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1
Introduction to nanotechnology 

in eco-effi cient construction

F. PAC H E C O-T O R G A L, University of Minho, Portugal

DOI: 10.1533/9780857098832.1

Abstract: This chapter provides a brief overview of some important 
aspects of nanotechnology starting with its earlier steps and how 
countries are trying to establish an advantageous position in this fi eld. 
China deserves a special mention because it is already the second largest 
producer of nanotechnology papers after the United States. The need for 
nanotechnology in the construction sector is emphasized. An outline of 
the book is given.

Key words: nanotechnology, eco-effi cient construction, UN Millennium 
Goal, concrete, energy effi ciency.

1.1 Introduction

Nanotechnology is a hot topic in current research, defi ned by Drexler 
(1981) as the manufacture of products using dimensions and precision of 
between 0.1 and 100 nm (1 nm = 1 × 10−9 m). It should be noted, however, 
that two decades prior to Drexler’s work, the physicist Richard Feynman 
made a speech entitled ‘There’s plenty of room at the bottom’ at a 1959 
meeting of the American Physical Society at Caltech; this is considered to 
be the beginning of the era of nanotechnology era (Feynman, 1960).

In 1981 an expert group appointed by the European Commission was not 
able to agree on a fi rm defi nition of nanotechnology, but did arrive at a 
working defi nition for nanoscience and nanotechnology (NST) as ‘the 
manipulation, precision placement, measurement, modeling or manufac-
ture of sub-100 nanometer scale matter’ (Glänzel et al., 2003). The rapid 
evolution of research in this area is demonstrated by the growth rate of 
papers published with the ‘nano-’ prefi x in the title in the period between 
1992 and 2001, which increased exponentially with a doubling time of 
2 years (Glänzel et al., 2003). Economic estimates regarding advances in 
nanotechnology are still more striking: it is predicted that products and 
services related to nanotechnology could reach several hundred billion 
euros by the end of the decade (NSF, 2001; Compañó and Hullmann, 2002).

Dozens of countries already have national strategies in place and have 
begun to implement national nanotechnology plans (Rieke and Bachmann, 
2004; Soltani et al., 2011). According to Arnall and Parr (2005), countries 
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are trying to establish an advantageous position ‘so that when nanotech 
applications begin to have a signifi cant impact in the world economy, coun-
tries are able to exploit these new opportunities to the full’. Europe has 
assigned 4.865 billion euros to ‘Nanosciences, Nanotechnologies, Materials 
and New Production Technologies’ as part of the 7th Framework Pro-
gramme for the 2007–2013 period. In the United States, a dedicated nano-
technology act was signed into law, which set aside 3.679 billion dollars of 
funding for the 2005–2008 period (Salerno et al., 2008). China has identifi ed 
nanotechnology as a priority area in its national agenda of science and 
technology development, and has increased R&D investment in the fi eld. 
China has consequently emerged as one of the key global players in nano-
technology, producing the second largest number of nanotechnology papers 
after the United States (Wang and Guan, 2010, 2012).

Of course, nanotechnology is not entirely risk-free, with issues already 
raised with regard to the potential toxicity of nanoparticles and a new 
problem of the disposal of nanowastes (Bystrzejewska-Piotrowska et al., 
2009; Tyshenko, 2010). Despite these risks, however, Arnall and Parr (2005) 
quote Mihail Roco, the senior advisor for nanotechnology to the NSF, who 
stated that ‘early payoffs will come in electronics and IT, and medicine and 
health’. Malanowski and Zweck (2007) also report that although almost all 
fi elds of industry are expected to be affected by nanotechnology by 2015, 
the areas most affected will be ‘chemistry, life sciences and electronics’.

1.2 The need for nanotechnology in the 

construction sector

Very few nanotech applications are currently used in the construction 
sector, which in fact seems to have been somewhat neglected by nanotech 
research to date. A search for the terms ‘nanotechnology’ and ‘eco-effi cient 
construction’ in journals listed in Scopus revealed only fi ve papers, all 
related to cement and concrete. Of course, many more papers examining 
the role of nanotechnology in cement and concrete have been published; 
however, the number is very low compared to other major areas of current 
research. Moreover, much more work on standardization is required to 
ensure that high quality investigations into the use nanotechnology in 
cement and concrete applications can reach the global market (Sanjuan 
et al., 2011).

It is understandable that nanotech research in today’s economically 
driven society has so far been focused mainly on high profi t areas such as 
those mentioned above. It is rather strange, however, that the same society 
so easily forgets the economics of environmental problems such as the 
probable meltdown of the world economy associated with global warming 
(Stern, 2006). Nanotechnology priorities should therefore be driven by 
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‘higher’ goals; in particular, the 7th UN Millennium Goal related to envi-
ronmental sustainability should be a major focus of attention. Consequently, 
the construction industry should also be at the core of the R&D efforts in 
nanotechnology: as one of the largest and most active sectors in the world, 
it will continue to grow at a rapid pace over the coming decades, and most 
importantly, it has a very high environmental impact, being responsible for 
the depletion of large amounts of non-renewable resources and for carbon 
dioxide gas emissions.

Concrete is the most widely-used construction material on Earth, cur-
rently used at a level of about 10 km3/year (Gartner and Macphee, 2011), 
compared to 2 km3 for fi red clay, 1.3 km3 for timber, and 0.1 km3 for steel 
(Flatt et al., 2012). These astonishing fi gures show the importance of con-
crete in the context of material effi ciency (Allwood et al., 2011). The main 
binder of concrete, Portland cement, is responsible for almost 80% of the 
total CO2 emissions from concrete, which in turn make up around 6–7% of 
the planet’s total CO2 emissions (Shi et al., 2011). This is particularly serious 
in light of current concerns around climate change and, more worryingly 
still, demand for Portland cement is expected to increase by almost 200% 
between 2010 and 2050, reaching a level of 6000 million tons/year (Pacheco-
Torgal and Jalali, 2011). Nanotech research is therefore crucial in helping 
to identify methods to make concrete more environmentally friendly.

Another relevant aspect of the high environmental impact of the con-
struction industry relates to the high energy consumption in buildings 
(accounting for approximately one third of the world’s energy consump-
tion) which is responsible for a signifi cant proportion of global greenhouse 
gas emissions. In Europe, buildings are responsible for more than 40 percent 
of energy consumption and greenhouse gas emissions (Lechtenbohmer and 
Schuring, 2011), and energy effi ciency is an issue of crucial importance. The 
recasting of the Energy Performance of Buildings Directive (EPBD) was 
adopted by the European Parliament and the Council of the European 
Union on 19 May 2010. The recast set 2020 as the deadline for all new 
buildings to be ‘nearly zero energy’; for public buildings, the deadline is 
even sooner – the end of 2018. Technologies and methods to improve energy 
effi ciency (Clements-Croome, 2011) are therefore required to ensure eco-
effi cient construction.

1.3 Outline of the book

The key role that nanotechnology has to play in the development of a more 
eco-friendly type of concrete is the basis for several chapters in the fi rst 
part of the book, which looks at infrastructural applications (Chapters 2–7). 
Chapter 2 covers the experimental and theoretical advancements in the 
fi eld of nanotechnology; these should allow a greater understanding of the 
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nature of concrete, which in turn will create the scientifi c basis for the 
development of more eco-effi cient concrete. In Chapter 3, the use of 
nanoparticles to produce concrete with high strength and high durability is 
discussed, while Chapter 4 looks at the development of self-sensing con-
crete with nanomaterials. This feature enables the assessment of strain or 
stress variations in concrete structures. This not only allows savings in terms 
of structure inspections but also removes the requirements for conservation 
processes which are rather expensive. Chapter 5 deals with the use of nano-
technology to improve the bulk and surface properties of steel, which is the 
most widely used metallic alloy in modern industry, for structural applica-
tions. In Chapter 6, nanoclay-modifi ed asphalt mixtures are discussed, 
showing the importance of nanoclay in improving the stability, resilient 
modulus and indirect tensile strength of asphalt mixtures. The use of nano-
clay allows a superior performance compared to that of unmodifi ed bitumen 
to be obtained. Finally in Part I, in Chapter 7 safety issues related to nano-
materials are reviewed; this chapter highlights some crucial issues relevant 
not only to construction industry practitioners but also to health profession-
als. It covers the potential health hazards of the nanomaterials utilized in 
construction, describes the lifecycle of nano-enabled structures, and analy-
ses toxicity profi ling for nanomaterials.

The importance of energy effi ciency in buildings is the subject of Part II 
(Chapters 8–12). This section opens with Chapter 8 which reviews tech-
niques for producing thin fi lms and nanostructured coatings for energy 
applications. Chapter 9 covers high performance thermal insulators, namely 
nanoporous thermal insulators and partial vacuum thermal insulators, while 
Chapter 10 reviews the use of silica nanogel to produce highly energy-
effi cient windows and skylights. Switchable glazing technology is the subject 
of Chapter 11, which also reviews progress in electrochromics and thermo-
chromics. Switchable glazing technology refers to ‘materials and devices 
[that] make it possible to construct glazings whose throughput of visible 
light and solar energy can be switched to different levels depending on the 
application of an electrical voltage or on the temperature’, which is an 
important feature in energy effi ciency technologies. Chapter 12 closes Part 
II, and looks at the importance of photovoltaic technology for energy effi -
ciency. It reviews the advantages and limitations of fi rst and second genera-
tion photovoltaic cells and also examines the third generation and, most 
importantly, the role of nanotechnology in the development of highly effi -
cient low cost photovoltaic cells.

Part III (Chapters 13–16) looks at photocatalytic applications. Chapter 
13 concerns the photocatalytic capability of concrete, mortar and plaster 
that contain semiconductor nanoparticles, and reviews their self-cleaning, 
air depollution, antibacterial and anti-vegetative properties. This chapter 
describes existing patents and standards relating to photocatalytic cementi-
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tious materials as well as pilot projects and fi eld tests, while Chapter 14 
looks at self-cleaning and antibacterial tiles and glass. Photocatalytic paints 
are discussed in Chapter 15 along with an analysis of strategies for the 
preparation of photocatalytic paints activated by indoor light, and the 
potential formation of by-products from photocatalytic paints. Finally, 
Chapter 16 covers the use of nanotechnology for domestic water purifi ca-
tion. As the authors of this chapter put it, water ‘is the single most essential 
commodity responsible for the existence and sustenance of life on the 
planet earth . . . Unfortunately, the most coveted natural resource was 
already scarce, and is becoming increasingly scarce day by day . . . As 
emphasized in one of the UN Millennium Development Goals, water scar-
city calls for strengthened international cooperation in the fi elds of tech-
nologies for enhanced water productivity’.

I hope that all of those involved in the construction industry can benefi t 
from the knowledge contained in the present book, which was kindly 
assembled by a number of international experts. Special gratitude goes to 
my three co-editors whose contributions to the book have greatly enhanced 
its quality.
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Nanoscience and nanoengineering of 

cement-based materials

G. C O N S TA N T I N I D E S, Cyprus University of 
Technology, Cyprus

DOI: 10.1533/9780857098832.1.9

Abstract: Concrete is the most widely used construction material and 
given the current population growth, economic development, and need 
for repair/replacement of aging infrastructure, its consumption is 
expected to increase. Unfortunately though, the production of one of its 
major constituents, cement, is associated with approximately 5–10% of 
the global anthropogenic carbon dioxide emissions and therefore the 
industry and the specifi c material is in urgent need for reevaluation. 
The chemical reactions and resulting products that are produced when 
cement is mixed with water create a material that is highly complex. The 
dominant component, C-S-H gel, has a local structure of a precipitate 
with nanoscale features that are diffi cult to model and understand. 
Consequently, the development of the material relied primarily on 
empirical knowledge obtained through macroscopic experimentation 
and little is known about the underlying mechanisms that control the 
response of the material when employed in engineering applications. 
Recent experimental and theoretical advancements in the fi eld of 
nanoscience and nanotechnology provide optimistic expectations for a 
refi ned understanding of the material that will create the scientifi c basis 
for a more sustainable and eco-effi cient construction.

Key words: concrete nanoscience, concrete nanoengineering, C-S-H 
nanomechanics, concrete nanocomposites.

2.1 Introduction

2.1.1 Macroscale: cement and concrete

Cement is a pulverized fi ne powder which develops into a strong binder 
when mixed with water. The best known hydraulic cement1 is ordinary 
Portland cement (OPC). Current production of cement (the main compo-
nent of concrete and all other cement-based materials) is approximately 
over 3 billions tonnes per year which makes it the most widely used solid 
on earth (Fig. 2.1). This quantity is suffi cient to produce over 30 billions 
tonnes of concrete or over 4 tonnes for every person currently alive. Given 

1 By the term ‘hydraulic cement’, we refer to those materials whose products are stable in 
aqueous environments.
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2.1 Worldwide annual cement production for the period 1925–2009. 
Data from Kelly and van Oss (2010).

the abundance of its major natural constituents (calcium and silica) in the 
earth’s crust (responsible for its current low price), and technical advan-
tages over other construction materials (timber, steel, composites, etc.), it 
is highly unlikely that any other material will displace concrete from the 
construction industry, at least in the foreseeable future.

Concrete is essentially a composite consisting of a binding matrix (cement 
paste) with embedded particles (aggregates). Cement paste is the resulting 
product of the complex chemical reactions that take place between cement 
(see Table 2.1 for typical compositions) and water (Double and Hellawell, 
1976). Aggregates could be sand, gravel, crushed stone, crushed blast-fur-
nace slag, or demolition waste and are usually separated by their size. 

Table 2.1 Chemical formulae and cement nomenclature for major constituents 
of Portland cement. Cement chemistry abbreviation: C = CaO, S = SiO2, 
A = Al2O3, F = Fe2O3. Also water is abbreviated as H = H2O. (Hewlett, 2004)

Mineral Chemistry Oxide composition Abbreviation %

Tricalcium silicate 
(alite)

Ca3SiO5 3CaO.SiO2 C3S 50–70

Dicalcium silicate 
(belite)

Ca2SiO4 2CaO.SiO2 C2S 15–30

Tricalcium 
aluminate

Ca3Al2O4 3CaO.Al2O3 C3A 5–10

Tetracalcium 
aluminoferrite

Ca4AlnFe2-nO7 4CaO.AlnFe2-nO3 C4AF 3–8
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Aggregates with diameters larger than 4.75 mm (No. 4 sieve) are referred 
to as coarse, whereas particles with diameter in the range of 75 μm–4.75 mm 
(No. 200 to No. 4 sieve) are referred to as fi ne (Mehta and Monteiro, 2006). 
When fi ne aggregates are added to the initial mix, we term the resulting 
product as mortar (cement + water + fi ne aggregates), whereas concrete is 
created with the further addition of coarse aggregates (cement + water + 
fi ne/coarse aggregates), as illustrated in Fig. 2.2.

2.1.2 Nanoscale: C-S-H

Cementitious materials are the product of complex chemical reactions that 
take place when cement (primarily tricalcium and dicalcium silicates) reacts 
with water to form various hydration products with nanoscale features that 
are arranged in a multi-scale fashion in a three-dimensional space (Feldman 
and Sereda, 1968; Taylor, 1990, 1993; Nonat, 2004; Richardson, 2008). As 
alite and belite (C3S and C2S) comprise over 80% of most cements, their 
hydration products dominate in terms of volume. Both silicate phases react 
with water to form a hydrated version of calcium silicates (C-S-H) and 
calcium hydroxide (CH or Portlandite):

C S C S H C-S-H CH3 2 + → +  [2.1]

The main constituent phase, C-S-H, which dominates in terms of volumetric 
proportions (>70%) and as a consequence governs the macroscopic 
response, manifests itself in the nm to μm length scale (Nonat, 2004; 
Jennings, 2008; Richardson, 2008). The poorly crystalline, highly porous and 
non-conductive nature of the material makes it diffi cult to study and as a 
result the actual mechanisms that govern the formation and its properties 
remain unidentifi ed to date. In fact, the hyphens in C-S-H refl ect its uncer-

Water Cement Fine aggregates Coarse aggregates

Cement paste

Mortar

Concrete

2.2 Schematic of the composition of cement paste (water + cement), 
mortar (cement paste + fi ne aggregates) and concrete (mortar + 
coarse aggregates).
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tain stoichiometry. Furthermore, this constituent phase cannot be recapitu-
lated effectively ex-situ; one has to, therefore, access the properties of C-S-H 
in-situ at the length scale where it naturally occurs. Experimental data 
report C/S-ratios in the 1.2–2.1 range with an average around 1.75, while 
the H content fl uctuates even more. The recent advent of innovative and 
powerful experimental techniques provides the cement and concrete com-
munity with an unprecedented opportunity to probe this phase in its natural 
environment, understand its behavior, and transfer these ideas to higher 
levels through multi-scale models that can deliver the composite concrete 
response.

2.1.3 Call for innovation

Despite the ubiquitous presence and extreme importance of concrete for 
modern societies, its development over the past decades has had a largely 
empirical basis. On one hand, the construction industry is characterized by 
risk aversion as the use of materials is dictated by codes or standards, and 
therefore it is diffi cult for new products to be introduced into the industry. 
On the other hand, the industry itself is highly fragmented2 and as a con-
sequence very little effort and money is invested by companies on funda-
mental research and development. As a result, our knowledge of this very 
important material has remained largely on an empirical basis, and any 
fundamental research for understanding and innovation is developing from 
isolated efforts primarily in research and educational institutions.

The low cost and wide availability of the material, coupled with its excel-
lent properties such as ability to be shaped, resistance to water and fi re, and 
good mechanical properties, have been suffi cient to maintain concrete as 
the most used material in the construction industry. Recent environmental 
publications, however, raise concerns over the ecological footprint of cement 
and as a consequence cement-based materials like concrete. Compared to 
steel, aluminum, plastics and other manufactured materials, Portland cement 
concrete is generally considered as environmentally friendly (Fig. 2.3). 
However, the large volumes of the material produced every year consume 
2–3% of the global energy (Juenger et al., 2011) and approximately 12–15% 
of the industrial energy (Ali et al., 2011). Furthermore, there is a growing 
awareness that concrete production and construction practices of today are 
not sustainable (Worrell et al., 2001; Gartner, 2004; Phair, 2006; Damtoft et 
al., 2008; Mehta, 2009).

The production of cement involves heating clay and limestone to 1450°C 
which involves the burning of fossil fuels to generate such heat releasing in 

2 According to (Mann, 2006) about 97% of EU construction companies employ fewer than 20 
people.
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the process signifi cant amounts of CO2 into the atmosphere. It is estimated 
that for every tonne of cement produced, approximately a tonne of CO2 is 
released in the atmosphere. About 60% of that is allocated to the chemical 
reactions that occur when limestone is heated in the kiln (calcination) with 
the remaining 40% admitted to energy generation through fossil fuels usage 
for kiln heating and clinker grinding. As a result, cement production is one 
of the major carbon dioxide contributors in the Earth’s atmosphere. Esti-
mates suggest that the industry is responsible for approximately 7% of 
global CO2 emissions. Furthermore, while concrete structures are generally 
thought to be ‘eternal’, they have life-spans that range between 50 and 100 
years, depending on the material quality and environmental conditions in 
use. As a result, the durability performance of the majority of the world’s 
infrastructure is gradually decaying, posing signifi cant sustainability con-
cerns for various governments.

These recent sustainability concerns provide important drivers for the 
further understanding and development of this very important material. 
Recent advances in experimental and theoretical nanomechanics provide 
new avenues for material decoding (nanoscience) and material optimiza-
tion for specifi c applications (nanoengineering). The fundamental idea of 
the efforts that have been in effect over the last decade or so is to develop 
the material science approach that will link the initial synthesis and process-
ing conditions with the evolving microstructure and the resulting macro-
scopic response. An elegant scientifi c methodology equivalent to the one 
used in industrial metals and ceramics is currently lacking. The microstruc-
ture-property approach is adopted such as to provide scientifi c interpreta-
tions for the macroscopic mechanical, physical, and chemical responses 
observed in practice.

Aluminum (virgin)

Aluminum (recycled)

Cement

Concrete (30 MPa)

Copper (virgin)

Glass

PVC

Timber (pine)

Embodied energy (MJ/kg)

0 50 100 150 200 250

2.3 Embodied energy consumption of some common construction 
materials. Data from Alcorn (2003).



14 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

2.1.4 Chapter outline

This chapter provides an overview of the recent contributions of nanotech-
nology to the cement and concrete industry. Space constraints dictate that 
we explore promising ideas and contributions in a non-exhaustive way, 
while the reader is directed throughout the text to journal publications 
for a more detailed exposition. Some recent reviews can also serve as intro-
duction to the topic (Mann, 2006; Scrivener and Kirkpatrick, 2008; Sanchez 
and Sobolev, 2010; Black et al., 2010; Raki et al., 2010; Jennings and Bullard, 
2011; Pacheco-Torgal and Jalali, 2011). The content is presented in two main 
parts:

1. Section 2.2, ‘Nanoscience of cement-based materials’, deals with the 
fundamental understanding recently obtained through the application 
of novel techniques that probe the nanoscale structure of concrete 
(C-S-H). This refi ned understanding provides opportunities for more 
delicate modeling that can transfer nanoscale knowledge to the level 
where the material is applied to engineering applications.

2. Section 2.3, ‘Nanoengineering of cement-based materials’, is devoted to 
recent attempts to modify the nanoscale of cementitious materials uti-
lizing advances in nanoscale synthesis, chemistry, and manufacturing in 
order to develop a stronger, more durable, and environmentally friendly 
material.

2.2 Nanoscience of cement-based materials

2.2.1 Experimental micro/nano-mechanics

In the past few decades the scientifi c community has experienced a rapid 
advancement in the availability of experimental tools for monitoring, 
manipulating and synthesizing nanoscale features. This provided an unprec-
edented opportunity for revisiting ubiquitous materials like cementitious 
systems and refi ning our fundamental understanding of the underlying 
mechanisms that control their macroscopic response while at the same time 
opening avenues for science-based innovation and materials optimization. 
Several new techniques have been developed, some of which have already 
been exploited on cementitious materials and some of which remain unex-
plored. These include atomic force microscopy (AFM), nuclear magnetic 
resonance (NMR), X-ray microscopy, focused ion beam (FIB), scanning 
electron microscopy (SEM/ESEM), transmission electron microscopy 
(TEM), small angle neutron scattering (SANS), small angle X-ray scatter-
ing (SAXS). The application of some of these techniques to the benefi t of 
cement and concrete nanoscience is presented below.



 Nanoscience and nanoengineering of cement-based materials 15

© Woodhead Publishing Limited, 2013

Atomic force microscopy (AFM)

Seeing the nanoscale of cementitious materials has been challenging pri-
marily because the C-S-H matrix is highly porous and thus non-conducting. 
The advent of AFM has provided an opportunity to ‘visualize’ the nanoscale 
of this important material as it relies on contact rather than any other 
conduction-related mechanism. AFM, which is generally considered the 
successor of scanning tunnelling microscopy (STM), was developed by 
Gerd Binnig and Heinrich Rohrer3 in the early 1980s at IBM Research 
Labs. The technique, which works by scanning a very sharp metal wire tip 
over the surface of interest, is utilizing quantum mechanical effects of tun-
neling and piezoelectric effects to develop a nanoscale image of the mate-
rial surface. AFM was introduced a few years later in 1985 by Binnig et al. 
(1986) mainly to overcome the main drawback of STM, its requirement for 
conductive surfaces. The technique which utilizes interatomic van der Waals 
forces as monitoring mechanism consists of a sharp tip, usually sharp silicon 
with nanoscale curvatures, to scan the surface and provide a digital three-
dimensional morphological profi le. Through the contact interaction mecha-
nism, the technique can be applied on virtually any type of surface, these 
being polymers, metals, ceramics, biomaterials, composites or concrete.

