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Abstract  
The project, financially supported by the Regione Marche (POR Marche FSE 2014/2020), 
was assigned to the Ph.D. student Roberto Ercoli (UNIURB) with the supervision of Prof. 
Alberto Renzulli (UNIURB) and Prof. Eleonora Paris (UNICAM). Several universities and 
research groups such as the University of Urbino, University of Camerino, Institute of 
Geosciences and Georesources (IGG-CNR, Florence), University of Florence, Technical 
University of Liberec, and Warsaw University of Technology collaborated to create a 
European network working in this innovative and brand-new field. Moreover, the 
primary aspect of this network is the collaboration between the scientific parts, the 
regional system, and the industrial system. The involvement of the National 
Technological Clusters is a proposal of the MIUR in 2012 (Decree No. 257 "Notice for the 
development and reinforcement of national technological clusters"), as well as national 
research agencies, such as CNR, INFN, IIT, ENEA, to develop highly qualified scientific 
research and to support the national development. Considering the policies for the 
economic development identified by the resolutions of the regional council of the Regione 
Marche (DGR n.1511/2016, and n. 1035 of 30/7/2018), the present research promotes a 
more sustainable manufacturing sector. The research focuses on the recovery, re-use, and 
valorization of industrial by-products from the secondary aluminum industry through 
their chemical neutralization and synthesis of geopolymer foams.   
Valorization of the so-called "industrial by-product" is an actual and discussed theme. 
The industry stakeholders support the achievement of the environmental targets about 
resource management efficiency, reducing waste output and gas emissions, and constant 
industrial processes optimization. The development and activation of demanufacturing 
logistics are essential for improving relative residual values by specific operations and 
treatments of raw material derived from end-life products and industrial waste. The 
chemical neutralization of highly reactive materials that come from the treatment 
processes of scraps (beverage cans and domestic appliances) was investigated through 
experiments in aqueous alkaline solutions. These metallic aluminum-rich by-products 
were classified, according to EU law, as dangerous waste, as they can potentially develop 
flammable gases capable of forming explosive mixtures with air. In this way, they cannot 
be disposed of in landfills for non-hazardous wastes if chemical neutralization is not 
planned and performed beforehand. The first experiments were mainly aimed at 
unraveling the oxidation rate and quantifying the production of hydrogen-rich gases 
from the reactions of the metallic aluminum-rich by-products in a water-rich alkaline 
(liquid or vapor) environment. Reactions were carried out in a stainless-steel batch mini-
reactor with metering and sampling valves, with the resulting gases analyzed by gas-
chromatography (GC). The experimental runs performed in the mini-reactor proved to 
be effective for eliminating the reactive metallic aluminum, reaching a maximum 
hydrogen production of 96% of the total gases. All the obtained results can be transferred 
and applied to (i) the possible industrialization of the method for the chemical 
neutralization of these dangerous by-products, increasing sustainability and workplace 
safety, (ii) the use of the resulting hydrogen as a source of energy for the furnaces of the 
secondary aluminum industry itself, and (iii) new technological materials, e.g., 
"geopolymer foams (GFs)," by using hydrogen coupled with aluminosilicate materials as 
a foaming agent. The special hazardous wastes derived from the entire recycling process 
in the secondary aluminum industry were trapped into these geopolymers. The 
experimental study affects a vast reality concerning waste management through the 
recovery, chemical neutralization, and incorporation of these hazardous substances into 
the GFs. A geopolymeric matrix composed of metakaolin (MK), silica sand (100 wt.% of 
MK), and chopped carbon fibers (1% wt.% of MK) was doped, adding the industrial by-
products from the screening, pyrolysis, de-dusting, and fusion processes with specific 
contents (1; 2; 3; 4; 5 wt.% of MK). Several experimental tests were carried out to 
characterize the GFs by the mechanical (flexural, compressive, and Charpy impact 
strengths) and thermal properties (thermal conductivity, diffusivity, and specific heat). 
 
Keywords: secondary aluminum industry, industrial by-products, chemical 
neutralization,  hydrogen, geopolymer foams, physical properties, mechanical strengths, 
thermal conductivity, specific heat, thermal diffusivity  
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CHAPTER 1  
INTRODUCTION   
1.1 Aims of the Research 
  The innovative doctoral research is aimed at the chemical neutralization, 
disposal, and re-use of industrial waste materials (by-products) of the secondary 
aluminum industry, Profilglass SpA (Bellocchi, Fano, Italy). The industry 
produces aluminum profiles primarily from the recycling processes of two 
different plants from the aluminum domestic appliances (FG) and beverage cans 
collection (UBC).   
  Solid wastes are generated annually from the secondary aluminum industry 
in significant amounts. Globally, such waste is recycled and utilized in building 
materials, essential for sustainable development. No scientific method is 
followed at the disposal sites, where the industrial by-products from the 
secondary aluminum industrial processes are disposed of without any 
processing before being treated.  
  The present research recover, re-use, and trap secondary aluminum waste 
through a scientific understanding of the chemical neutralization and 
geopolymerization processes. The goal is to develop a helpful process to develop 
new lightweight building materials using the industrial by-products as foaming 
agents during the geopolymer formation.  
  Based on waste re-use, this new idea endeavors to change waste as a resource 
inverting the reliance on limited natural resources. This research is going to 
provide the (i) re-use of waste materials that would otherwise be landfilled, (ii) 
decrease in environmental impact, and (iii) significantly reduction of CO2 

emissions by providing alternatives to traditional cement materials.  
  In the last decades, geopolymers emerged as an alternative and 
environmentally friend materials compared to the traditional construction 
materials, such as ordinary Portland cement (OPC). Several advantages are 
highlighted by using these materials in different fields of application since the 
environment plays a central role in the worldwide economy. Minimizing the 
environmental impacts of the treatment and disposal of these materials concern 
is a crucial key for improving the efficiency of the industries and safeguarding 
natural resources such as aluminum. The direct effect of re-using industrial 
waste materials on the industries is to reduce the high costs of their disposal in 
special landfills. At the same time, the production of binders and old types of 
cement highly impacts CO2 production, increasing its concentration in the 
atmosphere, and the geopolymers can reduce greenhouse emissions by about 
95% [1-8].  

1.2 Outline of the Thesis 
  The development of new materials in the area of interest of the circular 
economy lay the foundations for creating new production and consumption 
channels through the re-use of industrial waste products and relating to some of 
the problems of the secondary aluminum industries. Therefore, there is a 
gradual approach toward the principles of optimization of industrial processes 
that outline new methods for exploiting secondary raw materials. The 
experimental work is perfectly interfaced with the current climate, economic, 
and geopolitical changes. Accordingly, the studies converge on the (i) recovery 
and process of the material residues and sludges of the secondary aluminum 
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industry; (ii) development of innovative materials by the synthesis of 
geopolymer foams (GFs) trapping the hazardous substances; (iii) smartly 
manage the issues of special dangerous waste disposal (iv) enhance the 
industrial processes of the secondary aluminum industry, taking into account 
environmental sustainability.   
  In the first part of the research, the industrial processes were studied to define 
suitable materials to re-use. After, the industrial by-products have been 
chemically and physically classified under the current regulations for waste 
disposal: (i) CE Reg. 1272/2008 "Classification of hazardous substances" and (ii) 
CE Reg. 1357/2014 "Limits and hazard characteristics (HP)" as special hazardous 
wastes. The metallic species found inside the by-products were recognized as 
highly reactive in water, releasing significant amounts of H2, which can be 
inflammable and create explosive mixtures with air. Therefore, the by-products 
were chemically neutralized, monitoring the laboratory reaction processes by a 
mini-reactor to quantify the gas production. To make the industrial by-product 
suitable for the synthesis of new materials, experiments were planned to achieve 
a complete inertization of the waste. In fact, in the presence of water, metals 
produce a significative high concentration of hydrogen entailing a non-
negligible environmental risk. These by-products were analyzed by ICP-MS 
through specific digestion techniques (UNI EN 13657:2004 and UNI EN ISO 
11885:2009) [9-10] to obtain a quantitative analysis of metals within the sample. 
XRD and thermogravimetric analysis were also carried out to determine crystal 
structures and mass loss based on different temperatures. 
  The second part of the study concerns the re-uses of the aluminum by-
products to synthesize geopolymer foams (GFs). These new brand materials are 
mechanical and atmospheric degradation resistant, and this physical 
characteristic allows them to trap pollutants and toxic substances inside their 
hard structure. The synthesis of GFs is made by a chemical process through 
which alkaline precursors rich in silica and alumina strongly interact with an 
aqueous alkaline solution. The research defines the mechanical properties of the 
geopolymers (compressive, flexural, and Charpy impact strengths) and the 
thermal characteristics related to the microporosity to find new environmental-
friendly applications. Geopolymers may have structural and thermomechanical 
applications such as thermal insulation with resistance to fire and refractory 
foams in industries as support for structured catalysts or as ceramic filters for 
high temperatures.  
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CHAPTER 2  
STATE OF THE ART 
2.1 The Aluminum Production 
  The recycling and re-use of industrial by-products from the secondary 
aluminum industry and using geopolymer materials in the construction 
industry show several advantages and environmental-economic benefits. 
Therefore, as previously discussed, the study aims to neutralize the waste 
materials throughout their incorporation into geopolymer foams (GFs). The 
main objectives of this research are (i) to study the chemical neutralization 
processes of the by-products and the behavior that drives the materials to 
produce gaseous mixtures rich in hydrogen; (ii) to define the chemical 
composition needed to synthesize geopolymer foams and optimize mechanical 
and thermal properties. 
  A real circular economy and sustainable development principle focuses on 
using industrial by-products and end-of-life (EOL) products to their 
valorization/transformation for novel/technological applications (materials or 
renewables) to minimize waste production. The re-use of industrial by-products, 
which can be addressed for the synthesis of new materials or exploited as an 
energetic secondary raw material, represents a fundamental answer to the need 
to develop sustainable economic growth, based on the decrease of the 
exploitation of natural resources (raw materials) and the minimization of waste 
output. This approach converts many industrial waste materials into energetic 
and non-energetic resources (i.e., secondary raw material). In this way, the 
valorization of the so-called "industrial by-products" is of paramount 
importance for (i) the sustainability of raw material exploitation and 
management, (ii) limiting the greenhouse gas emissions, and (iii) reducing the 
amount of waste to landfills disposal.  
  This work is focused on the re-use of by-products coming from the industries 
of secondary aluminum (i.e., using scrap and aluminum-rich EOL products), 
producing aluminum profiles, pipes, and laminates for different sectors such as 
construction, automotive, electronics, and mechanics. Secondary aluminum 
production is sustainable, but some by-products from that process may not be. 
In particular, being classified as special dangerous waste, some metallic 
aluminum by-products (European Waste Code 100323*, "Solid wastes from the 
treatment of fumes containing dangerous substances" and from pre-treatment 
processes of the scrap and EOL products before their disposal to the melting 
furnace) need to be appropriately treated (made inert, or inertized) before its 
utilization for new materials (or landfill disposal). This work will deal with 
experimental tests to investigate and optimize the neutralization of these highly 
reactive and dangerous by-products, which are still rich in metallic Al but not 
enough to be processed in the melting furnace. As they are not suitable for 
landfill disposal, the neutralization process should be desirable.  
  A brief description of the different industrial methods of aluminum 
production is given in the following paragraphs, mainly (i) primary aluminum 
from bauxite ore mining and alumina extraction and (ii) secondary aluminum 
from scrap and EOL products.  
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2.1.1 Primary Aluminum: from Bauxite Ores 
  Aluminum is the most consumed metal globally and is the third most 
abundant element on Earth. The aluminum consumption is 65 Mt/y, and 75% of 
this volume is aluminum exploited and processed from ores [11-12]. Aluminum 
compounds represent around 8% of the Earth's crust, and mining of the raw 
material, the bauxite ores, their chemical treatments, and refining allows 
primary aluminum production. The composition of a bauxite ore ranges from 40 
- 60% Al2O3, 0.8-17% SiO2, up to ca. 22% Fe2O3, and minor amounts of TiO2, MnO, 
Cr2O3, V2O, P2O5. Moisture may range between 5 and 30%. The most 
representative minerals of a bauxite deposit are (i) gibbsite - α-Al2O3 3H2O; (ii) 
boehmite - α-Al2O3 H2O, (iii) diaspore - β-Al2O3 H2O; (iv) hematite - α-Fe2O3; (v) 
goethite - α-FeOOH; (vi) magnetite - Fe2O4; (vii) siderite - FeCO3; (viii) ilmenite 
-FeTiO3; (ix) rutile or anatase - TiO2; (x) brookite - Al2O3 2SiO2 3H2O, (xi) kaolinite 
- Al2O3 2SiO2 2H2O; (xii) quartz - SiO2 [13]. More than 70% of the world's bauxite 
ores are exploited in Australia, Guinea, Jamaica, Brazil, and Russia. During the 
last decades, aluminum production increased at a rate of up to 3% a year, and 
the increase in energy costs led to the displacements of the primary aluminum 
industries from the USA, EU, and Japan towards cheaper energy-cost countries 
such as China, the Middle East, South East Asia, and India. The demand for 
aluminum significantly spread across the newly industrializing countries, and 
therefore the aluminum market volatility can quickly grow because of financial 
dynamics accounting for Al production's sustainability [14].   
  The primary aluminum production follows the Bayer process (ideated by Karl 
Bayer in 1888) [15]. It involves digestion of the bauxite at high temperatures 
(from 140 to 323°C) and pressures (60 to 1000 psi), using NaOH solution, and 
adding silica to increase the solubility. Setting T-P and NaOH concentration 
depends on the mineralogical structures of the aluminum oxide. The process 
generates a sodium aluminate supersaturated solution by removing red muds 
(silicate and iron oxides impurities). After that, the sodium aluminate is cooled, 
seeded with alumina trihydrate crystals, washed, and then calcined in a rotary 
furnace at 1200-1250°C to eliminate the structural water deriving alumina [16]. 
The calcined alumina generally shows low content of impurities (0.03 wt. wt.% 
SiO2; 0.02 wt.% Fe2O3; 0.5 wt.%Na2O; 0.05 wt.% CaO).  
  Also, nepheline-bearing rocks are valuable raw material sources to extract 
alumina by mixing nepheline with limestone in rotating furnaces at 1280-1310°C 
[17]. This process yields dicalcium silicate and sodium aluminate, from which 
sodium aluminate is converted into sodium carbonate and aluminum 
hydroxide. Aluminum hydroxide is then calcined to produce the alumina. The 
electrolysis reduction of alumina (using cryolite - Na3AlF6 - as electrolyte) 
produces primary aluminum. This is a very high energy consumption process 
(9.30 kWh/kg, varying on the cell voltage and amperage), where the total energy 
is the sum needed for the cell reaction, electrodes, and connectors. The 
worldwide process to make Al from alumina was patented by Charles Martin 
Hall and Paul Lewis Toussaint Héroult, called the "Hall-Hèroult process" [18].  
  An alternative method to produce primary aluminum is the carbothermic 
reduction through zone melting furnace processes at high temperatures. The 
alumina-carbon melt forms an aluminum carbide that reacts to produce Al [19]. 

