of associating each 

environmental load with its corresponding impact category, according to the 

characterisation factor specified by the methodology used. For the impact evaluation 

study, Eco-indicator 99 is applied, which includes global indicators of human health, 

quality of ecosystems, and resources, indicated as “Areas of Protection (AoP)” (Figure 

2.33, Figure 2.34) and that can be divided into eleven categories of damage. 

Figure 2.33 shows the comparison of the characterisation of bricks B and B + S 

according to the three AoP established by Eco-Indicator 99 for the two life cycles 

carried out (each life cycle analysis corresponds to one of the end-of-life scenarios for 

RCD, one that involves 53 % Recycling (R) and 47 % Landfill (L) and the second 

scenario that involves 70 % Recycling (R) and 30 % Landfill (L). 

The results show that in general the life cycle of both bricks studied generates 

negative impacts for the three AoPs in the two analysed scenarios, being in all cases 

less harmful when FS is introduced into the brick as a raw material (lower impacts 

generated). The impact reductions obtained are the same in the two scenarios used, 

depending on the end-of-life stage of the products. This situation is related to the 

lower emissions generated during the manufacturing process for B + S. FS, 

composed mainly of silica, acts as a degreaser in the process. It has the effect of 

diluting some components of the clay that are degraded in the thermal process and 
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give rise to emissions, such as compounds with sulphur, chlorine, or fluorine. This 

difference in impact is fundamentally reflected in the “Human Health” indicator 

 

Figure 2.33. Results for each protection area (%), produced by the two types of products, in 

the two defined management scenarios. Method: Eco-indicator 99 (E) V2.09 / Europe EI 99 E 

/ A / Damage assessment / Excluding infrastructure processes. 

The introduction of FS in the production of bricks also avoids that this residue must 

be managed, with its corresponding impact on the environment. This fact is reflected 

in the difference in the “Resources” indicator since it avoids the use of land in landfills 

and the extraction of raw materials. In this case, the defined RCD management 

scenario also shows influence, being the scenario that poses the greatest recycling 

of RCD in which it causes the least impact. 

In Figure 2.34 the same results are shown as in Figure 2.33, but this time in absolute 

terms, not in percentage, normalized to common units (Pt) to be able to be 

compared. In this Figure 2.34, the impacts associated with all the brick scenarios are 

similar, as previously shown, although the proportion of each of the impact 

categories can be seen globally. The greatest impacts are those related to Human 

Health, which is fundamentally related to emissions, followed by using resources 

(Resources). The impacts associated with the category ecosystem quality (Ecosystem 

quality) hardly weight the global calculation. 
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Figure 2.34. Results for the two types of products, in the two defined management scenarios, 

divided by each category of impact. Method: Eco-indicator 99 (E) V2.09 / Europe EI 99 E / A / 

single score / excluding infrastructure processes. 

Figure 2.35 shows the characterisation of the impact categories for the two bricks 

with the eco-Indicator 99 method in the waste management scenarios S1 and S2. 

 

Figure 2.35. Results for each category of impact (%) of the two types of products, in the two 

defined management scenarios; Method: Eco-indicator 99 (E) V2.09 / Europe EI 99 E / A / 

characterisation / excluding infrastructure processes. 

In Figure 2.35, in a more detailed way, it can be observed that bricks B and B + S 

produce negative impacts in all categories in the two evaluated scenarios, and that 
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also the incorporation of foundry sand in the bricks (B + S), implies a benefit in almost 

all categories of harm. 

The only category that which the B + S brick shows a greater impact is Ecotoxicity 

because the B + S brick presents greater leaching in the end-of-life scenario when it 

is managed in a landfill. 

The release of potentially toxic metals due to the elimination of RCDs at the end-of-

life stage of the product represents a significant contribution to the potential impact 

on ecotoxicity. For this reason, the importance of the end-of-life scenario of the 

product being analysed is also very significant. In addition, it must be considered that 

when the FS is introduced into bricks, the metal leachate is avoided on the landfill 

floor, and therefore the incorporation of this residue increases the benefits in other 

categories. The greater contribution to Carcinogens, Respiratory of Inorganics, 
Respiratory of organics, Climate Change, and Radiation by brick B, is the result of, on 

the one hand, its higher energy consumption compared to B + S in the 

manufacturing phase, which translates into more particles, and more emissions of 

CO2, CO, CH4, C2H4, SO2, N2O. On the other hand, the CO2 emissions avoided from 

the process of transporting the waste when it is introduced into the bricks makes the 

difference between the two bricks in these categories more pronounced. The lower 

NOx emissions are also responsible for the higher incidence of brick B in depleting 

the ozone layer. 

Acidification / Eutrophication is a category where NOx and SO2 emissions were 

evaluated. The B + S brick produces fewer amounts of SO2 during the firing stage, 

although it increases in the transport of raw materials; in the case of NOx compounds, 

they are somewhat higher for B + S during cooking, although the higher energy 

consumption of B for B + S in the production phase and the fact of avoiding 

transporting waste for B + S, is translated into an increase in global benefits (lower 

impacts) in the global analysis of the B + S brick (Figure 2.35). 

In the case of Minerals and Land Use, the benefit obtained for B + S is related to the 

use of raw materials. In brick B + S, the clay for brick making is 1.1 tonnes while for 

brick B it is 1.25 tonnes. Also, clay and FS used in landfill operations when landfill sand 

is managed are avoided. 

Considering the specific energy mix in Spain, the fact that B + S requires less energy 

during its life cycle translates into less coal combustion in power plants, which is 

attributed to a lower impact on the category of Fossil Fuel.  
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2.4.3. Conclusions 

FS/clay bricks were fired at different temperatures to optimize the heating curve from 

the laboratory level to the pilot plant. It studied the weight losses through LOI 

variations, firing shrinkage, and water absorption of the FS/clay bricks. Considering 

the low LOI variations in the FS/clay bricks, it can be concluded that the influence of 

firing temperature does not have a significant influence on the weight loss of bricks. 

On the other hand, higher firing temperatures result in bricks with more contractions 

and lower water absorption values. It could be possible because the FS does not 

have a great sintering capacity, which means that a high amount of FS difficult for 

the sintering process. Therefore, it can be concluded that FS does not optimize the 

firing temperature of the ceramic process.  

FB-FCBs with percentages of 1 %, 10 %, and 20 % of FS were produced at an 

industrial scale. The study of the optimisation of the firing temperature concluded 

that with the incorporation of this waste, the best working temperature was still the 

firing cycle used by the company. The compression strength, the environmental 

behaviour, and the gas emissions during the firing process were assessed to 

determine the feasibility of FS as a substitute for clay in ceramic processes. The visual 

appearance and the compressive strength results are like those obtained with 100% 

clay bricks. Considering the environmental behaviour of the FS-clay mixtures 

according to the order AAA/661/2013 regarding the discharge of waste, FB/clay 

bricks present concentrations of pollutants below the inert landfill limit. Finally, the 

estimation of gaseous emissions determined that no SOx, HCl, HF, or NOx are 

emitted, only CO2 emissions that present emissions similar to 100 % clay brick. The 

results obtained allow us to conclude that the FS can be incorporated into the 

ceramic process on an industrial scale. 

Finally, an LCA was carried out to assess the environmental impact of FB/clay bricks 

compared with a conventional clay brick (without waste/by-products). The results 

suggest that the main impact associated with the life cycle of the construction 

materials analysed, despite the incorporation of FS, is related to energy consumption. 

The replacement of part of the clay used in the manufacture of the product with a 

residue such as foundry sand, generates a series of positive impacts on the 

environment, since on the one hand it reduces the amount of raw material used, 

decreases the energy requirement in the production stage and avoids the 

management of this waste, with its transport, processing, and dumping of the 

resulting waste. The applied management scenario (higher or lower percentage of 

Recycling) of construction and demolition waste (RCD) resulting in at the end of life 

of the bricks, does not have a great influence on the global indicator, although it is 

important in the category of Minerals impact for the recovery of materials from 

construction and demolition waste.  
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3. PULVERIZED COAL COMBUSTION ASHES IN LOW 

ENERGY CLAY CERAMIC PROCESS 
Nowadays, the great challenge in the construction industry focuses on the use of 

the new alkali-activated cement (AACs) or geopolymers. These “new alternative 

materials” can be manufactured totally without Portland cement. The AACs have 

based on a silico-aluminous precursor which in many cases are the same as those 

used as supplementary materials in mortars and concretes with cement substitution. 

Such is the case of metakaolin, fly ash, or granulated blast furnace slag (Pacheco 

Torgal 2008, Palomo 1999).  

The European Commission has adopted an ambitious new Circular Economy 

Package with Horizon 2020. The focused development will contribute to “closing the 

loop” of production lifecycles through recycling and re-use. The proposed actions 

will extract the maximum value and use from raw materials, by-products and waste. 

In this context, the great goal in the AACs manufacture is the use of residual materials 

from various sources.  

The waste valorisation makes to convert it into raw material, and the components of 

a product are planned so that they can be dismantled and reconverted into another 

cycle. This implies developing materials and products that serve in other systems, can 

be reused, and be not dangerous. 

More than 4,500 articles were published about AACs during the period 2018-2020. 

In most of them, it is used residual materials. The literature identifies a broad spectrum 

of industrial, mining, and agroforestry by-products or waste and a series of 

aluminosilicate minerals as precursors such as volcanic ash, natural pozzolans, and 

similar (Robayo-Salazar et al., 2019). Among the waste found in the literature, the 

following have been used in the formulations of AACs: silicomanganese slag, residual 

sludge from obtaining alumina (red sludge) (Li et al., 2019; Nguyen et al., 2022), 

ashes from the combustion of rice husks (Fongang et al., 2015; Kamseu et al., 2015), 

tailings from the extraction of metals (Ahmari et al., 2014; Ren et al., 2015), palm oil 

ashes (Salami et al. 2016; Khankaje et al., 2016), waste from the ceramic industry 

(Keppert et al., 2018) and the glass industry (Manikandan et al., 2022), etc. However, 

the raw materials or by-products more extended studied are metakaolin, blast 

furnace slag (BFS), and coal fly ash (CFA). The metakaolin (MK) is studied in several 

papers (Favier et al., 2014; He et al., 2020; Liu et al., 2021). This precursor and the 

binary mixtures with other materials let to obtain geopolymers with high compressive 

strength and good durability properties (Ozer et al., 2015). BFS has been used as the 

only precursor and as a mixture with other materials (Bakharev et al., 2000). The 
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principal advantage of BFS is that it can be used with alkaline solutions with lesser 

alkalinity.  

Finally, CFA is another of the most widely used materials in the production of AACs. 

The main reaction product formed in the alkali activation of CFA is an amorphous, 

three-dimensional alkaline inorganic polymer known as N-A-S-H (Fernández-Jiménez 

et al; 2019). Secondary reaction products may include zeolites such as Na-chabazite, 

zeolites A and P and faujasite (Fernández-Jiménez and Palomo 2005; Panias et al., 

2007). Alkali activation of low calcium CFA is a complex process with multiple 

parameters being involved simultaneously. The kinetics of alkali activation depends 

on the chemical, mineral, and phase composition of fly ash, the fineness of CFA, the 

type and concentration of alkaline activator, and the curing temperature 

(Shekhovtsova et al., 2018). (Fernández-Jiménez and Palomo, 2003) reported that 

the percentage of unburned material, amount of reactive silica, particle size 

distribution, and content of vitreous phase in CFA are the most important factors 

influencing geopolymerisation, which is supported by (Soutsos et al., 2016) who 

noted as well the importance of average grain size of CFA. 

3.1. FEASIBILITY OF ALKALINE BY-PRODUCTS AS ACTIVATOR IN CFA-
CLAY BRICKS 

The alkaline activator is an important part of the AACs. Usually, the caustic solution 

or alkaline salts have the function of accelerating the solubilisation of the precursor 

and allowing the formation of stable hydrates. The hydroxides and silicates of sodium 

and potassium are the most employed activators. In some cases, alkaline carbonates 

are also employed. The cation selected is a fundamental factor, since it affects all the 

steps of the alkaline activation process. Another important factor is the concentration 

of the activator. A greater concentration produces a major solubility and 

consequently greater mechanical behaviour. Nevertheless, Palomo et al. reported 

the existence of an optimal concentration (Palomo et al.,1999).  

Activators have specific technological implications insofar as they may be used in 

liquid or solid form, a fact of significant environmental and economic consequence. 

Most studies, conducted with liquid hydroxide or alkaline salt activators mixed with a 

solid precursor, pursue aims relating to OH- concentration, type of alkaline cation, or 

SiO2/Na2O (Palomo et al., 2021). Although the type most commonly used in 

laboratory, liquid activators may pose industrial-scale problems, as they are viscous, 

corrosive, hazardous, and expensive and therefore applicable to very specific 

construction scenarios. 

Furthermore, sodium silicate has been extensively used as an alkaline activator in AAC 

and geopolymer concrete, since it generally results in the highest mechanical 
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strength development along with reduced permeability. This means, AACs with a 

more stable and dense structure (Tong et al., 2018). However, the use of sodium 

silicate markedly increases the embodied energy and CO2 emissions associated with 

AACs, as a consequence of its manufacturing process. This typically involves the 

calcination of sodium carbonate (Na2CO3) and quartz sand (SiO2) at temperatures 

between 1400 and 1500 ºC (Tong et al., 2018; Palomo et al., 2021), generating CO2 

from the decomposition of Na2CO3 and from fuel used to reach these high 

temperatures (Fawer et al., 1999). The process is also expensive due to its energy 

consumption. The activating solution is the component that has a larger carbon 

footprint in AACs, mainly, when sodium or potassium silicates are used (Mellado 

2014, Passuello 2017). The sodium silicate synthesis produces around 1.2 kg of CO2 

per kg of sodium silicate. This number represents 70-90 % of the total emission 

associated with the activating solution. Other authors rejected geopolymers as an 

environmentally friendly solution due to a significant negative influence of other 

impact categories, such as abiotic depletion, acidification, eutrophication, and 

human toxicity, which were increased particularly due to the amount of used alkaline 

activators (Habert et al., 2011; Turner and Collins, 2013; Fort et al., 2018). 

In recent years, new alternative alkaline activators are produced. These new alkaline 

activators can be classified into two types: those in which a part of the synthetic 

products is replaced by a waste and those in which no synthetic products are 

employed. The carbon footprint of alkali hydroxides is lower than that for alkali 

silicates, by this reason many research groups are investigating the use of alternative 

silica sources to obtain a replacement for the silicate commercial one. These silica 

sources are rice husk ash, diatomaceous earth residues, glass waste, sugarcane straw 

ash, and silica fume among others (Passuello et al., 2017; Torres- Carrasco et al. 2015; 

Torres-Carrasco and Puertas, 2015). The development of alternative activators with 

reduced CO2 footprint and thus better sustainability credentials, when used for 

geopolymer concrete, is therefore much desired and can lead to a significant 

reduction in the global warming potential of AACs. 

The main objective of this study is to identify which alkaline by-products are suitable 

to replace sodium hydroxide or sodium silicate which form the activating solution of 

the source of aluminosilicate and prove how these substitutions influence flexural 

strength and water absorption in geopolymers. Flexural strength and water 

absorption were performed in quadruplicate and the equilibrium leaching test in 

triplicate. 
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3.1.1. Materials and Methodology 

3.1.1.1. Activating Solutions from Alkaline By-products  

Alkaline Activator, the most common activating compounds may be alkali or alkaline 

earth hydroxides such as (ROH, R(OH)2), weak acid salts (R2CO3, R2S, RF), strong acid 

salts (Na2SO4, CaSO4.2H2O) and silicic salts of the type R2O(n)SiO2 wherein R is an 

alkali ion of Na, K or Li type. In this regard, in this work hydroxide and sodium silicate 

were used. NaOH is pelleting with a purity of 99 %, while Na2SiO3 has a modulus 

SiO2/Na2O of 1.25. 

The by-products from SOLVAY process, were classified into 2 types according to their 

state of aggregation, liquid and solid. In addition, the solid was divided into three 

classes according to their morphology: Powder with a diameter of less than 45 μm 

particle size, rocks with a much higher particle, and mud due to its high moisture. 

- Liquid alkaline by-products: 

Ca and Mg Slurry and CaO Slurry are whitish because they have solid white particles 

suspended, although the slurry of Ca and Mg is whiter than the slurry of CaO, as 

shown in Figure 3.1. 

 

Figure 3.1. Ca and Mg Slurry (A), and CaO Slurry (B). 

‐ Solid alkaline by-products: 

a) Powder with a diameter of less than 45 μm particle size. In this group is sodium 

carbonate with a purity of 90 % and sodium bicarbonate also with a purity of 90 %. 

Both are white odourless Powders being very difficult to distinguish with the naked 

eye as seen in Figure 3.2. 
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Figure 3.2. Na2CO3 Powder (A), and HNaCO3 Powder (B). 

b). Rocks. CaO rocks are crushed to obtain the required particle size for incorporation 

into the alkali-activation process. The required particle size is less than 1mm. In Figure 

3.3, CaO rocks before and after crushing. 

 

Figure 3.3. CaO rocks before (A), and after crushing (B). 

c). Sludge: The Si-CaCO3-Ca(OH)2 is considered a Sludge due to its high moisture 

content which causes the particles join one with others forming larger particles, as 

seen in Figure 3.4. A drying process is necessary to reduce the moisture content and 

can mould the geopolymer in the hydraulic press. 

 

Figure 3.4. Si-CaCO3-Ca(OH)2 Sludge. 
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3.1.1.2. Alkali-Activated Bricks processing 

The design of experiments and the steps followed in the laboratory to obtain alkali-

activated products by pressing are presented. 

Design of Experiments 

Considering other work done in the Department of Chemical and Process 

Engineering and Resources will consider the following formulation as the reference 

alkali-activated product. This reference alkali-activated product has the following 

relationships: fly ash/clay = 0.7, [NaOH] = 6M and Na2SiO3/NaOH = 0.4. It is working 

with a temperature and cure time of 75 °C and 48h. Four replications for every one 

of the properties measured have been done. Table 3.1 shows the formulations 

carried out in the laboratory of the Department of Chemical and Process Engineering 

and Resources at the University of Cantabria to study the feasibility of introducing 

alkaline by-products in the production of alkali-activated products.  

Bricks by Pressing 

The clay is subjected to a grinding process to achieve a particle size exceeding 0.5 

mm. Then we proceed to the mixture of raw materials for 10 minutes, Fly Ash and 

Clay, with a laboratory mixer Raimondi, Iperbet model. The proportions of raw 

materials are calculated by weight. While the fly ash-clay mixture is carried out, the 

solution containing sodium hydroxide, sodium silicate, distilled water, and alkaline by-

products is prepared. The proportions of raw materials are calculated by weight. 

Commercial alkaline activator (NaOH and/or Na2SiO3) was replaced by a 10 % -30 

% -50 %-70 % and even 100 % of alkaline by-products. 

At the time which the ten minutes of mixing (clay-fly ash) have passed and the 

solution was made, it is added with a pipette the solution onto the clay-ash mixture. 

The next step consists in mixing at least five minutes of the indicated components 

(clay, fly ash, and dissolution). Once the mixture of raw materials was done, we 

proceed to mould by pressing. To this end, a hydraulic press Nanetti Mignon model 

SS/EA, which reaches 200 bar pressure, was used. The mould used is prismatic 

80x40x20 mm. 

The samples are pre-cured for 24 hours at room temperature before the cooking 

cycle. A laboratory muffle furnace Hobersal, PR Model 12/300 capable of ramps 

temperature versus time of up to 16 points was used. The temperature of work is 75 

ºC and the technological and environmental properties are measured after 7 days of 

curing. 
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Table 3.1. Design of formulations using alkaline by-products. 

Fly Ash/Clay Bricks 
Substitution of NaOH commercial 

Sample 
% NaOH 
Replaced 

NaOH (g) 
Na2SiO3 

(g) 
H2O(g) 

CFA 
(g) 

Clay (g) 
Alkaline by-
products (g) 

S1 - 17.45 35.3 64.14 205.9 294.1 0 
S2 10 15.7 35.3 57.73 205.9 294.1 1.75 
S3 30 12.22 35.3 45 205.9 294.1 5.24 
S4 50 8.73 35.3 32.07 205.9 294.1 8.73 

Substitution of Na2SiO3 commercial 

Sample 
% Na2SiO3 

Replaced 
NaOH (g) 

Na2SiO3 
(g) 

H2O(g) 
CFA 
(g) 

Clay (g) 
Alkaline by-
products (g) 

S5 10 17.45 31.77 64.14 205.9 294.1 3.53 
S6 30 17.45 24.71 64.14 205.9 294.1 10.59 
S7 50 17.45 17.65 64.14 205.9 294.1 17.65 

Fly Ash Bricks 
Substitution of NaOH commercial 

Sample 
% NaOH 
Replaced 

NaOH (g) Na2SiO3 (g) H2O(g) CFA (g) Clay (g) 
Alkaline by-
products (g) 

S1 - 17.45 35.3 64.14 500 - 0 
S2 10 15.7 35.3 57.73 500 - 1.75 
S3 30 12.22 35.3 45 500 - 5.24 
S4 50 8.73 35.3 32.07 500 - 8.73 

Substitution of Na2SiO3 commercial 

Sample 
% Na2SiO3 

Replaced 
NaOH (g) Na2SiO3 (g) H2O(g) CFA (g) Clay (g) 

Alkaline by-
products (g) 

S5 10 17.45 31.77 64.14 500 - 3.53 
S6 30 17.45 24.71 64.14 500 - 10.59 
S7 50 17.45 17.65 64.14 500 - 17.65 

3.1.1.3. Characterisation of Alkali-Activated CFA-Clay based Bricks 

The leaching behaviour of the materials was determined by the compliance leaching 

standard test UNE-EN 12457-2 using an L/S ratio=10, which simulates the conditions 

of an open landfill. The leachates were analysed to determine the leachate pH and 

the concentration of contaminants using inductively coupled plasma-collision cell 

mass (ICP-MS) in a Perkin Elmer Plasma, model Plasma 400. The contaminants under 

study are the following: As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, and Zn. 

The technological properties measured in this work were water absorption and 

flexural strength. For alkali-activated bricks, the technological assessed were flexural 

strength and water absorption. Norms and the methods used in the study of 

technological properties are shown in Table 3.2. 

Table 3.2. Norms and methods used to assess the technological properties of the alternative 

ceramics. 

Technological Property Norm Method 

Water absorption (UNE EN 772-11, 2011) Water immersion 

Flexural strength (UNE-EN 843-1, 1996) Electronic Universal Tester 
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3.1.2. Results of Feasibility of using Alkaline By-Products in CFA-Clay 
based Bricks 

The main objective of this study is to identify which alkaline by-products are suitable 

to replace sodium hydroxide or sodium silicate which form the activating solution of 

the source of aluminosilicate and prove how these substitutions influence flexural 

strength and water absorption in geopolymers. Flexural strength and water 

absorption were performed in quadruplicate and the equilibrium leaching test in 

triplicate. 

3.1.2.1. Technological Properties 

Physical Properties 

Visual Appearance: Increasing the amount of alkaline by-products polymers become 

more whitish. Because these by-products were white Powder or liquids with 

suspended white particles as shown in Figure 3.5. Geopolymer bricks using Ca-Si-

CaCO3(OH)2 Sludge and CaO rocks present cracks due to expansion in bricks. 

 

Figure 3.5. Geopolymers formation with NaOH/Na2SiO3 substitution of the following alkaline 

by-products: Ca and Mg Slurry (A), HNaCO3 Powder (B), Ca-Si-CaCO3(OH)2 Sludge (C), CaO 

Slurry (D), Na2CO3 Powder (E), CaO Rocks (F). 

Water Absorption: The specific absorption of bricks is the percentage of water 

absorbed in the assay expressed to the relative of dried brick. This rule was made for 

the determination of water absorption on the bricks used in construction, specified 
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in the UNE 67-019. The results of average water absorption and standard deviation 

are shown in Table A.6.1 and Table A.6.2 of Annex 6. The results of water absorption 

of geopolymers in which NaOH and Na2SiO3 have been replaced by the different 

alkaline by-products are shown in Figure 3.6(a)-(d). Four replications of water 

absorption have been done. 

As shown in Figure 3.6(a)-(d), it can be seen how the water absorption decreases as 

increases the percentage of alkaline by-products is introduced for both types of 

geopolymers. Besides, the water absorption increases when the aluminosilicate 

source is only Fly Ash. There is a difference of 10 units in the results of water 

absorption between fly ash/clay geopolymers and fly ash geopolymers substituting 

NaOH and 8 units when Na2SiO3 is substituted. Therefore, it can say that the clay 

participates in the process of geopolymerisation providing aluminosilicate groups 

and decreasing the pore volume on the geopolymer. Alkaline by-products which 

have better water absorption are Na2CO3 Powder and HNaCO3 Powder because 

lower values are obtained that the reference geopolymer for substitutions of 50% in 

the case of Fly Ash/Clay geopolymers. Ca and Mg and CaO Slurry present values of 

water absorption next to values of reference geopolymer. For fly ash geopolymers, 

alkaline by-products of Na2CO3 Powder, HNaCO3 Powder, and Ca and Mg Slurry 

present values of water absorption below the values obtained for reference 

geopolymer. Alkaline by-products of CaO rocks and Ca-Si-CaCO3(OH)2 Sludge no 

water absorption values were obtained for the two types of geopolymer because 

these by-products cause an expansion in geopolymer bricks due to their high 

contents of calcium. Fly Ash/Clay geopolymers have values of water absorption close 

to the values obtained for fired clay bricks made by pressing. Therefore, the most 

appropriate method of moulding for these geopolymers would be pressing. On the 

other hand, fly ash geopolymers have values of water absorption equal to or higher 

than the values obtained for fired clay bricks by extrusion, so the most effective 

method for moulding these geopolymers is the extrusion. 
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Figure 3.6. Influence of the utilisation of alkaline by-products on the water absorption by 

substituting NaOH using as aluminosilicate source: (a) Fly Ash; (b) Fly Ash/Clay, and by 

substituting Na2SiO3 using as aluminosilicate source: (c) Fly Ash; (d) Fly Ash/Clay. 

Mechanical Properties 

Flexural Strength: UNE-EN 843-1 standard is used to determine the flexural strength 

of the bricks. The results of the average flexural strength and standard deviation are 

shown in Table A.6.3 and Table A.6.4 of Annex 6. Four replications of flexural 



 
 
Chapter 3                                           Thesis Dissertation of Juan Dacuba García 
 
 

 
128 

strength have been done. The results of flexural strength of geopolymers in which 

NaOH has been replaced by the different alkaline by-products are shown in Figure 

3.7 (a)-(d). 

 

Figure 3.7. Influence of the utilisation of alkaline by-products on the flexural strength by 

substituting NaOH using as aluminosilicate source: (a) Fly Ash; (b) Fly Ash/Clay, and by 

substituting Na2SiO3 using as aluminosilicate source: (c) Fly Ash; (d) Fly Ash/Clay. 



 
 
Chapter 3                                           Thesis Dissertation of Juan Dacuba García 
 
 

 
129 

These properties show the consistency and mechanical resistance of the material. In 

Figure 3.7, the results obtained for geopolymers made with fly ash/clay geopolymers 

and made only with Fly Ash are shown. The reference sample is in which only 

commercial alkaline activators are used without being replaced for any alkaline by-

product. As shown in Figure 3.7, flexural strength decreases with the increasing 

percentage of alkaline by-products introduced for the case of fly ash/clay 

geopolymers. For the case of fly ash geopolymers, flexural strength decreases with 

the increasing percentage of alkaline by-products, but less than fly ash/clay 

geopolymers. Fly ash geopolymers present a loss in flexural strength, between 10 

and 50 % of substitution, of 2 units while for fly ash/clay geopolymers the loss 

between these percentages of substitution is 5 units. There is higher homogeneity in 

the results obtained with geopolymers of fly ash. Even so, there is a difference of 10 

units in the results of water absorption between fly ash/clay geopolymers and fly ash 

geopolymers, so it can say that the clay participates in the process of 

geopolymerisation providing aluminosilicate groups and decreasing the pore 

volume on the geopolymers. Without clay, the more porous character of fly ash 

shows that water absorption is higher and flexural strength is lower due to the 

formation of internal pores in the geopolymers. 

Alkaline by-products which have better flexural strength are Na2CO3 Powder and 

HNaCO3 Powder because closer values are obtained that the reference geopolymer 

for substitutions of 30 % in the case of fly ash/clay geopolymers. For fly ash 

geopolymers, alkaline by-products of Na2CO3 Powder, HNaCO3 Powder, and Ca and 

Mg Slurry present values of flexural strength above the values obtained for reference 

geopolymer. Therefore, in fly ash geopolymers the substitution of commercial NaOH 

with alkaline by-products enhances the flexural strength of bricks. Alkaline by-

products of CaO rocks and Ca-Si-CaCO3(OH)2 Sludge no flexural strength values 

were obtained for the two types of geopolymer because these by-products cause an 

expansion in geopolymer bricks due to their high contents of calcium. 

In the case of water absorption, fly ash/clay geopolymer have values of flexural 

strength like those obtained for fired clay bricks by pressing, while for fly ash 

geopolymers the most suitable moulding method would be the extrusion. In this 

case, a 50% incorporation of Ca and Mg Slurry in the fly ash/clay geopolymer 

moulding method could also be the extrusion. 
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3.1.2.2. Leachate pH using UNE EN 12457-4 test 

Alkalinity is a measure of the ability of a compound to neutralize acids. The pH is 

strongly related to this property. In Figure 3.8 the pH measured in the leachate 

obtained in the compliance standard leaching test by replacing NaOH and Na2SiO3 

with alkaline by-products is shown.  

