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Περίληψη 

 

Η νανοτεχνολογία στον κατασκευαστικό τομέα προσφέρει ενδιαφέρουσες, νέες ευκαιρίες όσον αφορά 

την ανάπτυξη σύγχρονων κατασκευαστικών συστημάτων, δομικών υλικών και μεθόδων σχεδιασμού. 

Αυτές οι εφαρμογές συναντώνται σε οικοδομικές μήτρες, επιστρώσεις ή σε μονωτικά υλικά. Στον 

κατασκευαστικό τομέα, η νανοτεχνολογία διαθέτει ήδη στην αγορά αυτοκαθαριζόμενα παράθυρα, 

φωτοκαταλυτικό σκυρόδεμα, αντιμικροβιακές επιστρώσεις και πολλές άλλες καινοτομίες. Επιπλέον, η 

ενσωμάτωση των ανακυκλωμένων δομικών υλικών και της 3-Δ εκτύπωσης στον κατασκευαστικό τομέα 

αποτελεί ένα ακόμη βήμα προς την βιωσιμότητα. Τα φωτοκαταλυτικά νανοϋλικά με ιδιότητες 

αυτοκαθαρισμού μπορούν να χρησιμοποιηθούν ως επιστρώσεις σε δομικά στοιχεία ή πεζοδρόμια αλλά 

και σε διακοσμητικά αντικείμενα όπως πάνελ οροφής, κουρτίνες και ταπετσαρίες, προκειμένου να 

αποφευχθεί η αφαίρεση του στρώματος προστασίας των επιφανειών, η αλλαγή χρώματος των βαφών 

και η ρύπανση από τις χημικές ουσίες των καθαριστικών. Νανοδομές  διοξειδίου του τιτανίου (TiO2) αλλά 

και άλλων οξειδίων, μπορούν να χρησιμοποιηθούν ως φωτοκαταλυτικά προϊόντα με αυτοκαθαριζόμενες 

ιδιότητες. Το νανοϋλικό TiO2 μελετάται σε αυτήν τη διπλωματική εργασία, λόγω της υψηλής 

φωτοκαταλυτικής του δραστηριότητας, της υψηλής σταθερότητας και του χαμηλού του κόστους. Το 

ντόπινγκ με μέταλλα έχει αποδειχθεί επιτυχής προσέγγιση για την ενίσχυση της φωτοκαταλυτικής 

απόδοσης των φωτοκαταλυτών. Νανοδομές TiO2 χωρίς ντόπινγκ αλλά και με In-Ni-, Mn-In, Mn-Cu-, Mn-

Ni- διμεταλλικό ντόπινγκ συντέθηκαν με την υδροθερμική μέθοδο υποβοηθούμενης από μικροκύματα. 

Μελετήθηκε ο αποχρωματισμός των νανοεπιστρώσεων που εφαρμόστηκαν σε 3-Δ τυπωμένα πλακίδια 

και υφάσματα, χρησιμοποιώντας ένα τεστ αυτοκαθαρισμού και απορρύπανσης, τον αποχρωματισμό του 

Methylene Blue (MB). Τα πλακίδια που επιστρώθηκαν με τα νανοϋλικά TiO2 με Mn-In- και In-Ni- ντόπινγκ 

έδειξαν τον υψηλότερο καθαρό (net) αποχρωματισμό του MB, 25.1 και 22.6 % αντίστοιχα, μετά από 2 

ώρες έκθεσης σε υπεριώδες φως. Ενώ τρία δείγματα υφάσματος (TiO2 με Mn-In-, In-Ni- και Mn-Cu- 

ντόπινγκ) παρουσίασαν μεγάλο αποχρωματισμό του MB (58.1, 52.7 και 47.6% αντίστοιχα) κάτω από το 

έμμεσο ηλιακό φως. Ως εκ τούτου, τα νανοεπιστρωμένα δείγματα έδειξαν υψηλό αποχρωματισμό του 

MB και μεγάλες δυνατότητες σε εφαρμογές αυτοκαθαρισμού. 
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Abstract 

 

Nanotechnology in the construction industry offers interesting new opportunities for advancing 

construction systems, building materials, and design methods. These applications can be found in building 

matrices, coatings or insulating applications. In the construction industry, nanotechnology has already 

brought to market self-cleaning windows, smog-eating concrete, antimicrobial coatings and many other 

advances. Moreover, the incorporation of recycled construction materials and 3-D printing in construction 

industry is a further step towards sustainability. Photocatalytic nanomaterials with self-cleaning properties 

can be used as coatings on building blocks or pavements, but also on interior decorative items such as 

ceiling panels, curtains and wallpapers, in order to avoid the removal of the protection layer of the 

surfaces, the color change of pigmented elements, and the chemical contaminants from cleaning. 

Nanostructured titanium dioxide (TiO2) and other oxides can be used as photocatalytic products with self-

cleaning properties. The nanomaterial TiO2 is studied in this Master thesis, because of its high 

photocatalytic activity, the high stability and the low cost. Metal doping has proved to be a successful 

approach for enhancing the photocatalytic efficiency of photocatalysts. Undoped and In-Ni-, Mn-In, Mn-

Cu-, Mn-Ni- bimetallic doped TiO2 nanostructures were synthesized using the microwave-assisted 

hydrothermal method. Decolorization of applied nanocoatings on 3-D printed panels and fabrics was 

studied, using a self-cleaning and a de-pollution test, Methylene Blue (MB) decolorization. The panel 

coated with Mn-In- and In-Ni- doped TiO2 showed the highest net MB decolorization, 25.1 and 22.6 %, 

respectively, after 2 hours of UV light exposure. While three fabric samples (Mn-In-, In-Ni- and Mn-Cu- 

doped TiO2) showed great MB decolorization (58.1, 52.7 and 47,6 % respectively) under indirect sunlight. 

Therefore, nanocoated samples showed high MB decolorization and great potential in self-cleaning 

applications. 
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Introduction 
 

Nanotechnology, is bringing new materials and new possibilities to industries contributing to an improved 

living environment and comfort on a daily base. One of these is the construction industry, where 

nanotechnology can generate products with many unique characteristics that can improve the current 

construction materials. New materials and products based on nanotechnology can be found in building 

matrices, coatings or insulating applications. Specifically, lighter and stronger structural composites, low 

maintenance coatings, better cementitious materials, lower thermal transfer rate of fire retardant and 

insulation, self-cleaning windows, smog-eating concrete, antimicrobial coatings and many other advances.  

The incorporation of recycled construction materials and 3-D printing in construction industry is a further 

step towards sustainability. The use of recycled materials in the construction industry totally changes the 

value chain linked to all stages of intervention in existing buildings, making the operations sustainable in 

social, environmental and economic terms [Cheshire et al., 2017; Mangialardo & Micelli et al., 2018]. The 

use of advanced materials and technologies such as 3-D printing are examples of new methods and 

products to improve the quality by minimizing the chance of errors by highly precise material deposition, 

reduce on-site construction time by operating at a constant rate and reduce the costs connected to the 

design and management of buildings and infrastructures by reducing the labor requirements, saving of 

materials and, consequently, sustainability [W. Gao et al., 2015; R.A. Buswell et al., 2007; X. Ming & S. Jay 

et al., 2016; W. Timothy et al., 2016]. 

Cleaning of surfaces may be disadvantageous involving the removal of the protection layer, changing the 

color of pigmented elements, leaving behind chemical contaminants and increasing the risk of rain 

penetration [Flores e Colen et al., 2008; Mansour et al., 2018]. Moreover, the pollutants have a major 

effect on building structures and interior decorative items. For example, black particles and tobacco 

smoke cause soiling of light-colored surfaces and sulfates/nitrates because of the acid rains enhancing the 

surface recession [Mansour et al., 2018]. A solution to this is the use of photocatalytic nanomaterials. 

Photocatalytic titanium dioxide nanoparticles with self-cleaning properties can be used as coatings on 

building blocks or pavements, but also on interior decorative items such as ceiling panels, curtains and 

wallpapers. Also nanostructured titanium dioxide (TiO2) can be used as photocatalytic products with 

antimicrobial properties, or air purifier, waste water treatment cleaning and water disinfection 

[Gnanaprakasam & Sivakumar et al., 2015; D. Colangiuli et al., 2015; Matoh et al., 2019; Janjua et al., 

2019]. 

In this Master thesis, synthesis and characterization of photocatalytic titanium dioxide nanoparticles took 

place, followed by the assessment of their decolorization effectiveness as coatings on fabrics and 3-D 

printed panels made of recycled materials. The synthesis of TiO2 nanoparticles was conducted with the 

microwave-assisted hydrothermal method at Group Building Environmental Studies (GRBES) lab at NKUA. 

The characterization techniques used were, X-Ray Diffraction (XRD) and for the investigation of the 

specific surface area the BET (Brunauer, Emmett and Teller) analysis at Section of Condensed Matter 

Physics (CMP) Laboratory of X-Ray Diffraction and GRBES lab, at NKUA, respectively. Decolorization of 

applied coatings was evaluated by the use of a self-cleaning and a de-pollution test, of Methylene Blue 

decolorization, inside a self-made photocatalytic apparatus, also at GRBES lab. 
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This Master thesis consists of six chapters. Initially, in the first chapter, a theoretical background of 

nanotechnology is being presented. In this chapter, nanotechnology is defined, as well as the 

nanomaterials used in the construction industry are analyzed through applications, innovations and future 

trends. The mechanism of photocatalysis and the antimicrobial function are explained, and the basic 

information about TiO2 photocatalyst is given. In the end of that chapter limitations, challenges and 

drawbacks of nanotechnology are being analyzed. 

In the second chapter, additive manufacturing (AM) technology or 3-D printing is being presented. Types 

of small and large scale 3-D printing processes are being analyzed in the construction industry through 

innovative applications. Furthermore, the limitations and challenges of 3-D printing processes in the 

construction industry are being analyzed. 

In the third chapter, the need for sustainable construction practices following the principles of circular 

economy is being explained. In addition, recycled and waste materials are being analyzed with special 

reference to concrete aggregate recycling. 

Next, the experimental procedure is presented. In this chapter, the experimental methodology is 

explained, together with the synthesis and characterization methods of materials, techniques and 

instrumentations. 

In the fourth chapter, the results from the characterization of TiO2 photocatalyst are presented and 

analyzed. In this chapter the lattice parameters, interplanar spacing, the crystallite size, the micro strain 

and the surface area of undoped and doped TiO2 were calculated. The crystallite size was calculated by 

two methods, the modified Scherrer equation and the Halder-Wagner method. 

In the fifth chapter, decolorization of the nanocoatings on 3-D printed panels and fabrics was studied. 

Decolorization of applied coatings was evaluated by the decolorization of Methylene Blue. For 

decolorization of Methylene Blue under UV light irradiation the samples were placed inside a handmade 

photocatalytic apparatus. 

Finally, conclusion remarks and recommendations are presented. 
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Chapter I 

 

Theoretical Background of Nanotechnology 

 

1.1 Nanotechnology definitions 

 

Nanotechnology is not considered a modern science or a new technology; it is rather an extension of the 

sciences and technologies that have already been in development for many years. The National 

Nanotechnology Initiative defines nanotechnology as “the understanding and control of matter at the 

nanoscale, at dimensions between approximately 1 and 100 nanometers, where unique phenomena 

enable novel applications” [NNI et al.]. In other words, it is the use of very small particles of materials to 

create new large-scale materials [Mann et al., 2006]. The prefix “nano” means 10−9 or one billionth; hence, 

one nanometer is one billionth of a meter (International System of Units) that is, about 1/80,000 of the 

diameter of a human hair. To put the scale in another context, the comparative size of nanometer to 

meter is the same as that of a marble to the size of the earth or another way of putting it; a nanometer is 

the amount an average man’s beard grows in the time it takes him to rise the razor to his face [S. Patel 

Abhiyan et al., 2013].  

 

Fig. 1   Size comparison: nanoparticles and biological systems. [Contera Sonia et al., 2019] 

 

The key in nanotechnology is the size of particles because the properties of materials are dramatically 

affected under a scale of nanometer. Because the size of the particles is a significant factor, the materials 

properties differ at the nanoscale from that at larger scale. Physical phenomena begin to happen below 

that: gravity becomes inconsequential, electrostatic force and quantum effect start to prevail. At the same 

time, the properties of atoms on the surface augment proportional to those inside creating the so-called 

“Nano-effect”. All these nano-properties actually affect the materials behavior at macroscale and this is 

where the power of nanotechnology comes in. Traditional materials such as metals and ceramics show 

radically enhanced properties and new functionalities, the behavior of surfaces starts to dominate the 

behavior of bulk materials, and whole new realms open up for us [CMP et al., 2001]. 
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There are two conventional approaches to designing materials with nanotechnology, the “top-down” and 

the “bottom-up.” These two models are fundamentally different, both in the approach to create 

structures and in the underlying science that will make them possible [Zhu et al., 2004]. The “bottom-up” 

approach, often referred to as molecular nanotechnology, focuses on producing complex structures 

through the build-up of atoms or molecules. The common processes of the bottom-up approach comprise 

imprinting, laser trapping/tweezers, contact printing, and spinodal wetting/de-wetting [Biscarini et al., 

2002]. The “top-down” approach focuses on reducing the size of the smallest structures towards the 

nanoscale while maintaining their bulk-scale properties, so nanostructures are built from their macroscale 

counterparts without atomic level control. Common processes of the top-down approach include thin film 

deposition and growth, mechanical, electrochemical material removal, laser beam processing, and 

lithography processes [Biscarini et al., 2002]. 

Nanotechnology requires advanced imaging techniques for studying and improving the material behavior 

and for designing and producing very fine powders, liquids or solids of materials with particle size 

between 1 and 100 nm, known as nanoparticles [Gogotsi et al., 2006; Shaki et al., 2014]. More than 

anything else, nanotechnology is an enabling technology, allowing us to do new things in almost every 

conceivable technological discipline. At the same time, its applications will lead to better, cleaner, 

cheaper, faster and smarter products and production processes. The major application of nanotechnology 

is in the field of Nano-medicine, Environment, Energy, Nano-batteries, Information and communication, 

Heavy industry Civil Engineering and Construction. 

 

 

1.1.1 Nanoparticles 

 

The nanoparticles can be classified into different groups based on different criteria, like on the basis of 

their synthesis, the nanoparticles can be divided into three classes (i) engineered (ii) natural and (iii) 

Incidental [Mohajerani et al., 2019]. 

 

Engineered nanoparticles 

Engineered nanoparticles are intentionally engineered through either bottom-up or top-down synthesis 

processes for application in a range of fields. These processes differ in approach, with the top-down 

synthesis gradually reducing larger structures in size to nanometer dimensions whilst the bottom-up 

synthesis involves constructing nanoparticles with individual atoms or molecules until the target size is 

achieved [Nowack et al., 2013]. The top-down approach allows for higher production volumes, but due to 

the production methodology involving mechanical stress, violent shocks, and deformation, the final 

nanoparticle product may lack homogeneity in size and formation. The bottom-up approach allows for 

greater accuracy in nanometric state, allowing a multiplicity of nanoparticle structures, greater precision 

in molecular positioning, uniformity in grain size, and homogeneity of the final product, albeit at the cost 

of reduced production quantities [Nowack et al., 2013]. 
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The engineered nanoparticles on the basis of their composition can be further classified into different 

groups, which are illustrated in Table. 1 [Phogat et al., 2016]. 

 

Nanoparticles 
Composition 

Metal Based Metal NPs Au, Ag, Fe, Zn, Cu, Se, Sn, .. 

Metal Oxide NPs TiO2, ZnO, MoO3, .. 

Binary Oxide NPs Bi2O3, CeO2, CrO2, .. 

Nanocomposites Ceramic matrix NPs Al2O3/TiO2, Al2O3/SiO2, 
Al2O3/CNT, ... 

Metal matrix NPs Co/Cr, Fe-Cr/Al2Ο3, Fe-MgO, .. 

Polymer matrix NPs Polymer/TiO2, Polymer/CNT, .. 

C- Based  Fullerene C60, C70, Fullerenol, .. 

Multiwalled Carbon Nanotube (MWCNT) 

Single Walled Carbon Nanotubes (SWCNT) 

Dendrimers Nanosized Polymers 

Quantum Dots CdSe, CdTe, CdSeTe, ZnSe, Bi2S3, .. 
Table 1.   Classification of engineered nanoparticles on the basis of their composition. [Phogat et al., 2016] 

 

Natural nanoparticles 

Nanoparticles occur naturally through a range of mechanisms commonly seen and can have a range of 

effects. Major producers of nanoparticle materials include volcanic eruptions, desert surfaces, and dust 

from cosmic bodies [Strambeanu et al., 2015]. Volcanic eruptions produce solid, liquid, and gas by-

products, with a large portion of particulate matter being suspended by escaping gas. As the gas cools, the 

particulate matter is suspended within accumulates and deposits. Deserts produce nanoparticles on mass, 

with an estimated 50% of all aerosols occurring in the troposphere originating from deserts, comprising a 

variety of materials represented in mass distributions. Nanoparticles can also occur in food products 

naturally, with a prime example being casein micelle, which is found within the milk of mammals. The 

process of milk generation involves the development of casein molecules. During this process, the casein 

protein assumes the micelle structure at a nanometer scale, existing within milk as a colloidal suspension 

[Rogers et al., 2016]. Nanoparticles have also been found in foods that contain solid fats, with food items 

including chocolate, margarine, and lard demonstrating nanoscale platelets. These nanoscale platelets are 

generally 200 nm long, 80 nm wide and 20 nm thick, and act as the smallest microstructural elements of 

the colloidal fat crystal network [Rogers et al., 2016]. 

 

Incidental nanoparticles 

The generation of incidental nanoparticles occurs through a variety of channels that are not immediately 

obvious in day to day life but can become apparent when identified and addressed. A clear example of 

incidental nanoparticles that occur in the built environment are those generated by cars through tyre 

material loss, brake pad material loss, exhaust emissions, and paint deterioration. Addressing the 

potential for negative health and environmental effects due to exposure to incidental nanoparticles is 

important to gauge the outcome of the interactions involving nanoparticles that are not immediately 

obvious. By identifying incidental nanoparticle and microparticle generation mechanisms, solutions can be 

proposed to address the issue. To highlight the oversight that may occur on a larger scale, tyre emissions 

can be assessed.  



15 
 

It is generally assumed that fine particulate matter results from exhaust fumes and any larger particle 

emissions are due to tyre or brake pad erosion; however, it has been seen that exhaust and non-exhaust 

related by-products contribute near equally to Particulate Matter 10 micrometers (PM10) emissions, with 

non-exhaust contributions predicted to increase [Grigoratos et al., 2014]. 

Based on the dimensions of the nanomaterials, they can be divided into four groups: zero-dimensional 

(0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanoparticles [Pokropivny 

& Skorokhod et al., 2007; Pokropivny & Skorokhod et al., 2008]. A 0D nanoparticle is defined as a particle 

with all its dimensions subjected to nanoscale. This group includes nanoparticles, nanoclusters, and 

nanocrystals. SiO2, TiO2, ZnO, and CaCO3 nanoparticles are categorized as 0D. A 1D nanoparticle can be 

described as having two dimensions in nanoscale, with the other dimension reaching above the 

nanoscale. Nanotubes, nanofibers, nanorods, and nanowires belong to this category. A 2D nanoparticle is 

originally a sheet with its thickness in the nanoscale and its sides spreading beyond the “nano” criterion. 

This group covers nanofilms, nanolayers, and nanocoatings. 3D nanomaterials include powders, fibrous, 

multilayer, and polycrystalline materials in which the 0D, 1D, and 2D structural elements are in close 

contact [Korayem et al., 2017]. 

 

 

1.1.2 History of Nanotechnology 

 

Nature has been manufacturing nanosized objects for billions of years, such as cells in plants and animals, 

but we do not call that nanotechnology. Also, nanoparticles can be found in Ming-dynasty pottery and 

stained-glass windows in medieval churches, as well as in ancient Greece in the famous black-figure 

pottery, which is an alkalic aluminosilicate glass which is colored by magnetite nanocrystals. But then 

people were not aware of the nanoparticles involved, and as they had no control over particle size or 

knowledge of structures at the nanoscale, they were not using nanotechnology as currently defined.  

 

Fig. 2   Black-figure calyx krater. One side shows a Homeric battle around the dead body probably of Patroclus. The rear has a 

quadriga (four-horse chariot). From Farsala. In the style of Exixia. Around 530 BC.  [Collection of National Archaeological Museum, 

Athens] 
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The concept of nanotechnology was originally introduced by the famous physicist Richard Feynman in 

1959, through his talk “There’s Plenty of Room at the Bottom”, which he delivered to an American 

Physical Society meeting at the California Institute of Technology. In his lecture, he discussed the 

possibility of using atoms as building particles to create nanosized products [Feynman et al., 1959]. The 

ideas put forward by Feynman passed unnoticed until 1974 when Norio Taniguchi introduced the word 

“nanotechnology” at the International Conference on Production Engineering [Taniguchi et al.,1974]. 

Taniguchi described the processes of creating semiconductor structures using various methods with 

nanometer precision. He introduced the “top-down” approach, which refers to the successive cutting or 

slicing of a bulk material to create nanosized particles.  

Kim Eric Drexler envisioned tiny self-replicating molecular assemblers that could build everything from 

chairs to rocket engines and machines that turn domestic waste into foods and toys at a touch of a 

button, and nano submarines voyaging through our bloodstream zapping cancer cells. He presented the 

“bottom-up” approach; the creation of material from molecular and atomic components, molecule by 

molecule, atom by atom [Drexler et al., 1981]. In 1986 Kim Eric Drexler developed the idea of 

nanotechnology and published a book titled “Engines of Creation: The Coming Era of Nanotechnology”. In 

the book, he proposed the idea of a nanoscale assembler, which would have the capacity and ability to 

build copies of itself and other things of distinctive complexity, known as molecular nanotechnology 

[Drexler et al., 1986].  

Around the same time, Binnig and Rohrer at IBM invented the scanning tunneling microscope (STM) which 

allowed scientists for the first time to view things (e.g. nanoparticles) at atomic resolution. Soon 

afterwards the atomic force microscope (AFM) for working with non-conductive materials was also 

developed. Since then, a raft of related instruments now known collectively as scanning probe 

microscopes (SPMs) have been developed to analyze properties of nanostructures, molecules and atoms 

on the surfaces. The capability to manipulate and positionally control matter on a nanoscale was 

demonstrated, for the first time, in 1989 when Eigler used a SPM to slowly arrange 35 xenon atoms to 

spell out the letters IBM (spanning less than 3 nm) on top of a crystal of nickel. 

In 1999, nanotechnology received a major boost when the USA government created the National 

Nanotechnology Initiative (NNI) and started to pour huge amounts of funding into research areas related 

to nanotechnology. This was soon followed by unprecedented investment provided by many other 

governments, businesses and venture capitalists. 
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1.2 Nanotechnology in the construction industry 

 

Nanotechnology has been introduced in several industries, contributing to an improved living 

environment and comfort on a daily base. Nanotechnology is bringing new materials and new possibilities 

to industries as diverse as electronics, medicine, energy and aeronautics. Our ability to design new 

materials from the bottom up is impacting the building industry as well. New materials and products 

based on nanotechnology can be found in building insulation, coatings, and solar technologies. This area is 

perhaps the most commercially developed and the use of these nanoscale materials has been the basis for 

many current and potential applications in various industrial sectors. In the building industry, 

nanotechnology has already brought to market self-cleaning windows, smog-eating concrete, and many 

other advances.  

Nanotechnology can generate products with many unique characteristics that can improve the current 

construction materials. Specifically, lighter and stronger structural composites, low maintenance coatings, 

better cementitious materials, lower thermal transfer rate of fire retardant and insulation, better sound 

absorption of acoustic absorbers and better reflectivity of glass [Lee et al., 2010].  

The slab of the structure with still reduced thickness, and hence the reduced weight of structure with 

benefits of reduced sections of beams, columns and foundation footings, which may result to faster 

construction and reduced overall life time cost because of such enhanced property of concrete [S. Patel 

Abhiyan et al., 2013]. More functionally operated green buildings with glass facade, as the light can enter 

but not the heat and also the self-cleaning properties, hence the operating cost of maintaining the 

temperature within the building and extra effort, risk and cost for maintaining and cleansing the glass 

facade at greater height for sky scrapers reduces [S. Patel Abhiyan et al., 2013]. The improved coatings can 

result to more durable structure requiring less maintenance cost, along with the view point of creating 

better environment as some of the nanoparticles such as TiO2 and silver nanoparticles has sterilizing and 

anti-fouling properties, the particles catalyze powerful reactions that break down organic pollutants, 

volatile organic compounds and bacterial membranes [S. Patel Abhiyan et al., 2013]. 