Early attempts (to the best of the author’s knowledge) to apply nanote-
chnology tools to cementitious materials date back to 1996 when Mitchell 
et al. (1996) applied AFM to study the physicochemical changes that occur 
during the hydration process of cement. The ability to image in a liquid 
environment was found to be benefi cial for this material system whose 
formation is the resulting product of a chemical reaction. This innovative 
approach presented for the fi rst time the morphological details of the main 
hydration product, the C-S-H phase. It was observed that C-S-H forms 
nanocrystalline domains of the order of a few nanometers that agglomerate 
into a larger porous domain, the main connecting matrix of all cementitious 
composites. This nanogranular microstructural arrangement was suggested 
by several other subsequent publications (Lesko et al., 2001; Nonat, 2004). 
Plassard et al. (2005) managed to isolate atomically smooth domains of 
recrystallized C-S-H nanoparticles through long-term exposure to satu-
rated calcium hydroxide solution specimens with various C/S ratios. The 
atomic scale characteristics and nanomechanical responses (elastic modulus) 
via AFM indentation have been studied by Plassard et al. (2004). Other 
AFM studies have concentrated on the origin of C-S-H strength and cohe-
sion which remains unresolved. Interaction forces between C-S-H and 
probes have been measured (Finot et al., 1999; Lesko et al., 2001; Plassard 
et al., 2005) and the growth process has been monitored (Garrault et al., 
2005) shedding some light on this intriguing material system.

3 The two researchers were awarded a Nobel Prize in Physics in 1986 for their development.
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The technique further contributed to the study of other chemical con-
stituents of cement paste as well as their chemomechanical stability in time. 
The carbonation of calcium hydroxide crystals, prepared using the mica-
replication method, exposed to various environments (combinations of N2, 
O2, H2O, and CO2), has been studied using AFM images. Spherules of 
CaCO3, the chemical product of the carbonation reactions, have been 
observed and the necessary conditions for their formation have been 
recorded (Yang et al., 2003). The technique currently provides reliable 
means of seeing at the nanoscale of C-S-H and assists in the quantifi cation 
of either modifi cation attempts (e.g., Weiguo et al., 2011) or in the funda-
mental understanding of chemical formation or degradation phenomena.

Nanoindentation

The advent of instrumented indentation enabled fundamental studies of the 
nanomechanical response of metals, ceramics, polymers, and composites 
(see, e.g., Oliver and Pharr, 1992, 2004; Fischer-Cripps, 2011). Current tech-
nology allows for contact-based deformation of nanoscale load and dis-
placement resolution and has been leveraged for both general mechanical 
characterization of small materials volumes and unprecedented access to 
the physics and deformations processes of materials. While nanoindentation 
was originally developed for homogeneous metals and ceramics, it was 
quickly appreciated that nanoscale resolution can be of signifi cant use to 
the decoding of C-S-H structure, the binding phase of all cementitious 
materials (Constantinides et al., 2003; Constantinides and Ulm, 2004). 
However, accurate nanomechanical analysis of composites requires 
advanced analysis that takes into consideration the multi-phase, multi-scale 
nature of the material and its pressure-sensitive mechanical response (Con-
stantinides et al., 2003; Constantinides and Ulm, 2004, 2007; Ulm et al., 2005, 
2007, 2010; Ganneau et al., 2006; Trtik et al. 2009; Randall et al., 2009).

A typical nanoindentation test consists of establishing contact between 
an indenter (typically diamond) and a smooth sample (Miller et al., 2008), 
while continuously measuring the load, P and the penetration depth h 
(Plate I between pages 162 and 163). Analysis of the P-h response proceeds 
by applying a continuum scale model (Fischer-Cripps, 2011) to derive 

the indentation modulus M, M
S

Ac

= π
2

, and indentation hardness H, 

H
P
Ac

= max , where S is the unloading slope at maximum depth hmax, Pmax is 

the maximum indentation force, and Ac is the projected contact area at 
hmax. Several empirical means to estimate Ac exist, either through post-
indentation inspection, geometric idealizations of the probe, or more com-
monly through analysis of the indentation response for a material of 
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ostensibly known E and H to determine this area as a function of Ac = A(hc). 
Equations for M and H rely on the assumption of a semi-infi nite half-space 
and therefore caution should be exercised when testing highly heterogene-
ous materials. In particular, the number of tests should be signifi cantly 
increased and the choice of indentation depth should be carefully made 
(Constantinides et al., 2006; Ulm et al., 2007). The two indentation properties 
measured during a test (M and H) can then be linked to the elastic M = 
M(E, v) and plastic H = H(c, ϕ) properties of the indented materials, 
through advanced continuum scale models (Ganneau et al., 2006). The 
extracted mechanical properties of the two types of C-S-H measured on 
hundreds of specimens where found to be intrinsic to all cement-based 
materials E = 20–30 GPa and H = 400–1000 MPa, where the range relates 
to the local density variations (nanoscale porosity) observed in cement-
based materials.

Instrumented indentation provides mechanical access to the C-S-H 
phases and has been exploited apart from fundamental studies (Constan-
tinides et al., 2003; Constantinides and Ulm, 2004, 2007; Mondal et al., 2007, 
2008; Vandamme and Ulm, 2009; Vandamme et al. 2010; Chen et al., 2010; 
Ulm et al., 2010; Xu and Yao, 2011; Song et al., 2011) but also for the evalu-
ation of chemical degradation phenomena (Constantinides and Ulm, 2004; 
DeJong and Ulm, 2007), and the nanomechanical quality of various cement-
based systems like alkali activated aluminosilicates (Nemecek et al., 2010), 
ultra high performance concrete (Sorelli et al., 2008), fi ber reinforced 
systems (Wang et al., 2009; Sakulich and Li, 2011), nanosilica concrete (Zyg-
anitidis et al., 2011), and carbon nanotube reinforced concrete (Sáez de 
Ibarra et al., 2006; Konsta-Gdoutos et al., 2010a). The technique can poten-
tially serve as a nanomechanical screening tool in the search for a more 
durable and environmentally friendly material.

Small angle neutron and x-ray scattering (SANS/SAXS)

Small angle neutron and X-ray scattering (SANS/SAXS) are powerful tech-
niques for characterizing the micro- and nanostructures of disordered het-
erogeneous materials on the 1–100 nm length scale (Winslow and Diamond, 
1974; Winslow et al., 1994, 1995; Allen et al., 1982, 1987; Volkl et al., 1987; 
Allen, 1991; Eichhorn et al., 1993; Beddoe and Lang, 1994; Allen and Thomas, 
2007). Macro structures like polymers, precipitates in metallurgical speci-
mens, biological molecules, micelles and magnetic systems like ferrofl uids 
can be identifi ed. The drawback, however, is that SANS requires a neutron 
source which is expensive and available only in a handful of laboratories 
around the world associated with research nuclear reactors. Around 37 
neutron sources exist, the majority of which (>60%) are in Europe. Neutron 
scattering has an advantage over X-ray scattering (SAXS) due to selective 



18 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

absorption and scattering cross section of neutrons across the periodic table. 
SAS is particularly suitable for cement-based materials as it does not 
require drying and can be conducted in situ during hydration. Furthermore, 
it circumvents the need for specimen preparation and any associated inter-
ference that might be incorporated, as with microscopy techniques.

The technique involves measuring the intensity of neutron or X-ray scat-
tered (due to heterogeneities) through small angles, usually less than 1°. By 
employing a suitable model for data interpretation, one can determine 
information on the geometrical characteristics like size distribution, volume 
fractions, surface area, fractal characteristics, etc. In general, and owing to 
their neutrality, neutrons can penetrate the specimen far better than X-ray 
scattering techniques, thus probing the material on higher length-scales. In 
fact, recent instrument modifi cations, namely ultrasmall-angle scattering 
(USANS and USAXS), allow through crystal diffraction optics material 
data to be received from much lower scattering vectors, thus enabling 
microstructure characterization to extend to larger domains, i.e. >1 μm for 
USAXS and >10 μm for USANS. The combination of all these techniques 
suggest that C-S-H is a nanogranular material with a fundamental unit 
on the order of 5 nm in the vertical direction, a chemical formula of 
(CaO)1.7(SiO2)(H2O)1.8 and a density of 2604 kg/m3 (Allen et al., 2007; 
Jennings et al., 2007). This unit appears to agglomerate, possibly with fractal 
characteristics, into larger domains with local spatial variability in particle 
packing and therefore densities. Information on the larger CH crystals can 
be obtained through inelastic neutron scattering (INS), whereas the differ-
ent states of free and bound water found in cement systems can be probed 
when employing quasielastic neutron scattering techniques (QENS). Apart 
from a fundamental understanding of the C-S-H phase, the techniques have 
been employed for monitoring the hydration mechanism and its alteration 
through accelerators or decelerators, the effect of cement additives and 
cement replacement materials, and the effect of calcium leaching.

The microstructure of concrete revisited

It is now clear that at the centimeter scale, concrete or mortar can be con-
sidered as a two-phase composite with a (usually) weak interface generated 
by the local packing of the cement particles during hydration that generates 
what is known as an interfacial transition zone (ITZ). While this macro-
scopic visualization is quite accurate at that level, it cannot capture all the 
peculiarities that cement-based materials exhibit, e.g., access to aggressive 
ions, time-dependent deformation, sensitivity to humidity, response to low 
and high temperatures, pressure sensitivity of strength, and many more. All 
these require understanding of the percolated C-S-H phase which controls 
the macroscopic response. The very nature of C-S-H has been the subject 
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of many experimental and theoretical attempts over the last 100 years. It is 
now well accepted that it is a colloidal network gel with local density vari-
ability (Scherer, 1999; Jennings, 2000, 2008; Tennis and Jennings, 2000). 
While C-S-H continues to be the subject of signifi cant research towards its 
fundamental understanding, there is now ample experimental data on which 
to build preliminary predictive models. The models aim to rationalize as 
many experimental data reported as possible. Among the many reported 
over the years, we refer to the models by Feldman and Sereda, and Jennings 
(Fig. 2.4).

The Feldman and Sereda model suggests that C-S-H, similar to clay par-
ticles, forms a three-dimensional assemblage of layer silicate sheets which 
locally tend to form parallel network groups with entrapped water and pore 
space (Fig. 2.4a). The Jennings nanoscale model for the structure of C-S-H 
rationalizes the differences in the density and surface area values obtained 
from different experimental techniques. The smallest distinct units of C-S-H 
are ‘globules’ just under 5 nm in the smallest dimension, which pack together 
into two distinct structures, called high density (HD) C-S-H and low density 
(LD) C-S-H. The average packing density of the HD structure is 74%, while 
the LD C-S-H structure is more complex, with a packing density that varies 
with scale such that the structure is fractal over length scales up to a 
maximum of about 60 nm. The LD C-S-H structure was found to vary with 
the curing conditions, aging, load, and environment. The mechanical 
response of these two phases (LD and HD C-S-H) has been measured by 
nanoindentation (Constantinides and Ulm, 2004) and serves as the input of 
multi-scale micromechanical models.

Fundamental questions remain regarding the physics of C-S-H that need 
to be decoded to aid signifi cant advancements. One such nagging question 
is the very nature of water in nanoconfi ned spaces and how this contributes 
to the strength of this material (Kalinichev et al., 2007; Pellenq et al., 2008; 
Xu et al., 2009).

Free water
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2.4 Two of the many C-S-H models proposed in the literature: 
(a) Feldman and Sereda layered model and (b) Jennings colloidal 
model.
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2.2.2 Theoretical nano/micro-mechanics

Atomistic simulations

The exponential growth of computer power over the past decades has 
springboarded the development of computational methods and code inter-
faces that provide the potential of material simulations for a variety of 
scientifi c problems. The community of concrete science and engineering was 
reluctant to employ these techniques primarily because the important char-
acteristics of C-S-H were poorly understood.

A realistic molecular model of hydrating cement has recently been pre-
sented in Pellenq et al. (2009). Starting from a monoclinic periodic compu-
tational cell of dry Tobermorite and subtracting SiO2 groups, they created 
a defected silicate chain that achieve C/S ratios close to the experimentally 
obtained values from NMR (Cong and Kirkpatrick, 1996). The resulting 
molecular model was then enriched, using grand canonical Monte Carlo 
simulations, with water molecules to reach a crystal structure of 
(CaO)1.65(SiO2)(H2O)1.75 and a density of 2.56 g/cm3 which are in close 
agreement with the experimental values reported through SANS/SAXS by 
Allen et al. (2007) of (CaO)1.7(SiO2)(H2O)1.8 and 2.6 g/cm3, respectively. The 
model was then contrasted to experimental data on hydrated cement, 
namely fi ne structures X-ray absorption spectroscopy signals, X-ray diffrac-
tion intensities, nanoindentation results, and vibrational density from infra-
red spectroscopy with very good agreement.

The studies that have already been presented in the literature include the 
calculation of elastic and chemical bonding properties of the most common 
cement analoges, Tobermorite and Jennite (Churakov, 2008, 2009; Shahsa-
vari et al., 2009), the atomistic modeling of the major hydration products of 
cement (Manzano et al., 2006, 2007, 2009), the development of an empirical 
force fi eld (CSH-FF) for calcio-silicate hydrates (Shahsavari et al., 2011), 
the impact of chemical impurities on the hydration/structure/mechanical 
performance of alite (Ca3SiO5 or in short C3S) and belite (Ca2SiO4 or in 
short C2S) clinker phases (Manzano et al., 2011), and the chloride binding 
on the various hydration products (Kalinichev and Kirkpatrick, 2002), to 
name a few. The development of a robust computational model at the 
nanoscale will allow scientists and engineers to fi ne-tune and optimize the 
nanostructure of material through cost-effective virtual simulations. Proper 
benchmarking against detailed nanoscale experiments will be an essential 
part of the development process.

Continuum micromechanical modeling

There have been signifi cant developments in the fi eld of micromechanics 
over the last 50 years (i.e., Torquato, 2001; Dormieux et al., 2006). As the 



 Nanoscience and nanoengineering of cement-based materials 21

© Woodhead Publishing Limited, 2013

tools of nanoscale synthesis and manipulation became available, there was 
a pressing need for concurrent development of the predictive modeling 
techniques. Continuum micromechanics represent the systematic approach 
for upscaling properties (mechanical, physical, etc.) of composite materials 
based on the constituents’ properties that compose the heterogeneous 
microstructure. Typical models incorporate the fundamental mechanical 
properties of C-S-H together with estimates of the volumetric proportions 
(fi) of all constituent phases (i) in a multi-scale homogenization scheme 
that can predict the composite macroscopic elastic (Ehom, vhom = F(Ei,vi,fi)) 
(Constantinides and Ulm, 2004; Ulm et al., 2004; Sanahuja et al., 2007) and 
strength (chom, ϕhom = F(ci,ϕi,fi)) behavior (Pichler et al., 2009; Pichler and 
Hellmich, 2011), where the only input requirements are the elastic (Ei, vi) 
and plastic (ci, ϕi) properties of the individual constituents and their volu-
metric proportions (fi). The morphological arrangement of the phases in 
space is taken into consideration in the choice of the continuum microme-
chanical models. It has been found that for cementitious materials, a com-
bination of Mori–Tanaka and self-consistent schemes appears to deliver 
robust results (Constantinides, 2006). Figure 2.5 demonstrates the predic-
tive capabilities of continuum-based micromechanical models, suggesting 
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that they can effectively transfer the information across several orders of 
magnitude in length scale starting from the atomistic C-S-H level to the 
decimeter level of concrete structures. While the above described approaches 
rely on analytical formulation of the problem, numerical schemes are 
also employed which provide more powerful possibilities to tackle with 
non-linear phenomena, like strength, creep, permeability, etc. (Hain and 
Wriggers, 2008; Smilauer and Bazant, 2010).

2.2.3 Concluding remarks: a framework for 
science-based innovation

The fi eld of experimental and theoretical nanomechanics is advancing at a 
rapid pace. As the tools of experimentation and the resulting theoretical 
frameworks of data analysis are developing, new opportunities for under-
standing and characterization of materials arise. This provides an unprec-
edented opportunity to probe long-used ubiquitous construction materials, 
like concrete, that have not been rigorously characterized and modeled in 
the past and create a science-based platform for material optimization. 
Some ideas and recent developments in the fi eld of cement-based materials 
are presented below.

2.3 Nanoengineering of cement-based materials

The process of tailoring the microstructure of cementitious materials to 
achieve desirable properties for specifi c applications is termed materials 
engineering. When nanoscale features are involved, we refer to this process 
as nanoengineering. From the above discussion it becomes apparent that 
cement-based materials, which essentially depend on the performance of 
C-S-H, are nanoscale materials. Nanoengineering can occur by modifying 
this nanoscale phase directly, through some macroscopic synthesis and pro-
cessing means, or by introducing nanoscale additives that can either be inert 
or chemically interact with the material in certain ways. Recent develop-
ments in nanotechnology provide ample routes for concrete nanoengineer-
ing, some of which are discussed below.

2.3.1 Empirical routes for material development

When reviewing the historical evolution of cementitious materials, it can be 
identifi ed that much of their development relied on empirical knowledge 
that was achieved through trial and error experimentation. In retrospect, 
the degree of optimization that has been achieved in this fashion is rather 
impressive. Traditionally, the most used variable for the material characteri-
zation has been the mass ratio of water to cement in the initial mix. It has 



 Nanoscience and nanoengineering of cement-based materials 23

© Woodhead Publishing Limited, 2013

been argued that this ratio is ultimately related to the spacing achieved 
within cement particles (Bentz and Aitcin, 2008) and as a result of the 
amount of porosity and all related parameters. It is common knowledge in 
the concrete community that the lower the w/c ratio the higher the elasticity, 
strength, and durability. Of course the process cannot be continued indefi -
nitely: as the distance between particles is reduced, the particles tend to 
agglomerate with a subsequent loss of workability. To circumvent this 
problem, a higher particle packing can be achieved by playing with the 
particle size distribution of the dry mix (Fig. 2.6). Furthermore, the develop-
ment of superplasticizers that could create workable mixes for low w/c 
ratios resulted in high strength and performance materials. As for most 
materials, the stronger they become, the more brittle they tend to be. The 
development of fi ber reinforcements (steel, polymeric, etc.) added ductility 
to the system and created a material as attractive as metallic systems. 
Cementitious materials with strength as great as that of mild steel have 
been reported in the literature (e.g., Richard and Cheyrezy, 1995). Other 
empirical techniques that alleviated some of the problems associated with 
these high performance systems, like heat treatment, etc., have been 
proposed.

2.3.2 Cementitious nanocomposites

Nanoparticles have sizes with at least one of their dimensions in the 
1–100 nm range. As the particle size decreases, a larger proportion of atoms 
is situated on the free surface compared to those atoms in the bulk, resulting 

(a) (b)

2.6 (a) Packing of mono-sized spheres. (b) The packing density of the 
system can be signifi cantly increased by using an initial mix with a 
particle size distribution.
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in properties which can be signifi cantly different from their larger scale 
counterparts. Several nanoscale particles are currently being considered as 
nanoscale additives with the aim of improving macroscopic performance or 
adding functionality to the material. Among the candidates are nanosilica, 
titanium dioxide, carbon nanotube, nanoscale limestone, haematite nano-
particles, pigments, clay particles, etc. (Meng et al., 2008; Sato and Diallo, 
2010; Tregger et al., 2010a,b; Sato and Beaudoin, 2011).

Micro- and nanosilica (μ/n-SiO2)

Silica fume, also known as microsilica, is an amorphous polymorph of 
silicon dioxide, silica. It is a by-product of the carbothermic reduction of 
high purity quartz in electric arc furnaces in the production of silicon 
and ferrosilicon alloys. The resulting product is a grey powder of surface 
area on the order of 20 m2/g and particle sizes in the 100–200 nm range, 
approximately one hundredth of the cement particles. When silica fume is 
added to Portland cement concrete, it increases its compressive strength, 
tensile strength and abrasion resistance. These improvements stem from 
the closed packing achieved in the cement paste system that reduces the 
overall porosity and improves the interfacial transition zone. Furthermore, 
the material is involved in the pozzolanic reaction (Lin et al., 2011) with 
the calcium hydroxide crystals producing additional cementing material 
(C-S-H) and eliminating areas of stress concentrations and prone to 
failure initiation (Ca(OH)2 crystals). The reduction of porosity produces 
at the same time a material more durable and resistant to chemical degra-
dation processes like chloride ion diffusion, alkali silica reaction and 
calcium leaching, which preserves the material from mechanical degrada-
tion and protects reinforcing steel from corrosion (Zhang and Li, 2011). 
Several recent publications report on the signifi cant advantages of 
nano-SiO2 as compared to microsilica (Jo et al., 2007; Ye et al., 2007; Senff 
et al., 2010).

The already reported benefi ts persist in an amplifi ed fashion. The highly 
reactive and large surface area provided by colloidal silica accelerates 
cement hydration and has a signifi cant impact on the hydration process at 
early ages (Bjornstrom et al., 2004). The high surface area, however, 
decreases the amount of lubricating water and interferes with the fl owing 
characteristics of fresh concrete. It is therefore essential to ensure proper 
workable conditions, i.e., with the use of superplasticizers, so as to avoid air 
entraining in the fresh system and benefi ting from the above described 
performance (Senff et al., 2009). The use of silica reinforced cementitious 
materials might fi nd applications in a variety of systems ranging from oil 
well cement (Choolaei et al., 2012) to pavement (Zhang and Li, 2011) and 
high performance compacting applications (Nazari and Riahi, 2011).
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Carbon nanotubes

Carbon nanotubes (CNT) are the strongest and stiffest material known to 
date4 and hold great promise for reinforcing cement-based composites 
(Makar and Beaudoin, 2004; Makar et al., 2005; Nasibulin et al., 2009; Chai-
panich et al., 2010; Konsta-Gdoutos et al., 2010b; Manzur and Yazdani, 2010; 
Metaxa et al., 2010; Wille and Loh, 2010; Kumar et al., 2012). They are allo-
tropes of carbon with a cylindrical-tubular geometry of diameter that ranges 
from 1 to 100 nm and lengths up to a few millimeters. Aspect ratios (length-
to-diameter ratio) beyond 100,000,000:1 have been reported in the litera-
ture which allows crack-bridging capabilities at fi ner scales. Owing to their 
geometry and covalent sp2 bonds formed between the individual carbon 
atoms, they exhibit superb mechanical, electrical, and thermal properties 
(among others) coupled with impressive deformation characteristics which 
makes them excellent candidates for additives to various structural materi-
als, including concrete (Salvetat et al., 1999). It is in fact impressive that with 
only a tiny portion of reinforcement the composite system can potentially 
infl uence the mechanical response. CNTs can occur as a single layer of 
graphite rolled in a tubular shape (SWCNT) or multiple wall concentric 
tubes (MWCNT, also known as CNF, whereas F stands for fi ber). SWCNT 
have reported values of 1 TPa for elasticity and 60 GPa for strength whereas 
the respective values for CNF are in the order of 400 GPa and 7 GPa 
respectively. The mechanical reduction of MWCNTs is due to the weak 
shear interactions between adjacent tubes. This limitation has recently been 
addressed by applying high-energy electron irradiation, which crosslinks 
inner shells and tubes, and can effectively increase the strength of these 
materials to ∼60 GPa.

In order to harness the real benefi ts of the fi ller, any fi ber-reinforced 
composite should ensure the effi cient transfer of the stresses between the 
hosting matrix and the reinforcing material. To ensure this condition, two 
requirements should be met: (a) the fi bers should be uniformly dispersed 
in the matrix thus avoiding possible agglomeration of particles, through van 
der Waals forces, in the system, and (b) the fi ber–matrix interface should 
be strong enough such as to avoid pull-out phenomena during service. The 
selection of chemicals that will ensure proper dispersion and bonding is 
complicated by the requirement to comply with the chemical system, i.e., 
not to interfere in a negative way with the hydration process. As a result, 
many of the well-known surfactants that have been used effectively to 
disperse CNTs in other systems have been discarded for use in concrete. 
While the actual protocol that will allow proper dispersion of CNT in the 
matrix and good bonding qualities is still the subject of intense research, 

4 The recent invention of graphene, an allotrope of carbon, might relegate CNT to second 
in rank.
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some preliminary results have already been reported in the literature (Gay 
and Sanchez, 2010; Yazdanbakhsh et al., 2010; Collins et al., 2012). Approaches 
to disperse the fi bers include their surface modifi cation through function-
alization usually in conjunction with sonication (Cwirzen et al., 2008). 
Surface treatment with ozone gas (Chung, 2005), sulphuric and nitric acids 
(Li et al., 2005), use of gum Arabic (Sáez de Ibarra et al., 2006), polyacrylic 
acid and polyallylamine hydrochloride (Grunlan et al., 2008), growing CNTs 
on cement particles (Nasibulin et al., 2009; Nasibulina et al., 2010) and 
polymer grafting on CNT (Li et al., 2005) have also been suggested.