The ratio of ash/clay is 0.7. The results of the pH of the leachate of geopolymers 

formed exclusively from fly ash will not show, because for fulfilling the requirements 

as a structural component or to solidify/stabilize toxic waste, geopolymers must have 

a minimum strength that these not present. As the percentage of commercial 

activator substituted increases the pH decrease due to NaOH presenting more 

alkalinity than the alkaline by-products. In the case of Na2SiO3, pH values are higher 

than when commercial NaOH is replaced. The pH range between 11 and 12.5 

independently of the waste alkali activator. Na2CO3 Powder and NaHCO3 Powder 

have the highest pH values. Three replications of water absorption have been done. 

 

Figure 3.8. Leachate pH values of geopolymers: a) replacing NaOH and b) Na2SiO3 by alkaline 

by-products. 
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3.2. CHARACTERISATION OF SELECTED ALKALI ACTIVATED CFA-CLAY 

BASED BRICKS  

To key to ensuring good mechanical performance and durability in alkaline, Portland 

or any other type of cement lies in strict control of the properties of the starting 

materials (Ruiz-Santaquiteria et al., 2013). AACs comprise a family of materials 

(chemically and mineralogy unrelated to OPC) generally consisting of two essential 

components: a cementitious precursor and a chemical additive or alkaline activator. 

Two main families of AACs can be defined: A) high and B) low Ca content materials. 

Hybrid cement comprises a third family, consisting of different combinations of A) 

and B) (Shi et al., 2011; Palomo et al., 2021). AACs obtained from alkaline activation 

of aluminosilicates are known to be conditioned by factors such as particle-size 

distribution, reactive amorphous/vitreous phase content, and the quantity of silica in 

the starting materials. 

Fly ashes are not a ‘‘standard product” as their physical and chemical properties vary 

considerably not only from source to source but also over time from the same power 

station (Soutsos et al., 2016). (Ruiz-Santaquiteria et al., 2013) determined the reactive 

phase content under alkali activation conditions in CFA that dissolved in a 1% (v/v) 

HF solution and that the reactive SiO2/Al2O3 ratio of these by-products could be 

quantified by ICP analysis of the resulting leachates. Many researchers have studied 

the effect of fineness on CFA reactivity, separating the material either by sieving under 

45 μm (Duvallet et al., 2015; Kumar et al., 2015). Particle size separation produces an 

increase in the proportion of the vitreous phase since the largest particles consist 

essentially of reactive crystalline phases such as quartz, unburnt carbon, and hematite 

(Fernández-Jiménez et al., 2019). 

The mechanisms governing the chemical reactions between precursor and alkaline 

activators differ with the family. As a rule, in model A), which includes the BFS (Bernal 

et al., 2014), the main reaction product is C-(A)-S-H gel, similar to C-S-H gel obtained 

during OPC hydration (Palomo et al., 2021). In model B), comprising MK or type F 

CFA precursors, the main reaction product is an M-A-S-H gel (M=alkaline cation) 

(Duxson et al., 2007), which is attributed to the same or higher mechanical 

performance than C-S-H.  

Several techniques have been used characterise the alkali aluminosilicate reaction 

products of model B including, Nuclear Magnetic Resonance (NMR), Fourier 

Transform Infrared Spectroscopy (FT-IR), and X-Ray Diffratogram (XRD) (Bhagath 

Singh et al., 2016). The 29Si MAS NMR spectra exhibit a series of resonance separated 

by roughly 4-5 ppm and centred at -85.0, -89.0, -94.0, -98.5, and -102.5 ppm. These 

chemical shifts are characterised by tetrahedrally coordinated and fully polymerised 

(Q4) silicon nuclei by 4, 3, 2, 1, and 0 AlO4 tetrahedra, respectively, and associated 



 
 
Chapter 3                                           Thesis Dissertation of Juan Dacuba García 
 
 

 
132 

with the N-A-S-H (Ruiz-Santaquiteria et al., 2013). On the other hand, the FT-IR spectra 

of AACs present the following characteristics: 1) the band centred at about 1100 cm-

1 in the silica trace, corresponding to the Si–O asymmetric stretching in tetrahedra 

(Lee and van Deventer, 2002; Phair and van Deventer, 2002), is shifted to lower 

wavenumbers (about 1000 cm-1 ) as a consequence of polycondensation with 

alternating Si–O and Al–O bonds; 2) The formation of the geopolymer is also 

indicated by the band at about 870 cm-1 linked to Al–O symmetric stretching in 

tetrahedra (Lee and van Deventer, 2002); 3) Other bands related to the formation of 

the geopolymer are those at about 1420 and 1650 cm-1 related to O–H bending 

and H2O stretching, respectively (Lee and van Deventer, 2002); and 4) the band at 

about 1460 cm-1 is related to the formation of carbonate by reaction of alkali metal 

hydroxide with atmospheric CO2. At last, the XRD patterns for the AACs used as 

precursor CFA and commercial activators present the prominent features: 1) 

persistent of the crystalline phases of the initial CFA, confirming their low reactivity in 

alkaline media; 2) a shift hump of the pastes to slightly higher 2theta values (25-40º) 

attesting the formation of N-A-S-H gel; and 3) contain a series of reflections related to 

the presence of crystalline zeolites species such as faujasite, hydroxysodalite 

(Fernández-Jiménez et al., 2019).  

Given the feasibility results obtained, a study of the microstructure of the 

geopolymers obtained with the alkaline by-products will be carried out. The best 

alkaline by-products for the synthesis of geopolymers are Na2CO3 Powder and 

NaHCO3 Powder as demonstrated in the previous section. In this section, the 

objective is to study the reactivity of CFA as a precursor as well as the XRD patterns 

and functional groups of geopolymers obtained by using alkaline by-products as 

activators 

3.2.1. Materials and Methodology 

3.2.1.1. Selected Alkaline By-Products  

In view of the feasibility results obtained, a study of the microstructure of the 

geopolymers obtained with the alkaline by-products will be carried out. The best 

alkaline by-products for the synthesis of geopolymers are Na2CO3 Powder and 

NaHCO3 Powder as demonstrated in the previous section.  

3.2.1.2. Alkali-Activated Bricks processing 

Design of Experiments 

This reference alkali-activated product has the following relationships: fly ash/clay = 

0.7, [NaOH] = 6M and Na2SiO3/NaOH = 0.4. It is working with a temperature and 
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cure time of 75 °C and 48h. Four replications for each of the properties measured 

have been done. The geopolymer, carried out in this section, incorporates clay, 

higher percentages of alkaline by-products and the commercial activator substituted 

was Na2SiO3. Table 3.6 shows the formulations carried out in the laboratory of the 

Department of Chemical and Process Engineering and Resources at the University of 

Cantabria to study the feasibility of introducing alkaline by-products in the production 

of alkali-activated products.  

Table 3.6. Design of formulations for alkaline by-products selected. 

Alkaline by-product: Na2SiO3 

Sample 
% Na2SiO3 

Replaced 
NaOH (g) Na2SiO3 (g) H2O(g) CFA (g) Clay (g) 

Alkaline by-
products (g) 

C1 10 

17.45 

31.77 64.14 205.9 294.1 3.53 
C3 30 24.71 64.14 205.9 294.1 10.59 
C5 50 17.65 64.14 205.9 294.1 17.65 
C7 70 10.59 64.14 205.9 294.1 24.71 
C9 100 - 64.14 205.9 294.1 35.3 

Alkaline by-product: HNaCO3 

Sample 
% Na2SiO3 

Replaced 
NaOH (g) Na2SiO3 (g) H2O(g) CFA (g) Clay (g) 

Alkaline by-
products (g) 

B1 10 

17.45 

31.77 64.14 205.9 294.1 3.53 
B3 30 24.71 64.14 205.9 294.1 10.59 
B5 50 17.65 64.14 205.9 294.1 17.65 
B7 70 35.3 64.14 205.9 294.1 24.71 
B9 100 - 57.73 205.9 294.1 35.3 

Bricks by Pressing 

The methodology is described in section 3.1.1.3. 

3.2.1.3. Characterisation of Alkali-Activated CFA-Clay based Bricks 

In the selected Alkaline by-products in alkali-activated bricks the following properties 

and analytical methods were carried out: 

The technological properties measured in this work were water absorption and 

flexural strength. The Norms and the methods used are described in section 3.1.1.3. 

The analytical methods used in the characterisation of selected alkaline by-products 

were the following:  

Reactivity: The fraction of the reactive phase and the reactive SiO2/Al2O3 ratio of the 

starting materials were determined using selective chemical attack using a 1% (v/v) 

HF solution as illustrated in Figure 3.9. The acid attack was conducted by subjecting 

1.0 g of each aluminosilicate to 100 ml of a 1.0 % by volume hydrofluoric acid 

solution for 5 h under stirring. After the chemical attack, the solid residue and the 

solution were separated by filtering using Albet®ash-less filter paper (% ash 0.01) for 

retention of particles under 2 μm. The resulting residue was washed with distilled 
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water until neutral pH from the funnel was achieved. Once the residue was 

completely dry, it was calcined together with the filter paper at 1000 °C in a platinum 

crucible for 1 h. The percentage of reactive phase content was quantified by 

subtracting the final mass of the residue from the initial mass of the aluminosilicate 

(see Figure 3.9). The percentage of silica and alumina released during the selective 

chemical attack was determined in the leachates through ICP. The ICP-AES analyses 

were conducted on a Varian 725-ES ICP atomic emission spectrometer with the 

following characteristics: plasma power, 1.40 kW; plasma gas flow, 15.00 l/min; 

nebuliser gas flow, 0.85 l/min; read time, 5 s. The concentrations of soluble silicon 

and aluminium determined by the ICP-AES technique correspond to the average of 

three measurements for a given liquid sample. Moreover, this procedure was 

conducted in duplicate to verify the precision of the measurements. 

 

Figure 3.9. An experimental procedure was followed to quantify the percentage in weight of 

the potentially reactive phase and the reactive SiO2/Al2O3 ratio in the starting aluminosilicates 

(Ruiz-Santaquiteria et al., 2013). 

The percentage of reaction products generated during alkali activation (degree of 

reaction) was determined by selective chemical attack, using a 1:20 (v/v) HCl solution 

(Fernández-Jiménez et al., 2006b*) as depicted in Figure 3.10. The selective chemical 

attack was conducted by subjecting 1.0 g of each alkaline cement to 250.0 ml of a 

1:20 (v/v) HCl solution for 3 h at room temperature under stirring. After the chemical 

attack, the solid residue and the solution were separated by filtering (the same type 

of filter paper as used for the acid attack measurements). The resulting residue was 

washed with distilled water until neutral pH from the funnel was achieved and once 

the residue was completely dry, it was calcined together with the filter paper at 1000 

°C in a platinum crucible for 1 h. The percentage of reaction products generated in 

both cementitious systems was quantified by subtracting the final mass of the residue 

from the initial mass of alkaline cement (see Figure 3.10). The percentage of silicon 

and aluminium being a part of the reaction products was determined by analysis of 

the resulting leachates through ICP-AES, under the experimental conditions 
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described above. Given the precision in the measurements found for the silicon and 

aluminium concentrations using ICP, no duplicate experiments were conducted in 

this case. 

 

Figure 3.10. The experimental procedure was used to quantify the degree of reaction in the 

alkaline cement prepared and the SiO2/Al2O3 ratio of the reaction products generated during 

alkaline activation (Ruiz-Santaquiteria et al., 2013). 

Mineralogical characterisation of raw materials and geopolymers was carried out by 

Powder X-ray diffraction (XRD) using a D8 Advance Automatic Diffractometer in 

Bragg-Brentano geometry. Cu Kα1 radiation (λ=1.5406) was employed with 0.03° 2ϴ 

steps and a constant 8 s acquisition time in the 10-70° 2ϴ range. 

Functional groups characterisation of raw materials and selected geopolymers were 

carried out on an ATIMATTSON Genesis Series FTIR-TM spectrometer. The FTIR 

spectra were obtained by analysing compressed KBr pellets containing 1.0 mg of 

sample in 300 mg of KBr. 

3.2.2. Selected Characterisation of Alkali Activated bricks 

3.2.2.1. Technological Properties 

Geopolymers should present the higher flexural strength and the lower water 

absorption excluding the alkaline by-products that have expanded in bricks. It has 

seen in section 3.1.2. that the geopolymers containing fly ash and clay, instead of just 

ash, have higher flexural strength and lower water absorption to reference 

geopolymer. Therefore, the use of geopolymers consisting only of fly ash is discarded. 

Alkaline by-products that provide higher flexural strength and lower water 

absorption are Na2CO3 Powder and HNaCO3 Powder. These two alkaline by-

products are suitable for use as construction elements. 
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Solid alkaline by-products provide better physical properties to geopolymer, although 

these variations are not significant and any of these four materials could be used in 

the construction industry. The most influential factor in these properties would be 

moisture. A decrease in water content increases the silicate concentration in the 

aqueous phase, facilitating the polycondensation of the oligomers and the final 

hardening of the geopolymer structure decreasing the formation of cracks. 

Torres et al., 2015*, Lodeiro et al., 2016*, Bobirica et al., 2015, and Sassoni et al., 2016 

studied the substitution of soluble silicates and not the substitution of the alkaline ion. 

Such authors considered how it affected the incorporation of alkaline by-products to 

Na2SiO3. In this work, other alkaline by-products such as the Na2CO3 Powder and 

the HNaCO3 Powder were incorporated. The flexural strength and water absorption 

using the alkaline by-products are represented in Figure 3.11. The results of the 

average water absorption and flexural strength and their standard deviation are 

shown in Table A.7.1 and Table A.7.2 of the Annex, respectively. Four replicates of 

water absorption and flexural strength have been carried out. 

Flexural strength decreases as the dosage of alkaline by-products increases. With 

Na2SiO3 Powder substitutions of 10 %, flexure strength values are close to those of 

the reference geopolymer. From 30 % of substitution, a decrease in flexural strength 

occurs but remains constant regardless of the percentage of Na2SiO3 Powder 

introduced. For HNaCO3 Powder lower flexural strength values are obtained in 

comparison with Na2SiO3 Powder geopolymers, so Na2SiO3 Powder favours the 

reaction of geopolymerisation when Na2SiO3 is replaced. 

Water absorption decreases as the amount of alkali waste stream increases. From 30 

% of substitution, water absorption values for both currents are below the value of 

the reference geopolymer. Therefore, it can be said that the geopolymerisation 

reaction has occurred with these alkaline by-products since there has been 

densification of bricks decreasing the pore volume. 

Both alkaline by-products present values of water absorption and flexural strength 

closer to those obtained for fired clay bricks by pressing, although substitutions of 70 

% HNaCO3 Powder present values of flexural strength closer to fired bricks obtained 

by extrusion. 
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Figure 3.11. Influence of the use of Na2CO3 Powder and HNaCO3 Powder on the 

technological properties: (a) Water absorption; (b) Flexural Strength. 

3.2.2.2. Reactivity 

 

Table 3.3 gives the percentages of potentially reactive phases in the aluminosilicates 

studied along with their reactive SiO2/Al2O3 ratios. For comparison, bulk SiO2/Al2O3 

ratios calculated from the XRF results are also given. 

According to the findings given in the table, all the materials have potentially reactive 

phase contents above 50 wt.%, which would initially translate into high reactivity in 

the alkaline activation process (Fernández-Jiménez and Palomo, 2003*). 

Note that the bulk SiO2/Al2O3 ratios found by XRF differ significantly from the reactive 

SiO2/Al2O3 ratios determined using a selective chemical attack. The consequence of 

this observation, i.e., that neither all the silicon nor all the aluminium present in the 

materials is reactive, justifies the use of a specific methodology to determine this ratio. 
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It is generally expected that a higher reactivity of the starting material will generate a 

larger percentage of reaction products (N–A–S–H gel) and consequently, better 

properties of the final products, however, higher reactivity does not necessarily 

induce a better development of the final properties of geopolymers. 

Table 3.3. Potentially reactive phase content and reactive SiO2/Al2O3 ratio for the starting 

aluminosilicates. 

 Initial 

Aluminosilicate 
Selective chemical attack — HF 1% (v/v) 

 Bulk SiO2/Al2O3 

XRF 

Reactive Phase 

(wt.%) 

SiO2 

(wt.%) 

Al2O3 

(wt.%) 

Reactive 

SiO2/Al2O3 

FA 2.36 63.68 34.41 18.35 1.88 

Clay 3.70 57.60 24.02 11.34 2.12 

P1* 3.06 60.10 28.30 14.22 1.99 

     * The results for P1 were calculated from the findings for fly ash (FA) and Clay separately. 

A certain minimum reactivity is required for the starting materials (reactive phase≥50 

%) (Fernández-Jiménez and Palomo, 2003) to ensure satisfactory results, the final 

properties development of geopolymers is affected more by the composition (the 

reactive SiO2/Al2O3 ratio) than on the amount of the reactive phase, i.e., a high 

potentially reactive phase content does not compensate for an unsuitably low 

reactive SiO2/Al2O3 ratio. 

From the chemical standpoint, the most important factor in geopolymer formation is 

the silica and reactive alumina content in the starting aluminosilicate, because silicon 

is the main component of the structural skeleton of the reaction products formed 

during alkaline activation of the material. Together with dissolved aluminium, in high 

alkalinity media, it forms polyhydroxysilicoaluminate type complexes (Fernandez-

Jimenez and Palomo, 2003*; Fernandez-Jimenez et al., 2006*; Palomo et al., 2004*; 

Weng et al., 2005*). Figure 3.12 show the SiO2/Al2O3 reactive ratio of the 

geopolymers obtained using the alkaline by-products. 

According to the findings given in Figure 3.12, the SiO2/Al2O3 reactive ratio 

decreased when the percentage of alkaline by-products increased. This is an 

expected result due to water glass plays an important role in the development of 

geopolymers. However, the results obtained show a SiO2/Al2O3 reactive ratio above 

1.30 which suppose a good development of the final properties of geopolymers. For 

the lowest percentage of alkaline by-products, close results to the reference were 

obtained, hence, alkaline by-products might be a potential product in the 

manufacturing of geopolymers. 
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Figure 3.12. SiO2/Al2O3 reactive ratio of the alkali-activated materials. 

3.2.2.3. Microstructural Characterisation 

Mineralogical characterisation of reaction products was done using XRD technique 

to identify the crystalline components in the system. Figure 3.13 (a) and (b) 

reproduce the X-ray diffractograms for the pastes using sodium carbonate and 

sodium bicarbonate, as well as the diffractogram for the reference geopolymer. In all 

cases, the diffraction pattern changed negligibly after the substitution of commercial 

activators with alkaline by-products. One characteristic of these materials was the shift 

in the position of the halo attributed to the vitreous phase in the initial ash to slightly 

higher 2q angles, an indication of the presence of an alkaline aluminosilicate (N-A-S-

H) gel, the main reaction product. The minority crystalline phases (quartz, mullite, and 

nacrite) detected in the initial material remained apparently unaltered. Zeolite-like 

crystalline phases appeared in the post-activation spectra. The type of zeolite that 

crystallised depended on the activating solution used. Zeolite species such as sodalite 

hydrate (Na4Al3Si3O12OH) and calcium aluminum oxide (CaAl2O4) with a Si/Al ratio 

of 2 (Breck, 1973) were detected on the diffractogram formed from fly ash activated 

with the alkaline by-products. Zeolite species such as sodalite hydrate and calcium 

aluminum oxide were also observed when the commercial activator was the 

activator. When the source of the silica was dissolved in alkaline by-products, the 

resulting diffractogram resembled the diffractogram for the paste prepared with a 

commercial activator very closely. Nonetheless, according to other studies (Criado et 

al., 2007), a considerable rise in the silica content in the medium retards the formation 

of zeolite species, inducing a decline in mechanical strength due to the absence of 

N-A-S-H gel. 
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 Figure 3.13. a) XRD of carbonate-based geopolymer; b) DRX of bicarbonate-based 

geopolymer. 

Figure 3.14 (a) and (b) show the FTIR spectra obtained after activating the fly ash 

with the commercial activator and alkaline by-products. These materials contained 

both unreacted particles and reaction products (sodium aluminosilicate gel, the 

majority product, and minority crystalline zeolites). All these products consisted 

primarily of SiO4 and AlO4 tetrahedra. An analysis of the spectra showed that the 

most characteristic bands were a main band at around 1000 cm-1 associated with 

the asymmetric vibrations generated by T-O-T bonds (where T is Si or Al).  
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Figure 3.14. FTIR a) Carbonate-based geopolymer; b) Bicarbonate-based geopolymer. 

In all the systems, regardless of the type of activator used, this band, located at around 

1060 cm-1 in the original fly ash, narrowed and shifted to lower frequencies after the 

fly ash was activated: to around 1010-1004 cm-1. These shifts indicate that the glass 

component in the fly ash reacted with the alkaline activator to form reaction products, 

primarily N-A-S-H, an aluminosilicate gel (Fernandez-Jimenez and Palomo, 2005b). 

The exact position of this band depended on the Si/Al ratio of the product formed. 

The shift was to lower frequencies due to the rise in the tetrahedral aluminium 

content (Fernandez-Jimenez and Palomo, 2005b). With the replacement of Si4+ by 

Al3+, the T-O-T angle became more acute, shifting the signal to lower frequencies due 

to the weaker bond and the fact that the Al-O bond is longer than the Si-O bond. 

The shift in these bands was observed to be more intense in the pastes activated with 

commercial activator than in the pastes activated with alkaline by-products. That 

means that the Si content was higher in the reaction products in the former two than 

in the latter (Fernandez-Jimenez and Palomo, 2005b; Mozgawa et al., 1999). The rest 

of the bands characteristic of N-A-S-H gel between 800 and 500 cm-1, which were 

also present, were associated with the vibrations generated by the tetrahedral 

formed. A series of bands attributed to the presence of zeolites (detected with XRD) 

also appeared. 
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3.3. CFA-CLAY BINDERS FOR IMMOBILISATION OF TOXIC WASTE 

The immobilisation of heavy metals in Ordinary-Portland-Cement (OPC)-based mate- 

rials are widely investigated and implemented because of its low processing cost and 

ability to meet stringent technical requirements (Niu et al., 2018). However, it presents 

low effectiveness in several situations, such as in the case of various toxic waste, 

especially those containing salts of magnesium, tin, zinc, copper, and lead, and also 

for solidification of residues with high sulphide contents (Shi and Fernández-Jiménez, 

2006; Paz-Gómez et al., 2021). On the other hand, from an environmental point of view, 

the production of OPC consumes large quantities of natural resources and energy in 

addition to contributing significant greenhouse gas emissions into the atmosphere: 

approximately 0.66 to 0.82 kg of CO2 is produced per kg of OPC manufactured. With 

this emission level, the cement industry is responsible for 8 to 10 % of the 

anthropogenic emissions around the world (Vu and Gowripalan, 2018). 

Nowadays, the great challenge in the solidification/stabilisation of hazardous waste 

focuses on the use of new ecological and sustainable binders for the immobilisation 

of heavy metals.  In this context, alkali-activated binders (AABs) or geopolymers turn 

up as a feasibility binder’s solution to the OPC. The production of geopolymers 

consists of the reaction of a powder precursor, with a high content of amorphous 

silico-aluminates, with high or low calcium content, and a strongly alkaline activating 

solution. The result after a curing time is a compact solid with good mechanical 

properties, which can be disposed of in a landfill or used in construction applications 

(Nguyen et al., 2021; Maldonado-Alameda et al., 2020). These binders have received 

much attention in the last decade as their production offers significant economic and 

environmental benefits, such as having a lower CO2 footprint and reusing of industrial 

waste or by-products as precursors in the formulations of geopolymers. Another 

impor- tant advantage of the performance of these new binders in the 

immobilisation of certain chemical species is due to their three-dimensional 

microstructure, with an abundance of very small pores, very high alkalinity, and very 

good chemical stability (Vu and Gowripalan, 2018; Palomo et al., 2003). For these 

reasons, they are also proposed as adsorbents in waste treatment (Harja et al., 2015). 

In this way, recent investigations on the use of geopolymer matrices to solidify/stabilize 

different hazardous waste-containing heavy metals have been reported: electric arc 

furnace dust (Cifrian et al. 2021; Pereira et al., 2009; Nikolic et al., 2020), 

municipal solid waste incineration fly ash (MSWI) (Maldonado-Alameda et al., 

2020), lead–zinc smelting slag (Zhang et al., 2020; Ogundiran et al., 2013; Mao et 

al., 2019; Li et al., 2018), chromite ore processing residues (Huang et al., 2017; Yu et 

al., 2021), hexavalent chromium (Nikolic et al., 2017; Zhang et al. 2016), or galvanic 

solid waste (Barreto et al., 2020), among others. Immobilisation efficiency is measured 

mainly by the mechanical strength and the leaching reduction as indicators of 
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solidification and stabilisation, respectively. Thus, the selection of the leaching test 

method is key to assessing the degree of the heavy metal immobilisation of 

geopolymer matrices (Galiano et al., 2011; Bakhshi et al.; 2017). There are two 

leaching procedures commonly used in the literature: the Toxicity Characteristic 

Leaching Procedure (TCLP, 1992), which uses as a leaching reagent an acetic acid 

solution buffered to a pH of 3 to 5, and the Equilibrium Batch Leaching Test (EN-

12457, 2002), which employs distilled water as a leaching solution. The results from 

these tests are compared, respectively, to the threshold limits established by the 

Environmental Protection Agency (EPA, Washington, WA, USA) and the 2003/33/EC 

Council Decision (EU, 2003), respectively, for accepting waste in landfills. In previous 

studies, the authors of this work have carried out the stabilisation of Electric Arc 

Furnace Dust (EAFD) into ceramic geopolymers based on coal fly ash and quarry clay 

as the precursor and aggregate (as an adsorbent), respectively, assessing the 

environmental behaviour in different scenarios, disposal, and utilisation using leaching 

tests (Cifrian et al. 2021). 

Zinc production has steadily increased by 4% per annum in the last decade. In 2020, 

the global production of zinc was approximately 13 Mt (Zhang et al., 2021). The 

increase in zinc production also implies that the amount of generated waste (e.g., 

sludge, dust, and precipitated) and energy consumption rises (Martínez-Sánchez et 

al., 2019). Therefore, the management of heavy metal solid waste is a key factor to 

take into account in the environmental sustainability of the zinc industry (Zhang et 

al., 2021). 

The Cadmium Sponge (CS) from the purification stage and the Anode Mud (AM) 

from the electrolysis stage represent significant zinc plant residues (ZPR) (Hoang et 

al., 2009). ZPR are hazardous waste because of their strong acidities, poor stabilities, 

and high heavy metal content (Wang et al., 2020). In the production of one ton of 

zinc refined by the RLE process, between 80 and 100 kg of Cadmium Sponge (Li et 

al., 2018) and 40 to 50 kg of Anode Mud are generated (Zhang et al., 2020). These 

residues contain considerable amounts of valuable metals, such as zinc, cadmium, 

copper, and nickel (Wang et al., 2020; Grudinsky et al., 2021). Several studies have 

investigated the recovery of cadmium and copper from Cadmium Sponge (Aparajith 

et al., 2010; Li et al., 2018; de Barros et al., 2021; Moradkhani et al.; 2012; Gharabaghi et 

al., 2012) and the recovery of noble metals from Anode Mud (Mahon and Alfantazi, 

2014; Xing et al., 2020; Dreisinger et al., 2012). However, the global demand for Zn 

and the lack of development of recovery technologies on an industrial scale, due to 

technical problems or because they may give rise to secondary pollution, make it 

necessary for ZPR to be previously treated and disposed of in sanitary landfills (Zhang 

et al., 2020). Due to the high concentration of heavy metals and great acidity, these 

residues present potential environmental risks because of their significant heavy 

metals solubilisation. Therefore, ZPR is categorized as hazardous waste according to 
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the European Waste Catalogue (110207*) (Martínez-Sánchez et al., 2019), and they 

cannot be directly landfilled. 

It is important to note that there are no published studies regarding the immobilisation 

of pollutants from ZPR through their introduction into ceramic geopolymers. 

Consequently, the aim of this work is the immobilisation of heavy metals from this type 

of acid waste as a treatment prior to disposal in a landfill using sustainable binders. First, 

the feasibility study of the S/S of Cadmium Sponge (CS) and Anode Mud (AM) in coal 

fly-ash/clay-based geopolymers using different processing techniques and activators 

were performed. The S/S products were evaluated by technical and environmental 

assessment according to EU Landfill regulation limits for the compressive strength 

and release of hazardous metals. Second, to optimize the geopolymer parameters, a 

factorial experimental design was performed using as response variables the release 

of critical pollutants for the stabilisation of zinc plant acid residues. 

