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Sommario 
 

Tra le sfide più importanti che l’uomo sta affrontando negli ultimi anni, sicuramente, 

l’inquinamento ambientale (in particolare quello dell’aria) è una delle più difficili; per 

questo motivo è al centro di numerosi studi al fine di trovare soluzioni efficaci a 

contrastarlo. L’inquinante più presente nelle aree urbane, e che desta la maggiore 

preoccupazione a causa della sua capacità di penetrare nel sistema respiratorio con 

gravi danni per la salute, è il particolato atmosferico (PM). Le concentrazioni di PM 

spesso superano i limiti imposti dalla normativa; nel 2021 l’Organizzazione Mondiale 

della Sanità (OMS) ha imposto nuovi e più restrittivi limiti alle concentrazioni di PM 

al fine di ridurne le concentrazioni in atmosfera. Fra le diverse soluzioni proposte per 

intrappolare il PM si distingue un nuovo e sostenibile materiale, chiamato SUNSPACE 

(SUstaiNable materials Synthesized from by-Products and Alginates for Clean air and 

better Environment), e realizzato a partire da uno scarto industriale, la silica fume 

(SF), con processi a basse emissioni di CO2. La sua capacità di catturare il PM è stata 

valutata effettuando numerosi test e ottenendo buoni risultati ma il suo colore scuro 

rappresenta un limite ad un suo possibile sviluppo commerciale. In questa tesi di 

dottorato sono state proposte delle soluzioni alternative al fine di ottenere un 

materiale dal colore chiaro e per eliminare il trattamento termico, semplificando la 

fase di realizzazione del materiale. Il primo punto è stato ottenuto utilizzando la 

bottom ash (BA), cenere proveniente dalla combustione dei rifiuti municipali negli 

inceneritori, mentre la sostituzione del bicarbonato di sodio (utilizzato la formazione 

dei pori) con il perossido d’idrogeno ha permesso di eliminare il trattamento termico. 

I campioni, caratterizzati, sono stati testati per valutarne la capacità di intrappolare il 

PM utilizzando un generatore di aerosol e TiO2 per simulare una fonte di PM. Buoni 

risultati sono stati ottenuti per i campioni realizzati con SF e per SUNSPACE BA mentre 

quelli realizzati con BA e perossido d’idrogeno hanno mostrato un comportamento 

idrorepellente che è stato studiato con delle prove di bagnabilità. I risultati hanno 

dimostrato che questi materiali presentano un angolo di contatto al di sopra del 

limite di idrofobicità.  
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I campioni sono stati anche testati per fotodegradare inquinanti organici ottenendo 

buoni risultati per i campioni realizzati con BA, perossido di idrogeno e TiO2 (ottimo 

fotocatalizzatore, aggiunto durante la preparazione dei campioni). Infine, il 

trattamento termico di SUNSPACE è stato sostituito con un trattamento a microonde 

che permette di ridurre i tempi necessari alla preparazione del campione e di 

migliorare la sua sostenibilità. I campioni sono stati caratterizzati e testati utilizzando 

il generatore di aerosol, con lo stesso set-up sperimentale dei precedenti campioni. 

Si tratta però di test preliminari volti a proporre nuove possibili applicazioni del 

materiale, ad esempio per realizzare vasi da esterno che aiutino a intrappolare il PM. 

Nell'ultimo capitolo sono stati riportati alcuni lavori, realizzati durante la COVID-19, 

e incentrati sulle sue conseguenze su vari aspetti ambientali e sull'estrazione di 

materie prime. 
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Abstract 
 

Environmental pollution is one of the biggest issue in modern society. In particular, 

the most present pollutant in urban areas is particulate matter (PM) that is cause of 

concern as it can easily penetrate the respiratory system causing severe health 

problems. As PM concentrations often exceed limits established by legislation, in 

2021 World Health Organization (WHO) imposed new and stricter limits to PM10 and 

PM2.5 concentrations. Several solutions have been proposed to reduce PM 

concentrations in cities, including the realization of a new and sustainable material, 

SUNSPACE (SUstaiNable materials Synthesized from by-Products and Alginates for 

Clean air and better Environment), realized with silica fume (SF) and low CO2 

emissions processes. Its adsorption capacity was tested obtaining good results but, 

from a commercial development perspective, its dark color represents a limit. In this 

Ph.D. work, new SUNSPACE modification have been proposed to obtain a lighter 

colored material and to simplify the synthesis process by the elimination of the 

thermal treatment. The color change was obtained using another industrial by-

product, the bottom ash (BA), residue of municipal waste combustion while the 

substitution of sodium bicarbonate (used as pore former in SUNSPACE synthesis) with 

hydrogen peroxide allowed to avoid the thermal treatment. Samples were fully 

characterized and tested to evaluate the adsorption capacity using for the first time 

an aerosol nanoparticle generator and a TiO2 suspension as PM source. The results 

obtained are encouraging for samples realized with SF and for SUNSPACE BA. On the 

contrary, samples realized with BA and hydrogen peroxide showed a water repellent 

behavior, studied with wettability tests. Results showed that the contact angle of 

these materials is above the hydrophobicity limit. Moreover, samples were also 

tested to photodegrade organic pollutants obtaining the best results for samples 

realized with BA, hydrogen peroxide and TiO2 (added during the samples’ preparation 

due to its good photocatalytic activity). Finally, the thermal treatment of SUNSPACE 

was changed with a microwave treatment that allowed to improve the material 

sustainability and to speed up the treatment. Samples were characterized and tested 
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using the aerosol nanoparticles generator, with the same experimental set-up 

defined for previous samples. However, these are preliminary tests aimed at thinking 

about new possible applications of the material, for example to make outdoor vases 

that help trap the PM. 

In the last chapter, some works, carried out during COVID-19, were reported focusing 

on its consequences on various environmental aspects and on the extraction of raw 

materials. 
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1. Introduction 
 

1.1 Scope of the thesis 
 

Environmental pollution is one of the biggest challenges to be faced because of its 

serious global consequences. For years, the impact of the indiscriminate use of 

resources, the generation of waste and the release into the atmosphere of potentially 

harmful substances has been neglected. The effects caused by these actions led to a 

greater awareness, over the past 30 years, of the importance of preserving the 

environment and promoting new policies aimed at reducing environmental pollution, 

also promoting the reduction of social disparities [1][2][3]. Focusing on air pollution, it 

is estimated more than 90% of humans live in areas subjected to air pollution [4][5]. 

Among air pollutants, particulate matter (PM) is the one that causes the great concern 

due to high risks related to human health as it can easily penetrate the respiratory 

system [6][7]. It is therefore important to define the correct solutions to address the 

problem and reduce PM emissions. At this purpose, the main aim of my Ph.D. project 

was improving people’s quality of life and air quality reducing the risks to human health 

due to environmental pollution. In this perspective, the research activity was focused 

on: 

• reducing PM concentration in urban areas; 

• recycling industrial by-products following the “Azure Chemistry” principles [8]. 

There are several ways to entrap airborne PM like cyclones, fabric filter (bag-house), 

transparent air filter and leaves [9][10][11][12]. Most of them are used at the industrial 

level. Recently household filters are being developed to improve the indoor air quality 

[13][14]. Unfortunately, despite their efficiency, the main problem is that the materials 

used for filters’ production are petroleum based, such as polystyrene (PS) or 

polypropylene (PP), having a bad impact on environment. On the contrary, leaves, 

whose adsorption capacity of the PM has been proven, are the most natural and 

sustainable way to trap the PM [12]. However, leaves alone are not able to reduce PM 
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concentrations significantly; moreover, large spaces are needed which very often are 

not available in cities. Given the current environmental situation and the large waste 

production, the idea is to propose a more sustainable and eco-friendly material 

following the Azure Chemistry principles, a new sustainable approach which aims at 

restore or reconstruct the ecosystems by sustainable solutions in terms of energy, 

materials and emissions [8].  Inspired by the natural ability of the leaves to trap the PM 

and following the Azure Chemistry principles, in the Chemical for Technologies 

Laboratory (Chem4Tech), of the University of Brescia (Italy), a new, porous and 

sustainable material, called SUNSPACE (SUstaiNable materials Synthesized from by-

Products and Alginates for Clean air and better Environment), has been developed [15]. 

SUNSPACE is synthetized using silica fume, a by-product derived from ferrosilicon or 

silicon metal production. The synthesis process uses non-toxic, economical and eco-

friendly reagents and low emission processes. Several tests have been conducted on 

SUNSPACE to define its possible application and its adsorption capacity, obtaining good 

results, but its dark color represents a limit to its application as highlighted by a survey 

conducted [8][15][16][17][18].  

 

1.2 Objectives of the thesis 
 

The experimental activity of my Ph.D. project was based primarily on the improvement 

of SUNSPACE characteristics that can be achieved through different steps: 

 color change, implementing SUNSPACE characteristics to obtain a lighter colored 

material; 

 elimination of the thermal treatment; 

 evaluation of other application possibilities. 

The color change can be achieved using another industrial by-product, the bottom ash, 

residue of municipal solid waste incineration. In this thesis work, bottom ash is provided 

by the A2A waste incineration plant of Brescia (Italy), a new generation plant that allows 

to recover the heat produced by the combustion phase and reuse it for domestic 
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heating; in fact, it produces every year over 70% of the energy distributed by the district 

heating network [19]. Since about 25 - 30% of bottom ash is produced per ton of waste 

burned, it is necessary to think about its possible alternative reuses because they do not 

end up in landfills. The reuse of bottom ash to realize sustainable porous materials could 

be a valid alternative. Moreover, the addition of calcium hydroxide favors the pozzolanic 

reaction in order to increase the material strength.  

The second goal can be accomplished changing the pore former. In SUNSPACE synthesis 

the pore former is the sodium bicarbonate, the thermal process allows its 

decomposition and the consequent release of CO2 leading to pore formation. The need 

for heat treatment can cause problems in the application of SUNSPACE, the substitution 

of sodium bicarbonate with hydrogen peroxide allows the elimination of thermal 

treatment.  

Finally, the last objective can be pursued for example: using these materials to 

photodegrade organic pollutants or using instead of the heating plate the microwave 

oven to reduce emissions associated to the drying process with the purpose of 

producing furniture. 

 

1.3 Organization of the thesis  
 

After this brief introduction on the scope and objectives of the project, the thesis will be 

so articulated: 

 Chapter 2. State of the art will be devoted to an overview of atmospheric 

particulate matter describing its origin, human health problems and regulatory 

limits with a brief digression of the situation of the city of Brescia. Then the focus 

will be on SUNSPACE, the starting material from which my Ph.D. project has 

developed, describing the synthesis process, its characterization, the tests 

carried out and its possible applications. From the results, SUNSPACE showed 

good adsorption capacity, however it has limitations that have been investigated 
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in this thesis. Since the key word of this Ph.D. project is definitely the 

sustainability, the last part of the chapter is dedicated to the Sustainable 

Development Goals (SDGs), reported in the 2030 Agenda, considering those that 

have the greatest influence on the project: 3, 7, 11 and 13. 

 In Chapter 3. Materials, the materials used in the synthesis process of SUNSPACE 

and its modification will be described. First of all, the industrial by-products, silica 

fume and bottom ash, and then the commercial chemicals used.  

 Chapter 4. Materials synthesis and nanoparticles entrapment concerns the 

synthesis and characterizations of samples. Adsorption tests will be performed, 

for the first time, using an aerosol nanoparticles generator, which allows the flow 

of aerosols generated to be controlled, and a titanium dioxide suspension will be 

used as particulate matter source. 

 Chapter 5. Photodegradation of organic pollutants, other applicative solutions of 

these materials will be presented using them to eliminate organic pollutants 

from water through photodegradation processes given the increasing levels of 

pollution of groundwater and watercourses. In addition to those made in 

Chapter 4, other samples will be synthetized with the addition of titanium 

dioxide, well known for its photocatalytic activity.  

 In Chapter 6. Wettability, some samples realized with hydrogen peroxide will be 

better characterized as they showed a water repellent behavior that will be 

investigated by wettability tests to measure the contact angle. 

 Chapter 7. Future perspective concerns the change of thermal treatment of 

SUNSPACE to speed out the synthesis process. Moreover, as the CO2 emissions 

related to production processes are increasing, it is necessary to develop 

methods that allow to reduce them as much as possible. At this purpose, the 

heating plate treatment previously used will be substituted with a microwave 

treatment. Lastly, the sustainability analysis of all samples will be performed 

thanks to the software Ces Selector as a pillar of the work is the sustainability of 

the materials with the aim of having the least possible impact on the 

environment. The evaluation will be performed considering the values of 
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Embodied Energy and Carbon Footprint associated with the reagents used and 

the processes carried out.  

 Chapter 8. SDGs activity and PM will cover works performed during the lockdown 

period. During my first year of Ph.D., the COVID-19 epidemic spread worldwide. 

Italy was one of the most affected nations and severe prevention measures were 

taken making any laboratory activity impossible. For this reason, in this Chapter, 

other works, carried out during COVID-19 first wave, are reported to assess the 

pandemic consequences due to the use of face masks, on pollutants 

concentrations in the city of Brescia and on raw materials extraction. 

 Chapter 9. Conclusions will be dedicated to the conclusions of this Ph.D. thesis 

and the future perspective of this work. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



6 
 

2. State of the art 
 

The introduction in 2015 of the Sustainable Development Goals (SDGs), with the 

emphasis of reaching the targets by 2030, stressed how environmental pollution is one 

of the biggest problems to be addressed [20][21]. The impact of pollutants on the 

environment has been neglected for years causing great concern in new generations. In 

this situation, the control of air quality has become a very current topic as it is estimated 

more than 90% of humans live in areas subjected to air pollution [4][5]. Awareness of 

this situation has led to the development of new environmental policies [22] aimed at 

reducing pollution levels, especially atmospheric pollution. Nevertheless, the situation 

is still very critical in several areas of Europe, including certainly Northern Italy [23][24]. 

Among pollutants, particulate matter (PM) is the one that causes the greatest concern.  

 

2.1 Particulate matter  
 

PM is composed of a complex mixture of solid and liquid particles of organic and 

inorganic substances suspended in the air [25].  PM is characterized by a complex mix of 

mineral dust, sulfates, ammonium, nitrates, organic compounds, pollens, spores, 

elemental and organic carbon and trace elements.  It is, therefore, a pollutant very 

different from all the others, presenting itself not as a specific chemical entity but as a 

mixture of particles with various properties. 

PM can be classified in different ways, according to sources, origin and size dimension. 

One of the most used classification is based on natural and anthropogenic sources. PM 

can be produce from natural sources, deriving from soil erosion or volcanic eruptions or 

it can also be produced from anthropogenic sources, such as domestic heating and 

household tasks, industrial processes and traffic (abrasion of road pavement, tires and 

brakes) [26]. Moreover, its composition depends on the geographical area (city, sea, 

rural area) and the season [27]. For example, vehicles and domestic heating are the most 

important sources of PM in cities. It is composed by organic compound such as polycyclic 
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aromatic hydrocarbons (PAHs) from vehicular emissions [28] and levoglucosan, a 

reliable tracer of biomass burning [27]. In addition, these components are present 

especially in winter due to the greater atmospheric stability that limits the dispersion of 

pollutants and the necessity to turn on heating in homes. 

Another distinction is between primary and secondary aerosol: 

• Primary aerosol is directly emitted into the atmosphere from natural or 

anthropogenic sources. Primary aerosol sources can be the mechanical action of the 

wind, marine aerosols and powders produced by resuspension of fine material 

deposited on the ground, ash produced by combustion processes, vehicle exhaust, 

industrial processing, cement and fertilizer production. 

• Secondary aerosol is almost characterized by fine particles with a diameter of 

less than 1 μm, formed by chemical reactions with substances present in the 

atmosphere or conversion processes of the gas into solid particles, like sulphates, 

nitrates, some organic compounds.  