Admixtures that are commonly used in cementitious materials have also 
been tested with the polycarboxylate and lignosulfate to show good results 
(Collins et al., 2012). Cwirzen et al. (2008) demonstrated that stable and 
homogeneous water dispersions of MWCNTs can be obtained by using 
functionalized CNTs with COOH and additional treatment with polyacrylic 
acid polymers. The mixing method included stirring combined with sonica-
tion at 50 Hz. The cement paste specimens produced revealed an increase 
in compressive strength values in comparison with the reference pure 
cement paste specimens. The highest increase in the compressive strength 
was nearly 50% in cement paste incorporating only 0.045% of the poly-
acrylic acid polymer-treated MWCNTs. These results indicate the existence 
of chemical bonds between the OH groups and probably the C-S-H phase 
of the cement matrix which enabled the stress transfer.

The quality of the interface characteristics is an even more complicated 
fi eld and is still in its infancy. CNTs have been treated using a H2SO4/HNO3 
mixture solution which potentially leads to the formation of carboxyl acid 
groups on their surfaces (Li et al., 2005). The presence of carboxylic acid 
groups enhances the interface effi ciency through a series of chemical reac-
tions. In general, when properly dispersed and well bonded, CNTs enhance 
compressive, tensile, and fl exural performance by creating bridging mecha-
nisms between the fi bers and matrix, thus capturing microcracks and causing 
more material to go into plastic deformation prior to failure. Furthermore, 
there appears to be a densifi cation of the C-S-H matrix. Through nanoin-
dentation experiments, it has been suggested that CNT promote the forma-
tion of the HD C-S-H (Shah et al., 2009). The CNT can potentially be 
employed in any cement-based material ranging from fl y-ash mix (Chaipan-
ich et al., 2010) to ultra high performance composites (Sáez de Ibarra et al., 
2006). Finally the exploitation of CNTs in the matrix for monitoring and 
sensing properties is currently under investigation (Wansom et al., 2006; Li 
et al., 2007; Han et al., 2011).

Titanium dioxide

Titanium dioxide nanoparticles in the form of anatase have received con-
siderable attention in the construction industry in recent years due to their 
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potential to add new functionalities to infrastructures, i.e., self-cleaning 
properties and the ability to remove air pollutants through photocatalysis 
(Fig. 2.7). TiO2 are semiconductors that behave as photocatalysts when 
irradiated by ultraviolet (UV) light in the presence of gas or liquid (Serpone 
and Pelizzetti, 1989). When mixed with cement, it can photocatalytically 
degrade organic pollutants that are, after neutralization, washed away 
through the hydrophilic nature of the surface, maintaining at the same time 
the aesthetic characteristics of concrete structures, particularly those con-
structed with white cement (Cassar, 2004; Ruot et al., 2009). TiO2 has proven 
very effi cient in the removal of pollutants such as NOx, aromatics, alde-
hydes, and ammonia, and currently fi nds applications in various infrastruc-
ture projects like pavements, tunnels, buildings, etc. (Guerrini, 2012). A 
more detailed exposition of photocatalytic applications is provided in a 
separate chapter of this book.

Cement-polymer nanocomposites

While considerable research effort has been devoted to the study of organic 
composites with small amounts of inorganic reinforcements, like polymer-
clay systems, little is known about the consequences of adding small amounts 
of organic material in an inorganic matrix, like the C-S-H/polymer system. 
This approach constitutes a rather recent and alternative route for concrete 
nanocomposites which stems from biomimicry approaches (synthesis of 
composites from aqueous routes like many natural biocomposites, e.g., 
tooth, bone, and shells) and relates to the attempt to modify the nanoscale 
C-S-H material through organic hybridization (Matsuyama and Young, 
1999a,b; Minet et al., 2006, Franceschini et al., 2007; Alizadeh et al., 2011; 
Fan et al., 2012). The process, which has been verifi ed computationally 
(Pellenq et al., 2008), involves grafting organic moieties on the silica layers 
through controlled hydrolysis of organo-silane precursor mixtures or by 
hydration of anhydrous silicates in silanized polymer solutions. Additional 
benefi ts are expected when the organic molecules intercalate the interlayer 
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2.7 (a) Photocatalytic and (b) self-cleaning mechanisms of TiO2 
nanocomposites.
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C-S-H spaces (Fig. 2.8). The real breakthrough, however, is expected when 
(and if) an exfoliation of the C-S-H layer is achieved within the organic 
matrix. The actual chemistries and processing conditions involved are the 
topic of extreme importance for cement chemists. Recently, a few promising 
articles have presented experimental data on organic–inorganic hybrid 
composites that have been synthesized through the sol-gel method. Inter-
calations has been reported for specifi c polymers and C-S-H stoichiometric 
conditions suggesting that the initial chemistry of the inorganic material can 
act as a template for material tuning. The degree of modifi cation of proper-
ties and actual structures involved remains to be quantifi ed.

2.4 Conclusion

Over the last decade, the scientifi c community has witnessed rapid progress 
on available experimental, theoretical, and technological developments that 
allow revisiting this ubiquitous material and examining its environmental 
footprint. We have presented in this chapter some recent developments in 
the fi eld of concrete science and engineering which provide a refi ned under-
standing, especially of the nanostructure that is responsible for what we 
experience in the macroscopic world of engineering applications, and allow 
us to devise methodologies for a stronger, more durable, and environmen-
tally friendly material. While a lot has been achieved so far, even more has 
to be contributed until a sustainable and ecological, friendly construction 
material is developed. The necessary tools are being developed which 
makes us optimistic for the future. It is hoped that the construction industry 

C-S-H Globules Polymer

(a) (b) (c)

2.8 Schematic representation of the potential microstructures of 
C-S-H/polymer composites, analogous to clay/polymer composites: 
(a) conventional nanocomposites, (b) intercalated nanocomposites, 
(c) exfoliated nanocomposites.
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will invest in a scientifi c approach in order to utilize (or even invent) new 
technologies so as to lead concrete into a sustainable future.
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Abstract: According to the 2011 ERMCO statistics, only 11% of the 
production of ready-mixed concrete relates to the high performance 
concrete (HPC) target. This percentage has remained unchanged since at 
least 2001 and appears a strange choice on the part of the construction 
industry, as HPC offers several advantages over normal-strength 
concrete, specifi cally those of high strength and durability. It allows for 
concrete structures requiring less steel reinforcement and offers a longer 
serviceable life, both of which are crucial issues in the eco-effi ciency 
of construction materials. Despite the growing importance of 
nanotechnology, investigations into the incorporation of nanoparticles 
into concrete are rare (100 out of 10,000 Scopus concrete-related articles 
published in the last decade). It therefore remains to be seen how 
research in this area will contribute to concrete eco-effi ciency. This 
chapter summarizes the state of current knowledge in the fi eld and 
considers the infl uence of nanoparticles on the mechanical properties 
of concrete and its durability. It also includes the control of calcium 
leaching. The problem of effi cient dispersion of nanoparticles is analyzed.

Key words: Portland cement, nanoparticles, calcium leaching, concrete 
durability, high performance concrete (HPC).

3.1 Introduction

Concrete is the most widely used of all construction materials. Its produc-
tion currently stands at around 10 km3/year (Gartner and Macphee, 2011). 
For purposes of comparison, the amount of fi red clay, timber, and steel used 
annually is around 2, 1.3 km3 and 0.1 km3, respectively (Flatt et al., 2012). 
Portland cement, which acts as the main binder in concrete, represents 
almost 80% of the total CO2 emissions associated with concrete, which 
contribute 6–7% of the planet’s total CO2 emissions (Shi et al., 2011; 
Pacheco-Torgal et al., 2012). This is of particular concern in the context of 
climate change.

The demand for Portland cement is expected to increase by almost 200% 
over 2010 levels by 2050, reaching 6,000 million tons per year. According 
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to the ERMCO 2011 statistics, ready-mixed concrete production lies essen-
tially between C25/30 and C30/37. In addition, only 11% of the concrete 
production corresponds to the high performance concrete (HPC) strength 
class target. As ERMCO 2001 statistics showed a 10% fi gure for this type 
of concrete, it appears that high strength concrete demand has remained 
unchanged during the last decade. Normal strength concrete produces less 
durable structures which require frequent maintenance and conservation 
operations or even complete replacement, with the associated consumption 
of additional raw materials and energy. Many degraded concrete structures 
were built decades ago at a time when little attention was given to durability 
(Hollaway, 2011). It is not therefore surprising that worldwide concrete 
infrastructure rehabilitation costs are extremely high.

For example, in the USA, around 27% of all highway bridges are in need 
of repair or replacement. In addition, the cost of deterioration caused by 
deicing and sea salt is estimated at over US$150 billion (Davalos, 2012). In 
the European Union, nearly 84,000 reinforced and pre-stressed concrete 
bridges require maintenance, repair and strengthening. This results in an 
annual cost of £215 million, not including traffi c management costs (Yan 
and Chouw, 2013). Beyond the durability problems caused by imperfect 
concrete placement and curing operations, the real problem with the dura-
bility of ordinary Portland cement concrete (OPC) is the intrinsic proper-
ties of the material which has a high degree of permeability. This allows the 
ingress of water and other aggressive elements, leading to carbonation and 
chloride ion attack, which ultimately result in corrosion (Bentur and Mitch-
ell, 2008; Glasser et al., 2008). The importance of durability for eco-effi ciency 
in construction materials has been described by Mora (2007). The author 
stated that increasing concrete durability from 50 to 500 years would reduce 
its environmental impact by a factor of 10. It is also worth noting that 
according to Hegger et al. (1997), the increase of compressive strength in 
concrete would mean a reduction of as much as 50% in the use of reinforced 
steel. These are crucial issues in materials effi ciency (Pacheco-Torgal and 
Jalali, 2011a; Allwood et al., 2011), highlighting the need for investigation 
into the future production of concretes with high mechanical strength and 
high durability.

Nanotechnology involves study at the microcospic scale (1 nm= 1 × 
10−9 m). Some estimates predict that products and services related to nano-
technology could reach 1,000,000 million euros per year beyond 2015 
(Pacheco-Torgal and Jalali, 2011b). The use of nanoparticles to increase the 
strength and durability of cementitious composites was predicted by the 
report RILEM TC 197-NCM, ‘Nanotechnology in construction materials’ 
(Zhu et al., 2004), as a research area with high nanotechnology potential. 
Since that time, several dozen papers have been published by the Society 
of Chemical Industry (SCI) in the fi eld. However, the majority of these 
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publications were written by materials science investigators and were prin-
cipally concerned with materials performance with a lesser focus on civil 
engineering short-term commercial applications. For instance, the ‘bottom-
up’ multiscale modeling approach (Pellenq et al., 2009), could be an excel-
lent strategy which ‘has been spectacularly successful in fi elds ranging from 
metallurgy to medicine’ (Jennings and Bullard, 2011) but, unfortunately, 
relies on tools that ‘require years of training and considerable computa-
tional expense to operate’, neither of which are traditionally associated with 
the construction industry. The importance of the present review lies in the 
need to redirect future investigations in this fi eld to a precise target capable 
of serving a clear short-term civil engineering goal.

3.2 Concrete with nanoparticles

Nanoparticles may be obtained either through high milling energy (Sobolev 
and Ferrada-Gutierrez, 2005) or by chemical synthesis (Lee and Kriven, 
2005). They have a high surface area to volume ratio (Fig. 3.1) which pro-
vides high chemical reactivity. Most investigations use nano-silica (nano-
SiO2), and nano-titanium oxide (nano-TiO2), while a few use nano-Fe2O3 

(Sanchez and Sobolev, 2010).
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3.2.1 Mechanical properties

Porro et al. (2005) refers to the use of nano-silica particles as increasing the 
compression strength of cement pastes. The same authors state that this 
phenomenon is not due to pozzolanic reaction, as the calcium hydroxide 
consumption is very low, but rather to the increase of silica compounds 
which contribute to a denser micro-structure.

According to Lin et al. (2008), the use of nano-silica on sludge/fl y ash 
mortars, compensates for the negative effects associated with sludge incor-
poration in terms of the setting time and initial strength. Sobolev et al. 
(2008) reported that the addition of nano-silica produced an increase in 
strength of 15–20%. Other authors (Gaitero, 2008; Gaitero et al., 2009) 
believe that nano-silica causes an increase in the C-S-H chain dimension 
and stiffness. Nasibulin et al. (2009) reported a twofold increase in strength. 
Chaipanich et al. (2010) records that 1% of carbon nano-fi bers (by binder 
mass) can compensate for the strength reduction associated with the 
replacement of 20% fl y ash. Konsta-Gdoutos et al. (2010a) also studied the 
effect of carbon nano-fi bers on cement pastes (0.08% by binder mass) and 
observed an increase in strength.

Nazari and Riahi (2011a) used ZrO2 nanoparticles with an average par-
ticle size of 15 nm and reported an improvement in the fl exural strength of 
self-compacting concrete up to 4 wt%. Increasing the nanoparticle content 
caused a reduction in fl exural strength because of the inadequate dispersion 
of nanoparticles within the concrete matrix. Givi et al. (2010) studied the 
effects of different particle sizes of nano-SiO2 (15 and 80 nm) and reported 
that the optimal replacement level of nano-SiO2 particles was gained 
at 1.0% and 1.5%, respectively. The effect of nanoparticle addition is 
threefold:

1. As the average diameter of C-S-H gel is approximately 10 nm, the 
nanoparticles fi ll the voids in the CHS structure, so producing a denser 
concrete.

2. The nanoparticles act as nucleation centers, contributing to the develop-
ment of hydration in Portland cement.

3. Nanoparticles react with Ca(OH)2 crystals and produce C-S-H gel. They 
also act as kernels in the cement paste which reduces the size of Ca(OH)2 
crystals.

3.2.2 Durability

Investigations carried out by Ji (2005) showed that concrete containing 
nano-silica particles has lower water permeability. This is due to the reduc-
tion of the amount of Ca(OH)2 which produces a denser inter-facial transi-
tion zone (ITZ). A reduction of chloride ion permeability as a result of 
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using 1% of nanoparticles per cement mass was reported by He and Shi 
(2008). Li et al. (2006) showed that nanoparticles are more favorable to 
producing abrasion resistance in concrete than are polypropylene (PP) 
fi bers. They also recorded that the abrasion resistance of concrete decreases 
with its nanoparticle content and that the abrasion resistance of concrete 
containing nano-TiO2 is higher than that containing the same amount of 
nano-SiO2. Chen and Lin (2009) used nano-silica particles to improve the 
performance of sludge/clay mixtures for tile production. The results show 
that nanoparticles improve the reduction of water absorption and lead to 
an increase in abrasion and impact strength. A reduction in water absorp-
tion was reported by Givi et al. (2011). Ozyildirim and Zegetosky (2010) 
used 4% nano-Fe2O3 per cement mass and reported a reduction in the 
permeability of the concrete. A reduction in permeability was also reported 
for concrete in which 45% Portland cement was replaced by GGBFS con-
taining 4% nano-TiO2 per cement mass (Khoshakhlagh et al., 2012). Shekari 
and Razzaghi (2011) compared the mechanical performance and the dura-
bility of concretes containing 1.5% of distinct nanoparticles (nano-ZrO2, 
nano-TiO2, nano-Al2O3, nano-Fe3O4). They concluded that the nano-Al2O3 

is the most effective, but offered no explanation for the fi nding.
Nazari and Riahi (2011b) studied the performance of concrete in which 

Portland cement was replaced by up to 2% nano-Al2O3, with an average 
particle size of 15 nm. They reported that the optimum level of nano-Al2O3 
particle content was 1.0%. Jalal et al. (2012) showed that concretes contain-
ing 2% SiO2 nanoparticles underperformed when compared to those pre-
pared with a mixture of 2% SiO2 nanoparticles with the addition of 10% 
micro-silica. This composition showed enhanced mechanical strength (Fig. 
3.2) as well as improved durability. This was assessed by water absorption, 
capillary water absorption, Cl ion percentage and electric resistivity (Fig. 
3.3). According to Zhang and Li (2011), the pore structure of concrete 
containing nano-TiO2 is fi ner than that of concrete containing the same 
amount of nano-SiO2. The resistance to chloride penetration of concretes 
containing nano-TiO2 is higher than that of concretes containing the same 
amount of nano-SiO2.

This is explained by the particle diameter of nano-SiO2 being smaller than 
that of nano-TiO2, and the specifi c surface area of nano-SiO2 being much 
larger than that of nano-TiO2. The water requirement of concrete containing 
nano-SiO2 is therefore higher than that of concrete containing the same 
amount of nano-TiO2. The authors also reported that the pore structure 
refi nement increases with the content of nanoparticles (5% < 3% < 1%) 
while chloride penetration decreases (5% < 3% < 1%). These results par-
tially confi rm those previously obtained by Li et al. (2006). In their view, 
the increased content of nanoparticles weakens the refi nement of the pore 
structure of concrete. This may be attributed to the reduction of the distance 
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3.3 Resistivity versus time for different mixtures (Nazari and Riahi, 
2011b).

between nanoparticles existing in higher concentration, so limiting the for-
mation and growth of Ca(OH)2 crystals due to space limitations. In this 
situation, the ratio of crystals to C–S–H gel is reduced and the shrinkage 
and creep of the cement matrix tend to increase. In consequence, the pore 
structure of the cement matrix is relatively more coarse (Zhang and Li, 
2011).

3.2.3 Control of calcium leaching

High durability concrete requires the reduction of calcium leaching. This 
degradation process consists of a progressive dissolution of the cement 
paste caused by the migration of calcium atoms to the aggressive solution. 
Cement paste phases have different rates of degradation. While Portlandite 
dissolves completely in an aggressive solution, C-S-H gel undergoes only a 
slight increase in porosity (Carde et al., 1996; Kamali et al., 2003; Haga 
et al., 2005; Gaitero et al., 2012). Calcium leaching is responsible for an 
increase in concrete porosity and consequently in increased permeability. 
This allows water and other aggressive elements to enter the concrete which 
causes carbonation and corrosion problems. Gaitero et al. (2008) studied 
the infl uence of silica nanoparticles on the reduction of calcium leaching. 
Concrete mixtures containing 6% (by weight of cement) of four different 
types of commercial silica nanoparticles (Table 3.1) were used.

Figure 3.4 shows that the addition of silica nanoparticles to the cement 
paste favors the growth of silicate chains. This is advantageous as longer 
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Table 3.1 Main physico-chemical properties of the commercial additions used 
as stated by the manufacturer (Gaitero et al., 2008)

Name
Particle size 
(nm) pH

Stabilizing 
agent

SiO2 content 
(wt%) Presentation

CS1 30 10 Na2O 45 Colloid
CS2 20 10 Na2O 20 Colloid
CS3 120 9.5 NH3 40 Colloid
ADS 1400 – – 95 Powder

All the colloids were dispersed in water, being the amount of the stabilizing 
agents <0.1 wt%.
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3.4 Evolution of the average segment length. The results were 
obtained from the relative areas of the 29Si MAS-NMR spectra (Gaitero 
et al., 2008).

chains correspond to greater C–S–H stability. The authors concluded that 
the addition of nano-silica to cement-based materials can control C–S–H 
degradation induced by calcium leaching. However, the benefi ts depend on 
the conditions under which nanoparticles are used. Colloidal dispersions 
proved much more effective than dry powders in reducing the effects of 
degradation.

3.3 The problem of effi cient nanoparticle dispersion

The most signifi cant issue in the use of nanoparticles is that of effective 
dispersion. Vera-Agullo et al. (2009) stated that the use of nanoparticles will 
cause a higher degree of hydration in cementitious compounds if higher 
nanoparticle dispersion can be achieved. Givi et al. (2010) recorded that a 
proper dispersion of nano-SiO2 particles was achieved by stirring with part 
of the mixing water at high speed (120 rpm) for one minute and then adding 
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to the mixture. Zhang and Li (2011) used a water-reducing agent (UNF-5, 
a type of b-naphthalene sulfonic acid and formaldehyde condensates) to 
help disperse the nanoparticles in the cement paste and to achieve a good 
degree of workability in the concrete. A de-foamer (tributyl phosphate) was 
also used to decrease the number of air bubbles. To prepare concrete con-
taining nanoparticles, a water-reducing agent was fi rst mixed with water in 
a mortar mixer. The nanoparticles were then added and stirred at high 
speed for fi ve minutes. A de-foamer was added during stirring. Following 
this, the cement, sand and coarse aggregate were mixed at low speed for 
two minutes in a centrifugal concrete blender. The mixture of water, water-
reducing agent, nanoparticles, and de-foamer was then slowly added and 
stirred at low speed for a further two minutes to achieve good 
workability.

Dispersion diffi culties also occur when carbon nanotubes or carbon 
nanofi bers are used because of their strong Van der Waals self-attraction 
(Xie et al., 2005). Sanchez and Ince (2009) confi rmed that Van der Waals 
forces hold the carbon nanofi bers together in clumps (Fig. 3.5).

These authors found that silica fume facilitated the dispersion of carbon 
nanofi bers due to its small particle size when compared to that of anhydrous 
cement particles (around 100 times smaller). Figure 3.6 shows silica fume 
particles intermixed with carbon nanofi bers. The authors recorded that even 
when carbon nanofi ber dispersion was facilitated by silica fume, a signifi cant 
number of carbon nanofi ber pockets still remained. Konsta-Gdoutos et al. 
(2010b) used an aqueous surfactant and ultrasonic energy to achieve a high 
degree of carbon nanofi ber dispersion. They found that a constant surfac-
tant to carbon weight ratio of 4.0 achieved effective dispersion. Nochaiya 
and Chaipanich (2011) also found that homogeneous dispersion can be 
obtained if carbon nanotubes are mixed with water and then subjected to 
ultrasound for one hour. Nasibulina et al. (2012) suggest that high-quality 
dispersion of carbon nanotubes may be achieved by a two-step method:

0 wt% CNF 0.5 wt% CNF 2 wt% CNF

SF

agglomerates

SF agglomerates

CNF pockets

3.5 Scanning electron micrographs of the fracture surface of hybrid 
CNF/SF cement composites, revealing the presence and distribution of 
SF agglomerates and CNF pockets at a magnifi cation of 40× (Sanchez 
and Ince, 2009).
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SF particles

3.6 Scanning electron micrograph showing silica fume particles 
intermixed with carbon nanofi bers after dry mixing (Sanchez and Ince, 
2009).

1. Carbon nanotubes are functionalized in a mixture of nitric and sulfuric 
acids (70 wt% and 96 wt%, respectively) at 80°C.

2. Functionalized carbon nanotubes are washed with acetone to remove 
carboxylated carbonaceous fragments formed during oxidation of the 
nanotubes.

Metaxa et al. (2012) developed an ultracentrifugation concentration 
process for the production of highly concentrated suspensions of carbon 
nanotubes. Ultracentrifugation is used to reduce the amount of water in the 
nanotube water/surfactant suspension, thus increasing the concentration of 
nanotubes (Figs 3.7 and 3.8).

The process involves the dispersion of carbon nanotubes in an aqueous 
surfactant solution by ultrasonication and ultracentrifugation of the suspen-
sion, followed by decantation and ultrasonication of the remaining suspen-
sion. Absorbance spectroscopy results confi rmed a fi vefold increase in the 
concentration of carbon nanotubes in the suspensions. Another important 
issue in the dispersion of nanoparticles is its quantitative characterization. 
To date, three common methods have been used to analyze the dispersion 
of CNTs or CNFs in aqueous solutions. These are optical microscopy, elec-
tron microscopy (using both scanning electron microscopes (SEM) and 
transmission electron microscopes (TEM)), and ultraviolet–visible (UV–
Vis) spectroscopy (Tyson et al., 2011). These authors developed a method 
for quantifying the dispersion and agglomeration of both carbon nanofi bers 
and carbon nanotubes within an aqueous solution. The dispersion quantity, 
D, is measured by the free-path spacing between particles; the agglomera-
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Ultracentrifugation time

3.7 Schematic fi gure showing the progression of the sedimentation of 
nano-materials inside a tube during ultracentrifugation (Metaxa et al., 
2012).