2.1.2 Secondary Aluminum: from Scraps and End-of-life Products (EOLs) 
  The aluminum-rich scraps available worldwide can be approximately 
predicted, depending on the Life Cycle Assessment (LCA) of products 
containing aluminum. The classification of aluminum scraps is dictated by the 
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standards EN 12258-1:2012 and EN 13980:2004 [20-21]: old scraps are primarily 
derived from used beverage cans (UBCs; containing about 94 wt.% Al, 0.8 wt.% 
oxides, and 5.2 wt.% other inclusions) [22-23], representing one of the most 
important sources of secondary aluminum and the most economically recycled 
material (770-820 €/t) [24]. Currently, recycled aluminum amounts to about 35% 
of primary aluminum production and requires 10 to 15 times less energy [25]. 
The total energy saved for each ton of recycled aluminum is estimated to be 
around 14,000 kWh, and the avoided greenhouse gas emission of CO2 is ca. 350 
kg [26]. 
  Although aluminum is one of the most common elements on Earth, it is too 
reactive with other elements to occur naturally. Therefore, the natural raw 
material for primary aluminum production is the bauxite ores, with an average 
composition of ca. 40–60 wt.% Al2O3, 0.8–17 wt.% SiO2, up to ca. 22 wt.% Fe2O3, 
and minor amounts of TiO2, MnO, Cr2O3, V2O5, P2O5, and moisture ranges 
between 5 and 30 wt.%. The most representative minerals of a bauxite deposit 
are gibbsite—Al(OH)3, boehmite or diaspore—AlO(OH), hematite—Fe2O3, 
goethite—α-FeO(OH), magnetite—Fe2+Fe3+2O4, siderite—FeCO3, ilmenite—
FeTiO3, rutile, anatase or brookite—TiO2, kaolinite—Al2Si2O5(OH)4, and 
quartz—SiO2 [27]. The Bayer process, invented and patented in 1887, is the 
primary process by which alumina is extracted from bauxite ore and separated 
from red mud [28-29]. The Hall–Héroult process (simultaneously discovered in 
1886 by Charles Martin Hall and Paul Héroult) allows aluminum to be refined 
from alumina through electrolysis. The efforts in recovering (and minimizing) 
wastes from mining exploitation of bauxite ores to the end of the Bayer process 
are growing to assure that secondary Al raw materials and by-products would 
meet all the stakeholder requirements [30]. Nevertheless, the primary aluminum 
industry is less sustainable than secondary aluminum production, which uses 
recycled scraps (e.g., beverage cans and domestic appliances) instead of natural 
raw geomaterial (i.e., the bauxite ores for the primary aluminum industry). The 
process of secondary aluminum production involves scrap gathering, mixing, 
comminution, screening, and pyrolysis treatments to produce high-quality Al-
rich material that can be subsequently melted, refined, and cast. In this way, 
secondary aluminum production has increased exponentially in the last few 
decades to ensure sustainability is applied to optimize reserves, decrease energy 
consumption, and narrow the gap between supply and demand [31]. Efficient 
plants have been developed over time, and the processes are constantly 
improved (Figure 1).  

 
Figure 1. Sketch of a plant for secondary aluminum production. The aluminum scraps pit 
(on the left) feeds the plant. The by-products investigated in the present work are 
illustrated (the screening by-product marked by a red circle has been used for the 
experimental runs of the chemical neutralization – see the text for explanation).   
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  The first step in aluminum recycling concerns the storage, shredding, and 
handling of the material through the separation of the non-metallic components 
from the metallic ones [32–34] by applying a combination of various screening 
techniques, namely: (i) magnetic separation, (ii) Eddy current separation, and 
(iii) density separation [35–39]. Aluminum scraps are loaded into hoppers by 
conveyor belt and processed by a pyrolysis combustor at a temperature between 
500°C and 580°C. The pyrolysis process provides a significant (95%) reduction 
of water, oils, paints, and other organic substance contents from the material 
surface, avoiding possible explosions and oxidation during the subsequent 
melting [40]. The powders and gases produced are exhausted by two parallel 
lines of treatment. Gas neutralization occurs at a temperature of 850°C by 
employing a refractory afterburner (combustion chamber), and exhaust gas is 
conditioned at 580 °C through a heat exchanger. Gases are then conveyed to (i) 
the quencher, where the temperature is rapidly brought down (to 220°C) by 
nebulized water, (ii) the fume purification system, for the abatement of residual 
dust through bag filters and of SOX, HCl, and HF gases by lime, and finally, (iii) 
the post-burner, to remove CO and Total Organic Carbon (TOC). The selected 
material is subsequently sent to the static melting furnace, employing the 
minimum possible energy use and, therefore, the minimum oxidation. The 
melting process occurs using O2 and low NOX emission burners, through 
refining and degassing systems and agitators with inert gases, with Ar/Cl2 or 
N2/Cl2 mixtures [41] to minimize the energy consumption required to reach the 
aluminum melting temperature (Tm = 660.3°C). Waste elements, specifically 
alkali metal impurities, hydrogen, non-metallic inclusions, and alloy elements 
(Mg), are reduced during the melting stage by refining processes [42]. The 
compounds derived from the fusion process, such as HCl, Cl2, and HF, are 
chemically neutralized, removed through a dedicated plant, and then conveyed 
to the bag filters for being treated in the cyclone reactor with lime. The 
lamination and solidification processes are improved to avoid volatile organic 
compound (VOC) emissions through cyclone fans with a wet scrubber for 
powders and biofilters. Around 70% of recycled aluminum is transformed into 
aluminum-silicon alloy castings used for the automotive industry. Aluminum 
alloys are materials where different elements (up to 15% of the total weight) are 
added to the pure molten aluminum, increasing properties and efficiency [43]. 

2.2 Economic Relevance of the Study for the European Industries  
 In the framework of secondary aluminum production, the present study is of 
paramount importance because it addresses the problem of the management of 
by-products from the screening processes of scraps. In fact, due to their physical-
chemical features, these by-products cannot be disposed of in landfills for non-
hazardous waste if treatments to eliminate environmental impacts are not 
planned and carried out in advance. Experiments of chemical neutralization of 
these highly reactive by-products are the main focus of the present paper.   
  According to European Aluminum data [44-46], there are 220 secondary 
aluminum recycling plants in Europe, and more than 34 billion aluminum cans 
were recycled in 2018, representing a total of approximately 0.46 Mt. Post-
consumer aluminum available for recycling will be more than double by 2050. 
However, aluminum recycling treatments generate a large waste amount, such 
as scraps not suitable to be recycled (separation by the screening process), the 
fumes abatement collected by the decorator, centrifugal collector dust, and 
fumes of the melting furnace. The total loss of mass is consequently a substantial 
part of the entire material recycled.  
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  Nowadays, the three digestion solutions of the not-reusable materials such as 
the screening scrap, or rather the fraction in small indistinguishable and 
therefore non-recyclable pieces of waste, are through (i) aerobic/anaerobic bio-
oxidation cold systems, (ii) gasification, pyrolysis, or incineration hot systems 
and (iii) the disposal of in landfills, that designates the main resolution.  
  Consequently, sustainable recovery and re-use of hazardous industrial waste 
are achievable only through in-depth knowledge about chemical neutralization 
processes that drive the metallic parts to produce a gaseous mixture through a 
multiparametric controlled oxidation process. Therefore, the experimental study 
affects a vast reality concerning the secondary aluminum industrial waste 
management through the recovery, inertization, and hazardous substances 
incorporated into the geopolymer.   
Furthermore, the need to re-use industrial waste to be disposed of from other 
production chains, particularly glass processing residues and fireclays as 
precursors, dust collected from incinerators as filler, and carbon nanofibers as 
mechanical reinforcing agents, gives a central role to the geopolymerization 
process.   
  In-depth market analysis will evaluate the geopolymer commercialization by 
creating one or more patents, functionally on the material physicochemical 
properties: plausible applications are thermally insulated panels, structured 
catalysts, ceramic industrial filters even at high temperature, and fire resistance 
capabilities materials of the transport and construction sector. Moreover, the 
project envisages evaluating the use of hydrogen as a secondary energy source 
required to produce these foamed materials, consequently supplying a more 
considerable virtuosity to the entire process.   

2.3 Strategic Plan of the European Innovation Partnership on Raw 
Materials 
  The European strategy on waste management efficiency, safeguarding 
resources, and reducing pollutant emissions also impacting human health are 
relevant topics discussed by all the industrial stakeholders. The E.U. directive on 
environmental safety and pollution control includes the decree of environmental 
assessments and authorizations for the industries dealing with hazardous and 
toxic substances. The goal is to improve environmental and industrial 
performance, adopting corrective actions continuously. The experimental 
research outlines the recovery processes through which secondary aluminum 
waste and end-of-life materials commence a noble re-use path in the circular 
economy. Further, the aims are to ensure a substantial contribution to several 
European manufacturing sectors, providing new methodologies of re-using 
industrial waste materials. Finally, a more efficient waste management 
achievement combines technological innovation with environmental 
sustainability by reducing gas emissions and limiting natural resource 
depletion. 

2.4 Secondary Aluminum By-products Trapped in Geopolymers Foams  
 The disposal of end-of-life and hazardous waste materials represents a severe 
environmental issue that industries must stand worldwide. Several studies 
highlighted the disposal of sludges such as uranium-series decay, heavy metals, 
and various hydrocarbons through (i) ensuring a fast solidification and 
encapsulation of the contaminants into geopolymer structure, (ii) minimizing 
the leaching into the ground and drainage water, and (iii) increasing the 
structural durability during unfavorable environmental conditions. In 
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particular, aluminum production required a fast response to guarantee clever 
alternatives on resource management and material re-use, dealing with multiple 
and still unsolved matters regarding the treatments of special hazardous wastes 
linked to binding landfills regulations.   
Geopolymers display a wide range of characteristics and properties, such as high 
compressive strength, low shrinkage, excellent freeze-thaw resistance, high-
temperature resistance, and acid resistance. The development of geopolymers 
has become an exciting research subject in recent years because geopolymer 
binders provide great potential for alternative Portland-cement-based binders. 
As reported in previous research, the Portland cement manufacturing process 
demands large amounts of energy and releases significant CO2 emissions. It is 
estimated that the cement industry alone is responsible for around 7% of the CO2 
generated globally. Hence, this binder is one of the critical causes of global 
warming. The introduction of geopolymers not only meets the requirements for 
mechanical performance but is also interesting as a new green construction 
material over Portland cement. Foaming methods to reduce the geopolymer 
density have been investigated, as low-density geopolymers are increasingly 
being reported in the literature to improve the insulating properties. The 
macropores can be obtained by releasing hydrogen gas from the aluminum 
reaction in the alkaline medium [47]. 
  Innovative geopolymer and gypsum composites containing various micro-
additives, such as coke dust, microspheres, aerogel, artificial gypsum, and 
polymers, are often used. Apart from the fact that it is possible to manage waste, 
their addition allows for obtaining materials with interesting thermal and 
mechanical properties. So, the ecological profit is double. The resulting 
innovative composites often show new properties that have not been tested 
before. It is, therefore, necessary to know and characterize the obtained materials 
as broadly as possible. As a result of the research, micro-additives in 
geopolymeric and gypsum composites can significantly improve building 
material properties. 
  Thermal conductivity, porosity, compressive strength, flexural strength, and 
density often improve compared to the reference samples without additives. 
Examples of actual utilization are foundry molds, insulating panels, fireproof 
materials for automobiles and airplanes, expanded geopolymer panels for 
thermal insulation, refractory adhesives, binders, and coatings for high 
temperatures [48]. Other typical applications are infrared burners, high-
temperature filters, lamps, resistors, thermocouples, and heating elements. The 
versatility comes from their chemical composition: glass and metal oxide 
powders are used to optimize specific properties such as thermal expansion, 
thermal conductivity, dielectric strength, and chemical resistance [49].   

2.5 Geopolymers: Historical Development 
In 1972, for the first time, Davidovits discovered a new material called 

geopolymer. A geopolymer is a three-dimensional silico-aluminate material 
constituted by three linear oligomeric units, called polysilanes [50]. However, 
several studies [51-55] suggest geopolymer technology as an old building 
material employed in the pyramids of ancient Egypt and other old constructions 
such as the Moai statues on Easter Island. The evident durability and resistance 
have oriented the research to study the chemistry and processes of these ancient 
materials. Joseph Davidovits published the first research on the synthesis of 
geopolymers in 1979 [56-57]. The first geopolymer was synthesized using 
kaolinite in a sodium hydroxide solution. Davidovits used kaolinite reacting 
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with NaOH at 100-150°C and polycondensing into hydrated sodalite to 
synthesize mineral feldspathoids and zeolites.   
  Over the last decades, geopolymers have acquired engagement as a valuable 
new inorganic polymer to replace the ordinary Portland cement (OPC) and other 
mineral-based products [58]. Ordinary Portland cement uses a significant 
portion of natural resources and releases a not negligible amount of greenhouse 
gases [59]. In particular, geopolymers have similar performance to traditional 
binders and the advantages of reducing gas emissions, increasing the 
mechanical and thermal properties, and chemical resistance to corrosion and 
weather degradation.  

2.5.1 Chemical Processes to Produce Geopolymers 
Alkaline activators and aluminosilicate precursors represent the starting 

materials involved during the chemical process that leads to the synthesis of 
geopolymers. Metakaolin is the most studied precursor [60-66], but alkaline 
activation can involve any materials with high Al2O3 and SiO2 content. The 
alkaline activation process involves aluminosilicate thermal treatment with a 
temperature between 500°C and 800°C [67-68], where there is a drop of 
structural hydroxyl ions in the clay minerals.  

The alkaline activation process during the geopolymerization process 
(Figure 2) is accomplished by mixing the alkaline solution with the 
aluminosilicate precursor, where Si-O groups dissolution occurs.  

 
Figure 2. Scheme of the geopolymerization process. 