PM can be also classified according to its aerodynamic diameter1 in: 

• Coarse fraction (aerodynamic diameter > 2.5 μm) produced by mechanical 

process, like erosion, grinding and wind resuspension; this fraction contains elements 

present in the soil and in the sea salts. 

• Fine fraction (0.1 μm < aerodynamic diameter < 2.5 μm) constituted by 

sulphates, nitrates, ammonium ion, elemental carbon and organic especially in urban 

areas. 

• Ultrafine fraction (aerodynamic diameter < 0.1 μm) constituted by SO2, NH3, NOx 

and combustion products. 

PM is characterized by long persistence times in the atmosphere that is strongly 

influenced by its particle size, weather conditions (wind, precipitations) and urban 

                                                           
1 The diameter of a spherical particle having unit density and aerodynamic behavior equal to the 
considered particle. 
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canopy. Meteorology plays significant roles in air pollution formation, transport, 

deposition and transformation. Unfavorable meteorological conditions could bring 

severe pollution days even if the total emission is reduced [29]. In fact, changes in 

weather conditions have a greater influence on the time variability in PM 

concentrations. Wind speed was identified as an important factor influencing 

atmospheric levels of ultrafine, fine, and coarse particles concentrations, especially in 

winter [30]. Moreover, the alternation of the seasons also favors or hinders the 

dispersion of pollutants. In winter, due to the low temperatures and temperature 

inversion of mass air, the atmospheric stability favors the accumulation of pollutants, 

hindering their dispersion. In addition, low temperature involves the greater use of the 

heating systems and power production. This situation is particularly exacerbated in 

areas characterized by low ventilation, like the Po Valley (Northern Italy) [31]. On the 

contrary, in summer, the high temperatures promote not only the photochemical 

reactions between PM and precursor leading to the formation of secondary PM, but also 

convection of air, causing the dilution and dispersion of pollutants [32]. Since it can be 

transported even at a great distance from the emission point, this increases its impact 

in a large part of the population. Moreover, the urban canopy also greatly influences the 

dispersion of pollutants, in particular, the presence of street canyons, characterized by 

a ratio between height of buildings (H) and width of the road (W) greater than 0.65 

[33][34]. The street canyon is characterized by a very limited dispersion of pollutants 

due to the buildings that delimit the street and that act as a screen for the wind: this is 

reflected in an increase in concentrations close to the soil as recirculation phenomena 

that lead to a stagnation of pollutants are determined. This phenomenon can have 

serious repercussions on air quality and also on human health. 

Health risks due to PM are related to the particle size. Due to its small size dimension, 

PM can easily penetrate the respiratory system. According to the ability to penetrate 

more or less deeply the respiratory tract, can be defined three different fractions: 

 inhalable fraction with an aerodynamic diameter > 10 μm; 

 thoracic fraction (PM10) can penetrate the upper part of the respiratory system 

up to the bronchi; 
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 respirable fraction (PM2.5) that can reach the lungs [6][35][36].  

Due to its capability to penetrate the respiratory system, the correlation between the 

mortality for respiratory and cardiovascular diseases and the ultrafine PM has been 

widely studied [6][7][12]. High concentrations of PM cause concern not only for human 

health but also for energy production. Nowadays, energy production is moving towards 

renewable energy sources with a large development of solar and photovoltaic systems. 

PM2.5 is responsible for the formation of urban haze [37] leading to a reduced visibility 

in cities. The reduced visibility leads to a decrease of solar intensity and the alteration 

of the spectrum reaching the ground [38] reducing the transmittance of solar energy to 

photovoltaics [39][40][41].  

Lot of cities all over the world are facing with this problem from Lahore (Pakistan) which 

is one of the most polluted city in the World [42] to New York (USA), including Brescia 

(Italy). 

Brescia is located in the Po Valley, one of the most industrialized and polluted areas in 

Europe. Its geographical position and morphological conformation favor the 

accumulation and stagnation of pollutants [43]. The strong industrialization, the high 

traffic flows and the large presence of farms contribute negatively to the air quality in 

this area [43][44]. Over the last 20 years, the annual average PM10 concentrations have 

often exceeded the limits imposed by guidelines (with a decrease in last years) [44][45] 

including the maximum number of daily exceedances during the year (35 days/year) of 

the regulatory limits (50 μg/m3) [44], as reported in Figure 1. 
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Figure 1. a) Annual average concentrations of PM10 in Brescia from 2003 to 2021, the red line represents the annual 
average concentration limit imposed by legislation 40 μg/m3; b) Daily exceedances of the limit value (50 μg/m3) 

imposed by legislation, the red represents the limit value of 35 exceedances/year. 

Despite the decrease of PM10 concentrations during last years, the number of 

exceedances always overcomes the limit imposed by legislation [44].  

In 2021 World Health Organization (WHO) imposed new and stricter limits to PM10 and 

PM2.5 concentration [46] leading them to 15 μg/m3 and 5 μg/m3 respectively. In 

accordance with the new guidelines established by the WHO [46], it is increasingly 

necessary to implement concrete solutions to reduce PM concentrations, especially in 

urban areas. This can be done both with new policies that provide for a reduction in 

concentrations of pollutants, and with the use of materials that can help entrap the PM. 

 

2.1.1 Conventional methods to remove airborne PM 
 

As mentioned in Paragraph 2.1, PM, in addition to being of natural origin, can also 

originate from anthropogenic sources such as industries, traffic and domestic activities 

(for example, sweeping and dusting). It becomes therefore necessary to define methods 

that allow to reduce the concentrations of PM emitted by industries, vehicles, domestic 

activities as well as to reduce as much as possible the exposure of people both inside 

and outside the home. Different solutions, discussed in this Paragraph, have been 

implemented to try to trap the PM: cyclones, electrostatic precipitator (ESP), fabric filter 

(bag-house), particulate filters for internal combustion engines (gasoline particulate 
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filters and diesel particulate filters, GPF and DPF respectively), High-Efficiency 

Particulate Air (HEPA) filter, transparent air filter and leaves.  

Mechanical collectors, like cyclones, are mostly used as preliminary separation devices 

of PM (diameter > 10 µm) from flue gas, to avoid the abrasion in the finer filtration 

methods. Once the contaminated air enters into the chamber, thanks to the centrifugal 

force, the particles separate from the flue gas and slam against the wall of the cyclone. 

Then, they are dragged by gravity force in the bottom part of the device and removed. 

While, the treated air comes out from the upper part of the cyclone. Despite some 

indisputable advantages due to low maintenance and management costs, however, they 

have some limitations related to the impossibility of retaining particles with a diameter 

of less than 10 μm and not being able to treat sticky materials [10].  

ESP is a dust collector that can separate PM suspended within the gaseous stream using 

electrostatic forces. Three-steps process characterize wet and dry ESP: particle charging, 

particle collection on the oppositely charged surface, and the cleaning of the collection 

surface [47]. The system is composed of negative (metal wires, bars or plates) and 

positive electrodes through which the gas flow passes. A high voltage (10000 - 70000 

V/m) is applied to the discharge wires to form an electrical field between the wires and 

the collecting plates, and also ionizes the gas around the discharge wires to supply ions. 

Therefore, negatively charged particles are attracted to the positive plates [11]. This 

process can operate in low-temperature and high-moisture conditions and can handle 

multi-pollutant control (SO3, PM2.5, aerosols, metals, mercury) [48][49]. There are 

different methods to remove the collected particles like by craping off with a brush (for 

dry ESP) or washing off with water (for wet ESP). Unlike cyclones, EPS allows to eliminate 

even the finest fraction but among the disadvantages there are high costs and that the 

removal efficiency depends on the gas flow [10]. 

With fabric filters, the filtration process of PM is achieved by passing the contaminated 

airflow through filters made by different types of textile fibers. At first, these filters were 

produced using natural products such as wool or cotton but they had low efficiency and 

resistance. Nowadays, the development of synthetic fibers, like nylon, polypropylene 
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(PP), polyamide (PA) and polyethylene (PE) allows to obtain more resistant materials to 

heat, erosion and attack of corrosive substances and with a higher removal efficiency 

[47]. The most common type requires that the filter elements are structured as a 

cylindrical shape with bags or sleeves structure. The contaminated air flows through the 

bags and then the purified air exits from the top of the bags as the dust is blocked on 

the surface of the filter bag by the combined effects of screening, adhesion, inertia, 

diffusion, and static electricity [50]. PM accumulates on the filter can be removed by 

reverse air, shake deflate and pulse jet. The fiber filters are extremely widespread due 

to their high efficiency (99.9 %) with a purification action generally independent of the 

chemical composition of the PM. The deposition of the PM on the filtering material 

favors the further capture of other airborne particles, increasing the efficiency of PM 

capture. The disadvantages are the high maintenance costs as it is necessary, in order 

to maintain a certain gas pressure, that the filters are periodically cleaned; problems 

with potentially explosive dusts and gases and limited operating temperatures 

(maximum about 300 °C) [10]. 

GPF and DPF [51][52] are ceramic based filters, characterized by a honeycomb structure, 

installed at the beginning of the exhaust system for internal combustion engines 

(generally immediately after the turbo charger). The exhaust gas passes through the 

filter and the bigger particles get trapped. Normally, 2 pressure sensors are installed 

before and after the filter and are linked directly to the electronic control unit (ECU) 

which, using a physical model, is able to calculate the amount of soot trapped into the 

filter. With a regular use of the engine, filter regenerates automatically (the soot gets 

burned degrading in smaller particles able to pass through the filters and be emitted in 

the atmosphere). It is evident that the great advantage of these filters is to remove the 

bigger PM particles (> 10 μm) that otherwise would be emitted in the atmosphere. On 

the other hand, the great disadvantage is the emission of PM with size dimension much 

smaller and certainly more dangerous for human health. 

Unlike the first methods, more widespread in industry and in the automotive sector, the 

latter are also designed for domestic use.  
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HEPA is a type of pleated mechanical air filter that can theoretically remove at least 

99.97% of dust, pollen, mold, bacteria, and any airborne particles with a size of 0.3 µm 

[9][53]. They are composed of microfiber filter sheets, usually borosilicate, assembled 

in several layers and separated by aluminum septa. The gas flow to be treated passes 

through the microfiber filter sheets that block the polluting solid particles. These types 

of filters have a large application in laboratories, chemical and pharmaceutical fields, air 

conditioners, air purification systems or masks protections. The main advantage is the 

high filter efficiency but on the contrary HEPA filters are not regenerable so it is 

necessary to replace them periodically [10]. 

Having regard to the high levels of PM in many cities, in recent years, researchers are 

trying to develop new transparent filters [13][14] to be applied for example to windows 

and able to trap the PM, using natural passive ventilation, ensuring a better air quality 

inside houses. This is possible thanks to new polymer nanofiber filter technologies. The 

material used in the air filter can be significantly reduced to a transparent level to allow 

both transparency in sunlight and sufficient airflow. Moreover, by reducing the fiber 

diameter to the nanometer scale, with the same packing density, the possibility of 

particle capture increases greatly due to the large surface area, ensuring effective 

capture of PM with a much thinner air filter [13][14]. These filters can be produced in 

different polymers such as polyacrylonitrile (PAN), polystyrene (PS), 

polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA) and PP. Despite their good removal 

efficiency, these filters are still under study and not commercially available. 

The last analyzed method for the removal of PM is also the most natural one, based on 

the ability of the leaves to trap the PM.  Plants play an important role in filtering ambient 

air by adsorbing PM onto leaves surfaces. Leaves currently represent the most 

sustainable and low-cost material for PM reduction. Trees, with their large total leaf 

area, are considered the most effective type of vegetation for this purpose [54]. The 

airborne PM entrapment by vegetation is due to the interactions between particles and 

plant surfaces. It is influenced by particles size and by plants morphology such as 

roughness, hair, and wax cover [55]. Literature reports many works about the PM 

capture by plants. Generally, the species used are: Field maple such as Acer campestre, 
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European ash such as Fraxinus, London plane such as Platanus, and Common Ivy such as 

Hedera Helix, the widely used evergreen [12]. All of them accumulated large quantities 

of PM, particles of each size fraction were found in the epicuticular wax layer [12]. The 

leaves therefore certainly play a very important role in trapping the PM, but 

unfortunately in big cities the green spaces are always insufficient, as only in recent 

years we have realized their importance. Moreover, trees occupy very high surfaces not 

always available in cities, therefore new and alternative solutions must be proposed. 

 

2.2 SUNSPACE 
 

In order to try to reduce emissions related to traffic, heating systems and industry, 

several materials have been discussed to trap PM in Paragraph 2.1.1, such as filters 

[13][14] and leaves. Despite their efficiency, the main problem is that the materials used 

for filters’ production are petroleum based, such as PS or polypropylene (PP). This makes 

the filter expensive and not competitive on the market. In addition, these materials have 

bad impacts on environment. 

Given the current environmental situation, the idea is to propose a more sustainable 

and eco-friendly material. Inspired by the natural ability of the leaves to trap the PM, in 

the Chemical for Technologies Laboratory (Chem4Tech), of the University of Brescia, a 

new, porous and sustainable material, called SUNSPACE (SUstaiNable materials 

Synthesized from by-Products and Alginates for Clean air and better Environment), has 

been developed [8][15][16][17][18]. SUNSPACE is synthetized using silica fume, a by-

product derived from ferrosilicon or silicon metal alloy processing (with particles 

dimensions of about 20 - 500 nm), and sodium alginate, a natural polysaccharide readily 

extracted from various species of algae and seaweeds [56], following the Azure 

Chemistry principles [8]. Azure Chemistry is a new sustainable approach, developed by 

Prof. Elza Bontempi (University of Brescia, Italy), aimed at restore or reconstruct the 

ecosystems by sustainable solutions in terms of energy, materials and emissions and 

based on the following principles: 
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 use low-energy materials by selecting nontoxic low-cost materials and by-

products; 

 use low-energy processes; 

 make long-lasting and excellent products that can be easily regenerated; 

 design products with a minimum amount of material; 

 quantify the sustainability of the new proposed material, in terms of materials, 

energy, and emissions [8]. 

SUNSPACE is obtained by mixing 25 mL of MilliQ water with 0.6 g of sodium alginate and 

1 g of calcium iodate (as cross-linker). Once the gel is formed, 17.88 g of silica fume and 

5 g of sodium bicarbonate are added. The slurry obtained is put on aluminum molds and 

placed on a heating plate for 1 h at low temperature (70 - 80 °C). The temperature 

increase favors the decomposition of sodium bicarbonate and the release of CO2 

allowing the pores’ formation [16]. In Figure 2 an example of SUNSPACE sample. 

 

Figure 2. SUNSPACE sample. 

SUNSPACE material was fully characterized by structural, morphological and 

sustainability analysis [8][15][16]. In Figure 3, the X-ray diffraction (XRD) patterns of 

SUNSPACE and silica fume revealed the presence of a large halo due to the amorphous 
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phase, typical of silica fume, and some crystalline peaks attributable to sodium iodate 

hydrate and cristobalite [15] due to the synthesis process of SUNSPACE. 

 

Figure 3. XRD pattern of SUNSPACE and silica fume.  

SEM (Scanning Electron Microscope) analysis revealed that the structure of the 

SUNSPACE is porous, similar to a sponge with pores, which seem to be interconnected 

[15]. This was confirmed by the N2 physisorption measurements that allowed to 

investigate the presence and dimension of pores highlighting that the material contains 

both mesopores and macropores [15]. Moreover, SEM, TEM (Transmission Electron 

Microscope) and physisorption analyses carried out allowed to establish that the 

material presents ink-bottle shaped pores, with large cavities (about 200 − 300 nm) and 

narrow constriction (about 70 − 100 nm) [15][17]. This particular shape of the pores can 

help the entrapment of the PM that once entered the pore cannot get out. 