(a) (b) (c)

3.8 Suspensions of carbon nanotubes ultracentrifuged for (a) 30 min, 
(b) 45 min and (c) 60 min (Metaxa et al., 2012).

tion quantity, A, is measured by the particle size. The agglomeration per-
centage is critical because, in certain cases, dispersion between two images 
can be identical, although the agglomeration percentage will have changed. 
In both cases, a quantifi able percentage is calculated based on the statistical 
probability that either the free-path spacing or particle size will fall within 
a certain percentage above and below l, where l is either the mean spacing 
or the particle size. A high value of D indicates a better dispersion. A lower 
value of A indicates a reduction in agglomeration.
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3.4 Conclusions

A review of the literature on the contribution of nanoparticles in HPC 
shows the following.

• Nanoparticles may contribute to a dramatic increase in the mechanical 
strength of cementitious composites, thus helping the production of 
HPC. The related mechanisms are as follows:
– The fi lling of voids in the C-H-S structure, so enabling the production 

of concrete of greater density.
– Acting as nucleation centres and contributing to the development of 

hydration in Portland cement.
– Reaction with Ca(OH)2 crystals to produce C–S–H gel. The nanopar-

ticles also act as kernels in the cement paste and reduce the size of 
the Ca(OH)2 crystals.

• The optimal quantity of nanoparticles will depend upon their type and 
average dimension.

• Further investigations are needed to determine which nanoparticles are 
most effective in enhancing concrete durability.

• Nano-silica appears to control calcium leaching. Colloidal dispersions 
are more effective in reducing the effects of degradation than dry 
dispersions.

• One of the most signifi cant issues in the use of nanoparticles is that of 
effective dispersion. Different authors have used different methods in 
order to achieve a high dispersion. However, there is still a need to 
search for improved methods. The tools used to assess uniformity of 
distribution are largely quantitative (optical microscopy, electron 
microscopy and transmission electron microscopy). The validity of the 
methods used to date must therefore be confi rmed using quantitative 
characterization tools.
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Abstract: Conductive concrete containing nano carbon black (NCB) and 
carbon fi bre (CF) to enable the self-diagnosis of strain and damage was 
studied. The effect of NCB and CF on workability, mechanical properties 
and fractional change in resistance (FCR) in fresh and hardened 
concrete was analysed. The relationship between the FCR, the strain of 
initial geometrical neutral axis (IGNA) and the degree of beam damage 
was established. The results showed that the relationship between the 
FCR and the IGNA strain can be described by the First Order 
Exponential Decay function, and that the slope of this function refl ects 
the sensitivity of conductive concrete. Based on the above relationship 
and damage mechanics theory, internal damage to the concrete is 
indicated by the relationship between the degree of damage and 
resistance. This self-sensing of strain in conductive concrete can be 
applied in monitoring damage to fl exible components.

Key words: conductive concrete, nano carbon black, carbon fi bre, 
self-diagnosing of damage, fractional change in resistance, strain.

4.1 Introduction

Degradation, cumulative structural damage or material resistance are 
common reasons for the failure of conventional concrete structures such as 
dams and bridges which undergo differing levels of load, fatigue or corro-
sion. In order to prevent the possibility of sudden failure and to prolong 
the service life of concrete structures, the study of cumulative damage has 
concentrated on strain behaviour and fatigue process (Li and Ou, 2007; Ou, 
1996). Monitoring is valuable for structural safety and the application of 
conductive cementitious composite materials was reported by Wen and 
Chung (2000, 2004, 2005, 2006, 2007), using electric resistance measurement 
to monitor strain and damage.

Over the last decade, nanomaterials have been used as smart fi llers for a 
broad range of multifunctional composites as well as in strain or damage 
sensors (Li et al., 2008; Chung, 2012). This chapter considers the addition of 
both nano carbon black (NCB) and carbon fi bre (CF) as conductive phases 
which enhance electrical conductivity and produce diphasic electric conduc-
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tive concrete. This enables resistivity measurements to be carried out and 
may be used to analyse variations of strain or stress in structural compo-
nents, thus making possible the early evaluation of damage without the 
need to embed sensors. Conduction concrete also has a wide application in 
the electromagnetic shielding of vital equipment and de-icing of airfi elds 
and highways (Yehia and Tuan, 1999).

The addition of short CF to concrete creates continuous conductive 
pathways which transmit current, playing a fundamental role in the electri-
cal transport process. The enhanced electrical conductivity of concrete with 
CF also decreases shrinkage and cracking, so improving durability and 
resistance to freezing. In addition, it does not require a large quantity of 
water. The addition of NCB reduces cost by improving electrical conductiv-
ity and the toughness of the aggregate interface within the concrete matrix. 
It also provides a fi ller effect which enhances the density of the matrix (Cai 
and Chung, 2007). Due to the extremely small size of NCB compared to 
traditional carbon fi bre, it penetrates the matrix in carbon fi bre reinforced 
composites. This connects the conductive pathways to form conductive 
networks which further improve electrical conductivity (Li et al., 2006, 
2008). Initial and evolving strain in concrete may cause damage which 
breaks conductive pathways or networks, resulting in a change of electric 
resistance. The combined use of NCB and short CF provides conductive 
concrete with effective mechanical properties.

Damage to cement-based material may change its electric resistance, as 
manifested in elastic tension, plastic deformation and cracking. Concrete 
components with coarse aggregate are often subjected to differences in 
loading (e.g., compression, tension and bending), and may also experience 
various stages of load-deformation, including pre- and post-cracking behav-
iour. Studies on strain sensing in carbon fi bre reinforced geopolymer con-
crete under conditions of bending and compression have been reported. 
However, studies on concrete beams with diphasic electrical conduction 
admixtures for diagnosis of damage caused by bending are still very rare. 
There are several problems in the study of conductive concrete beams. The 
electric characteristics must be suitable for a particular application without 
degradation of the workability of fresh concrete or detriment to the 
mechanical behaviours of hardened concrete.

Based on investigations into the effect of NCB and CF on the workability, 
compression strength and fl exural strength of concrete, a large number of 
concrete beams reinforced with conductive material were investigated 
experimentally to study the damage and FCR under varied loading levels. 
The purpose of this work was to analyse the effect of NCB or CF, and 
especially the hybrid use of NCB and short CF, as diphasic conductive 
materials on the FCR of concrete beams. It was also concerned with the 
relationship between FCR, strain and degree of damage in concrete beams 
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undergoing bending in the pre-cracking region. The relationship between 
FCR and the strain of initial geometrical neutral axis (IGNA) was estab-
lished by regression analysis. Based on damage mechanics theory and the 
relationship mentioned above, the correlation between the degree of 
damage and the FCR was established. The results show that the relationship 
between FCR and the strain of the IGNA in concrete beams can be effec-
tively described by the First Order Exponential Decay curve before 
cracking.

4.2 Studying conductive admixtures in concrete

4.2.1 Materials

The nano carbon black (Fig. 4.1) used in the experiments was a super-
conductive form of porous agglomerates of carbon particles with an average 
size of 60 nm and a density of 0.3–0.5 g/cm3. The carbon fi bre used (Fig. 4.2) 
in the conductive phase was asphalt base short carbon fi bre with a diameter 
of 12–15 μm and a length of 6 mm. Its density was 1.55–1.60 g/cm3. The 
properties of NCB and CF used are shown in Tables 4.1 and 4.2.

In order to analyse the effect of conductive admixtures on the concrete, 
plain concrete samples without CF and NCB were prepared as references. 
The design mixture of the plain concrete is shown in Table 4.3. The type of 
cement used was CEM I 42.5, the W/B was 0.45, and a water reducing agent 
(WR) was used in the amount of 1.0% by mass of binder. The 28d compres-
sive strength was 43.6 MPa. The NCB content with a particle size of ca. 
30–90 nm (Fig. 4.1) was between 0.1% and 0.4% by mass of binder (0.53–
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4.1 Nano carbon black and particle size using high resolution fi eld 
emission SEM.
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4.2 Carbon fi bre.

Table 4.1 Properties of NCB

Particle size (nm) Density (g/cm3)
Volume 
resistance (Ω.cm)

Surface 
resistance (Ω)

30–90 0.3–0.5 2.3 30.6

Table 4.3 Design mixture of reference concrete

Cement 
(kg/m3)

Fly ash 
(kg/m3)

Fine aggregate 
1–4 mm (kg/m3)

Coarse aggregate 
5–10 mm (kg/m3)

Water 
(kg/m3)

SP 
(kg/m3)

370 160 733 733 240 5.33

Table 4.2 Properties of CF

Density 
(g/cm3)

Diameter 
(10−6 mm)

Length 
(mm)

Tensile strength 
(N/mm2)

Resistivity 
(mΩ.cm)

1.55–1.6 12–15 6 3000 3–7
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2.12 kg/m3). The carbon fi bre content with a diameter of 12–15 μm and a 
length of 6 mm (Fig. 4.2) was between 0.4% and 1.6% by mass of binder 
(2.12–8.48 kg/m3). Where CF was used (both alone and in combination with 
NCB), methyl-cellulose was used as a dispersing agent along with a defoamer 
to optimize the dispersion of carbon fi bre in the concrete (Wen and Chung, 
2007). Methyl-cellulose and defoamer were not used in the absence of 
carbon fi bre. The defoamer dosage was 2.13 kg/m3, and the methyl-cellulose 
content was between 2.13 and 8.52 kg/m3. The series of electric conductive 
concrete samples (CF only, NCB only, hybrid use of CF and NCB) and dif-
ferent contents of conductive phases are listed in Table 4.4.

4.2.2 Specimen preparation and testing set-up

Mixing was carried out using a mechanical concrete mixer. Methyl-cellulose 
was dissolved in water and the defoamer and CF (if applicable) were added 
and stirred manually for around two minutes. The methyl-cellulose mixture, 
fi ne aggregate, coarse aggregate, cement, fl y ash, water, NCB and superplas-
ticizer were then mixed for fi ve minutes. The mixture was poured into oiled 
moulds and an external electric vibrator was used to facilitate compaction 
and to decrease the quantity of air bubbles. The specimens were removed 
from the moulds after a day and four electrical contacts in the form of 
conductive adhesive tape were wrapped around the specimens. Based on 

Table 4.4 Comparison of the dosages of the conductive admixtures

Serial number
NCB 
(mass/binder %)

CF 
(mass/binder %)

Plain concrete (concrete 
without conductive 
admixture)

PC 0 0

Concrete containing NCB NCB 01 0.1% 0
NCB 02 0.2% 0
NCB 03 0.3% 0
NCB 04 0.4% 0

Concrete containing CF CF 04 0 0.4%
CF 08 0 0.8%
CF 10 0 1.0%
CF 13 0 1.3%
CF 16 0 1.6%

Concrete containing BF 
(NCB and CF)

BF 14 0.1% 0.4%
BF 18 0.1% 0.8%
BF 24 0.2% 0.4%
BF 28 0.2% 0.8%
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the four-pole method of electric resistance measurement, contacts A and D 
were used for passing the current while contacts B and C measured the 
voltage (Cai and Chung, 2006). Finally, carefully prepared specimens were 
cured at room temperature for 28 days. All the beams prepared for testing 
measured 100 mm × 100 mm × 400 mm. The dimensions and electrical 
contacts details of all beams are shown in Fig. 4.3. The result represents the 
average across three beams.

4.2.3 Test methods

The four-pole method was adopted for measuring resistance (Tian and Hu, 
2012). A hydraulic servo testing machine (MTS Model 810) was used. The 
close-loop test was controlled by displacement and the deformation rate at 
the mid-span was 0.2 ± 0.02 mm per minute up to the specifi ed end-point 
defl ection which was 3 kN larger than that of the previous loading level. 
The two possibilities in loading and load–time relationships are illustrated 
in Fig. 4.4.
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Six strain gauges were applied for measuring the longitudinal strain, two 
of which (Strain 2(5)) were used on each side of the two opposing surfaces 
to measure the strain of initial geometrical neutral axis (IGNA) under the 
externally applied load N.

During the loading process, the strain near the top of the concrete beam 
in the compression zone, the strain of IGNA and the tensile strain near the 
bottom of the beam were measured by strain gauges. The resistance of 
concrete beam was measured simultaneously. The IGNA strains were then 
obtained by strain gauges (2) and (5). The resistance of the beams was 
continuously measured during loading by using the four-pole method 
described above. Other experimental instruments included an AC stabilized 
voltage supply, IMC Intelligence Data Collecting System, a fi xed resistor 
and an AC/DC converter. A schematic view of the beam under loading with 
current and voltage electrodes is illustrated in Fig. 4.5. Rubber joints were 
placed under the support points during the experiment (see Fig. 4.5) in 
order to isolate the concrete beam from the loading frame.

4.3 Infl uence of conductive admixtures on the 

mechanical properties of concrete

4.3.1 Infl uence on workability and compression strength

The workability of high fl owable fresh concrete, with and without conduc-
tive admixture, has been evaluated by measuring the slump fl ow. The experi-
mental results of workability are listed in Table 4.5. The factor d represents 
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4.5 Arrangement of measuring points.
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the average diameter in the slump fl ow test. It may be seen from Table 4.5 
that fresh PC (plain concrete without any conductive admixtures) corre-
sponds well to the requirements of self-compacting concrete. There is very 
good fl owability and no segregation. However, the workability of fresh 
concrete declines with an increase in NCB or CF content. The slump fl ow 
of BF28 is only about 410 mm. This means that the content of diphasic 
conductive admixtures (0.747 kg/m3 (NCB) + 2.99 kg/m3(CF)) is less than 
the lower limit (450 mm) of the workability of highly fl owable concrete. The 
fl ow behaviour of NCB03, NCB04, and BF28 is much less fl uid than that of 
other mixtures due to the relatively high content of CF and NCB.

The average values of compressive strength fcu and fl exural strength σu 
after 28 days may be found in Table 4.5. The increment of compression 
strength ranges between 2.2% and 6.2%. This indicates that the addition of 
NCB, CF and BF shows some positive effect on the compressive strength 
of concrete, but does not amount to a signifi cant trend of improvement.

4.3.2 Infl uence of conductive admixtures 
on fl exural strength

When a beam is subjected to bending, strains are produced. These strains 
create compression stress at the top of the beam and tension at the bottom. 
The load is applied until a crack is imminent. If the beam section does not 

Table 4.5 Content of conductive admixture, slump fl ow, compressive strength 
and fl exural strength

Mixture/samples

Content 
of NCB 
(kg/m3)

Content 
of CF 
(kg/m3)

Slump 
fl ow, 
d (mm)

Compressive 
strength (fcu) 
(MPa)

Flexural 
strength 
(σu) (MPa)

Plain concrete PC 0 0 620 42.55 4.44

Concrete with 
NCB only

NCB01 0.3733 0 600 43.53 4.52
NCB02 0.7467 0 540 43.67 4.71
NCB03 1.1200 0 390 44.17 4.79
NCB04 1.4933 0 330 45.45 4.83

Concrete with 
CF only

CF04 0 1.4933 590 43.49 5.10
CF08 0 2.9866 570 44.37 5.19
CF10 0 3.7333 550 45.10 5.22
CF13 0 4.8533 520 44.6 5.30
CF16 0 5.9733 500 44.76 5.31

Concrete with 
BF (NCB + 
CF)

BF14 0.3733 1.4933 590 43.78 4.90
BF18 0.3733 2.9866 540 44.01 4.94
BF24 0.7467 1.4933 480 43.54 5.02
BF28 0.7467 2.9866 410 43.98 5.13
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crack, then the ordinary elastic beam theory applies. The effects of conduc-
tive admixtures on fl exural strength σu = Mu/W (where Mu is ultimate 
bending moment and W is the section modulus) are illustrated in Table 4.5. 
It may be seen that the fl exural strength of a concrete beam increases with 
the addition of conductive admixtures. Amongst these, the samples contain-
ing only NCB show a smaller increment of fl exural strength as the NCB 
dosages are increased (between 1.8% and 8.8%). However, there is a clear 
increase in fl exural strength when both the CF and BF dosages are increased. 
When compared with a PC beam without any conductive admixture, the 
increment of fl exural strength in beams containing CF and BF is between 
10% and 19%.

4.4 Infl uence of conductive admixtures on the 

electrical properties of concrete beams

As described above, fl exural strains are produced when a beam is subjected 
to bending. During the loading process, the strain near the top of the beam 
in the compression zone, the strain of initial geometrical neutral axis 
(IGNA) and the tensile strain near the bottom of the concrete beam (Fig. 
4.5) are measured by strain gauges. The resistance of the beam is measured 
simultaneously. The strains of IGNA are obtained by strain gauges (2) and 
(5), and the FCR at each loading stage can also be measured. The relation-
ship between the force and electrical fi elds is used to investigate stress and 
strain behaviour through analysis of physical quantities such as current, 
voltage and resistance (Wu, 2005).

4.4.1 Feasibility of relationship between force fi eld 
and electric fi eld

It is diffi cult to measure quantities such as stress or current density directly. 
However, there are some experimentally measurable physical quantities, 
such as resistance in the electric fi eld and strain in the force fi eld. The 
stress can be calculated by stress–strain curves, while current and current 
density can be calculated by Ohm’s law. Once the resistance–strain correla-
tions are established through experimentation, the relationship between the 
force and electric fi elds is determined, so making it possible to obtain 
the immeasurable quantities in the force fi eld with the measurable voltage 
and resistance of the electric fi eld. The corresponding parameters of the 
electric fi eld and the force fi eld are illustrated in Table 4.6.

The Laplace Equation [4.1] is satisfi ed for both the electric and force 
fi elds:
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For the electric fi eld:
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For the force fi eld:
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where x, y and z are space coordinates; j and σ are respectively the poten-
tial function and stress. The Laplace equations presented here are based on 
the assumption that both the electric fi eld (see Fig. 4.6a) and the force fi eld 
(see Fig. 4.6b) comply with the same boundary conditions. In the force fi eld, 
the beam is subjected to three loading points (A and E are the support 
points, and C is the mid-span point with an applied external load N, see Fig. 
4.5 and Fig. 4.6b). In the electric fi eld, the beam is taken as being in a similar 
situation as voltage is provided through three points, B, C and D. As illus-
trated in Fig. 4.6a, electric potential points B and D are used to provide the 
same voltage, while point C at the mid-span is the ground terminal. Thus if 
the beam section does not crack (the ordinary elastic beam theory applies), 
the boundary condition of the electric fi eld will be comparable with that of 
the force fi eld.

The variation of strain on the IGNA, along with the load, is shown in Fig. 
4.7 as a function of time during the loading process prior to cracking. Figure 
4.8 shows the relationship between the resistance and strain of IGNA 
obtained simultaneously from the same specimen. It can be seen that the 
resistance decreases along with the strain of the IGNA due to the sensitivity 
of conductive concrete as previously reported. The relationship between 
the IGNA strain in the force fi eld and the resistance in the electric fi eld can 
therefore be established.

Table 4.6 Comparison of electrical and mechanical parameters

Electric fi eld variable Force fi eld variable

Current: I Load: N
Voltage: V Deformation: U
Current density: i = I/A = Ce Stress: σ = N/A = Eε
Generated voltage: e = V/L Strain: ε = U/L
Ohm’s law: I = V/R Hooke’s law: N = U/δ = EAε
Resistivity: ρ = RA/L Stiffness coeffi cient: B = EA/L = 1/δ
Conductivity: C = 1/ρ = L/RA Elastic modulus: E = L/(Aδ)
Sensitivity: λ = ΔR/(Rε) Damage degree: D = ΔE/E
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4.4.2 Relationship between strain and FCR 
(Self-diagnosing of strain)

Figures 4.9–4.12 illustrate the relationship between FCR and the strain of 
IGNA (ε2) in concrete beams. The effects of various conductive admixtures 
on these relationships can be also observed. It may be seen that the rela-
tionship between the FCR and the strain of IGNA corresponds well with 
the First Order Exponential Decay function, which may be expressed by:

Y m X n p= − +( )exp  [4.4]

where m, n and p are constant parameters corresponding to the type and 
amount of the electric conductive phase and the variable X is the strain of 
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IGNA; the unit of X is in με, and the FCR is the percentage of Y. The 
applied parameters and the correlation coeffi cient CR

2 are illustrated in 
Table 4.7. The correlation coeffi cients of all beams in Table 4.7 range from 
0.5 to 0.978. From Figs 4.9–4.12 and Table 4.7, it may be seen that:
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• The correlation coeffi cient CR
2 of a plain concrete (PC) beam is only 

0.50. This means that in a PC beam without conductive admixtures, the 
tested value is not strong in relation to the prediction in Eq. [4.4].

• The correlation coeffi cient CR
2 of other beams with conductive materials 

such as NCB, CF or diphasic electric conductive materials (NCB + CF) 
is higher than 0.76. Hence, the relationship between FCR and strain of 
IGNA is quite strong when correlated with Eq. [4.4].
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• The correlation coeffi cient CR
2 of NCB03, NCB04, CF10, CF13, BF14 

and B24 is higher than 0.9. The relationship between FCR and the strain 
of IGNA is therefore very strong when correlated with Eq. [4.4], and 
the self-diagnosis of damage could be more effective, particularly in 
concrete components with the conductive admixtures suggested above.

• The curves in Figs 4.9–4.12 demonstrate a monotonically decreasing 
relationship between FCR and the strain of IGNA.
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Table 4.7 Fitted parameters of regression equation

Serial number
Constant 
m

Constant 
n

Constant 
p

Correlation 
coeffi cient CR

2

PC (NCB0% + CF0%) 16.21 33.06 −10.33 0.50033
NCB01 (NCB0.1% + CF0%) 32.31 47.48 −21.05 0.82466
NCB02 (NCB0.2% + CF0%) 34.57 5.21 −39.11 0.76742
NCB03 (NCB0.3%+ CF0%) 56.89 85.79 −44.85 0.92748
NCB04 (NCB0.4% + CF0%) 23.04 17.57 −25.56 0.90907
CF04 (NCB0% + CF0.4%) 27.87 13.00 −29.74 0.79566
CF08 (NCB0% + CF0.8%) 20.83 19.26 −21.25 0.83359
CF10 (NCB0% + CF1.0%) 25.55 12.39 −27.41 0.97752
CF13 (NCB0% + CF1.3%) 12.39 14.84 −11.00 0.9471
CF16 (NCB0% + CF1.6%) 42.96 15.75 −52.68 0.82598
BF14 (NCB0.1% + CF0.4%) 14.88 95.04 −12.56 0.95126
BF18 (NCB0.1% + CF0.8%) 106.63 83.70 −82.74 0.77459
BF24 (NCB0.2% + CF0.4%) 12.98 34.94 −15.24 0.90456
BF28 (NCB0.2% + CF0.8%) 13.45 68.90 −16.11 0.8813

4.4.3 Sensitivity of conductive concrete

The ability of a structural material to sense its own strain (i.e., sensitivity) 
is an attractive attribute of smart structures. The sensitivity of conductive 
concrete may be characterized by the gauge factor (λ) which is defi ned 
as the fractional change in resistance per unit strain (Chung, 2012; Tian 
and Hu, 2012). Hence λ is equal to the slope of Eq. [4.1] and may be 
expressed by:

λ = ′ = −( )0 01
100

. expY
m

n
X n  [4.5]

where m and n are both constant parameters and the variable X is the strain 
of the initial geometrical neutral axis (IGNA) as in Eq. [4.4].

It may be seen from Eq. [4.5] that the value of λ decreases in terms of 
exponential decay function as the strain IGNA increases, i.e., the develop-
ment of strain leads to a degradation of sensitivity in electric conductive 
concrete.