  
  The dissolution of aluminosilicate and bonds breaks through a chemical 
attack in an alkaline environment. Dissolution processes strongly depend on the 
pH of the solution. For high values, a fast dissolution rate leads to the formation 
of supersaturated aluminosilicate solution, where the result condensation of 
oligomers allows the aggregation and reorganization of matter in polymers. The 
reaction involves the dissolution of Si-O groups of the initial solid, favoring the 
formation of a Si-rich gel. The silica gel rearranges and reorganizes during the 
reaction, building a three-dimensional structure. 
  After the dissolution, the matter starts to reorganize. The process of 
condensation allows the formation of polymers that can be classified into two 
groups based on the calcium concentration: (i) N-A-S-H gel: low Ca content, 
formed by random silicon and aluminum tetrahedra, where ions can be trapped 
in the cavities to calibrate the electronegative charge; (ii) C-A-S-H gel: high Ca 
content, built by a tetrahedral silicate layer [69-72].  
  Different types of material can be used as fillers in the alkaline activation 
process. Al and Si are tetrahedrally coordinated, while alkalis balance the electric 
charge as the substitution of ions Al3+ with Si4+. The characteristic slags that can 
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be used are represented by the material with high content of Al2O3 and the 
presence of small amounts of metallic Al, a foaming agent to make the material 
more porous and therefore lighter.   
  Definitively, it is well known that the chemical composition, grain size, 
solid/liquid ratio, and pH are the main parameters influencing material 
workability [73-74]. After the geopolymer synthesis, the maturation phase, 
called curing, is carried out at temperatures between 20°C and 100°C (generally 
at room temperature) in specific molds and under controlled conditions for 
specific and different durations.  

2.5.2 Summary: Chemistry and Structure of Geopolymers 
  Inorganic polymers are classified according to the chain structure, 
polymerization mechanism, and application. Monomers constituted them, 
including inorganic elements merged by predominantly covalent bonds. A 
geopolymer material is similar to natural zeolites, with the only difference of 
amorphous microstructure [75].  
  Geopolymers are synthesized from an alkaline solution and aluminosilicate-
rich materials, achieving an amorphous 3D structure similar to glass. However, 
GP is formed at low temperatures, incorporating additives as reinforcing during 
the geopolymerization process. The geopolymerization process involves a fast 
chemical reaction of Si-Al under alkaline conditions, resulting in three-
dimensional polymeric chains (Si-O and Al-O bonds) [76].  
  In 1950, Glukhovsky conceptualized an early model that gives a general 
mechanism for the alkali activation of silico-aluminate materials, dividing the 
process into three main simplified phases [77]: (i) destruction, (ii) condensation, 
and (iii) stabilization. Later models suggested that the geopolymerization 
process can be summarized into five steps [78-79]:   
(i) Dissolution: Aluminosilicates dissolve into the alkaline solution to produce 
Si and Al monomers by the reaction (1):   
 
Al-Si + MOH → M + OSi(OH)3 + M + Al(OH)4                                                                             (1)
  
(ii) Diffusion: Al and Si species diffuse the aluminosilicate particle surface into 
the gel. The continuous drop of Al and Si species increases the dissolution rate. 
(iii) Polymerization: takes place to form dimers, which react with monomers or 
dimers or Si-oligomers to build oligomers of varying forms (i.e., linear and 
cyclic).   
 
-OSi(OH)3 + M-OSi(OH)3 + M+ → M-OSi(OH)2-O-Si(OH)3 + MOH                              (2) 
 
The polymerization between Al and Si complex will occur in preference to the 
polymerization between the complex of the same species because the activation 
energy for forming an Al-O-Si bond is the lowest possible. 
(iv) Aluminosilicate gel formation: forming -Al-O-Si- bonds by reacting the M+ 
and Si-oligomer.  
(v) Polycondensation and hardening process: the aluminosilicate gel is then 
transformed into the final structure by a solid-liquid interaction based on the 
leaching and diffusion between the particle surface and the gel phase. 
  The geopolymer is a three-dimensional structure constituted by a network of 
SiO4 with aluminate substitution always IV coordinated with oxygen. Within 
this structure, cations such as Na+, K+, and Ca+ neutralize the negative charge of 
AlO4. A modeling structure of the tetrahedral units is proposed in Figure 3: 
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Figure 3. Tetrahedral units of the geopolymer composite [80]. 

The unit that constitutes the chemical structure is also abbreviated as sialate, or 
silicon-oxo-aluminate used to describe the silicon bonding. The proposed 
empirical formula of polysialates is given by the expression 3:   
 
Mp {(SiO2 )zAlO2}p .w H2O                                                                                           (3) 

 
where: M = Na+, K+, and Ca+; p is the degree of polycondensation; z is the Si/Al 
ratio in the oligomers and can be 1 (polysialate - PS: -Si-O-Al-O-), 2 (polysialate-
siloxo - PSS: -Si-O-Al-O-Si-O-), or 3 (polysialate-disiloxo - PSDS: Si-O-Al-O-Si-
O-Si-O-); and w describes the water content.   
 
The polysialate oligomers are chain and ring polymers characterized by Si4+ and 
Al3+ in IV coordination with O2. The oligomeric building units are illustrated in 
Figure 4: 

  
Figure 4. Combination of Si and Al in polysialate oligomers and bonds (tetrahedra) [81].  

Figure 5. Scheme of the different phases concerning the geopolymerization process [82]. 
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  The oligomers of Si and Al units covalently share oxygen atoms to form the 
larger macromolecules called geopolymers (Figure 5). Si ions are always IV-
coordinated, while Al is IV or VI-coordinated to the oxygen. 

2.5.3 Properties and Applications of Geopolymers 
 The continuous exploration and depletion of natural resources cause damage 
to the environment. During the production processes of cement and other 
materials, various toxic substances such as CO, CO2, NOX, SOX are emitted into 
the atmosphere, hardly impacting human and environmental health. Moreover, 
the price of raw materials for the construction industry increased because of high 
demand, lack, and the high energy price. For this reason, new environmental 
solutions were recognized using materials to be disposed of in landfills for 
synthesizing geopolymers. 
  It has been discussed how the performances of geopolymer are nearby 
comparable to OPC, but, on the other hand, the method to synthesize these 
materials is straightforward and low-energy. As already cited, these properties 
are of great relevance in research designing geopolymers as materials for new 
sustainable development [83-86]. Moreover, the primary advantages are the 
high availability of raw materials, good physical performance such as high 
mechanical strength, durability, fire resistance, resistance to chemical attack, and 
trap toxic and hazardous wastes. The chemical composition of the raw materials 
and the production methods affect the geopolymer physical characteristics, 
which can be used for different applications. The most common ones are fire and 
heat-resistant materials, sealants, ceramics, cement, adhesives, coating, 
insulation, underwater, water-resistant materials, refractory materials, and 
waste encapsulation [87].  
 After a curing time of 28 days, the physical properties of the geopolymer are 
primarily influenced by the chemistry, particularly by the Si/Al ratio (Table 1). 
The geopolymers structure is three-dimensional for the Si/Al ratio less than 2, 
suitable as tiles, ceramic, fire-resistant materials, concretes, cement, and waste 
encapsulating. For a Si/Al ratio above 3, the geopolymer is a crosslinked 2D 
structure, less rigid and more elastic. For Si/Al ratios up to 35, GP can be 
employed as adhesive, sealant, or resin with low viscosity [88-89].  

 
 Table 1 Applications of the geopolymers on Si/Al ratio.  

 
  In the current research, a Si/Al ratio of around 1.91 is adopted for the 
geopolymeric matrix suitable for a configuration able to trap toxic and 
hazardous waste [90].  
  GPs are responsible for chemical and physical trapping mechanisms for a 
comprehensive spectrum of inorganic wastes such as cations, heavy metals, or 
radioactive [91-92]. During the last years, industrial waste materials (fly ash, 
blast furnace slag, glass waste, ceramics, mine) have been studied as precursors 
in the alkaline activation process, with an optic of valorization, obtaining 

Si/Al ratio GP structure Applications 
1 

3D  
Tiles, ceramic, fire protection 

2 Cements, concretes, waste trapping 

3 
2D 

Foundry equipment, fire and heat 
resistant fiber-glass composites, 

aeronautics 
> 3 Sealants, aeronautics 

20-35 Fire and heat resistant fiber composites 
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financial and environmental advantages [93]. Nevertheless, the grade of 
heterogeneity in the raw materials implies that a standard chemical composition 
guarantees repeatable properties. 
  Standardization of waste materials for large-scale commercial use is taking 
place rapidly, even if most of the mixtures being used are based on limited 
precursors (fly ashes, blast furnace slags). For this reason, synthesizing GPs from 
industrial by-products of the secondary aluminum or generally new precursors 
requires an earlier qualitative and quantitative analysis, and specific parameters 
need to be defined to normalize the processes. 

2.6 A Comparison of Geopolymers with Other Binding Materials 
  It is fundamental to recognize that geopolymers (GPs), alkali-activated 
materials (AAMs), Calcium Sulfoaluminate Cements (CSCs), and Ordinary 
Portland Cements (OPCs) are materials with different production processes and 
chemistry. Figure 6 shows a classification based on the aluminum and calcium 
content, where geopolymers are binder materials with the highest Al and lowest 
Ca content. 

 
Figure 6. Classification of building materials based on the Al and Ca content.  
   
  The main relevant difference between ordinary Portland cement (OPC) and 
geopolymer cement (GP) is that OPC production is high-energy manufacturing. 
GPs use materials like fly ashes, slags, and industrial by-products and employ 
low energy as their production does not involve limestone calcination, such as 
in OPC [94]. On the other hand, AAMs are cement-like materials formed by 
calcined clays, and so although they have similar composition compared to GPs, 
they are not [95-97]. Several studies worldwide recommend the importance of 
geopolymers conveying attention to their excellent energy-saving and potential 
to utilize materials such as metakaolin, silica fume, limestone powder, and 
industrial by-products in geopolymer mortar and concrete development [98].
    

2.6.1 Ordinary Portland Cement (OPC) 
  Cement and concretes are the most widely employed building materials. 
From the beginning of the 19th century, the Ordinary Portland cement (OPC) 
has become the most used binder in the construction industry. Nowadays, 
alternative binders, more environment-friendly materials than OPC, have been 
studied, partially replacing OPC. Worldwide cement production impacts 
greenhouse gas with at least 5% of the total CO2 emissions [99-101]. Ordinary 
Portland cement is usually obtained by combining limestone with secondary 
raw materials such as clay or other aluminosilicates at a temperature between 
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1300-1500°C in vertical and continuous rotary ovens. The clay must have the 
absence of sulfides (pyrite, marcasite), calcium sulfate, organic substances, and 
heterogeneous nodules. There are two material handling procedures: wet (35-
40% H2O added) and dry (using drum dryers or hot gases). CaO, Al2O3, SiO2, 
Fe2O3 are the main starting components, and after the treatment process, they 
give rise to the main constituents of Portland cement. The product called clinker, 
partially melted is mixed with gypsum to control the reaction. It essentially 
consists of four specific mineral phases: dicalcium silicate or belite (Ca2SiO4) - 
C2S, tricalcium silicate or alite (Ca3O5Si) - C3S, tricalcium aluminate (Ca3Al2O6) - 
C3A, and a solid solution of calcium alluminoferrite (Ca4Al2Fe2O10) - C4AF. The 
hydration process of OPC occurs through the interaction of the clinker, calcium 
sulfate, and water, leading to the hardening of the material [102].   
  The UNI EN-197-1, 2007, on the other hand, provides a classification that 
includes different types of cement such as (i) CEM I: Pure Portland Clinker 
(OPC), (ii) CEM II: cement with the addition of blast furnace slag (BFS), (iii) CEM 
III: BFS-OPC cement, (iv) CEM IV: pozzolanic cement, (v) CEM V: composite 
cement (significant additions of BFS). Each type is further diversified according 
to the proportions of the listed constituents, present strength classes, and the 
minimum threshold of compressive strength.  
  The described processes on Portland cement, particularly during the clinker 
formation, need high temperatures and, consequently, a high amount of energy. 

2.6.2 Hydration Process of OPC 
  The hydration process is based on the reactions between the clinker, water, 
and a specific amount of gypsum [103-104]. The process involves dissolution 
processes and precipitation of colloidal and crystalline hydrates. With the 
clinker-H2O interaction, an exchange of species occurs from the solid to the 
liquid phases, resulting in a rapid increase in the concentration of aluminates, 
sulfates, and alkalis in the liquid phase.  
  A significant amount of heat is released during this hydration phase, and a 
calcium sulfoaluminate ettringite (3CaO·Al2O3·3CaSO4·32H2O) crystalizes. Ca2+ 
and Si4+ from the dissolution of alite Ca3O5Si pass into the solution: silica content 
rises until it reaches a saturation point and then decreases rapidly, while calcium 
and OH- content continue to increase but not linearly over time. Then, when the 
reaction velocity with the heat rate decrease, Ca2+ ions in the liquid phase reaches 
a supersaturation point, and the gel nucleation starts, forming Ca(OH)2 crystals 
(3) [105]:  
 
2Ca3O5Si + 11H2O → CaO·2SiO2·3H2O + 5Ca(OH)2                                                  (3) 

 
Belite (Ca3Al2O6) from the clinker reacts with the gypsum to form ettringite 
(C6Al2(SO4)3(OH)12·26H2O) (4) that also partially decomposes to form a hydrated 
calcium mono-sulfoaluminate (4CaO·Al2O3·CaSO4·12H2O):  
 
Ca3Al2O6 + 3CaSO4·2H2O + 26H2O → Ca6Al2(SO4)3(OH)12·26H2O                               (4)  
 
  Definitively, a hydrated calcium silicate gel (C-S-H) is rapidly generated 
during the hydration process of OPC, and it is considered to give resistance and 
durable properties to the cement. The Taylor and Richardson and Groves (1993) 
models [106] suggest that the C-S-H gel has a disorderly layered structure of 
tetrahedra, considered a solid solution of hydrated calcium silicate and Ca(OH)2.  
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Raw Materials for the Synthesis of Geopolymer Foams (GFs)  
3.1.1 By-products from the Secondary Aluminum Industry 
  The re-use of industrial by-products from the secondary aluminum industry, 
which can be addressed to new materials or other industrial sectors and thus 
exploited as an energetic or non-energetic secondary raw material, represents a 
fundamental answer to the need for developing sustainable economic growth, 
based on the decrease of natural resource exploitation (primary raw materials) 
and the minimization of waste output [107]. This approach converts waste 
materials into energetic or non-energetic resources, valorizing the so-called 
industrial by-products for (i) enhancing the sustainability of raw material 
exploitation and management, (ii) limiting greenhouse gas emissions, and (iii) 
reducing the waste disposal in landfills.  
  The EU regulations classify these aluminum-rich by-products as special 
hazardous wastes capable of developing flammable gases and forming explosive 
mixtures with air (hazard class codes: HP10-HP11-HP12-HP13; European Waste 
Code, EWC: 100323*, where EWC marked with an asterisk "*" are hazardous 
waste under the Directive 91/689/EEC). These EWC 100323* by-products are 
hazardous because they often contain high amounts of metallic aluminum (and 
other metal species) and are a potential hydrogen release source. The contact 
with air or water might develop flammable gases. As already pointed out by the 
literature [108], the chemical process is explained by the reaction (5): 

2Al + 6H2O + 2NaOH → 2NaAl(OH)4 + 3H2                                                                    (5) 
 

  The sodium hydroxide, used as a reaction catalyst, is re-generated from 
sodium aluminate, as reported in the reaction (6): 

NaAl(OH)4 → NaOH + Al(OH)3                                                                                             (6)  
 

  The reactions responsible for the material oxidation (7) occur at 575°C and can 
be expressed by combining aluminum hydroxide molecules that are produced 
during the previous reaction: 

 
2Al(OH)3 → Al2O3 +  3H2O                                                                                                    (7) 

 
  The continuous hydration of the aluminum oxides generates boehmite, which 
becomes bayerite, again interacting with water. However, the reactions suffer 
from chemical-physical limitations that prevent a precise quantification of the 
amount of hydrogen produced by the reaction of metal with the aqueous 
alkaline solution, compared to the water-splitting contribution in extreme 
thermodynamic and kinetic contexts.   
  Other reactions (below) tend to evolve at the operating temperatures of the 
metallurgical process. Aluminum sulfide can produce hydrogen sulfide (8); 
aluminum carbide may generate methane (9); whereas aluminum phosphide can 
produce phosphine (10): 
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Al2S3 + 6H2O → 2Al(OH)3 + 3H2S(g)                                                                                 (8) 
Al4C3 + 6H2O → 3CH4(g) +  2Al2O3                                                                                    (9) 
AlP +  3H2O → Al(OH)3 + PH3(g)                                                                                      (10) 

 
  The aluminum by-products were used as additives to foam the geopolymers. 
The studies of the starting materials were conducted with specific analytical 
techniques to determine the chemical content subsequently indicated and for the 
planning of laboratory experiments.  
 