Finally, the sustainability analysis of SUNSPACE was performed through the software Ces 

Selector [57] considering the Embodied Energy (EE) and Carbon Footprint (CF) values 

(that will be discussed in more detail in Paragraph 4.3)  associated to reagents and 

process. It results that the material is more sustainable compared to other materials 

used in the field of construction and those used for the filters realization, as described 

in Paragraph 2.1.1 (Figure 4).  
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Figure 4. Embodied energy (EE) in respect to CO2 footprint (CF) of the synthesized material [8]. 

According to the presence of pores, the idea is to use SUNSPACE providing spatial 

confinement to trap small PM sizes [16]. At this purpose, several tests were carried out 

in order to evaluate its entrapment capacity. Preliminary tests were conducted in 

controlled conditions (exposure to TiO2 and Fe particles) [16][17] and in not controlled 

conditions, exposing SUNSPACE to candles and car exhaust smoke, steel industry, 

highway, and in the courtyard area of Brescia [8][15][18]. Results showed an adsorption 

capacity of 30 g/m2, encouraging in developing the potentialities of the new material to 

reduce air pollution.  

Once evaluated the adsorption capacity of SUNSPACE, other tests were conducted to 

define the possible ways of application of the material as the slurry appeared to be very 

versatile and well-suited for direct foaming, extrusion, 3D printing or coatings [15], as 

seen in Figure 5.  
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Figure 5. Different ways of SUNSPACE application: a) by extrusion, b) 3D printing, c) deposited by brush, d) or by 
spray [15]. 

Due to its versatility, it was also applied on a wall [58] of a structure of the Department 

of Civil Engineering of the University of Brescia, in collaboration with the company Delta 

Phoenix, as shown in Figure 6.  

 

Figure 6. Application by spray of SUNSPACE on a wall of a structure of the Department of Civil Engineering of the 
University of Brescia [58]. 
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SUNSPACE is a dark grey material, due to the use of silica fume. Different surveys have 

been conducted to evaluate the opinion of the population on the possibility of using 

such a dark material as plaster for indoor or outdoor [58]. Surveys have shown that, 

despite the idea of using a durable material that helps improve air quality is appreciated 

by many, its dark color is definitely a limitation to its application.  

My Ph.D. project starts from this limitation with the aim of finding other waste materials 

that can be used to make sustainable and lighter-colored materials that can help reduce 

PM and investigate other solution to simplify the synthesis process and reduce the 

associated emissions.  

 

2.3 Sustainable Development Goals  
 

Key word of this Ph.D. project is definitely sustainability. Sustainable development is 

based on the principle of being able to meet the needs of the present without 

compromising the possibility of future generations to satisfy their [59][60]. For decades 

the effects of uncontrolled use of resources, waste generation and emissions of 

polluting gases into the environment have been neglected as well as a heavy 

exploitation of populations in developing countries. Nowadays, the awareness of the 

serious climate situation and social disparities have led the countries of the World to 

propose initiatives to mitigate the effects of pollution, through the reduction of 

pollutants’ emissions, recycling, a more conscious use of resources and reducing 

disparities. There have been many initiatives during the last decades, one of the most 

important is definitely the 2030 Agenda, an action program for people, planet and 

prosperity signed by the governments of 193 UN member countries in 2015 [3]. Program 

foundation are 17 objectives, articulated in 169 target and over 200 indicators , called 

Sustainable Development Goals (SDGs) [61], reported in Figure 7.  
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Figure 7. Sustainable Development Goals (SDGs) according to 2030 Agenda. 

SDGs are a universal call to action to end poverty, ensure that all people enjoy peace 

and prosperity and protect the planet by reducing emissions, using sustainable 

technologies and responsible use of resources. The aim is to achieve the 17 objectives 

by 2030. 

According to the object of this Ph.D. thesis, we focused the attention on goals 3, 7, 11 

and 13. 

Goal 3 concerns good health and well-being, ensuring healthy lives. Good health is 

essential to sustainable development. It takes into account economic and social 

inequalities, rapid urbanization, the continuing burden of infectious diseases, like 

COVID-19 pandemic, and not least the effects of environmental pollution. WHO report 

reveals that air pollution is associated with 7 million premature deaths annually [62]. 

SDG target 3.9 concerns the mortality from environmental pollution. The aim is reduce 

the number of deaths and illnesses from hazardous chemicals and air, water and soil 

pollution and contamination as healthier environments could prevent almost one 

quarter of the global burden of disease [63]. When applied, for example, as plaster on 

facades or tiles of buildings, SUNSPACE could help reduce PM concentrations in cities, 

making air cleaner and reducing people’s exposure to pollution.  
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Affordable and clean energy is the purpose of Goal 7, ensuring access to affordable, 

reliable, sustainable and modern energy for all. Energy efficiency is key. Investing in 

sustainable energy and promoting low-energy processes would help reduce greenhouse 

gas (GHG) emissions in the environment by improving air quality. The processes took 

into account in this thesis are low energy consuming, following the Azure Chemistry [8]. 

Goal 11 concerns making cities and human settlements inclusive, safe, resilient and 

sustainable. The rapid growth of cities led to a boom in mega-cities, especially in the 

developing world. Making cities sustainable means creating career and business 

opportunities, safe and affordable housing, and building resilient societies and 

economies. It involves investment in public transport, creating green public spaces, 

improving urban planning and management in participatory and inclusive ways [64]. 

SUNSPACE can help improve the air quality in cities by making it more salubrious and 

helping to achieve the goal of more sustainable cities. 

Goal 13 concerns climate action. Global warming is causing long-lasting changes to 

climate system. GHG emissions are a major problem for the environment, in 2021 

energy related CO2 emissions increased 6%, reaching highest level ever [65]. Recycling 

of waste materials and the use of low-emission processes can help reduce GHG 

emissions in the environment to limit the global warming. The synthesis process of 

SUNSPACE uses low energy processes, pursuing the objective proposed by SDG 13. 

COVID-19 pandemic has certainly slowed down the pursuit of the objectives proposed 

by the 2030 Agenda because of the associated social and economic crisis. It is certainly 

necessary to reschedule some actions taking into account the new needs that the 

pandemic has brought to light, identifying new strategies and attitudes to be 

implemented in order to achieve the objectives of sustainable development. 
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3. Materials 
 

3.1 Industrial by-products  
 

3.1.1 Silica fume  
 

Silica fume is by-product of elemental silicon or alloys containing silicon, like 

ferrochromium, ferromanganese, ferromagnesium and calcium silicon, in electric arc 

furnaces. At high temperature (approximately 2000 °C) the reduction of high-purity 

quartz to silicon produces silicon dioxide vapor, which oxidizes and then condenses at 

low temperatures producing silica fume. Silica fume particles are spherically shaped and 

very fine, with a mean size of 20 nm to 500 nm, and a specific area around 20 m2/g [66]. 

Several studies analyzed its chemical properties. As shown in Table 1, silica fume is 

characterized by a high content of amorphous silicon dioxide. Moreover, small amounts 

of iron, magnesium, and alkali oxides are also found. 

Table 1. Chemical composition of silica fume according to different works. LOI = Limit Of Identification. 

         
  Compositon 

(%) 
Guneyisi et al. 

2012 [67] 
Haruehansapong 

et al. 2014 [68] 
Lilkov et al. 

2014 [69] 
Mardani-Aghabaglou 

et al. 2014 [70] 
SiO

2
 90.36 88.3 89.5 87.29 

Al
2
O

3
 0.71 1.17 1.13 0.47 

Fe
2
O

3
 1.31 4.76 2.31 0.63 

CaO 0.45 0.48 0.98 0.81 
MgO - 2.14 1.55 4.47 
K

2
O 1.52 - 0.6 1.28 

Na
2
O 0.45 - 0.42 1.25 

SO
3
 0.41 1.05 0.4 0.22 

LOI 3.11 2.1 2.4 2.7 
 

Given the increasing industrial production, it is necessary to think about a reuse of this 

waste, in the perspective of a circular economy. Silica fume has been recognized as a 

pozzolanic material, due to its high silica content and extreme fineness. Conforming to 

specifications of ASTM C1240 [71], silica fume can be used as supplementary 
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cementitious material in cement mortar and concrete to enhance mechanical and 

durability properties [72]. In this regard many studies have been conducted to reuse the 

silica fume inside the cement [72][73][74][75] obtaining beneficial effects on durability 

and strength properties of mortar and concrete. 

The silica fume used for the realization of SUNSPACE was provided by Metalleghe spa 

(Brescia, Italy), specifically by the B.S.I group which produces silicon metal alloys. The 

silica fume supplied has a SiO2 content of 94% (composition provided by B.S.I. group). 

 

3.1.2 Bottom ash 
 

Incineration is a thermal process at high temperature that allows to burn the waste in 

order to reduce its size. In Italy, 37 incineration plants are active [76], the new 

generation plants allow to recover the heat produced by the combustion phase and 

reuse it for domestic heating. One of these new generation plants is located in Brescia 

(Lombardy, Italy). In operation since 1998, the plant received the prestigious "Wtert 

Industry Award" of Columbia University in New York as best plant in the world in 2006. 

The Brescia waste incinerator plant, managed by A2A spa, is the first source of heat 

generation for the city of Brescia; it produces every year over 70% of the energy 

distributed by the district heating network, producing electricity equal to the needs of 

200,000 households [19]. 

The plant consists of three interdependent combustion units fed by unsorted municipal 

waste and sewage sludge. The waste is transported to the incinerator and discharged 

into the collection and mixing tank. Through cranes, the waste is loaded into the hoppers 

that feed the grids on which combustion takes place. The combustion lines consist of 

steam generators, with combustion chambers whose temperature is constantly 

regulated over 1000 °C, for the complete oxidation of waste and to avoid the formation 

of dioxins. The heat produced by combustion generates high pressure steam, which is 

fed into a turbine for the production of electricity and, subsequently, used to heat the 



24 
 

water supplying the district heating network in the city [19]. The plant diagram is shown 

in Figure 8. 

 

Figure 8. Scheme of Brescia waste incineration plant [19]. 

Waste incineration produces gaseous emissions that are treated to reduce the emission 

levels of the plant below the regulatory limits [77][78] and solid residues. The latter are 

divided into fly ash (FA) and bottom ash (BA). FA, resulting from the treatment of waste 

gas, consists of the salts of metals condensed on the walls of the boiler energy recovery. 

About 1 – 3% of FA are produced per ton of waste burned [79]. They are classified as 

hazardous waste [80] and must first be stabilized in order to be reused [81]. BA consists 

of the non-combustible residue of waste, metallic and non-metallic residues and 

unburned organic material; BA represents the most significant fraction of the waste 

produced by the incineration process, about 25 – 30% per ton of waste burned [79]. The 

Brescia incinerator plant supplies the BA used in the Chemistry for Technologies 

Laboratory of the University of Brescia (Figure 9). 
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Figure 9. Bottom ash supplied by Brescia incinerator plant. 

As shown in Figure 9, the BA are characterized by a very coarse grain size mainly 

represented by sand and gravel; from a mineralogical point of view, the BA composition, 

although variable in relation to the characteristics of incinerated waste, can be traced 

back to a matrix consisting mainly of calcium oxide, aluminum and silicon[82]. According 

to leaching tests performed, bottom ashes are not toxic [81] and therefore can be 

recovered.  

BA recovery is a common practice in many nations, such as Italy, Spain, Germany, 

Denmark, China, USA [82]. This is possible thanks to the chemical composition of BA and 

their remarkable hydraulic and lithoid properties. Considering the composition of this 

by-product, the main recycling applications concern the construction sector in the 

formation of bituminous conglomerates or in the cement industry as an alternative to 

common fillers and aggregates [83].  

The idea of this work is to use BA instead of silica fume to obtain a lighter material, with 

the addition of calcium hydroxide to obtain a resistant material. 
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3.2 Commercial chemicals 
 

In order to realize the porous samples covered by this Ph.D. thesis, in addition to the 

just described by-products, some commercial reagents will also be needed: sodium 

alginate, calcium iodate, calcium hydroxide, sodium bicarbonate and hydrogen 

peroxide.  

 

3.2.1 Sodium alginate 
 

Sodium alginate is a natural polysaccharide that can be extracted from various species 

of algae and seaweeds [56]. Its function is to give strength and flexibility to the tissue of 

the algae, playing a role similar to that of cellulose in plants. Sodium alginate is a linear 

polymer consisting of D-mannuronic and L-glucuronic acid units. Sodium alginate, like 

all alginates, forms physical hydrogels in which polymer chains have electrostatic 

interactions or hydrogen bonds. The physical crosslink gives the hydrogel a reticular 

structure particularly used in the biomedical or pharmaceutical field. 

Due to its biocompatibility, biodegradability, immunogenicity and non-toxicity 

properties, sodium alginate is widely used in different applications. Sodium alginate is 

used as a gelling and viscosity agent in cosmetics, inks, and as a food additive. It is also 

used in the paper industry, in that of artificial fibers and colors. 

 

3.2.2 Calcium iodate 
 

Calcium iodate is an inorganic salt composed of calcium and iodate anions. Two forms 

of calcium iodate are known, Ca (IO3) 2 anhydrous and Ca (IO3)2(H2O) hexahydrate. Both 

are colorless salts that are naturally generated in the form of minerals, called lautarite 

and brüggenite respectively. Calcium iodate is one of the main chemical forms in which 

iodine is present in animal feed [84]. It is also used in the pharmaceutical industry in the 

production process of antiseptics, disinfectants and deodorants [85]. 
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3.2.3 Calcium hydroxide  
 

Calcium hydroxide is an inorganic compound which is usually found in the form of a 

colorless crystal or white powder, produced by thermal decomposition of limestone and 

subsequent exothermic reaction of calcium oxide with water.  Calcium hydroxide is 

produced on a large scale and is generally economical, making it ideal for different 

applications. 

Calcium hydroxide is widely used in the construction industry as part of the mortar, since 

its reaction with air carbon dioxide binds particles of sand and gravel to form calcium 

carbonate. In this thesis it was decided to use calcium hydroxide in combination with BA 

in order to promote the pozzolanic reaction to give resistance to the material. In fact, 

the reaction between calcium hydroxide and pozzolanic materials (like BA) favors the 

formation of binder material known as calcium silicate hydrate. 

Other important applications are the use of calcium hydroxide: 

 as flocculants in water and wastewater treatment: it forms a soft solid that helps 

to remove particles that are difficult to filter. This application is possible given 

the low cost and low toxicity of calcium hydroxide; 

 treatment of potable water to increase the pH of the water and prevent 

corrosion of the pipes.  

 

3.2.4 Sodium bicarbonate 
 

Sodium bicarbonate is a sodium salt of carbonic acid. Sodium bicarbonate is present in 

nature but can also be reproduced industrially. In the latter case, its production takes 

place through the Solvay method, an industrial chemical process for the synthesis of 

sodium carbonate using sodium chloride, calcium carbonate and ammonia. The Solvay 

method is cheap, not very dangerous and also does not produce toxic residues.  
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Sodium bicarbonate is a very versatile product. It is used for food and medicine 

purposes. The different uses of sodium bicarbonate are related to its ability to neutralize 

the pH of an excessively alkaline or acidic substance. 

In this work sodium bicarbonate was used as pore former because with temperature 

tends to decompose releasing CO2 and allowing the formation of pores. 

 

3.2.5 Hydrogen peroxide 
 

Hydrogen peroxide is a chemical containing peroxide ions (O-O)2- characterized by 

strong oxidizing power. The peroxide bond between the two oxygen atoms breaks down 

when two •OH radicals form, which react quickly with other substances to form new 

radicals and initiate a chain reaction. 

It is a very versatile substance that finds its main application in the chemical, medical 

and health fields. From 1920 to 1950 hydrogen peroxide was produced by electrolysis 

from pure hydrogen, while today processes of self-ossidation, always from hydrogen, 

are used. It must be transported, usually in diluted form, in containers made of 

polyethylene, stainless steel or aluminum, particularly protected as hydrogen peroxide 

is a highly flammable substance and if in contact with flammable substances (wood, 

paper, oil, cellulose) may give rise to spontaneous ignition. Commercially available 

hydrogen peroxide is present only in dilution in aqueous solution. 