4.5 Strain and damage in concrete beams 

(self-diagnosing of damage)

The damage done to a beam prior to the concrete cracking is discussed in 
this section and is based on the theory of damage mechanics (Cai and Cai, 
1999). The problem may be simplifi ed as uni-dimensional damage and only 
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the damage in the tension area is analysed. The effective tensile stress σ̃ t in 
the tension area is expressed by:

�σ σ ε σt
t

t t
D

E D=
−

= ≥ ≥( )
1

0 0, ,  [4.6]

where D and E are respectively the degree of damage and the elastic 
modulus; εt and σt are respectively the strain and stress of the extreme 
tension fi bre at the bottom of the concrete beam.

The effective compressive stress σ̃ c in the compressive area is given by:

�σ σ ε σc c c cE D= = ≤ =( ), ,0 0  [4.7]

where εc and σc are respectively the strain and stress of the extreme com-
pression fi bre at the top of the concrete beam.

When the effective stress σ̃  > 0 (tension stress), we have D
k

=
�σ

, where k 

is the damage modulus. When σ̃  ≤ 0, we have D = 0. Based on the strain 
equivalence hypothesis, the following is obtained:

σ σ ε σ ε ε ε= −( ) = −( ) = −⎛
⎝

⎞
⎠ = −⎛

⎝
⎞
⎠1 1 1 1D D E

k
E

E
k

E�
�

 [4.8]

where ε and σ are respectively the strain and stress of the concrete matrix.
If the beam is in the elastic stage, the degree of damage in the concrete 

D = 0, then σ = Eε. After the elastic stage, the stress state of the tension 
zone tends to be elasto-plastic due to the redistribution of stress before 
cracking. The correlation between ε and σ may be derived from Eq. [4.8] 
and expressed by:

d
d

E
E
k

σ
ε

ε= − 2 2

 [4.9]

At the peak value of stress, the fi rst derivative of stress should be equal 
to zero as described in Eq. [4.10]:

d
d
σ
ε

= 0  [4.10]

In this event, the critical cracking stress is σcr and the degree of damage 

D is equal to Dcr. From Eq. [4.9] and [4.10], we get E
kε =
2

. Replacing Eε 

in Eq. [4.8] gives the critical cracking stress σ cr
k=
4

.

When D
k

=
�σ

, σcr can be evaluated as σ cr cr cr
k

D D k= = −( )
4

1 , from which 

Dcr = 0.5 is obtained. Therefore, the effective critical cracking stress σ̃ cr may 
be expressed as:
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�σ cr crD k
k= =
2

 [4.11]

The IGNA of the beam section may move up to the compression area as 
the tension area of the concrete beam is damaged and behaves in an 
approximately plastic manner. The depth of the beam section (2h) and the 
displacement of IGNA (the distance between the actual geometrical neutral 
axis and the initial geometrical neutral axis y0) are illustrated in Fig. 4.13. 
The width of the beam section is b. During the loading process, the stress 
pattern in the compression zone changes continuously. Based on the plane 
section assumption, the relationship of stresses and strains may be described 
as follows:

� �σ σt
y y
h y

= −
−

0

0
3  [4.12a]

� �σ σ1
0

0
3= +

−
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 [4.12b]
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where ε1, ε2 and ε3 are respectively the concrete strain at the top of the 
beam (outer fi bre of the compression zone), the strain of the IGNA and 
the strain of the extreme tension fi bre at the bottom, and σ̃ 1, σ̃ 3 are the 
corresponding effective stresses at the top and bottom of the beam section, 
respectively.

The resultant compression force Nc and the resultant tension force Nt in 
the cross section of the beam may be expressed as follows:

N

x

y

M = NL/4

L

y 0

h
h

σ1

σ3
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σ3

ε1

ε2

ε3

~

~

4.13 Flexural damage of rectangular concrete beam.
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The internal moment Mc caused by Nc and the internal moment Mt caused 
by Nt may be derived and expressed as follows:
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Based on the equilibrium condition of the section, the following equa-
tions may be established:

N Nc t=  [4.15a]

M M M
NL

c t= + =
4

 [4.15b]

where M is the external bending moment.
From Eqs [4.12]–[4.15], the effective stress σ̃ 1, σ̃ 3 and degree of damage 

D of the extreme tension fi bre at the bottom of the beam may be derived 
and expressed as follows:
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0 0

0
3

6= +( )
−( )

hy h y

h y
k  [4.16]

�σ 3
0

0
2

6= −
−( )

hy

h y
k  [4.17]

D
k

hy

h y
= = −

−( )
�σ 3 0

0
2

6
 [4.18]

As cracks form in the tensile zone of a concrete beam, failure occurs 
and the load bearing capacity of the beam will depend on the effective 
tensile stress σ̃ 3. When the effective tension stress of concrete σ̃ 3 reaches 

the critical cracking stress � � �σ σ σcr cr
k

3
2

= =⎛
⎝

⎞
⎠ , then a beam without 

reinforcement will fail. From Eqs [4.13] and [4.14], the displacement of 
IGNA (y0)cr and Ncr may also be described as follows:

y hcr0 0 102( ) = − .  [4.19]

N
kbh

L
cr = 0 944 2.

 [4.20]
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In the equations above, the factors such as strain (ε1, ε3) and the corre-
sponding effective stress (σ̃ 1 and σ̃ 3) may be given as follows:

ε1
0 0

0
3
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The relationship between the strain of IGNA (ε2) and the degree of 
damage D may be written as follows:

ε2 20 944

1 1
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2
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D
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Dcr

.
.  [4.25]

It may be seen that the degree of damage D increases in a monotonic 
manner with an increase in the strain of IGNA ε2.

Where R0 denotes the initial electric resistance of a concrete beam before 
loading, R denotes the electric resistance of a beam subjected to external 
loading at different times and the First Order Exponential Decay function 
Y = mexp(−X/n) + p, Y is replaced by 100ΔR/R0 and X by ε2, the relationship 
between the strain of IGNA (ε2) and the FCR is obtained, which may be 
demonstrated as:

ε2
0

0

6
0

100
10= − −( ) −⎡

⎣⎢
⎤
⎦⎥

≤[ ]n
R R

mR
p
m

R Rln  [4.26]

It may be seen that ε2 increases with an increase in the absolute value of 
FCR.

The relationship between the degree of damage (D) and the FCR may 
be written as:
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It may be seen that the degree of damage D increases monotonically with 
an increase in the absolute value of FCR.

When the elastic modulus E, beam dimensions (b, 2h, L) and the cracking 
load (Ncr) are given, the electrical resistance (both the initial R0 before 
loading and R under loading) can be measured. The stress–strain state 
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subjected to the cracking load may therefore be calculated according to Eqs 
[4.21]–[4.25]. The displacement of IGNA (y0)cr under the cracking load is 
obtained from Eq. [4.19] and the degree of damage D of the concrete beam 
under the cracking load can be evaluated according to Eq. [4.27].

4.6 Diphasic electrical conductive materials

Specimen BF28 is taken as an example for diphasic electric conductive 
materials (the combination of NCB0.2% and CF0.8%). The beam dimen-
sions are given as follows: section width (b) = 100 mm, section depth (2h) 
= 100 mm, beam length (L) = 300 mm. The loading history of the beam with 
BF28 is illustrated in Fig. 4.4b. The elastic modulus (E) is 3.0 × 104 N/mm2; 
the cracking load (Ncr) is 14.5 kN; the parameters m (=13.45), n (=68.90) 
and p (= -16.11) may be obtained from Table 4.7 before the beam is sub-
jected to loading N (at the beginning (t = 0)), R0 = 1190 Ω; and ε2 = 0, y0 = 
0, D = 0. When the beam is subjected to load N, concrete damage occurs 
and the resistance of the electric conduction concrete t R(t), can be mea-
sured at any time. The values of the degree of damage D, the stresses and 
strains and the displacement of IGNA y0 of diphasic electric conductive 
concrete beam BF28 at different load times are calculated using Eqs [4.21]–
[4.27] and summarized in Table 4.8.

From Table 4.8 and Fig. 4.4, the following points may be observed:

• Prior to cracking in a fl exural beam, the electrical resistance (R) usually 
declines with an increase in the loading magnitude and duration.

• The absolute value of the FCR in a fl exural beam increases with an 
increase in the loading magnitude and duration.

• Both the degree of damage (D) and the strain of IGNA (ε2) increase 
with an increase of the absolute value of FCR. At a time of 1655 seconds 

Table 4.8 Results of measured resistance, calculated degree of damage, and 
the effective stress and strain of BF28

Variable factors Calculation results

Time t (s) 269 475 836
R (Ω, measured) 1142 1119 1095
|FCR| (%) 4 6 8
D (%) 26.00 42.18 49.53
ε2 (10−6) 7.23 19.67 34.86
y0 (mm) −2.38 −4.12 −4.91
σ̃1(N/mm2) −4.35 −6.58 −8.08
σ̃3(N/mm2) 4.78 7.76 10.18
ε1 (10−6) −144.98 −219.22 −269.42
ε3 (10−6) 159.47 258.59 339.17
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after loading, D = 0.486, which is close to Dcr = 0.5, indicating that the 
cracking load Ncr is almost reached.

• As the strain of IGNA (ε2) increases with the loading magnitude, the 
FCR increases gradually with the increase of D. This provides convinc-
ing evidence that the suggested formula Y = mexp(−X/n) + p effectively 
meets the relationship between ε2 and FCR.

• The absolute value of the displacement of IGNA (y0) increases gradu-
ally with increased absolute values of FCR and D.

• Other factors such as σ̃ 1 and σ̃ 3, ε1 and ε3 increase with an increase in 
FCR and D.

4.7 Conclusions

A large number of experimental investigations have been carried out on 
the workability, electric properties and mechanical behaviour of concrete 
containing conductive materials. The effects of NCB, CF and diphasic BF 
on the relationship between fractional change in resistance, strain and 
degree of damage prior to cracking have been analysed. A relationship 
between the FCR and the strain of IGNA (ε2) is suggested. The results have 
led to the following conclusions:

1. Concrete conductivity increases with an increase in dosages of NCB 
and CF. However, the workability of fresh concrete is an important 
precondition for selecting the types and content of the conductive 
materials.

2. Workability declines with an increase in NCB or CF content and the 
upper limit of conductive materials is determined mainly by workability, 
not by conductivity. This point had not been taken into consideration 
in previous investigations.

3. The fl exural strength of a beam usually increases with an increase in 
CF and BF content. However, only the addition of NCB exerts any 
infl uence on the fl exural strength.

4. The strain of IGNA (ε2) is a function of FCR. Prior to the concrete 
cracking, the First Order Exponential Decay function agrees well with 
the relationship between ε2 and |FCR| during the loading process of 
CFRC beams.

5. Both the degree of damage (D) and the strain of IGNA (ε2) increase 
with an increase in FCR.

6. All the mechanical factors in concrete containing conductive admix-
tures decline with an increase in FCR and D.

7. Results from examples evaluating the effect of diphasic electric conduc-
tive materials on the capacity for the self-diagnosis of strain and damage 
have been validated.
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Abstract: This chapter discusses the utilization of nanotechnology to 
greatly enhance the properties of steels, by modifying the chemical 
composition and/or microstructure of bulk material or surface layer. It 
starts with a brief discussion of the relevant knowledge base, including: 
microstructure and chemical composition of steel, infl uence of nano-
modifi cation and processing approaches, and modeling of 
nanocomposite steel. Then, it provides a review of technological 
advances in the use of nanotechnology to produce high performance 
steels with outstanding mechanical properties or corrosion resistance. 
The chapter concludes with a discussion of future developments 
expected on the subject.

Key words: plastic deformation, thermomechanical treatment, 
nanotechnology, nanostructured, nano/ultrafi ne grain size, high 
performance steel.

5.1 Introduction

Steel is a versatile material of technological importance and its outstanding 
recyclability and ease of manufacturing greatly contribute to eco-effi cient 
construction. Steel is a type of widely used engineering material in many 
industries, e.g., transportation, construction, defense, healthcare, energy, 
aeronautics, manufacturing, and chemical processing. It has found diverse 
applications in transport vehicles and components, ships, buildings, civil 
structures, offshore structures, aircraft landing gears, bulletproof sheets and 
vests, household appliances, medical tools, pipelines, heat exchangers, solar 
panels, equipment, nuts and bolts, bearings, packaging, etc. Steel is the most 
widely used metallic alloy in modern industries, with its usage approxi-
mately 80% by weight of all alloys (Smith, 1981).

Over the last two decades, great strides have been made to improve the 
engineering properties of steels through research, development and imple-
mentation. In supporting such innnovative technological advances, nano-



76 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

technology has been playing an increasingly important role. For instance, 
Lesuer et al. (2010) reported the fabrication of Fe-C alloys with ultrahigh 
strength (4600 MPa) through quenching and severe plastic deformation 
(SPD). The strengthening was attributed to the nano-size effect of lath and 
plate martensite grains and the small interparticle spacing. As reviewed by 
Kolpakov et al. (2007), metallurgy approaches to the production of high 
performance steels with a fi ne-grain structure and/or self-organization of 
strengthening nanophases (carbides, nitrides, carbonitrides, intermetallides) 
have been burgeoning under the guide of nanotechnological principles, 
including nanoprocesses for steel smelting and microalloying, mechanical 
pressure treatment (e.g., SPD), and heat treatment (e.g., superfast quench-
ing of melts). One such technology commercialized in the US produces high 
performance carbon steels that feature a ‘three-phase microstructure con-
sisting of grains of ferrite fused with grains that contain dislocated lath 
structures in which laths of martensite alternate with thin fi lms of austenite’ 
(Kusinski et al., 2004).

Recent years have seen the fabrication of high performance steels desir-
able for light weight construction and other engineering applications. As 
detailed later, these steels typically feature an ultrafi ne or nano-grained 
microstructure, which leads to excellent properties in both strength and 
ductility. In addition, nanotechnology has been employed to enhance the 
durability of the steel bulk material or surface layer, in terms of resistance 
to wear, fatigue, and/or corrosion. This is made possible by achieving 
the desirable fi nely crystalline microstructure of steel (e.g., nano-
crystallization) or by modifying its chemical composition at the nanometer 
scale. Formation of Cu nanoparticles at the steel grain boundaries (GBs) 
has been used to improve the corrosion resistance of steel. Addition of Cu 
nanoparticles has also been reported to mitigate the fatigue cracking of 
steel, by reducing the surface roughness of steel and associated stress risers 
(Mann, 2006).

This chapter synthesizes the fi ndings of some of the major research 
efforts in this area and presents a discussion of utilizing nanotechnology to 
greatly enhance the properties of steels, by modifying the chemical compo-
sition and/or microstructure of bulk material or surface layer.

5.2 Research relating to nanocomposite steel

5.2.1 Microstructure and chemical composition of steel

While Fe is the main element in steels, other elements (e.g., C, alloying ele-
ments, and impurities) defi ne the manifold properties of steels, including: 
tensile strength, fatigue strength, ductility, hardness, toughness, wear resis-
tance, formability, weldability, fi re resistance, corrosion resistance, etc. The 
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microstructure of steel is inherently heterogeneous, generally consisting of 
grains (or ‘phases’, considered to be homogeneous in physiochemical 
nature), dislocations, GBs, precipitates, and lattice defects. Figure 5.1 pres-
ents a portion of the equilibrium phase diagram of the Fe-C system under 
atmospheric pressure (Chipman, 1972), which illustrates the thermodynam-
ics of three main phases in carbon steel, i.e., autensite (γ), ferrite (α), and 
cementite (Fe3C), as a function of temperature and C content. Note that 
equilibrium phases tend to form when there is suffi cient time to allow dif-
fusion of atoms and molecules. In many cases, the processing of steel may 
include quenching or application of mechanical stress, which leads to the 
formation of non-equilibrium phases such as martensite (α ′). For steels with 
a signifi cant amount of alloying elements (e.g., stainelss steels), their micro-
structure may include many phases other than γ, α, and α ′ (Lo et al., 2009).

5.1 Portion of the phase diagram Fe-C relevant to carbon steel. 
Metastable γ-range and system Fe-Fe3C shown by dashed lines. 
Curie temperature dotted (adopted from Chipman, 1972). With kind 
permission from Springer Science and Business Media.
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High-strength steels are often martensitic; as the C content increases, 
their strength increases but ductility and weldability tend to decrease. Mar-
tensite can serve as an effective starting phase for acquiring ultrafi ne or 
nano-grained microstructure with small strains. For instance, Tsuji and Maki 
(2009) reported the formation of microstructure in steel characteristic of 
equiaxed α grains (∼200 nm), by cold-rolling and annealing of a starting α′ 
phase. Austenitic stainless steels (SS) generally have low yield strength 
(150–300 MPa) yet excel at corrosion and oxidation resistance, work-hard-
ening rate, and formability. Their strengthening by grain refi nement can be 
achieved via reverse α ′ transformation or SPD, and greatly enhances 
strength and resistance to wear, pitting, cavitation, cavitation-erosion, and 
radiation-induced damage (Lo et al., 2009). The grain refi nement of γ SS 
may compromise ductility and work-hardening. The strengthening of γ SS 
by martensite or dispersed precipitates can compromise their corrosion 
resistance, formability and ductility (Lo et al., 2009).

Alloying elements in steel ‘may change the transformation temperature, 
or form more stable special carbides instead of cementite, . . . (or) change 
the sequence of nucleation and growth processes by affecting the interface 
energies or the diffusion processes’ (Eisenhüttenleute, 1992). In addition, 
the microstructure of steel can be controlled by manipulating the kinetics 
of its formation, via thermal and mechanical treatments. For instance, the 
following solid–solid state transformation can occur (Fig. 5.1): γ → α + Fe3C 
(Branagan et al., 2006). Each phase may feature multiple allotropes, i.e., 
various structural forms of the same chemical composition. For instance, 
cementite can be in the form of ‘pearlite, bainite, and/or tempered marten-
site, depending on steel composition and preceding cooling conditions’ 
(Eisenhüttenleute, 1992). The ultimate microstructure of a steel with given 
alloy chemistry is often defi ned by the γ-state grain size and homogeneity, 
transformations induced by heat treatment (e.g., quenching and annealing), 
and physical interactions induced by mechanical processing (e.g., SPD).

5.2.2 Infl uence of nano-modifi cation

In the last decades, grain refi nement has been confi rmed as an effective way 
to concurrently enhance strength and toughness of polycrystalline materials 
and has been used to remarkably improve the comprehensive mechanical 
properties of steels. Zhao et al. (2011) found the grain size of large-grain-
size regions to be responsible for the ductile-to-brittle transition tempera-
ture of an ultrafi ne grained ferrite/cementite steel. As the average grain size 
or weighted average grain size decreases, the yield strength and hardness 
of polycrystalline materials (e.g., steels) are expected to increase greatly, 
according to the well-known Hall–Petch relation (Lo et al., 2009). This can 
be attributed to the high concentration of GBs, which serve as barriers to 
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pin the motion of dislocations. Once the grain size is reduced to the nano-
meter range, an inverse Hall–Petch relation can be observed. This can be 
credited to the extremely high density of GBs in the microstructure of 
nano-grained steel, which leads to ‘role-exchange of the grain bulk and the 
GB in the deforming mechanism’ and ‘a transition from intragranular to 
GB-mediated deformation’ (Weertman, 1993; Song et al., 1999; Frontán 
et al., 2012). Nonetheless, as reviewed by Lesuer et al. (2010), the tensile 
strength of steels generally exhibits a negative linear relationship with the 
interparticle spacing, despite the signifi cant variations in their chemical 
composition and thermomechanical history (Fig. 5.2). In other words, grain 
refi nement has been the main pathway to achieve high strength for steels. 
The only exception was a case where a lath martensite nano-structure 
greatly enhanced the strength of the steel, thus deviating from this linear 
relation (Fig. 5.2).

One potential issue related to microstructure ultrafi ning of steels is that 
their heat affected zones (HAZ) tend to exhibit various degrees of embrit-
tlement and localized softening as a result of localized grain coarsening. 
This can be addressed by inducing the nucleation of intragranular acicular 
ferrite around oxide inclusions, following the oxide-dispersed-strengthened 
(ODS) steel technology (Lei et al., 2007). Another way to refi ne the HAZ 
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grains and improve weld toughness is to add Mg and Ca nanoparticles in 
the steel (Mann, 2006). Grain coarsening at elevated temperatures can be 
inhibited via GB segregation and various drag effects (Malow and Koch, 
1997; Matsuia et al., 2006), or via GB modifi cation or manipulation of nano-
twin boundaries inside the grains (Lu et al. 2009; Li et al. 2010). All of these 
mechanisms serve to preserve the ductility of high strength steel. Gonsalves 
et al. (1994) suggested that carbide particles a few microns in diameter may 
act as initiation sites of fatigue cracks. Lo et al. (2009) suggested that the 
precipitation of carbides at GBs can cause localized depletion of Cr content 
in SS and increase their risk of corrosion and sensitization They also 
reported the use of nitrogen to inhibit the formation of the M23C6 carbide 
so as to minimize its undesirable effects on GB serration and creep-fatigue 
resistance. As detailed in Table 5.1, the formation of nano-sized grains, 
twins, or inclusions can mitigate such risks of microstructure ultrafi ning.

Nanotechnology provides a potential solution to considerably enhancing 
the ductility of high strength steel, as the nanocomposite steels deform by 
GB mechanisms, e.g., sliding and diffusion, rather than dislocation motion. 
Grain refi nement can be coupled with phase transformation induced plas-
ticity (TRIP) to form  γ grains of micron or nano-size, endowing the steel 
with outstanding synergy in strength, ductility, and work-hardening ability. 
While coarse MC carbides degrade creep-fatigue resistance and fracture 
resistance of SS, fi ne MC carbides can inhibit the growth of grains and 
greatly improve the impact property and strength of SS (Lo et al., 2009). 
Often, a second phase or nanostructure can be uniformly dispersed in the 
relatively brittle bulk matrix in order to introduce plasticity. Alternatively, 
nano-grains or nanotwin boundaries inside the grains can be introduced to 
delocalize the micro- and nano-scale deformation and to improve tough-
ness. Zhao et al. (2011) suggested high-angle GBs to be most effective in 
hindering the propagation of cleavage cracks. Manipulation of GB struc-
tures (i.e., GB engineering) can be utilized to enhance the bulk properties 
of steels, e.g., by reducing carbide precipitation at GBs (Lo et al., 2009).

5.2.3 Infl uence of processing approaches

Conventionally, there are four main pathways to achieve a fi ne-grained 
microstructure (e.g., grain size of 1 mm): repetitive short austenitizing at 
low temperatures; ‘deformation in the austenite range followed by recrys-
tallization’; deformation of austenite at temperatures featuring a low recrys-
tallization rate; or cooling to induce transformation at low temperatures 
(Eisenhüttenleute, 1992).