3.3.1. Materials and Methodology 

Currently, approximately 80 % of zinc is produced from Sphalerite, a zinc sulfide 

mineral, by the roasting–leaching–electrowinning (RLE) process, which is a 

combination of pyrometallurgy and hydrometallurgy (Wang et al., 2020; Hu et al; 

2017). The process of the roasting of zinc sulfide concentrates is a substantially cost-

effective technology due to its self-sufficiency, a satisfactory removal of harmful 

impurities for the subsequent electrolysis, and the associated production of sulphuric 

acid (Grudinsky et al., 2021). In the leaching stage with strong hot sulphuric acid, 

other metals present in the calcine concentrate are also leached in addition to zinc 

(Ayala and Fernández, 2013). As metallic zinc electrolysis requires an electrolyte that 

is free from these pollutants, the sulphuric acid liquor needs a purification step to 

remove them (Ayala and Fernández, 2013). The purification of the leached liquor in 

these processes is carried out by adding zinc powder that removes the more noble 

impurities. As a result, the excess zinc powder, together with compounds of other 

metals (mainly cadmium and lead), form a residue known as Cadmium Sponge (CS) 

(Aparajith et al., 2010; Li et al., 2018). On the other hand, during electrolysis, to protect lead 

anodes from excessive corrosion, manganese compounds are added (Ayala and 

Fernández, 2013; Chandra et al., 2011; Mahon and Alfantazi, 2014). On the surface 

of the anodes, lead dioxide is formed by electro-oxidation, and manganese (present 

in the bath) deposits as manganese oxide. The deposited oxides are powdery and 

fall off to the bottom of the bath. At the end of the electrowinning cycle, the powder 

is removed from the bottom of the cell, an acid residue known as Anode Mud (AM) 

(Chandra et al., 2011; Jaimes et al., 2015; Huang et al., 2020; Zhang et al., 2020). 
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3.3.2.1. Acid Waste 

Two different ZPRs were used, the Cadmium Sponge (CS) and the Anode Mud (AM) 

produced during the purification (Bakhsi et al., 2017) and the electrowinning stages 

(Chandra et al., 2011) respectively, of the RLE process. The CS has a greyish colour, a 

wide particle size distribution, and even forms large rocks.  

 

Figure 3.15. Acid waste used in this work: (a) Cadmium Sponges (CS); (b) Anode Mud (AM). 

For a representative sample, the moisture content is 41%, the pH value is 4.2 and the 

conductivity is 2174 μS/cm; whereas the AM is black, which also presents particles of 

different sizes and has a bad smell that is difficult to work with. A representative 

sample of AM has a moisture content of 30% and a pH value of 2.0. The visual 

appearance of both acid waste is shown in Figure 3.15. The concentration of trace 

elements released after the application of EN 12457-2 leaching test is listed in Table 

1. As acid waste are produced in an industrial process, high variability in the 

composition is expected.  

To represent this fact, Table 3.4 collect the maximum and minimum trace elements 

leaching values of the acid waste produced for one year. Cd and Zn are the elements 

with the highest concentrations and present the major hazardousness in both acid 

waste. Pb and Ni are other elements to consider for immobilisation in Cadmium 

Sponges, while only Pb in the case of Anode Mud. 
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Table 3.4. Trace elements concentration in leachates obtained in EN 12457-2 leaching test of 

Cadmium Sponge (CS) and Anode Mud (AM). 

Trace elements 
(mg/kg) 

Range of 
Values- CS 

CS 
Range of 

Values-AM 
AM 

Landfill disposal limits* 

HW NHW 

pH 3.92-7.70 4.2 < 2 < 2 __ __ 

As 0.01-0.42 0.41 0.05-0.16 0.16 25 2 

Ba 0.05-6.48 0.025 0.05-0.35 0.06 300 100 

Cd 300-4800 2790 15-11700 461 5 1 
Cr 0.05-0.80 0.78 0.05-1.08 0.58 70 10 

Cu 0.05-24.47 0.66 0.01-1440 8 100 50 
Hg < 0.01 0.01 < 0.01 < 0.01 2 0.2 

Mo 0.05-0.85 0.1 0.05-0.42 0.1 30 10 
Ni 0.05-14.72 4.5 0.05-18.45 0.88 40 10 

Pb 0.05-6.75 6.7 0.05-6.50 6.3 50 10 

Se 0.05-0.5 0.5 0.05-20.9 0.35 7 0.5 
Sb 0.1-0.5 0.5 0.05-0.56 0.56 5 0.5 

Zn 33-6970 6690 1010-20900 5720 200 50 

* Decision 2003/33/EC: HW Hazardous Waste; NHW Non-Hazardous Waste 

3.3.2.2. Geopolymer precursors and activators 

For the immobilisation of the hazardous elements, in this work geopolymerisation 

has been proposed. For the synthesis of geopolymers, two precursors have been 

used together and two alternative alkaline activators have been applied.  

Precursors used in this study were obtained from different sources in the same region 

(Cantabria, Spain). Low calcium fly ash (ASTM class F) (FA) was supplied by a coal 

combustion company located in Cantabria, Spain) and was used as the main 

silicoaluminate agent. Quarry clay was collected from a Spanish industrial ceramic 

and was used as a secondary silicoaluminate source, with an aggregate role mainly.  

Two different activating solutions were used: a commercial solution based on sodium 

hydroxide and sodium silicate (SiO2 25.5-28.5 %, Na2O 7.5-8.5 %, density 1.345-1.382 

g/mL), and an alternative solution, an industrial by-product based on sodium 

carbonate (Na2CO3), was supplied by Solvay Química S.L.) – (Barreda, Cantabria, 

Spain), substituting the commercial sodium silicate.  

The composition of Fly Ash and clay was determined by inductively coupled plasma 

atomic emission spectrometry (ICP-AES) and X-ray fluorescence (XRF) in Activations 

Laboratories (Ancaster, ON, Canada). The elemental major and minor oxides and 

trace element concentrations in raw materials are given in Table 3.5. Both precursors, 

FA, and clay are mainly constituted by SiO2 and Al2O3, key compounds in the 

manufacture of geopolymers.   
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Table 3.5. Major, minor oxides and traces elements in Flay Ash (FA) and Clay. 

Raw Materials FA Clay 

Composition (wt %) 
SiO2 52.38 64.22 

Al2O3 21.32 16.93 

Fe2O3 6.88 5.94 

K2O 2.50 3.03 

CaO 6.23 0.52 
MgO 2.48 0.89 

Na2O 2.02 0.58 

TiO2 0.92 0.86 

MnO 0.07 0.06 

P2O5 0.82 0.08 

LOI 5.39 5.78 

Composition (mg/kg) 

As 44 30 

Ba 2662.25 483 

Cd 1.10 0.50 

Cr 76.25 46 

Cu 85.75 27 

Hg n.d. n.d. 
Mo 18 2 

Ni 129 29 

Pb 52.50 28 

Sb 7.80 2.5 

Se 0.55 0.02 

Zn 291.25 139 

                  n.d. not determined 

3.3.2.3. Geopolimeric Matrices Preparation 

Samples were developed at a laboratory scale, based on the results of the authors´ 

previous studies (Cifrian et al., 2021) as shown in Figure 3.16.  

 

Figure 3.16. The methodology applied for the geopolymeric formulations development. 
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Table 3.6. Formulations for solidification/stabilisation of each acid waste, CS and 

AM.shows the formulations carried out in the laboratory for the 

solidification/stabilisation of the acid waste.  

Table 3.6. Formulations for solidification/stabilisation of each acid waste, CS and AM. 

  Activator 
Sample 
Name 

Acid  
waste 

(g) 

FA 
(g) 

Clay 
(g) 

NaOH 
(g) 

Na2SiO3 

(g) 
Na2CO3 

(g) 

Acid waste / 
geopolymer 

ratio 
L/S  [NaOH] 

Com-
mercial 

C0 0 

205.9 294.1 17.45 35.30 0 

0  

6M C50 500  0.5 0.21 
C70 1167  0.7 0.22 

Alternati-
ve 

A0 0 

205.9 294.1 17.45 24.71 10.59 

0  

6M A50 500  0.5 0.21 

A70 1167 0.7 0.22 

FA, clay, and acid waste were mixed for 10 minutes to obtain a homogeneous 

mixture. The 6 M NaOH solution was prepared and cooled to room temperature. 

Then Na2SiO3 and/or Na2CO3 was added up to Na2SiO3/NaOH ratio fixed, 

depending on if commercial or alternative activator were used. In the end, the 

activator solution was added to the mixture of FA-clay-acid waste and mixed for 10 

additional minutes. A sample without acid waste was developed as the reference 

sample. Furthermore, these formulations were studied with and without a drying 

pre-treatment for the two acid waste. The drying pre-treatment was carried out at 

105 °C for 48 h.  

To obtain the final specimens two different processes were applied, due to the 

behaviour of mixtures, when waste were or not were pre-treated. When acid waste 

were dried, specimens were obtained by uniaxial pressing under 50 bar with a 

Mignon SS/EA (Nanetti) laboratory a hydraulic press in a rectangular mould of 80 

mm in length, 30 mm in width, and 16 mm in height. On the other hand, when acid 

waste was mixed without a drying pre-treatment, moulds were used to process the 

samples, due to the mixture being very fluid and cannot be pressed. 

The samples were stored at ambient temperature (18-20°C) for 48 h. After this time, 

they were cured in an oven for 48 h at 75°C. Then, the samples were cooled and left 

for an additional 28 days at ambient temperature prior to performing any test. 

3.3.2.4. Flexural strength and Leaching test 

The EN 843-1 standard was used to determine the flexural strength of the cured 

pieces. This test was conducted by Servo-Hydraulic mechanical equipment of 

pressure cell Suzpecar MES-150, 15-ton capacity and an electronic control module 

MIC-101H.  
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The compliance leaching test EN 12457-2:2003 was used to determine the release 

of metals from the acid waste and S/S products in equilibrium conditions. According 

to this test, samples were milled to below 4 mm to promote contact between phases 

and consequent mobility of trace elements. The leaching agent used was deionized 

water. The leaching tests were performed at a liquid/solid ratio of 10 and 24 h of 

stirring.  

Leachates were analysed for the critical elements included in the Landfill Decision 

2003/33/CE. They were analysed using Inductive Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES) in an accredited laboratory, Agrolab Ibérica SLU (Burgos, 

Spain). 

The leaching of trace elements and the flexural strength of the geopolymers were 

analysed in triplicate and the results show the mean and its standard deviation. 

3.3.2.5. Mathematical modeling and experimental design 

A factorial experimental design was carried out to optimize the retention of critical 

pollutants of the two zinc plant acid residues. Two-level, three-factor experimental 

design was conducted, and five response variables were analysed.  

The experimental design was mathematically adjusted according to second-order 

polynomial equations. In total eleven experiments had to be done as shown in 

equation 1.  

𝑛 ൌ 2ଷ ൅ 3 ൌ 11          (1) 

The mathematical adjustment and the response surface graphics were done by Stat 

graphics software using Box-Behnken design. Analysis of variance (ANOVA) was 

done, and the main individual and multiple effects were assessed through second-

order polynomial equations as follows in equation 2.   

𝑦 ൌ 𝑎଴ ൅ ∑ 𝑏௜𝑥௜
௞
௜ୀଵ ൅ ∑ 𝑑௜௝𝑥௜𝑥௝

௞
௜ୀଵ;௝ୀଵ     (2) 

3.3.2. CFA-Clay Binders for Immobilisation of Toxic Waste 

3.3.2.1. Feasibility of the solidification/stabilisation (S/S) process 

As a result of the alkali activation process, different monolithic samples of 

solidified/stabilized waste have been obtained. With the purpose that these products 

could fulfill the landfill policy framework, monolithic waste need to accomplish both 

technological and environmental requirements. 
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3.3.2.1.1. Technical behaviour of S/S products 

The European Union through Decision 2003/33/EC establishes that the member 

states will determine the criteria for the deposition of monolithic waste. In this way, 

the Spanish law (RD 646/2020) establishes that to landfill a Hazardous waste 

previously S/S, as non-hazardous monolithic waste, it must support a minimum 

compressive strength of 3 MPa for 28 days. In Table 3.7 the results of compressive 

strength and density of the S/S products developed are presented. 

Table 3.7. Compressive strength and density of Fly Ash/Clay geopolymer incorporating acid 

waste: Cadmium Sponge (CS) or Anode Mud (AM). 

Sample % Acid waste 
Compressive 

strength1 (MPa)  
Density 
kg/m3 

C0 0 11.72±1.83 2021±19 

CS-C50 
CS-C70 

50  6.61±0.70 1995±15 
70 5.67±1.31 1922±32 

AM-C50 
AM-C70 

50 4.57±0.58 1500±35 
70 4.20±0.55 1465±21 

A0 0 7.85±0.64 2021±19 

CS-A50 
CS-A70 

50  4.48±0.80 1934±25 
70 4.65±1.01 1901±12 

AM-A50 
AM-A70 

50 3.83±0.48 1363±17 
70 3.08±0.59 1337±14 

1 Landfill limit according to Spanish RD 646/2020 is 3 MPa 

Results show that all the samples developed enough strength to fulfil the landfill 

requirement of 3MPa. The incorporation of acid waste does not favour the 

development of the compressive strength of geopolymers, and this effect is greater 

in the case of AM. Density is a key parameter in waste disposal too since it determines 

the landfill space to be used. In this case, the product density is much higher in the 

CS monoliths (around 1900kg/m3) with both activators than in the AM monoliths 

(1337-1500kg/m3). In both cases, with the commercial activator, a slightly higher 

density is obtained than with the alternative. Both properties, compressive strength, 

and density have a direct relationship. Also, indicate that the incorporation of the 

waste to the geopolymer matrix reduces the strength almost by half in relation to the 

reference geopolymers with both activators, while the density is slightly reduced. 

3.3.2.1.2. Environmental behaviour of S/S products 

The environmental behaviour of the samples has been evaluated through 

equilibrium leaching tests. The pH values of the leachates obtained from both types 

of monoliths from moulded and pressed products are represented in Figure 3.17.  
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The leachates from CS products have alkaline pH, due to the release of alkali from 

the geopolymers when immersed in deionized water (Cifrian et al., 2021). The pH 

values remain approximately constant regardless of the activator used, or the pre-

treatment of the waste when the dosage of the waste is 50% with values between 

11.46 and 11.77. However, at higher waste additions, the pH values with the 

commercial activator are slightly lower than with the alternative activator. On the 

other hand, leachates from AM products present moderate alkalinity due to the initial 

higher acidity of the waste. This initial acidity represents a significant problem for their 

disposal in a landfill, therefore, geopolymer binders can be a good alternative to 

traditional binders (Shi et al., 2011). In this case, there is a difference of one unit 

between the pH values of the products obtained with pre-treated or non-pre-treated 

waste. The pH value differs also with the dosage of waste, and the activator used, 

between 6.54 and 8.77. 

 

Figure 3.17. pH values of leachates of acid waste Cadmium Sponge (CS) and Anode Mud 

(AM) S/S: (A) as-received waste, processed by moulding; (B) pretreated waste, processed by 

pressing. 

All the elements analysed in the leachates of the Compliance Leaching test: As, Ba, 

Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, Zn, and Cd except Hg, present a concentration higher 
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than the quantification limit. The concentration values (average of three replicates) 

are represented in Figure 3.18 (CS products) and Figure 3.19 (AM products). 

The mobility of the elements analysed incorporating CS as-received waste and 

produced by moulding is represented in Figure 3.18 (a) and (b). In Table A.8.1 of 

Annex 8, the results compliance leaching test is collected. As can be observed, in 

general, the mobility of the elements increases as the amount of CS added increases. 

The elements with the highest mobility in the CS waste, Cd, Ni, Pb, and Zn ( 
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Table 3.5), have different behaviours in the S/S products. While Ni, Pb, and Cd 

increase their leaching with a greater amount of waste added, in the case of Zn the 

behaviour is the opposite. The mobility of Ni, Pb, and Cd varies at 56 %, 67 %, and 85 

% as the waste dosage increases (from 50 to 70 %), respectively. The mobility of Zn 

decreases as the amount of CS waste increases. The immobilisation of Zn in FA-clay-

based geopolymers may be due to a physical microencapsulation mechanism 

(Izquierdo et al., 2010; Yilmaz et al., 2015; Komonweeraket et al., 2015; Loncnar et al., 

2016; Wan et al., 2019). Another element to highlight is As, which has the highest 

concentration value, and hardly varies with the amount of waste added. 

 

Figure 3.18. Mobility of contaminants of Cadmium Sponges (CS) S/S – commercial 

(C)/alternative (A) activator: (A) and (B) As-received waste and moulded; (C) and (D) Dried 

waste and pressed. 

Considering the type of activator used, the majority of elements, As and Mo present 

values of mobility very similar. While, minority elements, Cu, Ni, and Pb present the 

most significant variations between the two activators. Commercial activators can 

immobilize Cu, Ni, and Pb in 34 %, 56 %, and 22 % more than the alternative ones, 

respectively.  

Figure 3.18(c) and Figure 3.18(d) show the leaching results of the products obtained 

by pressing when the waste has been pre-treated. No significant decrease in mobility 

of contaminants obtained with pre-treated waste versus received waste is observed. 

Cd and Zn, the main contaminants from CS waste, have different behaviours. There 

is no influence on the leaching of the activator type in the S/S products with dried 

and pressed waste with major elements.  
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The mobility of the elements analysed incorporating Anode Mud (AM) as-received is 

represented in Figure 3.19(a) and (b). In Table A.8.2 of Annex 8, the results 

compliance leaching test is collected. As can be observed, the mobility of the 

elements tends to increase with the amount of AM waste added. Cu, Pb, Cd, and Zn, 

which are the elements with the highest mobility in the anode mud, present the 

most significant variation as the waste dosage increases in the S/S product. The 

mobility of these elements varies at 32 %, 42 %, 53 %, and 84 % as the amount of 

waste increases, respectively. The rest of the elements do not present significant 

mobility regardless of the waste added. 

Considering the type of activator used, in relation to the elements associated with 

the waste, Cu, Pb, Cd, and Zn present slightly higher mobility using the alternative 

activator than the commercial one, except for the Cd. The rest of the elements 

present variations of mobility similar regardless of the type of activator used, less than 

10 %.  

 

Figure 3.19. Mobility of contaminants of Anode Mud (AM) S/S – commercial (C)l/alternative 

(A) activator: (A) and (B) As-received waste and moulded; (C) and (D) Dried waste and 

pressed. 

Figure 3.19(c) and (d) show the leaching results of the products obtained by dried 

and pressing. Cr, Cu, Cd, and Zn, with the highest mobility in the AM waste, present 

a similar behaviour; their mobility increases with the amount of dried waste added, 

at 25.5 %, 36 %, 70 %, and 53 % respectively. The rest of the elements show small 

variations of mobility regardless of the amount of dried waste added. 

Regarding the activator used, the mobility of the elements presents a tendency like 

the products of dried waste added. The type of activator does not significantly affect 
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the mobility of the major elements, while the minor elements present variations in 

mobility between both activators.  

Finally, comparing the results of mobility of both waste, CS and AM, introduced as-

received/moulded or dried/pressed, the elements do not show significant variations. 

Concerning the main contaminants associated with acid waste, Cd and Zn, they 

present an irregular behaviour with the increase in the amount of waste. But for both 

elements, the immobilisation rate in the geopolymer matrices is very high. In the case 

of Cd, the leaching results of Cd2+ in deionized water can be attributed to the 

presence of Cd as a discrete hydroxide or similar alkali salt in the geopolymer matrix, 

and with little calcium presence, as in the case of matrices based on Fly Ash type F, 

the most stable phases host Cd2+. At high pH values, the solubility of Cd(OH)2 is very 

low, although it also appears to be sufficiently low at neutral pH values, which 

provides a reasonable degree of immobilisation, as observed in the results obtained 

(Provis and van Deventer, 2014). On the other hand, the immobilisation of Zn in 

alkali-activated fly ashes may occur by chemical retention in combination with 

physical encapsulation (Izquierdo et al., 2010; Yilmaz et al., 2015; Komonweeraket et 

al., 2015; Loncnar et al., 2016; Wan et al., 2019). The reaction of dissolved Zn with 

silica species present in the reaction medium of the geopolymer system leads to the 

formation of an insoluble Zn silicate phase (Nikolic et al., 2020). Other authors 

suggest that cationic species such as Zn2+ are adsorbed on geopolymer surfaces, and 

the more geopolymer gel formed, the more cations can be adsorbed, increasing 

physical microencapsulation (Wan et al., 2019). Few detailed studies of Zn 

immobilisation in alkali-activated fly ash matrices have yet been published. The results 

shown are relatively good, such as the immobilisation of a Zn-rich electric arc furnace 

dust using this type of binders obtained by Fernandez Pereira et al (Pereira et al., 

2009; Provis and van Deventer, 2014). 

On the other hand, the significant leaching of As and to a lesser extent the leaching 

of Mo in all the S/S products of both waste may be since it does not come from the 

residue but from the precursors, fly ash, and clay (  
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Table 3.5). Some authors reported that the incorporation of As from multicomponent 

mixed waste into geopolymers mobilized more arsenic than that available from 

untreated fly ash (Álvarez-Ayuso et al., 2008). It was observed that arsenic was 

associated with the iron-rich regions of fly ash particles, through the sorption of 

arsenic on iron hydroxide surfaces. It was also indicated that, when the pH values 

vary towards the alkaline range, the presence of excess alkali can lead to arsenic (III) 

solubility as arsenious acid or sodium arsenate (Maldonado-Alameda et al., 2020; 

Cifrian et al., 2021; Chen et al., 2022; Provis and van Deventer; 2009). In this way, 

Molybdenum, a trace element in coals and during the combustion process it 

becomes more concentrated in fly ash by-products, does not show any effect on the 

immobilisation, neither with the pre-treatment of the waste nor with the amount 

added. Molybdenum as a transition metal forms oxyanion species, so its 

immobilisation in this type of matrix tends to be problematic. Although most 

molybdenum compounds have low solubility in water, the presence of excess alkali 

can solubilize it as molybdate ion MoO4
-2. Finally, Selenium is also found as a trace 

element in coal ashes and presents a leaching behaviour like As. As metalloids, the 

mobility of both increases when the pH values vary towards high alkalinity. In some 

geopolymerisation studies with coal fly ash, it has been shown that while there is a 

significant immobilisation of other trace elements, there is no notable effect on the 

leachable selenium concentration. Se mobility results showed higher leaching from 

geopolymer samples than from untreated ashes. It may be due to the availability of 

the inorganic phases of Se, mainly in the alkaline medium as selenate (SeO4
2-) while 

in the acid medium as selenite (SeO3
2-), being the selenate more soluble. As and Se, 

metalloids, together with Mo, transition metal, are considered as elements "bound 

with limited or mixed success" (Provis and van Deventer; 2014), that is, their availability 

to the environment has not been observed to be markedly reduced by 

geopolymerisation processes. 

Immobilisation efficiency of Cd and Zn, major contaminants in both acid waste, was 

determined according to the percentage of the release of the contaminants of the 

S/S products with respect to the initial waste. The results for CS waste and AM waste 

were shown in Table 3.8 and Table 3.9 respectively.  

As the amount of waste added to the FA-clay-based geopolymer increases, the 

efficiency decreases slightly. On the other hand, the commercial activator presents 

higher efficiency than the alternative activator. Even so, the immobilisation efficiency 

for Cd and Zn reaches values of efficiency above 99.40%. Similar high efficiencies, 

values higher than 90% immobilisation, are described for Zn-rich waste in Fly Ash-

based geopolymers, in different studies (Pereira et al., 2009; Provis and van Deventer, 

2014; Provis and van Deventer, 2009). 
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Table 3.8. Immobilisation efficiency of Cd and Zn from Cadmium Sponges (CS). 

Type of 

processing 

Immobilisation 

rate 
CS CS-C50 CS-A50 CS-C70 CS-A70 

As received 

/Moulded 

[Cd] (mg/kg) 2790 0.22±0.08 0.8±0.02 1.49±0.76 2.00±0.64 

[Zn] (mg/kg) 6690 1.3±0.36 4.1±0.84 0.5±0.21 1.1±0.56 

Cd (%) - 99.99 99.97 99.94 99.92 

Zn (%) - 99.98 99.94 99.99 99.98 

Dried/ 

Pressed 

[Cd] (mg/kg) 2790 1.54±0.05 1.7±0.22 1.18±0.18 1.3±0.35 

[Zn] (mg/kg) 6690 2.27±0.58 2.5±0.93 2.19±0.42 1.4±0.36 

Cd (%) - 99.93 99.93 99.94 99.95 

Zn (%) - 99.97 99.96 99.97 99.98 

Table 3.9. Immobilisation efficiency of Cd and Zn from Anode Mud (AM). 

Type of 

processing 

 Immobilisation 

rate 
AM AM-C50 AM -A50 AM -C70 AM -A70 

As received 

/Moulded 

[Cd] (mg/kg) 461 1.3±0.91 1.7±0.37 2.77±0.29 1.71±0.35 

[Zn] (mg/kg) 5720 0.7±0.01 2.5±0.93 4.3±0.54 4.7±0.26 

Cd (%) - 99.72 99.63 99.40 99.62 

 Zn (%) - 99.98 99.95 99.60 99.57 

Dried/ 

Pressed 

[Cd] (mg/kg) 461 0.68±0.02 0.8±0.05 2.28±0.41 2.5±0.35 

[Zn] (mg/kg) 5720 2.34±0.54 2.5±0.62 4.98±0.74 4.17±0.39 

Cd (%) - 99.85 99.82 99.50 99.46 

 Zn (%) - 99.95 99.95 99.57 99.57 

3.3.2.1.3. Accomplish landfill requirements  

Once the acid waste is S/S in the geopolymer matrix giving retention values greater 

than 99 %, the possibility of being disposed of in a controlled landfill based on the 

limits of non-hazardous waste established in the Decision 2003/33/EC is analysed in 

this section. The concentration of contaminants at 0, 50, and 70 % dosage of 

Cadmium Sponge (CS) and Anode Mud (AM) are represented in Figure 3.20 and 

Figure 3.21, respectively. 

Ba, Cr, Cu, Mo, Ni, Pb, Sb, and Zn present concentrations below the non-hazardous 

limits for waste disposal regardless of the CS waste dosage, the treatment, or the type 

of activator used, as can be observed in Figure 3.20. Cd is below the non-hazardous 

limits when the Cadmium Sponge was immobilized as received by moulding using 

both types of activators. Nevertheless, Cd is above the non-hazardous limit when the 
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waste was dried and pressed. Therefore, the dried treatment of the waste favours 

the mobility of Cd. As can be observed in Figure 3.20, the amount of waste 

incorporated to increase the mobility of Cd increases, since Cd is one of the elements 

most representative of the cadmium sponge. Hence, Cd is above the non-hazardous 

limit for dosage of 70 % regardless of the treatment of waste or the type of activator 

used.  

As and Se overcomes the non-hazardous limits even at 0 % of waste dosage 

demonstrating that these elements do not proceed from the Cadmium Sponge, but 

from precursors, the aluminosilicate sources used for the formation of geopolymer, 

coal fly ash, and clay. As and Se exceeds the non-hazardous limit regardless of the 

activator and the pre-treatment of waste. 

In Figure 3.21, the concentration of contaminants in leachate after S/S of Anode Mud 

is represented concerning the non-hazardous waste disposal limits. The two 

geopolymer activators, with and without drying treatment at different Anode Mud 

(AM) dosages, 0, 50, and 70 % are plotted.  

Ba, Cr, Cu, Mo, Ni, Pb, Sb, and Zn present concentrations below the non-hazardous 

limits for waste disposal regardless of the waste dosage, the treatment, or the type of 

activator used. In addition, Zn present less mobility when the 50 % Anode Mud was 

used as received for the two types of activators. In other elements, a similar tendency 

can be observed, although is most significant in the case of Zn. 

Cd is below the non-hazardous limits when the Anode Mud waste was immobilized 

and dried for the two types of activators. Nevertheless, Cd is above the non-

hazardous limit when the waste was used as received, although is close to the limit 

for the two activators.  

As and Se overcomes the non-hazardous limits even at 0 % of waste dosage 

demonstrating that these elements do not proceed from the Anode Mud, same as 

for Cadmium Sponge. Finally, it can be concluded that the presence of As and Se is 

practically negligible in both residues, while their mobility is associated with the 

precursors used in the geopolymer matrix. In the case of As, in both, Fly ash and clay, 

and Se only with carbon by-products. 

On the other hand, the mobility of Cd and Zn are associated with the addition of 

waste, obtaining a high immobilisation rate in the geopolymer matrix. In the case of 

Cd, in both CS and AM waste, with a dosage of 50 % of waste the landfill disposal 

limit is met, and with a dosage of 70 %, the values of concentrations are very close 

to the limits. Furthermore, the leaching of Zn is always below the limit.  

Considering the activator used, the mobility of elements decreases using the 

commercial activator, although the concentrations of elements using the alternative 

activator NaOH/Na2CO3 are close to those obtained with the commercial activator 
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(NaOH/Na2SiO3). Regarding the treatment of waste, the pre-treatment of the acid 

waste, far from improving the leaching results, for some elements, even worsens 

them. Therefore, in general, neither the type of activator nor the pre-treatment of the 

acid residues had a significant influence on the mobility of contaminants. 

For these reasons, in the next step of this study, the optimisation and mathematical 

modeling, the geopolymeric matrices are going to be developed using only coal fly 

ash as the precursor, the alternative activator (NaOH/Na2CO3), and removing the 

pre-treatment step in the immobilisation of the acid waste. 