It is widely used in environmental sanitization (for example potable water sanitization) 

thanks to its many advantages, it is in fact particularly effective (it guarantees a 

decontamination to 99%), environmentally friendly and safe [86]. 

In this work, hydrogen peroxide was used as an alternative to sodium bicarbonate as 

pore former to avoid heat treatment otherwise needed with SUNSPACE. 

 
 



29 
 

4. Materials synthesis and nanoparticles entrapment 
 

4.1 Synthesis of samples for nanoparticles capture 

 

Different porous samples were synthetized by using two industrial by-products: silica 

fume (SF) and BA. Two different typologies of samples were realized: with and without 

thermal treatment. 

Sample 1 (SUNSPACE) synthesis process was described in Paragraph 2.2. Samples 2 and 

3 synthesis process is quite similar to sample 1 but sodium bicarbonate was substituted 

by 5.4 mL and 7.2 mL of hydrogen peroxide, respectively, and only 20 mL of MilliQ water 

were added. 

The use of BA in the materials’ synthesis required some pre-treatments. After manually 

separating the fraction greater than 2 cm, the BA was dried at 100 °C for 1 h. Then, BA 

was manually sieved to obtain a fraction lower than 300 μm. This fraction was chosen 

because it is the most reactive and can better react with calcium hydroxide favoring the 

pozzolanic reaction. SUNSPACE BA (sample 4) sample was made by mixing 32 mL of 

MilliQ water with 0.6 g of sodium alginate and 1 g of calcium iodate. Then, 9 g of BA and 

9 g of calcium hydroxide were added, and finally 5 g of sodium bicarbonate were mixed 

with the compound. Instead, samples 5 and 6 were synthetized without thermal 

treatment: 9 g of BA, 9 g of calcium hydroxide were mixed with 9 mL of MilliQ water, 

finally 5.4 mL or 7.2 mL of hydrogen peroxide were added, respectively. 

For all samples, the slurry was put in circular aluminum mold, (2.73 ± 0.21) cm of 

diameter. Samples 1 and 4 were put on a heating plate for 1 h at low temperature (70 – 

80 °C) while samples 2, 3, 5 and 6 were left at room temperature for 1 week to reach 

the final consolidation. Table 2 reports porous materials composition, while Figure 10 

reports the images of all six samples. 
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Table 2. Porous materials composition synthetized by two different industrial by-products: silica fume (1, 2 and 3) 
and bottom ash (4, 5 and 6). 

                

  

Silica 
fume (g) 

Bottom 
ash (g) 

Calcium 
hydroxide       

(g) 

Sodium 
alginate 

(g) 

Calcium 
iodate 

(g) 

Sodium 
bicarbonate 

(g) 

Hydrogen 
peroxide 

(mL) 

Thermal 
treatment 

Sample 1 17.88   0.6 1 5  Yes 

Sample 2 17.88   0.6 1  5.4 No 

Sample 3 17.88   0.6 1  7.2 No 

Sample 4  9 9 0.6 1 5  Yes 

Sample 5   9 9    5.4 No 

Sample 6   9 9       7.2  No 

 

 

Figure 10. Porous materials synthetized with silica fume and bottom ash: sample 1 (a), sample 2 (b), sample 3 (c), 
sample 4 (d), sample 5 (e) and sample 6 (f). 

In addition, Hedera Helix leaf and cement were used as reference materials, Figure 11. 

As already said in Paragraph 2.1.1, Hedera Helix has shown relatively high PM densities 

in all size fractions due to the important role of leaf surface wax in removing particles 

[12]. Hedera Helix leaves were collected before carrying out the experiments in a town 

near Brescia (Italy). To have the same exposed surface, (5.9 ± 0.5) cm2, the leaves of 

Hedera Helix were cut to obtain samples with a diameter of about 2.7 cm. Before PM 

exposure, leaves samples were carefully washed with MilliQ water to eliminate any 

impurities present. Cement is the most used material in the field of construction. 

Cement (TECNOCEM- 42.5 class) was crumbled into a ball vibratory mill (MM400 Retsch) 
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for 3 minutes at a frequency of 25 Hz with one zirconium sphere (20 mm of diameter), 

obtaining a fine powder with particle size in a range from 106 to 300 μm. 17 g of cement 

were mixed with 6.8 mL of MilliQ water, (water/cement ratio 0.4). The slurry obtained 

was inserted in circular aluminum molds (2.73 ± 0.21) cm of diameter and put on a 

heating plate for 1 h at a low temperature (70 - 80°C).  

 

Figure 11. Hedera Helix leaf (a) and cement sample (b) used as reference materials. 

 

4.2 Samples characterization 

 

Samples were characterized through different colorimetric, structural, morphological 

analysis. 

Colorimetric analysis was performed by UV-Vis Spectroscopy-Color Measurement 

Minolta CM 2600d. This technique allows to define an accurate color through a color 

space defined by Luminance (L, lightness) and two-color channels (a and b). L changes 

from 0 (black) to 100 (white), while a and b can range from positive and negative values. 

Negative values represent green and blue colors for a and b, respectively. Instead, 

positive values correspond to red and yellow colors for a and b, respectively. The analysis 

allows to evaluate SCI (including specular component) and SCE (excluding specular 

component) values. As data obtained are very similar for the two components, Table 3 

reports only SCI component for all porous samples.   
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Table 3. Colorimetric analysis of six porous samples. Measurements are reported in SCI modality. 

       

Samples L a b 

Sample 1 38.83 ± 0.01 -0.92 ± 0.01 2.33 ± 0.01 

Sample 2 47.46 ± 0.52 0.81 ± 0.02 1.46 ± 0.06 

Sample 3 46.69 ± 0.39 0.63 ± 0.02 0.76 ± 0.24 

Sample 4 81.97 ± 0.01 0.77 ± 0.01 6.34 ± 0.01 

Sample 5 86.01 ± 0.01 0.21 ± 0.01 3.41 ± 0.01 

Sample 6 86.32 ± 0.01 0.16 ± 0.01 3.13 ± 0.01 

 

According to the results, the use of BA allows to obtain a lighter color material. Taking 

the average of the 3 L values for the samples with SF (samples 1, 2 and 3) and the average 

of the 3 L values for the samples with BA (samples 4, 5 and 6), by replacing the SF with 

BA, L increases from about 44 to about 84, changing from dark grey to light grey. 

The structural characterization was performed by XRD analysis by mean with Panalytical 

diffractometer (Netherlands), using Cu Ka (1.5406 Å) radiation and operating at 40 kV 

and 40 mA. About 1 g of each sample was crushed in a mortar to obtain a fine powder 

that can be analyzed by the instrument. 

Figure 12 reports the XRD patterns for SF samples (1, 2 and 3), moreover the SF pattern 

is reported as reference.  

 

Figure 12. XRD patterns of silica fume and samples synthetized with silica fume (sample 1, sample 2, and sample 3). 
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All samples present a large halo in a range between 15° and 30° (2θ) and cristobalite 

(SiO2) peaks, due to the amorphous phase of silica fume powder. Sample 1 is 

characterized by several diffraction peaks identified by sodium iodate hydrate 

(Na(IO3)!H2O) generated during the synthesis of the material [15]. Sample 2 and sample 

3 show similar patterns. This reveals that the different concentrations of hydrogen 

peroxide, used as pore former, do not change the structure of the sample. These two 

samples are mainly characterized by peaks of lautarite Ca(IO3)2, used in the sample 

realization. The lack of sodium iodate hydrate phase is probably related to the absence 

of sodium bicarbonate. 

Figure 13 reports the XRD patterns for BA samples (4, 5 and 6), moreover the BA pattern 

is reported as reference.  

 

Figure 13. XRD patterns of bottom ash and samples synthetized with bottom ash (sample 4, sample 5, and sample 
6). 

Sample 4 is characterized mainly by sodium iodate hydrate (Na(IO3)!H2O), generated 

during the material synthesis, quartz (SiO2) and calcium carbonate (CaCO3), derived from 

BA powder. Calcium carbonate is probably generated also during the carbonation 

process between calcium hydroxide and carbon dioxide. Some peaks of aluminum 

silicate hydroxide chloride (Al3(SiO4)5(OH)18Cl) are also identified. Samples 5 and 6 show 

similar patterns. The crystalline phases identified are calcium carbonate (CaCO3), 
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calcium hydroxide (Ca(OH)2), and quartz (SiO2). Also, aluminum silicate hydroxide 

chloride (Al3(SiO4)5(OH)18Cl) peaks are detected. Instead, sodium iodate hydrate is not 

identified, probably due to the absence of sodium bicarbonate. 

In Figure 14 the optical microscopy images of the 6 porous samples are reported. All 

samples are characterized by porous surfaces. The shape and size of pores are the main 

differences of samples obtained by using SF or BA. Samples 1 and 3 show pores with 

irregular shapes and sizes in order to 100 – 200 µm. Pores with higher dimensions (up 

to about 1 mm), were identified in sample 2.  Samples with BA are characterized by 

pores with more regular shape. Sample 4 shows pores with a diameter up to 1 mm, 

instead samples 5 and 6 present pores of smaller size and well distributed over the entire 

surface. Some pores with a diameter of about 300 µm of size were identified in sample 

5. Instead, pores of that size are much more widespread in sample 6, probably due to 

the greater amount of hydrogen peroxide used in the sample synthesis.  

 

Figure 14. Optical microscopy images of sample 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), 6 (f). 

The accessible porosity and pore size distribution of the 6 samples were quantified using 

a Pascal 240 Mercury Porosimeter from Thermo Scientific, capable of intruding mercury 

by a stepwise increase of pressure from vacuum to 200 MPa. After drying at 60 °C for 12 

h, a broken piece of each sample of about 1 cm2 size was tested. The volume change of 

mercury between each pressure step allows to define different parameters, of which 
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the pore size distribution, the accessible porosity, the mode, mean and median pore size 

values were evaluated from the results. Figure 15 reports the pore size distributions of 

samples, while Table 4 reports the basic descriptive statistics.  

 

Figure 15. Pore size distributions of all six samples quantified by mercury porosimetry analysis. 



36 
 

Table 4. Results from mercury intrusion porosimetry. 

         

  Samples 
Accessible 
Porosity 

(%) 

Average Pore 
Radius  

(µm) 

Median Pore 
Radius  

(µm) 

Modal Pore 
Radius  

(µm) 
Sample 1 41 0.0356 0.0777 0.0849 
Sample 2 49 0.0455 0.0911 0.1063 
Sample 3 52 0.0418 0.0954 0.1058 
Sample 4 63 0.0282 1.7808 1.7938 
Sample 5 58 0.0387 0.6153 0.6127 
Sample 6 3 0.0141 9.6896 5.6504 

 

The accessible porosity by intrusion is always above 41%, with a maximum of 63% for 

the sample 4. The anomalously low value for sample 6 (about 3% accessible porosity), 

which is clearly at odds with the morphological observations, indicates sample 

deformation and porosity collapse during the test. The sample 6 is therefore not 

considered in the mercury porosimetry results. The pore sizes of the samples prepared 

with SF (1, 2 and 3) follow a unimodal distribution with a pore radius mode of 0.08 – 0.1 

µm. The sample 5 shows a bimodal pore size distribution, with a main peak at about 

0.65 µm and a secondary peak related to larger pores with a radius of about 7 – 8 µm. 

Finally, the pore size distribution of sample 4 spans about an order of magnitude, with 

a mode of 1.79 µm. The porosimetric analysis confirmed that samples with BA show 

pores with higher dimensions compared to those with SF. 

Scanning electron microscopy (SEM, LEO EVO 40, Zeiss) analysis was performed to 

evaluate the morphology of samples. As reported by XRD analysis the different 

concentrations of hydrogen peroxide do not influence the structure of the samples. 

Therefore, only samples 1, 2, 4 and 5 were analyzed. Figure 16 shows SEM images of 

samples synthetized with SF and different pore formers: sodium bicarbonate (a and b) 

and hydrogen peroxide (c and d). Sample 1 is characterized by spherical particles, typical 

of silica fume powder, with size dimension about 20 - 700 nm, agglomerated together 

[15][80]. Figure 16a reveals the presence of some macro-pores with dimensions in order 

to µm. Some needle-shaped structures appeared on sample 1 surface (as reported in 

Figure 16b), probably they can be attributed to sodium iodate peaks, as confirmed by 
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XRD analysis reported in Figure 12. The use of hydrogen peroxide instead of sodium 

bicarbonate changes the morphology of the sample. Sample 2 is characterized by 

spherical particles very compact with them (Figure 16c). In addition, some lamellae 

appear on the sample surface (Figure 16d). 

 

Figure 16. SEM images of samples synthetized with silica fume and different pore former: sodium bicarbonate (a and 
b) and hydrogen peroxide (c and d) 

Figure 17 shows SEM images of samples synthetized with BA and different pore formers: 

sodium bicarbonate and hydrogen peroxide. Unlike samples synthetized with SF, those 

with BA are characterized by particles with different forms and irregular morphologies. 

This is attributed to the BA powder [87].  Sample 4 (Figure 17a and Figure 17b) shows a 

fibrillar matrix, clearly visible in Figure 17b. It is probably related to the C-S-H formation, 

typical of pozzolanic reaction [81]. 

As reported in Figure 13, XRD spectrum of sample 5 is characterized mainly by calcium 

hydroxide peaks. This means that probably this phase did not react with the amorphous 

phase of BA, so the fibrillar matrix typical of C-S-H formation is not present (as reported 

in Figure 17c and Figure 17d). 
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Figure 17. SEM images of samples synthetized with bottom ash and different pore former: sodium bicarbonate (a 
and b) and hydrogen peroxide (c and d).  

 

4.3 Sustainability analysis  
 

The environmental impact of these samples was performed in terms of Embodied 

Energy (EE) and Carbon Footprint (CF). As reported by [88], EE includes all the energies 

(direct and indirect) consumed during the production of 1 kg of material. CF is related 

to the GHG generated during the production of 1 kg of material [88] and reported as CO2 

equivalent. This approach allows to have a preliminary estimate of the impacts related 

to the energy and emissions necessary to the production of the material. It is a simplified 

approach compared to LCA (Life Cycle Assessment) that definitely requires more data 

for the evaluation, it can be considered as a preliminary assessment [89]. The evaluation 

was carried out with the software Ces selector [57]. Figure 18 shows the EE versus CF of 

six porous samples synthetized by SF (samples 1, 2 and 3) and by BA (samples 4, 5 and 

6). The sustainability evaluation takes into account the use of chemicals and thermal 

treatment performed during the synthesis of the material. 

As reported in Figure 18, all samples are more sustainable compared to materials 

frequently used in the production of air filters such as PS, PE, PP and polyamide (PA). 

The idea is to use these porous materials in building construction. Therefore, a 
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comparison was performed with brick, Portland cement, plaster of Paris, and concrete. 

Figure 18 shows that sample 1 has lower EE, while samples 2 and 3 synthetized with SF 

and hydrogen peroxide (used as pore former instead of sodium bicarbonate) are more 

sustainable in terms of CO2 emission compared to other samples. The elimination of 

thermal treatment allows for improving material sustainability in terms of carbon 

emissions. The use of BA instead of SF increases the EE and CF values (as evidenced for 

samples 4, 5 and 6), this is probably due to some pre-treatments necessary before its 

reuse. In fact, BA was subjected to a thermal treatment, to reduce its moisture, and 

control the amount of water that was added, to guarantee the sample workability during 

the synthesis. It will be necessary to try to eliminate these treatments or to provide for 

alternative treatments to further reduce the environmental impact. 