Recent decades have seen the increased use of metallurgical refi ning, 
SPD, thermomechanical treatment (TMT), and liquid-state treatments to 
produce steels with ultrafi ne grained microstructure. The reduction of grain 
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Table 5.1 Recent research on the utilization of nanotechnology to improve the mechanical properties of steel bulk

Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Kusinski and 
Pollack (2008)

Carbon steel 
(≤0.35% C)

Heating into the 
austenite range 
+ cooling to 
induce γ→α 
and γ→α′ 
transformations 
+ rolling or 
forging

Triple-phase: crystals 
featuring parallel α ′ 
laths with nano-γ 
fi lms in between, 
fused with α 
crystals (2–100 μm) 

High strength, toughness, 
corrosion resistance, 
and cold formability

Great toughness by 
the lath structure; 
ductility and 
formability by the 
retained-γ fi lms

Eskandari et al. 
(2009)

301 SS TMT: repetitive 
cold rolling + 
annealing

90 vol% of nano-
crystal γ grains 
(30–40 nm)

High yield strength (up to 
2000 MPa)

Strain inducing the 
formation of α ′ 
with lattice 
defects, followed 
by α ′→γ reverse 
transformation

Menapace et al. 
(2009)

Fe-1.5%Mo 
powder + SiC 
(1.5 wt.%, 
30 nm) 
particles

Microalloying + 
spark plasma 
sintering

Multiphased 
nanostructure with 
‘elongated (bainitic 
α) lamellae 
separated by thin 
layers of retained-γ ’; 
some equiaxed 
α-grains and α ′

Yield strength of 
550 MPa; uniform 
plastic strain (10%) at 
fracture (1020 MPa)

Transformation-
induced plasticity 
(TRIP)

Guo et al. (2010) Nb-microalloyed 
pipeline steel

Two-stage 
thermo-
mechanical 
rolling + fast 
cooling

Mainly fi ne plate 
domains (∼3.2 μm) 
featuring lath-
bainite (∼200 nm 
thick) and some 
acicular α

Yied strength of 900 MPa; 
low yield ratio of 0.84; 
El of 15%; impact 
toughness of 200 J at 
−20°C

Nano-precipitates of 
(Nb, Ti)(C,N) and 
NbC to inhibit 
grain growth; high 
dislocation density 
of microstructure
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Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Du et al. (2010) Microalloyed 
steels

Warm-rolling + 
deforming + 
quenching 
(repetitive)

Uniform and 
equiaxed α grains 
(100–300 nm)

‘Deformation-induced 
transformation of 
ultrafi ne austenite 
(∼1 μm) to ferrite’

Nucleation of α 
along γ GBs, 
enhanced by the 
boundary slipping

Askari et al. 
(2010)

High-strength 
α-steel (0.08% 
Ti)

Microalloying Dual precipitate 
microstructure: TiC 
(avg. 10 nm) in the 
matrix and coarse 
cubic M23C6 at GBs 
and inside grains

Yield strength 2–3 times 
higher than 
‘conventional 
Ti-bearing high-
strength hot-rolled 
sheet steels’

Nano-precipitates 
destroy the 
dislocations or 
anchor against 
their movement

Wang et al. 
(2011)

High-strength 
low-alloy steel 
(low C, low Ti)

Microalloying + 
hot rolling

Polyganal α and 
granular bainite, a 
small amount of  
α ′- α islands, and 
very small amounts 
of fi ne pearlite

Yield strength 640 MPa Strengthening effect 
of nano-scale Fe3C 
precipitates

Hodgson et al. 
(2011)

0.79C-1.5Si-
1.98Mn-0.98Cr-
0.24Mo-1.06Al-
1.58Co steel

200°C/10 days Bainitic α laths 
(average thickness 
of 60 ± 10 nm) with 
retained-γ fi lms in 
between and high 
dislocation density 
(∼4.7×1015 m-2)

Excellent strength-
toughness-ductility 
balance

Dual microstructure 
that contributes to 
ultrahigh strength 
and toughness (by 
nanobainitic laths) 
as well as ductility 
(retained γ )

Table 5.1 Continued
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Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Zhang et al. 
(2011)

High-strength 
α-steel (2.49% 
Cu)

1000°C/1h + 
quenching by 
water + 
500°C/200h

(FeAl)2B nanoparticles 
along α GBs and 
Cu-rich nano-
clusters in matrix 

B-doping led to larger 
elongation of the steel

B enhances the GB 
cohesion and 
inhibits the 
integranular 
fracture

Foroozmehr 
et al. (2011)

Low-carbon 
steels

Martensite 
process: 
quenching + 
cold rolling + 
annealing

Nano/sub-micron 
scale α grains (e.g., 
142 nm)

Increasing the C content 
or imposing larger 
(rolling) reduction can 
lead to fi ner ferrite 
grains

C reduces the size of 
blocks and packets 
in lath α ′

Hosseini et al. 
(2011)

Low-carbon steel 
(0.13% C)

Martensite 
process: 
quenching + 
plane strain 
compression + 
annealing

UTS of 1135 Mpa; El of 
11.6%

Fragmentation of 
the initial α ′ to α 
grains

Xu et al. (2011) Ti-bearing 
α ′-steel

Tempering + 
reheat 
quenching

High density of 
nano-precipitates 
(1–10 nm) of TiC in 
α ′ grains (∼8 μm)

High yield strength 
(1280 MPa) and impact 
toughness (El of 13% 
and impact energy of 
32 J at −40°C)

Strenghthening and 
grain refi ning by 
nano-TiC 
precipitates and 
toughening by 
high % of high-
angle GBs
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Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Taneike et al. 
(2003)

ODS α′-steel 
(0.002C-9Cr-
3W-3Co-0.2V-
0.06Nb-0.05N)

Conventional 
processing 
techniques 
(including heat 
treatment)

High density of 
nano-precipitates 
(5–10 nm) ‘along 
prior (γ GBs) as 
well as along lath, 
block, and packet 
boundaries’

Outstanding high-
temperature creep 
resistance (at 923K, 
time-to-rupture two 
orders of magnitude 
higher than 
conventional creep-
resistant steels); 
suffi cient fracture 
toughness (100–150 J 
at room temperature)

Carbonitride 
nano-precipitates 
pin the GBs

Kim et al. (2003) ODS 12YWT 
α-steel

MA Uniform distribution 
of Ti and W; 
dispersion of 
nano-sized complex 
Ti-Y-O oxides

Outstanding high-
temperature TS and 
creep rupture strength

Solid solution 
hardening by W; 
dispersion 
strengthening by 
nanoparticles

Klueh et al. 
(2005)

ODS 9Cr-1Mo  
α ′-steels

TMT: 
austenitizing + 
cooling + hot 
rolling + 
annealing + 
normalizing + 
tempering

MX precipitates 
(30 nm) at 7–8 × 
1018 m-3 and M23C6 
(130-150 nm) at 3–6 
× 1019 m-3

Outstanding high-
temperature tensile 
and creep strength 
(600–750°C or higher)

Strengthening effect 
of nano-scale MX 
precipitates (VN, 
NbC, or NbNC)

Ohtsuka et al. 
(2007)

ODS 9Cr 
α ′-steels

MA + annealing Hard grains 
(residual-α) and 
soft grains 
(tempered α ′)

Increasing [Ti] to 0.30–
0.35% greatly improves 
creep strength

Ti increases 
residual-α grains 
that suppress the 
GB sliding

Table 5.1 Continued
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Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Sokolov et al. 
(2007) 

ODS 12YWT 
α-steel 
(12Cr-2.5W-
0.4Ti-0.25Y2O3)

MA High density of 
nano-sized complex 
Ti-Y-O oxides 
(clusters) dispersed 
in α matrix

High yield (∼1300 MPa) 
and ultimate 
(∼1400 MPa) strengths 
at room temperature; 
good fracture 
toughness (93 MPa m1/2 

at 100°C)

Ultrafi ne particles 
and solute 
segregation to the 
dislocations 
constrain the 
dislocation 
movement

Abe et al. (2007) ODS 9Cr 
α′-steels

TMT: normalizing 
+ tempering

MX precipitates 
(5–20 nm) along 
GBs and in the 
matrix and M23C6 
(100–300 nm)

Excellent creep strength 
at 650°C

V and Nb nitrides 
pin the lath and 
block boundaries; 
TiC nano-
precipitates 
stabilize the 
microstructure 
during creep 

Oksiuta et al. 
(2011)

ODS RAF steel MA + hot 
isostatic 
pressing and 
annealing

Nanoclusters of Fe2Y 
or Y2O3 dispersed 
with a mix of small 
and large α-Fe (bcc) 
grains (avg. 5 μm)

ODS Fe2Y steel: an upper 
shelf energy of 8.8 J 
and a ductile-to-brittle 
temperature of −24°C

γ-fcc structure of 
Fe2Y nanoclusters: 
coarsened by 
annealing

Karak et al. 
(2011)

ODS high-Cr 
α-steels

MA + hot 
isostatic 
pressing

‘Uniform dispersion 
of 20–30 nm Y2O3 
or Y2Ti2O7 in higher 
volume fraction’

Extremely high 
compressive strength 
(3325 MPa), Young’s 
modulus (295 GPa), 
fracture toughness 
(21.8 MPa m1/2); but 
low ductility

Dispersion 
strengthening by 
nanoparticles
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Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Hidaka et al. 
(2003)

Pure Fe and 
cementite 
(6.2% C)

SPD: mechanical 
milling of 
metallic 
powder

Nano-crystal α grains 
(∼15 nm, for 
Fe-0.8C) 
transformed from 
the dislocation cells

Dynamic continous 
recrystallization

Added C facilitates 
grain refi ning by 
increasing the ‘net 
stored strain 
energy’ by 
dislocations

Khodabakhshi 
et al. (2010)

Low-carbon steel 
(0.05–0.06% C)

SPD: constrained 
groove 
pressing

α grains (200–300 nm) 
at cumulative grain 
of 4.64

UTS of 450 MPa; 
increased 
superplasticity

Work hardening and 
grain refi ning

Khodabakhshi 
and 
Kazeminezhad 
(2010)

Electrical resistivity 
improved by ∼100%

Refi ned 
microstructure 
and high density 
of dislocations

Kozikowski et al. 
(2010)

Eurofer 97 RAFM 
steel

SPD: HE + 
annealing

Heavily deformed 
grains (∼80 nm) 
after HE

Post-deformation 
annealing at high 
temperature improves 
impact strength: 108 J/
cm2 after 800°C/1h

Grain refi nement by 
HE enhances TS 
and 
microhardness but 
reduces ductility

Ahmadabadi et 
al. (2011)

10Ni-7Mn steel SPD: cold rolling 
+ equal-channel 
angular 
pressing

Ultrafi ne α grains 
separated by 
nano-NiMn 
precipitate-
hardened pancake 
grains

Substantially improved 
tensile properties at 
thickness reductions > 
60%

Deformation-
induced α ′→γ 
reverse 
transformation 
and grain refi ning; 
high % of high-
angle GBs and 
saturated 
vacancies 

Table 5.1 Continued
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Reference Steel type
Production 
process

Microstructure of bulk 
material

Novel properties or 
phenomenon Mechanism(s)

Li et al. (2011) Low-carbon steel 
(0.12% C)

SPD: tempering + 
reheat 
quenching + 
cold rolling 
(80% reduction)

Nano-level 
delaminated 
microstructure with 
α′ lathes (average 
100 nm thick)

Signifi cantly improved 
high-cycle fatigue 
properties

‘Micro-cracks form 
on the weak 
interface of the 
nano-grained steel 
under low-stress 
conditions’ and 
inhibit the 
propagation of 
main cracks

Liu et al. (2010) 316 SS SPD: dynamic 
plastic 
deformation + 
annealing

∼20 vol% nanotwin 
bundles embedded 
in micro- and 
nano-γ grains 

UTS of ∼1 GPa; El of 
23–27%

Nanotwins with twin 
boundaries that 
act as slip planes 
while resisting 
dislocation 
motion; low 
dislocation density

Yan et al. (2012) 316 SS

Lu et al. (2012) 316 SS and 
25Mn γ–steel

Single-phase 
hierachical 
microstructure with 
nanotwinned γ 
grains: ‘elastically 
homogeneous but 
plastically 
heterogeneous’

Superior strength-
ductility synergy (e.g., 
yield strength of a few 
GPa and very high 
work-hardening rates)

 BOF: basic oxygen furnace; CSP: compact strip production; HE: hydrostatic extrusion.
 RAFM: reduced activation ferritic/martensitic; UTS: ultimate tensile strength.
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size from millimeter scale to micron scale is achieved by increasing the rate 
of grain nucleation while reducing the rate of grain growth. The grain refi ne-
ment in the liquid state, for instance, may involve the use of pulsed magnetic 
fi elds, pulsed current, or ultrasonic energy to induce refi ned microstructure 
of SS during its solidifi cation (Lo et al., 2009). Okamura et al. (1995) reported 
the formation of ultrafi ne grained bainite structure in new HT780 steels 
(0.05–0.06% C; B-free) by direct quenching and tempering. These steels 
exhibit outstanding mechanical properties: tensile strength (TS) of 825 MPa 
and total elongation (El) of 26% at fracture. They also exhibit excellent 
welding properties (e.g., low HAZ hardness) and good fatigue properties, 
attributable to precipitation hardening and grain refi nement by Cu, Nb, and 
V. Some alloying elements (e.g., Tb, Ni, and V) can form nano-precipitates 
with the C or N in steel and greatly inhibit the growth of grains while 
forming a high concentration of non-uniform grains. There are also alloying 
elements (e.g., Mn and Cr) that can reduce the phase transformation tem-
perature and refi ne the grains during or after the phase transformation. Lei 
et al. (2007) suggested that the best way of grain refi ning was to couple 
alloying with TMT or SPD.

While nano-grained or nano-amorphous steels may be synthesized by the 
‘bottom-up’ approach such as gas condensation or chemical analysis (Aver-
back, 1993; Gonsalves et al., 1994), these production processes do not lend 
themselves to industrial manufacturing. In contrast, the ‘top-down’ approach 
such as mechanical alloying (MA), TMT and SPD can be readily imple-
mented at large industrial scale. TMT can be as simple as the conventional 
cold rolling followed by annealing, or may consist of advanced treatment 
sequences. Bhadeshia (2008) reported the use of TMT to induce phase 
transformation, forming nanostructured bainitic α and γ  plates (∼20 nm) in 
steels with a high C concentration. In addition to phase transformation, 
TMT may induce other solid–solid reactions such as recrystallization and 
precipitation. SPD involves intensive straining processes. SPD can induce 
the formation of nanocrystalline grains in bulk material (with equal channel 
angular pressing – ECAP, high pressure torsion, accumulative roll bonding, 
repetitive corrugation and straightening, constrained groove rolling or 
pressing, etc.) or in surface layer (100 μm to 30 mm thick, with surface 
mechanical attrition treatment – SMAT, ball milling, slide wearing, wire 
brushing, ultrasonic or high-energy shot peening, supersonic fi ne particles 
bombardment – SFPB, severe cold drawing, ultrasonic cold forging – UCFT, 
etc.). SPD concurrently improves the strength and toughness of steels by 
substantially refi ning the microstructure of steel, increasing the density of 
dislocations, dislocation walls, and vacancies, forming non-equilibrium GBs, 
and stabilizing austensite phases (Valiev, 2004). Tsuji and Maki (2009) dem-
onstrated that nanostructures in steel can be produced by different ways of 
combining phase transformation and plastic deformation. They also revealed 
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the effective role of plastic deformation in increasing nucleation sites for 
subsequent phase transformation.

5.2.4 Modeling of nanocomposite steel

Modeling can be used as a powerful tool to advance the fundamental 
knowledge pertinent to nanocomposite steel, especially when integrated 
with or validated by experimental investigation. Thermodynamic modeling 
can provide insights into phase stability and transformations. For instance, 
a Pourbaix diagram (potential–pH diagram) can be used to predict and 
guide the synthesis and application of steels under given working conditions 
(Kaufman et al., 2009). Molecular dynamics modeling can shed light on 
mechanisms underlying mechanical properties of steels, by simulating the 
interactions between dislocations with GBs, twins, precipitates and other 
barriers during deformation (Li et al., 2010; Wu et al., 2009, 2011). Mecha-
nistic models have also been established for predicting the fatigue life of 
SS under various conditions (Lo et al., 2009). In addition, improved under-
standing of corrosion and inhibition mechanisms has been continually 
achieved through characterization and modeling of the steel surface and 
corrosion products at various length scales down to the nanometer scale 
(Murayama et al., 2008).

5.3 Properties of nanocomposite steel

5.3.1 Nanotechnology to improve mechanical properties 
of steel bulk

Nanotechnology has been employed to enhance the mechanical properties 
of the steel bulk itself, by achieving the desirable fi nely crystalline micro-
structure of steel or by modifying its chemical composition or morphology 
at the nano- or micro-scale. Table 5.1 summarizes recent research on this 
subject, involving various classes of steel: carbon steel (≤2.1% C, low alloy), 
SS (≥10.5% Cr), alloy steel, ODS steel, etc. A wide variety of processing 
approaches have been investigated for producing nanocomposite steels. 
TMT, MA, and SPD have been used individually or synergistically, to induce 
nanostructure via phase transformation and deformation processes. There 
is also a high level of diversity in the resulting microstructure of nanocom-
posite steel, ranging from single-phase, dual-phase, to multi-phase and 
ranging from nano-grains of α or γ, to α ′ laths or bainitic α lamellae with 
nano-γ fi lms in between, to nano-precipitates/clusters in or along nano- or 
micro-grains of α ′ or α. These nano-modifi ed steel bulk feature novel 
mechanical properties, characteristic of considerable improvements in 
strength (e.g., TS up to 2000 MPa) alone or in strength as well as toughness 
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(e.g., El of 15%; impact toughness of 200 J at −20°C) and high-temperature 
creep resistance (e.g., at 923K, time-to-rupture 2 orders of magnitude higher 
than conventional creep-resistant steels), etc. There are multiple mecha-
nisms underlying the outstanding strength–ductility synergy of nanocom-
posite steels. Often the toughness is introduced by the lath or lamella 
structure or high percentage of high-angle GBs; ductility and formability 
are introduced by the retained γ fi lms or tempered α ′; and strength is 
enhanced by the nano-grains, nano-precipitates of carbides, nitrides, or 
carbonitrides, or other nano-inclusions.

One recent advance in this fi eld is the use of dynamic plastic deformation 
(DPD) followed by annealing to produce SS and alloy steels with superior 
strength–ductility synergy, such as TS of 1 GPa, El of 27%, and very high 
work-hardening rates (Liu et al., 2010; Lu et al., 2012; Yan et al., 2012). These 
nanocomposite steels feature a unique single-phase hierachical microstruc-
ture with ∼20 vol% nanotwin (NT) bundles embedded in micro- and nano-γ 
grains and low dislocation density. Their mechanical behavior is ‘elastically 
homogeneous but plastically heterogeneous’. It was hypothesized that the 
NT boundaries act as slip planes while resisting dislocation motion. Figure 
5.3 presents typical bright-fi eld transmission electron microscopy (TEM) 
images of 316 SS after DPD and annealing, showing the early-stage static 
recystallization (SRX) in shear bands between NT bundles. The SRX grains 
and NT bundles introduce a great amount of ductility into the steel bulk, 
while enhancing its strength simultaneously (Yan et al., 2012).

5.3.2 Nanotechnology to improve mechanical properties 
of steel surface

Nanotechnology has also been employed to enhance the mechanical prop-
erties of the steel surface layer, by achieving the desirable fi nely crystalline 
microstructure of steel or by modifying its chemical composition and mor-
phology at the nano- or micro-scale (Lo et al., 2009). Table 5.2 summarizes 
recent research on this subject, involving various classes of steel: carbon 
steel, SS, alloy steel, etc. A variety of processing approaches have been 
investigated for producing a nanocomposite surface on steels, typically via 
surface SPD or SPD coupled with TMT. While there tends to be a gradient 
microstructure from the treated surface to the bulk of steel, there is also a 
high level of diversity in the resulting surface microstructure, ranging from 
nano-grains of α or α and cementite, to nano-scale retained γ  grains embed-
ded in the fi ne bainite and α′, to net-shape pearlite along the nano-grains 
of α, to nano-twinned ultrafi ne crystals. These nano-modifi ed steel surfaces 
feature novel mechanical properties, characteristic of considerable improve-
ments in strength (e.g., TS by 91% and fatigue strength by 13%), hardness 
(by 100%), wear resistance (by 97%), and fatigue strength (by 25%), and 
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5.3 Typical bright-fi eld TEM images (a and b) of 316 SS with DPD 
ε = 1.6, annealing @ 730°C / 20 min, showing the early-stage SRX in 
shear bands between NT bundles (Yan et al., 2012). With kind 
permission from Elsevier Science.

toughness (e.g., El of 27.5%) and reduced friction coeffi cient (by 50%). 
There are multiple mechanisms underlying the outstanding strength–
stiffness–ductility synergy of the nanocomposite surface. Often the tough-
ness and ductility are introduced by phase transformation and dislocation 
distribution, whereas strength and stiffness are enhanced by surface nano-
crystallization and/or nano-precipitation and change in the dominant defor-
mation or wear mechanics.

One recent advance in this fi eld is the use of SMAT to produce 304 SS 
with outstanding strength–stiffness–ductility synergy, by forming hard 
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Table 5.2 Recent research on the utilization of nanotechnology to improve the mechanical properties of steel surface

Reference Steel type
Production 
process

Microstructure of surface 
layer

Novel properties or 
phenomenon Mechanism(s)

Suh et al. 
(2007)

Tool steel 
(SKD-61/
equivalent 
H13)

UCFT Gradient microstructure 
with nano-grains 
(average 50 nm) from 
the surface to 100 μm 
depth

Improved hardness (37%), 
compressive residual 
stress (83%), wear 
resistance (97%), and 
fatigue strength (25%). 
Reduced friction 
coeffi cient (50%)

Mixed nano-crystals 
and amorphous 
phase

Xu et al. 
(2008)

Carbon steel 
(0.7–0.75% 
C)

Severe cold 
drawing

Nano-grains of α and 
cementite

UTS increased from 1352 
to 2586 MPa at a true 
strain of 3.58; 
outstanding wear 
resistance

Strain-induced α 
transformation 
(from cementite 
fl akes) and 
nano-crystallization

Liu et al. 
(2009)

Low carbon 
steel (#45)

Added 
pressure 
shot 
peening

Uniformly distributed 
equiaxed grains 
(∼65 nm) in the top 
surface

Doubled the hardness of 
the 30-μm thick surface 
layer; enhanced wear 
resistance

Nanocrystallization 

Kwon et al. 
(2010)

Extra-AHSSTM Adding Mn 
and C to 
retain 
suffi cient 
austenite

Nano-scale retained γ 
grains (200–500 nm) 
embedded in the fi ne 
bainite and α ′

Extremely high strength-
ductility balance, e.g., 
TS > 1033 MPa, El > 
27.5%, and TS × El > 
28,408 MPa.%

Partial reverse 
transformation 
during continuous 
annealing and 
transformation 
induced plasticity

Ba et al. 
(2007)

Cr-Si alloy 
steel 

Quenching + 
tempering + 
SFPB

Uniformly distributed 
equiaxed α grains 
(5–65 nm) in the top 
surface

Greatly enhanced 
hardness and wear 
resistance and reduced 
friction coeffi cient

Nanocrystallization 
and change in the 
dominant wear 
mechanics
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Reference Steel type
Production 
process

Microstructure of surface 
layer

Novel properties or 
phenomenon Mechanism(s)

Ba et al. 
(2011)

Gradient microstructure 
with Lamellar-type 
dislocation cells with 
dense dislocation walls

Surface 
nanocrystallization: 
decomposing the 
cementite granules

Dislocation activities

Kim et al. 
(2009)

Low-carbon 
steel 
(0.15% C)

ECAP α−α ′ dual phase 
microstructure with 
ultrafi ne grains

Enhanced hardness and 
strength but reduced 
wear resistance

‘Lack of strain 
hardening due to 
unstable and 
non-equilibrium 
(GBs) and the 
cracking at the 
interface of α−α ′ 
phases’

Huang et al. 
(2011)

Low-carbon 
steel 
(≤ 0.2% C)

Quenching + 
tempering + 
ECAP

Net-shape pearlite along 
the GBs of α (∼500 nm)

Enhanced strength, 
stronger surface 
passivation, and 
reduced adhesive bond 
shear strength, friction 
coeffi cient and wear rate

Grain refi nement 
induced by SPD 

Verezub et 
al. (2011)

Low-alloy 
steel 
(105WCr6)

In situ laser 
melt 
injection + 
heat 
treatment

20–30 vol% nano-sized 
(Fe,W)6C particles and 
∼56 vol% (W,Ti)C 
microparticles in the 
steel matrix 

Enhanced microhardness 
and wear resistance at 
the 1 mm top layer

Strenghening by 
nano- and 
micro-precipitates
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Reference Steel type
Production 
process

Microstructure of surface 
layer

Novel properties or 
phenomenon Mechanism(s)

Li et al. 
(2009)

Low-carbon 
steel 
(0.17% C)

SMAT Uniformly distributed 
equiaxed α grains 
(∼13 nm) and 
cementite 
nanoparticles in the 
top surface

More than doubled the 
surface microhardness; 
13% improvement in 
fatigue strength 
(302 Mpa based on 
fatigue life 5×106 cycles)

Surface 
nanocrystallization

Chen et al. 
(2011)

304 SS SMAT Hard nanocrystalline α ′ 
layer, α′-γ ultrafi ne 
layer, twinning layer, 
and compliant coarse-
grained layer from 
outer to inner

Outstanding strength-
stiffness-ductility 
synergy

Synergy of multiple 
deformation 
mechanisms and 
nano/micro-scale 
toughening

Frontán 
et al. 
(2012)

304 SS SMAT + 
plasma 
nitriding or 
SMAT

Nanocrystalline or 
nanotwinned ultrafi ne 
crystals

Lower energy absorption 
and 40% less impact 
deformation than 
coarse-grained steel 
under ballistic loading

-

Wang et al. 
(2012)

Fe-9Cr steel SMAT + 
annealing

Gradient microstructure 
with α grains (∼14 nm) 
and smaller carbide 
particles dispersed 
along GBs

Annealing-induced grain 
refi nement

α→γ→α phase 
transformations

Table 5.2 Continued
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nanocrystalline α′ layer, α′–γ ultrafi ne layer, twinning layer, and compliant 
coarse-grained layer from outer to inner of the stainless steel. This bio-
inspired design aims to benefi t from the synergy of multiple deformation 
mechanisms and nano/micro-scale toughening. Figure 5.4 presents typical 
TEM images of 304 SS after SMAT and its corresponding selected area 
electron diffraction (SAED) patterns at four different depths (Chen et al., 
2011).