Nanotechnology, promises to heighten building security and homeland security through the introduction 

of stronger materials and more powerful sensors. Many of the nanotech innovations now available or in 

development will have applications for building security. The primary areas of application will be in the 

strengthening of materials, the advent of nano-sensors, and improved air and water filtration [G. Elvin et 

al., 2004]. Nanotechnology has the potential to transform the construction sector into a period focused on 

environmental protection and innovation competitiveness, and, moreover, it has the capability to radically 

change our built environment by promising “more for less” [Mohamed et al., 2015]. 
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1.2.1 Nanomaterials in building matrices 

 

The most studied materials so far are cementitious materials, and knowledge on the nanoscale level of 

cement materials is available by several studies bringing light to basic knowledge and understanding of 

structural and mechanical properties [Kurapati et al., 2014]. Much analysis of concrete is being done at 

the nano-level in order to understand its structure. Such analysis uses various techniques developed for 

study at that scale such as Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and 

Focused Ion Beam (FIB). This has come about as a side benefit of the development of these instruments to 

study the nanoscale in general, but the understanding of the structure and behavior of concrete at the 

fundamental level is an important and very appropriate use of nanotechnology [S. Patel Abhiyan et al.]. 

From a bottom-up perspective, concrete is a composite material in which molecular surfaces and chemical 

bonds interact with chemical reactions, intermolecular forces, and intraphase diffusion [Sanchez & 

Sobolev et al., 2010]. Concrete consists of nano to macro sized particles suspended in a calcium-silicate-

hydrate (C-S-H) matrix [Wong Shane et al.].  

At the nanoscale, processes within the material are defined by the interactions between particles and 

phases, while at a macroscale the effects of working loads and the surrounding environment are 

dominating [Sanchez & Sobolev et al., 2010]. Nanoparticles such as SiO2, Al2O3, TiO2, Fe2O3, ZnO, nanoclay, 

carbon nanotubes and carbon nanofibers can be used in concrete binders to enhance performance 

[Sanchez & Sobolev et al., 2010]. The particle size and specific surface area scale related to concrete 

materials reflect the general trend to use finer materials [Sobolev & Ferrada-Gutiérrez et al., 2005]. 

Nanomaterials are characterized by a high surface area to volume ratio, making them suitable for 

chemical reactions [Sanchez & Sobolev et al., 2010].  

A variety of nanoparticles have been studied for use in chemical processing to improve mechanical and 

electrochemical properties (strength, ductility, electrical conductivity, corrosion inhibition), durability, 

workability, surface protection of the reinforcement through application of surface coatings 

(nanomodified reinforcement), reduce waste or replace toxic materials and for treatment or remediation 

of pollutants in the environment. Hereby several additional nanomaterials commonly induced in 

cementitious matrices and concrete, are presented. The addition of nano-silica (SiO2) to cement based 

materials can control the degradation of the calcium-silicate-hydrate reaction caused by calcium leaching 

in water, blocking water penetration and leading to improvements in durability [Mann et al., 2006]. Tests 

have shown that nano-silica SiO2 can increase concrete’s workability (its ability to fill the desired 

mold/form) and strength. Adding 10 % nano-silica increased the compressive strength of cement mortar 

(the basic ingredient in concrete) by up to 26 %. Whereas adding 15 % of the larger silica fume only 

strengthened it by 10 %. This is the same as 0.25 % nano-silica, which also increased flexural strength by 

25 % [Sanchez & Sobolev et al., 2010]. These increased compressive strengths have the potential to be 

useful in the foundations of large buildings.  

Nanoclay materials are also promising additives for enhancing the mechanical performance, the resistance 

to chloride penetration and reducing permeability and shrinkage. Clay particles are hydrophilic therefore 

attention should be given to the control of water requirements in clay-cement composites [Sanchez & 

Sobolev et al., 2010]. On the other hand, carbon nanostructures (CNS) such as nanotubes (CNT), 

nanofibers (CNF) and graphene addition to concrete can give the benefits to strengthen and monitor 

concrete.  
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CNS exhibit extraordinary strength with moduli of elasticity on the order of TPa and tensile strength in the 

range of GPa, and they have unique electronic and chemical properties [Sanchez & Sobolev et al., 2010]. 

Compared to CNT, vapor grown CNF have a lower production cost and are suitable for mass production. 

While CNT/CNF has been extensively studied in polymeric composites, their use in cement composites has 

remained limited. Most research efforts have focused on CNT rather than CNF and have been performed 

on cement pastes and mortars [Sanchez & Sobolev et al., 2010; Makar et al., 2005; Sanchez et al., 2009; 

Shah et al., 2009]. 

CNT have 5 times the Young’s modulus and 8 times (theoretically 100 times) the strength of steel while 

being 1/6th the density. Oxidized multi-walled nanotubes (MWNT’s) show the best improvements both in 

compressive strength (+ 25 N/mm2) and flexural strength (+ 8 N/mm) compared to the reference samples 

without the reinforcement. It is theorized the high defect concentration on the surface of the oxidized 

MWNTs could lead to a better linkage between the nanostructures and the binder thus improving the 

mechanical properties of the composite rather like the deformations on reinforcing bars [Saurav et al., 

2012]. 

Moreover, the role of Alumina (Al2O3) induced cementitious materials, is mainly on increasing the 

mechanical properties of cement. Zirconium dioxide (ZrO2) has also been studied in building matrices as it 

forms more hydrated products and improves the pore structure.  

The addition of the nanoparticles decreased also the fluidity and increased the water demand for normal 

consistency [Kurapati et al., 2014]. There has been limited study on using nano Iron (III) Oxide (Fe2O3) in 

concrete mixtures. Like nano-silica, nano Fe2O3 increases the flexural and compressive strengths of 

concrete. But it also provides a novel self-sensing property to the concrete. The Fe2O3 causes concrete’s 

electrical resistance to change depending on the load being applied to it [Sanchez & Sobolev et al., 2010]. 

This property could be used as a replacement for, or in conjunction with, instruments like inclination 

sensors and GPS units to develop dynamic structure monitoring systems similar to that in use at the Rixos 

Hotel [Ozer Cemal et al., 2014] 

 

Self-healing process and Acid resistance 

When a micro crack forms in the self-healing concrete, it will spread through the material. By doing so, 

this crack will rupture the microcapsules and release the healing agent. This healing agent will flow down 

through the crack and will inevitably come into contact with the catalyst, which initiates the 

polymerization process that bonds the crack closed. In fracture tests, self-healed composites recovered as 

much as 75 % of their original strength. They could increase the life of structural components by as much 

as two or three times [J. Saurav et al., 2012]. In the case of acid attack on cement, the consequences can 

be minimized by investigating into the concrete's porosity. The smaller the porosity, the smaller the 

chances of an acid attack on concrete are. High-performance concrete, with the use of nanomaterials, is 

effective in this category. Nonetheless, materials with high strength are associated with high density and 

lead to increased weight of the structure [Kurapati et al., 2014]. 
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Fig. 3   Schematic of the self-healing process using embedded microcapsules. (a) A crack forms in the matrix due to damage; (b) 

the growing crack ruptures microcapsules in its path, thereby releasing the healing agent into the crack plane; (c) polymerization 

occurs and the crack faces are bonded closed. [A. Seongpil et al., 2018] 

 

Self-Consolidated Concrete (SCC) 

Self-Consolidated Concrete (SCC) is one that does not need vibration in order to level off and achieve 

consolidation [Dresselhaus et al., 2004]. This represents a significant advance in the reduction of the 

energy needed to build concrete structures and is therefore a sustainability issue. In addition, SCC can 

offer benefits of up to 50% in labor costs [Makar & Beaudoin et al., 2003], due to it being poured up to 80 

% faster and having reduced wear and tear on formwork. The material behaves like a thick fluid and is 

made possible by the use of poly carboxylates (a material similar to plastic developed using 

nanotechnology). SCC initial development was in Japan by Okamurain the late 1980s in order to reach 

durable concrete structures. The advantages of SCC offer many benefits to the construction practice, for 

example the elimination of the compaction work results in reduced costs of placement, equipment 

needed on construction, shortening of the construction time and improved quality control [Maraveas et 

al., 2012]. 

 

Fiber wrapping of concrete 

Fiber wrapping of concrete is quite common today for increasing the strength of preexisting concrete 

structural elements. Advancement in the procedure involves the use of a fiber sheet (matrix) containing 

nano-silica particles and hardeners.  
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These nanoparticles penetrate and close small cracks on the concrete surface and in strengthening 

applications, the matrices form a strong bond between the surface of the concrete and the fiber 

reinforcement [Radu Olar et al., 2011]. 

 

Fig. 4   Two methods for providing CFRP. Wrapping CF sheet (Sheet Method) and winding CF strand (Strand Method). [Toshimi 

Kabeyasawa et al., 2005] 

 

Conductive concrete 

Conductive concrete may be defined as a cementitious composite which contains a certain amount of 

electronically conductive components to attain stable and relatively high electrical conductivity. It has the 

potential to address a wide variety of applications, including grounding, heating, cathodic protection of 

reinforcing steel in concrete structures such as bridges and parking garages, and electromagnetic shielding 

for protection of critical infrastructure, such as power grids and data centers [K. Venkatraman et al., 

2015]. There is great interest in making the top surface of concrete conductive, allowing the surface to be 

warmed slightly to prevent freezing in winter. This would have enormous cost savings from the point of 

spreading of natural rock salt onto ways and bridges, and the point of reduced deterioration of bridges 

and abutments regularly doused in salt and reduced contamination of water courses.  Less than 1 % of 

carbon fibers in the concrete volume have big effect in improving the electrical concrete conductivity.  

Conductive concrete shows interesting and different properties with regard to ordinary concrete as 

follow: Ability to monitor itself for cracks because of the fibers’ ability to conduct electricity [Abulmagd S. 

et al., 2018], monitor and weigh passing traffic ability to heat a road, a bridge, or a runway through 

electric current leading to snow and ice-free surfaces and ability to control heating and lighting systems 

[Saptarshi Sasmal et al., 2013]. 

 

Fig. 5   Conceptual underfloor heating. [TalgaResources] 
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Nanoclay-modified asphalt materials 

Increasing traffic loads and traffic volume, combined with the rising cost of asphalt, have led to an urgent 

need to improve the durability, safety and efficiency of asphalt pavements through asphalt modification. 

Ideal asphalt it should possess high relative stiffness at high service temperatures (summer) to reduce 

rutting and shoving and increased adhesion between asphalt and aggregate in the presence of moisture to 

reduce stripping. Blending small percentages of nanoclay-composites into virgin asphalt appear to have 

beneficial impact on the high-temperature properties of asphalt binders modified with these materials. 

The motivation is to significantly reduce the temperature sensitivity of the binder at service temperatures 

while maintaining workability at construction temperatures [Kibayah et al., 2014]. Nano-modified asphalt 

may potentially improve the rutting, crack and fatigue resistance of asphalt mixtures. So nanoclays can be 

effectively used as a modifier to improve the mechanical properties of asphalt binders [Dhir et al., 2009; 

Whitby & Busquets et al., 2013]. 

 

Bricks 

Bricks have been used as a construction material for many years. The current composition of bricks 

consists of 50 % clay but no greater than 80 % clay, with the remainder of the earth brick made up of sand 

and other granular materials. With these materials bound together under high temperatures, a good 

compressive strength material is formed which makes the earth brick an exceptional domestic 

construction material [Mohajerani et al., 2016; Mohajerani et al., 2019]. However, existing earth bricks do 

not demonstrate good compressive strength.  

Nanoclays are considered to be layered mineral silicates of nanoparticles and the use of varying 

nanoparticles in bricks is dependent on the chemical makeup of the brick. Α 5% inclusion of nanoclay can 

develop a compressive strength 4.8 times that of normal clay bricks [Niroumand et al., 2013]. Over the life 

of the brick material, the nanoclay modifier prevails as the more sustainable material when compared 

against normal clay bricks. Αlkosiloxane and silica nanoparticles prove to be the most effective way to 

protect bricks [Stefanidou & Karozou et al., 2016]. The treated bricks show high resistance to water 

uptake and a significant improvement in terms of durability. 

 

 

 

1.2.2 Energy saving nanomaterials in the building sector 

 

Buildings are a central part of our daily lives, and we spend a large part of our days in them - at home, at 

work, or during our spare time. However, the building sector is the largest energy consumer in the EU and 

one of the largest carbon dioxide emitters. Collectively, buildings in the EU are responsible for 40 % of our 

energy consumption and 36 % of greenhouse gas emissions, which mainly stem from construction, usage, 

renovation and demolition. Improving energy efficiency in buildings therefore has a key role to play in 

achieving the ambitious goal of carbon-neutrality by 2050, set out in the European Green Deal [European 

Commission et al., 2020].  
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Urban heat island and global warming increase the urban ambient temperature, leading to tremendously 

higher energy demand for cooling, and total energy demand [Kolokotsa et al., 2017; IPCC et al., 2018], 

Taking into account building and district level, energy efficient technologies the zero energy buildings are 

a necessity while climate change is putting pressure in the urban thermal environment [Kolokotsa et al., 

2011; Kolokotsa et al., 2012]. Today, roughly 75 % of the EU building stock is energy inefficient. This 

means that a large part of the energy used goes to waste. Such energy loss can be minimized by improving 

existing buildings and striving for smart solutions and energy efficient materials when constructing new 

houses. Renovating existing buildings could reduce the EU’s total energy consumption by 5-6 % and lower 

carbon dioxide emissions by about 5%. Yet, on average, less than 1 % of the national building stock is 

renovated each year. (Member State rates vary from 0.4 % to 1.2 %.) In order to meet our climate and 

energy objectives, the current rates of renovations should at least double. The EU recently introduced 

new ambitious policies to help steer member states towards better energy efficiency in buildings. 

Knowing that cost is often the major hurdle to renovation, the new rules also ease access to financing for 

improving the building stock. The Energy Performance of Buildings Directive (EPBD) 2010/31/EU and the 

Energy Efficiency Directive (EED) 2012/27/EU were revised in 2018, as part of the Clean energy for all 

Europeans package, to better reflect the EU’s aim of driving the clean energy transition [European 

Commission et al., 2020]. 

 

Thermochromic windows 

Energy-efficient glass windows have been steadily developed over the years and as a result there has been 

rapid development of thermochromic glazing techniques that promise next-generation architectural 

windows with energy saving characteristics [Cui et al., 2018]. A thermochromic coating can regulate the 

internal temperature of the building via the variation of solar IR transmittance thus contributing to energy 

efficient buildings and indoor comfort. Vanadium dioxide (VO2) is an inorganic compound, its 

thermochromism was first reported in 1959 [Morin et al., 1959].  

It belongs to the general family of “photochromic” materials which may undergo changes in their 

transmission under a stimulus such as temperature, light or current [Gagaoudakis et al., 2016]. VO2 

undergoes a structural transformation from a semiconducting to a metallic state when heated over the 

critical temperature of 68°C. These states are referred to as “light” and “dark” states, respectively, since 

the former is relatively transparent to infrared radiation while the latter is absorptive (or opaque) to such 

radiation [Morin et al., 1959]. What makes this material a promising oxide for smart windows applications 

is that this process is highly reversible [Blaauw et al., 1975].  

 

 

FIg. 6   Thermochromic glass windows installed at an educational facility in Keller, Texas, USA. [Source: Pleotint, LLC] 



24 
 

Self -powered smart window system 

Min-Hsin Yeh and his team established a fully integrated self-powered smart window system by 

integrating an electrochromic device with a dual-mode triboelectric nanogenerator. The entire device was 

a transparent, multilayered structure, which was compatible with the smart window structure [Min-Hsin 

Yeh et al., 2015].  

Electrochromic devices (ECDs) are developed to provide reversible changes of their optical properties via 

the electrochemical redox reactions corresponding to an external electric field [Beaujuge & Reynolds et 

al., 2010; Rosseinsky & Mortimer et al., 2001; De Longchamp et al., 2003]. The ECD was composed of 

Prussian blue (PB) nanoparticles and zinc hexacyanoferrate (Zn-HCF) nanocubes as the electrochromic 

material and the ion storage layer, respectively. The triboelectric nanogenerator (TENG) was recently 

invented to convert mechanical energy into electricity, based on the coupling effect of contact 

electrification and electrostatic induction [Fan et al., 2012; Wang et al., 2013]. The TENG can take 

advantage of environmental oscillations such as blowing wind and raindrops to deliver an output current. 

Reversible electrochromic reactions can be driven directly by the TENG.  

The TENG consisted of a multi-layered structure with micropatterned polydimethylsiloxane (PDMS) thin 

films and transparent electrodes, which could be employed for harvesting the kinetic energy from wind 

impact and water droplets. The multilayer structure of the self-powered smart window is schematically 

illustrated in Fig. 7 [Min-Hsin Yeh et al., 2015]. 

 

 

Fig. 7   (a) Schematic diagram of the detailed structure of the self-powered smart window integrated with a raindrop-TENG, a 

wind-powered-TENG, and an ECD from top to bottom. (b) Photographs of the PB/Zn-HCF ECD in bleached and colored states, 

depicting the color change of the ECD from colorless to dark blue at an applied potential from -2.0 to 2.0 V, respectively. [Min-

Hsin Yeh et al., 2015] 
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1.2.3 Photocatalytic nanomaterials 

 

Urban air quality refers to how “clean” the ambient air is inside of cities with a density, population, and 

level of activity that generally are recognized as “urban.” Urban air quality generally differs from rural air 

quality since there are more concentrated sources and the ability for the pollutants in the air to be 

dispersed are limited by the physical constraints of the urban environment [Goodsite & Hertel et al., 

2012]. Although emissions of air pollutants have decreased substantially in Europe over recent decades, 

air quality problems in Europe persist. Air pollution harms human health and the environment (EEA et al., 

2019a). Urban air pollution is mainly contributed by harmful inorganic and organic molecules (NOx, SOx, 

CO2, and VOCs) and particulate matter [Cros et al., 2015; Guo et al., 2015; Gnanaprakasam et al.], with 

nitrogen oxides (NOx) representing some of the largest air polluting agents, which are produced mostly by 

combustion (Table 2).  

 

Table 2.   Percentage of urban population exposed to concentrations of air pollutants above selected air quality standards. [EEA et 

al., 2018b] 
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However, indoor pollution involves both chemical agents and pathogenic microorganisms [Chen & Poon et 

al., 2009; Nath et al., 2016; Saeli et al., 2017] as illustrated in Fig. 8 [EEA et al., 2013]. 

 

Fig. 8   Indoor air pollution. We spend a large part of our time indoors, in our homes, workplaces, schools, or shops. Certain air 

pollutants can exist in high concentrations in indoor spaces and can trigger health problems. (1) Tobacco smoke: exposure can 

exacerbate respiratory problems (e.g., asthma), irritate eyes, and cause lung cancer, headaches, coughs, and sore throats. (2) 

Allergens (including pollens): can exacerbate respiratory problems and cause coughing, chest tightness, breathing problems, eye 

irritation, and skin rashes. (3) Carbon monoxide (CO) and nitrogen dioxide (NO2): CO can be fatal in high doses and causes 

headaches, dizziness, and nausea. NO2 can cause eye and throat irritation, shortness of breath, and respiratory infection. (4) 

Moisture: hundreds of species of bacteria, fungi, and molds can grow indoors when sufficient moisture is available. Exposure can 

cause respiratory problems, allergies, and asthma, and affect the immune system. (5) Chemicals: some harmful and synthetic 

chemicals used in cleaning products, carpets, and furnishings can damage the liver, kidneys, and nervous system, cause cancer, 

headaches, and nausea, and irritate the eyes, nose, and throat. (6) Radon: inhalation of this radioactive gas can damage the lungs 

and cause lung cancer. [EEA et al., 2013] 

 

Advanced Oxidation Processes 

One alternative to lower the levels of air pollutants in the atmosphere is the use of Advanced Oxidation 

Processes (AOPs), those processes are based on formation and reaction of reactive oxygen species (ROS), 

reactive nitrogen species (RNS), oxygen radicals (·O2
−) and hydroxyl radicals (·OH) [Waiskopf et al., 2016; 

Nosaka Υ. & Nosaka Α. Υ. et al., 2017]. AOPs can be divided into homogeneous (ozone, Fenton and photo-

Fenton systems, H2O2/UV) and heterogeneous systems (semiconductor photocatalysis). In homogenous 

AOP systems a continuous input of chemical reagents is required as a source of the reactive species and 

catalysts to maintain operation of the system. On the other hand, semiconductor photocatalysis is 

generally thought of as the catalysis of a photochemical reaction at a solid surface of a semiconductor 

with the help of an energy source for the reaction, which can be in the form of artificial or natural light 

[Matoh et al., 2019]. This implies that there must be at least two reactions occurring simultaneously, the 

first involving oxidation, from photogenerated holes, and the second involving reduction, from 

photogenerated electrons. Both processes must be balanced precisely in order to conserve the charge 

neutrality and for the photocatalyst itself not to undergo change (which is one of the basic requirements 

for a catalyst).  
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In other words, photocatalysis is based on short-circuited photoelectrochemical reactions, balancing 

electrons and holes [Fujishima et al., 2008]. 

 

Photocatalysis mechanism 

Upon irradiation of the light with the energy equal or more than the bandgap of the semiconductor 

photocatalyst, the electrons are excited from the valance band of the catalyst to the conduction band, 

leaving the holes behind in the valance band. Then the electron-hole pair separates by the transfer of 

these charges to the surface. Consequently, these photogenerated charge carriers then react with water 

or dissolved oxygen to produce reactive oxidizing species such as ·O2
− and ·OH, that decompose pollutants 

into smaller molecules as well as inactivate microorganisms, through oxidation and reduction reactions 

[Regmi et al., 2018]. Finally, the electronic semiconductor system recovers its ground state. The 

mechanism of photocatalysis is described in Fig. 9 [Regmi et al., 2018]. 

 

Fig. 9   Mechanism for the photocatalytic activity on the surface of the semiconductor under the irradiation of light. [Regmi et al., 

2018] 

Photocatalyst + hν → e− + h+ 

 h+ + H2O (ads)→ ·OH + H+ 

h+ + OH− → ·OH (ads) 

e−
 + O2 → ·O2

−  

2H + ·O2
− → H2O2  

e− + H2O2 → ·OH + OH− 

·OH + pollutants/micro-organisms + O2 → simpler products (salts, CO2, H2O, ..) 

·OH (ads) → ·OHfree + pollutants → simpler oxidation products 
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It has been generally noticed that the degradation rate of the dyes and pollutants on the surface of the 

catalyst increases with an increase in the loading of the catalyst [Vinu & Madras et al., 2011]. This is 

mainly due to increase of hydroxyl radical produced from irradiated photocatalyst [Liu et al., 2010; Zhang 

et al., 2008]. The photocatalytic activity of semiconductor catalyst also decidedly confides on surface and 

structural properties, such as surface area, crystal composition, distribution, porosity, bandgap, particle 

size, and surface hydroxyl group density [Kruefu et al., 2012]. Furthermore, the photocatalytic 

degradation rate increased with increasing intensity of radiation [Gaoa et al., 2011] and decreased with 

the increased initial organic compound concentration [Mai et al., 2008]. When investigating photocatalytic 

performances, the source of the irradiation provided to the catalyst must be further analyzed due to the 

fact that in real-time outdoor applications, the nanomaterials might appear to have a lower performance, 

due to uncontrollable environmental parameters. 

  

Historical hints 

In 1835 Berzelius coined the word catalysis. In 1911, 76 years after Berzelius, the term photocatalysis 

appeared in several scientific communications [Coronado et al., 2013]. In 1972, the pioneers of 

photocatalysis, Fujishima and Honda, achieved an electrochemical photolysis of water using a rutile 

electrode exposed to near-UV light and connected to a platinum counter electrode through an electrical 

load [Fujishima & Honda et al. 1972]. The influence of Fujishima’s work was also important to consolidate 

the preponderance of TiO2 among photoactive materials because its stability in aqueous solution was 

established under a wide range of pH and external potentials [Coronado et al., 2013]. Therefore, the 

relevance of this semiconductor progressively increased. In 1973 Bickley et al. tested the photooxidation 

of isopropanol on rutile TiO2 [Bickley et al., 1973]. Since 1977, when Frank and Bard showed that cyanide 

(CN-) could be efficiently photo-oxidized to cyanate (CNO-) in alkaline conditions and in the presence of 

TiO2 and oxygen [Frank & Bard et al., 1977], there has been increasing interest in environmental 

applications [Fujishima et al., 1999]. According to the historical background it seems clear that 

photocatalysis has acquired knowledge from very different fields. Nowadays, nanotechnology provides 

new opportunities for the development of more efficient and advanced photocatalytic materials. 