3.1.2 Classification of the Industrial By-products 
 Before and after the chemical neutralization (i.e., oxidation), analyses of the 
investigated by-products were carried out to identify the main mineralogical 
phases of powder X-ray diffraction by a Bruker D8 Advance diffractometer at 
CRI.ST (centro di servizi di CRIstallografia STrutturale, University of Florence). 
The grain size of the starting materials was determined through laser beam 
particle analyses (Hydro 2000MU analyzer, at the University of Milano Bicocca). 
Mass variation due to thermal treatment and changes concerning 
thermodynamic conditions were obtained through thermogravimetric analyses 
with a Netzsch-Gerätebau GmbH-STA 409 CD simultaneous thermal analyzer 
(MISE-Direzione generale per le risorse minerarie ed energetiche, Rome, Italy). 
  Chemical analyses (major, minor, and trace elements) were performed by: (i) 
ICP-OES-MS with near-total multi-acid (hydrofluoric, nitric, and perchloric 
acids) digestion. After the digestion and dehydration, samples were brought 
into the solution using aqua regia, solubilizing only certain phases, and analyzed 
using a Varian ICP and Perkin Elmer Sciex ELAN ICP-MS at the Activation 
Laboratories Ltd.—Actlabs (Ancaster, Ontario, Canada), with ten sample 
duplicates and eight reference materials. Loss on Ignition (LOI) was also 
determined at Actlabs. (ii) IR using an ELTRA instrument to quantify total 
(graphitic and organic) carbon, CO2, total sulfur (S), and SO4 (Actlabs). 0.2 g 
samples were decomposed in a pure nitrogen environment furnace at 1000°C to 
determine the CO2 content. H2O and other gases were removed before detecting 
carbon dioxide in the IR cell. For total C, S, and SO4, the inductive elements of the 
samples and an accelerator material were coupled with the high-frequency field 
of induction of a pure oxygen environment furnace. Carbon and sulfur elements 
were reduced during combustion, forming CO, CO2, and SO2. Carbon and sulfur 
were measured as gases flowed through the IR cells. 
  Organic compounds were analyzed at the Laboratorio Arca SRL (Fano, PU, 
Italy) according to UNI EN 14039:2005, EPA 3580A 1992, and EPA 8015C 2007 
standard methods [109-111]. 
  The data processing enabled a quantitative assessment of the dangerous 
compounds (Table 2) in the aluminum processing slags, which are critical when 
re-used [112-113]. The samples were classified under the normative 
requirements (Figure 7) on the environmental safety and pollution control 
required by the European industries to issue the integrated environmental 
authorization (AIA): the industrial emissions directive 2010/75/EU and 
Legislative Decree 152/2006 [114-115]. 
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Figure 7. Normative requirements, regulations for classifying hazardous substances, 
limits, and characteristics of danger (HP), waste disposal admissibility, and chemical 
analysis references [116-119].  

  A macroscopic overview of the aluminum-rich by-products is given in Figure 
9. The materials used as fillers in the geopolymers derive from the main 
processes of the secondary aluminum industry: (i) screening process, (ii) 
pyrolysis process, (iii) fusion process. FG and UBC acronyms are from coarse-
grained domestic appliance scrapes and urban beverage cans, the primary 
materials used for recycling.  
  V.FG (2.52–893.37 µm) and V.UBC (2.00–893.37 µm) (Figure 8–9a,b) represent 
by-products from the screening process of the secondary aluminum industry. 
The mineralogical phases are metallic aluminum and rutile in V.FG, whereas 
metallic aluminum, quartz, periclase, and carlinite are in V.UBC. The aluminum 
content is 125,468 ppm and 180,638 ppm, respectively. D.FG (0.40–56.37 µm) and 
D.UBC (0.40–355.66 µm) (Figure 8–9c,d) are produced during the pyrolysis 
process. Their aluminum contents are 32,204 ppm and 40,198 ppm. Aluminum, 
portlandite, rutile, and CaClOH are the main mineralogical phases detected 
within the two materials. C.FG (0.40–355.66 µm) and C.UBC (0.45–632.46 µm) 
(Figure 8–9e,f), (dust materials caught from the cyclones) present aluminum 
contents of 73,296 ppm and 62,333 ppm. The mineralogical phases are aluminum 
calcite, rutile, graphite, ankerite in C.FG, and zinc in C.UBC. FF.FG (0.40–158.87 
µm) and FF.UBC (0.40–63.25 µm) (Figure 8–9g,h), the industrial by-products 
from the fusion process, have an aluminum content of 14549 ppm and 6636 ppm. 
The mineralogical pattern is metallic aluminum, halite, sylvite, and portlandite. 

 
Figure 8. Grain size modal curve of the aluminum-rich by-products. 
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The organic compounds (in traces) in all the samples are < 5 ppm Hydrocarbons, 
and < 1 ppm: 4-Methyl-2-Pentanone, Ethyl Acetate, Isobutyl Acetate, N-Butyl 
Acetate, Acetone, Acetonitrile, Benzyl Alcohol, Ethyl Alcohol, Furfuryl Alcohol, 
Methyl Alcohol, Isobutyl Alcohol, N-Butyl Alcohol, 2-Butanone, 2-
Butoxyethanol, 2-Butossietil Acetate, Cyclohexanol, Cyclohexanone, N-Hexane, 
Ethylbenzene, 2-Ethylbutanol, 2-Ethylbutanol, 2-Ethoxyethanol, 2-Ethoxyethyl 
Acetate, Isopropanol, Styrene, Toluene, Toluene, Xylene (O+M+P). 

Figure 9. Photos of by-products of the secondary aluminum industry: V.FG (a) and 
V.UBC (b): screening; D.FG (c) and D.UBC (d): pyrolysis; C.FG (e) and C.UBC (f): 
abatement dust; FF.FG (g) and FF.UBC (h): fusion slags. 

Table 2. Density (ρ; g/cc) and metal contents (ppm) of by-products from different processes of the secondary aluminum 
industry. V.FG and V.UBC: screening; D.FG and D.UBC: pyrolysis; C.FG and C.UBC: dust abatement; FF.FG, and FF.UBC: 
fusion slags. The hazard class codes are classified according to CE Reg. 1272/2008 and CE Reg. 1357/2014 [116-117]. 

 
 

V.FG V.UBC D.FG D.UBC C.FG C.UBC FF.FG FF.UBC Class. 
(CE Reg. 

1272/2008) 

HP 
(CE Reg. 

1357/2014) ρ  
(g/cc) 2.87±0.01 2.69±0.003 2.55±0.09 2.58±0.09 2.34±0.04 2.40±0.09 2.47±0.11 2.52±0.05 
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Al  
(ppm) 

125468 180638 32204 40198 73296 62333 14549 6636 H314 50000 HP8 

Sb  
(ppm) 

< 5 < 5 6 < 5 < 5 < 5 7.0 11 
H314 
H314 
H411 

10000 HP4 
50000 HP8 

250000 HP 14 

As  
(ppm) < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 

H301 
H331 
H350 
H400 
H410 

50000 HP6 
32500 HP6 
1000 HP7 

250000 HP14 
250000 HP14 

B  
(ppm) 

36.2 11.1 128.8 137.9 62.4 70.9 77 59 H360FD 3000 HP10 

Cd 
(ppm) 36.2 7.4 25.8 46.1 27.6 70.6 91.3 36.3 

H372 
H330 
H350 
H361 
H341 

10000 HP 5 
1000 HP 6 
1000 HP 7 

30000 HP 10 
10000 HP 11 

Co 
(ppm) 

28.5 < 5 9.7 31.3 12.3 103.8 < 5 < 5 H317; 
H334 

100000 HP13 

Cr6+ 
(ppm) 

< 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

H340 
H361f 
H317; 
H334 
H350 
H302 
H410 
H335; 
H372 

1000 HP 11 
30000 HP 10 

100000 HP 13 
1000 HP7 

250000 HP6 
250000 HP 14 
10000 HP 5 

Cr 
(ppm) 

49.5 107.9 182.3 34.7 326.5 222 94.8 30.3 - - 

Mn 
(ppm) 

930.5 2891 302.4 585.6 671.6 717.8 129.6 29.5 

H301; 
H302; 
H332 
H373 

50000 HP6 
100000 HP5 

Mo 
(ppm) < 5 5 < 5 < 5 < 5 < 5 < 5 < 5 

H315; 
H319 
H351 

200000 HP 4 
10000 HP 7 

Ni 
(ppm) 488.7 26.7 66.6 49.8 119.1 134.6 21.5 < 5 

H315 
H301; 
H331 
H350i 

H360D 
H341 
H317; 
H334 
H400 
H411 

200000 HP 4 
32500 HP 6 
1000 HP 7 

3000 HP 10 
10000 HP 11 

100000 HP 13 
250000 HP 14 
250000 HP 14 

Pb 
(ppm) 266.1 54.1 2756.4 787.8 3998.0 1378.0 369.5 165.6 

H373 
H360Df 

H410 
H332 

100000 HP 5 
3000 HP 10 

250000 HP 14 
225000 HP 6 

Cu 
(ppm) 

2710.3 1287.5 2045.9 640.2 2891.6 744.4 201.2 79.3 

H315; 
H319 
H302 
H400 
H410 

200000 HP 4 
250000 HP 6 

250000 HP 14 
250000 HP 14 

 

Se 
(ppm) 

< 5 < 5 < 5 < 5 < 5 < 5 78.8 20 
H373 
H301; 
H331 

100000 HP5 
32500 HP6 

Sn 
(ppm) 102.8 52.4 91.7 15.5 116.2 194.7 39.9 7.2 

H314 
H412 

50000 HP 8 
250000 HP 14 

V  
(ppm) 29.6 56.4 24.6 12.6 23.8 23.7 < 5.0 < 5.0 

H318 
H335 
H372 
H300; 
H301; 
H302; 
H332 
H341 
H411 

10000 HP4 
200000 HP 5 
10000 HP 5 
1000 HP 6 

10000 HP 11 
250000 HP 14 

Zn 
(ppm) 14539.0 3501.0 4774.2 3977.2 10109.6 13937.9 2028.6 689.4 

H302 
H315; 
H319 
H335 
H400 

250000 HP 6 
200000 HP 4 
200000 HP 5 

250000 HP 14 
250000 HP 14 
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Figure 10. Mineralogical phases of “V.FG”: Al; TiO2; BN. 

Figure 11. Thermogravimetric analysis of “V.FG”. A progressive mass decrease of around 2.3% at 622°C and a mass 
increase of 5.5% between 716°C and 1096°C are measured. 
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Figure 12. Mineralogical phases of “V.UBC”: Metallic Aluminum (Al); Quartz (SiO2); Periclase (MgO); Carlinite (TI2S). 

Figure 13. Thermogravimetric analysis of “V.UBC.” A decrease of about 1.21% up to 496°C and an increase of 11.62% at 
496-1098°C are detected due to the material oxidation. There is a substantial mass increase compared to "V.UBC" as the 
presence of aluminum is 18.06%, instead of 12.54%. 



30 
 

 
Figure 14. Mineralogical phases in “C.FG”: Calcite (CaCO3); Rutile (TiO2); Al; C; Ankerite Ca(Fe, Mg)(CO3)2. 

Figure 15. Thermogravimetric analysis of “C.FG” highlights a progressive decrease in weight of about 30.7% up to a 
temperature of 867°C. Subsequently, there is a slight rise of 0.72% and a negative trend of 1.47%. Unlike the screening, this 
sample shows a weight loss of 31.45%. 
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Figure 16. “C.UBC” shows: Aluminum (Al); Calcite (CaCO3); Rutile (TiO2); Ankerite Ca(Fe, Mg)(CO3)2; Zinc (Zn); CoV3. 

 
Figure 17. Thermogravimetric analysis of “C.UBC.” There is a negative variation of the weight of 21.97% from the TG 
curve at a temperature range of 55-903°C. As for the “C.FG,” there is an increase of 1.57% up to 1007°C and then a negative 
trend corresponding to 1.47% at 1097°C. Therefore, the cyclone samples probably have a high oxide content and less 
reactive material.  
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Figure 18. Minerals detected in “D.FG”: Portlandite Ca(OH)2; CaClOH; Rutile (TiO2); and with averse probability V3InO7; 
V13Cr2Si5.  

Figure 19. Thermogravimetric analysis of “D.FG” shows a continuous mass decrease without discontinuity of 15.58% 
through the TG curve. 
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Figure 20. In “D.UBC” there are: CaClOH; Na799Ag201Cl; Cadmium Telluride (CdTe); Ti4Al3Nb3O2; Potassium Disulfate 
K2S2O7.  

 
Figure 21. Thermogravimetry shows a negative and discontinuous mass variation of -29.5% at 40-1098°C in “D.UBC.” 
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Figure 22. Minerals in “FF.FG” are Halite NaCl; Sylvite Na799Ag201Cl; Portlandite Ca(OH)2; V3InO7. 
 

Figure 23. TG curve of “FF.FG” behaves in the same way as D.UBC but has negative mass variation equivalent to 13.85% 
in the range 52-1099.5°C. 
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Figure 24. Mineralogical phases of “FF.UBC” are: Portlandite Ca(OH)2; Halite NaCl; Sylvite KCL. 