 

Figure 3.20. Contaminant concentration of geopolymers using commercial (C) or alternative 

(A) activator incorporating Cadmium Sponge (CS) with/without pretreatment regarding the 

non-hazardous waste landfill disposal limits: Ba, Cr, Cu, Mo, Ni, and Sb with 0 %, 50 % and 70 

% (CS), (A), (B) and (C) respectively; As, Cd, Pb, Se, and Zn with 0 %, 50 %, and 70 % Cadmium 

Sponge (CS), (D), (E) and (F), respectively. 
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Figure 3.21. Contaminant concentration of geopolymers using commercial (C) or alternative 

(A) activator incorporating Anode Mud (AM) with/without pre-treatment regarding the non-

hazardous waste landfill disposal limits: Ba, Cr, Cu, Mo, Ni, and Sb with 0%, 50%, and 70% 

Anode Mud (AM); (A); (B) and (C) respectively; As, Cd, Pb, Se, and Zn with 0%, 50% and 70%, 

Anode Mud (AM); (D); (E) and (F), respectively. 

3.3.2.2. Optimisation and mathematical modelling of the S/S process 

The immobilisation efficiency of both acid waste in geopolymer matrices has been 

demonstrated in the previous section. In all the cases studied, high retention of the 

major pollutants, Cd, and Zn, present in both acid waste has been observed. 

However, it is advisable to optimize the process through statistical analysis to 

determine the validity of the process variables in a greater range. 
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3.3.2.2.1. Optimisation of S/S formulations 

A factorial experimental design to optimize the retention of critical pollutants of the 

two zinc plant acid residues, with three independent variables or factors, and five 

dependent variables or response variables were analysed.  

The three independent variables or factors are acid waste-to-geopolymer ratio (X1); 

liquid/solids ratio (X2) where solids are the sum of the acid waste and the coal fly ash; 

and the molar concentration of NaOH (X3). In X1, the values studied in section 3.3.1 

are maintained and an intermediate point is added. In addition, clay has been 

removed for the geopolymer formulations, therefore, only coal fly ash is used as a 

precursor. Due to the removal of clay, for processing the samples in this stage of the 

study only moulds were used. For this reason, the L/S ratio has been able to be 

increased (X2). The objective of increasing the L/S ratio is to promote the increase of 

Si and Al concentrations in the aqueous phase, thus, improving the process of 

formation of the geopolymer system (Galiano et al., 2011; Panias et al., 2007; Rickard 

et al., 2011). Finally, in the variable X3, different molar concentrations of the alkaline 

activator NaOH were studied. By increasing the concentration of NaOH in the 

aqueous phase of the geopolymer system, the dissolution rate of Si and Si-Al phases 

of the aluminosilicate sources increases, improving the efficiency of the geopolymer 

system. In Table 3.10 the three levels of the three selected independent variables or 

factors are shown. 

Table 3.10. Experimental factorial design of the S/S process. 

Variables 
Levels 

(-1) (0) (+1) 

X1: acid waste/geopolymer ratio 0.5 0.6 0.7 
X2: liquid/solid ratio 0.4 0.5 0.6 

X3: [NaOH] molar 6 8 10 

Sample X1 X2 X3 

P1 0.5 0.4 6 
P2 0.5 0.4 10 

P3 0.5 0.6 6 

P4 0.5 0.6 10 

P5 0.7 0.4 6 
P6 0.7 0.4 10 

P7 0.7 0.6 6 

P8 0.7 0.6 10 

P9 0.6 0.5 8 
P10 0.6 0.5 8 

P11 0.6 0.5 8 
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The five dependent variables or response variables studied were the density of S/S 

products and pH values and the concentration of As, Cd, and Zn in the leachate. As 

was chosen because forms oxyanion species that present the higher release from 

the geopolymer matrix (Izquierdo et al., 2009). Cd and Zn are the elements present 

at the highest concentrations in the acid waste. The acid waste was used as received 

and processed by moulding, so it can be removed in a pre-treatment step. 

The results obtained for each of the experiments proposed in the factorial design of 

experiments for the S/S of CS and AM waste are shown in Table 3.11.  

Table 3.11. Results of Cadmium Sponge (CS) and Anode Mud (AM) S/S in terms of pH values, 

geopolymer density, and concentrates of As, Cd, and Zn in the leachates (Leaching test EN 

12457-2). 

Sample pH 
Density 
(kg/m3) 

As 
(mg/kg) 

Cd (mg/kg) Zn (mg/kg) 

P1 CS 11.30 1906.90 <0.1 <0.3 11.6 
P2 CS 12.09 1535.20 <0.1 0.6 74.8 
P3 CS 11.40 1924.90 0.2 0.3 2.40 
P4 CS 12.06 1469.90 7.3 0.7 8.70 
P5 CS 11.20 1465.10 <0.1 0.3 6.10 
P6 CS 11.67 1607.30 1.8 <0.3 9.40 
P7 CS 11.15 1991.60 <0.1 <0.3 17.8 
P8 CS 11.94 1493.20 4.0 0.6 16.7 
P9 CS 11.53 1997.00 4.5 <0.3 3.30 

P10 CS 11.60 1713.50 4.7 <0.3 5.00 
P11 CS 11.52 1733.40 1.7 <0.3 4.44 
P1 AM 11.40 1389.48 <0.1 <0.3 4.48 
P2 AM 11.56 1337.23 <0.1 <0.3 3.90 
P3 AM 11.64 1348.82 <0.1 <0.3 14.3 
P4 AM 11.70 1310.23 <0.1 <0.3 13.7 
P5 AM  10.20 1343.84 <0.1 <0.3 4.90 
P6 AM 10.51 1519.47 <0.1 <0.3 4.45 
P7 AM 10.92 1384.54 <0.1 <0.3 0.60 
P8 AM 11.12 1562.23 <0.1 <0.3 0.41 
P9 AM 11.35 1351.28 <0.1 <0.3 5.20 

P10 AM 11.38 1358.74 <0.1 <0.3 5.10 
P11 AM 11.41 1350.19 <0.1 <0.3 5.30 

Non-hazardous landfill limits: As < 2 mg/kg, Cd < 1mg/kg and Zn < 50 mg/kg (Decision 2003/33/EC). 

The main difference with respect to the results obtained in the feasibility stage, using 

the mixture of Fly ash and Clay as precursors, is the drastic reduction in the leaching 

of Arsenic and Cadmium. All leaching results are below the landfill limits established 

for non-hazardous waste, < 2 mg/kg and < 1 mg/kg, respectively. In the case of CS 

products, for As, it is observed that samples that leach below the detection limit are 

associated with lower [NaOH] concentrations, which favour a lower solubility of 

sodium arsenate. In the case of S/S products with Anode Mud waste, the high 

reduction of As may be due to the increased presence of fly ash particles in the matrix 
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that provide regions rich in Fe, which favours the sorption of arsenic on iron 

hydroxide surfaces. While the immobilisation of Cd is associated with a significant 

increase in the range of pH values of the leachates of these materials in relation to 

the previous stage, at high pH values, the solubility of Cd (OH)2 is very low. The 

concentration of Zn in the leachates in both acid waste does not exceed the limit, 

except in a single sample. On the other hand, the densities of these products are in 

the same order as the products developed using clay. 

3.3.2.2.2. Mathematical modeling of the S/S process 

Once the results obtained from the factorial design of experiments (Table 3.11) were 

analysed, the next step was to determine the mathematical model coefficients. 

Individual coefficients (a·X1; b·X2; c·X3) and the combined ones (d· X1X2; e·X1X3; f·X2X3; 

g·X1
2; h·X2

2; i·X3
2) were considered in the second-order polynomial equations. 

Nevertheless, only coefficients presenting statistically significant p-values below 0.05 

were included in the equations meaning that the inlet variable significantly affects 

the response variable with a confidence level of 95 % (Table 3.12). As and Cd were 

not plotted nor mathematically adjusted since most of the experiments resulted in 

values below the detection limit of the ICP-AES. 

According to the mathematical adjustment for Cadmium Sponge, the highest 

influence on pH values relies on NaOH molar concentration (X3) and the combined 

effect of CS waste/geopolymer matrix ratio and NaOH concentration (X1·X3). The 

variable (X3) has a positive effect on pH due to the alkalinity, while the combined 

effect of CS/geopolymer ratio and NaOH concentration has a negative effect due to 

the acidity of the Cadmium Sponge. Zn leachate concentration is affected by all the 

variables. The highest effect was observed in the NaOH concentration, and the 

combination of CS/geopolymer ratio and Liquid/Solid ratio (X1·X2) presented the 

highest coefficient. This combined effect favours the leaching of Zn due to the 

highest content of Zn that the CS has, while the other observed combined effect 

decreases the leaching of Zn.  

In relation to Anode Mud waste, the pH values decrease mainly by the amount of 

acid residue added to the geopolymer matrix (X1). The mathematical adjustment of 

the Zn concentration in the leachate shows quantitative effects of the variables X1 

and X2 individually, which is neutralized with the combined effect of both. Therefore, 

the results do not allow trends, so it is necessary to perform response surfaces graphs. 

Deviations between the predicted values, estimated using the statistical model, and 

the experimental values are below 2 % in the case of pH of the CS and AM leachates. 

Deviations below 5 % are in the case of AM geopolymer density and the Zn 

concentration of the AM leachate. The worst adjustment (<20 %) and consequently 

the highest difference between predicted and experimental values is the Zinc 
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concentration of the CS leachate. In general, all errors are very small, demonstrating 

adequate statistical data analysis. 

Table 3.12. Mathematical adjustment of the response variables of the experimental design. 

In Figure 3.22 and Figure 3.23 the response surfaces are plotted for Cadmium 

Sponge and Anode Mud. The pH values in leachates, S/S product density, and 

mobility of Zn are represented as a function of the two inlet variables that affect them 

more.  

From the results shown for both acid waste, when the amount of acid waste added 

increases, there is a decrease in the mobility of Zn in the leachate. While the 

concentration of NaOH slightly influences Zn mobility for CS products, no influence 

for the AM products is found. 

 

Figure 3.22. Response surface of Cadmium Sponge (CS): pH values and Zn concentration 

versus waste-geopolymer ratio and NaOH concentration, (A) and (B) respectively. 

Considering the non-hazardous waste landfill disposal limit established by the 

Decision 2003/33/EC and Figure 3.22 (a) and (b) for Cadmium Sponge (CS), it can 

be concluded that the optimal operating range conditions for all the dependent 

variables are: acid waste/geopolymer ratio between 0.55-0.65, liquid/solid ratio 

above 0.55 and NaOH concentration of 6 M. In the case of the Anode Mud waste 

according to the response surfaces of Figure 3.23, optimal conditions are acid 

waste/geopolymer ratio of 0.7, liquid/solid ratio above 0.6 and NaOH concentration 

between 6-10 M. 

Cadmium Sponge (CS) Regression Coefficient  

pH = 10.23+0.252·X3-0.138·X1·X3 R2= 0.951 

Zn = -206.14+58.92·X3+616.19·X1·X2-45.71·X1·X3-54.0·X2·X3 R2= 0.735 

Anode Mud (AM) Regression Coefficient 

pH = 13.86-6.33·X1+3.79·X1·X2 R2= 0.880 

Density = 2269-1690.43·X1-150.16·X3+277.60·X1·X3 R2= 0.880 

Zn = -86.79+142.43·X1+223.97·X2-349.75·X1·X2 R2= 0.993 
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Figure 3.23. Response surface of Anode Mud (AM): pH values (A), geopolymer density (B), 

and Zn concentration (C) versus waste-geopolymer ratio, liquid-solid ratio, and NaOH 

concentration. 
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3.4. CONCLUSIONS 

In this work it was studied the feasibility of alkaline activator of various alkaline by-

products from SOLVAY process, two liquids (Ca and Mg Slurry and CaO Slurry), and 

4 solids (Na2CO3 Powder, HNaCO3 Powder, Si-CaCO3- CaOH and CaO rocks). In 

addition, it also studied the influence of clay in the formation of geopolymers. In the 

feasibility of using alkaline by-products in geopolymerisation processes the Si-CaCO3-

CaOH and CaO rocks prevented activated alkali product formation due to the 

expansion in bricks, while the Ca and Mg Slurry, CaO Slurry, Na2CO3 Powder and 

HNaCO3 Powder were suitable for activation of silicoaluminate matrix replacing 

commercial NaOH and Na2SiO3. For substitutions of 10, 30, and 50% of NaOH and 

Na2SiO3 by Ca and Mg Slurry, CaO Slurry, Na2CO3 Powder, and HNaCO3 Powder 

water absorption results present similar values to the reference geopolymer and 

flexural strength have similar values at 10% substitution and close at the others 

substitutions. It can be concluded that these alkaline by-products can be used as 

substitutes for commercial activators. Clay plays an important role in the development 

of geopolymers. There is a difference of 9 units in the results of water absorption and 

7 units of flexural strength results between fly ash/clay geopolymer and fly ash 

geopolymer, so it can say that the clay participates in the process of 

geopolymerisation providing aluminosilicate groups and improving the properties of 

geopolymers. Fly ash/Clay geopolymers present values of water absorption and 

flexural strength equal to or exceeding the reference values of these properties for 

fired clay bricks obtained by the pressing method, while for fly ash geopolymer the 

method most suitable is extrusion. More studies are needed to assess this conclusion. 

Na2CO3 Powder and HNaCO3 Powder present the best results of the alkaline by-

products, so the influence of the alkaline by-products dosage on the properties of 

final products was studied. Both by-products have flexural strength and absorption 

water similar obtaining better results for the Na2CO3 Powder but it can be concluded 

that these streams can be used as substitutes for commercial activators because they 

participate in the geopolymerisation reaction and decrease the price of geopolymers. 

Na2CO3 Powder is the alkaline by-product that presents the best results of flexural 

strength and water absorption, hence it was studied the feasibility of using alkaline 

by-products from SOLVAY processes as geopolymer binder in the S/S process. 

A more sustainable strategy for the solidification and stabilisation (S/S) of acid waste 

from the zinc production industry—Cadmium Sponge (CS) and Anode Mud (AM) as 

a treatment before disposal in a landfill—has been addressed.  

For the development of geopolymers, they have been tested: (i) as precursors: coal 

fly ash and clay; (ii) as activators: a commercial one, based on sodium silicate and 

sodium hydroxide, and an alternative one, in which the silicates are partially replaced 
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by a sodium carbonate by-product; (iii) two dosages of acid waste (50 % and 70 %); 

and (iv) two processing methods: moulding (with as-received waste) and pressing 

(with dried waste).  

The acid waste S/S values need to be evaluated both technically and environmentally 

to assess whether they meet the criteria for landfill disposal. All the samples meet the 

compressive strength limit required in landfills for monoliths (3 MPa). From the 

environmental point of view, in general, neither the type of activator nor the pre-

treatment of the acid waste had a significant influence on the mobility of the 

contaminants.  

The contents of As and Se are practically negligible in both waste, so their mobility in 

the S/S products is associated with the precursors used in the geopolymer matrix, in 

the case of As, in both fly ash and clay, and Se only with carbon by-products. On the 

other hand, the mobility of Cd and Zn is associated with the addition of waste, 

obtaining a high immobilisation rate greater than 99 %. In the case of Cd, in both 

waste, CS and AM, with a dosage of 50 %, the non-hazardous waste landfill disposal 

limit is met. Furthermore, the leaching of Zn is always below the limit.  

Once the feasibility of the S/S process has been demonstrated, the optimisation has 

been carried out, removing clay from the geopolymer formulation, using only coal 

fly ash as a precursor, the alternative activator (NaOH/Na2CO3), and without pre-

treatment of the acid waste. The geopolymer parameters, acid waste/geopolymer 

ratio, liquid/solid ratio, and NaOH molar concentration allow to obtain a significant 

reduction in the release of As and Cd, and Zn is kept at acceptable values for both 

acid waste. According to the mathematical adjustment and response surfaces, it can 

be concluded that the optimal operating range conditions for CS S/S products are a 

waste/geopolymer ratio between 0.55 and 0.65, liquid/solid ratio above 0.55, and 

NaOH molar concentration of 6, while, for the AM S/S products, these values are a 

waste/geopolymer ratio above 0.7, liquid/solid above 0.6, and NaOH concentration 

in the interval 6 to 10 M, which meet the non-hazardous waste landfill disposal limits 

for the S/S of zinc plant residues (ZPR). 
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4. COAL FLUIDIZED BED COMBUSTION ASHES IN 

LOW-ENERGY CLAY CERAMIC PROCESS 

Circulating fluidized bed combustion (CFBC) is a coal combustion technology 

considered cleaner than conventional pulverized coal combustion, owing to its 

relatively lower firing temperature and reduced SO2 and NOx emissions. Therefore, 

CFBC has been considered more energy-efficient among available technologies, and 

it is the most used technology in the world. Coal-fired power plants using CFBC 

technology have been operating in the USA, Europe, and Japan since the 1980s, 

and can be found more recently in the emerging economies such as China, where 

more than 1000 CFBC boilers are currently operating (Zhou et al., 2020). Therefore, 

from a perspective of sustainability, protecting the environment and resource 

efficiency, it is necessary to make proper use of CFBC ash.  

The chemical composition and characteristics of coal ash generated in CFBC boilers 

differ significantly from conventional boilers, since coal is fired at relatively lower 

temperatures, 850-900 ºC versus1200-1400 ºC, and a large amount of limestone or 

dolomite is often used as a adsorbent for desulphurisation. CaCO3 decomposes to 

produce CaO, and then it reacts with SO2 and O2 to produce anhydrite (CaSO4). 

Consequently, the CFBC bottom ash has a high unreacted CaO content and a large 

amount of desulphuration product CaSO4 and shows hydraulic reactivity. Although 

on the one hand, its hydraulic reactivity can be considered as potential to be a 

cementing material, on the other hand it generates technical concerns, because they 

cause significant expansion (Cheng et al., 2013). Furthermore, the fact that the 

bottom ash has an irregular shape, with a wide range of particle size, implies that its 

use as an ingredient for concrete can cause difficulty in the quality control of the final 

product. In addition, its high SO3 content does not meet the ASTM standards for 

additives of Portland cemen (ASTM C563 – 16). For all this, the use of CFBC ash as 

an additive or component in concrete is prohibited in Europe and North America. 

On the other hand, potential applications of using high calcium CFBC ash have been 

collected in the literature, due to its hydraulic properties,  which allows the ash itself 

to be used as an inorganic binder and/or applied as an secondary activator for other 

minerals such as supplementary cementitious materials in concrete, for example fine 

aggregate in high-volume slag cement mortar or in controlled low strength material 

mixture (Lee et al., 2020; Siddique et al., 2021; He et al., 2021; Alemu et al., 2022). 

Another application is its use as a precursor of alkaline activation processes (Xu et al., 

2010; Topçu et al., 2011; Chindaprasirt and Cao, 2015). These types of processes are 

being widely studied to develop alternative cementitious binder system. Previous 

studies have shown that to obtain an alkali-activated product, three components are 
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important: raw material (source of alumina and silicates), filler and alkali-activators. In 

this sense, the alkaline activation of industrial waste such as coal fly, bottom ash or 

blast furnace slag used as raw material have been found to be effective, providing a 

beneficial use of this type of waste materials. While kaolinite, lateritic clay, stone dust 

and others are used as filler. Hydroxides and silicates of alkali, namely Na+, K+, Ca2+, 

Li+, are the most used alkaline activators. In recent studies, the choice of activator has 

been discussed (Davidovits, 2011; Provis and Deventer, 2009; Pacheco-Torgal, 2015). 

Na2CO3, CaO and Ca(OH)2 are presented as alternatives to those typically used such 

as NaOH or Na2SiO3, and also significantly reduce the cost. But due to their lower 

alkalinity, they give lower mechanical strengths than with the classic activators. 

Although it has been observed that the combination of both types shows kinetic 

reactions and strength comparable with those activated only with the usual 

activators (Garcia-Lodeiro et al., 2014). Therefore, the application of alkali-activated 

bricks in building construction proves to be efficient, sustainable and competitive cost 

(Zhao et al., 2021). 

Recent studies of alkaline activation of blends of CFBC fly and bottom ashes have 

been carried out to obtain controlled low strength material (CLSM), cementitious 

material that is in a flowable state at the time of placement. The engineering property 

of CLSM is far below that of conventional structural materials, 8.3 MPa, at most, at 28 

days, according to American Concrete Institute. The manufacture of CLSM was 

carried out by means of an amount of a binder (CFBC fly ash and Blast furnace slag) 

an aggregate (CFBC bottom ash) and NaOH as activator (Park et al., 2017). And also 

using cement or sodium carbonate as activator and sand as filler (Jang et al., 2018). 

In these studies, engineering properties and hydration characteristics were 

evaluated.  

To contextualize CFBC ashes, their way of valorisation and the possible products 

characteristics a bibliographic review is done. The review work encompasses 63 

articles (the general information of this articles is gathered in Table A.9.1 of Annex 9. 

These 63 articles have been worked emphasising the different ashes characterisation 

methods and the different ways of valorisation of these ashes.   

From the bibliographic review on the Fluidised Bed Coal Boiler (FBCB) process, it is 

concluded that there is a great variability in its conditions of operation, allowing the 

production of numerous types of ashes with different characteristics and therefore 

the resort of different industrial applications depending on the characteristics of these 

ashes (Zhang et al., 2022). 

Among the different valorisation methods identified, three groups are found: i) the 

production of cement-based materials, in which properties associated with this type 

of materials are studied. The classical characterisations for this type of materials are 

those associated with the mechanical properties of the materials, giving less 
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importance to the molecular characterisation; ii) The production of alkaline activated 

materials by adding ground granulated blast furnace slag, GGBFS, giving greater 

importance to the mineralogical characterisation to see the effects of alkaline 

activation; ii) A final group that includes from mixed cements to self-hydration 

product in order to produce alkaline activated materials (Tendency of these recent 

years). 

Considering most of the fly ash and bottom ash from CFBC power plants are land-

filled because of their high-inherited sulphate and lime contents as previously noted, 

so it is necessary to look for effective applications to use mostly the bottom ash. The 

aim of this chapter is to analyse the possibilities of preparing sodium carbonate-

activated binders firstly from CFBC bottom ash and secondly from blends of CFBC fly 

and bottom ashes including as additional binder sodium silicate in terms of 

engineering aspects, as compressive strength, water absorption and porosity. The 

reaction products were analysed by XRD, TG-DTA, SEM/EDS and FTIR. 

4.1. CFBC BOTTOM ASH-CLAY BINDERS 

To reach a better understanding of the chances for the valorisation, Chemical, and 

Thermal characterisations were carried out for the Bottom ashes. Three different 

samples were analysed: A0: particle size < 0.3mm; A3: 0.3mm < size particle < 0.6 mm; 

A6: particle size < 0.6 mm. 

4.1.1. CFBC Bottom Ash Characterisation 

X-Ray Fluorescence of CFBC Bottom ashes. 

Chemical compositions of the raw CFBC Bottom ashes are determined by X-ray 

fluorescence (XRF) analysis. ¡Error! La autoreferencia al marcador no es válida. shows 

the results for the different fractions (A0 particle size < 0.3 mm; A3 particle size < 0.6 

mm; A6 particle size < 0.6 mm). 

The XRF result shows the main component for the three fractions is CaO representing 

half of the composition, followed by S representing the 6-8 % of the composition, 

and SiO2. It is possible to appreciate that the fraction with size particle > 0.6 mm 

contains more amount of SiO2, around 18 %; this fraction is around the 2 % of the 

ashes mass. Even if SiO2 is the third more present compound, both the SiO2 and the 

Al2O3 are present in less amount than in common ashes. 
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Table 4.1. Bottom CFBC ash Chemical Characterisation. A0: particle size< 0.3mm; A3: 

0.3mm<size particle<0.6 mm; A6: particle size<0.6 mm. 

Analyte 
Symbol 

SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O S TiO2 P2O5 LOI Total 

Unit 
Symbol 

% % % % % % % % % % % % 

Detection 
Limit 

0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.001 0.001 0.01 - 0.01 

A0 3.83 0.95 0.38 0.013 0.35 48.15 0.05 8.02 0.074 0.03 1.96 55.81 
A3 4.68 1.41 0.59 0.02 0.38 50.35 0.1 6.74 0.075 0.02 2.81 60.52 
A6 18.44 5.73 1.99 0.068 0.52 44.63 0.28 7.83 0.25 0.04 7.9 80.29 

Thermogravimetric analysis of CFBC Bottom Ashes 

TG-DSC-MS curves were obtained on a SETARAM thermal analyser, model SETSYS-

1700. The samples of approximately 20 mg were heated in platinum crucibles in a 

Nitrogen atmosphere, at a total flow rate of 50 ml min-1, with a heating rate of 10 

ºC min-1 and a final temperature of 1350 ºC, maintained for one hour. All the TG 

measurements were blank curve corrected. Each experiment was repeated to check 

for consistency. The TG instrument was coupled to a Balzers Thermostar / OmniStar 

mass spectrometer (Pfeiffer vacuum) for evolved gas analysis. Quadrupole mass 

spectrometer model was QMS 200. The m/z signals selected were: 18 (H2O+), 44 

(CO2+), 64 (SO2+), 80 (SO3+). TG-MS analysis supplies in this work only qualitative 

information. Figure 4.1 shows the TG results for different Bottom CFBC ashes 

fractions. (A0: particle size< 0.3mm; A3: 0.3mm<size particle<0.6 mm; A6: particle 

size<0.6 mm. and A: raw ashes). 

 
Figure 4.1. Bottom CFBC ashes.TG-DTG. A0: particle size<0.3mm; A3: 0.3mm<size particle<0.6 

mm; A6: particle size<0.6 mm. and A: raw ashes. 
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From the thermal behaviour is possible to appreciate how the A6 fraction develops 

a significantly different behaviour, this fraction represents only 2 % of the mass; but 

its composition is different. When the A0 and A3 fractions together with the raw 

material (A) show more than 55 % of CaSO4; the A6 fractions are composed of 

CaSO3, CaCO3, and Ca (OH)2. Even if all the samples show the presence of all these 

components. 

CFBC ashes comparative analysis 

Once the Chemical Characterisation shows these results for the composition of the 

Bottom ashes it is compared with the typical composition from the literature. Figure 

4.2 represent again inside the box the two normal quartiles for the amount for each 

component and the deviation of the rest of the data. In Figure 4.2A appear the four 

major components for most of the samples and in Figure 4.2B appear the rest of the 

components. The black cross in the figure represents the results of ashes considered 

in this work. These results are recently supported by other authors (Zhang et al., 

2022). 

It is obvious from this comparison that the ashes considered in this chapter differ from 

the typical composition for this kind of ashes. The low amount of SiO2 and Al2O3 may 

be a problem for the development of solid matrix 

From all articles reviewed there are four that share the characterisation with the 

bottom ash sample considered in this work (Anthony et al., 2000; Wang et al., 2008; 

Chi et al., 2014; Huynh et al., 2018) and shown in Table A.9.2 of Annex 9. In some 

cases, these articles, study the process of the combustion, and the development of 

deposits (agglomeration) in the oven or the operational issues over the CFBC process 

due to carbonation depending on the water rate and the temperature. In other 

cases, it is studied the effect of adding CFBC ashes to cement using the sand river as 

aggregate to develop roller compacted concrete (RCC) or the CFBC mixing with 

Ground granulated blast furnace slag (GGBFS) (S), rice husk ash (RHA) (R), to 

produce cement-free SRF binder. 

The ashes in these studies were taken from different points in the process. They come 

from the bottom of the boilers (as bed material) or the baghouse of a CFB boiler. 

Some are called Fly CFBC ashes but don’t specify any origin. 

Apart from these four articles, they exist other nine articles that do have, not so the 

same characterisation but are still quite similar (Table A.9.3 of Annex 9). All these nine 

articles share the same characterisation for their ashes and are focused on different 

matters, but most of them tend to study the valorisation of the CFBC ashes by adding 

slag to produce alkali-activated materials.  
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Figure 4.2. Chemical composition of CFBC ashes: (A) results of major compounds; (B) results 

of minor compounds. 

4.1.2. Experimental studies. Alkali Activated Binders. First Approach 

For the first approach, a series of experiments were carried out to analyse the viability 

of the valorisation of Circulated Fluidized Bed Combustion ashes. Figure 4.3 represent 

the pathway of these first studies over the CFBC ashes.
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Figure 4.3. Pathway of the first studies over CFBC ashes.
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The first attempt for the valorisation of the CFBC ashes was to reproduce the optimal 

process found for the coal fly ashes Main variables of the process are found in Table 

4.2. The clay is subjected to a grinding process to achieve a particle size exceeding 

0.5 mm. Then we proceed to the mixture of raw material for 10 minutes, Fly ash and 

clay, with a laboratory mixer Raimondi, Iperbet model. While the fly ash-clay mixture 

is carried out, the solution containing sodium hydroxide, sodium silicate, and distilled 

water is prepared. 

Table 4.2. Design of experiment for Alkali Activated Binders from CFBC ashes. 

NaOH (g) Na2SiO3 (g) Water (g) Ashes (g) Clay (g) 
17.45 35.30 64.14 205.9 294.1 

At the time in with the ten minutes of mixing have passed and the solution was 

made, the solution is added with a pipette onto the clay-ashes mixture. Once 

everything is mixed it is left for 10 more minutes.  

Once the mixture is prepared it is mould by pressing. To this end, a hydraulic press 

Nanetti Mignon model SS/EA (Figure 4.4) was used. The mould is prismatic with 

80x40x20 mm size. These samples are pre-cured for 48 hours at room temperature 

before the cooking cycle. A laboratory muffle furnace Hobersaql, PR model 12/300 

capable of ramps temperature versus time of up to 16 points was used. The 

temperature of work is 75 ºC.  