 

1.2.4 Antimicrobial function 

 

Photocatalytic nanomaterials when come in contact with microorganisms via different energy such as 

electrostatic attraction, hydrophobic interactions, van der Waals forces and receptor-ligand interactions, 

they exert their effect on the microorganism’s cell membrane. Various reactive radicals generated by 

photocatalytic nanoparticles on receiving the photon energy higher than the band gap energy enters to 

the cells and brings different stresses such as oxidative stresses, membrane permeability imbalance, 

changes in cell shape, protein inhibition and alteration in metabolism and DNA damages [Wang et al., 

2015]. Nanoparticles affect most of the cell at a time, thus microorganisms could not make such big 

changes in metabolism by making mutational changes in the genomes and bringing changes in the 

metabolism in short period of time. This eliminates the concern of pathogens getting resistance to such 

treatment systems [Regmi et al., 2018]. The possible mechanisms of antimicrobial activities exhibited by 

different photocatalytic semiconductors are described below (Fig. 10). 
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Oxidative stress induction 

The excess ROS (·O2
−, ·OH, H2O2), generated as a result of redox (reduction–oxidation) process, favors the 

oxidation process in the cells that leads to the peroxidation of lipid membrane and eventually attack 

proteins, depress the activity of certain periplasmic enzyme, and eventually interact with DNA and 

damage it [Ansari et al., 2015; Padmavathy et al., 2011].  

 

Metal ion release 

The metal ions released from metal oxide semiconductors are percolated through the cell membrane and 

directly interact with the –SH, -NH and –COOH group of nucleic acid and protein and finally damaging 

them. However, this method is less lethal than the other, so is not considered as the major cause of cell 

death [Hussein-Al-Ali et al., 2014].  

 

The non-oxidative mechanism  

This mechanism involves the inactivation of microorganisms by decreasing the critical cellular metabolism 

such as protein, amino acid, nucleotide, energy, and carbohydrate metabolism without oxidative stress 

induction. The mechanism of non-oxidative stress cell death of Escherichia coli is poorly understood 

according to Leung et al. using MgO nanoparticles [Leung et al., 2014].  

 

 

Fig. 10   The possible mechanisms of antimicrobial activities exhibited by different photocatalytic semiconductors. Red colored 

arrows point the targets of reactive oxygen species (ROS) generated by various semiconductors. The blue color arrow represents 

the target of BiVO4. Ag, Cu, and Au metal nanoparticles are also known to generate ROS and targets different parts in the cell. The 

green color arrow represents targets of Ag nanoparticle. Different targets in the microbial cells are labeled within the cell. [Regmi 

et al., 2018] 

 

Among these three possible mechanisms of antibacterial activities of NPs, the first mechanism has 

attracted the most attention of the researchers. The exact mechanism of the antimicrobial mechanism of 

NPs is not understood yet and warrants further research. 



30 
 

1.2.5 Self-cleaning applications 

 

Photocatalysis can be successfully used for real condition application in order to decompose air or liquid 

pollutants [Matoh et al., 2019 & Fujishima et al., 2000], enhance the quality of atmospheric air [Janus & 

Zając et al., 2019] and hinder the biodeterioration of inorganic materials [Goffredo Giovanni Battista et al., 

2019]. 

 

Photocatalytic air cleaning and self-cleaning coatings 

Coating is one of the important areas in construction. Coatings are extensively use to the walls, doors, and 

windows. Nanoparticles are being applied to paints to obtain the coatings having self-cleaning capabilities 

and remediate pollution.  

The pollutants have a major effect on building structures. Additionally, particulates as dirt, dust, and 

fumes can cause damage to exposed surfaces [Mansour et al., 2018]. Gases from the atmosphere induce 

increasing corrosion. For example, black particles cause soiling of light-colored surfaces and 

sulfates/nitrates as a consequence of the acid rains enhance surface recession. Blackening of light-colored 

surfaces eventually reaches a point where it becomes aesthetically unacceptable. However, cleaning of 

surfaces may also be disadvantageous involving the removal of the protection layer, changing the color of 

pigmented elements, leaving behind chemical contaminants and increasing the risk of rain penetration 

[Flores e Colen et al., 2008; Mansour et al., 2018]. Therefore, it is necessary to use modern materials and 

technologies that can guarantee durability and good exterior condition of building and architectural 

elements, reducing the high cost of their conservation-restoration. 

Titanium dioxide (TiO2) nanoparticles are added to paints, cements and windows for its self-cleaning 

properties since TiO2 breaks down organic pollutants and volatile organic compounds (VOCs) through 

powerful catalytic reactions. It can therefore reduce airborne pollutants when applied to outdoor 

surfaces. TiO2 nanoparticles in the coating react with ultra-violet rays from natural daylight to break down 

and disintegrate pollutants. Additionally, the surface coating is hydrophilic, which lets rainwater spread 

evenly over the surface and ‘sheet’ down the surface to wash out the intermediates from the 

photocatalytic process and dust from the surfaces. The superhydrophilicity feature makes the surface dry 

faster and prevents the undesirable water streaking or spotting on the surface [Lee et al., 2003]. 

Therefore, TiO2 nanoparticles give self-cleaning properties to surfaces to which it is applied.  

For example, in 2001 Pilkington St announced the development of the first self-cleaning windows 

[Pilkington et al., 2001]. In 2019 Macoma Environmental Technologies applied FN NANO® coating on the 

ceiling of the terminal’s second floor of North Las Vegas Airport with overwhelmingly positive results in 

the reduction of the toxic compounds that make up pollution and harmful micro particles in the 

environment from the jets engine fumes [Fn Nano Inc. et al., 2019]. 
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Fig. 11   A Self-cleaning Glass System Based on Titanium Oxide (TiO2) Thin Film Coating. 

 

Anti-graffiti coatings 

Another reason that affects the facades’ appearance is painting or other surface signs on the walls due to 

various paints or markers is absorbed by the porous materials. Graffiti attacks and associated cleaning 

procedures cost Europe approximately 90 million € per year [Effaceur et al., 2012] and in the United 

States, the cost is estimated 12 billion $ per year [MacDonald et al., 2017]. Special coatings developed can 

also make the applied surface both hydrophobic and oleophobic at the same time. These could be used 

for anti-graffiti surfaces [Pratik Dewan et al., 2009]. Researchers in Mexico has successfully developed a 

new type of anti-graffiti paint DELETUM, by functionalizing nanoparticles (silica) and polymers to form a 

coating repellent to water and oil at the same time. As a result, the coated surface is non-stick or very 

easy to clean, and able to withstand repeated graffiti attacks [Rawat Parul et al., 2015]. 

 

Fig. 12   Stratigraphy of the coating DELETUM 3000TM. [Castaño & Rodriguez et al., 2004] 

 

     

Fig. 13   Antigraffiti effect of DELETUM 3000TM. [Castaño & Rodriguez et al., 2004] 
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Self-cleaning applications in interior design 

The application of nanotechnology in interior decoration items such as furniture, floor, sofas, curtains, 

wallpapers, ceiling panels and carpets will bring changes to interior decoration and improvement in the 

comfort of the living environment. It includes finishing materials and environmental materials such as 

wood and fabric coatings. 

Nanocoating for wood provides protection against sunlight and moisture. It preserves the natural look of 

the wood and is resistant to extreme environmental conditions such as very cold weather and snow 

[Anous et al., 2014]. Nanocoated wood can be water-repellent, self-cleaning and antimicrobial. It is 

suitable for all types of wood and ideal for wooden furniture and floor. 

Nanocoated fabric repels any liquid or dirt that comes in contact with the surface without affecting the 

feel of the material. It is suitable for all types of fabrics and ideal for sofas, chairs, carpets, curtains and 

more [Anous et al., 2014]. Nanocoated fabric can be self-cleaning, antimicrobial, oil-water repellent, flame 

and chemical resistant without changing the original look. For example, nanocoated carpets and curtains 

are capable of freeing interior spaces from odours and interior pollutants, such as cigarette smoke and 

formaldehydes [Anous et al., 2014]. 

 

 

1.2.6 Antimicrobial applications 

 

Nanotechnology can be used in the building industry for the degradation of microorganisms such as fungi, 

bacteria and viruses [Regmi et al., 2018]. Another application of antimicrobial coatings can be for the 

reduction of hospital acquired infections [Reid Matthew et al., 2018]. A dual-functional coating was 

successfully synthesized via UV curing, showing both thermochromic and antimicrobial properties. This 

work offers an inspiration of dual-functional coating production for many applications such as windows [Y. 

Liu et al., 2020]. In indoor environments, biodeterioration is the main cause for the degradation of 

building materials and also for many health-related issues [Pacheco-Torgal & Jalali, 2011]. Additional 

microorganisms may cause both aesthetic changes, such as the appearance of stains [Urosevic et al., 

2012] and structural damages to stone [Doehne & Price et al., 2010]. The use of a photocatalyst based 

coating on stones exposed to marine underwater environment, would be able to stop or slow down the 

bio-colonization (antifouling effect), which are often related to the stone degradation [Aloise et al., 2014]. 

TiO2 nanoparticles have been used to limit the growth of a wide spectrum of organisms such as cancer 

cells, viruses, bacteria, fungi, algae. Βio-receptivity of treated surfaces, environmental conditions and the 

characteristics of a so extensive range of microorganism especially the complexity and the thickness of cell 

envelope greatly influence the resistance to the photokilling action of TiO2 [Chen et al., 2009; Seven et al., 

2004]. In the field of construction technology, TiO2 nanoparticles have been applied as a surface 

treatment or additive together with concrete, stones, glass, bricks turning them to self-sterilization 

surfaces [Maury-Ramirez et al., 2013; Guo et al., 2015; Fonseca et al., 2010] both for new and preexisting 

buildings, as well as for the preservation of stone works of art and surfaces of monuments [Baglioni et al., 

2015; Gherardi et al., 2016; Pino et al., 2016]. 
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Fig. 14   S. aureus and E. coli colonies formed on petri dishes after 24 h on the (a) group A stainless steel specimens, (b) group B 

stainless steel specimens, and (c) TiO2‐coated stainless-steel specimens. [Chung et al., 2008] 

 

Water purification 

Enabling water purification for human consumption from alternative sources such as rivers, oceans and 

sewage is a necessity of high priority. The variety of contaminants present in these water sources is vast. 

Photocatalytic properties of nanomaterials such as metal oxides have long been utilized for providing 

clean water resources free of microbial and chemical contaminants. Consequently, nanomaterials have 

great impact in water purification. However, combination of these nanomaterials with other purification 

techniques (ozonation, sonolysis, the Fenton process, etc.) synergistically improves these processes 

[Fadlalla et al., 2019]. 

During the last decade, titanium dioxide nanoparticles have emerged as promising photocatalysts for 

water purification [Rakkesh & Balakumar et al., 2013]. The use of immobilized TiO2 for the 

photodegradation of 15 selected CECs in a simulated and real effluent wastewater under solar irradiation 

was studied by Miranda-Garcia et al. [Miranda-García et al., 2011]. Moreover, Salam et al. synthesized 

CNT/polypyrrole hybrids via oxidative polymerization of pyrrole with silver nitrate, leading to 

nanocomposites loaded with 80 wt. % AgNPs, which were further used for water disinfection in a column 

filter test. The CNT/polypyrrole/AgNP nanocomposites effectively inactivated the Escherichia coli and 

Staphylococcus aureus cells by nearly 100 wt. % [Salam et al., 2017]. In Figure 15 a schematic 

representation of a water purification system with a multilayered nanomaterial-based matrix is shown, 

which could remove organic, inorganic, and microbial contamination [Fadlalla et al., 2019]. 
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Fig. 15   Nanomaterial-packed layer for purification of water contaminants. [Fadlalla et al., 2019] 

 

Applications in air cleaners 

Another important application of photocatalytic nanomaterials is in the purification of indoor air. A 

photocatalyst-type air cleaner is typically composed of TiO2-based filters, UV lamps, and a fan for air 

circulation. The filters feature honeycomb-type construction or three-dimensional porous structure for 

minimum pressure drop (Fig. 16). The photocatalyst-type air cleaner can kill the bacteria floating in indoor 

air, which is very important for the applications in hospitals, institutions for the elderly, offices and schools 

[Fujishima & Zhang et al., 2006]. These air cleaners may be readily applied into new and existing heating, 

ventilation, and air conditioning systems. 

 

Fig. 16   TiO2 coated porous ceramics filters for air cleaner uses. [Fujishima & Zhang et al., 2006] 
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In contrast to the conventional filters in air cleaners, the TiO2-based photocatalyst filter can decompose 

the adsorbed pollutants instead of accumulating them, and thus it exhibits better air-cleaning 

performance [Fujishima & Zhang et al., 2006]. 

 

Antimicrobial coatings in interior design 

TiO2 coated ceramic tiles are considered to be very effective against organic and inorganic materials, as 

well as against bacteria. For example, Hydrotect® tiles can kill bacteria at an extremely high rate of speed 

[Hydrotect1]. Hydrotect® exerts various effects, including anti-dirt and anti-odor effects, by decomposing 

and reducing bacteria. It reduces the production of dirt and odors and facilitates the cleaning of interior 

spaces that need to be kept hygienically clean, such as toilets, kitchens and bathrooms [Hydrotect2]. The 

application of these tiles in hospitals, care facilities, schools and other public and commercial facilities can 

reduce the spread of infections and the threat to people whose immune system have been weakened, 

while reducing the use of cleaning products, that can harm the environment and cause health problems. 

It is also advantageous to formulate paints with antimicrobial nanomaterials. The largest amounts of 

antimicrobial coatings are consumed in building industry, particularly for producing interior coatings that 

are designed for providing protection against growth of moulds, mildews and generally for achieving high 

standard of hygiene in hospitals, nursing homes, daycares and medical applications [K. Davidson et al., 

2007; C. Vielkanowitz et al., 2008; J. Baghdachi & D. Clemans et al., 2006]. For example, masonry coatings 

based on photocatalytic TiO2 pigments are proposed by E. Bagda for producing clean surfaces, air purifying 

and antibacterial effects [E. Bagda et al., 2006]. The antimicrobial properties of coatings are influenced by 

the type of acrylic dispersion, the morphology of surfaces, the type and the pigment volume 

concentration of the photocatalytic nanomaterials [E. Bagda et al., 2006]. 

 

 

Applications in textiles and fabrics 

Textile materials can provide favorable media for the growth of pathogenic microorganisms due to 

moisture, sweat contaminants, and sometimes the nature of bulk material. Nowadays the need to protect 

users against pathogenic or odor-generating microorganisms that cause health problems is high, so the 

demand for textiles with antimicrobial properties has been on the rise. Additionally, antimicrobial fabrics 

are protected from undesirable discoloration or damage caused by microorganisms. The main reasons for 

the wide acceptance of TiO2 nanoparticles as a coating material its safety and non-toxicity to the fabrics as 

well as to the skin, durability, stability, high compatibility with fabrics, no degradation on repetitive wash 

cycles, low cost of production and the scope for manipulations in its photocatalytic properties by 

modifying reaction conditions [Pakdel, et al., 2013; Zhang, et al., 2014; Behzadnia, et al., 2015; Kim, et al., 

2016; Gupta, M. et al., 2017]. For instance, antimicrobial cotton fabrics were fabricated by M. Zahid et al. 

using manganese doped TiO2 nanoparticles immobilized into polydimethylsiloxane matrix and tested 

against Staphylococcus aureus and Klebsiells pneumoniae. Nanocoated cotton fabrics revealed a 100% 

reduction in bacteria within 120 min of sunlight exposure [M. Zahid et al., 2018]. 
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Wu Deyong et al. successfully developed cotton fabrics coated with TiO2 nanoparticles. TiO2 coated fabrics 

with self-cleaning and antibacterial performance, were practically promising in the textile industry, 

environmental cleanup and hospital sterilization [Wu Deyong et al. 2009]. Results show that TiO2 coating 

not only prevented the formation of a biofilm of adsorbed bacteria but also destroyed the bacteria cell 

(Fig.17).  

 

   

Fig. 17   Bacterial growth on the solid Luria–Bertani Medium (LBM) comparison between with (a) no other things, (b) pristine 

cotton fabric and (c) TiO2 coated cotton fabric. [Wu Deyong et al. 2009] 

 

Healthcare applications 

One of the greatest concerns in the health sector (hospitals, laboratories or pharmaceutical industries) is 

the possibility of contamination or disease transmission from pathogens especially from bacteria and 

viruses. Healthcare acquired infections (HCAI) are of major concern across the globe, especially nowadays. 

It is likely that objects that can harbour and serve in transmitting bacteria and viruses, such as door 

handles, table tops and any other contactable surfaces held microorganism reservoirs for transfer. For 

example, Clostridium difficile and Methicillin Resistant Staphylococcus aureus are the two most common 

nosocomial pathogens and have been shown to survive on such surfaces for months [Magill SS et al., 

2014; Leyland & Carroll et al., 2016].  

Clostridium difficile spores in particular are highly resistant to alcohol-based cleaning and disinfection 

solutions [Rutala et al., 2006]. Moreover, in the Health sector clinicians and patients are exposed to bodily 

fluids, microscopic deposits are sometimes inevitable and gone unnoticed. Clinicians’ lab coats, patient 

robes, bed linens and curtains are all potential carriers of microorganisms [Ogunsona et al., 2019]. These 

fabrics are excellent environment for harboring and growing microbes as they present large surface areas, 

which can hold oxygen and moisture [V.R.G. Dev et al., 2009; Ogunsona et al., 2019]. Hence, it is necessary 

to develop antimicrobial technologies to reduce the growth and spread of diseases directly at the source 

in the healthcare sector. Chung et al. attempted to use an arc ion plating (AIP) method to deposit TiO2 

nanoparticles by using this optimized deposition condition on common medical grade AISI 304 (austenitic 

chromium-nickel) stainless steel [Chung et al., 2008]. The TiO2 coating exhibits excellent antimicrobial 

efficacy against Staphylococcus aureus and Escherichia coli and could possibly serve as a new 

antimicrobial treatment for medical implements to reduce the risk of HCAI [Chung et al., 2008]. 
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Applications in medical devices and consumables 

A complication from which patients undergoing mechanical ventilation in the intensive care unit (ICU) are 

at risk is ventilator-associated pneumonia (VAP) [Klompas M. et al., 2015]. VAP can affect as many as a 

quarter of all mechanically ventilated patients and has the potential to double the risk of mortality, 

increasing the duration of hospitalization, mechanical ventilation and causing the increase in the costs of 

care [Dalmora et al., 2014; Rello et al., 2002; Safdar et al., 2005]. One of the factors contributing to the 

pathogenesis of VAP is believed to be the rapid colonization of biofilm-forming pathogens, such as 

Pseudomonas aeruginosa and Staphylococcus aureus, on the surface of endotracheal tubes (ETT) [Adair 

CG. et al., 1999; Caratto et al., 2017]. Nanomaterials could be used to prevent or reduce bacterial 

colonization of medical devices as well as furniture and working surfaces, especially in environments like 

the ICU, where the high prevalence of multi-resistant strains of bacteria requires non-pharmaceutical 

measures to control the spread of infection [Caratto et al., 2017]. Caratto et al. showed that nanosized N-

TiO2 can effectively prevent the growth of a small bacterial inoculum when exposed to conventional 

fluorescent light, widely available in hospital environments, avoiding the use of potentially harmful UV 

light. 

Significant amounts of medical personal protective equipment (PPE) such as masks, overall gowns and hair 

covers are heavily consumed globally and disposed of after a very short period of use, in order to minimize 

exposure and transport of bacteria and viruses from one individual to another due to airborne bacteria as 

well as bacteria in liquid transport media such as bodily fluids [C.B. Hiragond et al., 2018]. However, 

changing of masks and gowns might not be done immediately. Incorporation of antimicrobial 

nanoparticles into PPE such as masks, can reduce the microorganisms’ activities. As a result, nanocoated 

PPE can be used for prolonged periods of time and reused when laundered, while providing added 

protection to the wearer by eliminating these microbes upon contact. For example, Y. Li et al. investigated 

the efficacy of a combination of silver nitrate and titanium dioxide as antimicrobial agents against E. coli 

and S. aureus on coated facemasks [Y. Li et al., 2006]. Results showed that there was a 100% reduction in 

the viable count of bacteria growth after 48 h of incubation for masks coated with the antimicrobial 

particles, whereas, the uncoated masks revealed a 25 and 50% increase in the viable count of E. coli and S. 

aureus, respectively [Y. Li et al., 2006]. 
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1.3 Semiconductor TiO2 

 

Titanium dioxide (TiO2 or Titania) is one of the most used nanoparticles and the most common among 

titanium minerals. It is extensively used in everyday life, especially as white pigment in painting, food, and 

cosmetic industries, thanks to its high refractive index. TiO2 is a white pigment and can be used as an 

excellent reflective coating [Saurav et al., 2012]. It exists in three main crystallographic structures, 

anatase, which presents a distorted tetragonal crystal structure, rutile, tetragonal as well, and brookite, 

with orthorhombic crystal structure (Fig. 18). The most interesting phases for practical applications are 

anatase and rutile, which are wide bandgap semiconductors. Anatase has more photocatalytic activity 

than rutile.  

The Eg value for anatase is 3.20 eV, which corresponds to a wavelength absorption threshold of 384 nm. 

The narrow band-gap in the UVA region reduces the harvesting of solar radiation (at ground level with the 

sun at zenith, sunlight consists of 44 % visible light and of a mere 3 % UV light) [Faraldos & Bahamonde et 

al., 2019]. This means that its activation requires an irradiating source with wavelength lower than that 

indicated, that is, in the near-UV region, while visible light is not sufficiently energetic to induce 

photoactivity in this material, unless it is doped or combined with other elements to form heterojunctions 

[Diamanti & Pedeferri et al., 2019]. 

 

Fig. 18   Crystal structures of TiO2: (a) anatase, (b) rutile, and (c) brookite. [Moellman et al., 2012; Godbert et al., 2018] 
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Property  TiO2 

Molecular weight (g mol−1)  79.88 

Melting point (°C)  1825 

Boiling point (°C)  2500–3000 

Phase  Anatase  Rutile  Brookite 
Refractive index  2.52 2.72 2.63 

Dielectric constant 31 114  

Crystal structure  Tetragonal  Tetragonal  Orthorhombic 

Space group  I41/amd  P42/mnm  Pbca 

Lattice constant (Å)  a = b = 3784  
c = 9515 

a = b = 4593 
c = 2959 

a = 9184 b = 5447  
c = 5145 

Molecule/cell  4 2 8 

Volume (Å
3
) 136.25 62.07 257.38 

Density (g cm
3
) 3.79 4.13 3.99 

Table 3.   Compared intrinsic properties of main TiO2 phases. [Godbert et al., 2018] 

 

 

TiΟ2 is proposed for several environmental applications such as air purifier, waste water treatment 

cleaning, water disinfection and photo-induced hydrophilic coating with self-cleaning and icephobic 

properties [Gnanaprakasam & Sivakumar et al., 2015; D. Colangiuli et al., 2015; Matoh et al., 2019; Janjua 

et al., 2019]. As expected, this highly used nanomaterial is also used often by the building industry. It can 

be embedded in bulk concrete, mortars, ceramic or as a coating on glass and stone [Janus & Zając et al., 

2019; Chi Sun & Ming-Zhi et al. 2015; Diamanti & Pedeferri et al., 2019; S. Patel Abhiyan et al., 2013]. 