 

Figure 18. Embodied Energy (EE) versus Carbon Footprint (CF) of six porous samples: samples 1, 2 and 3 were 
synthetized by silica fume (SF), while samples 4, 5 and 6 by bottom ash (BA). In comparison the environmental 

impact of plastic materials used in the production of air filters (polypropylene PP, polystyrene PS, polyamide PA, 
polyethylene PE) and building materials (Portland cement, plaster of Paris, brick or concrete) are reported. 
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4.4 Adsorption test 
 

As the idea is to use these sustainable porous material to entrap PM, the six samples 

were subjected to adsorption test.  

Experimental tests were carried out, for the first time, by using an aerosol nanoparticle 

generator (Grimm Particle-generator MODEL 7.811). The instrument is composed of two 

main elements, the atomizer and the dryer (Figure 19): the atomizer contains the 

solution to spray while the dryer containing silica gel that allows the dehumidification 

of the air flow into it. An air flow, taken from the outside, passes through a first filter 

and then through the silica gel present in the dryer, while a second air flow passes 

through two other filters and arrives at the atomizer. The two flows then converge at 

the generator outlet, from which the aerosol is sprayed. Contrary to the previous tests 

performed on SUNSPACE, the use of the aerosol nanoparticles generator allows to have 

a control on the airflow which can be controlled by the operator. A titanium dioxide 

(TiO2, Hombitan 97% with 300 nm size, kindly supplied by Rifra Masterbatches spa) 

suspension was used to simulate a PM source. The suspension was prepared by mixing 

0.45 g of TiO2, size dimension 300 nm, with 150 mL of MilliQ water and then sonicated 

for 15 min, obtaining a concentration of about 3 g/L. Some preliminary tests were 

conducted to define the experimental setup, settling the following parameters: 

atomizer pressure about 290 mbar, flow of the dryer 7 L/min, and volume of TiO2 

suspension 7 mL. Both aerosol generator and samples were put in a glove box. As shown 

in Figure 19, samples, positioned on a fixed support, were exposed in front of the 

generator outlet, 2 cm away, and at the same height, about 15 cm, to maximize the TiO2 

adsorption. Samples were exposed for 4 min, after 1 min of stabilization. 3 specimens 

for each material were exposed. 
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Figure 19. Schematic representation of nanoparticles generator. 

The adsorption capacity was evaluated by comparing the pristine and exposed samples. 

All materials were digested following a standard procedure [90]. Leaf was entirely 

digested. While for the other samples, exposed samples were first gently shaken 3 times 

to eliminate any TiO2 excess, then all samples were superficially scratched to obtain 0.25 

g of powder and placed in a teflon vessel with 4 mL of HNO3 (≥ 65%), 2 mL of HCl (37%), 

and 2 mL of HF (48%). Each vessel was processed by the CEM SP-D 10/35 microwave 

digestion system (CEM Corporation, Matthews, United States). Finally, the volume of 

each digested sample was adjusted to 50 mL with MilliQ water. To evaluate the Ti 

concentration of each sample, through the TXRF (Total reflection X-Ray Fluorescence) 

analysis, an internal standard, Ga, in known concentration (1 mg/L), was added to the 

digested samples. 10 μL of this solution was put in the center of plexiglas support, dried 

on a heating plate (about 50 °C) and then analyzed. To ensure the repeatability of the 

measurement, 3 specimens were analyzed for each sample. The spectra obtained were 

evaluated by the software Picofox (Spectra Plus 5.3, Bruker AXS Microanalysis GmbH, 

Berlin, Germany) and Ti concentrations were converted to TiO2 concentrations through 

simple conversions. Figure 20 reports the results of the adsorption tests. Results show 
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that sample 2 and sample 4 had the best adsorption capacity. Sample 1 had a modest 

adsorption capacity probably due to the presence of smaller pores (characterized by ink-

bottle shape [17]), according to porosimetric analysis in Paragraph 4.2, than the size of 

the TiO2 used (300 nm). Samples 5 and 6, realized with BA and hydrogen peroxide, 

showed a low adsorption capacity which will be investigated in Chapter 6. Hedera Helix 

leaf showed high TiO2 concentrations since the TiO2 suspension was just deposited onto 

the surface but not adsorbed, because after the test a layer of TiO2 had formed on the 

surface of the leaf. Finally, cement had no adsorption capacity. 

 

Figure 20. Results of TiO2 entrapment by porous samples (1, 2, 3, 4, 5 and 6). In comparison also Hedera Helix leaf 
and cement were reported. 

 

4.5 Conclusions  
 

In this Chapter, SUNSPACE implementations were proposed to obtain a lighter-colored 

material (using BA) and to eliminate the thermal treatment (substituting the sodium 

bicarbonate with the hydrogen peroxide) simplifying the synthesis process. Samples 
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were fully characterized. In particular, porosimetric analysis revealed the presence of 

pores of smaller dimension in samples realized with SF compared to samples realized 

with BA. SEM analysis revealed that samples realized with BA are characterized by 

particles with different forms and irregular morphologies while samples realized with SF 

presented spherical particles, typical of SF powder. Sustainability analysis, performed 

with the software Ces Selector revealed that all samples were more sustainable 

compared to materials commonly used in filters’ production, like PP, PE and PS, 

representing a good starting point for their possible development. 

As the main purpose of developing these materials is to reduce PM concentrations in 

cities, the adsorption capacity of these materials was tested. For the first time, 

adsorption tests were performed using an aerosol nanoparticles generator (Grimm 

Particle-generator MODEL 7.811) and a TiO2 suspension to simulate a PM source. The 

ability of these materials in particulate matter trap was compared to cement and Hedera 

Helix L. Results showed that sample 2 and sample 4 had the best adsorption capacity. 

The lower adsorption capacity of samples 5 and 6 will be investigated in Chapter 6. 

These works are reported in peer review publications [91][92] and as book chapter in 

[93]. 
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5. Photodegradation of organic pollutants 
 

There are different ways to remove organic pollutants like photodegradation, 

biochemical treatment, wet air oxidation, filtration, chemical precipitation and 

adsorption [94][95]. However, in this Chapter only photodegradation is studied. This 

process involves reactive species that, when exposed to UV radiation, can photodegrade 

the organic matter [96]. Organic compounds are responsible for adverse effects on 

human health and the photodegradation could help in reducing concentrations of these 

pollutants favoring the environmental remediation process. There are chemical species, 

called catalysts, which accelerate photo degradation reactions. Many are the existing 

catalysts, among them one of the most used is titanium dioxide (TiO2). TiO2 is presented 

as a crystalline white powder that finds many applications in different sectors. It is used 

in paints as white pigment, as opacifying in paper and textile fibers, building materials, 

wastewater treatment, in the food industry as dye and in the pharmaceutical industry 

[97][98][99]. Only recently, the European Food Safety Agency (EFSA) recognized that 

food dye made with TiO2 may not be safe for health by transposing a 2020 European 

directive [100]. As catalyst, TiO2 is a high reactivity semiconductor that can be chemically 

activated by UV radiation. This strong photocatalytic activity ensures that, exposed at 

UV radiation, TiO2 can oxidize organic compounds to H2O and CO2 and form oxidizing 

radicals when present water and oxygen. 

In this Chapter, methylene blue (MB) has been used as an organic pollutant to be 

removed by photodegradation. MB can be degraded using catalysts like Ag doped ZnO, 

zinc or copper oxide, TiO2 or TiO2 in association with other additives like H2O2 or UV 

source [101]. In accordance with literature, TiO2 was used with an UV source in this 

work. 

 

5.1 Synthesis of porous materials with titanium dioxide   
 

Thanks to its catalyst qualities, TiO2 has been used to realize other porous samples. TiO2 

powder (Hombitan 97% with 300 nm size) was used. These new samples were 
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synthetized to compare their photo degradation ability with the one of the materials 

described in Paragraph 4.1. To make the comparison, samples that showed the best 

performance in PM entrapment (Paragraph 4.4), between the different typologies, were 

chosen to investigate their photo degradation performance. At this purpose, samples 1, 

2, 4 and 5 were chosen. New formulations of these 4 samples were proposed by 

replacing 20% of the powder (SF or BA and calcium hydroxide) with TiO2.  

The synthesis process is the same discussed in 4.1 paragraph. Sample 7 and sample 8 

are the same as samples 1 and 2, respectively, but with 14 g of SF and 4 g of TiO2. 

Samples 9 and 10 are similar to samples 4 and 5, respectively with 7 g of BA, 7 g calcium 

hydroxide and 4 g TiO2. Table 5 shows the quantities of the reagents used in the material 

synthesis. 

Table 5. Quantities of reagents used in samples synthetized with titanium dioxide (TiO2). 

                   

  

Silica 
fume        

(g) 

Bottom 
ash (g) 

TiO2         
(g) 

Calcium 
hydroxide       

(g) 

Sodium 
alginate 

(g) 

Calcium 
iodate 

(g) 

Sodium 
bicarbonate 

(g) 

Hydrogen 
peroxide 

(mL) 

Thermal 
treatment 

Sample 7 14  4  0.6 1 5  Yes 

Sample 8 14  4  0.6 1  5.4 No 

Sample 9  7 4 7 0.6 1 5  Yes 

 Sample 10   7 4 7       5.4  No 

          

Before photo degradation testing, all samples were washed with approximately 10 mL 

MilliQ water to release any clogged pores removing unreacted composites. 

Figure 21 shows the new samples synthetized with a 20% of substitution of powder with 

TiO2.  
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Figure 21. Samples synthetized with titanium dioxide: a) sample 7, b) sample 8, c) sample 9, d) sample 10. 

 

5.2 Samples characterization 
 

Figure 22 reports the optical images of samples. The addition of TiO2 to samples seems 

to change the pores size. As reported in Figure 22a, sample 7 (SUNSPACE with TiO2) 

presents lower pores’ dimension (about 40 - 150 µm), compared to sample 1.  Sample 8 

presents different morphology and a smoother surface compared to other samples (as 

reported in Figure 22b and Figure 23a). The detail of internal (Figure 23b) and external 

(Figure 23c) surfaces was reported. The external surface was mainly characterized by 

pores with small dimensions (about 40 - 70 µm), and some bigger pores about 150 µm. 

Instead, internal surface shows pores with variable dimensions (150 µm - 1.3 mm). 

Sample 9 also presents pores with lower dimension (from 50 µm to 100 µm) and some 

bigger pores with dimensions in the order of mm. Finally, the presence of TiO2 influences 

also sample 10 pores, compare to sample 5, pores are smaller (70 - 200 µm) and with 

irregular shape. 
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Figure 22. Optical microscopy images of sample 7 (a), sample 8 (b), sample 9 (c) and sample 10 (d). 

 

 

Figure 23. Optical image of sample 8 (a) with detail of internal (b) and external (c) surfaces. 

Figure 24 reports the XRD analysis of samples 7, 8, 9, and 10. In comparison also TiO2 

powder pattern is reported. All sample patterns present titanium dioxide peaks (in 

anatase form). Samples 7 and 8 present a halo in a range between 15° and 30° (2θ) and 

cristobalite (SiO2) peaks, due to the presence of amorphous SF powder. Sample 7 is 

characterized by several diffraction peaks identified as sodium iodate hydrate 

(Na(IO3)!H2O), generated during the synthesis of the material. Also, some nahcolite 

(NaHCO3) peaks are identified, probably due to some incomplete reaction. Sample 8 is 

mainly characterized by peaks of lautarite (Ca(IO3)2), used in the sample realization. 
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Moreover, the lack of sodium iodate hydrate (Na(IO3)!H2O) phase is probably due to the 

absence of sodium bicarbonate in the synthesis process. Sample 9 is characterized 

mainly by sodium iodate hydrate (Na(IO3)!H2O), generated during the material 

synthesis, calcium carbonate (CaCO3) and quartz (SiO2), derived from BA powder. 

Calcium carbonate is probably also generated during the carbonation process between 

calcium hydroxide and carbon dioxide. Some peaks of aluminum silicate hydroxide 

chloride (Al3(SiO4)5(OH)18Cl) have been identified. The crystalline phases identified in 

sample 10 are calcium carbonate (CaCO3), calcium hydroxide (Ca(OH)2), and quartz 

(SiO2). Instead, sodium iodate hydrate is not identified, probably due to the absence of 

sodium bicarbonate in the synthesis process. 

 

Figure 24. XRD patterns of samples 7, 8, 9, and 10. In comparison also titania (TiO2) pattern is reported. 

 
 

5.3 Photo degradation test  
 

MB was used to simulate an organic pollutant that can be removed thanks to these 

porous materials. First of all, a stock solution of MB (10 mg/L) was prepared. To obtain 

a calibration curve, other 4 MB solutions at different concentrations (8 mg/L, 5 mg/L, 3 

mg/L and 1 mg/L) were prepared and 1 mL of each solution was analyzed at the 



49 
 

spectrophotometer UV-Vis (QE65000, Ocean Optics). To evaluate the reproducibility of 

data, 3 measurements were performed for each concentration. The maximum 

absorption wavelength was identified at 663.12 nm. Data were elaborated and reported 

in Figure 25, obtaining the Equation 1, with R2 value of 0.9969. The calibration curve 

obtained allows to calculate the MB concentration x (mg/L), of an unknown solution, 

once the absorbance value y (-), obtained by analyzing the solution at the 

spectrophotometer UV-Vis, is known: 

𝑦 = 0.1574𝑥 + 0.0538                                                                Equation 1 

 

Figure 25. Methylene Blue calibration. Error bars are included within the experimental point size. 

According to information obtained from the adsorption test using an aerosol 

nanoparticles generator (Paragraph 4.4), samples 1, 2, 4 and 5, that showed the best 

adsorption performance, were chosen for the photo adsorption tests together with 

samples synthetized in Paragraph 5.1.  

For the test, 10 g/L of sample in MB solution was used. 3 specimens for each material 

were prepared. The experimental setup is reported in Figure 26. In a transparent plastic 

glass, filled with MilliQ water and a magnetic anchor, was put another smaller plastic 

glass with the sample, in known concentration, in MB solution (10 mg/ L). This device 
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was used to avoid direct contact of the sample with the magnetic anchor. The plastic 

glasses were placed on 3 different magnetic stirrers under the UV lamp.  

 

Figure 26. Experimental setup of photo degradation tests. 3 specimens for each material were evaluated. 

In the first part of the test, magnetic stirrers were actioned and samples adsorbed MB 

for 3 hours, in a dark room, assessing MB concentration hourly. This value was chosen 

because, according to preliminary tests, it was evaluated that after 3 hours there was 

no more adsorption. In the second part of the test, the UV lamp was switched on and 

the experiment continued for another 5 hours, continuing to assess the MB 

concentration every hour. Thanks to Equation 1 it was possible to calculate the MB 

concentration (x) according to the absorbance value (y) defined hourly through the UV-

Vis analysis. Equation 2 allowed to calculate the removal efficiency of adsorption and 

photo degradation: 

𝑅% =  
𝐶0  −𝐶𝑡

𝐶0
∗ 100                                                  Equation 2 

Where R is the removal efficiency (%), C0 is the initial concentration of MB (mg/L) and Ct 

is the concentration of MB at t time (mg/L). 

Figure 27 shows the concentration of MB every hour, starting from the initial 

concentration of MB (C0 = 10 mg/L) in green bar chart. In the first 3 hours the UV lamp 

light is turned off and there is only adsorption, then the lamp is turned on and the test 

continues for another 5 hours (photodegradation). Samples 1, 2, 4 and 5 are identified 

by blue bars charts, while samples 7, 8, 9 and 10 are the equivalent of the previous 

samples but synthetized with the addition of titanium dioxide (pink bars charts). 
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Figure 27. Concentration of methylene blue (C0=10 mg/L, green bar chart) at different intervals time after adsorption 
and photodegradation by different porous samples: samples 1 and 7 (a), samples 2 and 8 (b), samples 4 and 9 (c) 

and samples 5 and 10 (d), identified by blue bars charts, and the respective materials synthetized with the addition 
of titanium dioxide (pink bars charts). 