Another advance in this fi eld deals with the use of surface-modifi ed 
nano-Cu as effective lubrication additive (at 10 vol% in oil). It works by 
‘forming a chemical reaction fi lm on the steel’ surfaces, thus improving their 

(a) (b)
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5.4 Typical TEM images of 304 SS after SMAT and its corresponding 
selected area electron diffraction (SAED) patterns at four different 
depths: 5, 100, 250, and 400 μm for (a)-(d) respectively. The lower 
inset of (a) is the grain size distribution (Chen et al., 2011). With kind 
permission from Elsevier Science.
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wear resistance and anti-fatigue performance of carbon steel (Zhang et al., 
2010).

5.3.3 Nanotechnology to improve corrosion resistance 
of steel

The corrosion of steel as a result of chemical or electrochemical reaction 
with its service environment is a spontaneous process, which can compro-
mise the integrity of the materials and impact assets, environment, and 
people if no measures are taken to prevent or control it. The corrosion of 
steel is generally electrochemical in nature, and may take many forms such 
as uniform corrosion, galvanic corrosion, pitting corrosion, crevice corro-
sion, underdeposit corrosion, dealloying, stress corrosion cracking (SCC), 
corrosion fatigue, corrosion wear, and microbially infl uenced corrosion 
(MIC).

Nanotechnology has also been employed to enhance the corrosion resis-
tance of the steel bulk or surface layer. Table 5.3 provides a snapshot of 
recent research on this subject, involving various classes of steel: weathering 
steel, SS, and alloy steel, whereas the following sections review recent inven-
tions on this subject. The improved resistance to pitting corrosion, corro-
sion, wear, or corrosion wear can be derived from nano-phases in the 
passive fi lm, high density of GBs as nucleation sites for growing passive 
fi lm, hardening by nano-precipitates or nano-grains, etc. As summarized by 
Lo et al. (2009), laser surface melting (LSM) can reduce the size of carbides 
and impurities (e.g., MnS) and alter the microstructure in the surface layer 
of SS, often leading to improved resistance to intergranular corrosion and 
pitting.

It should be cautioned that some production processes of steels may alter 
their microstructure and increase their susceptibility to cavitation erosion 
and hydrogen embrittlement (Lo et al., 2009). Amarnath and Namboodhiri 
(2003) revealed that for a high strength low alloy steel, heating followed by 
normalizing (air cooling) coarsened the grain sizes and lowered the disloca-
tion density, which in turn decreased the number of hydrogen trap sites and 
increased the risk of hydrogen embrittlement. Relative to the as-received 
steel, its water quenching followed by tempering also led to higher risk of 
hydrogen embrittlement. It is hypothesized that a microstructure with high 
dislocation density and high concentration of GBs and other interfaces 
would be less prone to hydrogen embrittlement in steel. Addition of Mo 
and V nanoparticles has been reported to mitigate the delayed fracture of 
steel, by reducing the intergranular cementite and associated hydrogen 
embrittlement (Mann 2006). Addition of some alloying elements (e.g., Cu, 
Cr, Ni, Mo, W) can improve the corrosion resistance of steels.
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Table 5.3 Recent research on the utilization of nanotechnology to improve the corrosion resistance of steel

Reference Steel type
Production 
process

Microstructure of 
surface or bulk

Novel properties or 
phenomenon Mechanism(s)

Zhang et al. 
(2001)

Tool steel 
(0.35C-5Cr-
1.5Mo-1V)

Metal vapor 
vacuum arc 
ion 
implantation

Fe2Mo, FeMo, Fe2MoC, 
Mo2C, MoC, MoCx 
nano-precipitates in 
surface layer

Greatly improved 
resistance to pitting 
corrosion and 
corrosion

Nano-(Mo+C) phases 
improve the passive 
fi lm

Wang and 
Li (2003)

304 SS Sandblasting + 
annealing

Uniformly distributed 
nanocrystalline 
grains (∼20 nm) in 
the top surface

Greatly improved 
resistance to 
corrosion, wear and 
corrosive wear

Nanocrystallization and 
change in the 
dominant wear 
mechanics

Kwok et al. 
(2006)

316 SS Cavitation + 
low-
temperature 
annealing

fcc γ-grains (91 nm) Improved resistance to 
pitting corrosion and 
enhanced ability to 
repassivate

High density of GBs as 
nucleation sites for 
growing a uniform 
Cr-rich passive fi lm 

Vaynman 
et al. 
(2002)

NUCu weathering 
steel (ASTM 
A710B, 0.06% C)

Microalloying + 
hot-rolling + 
normalizing

Equaxed ferritic 
microstructure, 
with some dispersed 
pearlite bands

Outstanding 
mechanical, welding 
and anti-corrosion 
properties, e.g., TS of 
567 MPa, El of 32.2%

Hardening by nano-Cu 
precipitation; solid 
solution strengthening 
by Ni; grain 
refi nement by Nb
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First, nanotechnology has been utilized in endowing the steel bulk mate-
rials with excellent corrosion resistance, mainly by refi ning their crystal 
grains to nano-scale. The steel substrate with a nano-phased grain structure 
tends to have less defects or inhomogeneities where corrosion attack tra-
ditionally initiates and/or propagates. Miura et al. (2010) disclose a steel 
with an improved corrosion resistance and ultra-hardness and toughness, 
comprising an aggregate of α nano-crystal grains containing a solid-solution 
type N (0.1–2.0% by mass). The steel is prepared by MA of fi ne powders 
of α steel-forming components (e.g., Fe, Cr, Ni, Mn, and C) and an N-con-
taining substance (e.g., N2, NH3, and nitride of Fe, Cr, and Mn), followed by 
forming-by-sintering treatment and subsequent annealing. The crystal 
grains are more fi nely divided on a nanometer scale by mixing a particle 
dispersant (e.g., AlN, NbN, TaN, Si3N4, or TiN) or mixing a metal oxide or 
a semimetal oxide in the MA process. Furthermore, an oxide, nitride, 
carbide, silicide, or boride of a metal or semimetal exists as a crystal grain 
growth inhibitor between and/or in the nano-crystal grains. Such SS, having 
a high N concentration (in place of expensive Ni or Mn), were reported to 
feature much improved resistance to corrosion and particularly to pitting 
corrosion as well as signifi cantly reduced sensitivity to SCC.

Buck (2008) discloses the use of TMT to create a fi ne-grained microstruc-
ture imparting the steel good corrosion resistance, high strength, and high 
toughness. In one example, a 15 cm thick steel slab was fi rst soaked at 
1230°C for 2 h ‘such that the structure is mostly face-centered-cubic (fcc) γ 
throughout the alloy’, before being hot-worked on a reversing rolling mill 
at a temperature between 1230°C and 1150°C. During the forming process, 
a true strain of 0.22–0.24 per pass was utilized to induce recrystallization. 
The resulting plate was then air-cooled to room temperature with or without 
further heat treatment, ultimately transformed into a fi ne-grained α′ SS.

Wright and Jung (2006) disclose the invention of Cr-Ni-Co-Mo-Ti-Al SS 
with an excellent combination of strength, toughness, and corrosion resis-
tance across a variety of strength levels. The SS feature ‘a predominantly 
lath-α′ microstructure essentially without topologically close packed inter-
metallic phases and strengthened primarily by a dispersion of intermetallic 
particles primarily of the η-Ni3Ti phase’. The Ti and C levels are controlled 
‘such that C can be dissolved during a homogenization step and subse-
quently precipitated during forging to provide a grain-pinning dispersion’ 
of carbides of Ti, V, Nb, or Ta.

Second, nanotechnology has been utilized in surface treatments to 
improve the performance and service life of steels in oxidizing and corro-
sive environments. A recent invention (Kerber, 2007) is directed to nanopar-
ticle surface treatments and methods of providing such treatments for 
forming a thin oxide coating on alloys, thereby providing the substrate with 
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enhanced corrosion and oxidation resistance. The disclosed method relates 
to such nanoparticles as CeO2, nanoceria, or an oxide of an element selected 
from the group consisting of Al, Si, Ti, Y, Nb, Zr, and other rare earth ele-
ments. One possible mechanism is that these elements exhibit a reactive 
element effect that decreases the oxide scale growth rate and reduces scale 
spallation by improving the scale–alloy adhesion. The invention suggests 
exemplary applications of this technology in protecting SS and Ni or Al 
alloys at high temperatures and in steam environments. The effectiveness 
of nanoparticle surface treatments in managing metallic oxidation and cor-
rosion was demonstrated. For instance, the steel samples were dip-coated 
with nanoparticles in their respective solutions once or several times with 
intermediate drying at 200°C. After heating to 1000°C for 34 h, the 316 SS 
treated with nanoceria had a self-protective, thin, and adherent oxide fi lm 
formed on its surface, whereas the sample without the nanoparticle treat-
ment had thick, spalled oxide scale on its surface. Similarly, benefi cial effects 
of nanoceria surface treatment for 430 and 410 SS were observed after 
heating to 800°C in air for some time. Tests of nanocrystalline-coated and 
uncoated SS confi rmed the corrosion resistance of the self-protective sur-
faces to humid air, to direct contact with liquid in the temperature range of 
150°C to 350°C, to submerged service in high salinity solutions, and to the 
vapor phase above these solutions.

Another invention in this category (Sugama, 2009) presents methods of 
endowing the alloy surfaces with outstanding corrosion resistance by 
forming an ultrathin (preferably less than 10 nm), Cr-free fi lm comprising 
an at least partially crosslinked amido-functionalized silanol component 
and nanoparticles of rare-earth metal oxide. The formed coatings were 
reported to provide better coverage of the substrate metal and similar or 
superior corrosion resistance than Cr-based coatings. For instance, one such 
coating demonstrated to extend the lifetime of the steel substrate under 
salt-fog test at 35°C from approximately 10 h to approximately 768 h.

Third, nanotechnology has been utilized in decorative and protective 
coatings that provide the steel substrate with superior abrasion resistance 
and good corrosion resistance. Chen (2008) discloses the use of cathodic 
arc evaporation (CAE) for physical vapor deposition (PVD). For Zr, the 
resulting strike layer exists either as amorphous to nano-size crystals up to 
50 nm or as preferentially-oriented crystals up to 80 nm in size, with a small 
percentage of amorphous refractory oxide acting as precipitation hardening 
particles. By maintaining the fl ow ratio of oxygen to argon into the vacuum 
chamber during CAE, a stoichiometric ZrO2 layer (preferably between 10 
and 30 nm thick) is then deposited on the strike layer, which provides 
another non-conductive barrier layer to improve resistance to corrosion 
and pitting.
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Chan (2006) discloses novel methods of depositing a nanocomposite 
coating of SS and a metallic carbide or metallic nitride onto a solid metal-
lic substrate (e.g., SS) to increase its surface hardness. Unlike the continu-
ous deposition process, very thin layers (e.g., 5–10 nm per layer) of such 
nanocomposite coating are deposited by reactive sputtering in a C or N2 
gas plasma, using pure SS and Cr targets or their alloy targets. When the 
substrate is away from the deposition locations, the deposited SS and CrC 
(or CrN) phases were reported to relax into ‘their most thermodynami-
cally suitable sites’. The hardness improvement was achieved by forming 
the nanocomposite structure in which the CrC nanophases precipitated 
along the SS GBs. This method features a clean process for obtaining 
a hard, wear-resistant, and corrosion-resistant coating with an SS-like 
appearance.

Namavar (2006) discloses an invention that provides metallic compo-
nents (e.g., SS) with integrally formed, homo-metallic protective coatings 
on their surfaces. The deposited substance and the bulk substrate have at 
least one metallic constituent element in common; and the formed coatings 
feature crystalline grains preferably in a range of about 10–200 nm and thus 
an enhanced hardness and a high degree of resistance to corrosion and 
wear. To improve the adhesion of the coating to the substrate, the average 
crystalline grain size can decrease continuously from the substrate to the 
coating within the transition zone.

Detor and Schuh (2006) disclose the use of bipolar pulsed current (BPP) 
to produce alloy deposits with a specifi ed nanocrystalline average grain size 
and thus superior macroscopic quality and/or resistance to corrosion and 
abrasion. Polarity ratio (characterized by the amplitude and/or duration of 
the negative pulse relative to those of the positive pulse) was used to enable 
‘grading and layering of nanocrystalline crystal size and/or composition 
within a deposit’ without introducing voids and cracks. Relative to tradi-
tional microcrystalline metals, the nanocrystalline metal coatings with 
nano-grains are expected to show exceptional combination of properties 
such as excellent corrosion and wear resistance, enhanced yield strength 
and ductility, and desirable magnetic properties.

Finally, nanotechnology has been employed to alter the steel/electrolyte 
interface, by forming nano-modifi ed polymeric coating on steel. The incor-
poration of nano-sized particles (e.g., SiO2, Fe2O3, and halloysite clay) into 
conventional polymer coatings can signifi cantly enhance the anti-corrosive 
performance of such coatings on steel substrates (Shi et al., 2009). A com-
prehensive review on this subject, however, is beyond the scope of this 
chapter. A recent review in 2007 by Saji and Thomas discussed the incor-
poration of nanoparticles in ceramic coatings, polymer coatings, and hybrid 
sol-gel systems for improved properties (e.g., resistance to corrosion and 
high-temperature oxidation, self-cleaning, and anti-fouling).
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5.4 Future trends

The use of nanotechnology has led to remarkable improvements in the 
mechanical properties and corrosion resistance of steels, by achieving the 
desirable microstructure of steels via phase transformation or deformation 
kinetics or by controlling the key chemistry down to the nanometer scale. 
By controlling the grain size and distribution and the heterogeneity and 
gradation of microstructure (e.g., quantity, morphology, and distribution of 
nano-phases), strength/toughness synergy and other properties of steels 
could be greatly enhanced. One interesting research need is to optimize the 
distribution and motion of dislocations in nanocomposite steels. Many of 
the R&D efforts detailed in previous sections will undoubtedly continue 
and more cost-effective solutions will emerge as a result of the advanced 
knowledge base and continuous improvements in R&D and in production 
technologies (e.g., high N-content SS). The great potential of nanotechnol-
ogy in this fi eld has not yet been fully achieved and in the near future new 
techniques and new applications can be expected along with new products 
to be introduced into the market. Multi-scale modeling of nanocomposite 
steels under mechanical or chemical stresses is crucial to unravel the role 
of dislocations, GBs, precipitates, and lattice defects and their interactions 
at various length scales. Continued developments in design and processing 
technologies can be expected to address needs in long-term durability, 
minimized maintenance, environmental sustainability, and/or competitive 
performance (e.g., high strength-to-weight ratio). To maximize the sustain-
ability of using steels for construction, it is important to match the steel type 
to the working conditions and user requirements.

Nanotechnology has demonstrated its clear benefi ts and will continue to 
play a key role in the production of high performance steels. Future devel-
opments will be centered on furthering the understanding of why and how 
superior properties of steels can be achieved by the design and control of 
their chemical composition and morphology at the micro- and nanometer 
scales. Progress in steel production technology will open up the possibility 
of rapid change in steel metallurgy and increase the competitiveness of 
nano-enabled products. More research is needed to advance the knowledge 
base relevant to using nanotechnology to modify the surface layer or bulk 
material of steels and to shed light on the mechanisms and pathways defi n-
ing the cause-and-effect relations that link metallurgy and production pro-
cesses with microstructure and properties of steels.

The research in this domain is ongoing and the interdisciplinary nature 
of nanotechnology requires experts from a variety of disciplines working 
together to produce viable solutions. While the authors anticipate many 
evolutionary and revolutionary developments in this specifi c fi eld, the ulti-
mate market share of nanocomposite steels will depend on continued 
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investment and efforts in R&D as well as market-driven product strategies 
(Osman et al., 2006). A multitude of technical and cost barriers remain for 
many of the inventions. For instance, concerns have surfaced about the 
responsible development, production, use, and disposal of some nanomate-
rials and related technologies. These are generally sparked by the nanosize 
effect and present unique challenges to be addressed before the successful 
commercialization of nanocomposite steels in some applications. For 
instance, Khettabi et al. (2008) indicated that the formation of nano- and 
micro-sized particles during metal cutting may pose a health risk.
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Abstract: Polymeric nanocomposites are among the most exciting and 
promising classes of materials discovered recently. A number of physical 
properties are successfully enhanced when a polymer is modifi ed with 
small amount of nanoclay on condition that the clay is dispersed at 
nanoscopic level. In this research, comparative rheological tests on 
binders and mechanical tests on asphalt mixtures containing unmodifi ed 
and nanoclay modifi ed bitumen were carried out. Two types of nanoclay 
were used: Nanofi ll-15 and Cloisite-15A. Rheological tests on binder 
were penetration, softening point, ductility and aging effect. Mechanical 
tests on asphalt mixture were Marshall stability, indirect tensile strength, 
resilient modulus, diametric fatigue and dynamic creep tests. Test results 
show that nanoclay can improve properties such as stability, resilient 
modulus and indirect tensile strength and result in superior performance 
compared to that of unmodifi ed bitumen under dynamic creep. 
Nanoclays do not seem to have benefi cial effects on fatigue behaviour at 
low temperatures. Optimum binder content and void in total mixture 
(VTM) increase by adding nanoclay to bitumen.

Key words: asphalt mixture, modifi ed bitumen, nanoclay, engineering 
properties.

6.1 Introduction

Temperature susceptibility characteristics and physical properties of asphalt 
binder at high and low fi eld operating temperatures can affect fi nal perfor-
mance of the mixture. To improve the performance of bitumen and asphalt 
concrete mixtures, addition of modifi ers such as polymers has become 
popular in recent years. Polymeric nanocomposites are one of the most 
exciting materials discovered recently and physical properties are success-
fully enhanced when a polymer is modifi ed with small amounts of nanoclay 
on the condition that the clay is dispersed at nanoscopic level (Pinnavaia 
and Beall, 2000).

Many research studies have been undertaken on nanoclay modifi ed poly-
mers; however, relatively little published information is available about 
nanoclay modifi ed bitumen. Material variables which can be controlled and 
can have a profound infl uence on the nature and properties of the fi nal 
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nanocomposite include the type of clay, the choice of clay pre-treatment, 
the selection of polymer component and the way in which the polymer is 
incorporated into the nanocomposites (Pinnavaia and Beall, 2000).

Common clays are naturally occurring minerals and are thus subject to 
natural variation in their constitution. The purity of the clay can affect fi nal 
nanocomposite properties. Many types of clay are alumina-silicates, which 
have a sheet-like (layered) structure, and consist of silica SiO4 tetrahedron 
bonded to alumina AlO6 octahedron in a variety of ways. A 2 : 1 ratio of the 
tetrahedron to the octahedron results in mineral clays, the most common 
of which is montmorillonite (Fig 6.1). The thickness of the montmorillonite 
layers (platelets) is 1 nm and aspect ratios are high, typically 100–1500 
(Grim, 1959). The degree of expansion of montmorillonite is determined 
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110 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

by their ion (e.g., cation) exchange capacities, which can vary widely. A 
characteristic number of these types of clay is the cation exchange capacity 
(CEC), which is a number for the amount of cations between the surfaces. 
The CEC of montmorillonite ranges from 80 to 120 meq/100 g (milli-
equivalents per 100 grams), whereas kaolinite has CEC values ranging from 
3 to 5.

The expansion pressure of montmorillonite in which sodium ions consti-
tute the majority of the adsorbed cations (called Na-montmorillonite) is 
very high, leading to the exfoliation and dispersion of the crystal in the 
manner of fi ne particles or even single layers. When Ca2+, Mg2+ and ammo-
nium are the dominant exchangeable cations, the dispersion is relatively 
low and the size of the particle is relatively large. Separation of the clay 
discs from each other will result in a nanoclay with an enormous large active 
surface area (it can be as high as 700–800 m2 per gram). This helps to have 
an intensive interaction between the nanoclay and its environment (bitumen 
in our case). The process to realize the separation (surface treatment) is 
dependent on the type of material to be mixed (Lan et al., 1995).

A necessary prerequisite for successful formation of polymer-clay nano-
composite is therefore alteration of the clay polarity to make the clay 
‘organophilic’. To achieve fi ne dispersion, mechanical forces alone are not 
enough; there should be a thermodynamic driving force as well to separate 
the layers into the primary silicate sheets. This thermodynamic driving force 
is introduced by inserting a certain coating of surfactants (an agent such as 
detergent which reduces surface tension) on each individual layer (Theng, 
2012). These surfactant molecules increase the layer distance, improve the 
compatibility with the polymer and can give an increase in entropy because 
they can mix with the polymer. Organophilic clay can be produced from 
normally hydrophilic clay by ion exchange with an organic cation. The 
organic reagents are quaternary ammonium salt with alkyl chains such as 
12-aminododecanoic acid (ADA), octadecanoic alkyl trimethyl quaternary 
ammonium salt. The reaction process is described as:

M-CLAY CH CH NR X CH CH NR -Clay MX

R -H -CH X -Cl -
n n+ ( ) → ( ) +

= =
3 2 3 3 2 3

3, ; , BBr -I M Na Ca Mg, ; , ,=( )+ + +2 2  [6.1]

Addition of a positively loaded surface active material, a kind of ADA, 
will in this case form an ADA layer around each clay disc. The clay disc in 
this case changes from a hydrophilic disc into a hydrophobic disc. These 
modifi ed clay discs will separate automatically in water and can be used as 
nanoparticles. The correct selection of modifi ed clay is essential to ensure 
effective penetration of the polymer into the interlayer spacing of the clay 
and result in the desired exfoliated or intercalated product. In intercalate 
structure, the organic component is inserted between the layers of the clay 
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6.2 Intercalated and exfoliated nanocomposite.

such that the interlayer spacing is expanded, but the layers still bear a well-
defi ned spatial relationship to each other. In an exfoliated structure (Fig. 
6.2), the layers of the clay have been completely separated and the indi-
vidual layers are distributed throughout the organic matrix (Nguyen and 
Baird, 2007).

With dispersing nanoclay in a thermoplastic material (a material that is 
plastic or deformable, melts to a liquid when heated, and freezes to a brittle, 
glassy state when cooled suffi ciently), stiffness and tensile strength, tensile 
modulus, fl exural strength and thermal stability will increase (Manias, 2001).

The Structures of bitumen and polymers are different as bitumen is a 
very complex polymer and not stable. The structure of asphaltenes on 
bitumen depends on the chemical composition of the binder and on tem-
perature. In gel type, the asphaltenes are highly associated to each other, 
but in sol type, they are not associated to each other and have poor network 
and lower asphaltenes proportions and need a different approach to clay 
and bitumen interaction which probably limits the successes obtained in 
bitumen-nanoclay modifi cations.