 

 

Fig. 19   Active oxygen species produced as a result of the irradiation of TiO2. [Hoffmann et al., 1995] 
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TiO2 nanoparticles gives concrete the ability to photo catalytically break down pollutants like carbon 

monoxide and volatile organic compounds (VOCs). That makes this type of concrete useful for things like 

facades and sidewalks in dense urban areas. However, this effect becomes less efficient with aging due to 

carbonation. In addition to the novel effects of TiO2 it also gives concrete increased flexural strength, 

compressive strength, and abrasion resistance, which could also make it a viable structural material 

[Sanchez & Sobolev et al., 2010]. A photocatalytic cement technology has been used for a number of 

construction projects including the “Dives in Misericordia” Church (architect Richard Meier) located in 

Rome, Italy [Pacheco-Torgal & Jalali, 2011]. White surfaces with TiO2 nanoparticles, remain white as a 

result of the self-cleaning property [Greßler & Gazso et al., 2012] and there is some evidence of improved 

air quality through its use on pavements, tunnels and walls, provided suitable light is available [Allen et al., 

2008; Guerrini et al., 2012; Shen et al., 2012]. For example, TiO2 nanoparticle-based coatings can capture 

and absorb organic and inorganic air pollutants by a photocatalytic process. Coating of 7000 m² of road 

surface with such a material in Milan in 2002 has led to a 60% reduction in nitrogen oxides concentration 

at street level [Edie News et al., 2004]. Furthermore, TiO2 can be successfully used to degrade deleterious 

microorganisms, improving the conservation of historical surfaces and artifacts [Doehne & Price et al., 

2010; Munafo et al., 2015; Cho et al., 2004; Seven et al., 2004; Goffredo Giovanni Battista et al., 2019; 

Maury-Ramirez et al., 2013; Baglioni et al., 2015; Gherardi et al., 2016; Pino et al., 2016]. For example, 

Fonseca et al. [Fonseca et al., 2010] tested the efficacy of TiO2 (anatase) on the “Palacio Nacional da Pena 

in Sintra, Portugal”, and showed that it was more effective than two conventional biocides. 

 

 

1.4 Limitations, Challenges and Drawbacks 

 

Nanotechnology contributes significantly to the construction sector. However, many challenges and 

drawbacks need to be overcome. A major challenge of nanomaterials in the construction industry is the 

problem of dispersion. The lack of homogeneous dispersion negatively affects the quality of the final 

product [Li et al., 2004; Nazari & Riahi et al., 2011]. Cement is chosen, as the most important construction 

material. In a cement matrix, the nanomaterials tend to agglomerate and therefore cannot be 

homogeneously dispersed by a simple mixing procedure [Mudimela et al., 2009]. Poor dispersion of 

nanoparticles could create weak zones and form voids [Li et al., 2004]. Particles of nanosilica with bigger 

primary particle sizes such as 40 nm are better dispersed in cement mortars [Haruehansapong et al., 

2014]. Heterogeneous dispersion, particularly in carbon nano-reinforcements, due to their inherent self-

attraction and hydrophobicity, can cause many drawbacks. Mudimela et al., 2009 introduced a simple 

method for the creation of good dispersion of carbon nanomaterials. Specifically, CNTs and CNFs were 

grown on the surface of model object, such as silica fume and cement particles. The produced carbon 

nanomaterials were homogenously dispersed in the matrix materials and the bonding between carbon 

and matrix materials was good. This way the growth of the nanomaterials inside the building materials 

solves the dispersion problems of CNTs and CNFs in a matrix [Mudimela et al., 2009].  
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Attention should be also paid on the light source when using photocatalytic nanomaterials. For example, 

anatase TiO2 has an energy band gap of 3.2 eV and can be activated by UV radiation with a wavelength up 

to 387 nm thus limiting its application as a photocatalyst under visible light illumination. To extend the 

photocatalytic activity of TiO2 into the visible spectral range, doping of TiO2 by nonmetal elements such as 

N, C, F, and S has been reported [Bergamonti et al., 2017]. Choi et al. performed a systematic study of TiO2 

nanoparticles doped with 21 metal ions by the sol–gel method and found that the presence of metal ion 

dopants significantly influenced the photo reactivity, charge carrier recombination rates, and inter facial 

electron-transfer rates [W. Choi et al., 1994]. Binas et al. prepared TiO2 nanomaterials doped with 

manganese by a modified sol–gel method, capable to absorb and activate under visible light irradiation 

[Binas et al. ,2012]. On the influence of the pH on photocatalytic cement, it was found that high pH values 

(pH > 10) could reduce the photocatalytic degradation rate i.e. of reactive yellow dye [Wang et al., 2015].  

A separate note should be dedicated to pigmented materials, due to the interactions that may take place 

between TiO2 and other inorganic substances, typically iron oxides and hydroxides, used to impart color to 

finishing mortars [Diamanti et al. ,2019]. Especially in the case of dark colors, the evaluation of the self-

cleaning property is more difficult and self-cleaning seems to play a less relevant role. In addition, the 

photocatalytic activity is often reduced, in terms both of dye degradation and gaseous pollutants removal. 

An explanation to this could be the fact that pigments interact with TiO2 and physically occupy its active 

sites, altering or hindering its photoactivation, or they may block concrete pores reducing the diffusion of 

pollutants into the material; or they may act as recombination centers for photogenerated species 

[Diamanti et al., 2013b; Guo & Poon et al., 2013; Rioult et al., 2016; Laplaza et al., 2017]. So, when 

producing a colored photocatalytic mortar, the type of pigments used may reduce or less frequently 

enhance the material functionalities, thus requiring different formulation compared with white mortars. 

In the construction industry the large volumes of materials employed and the actual availability of sunlight 

make the use of nanomaterials less appealing. This limitation is due to the fact that the cost as 

nanomaterials and the tools required to use them are often quite expensive. However, costs have been 

shown to decrease over time and as manufacturing technologies improve, these costs may further 

decrease. Moreover, it is expected that these nanomaterials will enable unique solutions to complicated 

problems leading to large scale applications, therefore, making the cost effective [Rana et al., 2009]. For 

the use of specifically CNTs and graphene the high cost and energy consuming synthesis prevent the scale-

up of their use in the nearest future [Pacheco-Torgal & Jalali, 2011; Hu et al., 2013]. Their high cost 

contributes to the difficulty of massive production of these materials in order to be incorporated in the 

building industry.  

Except all these, some basic drawbacks of the use of nanomaterials involve health and environmental 

issues. Nanotechnology products could be harmful to health. There are major potential risks that need to 

be considered at all stages of nanotechnology [Mohajerani et al., 2019]. The extremely small size of 

nanomaterials means that they are much more easily taken up by the human body than the 

corresponding larger sized particles. A major concern is related to the accumulation of non-degradable or 

slowly degradable nanoparticles in organs and how these nanomaterials behave inside the body. Some 

investigations showed that nanoparticles can cause symptoms like the ones caused by asbestos fibers. The 

extremely small size of nanomaterials also means that they are much more readily taken up by the human 

body than the corresponding larger sized particles. How these nanoparticles behave inside the body is one 

of the issues that need to be resolved. Research has shown that some nanoparticles such as titanium 

oxide and iron nanoparticles can cause lung damage in rats [Fraser et al., 2010; Gonzalez L. et al., 2008].  
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However, it is still unknown, how much exposure to “nanolitter” may affect living organisms and the 

specific mechanisms of toxicity. Dhawan and Sharma studied the toxicological effects on biological 

systems with metal and metal oxide nanoparticles, fullerenes and carbon nanotubes [Dhawan A. & 

Sharma V. et al., 2010]. They concluded that there is still a need for further studies that conclusively 

establish the toxicity of nanomaterials, due to the many experimental challenges and issues encountered 

[Dhawan A. & Sharma V. et al., 2010]. 

The behavior of nanoparticles is a function of their size, shape and surface reactivity with the surrounding 

tissues [Thomas Selvin et al., 2013]. The deposition of nanoparticles in the respiratory tract is determined 

by their aerodynamic or thermodynamic diameter (i.e. particle shape and size). Agglomerates of 

nanoparticles deposit according to the diameter of the agglomerate, not constituent nanoparticles. 

Evidence indicates that agglomeration can affect the toxicity of inhaled nanoparticles [Shvedova et al., 

2007]. 

More research is needed to determine the physical factors that contribute to the agglomeration and de-

agglomeration of nanoparticles in air, suspended in aqueous media, or once in contact with cells and 

biological proteins. Regarding toxicity, no conclusive statement regarding the effect of agglomeration can 

be made, either for in vitro or in vivo. The currently available in vitro literature is controversial, and 

literature regarding the effect of agglomeration in vivo is nearly nonexistent [Bruinink Arie et al., 2015]. 

Bruinink Arie et al. recommended the selection of in vitro systems that mimic more precisely the in vivo 

situation, thus enabling a more correct prognosis to be made. Regarding in vivo effects, a possible step in 

improving predictions of hazard is to use computer modelling to simulate the whole pathway from human 

exposure to exposure of single cells within the body, which should help identify critical knowledge gaps in 

making a comprehensive assessment of the effects of nanomaterials on human health [Bruinink Arie et al., 

2015; Albanese Alexandre et al., 2012]. 

Moreover, an environmental and health issue is the appearance of nanowastes. Nanowastes are the 

release of nanomaterials via dust into airways, materials entering into water, and exposure to potentially 

harmful materials during construction and maintenance procedures. Bystrzejewska-Piotrowska et al. 

suggest that products containing nanoparticles should be labeled in order to facilitate future separation 

and recycling procedures [Bystrzejewska-Piotrowska et al., 2009]. The release/leaching of nanoparticles 

into the water system poses serious risk. Hence, tremendous efforts are required in the synthesis of cost-

effective nanomaterials and restriction of leaching of nanoparticles into aqueous environments [Fadlalla 

et al., 2019]. The use of filters or other methods to remove nanoparticles (e.g. TiO2) has been proved to be 

inefficient and cost-effective. Benedix et al. studied water purification using photocatalytic TiO2 

nanoparticles. They designed reactors where the titanium dioxide is fixed on a glass, ceramics or metal 

surface. In this reactor type industrial waste water is passing a TiO2 coated material (glass, polystyrene, 

methacrylate) without the risk of leaching of nanoparticles [Benedix et al., 2000]. In a same way Vignesh 

and Somasundaram used a borosilicate glass support to immobillize TiO2 nanoparticles, to overcome the 

recovery of nanoparticles for recycling. The efficiency of TiO2 was still maintained after five recycles for 

the simulated water system [Vignesh & Somasundaram et al., 2019]. 
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Another important segment of the application of nanotechnologies is resolving the problem of binding 

nanoparticles to the surface. For example, in the textile industry the main problem is to assure tight 

binding of nanoparticles to the surface of textiles in order to increase the durability of the desired 

properties [Senić et al., 2011]. This also ensures that nanoparticles are not released in the environment, 

fulfilling also the health and environmental requirements [GOWRI et al., 2010]. The literature stated 

several methods used for this purpose. Some of these methods uses covalent linking agents a layer by 

layer method (using electrostatic interactions), while other methods use the introduction of reactive 

functional groups onto textile surface which applies radio-frequency (RF) or microwave (MW) or UV 

plasma or hydrolytic enzymes [Senić et al., 2011]. Kale Ravindra and Meena Drchet applied titanium 

dioxide nanoparticles by layer by layer (LBL) technique on Nylon 6,6 fabric for imparting antimicrobial 

activity.  In their study Polymer thin film deposited directly onto textile fabrics by following LBL deposition 

technique to produce Polyelectrolytes Multilayers (PEM). The PEM method has opened the way for easy 

preparation of truly nano-composite textiles containing a wide range of molecules and nanoparticles 

allowing the preparation of new technical fibers [Dubas et al., 2006]. The effectiveness of the treatment 

was assessed after washing treatment to check its durability [Kale Ravindra & Meena Drchet et al., 2012]. 

For clinical applications, the development of a method to apply the nanoparticles on the surfaces is 

necessary. Nanocoated fabrics can be used as wound dressings. However different techniques such as Sol-

Gel casting has been tried, but the resulting coatings have all been too thick and brittle, causing the 

coating to flake off when the dressing is manipulated [Haugen, Håvard & Lyngstadaas, Staale et al., 2016]. 

So, microparticles can released into the wound causing foreign body reactions that hamper a proper 

healing process. Haugen Håvard and Lyngstadaas Staale suggested a new technique using Atomic layer 

deposition (ALD), which would provide a thin, nano-coating that allow manipulation of the wound 

dressing without damaging the nanomaterial layer [Haugen, Håvard & Lyngstadaas, Staale et al., 2016]. 
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Chapter II 

 

3-D Printing in the Construction Industry  

 

2.1 Additive Manufacturing technology. 

 

Additive manufacturing (AM) technology or 3-D printing was introduced first in 1986 by Charles Hull in the 

stereolithography (SLA) process. The first stereolithography machine was introduced in 1987 by 3-D 

Systems, Inc., a company founded by the inventor Charles Hull in 1986 that gave start to the industrial 

exploitation of this technology [Charles Hull et al., 1986]. Additive manufacturing has been defined as ‘‘the 

process of joining materials to make objects from 3-D model data, usually layer upon layer, as opposed to 

subtractive manufacturing methodologies, such as traditional machining” [ASTM et al., 2010]. According 

to Bogue, 3-D printing is an automated, additive manufacturing process for producing 3-D solid objects 

from a digital model [R. Bogue et al., 2013]. In other words, in a 3-D printing process, the 3-D digital model 

will be sliced into a series of 2-D layers, which will later be deposited by the printer to construct the 

model. 

AM is unlike traditional manufacturing processes, such as formative processes that require the production 

of a mold to manufacture a product in mass quantities or subtractive processes that produce significant 

amounts of waste material as a solid piece of material is cut into the desired shape [Delgado Camacho et 

al., 2017]. AM can advantageously fabricate complex geometries with no part-specific tooling, significantly 

reduce the waste material and enables the mass customization of industrial production, where small 

quantities of customized products can be built affordably, filling a gap left by the other manufacturing 

processes [Berman et al., 2012; Campbell et al., 2011]. Due to its potential for freeform design, 

manufacturing of complex geometries, minimizing waste materials, mass-customization and speeding up 

the fabrication process [B. Panda et al., 2016], additive manufacturing has captured the imagination of 

everyone from industrial experts to at-home hobbyists [S. Tibbits et al., 2014]. 

AM technologies are increasingly having an impact on industrial processes in many fields and numerous 

applications have been developed so far, ranging from aerospace to security, automotive to medical and 

prototyping extensively [B. Panda et al., 2016; T. Wohlers et al., 2014; B. Berman et al., 2012; H. Lipson & 

M. Kurman et al., 2013; F. Rengier et al., 2010]. Initial applications of AM technology focused on rapid 

prototyping by artists and designers to reduce the time required to produce prototypes with complex 

geometries [ISO/ASTM et al., 2015] and to verify the concepts of their work (conceptual modelling) before 

production [B. Panda et al., 2016].  
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Different materials including polymers [J.A. Inzana et al., 2014], metals [C. Ladd et al., 2013], ceramics [U. 

Scheithauer et al., 2015] and concrete (cement-based material) [Khan et al., 2020] have been applied in 

different AM techniques. Nowadays, 3-D printers are able to achieve dimensional accuracy, surface 

roughness and improved mechanical properties for the end-user products. In addition, major 

advancements in materials have transformed 3-D printing technology to a platform for material science 

which allows scientists and researchers to customize material deposition, anisotropic behavior and active 

sensing based on surrounding environments [S. Tibbits et al., 2017; Z. Ding et al., 2017]. These 

achievements would pave the way for more innovations in 3D printing technology. 

 

 

2.2 Types of 3-D printing processes. 

 

The American Society for Testing and Materials (ASTM) published a document in collaboration with the 

International Organization for Standardization (ISO) to define standard terminology for AM. Depending on 

the technologies used in the 3-D printing process, there are seven types of 3-D printing processes 

[ISO/ASTM et al., 2015].  These AM processes are categorized into vat photopolymerization, material 

extrusion, binder jetting, powder bed fusion, material jetting, sheet lamination and directed energy 

deposition, as shown in Figure 20 [ISO/ASTM et al., 2015; Yusuf et al., 2019]. 

 

 

Fig. 20   Hierarchical breakdown of all additive manufacturing (AM) categories. [ISO/ASTM et al., 2015; Yusuf et al., 2019] 
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2.2.1 Vat Photopolymerization  

 

A process of selectively curing a liquid light-activated polymer with a laser. An example of this process is 

stereolithography apparatus (SLA), a technique developed by Hull in the 1980's and commercialized first 

by 3-D Systems [M. Yossef & A. Chen et al., 2015; P. Wu et al., 2016; Gibson et al., 2010]. 

Stereolithography usually includes a perforated platform, a container of a liquid UV-curable polymer, and 

a UV laser [F.P.W. Melchels et al., 2010]. Based on the layers extracted from the CAD model, a beam of 

laser is used to trace the bottom layer of the model on the surface of the liquid UV-curable polymer, 

which cause the polymer to harden. The perforated platform will then be lowered and the second layer 

will be traced and hardened by another beam of laser. The process will be repeated until the 3-D model is 

created [Wu Peng et al., 2016]. An example of these type of 3-D printer is Formlabs’ high-resolution 

desktop 3-D printer (Fig.21). The main barrier to implementing this technology is the development of 

suitable and affordable resin materials for stereolithography as the current photo-curable resin cost is 

high [H.W. Kang & D.W. Cho et al., 2012]. 

 

 

                          

Fig. 21   An illustration of the components and processes in stereolithography (SLA). [Formlabs; Wu Peng et al., 2016] 
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2.2.2 Material Extrusion 

 

A process of extruding material through a nozzle and depositing it layer-by-layer onto a substrate. The 

most common process was invented by Crump and commercialized by Stratasys as Fused Deposition 

Modelling (FDM) [Gibson et al., 2010]. FDM consists of a printer head, a printing material (e.g. polymers 

and synthetic stone) and support material. Printing material is firstly fed to the printing head, which later 

moves in X- and Y-coordinates to deposit the material to print the first layer of model extracted from the 

CAD model. Then the base moves down for the printer head to work on the second and other layers. The 

process is repeated until the 3-D model is created. Once completed, support material is removed. An 

example of these type of 3-D printer is Alfawise’ FDM 3-D printer (Fig.22). The main disadvantages of FDM 

are the limitation of the material to low-temperature and low-strength alloy as well as the possibility for 

oxidation during the printing process due to the lack of a controlled environment [J. Mireles et al., 2012]. 

 

 

Fig. 22   An illustration of the components and processes in FDM. [Alfawise; Wu Peng et al., 2016] 

 

 

2.2.3 Binder Jetting 

 

A process of depositing a powdered material layer upon layer and selectively dropping a liquid binding 

agent onto each layer to bind the powders together. Binder jetting was primarily developed at MIT in a 

process called 3D printing (3DP) [Gibson et al., 2010]. It is usually referred to as inkjet powder printing 

process which uses glue or binder to bond successive powder layers together. Inkjet powder printing can 

use metal as the printing material. Metal (e.g. steel or bronze) in the powder form is deposited in the first 

layer. The printer head sprays binder material which is heated and dried by a lamp [B.-J. De Gans et al., 

2004]. Powdered material is spread over the build platform using a roller, next the print head deposits the 

binder adhesive on top of the powder where required.  



48 
 

The build platform is lowered and another layer of powder is spread over the previous layer. The object is 

formed where the powder is bound to the liquid. Unbound powder remains in position surrounding the 

object. The process is repeated until the entire object has been made. When all layers are printed, the 

product is cleaned from unbound powder and cured in an oven (Fig. 23). 

The main barrier to implementing inkjet method is the requirement for the printing material that is safe to 

ingest, has no odour, low migration of monomers and other components, satisfactory abrasion resistance 

for the packaging and distribution process, ability to heat seal, pierce, and die-cut without chipping, while 

still providing the intense colors and high definition needed for primary retail packaging on a supermarket 

shelf [Castrejon-Pita et al., 2013]. Due to the use of binder material this process is not always suitable for 

structural parts.  

 

 

Fig. 23   An illustration of the components and processes in inkjet powder printing. (a) 3DP inkjet printing system, (b) Enlargement 

of the area in red rectangle: powder/binder interaction between adjacent layers. [Galeta Tomislav et al., 2016; Xia & Sanjayan et 

al., 2016] 
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2.2.4 Powder Bed Fusion  

 

A process of selectively fusing a powder bed using thermal energy, typically in the form of a laser or 

electron beam. A layer of material is spread over the build platform. Then a laser fuses the first layer and a 

new layer of powder is spread across the previous layer using a roller. The process repeats until the entire 

model is created. Unfused powder is removed during post processing. The most common powder bed 

fusion process is selective laser sintering (SLS). SLS is a layer manufacturing process that allows generating 

complex 3-D parts by consolidating successive layers of powder material on top of each other [J.-P. Kruth 

et al., 2005]. The consolidation process is conducted using a focused laser beam. SLS was developed at the 

University of Texas at Austin for polymer materials and commercialized by DTM and 3D Systems [Gibson 

et al., 2010].  

When SLS is used to produce metal products, the process is usually referred to as selective laser melting 

(SLM) or direct metal laser sintering (DMLS) [J.-P. Kruth et al., 2004]. In the SLM process, the metal 

powders are completed molten by the laser beam. As a result, the printed products have much higher 

density than the products printed by SLS. Although SLS and SLM are able to print high-strength product, 

these technologies face challenges include temperature sensitivity and print size. To avoid oxidation of 

materials during the printing process, the material fusing temperature should be hold to just below its 

melting point [A.K. Kamrani & E.A. Nasr et al., 2010]. Other disadvantages of power bed fusion are the 

high-power usage and the size limitation. 

 

 

 

Fig. 24   An illustration of the components and processes in SLS. [Rapidprototyping Services Canada] 
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2.2.5 Material Jetting  

 

A process of selectively depositing drops of material in a layer wise fashion. Material jetting creates 

objects in a similar method to a two-dimensional ink jet printer. Material is jetted onto a build platform 

using either a Continuous Inkjet Printing (CIJ) or Drop on Demand (DOD) approach. The unique difference 

between CIJ and DOD is the timing of droplet generation. In DOD, droplets are generated when required, 

whereas in CIJ, the droplets are generated by breaking up the continuous stream of droplets through an 

ejection nozzle [Sireesha et al.,2018]. Material is jetted onto the build surface or platform using either 

thermal or piezoelectric method, where it solidifies and the model is built layer by layer. Material is 

deposited from a nozzle which moves horizontally across the build platform. Machines vary in complexity 

and in their methods of controlling the deposition of material. The material layers are then cured or 

hardened using ultraviolet (UV) light. An example of this process is PolyJet technology from Stratasys (Fig. 

25b) [Gibson et al., 2010]. The process benefits from a high accuracy of deposition of droplets and 

therefore low waste. Some of the disadvantages of material jetting are the fact that often requires 

support material and despite the high accuracy, materials are limited and only polymers and waxes can be 

used. 

 

 

 

Fig. 25   Schematic representation of the (a) material jetting process and (b) PolyJet technology. [Udroiu & Braga et al.,2017; S. 

Merum et al.,2018] 
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2.2.6 Sheet Lamination  
 

A process of successively shaping and bonding sheets of material to form an object. In sheet lamination 

layers of paper, plastic, or metal laminates are successively bonded together using ultrasonic welding or 

adhesive, followed by modeling using a blade or laser cutter (Fig. 26). The material is positioned on the 

platform. Then the material is bonded in place, over the previous layer, by the heated roller. The required 

shape is then cut from the layer, by laser or knife.  Alternatively, the material can be cut before being 

positioned and bonded. The process repeats until the entire model is created. Depending on the materials 

and binding method used, sheet lamination can be subdivided into Ultrasonic Additive Manufacturing 

(UAM) focusing on metals and Laminated Object Manufacturing (LOM) based on adhesive and paper. The 

UAM process uses sheets or ribbons of metal, which are bound together using ultrasonic welding. The 

process does require additional computer numerical control (cnc) machining and removal of the unbound 

metal, often during the welding process. UAM uses metals and includes aluminium, copper, stainless steel 

and titanium [R. Friel & R. Harris et al., 2013]. The LOM uses a similar layer by layer approach but uses 

paper, plastic or less commonly metal as material and adhesive instead of welding. Since the sheet 

lamination process involves solid state bonding and additional adhesives are used, the material is not 

required to reach its melting point for the bonding to occur, as a result the energy demand is low. A 

variety of materials can be manufactured using sheet lamination which includes paper, ceramics, metals 

(e.g. aluminum, stainless steel, copper and titanium), plastics, fabrics, synthetic materials and composites 

[I. Gibson et al., 2014]. Laminated objects are often used for aesthetic and visual models and are not 

suitable for structural use. An example of sheet lamination process is Laminated Object Manufacturing 

(LOM) developed by Helisys Inc., in which paper sheets were trimmed to size and glued together [Gibson 

et al., 2010]. Another example is Ultrasonic Additive Manufacturing (UAM) commercialized by Solidica Inc. 

fabricates metal objects using ultrasonic welding [Gibson et al., 2010]. Benefits include speed, low cost, 

ease of material handling, but the strength and integrity of models is reliant on the adhesive used. Other 

disadvantages are the high requirement of material and the high production of waste. 

 

 

Fig. 26   Schematic diagram showing the sheet lamination process. [CustomPartNet] 



52 
 

2.2.7 Direct Energy Deposition  

 

A process of fusing materials with focused thermal energy that melts the material as it is being deposited. 