 
Figure 25. Thermogravimetry of “FF.UBC” shows a fast mass variation due to a negative enthalpy change in the peak at 
523.9°C. There is a loss of 10.34% at 405-539°C and a total loss weight of 22.95%.  
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3.1.3 Chemical Neutralization Process of the Industrial By-products 
  The industrial by-products of the secondary aluminum industry used as fillers 
into the geopolymers derive from the (i) screening process, (ii) pyrolysis process, 
and (iii) fusion process. FG and UBC typologies are from coarse-grained 
appliance scrapes and municipal waste, the primary materials used for recycling 
[120]. In particular, the first framework of the research focused on the by-
products from the screening processes of the aluminum scraps (by-products 
with the highest aluminum content) to evaluate the chemical neutralization 
process and the gas generation. Experiments were planned to completely 
neutralize the dangerous metallic aluminum-rich by-products, which are highly 
water-reactive and release significant amounts of gases, including H2, CH4, and 
possibly, minor amounts of CO from the organic components that are still 
present on the particle surfaces. As they are not suitable for non-hazardous 
waste landfill disposal, the neutralization process of these by-products from the 
secondary aluminum industry is mandatory through the appropriate treatments 
for safe storage and utilization as secondary raw material. The experiments to 
obtain chemical neutralization were performed by mixing the aluminum-rich 
by-products with an aqueous alkaline solution in a stainless-steel compact mini-
reactor equipped with gas inlet and outlet valves, a liquid sampling valve, and 
an internal thermocouple. All the experimental runs were carried out at the 
Istituto di Geoscienze e Georisorse (IGG) of the National Research Council 
(CNR) and the Dipartimento di Scienze della Terra of the University of Florence. 

 
Figure 26. Photo of the mini-reactor used for the experimental runs (a). A sketch of the 
main parts of the mini-reactor assemblage is also shown (b). 

  The mini-reactor assemblage (series 5500 HP T316, Parr Instrument Company; 
Figure 26) consists of a vessel (autoclave) of ca. 25 mL of volume (ca. 5 cm2 
section area and ca. 4.5 cm height) equipped with a compact and variable-speed 
stirrer drive, capable of assuring the adequate mixing of the fluid-solid slurry at 
viscosities up to 10,000 PI (Pa·s). The instrument has gas inlet and outlet valves, 
a liquid sampling valve, a pressure gauge, a safety rupture disc, and an internal 
thermocouple. The vessel support also acts as a heater for the reactor. An 
aluminum block provides an excellent thermal uniformity (a stainless-steel heat 
shield is mounted for safety around the whole heating block). The maximum 
working pressure of this reactor reaches 200 bars, while the actual maximum 
operating temperature (ranging from 225 up to 350°C) depends on the type of 
gasket seal selected.  

(b) 

(a) 
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To quantify the volume of gases produced by metal oxidation within a 
specific time frame and to analyze its composition, experimental runs were 
performed in a mini-reactor by reacting solid metallic aluminum-rich by-
products (50% domestic appliances V.FG and 50% beverage cans from urban 
waste collection materials V.UBC) with an aqueous alkaline solution. Among the 
experimental parameters, a pH of 11 for the alkaline solution, and a solid-liquid 
mass ratio of 1.27 were maintained constant during the four different experiments 
(Parr 174, 202, 204, 212). In contrast, grain size (< 63 μm or 125-250 μm), liquid 
volume (4 or 8 mL), temperature (40 or 70°C), and durations (24-25 or 94 h) of the 
experimental runs were varied in order to investigate the influence of these physical 
parameters on the gas production reactions. The solid samples (mass 10.17-10.18 
or 5.10 g; density 2.78 g/mL) and the aqueous alkaline solution were 
continuously mixed inside the vessel using a magnetic stirrer set to 400-600 
rounds per minute (Table 3). The temperature was kept constant during each 
run until the material residues and gases were sampled and analyzed. In 
particular, the pressure variation due to gas production was a direct and 
essential parameter taken into consideration. 

Table 3. Physical-chemical parameters of the experimental tests in the mini-reactor. 

Tests 
Solid 

Grain Size 
(µm) 

Solid 
Density 
(g/mL) 

Solid 
Mass 

(g) 

Liquid 
Volume 

(mL) 

Liquid 
(pH) 

Solid/Li
quid 

(g/mL) 
T (°C) Stirrer 

(rpm) 
Time 

(h) 

Parr 174 125-250 2.78 10.18 8 11 1.27 70 400 24 
Parr 202 125-250 2.78 10.17 8 11 1.27 40 400 24 
Parr 204 < 63 2.78 5.10 4 11 1.27 40 400 25 
Parr 212 125-250 2.78 10.17 8 11 1.27 70 600 94 

 
3.1.4 Quantification of the Gas Production by G.C. Analysis 
  Gas sampling was obtained through a needle inserted into the gas-out valve. 
When sampling the gas, the out valve was slowly opened and, after 2 s, the 
needle was injected into an Exetainer® vial sealed with a porous membrane. The 
vial was initially filled with de-aired (by N2 bubbling for at least 4 h) Milli-Q® 
water, and, finally, the gas species were analyzed through the gas 
chromatographic method. The gas that came from the reaction was analyzed for 
N2, Ar, O2, CO, and H2 contents by using a Shimadzu 15A and a Thermo Focus 
gas chromatograph equipped with Thermal Conductivity Detectors (TCD), 
whereas CH4 was analyzed by using a Shimadzu 14A gas chromatograph 
equipped with a Flame Ionization Detector (FID). 
  Before starting the runs, (except for the experiment Parr 174), the aqueous 
alkaline solutions were degassed through nitrogen “bubbling” for 24 h, whereas 
the free volume of air inside the vessel of the mini-reactor was displaced by 
flushing N2 for 3 min. This gas-displacement or “degassing” procedure was 
applied to reduce to a minimum any oxygen contamination from the air to 
constrain the gas production processes. However, effective reactions are 
theoretical, given the extreme experimental settings: relatively low T, high 
dynamic pressure, and significantly reduced redox conditions. 
  The ideal gas law was adopted as a theoretical model to quantify the moles of 
gases generated during the reaction. The free volume inside the experimental 
setup was estimated by subtracting the reactant’s volume from the vessel’s 
known total capacity.   
It was possible to relate each partial pressure of the gas species to the mass 
amount of gas produced. The reference model (11) developed to quantify gas 
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moles produced inside the vessel, based on the pressure that is generated, can 
be expressed by the following expressions: 

ng =  
P �V −   Vl    −    mS

ρS
�

0.01 RT  Vg                                                                                             (11) 
 

where: ng—moles of each gas produced (mol); P—pressure inside the vessel (atm); 
V—volume of the vessel corresponding to 0.025 (L); Vl—volume of the aqueous 
solution (L); mS—mass of the starting material (g); ρS—density of the starting 
material (g/L); Vg—gas percentage quantified by GC analyses (%); R—gas constant 
(L atm/K mol) = 0.082057; T—temperature (K). 
 
  Concerning the way the gases fill the volume inside the vessel, as the gas 
generation process during the chemical neutralization reaction was 
progressively optimized, the saturation point was reached more rapidly. The 
pressure-time curve depends on the metal oxidation rate that reaches its 
maximum when at least one reagent is wholly consumed. 
 

3.2 Procedure and Binder Materials for the Synthesis of GFs 
  Several geopolymers were synthesized to investigate the influence of the 
aluminum-rich by-products and the gas generation on several physical 
properties: flexural strength, compressive strength, Charpy impact strength, 
thermal conductivity, specific heat, and thermal diffusivity. The previously 
described aluminum-rich by-products would play the role of foaming agent, 
generating H2-enriched gas pockets inside the geopolymer structure and making 
the material more porous and therefore lighter.              
  For this purpose, metakaolin (MK), (Al2O3 40.1 wt.%; SiO2: 54.1 wt.%) has been 
used during the alkaline activation process as precursor materials, using a 
potassium hydroxide aqueous solution (pH 11) [121-122]. The reference 
geopolymer REF-1 consists of MK and silica sand (SA), thus obtaining 76.7 wt.% 
SiO2, 20.2 wt.% Al2O3, 0.065 wt.% CaO, 0.09 wt% MgO, 0.4 wt.% K2O, 0.55 wt.% 
Fe2O3, and 0.9 wt.% TiO2. In addition, chopped carbon fibers are used in the REF-
2 material and in all the other geopolymers where aluminum waste materials are 
used as additives and foaming agents to increase the mechanical properties of 
the materials.  
  First, as reported in Figure 27, metakaolin (MK) and alkaline activator (A) 
were mixed for about 5 min to obtain the homogenous mortar. Next, chopped 
carbon fibers (CFs) were added to the mortar, mixing for 2 min. After that, silica 
sand (SA) was added and mixed for 3 min. Finally, each industrial by-products 
(marked as V.FG, V.UBC, D.FG, D.UBC, C.FG, C.UBC, FF.FG, or FF.UBC) were 
mixed for 2 min to prepare different geopolymeric foams (Table 4).  

Figure 27. The preparation process of the geopolymer foams. 
   

  After the mixing, the geopolymer mortar was decanted into molds with the 
dimension of 30 × 30 × 150 mm (for the three-point bending test and compression 
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test), 19 × 20 × 60 mm (for the Charpy impact test), and 100 x 100 x 100 mm (for 
thermal analysis). These samples were covered using a polypropylene film and 
cured at room temperature. After 24 h, the samples were pulled out of the molds, 
wrapped again using a polypropylene film, and kept at room temperature for 28 
days before being analyzed.   

Table 4. Ratio of the main components used to synthesize the geopolymer foams.  

By Weight Ratio (-) 

Metakaolin 
(MK) 

Alkaline  
activator (A) 

Carbon fibers 
(CFs) 

Silica 
sand 
(SA) 

Industrial  
by-products 

1 0.9 MK 0.01 MK 1 MK 

0.01 MK 
0.02 MK 
0.03 MK 
0.05 MK 
0.1 MK 

 
 The inorganic two-component aluminosilicate binder (commercial name: 
Bausik LK), (České lupkové závody, a.s., Czech Republic) [123] is a two-
component aluminosilicate binder based on metakaolin (hereafter MK, part A), 
(commercial name: Mephisto L05), (grain size D50= 3 µm, D90 = 10 µm) activated 
by an aqueous alkaline activator (part B). The mixing ratio of these two 
components was taken out according to the manufacturer's requirements. In 
preparing the binder mixture based on the inorganic polymer, five parts by 
weight of part A and four parts of B (activator) are usually used. The silica 
sand (hereafter SA, ST 01/06), (Sklopísek Střeleč, a.s., Czech Republic), (D50 = 0.44 
mm, D90 = 0.63) [124] was used as aggregate. Chopped carbon fibers with an 
elastic module up to 230 GPa and tensile strength of 3500 MPa [125-129] were 
used as reinforcing materials. Table 5 shows the chemical composition of the raw 
materials used in this experiment to produce the geopolymer-based matrix.  

Table 5. Density and chemical composition of metakaolin (MK), silica sand (SA), and 
chopped carbon fibers (CFs). 

 
ρ  

g/cc 
SiO2 

(wt.%) 

Al2O3 

(wt.%) 

TiO2 

(wt.%) 
Fe2O3 

(wt.%) 
K2O 

(wt.%) 

MgO 
(wt.%) 

CaO 
(wt.%) 

C 
(wt.%) 

MK 1.95 54.1 40.1 1.80 1.10 0.80 0.18 0.13 - 
SA 2.65 99.4 - - 0.04 - - - - 
CFs 1.8 - - - - - - - >95% 

 

3.3 Methods for the Mechanical Tests 
 The samples were cured for 28 days before being tested to characterize the 
mechanical properties of the GFs and the influence of the different by-products 
used as foaming agents. Figure 28 shows the three main laboratory instruments 
(at the Department of Material Science, University of Liberec, Czech Republic) 
and techniques to carry out analyses for mechanical properties: (a) three-point 
bending test, (b) compressive strength test, (c) Charpy impact test,    
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Figure 28. Laboratory techniques to carry out the three-point bending test (a), the 
compressive strength test (b), and the Charpy impact test (c). 

3.3.1 Three-point Bending Strength 
  The three-point bending tests were conducted using a universal Testing 
Mechanical INSTRON Model 4202. Six 30 × 30 × 150 mm samples were tested 
(Figure 28a). The tests were carried out at room temperature with a crosshead 
speed of 6.0 mm/min and a span length of 100 mm. The flexural strength (σf) 
was calculated by the equation 12:  
 
σf =  3L Fmax

2bh2
 (𝑀𝑀𝑀𝑀𝑀𝑀)                                                                                                              (12)                                                                                                                                    

 
where: Fmax – the maximum applied load indicated by the machine (N); L – the 
span length (mm); b – the width of the sample (mm); h – the depth of the sample 
(mm).  

 
3.3.2 Compressive Strength 
  The compressive tests were performed employing a universal Testing 
Mechanical INSTRON Model 4202. The broken parts from the samples used in 
the bending test were used (Figure 28b). In this way, a series of 12 samples with 
dimensions 30 × 30 × 30 mm were obtained for each composition. The tests were 
conducted at room temperature with a 6.0 mm/min crosshead speed. The 
compressive strength (σc) was obtained by the equation 13:  
 

σc =  
Fmax

Ac
 (𝑀𝑀𝑀𝑀𝑀𝑀)                                                                                                                   (13) 

                                                                                                                                            
where: Ac – the cross-sectional area of the sample (mm2). 
 
3.3.3 Charpy Impact Strength 
  The impact tests were carried out using a PIT-C Series Pendulum Impact 
Testing Machine (Standards: ISO 148 EN10045) with a pendulum capacity of 150 
J, energy losses compensation of 0.23 J, and estimated absorbed energy of 150 J. 
Six samples with the dimensions 19 × 20 × 60 (mm) were tested (Figure 28c). The 
tests were performed at room temperature. The impact strength (σi) was 
calculated by the equation 14:  
 

    σi =  E
V

 (𝑀𝑀𝑀𝑀𝑀𝑀)                                                                                                                          (14)                                                                                                                                          
 

where: E – the absorbed energy indicated by the machine (J); V – the sample 
volume (mm3). 
 
 

(a) (b) (c) 
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3.4 Methods of the Thermal Measurements 
  The thermal analyses were performed at the Faculty of Civil Engineering, 
Mechanics and Petrochemistry, Warsaw University of Technology, Poland, by a 
microprocessor-controlled commercial instrument with interchangeable probes. 
A known heat source produced a wave propagating radially into the specimen. 
The dissipation of electrical energy generates the heat flow through the probes 
in direct contact with the material, and a serial port RS232C records the signal. 
The temperature rises linearly with the logarithm of time [130-133]. 
Semiconductor sensors at specific points on the materials sampled the 
temperature change in function of time.   
  According to the 2nd law of thermodynamics, the thermal conductivity (λ) was 
determined by equation 15: 
 

λ =  
Qd

AΔT �
𝑊𝑊
𝑚𝑚𝑚𝑚�                                                                                                                       (15) 

 
where: Q – the amount of heat transferred, d – the distance between the two 
isotherms, A – the surface, and ΔT – the temperature gradient.   
 