 

Figure 4.4. Hydraulic press Nanetti Mignon model SS/EA. 

The bricks (Figure 4.5) developed very low overall resistance, with a crunchy 

structure. A study over pre-treatment is necessary for the manufacturing of building 

materials using CFBC bottom ashes. 
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Figure 4.5. Alkali activation feasibility results: (A) Overall bricks view (left picture); .(B) Zoomed 

bricks view (right picture). 

For the study over the pre-treatment, the ashes were divided into three different size 

fractions: Dp>0.6 mm; 0.6 mm>Dp>0.3 mm; 0.3 mm>Dp to see the effect of the size 

and the composition of the different fractions, in the other hand, all the ashes were 

milled to increase the surface area what should help any reaction process. The rest 

of the process was conducted as it was developed for the previous alkali activation 

attempt. 

For the results of the bricks, Figure 4.6A, Figure 4.6B, and Figure 4.6C, it is determined 

that the milling pre-treatment is necessary; that eliminating the fraction Dp>0.6 mm. 

helps the process and that water content is not enough. For these reasons a change 

in the process of trying classical moulding methods is proposed. 

    

Figure 4.6. Pre-treatment process products: (A) Using A6 fraction; (B) Using A3 fraction; and 

(C) Using A6 fraction. 

For the alkali activation attempt, the ratio liquid/solid is pretended to increase until 

0.5. For that to be possible the use of the classical moulding method is proposed 

since that amount of water was impossible to admit in the pressing procedure. The 

rest of the procedure is maintained as it was. 

The bricks developed using classical moulding methods and more amount of water 

show interesting compressive resistance reaching 2 and 5 MPa on day 1 and day 14 

respectively (Figure 4.7). For these results, it is concluded that it is possible to develop 

an alkali-activated building material with Bottom ashes. 
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Figure 4.7. Classic moulding products. 

4.1.3. Feasibility Study. Process variables optimisation 

From the previous work developed for the valorisation of these kinds of ashes, it is 

concluded that is possible to develop alkali-activated building materials using CFBC 

bottom ashes. To optimize the variables of the process some further work is 

developed.  

Replacement of commercial activator by Solvay by-product. 

One of the key variables in the process is the use of an activator, classical activators 

found in the literature for this kind of process are NaOH, Na2CO3, Na2SO4, and 

Na2SiO3 in this case, the NaOH that was being used it is compared with the sodium 

carbonate from Solvay process. 

As the solubility is lower for the sodium carbonate it is proposed a try to see if previous 

homogenisation and activation help in the process. For this purpose, four samples 

are developed, two of them using NaOH and two of them using Na2CO3; for both 

cases, in one of the previous homogenisation is used and for the other test the 

process is followed as usual. The rest of the variables of the process are kept as it was 

developed before. Table 4.3 gather the component ratios.  

Table 4.3. Process variables for Alkali Activation. 

 

 

In the case of the NaOH, the results of the bricks using the previous activation 

showed good resistance (2 MPa) but seem to be able to develop more resistance 

with the time when it is used in the classical process. 

In the previous homogenisation case for the sodium carbonate, the solids (ashes, 

clay, and sodium carbonate) are mixed before adding the liquid elements, in the 

other case the clay and the ashes are mixed, and the sodium carbonate is added in 

the liquid phase. 

Ash/Clay Liquid/Solid NaOH/Na2SiO3 

0.7 0.5 0.9 
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Figure 4.8. Alkali activated products using Na2CO3: (A) With previous homogenisation; and 

(B) without previous homogenisation. 

The studies about the previous activation or homogenisation conclude that in the 

case of the use of NaOH, the previous activation doesn’t help the process; but in the 

case of the sodium carbonate, samples including previous homogenisation show 

better resistances even if in both cases the overall resistance was better than for 

NaOH samples (Figure 4.8). 

From this process, a study of the molarity of both activators is carried out to find the 

effect of the activator and its concentration in the bricks. Same ratios as used before 

are tried on being the variables to study, kind of activator and its concentration. 

NaOH Set of experiments 

From all the knowledge acquired and reproducing the same variables that were 

used in the last experiment, a battery of samples is prepared using different NaOH 

concentrations. Table 4.4 gather the different masses for each component used for 

the development of the samples. 

Table 4.4. Amount of each component. 

The samples were set to cure for 7 and 28 days. After this time Compressive strength 

tests were carried out to study the products. Table 4.5 shows the result of these tests.   

Table 4.5. Compressive strength test results. 

Sample [NaOH] 
Compressive strength 

at 7 days (MPa) 
Compressive strength 

at 28 days (MPa) 
A 2 M 1.8 - 
B 4 M - - 
C 6 M 3.1 4.06 
D 8 M 2.4 2.08 
E 10 M - - 

Sample Clay (g) Ash (g) Na2SiO3 (sol.) (g) NaOH(sol.) (g) [NaOH] 
A 300 426 193 177 2 M 
B 300 426 193 177 4 M 
C 300 426 193 177 6 M 
D 300 426 193 177 8 M 
E 300 426 193 177 10 M 
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The results show evidence that better results of compressive strength for alkali-

activated building materials with this kind of ashes are reached when the 

concentration of the NaOH is between 6M and 8M. These results showed that the 

resistance barely increase with time. Figure 4.9A and Figure 4.9B show the samples 

after the compressive strength test, As can be appreciated, the pyramid shape of the 

broken sample indicates good cohesion of the material. 

      
Figure 4.9. Bricks after compressive resistance test: A) Sample C; and B) Sample D 

Na2CO3 Set of Experiments 

Once it is proven that a previous solid homogenisation is better for the geopolymer 

process, a set of experiments using Solvay by-product alkali activator is developed to 

find an optimum range of variables. The procedure is carried out following the 

previous set of experiment processes, replacing the NaOH for Na2CO3, applying 

previous homogenisation in the solid phase, and carrying out the compressive 

resistance test at 14 days. Table 4.6 gather the mass of the different components used 

in the mix and the compressive strength results. 

Table 4.6. Experimental design and compressive strength test results. 

(*): Result not available 

From the experimental procedure, it is possible to appreciate that the mixture 

develops a faster setting than when using NaOH as an activator, reaching before 

and adequate hardening. Figure 4.10 show the bricks developed for this process. 

From the set of experiments, it is possible to conclude that it is possible to use sodium 

carbonate as activators for this kind of process (reaching higher hardness that the 

bricks where NaOH was used) and it is also concluded that the appropriate molarity 

range is around 6 or 8 (reaching 7 MPa in 14 days). 

 Clay 
(g) 

Ash 
(g) 

Na2SiO3 
(sol.) (g) 

Na2CO3(sol.) 
(g) 

[Na2CO3] 
Compressive 

strength at 14 
days (MPa) 

A2 300 426 193 177 2 M * 
B2 300 426 193 177 4 M * 
C2 300 426 193 177 6 M 7.16 
D2 300 426 193 177 8 M 4.37 
E2 300 426 193 177 10 M * 



 
 
Chapter 4                                                    Thesis Dissertation of Juan Dacuba García 
 
 

 
185 

 
Figure 4.10. Alkali-activated products using Na2CO3. 

After the compressive strength results, the best samples were reproduced to carry 

out a water absorption experiment, according to UNE 67-019. It was impossible to 

obtain any results due to the collapse of the bricks when immerse in water. This 

behaviour has been reported before in some studies (parkSM2018) when trying to 

produce alkali-activated building materials using CFBC ashes. This particularity could 

represent a problem valorising these kinds of products as a normal environment 

would affect them fast even if they develop proper compressive strengths.  

4.1.3.1. Influence of Process Variables Experimental design 

Once it is determined the viability of the development of alkali-activated materials 

using CFBC bottom ashes of Solvay, the study of some process variables is proposed. 

Some main concerns are the proper fraction to use, the temperature and the time of 

the curing process, and the role of the clay. 

Temperature and curing time 

The study of the temperature effect on the alkali activation of materials has been 

studied in several works, the main concerns of that are gathered in the list below. 

• The heating temperature improved the polymerisation reaction process, 

which made a fast and alkali-activated solution constitute the matrix in the 

early stage. 

• Follow ability is highly dependent on temperature. 

• Higher temperatures reach better water absorption results. 

• Compressive strength decreases on curing at a higher temperature for a 

longer period and breaks the granular structure of geopolymer mixture. 

Anyway, it doesn’t exist studies on the effect of the curing temperature on the alkali 

activation of CFBC ashes. Including temperature as one of the variables in the set of 

the experiment will allow analyse of its effect. For that, three different curing 

temperatures are included in the experimental design, 75 ºC, 30 ºC, and room 

temperature (20º C). 
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Particle diameter 

On the other hand, as it was an asset before the fraction with a particle diameter 

>0.6 mm was being separated for the experiments due to the previous experiments 

and results. To check the effect of this fraction in the process two different fractions 

of the CFBC ashes are included in the experimental design. On one hand, the fraction 

that was used (A00: Dp<0.6 mm.), and on the other hand, the complete fraction of 

the raw material (A: whole fraction). 

A set of experiments was designed based on the study of these process variables. It 

included the two different activators, NaOH and Na2CO3 with the intent of checking 

the reproducibility of the experiments. The rest of the variables were fixed according 

to optimum formulations, C and C2 (Table 4.8 and Table 4.10), and processes 

developed in previous studies. Table 4.11 represent the experimental design.  

The compressive strength results of the bricks are gathered in Figure 4.11. The 

temperature is an interesting variable to study for this process, the bricks reached 

better resistance in shorter periods at high temperature (early-stage strength 

development) for the use of NaOH as an activator, but great results for environment 

temperature for the use of Na2CO3. On the other hand, the complete ashes fraction 

still gets weaker results not reaching enough strength for the compressive strength 

test.  

The bricks were subdued to water immersion to check over their behaviour when 

immerse, even if all the samples collapsed in water, the bricks that had been cured at 

environment temperature showed more integrity. 

Table 4.7. Variables optimisation experimental design of alkali activated binders. 

Sample 
Temperature 

(ºC) 
Curing time 

(h) 
Ash 

fraction 
Activator 

Sample 
reference 

C11 75 24 A00 NaOH C 

C12 75 48 A00 NaOH C 

C13 Room 48 A00 NaOH C 

C21 75 24 A00 Na2CO3 C2 

C22 75 48 A00 Na2CO3 C2 

C23 Room 48 A00 Na2CO3 C2 

C31 30 24 A NaOH C 

C32 30 48 A NaOH C 

C33 Room 48 A NaOH C 

C41 30 24 A Na2CO3 C2 

C42 30 48 A Na2CO3 C2 

C43 Room 48 A Na2CO3 C2 

    A00: Dp< 0.6mm; A: raw material. 
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Figure 4.11. Compressive strength results (14 days) of alkali activated binders. 

Clay's role in the geopolymer process 

To check the effect of working with clay at low temperatures, an experiment 

reproducing optimum variables found in previous works for the C sample, but 

avoiding clay in the mixture was carried on (Table 4.8). 

Table 4.8. Mixture formulation of CFBC bottom ash without clay. 

Clay Ash (g) NaSiO3 (g) NaOH (g) [NaOH] 

- 213 96.5 88.5 6 M 

The visual appearance of this sample improves by far the last not-using clay samples. 

The hardness is greater (Figure 4.12), reaching 16 MPa in the compressive strength 

test versus the 4 MPa of compressive strength that reached the clay sample. When 

immersed in water to taste the behaviour, the Alkali Activated Material that included 

clay in the mixture suffered from collapsing while the sample without clay lost part of 

its weight. 

 

Figure 4.12. No clay alkali activate material. 
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To reach a better understanding of the chances for the valorisation, Chemical, and 

Thermal characterisations were carried out for the Bottom ashes. Three different 

samples were analysed: A0: particle size< 0.3mm; A3: 0.3mm<size particle<0.6 mm; 

A6: particle size<0.6 mm. 

4.2. CFBC FLY AND BOTTOM ASHES BASED ALKALI-ACTIVATED 

BINDERS 

Previous studies carried out by the GER research group of the University of Cantabria 

to use the CFBC ashes as a construction material show the difference in behaviour 

of the fly ash versus the bottom ash. The preparation of alkali-activated ashes was 

carried out using an additional binder, soluble silicates, and NaOH or Na2CO3 as an 

activator with/without natural clay as a filler. While the CFBC bottom ash-based 

mixtures can exhibit characteristics of self-destruction when submerged in the water 

despite obtaining values of compressive strength greater than 10 MPa at 14 days in 

a dry condition. The characteristic of self-destruction can be attributed to the 

formation of ettringite and gypsum by the hydration of anhydrite, which induces 

excessive expansion. The CFBC fly ash-based mixtures showed values of compressive 

strength in the order of 37 MPa and 17MPa at 14 days, without and with clay 

respectively. No indication of self-destruction when submerged in water, keeping 

intact their physical integrity, the mixtures without clay. The best results were 

obtained using as activator sodium carbonate and not adding clay to the mixtures, 

so it is proposed as the aim of the present work, to analyse the possibilities of 

preparing sodium carbonate-activated bricks from blends of CFBC fly and bottom 

ashes including additional binder sodium silicate. An experimental study was 

systematically designed to assess the feasibility of utilizing the CFBC ash (both fly ash 

and bottom ash) in the fabrication of bricks in terms of engineering aspects, such as 

compressive strength, water absorption, and porosity. A study on the microstructure 

of the selected products was carried out following the next analytical techniques: X-

ray diffraction- XRD, Thermogravimetric and Differential Thermal analysis-TG-DTA, 

Scanning electron microscopy-SEM, Fourier-transform infrared spectroscopy-FTIR. 

The results may give a way of recovery of CFBC bottom ash and also get a better 

understanding of the reaction mechanisms.  
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4.2.1. Materials and Methodology 

4.2.1.1. Materials 

The particle size distributions of the raw CFBC fly and bottom ashes are shown in 

Figure 4.13. As it can be appreciated the Fly ash presents smaller size distribution and 

a smaller range of sizes than Bottom Ashes. The Bottom gathers different size particles 

(from sizes below 0.1 mm to 0.6 mm).  

 

Figure 4.13. Particle size distributions of raw CFBC fly and bottom ashes. 

Chemical compositions of the raw CFBC Fly and Bottom ashes are determined by X-

ray fluorescent (XRF) analysis. The results are presented in The X-ray powder 

diffraction pattern of the CFCB fly ash and bottom ash (Figure 4.14. XRD patterns of 

CFCB ashes) have been fitted using the pattern matching routine in the Diffracplus 

EVA program. As can be seen, both FA and BA display similar mineralogy 

composition displaying anhydrite, lime, calcium sulphate, and quartz as major 

phases, in good agreement with the chemical analysis and a minor phase of calcium 

carbonate. A visual comparison between them shows that the quantity of lime is 

higher in FA and a small quantity of portlandite, Ca (OH)2, is in BA which is attributed 

to the transformation of lime by water vapour (Nguyen et al., 2019). On the other 

hand, there was no halo peak found in the XRD pattern of asses which manifests the 

lack of glass phase contrary to some results found in the bibliography (Jang et al., 

2017; Li et al., 2012). 

. The chemical composition results show that these ashes present a lower amount of 

Al2O3 and SiO2 than normal compositions from literature (Xun et al., 2018; Kang and 

Choi, 2018; Hlaváček et al., 2018), still, they exist some works that present CFBC with 

similar compositions (Anthony and Jia, 2000; Wang et al., 2008; Chi and Huang, 

2014; Huynh et al., 2018). The main chemical difference is the presence of CaO as 
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the main FA component followed by SO2 and the presence of SO2 as the main BA 

component followed by CaO. 

The X-ray powder diffraction pattern of the CFCB fly ash and bottom ash (Figure 4.14. 

XRD patterns of CFCB ashes) have been fitted using the pattern matching routine in 

the Diffracplus EVA program. As can be seen, both FA and BA display similar 

mineralogy composition displaying anhydrite, lime, calcium sulphate, and quartz as 

major phases, in good agreement with the chemical analysis and a minor phase of 

calcium carbonate. A visual comparison between them shows that the quantity of 

lime is higher in FA and a small quantity of portlandite, Ca (OH)2, is in BA which is 

attributed to the transformation of lime by water vapour (Nguyen et al., 2019). On 

the other hand, there was no halo peak found in the XRD pattern of asses which 

manifests the lack of glass phase contrary to some results found in the bibliography 

(Jang et al., 2017; Li et al., 2012). 

 

Figure 4.14. XRD patterns of CFCB ashes: (A) fly ash; (B) bottom ash. 
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Table 4.9. Chemical composition of CFBC fly and bottom ashes. 

Mayor oxides (%) Fly Ash Bottom Ash 

SiO2 5.82 2.01 

Al2O3 2.60 0.44 

SO2 38.9 61.6 

Fe2O3 0.390 0.25 

CaO 51.9 35.6 

TiO2 0.060 0.014 

MgO 0.310 0.060 

Trace elements (ppm) Fly Ash Bottom Ash 

V 1001 2617 

Cr 3.71 - 

Ba 145 91.3 

Ce - 21.0 

Mn 25.8 80.2 

Ni 358 828 

Cu 7.47 8.07 

Zn 13.0 41.0 

Ga - 14.6 

Ge - - 

As - 2.27 

Se 1.60 - 

Br 2.77 - 

Rb 3.89 - 

Sr 217 177 

Y 9.16 5.96 

Zr 57.6 42.4 

Nb 7.64 5.25 

Pb 9.50 - 

Th 4.08 - 

LOI (%) 5.50 2.50 

 

Figure 4.15 provides SEM images of the particles of ashes. The BA are compounds of 

big particles, mostly anhydrite and lime, whereas the FA, smaller than BA, are 

compounds of different irregular particles showing anhydrite, in a smaller proportion 

than in the BA, and lime, in greater proportion than in the BA. Both materials show 

great heterogeneous morphology, far from the conventional carbon ash spherical 
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shape (Alengaram et al., 2018); this morphology may affect the reaction process 

(Nguyen et al., 2019) and may be due to the lower temperature in the combustion 

process (Li et al., 2012). 

 

Figure 4.15. SEM micrographs of CFBC ashes: (A) Fly Ash; (B) Bottom Ash. 

The alkali activator used in the mixing process, sodium carbonate, and Na2CO3, was 

provided by Solvay. Sodium silicate, Na2SiO3, a technical grade was used in the mix 

as an activator/precursor. The water used for all the experiments was ultrapure (type 

1). 

4.2.1.2. Alkali-activated binders preparation 

The mix proportions of the samples are provided in Table 4.10. The units are 

expressed in mass ratios. The ratios L/S, Na2SiO3: water and the molarity of sodium 

carbonate were fixed according to previous studies. The variable in the experiment 

design was the ratio FA: BA. For each sample, the total mass added was 300 g. 

The fabrication of the bricks was as follows: A designated amount of ashes and a 

solid alkali activator (sodium carbonate) were placed in a mixer and were stirred for 

5 min to ensure the homogeneity of the solid mixture. While the solids mixture is 

carried out, the solution containing sodium silicate and distilled water is prepared. 

Then the solution is added with a pipette to the solids mixture. After all the liquid and 

solid were in the mixer, it was stirred for an additional 2 min. The fresh mixtures were 

then introduced into a prismatic mould with dimensions of 40x40x160 mm or 

50x50x50 mm. The moulds were then sealed with polyethylene film and set to cure 

at 20 ± 2ºC. After the initial 48 hours of setting in moulds, the samples were 

unmoulded and subjected to further curing for 14 and 28 days. 
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Table 4.10. Mix design of alkali-activated binders (expressed in mass fraction). 

Sample 

Solid Liquid 

Ratio FA/BA Na2SiO3 (solution) 
Na2CO3 

(6 M solution) 
WG0 1/0 0.33 0.27 
WG2 1/0.2 0.396 0.324 
WG4 1/0.4 0.462 0.378 
WG6 1/0.6 0.528 0.432 
WG8 1/0.8 0.594 0.486 

WG10 1/1 0.66 0.54 
WG20 1/2 0.99 0.81 
WG30 1/3 1.32 1.08 
WG40 1/4 1.65 1.35 

4.2.1.3. Sample Analysis 

The bricks were investigated to determine the physical and mechanical properties of 

compressive strength, water absorption, and compressive strength after water 

immersion. A study on the microstructure of the selected products was carried out 

following the next analytical techniques: X-ray diffraction- XRD, Thermogravimetric 

and Differential Thermal analysis-TG-DTA, Scanning electron microscopy-SEM, 

Fourier-transform infrared spectroscopy-FTIR. 

A compressive strength test was performed immediately after the 14-day curing had 

finished for the bricks (size: 40x40x160 mm) and after 28 days, according to (UNE-

EN 1015-11:2000/A1:2007). Water absorption results were obtained according to 

UNE 67-019 (size: 50x50x50 mm). 

For selected mixtures, thermal characterisation was studied by thermogravimetric 

(TG-DTA). Simultaneous TG-DSC-MS curves were obtained on a SETARAM thermal 

analyser, model SETSYS-1700. The samples of approximately 20 mg were heated in 

platinum crucibles in a Nitrogen atmosphere, at a total flow rate of 50 mL/min, with 

a heating rate of 10 ºC/min and a final temperature of 1350 ºC, maintained for one 

hour. All the TG measurements were blank curve corrected. Each experiment was 

repeated to check for consistency. The TG instrument was coupled to a Balzers 

Thermostar / OmniStar mass spectrometer (Pfeiffer vacuum) for evolved gas analysis. 

Quadrupole mass spectrometer model was QMS 200. The m/z signals selected were: 

18 (H2O+), 44 (CO2
+), 64 (SO2

+), 80 (SO3
+). TG-MS analysis supplies in this work only 

qualitative information.  

Microstructural Characterisation is determined by SEM. The equipment used is a Carl 

Zeiss (model EVO MA15). Mineralogical characterisation of the selected samples and 

the ashes was carried out by XRD. Such analyses were performed in an air 

atmosphere on a Bruker D8 Advance diffractometer, using Cu Kα radiation and a 

LynxEye detector. Diffraction patterns were collected with an angular 2θ range 
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between 10° and 70° with a 0.03° step size and measurement time of 3 s per step, 

and a graphite monochromator. The instrumental resolution function of the 

diffractometer was obtained from the LaB6 standard. 

FTIR spectra of samples were recorded on a Perkin-Elmer Frontier FTIR spectrometer 

using KBr disk technique in the wavenumber range of 400 cm−1 to 4500 cm−1 at 

room temperature.  

4.2.2. CFBC Fly and Bottom Ashes Based Alkali-Activated Binders 

The alkali activator used in the mixing process, sodium carbonate, and Na2CO3, was 

provided by Solvay. Sodium silicate, Na2SiO3, the technical grade was used in the mix 

as an activator/precursor. The water used for all the experiments was type 1. 

4.2.2.1. Technological Properties 

The compressive strength of the bricks at 14 and 28 days are shown in Figure 4.16. 

The results show reproducibility between the samples. There is a strong increase in 

the curing time. The sample with more amount of BA develops faster strength 

reducing the setting time; but it does not seem to have a direct effect on the 

resistance, all of them are close in a range from 15 to 30 MPa.  

 

Figure 4.16. Compressive strength of WG binders (Table 4.10) after 14 and 28 days. 

These compressive strength values are acceptable when compared to geopolymer 

mortars or bricks from literature using CFBC (Huynh et al., 2018; Chi and Huang, 

2014; Song et al., 2015); although these resistance does not reach the results of some 

previous works where the ashes contain more amount of SiO2 and Al2O3 (Nguyen 

et al., 2019); neither the results when the cement or other rich in SiO2 and Al2O3 

sources are used for the material matrix (Dung et al., 2016; Chi, 2016; Nguyen et al., 

2015). Anyway, these materials show higher compressive strength than the usual for 
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the works using ashes with similar characteristics (Kang and Choi, 2018; Park et al., 

2018; Park et al., 2017; Jang et al., 2018). 

Water absorption is the ability of porous materials to retain a certain amount of water, 

in mortar is related to the internal structure, which limits/prevent the intrusion of 

water and affects the durability and mechanical properties of the mortar (Huynh et 

al., 2018). Samples were tested according to UNE 67-019 by water immersion. This 

procedure is relevant specifically in this case to test the behaviour of the products 

microstructures exposed to water, as in previous works (Report II Solvay; Park et al., 

2018) the bricks manufactured with these kinds of ashes could show appropriate 

compressive resistance but collapse when tested. 

In Figure 4.17 it is possible to appreciate the water absorption results for the samples 

after 28 days of curing. The water absorption values are higher than the typical values 

for fired clay bricks. The results range from 20.0 % to 32.0 %, except the brick that is 

only made from Fly ash develops a water absorbance of 7.15 %.  

 

Figure 4.17. Water absorption of WG binders (Table 4.10 Mix Design). 

On the other hand, Figure 4.18 shows the results of the compressive strength test 

after the water absorption test. Some studies have reported problems either in the 

integrity of some bricks after the water immersion (Jang et al., 2018; Report II Solvay) 

or in the compressive resistance drop after curing in water (Dung et al., 2014). The 

results in this study show that, even if the bricks' compressive strength is lower after 

the water immersion, the samples still show good compressive resistance. 
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Figure 4.18. Compressive strength before and after the water absorption of WG binders 

(Table 4.10 Mix Design). 

4.2.2.2. X-ray Diffraction results 

The major crystalline phases present in three selected samples (WG0, WG10, and 

WG40) were also determined by XRPD. As shown in Figure 4.19 the mineral 

composition are similar to BA and FA (Figure 4.14) with the presence of a broad peak 

between 25 and 35° (2θ) that corresponds to the amorphous phase, probably due 

to hydrated calcium silicate, C-S-H gels (Nguyen et al., 2019). The presence of quartz 

in the three samples is indicative that the dissolution of the SiO2 was not complete (Li 

et al., 2012) which came from the Na2SiO3 added to the mixture. Moreover, the 

presence of thernadite (Na2SO4) and calcium carbonate (CaCO3), is due to sodium 

carbonate (Na2CO3) added to the mixture, and it is common for the three samples. 

Visual analysis shows that WG10 and WG40 have more presence of thernadite, 

which can be explained because of the mayor amount of anhydrite in the bottom 

ashes. In addition, the sample with more amount of bottom ashes (WG40) displays 

a mayor proportion of thernadite and anhydrite (CaSO4) due to the higher amount 

of bottom ashes added.  

Equations 1,2,3,4 and 5 show the possible reactions happening in the process. 

CaO + H2O Ca (OH)2     (1) 

Ca(OH)2 + Na2CO3 2NaOH + CaCO3   (2) 

CaSO4 + 2H2O  CaSO4.2H2O    (3) 

CaSO4 + Na2CO3  CaCO3 + Na2SO4   (4) 

xCa(OH)2 + SiO2 + (y-x)H2O  CxSHy (C-S-H)  (5) 

 



 
 
Chapter 4                                                    Thesis Dissertation of Juan Dacuba García 
 
 

 
197 

 

Figure 4.19. XRD patterns of reaction products after 28 days: (A) WG0 binder; (B) WG10 

binder; (C) WG40 binder. 
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4.2.2.3. Thermogravimetric and Differential Thermal analysis-TG-DTA 

Figure 4.20 shows the mass loss for the original CFBC FA and BA and also for some 

of the sodium carbonate activated CFBC ashes selected as representative (WG0, 

WG10 and WG40), cured for 28 days at room temperature and sealed before been 

analysed. 

According to Figure 4.20, it can be observed that FA presents inappreciable moisture 

or dehydration products (20-260 ºC or up to 2000 s). This loss is low in the case of 

BA (1.44 %) but increases from WG0 to WG40 in the interval of 17.0-22.4 %, This loss 

could include the dehydration products of the gypsum formed from anhydrite and 

could contain dehydration products of amorphous C-S-H hydrates (Hlaváček et al., 

2018; Sheng et al., 2012; Lee and Kim, 2017). Due to the lack of Al2O3 in the ashes 

composition and because ettringite was not identified by XRD, dehydration products 

of this compound are not considered. 

The second loss observed in figure 10 corresponds to the dehydration of portlandite 

Ca(OH)2 (mainly at temperatures about 400-550 ºC that correspond to 2400-3500 s 

(equation 6): 

Ca(OH)2 CaO + H2O   (6) 

According to XRD and TG results, Ca (OH)2 is not present in FA and is present in a 

low amount in BA (1.02 %), being higher than the value in WG0 (5.01 %) and 

decreasing in WG10 and WG40 (2.42 and 2.65 % respectively). According to the TG 

initial composition of FA and BA, this compound seems to form in the process, by the 

hydration of lime present initially mainly in FA, but also BA. 

The next interval, approximately from 3500 to 4750s (550 to 800 ºC) corresponds to 

a CO2 loss, as a mass spectrum (MS) is identified in all the studied samples (equation 

7) (Bae and Lee, 2015; Bernal et al., 2015).  

CaCO3 CaO + CO2    (7) 

The presence of CaCO3 in FA and BA seems obvious, because of the reaction of the 

CaO or Ca (OH)2 from the desulphurised sorbent with CO2 obtained in the 

combustion process where the ashes are formed. In the conditions of the 

temperature of a CFBC, near 900ºC, the bottom ash must eliminate the CO2 from 

CaCO3. 