Directed Energy Deposition (DED) is often referred to by other names such as Laser Engineered Net 

Shaping (LENS), Directed Light Fabrication (DLF), Direct Metal Deposition (DMD) and Electron Beam 

Additive Manufacturing (EBAM), depending on the specific application or method. Although the general 

approach is the same, differences between these techniques commonly include changes in laser power, 

laser spot size, laser type, powder delivery method, inert gas delivery method, feedback control scheme, 

and/or the type of motion control utilized [Gibson et al., 2015]. DED is a more complex printing process 

commonly used to repair or add additional material to existing components (Gibson et al., 2010). An 

example of this process is laser engineered net shaping (LENS), developed at Sandia National Laboratories 

[Y. Huang et al., 2015; Gibson et al., 2010], which is particularly useful for repair of damaged metal parts 

[R.P. Mudge & N.R. Wald et al., 2007]. A typical DED consists of a nozzle mounted on a multi axis arm, 

which deposits melted material onto the specified surface, where it solidifies. The process is similar in 

principle to material extrusion, but the nozzle can move in multiple directions and is not fixed to a specific 

axis. DED processes direct energy (typically a laser or electron beam) into a narrow, focused region to heat 

a substrate, melting the substrate (wire or powder form) and simultaneously melting material that is 

being deposited into the substrate’s melt pool. Unlike powder bed fusion techniques DED processes are 

not used to melt a material that is pre-laid in a powder bed but are used to melt materials as they are 

being deposited. Each pass of the DED head creates a track of solidified material, and adjacent lines of 

material make up layers [Gibson et al., 2015]. Complex three-dimensional geometry requires either 

support material or a multi-axis deposition head [Gibson et al., 2015]. Although this process can work for 

polymers, ceramics, and metal matrix composites, it is mainly used for metal powders (e.g. Cobalt, 

Chrome and Titanium). A balance is needed between surface quality and speed, although with repair 

applications, speed can often be sacrificed for a high accuracy and a pre- determined microstructure 

[Gibson et al., 2010]. Some disadvantages are the limited material use and the fact that finishes can vary 

depending on paper or plastic material and may require post processing to achieve desired effect. 

 

 

Fig. 27   An illustration of the components and processes in DED (a) using wire and (b) powder. [Dassault Systèmes; Feilden et al., 

2017] 
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2.3 Construction industry and potential for AM technologies 

 

The main emphasis for innovation strategy in the construction industry is to use technology from 

elsewhere to reinforce other competitive advantages [J. Tidd et al., 1997]. This is one of the reasons why 

the construction industry is viewed as a low-tech industry with low levels of innovation [C. Harty et al., 

2008]. With evolution in time, the construction designs are becoming more complicated and the workers 

involved in this process are increasingly exposed to unhealthy environments [Kittusamy & Buchholz, 

2004]. Experimental applications of AM in the construction industry started appearing in the late 1990's [J. 

Pegna et al., 1997]. These initial proof-of-concept applications helped identify potential benefits and 

challenges for AM technologies in construction. Recently, AM technologies are attracting a growing 

interest in construction industry as well, especially in the concrete technology [D. Asprone et al., 2018]. 

Many researchers and industry experts began to explore technologies like large scale additive 

manufacturing or 3-D printing to bring automated solutions in the construction process. The interest in 

exploiting AM technologies in construction industry is mainly the result of the expectation of new 

freedom in terms of the design of shapes, elements and structures, enabling at the same time new 

aesthetic and functional features (often referred to as freeform constructions) [D. Asprone et al., 2018]. In 

comparison to conventional construction processes, the application of AM technologies in construction 

industry may reduce the labor requirements which would result in a decreased construction cost and an 

increased level of safety, reduce on-site construction time by operating at a constant rate, minimize the 

chance of errors by highly precise material deposition, saving of materials and, consequently, 

sustainability and increase architectural freedom which would enable more sophisticated designs for 

structural and aesthetic purposes [W. Gao et al., 2015; R.A. Buswell et al., 2007; X. Ming & S. Jay et al., 

2016; W. Timothy et al., 2016]. 

Conventional construction processes require pieces to be cut through subtractive technologies, in which 

the material is machined out to produce the final object (e.g. natural stone, ceramic pavements) or proper 

moulds to be created. The moulds are used in combination with formative technologies, where the fresh 

material (e.g. reinforced concrete elements) is cast in a mould to achieve the final shape of the object 

[R.A. Buswell et al., 2007]. Architectural designers are often forced to use multiple identical elements in a 

project to save materials and reduce costs of labour and moulds. Recently the 3-D printing construction 

has started to move from usage of an architect’s designing aide to produce a full-size complete 

construction module namely walls, ceilings and external façade systems, by changing the approach in the 

way that components are produced, without incurring prohibitive costs [S. Lim et al., 2012]. For example, 

major contractors, such as Foster and Partners in London, now have a suite of modeling equipment and 3-

D printing process to print 3-D architectural models [R.A. Buswell et al., 2007]. 

Notably, with regard the saving of materials and, consequently, sustainability, a recent study has 

demonstrated that digital fabrication is able to provide environmental benefits when applied to complex 

structures, for which additional complexity can be achieved without additional environmental costs 

[Agustí-Juan, Isolda et al., 2017]. As moulds make up approximately 60% of the materials which assist in 

the conventional construction processes, 3-D printing has been proven to save up to 60% of construction 

waste, 70% of production time and 80% of labour costs [El Sakka & Hamzeh et al., 2017]. Thus, 3-D 

printers provide promisingly lower energy consumption, as well as reduced emissions & materials.  
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However, numerous processing challenges still remain in construction and manufacturing processes 

including void formation, anisotropic behavior, design software constraints, and low resolution of printed 

parts. Additionally, AM technology still suffers from rigid and static parts as well. Therefore, there are 

many ongoing researches towards eliminating present challenges such as coupling smart materials with 

AM techniques [A. Bandyopadhyay & B. Heer et al., 2018; J.-Y. Lee et al., 2017]. 

 

 

2.3.1 Largescale AM processes in construction industry 

 

In recent years, the development of largescale AM processes has been developed to accommodate the 

need of architecture and construction. Currently there are three large-scale AM processes targeted at 

construction and architecture in the public domain. The three main categories of large-scale 3-D printing 

are Contour Crafting (CC) [B. Khoshnevis et al., 2004; B. Khoshnevis et al., 2006], D-Shape [V. Colla & E. 

Dini et al., 2013] and Concrete Printing [S. Lim et al., 2009; S. Lim et al., 2011]. All three have proven the 

successful manufacture of components of significant size (Fig. 28) and are suitable for construction and/or 

architectural applications [S. Lim et al., 2012]. 

 

 

Fig. 28   Examples of full-scale constructions from (a) D-Shape, (b) Contour Crafting and (c) Concrete Printing. [S.Lim et al., 2012]  
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Contour Crafting 

Contour crafting (CC) is an extrusion-based technology which has been developed by B. Khoshnevis for the 

automated construction of buildings and infrastructure on earth and other planets [B. Khoshnevis et al., 

2004]. For printing bigger structures, complex structure needs bigger printers and CC solved this problem. 

CC improves surface quality, fabrication speed and material input choices [B. Khoshnevis & Dutton R. et 

al., 1998; B. Khoshnevis et al., 2006; B. Khoshnevis et al., 2004]. The CC makes it possible to complete an 

entire house in the duration of a few hours instead of a few months [B. Khoshnevis et al., 2004; Zhang J. & 

Khoshnevis B. et al., 2013]. For example (Fig. 29), Winsun Decoration Design Engineering Co., build 10 

houses in one day with the help of contour crafting [Levy Karyne et al., 2014].  

 

 

Fig. 29   3-D printed house by Winsun Decoration Design Engineering Co. with the help of contour crafting. [Levy Karyne et al., 

2014] 

 

A complete contour crafting system includes a crane (sliding mechanism), a material storage, a gantry 

system and a nozzle (Fig. 30). This method uses high pressure in order to extrude the material (e.g. 

concrete, clay, cement, plaster, ceramics, thermoplastics) through a large nozzle of the printhead attached 

to automatic cranes. The gantry system can carry the printing nozzle move along X axis and Z axis and two 

parallel sliding structures (crane) carry the nozzle moving along Y axis. The gantry system used in CC is 

very similar to the gantry system used in precast concrete fabrication. When the printing material is 

extruded from the nozzle, it is troweled using a set of actuated and computer-controlled trowels. One 

layer at a time, the extructed material is placed in his particular position through the nozzle movement. 

After being partially cured, the hardened lower layers are able to support the fresh cement layer [D. Smith 

et al., 2012]. Using materials with rapid curing properties and low shrinkage characteristics, the structural 

components can be built up rapidly with consecutively deposited layers [Ma GuoWei et al., 2017].  
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The layer-by-layer construction technique in CC, render its ability to build utility conduits within walls. This 

capability also makes it possible to mechanize the installation of plumbing, and electrical services. Only 

installation of doors and windows will need human intervention, therefore, CC is a completely automated 

fabrication process [B. Khoshnevis et al., 2003]. Hence, due to the superior characteristics of CC, it has 

potential to be used for construction of not expensive houses, emergency sheltered housing, and complex 

architectural structures which their fabrication through conventional approaches are expensive [B. 

Khoshnevis et al., 2003].  

 

 

Fig. 30   Construction of building using contour crafting printing. [Contour Crafting CORP.; Ma GuoWei et al., 2017] 

 

A simple illustration of the nozzle and trowels used in contour crafting is shown in Fig. 31 [Wu Peng et al., 

2016]. CC has been successfully applied in construction applications. Existing example is Andrey Rudenko’s 

3D printed castle [Rudenko A. et al., 2014]. Material used in the printer was a mix of cement and sand. 

Whole building was printed on a single run, except of towers, that were printed separately and assembled 

to the building.  
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Fig. 31   A simple illustration of the nozzle and trowels used in Contour Crafting printing. [Wu Peng et al., 2016] 

 

CC has certain limitations arising from the use of the side trowel. For example, very small hollow volumes, 

such as small holes, can't be made because they cannot accommodate the side trowel. Also, it is not 

possible to use the side trowel to create features that are relatively thin (e.g., a vertical blade). In such 

cases, the extrusion deposition thickness may exceed the feature thickness. The extent of this limitation, 

however, depends on the size of the side trowel, which could be 3 mm x 3 mm for fabricating small 

objects and 2 cm x 2 cm for large objects [B. Khoshnevis et al., 1999]. 

 

D-Shape 

D-Shape is a method of digital construction that uses a binder jetting 3-D printer for architecture. D-Shape 

method adopted by Enrico Dini [V. Colla & E. Dini et al., 2013; G. Cesaretti et al., 2014]. His first patent was 

published in 2006 accompanied with subsequent development [Enrico Dini et al., 2006; Enrico Dini et al., 

2008]. D-Shape materializes buildings or building blocks directly from a CAD (Computer-Aided Design) via 

a process of alternating layers of granular material and writing on them with an appropriate ‘Ink Binder’ 

that turns the granular material into a shape. The granular material may be of almost any nature, while 

the binder may be an aqueous solution of different additives [Dini Engineering S.R.L.]. The D-shape printer 

consists of a stationary horizontal frame (the base) with four perpendicular beams at each corner.  
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The printer head is attached to the square base by a horizontal beam, which can freely move along X axis 

(vertical direction). The square base moves upwards (z-axis) along vertical beams through four stepper 

motors. The printer head has approximately 300 spraying nozzles (20 mm apart) spanning the entire base 

and utilizes a magnesium-based binder to fuse sand or stone dust particles in a process of additive 

manufacturing [Kashani & Ngo et al., 2018]. 

 

Fig. 32   Schematic view of the D-shape printer. [Ma GuoWei et al., 2017] 

 

 

Table 4.    Inlet granular materials used for D-shape printer. [Dini Engineering S.R.L., Materials] 
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During printing process, nozzles sprays the binding liquid on predefined areas of the powder layer to 

selectively bind the powder together according to the digital prototypes. Once a layer has been printed, a 

horizontal beam also acts as powder material spreader prior to subsequent layer manufacturing [G. 

Cesaretti et al., 2014]. Meanwhile, the remaining powder serves to support the structure. Heat treatment 

or infiltration can be conducted as post-processing step in order to improve the strength and durability of 

the printed component [Lowke Dirk et al., 2018]. This is done in a layer-by-layer manner. Once completed, 

the printed part can be taken out of unconsolidated material and remaining powder can be reused in 

another fabrication process [S. Lim et al., 2012; Tibaut et al., 2016]. With this method we can control the 

accumulated waste by recycling the waste sand materials. D-Shape process has been used to create 1.6 m 

high architectural pieces called “Radiolaria” (Fig.33). 

 

      c 

 

Fig. 33   (a) A layer of deposited material ready for binder, (b) a cross section of the printed model and (c) D-Shape process 

phases: digital model, 3-D printing, cleaning, and polishing final product. [G. Cesaretti et al., 2014] 

 

D-shape proved to be very effective in printing very large-scale objects. For instance, D-Shape is the only 

large-scale 3-D printer that can build up entire conglomerate building structures in one go, from the 

basement to the roof, including ceilings, stairs, base- and high-reliefs, and partitioning walls [V. Colla & E. 

Dini et al., 2013; Dini Engineering S.R.L.]. Enrico Dini and a collaborator Louisa Vittadello intended to print 

out many different structural blocks using the D-shape technique. The material was a mixture of sand, salt 

and an inorganic binding agent.  
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The blocks were assembled by machines to create a futuristic looking structure [Krassenstein E. et al., 

2015]. It is claimed that D-shape will allow military to construct infrastructure such as bunkers, hospitals 

and bases, much faster than it would take with more traditional methods [Krassenstein E. et al., 2014].  

  

Concrete Printing 

Concrete Printing is another largescale construction process [S. Lim et al., 2011; S. Lim et al., 2012; Le 

Thanh et al., 2012a; Le Thanh et al., 2012b]. Specifically, Concrete Printing is an extrusion-based method 

to fabricate cementitious components in a layer-by-layer process. Similar to CC the print head used for the 

extrusion of cementitious material is also mounted on an overhead crane. Printing nozzle moves along a 

pre-programmed path and continually extrudes concrete materials [S. Lim et al., 2012]. Concrete Printing 

uses no trowels, therefore its printing resolution is lower than CC. Notwithstanding the lower resolution, 

better control of internal and external geometries is accessible through Concrete Printing [S. Lim et al., 

2009; S. Lim et al., 2012]. The printing head is installed in a tubular steel beam, which can freely move in 

X, Y and Z directions. Fresh concrete is firstly delivered to a pump through the delivery pipe, then concrete 

material is delivered smoothly to the printing nozzle with the help of the pump. Finally, concrete filaments 

are extruded out from the nozzle to continually trace out the cross section of structural components [Ma 

GuoWei et al., 2017]. This print process has the potential of incorporating functional voids into the 

structure [S. Lim et al., 2012]. 

 

 

Fig. 34   Schematic view of Concrete Printing, magnified region is the concrete deposition system. [Ma GuoWei et al., 2017] 
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Concrete Printing has the potential to produce highly customized building components [S. Lim et al., 2011; 

S. Lim et al., 2009]. For example, S. Lim et al. at Loughborough University (UK) developed a novel Concrete 

Printing system within a 5.4 m×4.4 m×5.4 m steel frame. A named Wonder Bench (2 m×0.9 m×0.8 m) is 

manufactured by Concrete Printing (Fig. 35), which consists of 128 layers with an average printing speed 

of 20 min/layer [S. Lim et al., 2012]. The curved shapes and hollow interior channels would be impossible 

to make using traditional cement pouring techniques. 

 

  

Fig. 35   Wonder bench constructed by Concrete Printing. [S. Lim et al., 2012] 

 

Another example is the construction of a pavilion with modern design (Fig. 36) from a research team at 

Eindhoven University of Technology (TU/e) in the Netherlands with their massive concrete 3-D printer. 

The printer is made up of a four-axis gantry robot and features a print bed of 9.0 m×4.5 m×3 m. It also has 

its own mixing pump, with the entire printer controlled by a numeric controller [Bridget B M. et al., 2016].  

 

 

Fig. 36   Pavilion constructed by Concrete Printing. [Bridget B M. et al., 2016] 
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It is important to mention that the layered structure is likely anisotropic due to the formation of voids 

among each single filaments or threads from the concrete paste (Fig. 37), deteriorating the constructed 

structure strength and durability more over hardened properties of the concrete parts impacted by the 

bond between each filament and each layer [Le Thanh et al., 2012a]. This problem can be minimized by 

reinforcing the structure layers with additional components/chemicals. The finishing and post-processing 

of Concrete Printing differ from CC due to the production of the characteristic ribbed finish (Fig. 37b). In 

the case if a smooth finish is required, shall be planned and execute more skill oriented to achieve the 

required end product. If smooth finishes are required due to not available automatic process, either the 

wet paste can be trowelled during printing, or the printed finish can be ground to a smooth surface, 

manually by post grinding/sanding [S. Lim et al., 2009].  

 

Fig. 37   (a) Four Filaments may form a void and (b) poor Concrete Printing with voids between filaments, showing layers and 

ribbed finish. [Le Thanh et al., 2012a] 

 

Moreover, due to the fabrication of freeform components without formwork, low shrinkage is an essential 

element for Concrete Printing since the absence of formwork could accelerate water evaporation, and 

hence occurrence of cracks in the concrete which causes failure of the structure [Le Thanh et al., 2012a]. 

Considering this kind of risks, a high-performance cement has been developed with a high compressive 

strength, around 100–110 MPa, to neutralize the weaker structure of printed components through 

Concrete Printing [S. Lim et al., 2011]. 

 

2.3.2 A comparison of Contour Crafting, Concrete Printing and D-Shape printing 

 

Concrete Crafting, Concrete Printing and D-Shape are all similar by using Additive Manufacturing process 

to produce the materials thru step by step process from 3-D model data to construction layers in an 

automotive manner, however each process keeps its own distinct features, resulting in different 

advantages when applied in engineering situations. The similarities and differences in respect to the 

characteristics (e.g. construction methods, processes and materials) of each largescale AM processes are 

summarized in Table 5.  
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Contour Crafting, Concrete Printing and D-Shape require additional support to create overhangs and other 

freeform features. Contour Crafting process needs a lintel to bridge the gap right above the windows, 

otherwise adopting self-supporting layers to form small curvature structures. It is beyond the capability of 

Contour Crafting to print an entire building including window and roof all at once [Ma GuoWei et al., 

2017].  

Concrete Printing uses a second material for support, in a similar manner to the Fused Deposition 

Modelling Process, while D-Shape is a powder-based process and uses the unconsolidated material [S. Lim 

et al., 2012]. The disadvantage of these types of process is an additional deposition device is requiring 

more maintenance, cleaning and control instructions and the secondary structure must be cleaned away 

in a post processing operation. As a result, D-Shape is the best solution to this problem and allows the 

entire building being printed within a single process once the dimension of the printer is larger than the 

house. 

In terms of printing scale, Contour Crafting is a promising approach to realize real-life construction 

contributed by its multi-axis robotic arm. Compared with Contour Crafting, the manufacturing dimension 

of the other two processes is greatly restrained by their deposition method and in particular the 

mechanical frame [Ma GuoWei et al., 2017]. Print speed is also affected by the build material and/or 

binder deposition rate. In terms of printing speed, the Contour Crafting and Concrete Printing process are 

currently fixed with a single and large-diameter nozzle, resulting in a high layer build-up rate, minimizing 

the printing time. Contour Crafting and Concrete Printing process, while being quite fast, are limited to 

low printing resolution (i.e. the smallest detail that can be built) and large layer thickness. D-Shape 

possesses higher printing resolution, which precisely profit from the small-diameter nozzles. Specifically, 

D-Shape has a high printing resolution 0.15 mm while Contour Crafting and Concrete Printing a low 

printing resolution 15mm and 9-20 mm respectively. In terms of layer thickness, the print resolution varies 

from 5-25 mm in Concrete Printing, from 4-6 mm in D-Shape and to approximately 13 mm in Contour 

Crafting. Therefore, increasing printing precision will inevitably extend the printing time and require more 

layers to print [Ma GuoWei et al., 2017]. 

In terms of deposition path, Contour Crafting reduces cycle times between layers by printing an entire 

layer with two passes of the printing head. D-Shape uses a gantry with multiple nozzles mounted in series 

that requires a single traverse per layer, although the build material must be pushed over the entire build 

area, compressed and flattened. Concrete Printing also utilizes a single deposition nozzle, however, unlike 

D-Shape, it has to traverse the entire build area by lots of cycles [S. Lim et al., 2012; Ma GuoWei et al., 

2017]. Contour Crafting and Concrete Printing are wet processes while D-Shape is predominantly a ‘dry’ 

process (Table 5). Materials in all three techniques harden through a curing process, which is inherently 

less controllable that the heat or UV based phase change methods of conventional additive methods. 

Hardened properties of the three techniques are described in Table 5. Contour Crafting and Concrete 

Printing are extremely impacted by mix design, and particle size while in D-Shape, binder penetration 

through layers and its flowability is a critical parameter [S. Lim et al., 2012]. Concrete Printing produces a 

characteristic ribbed finish, which can be controlled and designed to exploit the effect. If smooth finishes 

are required either the wet paste can be trowelled during the build process, or the printed finish can be 

ground to a smooth surface, manually by post grinding/sanding [S. Lim et al., 2009], or by adding 

conventional finishes such as plaster or concrete render onto the printed finish. The design of the Contour 

Crafting deposition head allows smoothing to be carried out during the build phase.  
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Similar to Concrete Printing, the D-Shape process produced a texture of finish, which requires grinding and 

polishing if such a surface is desired [S. Lim et al., 2012]. 

 
Contour Crafting  D-Shape  Concrete Printing 

Process  Extrusion based  Selective binding  Extrusion based 

Use of mould  
Yes (Becomes a part of 

component) 
No No 

Support 
Vertical: no 

Unused powder  A second material 

Horizontal: lintel 

Material  Cementitious material  
Granular material 

(sand/stone powder) 

High performance 

concrete 

Binder  

 

None (Wet material 

extrusion and 

backfilling) 

Chlorine-based liquid 
None (Wet material 

extrusion)  

Printing resolution  
(Nozzle diameter)  

Low (15 mm) High (0.15 mm) Low (9–20 mm) 

Nozzle number 1 6-300 1 

Layer thickness  13 mm  4–6 mm 5–25 mm 

Printing speed  Fast  Slow  Slow 

Printing dimension  Mega-scale 
Limited by frame  

(6m×6 m×6 m) 
Limited by frame 

Reinforcement  Yes No Yes 

Mechanical 

(Hardened) properties  

Tested with zero degree (0°) of layer orientation, which means the force was 

given from the top of the printed surface. 

Compressive strength  unknown 235-242 MPa 100-110 MPa 

Flexural strength  unknown 14—19 MPa 12—13 MPa 

Print size  > 1 m dimension  > 1 m dimension  > 1 m dimension 

Pre / Post processing 

 
Reinforcements per 
125mm vertically and 
back fill the mould with 
a cementitious per 125 
mm height. 
 

Reinforcement after 
printing. 
 

Compression of the 
powder for the next layer 
with light pressure 
compaction. 
 

Conclusion 

Smooth surface by 
trowel.  
Extra moulding 

process. Weak bond 

between batches. 

High strength. Minimum 
printing process and 
reinforcement. Limited 
printing dimensions 
5.4m*4.4m*5.4m 
 

High strength. Slow 
process. Rough surface. 
Printing limited to the 
frame. Massive materials 
placement. Removal of 
unused materials. 

Table 5. Similarities and differences of largescale AM process in construction industry. [S. Lim et al., 2012; Ma GuoWei et al., 

2017; Barnett & Gosselin et al.,2015] 
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2.3.3 The challenges and limitations of 3-D printing in the construction industry 

 

3-D printing is not a perfect solution that can solve all the problems in the construction industry. There are 

several challenges, such as the scale of the project and printing materials, which should be achieved in 

order for the 3-D printing technology to perform at its maximum potential. These challenges limit the use 

of 3-D printing in the construction industry. However, the improvement of technology minimizes the limits 

and as a result the applicability of 3-D printing expands accordingly.  

The implementation of 3-D printing in construction industry processes requires much larger printers than 

those used for metal or plastic objects, due to the dimensions of the final objects to be printed. The size of 

3-D printer greatly restricts the scale of building and objects it could print. So, the primary limitation of 3D 

printing technology is the size of the printer necessary to print the item [B. Berman et al., 2012; T. 