Figure 28 summarizes the results of MB removal rates after 3 h of adsorption and 5 h of 

photodegradation by samples synthetized with SF (samples 1, 2, 7 and 8) and BA (4, 5, 9 

and 10). All samples with SF show a good adsorption performance of MB (variable from 

74% to 76%). Indeed, many papers reported the use of SF as an adsorbent for dye 

[102][103]. Recently studies demonstrated that mixing SF with other ashes (for example 

flue gas desulphurization, coal fly ash, and fly ash from MSWI) allows reducing the 

concentration of heavy metals [80]. 
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Figure 28. Results of the removal of methylene blue (MB) by adsorption and photodegradation process. 

Samples 1 and 7 show a similar adsorption capacity. Sample 7 reaches 15% of 

photodegradation after 5 h, slightly higher than sample 1. This is due to the presence of 

TiO2 powder that increases the photo catalyst reactions. Samples 2 and 8, samples 

realized with SF without thermal treatment, have the same trends. Sample 9 shows a 

higher adsorption capacity compared to sample 4, but with lower photodegradation 

ability (18% compared to 26%). This is probably related to the sample 9 rupture at the 

beginning of the test.  Samples 5 and 10 reveal the lowest percentage of adsorption 

(30% and 27%, respectively) compared with other samples. Samples realized with BA 

seem to have water repellent behavior that will be investigated in Chapter 6. However, 

sample 10 reaches almost 50% of MB photodegradation. 

The literature informs of some applications of BA such as pollutant adsorbent, for 

example for lead [104] dye [105] or phosphate removal from water [106]. Materials 

realized with BA have a higher percentage of photodegradation compared to samples 

realized with SF. Literature reveals that BA is characterized by a certain percentage of 

titanium dioxide [82][107], as also seen from the results of the adsorption tests in 

Paragraph 4.4. Therefore, to test BA properties, a photodegradation test was conducted 

only with BA powder. 3 g/L of BA were mixed with MB (10 mg/L) for 3 h in dark condition 
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and 2 h under UV lamp, reveling a photodegradation capacity of about 10%. This means 

that, is the material made with BA that has photodegradative abilities and not only the 

BA itself. 

Except samples 10, it seems that the porous materials investigated do not have high 

photodegradation capacity. This is probably related to the fact that titanium dioxide is 

inserted in the compound during the material synthesis.  

 

5.4 Conclusions 
 

Nowadays, organic pollutants are more and more widespread in groundwater and 

watercourses. At this purpose, the porous materials described in Chapter 4 were tested 

to remove organic pollutants. Samples which shown the best adsorption capacity were 

chosen and other samples were realized adding a certain percentage of TiO2, well known 

for its photocatalytic activity. All samples were fully characterized and tested using a MB 

solution, in known concentration, to simulate an organic pollutant. Samples, immersed 

in the MB solution, were put on a magnetic stirrer for 3 h in a dark room and then the 

experiment continued for other 5 h by turning on the UV lamp. The MB concentration 

was measured every hour. Results show that sample 10 is the one with the best 

photodegradation activity probably due to the addition of TiO2 in the synthesis sample 

and to the presence of a small percentage of TiO2 in BA. In fact, compared to samples 

realized with SF, the ones realized with BA have a higher photodegradation activity. 

These are preliminary results, an idea to improve their photo degradation ability could 

be to apply a layer of titanium dioxide on the surface of the samples. 

This work is reported as a book chapter in [93].  
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6. Wettability  
 

Wettability is the preference of a liquid to be in contact with a solid surrounded by 

another fluid (liquid or gas). Wettability of a solid surface is measured with an optical 

tensiometer by utilizing the sessile drop method. A water droplet is placed on the 

surface and the formed contact angle is measured from the three-phase boundary 

where liquid, gas and solid intersect. Wettability characteristics are fully describable by 

measuring the contact angle (θ), that is defined as the angle formed by the tangent to 

the liquid-aeriform interface, and by the tangent to the solid surface, at the contact line 

between the three phases [108]. In case the liquid perfectly wets the surface the 

determined angle is zero; while when the drop is perfectly spherical, and therefore θ = 

180°, it has a situation of perfect not wettability. In the middle of the two ideal 

conditions there are intermediate situations for which the angle of contact is 0° < θ < 

180°. In such situations a further classification can be made by distinguishing: 

 0° < θ < 90°: hydrophilic surface; 

 90° < θ < 150°: hydrophobic surface; 

 150° < θ < 180°: super hydrophobic surface. 

 

6.1 Synthesis of samples 
 

In Paragraphs 4.4 and 5.3 were presented the results of adsorption and 

photodegradation tests. Both for nanoparticles capture and photodegradation, samples 

with BA and hydrogen peroxide were not very performing, showing a water repellent 

behavior. At this purpose, wettability test was performed on samples 5 and 6, that for 

convenience from now on will be called samples F and H respectively, and other samples 

realized varying the volume of hydrogen peroxide added. The synthesis process for all 

samples is similar to the one described in Paragraph 4.1, excepted for sample A that is 

synthetized without the addition of hydrogen peroxide. Table 6 reports porous materials 

composition, while Figure 29 reports the images of all 8 samples. 
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Table 6. Porous materials composition synthetized with different volume of hydrogen peroxide. 

        

  

Bottom ash 
(g) 

Calcium 
hydroxide       

(g) 

MilliQ 
water 
(mL) 

Hydrogen 
peroxide 

(mL) 

Sample A 9 9 18 - 

Sample B 9 9 11.3 0.9 

Sample C 9 9 9 2.7 

Sample D 9 9 9 3.6 

Sample E  9 9 9 4.5 

Sample F 9 9 9 5.4 

Sample G 9 9 9 6.3 

Sample H 9 9 9 7.2 

 

 

Figure 29.  Porous materials synthetized with bottom ash and different volume of hydrogen peroxide. 

 

6.2 Samples characterization 
 

Samples characterization was performed through structural and morphological analysis. 

XRD patterns of samples are reported in Figure 30. The crystalline phases identified are 

aluminum silicate (Al13(SiO4)5), calcium hydroxide (Ca(OH)2) that is used in the samples 

synthesis, quartz (SiO2) and calcium carbonate (CaCO3) as vaterite and calcite. CaCO3 

was probably generated during the carbonation process between calcium hydroxide and 
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carbon dioxide. In all samples were identified the same crystalline phases, despite the 

different volume of hydrogen peroxide used, showing that the amount of hydrogen 

peroxide does not affect the crystalline structure of the sample.   

 

Figure 30. XRD patterns of samples realized with bottom ash and different volume of hydrogen peroxide. 

The superficial porosity of samples was investigated using the Leica MZ16 A microscope. 

Different images were acquired for each sample and then analyzed by the software 

ImageJ [109]. ImageJ is an open source software, programmed in JAVA, that allows to 

edit, analyze, process, save and print images; it also offers the possibility to calculate the 

area and statistics on pixel values relative to regions, called ROI (Region Of Interest), 

selected by the user. Table 7 shows the surface porosity of the samples calculated from 

the pore area and sample area.  

Table 7. Average surface porosity calculated as average pore area to average sample area ratio. 

       

  

Average pore 
area 

(μm2) 

Average 
sample area 

(μm2) 

Average 
surface 

porosity (%) 

Sample A 654,782 9,899,248 6.6 

Sample B 908,569 9,857,031 9.2 

Sample C 1,327,333 9,850,612 13.5 

Sample D 1,166,121 9,812,416 11.9 

Sample E  1,616,095 9,787,099 16.5 

Sample F 1,015,321 6,875,714 14.8 

Sample G 1,150,818 9,856,836 11.7 

Sample H 1,529,420 10,065,366 15.3 
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Although there is a progressive addition of hydrogen peroxide, there is no linear increase 

in porosity; in particular sample G has a lower surface porosity than sample F, as shown 

also in Figure 29.   

ImageJ allowed to evaluate the diameter of the pores through the analysis of Feret 

diameter2. Results are reported in Figure 31. 

 

Figure 31. Pore frequency as a function of Feret diameter for each sample. 

                                                           
2 Feret diameter is the diameter of a hypothetical circle that best approximates the pore considered. 
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It is observed that all samples are characterized by small pores with a trend of decreasing 

frequency as the pore size increases. Analyzing sample A, a larger amount of pores can 

be observed in the range of 25 - 50 µm with a percentage of about 22%, only 3% of the 

total exceeds the size of 250 µm. Sample B has a high pore value in the range of 25 - 50 

µm of 31%; from the next interval there is a sudden decrease in the amount of pores, 

only 2% exceeds the size of 250 µm. In sample C the largest amount of pores, equal to 

22%, develops in the range of 75 - 100 µm, about 3% of the total exceeds the size of 250 

µm. In sample D the largest amount of pores, about 24%, is distributed in the range 

between 50 - 75 µm; while 11% occurs in the initial values between 25 - 50 µm. Pores 

larger than 250 µm account for 2%. In sample E, 22% of the total pores occur in the range 

of 50 - 75 µm, an equally significant amount (21%) is that within the range of 25 - 50 µm. 

There is a greater amount of pores, compared to previous samples, about 5%, for Feret 

diameter values above 250 µm. In sample F, the greatest pore distribution (22%) is in 

the range 75 - 100 µm; for values above 250 µm, 3% of the total is obtained. In sample 

G the largest amount of pores (27%) is between 50 - 75 µm. Only 2% of the total exceeds 

the size of 250 µm. In sample H, the greatest amount of pores (23%) develops in the 

range of 50 - 75 µm. Compared to other samples, the frequency of pores with a diameter 

greater than 250 µm increases to 6%, of the total. In all samples the greatest amount of 

pores occurs in the range between 25 - 100 µm. For values below 25 µm, the amount of 

pores is almost restricted and independent of the amount of hydrogen peroxide 

concentration. By comparing the percentages obtained for values greater than 250 µm, 

it is possible to see that sample H is the sample with the highest pore rate. This shows 

that the increase in surface porosity is not strictly related to the increase in pore size: a 

large amount of small pores prevails over large ones. 

 

6.3 Wettability test 
 

The wettability test was performed using the CAM 200 tensiometer (KSV Instruments, 

Finland). The instrument is equipped with a calibrated needle to choose the volume to 

be deposited on the surface of the samples, in this case 3 μL. The drop profile is detected 
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by a camera and processed by the software to obtain the surface tension and the contact 

angle. To evaluate the wettability of the samples, the value of the contact angle at t 3 s 

was considered, a time elapsed from the moment the drop of liquid is deposited on the 

surface. In this way any interference due to contact between drop and sample is 

disregarded. To evaluate the behavior of the samples, an observation time of 30 s was 

set. 5 tests for each sample were performed. The data collected by the instrument were 

reworked by the software and represented in diagrams with in abscissa time and in 

ordered angle of contact. Results are reported in Figures 32 for all samples analyzed. 

 

Figure 32. Contact angle versus time for each sample.  
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Sample A is realized without hydrogen peroxide. Data processing has shown that the 

average value of contact angle is 100°. In particular, this sample exhibits borderline 

behavior between the two conditions. The observation time established by the test, 30 

s, was not sufficient to evaluate the entire uptake phase. The average contact angle for 

sample B is 103°. Even in this case, since an observation time of 30 s was imposed, the 

qualitative trend of the uptake phase could not be detected. For sample C the average 

value of contact angle is 113°. As can be seen from the graph, the material is 

characterized by a fairly homogeneous surface with similar trends between the various 

tests. Average contact angle values for samples D, E and F is about 128°, in particular 

sample E was interfered with during the measurement while in some sample F tests, 

drop absorption occurred before 30 s probably due to the presence of pores on the 

sample surface. The average contact angle for sample G, as can be seen from the graph, 

is about 117°; the material is characterized by a homogeneous surface with similar 

trends between the various tests. An ambiguity was found in Test 5 as the instrument 

did not detect contact angles until time t = 3,64 s. Sample H is characterized by the 

highest value of contact angle, about 134°, however in some tests, the drop was 

adsorbed before the end of the test, this is probably due to the presence of pores on 

sample’s surface.  

The wettability test was also carried out on a cement sample (Figure 33), described in 

Paragraph 4.1, to compare it with the samples made with the BA.  

 

Figure 33. Contact angle versus time for cement sample. 
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The mean contact angle is about 125°. Although the value is within the range of 

hydrophobicity, in all the tests it is noted that the drop was completely absorbed before 

the end of the 30 s with a sudden phase of adsorption due to the physical properties of 

the cement. These rapid times indicate that cement, as a binder conglomerate to form 

concrete, is easily subject to phenomena related to the chemical and physical attack of 

water infiltrations. If uncontrolled, they can lead to corrosion of the elements of the 

concrete armature, and cycles of frost and thaw. Cement in fact, despite the high contact 

angle value, does not have waterproof properties and therefore it is necessary to add 

hydrophobic agents such as fatty acids or crystalline admixtures [110][111]. 

The mean values of the contact angle for all samples together with cement sample are 

given in Table 8 and in Figure 34 the comparison of the mean values of contact angle.  

Table 8. Average values of contact angle for all samples analyzed. 

   

  

Average 
contact angle 

(°) 

Sample A 100 

Sample B 103 

Sample C 113 

Sample D 128 

Sample E  128 

Sample F 127 

Sample G 117 

Sample H 134 

Cement 125 
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Figure 34. Comparison of the mean values of the contact angle for all samples realized with bottom ash and cement 
sample. 

Results showed that for all samples the mean value of the contact angle is above the 

hydrophobicity limit, whit increasing values with the added hydrogen peroxide volume 

except for sample G which showed an anomalous behavior. However, in almost all tests, 

the set observation time of 30 s was not sufficient to see the adsorption of the drop, 

which is taken place after about 30 min. The contact angle value for cement is 

comparable to the values of the other samples, but, as seen from the tests, the drop is 

immediately adsorbed. 

 

6.4 Conclusions  
 

As discussed in Chapters 4 and 5, samples realized with BA and hydrogen peroxide 

showed a low adsorption capacity which deserved to be investigated through wettability 

tests. At this purpose, besides samples already realized for previous tests, other samples 

were prepared changing the volume of hydrogen peroxide. Samples were characterized 

by an XRD analysis showing that the change in the volume of hydrogen peroxide does 

not involve significant changes in the crystalline phases. Moreover, the superficial 

porosity of samples was investigated thanks to microscopy images reworked with the 

software ImageJ revealing that the increase in surface porosity is not strictly related to 
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the increase in pore size: a large amount of small pores prevails over large ones. The 

wettability test was performed depositing on samples’ surface a water drop (volume 3 

μL) and evaluating value of the contact angle at 3 s. Also a cement sample was studied 

as comparison. Results showed that the mean values of the contact angle for all samples 

is above the hydrophobicity limit. Moreover, the required observation time (30 s) was 

not sufficient to observe the absorption of the drop that occurred after about 30 min in 

almost all tests. Based on the results, a possible application of these materials could be 

as a water-repellent plaster because, as well known, moisture can have devastating 

effects on walls [38]. A good water-repellent plaster should ensure a good degree of 

breathability, but also a low level of capillary absorption [112]; consequently, it should 

be used on walls exposed to meteoric humidity. Some of samples discussed in this 

Chapter, based on the wettability test performed, seem to reflect some of the 

characteristics necessary to be defined as such. Many could be the applications of a 

plaster of this type. For example, in the Italian context, Venice, due to the particular 

layout of the city and the specific environmental conditions, could be suitable for the 

use of water-repellent plaster made with the use of BA, which would contrast in part, 

the historical problem of degradation of the masonry structures. 

The wettability measurements were performed at the Biochemistry and Clinical Biology 

Laboratory, Department of Molecular and Translational Medicine, of the University of 

Brescia (Head of the Laboratory: prof. Paolo Bergese). 
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7.  Future perspective  
 

In parallel with the wetting tests, another work on SUNSPACE has been carried out to 

improve the material sustainability. With this purpose and with the idea of making 

furniture, the thermal treatment on heating plate was substituted with microwave oven 

treatment because it allows to speed up the thermal process. Moreover, a sustainability 

analysis comparing the 2 processes was carried out to compare emissions. 