In the case of FA, the loss continues up to more than 6000s (1000ºC), showing MS 

results in overlapping between CO2 and SO2 losses, and at the end, SO3 loss. The 

presence of two peaks for CO2 may differentiate the CaCO3 initially formed or the 

CaCO3 initially present in the desulphurised sorbent, which achieves a lower or 

higher decomposition temperature, respectively. 
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The loss of CFBC FA in the interval up to more than 6000s (1000 ºC) is higher (30.4 

%), being only 6.35 % at higher temperatures. On the contrary is found in CFBC BA, 

whose main loss takes place at higher temperatures (1000 ºC to 1350 ºC), attributed 

to CaSO4. In the case of FA, if the higher loss is attributed to CaSO3 and the last to 

CaSO4, the percentage of SO2 would be in the same order found by XRF results (36.9 

% in TG versus 38.9 % in XRF). 

The reaction products after 28 days show a decreasing sequence of carbonate 

decomposition from WG0 to WG40. In the case of the 800-1000 ºC interval, no loss 

appears in the case of WG0, without SO2 signal in the MS recorded, and low values 

for WG0 and WG40 of 4.59 % and 3.03 %, respectively. In the last interval (1000 ºC 

to 3500 ºC) the values oscillate between 10.58 % in WG10 to 13.52 % in WG40. 

 

Figure 4.20. TG-DTG Fly Ash (FA), Bottom Ash (BA), WG0, WG10 and WG40 binders. 

4.2.2.4. Scanning electron microscopy-SEM 

Figure 4.21 show the microstructure of different samples and their surface 

composition examined by SEM/EDS.  

For the three selected samples, it is possible to find structure and composition that 

may indicate the presence of gel C-S-H. It was easier to find this kind of structure in 

the samples without any BA added. This is explained by the fact that the FA are richer 

in SiO2 and Al2O3. 

On the other hand, there is thernadite (Na2SO4) appears in different shapes in the 

three samples, being easier to find in the samples with more amount of BA (WG40). 
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Figure 4.21. SEM-EDX WG0, WG10, and WG40 binders. 
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4.2.2.5. Fourier-transform infrared spectroscopy-FTIR 

FTIR spectroscopy allows the identification of different types of chemical bonds in 

materials on a molecular level. Therefore, the differences between the absorption 

curve for the ashes and products may provide some evidence of the reactions 

happening. 

In Figure 4.22 it is possible to appreciate the Fourier spectrum for the Fly Ash (FA) vs 

WG0 binder; Bottom Ash (BA) vs WG40 binder; and between the binders WG0, 

WG10, and WG40 (Table 4.10. Mix Design). 

The band centered towards around 1120cm−1 represent the SO4
2-, for both Ca and 

Na Band at around 594 cm−1 is assigned to S-O vibrations of SO4
2- in gypsum 

(CaSO4·2H2O). While the band at 2800 cm-1 shows the presence of Na2SO4 (Dung 

et al., 2014; Carmona-Quiroga and Blanco-Varela, 2013). The symmetrical deforming 

bands of water absorption (H2O) appeared in the region 1600-1700 cm−1 and the 

bands located in regions above 3000 cm−1 were assigned for the symmetrical 

stretching vibration of absorbed water (H2O) and stretching vibration of free OH 

(Nguyen et al., 2019; Carmona-Quiroga and Blanco-Varela, 2013). The isolated OH 

stretching at 3,638 cm −1 is attributed to the interaction of the water hydroxyl with 

the cations, associated with the Ca (OH)2. The weak OH band in the case of the 

composites is related to the consumption of Ca (OH)2 to produce other hydration 

products (Dung et al., 2014). The signals appearing at 1,442 cm−1 and around 876 

cm−1 are attributed to C-O vending (CO3
-) (García-Lodeiro et al., 2008). The presence 

of CaCO3 issue the reaction between Ca (OH)2 in specimens and CO2 during the air 

curing. The vibrations in the region 964–980 cm−1 are assigned to the presence of 

Si-O stretching and the signals appearing at around 490 cm−1 correspond to the Si-

O-Si (García-Lodeiro et al., 2008), which confirms the generation of calcium silicate 

hydrate (C-S-H). Other evidence related to the reaction process may include the band 

around 1645 cm-1 for H–O–H bending vibration, the increase of the vibration 

intensities indicates the formation of calcium silicate hydrates (Li et al., 2012), and the 

shift of the peak at 1045 cm-1 towards lower wavenumber, indicate the deformation 

of the lattice due to the pozzolanic reaction (Li et al., 2012). The FT-IR results indicate 

that the hydration products mainly include C–S–H, Na2S04, CaSO4·2H2O, CaCO3 and 

Ca (OH)2, which are in agreement with those of XRD, TG, and SEM. 
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Figure 4.22. FTIR spectra of: (A) Fly Ash and WG0 binder; (B) Bottom Ash and WG40 binder;  

(C) WG0, WG10, and WG40 binders. 
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4.3. CONCLUSIONS 

From the results of the experiment carried out only with the CFBC Bottom ashes (BA), 

it can be concluded that the chemical composition, high content of anhydrite and 

lime, some presence of portlandite, and low content of silica and alumina, disables 

the alkaline activation of these ashes. When these materials reach a decent hardness, 

they do not contain enough SiO2 and Al2O3 to form three-dimensional networks. 

While the results obtained only with the CFBC Fly ashes (FA) contain the greater 

potential for geopolymerisation, due to difference from the previous ones shows 

small amounts of quartz and alumina, producing materials with high mechanical 

capacities that do not collapse when immersed in water. 

The utilisation of CFBC Fly and Bottom ashes in different proportions mixed with 

Na2SiO3 and Na2CO3 to produce building material has been investigated along with 

the reactions appearing in the process. The compressive strength values of all of the 

sample mixtures ranged from 15 to 30 MPa after 14 and 28 days of curing, showing 

an increasing trend through the days. At a curing age of 28 days, the samples that 

incorporated a similar amount of FA and BA (WG8 and WG10) exhibited the 

maximum compressive strength value of all the investigated samples. The results 

show that, even if the compressive strength is lower after the water immersion, the 

samples still show good compressive resistance. The results from different analysis 

techniques indicate that the hydration products mainly include calcium silicate 

hydrate gel (C–S–H), thenardite (Na2SO4), gypsum (CaSO4 2H2O), calcium carbonate 

(CaCO3), and portlandite (Ca (OH)2). 

The results obtained may give a way of recovery of CFBC bottom ash for its potential 

use as an eco-material, showing physical integrity by being cured in water and 

reaching compressive strength values greater than 10.0 MPa. And also fill a deficit in 

the understanding of the reaction mechanisms of blends of fly and bottom ashes 

activated with near-neutral salts, such as sodium carbonate. 
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5. FINAL REMARKS 

Three hypotheses linked to specific research questions were formulated taking into 

account the premise drawn from the current state-of-art in this field. To test these 

hypotheses, specific objectives were established. These objectives were achieved 

using the design experimental procedure. Once the results were analysed, the final 

remarks of the research are presented. 

Research question (i): What thermal waste can be incorporated into ceramic 

processes fulfilling technological, techniques, and environmental requirements? 

Industrial thermal waste, from combustion and foundry, has been used in this work 

to check the feasibility within the incorporation of ceramic processes. Technological 

and environmental properties as well as the estimation of gas emissions during the 

firing process were evaluated at a laboratory scale. The results obtained have shown 

promising results being able to incorporate up to 20 % of the thermal waste 

following the firing cycle of two ceramic companies without compromising the 

requirements of the final products. 

Once proven the feasibility of thermal waste, mathematical models have been 

established allowing us to predict the behaviour of final product properties with the 

incorporation of these residues into the range of waste fixed in this research. 

Regression coefficient values above 90 % were obtained. 

From these mathematical models, an optimisation of the amount of thermal waste 

incorporated was carried out using MCA as a tool for decision-making. Technical, 

economic, and environmental criteria and different scenarios were fixed to define the 

waste and the suitable amount to carry out an industrial-scale proof. Foundry Sand 

was the waste that present the best results in the MCA. 

An industrial test incorporating 1, 10, and 20 % of Foundry Sand was carried out to 

study the technological and environmental properties as well as the gas emissions 

during the firing process. Finally, an LCA has performed an environmental validation 

of conventional products and products incorporating 10 % of waste. Results 

obtained revealed that products incorporating waste present less impact than 

conventional ones. 

The feasibility, optimisation, and validation of incorporating industrial thermal waste 

in the ceramic process were carried out. It can conclude that industrial thermal waste 

can substitute the clay in the ceramic process raising natural resource savings and 

increasing the end life of waste. 

Research question (ii): Can thermal waste be incorporated into low-energy processes 

to achieve a carbon-neutral society? 
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Coal fly ash and six alkaline by-products, liquid and solid by-products were studied to 

assess their feasibility as a precursor and as an activator in geopolymer materials. The 

alkaline by-products were incorporated to substitute commercial activators. 

Formulations using a precursor blend of coal fly ash/clay and solely fly ash and 

different percentages of alkaline by-products as activators were carried out. 

Technological properties were evaluated to determine the suitability of these 

formulations. From the results obtained, it can be concluded that a blend of fly/ash 

and Na2CO3 and HNaCO3 present the best performance in geopolymer materials.  

Once demonstrated the feasibility of alkaline by-products, the reactivity of fly ash was 

determined to define the reactive SiO2/Al2O3 ratio which is a key parameter in 

geopolymer formations. The precursor reactivity shows a ratio between 1.88-2.10. 

Therefore, it can be concluded that this low Ca fly ash can be used as a precursor in 

geopolymer materials. 

Furthermore, the geopolymers obtained with the selected alkaline by-products were 

evaluated in a microstructural manner to determine if geopolymerisation was carried 

out. XRD patterns obtained reveal crystalline groups such as quartz and muscovite, 

typical of fly ash, as well as hydroxy sodalite and calcium aluminium oxide which is 

the minerals typically in N-A-S-H gel. On the other hand, FTIR spectra show shifts 

indicating that the glass component in the fly ash reacted with the alkaline activator 

to form reaction products, primarily N-A-S-H, an aluminosilicate gel. Looking at the 

results obtained in geopolymers, it can be concluded that selected alkaline by-

products can be used as an alkaline activators in geopolymer materials substituting 

commercial activators. 

Fly ash/clay-based geopolymer using different activators was used to S/S acid toxic 

waste. The S/S products were evaluated by technical and environmental assessment 

according to EU Landfill regulation limits for compressive strength and release of 

hazardous metals. From the result obtained, it can be concluded that geopolymers 

are presented as a promising way in S/S of hazardous waste due to their capacity to 

neutralised high acidic waste and their capacity to immobilise contaminants. 

It was demonstrated that coal fly ash as a precursor and alkaline by-products as 

activators can be used in low-energy processes as was presented in this thesis. The 

incorporation of ashes in these materials allows energy efficiency in production 

processes as well as reduces the associated impacts on society. 

Research question (iii): Can we use thermal waste, with low contents of Si and Al, in 

the development of low energy materials/binder? 

Bottom ashes, from coal fluidized bed coal combustion (CFBC), were evaluated in a 

first approach in the production of alkali-activated binders as a source of 

aluminosilicates. The issue of these ashes is their high content of gypsum and their 
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heterogeneity of particle size. Different trials were carried out to determine the 

feasibility of bottom ashes in alkali-activated binders: pretreatment to remove the 

highest particle size, mixing of precursors and activators, and product obtention 

(pressing or moulding). From the results obtained, it was concluded that the removal 

of the particle with a size above 0.6 mm, a new mixing method that involves a 

previous homogenisation of solids and liquids and a traditional civil moulding process 

is needed to obtain binders with bottom ashes. 

To optimise the variables of the process, a set of experiments was carried out to 

develop the alkali activation of bottom ashes in building materials. The main variables 

studied were the replacement of activators with alkaline by-products and the role of 

clay in binder products. In conclusion, Na2CO3 can be used as an activator replacing 

NaOH, and bottom ashes solely can be used as a precursor. 

Considering the studies done, bottom ashes present high content of anhydrite and 

lime and low content of silica and alumina which limit the activation of this waste. 

On the other hand, fly ashes, from CFBC, present different characteristics than the 

bottom which make them suitable for geopolymerisation. It was studied a blend of 

CFBC fly and bottom ashes in different proportions as a precursor and a mixture of 

Na2SiO3 and Na2CO3 (by-product) as an activator. Technological properties and 

microstructural were carried out. From the results obtained, it can be concluded that 

the final products with a similar proportion of fly and bottom ashes exhibit the 

maximum compressive strength and present hydration products typically of a C-S-H 

gel. 

CFBC fly and bottom ashes were presented as promising precursors in alkali-activated 

binders materials. However, more studies must be done to obtain a deeply 

knowledge of their behaviour in geopolymer products. The incorporation of these 

waste in these materials, without clay, enables energy and materials efficiency in 

production processes. 
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ANNEXES  

A1. LITERATURE REVIEW OF CFA APPLICATIONS  

Table A.1.1. Current/direct applications of CFA in aggregates manufacturing and agriculture. 

 

Product: Lightweight aggregates 
Sector: Cement, concrete, and ceramics  

Strengths Weaknesses Main remarks References 
 CFA with high unburnt 

carbon is suitable for the 
sintering process 

 Lightweight aggregates 
have more pozzolanic 
properties than the CFA 
without the sintering 
process 

 Low density suitable for 
light and insulation 
construction  

 Decrease the 
compressive strength 
of the concrete for 
the same dosage of 
cement 

 Lightweight aggregates' 
characteristics depend 
on the manufacturing 
process and the 
temperature at which 
the hardening is carried 
out 

CEDEX (2011); Cicek 
and Tanriverdi (2007); 
Cultrone et al. (2004); 

Domínguez et al. 
(1996); Lingling et al. 

(2005); Yang et al. 
(2009); Wei et al.(2016); 

Lin (2006)  

 

Product: Additive for soil amelioration  
Sector: Agriculture 

Strengths Weaknesses Main remarks References 
 Chemical constituents of 

CFA can improve the 
agronomic and fertility 
properties of the soil 

 Cost-effective and 
environmentally friendly to 
substituting for lime and 
dolomite 

 The addition of CFA 
improves the 
microbiological activity and 
leads to higher plant 
biomass production 

 CFA with a high level of 
unburned carbon 
enhances soil organic 
matter 

 Increases the availability of 
nutrients in plants, 
improves the soil texture, 
aeration, percolation, and 
water retention in the 
treated zone 

 Buffer the soil pH 

 Lead to an increase in 
soil salinity for a 
higher concentration 
of total hardness, 
cations, and anions in 
CFA leachates 

 Pose a contamination 
risk to soil, plants, and 
groundwater for 
comprising some 
toxic metals 

 The application must 
be very specific 
depending on the 
properties of ash and 
soil 

 Have potential 
phytotoxic effects 
when relatively high 
rates of CFA are 
applied 

 Use weathered CFA 
collected from ash ponds 
than fresh ash 

 Add locally available 
amendments (farm 
manure, sewage, or 
sludge) along with CFA 
to yield benefits from 
their synergistic 
interaction 

 Long-term studies of the 
impact of CFA on soil 
health and crop quality 

Kishor et al. (2010); 
Belyaeva and Haynes 

(2012); Bhattacharya et 
al. (2012); Lee et al. 

(2006); Manoharan et 
al. (2010); Pandey and 

Singh (2010); Prakash et 
al. (2009); Ram and 

Masto (2010); Ram and 
Masto (2014); Shaheen 
et al. (2014); Yunusa et 

al. (2006) 



 
 
Annexes                                                     Thesis Dissertation of Juan Dacuba García 
 
 

219 

 

Table A.1.2 Current/direct applications of CFA in construction and civil engineering. 

 

Product: Concrete 
Sector: Construction 

Strengths Weaknesses Main remarks References 

 Partial replacement of 
cement with CFA reduces 
the water demand 

 Enhance the workability of 
concrete 

 Reduce the production 
costs of concrete and 
greenhouse gas emissions 
during the cement 
production process 

 One of the best value-
added uses and consumes 
a large quantity of ash 

 Pre-treatment is not 
required 

 Done at an industrial scale 

 The construction 
industry and the 
thermal power 
plants are influenced 
by seasonal factors 
and subjected to 
operational peaks 

 Reduce compressive 
strength of concrete 
at early ages, 
especially under cold 
weather conditions 
or having more than 
40 % replacement of 
cement 

 The cost involved in 
the transportation of 
ash from production 
to utilisation sites 
might limit the 
application 

 Unburnt carbon in 
CFA inhibits air 
entraining 
performance and 
fluidity of fresh 
concrete 

 Select the right quality CFA 
to enhance the cement 
rather than be detrimental 
to the final concrete mix 

 Increase the additional 
amount of CFA at the 
premise of meeting the 
projects demand 

 The unburned carbon in 
CFA should be < 6 % 

Antiohos et al. (2008); 
ASTM (2010); CEDEX 
(2011)]; Cokca and 

Yilmaz (2004); Dhir and 
Jones (1999); Dilmore 
and Neufeld (2001); 
Duran-Herrera et al. 

(2011); Freeman et al. 
(1997); González et al. 
(2009); Hemalatha and 

Ramaswamy (2017); 
McCarthy and Dhir 
(2005); Nath and 

Sarker (2011); Oner et 
al. (2005); Reiner and 

Rens (2006); Sarker and 
McKenzie (2009); 

Zhang et al. (2013) 

 

Product: Grouting, asphalt filler, sub-grade stabilisation, pavement base 
course, general engineering fill, structural fill 

Sector: Civil engineering 

Strengths Weaknesses Main remarks References 

 The addition of CFA tends 
to decrease the propensity 
of the soil to absorb water 
and thus swelling of the 
soil results 

 Pre-treatment is not 
required 

 Done at an industrial scale 
 Enhance the geotechnical 

properties of the soil 
 Lower compressibility 

relative to other soils 

 The addition of small 
amounts of CFA is 
required to avoid the 
leaching of heavy 
metals and 
sulphates. 

 Unburnt carbon in 
CFA inhibits the use 
of CFA in these 
products. 

 The distance between 
CFA sources and recycling 
sites needs to be 
considered 

 The use of CFA is not 
intended for flood areas 
and windy areas 

 Homogeneous mixtures of 
different types of CFA are 
required to get a good 
compaction paste 

 The unburned carbon in 
CFA should be < 3 % 

Beeghly and 
Schrock(2010); Berger 
and Fitzgerald (2009); 
CEDEX (2011); Kumar 
Vadapalli et al. (2008); 
Mohammadinia et al. 

(2017); Potgieter-
Vermaak et al. (2006); 
Almesfer and Ingham 

(2014)  
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Table A.1.3. Future/indirect applications of CFA in ceramic, concrete, and cement industry. 

Fired clay bricks/ Strengths Weaknesses Main remarks References 

 The chemical composition 
and proper size range 
make it suitable to be 
directly incorporated into 
ceramic pastes with almost 
no pre-treatment 

 Partial substitution for 
kaolinite, feldspar, and 
quartz thus efficiently saves 
limited natural resources 

 Unburned carbon 
produces ceramics with a 
high volume of pores 
which can be used as 
thermal and acoustic 
insulation 

 High amounts of CFA can 
be used within this 
application 

 The iron oxides in 
CFA have a negative 
effect on the thermal 
expansion coefficient 
of product 

 CFA-clay body 
showed a high 
shrinkage after firing 

 Encapsulation of CO2 
during the firing process 
to increase the pores of 
the products  

 High concentrations of 
CaO, Na2O, K2O and 
MgO are more suitable 
for the development of 
these products 

 The clay used plays an 
important role in the 
manufacture of these 
products 

Aineto et al.(2006); 
Andreola et al. 

(2016); Başpinar et 
al.(2010); Bories et 
al.(2014); Chandra 

et al.(2008); 
Cultrone and 

Sebastián(2009); 
Erol et al.(2007); Ji et 

al.(2016); Kockal 
(2012); Koukouzas 
et al. (2011); Kumar 

et al.(2001); Kute 
and Deodhar 

(2003); Leiva et 
al.(2016); Lingling et 
al. (2005); Monteiro 
et al. (2008); Muñoz 

Velasco et al-a 
(2014); Muñoz 
Velasco et al-b 

(2016); Naganathan 
et al.(2015); Neves 

Monteiro et al. 
(2014); Olgun et 
al.(2005); Sena da 

Fonseca et al.(2015); 
Sokolar and 

Smetanova (2009); 
Sokolar and Vodova 
(2011); Zimmer and 

Begmann (2007) 
Geopolymers/ Strengths Weaknesses Main remarks References 

 CFA can be used in high 
amounts and constitute 
the main ingredient of 
these products 

  Geopolymers are a 
suitable alternative to 
Portland concrete and 
cement 

 Geopolymers are 
synthesized at ambient 
temperature, reducing 
CO2 emissions 

 Geopolymers show better 
technological and 
durability properties than 
Portland concrete 

 They can immobilize 
hazardous materials due to 
their three-dimensional 
structure 

 Unburnt carbon in 
CFA inhibits air 
entraining 
performance and 
fluidity of 
geopolymer pastes 

 Geopolymers require 
de use of chemicals 
such as NaOH that 
can be harmful to 
humans 

 The chemicals used 
(i.e. NaOH or 
Na2SiO3) are 
expensive 

 Geopolymer is sold as 
pre-cast or pre-mix 
materials due to the 
dangers associated 
with its preparation 

 SiO2/Al2O3 ratio, NaOH 
concentration and water 
content are the most 
important parameters 

 The NaOH and Na2SiO3 
should be substitute by 
waste to make and 
economically competitive 
product 

 The use of different kind 
of slags with high 
amounts of CaO 
enhances the 
technological properties 
of geopolymers 

 The unburned carbon in 
CFA should be less than 
3 % 

Abdulkareem et al. 
(2014); Ahmari et 

al.(2012); Al-
Harahsheh et al. 
(2015); Álvarez-

Ayuso et al. (2008); 
Al-Zboon et 

al.(2011); Andini et 
al. (2008); Assi et al. 

(2016); Atis et al. 
(2015); Bakharev 
(2006); Chen-Tan 
and van Riessen 

(2009); 
Chindaprasirt et al. 
(2010); Deb et al. 

(2015); Diaz et 
al.(2010); Duan et 

al.(2016); Duxson et 
al.(2007); Feng et al. 
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 They have rapid strength 
gain and cures quickly, 
making it an excellent 
option for quick builds 

 They represent a good 
process to produce 
ceramic products at 
ambient temperature. 

(2015); Fernández-
Jiménez and 

Palomo (2008); 
Ferone et al. (2013); 

Gordon et al. 
(2011); Gunasekara 
et al. (2015); Helmy 
(2016); Huiskes et al. 
(2016); Izquierdo et 
al. (2009); Jeyasehar 

et al. (2013); 
Kazemian et al. 

(2015); Komljenovic 
et al. (2010); Kumar 
and Kumar (2011); 
Kumar et al. (2007); 
Lee and Deventer 
(2002); Lee et al. 

(2016); Lemougna 
et al. (2016); Leong 
et al. (2016); Luna et 
al. (2011); Ma et al. 

(2013); Ma et al. 
(2016); Martin et al. 
(2015); Nikolic et al. 
(2013); Ogundiran 

et al-a (2013); 
Ogundiran et al-b. 
(2016); Panias et al. 
(2006); Provis et al. 

(2008); Saravanan et 
al. (2013); Rickard et 
al. (2011); Shi et al. 

(2011); Shi et 
al.(2012); Somna et 

al. (2011); Sukmak et 
al-a (2013); Sukmak 

et al-b (2013); 
Winnefeld et al. 
(2009); Xu et al. 

(2014); Zeng et al. 
(2016); Zhang et al. 
(2008); Zhuang et 

al. (2016) 
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Table A.1.4. Future/indirect applications of CFA in catalysts, adsorbents, and zeolites 

manufacture. 

Catalyst / Strengths Weaknesses Main remarks References 

 Employed as catalyst or 
catalyst support for various 
reactions, providing a cost-
effective and 
environmentally friendly 
way of recycling CFA and 
significantly reduce its 
environmental effects 

 One of the best CFA 
applications although 
consumes small quantity of 
waste.  

 CFA catalysts have 
not been applied in 
industrial practice 

 CFA contains some 
trace elements like 
Hg that can release, 
causing secondary 
pollution 

 Pre-treatment is 
required 

 More research is required 
to perform long-term 
stability of the catalysts 

 SiO2 and Al2O3 content 
above 70 % 

Chakraborty et al. 
(2010); Chatterjee et 
al. (2001); Flores et 
al. (2008); Jain et al. 

(2010); Jain et al. 
(2011); Khatri and 

Rani (2008); Khatri et 
al. (2010); Li and 

Zhang (2010); Li et 
al. (2008); Saputra et 

al. (2012); Wang 
(2008); Xuan et al. 
(2003); Yu (2004); 

Zhang et al. (2012) 
Adsorbent / Strengths Weaknesses Main remarks References 

 Low-cost potential 
adsorbents that can be 
directly used in both 
gaseous and aqueous 
applications 

 CFA with high contents of 
unburned carbon 
increases the adsorption 
capacity ads the specific 
surface increase 

 

 CFA have a limited 
adsorption capacity 

 The properties of CFA 
are extremely 
variable, and the 
adsorption capacity 
varies greatly among 
ashes 

 Difficulty of 
recovering the 
adsorption capacity 
of CFA after being 
used 

 Select the right quality of 
CFA and pre-treatment 
to enhance the 
adsorption capacity 

 The regeneration and 
disposal of adsorbents is 
needed to avoid second 
pollution 

Ahmaruzzaman 
(2011); Aksu and 

Yener (2001); 
Alinnor (2007); 

Bhattacharya et al. 
(2008); Cho et al. 

(2005); Estevinho et 
al. (2007); Hsu et al. 
(2008); Itskos et al. 
(2010); Lee et al. 
(2017); Lin et al. 

(2008); López-Antón 
et al. (2007); 

Matheswaran and 
Karunanithi (2007); 

Mazzella et al. 
(2016); Mohan and 

Gandhimathi 
(2009); Rubel et al. 
(2005); Suárez-Ruiz 
et al. (2007); Visa 
and Duta (2013); 
Wang and Tsang 

(2013); Wang et al. 
(2008); Wang et al. 
(2016); Zaharia and 
Suteu (2013); Zhai 

et al. (2017) 
Zeolites / Strengths Weaknesses Main remarks References 
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 Potential adsorbents used 
in various engineering and 
agricultural applications for 
water purification, gas 
cleaning and soil 
amendment 

 One of the best value-
added uses, although 
consumes a relatively small 
quantity of ash 

 

 Mullite and quartz in 
CFA are difficult to 
dissolved 

 Efficiency and 
economic are the 
major limiting factors 

 High unburned 
carbon inhibits 
zeolites formation 

 Pre-treatment 
required 

 Improvements in 
preparation process are 
required 

 SiO2 and Al2O3 content 
above 70 % 

 CaO content below 15 % 

Apiratikul and 
Pavasant (2008); 

Babajide et al. 
(2012); Font et al. 

(2009); Jha et 
al.(2009); Kamble et 
al. (2008); Kazemian 
et al. (2010); Lee et 
al. (2017); Li et al. 
(2014); Liu et al. 
(2011); Luo et al. 

(2016); Querol et al. 
(2001); Querol et al. 

(2002); Qiu and 
Zheng (2007); Ríos 

et al. (2009); 
Somerset et al. 

(2008); Tanaka and 
Fuji (2009); Tanaka 
et al. (2008); Walek 
et al. (2008); Yao et 

al (2009); Zhou et al. 
(2014) 

 

Table A.1.5. Future/indirect applications of CFA compounds recovery: metals, cenospheres, 

and unburnt carbon. 

Metals / Strengths Weaknesses Main remarks References 

 Increase industrial synergy 
opportunities 

 Achieve significant 
economic and 
environmental benefits 

 Metal recovery from CFA 
contributes to save natural 
resources 

 

 CFA heterogeneity 
limits the recovery of 
valuable metals 

 The efficiency and 
economic are major 
limiting factors 

 The distance between 
CFA sources and 
recycling sites must be 
considered  

Arroyo et al-a 
(2009); Arroyo et al-
b (2009); Bai et al. 
(2010); Cheng-you 

et al. (2012); 
Chimenos et al. 

(2013); Font et al. 
(2005); Font et al. 
(2007); Guang-hui 

et al. (2010); Guo et 
al. (2012); 

Hernández-Expósito 
et al. (2006); Matjie 

et al. (2005); 
Meawad et al. 

(2010); Nayak and 
Panda (2010); Shemi 
et al. (2012); Yao et 

al. (2014) 
Cenospheres / Strengths Weaknesses Main remarks References 

 Cenospheres are 
considered one of the most 
important value-added 
components of CFA 

 Their sphericity and low 
density make them suitable 
to a variety of applications 

 Separation processes 
are required 

 Common wet 
separation processes 
require vast lands, 
large amounts of 
water and flotation 

 The performance of 
depth separation should 
take into account of the 
ash discharge method, 
the properties of ash or 
the available land among 
others 

Aixiang et al. (2005); 
Barbare et al. (2003); 
Blanco et al. (2000); 
Chand et al. (2010); 
Chávez-Valdez et al. 
(2011); Deepthi et 
al. (2010); Hu et al. 
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 Cenosphere properties 
have also been altered by 
coating with various metals 

reagents and easily 
result in second 
pollution 

 Costs and efficiency 
of the separation 
process are the major 
limiting factors 

(2010); Huo et al. 
(2009); Huo et al. 
(2010); Jha et al. 

(2011); Labella et al. 
(2014); Liu et al. 