Campbell et al., 2011]. The current application of 3-D printing technologies in the construction industry is 

limited to construct structural components and low-rise buildings [T. Campbell et al., 2011; I. Gibson et al., 

2002]. However, it is possible to print structural components piece-by-piece and then assemble them 

together as a real-scale building [F. Liang & Y. Liang et al., 2014]. With the development of new and more 

advanced 3-D printers, there have been a lot of large-scale models or buildings that were printed using 

large-scale 3-D printers. For example, KarmerMaker in the canal house project was 6 m tall and the 3-D 

printer used by WinSun had a dimension of 150 × 10 × 6.6 m [F. Liang & Y. Liang et al., 2014]. The design 

of proper largescale 3-D printers for cementitious material would undoubtedly improve and expand the 

applicability of 3-D printing. However, D-Shape is the first available particle-bed 3D printer for production 

of large-sized elements with a wide range dimensions up to 12 × 12 × 10 m [Dini Engineering S.R.L., 3-D 

Printers] and  the VX4000 printer from Voxeljet which is capable of making sand casts as large as 4 × 2 × 1 

m [Voxeljet]. 

In addition to the 3-D printer size, printing speed is another important limitation. The printing speed is a 

critical parameter as well, and can have an impact on the mechanical properties of the printed elements. 

In powder-based 3-D printing process, several factors will affect printing speed, such as the movement of 

the gantry system, velocity of the binder jetting in the printhead and velocity of the powder spreading [X. 

Ming & S. Jay et al., 2016]. The binder jetting process and powder spreading process are not in parallel 

and this nonsynchronous process has become the most critical issue that affects the printing speed in 

powder-based 3DP process. Designing a system which can make these two processes operate in parallel 

will improve the printing speed [X. Ming & S. Jay et al., 2016]. Layer thickness also plays an important role 

in printing time, with higher resolution requiring thinner layers and more printing time [S. Lim et al., 

2011]. Printing speed must be set based on the rheology of the printed mortar, the dimensions of the 

objects and the dimensions of the extrusion head. Moreover, the time elapsed between the deposition of 

two layers (open-time) must be long enough to let the first layer adequately harden and become capable 

of sustaining the weight of the second layer, but short enough to guarantee that the first layer is still fresh 

enough to develop a good bond with the second layer [W. Timothy et al., 2016; A. Perrot et al., 2015; Le 

Thanh et al., 2012b]. 
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Except of the size and speed of the 3-D printing, materials play a very important role in 3-D printing. The 

material should have satisfactory mechanical properties, sufficient bonding between layers to ensure 

structural integrity while constructing a homogenous structure and possess stability since no form work is 

used [Zareiyan & Khoshnevis et al., 2017]. Various materials, such as plaster and clay that used as printing 

materials sometimes perform low strength, large shrinkage and poor dimension stability, which prevent 

the technology from being used in large-scale models or buildings. Although plaster has been frequently 

used as printing material because it was commercially available, cheap, light in weight, and quick 

hardening, the material demonstrated low wet-strength and a larger than 3% shrinkage [B. Khoshnevis et 

al., 2001; S. Khoshnevis et al., 2001]. Similarly, although clay demonstrated a better wet-strength 

compared with plaster, the stability of the printed products has only been tested in small object sizes [B. 

Khoshnevis et al., 2001; S. Khoshnevis et al., 2001]. Traditional types of concrete are not the most 

convenient material for 3-D printing as a result of aggregate jamming in the nozzle, compacting issues, 

and the consistency to be placed layer-by-layer [Allouzi et al., 2019]. The low availability of high-strength 

printing materials also led to the speculation that 3-D printing might not be used in large-scale structures. 

However, various materials have been modified and proven to be effective as high-strength printing 

materials recently. The printed material should be effective with acceptable degree of some specific 

rheological properties such as pumpability, extrudability, buildability and with satisfactory mechanical 

properties such as high strength. Pumpability is the capacity to be worked and moved to the printing head 

through a pumping system throughout a given time interval [D. Asprone et al., 2018].  

Extrudability is the capability to be extruded properly through the printing head with a continuous 

material flow and buildability is the capacity to both remain stacked in layers after extrusion and sustain 

the weight of the subsequent layers that are deposited by the printing process [D. Asprone et al., 2018]. 

Cementitious materials have been modified and proved to be effective printing materials with acceptable 

degree of pumpability, extrudability, buildability and high strength. The change of cementitious materials 

can be obtained by modifying the nanostructure through inclusion of nanomaterials into the cement 

matrix. The use of nanomaterials in structural engineering can enhance the durability, the mechanical, 

electrical and rheological properties of printed materials [Krystek & Górski et al., 2018]. 

Nanomaterials such as Al2O3, TiO2, SiO2, MgO, ZnO, silver nanoparticles, carbon nanotubes, or graphene 

may have improved in terms of hydration and porosity which is reflected on improving their mechanical 

properties. Implementation of reinforcement is a further challenge for 3-D printing, for manufacturing 

load bearing structures. Steel reinforcement integration into 3-D printed concrete structures is 

characterized by lower technological progress. Conventional reinforced concrete structure cannot be 

achieved by extruded cementitious materials. 3-D printed structures are brittle and weak in tension. 

Although fiber reinforcement can enhance the ductility and improve the brittleness of concrete materials, 

tensile behavior and crack controlling of reinforced structures still cannot be reached by fiber reinforced 

composite [Ma GuoWei et al., 2017]. Existing largescale 3-D printers concerned this issue. For example, 

Contour Crafting uses extra robotic arms to imbed steel reinforcements in the construction process and 

Concrete Printing creates some voids in the printed structures for the post inserting of steel bars to 

improve tensile capacity [S. Lim et al., 2012; Leach et al., 2012]. Another solution to this problem is the 

Mesh Mould approach which consists in digitally fabricating metal wires formworks that act as permanent 

reinforcement during the concreting process [W. Timothy et al., 2016]. 
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Another issue that affects the implementation of 3-D printing in the construction industry is whether it 

could lead to cost increase or cost reduction, as the industry remains cost sensitive [M. Rajeh et al., 2015]. 

3-D printing process is an automated process that centrally operates by computer, so the requirement of 

manpower is greatly reduced [R.A. Buswell et al., 2007]. For structures such as walls with the installation 

of electrical conduits, using 3-D printing technology could bring cost reduction in terms of optimized 

material usage and site work, thus leading to reduced likelihood of costly remedial works [Le Thanh et al., 

2012a; Le Thanh et al., 2012b]. However, there are cases where the construction of a wall structure using 

3-D printing technology was prohibitively expensive due to the use of current printing materials which 

were usually more expensive [R.A. Buswell et al., 2007]. The cost of 3-D printing should also include the 

cost of 3-D printers. Over the years the price of 3-D printers has been reduced significantly [S. Bradshaw et 

al., 2010]. 3-D printer needs certain software packages to edit and compile the source code in order to 

print the architectural models or largescale constructions. These software packages would increase the 

cost of the 3-D printing, thus restricting the scaling of the 3-D printing technology [J.M. Pearce et al., 

2010]. In conclusion, although a short-term cost reduction can be observed by 3-D printing, there is the 

need to investigate the financial performance of the printed construction product or project over its life 

cycle. 
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Chapter III 

 

Recycled construction materials for sustainability  

 

3.1 Need for sustainable construction practices 

 

 

The concept of sustainability is composed of three pillars which are economic, environmental and social 

(Fig. 38). As economy and population continue to expand, designers and builders face a unique challenge 

to meet demands for new and renovated facilities that are accessible, secure, healthy, and productive 

while minimizing their impact on the environment. Sustainable development (Fig. 38) requires that 

improvements in economic and social living conditions accord with the long-term process of securing the 

natural foundations of life [Alnaser N.W. et al., 2008]. 

 

 

Fig. 38   Sustainable development elements. [Sustainable development] 

 

Sustainability is defined as the physical development and institutional operating practices that meet the 

needs of the current generation without compromising the ability of future generation to meet their 

needs, which implies a precautionary approach to those activities that effect the environment to prevent 

irreparable damage [A. D. Basiago et al., 1995]. Sustainability in terms of the environment implies a 

natural resource balance [S.-s. Chung & C. W. H. Lo et al., 2003]. For this reason, various research is 

becoming apparent into sustainable construction practices [S.-s. Chung & C. W. H. Lo et al., 2003]. 

Construction and demolition waste (C&D) have a large impact on the environment [M. Yeheyis et al., 

2013; M. d. R. Merino et al., 2010; F. Yuan et al., 2011].  
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C&D waste constitute a major portion of total waste production in the world. Most of C&D waste being 

disposed of landfill space is quickly being depleted [V. Tam et al., 2008]. Besides depleting landfill space, 

natural resources are being consumed at an alarming rate for the production of new construction 

materials, rather than recycling and reusing existing materials [M. Behera et al., 2014].  

Another important environmental issue is pollution from waste incinerators, furnaces for burning trash, 

garbage and ashes. These incinerators produce 210 different dioxin compounds plus mercury, cadmium, 

nitrous oxide, hydrogen chloride, sulfuric acid and fluorides [Bolden et al., 2013]. Additionally, waste 

incinerators generate more CO2 emissions than coal, oil, or natural gas-fueled power plants. Therefore, 

replacing raw materials with recycled materials has become crucial for the sustainability of the 

construction industry. Knowing that the quantity of our current resources is at such a rate that the facility 

of future generations is endangered, it is clear that the conception of resource efficiency has gained huge 

significance in all over the world, especially in Europe. Europe is dependent on the rest of the world for 

many resources, such as fuel and raw materials, which are part of products imported from outside the 

European Union. The reduction of resources and the unpredictable product prices bring instability to the 

European economy. Therefore, in Europe the demand for conservation of the built environment has 

assumed a key role in city regeneration. The European Union promotes several strategies and polities to 

reuse the existing city in a sustainable way, limiting the extraction of natural resources and trying to 

enhance and regenerate the existing ones, through retrofitting or demolition and reconstruction 

operations [European Commission, 2016; European Commission, 2017; A Sustainable Europe by 2030]. 

These new policies to reuse the existing city in a sustainable way support the creation of a more circular 

organization that starts to reuse, recycle and regenerate the built environment. European policies intent 

to improve waste management, stimulate improvement and innovation in recycling, limit the use of 

landfilling and initiate change consumer behavior. 

 

 

3.1.1 Linear and Circular Economy in build environment 

 

The construction industry traditionally presents a Linear Economy model, based on “take, make dispose 

of” [Ellen MacArthur Foundation, 2015]. Considering the built environment, the phases that characterize 

the Linear Economy start from the extraction of raw materials from the environment, that are then 

processed to create new construction materials, often in ways that the new product cannot be 

disassembled, becoming obsolete at the end of life of the building, having to be disposed in landfills or 

incinerated, along with all the waste generated through the whole process [Mangialardo & Micelli et al., 

2018; Cheshire et al., 2017; Ellen MacArthur Foundation, 2015]. In the future, the availability and price of 

products, resources and material will be rare and costly. Account should also be taken of the considerable 

costs of disposing of the waste and the environmental and economic damage from the high value of the 

materials that are wasted because they not being able to be disassembled. Consequently, Linear Economy 

model has become ever more unsustainable [Andersen M. S. et al., 2007; Bisello A. et al., 2017; Braungart 

& McDonough 2009; Cheshire et al., 2017; Ellen MacArthur Foundation, 2015].  On the contrary, Circular 

Economy model has been gaining attention in the last decades because of the better management of 

resources [Pomponi & Moncaster et al., 2017]. Ellen MacArthur Foundation defined Circular Economy as a 

regenerative system that aims to keep products, components, and materials in a closed loop at their 

highest utility and value at all times [Ellen MacArthur Foundation, 2015].  
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Another definition of Circular Economy described by Pomponi and Moncaster. They focused on the 

definition of Circular Economy for the Construction Industry and considered it as a building that is 

designed, planned, built, operated, maintained, and deconstructed in a manner consistent with Circular 

Economy principles [Pomponi & Moncaster et al., 2017]. As in the Linear Economy the Circular Economy 

model entails the extraction of the raw materials, and then these resources are used to manufacture new 

products which are consumed. The difference with the Linear Economy model is that the end of life 

building materials can be reused and their components and parts deconstructed, to act as material banks 

for new buildings, keeping the components and materials in a closed loop [Hopkinson et al., 2019]. C&D 

waste is kept in use, retaining its value and contributing to a substantial reduction in the extraction of raw 

materials. Optimization at the end of life building materials, such as by maintaining and reusing their 

durable components, constitutes the key to guaranteeing more flexibility [Addis & Schouten et al., 2004; 

Kohler & Yang et al., 2007]. This innovative economic model started with the recycling of high-value 

components in products that were consumed and thrown away once they stopped functioning. This 

circular model has now been strongly developed in the automotive sector or high-tech technologies, 

which contain in their products increasingly rare and precious components, and the extraction of which is 

highly polluting [McDonough et al., 2013; Sauvè et al., 2016].  

The use of advanced materials and technologies such as automated maintenance systems or 3-D printing 

are examples of new methods and products to improve the quality and reduce the costs connected to the 

design and management of buildings and infrastructures. However, this model still needs development of 

knowledge and tools to have a larger adoption in the construction industry. 

 

 

3.1.2 Principles of the Circular Economy in the Construction Industry 

 

The principles of the Circular Economy in the construction industry can be summarized in a nested circle 

(Fig. 39). Fig. 39 shows a hierarchy for building approaches which maximizes use of existence materials. 

Diminishing returns are gained by moving through the hierarchy outwards, with the three inner circles 

being the most desirable [Cheshire et al., 2017; Mangialardo & Micelli et al., 2018]. 

The first circle which is the principle of retaining a building is the most resource-efficient and least invasive 

option. The second and third circle which are refitting and refurbishing the building respectively, are 

requiring more demanding interventions. After these circles, the more difficult operations involve 

reclaiming or remanufacturing principles. The last circle and the most difficult, is recycling/composting the 

building in order to create new products or return materials to the biosphere [Cheshire et al., 2017; 

Mangialardo & Micelli et al., 2018].  

Common to these circles, there are five segments that represent the design principles to follow in each 

type of intervention. The first segment is the concept of building in layers. This concept distinguishes the 

various components that constitute a building and their different lifespans in order to recycle and replace 

them. To achieve that it is important that each component presents different rules that are independent 

of the others. Thus, layers make it possible to easily locate and replace something damaged, without 

affecting the nearby layers. As a result, building in layers helps to quickly recover the damaged 

components.  
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Therefore, it makes the building more flexible and adaptable than a building without this differentiation. 

The second segment is designing-out waste. This concept aims to help reduce, as far as possible 

consumption of raw materials at the stage of construction projects in order to optimize the resource 

efficient maintenance and repair.  It means that repairing elements (refitting and refurbishment 

operations) are preferable to interventions such as demolition and reconstruction. This helps to 

significantly reduce the quantity of waste created during the construction process and maximize re-use of 

materials at the end. The third element is design for adaptability. The fundamental basis of the design for 

adaptability approach is that a product can be designed as a dynamic adaptable system, and as in all 

adaptable systems, control and feedback can be used to modify system performance [Kasarda et al., 

2007]. In some cases, this process will involve remanufacture, and in other cases the utilization of self-

healing materials and approaches such as a self-tightening bolt [Antonious et al., 2006]. 

The fourth principle is design for disassembly. In this concept building components can be reused at the 

end of their life. Once a building has been abandoned, elements can be disassembled and transferred 

elsewhere, acting as material banks and retaining their value for a longer time and becoming independent 

of the value of the original site. As a result, buildings are more flexible and easier to repair or reconfigure. 

The last principle to design through a Circular Economy model is selecting the correct materials. It is 

necessary to split the constituent elements that compose a building into biological (i.e. the eco materials) 

and technical materials (i.e. the elements that are more difficult to recycle). In this way, it is easier to 

distinguish those who are destined for the biosphere, for an industrial loop or to be recycled [Cheshire et 

al., 2017; Mangialardo & Micelli et al., 2018]. 

 

Fig. 39   Circular Economy hierarchy for building approaches in the construction industry. [Cheshire et al., 2017] 
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3.1.3 Economic benefits of the Circular Economy in the Construction Industry 

 

The economic benefits of the Circular Economy model for the construction industry are shown in the Fig. 3 

[Cheshire et al., 2017]. In this diagram (Fig. 40) the Linear and the Circular Economy approach in the 

construction industry are compared in terms of potential changes in revenues and costs associated with 

designing buildings with a long term, starting from the design to the end of life of the building. The costs 

and time associated with construction operations are almost the same in the two models. The difference 

starts when the building needs to be refitted, increasing the lifespan of the assets [Cheshire et al., 2017; 

Mangialardo & Micelli et al., 2018.]  

In the Linear Economy, when the building becomes obsolete, it needs relevant refurbishment operations 

to become efficient again. However, the building continues to lose its economic value. As a result, the 

percentage of the rental yield associated with the cost of the investment continues to reduce until the 

demolition of the building. The demolition also involves the costs of remediation of the site and the 

disposal of waste materials. At this stage the asset often becomes a liability. In economic terms, the value 

of the site corresponds to the value of transformation [Cheshire et al., 2017; Mangialardo & Micelli et al., 

2018].  

In the Circular Economy building, the costs of refitting and adaptation are lower, and they require less 

time. The Circular Economy building is designed to be refit, adapted to new uses and disassembled at the 

end of its life. This approach gives more residual value on the asset with the potential to lower the 

depreciation rate. The potential of the circular economy applied in the construction industry totally 

changes the value chain linked to all stages of intervention in existing buildings, making the operations 

sustainable in social, environmental and economic terms, thus contributing to an increase in the residual 

value of the assets [Cheshire et al., 2017; Mangialardo & Micelli et al., 2018]. 

 

 

Fig. 40   Economic benefits of Linear and Circular Economy buildings. [Cheshire et al., 2017] 
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3.2 Recycled and waste materials 

 

 

Construction industry consumes a large proportion of raw materials and accounts for a very large portion 

of waste to landfill spaces compared to other sectors of global economy [Knoeria et al., 2011]. One way to 

prevent the irreparable damage because of materials consumption and waste generation is to promote 

the use of recycled materials. The use of recycled materials has positive impact through different aspects, 

including the benefits in enhancing sustainability of the construction industry while reducing cost, 

providing solutions to environmental pollution and reducing the need for natural resources. Waste from 

different origins such as households, post-consumer waste generated from commercial, institution or 

industrial have become sources of various construction products [Oyedele et al., 2014]. Examples of such 

materials include newsprint for cellulose insulation, wallpaper, glass, rubber tires, asphalt road surfacing 

and plastic bottles for use as a lightweight geotechnical material [Bolden et al., 2013; Woolley et al., 1997; 

Graettinger et al., 2005]. More common in construction industry is recycled concrete aggregate and fly 

ash, which is powdery substance, produced as a result of combustion. Other materials include roof 

shingles cut-offs used as constituent of hot mix asphalt (HMA), granulated ground blast furnace slag 

(GGBFS) used as constituent of cement mix [El-Assaly & Ellis et al., 2001; Bolden et al., 2013], metal waste 

such as steel scrap and silica fume. Research is also focusing on more environmentally friendly solutions 

such as “green cement materials” in order to reduce consumption of natural resources and energy and 

pollution of the environment [Hameed & Sekar et al., 2009]. Moreover, materials deriving from industrial 

waste such as tire rubber [Valente & Sibai et al., 2019] or paper [Raut et al., 2011], can be added in partial 

replacement of the aggregates to optimize several physical properties of the product such as density, 

thermal insulation and sound insulation. The addition of chemical additives during preparation could 

confer specific rheological or functional properties to the product, such as self-sensing, self-compacting, 

self-healing, and self-cleaning [Ma GuoWei et al., 2017]. Potential methods for better sustainability is to 

replace the concrete contents with other materials such as fly ash or recycle the previously used concrete 

aggregate [Nithesh Nadarajah et al.,2018]. 

 

Tire Rubber 

All vehicles on road uses tires made of rubber. During their use, the tread of tires gets consumed and then 

they are not fit for further use as they have lived their life. Ninety two percent of all end of life tires in 

Europe were collected and used in 2017 for either material recycling or energy recovery, according to a 

report from the European Tire & Rubber Manufacturers' Association [ETRMA et al., 2019]. Whole tires 

have been used in artificial reefs, break waters, dock bumpers, soil erosion control mats and playground 

equipment. By weight, some 1.96 million metric tons of scrap tires went to material recovery [ETRMA et 

al., 2019]. Several studies have shown that tire waste can be successfully used in concrete, grass turf, 

asphalt mix, embankments, stone cladding, flowable fill and clay composite [Bolden et al., 2013]. 
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Glass aggregate 

Glass is composed of silica, soda ash (sodium carbonate) and limestone to form a rigid physical state. Glass 

that ends up in the landfill won’t break down for over a million years. Glass is a permanent material that 

can be endlessly recycled into new packaging, always maintaining its safety characteristics no matter how 

many times it’s recycled [FEVE et al., 2019]. European Container Glass Federation [FEVE et al., 2019] show 

that the EU28 average collection for recycling rate for glass packaging grew to the record rate of 76 % in 

2017. 

Glass aggregate is a byproduct of recycled glass. Glass aggregate, also known as glass cullet, is 100 % 

crushed material that is generally angular, flat and elongated in shape. Foamed glass is made from glass 

cullet (Fig. 41). It has numerous applications, for example it is an ultralight extender, it improves the sound 

absorption, and its spherical shape has a positive effect on the workability of the mortar [Scarinci et al., 

2006]. This additive is used for the production of lightweight building blocks with excellent thermal 

insulation and sound insulation due to their high porosity [Dachowski & Stepien et al., 2011]. Possible 

applications of glass foam blocks are in precast concrete panels, concrete bricks, piping insulation, storage 

vessel wall insulation, block paving but mainly floor and roof insulation [Scarinci et al., 2006].   

 

  

Fig. 41   Foamed glass gravel. [Geocell] 

 

Plastic  

Plastics are nondegradable materials so it cannot be decomposed. After use most plastics are either 

thrown out at landfill spaces or incinerated, causing land and air pollution. Some plastics can be reused or 

recycled by converting them to granular form and then re-rolling them in the form of sheets. Uses of 

recycled plastics in the construction industry include plastic strips to add to soil embankments, which has 

positive results of increasing the measured strength in reinforcement of soils. Hot Mix Asphalt (HMA) 

mixture has a higher stability and reduced pavement deformation. Moreover, recycled plastics increase 

fatigue resistance and provide better adhesion between the asphalt and the aggregate [Awwad & Shbeeb 

et al., 2007]. 
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Silica Fume 

Silica fume (Fig. 42) is a byproduct of the reduction of high-purity quartz with carbonaceous materials like 

coal, in electric furnaces in the production of silicon and ferrosilicon alloys. Silica Fume is also collected as 

a byproduct in the production of other silicon alloys such as ferrochromium, ferromanganese, 

ferromagnesium, and calcium silicon. The environmental concerns necessitated the collection and use of 

silica fume in various applications to be mandatory. 

 

  

Fig. 42   Silica in powder form. [ACV/GARDS] 

 

Perhaps the most important use of this material is as mineral admixture in concrete to improve its 

properties like compressive strength, bond strength and abrasion resistance [Bolden et al., 2013]. 

Additionally, reduces permeability and therefore more durable and helps in protecting reinforcing steel 

from corrosion. These improvements stem from both the mechanical improvements resulting from 

addition of a very fine powder to the cement paste mix as well as from the pozzolanic reactions between 

the silica fume and free calcium hydroxide in the paste [Bolden et al., 2013]. Silica fume can be very useful 

in applications such as bridge deck overlays, water retaining structures, monumental structures and in 

high performance concrete for structural repairs.  

 

Asphalt Roofing Shingles 

Each year, the U.S. generates approximately 13.2 million tons of waste asphalt roofing shingles [ARMA et 

al., 2015]. This is an increase from the commonly cited figure of 11 million tons [NAHB et al., 1998], 

reflecting changes in housing stock and the housing market since 1998. In 2009, it was estimated that 

702000 tons of reclaimed asphalt shingles (RAS) was utilized in asphalt mixtures. The use of RAS peaked in 

2014 with 1964000 tons of RAS utilized. In 2017, the amount of RAS utilized in asphalt mixtures was 

estimated to be 944000 tons, which equates to a 34.5 % increase over 2009 usage, but a 52 % decrease 

from the peak RAS usage in 2014 [NAPA et al., 2019; FHWA et al., 2018; Williams et al., 2018]. 
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Fig. 43   Asphalt Shingles before (left) and after (right) recycling. [J.N. Davis Roofing Co.] 