  The specific heat capacity (Cp) is the heat needed to increase the temperature 
of 1 gram of a substance by 1°C and is given by:  
 

Cp =  
Q

mΔT �
𝐽𝐽

𝐾𝐾𝐾𝐾𝐾𝐾�                                                                                                                  (16) 

 
where: m – the mass.  
 
  The thermal diffusivity (α) quantifies the heat transfer rate of the material 
from the hot side to the cold side, and it was computed by the equation 17: 
 

α =  
λ
ρCp

�
𝑚𝑚𝑚𝑚2

𝑠𝑠𝑠𝑠𝑠𝑠 �                                                                                                                     (17) 
 
where: ρ – the density of the geopolymer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.researchgate.net/institution/Warsaw_University_of_Technology


42 
 

CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 The Experimental Runs in the Mini-Reactor  
  The chemical neutralization involves the complete oxidation of metals, as it 
was already known that the interaction of metallic aluminum with an alkaline 
aqueous solution gives rise to the release of flammable and toxic gases [134]. The 
current experimental tests were developed to investigate the efficiency of the 
oxidation of the solid material during reactions to recover hazardous aluminum-
rich by-products and to obtain laboratory data for the possible industrialization 
of a method capable of improving sustainability and workplace safety in 
secondary aluminum plants. In the experimental tests performed with the mini-
reactor, we exactly quantified gas production at a constant solid–aqueous alkaline 
(pH 11) solution mass ratio of 1.27, allowing for a comparison of the different 
experimental procedures.  
  The laser beam analyses that were carried out to characterize the sample grain 
size (Figure 29) emphasize a unimodal distribution with a surface moment mean 
D (3, 2) of 17.7 µm, a volume moment mean D (4, 3) of 373 µm, a specific surface 
area of 0.34 m2/g, and a uniformity coefficient (Cu) of 0.566. 

 
Figure 29. Histogram representing the grain size of the reference sample (50% V.FG and 
50% V.UBC). The colored curves (red, blue, and green) represent three different laser 
beam analyses on the same sample, showing accurate results and low variability. 

  The XRD analyses of the investigated mixture of by-products, taken as the 
starting material for the experimental runs, emphasize the presence of 
aluminum, both in the grain size < 63 µm and 125–250 µm range (Figure 29). 
Quartz, rutile, cuprite, spinel, and zinc are present in both the above-mentioned 
granulometric fractions, whereas jamborite and Pb-rich barite were only 
detected in the sample with a grain size < 63 µm. By contrast, Mg-calcite and 
chromite only appear in the coarser grain size X-ray diffractogram. 
 ICP-OES-MS analyses using near-total multi-acid digestion (Table 6) show the 
presence of aluminum (14 wt.%), Ca (1.15 wt.%), Ti (1.19 wt.%), Fe (1.08 wt.%), 
Na (1.08 wt.%), Zn (> 1 wt%), Ba (0.92 wt.%), Mg (0.62 wt.%), Cu (> 1 wt.%), Pb 
(0.26 wt.%), Mn (0.12 wt.%), and K (0.11 wt.%) as major and minor elements. In 
addition, trace elements, such as Cr (456 ppm), Ni (378 ppm), P (190 ppm), S (200 
ppm), Sn (89 ppm), Bi (69 ppm), Co (37 ppm), and Cd (17 ppm) were also 
detected. The analysis does not report some major elements of the by-products, 
such as Si. 
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Figure 30. X-Ray diffractograms of the investigated by-products were used for the 
experimental runs. Grain size < 63 µm (bottom) and the 125-250 µm granulometric range 
(top) were analyzed. Secondary peaks of the recognized phases are not labeled. 

Table 6. ICP-OES-MS chemical composition of the Al-rich by-products mixture used for 
the experimental runs, using near-total multi-acids digestion. DL—detection limit. 

Analyte ICP-OES 
(ppm) DL (ppm) Analyte ICP-MS 

(ppm) 
DL 

(ppm) Analyte ICP-MS 
(ppm) 

DL 
(ppm) 

Al 140000 100 Cu >10000 0.2 As 1.6 0.2 
Ti 11900 50 Pb 2640 0.5 W 1.4 0.1 
Ca 11500 100 Ni 378 0.2 La 1.1 0.5 
Fe 10800 100 Zr 148 0.5 Se 1 1 
Na 10800 100 Sn 89.5 0.2 Rb 0.9 0.1 
Zn >10000 2 Bi 68.6 0.01 Y 0.8 0.1 
Ba 9240 10 Co 36.7 0.1 Be 0.73 0.05 
Mg 6200 100 Ag 28.4 0.01 U 0.6 0.1 
Mn 1160 5 Sb 18.7 0.05 Ta 0.48 0.05 
K 1100 100 Cd 17.4 0.02 Sc 0.3 0.3 
Cr 456 1 Li 12 0.2 In 0.279 0.005 
S 200 100 Nb 5.3 0.1 Cs 0.25 0.05 
P 190 10 Mo 4.72 0.05 Th 0.2 0.2 
Sr 166 0.2 Ce 4.01 0.01 Tl 0.18 0.02 
V 33 1 Hf 3 0.1 Ge 0.15 0.05 
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Total carbon (4.7 wt.%), graphitic carbon (2.5 wt.%), CO2 (1.5 wt.%), organic 
carbon (1.6 wt.%), total sulfur (0.32 wt.%), and SO4 (0.49 wt.%), analyzed by IR, 
are reported in Table 7. Other organic components (not reported as tables) are 
negligible, i.e., < 5 ppm for hydrocarbons and < 1 ppm for all the other 
compounds (VOC included), and measured according to UNI EN 14039:2005, 
EPA 3580A:1992, and EPA 8015C:2007 [109- 111]. 

Table 7. IR analysis of total carbon, organic and inorganic carbon, carbon dioxide, total 
sulfur, and sulfate ion contents of the Al-rich by-products. DL—detection limit. 

Analyte IR (wt.%) DL (wt.%) 
C-Total 4.65 0.01 

C-Graphitic 2.5 0.05 
C-Organic 1.6 0.5 

CO2 1.48 0.01 
Total S 0.32 0.01 

SO4 0.49 0.05 
 

  The starting sample contains a nominal amount of 14 wt.% of metallic 
aluminum, also representing the main crystalline phase recognized by XRD 
(Figure 30) in the sample before the chemical neutralization. 
  As pointed out in Figure 31, the oxidation rate of the experiment was 
monitored for 24 h. During the first experiment, Parr 174, 10.18 g of the sample 
were used for the reaction at 70°C. Therefore, according to the stoichiometric 
calculations and assuming that the raw material was not oxidized, the maximum 
theoretical metallic aluminum content is 1.42 g.  
  The amount of gas on the total free volume comprises 81.1% H2, that is, partial 
pressure of 19.46 bar on the total 24 bar (Table 8), and a mass of 1.83 x 10-2 g; a 
total of 0.09 bar of methane (7.02 x 10-4g) and 0.01 bar of carbon monoxide (7.86 
x 10-5g) were also produced, while O2, Ar, and N2 are partially considered as air 
component gases. 

Table 8. Gas chromatography analyses of gas sampled in situ, Vg = volume of each gas 
produced (%), ng = moles number of gas, mg = gas mass (g), Pi = partial pressure of the gas 
components (bar). The “degassing procedure” reduces O2 in the experiments Parr 202, 
204, and 212. 

Experiments H2 O2 Ar N2 CH4 CO Tot. 

Pa
rr

 1
74

 Vg (%) 81.1 2.71 0.19 15.6 0.39 0.025 100 
ng 9.10x10-3 3.04x10-4 2.13x10-5 1.75x10-3 4.38x10-5 2.80x10-6 1.12x 10-2 

mg (g) 1.83x10-2 9.73x10-3 8.52x10-4 4.9x10-2 7.02x10-4 7.86x10-5 7.87x10-2 
Pi (bar) 19.46 0.65 0.05 3.74 0.09 0.01 24 

Pa
rr

 2
02

 Vg (%) 95.84 0.041 0.056 4.03 0.029 0.005 100 
ng 2.95x10-3 1.26x10-6 1.72x10-6 1.24x10-4 8.92x10-7 1.54x10-7 3.07x10-3 

mg (g) 5.94x10-3 4.03x10-5 6.88x10-5 3.47x10-3 1.43x10-5 4.31x10-6 9.54x10-3 
Pi (bar) 5.75 0.002 0.003 0.24 0.002 0.0003 6 

Pa
rr

 2
04

 

Vg (%) 72.53 1.55 0.31 25.6 0.015 0.005 100 
ng 2.14x10-3 4.56x10-5 9.13x10-6 7.54x10-4 4.42x10-7 1.47x10-7 2.94x10-3 

mg (g) 4.3x10-3 1.46x10-3 3.65x10-4 2.11x10-2 7.08x10-6 4.12x10-6 2.73x10-2 

Pi (bar) 2.9 0.06 0.01 1.02 0.001 0.0002 4 

Pa
rr

 2
12

 Vg (%) 95.95 0.031 0.012 3.99 0.021 0.005 100 
ng 2.6x10-2 8.41x10-6 3.25x10-6 1.08x10-3 5.70x10-6 1.36x10-6 2.71x10-2 

mg (g) 5.25x10-2 2.69x10-4 1.30x10-4 3.03x10-2 9.14x10-5 3.80x10-5 8.33x10-2 
Pi (bar) 55.65 0.018 0.007 2.31 0.012 0.003 58 
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Figure 31. The pressure-time relationship was monitored in the experiment Parr 174. The 
oxygen content in the air allowed for more rapid exhaustion of the reaction (Al oxidation) 
than that of the Parr 212 experiment, which took place over a more extended time and 
developed a more significant pressure. 

  Parr 202 was run by keeping all experimental parameters constant, except for 
the temperature, which was lowered to 40°C. By N2 degassing, less CH4 and CO 
were expected to be produced due to the drastic O2 activity reduction in the 
vessel free volume. The oxygen concentration in the gas products decreased by 
0.9 compared to Parr 174, and 0.002 bar of CH4 and 0.0003 bar of CO were 
produced. Thereby, H2 shows an even higher concentration than Parr 174, 
contributing to 95.84% of the gas mixture with a partial pressure of 5.75 bar and 
a mass of 5.94 x 10-3g (Table 8). On the other hand, the hydrogen mass value of 
the experiment Parr 202 makes it clear that the chemical neutralization decreased 
as the oxidation rate diminished due to the lower amount of O2 dissolved. 
  To test the particle size influence on the reactions, the grain size and the 
sample mass of the experiment Parr 204 were changed to <63 µm grain size and 
5.1 g, respectively, maintaining the temperature at 40°C and employing the same 
solid-liquid mass ratio as in the previous runs. The measurement reveals a 
relative decrease in the gas-generation volume. However, assuming that the 
same sample mass was used during the experiment Parr 202, an increase of 1.44 
times the H2 mass was observed. 
  A summary of the gas mixtures (mass) generated during all the experimental 
runs is reported in Figure 32. 

 
Figure 32. Graphical view of the gas mixture generated for each of the four experimental 
runs (Parr 174, 202, 204, and 212) performed in the mini-reactor, separated for the different 
species. 
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  Experiment 212 produced the highest moles of gas, reaching a pressure of 58 
bar. The reaction duration was raised to 94 h (at 70°C) to evaluate the influence 
of run duration. A more efficient yield shows a partial pressure of 55.65 bar and 
a gas mass production of 5.25 x 10-2 g of hydrogen (Table 8). 
  Thermogravimetric analysis on the starting material showed a mass increase 
compared to that obtained by the experimental runs, such as the Parr 174 (Figure 
33), and perfectly agrees with the hydrogen production results. The reference 
by-product from the screening processes underwent a mass increase of 1.07 times, 
whereas the mass increase for its correspondent experimental residuals was only 
98.54 wt.% out of 150.3 mg. Definitively, this difference between the starting 
sample and the experimental residue can be ascribed mainly to the oxidation that 
occurred during the reactions in the mini-reactor during the experimental test. As 
seen in the thermogravimetric analysis, moisture and structural water are 
released at a temperature of 59°C and 133.5°C, respectively. The system releases 
energy into the environment at higher temperatures while losing mass. At the 
temperature of 460.1°C, the system shifts to endothermic after the pyrolysis of 
organic compounds, and at 572.9°C, approaching the melting temperature of 
aluminum, the material becomes more reactive. At 657.2°C, around 7.50% of the 
initial mass is lost, and there is enough energy to start melting. The system gives 
energy until 906.9°C, where it reverses its behavior. The oxidation process (18) 
is, until 1099°C, according to the primary reaction:  
 
2Al + 1.5O2 → Al2O3                                                                                                               (18) 

 
Figure 33. The temperature-time curve monitored the oxidation rate of the experiment 
Parr 174 residual material. By recording the weight of the sample as a function of 
temperature (or time), a step thermogravimetric (TG) curve is obtained. The differential 
thermal curve (DTA) provides exothermic and endothermic reactions. The differential 
thermogravimetric (DTG) curve allows the highlighting of slight variations of the TG 
slope, that is, the variation of transformation speed that the TG cannot detect. 

The XRD analysis performed on the residual material after the Parr 204 
experimental test shows the absence of metallic aluminum, emphasizing the 
completion of the oxidative processes (Figure 34). The main phases detected by 
XRD are represented by rutile, magnesium calcite, jamborite, chromite, barite, 
quartz, zinc, cuprite, and spinel. 
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Figure 34. X-ray diffractogram of the residual (chemically neutralized) product after the 
Parr 204 experiment. Secondary peaks of the detected phases are not labeled. 

 The total C, S, and C-graphitic contents of the residual material of the Parr 212 
experiment are lower than those of the initial starting material: i.e., 97% of the 
C-total, 61.6% of the C-graphitic, and 87.5% of the total S (Table 9). By contrast, 
the C-organic increased (137.5%), as did CO2 and SO4 (179% and 171.4%, 
respectively). Therefore, the increase of the organic components CO2 and SO4 is 
remarkable during the chemical neutralization procedure. 

Table 9. Comparative IR analyses of carbon and sulfur species between the starting 
material by-products and residual material after the Parr 212 experiment. 