(2008); Meng et al. 
(2010); Ozcivici and 
Singh (2005); Pang 

et al. (2011); Rohatgi 
et al. (2009); Surolia 
et al. (2010); Tao et 
al. (2009); Wang et 
al. (2011); Wasekar 

et al. (2012); Xu et al. 
(2011); Yu et al. 

2007 
Unburnt Carbon / Strengths Weaknesses Main remarks References 

 The separation of the 
unburnt carbon allows to 
have CFA without unburnt 
carbon 

 Main properties: high 
specific surface and 
adsorption capacity 

 Separation processes 
are required 

 Costs and efficiency 
of the separation 
process are the major 
limiting factors 

 The performance of 
depth separation should 
take into account of the 
ash discharge method, 
the properties of ash or 
the available land among 
others 

Cabielles et al. 
(2008); Cameán and 

Garcia (2011); 
Davini (2002); 

Izquierdo and Rubio 
(2008); Li et al. 
(2006); Lu et al. 

(2010); Maroto-Valer 
et al. (2005); 

Pedersen et al. 
(2008); Rubio and 
Izquierdo (2010); 

Rubio et al. (2007); 
Yang and Hlavacek 

(1999). 
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A2. TECHNOLOGICAL PROPERTIES OF CFA‐CLAY BRICKS 

Table A.2.1. Linear shrinkage of CFA-Clay bricks. 

 

  

Sample 
FAA 
(%) 

Clay (%) 
AV FAA/Clay A 

bricks 
SD FAA/Clay A 

bricks 
AV FAA/Clay B 

bricks 
SD FAA/Clay B 

bricks 

P1 100 0 6.05 0.975 6.05 0.975 

P2 90 10 2.85 0.675 3.55 0.326 

P3 80 20 2.45 0.411 2.6 0.335 

P4 70 30 1.7 0.371 2.35 0.487 

P5 60 40 2.15 0.379 1.4 0.518 

P6 50 50 2.8 0.694 1.35 0.518 

P7 40 60 2.9 1.282 1.35 0.224 

P8 30 70 2.4 0.675 1.35 0.454 

P9 20 80 1.4 0.762 1.3 0.447 

P10 10 90 1.7 0.570 1.2 0.481 

P11 0 100 1.35 0.454 1.35 0.518 

Sample 
FAB 
(%) 

Clay (%) 
AV FAB/Clay A 

bricks 
SD FAB/Clay A 

bricks 
AV FAB/Clay B 

bricks 
SD FAB/Clay B 

bricks 

P12 100 0 11.7 1.267 11.7 1.267 

P13 90 10 5.95 1.866 7.85 0.822 

P14 80 20 3.95 1.165 6.05 0.597 

P15 70 30 4.650 0.454 5.8 0.481 

P16 60 40 3.8 0.694 3.45 0.622 

P17 50 50 1.9 0.675 3.1 0.576 

P18 40 60 2.15 0.742 2.90 0.840 

P19 30 70 1.85 0.720 2.8 0.019 

P20 20 80 2 0.354 2.65 0.137 

P21 10 90 2.45 0.694 1.65 0.742 
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Table A.2.2. Weight loss of CFA-Clay bricks. 

Table A.2.3. Bulk Density of CFA-Clay bricks. 

Sample 
FAA 
(%) 

Clay 
(%) 

AV FAA/Clay A 
bricks 

SD FAA/Clay A 
bricks 

AV FAA/Clay B 
bricks 

SD FAA/Clay B 
bricks 

P1 100 0 1569.300 0.517 1569.300 0.517 
P2 90 10 1429.158 0.706 1474.626 0.761 
P3 80 20 1534.547 0.905 1576.457 0.729 
P4 70 30 1593.000 0.319 1673.204 0.943 
P5 60 40 1672.332 0.071 1760.792 0.917 
P6 50 50 1769.234 0.893 1882.399 0.980 
P7 40 60 1857.827 0.800 1942.722 0.900 
P8 30 70 1951.846 0.811 1981.256 0.470 
P9 20 80 2018.041 0.632 2141.874 0.771 

P10 10 90 2085.171 0.943 2241.362 0.862 
P11 0 100 2182.415 0.221 2554.515 0.478 

Sample 
FAB 
(%) 

Clay 
(%) 

AV FAB/Clay A 
bricks 

SD FAB/Clay A 
bricks 

AV FAB/Clay B 
bricks 

SD FAB/Clay B 
bricks 

P12 100 0 1176.310 1.128 1176.310 1.128 
P13 90 10 1131.133 0.165 1145.871 0.900 
P14 80 20 1148.156 0.355 1194.886 0.893 
P15 70 30 1240.450 0.928 1289.072 0.930 
P16 60 40 1290.034 1.040 1391.627 0.964 
P17 50 50 1351.209 0.715 1499.813 0.855 
P18 40 60 1540.254 0.158 1619.771 0.944 
P19 30 70 1674.644 0.631 1724.765 0.904 
P20 20 80 1828.038 0.927 1928.012 0.882 

Sample 
FAA 
(%) 

Clay 
(%) 

AV FAA/Clay A 
bricks 

SD FAA/Clay A 
bricks 

AV FAA/Clay B 
bricks 

SD FAA/Clay B 
bricks 

P1 100 0 6.391 0.340 6.391 0.340 
P2 90 10 6.266 0.252 6.421 0.049 
P3 80 20 6.087 0.066 6.321 0.199 
P4 70 30 6.078 0.087 6.022 0.047 
P5 60 40 6.146 0.049 5.917 0.069 
P6 50 50 6.926 0.137 5.898 0.048 
P7 40 60 6.815 0.095 5.772 0.029 
P8 30 70 6.846 0.085 5.721 0.048 
P9 20 80 6.572 0.072 5.640 0.018 

P10 10 90 6.636 0.040 5.503 0.033 
P11 0 100 6.641 0.246 5.374 0.056 

Sample 
FAB 
(%) 

Clay 
(%) 

AV FAB/Clay A 
bricks 

SD FAB/Clay A 
bricks 

AV FAB/Clay B 
bricks 

SD FAB/Clay B 
bricks 

P12 100 0 28.84 0.150 28.84 0.150 
P13 90 10 26.14 0.193 26.103 0.443 
P14 80 20 24.136 0.072 23.288 0.052 
P15 70 30 21.769 0.066 21.77 0.160 
P16 60 40 19.477 0.070 19 0.107 
P17 50 50 17.293 0.099 16.717 0.105 
P18 40 60 15.012 0.062 14.672 0.176 
P19 30 70 12.808 0.065 12.399 0.530 
P20 20 80 10.773 0.048 10.190 0.085 
P21 10 90 8.451 0.059 7.622 0.060 
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P21 10 90 1965.245 0.890 2083.960 0.890 

Table A.2.4. Water Absorption of CFA-Clay bricks. 

Sample 
FAA 
(%) 

Clay 
(%) 

AV FAA/Clay A 
bricks 

SD FAA/Clay A 
bricks 

AV FAA/Clay B 
bricks 

SD FAA/Clay B 
bricks 

P1 100 0 23.836 0.669 23.836 0.669 
P2 90 10 21.698 0.532 19.692 0.986 
P3 80 20 16.090 0.400 18.451 0.349 
P4 70 30 15.696 0.830 15.443 0.292 
P5 60 40 13.921 0.639 14.171 0.851 
P6 50 50 12.069 1.373 11.173 0.305 
P7 40 60 9.778 0.399 9.028 0.333 
P8 30 70 7.560 0.314 8.088 0.485 
P9 20 80 7.141 0.904 6.302 0.267 

P10 10 90 6.716 0.631 5.375 0.474 
P11 0 100 6.999 0.178 5.310 0.329 

Sample 
FAB 
(%) 

Clay 
(%) 

AV FAB/Clay A 
bricks 

SD FAB/Clay A 
bricks 

AV FAB/Clay B 
bricks 

SD FAB/Clay B 
bricks 

P12 100 0 30.461 1.909 30.461 1.909 
P13 90 10 33.631 0.715 35.952 0.783 
P14 80 20 31.941 0.577 32.676 0.662 
P15 70 30 28.982 0.428 29.028 0.649 
P16 60 40 25.352 0.497 27.534 0.493 
P17 50 50 23.826 0.874 25.670 0.716 

P18 40 60 17.589 0.413 20.661 0.92 
P19 30 70 13.321 0.26 15.789 0.836 
P20 20 80 10.898 0.327 9.065 0.421 
P21 10 90 7.132 0.19 5.653 0.405 

Table A.2.5. Flexural Strength of CFA-Clay bricks. 

Sample FAA 
(%) 

Clay 
(%) 

AV FAA/Clay A 
bricks 

SD FAA/Clay A 
bricks 

AV FAA/Clay B 
bricks 

SD FAA/Clay B 
bricks 

P1 100 0 3.986 0.995 3.986 0.995 
P2 90 10 5.976 0.909 8.001 0.958 
P3 80 20 8.709 0.961 9.006 0.854 
P4 70 30 10.754 0.900 10.783 0.944 
P5 60 40 12.118 0.945 13.030 0.895 
P6 50 50 13.473 0.946 15.677 0.782 
P7 40 60 13.591 0.592 16.269 0.810 
P8 30 70 15.089 0.789 17.225 0.807 
P9 20 80 18.514 0.992 21.856 0.681 

P10 10 90 18.933 0.871 22.693 0.961 
P11 0 100 16.213 0.867 19.009 0.696 

Sample 
FAB 
(%) 

Clay 
(%) 

AV FAB/Clay A 
bricks 

SD FAB/Clay A 
bricks 

AV FAB/Clay B 
bricks 

SD FAB/Clay B 
bricks 

P12 100 0 6.019 0.527 6.019 0.527 
P13 90 10 5.592 0.400 2.692 0.868 
P14 80 20 5.887 0.196 3.123 0.489 
P15 70 30 5.915 0.473 4.788 0.615 
P16 60 40 6.344 0.450 5.838 0.773 
P17 50 50 6.638 0.680 4.377 0.778 
P18 40 60 7.853 0.631 9.314 0.736 
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P19 30 70 10.051 0.998 10.750 0.925 
P20 20 80 12.472 0.856 14.056 0.715 
P21 10 90 16.160 0.826 17.674 0.726 

 

A3. ESTIMATION OF GAS EMISSIONS DURING FIRING PROCESS 

Table A.3.1. Content of raw materials before and after firing process. 

Element 
Initial content mg/kg Final content mg/kg 

Clay FAA FAB Clay FAA FAB 

S 200 1700 3100 180 1500 2980 

Cl 200 200 200 180 200 200 

F 200 200 100 100 150 100 

C 300 4700 24400 200 3900 23200 

N < LOD < LOD < LOD < LOD < LOD < LOD 

     LOD: Limit of detention  

Table A.3.2. Emission values for ceramics factories proposals in Gonzalez et al., 2011. 

 
Acceptable Emission 

values (mg/kg) 

Recommended values 
Intervention (mg/kg) 

Compulsory values 
Intervention (mg/kg) 

HF <180 180-380 >380 

HCl <160 160-740 >740 

SO2 <450 450-2300 >2300 
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A4. TECHNOLOGICAL PROPERTIES OF FBS‐CLAY BRICKS 

Table A.4.1. Weight loss of FBs-Clay bricks. 

By-Product % By-Product Average value Standard deviation 

FS 

10 9.42 0.05 

20 6.13 0.12 

30 5.74 0.05 

40 5.92 0.23 

FSL 

10 7.53 0.52 

20 8.41 0.27 

30 9.82 0.33 

40 11.14 0.13 

SD 

10 6.71 0.29 

20 8.17 0.31 

30 9.75 0.29 

40 10.63 0.19 

FS2 

10 5.94 0.09 

20 5.3 0.10 

30 4.69 0.02 

40 4.17 0.12 

CA 

10 10.46 0.081 

20 13.09 0.77 

30 15.84 0.11 

40 18.09 0.03 

WS 

10 8.67 0.08 

20 11.12 0.09 

30 14.09 0.016 

40 16.78 0.16 

F 

10 6.13 0.40 

20 6 0.02 

30 5.65 0.05 

40 5.04 0.11 

Reference - 6.35 0.09 
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Table A.4.2. Linear shrinkage of FBs-Clay Bricks. 

By-Product % By-Product Average value Standard deviation 

FS 

10 0.92 0.38 

20 1.25 0.25 

30 1.75 0.90 

40 2.83 0.75 

FSL 

10 0.25 0.75 

20 1.17 0.72 

30 1.58 0.38 

40 1.67 0.52 

SD 

10 0.50 0.43 

20 1.16 0.29 

30 2.25 0.25 

40 2.75 0.75 

FS2 

10 1.33 0.63 

20 1.92 0.88 

30 2.17 1.01 

40 3.17 0.38 

CA 

10 -0.33 0.14 

20 -1.67 0.29 

30 -2.67 0.52 

40 -4.17 0.38 

WS 

10 0.75 0.25 

20 2.08 0.38 

30 3.25 0.25 

40 3.67 0.38 

F 

10 -0.50 0.25 

20 -1.75 0.66 

30 -1.83 0.38 

40 -2.67 0.88 

Reference - 2.17 0.63 
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Table A.4.3. Bulk density of FBs-Clay Bricks. 

By-Product % By-Product Average value Standard deviation 

FS 

10 2107.27 1.15 

20 2064.54 0.11 

30 1964.71 1.59 

40 1872.80 1.89 

FSL 

10 2045.92 1.62 

20 1995.04 1.56 

30 1925.64 1.14 

40 1854.37 1.89 

SD 

10 2038.42 1.54 

20 2107.45 2.83 

30 2088.60 1.22 

40 2063.36 2.57 

FS2 

10 2041.01 1.66 

20 2058.07 2.23 

30 2063.93 2.38 

40 2021.67 2.29 

CA 

10 1960.83 1.36 

20 1871.33 1.70 

30 1657.98 1.57 

40 1567.02 0.76 

WS 

10 1959.99 1.80 

20 1756.93 1.98 

30 1724.30 0.89 

40 1635.60 0.67 

F 

10 2081.28 1.36 

20 2029.81 0.82 

30 1916.76 1.47 

40 1915.29 0.73 

Reference - 2096.70 0.78 
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Table A.4.4. Water absorption of FBs-Clay Bricks. 

By-Product % By-Product Average value Standard deviation 

FS 

10 8.16 0.70 

20 9.5 0.52 

30 9.82 0.33 

40 10.01 0.11 

FSL 

10 10.49 0.36 

20 11.91 0.42 

30 15.15 1.07 

40 18.7 0.19 

SD 

10 8.51 0.55 

20 9.71 0.02 

30 11.33 0.30 

40 13 0.51 

FS2 

10 8.73 0.41 

20 9.06 0.22 

30 9.02 0.27 

40 9.73 0.23 

CA 

10 11.27 0.79 

20 11.74 0.49 

30 15.76 0.75 

40 18.02 0.14 

WS 

10 8.99 0.04 

20 11.59 0.24 

30 11.82 1.04 

40 14.16 0.52 

F 

10 8.2 0.21 

20 9.51 0.90 

30 9.76 0.11 

40 11.39 0.26 

Reference - 8.73 1.01 
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Table A.4.5. Flexural strength of FBs-Clay Bricks. 

By-Product % By-Product Average value Standard deviation 

FS 

10 10.50 0.62 
20 4.59 0.67 
30 3.21 0.89 
40 1.84 0.34 

FSL 

10 5.21 0.69 
20 4.43 0.67 
30 3.97 0.90 
40 2.49 0.72 

SD 

10 7.37 0.94 
20 5.22 1.13 
30 4.39 0.13 
40 7.79 0.69 

FS2 

10 5.29 0.44 
20 3.46 0.6 
30 2.90 0.14 
40 0.92 0.19 

WS 

10 9.29 0.5 
20 6.34 0.5 
30 6.58 0.84 
40 5.34 0.73 

F 

10 10.4 0.8 

20 7.63 0.46 
30 5.26 0.01 
40 3.93 0.94 

Reference - 31,59 1,70 
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Table A.4.6. Compression strength of FBs-Clay Bricks. 

By-Product % By-Product Average value Standard deviation 

FS 

10 26,37 0,65 
20 11,47 0,31 
30 8,02 0,29 
40 4,61 0,51 

FSL 

10 13,02 0,74 
20 11,08 0,63 
30 9,93 1,09 
40 6,24 0,36 

SD 

10 18,43 0,73 
20 13,05 0,15 
30 10,97 1,24 
40 19,48 1,11 

FS2 

10 13,23 0,45 
20 8,66 0,91 
30 7,26 0,59 
40 2,30 0,46 

WS 

10 11,72 0,80 
20 9,65 0,96 
30 8,78 1,45 
40 7,22 1,36 

F 

10 23,22 1,28 
20 15,85 0,87 
30 16,44 1,12 
40 13,34 1,03 

Reference 

10 26,04 1,25 

20 19,07 0,85 
30 13,15 0,79 
40 9,83 0,78 

Referencia - 31,59 1,70 
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Figure A.4.7. Results obtained from the technological properties of the three replicas against 

the percentage of waste introduced. 
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A.5. GAS EMISSIONS DURING FIRING PROCESS 

Table A.5.1 S, Cl, F, C and N content before and after the firing process. 

 Initial Concentration (mg/kg) Final Concentration (mg/kg) 
S Cl F C N S Cl F C N 

Clay 650 250 100 3000 ND 200 200 50 100 ND 
FS 500 100 ND 30100 1000 200 100 ND 100 900 
FSL 7200 2100 800 10700 1000 820 800 100 500 1000 
SD 8900 33000 3000 43500 ND 6400 1100 100 200 ND 
FS2 ND 100 ND 100 ND ND 100 ND 100 ND 
WS 2700 500 700 206000 5000 2500 100 100 100 1000 
F 2700 200 500 89500 2000 700 300 100 100 1000 

ND: debajo del límite de detección. 

A.6. TECHNOLOGICAL PROPERTIES OF THE FEASIBILITY OF 

ALKALINE BY‐PRODUCTS IN CFA‐CLAY ACTIVATED BRICKS 

Table A.6.1. Water absorption of Fly Ash/Clay geopolymer and Fly Ash geopolymer replacing 

commercial NaOH. 

Fly Ash/Clay Geopolymer 

Alkali Waste Stream 
% NaOH 
replaced 

Average Value Deviation Standard 

Reference - 6.54 0.20 

Ca and Mg Slurry 
10 8.02 0.28 
30 6.62 0.34 
50 6.92 0.28 

CaO Slurry 
10 7.60 0.23 
30 6.86 0.04 
50 7.58 1.46 

Ca-Si-CaCO3(OH)2 Sludge Expansion in bricks 
Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 7.02 0.15 
30 6.74 0.33 
50 6.58 0.26 

HNaCO3 Powder 
10 7.81 0.08 
30 6.59 0.33 
50 6.08 0.25 

Fly Ash Geopolymer 
Reference - 15.81 0.58 

Ca and Mg Slurry 
10 14.06 2.44 
30 14.56 0.21 
50 15.95 1.83 

CaO Slurry 
10 16.07 0.82 
30 15.96 0.22 
50 18.03 0.63 

Ca-Si-CaCO3(OH)2 Sludge Expansion in bricks 
Cao rocks Expansion in bricks 
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Table A.6.1. (Cont.) 

Fly Ash/Clay Geopolymer 

Alkali Waste Stream 
% NaOH 
replaced 

Average 
Value 

Deviation 
Standard 

Na2CO3 Powder 
10 13.76 0.23 
30 13.82 0.34 
50 14.56 0.53 

HNaCO3 Powder 
10 14.26 2.13 
30 14.12 0.68 
50 14.79 0.58 

Table A.6.2. Water absorption of Fly Ash/Clay geopolymer and Fly Ash geopolymer replacing 

commercial Na2SiO3. 

Fly Ash/Clay Geopolymer 

Alkali Waste Stream % Na2SiO3 replaced 
Average 

Value 
Deviation Standard 

Reference - 6.54 0.20 

Ca and Mg Slurry 
10 8.53 0.24 
30 6.91 0.39 
50 7.51 1.14 

CaO Slurry 
10 8.28 0.28 
30 7.76 0.14 
50 10.07 0.61 

Ca-Si-CaCO3(OH)2 

Sludge 
Expansion in bricks 

Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 7.85 0.19 
30 6.41 0.76 
50 6.51 0.74 

HNaCO3 Powder 
10 8.39 0.22 
30 6.78 0.12 
50 5.80 0.83 

Fly Ash Geopolymer 
Reference - 15.81 0.58 

Ca and Mg Slurry 
10 15.88 1.05 
30 14.95 0.57 
50 15.09 0.37 

CaO Slurry 
10 16.63 0.73 
30 16.40 0.57 
50 17.08 0.71 

Ca-Si-CaCO3(OH)2 

Sludge 
Expansion in bricks 

Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 14.57 0.22 
30 14.01 0.08 
50 13.71 0.37 

HNaCO3 Powder 
10 14.16 0.39 
30 13.86 0.40 
50 14.04 0.70 
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Table A.6.3. Flexural Strength of Fly Ash/Clay geopolymer and Fly Ash geopolymer replacing 

commercial NaOH. 

Fly Ash/Clay Geopolymer 
Alkali Waste Stream % NaOH replaced Average Value Deviation Standard 

Reference - 13.18 1.46 

Ca and Mg Slurry 
10 10.39 0.93 
30 8.95 0.93 
50 10.26 1.08 

CaO Slurry 
10 11.10 0.94 
30 9.19 1.10 
50 7.03 0.89 

Ca-Si-CaCO3(OH)2 

Sludge 
Expansion in bricks 

Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 11.84 0.77 
30 13.16 3.23 
50 11.87 0.48 

HNaCO3 Powder 
10 12.85 0.98 
30 12.29 1.38 
50 8.41 2.08 
Fly Ash Geopolymer 

Reference - 3.60 0.34 

Ca and Mg Slurry 
10 2.71 0.56 
30 4.81 0.76 
50 2.66 0.34 

CaO Slurry 
10 4.33 0.66 
30 3.56 0.62 
50 1.73 0.12 

Ca-Si-CaCO3(OH)2 

Sludge 
Expansion in bricks 

Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 5.38 0.26 
30 4.14 0.45 
50 3.21 1.66 

HNaCO3 Powder 
10 4.85 0.45 
30 4.43 1.10 
50 4.10 0.57 
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Table A.6.4. Flexural strength of Fly Ash/Clay geopolymer and Fly Ash geopolymer replacing 

commercial Na2SiO3. 

Fly Ash/Clay Geopolymer 

Alkali Waste Stream 
% Na2SiO3 
replaced 

Average Value Deviation Standard 

Reference - 13.18 1.46 

Ca and Mg Slurry 
10 7.44 0.89 
30 6.92 1.44 
50 5.13 0.90 

CaO Slurry 
10 7.61 0.73 
30 7.87 1.10 
50 6.93 1.05 

Ca-Si-CaCO3(OH)2 

Sludge 
Expansion in bricks 

Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 12.40 0.79 
30 7.72 1.52 
50 8.06 1.06 

HNaCO3 Powder 
10 8.29 0.59 
30 10.48 1.18 
50 7.33 1.49 
Fly Ash Geopolymer 

Reference - 3.60 0.34 

Ca and Mg Slurry 
10 1.87 0.30 
30 3.34 0.27 
50 2.82 0.37 

CaO Slurry 
10 2.88 1.38 
30 1.67 0.36 
50 1.96 1.01 

Ca-Si-CaCO3(OH)2 

Sludge 
Expansion in bricks 

Cao rocks Expansion in bricks 

Na2CO3 Powder 
10 4.42 0.55 
30 3.97 0.86 
50 2.89 0.83 

HNaCO3 Powder 
10 5.94 0.96 
30 3.86 0.77 
50 4.52 0.79 
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A.7. TECHNOLOGICAL PROPERTIES OF SELECTION 

CHARACTERISATION PRODUCTS 

Table A.7.1. Water Absorption of Fly Ash/Clay geopolymer replacing commercial Na2SiO3 

with Na2CO3 Powder and HNaCO3 Powder. 

Alkali Waste Stream 
% Na2SiO3 
replaced 

Average Value Deviation Standard 

Reference - 6.54 0.20 

Na2CO3 Powder 

10 7.85 0.19 
30 6.41 0.76 
50 6.51 0.74 
70 6.40 0.25 

100 6.32 0.09 

HNaCO3 Powder 

10 8.39 0.22 
30 6.78 0.12 
50 5.80 0.83 
70 5.6 0.34 

100 5.75 0.14 

Table A.7.2. Flexural strength of Fly Ash/Clay geopolymer replacing commercial Na2SiO3 by 

Na2CO3 Powder and HNaCO3 Powder. 

Alkali Waste Stream 
% Na2SiO3 
replaced 

Average Value Deviation Standard 

Reference - 13.18 1.46 

Na2CO3 Powder 

10 12.40 0.79 
30 7.72 1.52 
50 8.06 1.06 
70 7.85 0.64 

100 6.99 0.72 

HNaCO3 Powder 

10 8.29 0.59 
30 10.48 1.18 
50 7.33 1.49 
70 6.57 0.95 

100 6.21 0.58 
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A.8. ENVIRONMENTAL BEHAVIOUR OF S/S PRODUCTS 

Table A.8.1. Measured values concentration of the contaminants of Fly Ash/Clay geopolymer incorporating CS according to Order AAA/661/2013. 

 

   

Leaching Concentration (mg/kg) 

CS (%) Binder As Ba Cd Cr Cu Mo Ni Pb Se Sb Zn 
100 CS 0.41 0.025 27900 0.78 0.66 0.1 4.5 6.7 0.5 0.5 66900 

- 
Commerci

al 
13.25±0.

61 
0.27±0.

02 
0.04±0.0

01 
0.19±0.

01 
0.18±0.

09 
2.16±0.0

6 
0.05±0.0

01 
0.12±0.0

9 
0.58±0.

01 
0.08±0.0

01 
2.44±0.9

1 

50% 
Commerci

al 
13.6±0.5 

0.27±0.
02 

0.22±0.0
2 

0.48±0.
12 

0.26±0.
09 

2.48±0.2
8 

0.11±0.0
5 

0.23±0.0
7 

0.69±0.
01 

0.08±0.0
01 

1.3±0.36 

50% Alternative 
13.46±0.

05 
0.25±0.

02 
0.8±0.02 

0.52±0.
05 

0.33±0.
16 

2.78±0.1
4 

0.16±0.2
5 

0.34±0.0
8 

0.75±0.
03 

0.08±0.0
1 

4.1±0.84 

70% 
Commerci

al 
13.84±0.

24 
0.20±0.

01 
1.49±0.7

6 
0.69±0.

06 
0.38±0.

19 
3.26±0.0

1 
0.25±0.2

7 
0.69±0.3

1 
0.82±0.

02 
0.08±0.0

01 
0.5±0.21 

70% Alternative 
14.48±0.

32 
0.19±0.

01 
2.00±0.6

4 
0.72±0.

06 
0.51±0.

12 
3.14±0.0

9 
0.39±0.6

8 
0.84±0.2

3 
0.88±0.

03 
0.08±0.0

2 
1.1±0.56 

Leaching Concentration (mg/kg) - Drying pre-treatment 

50% 
Commerci

al 
13.47±0.

18 
0.21±0.

03 
1.54±0.2

2 
0.47±0.

02 
0.34±0.

01 
2.52±0.5 

0.28±0.0
2 

0.36±0.0
1 

0.72±0.
02 

0.07±0.0
02 

2.27±0.5
8 

50% Alternative 
13.98±0.

02 
0.26±0.

07 
1.7±0.37 

0.55±0.
04 

0.61±0.
10 

2.80±0.0
9 

0.32±0.6
0 

0.41±0.0
2 

0.76±0.
01 

0.08±0.0
1 

2.5±0.93 

70% 
Commerci

al 
13.91±0.

11 
0.29±0.

02 
1.18±0.0

4 
0.54±0.

01 
0.55±0.

03 
2.51±0.3

3 
0.42±0.0

2 
0.67±0.0

1 
0.81±0.

05 
0.08±0.0

01 
2.19±0.4

2 

70% Alternative 
13.95±0.

08 
0.31±0.

01 
1.3±0.22 

0.61±0.
03 

0.69±0.
12 

2.76±0.0
2 

0.54±0.2
6 

0.85±0.5
5 

0.88±0.
05 

0.09±0.0
2 

1.4±0.36 
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Table A.8.2. Measured values concentration of the contaminants of Fly Ash/Clay geopolymer incorporating AM according to Order AAA/661/2013. 