 

Asphalt roofing shingles composition (Fig. 44) is asphalt cement, fiberglass or organic felt, fine aggregate 

or granules and mineral fillers such as limestone dolomite and silica. Some applications of RAS include to 

Hot Mix Asphalt (HMA), cold patch mix asphalt, aggregate substitute, base course, mineral filler and 

granular base stabilizer. The use of asphalt roofing shingles offers economic benefits, reducing the 

disposal costs for shingle scrap manufactures and reducing cost in the production of HMA. Moreover, 

using asphalt roofing shingles improves the rutting resistance of the mixtures considerably, due to a 

combination of the fibers and harder asphalt and improves resistance to pavement cracking. 

 

 

Fig. 44   Typical Asphalt Shingle Composition. [NAPA et al., 2019] 

 

Fly ash 

Fly ash is the byproduct of coal combustion in coal-fired power plants. Fly ash is a powdery substance 

laced with heavy metals such as arsenic, mercury and lead [Bolden et al., 2013]. Because of environmental 

concerns, fly ash is removed from flue gases by mechanical collectors and electrostatic precipitators 

before they are discharged into the atmosphere. The amount of carbon in fly ash affects its color. Gray to 

black represents increasing percentages of carbon, while tan color is indicative of lime and/or calcium 

content.  
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Some applications of fly ash include to cement and concrete products, structural fill and cover material, 

roadway and pavement utilization, infiltration barrier and underground void filling. Some of the technical 

benefits of fly ash use in concrete are the lower water demand for similar workability, reduced bleeding, 

increased durability, increased resistance to sulfate attack, reduced cracking at early age and lower 

evolution of heat. High-lime fly ash has permitted normal replacements of 25-40 and up to 75% of cement 

in concrete materials for parking lots, driveways and roads [Bolden et al., 2013]. 

 

Metals waste 

Metals waste such as steel have good material properties including favorable frictional properties, high 

stability, and resistance to rutting. For the steel industry, using old steel products and other forms of 

ferrous scrap to produce new steel lowers a variety of steelmaking costs and reduces the amount of 

energy used in the process. Recycling steel scrap also saves landfill space and natural resources. By 

recycling one ton of steel, 2500 pounds of iron ore, 1400 pounds of coal and 120 pounds of limestone are 

conserved [SRI]. Steel scrap can be recycled into new steel to be used for any variety of new products. For 

example, such steel scrap and metals waste can be shredded in small elongated pieces and used in making 

Fiber Reinforced Concrete or SIFCON (Slurry infiltrated concrete) which is similar to Fiber Reinforced 

Concrete [Jagarapu & Prasad et al., 2019; Pilakoutas & Strube et al., 2001]. 

 

Blast furnace slag 

Blast furnace slag (Fig. 45) is a byproduct from the manufacture of pig iron and steel. Blast furnace slag 

consists primarily of silicates, aluminates, silicates, and calcium-alumina-silicates. It’s a valuable material 

with many uses in agriculture, environmental applications and in the construction industry. Crushed Air-

Cooled Blast Furnace Slag (ACBFS aggregate) has significant material properties including favorable 

frictional properties, high stability, and resistance to stripping and rutting. It is used in concrete and 

asphalt mixes, fill material in embankments, road base material and as treatments for the improvement of 

soils. Ground Granulated Blast Furnace Slag (GGBFS) has a positive effect on the flexural and compressive 

strength of concrete [Bolden et al., 2013]. Expanded Blast Furnace Slag aggregate have higher porosity 

than ACBFS aggregate and low density allowing for good mechanical binding with hydraulic cement paste. 

Due to his suitable bulk density, particle size, porosity, water holding capacity and surface area, it can be 

used as an adsorbent [Bolden et al., 2013]. 

 

Fig. 45   Blast furnace slag aggregates. [Hwang-Hee & Chan-Gi et al., 2016] 
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Gypsum 

Ιt is possible to recycle gypsum from demolition gypsum waste and gypsum collected from recycling 

centers and renovation sites. The gypsum crusher crushes the gypsum into a fine gypsum powder and 

separates it from paper, insulation materials, steel rods, plastic, wood, cables, nails and screws for 

subsequent removal [ACA Industry]. The recycled gypsum powder makes up 100% of the gypsum waste 

recycled and can substitute virgin gypsum raw materials at the gypsum consuming industries 

[Plasterboard recycling]. Plasterboard recycling means that waste that would otherwise have been 

disposed of in landfills now is being recycled and turned into a gypsum powder that the plasterboard 

manufacturers can use when making new boards, reducing the need to acquire natural gypsum resources. 

Moreover, plasterboard waste in landfills under certain circumstances is known to cause hydrogen sulfite 

gasses, which potentially are lethal, and obviously by recycling plasterboard waste instead such dangerous 

situations can be avoided [Gypsum recycling International]. Another use of recycled gypsum, which is 

derived from gypsum waste plasterboard, is for ground improvement in different projects such as 

embankments and highways [Ahmed & Ugai et al., 2011].  

 

Recycled Concrete Aggregate  

It’s predicted that aggregate production would have to increase to about 2.5 billion tons per year by the 
year 2020 [Gonzalez & Moo-Young et al., 2004]. This doesn’t only induce economic strains but also posts 
grave environmental impact. Using recycled demolished concrete as an alternative aggregate for 
structural concrete is gaining popularity as a viable solution [Sarraz et al., 2017]. Crushed aggregate has 
been used as base course or granular base in highway construction. Its primary function is to increase the 
load capacity of the pavement and to distribute the applied load to avoid damage to the sub grade 
[Bolden et al., 2013]. Additionally, it can be used in making concrete. Such concrete can be used in dry 
lean concrete, curbs or block making.  

 

 

3.2.1 Concrete recycling 

 

In the present-day world CO2 emissions has been a major factor for the global warming issue. 

Approximately 8% of the global CO2 emissions are from manufacturing cement for industrial and 

commercial purposes [Andrew et al., 2019]. The huge quantity of products made of concrete in the 

construction industry due to its properties, make it the most consumed material worldwide and the 

second most consumed resource worldwide [Low M. et al., 2005].  

Concrete recycling is becoming an increasingly popular way to utilize aggregates left behind when 

structures or roadways are demolished. Concrete recycling allows reuse of the aggregates for different 

fields of application such as road construction, pavements, foundation, substructure and structural 

concrete. Using recycled concrete aggregates promotes sustainability by reducing waste that may 

otherwise ended up in the landfill, conserving natural resources and reducing greenhouse gases 

emissions, energy consumption and production costs related to using natural aggregates [V. Tam et al., 

2008; M. Behera et al., 2014; A. Shah et al., 2013]. 
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How concrete is recycled 

Recycled concrete aggregate is generally produced by two-stage procedure. Firstly, crushing of 

demolished concrete and secondly filtering, screening and removal of unwanted contaminants such as 

reinforcement, paper, wood, plastics and gypsum [Atik Sarraz et al., 2017; Shah & Pitroda et al., 2011]. 

Crushing and screening systems start with primary jaws, cones and/or large impactors taking aggregates 

with various dimensions depending on hardness and size of the material to be crushed and the 

characteristics of the system such as capacity [Shah & Pitroda et al., 2011]. For example, Sandvik CH440 

cone crusher has a motor of 220KW, with nominal capacity of 50-388tonnes/hour and can handle feed 

sizes of 80-215mm [Sandvik]. Depending upon the project, the equipment used and the final product 

desired, there is the possibility of using a secondary cone or impactor and secondary screens. 

Subsequently a scalping screen will remove dirt and foreign particles. Next a fine harp deck screen will 

remove fine from coarse aggregates. The removal of unwanted contaminants can be done by water 

floatation, hand picking, air separators and electromagnetic separators, to ensure the recycled concrete 

product is free of dirt, clay, wood, plastic and organic materials [Shah & Pitroda et al., 2011]. 

 

Concrete crushing plants 

Depending on the needs of the user, the concrete crushing plant might be available in stationary, mobile 

and portable configurations. Stationary concrete plants are systems that are permanently fixed to the 

ground (Fig. 46). Mobile crushing plants can be moved to various locations economically [Shah & Pitroda 

et al., 2011]. They have their own onboard drive system (Fig. 47a). They are typically track driven allowing 

superior on-site mobility where several moves are required [Shah & Pitroda et al., 2011]. Portable 

crushing plants are mounted on rubber-tired chassis and towed to the site by truck (Fig. 48a). On site, they 

are moved by loaders or tugs [Shah & Pitroda et al., 2011]. This type of crusher is typically used in a 

recycling yard where all material is trucked on the site [Shah & Pitroda et al., 2011]. 

 

 

Fig. 46   Stationary crusher plant. [Fabo-Stationary] 
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Types of crushers 

Crushers are machines used to reduce the size of rocks and stones in aggregates production, construction 

material recycling applications, and in mining operations. Crushers can be classified into two main 

categories [Neikov et al., 2019]. The first category is compressive crushers that press the material until it 

breaks and the second one is impact crushers that use the principle of quick impacts to crush the material. 

There are three main types of crushers. The first two are Jaw and cone crushers, which operate according 

to the compression principle. The third type is impact crushers, which utilize the impact principle [Neikov 

et al., 2019]. All of the below crusher types are available in portable, mobile and stationary configurations. 

Jaw crushers compress the concrete between a stationary and moveable plate in order to crush it (Fig. 

47b). The moving jaw is mounted on a pitman that has a reciprocating motion, and the fixed jaw stays put. 

When the material runs between the two jaws, the jaws compress larger boulders into smaller pieces 

[Shah & Pitroda et al., 2011].  

 

          

 

Fig. 47   (a) Mobile jaw crusher plant and (b) jaw crusher mechanism. [Metso-Mobile; CPC Equipment] 
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Cone crushers reduce the material size in a crushing cavity by continuous compression between two cone-

shaped plates, a fixed element (bowl liner) and a moving element (cone mantle) [A. Jankovic et al., 2015]. 

The fragmentation of the material results from the continuous compression that takes place between the 

liners around the chamber [A. Jankovic et al., 2015]. An additional crushing effect occurs between the 

compressed particles, resulting in less wear of the liners [A. Jankovic et al., 2015]. Cone crushers are very 

suitable for size reduction and shaping in the downstream of a crushing circuit, so they are used mostly as 

secondary crushers [Shah & Pitroda et al., 2011]. 

 

 

Fig. 48   (a) Portable cone crusher plant and (b) cone crusher mechanism. [Metso-Portable; CLMM] 



82 
 

 

Impact crushers, or impactors have a spinning rotor with bars or hammers that accelerates the feed 

material to high speed and then flings it into a solid plate, several plates, or rods and each other (Fig. 49). 

Impactors can be used as primary, secondary, and even tertiary crushers and produce [Shah & Pitroda et 

al., 2011]. These collisions cause the material to break down to smaller sizes. Impactors are generally 

divided into two main types. The conventional type has horizontal shaft configuration and for that reason 

it is known as a horizontal shaft impact (HIS) crusher (Fig. 50a). The other type has a centrifugal crusher 

with vertical shaft, and it is called a vertical shaft impact (VSI) crusher (Fig. 50b).  

 

Fig. 49   Mobile vertical shaft impact (VSI) crusher plant. [Metso-Impact] 

 

 

                                           

                                                                                          

Fig. 50   (a) Ηorizontal shaft impact (HIS) crusher and (b) vertical shaft impact (VSI) crusher. [Stedman Machine Company] 
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3.2.2 Applications for recycled aggregate 

 

Recycled aggregate is generally used as bulk backfill in sub-base, base or surface material in road 

construction, lean concrete bases, hydraulically bound materials and in the manufacture of new concrete 

[J. de Brito & N. Saikia et al., 2013; Hansen & Narud et al., 1983]. The most common use of recycled 

aggregate encountered was its reuse as an aggregate base. Recycled aggregate can be used as 

replacement material for virgin aggregate in the construction of base layers [Bakoss & Ravindrarajah et al., 

1999; Herrador et al., 2012], showing similar geo-mechanical and physical performance to conventional 

graded base material [Haider et al., 2014; Kolay & Akentuna et al., 2014].  

The properties of recycled aggregate greatly influence the performance of unbound granular pavement 

layers [Aqil et al., 2005; Barbudo et al., 2012; Gokce et al., 2011; Vegas et al., 2011]. The quality of 

recycled construction products remains a big subject of controversial literatures. Some studies claim that 

the quality of concrete reduces with increasing recycled concrete aggregate [Mefteh et al., 2013; 

Etxeberria et al., 2007]. The main problems identified in pavements are fatigue cracking, rutting, 

depressions and frost- related heaving, which can result from the poor performance of the unbound base 

and sub-base layers. Other studies argue that the quality of concrete remains unaffected as a result of 

recycled aggregate [Yang et al., 2011; Thomas et al., 2013; Nassar & Soroushian et al., 2016]. For example, 

Nassar and Soroushian investigated the field performance of recycled concrete aggregate in pavement 

construction subjected to heavy traffic loads under aggressive weather conditions [Nassar & Soroushian et 

al., 2016]. They showed that the recycled concrete aggregate performs similar or even better than the 

control concrete. So recycled concrete aggregate is suitable for use in concrete based infrastructure such 

as pavement construction. 

Moreover, recycled aggregate can be used to make light weight concrete molds using 3-D printing 

process. The recycled concrete can be also used in powder-based binder jetting 3-D printing method for 

reducing the amount of cement used for construction activities. The recycled concrete can be used as a 

replacement for fine aggregates in few quantities [Nithesh Nadarajah et al., 2018]. Since the molds are 

made of recycled aggregates and 3-D printer uses few amounts of recycled aggregates, it costs less to 3-D 

print them and they can be destroyed and used for other construction purposed once their lifetime is over 

[Nithesh Nadarajah et al., 2018]. 
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Chapter IV 

 

Experimental Procedure 

 

 

Methodology 

In this chapter, the experimental procedure and methodology of the Master thesis will be presented. For 

this thesis TiO2 was selected, because of its high photocatalytic activity, the high stability and the low cost. 

Titanium dioxide nanoparticles with self-cleaning properties can be used as coatings on building blocks or 

pavements, but also on interior decorative items such as ceiling panels, curtains and wallpapers. 

Therefore, both these scenarios were studied, firstly as coating on 3-D printed panels and then as coating 

on fabrics.  

The specific characteristics of nanomaterials were studied under different techniques. The 

characterization techniques used were, X-Ray Diffraction (XRD) and BET (Brunauer, Emmett and Teller). 

Metal doping has proved to be a successful approach for enhancing the visible light absorption by 

photocatalysts and to hinder electron–hole recombination. By shifting the optical response towards 

higher wavelengths, the photoactivity under visible irradiation is increasing. This shifting may allow using 

sunlight (44% visible and 3% UV light) as an inexpensive and renewable energy source in photocatalytic 

applications. Besides optical absorption, other parameters that affect the photocatalytic activity, such as 

surface area, size and defects, can also be modified by metal doping.  

The decolorization of coatings on 3-D printed panels and fabrics was then studied under different 

techniques and methods due to the specific availability of the instrumentations. For eliminating errors in 

all the decolorization experiments, a reference -blank sample was constantly examined simultaneously for 

a good comparison between the tested samples. 
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4.1 Synthesis and Characterization Techniques 

 

4.1.1 Microwave oven synthesized undoped and doped TiO2 nanoparticles 

In this section, the synthesis and characterization techniques used for the fabrication of bulk 

nanomaterials are being presented. 

 

Synthesis 

Undoped and In-Ni-, Mn-In, Mn-Cu-, Mn-Ni- bimetallic doped TiO2 nanostructures were synthesized using 

the microwave-assisted hydrothermal method. Solution (0.1 M) of Titanium (IV) oxysulfate-sulfuric acid 

hydrate (99.95% trace metals basis, Sigma Aldrich), was dissolved into 250 mL of distilled water and were 

mixed under fast stirring for 45 min. The obtained solution was transferred into four Teflon vessels and 

irradiated in an advanced flexible microwave synthesis platform (Milestone flexiWAVE), using the high-

pressure setup at 120 °C for 30 min (max 1500 Watt). When the reaction was finished and cooled to room 

temperature, the precipitate was collected, centrifuged (1000 rpm for 2 min) and washed several times 

with ethanol and distilled water.  

In-Ni-, Mn-In-, Mn-Cu-, and Mn-Ni- doped TiO2 nanostructures were prepared following the same 

experimental procedure used to prepare undoped TiO2 by also adding into the precursor solution, 0.25 at. 

% of indium (III) nitrate hydrate (In(NO3)3 · H2O, 99.9% Sigma-Aldrich) with nickel (II) nitrate hexahydrate 

(Ni(NO3)2 · 6H2O, ≥97.0%, Honeywell FlukaTM), manganese (II) nitrate tetrahydrate (Mn(NO3)2 · 4H2O, 

≥97.0% , Honeywell FlukaTM) with indium (III) nitrate hydrate , manganese (II) nitrate tetrahydrate with 

copper (II) nitrate trihydrate (Cu(NO3)2 · 3H2O, 99-104%, Honeywell FlukaTM) and manganese (II) nitrate 

tetrahydrate with nickel (II) nitrate hexahydrate, respectively.  

In all cases the microwave was programmed with a first temperature ramp where the target temperature 

was reached after 15 min. All products were kept at room temperature overnight and totally dried using 

an oven at 100 ℃ for 1 hour. 
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Fig. 51   Milestone flexiWAVE microwave oven. [Milestone] 

 

 

Sample Description Concentration 
Microwave 
Oven 

Magnetic 
Stirring 

1 
 
Titanium Dioxide, undoped 
 

[0.1 M] 

1500W 120°C  
30 min 

45 min 

2 

 
Titanium Dioxide, doped Indium 
and Nickel 
 

[0.1 M], 
doped 0.25 at. % 

3 

 
Titanium Dioxide, doped 
Manganese and Indium 
 

4 

 
Titanium Dioxide, doped 
Manganese and Copper 
 

5 

 
Titanium Dioxide, doped 
Manganese and Nickel 
 

Table 6.   Synthesis method of nanomaterials. 
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Characterization Techniques 

Their crystallographic structure was examined using a Siemens D5000, X-ray diffractometer, equipped 

with a Cu-Kα (λ = 0.15405 nm) monochromatic radiation source. The specific surface area of the samples 

was examined by nitrogen (N2) physisorption using a Micromeritics’ Gemini VII 2390 Surface Area 

Analyzer. The samples were prior degassed at 100℃ for 2 hours under continuous nitrogen gas flow using 

a Micromeritics’ FlowPrep 060, in order to remove moisture. 

 

Fig. 52   Siemens D5000, X-ray diffractometer. [LabX] 

 

 

                 

Fig. 53   (a) Micromeritics’ Gemini VII 2390 Surface Area Analyzer and (b) Micromeritics’ FlowPrep 060. 

[Micromeritics; FlowPrep] 
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4.1.2 Synthesis of panels and fabrics 

In this section, the synthesis of 3-D printed panels and fabrics are being presented. 

 

Synthesis 

A mix of equal amounts of recycled concrete aggregate and recycled gypsum powder, supplied by ATTICA 

RECYCLING CD & EW SA, was used for the 3-D printing of panels (Fig. 55a). The dimensions of each panel 

were 5 x 5 x 1 cm and printed with a Z Corporation 3-D printer (ZPrinter 310 Plus). The composition of 

recycled concrete aggregate during 3-D printing varies. This problem solved by 3-D printing 

simultaneously a pair of panels, one panel as reference (blank) and one with the nanocoating. 

 

Fig. 54   The ZPrinter 310 Plus (Left) and the ZD5 Powder Recycling Unit (Right). 

 

While the synthesis of fabrics is 98% cotton and 2% viscose, with a grey color (Fig. 55b). The dimensions of 

each fabric sample were 7 x 7 cm. The fabric mass per unit area was 125 gram per square meter. 

    

Fig. 55   (a) Initial state of 3-D printed panels and (b) fabric samples.  
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4.2 Decolorization experiments 

 

Decolorization of applied coatings was evaluated by the use of a self-made apparatus for the test of the 

decolorization effect of Methylene Blue (MB). Degradation of pollutant was assessed by a colorimetric 

method and by a Varian CARY-5000 DRA 2500 UV-VIS-NIR Spectrophotometer (Fig.56). The color analysis 

was performed using the CIELAB model. Unlike RGB and CMYK color models, color definitions 

characterized by CIE systems are unambiguous, absolute, and device independent. For example, a CIE 

system isn't tied to, influenced by or dependent on the characteristics or capabilities of any color 

capturing or rendering device [Sappi]. CIE L*a*b* (CIELAB) is the most complete color space specified by 

the International Commission on Illumination. It describes all the colors visible to the human eye [Bianchi 

et al., 2013]. 

The three coordinates (L*, a*, b*) determine the CIELAB components are (Fig. 55): 

a*: red/magenta and green 

b*: blue and yellow  

L*: black/white (luminance/brightness). 

The lightness, L*, represents the darkest black at L*=0 and the brightest white at L*=100. The color 

channels, a* and b*, represent true neutral gray values at a*=0 and b*=0. The red/green opponent colors 

are represented along the a* axis, with green at negative a* values and red at positive a* values. The 

yellow/blue opponent colors are represented along the b* axis, with blue at negative b* values and yellow 

at positive b* values. 

 

      

Fig. 56   Color coordinates of CIELAB model and Varian CARY-5000 DRA 2500 UV-VIS-NIR 

Spectrophotometer. [Sappi] 
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The color difference is expressed as delta E (ΔE) and is calculated by comparing reference and sample 

L*a*b* coordinate values. 

The color difference (ΔE) is calculated by the Eq.1:  

ΔE= [(Δa)2 + (Δb)2 + (ΔL)2] ½          (Eq. 1)                       

where Δa, Δb, ΔL were the differences of coordinates a*, b*, and L* before irradiation and at the specific 

time of irradiation. 

 

MB is a thiazine dye often used as standard to evaluate the decolorization. Solar radiation exposure 

changes the dye color intensity and can be used as an indicator of the efficiency of sample’s photocatalytic 

capacity with respect to sample’s configuration. The sample with the greatest dye decolorization would 

indicate the sample with the greatest photocatalytic efficiency for self-cleaning performance and air 

pollution removal.  

 

 

4.2.1 3-D printed panels 

The 3-D printed panels were separated into five pairs of panels and each one consists of the nanocoated 

panel and its reference (blank) panel (Table 7). Each nanocoated panel was covered with 0.1 gram of a 

photocatalytic nanomaterial as slurry, which was left to dry. To evaluate the color change in dye on the 

surface of 3-D printed panels following exposure to UV light, the panels were dip-coated with a MB 

solution. The exposure to UV light was held into a handmade photocatalytic apparatus (Fig. 57). The 

apparatus consists of a wooden box, which is equipped with two Prinz UV Test lamps (4W, UV-A 366 nm) 

and a base for supporting the pair of panels. The horizontal distance of the panels with the lamps was 3 

cm, the height of the base was 3.5 cm while the distance between lamps was 4 cm and between panels 2 

cm. The decolorization of the MB dye applied to the surfaces of the panels was monitored by the use of 

chromatic measurements before UV irradiation and after 1 and 2 hours of exposure.  

 

  

Fig. 57   Handmade photocatalytic apparatus. 
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Sample Nanomaterial Coating 

TiOP 
 
Titanium Dioxide, undoped 
 

0,004 gr/cm2 as 
slurry  

Ref1 Reference of TiOP Blank 

MnInP 

 
Titanium Dioxide, doped 
Manganese and Indium 
 

0,004 gr/cm2 as 
slurry 

Ref2 Reference of MnInP Blank 

MnNiP 

 
Titanium Dioxide, doped 
Manganese and Nickel 
 

0,004 gr/cm2 as 
slurry 

Ref3 Reference of MnNiP Blank 

InNiP 

 
Titanium Dioxide, doped Indium 
and Nickel 
 

0,004 gr/cm2 as 
slurry 

Ref4 Reference of InNiP Blank 

MnCuP 

 
Titanium Dioxide, doped 
Manganese and Copper 
 

0,004 gr/cm2 as 
slurry 

Ref5 Reference of MnCuP Blank 

Table 7.   3-D printed panel samples and the method of coating. 