Analyte V. FG + V. UBC (wt.%) Parr 212 (wt.%) DL (wt.%) 
C-total 4.65 4.44 0.01 

C-graphitic 2.5 1.54 0.05 
C-organic 1.6 2.2 0.5 

CO2 1.48 2.65 0.01 
Total S 0.32 0.28 0.01 

SO4 0.49 0.84 0.05 
 

  The generated mixture of gas during the experiments at the mini-reactor was 
primarily identified as hydrogen and minor components that are represented by 
methane and carbon monoxide, with the temperature, pH, and time of the 
experiments being the main relevant driving factors of the neutralization 
reaction of the metallic aluminum-rich industrial by-products [135]. 
Experimental results show a pretty efficient reaction leads to the highest gas 
production at 70°C, with a coarse grain size starting material (125–250 µm; Parr 
212 run), using a high-stirring speed and a run duration of 94 h. Nevertheless, 
according to the XRD analysis, the complete chemical neutralization is reached 
in the experiment Parr 204 with a grain size of < 63 µm, thus emphasizing the 
strong influence of particle size on the reaction process. 
  The present discussion will also address the relationship between the Loss on 
Ignition (LOI) of the aluminum-rich by-products sample and the residual 
materials after the chemical neutralization in the mini-reactor. The LOI value is 
obtained as the mass variation of the sample after heating at 1000°C for 2 h. This 
process involves losing volatile components (H2O, hydrates, CO, and CO2 
groups). Therefore, the mass increase represented by negative LOI values is a 
strong indication of the presence of metallic content that can be evaluated by 
separating the contribution of different components, such as (i) hygroscopic 
water (H2O, at 105°C), (ii) the contribution of water to the crystalline structure 
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of the mineral phases (H2O+, at 700–950°C), (iii) the decomposition of organic 
matter (at 400°C), and (iv) the decarbonization of the carbonates (at 350°C for 
magnesium carbonates and 825°C for calcium carbonates). Indeed, it can be 
inferred that the most significant increase of the mass by LOI is due to the oxidation 
process of metallic aluminum. At a temperature higher than its melting point 
(660.3°C), Al becomes more reactive with O2 as a phase state change occurs. LOI 
values of (i) the by-products sample of the screening processes and (ii) the observed 
residues of the four experimental runs have been compared in Figure 35. 

 
Figure 35. LOI values of the industrial by-products of the screening processes and residues 
from the experimental runs. 

  The starting material (50% V.FG + 50% V.UBC), having an aluminum content 
of 14 wt.% and an Al phase detected by XRD, shows a negative Loss on Ignition 
−31.05 wt.%. By contrast, the residual products from the experimental runs (Parr 
174, 202, 204, 212) have LOI of −6.4 wt.%, −10.4 wt.%, 7.0 wt.%, and 0.04 wt.%, 
respectively. It is worth noting that the experiments Parr 204 and 212, which 
produced the highest amount of gas, do not show negative LOIs. The highest 
positive LOI value (7.0 wt.%) of the Parr 204 residue also matches the absence of 
metallic aluminum, as proven by XRD phase composition (Figure 34). Despite 
the loss of volatiles, mainly H2O and CO2, the starting by-products sample (V.FG 
+ V.UBC) increases its mass due to oxidation (very high negative LOI; Figure 35), 
whereas when the more chemical neutralization during the experiments occurs, 
the more final by-product residues show positive LOI values. LOI ≥ zero seems 
to represent a good indicator of by-products that have virtually become non-
reactive due to the absence of metallic aluminum. 
  The present experimental research emphasizes the feasibility of hydrogen 
production (that could be potentially stored and/or reused as fuel) from the 
secondary aluminum by-products (waste) coming from the screening processes 
of scraps, mainly beverage cans and domestic appliances. The hydrogen 
recovery could represent an essential energetic (fuel) integration for the melting 
furnaces in the same secondary aluminum plants. Alternatively, the gaseous 
mixture production from the metallic aluminum by-products could be mixed 
with a silica component (e.g., from the glass industry), allowing for the 
production of foamed geopolymers, with pockets of hydrogen trapped in pores 
throughout the body of a material with high strength and hardness, which is 
suitable not only as an insulation material but also for industrial applications. It 
is worth noting that a fundamental physical characteristic of geopolymers is 
their resistance to mechanical, thermal, and atmospheric degradation, and they 
are also suitable for entrapping polluting and toxic substances [136]. 
  The creation and implementation of registries of Al-rich wastes and by-
products [137], coupled with platforms such as the Bureau of International 
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Recycling [138], will enormously help the possibility of acting as matchmaking 
between (i) producers/holders and (ii) potential industries seeking secondary Al 
raw materials to enhance the sustainability and performance of their products 
(e.g., as filler or for cement binders). Suppose the present laboratory procedure 
of chemical neutralizing the metallic aluminum-rich by-products will be 
transferred to an industrialized process. In that case, the recovered residual 
material could undoubtedly be recorded in such registries, and therefore the 
most appropriate use and synergies between different industrial sectors and 
chains could be easily found.  
 

4.2 Physical Properties of Geopolymer Foams 
  The reactivity of the industrial by-products used as fillers and foaming agents 
during the geopolimerization can be mainly attributed to the chemical 
composition (metallic aluminum content), mineralogy, and grain size [139-140]. 
These features influence the physical characteristics of the geopolymers thanks 
to the porosity formed during the metallic aluminum oxidation [141-145].  
 
4.2.1 Mechanical Properties of GFs 
  Mechanical properties are the most relevant parameters for evaluating 
geopolymer performances and understanding the applications [146-147]. It is 
highlighted that the aluminum-rich by-products decrease the flexural and 
tensile strengths of geopolymers during the consolidation process. On the other 
hand, the impact strengths mainly increase. 
  We can observe a decrease in the bending and compressive strengths of REF-
2 (with respect REF-1) where σf and σc are 6.25 ± 0.20 MPa and 44.02 ± 2.08 MPa, 
respectively. On the other hand, the Charpy impact strength value of REF-2 
increases two times the REF-1 because of the use of chopped carbon fibers, 
which, as mentioned, reinforce the geopolymer structure.          
 Figure 36a,b illustrates the gas bubbles distribution of the geopolymer foam: 
FF.UBC-3 appears not homogeneous and characterized by different size holes. 
The areas of these bubbles were quantitatively estimated on the breaking section 
after the three-point bending tests by an open-source software analysis (ImageJ), 
applying a color threshold for the analysis. 13.2% of the total surface (900 mm2) 
consists of bubbles that, of course, define the overall geopolymer structure and 
shape the surface along which the break occurs.      

 
Figure 36. (a) FF.UBC-3 section (30 × 30 mm) and (b) magnified image of bubbles. 
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Table 10. Summary of the mechanical properties (Three-point bending test, σf; Compressive strength test, σc; Charpy 
impact test, σi) of the synthesized geopolymer foams, with the addition of various percentages (1, 2, 3, 5, 10 wt% to MK) 
of different by-products of the secondary aluminum industry coming from the screening (V.FG and V.UBC), pyrolysis 
(D.FG and D.UBC), abatement dust (C.FG and C.UBC) and fusion (FF.FG and FF.UBC) processes.  

Geopolymers 
Three-point bending 

strength  
Compressive strength Charpy impact strength 

 
By-products 
wt.%*(MK) 

𝛔𝛔𝐟𝐟  
(MPa) 

𝛔𝛔𝐜𝐜  
(MPa) 

𝛔𝛔𝐢𝐢  
(MPa) 

REF-1 - 7.04 ± 0.31 46.24 ± 1.84 0.17 ± 0.01 
REF-2 - 6.25 ± 0.20 44.02 ± 2.08 0.35 ± 0.02 
V.FG- 1 4.41 ± 0.11 16.56 ± 0.71 0.32 ± 0.01 
 2 3.87 ± 0.19 15.75 ± 0.85 0.44 ± 0.01 
 3 3.61 ± 0.17 10.98 ± 0.54 0.35 ± 0.02 
 5 2.62 ± 0.12 7.44 ± 0.34 0.28 ± 0.01 
 10 1.78 ± 0.08 5.73 ± 0.13 0.29 ± 0.01 
V.UBC- 1 4.25 ± 0.13 8.08 ± 0.22 0.39 ± 0.01 
 2 3.05 ± 0.13 5.96 ± 0.26 0.36 ± 0.02 
 3 2.26 ± 0.11 5.19 ± 0.24 0.30 ± 0.01 
 5 2.59 ± 0.08 3.95 ± 0.08 0.30 ± 0.01 
 10 1.55 ± 0.08 3.56 ± 0.05 0.26 ± 0.01 
D.FG- 1 6.04 ± 0.19 22.96 ± 0.96 0.69 ± 0.03 
 2 4.81 ± 0.22 17.57 ± 0.06 0.61 ± 0.02 
 3 4.05 ± 0.20 12.00 ± 0.50 0.50 ± 0.03 
 5 2.69 ± 0.12 9.39 ± 0.32 0.36 ± 0.01 
 10 3.14 ± 0.12 10.28 ± 0.40 0.38 ± 0.004 
D.UBC- 1 5.78 ± 0.28 26.58 ± 1.32 0.63 ± 0.02 
 2 5.31 ± 0.24 23.35 ± 0.63 0.71 ± 0.03 
 3 4.46 ± 0.19 16.99 ± 0.80 0.53 ± 0.01 
 5 3.25 ± 0.05 9.08 ± 0.36 0.51 ± 0.01 
 10 2.24 ± 0.11 4.27 ± 0.19 0.30 ± 0.01 
C.FG- 1 2.09 ± 0.08 6.67 ± 0.30 0.28 ± 0.01 
 2 2.18 ± 0.08 5.90 ± 0.25 0.26 ± 0.01 
 3 1.71 ± 0.08 3.27 ± 0.06 0.29 ± 0.002 
 5 2.58 ± 0.07 4.94 ± 0.19 0.31 ± 0.01 
 10 2.23 ± 0.01 4.05 ± 0.09 0.35 ± 0.02 
C.UBC- 1 3.09 ± 0.09 6.35 ± 0.18 0.29 ± 0.001 
 2 2.17 ± 0.09 4.24 ± 0.17 0.26 ± 0.01 
 3 1.99 ± 0.08 3.66 ± 0.16 0.19 ± 0.003 
 5 1.96 ± 0.07 3.46 ± 0.13 0.26 ± 0.01 
 10 1.74 ± 0.08 2.96 ± 0.13 0.31 ± 0.01 
FF.FG- 1 6.18 ± 0.25 27.03 ± 1.03 0.20 ± 0.01 
 2 5.03 ± 0.20 20.60 ± 0.88 0.35 ± 0.02 
 3 3.91 ± 0.15 14.44 ± 0.65 0.42 ± 0.01 
 5 3.71 ± 0.07 10.64 ± 0.49 0.35 ± 0.01 
 10 2.15 ± 0.10 6.40 ± 0.27 0.31 ± 0.005 
FF.UBC- 1 7.48 ± 0.22 44.67 ± 0.31 0.54 ± 0.02 
 2 6.21 ± 0.23 42.05 ± 2.07 0.31 ± 0.004 
 3 6.24 ± 0.31 40.53 ± 1.85 0.30 ± 0.01 
 5 6.77 ± 0.16 39.47 ± 1.88 0.34 ± 0.004 
 10 5.01 ± 0.23 27.92 ± 0.84 0.44 ± 0.003 
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4.2.2 GFs from the Aluminum-rich By-products of the Screening Processes 
  The maximum detected values of the three-point bending and compressive 
strengths are identified in V.FG-1 (σf = 4.41 ± 0.11 MPa; σc = 16.56 ± 0.71 MPa) 
and V.UBC-1(σf = 4.25 ± 0.13 MPa; σc = 8.08 ± 0.2 MPa), following a decreasing 
trend by adding higher filler contents. The Charpy impact strength is improved 
than the reference geopolymers by adding 2 and 3 wt.% MK of V.FG (σi = 0.44 ± 
0.01 MPa; 0.35 ± 0.02 MPa) and 1 and 2 wt% MK of V.UBC (σi = 0.32 ± 0.01 MPa; 
0.4 ± 0.01 MPa) (Figure 37). 

 
Figure 37. Mechanical properties of the GFs, V.FG, and V.UBC, with the addition of 
various percentages of these aluminum-rich by-products (1, 2, 3, 5, 10 wt.% of MK). 
Reference standard geopolymers (REF-1 and REF-2) are also shown.   

4.2.3 GFs from the Aluminum-rich By-products of the Pyrolysis Processes 

The aluminum contents of the pyrolysis by-products D.FG and D.UBC are 32204 
and 40198 ppm, respectively. As shown in Figure 38, the mechanical strengths 
are better performed than the scraps of the screening processes. In this case, the 
impact strength of D.FG-1 is around four times higher than the reference sample 
REF-1 and two times more than REF-2. Moreover, also D.UBC-2 shows the same 
behavior with a σi of 0.71 MPa. This increase in performance is directly related 
to the aluminum content and finer-grained and more homogeneous particles of 
this kind of aluminum-rich by-products.  

 
Figure 38. Mechanical properties of the GFs, D.FG, and D.UBC, with the addition of 
various percentages of these aluminum-rich by-products (1, 2, 3, 5, 10 wt.% of MK). 
Reference standard geopolymers (REF-1 and REF-2) are also shown. 
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4.2.4 GFs from the Aluminum-rich By-products of the Dust Abatement Systems 
  C.FG and C.UBC raw materials have an aluminum content of 73296 and 62333 
ppm. It is observable a conspicuous decrease of the flexural and compressive 
strengths (Figure 39) against the reference materials (REF-1, and REF-2), and also 
the impact strength compared to the standard with chopped carbon fibers, being 
the aluminum content around two times the one within geopolymers 
synthesized by the foaming agents D.FG – D.UBC.  

 
Figure 39. Mechanical properties of the GFs, C.FG, and C.UBC, with the addition of 
various percentages of these aluminum-rich by-products (1, 2, 3, 5, 10 wt.% of MK). 
Reference standard geopolymers (REF-1 and REF-2) are also shown. 

4.2.5 GFs from the Aluminum-rich By-products of the Fusion Processes  
 The best mechanical performances for the geopolymers obtained with the 
addition of the by-products of the fusion processes (Figure 40) are found in 
FF.UBC where compressive, flexural, and Charpy impact strengths are almost 
similar to the reference samples. In particular, FF.UBC-1 is the best GF in term 
of mechanical performance with σf = 7.48 ± 0.22 MPa; σc = 44.67 ± 0.31 MPa; σi = 
0.54 ± 0.02 MPa. We can conclude that FF.UBC slag, having the lowest aluminum 
content (6636 ppm) is the most suitable by-product to be trapped in the 
geopolymeric structure keeping unchanged the fundamental mechanical 
properties of the reference geopolymers. 

 
Figure 40. Mechanical properties of the GFs, FF.FG, and FF.UBC, with the addition of 
various percentages of these aluminum-rich by-products (1, 2, 3, 5, 10 wt.% of MK). 
Reference standard geopolymers (REF-1 and REF-2) are also shown. 
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4.2.6 Densities versus Thermal Conductivity, Diffusivity, and Specific Heat 
  The density (𝜌𝜌) and the thermal conductivity (𝜆𝜆), diffusivity (α), and specific 
heat (𝐶𝐶𝑝𝑝) of the obtained geopolymer foams are reported in Table 11. A clear 
relationship between the density and the thermal properties can be observed.  
 