Leaching Concentration (mg/kg) 

AM (%) Binder As Ba Cd Cr Cu Mo Ni Pb Se Sb Zn 

100 AM 0.16 0.06 461 0.58 8 0.1 0.88 6.3 0.35 0.56 5720 

- Commercial 13.15±0.58 0.27±0.02 0.01±0.001 0.22±0.01 0.18±0.09 2.29±0.06 0.04±0.001 0.12±0.09 0.61±0.01 0.08±0.001 2.95±0.91 

50% Commercial 13.52±0.09 0.29±0.01 1.3±0.91 0.27±0.02 0.26±0.09 2.25±0.01 0.07±0.001 0.13±0.08 0.72±0.01 0.08±0.001 0.7±0.01 

50% Alternative 13.98±0.02 0.26±0.07 1.7±0.37 0.37±0.04 0.33±0.10 2.76±0.02 0.12±0.05 0.19±0.01 0.76±0.01 0.09±0.001 2.5±0.93 

70% Commercial 14.06±0.06 0.24±0.03 2.77±0.29 0.29±0.06 0.40±0.06 2.40±0.01 0.10±0.01 0.22±0.01 0.82±0.02 0.08±0.01 23.00±5.6
9 

70% Alternative 14.21±0.21 0.28±0.04 1.71±0.35 0.42±0.02 0.52±0.02 2.54±0.09 0.19±0.03 0.24±0.03 0.85±0.01 0.09±0.01 24.7±0.26 

Leaching Concentration (mg/kg)- Drying pretreatment 

50% Commercial 14.37±0.56 0.26±0.01 0.68±0.02 0.35±0.01 0.48±0.03 2.30±0.41 0.19±0.01 0.21±0.06 0.85±0.03 0.07±0.001 14.34±0.5
4 

50% Alternative 14.54±0.24 0.29±0.02 0.8±0.05 0.45±0.14 0.60±0.09 2.43±0.09 0.28±0.05 0.24±0.07 0.89±0.02 0.07±0.01 16.5±1.62 

70% Commercial 14.15±0.32 0.3±0.02 2.28±0.41 0.47±0.01 0.75±0.28 2.46±0.06 0.35±0.02 0.35±0.04 0.93±0.03 0.08±0.001 15.98±1.7
4 

70% Alternative 14.72±0.15 0.34±0.02 2.5±0.35 0.66±0.13 0.77±0.08 2.65±0.05 0.42±0.06 0.39±0.06 1.03±0.16 0.08±0.01 17.1±0.99 
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A9. LITERATURE REVIEW OF CFBC ASHES 

Table A.9.1 State of the art of the CFBC ashes and (if applicable) its valorisation. 

Reference Title Authors Publication 
Ashes 
used 

valorisati
on 

other 
purpose 

Manzoori et 
al. 1993 

The role of 
inorganic matter in 

coal in the 
formation of 

agglomerates in 
circulating fluid bed 

combustors 

Manzoori, 
A.R., 

Agarwal, 
P.K. 

Fuel, 72 (7), pp. 
1069-1075. 

Bottom 
anf fly ash 

CFBC 
x   

Bonn et al. 
1995 

Formation and 
decomposition of 
N2O in fluidized 

bed boilers 

Bonn, B., 
Pelz, G., 

Baumann, 
H. 

Fuel, 74 (2), pp. 
165-171. 

bed ash, 
cyclone 

ash 
x   

Talukdar et 
al. 1996 

Reduction of 
calcium sulphate in 

a coal-fired 
circulating fluidized 

bed furnace 

Talukdar, J., 
Basu, P., 

Greenblatt, 
J.H 

Fuel, 75 (9), pp. 
1115-1123 x x 

reaction 
study 

Pisupati et al. 
1996 

Sorbent behaviour 
in circulating 
fluidized bed 
combustors: 
Relevance of 

thermally induced 
fractures to particle 
size dependence 

Pisupati, 
S.V., 

Wasco, 
R.S., 

Morrison, 
J.L., 

Scaroni, 
A.W. 

Fuel, 75 (6), pp. 
759-768 

x x 
fraction 
study 

Iribiarne et al. 
1997 

Reactivity of calcium 
sulphate from FBC 

systems 

Iribarne, 
A.P., 

Iribarne, 
J.V., 

Anthony, 
E.J 

Fuel, 76 (4), pp. 
321-327 x x 

reactivity 
study 

Anthony and 
Jia 2000 

Agglomeration and 
strength 

development of 
deposits in CFBC 

boilers firing high-
sulphur fuels 

Anthony, 
E.J., Jia, L. 

Fuel, 79 (15), 
pp. 1933-1942 

Bed ash 
CFBC 
A/B/C 

x   

Wu et al. 
2004 

Steam hydration of 
CFBC ash and the 
effect of hydration 

conditions on 
reactivation 

Wu, Y., 
Anthony, 
E.J., Jia, L. 

Fuel, 83 (10), 
pp. 1357-1370 

CFBC 
FA/BA x 

hydratation 
behaviour 

Anthony et 
al. 2006 

Calcium sulphide in 
FBC boilers and its 

fate using liquid 
water reactivation 

Anthony, 
E.J., Jia, L., 
Iribarne, 

A.P., 
Welford, 

G., Wang, 
J., Trass, O. 

Fuel, 85 (12-13), 
pp. 1871-1879 

Bed/Cylon
e/baghou

se 
comparati

on 

x 
Calcium 
sulphide 

study 

Shimizu et al. 
2007 

Emissions of NOx 
and N2O during 
co-combustion of 

dried sewage 
sludge with coal in 

Shimizu, T., 
Toyono, M 

Fuel, 86 (15), 
pp. 2308-2315. 

several 
samples 

x 
Emissions 
of NOx 

and N2O 
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a circulating 
fluidized bed 
combustor 

Rao et al. 
2007 

Carbonation of FBC 
ash by 

sonochemical 
treatment 

Rao, A., 
Anthony, 
E.J., Jia, L., 
Macchi, A. 

Fuel, 86 (16), 
pp. 2603-2615 

Bed ash 
CFBC 

x 

Sonochemi
cal 

treatment 
of FBC ash 

Sheng et al. 
2007 

Utilisation of fly ash 
coming from a 
CFBC boiler co-
firing coal and 

petroleum coke in 
Portland cement 

Sheng, G., 
Zhai, J., Li, 

Q., Li, F 

Fuel, 86 (16), 
pp. 2625-2631 

CFBC Fly 
Ash A/B 

cement   

Yoffe et al. 
2007 

Oil shale fueled FBC 
power plant - Ash 

deposits and 
fouling problems 

Yoffe, O., 
Wohlfarth, 
A., Nathan, 
Y., Cohen, 
S., Minster, 

T 

Fuel, 86 (17-18), 
pp. 2714-2727 

Several 
ashe 

deposit 
x circulation 

study 

Fu et al. 2007 

The physical-
chemical 

characterisation of 
mechanically-

treated CFBC fly ash 

Fu, X., Li, 
Q., Zhai, J., 
Sheng, G., 

Li, F. 

Cement and 
Concrete 

Composites, 30 
(3), pp. 220-226. 

CFBC fly 
ash 

x 

physical–
chemical 

characteris
ation 

Glinicki et al. 
2007 

Air void system in 
concrete containing 
circulating fluidized 
bed combustion fly 

ash 

Glinicki, 
M.A., 

Zielinski, M 

Materials and 
Structures/Mater

iaux et 
Constructions, 
41 (4), pp. 681-

687 

CFBC 
FlyAsh 

concrete   

Wang et al. 
2008 

Carbonation of fly 
ash in oxy-fuel CFB 

combustion 

Wang, C., 
Jia, L., Tan, 

Y., 
Anthony, 

E.J. 

Fuel, 87 (7), pp. 
1108-1114 

CFBC Fly 
ash 

x Caronation 
study 

Rao et al. 
2008 

Sonochemical 
treatment of FBC 

ash: A study of the 
reaction 

mechanism and 
performance of 

synthetic sorbents 

Rao, A., 
Anthony, 

E.J., 
Manovic, 

V. 

Fuel, 87 (10-11), 
pp. 1927-1933. 

Bed ash 
CFBC x 

Sono-
chemical 
treatment 
of FBC ash 

Cao et al. 
2008 

Abatement of 
mercury emissions 

in the coal 
combustion process 

equipped with a 
Fabric Filter 
Baghouse 

Cao, Y., 
Cheng, C.-
M., Chen, 
C.-W., Liu, 
M., Wang, 
C., Pan, W.-

P. 

Fuel, 87 (15-16) x x mercury 
emission 

Skodras et al. 
2009 

Chemical, leaching 
and toxicity 

characteristics of 
CFB combustion 

residues 

Skodras, G., 
Grammelis, 

P., 
Prokopido

u, M., 
Kakaras, E., 
Sakellaropo

ulos, G. 

Fuel, 88 (7), pp. 
1201-1209. 

Fly ash 
(baghous

e 
filter)/Und
er cooling 
exchange
r ash/Bed 

ash 

x residues 
study 

Glinicki and 
Zielinski 2009 

Frost salt scaling 
resistance of 
concrete containing 
CFBC fly ash 

Glinicki, 
M.A., 

Zielinski, M. 

Materials and 
Structures, 42 (7), 
pp. 993-1002 

CFBC 
FlyAsh concrete  
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Table A.9.1 (Cont.). 

Reference Title Authors Publication Ashes used valorisation 
other 

purpose 

Shon et al. 
2010 

Potential use of stockpiled 
circulating fluidized bed 

combustion ashes in 
controlled low strength 
material (CLSM) mixture 

Shon, C.-S., 
Mukhopadhy

ay, A.K., 
Saylak, D., 
Zollinger, 

D.G., 
Mejeoumov, 

G.G. 

Construction and 
Building Materials, 

24 (5), pp. 839-
847 

stockpiled 
CFBC Ash 

controlled 
low 

strength 
material 
(CLSM) 
mixture 

 

Pihu et al. 
2012 

Oil shale CFBC ash 
cementation properties in 

ash fields 

Pihu, T., Arro, 
H., Prikk, A., 

Rootamm, R., 
Konist, A., 

Kirsimäe, K., 
Liira, M., 

Mõtlep, R 

Fuel, 93, pp. 172-
180 

CFB Bottom 
ash/CFB Esp 

1 field 

Cementitio
us fields 

 

Li et al. 
2012-a 

Synthesis of geopolymer 
composites from blends of 
CFBC fly and bottom ashes 

Li, Q., Xu, H., 
Li, F., Li, P., 

Shen, L., Zhai, 
J. 

Fuel, 97, pp. 366-
372 

CBA/CFA Geopolym
er 

 

Sheng et al. 
2012 

Investigation on the 
hydration of CFBC fly ash 

Sheng, G., Li, 
Q., Zhai, J. 

Fuel, 98, pp. 61-
66 

CFBC Fly 
ash 

with/withou
t limestone 

x 
self-

cementiti
ous study 

Rust et al. 
2012 

Formulating low-energy 
cement products 

Rust, D., 
Rathbone, R., 

Mahboub, 
K.C., Robl, T. 

Journal of 
Materials in Civil 
Engineering, 24 

(9), pp. 1125-
1131 

CFBC Ash cement  

Zhang et al. 
2012 

Use of circulating fluidized 
bed combustion fly ash 
and slag in autoclaved 

brick 

Zhang, Z., 
Qian, J., You, 

C., Hu, C. 

Construction and 
Building Materials, 
35, pp. 109-116 

fly ash and 
slag 

autoclaved 
brick 

 

Li et al. 
2012-b 

Cementitious properties 
and hydration mechanism 
of circulating fluidized bed 

combustion (CFBC) 
desulphurisation ashes 

Li, X.-G., Chen, 
Q.-B., Huang, 
K.-Z., Ma, B.-G., 

Wu, B. 

Construction and 
Building Materials, 
36, pp. 182-187 

CFBC ash 
cementitio

us 
materials 

hydration 
properties 

Soundarraja
n et al. 2012 

Development and use of a 
method for prediction of 

the ash split in a CFBC 
boiler to improve the 

energy efficiency 

Soundarrajan, 
N., Rozelle, 

P.L., Pisupati, 
S.V 

Fuel, 102, pp. 9-
15 

Bottom 
ash1, 

FlyAsh1/Bot
tom ash2, 
FlyAsh2 

x 
prediction 
of the ash 

split 

Marks et al. 
2012 

Assessment of Scaling 
Durability of Concrete with 

CFBC Ash by Automatic 
Classification Rules 

Marks, M., 
Józwiak-

Niedźwiedzka, 
D., Glinicki, 

M.A., Olek, J., 
Marks, M. 

Journal of 
Materials in Civil 
Engineering, 24 
(7), pp. 860-867. 

CFBC ashes 
(K/T) 

concrete 
CFBC 

Rules 
study 

Li et al. 2013 

Utilisation of modified 
CFBC desulphurisation ash 
as an admixture in blended 

cements: Physico-
mechanical and hydration 

characteristics 

Li, X.-G., Chen, 
Q.-B., Ma, B.-
G., Huang, J., 

Jian, S.-W., 
Wu, B. 

Fuel, 102, pp. 
674-680 

CFBC ashes 
(collected 

ash-hoppers 
of the 

electrostatic 
precipitator) 
with/withut 
limestone 

blended 
cements 
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Table A.9.1 (Cont.). 

Reference Title Authors Publication Ashes used valorisation other 
purpose 

Lawrance et 
al. 2013 

A novel technique for 
characterizing sintering 

propensity of low rank fuels 
for CFBC boilers 

Lawrence, A., 
Ilayaperumal, 

V., 
Dhandapani, 

K.P., 
Srinivasan, 

S.V., 
Muthukrishna

n, M., 
Sundararajan, 

S. 

Fuel, 109, pp. 
211-216 

CFBC 
agglomerat

e ashes 
x cyclone 

study 

Shen et al. 
2013 

Investigations of anhydrite 
in CFBC fly ash as cement 

retarders 

Shen, Y., Qian, 
J., Zhang, Z. 

Construction and 
Building Materials, 
40, pp. 672-678. 

(CFBC) fly 
ash. HF: 

CFBC fly ash 
with high 

SO3 
content./LF: 
CFBC fly ash 

with low 
SO3 

content. 

cement 
retarders 

 

Xia et al. 
2013 

Utilisation of circulating 
fluidized bed fly ash in 

preparing non-autoclaved 
aerated concrete 

production 

Xia, Y., Yan, Y., 
Hu, Z 

Construction and 
Building Materials, 

47, pp. 1461-
1467 

(CFBC) fly 
ash (CFA) 

non-
autoclaved 

aerated 
concrete 

 

Chi et al. 
2014 

Effect of circulating 
fluidized bed combustion 
ash on the properties of 

roller compacted concrete 

Chi, M., 
Huang, R. 

Cement and 
Concrete 

Composites, 45, 
pp. 148-156 

CFBC ash 

fine 
aggregate 

in roller 
compacted 

concrete 

 

Dung et al. 
2014-a 

Performance evaluation of 
an eco-binder made with 

slag and CFBC fly ash 

Dung, N.T., 
Chang, T.-P., 
Yang, T.-R. 

Journal of 
Materials in Civil 
Engineering, 26 

(12), art. no. 
04014096 

CFBC Fly 
Ash (CA) 

eco-binder 
without 
cement, 

(SCA) 

 

Chen et al. 
2014 

Utilisation of circulating 
fluidized bed fly ash for the 

preparation of foam 
concrete 

Chen, X., Yan, 
Y., Liu, Y., Hu, 

Z. 

Construction and 
Building Materials, 
54, pp. 137-146. 

CFBC Fly 
Ash (CFA)  
flue outlet/  
stacked ash 

(Gd) 

foam 
concrete 

 

Dung et al. 
2014-b 

Engineering and sulphate 
resistance properties of 

slag-CFBC fly ash paste and 
mortar 

Dung, N.T., 
Chang, T.-P., 
Chen, C.-T. 

Construction and 
Building Materials, 

63, pp. 40-48. 

CFBC Fly 
Ash (CA) 

SCA 
cement 

 

Wu et al. 
2014 

Characteristics of CFBC fly 
ash and properties of 

cement-based composites 
with CFBC fly ash and coal-

fired fly ash 

Wu, T., Chi, 
M., Huang, R. 

Construction and 
Building Materials, 
66, pp. 172-180 

CFBC fly ash 
cement-
based 

composites 
 

Konist et al. 
2015 

Influence of oxy-fuel 
combustion of Ca-rich oil 
shale fuel on carbonate 

stability and ash 
composition 

Konist, A., 
Valtsev, A., 

Loo, L., Pihu, 
T., Liira, M., 
Kirsimäe, K 

Fuel, 139, pp. 
671-677.  x  

Bae and Lee 
2015 

Carbonation Behaviour of 
fly ash with circulating 

Bae, S.J., Lee, 
K.G. 

Journal of the 
Korean Ceramic 

fluidized 
bed fly ash 

x Reaction 
study 
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fluidized bed combustion 
(CFBC) 

Society, 52 (2), pp. 
154-158 

Dung et al. 
2015 

Hydration process and 
compressive strength of 

slag-CFBC fly ash materials 
without portland cement 

Dung, N.T., 
Chang, T.-P., 
Chen, C.-T 

Journal of 
Materials in Civil 
Engineering, 27 

(7), art. no. 
04014213, 

CFBC Fly 
Ash (CA) SCA binder  

Chen et al. 
2015 

Performance and 
microstructural 
examination on 

composition of hardened 
paste with no-cement SFC 

binder 

Chen, C.-T., 
Nguyen, H.-A., 
Chang, T.-P., 
Yang, T.-R., 

Nguyen, T.-D 

Construction and 
Building Materials, 
76, pp. 264-272 

CFBC Fly 
Ash (C) 

no-cement 
SFC binder 

 

López-
Antón et al. 

2015 

Enrichment of thallium in 
fly ashes in a Spanish 

circulating fluidized-bed 
combustion plant 

Antonia 
López-Antón, 

M., Alan 
Spears, D., 

Díaz-
Somoano, M., 

Diaz, L., 

Fuel, 146, pp. 51-
55. 

CFBC Fly 
ash, CFBC 

Bottom ash 
(various 
samples) 

x  

Song et al. 
2015 

Effect of the Ca-to-Si ratio 
on the properties of 
autoclaved aerated 

concrete containing coal fly 
ash from circulating 

fluidized bed combustion 
boiler 

Song, Y., Guo, 
C., Qian, J., 

Ding, T. 

Construction and 
Building Materials, 
83, pp. 136-142 

CFBC Fly 
Ash 

(CFBCFA1 
/2) 

autoclaved 
aerated 
concrete 
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Table A.9.1 (Cont.). 

Reference Title Authors Publication Ashes used valorisation other 
purpose 

Nguyen et al. 
2016 

Influence of circulating 
fluidized bed combustion 

(CFBC) fly ash on properties of 
modified high volume low 

calcium fly ash (HVFA) 
cement paste 

Nguyen, H.-A., 
Chang, T.-P., 

Shih, J.-Y., Chen, 
C.-T., Nguyen, 

T.-D. 

Construction and 
Building Materials, 
91, art. no. 6679, 

pp. 208-215. 

CFBC Fly Ash 
(CFA) 

high 
volume low 
calcium fly 
ash (HVFA) 

cement 
paste 

 

Nguyen et al. 
2015 

Engineering properties and 
durability of high-strength self-
compacting concrete with no-

cement SFC binder 

Nguyen, H.-A., 
Chang, T.-P., 

Shih, J.-Y., Chen, 
C.-T., Nguyen, 

T.-D 

Construction and 
Building Materials, 
106, pp. 670-677 

CFBC Fly Ash 
(CFA) 

no-cement 
SFC binder 

 

Dung et al. 
2016 

Cementitious properties and 
microstructure of an 

innovative slag eco-binder 

Dung, N.T., 
Chang, T.-P., 
Chen, C.-T., 
Yang, T.-R. 

Materials and 
Structures/Materiau
x et Constructions, 
49 (5), pp. 2009-

2024 

CFBC Fly Ash 
(CA) 

non-cement 
SCA eco-

binder 
 

Lee and Lee 
2016 

Carbonation behaviour of 
lightweight foamed concrete 

using coal fly ash 

Lee, J.H., Lee, 
K.G. 

Journal of the 
Korean Ceramic 

Society, 53 (3), pp. 
354-361. 

CFBC Fly Ash 
Lightweight 

Foamed 
Concrete 

 

Chi 2016 

Synthesis and characterisation 
of mortars with circulating 

fluidized bed combustion fly 
ash and ground granulated 

blast-furnace slag 

Chi, M. 
Construction and 
Building Materials, 
123, pp. 565-573. 

CFBC Fly Ash 

CFBC 
cement-
based 

composites 

 

Lee and Kim 
2017 

Self-cementitious hydration of 
circulating fluidized bed 

combustion fly ash 

Lee, S.-H., Kim, 
G.-S. 

Journal of the 
Korean Ceramic 

Society, 54 (2), pp. 
128-136 

CFBC Fly Ash  
A ( 

bituminous 
coal), CFBC 
Fly Ash  B 

(petro coke) 

x 
Reaction 

study 

Park et al. 
2017 

Circulating fluidized bed 
combustion ash as controlled 
low-strength material (CLSM) 

by alkaline activation 

Park, S.M., Lee, 
N.K., Lee, H.K. 

Construction and 
Building Materials, 
156, pp. 728-738. 

CFBC Fly ash, 
CFBC Bottom 

ash 

controlled 
low-strength 

materials 
(CLSM) 

 

Jang et al. 
2017 

Utilisation of circulating 
fluidized bed combustion ash 
in producing controlled low-

strength materials with 
cement or sodium carbonate 

as activator 

Jang, J.G., Park, 
S.-M., Chung, S., 
Ahn, J.-W., Kim, 

H.-K. 

Construction and 
Building Materials, 
159, pp. 642-651 

CFBC Fly ash, 
CFBC Bottom 

ash 

controlled 
low-strength 

materials 
(CLSM) 

 

Lee and Bae 
2018 

Carbonation of circulating 
fluidized bed combustion fly 

ash with hybrid reaction 

Lee, K.G., Bae, 
S.J 

Journal of the 
Korean Ceramic 

Society, 55 (2), pp. 
160-165 

CFBC Fly Ash x Reaction 
study 

Huynh et al. 
2018 

Engineering and durability 
properties of eco-friendly 

mortar using cement-free SRF 
binder 

Huynh, T.-P., 
Vo, D.-H., 

Hwang, C.-L. 

Construction and 
Building Materials, 
160, pp. 145-155 

CFBC (F) Fly 
Ash 

cement-free 
SRF binder  

Nguyen et al. 
2018 

Engineering Properties and 
Bonding Behaviour of Self-

Compacting Concrete Made 
with No-Cement Binder 

Nguyen, H.-A., 
Chang, T.-P., 

Shih, J.-Y 

Journal of Materials 
in Civil Engineering, 

30 (3) 

CFBC fly ash 
(CFA) 

Self-
Compacting 

Concrete 
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Xu  et al. 
2018 

Effect of fineness and 
components of CFBC ash on 

performance of basic 
magnesium sulphate cement 

Xu Xun, Xu 
Yuanyuan, 
Duan Liling 

Construction and 
Building Materials 

170 
CFBC ash 

Basic 
magnesium 

sulphate 
cement 

 

Park  et al. 
2018 

Binder chemistry of sodium 
carbonate-activated CFBC fly 

ash 

S. M. Park . J. H. 
Seo . H. K. Lee 

Materials and 
Structures (2018) 

51:59 
CFBC Fly Ash x 

Reaction 
study 

Hlavacek et 
al. 2018 

Ternary binder made of CFBC 
fly ash, conventional fly ash, 

and calcium hydroxide: Phase 
and strength evolution 

Hlaváček, P., 
Šulc, R., 

Šmilauer, V., 
Rößler, C., Snop, 

R. 

Cement and 
Concrete 

Composites, 90, pp. 
100-107. 

CFBC Fly ash Ternary 
binder 

 

Kang and 
Choi 2018 

Development of non-sintered 
zero-OPC binders using 
circulating fluidized bed 

combustion ash 

Kang, Y.H., 
Choi, Y.C 

Construction and 
Building Materials, 
178, pp. 562-573 

CFBC ashes 
non-sintered 

zero-OPC 
binders 

 

Park et al. 
2019 

Effect of chemical additives on 
hard deposit formation and 

ash composition in a 
commercial circulating 

fluidized bed boiler firing 
Korean solid recycled fuel 

Park, J.H., Lee, 
D.H., Hab, K.H., 
Shin, J.S., Bae, 

D.H., Shim, T.E., 
Lee, J.H., Shun, 

D.  

Fuel, 236, pp. 792-
802   x   

Nguyen et al. 
2019 

Influence of low calcium fly 
ash on compressive strength 
and hydration product of low 

energy super sulphated 
cement paste 

Nguyen, H.-A., 
Chang, T.-P., 

Shih, J.-Y., Chen, 
C.-T. 

Cement and 
Concrete 

Composites, 99, pp. 
40-48. 

CFA (CFBC 
Fly Ash) 

ecological 
super-

sulphated 
cement 

(SSC) 

  

Liu et al. 2019 

An experimental investigation 
into mineral transformation, 
particle agglomeration and 

ash deposition during 
combustion of Zhundong 
lignite in a laboratory-scale 

circulating fluidized bed 

Liu, Z., Li, J., 
Wang, Q., Lu, 
X., Zhang, Y., 

Zhu, M., Zhang, 
Z., Zhang, D 

Fuel, pp. 458-468. 

bottom ash, 
fly ash, ash 

agglomerate 
in bottom ash 

x 
Study the 
residues 

Park et al. 
2019 

Characteristics of co-
combustion of strongly caking 

and non-caking coals in a 
pilot circulating fluidized bed 

combustor (CFBC) 

Park, K., Lee, J.-
M., Kim, D.-W., 

Lee, G.-H., 
Kang, Y 

Fuel, 236, pp. 1110-
1116 

Bottom and 
fly ash 

x   

Park et al. 
2019 

Effect of chemical additives on 
hard deposit formation and 

ash composition in a 
commercial circulating 

fluidized bed boiler firing 
Korean solid recycled fuel 

Park, J.H., Lee, 
D.H., Hab, K.H., 
Shin, J.S., Bae, 

D.H., Shim, T.E., 
Lee, J.H., Shun, 

D.  

Fuel, 236, pp. 792-
802 

  x   

Moon et al. 
2019 

Carbon dioxide fixation via 
accelerated carbonation of 

cement-based materials: 
Potential for construction 

materials applications 

Moon, E.-J., 
Choi, Y.C 

Construction and 
Building Materials, 

199 
CFBC ash 

cement-
based 

materials 
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Table A.9.2 Most similar chemical composition ashes to CFBC ashes used in chapter 4. 

Reference Title Authors Publication 

Anthony and Jia, 
2000 

Agglomeration and strength 
development of deposits in CFBC boilers 

firing high-sulphur fuels 
Anthony, E.J., Jia, L. Fuel, 79 (15), pp. 1933-1942 

Wang et al. 2008 
Carbonation of fly ash in oxy-fuel CFB 

combustion 

Wang, C., Jia, L., 
Tan, Y., Anthony, 

E.J. 
 Fuel, 87 (7), pp. 1108-1114 

Chi and Huang, 2014 
Effect of circulating fluidized bed 

combustion ash on the properties of roller 
compacted concrete 

Chi, M., Huang, R. 
Cement and Concrete 

Composites, 45, pp. 148-156 

Huynh et al. 2018 
Engineering and durability properties of 

eco-friendly mortar using cement-free SRF 
binder 

Huynh, T.-P., Vo, D.-
H., Hwang, C.-L. 

Construction and Building 
Materials, 160, pp. 145-155 

 

Table A.9.3. Other ashes similar to CFBC ashes used in chapter 4. 

Reference Title Authors Publication 

Dung et al. 2014 
Performance evaluation of an eco-binder 

made with slag and CFBC fly ash 
Dung, N.T., Chang, 

T.-P., Yang, T.-R. 

 Journal of Materials in Civil 
Engineering, 26 (12), art. no. 

04014096 

Dung et al. 2015 
Hydration process and compressive 

strength of slag-CFBC fly ash materials 
without Portland cement 

Dung, N.T., Chang, 
T.-P., Chen, C.-T 

Journal of Materials in Civil 
Engineering, 27 (7), art. no. 

04014213, 

Chen et al. 2015 
Performance and microstructural 

examination on composition of hardened 
paste with no-cement SFC binder 

Chen, C.-T., 
Nguyen, H.-A., 

Chang, T.-P., Yang, 
T.-R., Nguyen, T.-D 

 Construction and Building 
Materials, 76, pp. 264-272 

Nguyen et al. 2015 

Influence of circulating fluidized bed 
combustion (CFBC) fly ash on properties 
of modified high volume low calcium fly 

ash (HVFA) cement paste 

Nguyen, H.-A., 
Chang, T.-P., Shih, 
J.-Y., Chen, C.-T., 
Nguyen, T.-D. 

 Construction and Building 
Materials, 91, art. no. 6679, 

pp. 208-215. 

Nguyen et al. 2016-a 
Engineering properties and durability of 
high-strength self-compacting concrete 

with no-cement SFC binder 

Nguyen, H.-A., 
Chang, T.-P., Shih, 
J.-Y., Chen, C.-T., 

Nguyen, T.-D 

Construction and Building 
Materials, 106, pp. 670-677 

Dung et al. 2016 
Cementitious properties and 

microstructure of an innovative slag eco-
binder 

Dung, N.T., Chang, 
T.-P., Chen, C.-T., 

Yang, T.-R. 

Materials and 
Structures/Materiaux et 

Constructions, 49 (5), pp. 
2009-2024 

Chi, 2016 

Synthesis and characterisation of mortars 
with circulating fluidized bed combustion 

fly ash and ground granulated blast-
furnace slag 

Chi, M. Construction and Building 
Materials, 123, pp. 565-573. 

Nguyen et al. 2018 
Engineering Properties and Bonding 

Behaviour of Self-Compacting Concrete 
Made with No-Cement Binder 

Nguyen, H.-A., 
Chang, T.-P., Shih, 

J.-Y.  

Journal of Materials in Civil 
Engineering, 30 (3) 

Nguyen et al. 2016-b 

Influence of low calcium fly ash on 
compressive strength and hydration 
product of low energy super sulfated 

cement paste 

Nguyen, H.-A., 
Chang, T.-P., Shih, 
J.-Y., Chen, C.-T. 

Cement and Concrete 
Composites, 99, pp. 40-48. 
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