 

 

4.2.2 Fabrics 

For the decolorization of applied coatings on fabric six samples were used, one for each nanomaterial and 

one blank as reference (Table 8). Each nanocoated fabric sample was covered with 4 wt. % of a 

photocatalytic nanomaterial as slurry, then pressed with a roller and left to dry. Next the fabrics were dip-

coated with a MB solution and left to dry under indirect sunlight for a day. The decolorization of the MB 

dye applied to the surfaces of the fabrics was monitored by the use of chromatic measurements before 

and after the exposure to indirect sunlight. After that the samples were exposed to UV irradiation. For this 

purpose, the initial photocatalytic apparatus was modified. The base was replaced by a thread and three 

hooks to hold each fabric sample in its place (Fig. 58). The horizontal distance of the fabrics with the lamps 

was 4 cm, lamps and fabric samples were respectively 8 cm and 12 cm above the surface of the box, while 

the distance between lamps was 12 cm and between fabrics 8 cm. The decolorization of the MB dye 

applied to the surfaces of the fabrics was monitored by a Cary 5000 UV-VIS-NIR spectrophotometer before 

UV irradiation and after 1 and 2 hours of exposure. 
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Fig. 58   Handmade photocatalytic apparatus for the case of fabrics. 

 

Sample Nanomaterial Coating 

Ref 
 
Reference 
 

 Blank 

TiOF 
 
Titanium Dioxide, undoped  
 

4 wt. % as slurry 

InNiF 

 
Titanium Dioxide, doped Indium 
and Nickel 
 

MnInF 

 
Titanium Dioxide, doped 
Manganese and Indium 
 

MnCuF 

 
Titanium Dioxide, doped 
Manganese and Copper 
 

MnNiF 

 
Titanium Dioxide, doped 
Manganese and Nickel 
 

Table 8.   Fabric samples and the method of coating. 
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Chapter V 

 

Characterization Results 

 

5.1 TiO2 characterization results 

 

5.1.1 XRD analysis of doped and undoped TiO2 nanostructures 

The XRD patterns for undoped and doped TiO2 nanoparticles are shown to Figure 59. These samples only 

exhibited patterns assigned to the TiO2 anatase phase (JCPDS file card No.-01-071-1166). No signal from 

the crystalline phase containing metal or metal oxide of the doping elements could be observed. 

Furthermore, careful analyses of the main peak (101) of the XRD patterns (Fig. 59, inset) indicated a slight 

shift to the higher angle side for Mn-In doped TiO2, Mn-Cu doped TiO2, In-Ni doped TiO2 and mainly for 

Mn-Ni doped TiO2 nanoparticles.  

 

 

Fig. 59   X-Ray Diffraction (XRD) patterns of undoped and doped TiO2. The inset shows the peak (101) of doped and undoped TiO2. 

 

By comparing the ionic radius values [Rohrer et al., 2001; Pauling et al., 1960; Francis Galasso et al., 1970; D. 

Papadaki et al., 2019] of Ti+4 (0.68 Å) to that of In+3 (0.81 Å), Mn+2 (0.80 Å), Ni+2 (0.72 Å) and Cu+2 (0.73 Å), 

we hypothesize that some of the doping elements were incorporated into the structures of TiO2 and 

replaced the titanium ions, which induced a perturbation in anatase crystal structure.  
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Replacement of Ti+4 by In+3, Mn+2, Ni+2 and Cu+2 dopant ions may cause expansion/compression of the unit 

cell resulting to variation in various parameters including micro-strain due to lattice mismatch and 

distortion. The increase in micro-strain can be explained by the dopant substitution on the oxygen sites of 

TiO2 surface. 

 

The lattice constants a, b and c have been calculated (Table 9) from the XRD patterns using the following 

equation [Wilso et al., 2006]: 

 

   
       

  
 

  

  
 ,   (Eq. 2) 

where d (calculated from λ = 2dsinθ) denotes the interplanar distance and h, k, l show the miller indices. 

 

Crystallite size of each nanomaterial was calculated by two methods, the modified Scherrer equation and 

the Halder-Wagner (H-W) Method. In both methods the crystallite sizes are increasing in the order of In-

NI, Mn-In, Mn-Ni and Mn-Cu (Table 9).  

 

A) Modified Scherrer equation  

Modified Scherrer equation estimates crystallite size (D) more accurately then the formal Scherrer 

equation. Modified Scherrer equation is based on the fact that we must decrease the errors and obtain 

the average value of crystallite size (D) though all the peaks (or any number of selected peaks) by using 

least squares method to mathematically decrease the source of errors.  

Scherrer equation is given by: 

  
   

        
  

   

 
   

 

    
  ,   (Eq. 3) 

where D is the average crystallite size, λ is the wavelength of the incident X-ray beam (1.5405 Å), θ is the 

Bragg diffraction angle, K is the shape factor (Scherrer constant) usually taken as 0.9 and β is the peak 

width at half width maximum (FWHM).  

 

Now by making logarithm on both sides: 

      
   

      
   

   

 
   

 

    
 ,   (Eq. 4) 

Equation 4 is known as modified Scherrer equation. If we plot the results of lnβ against ln(1/cosθ), then a 

straight line with a slope of around one and an intercept of about ln(Kλ/D) must be obtained. Theoretically 

this straight line must be with a slope of 45° since tan45° = 1. But, since errors are associated with 

experimental data, the least squares method gives the best slope and most accurate ln(Kλ/D) [Monshi et 

al., 2012].  
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After getting the intercept, then the exponential of the intercept is obtained and finally calculate the 

crystallite size D: 

             
  λ

 
                  

  λ

 
      

  λ

 
     

  λ

 
           ,   (Eq. 5) 

Figure 60 indicates five plots of lnβ vs. ln(1/cosθ) for each nanomaterial, together with the equations of 

linear least squares method obtained from linear regression of data. The modified Scherrer equation can 

provide the advantage of decreasing the sum of absolute values of errors, Σ (±Δlnβ)2 and producing a 

single line through the points to give a single value of intercept ln(Kλ/L) [Monshi et al., 2012]. As observed 

from Table 9, the average crystallite size increased from 5.69 to 5.96, 6.16, 6.21 and 6.29 with In-Ni, Mn-

In, Mn-Ni and Mn-Cu doping, respectively. 

 

Fig. 60   Five plots of lnβ vs. ln(1/cosθ) for each nanomaterial, together with the equations of linear least squares method 
obtained from linear regression of data. 
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B) Halder–Wagner (H-W) method 

In fact, XRD peak is neither Lorentzian function nor Gaussian function, as XRD peak region matches well 

with the Gaussian function, whereas its tail falls off too rapidly without matching and on the other hand, 

tails of the profile fits quite well with Lorentz function, but that fails to match the XRD peak region [Halder 

& Wagner et al., 1966; Hepp & Baerlocher et al., 1988; Nath et al., 2019]. The solution to this problem is 

the Halder-Wagner method. This method is based on the assumption that peak broadening is a symmetric 

Voigt function, as it is a convolution of Lorentzian function and Gaussian function [Halder & Wagner et al., 

1966; Balzar & Ledbetter et al., 1993; Langford et al., 1992]. This method has the advantage that data for 

reflections at low and mid-angles are given more weight than those at higher angles where the precision is 

often lower, because the overlapping of the higher diffracting peaks is greater.  

Equation 6 gives the full width at half maximum of the physical profile as per Halder-Wagner Method. 

β   
   β  β    β 

  ,   (Eq. 6) 

where, βL and βG are the full width at half maximum of the Lorentzian and Gaussian function. 

 

The crystallite size D, and the micro-strain ε, are related to β* by the following expression [Halder & 

Wagner et al., 1966]: 

 
    
 

    
  

 

 
 

 
 
    
 

    
          ,   (Eq. 7) 

 

where   β   
   β   

   θ

λ
 ,   (Eq. 8)       and           

         
    

 
 ,   (Eq. 9) 

 

Equation 8 and 9 are substituted in the Equation 7 and the resulting expression is: 

 
         

    
 
 

 
   

 
 
         

     
      ,   (Eq. 10) 

 

So, from equation 10 plotting with (βhkl/tanθ)
2 term along X-axis and (βhkl/ tanθ sinθ)

 along Y-axis for each 

peak of the XRD pattern, we can calculate the crystallite size D, and the micro-strain ε (Fig.61). From linear 

fitted data to the plot, y-intercept gives the mean value of the micro-strain (16ε2) and the slope gives the 

crystallite size ( λ/D) [Halder & Wagner et al., 1966; Kibasomba et al., 2018; Izumi Fujio & Takuji Ikeda et 

al., 2014]. As observed from Table 9 the micro-strain increased from 0.41 to 0.54, 0.62, 0.62, 0.78 with 

Mn-In, Mn-Cu, In-Ni and Mn-Ni doping, respectively. The average crystallite size calculated with this 

method increased from 6.02 to 6.21, 6.24, 6.32 and 6.40 with In-Ni, Mn-In, Mn-Ni and Mn-Cu doping, 

respectively (Table 9). 
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Fig. 61   Halder-Wagner method plot for each nanomaterial, together with the equations of linear least squares method obtained 

from linear regression of data. 
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5.1.2 BET surface area of doped and undoped TiO2 nanostructures 

The photocatalytic activity of nanoparticles is highly related to their surface properties such as surface 

area. As surface area (and porosity) increases, the number of active sites also increases [Suwarnkar et 

al.,2014]. The selection of dopants plays a significant role on the surface area of the nanomaterial. More 

specifically, undoped TiO2 showed the surface area of 96.7 m²/g, the TiO2 doped with Mn-Cu and In-Ni 

revealed higher surface area of 98.8 and 98.4 m²/g respectively, while Mn-In and Mn-Ni displayed lower 

surface areas accounting to 81.5 and 94.1 m²/g respectively (Table 9). Lower surface area may be justified 

by aggregation of nanoplatelets. The IUPAC classification of adsorption isotherms is illustrated in Figure 

62. The six types of isotherm (IUPAC classification) are characteristic of adsorbents that are microporous 

(type I), nonporous or macroporous (types II, III, and VI), or mesoporous (types IV and V) [Sing et al., 1985; 

Broekhoff et al., 1979; Shields et al., 2004; Abebe et al., 2018; G. Leofantia et al., 1998]. In Figure 63, N2 

adsorption isotherms are shown for undoped and Mn-In, Mn-Cu, In-Ni and Mn-Ni doped TiO2 

nanostructures. It is well demonstrated that the nature of dopant ions is affecting the BET-specific surface 

area. For both the undoped and the doped TiO2 nanostructures, the gas adsorption measurement 

revealed a type-I curve, according to the IUPAC classification. Type I isotherm approaches a limiting value 

and usually is used to describe adsorption on microporous adsorbents [Donohue & Aranovich et al., 1998]. 

The adsorbate adsorption rate depends on the available micropore volume instead total interior surface 

area [Abebe et al., 2018]. Each curve has a point of inflection called a ‘knee’ around P/P0 = 0.1 . This point 

indicates that monolayer adsorption is complete and multilayer formation starts to take place. Over this 

point the adsorbed volume was increased predominantly, which means that there are also mesopores on 

doped and undoped TiO2 nanostructures [Lee Hyemin et al., 2013]. 

 

Fig. 62   The six types of isotherm (IUPAC classification). [Donohue & Aranovich et al., 1998] 

 

Sample 
2θ [1 0 1] 
(degrees) 

Lattice parameters 
Unit Cell 
Volume (Å

3
) 

d spacing 
[1 0 1] 
(nm) 

Crystallite Size, D (nm) 
Micro-strain, 
e (%) 

Surface Area 
(m2/g) 

a=b (Å) c (Å) 
Modified 
Scherrer Eq. 

H-W 
Method 

H-W Method BET 

undoped TiO2 25,34 3,786 9,490 136,04 3,512 5,69 6,02 0,41 96,7 

0,25 % at. 
doped Mn-In 

25,35 3,785 9,489 135,98 3,510 6,16 6,24 0,54 81,5 

0,25 % at. 
doped Mn-Cu 

25,41 3,780 9,470 135,30 3,503 6,29 6,40 0,62 98,8 

0,25 % at. 
doped In-Ni 

25,41 3,778 9,466 135,10 3,503 5,96 6,21 0,62 98,4 

0,25 % at. 
doped Mn-Ni 

25,56 3,771 9,439 134,25 3,482 6,21 6,32 0,78 94,1 
 

Table 9.   Characterization results for undoped and doped TiO2 nanostructures. 
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Fig. 63   N2 adsorption isotherms for undoped and Mn-In, Mn-Cu, In-Ni and Mn-Ni doped TiO2 nanostructures. 
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Chapter VI 

 

Decolorization Results 

 

6.1 Decolorization of Methylene Blue 

 

In this chapter the decolorization of the coatings on 3-D printed panels and fabrics was studied. 

Decolorization of applied coatings was evaluated by the decolorization of Methylene Blue (MB). The 

exposure to UV light was held into a handmade photocatalytic apparatus..  

 

 

6.1.1 Application on 3-D printed panels 

The decolorization of the MB dye applied to the surfaces of the 3-D printed panels under UV exposure, 

was monitored by the use of chromatic measurements. For better evaluation of initial conditions of 

substrate and the effect of any color differences between analyzed surfaces before test, decolorization 

values (D) were normalized with respect to the original aspect of substrate before deposition of MB dye. 

The decolorization D has been calculated using the following equation: 

       
     

     
      ,   (Eq. 11) 

where ΔE(t) is the total color difference of chromatic coordinates calculated from Equation 1 at a specific 

time under UV irradiation with respect to the sample before the UV exposure, and ΔE(0) is the total color 

difference of the sample prior to UV exposure with respect to the sample before the deposition of MB dye 

(original panel). 

As observed from Table 10, the decolorization values of nanocoated 3-D printed panels, after 120 minutes 

of UV irradiation, are 44.5, 31.6, 34.4, 34.1 and 19.6 for sample TiOP, InNiP, MnInP, MnNiP and MnCuP, 

respectively. While the decolorization percentage values of reference 3-D printed panels (Table 11), after 

120 minutes of UV irradiation, are 23.8, 9.3, 16.0, 9.0 and 7.7 for sample Ref1, Ref2, Ref3, Ref4 and Ref5, 

respectively. The decolorization of reference 3-D printed panels is mainly caused by the sorption 

(absorption and adsorption) of MB dye onto the panels.  
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Nanocoated 3-D printed panels 

Time (min) 
Decolorization Percentage, D % 

TiOP MnInP MnNiP InNiP MnCuP 

60 41,5 31,8 29,7 20,0 11,7 

120 44,5 34,4 34,1 31,6 19,6 
Table 10.   Decolorization percentage of nano-coated 3-D printed panels after 60 and 120 minutes of UV light exposure. 

 

 

Reference 3-D printed panels 

Time (min) 
Decolorization Percentage, D % 

Ref1 Ref2 Ref3 Ref4 Ref5 

60 22,7 8,6 15,6 4,9 5,5 

120 23,8 9,3 16,0 9,0 7,7 
Table 11.   Decolorization percentage of reference 3-D printed panels after 60 and 120 minutes of UV light exposure. 

 

 

Fig. 64   Decolorization of each pair of 3-D printed panels under UV light. The black and red lines describe the decolorization of 

nanocoated and reference panels, respectively.    
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It is important to compare each pair of panels in order to distinguish the sorption processes from the 

decolorization of each nanomaterial applied. So, Table 12 shows the decolorization of panels caused by 

the nanomaterial used for the coating of the 3-D printed panels. Comparing the results from Table 12 and 

Figure 65 it is obvious that the sample coated with 0.25 at. % Mn-In doped TiO2 showed the best 

decolorization percentage of MB dye. 

 

Net Decolorization Percentage - Panels 

Time 
(min) 

| DNanocoated - DReference | % 
|DTiOP – DRef1| |DMnInP – DRef2| |DMnNiP – DRef3| 

 
|DInNiP – DRef4| |DMnCuP – DRef5| 

 

60 18,8 23,2 14,1 15,1 6,2 

120 20,7 25,1 18,1 22,6 12,0 
Table 12.   Net decolorization percentage of 3-D printed panels after 60 and 120 minutes of UV light exposure. 

 

    

      

 

Fig. 65   MB decolorization test: pairs of 3-D printed panels at the beginning of the test before UV exposure (t=0) and after 60 and 

120 minutes of UV irradiation. 
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6.1.2 Application on fabrics 

The decolorization of MB dye applied to the surfaces of the fabrics was studied, firstly under exposure to 

indirect sunlight and then under UV exposure. The decolorization of MB under exposure to indirect 

sunlight was monitored by the use of chromatic measurements, while the decolorization of MB under UV 

exposure was monitored by a UV-VIS measurement. 

 

A) Indirect sunlight exposure 

For the case of indirect sunlight exposure, the decolorization percentage of fabrics was calculated using 

the Equation 11. Ass observed from Table 13, the decolorization percentage values of reference and 

nanocoated fabrics, after indirect sunlight exposure, are 10.8, 13.3, 52.7, 58.1, 18.6 and 47.6 for sample 

Ref, TiOF, InNiF, MnInF, MnNiF and MnCuF, respectively. 

 

Fabrics 

Decolorization Percentage, D % 

Exposure Ref TiOF InNiF MnInF MnNiF MnCuF 

Indirect 
Sunlight   

10,8 13,3 52,7 58,1 18,6 47,6 

Table 13.   Decolorization percentage of reference and nano-coated fabrics after indirect sunlight exposure. 

 

The results from Table 13 are in accordance with the decolorization shown in Figure 66. Three fabric 

samples showed great decolorization under sunlight. Specifically, the fabrics coated with 0.25 at. % Mn-In 

doped TiO2, 0.25 at. % In-Ni doped TiO2 and 0.25 at. % Mn-Cu doped TiO2. The fabric coated with 0.25 at. 

% Mn-In doped TiO2 showed the best decolorization percentage of MB dye, 47.3 % more than the 

decolorization of the reference fabric, while fabric coated with undoped TiO2 showed the smallest 

decolorization, 2.5 % more than the decolorization of the reference fabric. 

 

 

Fig. 66   MB decolorization test: reference and nanocoated fabrics at the beginning of the test before indirect sunlight exposure 

(Initial) and after exposure. 
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B) UV light exposure 

The decolorization of fabrics was determined according to the Beer-Lambert law at the maximum 

absorbance (λmax = 670 nm) using a UV-Vis spectrophotometer (Fig. 67). The decolorization percentage D, 

was calculated using Equation 12: 

       
       

  
      ,   (Eq. 12) 

where A0 and At stand for the absorbance before UV exposure and after a specific time under UV 

irradiation, respectively. 

 

Fig. 67   Absorption spectra of reference and nanocoated fabrics, before UV exposure (t=0) and after 60 and 120 minutes of UV 

irradiation. 
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As observed from Table 14, the decolorization percentage values of reference and nanocoated fabrics, 

after 120 minutes of UV irradiation, are 3.9, 15.9, 18.4, 26.1, 24.0 and 20.4 for sample Ref, TiOF, InNiF, 

MnInF, MnNiF and MnCuF, respectively. The fabric coated with 0,25 at. % Mn-In doped TiO2 showed the 

best decolorization, 22.2 % more than the decolorization of the reference fabric, while the fabric coated 

with undoped TiO2 and 0,25 at. % Mn-Ni doped TiO2 showed the smallest decolorization (Fig. 68), 12.0 % 

and 14.5 % more than the decolorization of the reference fabric, respectively. 

 

Fabric 

Decolorization Percentage, D (%) 

Time (min) 

60 120 
Ref 2,2 3,9 

TiOF 8,8 15,9 

MnNiF 9,9 18,4 

MnInF 14,9 26,1 

InNiF 12,8 24,0 

MnCuF 12,2 20,4 
Table 14.   Decolorization percentage of reference and nanocoated fabrics after 60 and 120 minutes of UV light exposure. 

 

 

 

Fig. 68   Decolorization percentage of reference and nanocoated fabrics. 
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Conclusions & Recommendations 
 

 

 

During this Master Thesis synthesis and characterization of photocatalytic titanium dioxide nanoparticles 

took place, followed by the assessment of their decolorization effectiveness as coatings on fabrics and 3-D 

printed panels made of recycled materials. Photocatalytic efficiency is enhanced by doping. Undoped and 

In-Ni-, Mn-In, Mn-Cu-, Mn-Ni- bimetallic doped (0.25 at. %) TiO2 nanostructures were synthesized using 

the microwave-assisted hydrothermal method. The structure of nanoparticles was investigated by X-Ray 

Diffraction (XRD) and the specific surface area by the BET (Brunauer, Emmett and Teller) analysis.  

Undoped and doped TiO2 nanoparticles only exhibited patterns assigned to the TiO2 anatase phase (JCPDS 

file card No.-01-071-1166). No signal from the crystalline phase containing metal or metal oxide of the 

doping elements could be observed. By comparing the ionic radius values of Ti+4 (0.68 Å) to that of In+3 

(0.81 Å), Mn+2 (0.80 Å), Ni+2 (0.72 Å) and Cu+2 (0.73 Å), we hypothesize that some of the doping elements 

were incorporated into the structures of TiO2 and replaced the titanium ions, which induced a 

perturbation in anatase crystal structure. Replacement of Ti+4 by In+3, Mn+2, Ni+2 and Cu+2 dopant ions may 

cause expansion/compression of the unit cell resulting to variation in various parameters including micro-

strain due to lattice mismatch and distortion. Crystallite size of each nanomaterial was calculated by two 

methods, the modified Scherrer equation and the Halder-Wagner (H-W) Method. In both methods the 

crystallite sizes are in good agreement and increasing in the order of In-Ni-, Mn-In-, Mn-Ni- and Mn-Cu- 

doping. Specifically, the average crystallite size calculated by the modified Scherrer equation, increased 

from 5.69 to 5.96, 6.16, 6.21 and 6.29 nm, while the average crystallite size calculated with H-W method 

increased from 6.02 to 6.21, 6.24, 6.32 and 6.40 nm with In-Ni-, Mn-In-, Mn-Ni- and Mn-Cu- doping, 

respectively. Moreover, the micro-strain of nanomaterials was calculated by the H-W method, increased 

from 0.41 to 0.54, 0.62, 0.62 and 0.78 % with Mn-In-, Mn-Cu-, In-Ni- and Mn-Ni- doping, respectively. The 

increase in micro-strain can be explained by the dopant substitution on the oxygen sites of TiO2 surface.  

For both undoped and doped TiO2 nanostructures, the gas adsorption measurement revealed a type-I 

curve, according to the IUPAC classification, describing adsorption on microporous adsorbents. For type-I 

the adsorbate adsorption rate depends on the available micropore volume instead total interior surface 

area. Additionally, over the ‘knee’ point (P/P0 = 0.1) of each curve the adsorbed volume was increased 

predominantly, which means that there are also mesopores on doped and undoped TiO2 nanostructures. 

Specifically, undoped TiO2 showed the surface area of 96.7 m²/g, the TiO2 doped with Mn-Cu- and In-Ni- 

revealed higher surface area of 98.8 and 98.4 m²/g respectively, while Mn-In- and Mn-Ni- displayed lower 

surface areas accounting to 81.5 and 94.1 m²/g respectively. Lower surface area may be justified by 

aggregation of nanoplatelets.  
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The decolorization of reference 3-D printed panels is mainly caused by the sorption (absorption and 

adsorption) of MB dye onto the panels. The variance in sorption between reference 3-D printed panels is 

due to the different composition of recycled concrete aggregate during the 3-D printing of each pair of 

panels. So, it is important to compare each pair of panels in order to distinguish the sorption processes 

from the decolorization caused by the nanomaterial applied. The 3-D printed panel coated with Mn-In- 

and In-Ni- doped TiO2 showed the highest net MB decolorization, 25.1 and 22.6 %, respectively, after 2 

hours of UV light exposure.  

For the case of nanocoated fabrics, three samples (Mn-In-, In-Ni- and Mn-Cu- doped TiO2) showed great 

MB decolorization (58.1, 52.7 and 47.6 % respectively) under indirect sunlight. Specifically, the fabric 

coated with Mn-In- doped TiO2 showed the best decolorization percentage of MB dye, 47.3 % more than 

the decolorization of the reference fabric, while fabric coated with undoped TiO2 showed the smallest 

decolorization, 2.5 % more than the decolorization of the reference fabric. Under UV light the fabric 

coated with Mn-In- doped TiO2 showed the best decolorization, 22.2 % more than the decolorization of 

the reference fabric, while the fabric coated with undoped TiO2 and Mn-Ni- doped TiO2 showed the 

smallest decolorization, 12.0 % and 14.5 % more than the decolorization of the reference fabric, 

respectively. Therefore, nanocoated samples showed high MB decolorization and great potential in self-

cleaning applications.  

This research has thrown up many questions in need of further investigation. It is recommended that 

further research be undertaken in the structure and properties of nanomaterials, for example analyze the 

photocatalyst samples by using X-ray photoelectron spectroscopy (XPS) to study the valence state of the 

metal dopant. A future study investigating the antimicrobial properties of nanomaterials incorporating 

with different surfaces, in small and large-scale applications would be very interesting. 
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