 

7.1 Samples synthesis 
 

The synthesis process is quite similar to SUNSPACE synthesis process described in 

Paragraph 2.2 but, as it is not possible to insert aluminum molds in microwave oven, 

graphite and silicone crucibles were used. To define the correct relationship between 

time and power, several tests were conducted.  

 

7.1.1 Cumulative and not cumulative tests in graphite crucibles 
 

At first cumulative tests in graphite crucibles were carried out at different power of 

treatment choosing a total duration of treatment of 15 minutes. In all tests, once the 

slurry is inside the crucible, it is closed with a graphite cap. In Figure 35 about 3 mL of 

SUNSPACE treated at 300 W with cumulative time intervals of up to 15 min. 
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Figure 35. SUNSPACE slurry in microwave at 300 W power: a) sample after 1 min, b) sample after 3 min, c) sample 
after 5 min, d) sample after 7 min, e) sample after 10 min, f) sample after 12 min, g) sample after 15 min. 

In Figure 36 about 3 mL of SUNSPACE treated at 600 W with cumulative time intervals 

of up to 15 min. 

 

Figure 36. SUNSPACE slurry in microwave at 600 W power: a) sample after 1 min, b) sample after 3 min, c) sample 
after 5 min, d) sample after 7 min, e) sample after 10 min, f) sample after 12 min, g) sample after 15 min. 

 In Figure 37 about 3 mL of SUNSPACE treated at 1000 W with cumulative time intervals 

of up to 15 min.  
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Figure 37. SUNSPACE slurry in microwave at 1000 W power: a) sample after 1 min, b) sample after 3 min, c) sample 
after 5 min, d) sample after 7 min, e) sample after 10 min, f) sample after 12 min, g) sample after 15 min. 

In all tests it is possible to see that the first minutes are not enough to obtain a dry 

sample, in particular at the end of the test at 300 W the sample is still not dry. Since the 

cumulative tests took a long time to dry the sample, it was decided to make a single test 

increasing the treatment time. Tests performed allowed to establish that a single 5 min 

test is required to obtain a dry sample at 600 W and 1000 W, as shown in Figure 38, 

while for the sample at 300 W the required time is still insufficient to obtain a dry 

sample.  

 

Figure 38. Samples slurry in microwave for 5 min total: a) sample at 300 W, b) sample at 600 W, c) sample at 1000 
W. 

In carrying out these tests it was found that the graphite crucible caused the test times 

to be longer and there were also problems with sample extraction. For these reasons, a 

silicone crucible was used in next tests.  
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7.1.2 Tests in silicone crucibles 
 

Silicone crucibles allowed to reduce the time treatment. Several tests were performed 

changing time and power of treatment. Thanks to this type of crucible, it is possible to 

obtain a dry sample also at 100 W and 1 min and 30 s time of treatment. Figure 39 shows 

the several samples realized changing time and power. Since test at 600 W and 30 s gives 

a dry sample, no tests at 1000 W have been carried out.  

 

Figure 39. SUNSPACE slurry in microwave: a) 100 W for 1 min and 30 s, b) 100 W for 2 min, c) 300 W for 1 min, 
sample d) 300 W for 1 min and 30 s, e) 600 W for 30 s. 

Of all the samples made, those that seemed to have the best characteristics were those 

at 100 W for 2 min and 600 W for 30 s, for this reason they were chosen for the 

characterizations and the adsorption test that will be presented in the Paragraphs 7.2, 

7.3 and 7.4. 

 

7.2 Samples characterization 
 

Samples were characterized through structural and morphological analysis. XRD 

patterns for both samples show a large halo due to the amorphous phase and peaks 

related to sodium iodate hydrate (Na(IO3)!H2O), cristobalite (SiO2) and lautarite 
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(Ca(IO3)2), as shown in Figure 40. It seems that there are no differences between the 2 

samples, also the patterns are the same as the SUNSPACE shown in Figure 3.  

 

Figure 40. XRD patterns for SUNSPACE samples with microwave thermal treatment: red line) 100 W 2 min, blue line) 
600 W 30 s. 

SEM analysis (Figure 41) shows that samples are characterized by spherical particles of 

silica (ranging in size from 20 to 500 nm, as also reported in [16]) agglomerated together. 

It is also clearly identified the presence of micro and macro pores on the surface of the 

SUNSPACE mainly due to the action of sodium bicarbonate in the phase of synthesis of 

the material itself. The characteristic pore size is between 200 nm and 400 nm. No 

substantial differences were found between the 2 samples. 
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Figure 41. SEM images of SUNSPACE samples at different magnification: a) and b) 100 W 2 min; c) and d) 600 W 30 
s. 

 

7.3 Sustainability analysis 
 

Microwave treatment, instead of heating plate, is intended to reduce the emissions 

associated with the process. In this regard, the values of EE and CF were calculated with 

Equations 3 and 4: 

𝐸𝐸 = 𝐼𝐸𝐸 ∗ 𝑡 ∗ 𝑃                                                         Equation 3 

𝐶𝐹 = 𝐼𝐶𝐹 ∗ 𝑡 ∗ 𝑃                                                          Equation 4 

Where IEE and ICF are the energy indices reported in [113] expressed in MJ/kgmat and 

kgCO2eq/kgmat respectively, t is the time associated with the duration of the process 

expressed in min and P the power associated to the process expressed in W. The power 

associated to the heating plate is 114 W. This value is obtained by making a simple 

proportion between the maximum power and the maximum temperature of the heating 

plate and the power at the temperature of 80 °C (temperature used for the heat 

treatment of SUNSPACE). Results of EE and CF, multiplied for the weight of each 

component, values are reported in Figure 42.  
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Figure 42. Embodied energy and Carbon Footprint values for SUNSPACE samples in microwave (100 W for 2 min and 
600 W for 30 s) and on heating plate. 

For microwave treated samples, the greater percentage of the impact is given by the 

chemical reagents used while the thermal treatment influences in very little way. As for 

the sample made on heating plate, the thermal treatment greatly affects the value of 

EE, while for CF, it is the sodium bicarbonate to affect more than thermal treatment 

As it is possible to see, the EE and CF values associated to microwave samples are much 

lower than those associated with the sample on heating plate. Microwave treatment 
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could be a valid substitute of the one on heating plate drastically reducing the emissions 

related to the thermal process.  

Moreover, a CES analysis was performed to compare samples realized with microwave 

treatment and heating plate, shown in Figure 43. 

 

Figure 43. Embodied Energy (EE) versus Carbon Footprint (CF) of SUNSPACE and samples with microwave treatment 
(orange and yellow dots) and on heating plate (red dot). In comparison the environmental impact of plastic 

materials used in the production of air filters (polypropylene PP, polystyrene PS, polyamide PA, polyethylene PE) and 
building materials (Portland cement, plaster of Paris, brick or concrete) are reported. 

The values of the microwave treated samples are very similar. Like SUNSPACE, these 

samples have much lower EE and CF values than the materials commonly used in the 

production of particulate filters. The idea of replacing the heating plate thermal 

treatment with the microwave treatment certainly decreases the emissions related to 

the synthesis of the sample as well as the time required for the process. 

 

7.4 Adsorption test 
 

According to the adsorption capability of SUNSPACE, adsorption test with the 

nanoparticles generator (Grimm Particle-generator MODEL 7.811) was performed. The 

experimental set-up is the same explained in Paragraph 4.4. A TiO2 suspension was used 
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to simulate PM particles. After the exposition, samples were digested following the EPA 

procedure [90] and then analyzed by TXRF. Figure 44 shows the results. 

 

Figure 44. Results of TiO2 entrapment by porous samples comparing pristine sample with samples microwave 
treated.  

The sample at 100 W 2 min seems to have no absorption capacity while the sample at 

600 W 30 s shows a minimum absorption capacity, slightly lower than that found in 

SUNSPACE, as seen in Paragraph 4.4. This is an interesting result that will be further 

investigated. The idea of making furniture with this method, such as outdoor vases, 

could help to reduce PM concentrations in cities and improve air quality. However, 

further studies and tests will be necessary to evaluate the different application modes, 

as well as other analyses to understand the different degree of adsorption of the various 

samples. 

 

7.5 Conclusions  
 

In this Chapter a new treatment for SUNSPACE was proposed in order to speed up the 

thermal treatment and to reduce the emissions related to the drying process. Several 

tests were carried out to define power and time of treatment. At first cumulative tests 
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were carried out putting the slurry in graphite crucible. However, using this procedure 

the drying times lengthened much so no cumulative tests were conducted using a 

crucible of silicone and changing the power and the time of treatment. After several 

tests, 2 typologies of samples were chosen, 100 W for 2 min and 600 W for 30 s. Samples 

were characterized. SEM images revealed that samples showed very similar 

morphological characteristics, comparable to original SUNSPACE sample. They are 

characterized by spherical particles of silica, with size dimensions from 20 to 700 nm, 

agglomerated together. Moreover, the XRD analysis reported, comparing these samples 

with the original SUNSPACE, showed that no significant differences in crystalline phases 

of samples are visible. A sustainability analysis was performed through the software Ces 

selector. For microwave treated samples, the greater percentage of the impact is given 

by the chemical reagents used while the thermal treatment influences in very little way. 

By the results it is possible to assess that the EE and CF values associated to microwave 

samples are much lower than those associated with the sample on heating plate. 

Microwave treatment could be a valid substitute of the one on heating plate drastically 

reducing the emissions related to the thermal process. As the idea was to create 

furniture items that could help trap the PM, adsorption tests were carried out following 

the experimental set up shown in Paragraph 4.4 using an aerosol nanoparticles 

generator and exposing 3 specimens for each sample. Results showed that the sample 

at 100 W 2 min seems to have no absorption capacity while the sample at 600 W 30 s 

shows a minimum absorption capacity, slightly lower than that found in SUNSPACE. 

However, these preliminary results are very interesting and deserve to be further 

investigated. Next steps will be porosimetric analysis to define the shape and size of the 

pores, so as to better understand the abnormal result of the sample at 100 W 2 min, and 

resistance tests. 
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8. SDGs activity and PM 
 

In my first year as a PhD student, the COVID-19 epidemic spread around the world. This 

caused a disruption of all activities, including the inability to go to the laboratory. During 

these months, not being able to do laboratory research, I focused on other topics 

regarding the impact of COVID-19 on: extraction of raw materials, use of face masks and 

concentrations of pollutants in the city of Brescia, Italy. 

 

8.1 Raw materials extraction and COVID-19 
 

The COVID-19 spread led to a drastic change of all human habits. The forced 

confinement of people has led to rediscovering some household activities and stressed 

the importance of technology and the internet to study and work. The great importance 

of electronic devices was never so evident than during lockdown, when it was necessary 

to reduce to a minimum or just avoid human interactions [114]. The increase of digital 

connectivity is also one of the European Commission (EC) ambition for the next future, 

coupled with the aims to construct a green and resilient society [115]. In this context, it 

is fundamental to highlight that green and digital technologies are based on the use of 

several raw materials (RMs). Moreover, many of the electrical and electronic equipment 

become unavoidable during lockdown contain essential elements, with limited and/or 

restricted supply, that are defined critical raw materials (CRMs). They play a 

fundamental role mainly for industrialized regions in the world because several of these 

CRMs have contributed to revolutionary development of some recent technologies and 

are necessary for energy efficiency. Their economic importance is connected to their 

applications that are expected will be ulterior developed in green, defense, and high-

tech sectors [116]. Considering some CRMs necessity in technological applications also 

for green energies and ecological transition, 30 metals are currently inserted in the list 

of critical raw materials [117]. EC has the aspiration to reach 2050 climate neutrality and 

recognizes that the access to resources is strategic to fulfil this ambition. As a 

consequence, CRMs that have been already considered crucial for society, are now even 
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defined super-critical [118]. It results evident that it is mandatory to invest efforts in 

developing sustainable ways to recycle CRMs from waste, considering that some 

available natural resources are inappropriate to support the raw materials need of the 

next future. Global annual production of electronic waste was estimated to be 

approximatively 50 million tons [119], and is expected to grow continuously due to the 

increased use of electronics, as it was also demonstrated during pandemic (for example 

forced people to adopt smart-working). By 2030, more than 1 million of batteries is 

expected to reach the end of their first-life [120]. Lots of precious materials constituting 

these devices, like gold, cooper, silver, lithium and cobalt, often go into landfilling, 

despite their value, with a waste of resources that can also cause soil and water pollution 

[120]. It is evident that the generated electronic wastes offer an opportunity for 

recycling precious [119]. 

Due to the total blocking of activities due to COVID-19 in almost all the World, it is 

possible to assess that the pandemic affected critical raw materials extraction causing 

losses of billions of € especially in South America countries where most of the mines 

have been closed due to numerous infections. Figure 45 shows the position of the most 

important mining sites in the world and the losses suffered by countries due to the 

closure of activities. 

 

Figure 45. Representation of the most endangered mining sites (divided into precious metals, specialty commodities, 
bulk commodities, and base metals) and the countries that have suffered the greatest losses. Data analysis was 

performed by Qgis software [121]. 
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Critical commodity prices fell during Wuhan’s lockdown and then rose due to the high 

demand for electronic devices for smart working (Figure 46).  

 

Figure 46. Monthly price change (%) of lithium carbonate, cobalt, rock phosphate, iron ore, copper and aluminum 
and Commodity Metals Price Index (2005 = 100, includes Cu, Al, iron ore, Sn, Ni, Zn, Pb, and U Price Indices) from 
January 2019 to February 2021. The Wuhan lockdown period was from 23 January to April 8, 2020. Data source: 

World Bank and Trading Economics. 

CRMs play a key role for the progress of the industrialized regions in the world. They 

have contributed to recent technological development and energy efficiency 

improvement. They serve as essential RM for high-technology, sustainable, and green 

applications. COVID-19 disease has contributed to reduce the availability of several of 

these materials. However, the pandemic has also demonstrated the need of structured 

and global efforts to face crisis, because individual actions are pointless. Moreover, 

global crisis due to pandemic may have severe consequences on the achievement of 

SGDs. The post-pandemic recovery period could be an opportunity to develop new 

prosperity models, based on green principles needs and priorities: a more resilient 

economy, able to catch the new opportunities of digitization, and meet the environment 

and climate targets. The materials production and consumption must be secured in a 

sustainable way, that probably will need a revision of giant ore deposits management 

strategies. Technology will be a fundamental player of this innovation, but also mining 

code and practices need strict revisions and improvements. Finally, increased materials 

recycle will help to fulfil some of the circular economy aims, by reducing reliance on 
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finite resources and mitigating permanent waste disposal. The expected post-pandemic 

scenario will contribute to SDGs 5, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17 fulfil among 

others. 

This work is reported in [122]. 

8.2 Environmental impact of face masks 
 

Due to COVID-19 spread, the use of face masks became mandatory. To cope with the 

high demand for masks and other protective devices, such as gloves, many industries 

converted their production. In particular, the WHO estimated that in 2020 the global 

production of masks and gloves was 129 and 69 billion per month, respectively [123]. 

Most of face masks are produced from plastic polymers such as PP, PE and PU, therefore 

relying on fossil sources for production. Moreover, not only the use of  personal 

protective equipment (PPE) but also disposable products such as plastic products (like 

cutlery and plates) and packaging was encouraged to limit the spread of virus contagion 

[124]. This highlights the essential role of plastic in daily life. For instance, the use of 

plastic packaging increased by 31% for Italy and 78% for the US [125]. 