Table 11. Summary of density (ρ, g/cc) and thermal properties (thermal conductivity, λ; specific heat, Cp; diffusivity, α) of 
the GFs, with the addition of various percentages (1, 2, 3, 5, 10 wt% of MK) of by-products from the screening (V.FG and 
V.UBC), pyrolysis (D.FG and D.UBC), dust abatement (C.FG and C.UBC) and fusion (FF.FG and FF.UBC) processes 

Geopolymer 
By-products 
wt.%*(MK) 

𝛒𝛒  
(g/cc) 

𝛌𝛌  
(W/mK) 

𝐂𝐂𝐩𝐩  
(J/KgK) 

𝛂𝛂 
(mm2/sec) 

REF-1 - 1.81 ± 0.06 1.2981 ± 0.0606 1.8518 ± 0.0855 0.7056 ± 0.0295 
REF-2 - 2.00 ± 0.08 1.4607 ± 0.0167 1.9078 ± 0.0194 0.7667 ± 0.0124 
V.FG- 1 1.75 ± 0.03 0.8740 ± 0.0414 1.5828 ± 0.0206 0.5447 ± 0.0256 

 2 1.78 ± 0.05 0.8330 ± 0.0050 1.4794 ± 0.0649 0.5639 ± 0.0216 
 3 1.62 ± 0.06 0.6947 ± 0.0345 1.4758 ± 0.0065 0.4709 ± 0.021 
 5 1.44 ± 0.01 0.5239 ± 0.0039 1.5815 ± 0.0166 0.3302 ± 0.0058 
 10 1.30 ± 0.02 0.5249 ± 0.0190 1.5446 ± 0.0495 0.3426 ± 0.0145 

V.UBC- 1 1.73 ± 0.03 0.8304 ± 0.0199 1.5828 ± 0.0692 0.5264 ± 0.0277 
 2 1.38 ± 0.05 0.4424 ± 0.0183 1.5195 ± 0.0219 0.2969 ± 0.0139 
 3 1.46 ± 0.07 0.5723 ± 0.0237 1.5245 ± 0.0179 0.3735 ± 0.0114 
 5 1.29 ± 0.04 0.5533 ± 0.0273 1.5168 ± 0.0108 0.3544 ± 0.0186 
 10 1.16 ± 0.05 0.3864 ± 0.0131 1.4043 ± 0.0073 0.2752 ± 0.0079 

D.FG- 1 1.99 ± 0.08 1.1351 ± 0.0065 1.8014 ± 0.0016 0.6383 ± 0.0093 
 2 1.86 ± 0.08 0.9585 ± 0.0255 1.7580 ± 0.0114 0.5453 ± 0.0181  
 3 1.79 ± 0.05 0.8056 ± 0.0091 1.6898 ± 0.0293  0.5203 ± 0.1047 
 5 1.70 ± 0.03 0.8150 ± 0.0134 1.7186 ± 0.0318 0.5745 ± 0.0164 
 10 1.53 ± 0.04 0.5666 ± 0.0164 1.5385 ± 0.0357 0.3683 ± 0.0026 

D.UBC- 1 1.70 ± 0.06 1.0742 ± 0.0510 1.5547 ± 0.0751 0.7246 ± 0.0319 
 2 1.64 ± 0.06 0.9446 ± 0.0073 1.7715 ± 0.0411 0.5336 ± 0.0164 
 3 1.77 ± 0.05  0.7761 ± 0.0291 1.6812 ± 0.0466 0.4624 ± 0.0231 
 5 1.64 ± 0.04 0.7012 ± 0.0097 1.6448 ± 0.0090 0.4263 ± 0.0037 
 10 1.24 ± 0.05 0.6841 ± 0.0320 1.5549 ± 0.0353 0.3597 ± 0.0158 

C.FG- 1 1.25 ± 0.05 0.5222 ± 0.0038 1.5815 ± 0.0166 0.3302 ± 0.0058 
 2 1.20 ± 0.04 0.4568 ± 0.0074 1.5125 ± 0.0102 0.2999 ± 0.0066 
 3 1.05 ± 0.08 0.3306 ± 0.0069 1.5235 ± 0.0583 0.2194 ± 0.0008 
 5 1.06 ± 0.05 0.4154 ± 0.0190 1.5079 ± 0.0145  0.2754 ± 0.0099 
 10 1.11 ± 0.04 0.4444 ± 0.0212 1.4302 ± 0.0167 0.2903 ± 0.0135 

C.UBC- 1 1.50 ± 0.04 0.6539 ± 0.0239 1.6092 ± 0.0230 0.4064 ± 0.0150 
 2 1.41 ± 0.04 0.3829 ± 0.0191 1.5076 ± 0.0173 0.2542 ± 0.0218 
 3 1.11 ± 0.05 0.4443 ± 0.0076 1.5359 ± 0.0096 0.2892 ± 0.0032 
 5 0.95 ± 0.04 0.4217 ± 0.0205 1.5390 ± 0.0103 0.2741 ± 0.0132 
 10 1.08 ± 0.05 0.3265 ± 0.0150 1.4678 ± 0.0558 0.2220 ± 0.0113 

FF.FG- 1 1.98 ± 0.05 1.0599 ± 0.0528 1.8263 ± 0.0520 0.5892 ± 0.0288 
 2 1.96 ± 0.04 0.9873 ± 0.0130 1.7583 ± 0.0226 0.5643 ± 0.0024 
 3 1.75 ± 0.01  0.8694 ± 0.0134 1.6577 ± 0.0717 0.5250 ± 0.0147 
 5 1.47 ± 0.05 0.7647 ± 0.0071 1.6716 ± 0.0445 0.4577 ± 0.0112 
 10 1.15 ± 0.02 0.6655 ± 0.0178 1.5719 ± 0.0540 0.3564 ± 0.0094 

FF.UBC- 1 1.95 ± 0.11 1.3399 ± 0.0153 1.8743 ± 0.0613 0.7152 ± 0.0152 
 2 1.99 ± 0.04 1.2267 ± 0.0531 1.7256 ± 0.0564 0.7127 ± 0.0656 
 3 1.82 ± 0.04 1.2116 ± 0.0126 1.8506 ± 0.0628 0.6551 ± 0.0155 
 5 1.80 ± 0.04 1.1462 ± 0.0245 1.8472 ± 0.0090 0.6197 ± 0.0168 
 10 1.71 ± 0.05 1.0018 ± 0.0119 1.8159 ± 0.0154 0.5700 ± 0.0452 
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Figure 41. Thermal conductivity (a), specific heat (b), and thermal diffusivity (c) versus 
density for all the obtained geopolymer foams. 

The linear regression of λ with ρ shows a R2 of 0.7766 (Figure 41a), so the 
thermal conductivity depends on the density of the geopolymers. Moreover, also 
Cp (Figure 41b) and α (Figure 41c) are strongly related to the density with R2 of 
0.5951 and 0.8193, respectively. For low densities, the porosity of the GFs 
increases, and consequently λ, Cp and α significantly decreases. Definitively, the 
lower densities of these materials are a great advantage compared to the 
traditional building materials such as Portland cement. They are lightweight 

(a) 

(b) 

(c) 
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materials, and the thermal insulation properties are better performed. λ, Cp and α 
decrease by adding the industrial by-products which act as foaming agents. 
  REF-1 and REF-2, with a density of 1.81 ± 0.06, and 2 ± 0.08 g/cc show a λ of 
1.2981 ± 0.0606, and 1.4607 ± 0.0167 W/mK, a Cp of 1.8518 ± 0.0855, and 1.9078 ± 
0.0194 J/KgK, an α of 0.7056 ± 0.0295, and 0.7667 ± 0.0124 mm2/sec, respectively. 
The higher values in the REF-2 are due to the chopped carbon fibers (CFs), which 
improve the mechanical properties, but on the other hand, increase the thermal 
properties by around 5-10%.  
  The densities of the GFs decrease because of the foaming agents and range 
from 0.95 ± 0.04 g/cc (C.UBC-5) up to 1.99 ± 0.08 g/cc (D.FG-1). The lowest 
thermal conductivity (Tab 11) was measured with the industrial by-products 
C.FG and C.UBC from the dust abatement collectors (cyclones). The geopolymer 
foam C.FG-3 (Figure 42a) recorded a thermal conductivity of 0.3306 ± 0.0069 
W/mK and a density of 1.05 ± 0.08 g/cc. C.UBC-10 (Figure 42b) has an even lower 
λ of 0.3265 ± 0.0150 W/mK, and a density of 1.08 ± 0.05 g/cc. 

  
Figure 42. C.FG-3 (a) and C.UBC-10 (b) represent the GFs characterized by the lowest 
thermal conductivity.  

4.3 Classification of GFs  
  The GFs were classified into six groups following the physical parameter of 
density versus compressive strength and thermal conductivity (Figure 43) to 
highlight which material has the best thermal insulation and mechanical 
properties. 

 
Figure 43. 3D scatter plot of the density (𝜌𝜌), compressive strength (σc) and thermal 
conductivity (λ) of the geopolymer foams (GFs). 

(a) (b) 
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Group A shows the lowest thermal conductivity values and the lowest densities 
from 0.95 to 1.16 g/cc. This population of data shows relatively low σc ranging 
between 2.96 and 4.05 MPa. Group B has relatively higher densities than group 
A and, consequently, higher thermal conductivities. The compressive strengths 
are slightly higher, with an average value of around 5 MPa. Group C is 
characterized by σc at around 10 MPa and λ which corresponds to 0.7 W/mK. 
The compressive strength of Group D range between 10 and 20 MPa, with 
thermal conductivity with an average value of 0.9 W/mK and a mean density of 
around 1.8 g/cc. Group E (density between 1.6 and 2 g/cc) is between 20 and 30 
MPa for the compressive strength, with thermal conductivity of 1.1 W/mK. 
Finally, group F exhibits similar performance to the reference standard 
geopolymers (REF-1 and REF-2) concerning mechanical and thermal properties 
due to its higher density. The group F population shows a density between 1.8 
and 2.0 g/cc, a mean λ of 1.3 W/mK, and mean σc of around 42 MPa. 
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CHAPTER 5 
CONCLUSIONS 
5.1 General Conclusion and Perspectives 
  The investigated industrial by-products from the beverage cans and domestic 
appliances recycling treatments in secondary aluminum production are 
generally classified by EU law as solid wastes containing dangerous substances 
that can potentially develop flammable gases and explosive mixtures. This 
hazard mainly comes from the metallic aluminum still present in these by-
products, which are highly reactive in water-rich environments, facilitating 
hydrogen-rich gas production. The different experimental phases will therefore 
have as requirements: (i) the enhancement, recovery, and reuse of products and 
processing residues of the aluminum industry, (ii) the definition of the chemical 
reactions and dynamics for which it is possible to synthesize the new materials 
subjecting them simultaneously to chemical neutralization processes, (iii) 
experimentation for improvement in terms of physical performance of 
geopolymer foams. 
  The experiments in the mini-reactor between by-products and aqueous 
alkaline solutions at pH 11 determined the composition of the hydrogen-rich gas 
(up to 96% of the total gases) and the oxidation rate, leading to the elimination 
of the highly reactive (and dangerous) metallic aluminum. Although only four 
experimental runs were carried out (at a constant solid-aqueous alkaline 
solution mass ratio of 1.27), the results clearly emphasize the efficiency of 
transforming the by-products into non-reactive material. However, further 
laboratory investigations should be addressed to fit the various physical 
conditions (solid grain size, pH, temperature, stirring speed, and time), only 
partially controlled. 
  In the framework of a circular economy and sustainability, we believe the 
metallic aluminum-rich by-products could potentially become a new secondary 
raw material resource addressed to the energetic (i.e., hydrogen as fuel) or non-
energetic (e.g., “geopolymer foams”) use. The secondary aluminum industry must 
increase workplace safety by reducing the risks of storing metallic aluminum-rich 
hazardous by-products. In this way, it will be of paramount importance that the 
knowledge acquired from the chemical process of neutralization performed in the 
mini-reactor could be deepened further and, finally, transferred from the laboratory 
to the prototyping and industrialization phases. 
  The final geopolymer foams are mainly low-density materials with good 
physical performances. The research investigates the physical properties of GFs 
through mechanical (flexural, compressive, Charpy impact strengths) and 
thermal measurements (thermal conductivity, specific heat, thermal diffusivity). 
We demonstrated that the industrial by-products collected from the secondary 
aluminum industry could modify the structure of the reference REF-1, REF-2, 
which does not contain foaming agents. In particular, the work proved that 
FF.UBC is the most suitable material for improving mechanical properties 
compared to REF-1 and REF-2, and it is an appropriate raw material to foam 
lightweight geopolymers. However, significant decreases in thermal 
conductivity, specific heat, and thermal diffusivity are observable in the GFs 
using the waste materials C.FG and C.UBC.  
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5.2 Recommendations for Future Works 
  The valorization of raw materials from the secondary aluminum industry can 
be achieved through their use as fillers for alkali-activated binders such as 
geopolymers. Moreover, designing new materials or procedures for large-scale 
deployment demands a conspicuous supply and repeatability with a standard 
binder formulation. Several types of research explaining the principles for re-
using industrial by-products have already been performed [148-166]. The 
production of geopolymers based on a considerable volume of waste need 
standard-performance concrete to encourage their usage in a functional and 
fruitful context. Environment and cost benefits can emerge from using specific 
industrial by-products, avoiding the disposal of materials in the landfill [167]. 
  The evaluation of new resource use mechanisms leads to the development of 
solutions, increasing awareness of the organization of a new strategic industrial 
plan and waste management at a regional and national level by creating an 
Industry 4.0 with technologies new and innovation. Furthermore, the purpose 
of the research is closely related to environmental sustainability and the socio-
economic growth of the Marche region. As previously discussed, the Marche 
Foundation cluster has the prerogative of identifying the strategic sectors in 
which funds for research and development should be invested to increase 
innovation. 
  The study led to the publication of relevant scientific articles: (i) “Hydrogen-
Rich Gas Produced by the Chemical Neutralization of Reactive By-Products 
from the Screening Processes of the Secondary Aluminum Industry” in 
Sustainability Journal [168], (ii) “Low-Density Geopolymer Composites for the 
Construction Industry” in Polymers Journal [169], and (iii) “Mechanical and 
Thermal Properties of Geopolymer Foams (GFs) Doped with By-Products of the 
Secondary Aluminum Industry” in Polymers Journal [170]. It revealed that using 
geopolymer foams as an alternative material for the construction industry finds 
an intelligent compromise to balance the physical properties and guarantee the 
usability of the composite materials. Such properties include mechanical, 
thermal, and chemical resistance and toxic substances encapsulation, leading 
these materials over traditional products. For this reason, future studies will 
focus on mixing the three industrial by-products (FF.UBC, C.FG, C.UBC), trying 
to improve the physical properties to keep the mechanical performance 
unvaried and lower the thermal properties.  
  Finally, implementing these studies on the chemical neutralization of the 
industrial by-products will see a possible collaboration with Profilglass SpA in 
the recovery and use of hydrogen as a secondary energy source for the energy 
sustenance of the plants. 
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	95.95
	Vg (%)
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	Pi (bar)
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