Surgical masks are made of plastic polymers with very low biodegradability. Indeed, they 

take hundreds of years to degrade and during this process they fragment in micro 

plastics due to different factors such as temperature, UV radiation, and mechanical 

processes, as reported in recent studies [126][127][128]. In particular, Saliu et al. [129] 

reveal that a surgical mask can release in the marine environment thousands of 

microscopic fibers that are potentially dangerous both for marine flora and fauna and 

for humans. On the contrary, fabric masks are generally made with cotton, which is more 

biodegradable and can be reused several times. An alternative to the use of surgical 

masks may be the use of fabric masks, cheaper, more easily producible and more 

sustainable. At this purpose an evaluation of the environmental impact of surgical and 

fabric masks was proposed through the evaluation of CO2 emissions assessing the 

quantity of masks needed to meet the needs of the Italian population. 3 different types 

of surgical masks and 2 types of fabric masks were analyzed. Masks were cut and each 
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was weighed in order to assess the impact associated with the individual material 

forming the template. Data on the Italian population, divided by region, were found on 

the Istat (National Institute of Statistics) website, considering data on 1 January 2020 

[130]. The Italian population was divided according to working conditions, distinguishing 

between workers, older than 15 years, and non-workers, recalling that in accordance 

with the law, children under 6 years do not have the obligation to wear the mask [45]. 

In accordance with these considerations it was possible to define the impact of the 

masks for each Italian region, Figure 47. The data was processed with Qgis software  

[121].  

 

Figure 47. Qgis geographical visualization of CO2 emissions associated with: (a) surgical masks consumption; (b) 
fabric masks consumption. Data were calculated considering the period from March 2020 to December 2021. These 

data were evaluated only considering the materials used. 

The high emissions of surgical masks are also due to the high number of masks required 

daily, unlike fabric masks, which in addition to being made of cotton, are reusable more 

than a day. The total CO2 emissions associated with the use of surgical masks for all 

Italian regions from March 2020 to December 2021 corresponds to 240 kton. The 

highest value is in Lombardy (followed by Lazio and Emilia-Romagna) as it is the most 

populated region in Italy and with a higher level of employment compared to the other 

regions. While the CO2 emissions value embodied in fabric masks is about 7 kton, almost 

35 times less than the value related to surgical masks.  
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Although the approach used in this work is simplified compared to LCA analysis, it allows 

us to obtain a preliminary evaluation of the environmental impact. It is evident that 

surgical masks have a higher environmental impact due to the increased number of 

masks needed to meet the demand and use of poorly degradable materials. Moreover, 

surgical masks are specially imported from abroad, increasing CO2 emissions due to their 

use and transport. While, fabric masks are made of cotton, more degradable and 

reusable. Moreover, they are often produced locally reducing the transport component. 

This work is reported in [131]. 

 

8.3 COVID-19 and PM emissions  
 

The introduction in 2015 of the SDGs had as objective the achievement of the goals by 

2030. The COVID-19 epidemic, due to the serious consequences worldwide, has 

unfortunately caused a delay in their achievement. Reducing air pollution remains one 

of the most important problems to be addressed. The COVID-19 spread gave to 

researchers the unique opportunity to evaluate the impact of emission control 

strategies (even if related to a limited range of activities) on air quality. Different studies 

tried to evaluate the pollutants concentrations before and during COVID-19 pandemic 

[132][133]. In these studies, the approach consisted in comparing pollutants 

concentrations before and during the pandemic not taking into account other factors 

such as air quality improvement trends, seasonality, the weather conditions, and the 

local characteristic of the investigated area. The aim of the work was to evaluate the 

effect of the lockdown limitations on PM10 and NO2 concentration in the Brescia (Italy) 

urban area, considering possible contributions of confounding factors, like 

meteorological parameters. The area under exam was selected because: Brescia is 

characterized by very high PM10 and NO2 concentrations [24]; the area was among the 

most affected by the epidemic, leading to very active participation of the population to 

the lockdown limitations [134]; this area was never still investigated in terms of 

lockdown connected air change, and the results of this study may be interesting also in 

the frame of the discussion about a possible role of PM in COVID-19 transmission [135]. 
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For this aim, models able to distinguish the air quality changes due to confounding 

factors from the ones obtained because of the lockdown restriction measures are used. 

Indeed, some works have highlighted that incomplete correction for meteorological 

factors may lead to biased results [136]. The work is based on both data monitored by a 

portion of the Regional Authority network and modelling systems results. The results 

show that, considering the estimated pollutants concentration reduction trends due to 

the implementation of the air quality policies in the area and in the whole Po Valley, the 

lockdown impact on NO2 reduction is extremely clear and results considerable. 

Nevertheless, a meteorology analysis shows that it is higher in strong accumulation 

conditions (low wind speed and no rain period). On the contrary, the measured PM10 

concentrations result almost in accord with the values reported on the same period for 

the last 4 years (2016 – 2020). Finally, the causes of the detected differences between 

NO2 and PM10 behavior have been investigated through a source-apportionment 

modelling technique. The results of this analysis showed that emissions due to road 

transport are responsible to the formation of more than the 50% of the NO2 

concentration, while the formation of PM10 in atmosphere depends on a larger number 

of emission sources like road transport, residential heating, agriculture, and industrial 

processes. Then, it is possible to conclude that lockdown restrictions, that essentially 

affect the urban mobility, have a limited effect on PM10 reduction. 

This work is reported in [137], in collaboration with “Integrated Assessment Modeling 

for Environmental Systems” group. 
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9. Conclusions 
 

PM is the most present pollutant in urban areas due to traffic and domestic heating. In 

many cities worldwide the limits imposed by legislation are often exceeded, with serious 

consequences for human health due to the PM capacity to penetrate the respiratory 

system. It becomes therefore necessary to define methods that allow to reduce the 

concentrations of PM and at this purpose several solutions have been proposed, like 

filters. Unfortunately, these filters are petroleum based and have a high environmental 

impact. Eco-friendlier solutions are leaves as it has been demonstrated that they have a 

good adsorption capacity to entrap PM, unfortunately alone they cannot significantly 

reduce the PM concentrations. It is therefore necessary to adopt sustainable solutions 

that help to improve air quality. SUNSPACE was the first sustainable, porous material, 

realized with industrial by-product (SF) and low energy process, able to entrap PM. 

However, its dark color represents a limit to its application, the aim of my Ph.D. was to 

implement SUNSPACE characteristics.  

In this Ph.D. thesis some SUNSPACE modification were proposed. First of all, the color 

change was achieved by the substitution of SF with BA, solid residue of waste 

combustion provided by the A2A waste incineration plant of Brescia. Thanks to its 

composition, BA can react with calcium hydroxide, favoring the pozzolanic reaction. 

Moreover, other modifications were proposed by the elimination of the thermal 

treatment. As the idea is to use these sustainable materials as plaster, the thermal 

treatment is a limitation to its application. In SUNSPACE and SUNSPACE BA samples, 

sodium bicarbonate was used to generate CO2 by thermal decomposition at low 

temperatures and to produce the pores. To avoid the thermal treatment and to obtain 

the pore formation the hydrogen peroxide, in different concentration, was used instead 

of sodium bicarbonate. Samples were fully characterized by different techniques. The 

colorimetric analysis allowed to define the clear change of color from dark to light grey 

(as demonstrated by the change of L value from about 44 to 81). By the XRD analysis the 

main crystalline peaks were identified showing that, changing the volume of hydrogen 

peroxide used in sample synthesis, there were not significant structural change in the 
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materials. Morphological analysis, performed by SEM, showed that samples realized 

with SF are characterized by spherical particles of silica agglomerated together with size 

dimension from 20 nm to 700 nm. SUNSPACE BA presented a fibrillary matrix typical of 

the C-S-H formation that was not so visible in samples realized with BA and hydrogen 

peroxide probably due to the fact that not all the calcium hydroxide reacted with BA, as 

confirmed by XRD analysis. The porosimetric analysis revealed that samples realized 

with SF were characterized by a unimodal pore size distribution while samples realized 

with BA were characterized by a bimodal pore size distribution with pores of greater 

dimension. The sustainability analysis performed using the software Ces Selector 

demonstrated that these materials are more sustainable than materials commonly used 

for air filters, like PP, PE and PS. Samples realized with BA have higher values of EE and 

CF due to the pretreatments necessary to obtain the power for the sample synthesis. 

However, the elimination of the thermal treatment allowed to reduce the values 

associated with CF. As the idea is to use this material to entrap PM, an adsorption test 

was performed using an aerosol nanoparticles generator (Grimm Particle-generator 

MODEL 7.811). Once defined the experimental set-up parameters, a TiO2 suspension 

was used to simulate the PM source. 3 specimens for each samples were exposed and a 

cement and a Hedera Helix leaf samples were used as reference. After the exposure, 

samples were digested and analyzed by TXRF. The results highlights that samples 

realized with SF had a good adsorption capacity as well as SUNSPACE BA, unlike samples 

realized with BA and hydrogen peroxide. During the test it was evident that the TiO2 

suspension was just deposited on the leaf surface without actually be adsorbed instead 

cement sample did not have any adsorption capacity.  

Moreover, the samples described were tested to evaluate the photodegradation of 

organic pollutants. MB was used to simulate an organic pollutant. As TiO2 is a well-

known catalyst, it was used to realize other porous samples replacing 20% of the powder 

(SF or BA and calcium hydroxide) with TiO2. The set-up of the experiment was defined. 

3 specimens for each material were prepared. Materials were immersed in a MB 

solution, in known concentration, and after 3 hours of adsorption in a dark room, the 

UV lamp was switched on and the experiment continued for another 5 hours assessing 
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MB concentration every hour. Results showed that samples realized with SF had a good 

adsorption capacity but low photodegradation activity, on the contrary, sample with BA, 

hydrogen peroxide and TiO2 had the best performance: about 50% of MB photo 

degradation. 

Some samples realized with BA and hydrogen peroxide showed a water repellent 

behavior that was investigated by wettability test for the measure of contact angle. At 

this purpose, other samples were synthetized changing the volume of hydrogen 

peroxide. Samples were characterized through XRD analysis that allowed to define the 

same crystalline phases in all samples, showing that the amount of hydrogen peroxide 

did not affect the structure of the sample. Moreover, a morphological analysis was 

performed using the Leica MZ16 A microscope to investigate the superficial porosity of 

samples. Different images were acquired for each sample and then analyzed by the 

software ImageJ. Results showed that although there is a progressive addition of 

hydrogen peroxide, there is no linear increase in porosity. Thanks to the software 

ImageJ, it was possible to evaluate the Feret’s diameter of pores, showing that, for all 

samples, the greatest amount of pores occurs in the range between 25 - 100 μm. The 

wettability test was performed using the CAM 200 tensiometer (KSV Instruments, 

Finland). The instrument was equipped with a calibrated needle to define the volume to 

be deposited on the surface of the samples, in this case 3 μL. The drop profile was 

detected by a camera and processed by the software to obtain the surface tension and 

the contact angle. To evaluate the wettability of the samples, the value of the contact 

angle at time 3 s was considered. To evaluate the behavior of the samples, an 

observation time of 30 s was set. 5 tests for each sample were performed. Also a cement 

sample was analyzed. The rated contact angle for each sample was above the 

hydrophobicity value (θ > 90°), ranging from 100° to a maximum of 134°. The cement 

sample had a contact angle of about 125°. Unlike samples with hydrogen peroxide, on 

which the drop was not absorbed and remained on the surface for much longer than the 

duration of the test (about 30 min), the drop deposited on the cement sample was 

absorbed before the end of the test. Based on the results, a possible application of these 

materials could be as a water-repellent plaster.  
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In parallel with the wetting tests, another work on SUNSPACE was carried out to improve 

the material sustainability and to speed up the synthesis process. The thermal treatment 

for SUNSPACE was changed: the heating plate was substituted by microwave oven. The 

use of microwaves reduced the drying time of samples. Several tests were conducted 

changing the time and power of the microwave treatment to define the most 

performing samples. Of all the samples synthetized, those that seemed to have the best 

characteristics were chosen for the characterizations and the adsorption test. XRD and 

SEM analyses did not showed significant differences between samples and in 

comparison with original SUNSPACE. A sustainability analysis was performed. Results 

showed that replacing the heating plate treatment with the microwave treatment the 

EE value decreased, as the greatest percentage of the impact was related to the thermal 

treatment. On the contrary, for CF, the greater percentage of the impact was given by 

the chemical reagents used while the thermal treatment influenced minimally. As the 

idea was to make objects such as outdoor to entrap PM, adsorption tests were carried 

out using the aerosol nanoparticles generator with the parameters already settled. One 

of the analyzed sample (600 W 30 s) had a better adsorption capacity than the other. 

Finally, in these 3 years, due to COVID-19 spread and the impossibility of going to the 

laboratory, the attention was focused on others topics regarding the impact of COVID-

19 on: extraction of raw materials, use of face masks and concentrations of pollutants 

in the city of Brescia. 
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Antonio, per avermi insegnato la differenza fra puntone e tirante che non 

dimenticherò più (era d’obbligo ricordarlo anche in quest’occasione). Per essere 

sempre presente, anche da lontano, per essere sempre pronto a consigliarmi e 

spronarmi. Senza di te tante cose sarebbero state molto più difficili. Il cordone 

ombelicale che non taglierò mai. 

Maurizio, la mia persona favorita. Grazie per farmi vedere sempre il lato più leggero 

e ironico delle cose. Per essere sempre presente, per l’elevata capacità di sopportare 

i miei momenti no, per ascoltarmi, per farmi ridere e per farmi vincere ad exploding 

kittens. 

Ai miei zii, per essere stati sempre presenti in tutti i miei traguardi più importanti. 

Sono stata fortunata ad avervi e vi ringrazio per tutti i momenti passati insieme, per 

avermi insegnato tanto, per le risate, per i viaggi, per gli scherzi, per i momenti 

creativi e per avermi sempre assecondato (soprattutto nei giri dentro Alife).  

Zio Lolo, un grazie speciale a te, che mi hai insegnato a non arrendermi mai, che è 

importante lottare mantenendo sempre quella dose di ironia. So che saresti 

orgoglioso di me in questo momento, mi manchi tanto.  

Renata, cugina giovane, con le open when letters hai reso più divertenti tanti 

momenti e più facile da sopportare la lontananza. Ti voglio bene nonostante mi 

ricordi sempre quanto sia vecchia.  

Francesco, per tutti i discorsi telepatici che valgono più di mille parole.  

Dott.ssa Grazia Fattoruso, mio grande esempio. Senza di te tutto questo non 

sarebbe stato possibile. Grazie per aver sempre creduto in me e per avermi spronato 

a seguire questo percorso.  

Marina, coinquilina e amica. Grazie per il supporto in questi anni, per le cene in 

terrazza (ma anche sul mini tavolo), per gli aperitivi a casa e dal nostro amico, per 

le risate, per le lunghe chiacchierate e per le serate sul divano cercando di 

convincermi a vedere Harry Potter.  

Zaira, non semplicemente un’amica ma una sorella. Grazie per aver sempre creduto 

in me e nelle mie capacità, anche quando ero la prima a dubitarne, grazie per tutti i 
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consigli e le lunghe sessioni telefoniche, per i concerti insieme in giro per l’Italia. 

Anche se ultimamente sta diventando più difficile vederci, so che ci sei sempre. 

Luigi, per avermi sempre ascoltato e consigliato, per le lunghe discussioni e 

confronti non sempre pacifici ma che si sono sempre risolti con un ti voglio bene. 

Grazie soprattutto per avermi convinto che la mia fossetta non è poi così male. 

Giampiero e Giammarco, con la m mi raccomando, Giada, Claudio, Laura e Ario 

per aver reso divertenti tante giornate in ufficio e fuori (con battute più o meno 

improponibili), per tutti i momenti di confronto e di supporto. Siete stati 

fondamentali in questi anni.  

 

Concludo questi ringraziamenti con un pezzo di una delle mie canzoni preferite, che 

mi ha accompagnato in questi anni: 

“E per quanta strada ancora c’è da fare 

amerai il finale.”  

 