6.2 Research on nanoclay-modifi ed asphalt mixtures

Many studies have been carried out on nanoclay-modifi ed polymers, but 
little published information is available about nanoclay-modifi ed bitumen. 
Many research studies have been performed on bitumen modifi cation by 
polymer materials such as SBS (styrene butadiene styrene block copoly-
mer), SBR (styrene butadiene rubber latex) and EVA (ethyl vinyl acetate). 



112 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

Chen et al. (2002) showed that SBS improved the rheological properties of 
asphalt binder due to the formation of a polymer network in the binder. 
This network forms in two stages: at low polymer concentrations, the SBS 
acts as a dispersed polymer and does not signifi cantly affect properties; at 
higher concentrations, local SBS networks begin to form and are accompa-
nied by a sharp increase in the complex modulus, softening point tempera-
tures, and toughness.

Radziszewski (2007) studied mechanical properties of asphalt mixtures 
containing elastomer, plastomer and fi ne rubber modifi ed binders. His study 
showed that while being exposed to simulated short-term ageing and long-
term ageing, asphalt mixtures behave differently in terms of rutting and 
creeping. Ageing causes higher stiffness with unmodifi ed binder mixtures 
than with polymer or rubberized bitumen modifi ed binder mixtures. Per-
manent deformation depends on the type of asphalt mixture and the type 
of binder used. Asphalt concrete with rubberized bitumen, asphalt concrete 
with 7% polymer modifi ed binders and SMA and Superpave mixtures with 
unmodifi ed binders appeared to be most resistant to permanent deforma-
tions after long-term laboratory ageing (Radziszewski, 2007).

Recently, nanoscale inorganic fi llers have drawn increasing interest as it 
is theoretically possible to signifi cantly improve the properties of pristine 
polymers such as bitumen with a relatively small percentage of additive 
(Lan and Pinnavaia, 1994; Lan et al., 1995, Kornmann et al., 2001; Zerda and 
Lesser, 2001; Becker et al. 2002, Liu et al., 2003). Nanoclays are micro-scale 
fi llers which would make polymers effi cient as fi ller reinforcements. Ghile 
(2005) performed mechanical tests on asphalt mixture modifi ed by Cloisite. 
The results showed that nanoclay modifi cation can improve mechanical 
behaviour properties of the mixture such as indirect tensile strength, creep 
and fatigue resistance. Chow (2003) investigated surface modifi ed montmo-
rillonite nanoclay and compatibilizer, and found that the strength and stiff-
ness of polyamide polypropylene nanocomposites improved due to the 
synergistic effect of surface modifi ed montmorillonite nanoclay and com-
patibilizer. Yasmin et al. (2003) found that the addition of Nanomer I.28E 
and Cloisite 30B into some pure epoxy polymers produced materials with 
higher elastic modulus than that of the pure epoxy.

6.3 Material and methods

The aggregates used in this study were crushed limestone aggregates with 
gradation characterized by 12.5 mm nominal size (according to Pavement 
Guidelines in Iran) and limestone mineral fi ller. Physical properties of the 
aggregate, both coarse and fi ne, together with mineral fi ller are given in 
Table 6.1 and aggregate gradation shown in Fig. 6.3. The bitumen was a 
60/70 penetration grade (AC-10) and its properties are shown in Table 6.2. 
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Table 6.1 Properties of aggregates

Coarse aggregate (ASTM C127)

Bulk specifi c gravity, g/cm3 2.698
Apparent specifi c gravity, g/cm3 2.714
Absorption, % 0.33

Fine aggregate (ASTM C128)

Bulk specifi c gravity, g/cm3 2.683
Apparent specifi c gravity, g/cm3 2.735
Absorption, % 0.62

Filler (ASTM D854)

Apparent specifi c gravity, g/cm3 2.743
Los Angeles Abrasion, % (ASTM C131) 23.57
Polishing value (BS813) 0.47

Table 6.2 Properties of bitumen

Softening point 54
Penetration grade at 5°C 63
Flash point 243
Penetration index + 0.4
Ductility at 25°C >100 cm
Fraass breaking point 14
Loss of heating 0.05%
Density 1.035
Viscosity
 at 50°C 250,000
 at 60°C 100,000
 at 72°C 20,000
Maltens 75%
Asphaltenes 27.2%
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Two types of common nanoclay used in this research were Cloisite-15A and 
Nanofi ll-15. Properties of nanoclays are shown in Tables 6.3.

Current test procedures used on modifi ed and unmodifi ed bitumen are 
empirical such as penetration, ductility, softening point. Marshall test and 
performance-based tests such as indirect tensile strength, resilient modulus 
test, fatigue resistance test and dynamic creep test were carried out on the 
mixture samples. Specimen preparation and compaction were conducted in 
accordance with ASTM D1559-89 (1994). All performance-based tests were 
done on Marshall-sized samples.

6.4 Rheological tests and results

Empirical rheological tests carried out on unmodifi ed and modifi ed bitumen 
with different nanoclay content were penetration, softening point and duc-
tility tests. The modifi cation of bitumen with nanoclay was performed at 
nanoscale level by thermodynamic driving force. The empirical tests were 
performed according to the standard test procedures. The nanoclay con-
tents selected were 0.2%, 0.4% and 0.7% by weight of bitumen. The test 
results are shown in Fig. 6.4.

Nanofi ll-15 modifi cation makes little change on penetration and soften-
ing point of the unmodifi ed 60/70 pen bitumen. Addition of a few percent 
of Nanofi ll-15 increased penetration at 25°C, however, further increasing 

Table 6.3 Properties of nanoclays

Treatment/properties Cloisite-15A Nanofi ll-15

Organic modifi er MT2ETOH (methyl, tallow, 
bis-2-hydroxyethyl, 
quaternary ammonium)

Nanodispers layered 
silicate, long chain 
hydrocarbon

Base Montmorillonite Montmorillonite
Modifi er concentration 90 meq/100 g clay 75 meq/100 g clay
Moisture <2% <3%
Weight loss on ignition 43% 35%
Anion Chloride Ammonium chloride
Particle sizes
 10% less than 2 μm 5 μm
 50% less than 6 μm 15 μm
 90% less than 13 μm 25 μm
Colour Off-white cream
Loose bulk, kg/m3 230 190
Packed bulk, kg/m3 364 480
Density, gr/cc 1.66 1.88
X-ray results d = 31.5 Å d = 28 Å
Plastic index 88% 85%
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6.4 Rheological results test and nanoclay content.

Cloisite-15A content caused a decrease in penetration. Nanofi ll-15 has little 
effect on softening point; by adding 7% nanofi ll, softening point increased 
by only 3%. In contrast, Cloisite-15A has a relatively higher impact on 
penetration and softening point of bitumen. By increasing Cloisite-15A 
content, penetration decreases from 63 to 45 and softening point increases 
from 54 to 61. Also both nanoclays reduce ductility of binder but Cloisite-
15A has a more pronounced effect in reducing ductility. This behaviour may 
be the result of chemical reaction and change in chemical structure, as 
pointed out by Ghile (2005).

When bitumen gets aged it becomes harder. Retained penetration (RP) 
and increase in softening point (ISP) values, as defi ned below, were used to 
fi nd the ageing effect:

RP
aged penetration

unaged penetration

ISP C aged soft

%( ) = ×

°( ) =

100

eennig point unaged softening point−( )  [6.2]

A lower RP value and higher ISP refl ect more ageing of the binder. Long-
term ageing was performed for 20 hours at 90°C and atmospheric pressure. 
The retained penetration and increase in softening point were computed 
and are presented in Fig. 6.5. It can be observed that there are some 
improvements in the resistance to ageing in the long term due to the 
Nanofi ll-15 modifi cation and therefore it will probably suffer less when in 
contact with hot air or hot oxygen.
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6.5 Mechanical testing of asphalt mixtures

6.5.1 Specimen preparation

The specimens prepared for the different tests were Marshall tablets with 
an average height of 60–65 mm and 100–102 mm diameter (ASTM D1559-
89, 1994). Dense mixture specimens were compacted by 75 blows applied 
on both sides. As mentioned before, Cloisite-15A reduces the viscosity of 
modifi ed binder so that it is not fl uid enough at the normal mixing tempera-
ture used for the standard binder (140°C). Hence, a high mixing tem-
perature was needed for the preparation of the modifi ed mixtures and so 
the temperature was increased to 155°C. The Cloisite-15A content was 
0.2%, 0.4% and 0.7% by weight of bitumen.

During the preparation of the specimen, the modifi ed binder had a dif-
ferent smell and became more viscous at 185°C. Modifi ed binder was rela-
tively less sticky to the mixing pan and to the moulds as compared to the 
specimens of the standard mixes. All tests were performed in closed tem-
perature-controlled cabinets. In addition, all specimens selected for the 
different tests were stored in a temperature-controlled cabinet to the target 
temperature for a minimum of 3 h before commencing any test. The loading 
control and input parameters used in testing are given in Table 6.4.

6.5.2 Marshal stability, fl ow and VTM

To compare the effects of different nanoclays in the mixes, Marshall stabil-
ity and VMA test results are shown in Figs 6.6 and 6.7. The results show 
that, by adding nanoclay, Marshall stability and VMA increase.

Nanoclay is an active fi ller that improves strength properties of bitumen. 
By adding 2% Cloisite-15A, stability increased by 15% but Nanofi ll-15 
increased it by only 6%. Because of the large surface area, in the nanoclay 
modifi ed mixture, the optimum binder increased. Even 1% nanoclay 

R
P

 (
%

)
60

40

20

0
2%0 4% 7%

Nanoclay content

Nanofill-15 Cloisite-15A

IS
P

 (
°C

)

12

9

6

3

0
2%0 4% 7%

Nanoclay content

Nanofill-15 Cloisite-15A

6.5 Retained penetration (RP) and increase in softening point 
(ISP) results.
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Table 6.4 Loading properties and test temperatures

Loading properties

Dimensions, (mm)

Duplication TemperatureDiameter Height

Marshal stability Displacement controlled 100 65 3 60°C

Indirect tensile strength Displacement controlled, 0.85 mm/s 100 40 3 5, 25, 40°C

Resilient modulus Pulses number 5 100 40 3 5, 25, 40°C
Pulse form Half sine, 0.5 Hz,

Loading period, 500 ms
Recovery time, 1500 ms

Dynamic creep Compressive stress controlled
100, 200, 300, 400 kPa

100 55 2 40, 60°C

Pulse form Half sine, 1 Hz
Loading time, 200 ms
Recovery Time, 800 ms

Fatigue test Stress controlled, varying between
150 and 1800 kPa

100 40 2 5, 25°C

Half sine pulse,
Loading period, 150 ms
at 5°C, without rest period
at 25°C, with 50 ms rest period
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6.6 Stability and nanoclay content.

6.7 VTM and nanoclay content.

increased optimum binder by almost 0.3–0.35% as compared to unmodifi ed 
mixtures. Cloisite-15A reduced viscosity of modifi ed binder as compared to 
Nanofi ll-15, so in compaction process, nanofi ll modifi cation compacted 
better than cloisite modifi cation as the VTM increases in the cloisite-
modifi ed mixture.

6.5.3 Indirect tensile strength test

The tests were conducted at three different temperatures (5°C, 25°C and 
40°). The indirect tensile strength is computed from the maximum compres-
sive force measured during the test at failure. The results in Fig. 6.8 show 
an increase in strength at different temperatures for comparison. Results 
show that modifi ed specimens have higher strength at all test temperatures. 
By increasing Cloisite-15A content from 2% to 7%, indirect tensile strength 
values increase from 8% to 40% and the percentage of increase is larger 
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for the higher testing temperatures. There seems to be no major difference 
in the effects of adding nanofi ll and cloisite when tested at 5 or 25°C, but 
at 40°C and specially when 7% nanoclay is added, Cloisite-15A had 
increased the IDT almost twofold compared to Nanofi ll-15.

The area under force versus vertical displacement curve in the ITS test 
represents the dissipated energy to crack or fracture the specimen. Two 
fracture energy values can be defi ned: fracture energy until failure, which 
is the energy dissipated before the specimen starts failing, and total fracture 
energy, which is the total energy dissipated to completely destroy the 
specimen.

Figure 6.9 shows that addition of nanoclay increases the total energy as 
defi ned above. This increase in total energy ranges between 55 and 95% for 
nanofi ll and 26 and 72% for cloisite. It can be seen that, at low temperatures 
(5°C), modifi ed mixtures need more energy to start the crack initiation as 
compared to standard mixture, but when the cracks gets started, less energy 
is required to destroy the specimen. At high temperatures (40°C), fracture 
energy decreases because of the visco-elasto-plastic behaviour of bitumen.
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6.5.4 Resilient modulus test

The resilient modulus (Mr) test method detailed in ASTM D4123 was used 
in this study. The specimens were tested at 5, 25 and 40°C and the loading 
frequency applied at each temperature was 0.5 Hz. Pulse period and recov-
ery time were set at 500 and 1500 ms, respectively. Resilient modulus 
depends on the test temperature and the loading frequency (ASTM D4123, 
1995). Increase in modulus as plotted in Fig. 6.10 shows that nanoclay-
modifi ed mixture has a greater value than the unmodifi ed mixture at all 
test temperatures. An increase in modulus due to the addition of 2–7% of 
nanoclay modifi cation varies from 8% to 40% for Cloisite-15A and from 
3% to 18% for Nanofi ll-15, depending on the test temperature.

6.5.5 Dynamic creep tests

Creep tests are used to evaluate the permanent deformation of the unmodi-
fi ed and modifi ed mixtures at high temperatures. Accumulated permanent 
axial strain has three distinct stages with increasing number of cycles: 
primary stage, with a relatively large deformation during a short number of 
cycles; secondary stage, where the rate of accumulation of permanent defor-
mation remains constant; and tertiary stage, which is the fi nal stage where 
the rate of deformation accelerates until complete failure takes place. This 
stage is usually associated with the formation of cracks. The start of the 
tertiary stage is usually represented by the fl ow number, FN. This number 
is used as a rutting resistance indicator of asphalt mixtures (see Fig. 6.11).

In this test only modifi ed mixture with 7% nanoclay was used and the 
results are compared to those of the unmodifi ed mixture. The loading pulse 
was half sine with duration of 200 ms and a rest period of 800 ms. The 
specimens were tested at 40 and 60°C and the results are shown in Figs 6.12 
and 6.13.
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6.12 Dynamic creep test at 40°C.

6.13 Dynamic creep test at 60°C.
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At 40°C (Fig. 6.12), it can be seen that, for applied load levels of 100 kPa 
and 200 kPa, none of the modifi ed and unmodifi ed mixtures reached the 
tertiary stage before 6500 load repetitions. For applied load levels of 
400 kPa, the unmodifi ed mixture reached the tertiary stage at about 3200 
pulses, whereas the modifi ed mixture did not reach the tertiary stage before 
6500 pulses. At 400 kPa, excessive deformation was shown in the unmodi-
fi ed mixture and specimens failed before the 6500 maximum pulse limit. 
The modifi ed mixture did not show shear deformation failure till 6500 
pulses and at all applied load levels, the primary deformations of unmodi-
fi ed mixture are bigger compared to those of the modifi ed mixture samples.

At 60°C (Fig. 6.13), it can be seen that, after the 6500 pulses, none of the 
nanoclay modifi ed mixtures reach the tertiary stage for applied load levels 
of 100 kPa and 200 kPa. All types of mixtures reached the tertiary stage if 
applied load was 300 kPa and the unmodifi ed mixtures reached the tertiary 
stage after about 3000 pulses, whereas the Nanofi ll-15 modifi ed mixtures 
reached the tertiary stage after about 4100 pulses, and Cloisite-15A modi-
fi ed mixtures reached the tertiary stage after about 5500 pulses. Unmodifi ed 
mixture specimens had larger deformations in the primary stage and failed 
by excessive deformation at about 3800 pulse counts, whereas the Cloisite-
15A and Nanofi ll-15-A modifi ed mixture specimens did not fail completely 
at 5300 and 6500 pulse, counts respectively, at the 300 kPa loading.

6.5.6 Fatigue resistance test

Indirect tensile testing with diametric compressive loading was used to 
evaluate the fatigue resistance of unmodifi ed and modifi ed mixtures. A 
constant repetitive load was applied and the vertical defl ection was mea-
sured in relation to pulse counts. The fatigue life is defi ned as the number 
of load repetitions at specimen fracture. As in the creep tests, only modifi ed 
mixture with 7% nanoclay was used in this test to compare test results with 
those of the unmodifi ed mixture. Fatigue resistance tests were performed 
at 5°C and 25°C. The results in Figs 6.14 and 6.15 show a linear fi t between 
Nf and σ at 5 and 25°C. The R2 values are very close to 1 for all mixture 
types. The slope of the fatigue line at 5°C is larger than the slope of the 
fatigue line at 25°C for the modifi ed mixture and the unmodifi ed mixture.

Based on the result, shown in Fig. 6.16, at low temperatures (5°C) and 
almost for all loading conditions, the unmodifi ed mixture performed better 
under fatigue compared to nanoclay modifi ed mixtures. The average fatigue 
life ratio between fatigue lives of the modifi ed and unmodifi ed mixtures is 
about 93% for Nanofi ll-15 and about 80% for Cloisite-15A. At a low loading 
stress, the fatigue life ratio for the modifi ed mixture is about 100% and at 
a high loading stress, the fatigue life ratio decreased to 85% (Fig. 6.16). At 
high temperatures (25°C), for all loading conditions, the modifi ed mixture 
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6.15 Fatigue test result at 25°C.

performed better under fatigue when compared to the unmodifi ed mixtures 
(Fig. 6.17).

The average fatigue life ratio of modifi ed mixtures is about 1.70 for 
Cloisite-15A and about 1.45 for Nanofi ll-15. The fatigue life ratio depends 
on the stress level. At high stress levels, the fatigue life ratio decreases (see 
Fig. 6.17). This can be due to the rest period of loading applied in the tests 
at 25°C.
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6.6 Conclusion

When bitumen is modifi ed with small amounts of nanoclay, its physical 
properties are successfully enhanced on the condition that the clay is dis-
persed at nanoscopic level. Nanoclay materials have a larger aspect ratio 
and large surface area, and their particles are not uniform in size and 
arrangement. Nanofi ll-15 particles are smaller in size as compared to the 
Cloisite-15A particles. The plastic limit shows that nanoclay materials are 
the expansive type of clay. Adding low percentages of nanoclay to bitumen 
changes rheological properties, decreases penetration and ductility, and 
increases softening point and ageing. Tests performed on binders and dense 
asphalt mixtures show that the Cloisite-15A and Nanofi ll-15 modifi cations 
increase the stiffness and improve the rutting resistance, indirect tensile 
strength, resilient modulus and Marshall stability. However, fatigue perfor-
mance decreases at low temperatures. Also optimum bitumen and VTM 
increase a little by adding nanoclay.
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6.7 Future trends

Further investigations about nanoclay modifi cation are needed in order to 
clarify several aspects, such as:

• use of different nanoclays on properties of bitumen mixture
• use of different nanomaterials and nanotubes on properties of bitumen 

mixture
• study of the effect of nanoclays on performance of different bitumen 

binders
• study of the effect of moisture and water on engineering properties of 

asphalt mixtures.
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Abstract: Nanotechnology holds great promise for advancements 
in medicine, basic science and engineering, not the least for the 
construction industry. Here, nanomaterials are used in a variety of 
eco-effi cient applications including improved mechanical properties, 
interior light control, renewable energy harvesting, and advanced 
durability. However, the long-term safety aspects of these novel 
materials are poorly understood. While toxicological liabilities have been 
discovered in the laboratory for all known classes of nanomaterials, it is 
unclear how much toxic potential for humans and the environment 
various types of nanoscale materials pose. The number of manufactured 
nanomaterials (MNMs) keeps growing at an exponential pace and 
traditional in vivo toxicity approaches are unable to keep up with the 
sheer number of MNMs and MNM-composite materials that will be 
used in construction. Fortunately, the application of high-throughput in 
vitro methodologies allows insight to be gained into the underlying 
nanotoxicity paradigms, which in turn will enable an understanding of 
the nano-properties that cause the toxic effects of a given nanomaterial 
and thus informs on safe design features, enabling the safe employment 
of this powerful technology. This chapter aims to give a bird’s eye view 
of nanomaterials used in construction, their potential toxicological 
liabilities, and high throughput methodologies that can be employed 
towards detecting nanotoxicity during the safety assessment of 
nanomaterials.

Key words: nanomaterials, green construction, high throughput screening, 
nanosafety, nanotoxicity, manufactured nanomaterial (MNM), 
engineered nanomaterial (ENM), nanotoxicology.

7.1 Introduction to nanotoxicity

Nanotechnology is at a critical juncture. Enough is known about the tech-
nology to see the enormous potential, but at the same time, the risk associ-
ated with this technology is not entirely clear (Damoiseaux et al., 2011). 
While in the last two decades nanotechnology has been applied to many 
diverse fi elds and has been included in many consumer products (Gopel, 
1991; Fahy, 1993; Murphy et al., 1994; Ferrari, 2005), little is known 
about the long-term effects nanomaterials might have on health and the 
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environment. Manufactured nanomaterials (MNMs) have already played a 
critical role in the medical and electronic fi elds, while the construction 
industry has only recently been exploring nanotechnologies for means to 
advance traditional construction methods and materials (Zhu et al., 2004; 
Ge and Gao, 2008; Alvarez et al., 2010). The reason for the implementation 
of MNMs in construction lies in the unique physical and chemical proper-
ties of these nanomaterials that can lead to the improvement of numerous 
characteristics of construction materials (Tans et al., 1998; Chan et al., 2002; 
Daniel and Astruc, 2004; Arico et al., 2005). It is the very same properties 
that make nanomaterials so unique that give rise to concern about their 
safety (Lee et al., 2009).

The diversity of MNMs is staggering. On a broad scale MNMs can be 
subdivided into classes such as metals, metal oxides, metal chalcogenides 
(‘quantum dots’), fullerenes, single-walled nanotubes (SWNT), multi-walled 
nanotubes (MWNT), dendrimers, etc. However, the members of these 
classes are typically fi ne-tuned toward their applications by the variation of 
properties, such as size, shape, aspect ratio, crystallinity, and surface modi-
fi cations. At this point in time, we are only beginning to understand the 
interactions between nanomaterials and biomaterials that would enable us 
to rationally predict the positive or negative impact of MNMs. We are learn-
ing about the MNM properties that make an MNM safe or hazardous but 
are still forced to test each MNM for its safety profi le empirically for the 
foreseeable future while over 1000 MNMs can be already found in con-
sumer products – and the number is rising exponentially.

Traditional in vivo experiments have been performed to evaluate cyto-
toxicity of many MNMs using live organisms such as laboratory mammals. 
However, due to the sheer diversity of novel MNMs, this is not only fi nan-
cially unsustainable but time-consuming. More progressive methods 
employed are typically based on in vitro approaches or modeling of surface 
activity relationships. In vitro approaches allow for greater control over the 
experimental parameters, the assay readouts can be better tailored to 
answer specifi c questions regarding specifi c toxicity paradigms, and the 
process is generally less expensive. Most importantly, in vitro assays are 
amenable to high-throughput methodologies, which enable us to logistically 
manage the testing of this avalanche of novel MNMs in an effective manner, 
provide rapid feedback for the development of novel MNMs by enabling 
us to give the go-ahead to suitable MNMs and minimize hazardous MNMs.

Here, we discuss applications of MNMs in construction, review potential 
hazards of these materials and give an introduction to high-throughput 
nanotoxicology as an effective means toward the safety assessment of 
MNMs. We will also review an example of a safe design feature for zinc 
nanomaterials and review the current state of a priori prediction of 
nanotoxicity.
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7.1.1 Naturally occurring nanomaterials

Nanomaterials are not necessarily manmade; many are created naturally 
through a variety of weather and geological phenomena. These include 
volcanic ash, ocean spray, forest fi re smoke, and clouds (Goldman and Cous-
sens, 2005). Some of these naturally occurring nanomaterials, such as nano-
clays, are mined and have applications in composite building materials 
(Faruk and Matuana, 2008; Basak et al., 2010). Many nanoparticles (NPs) 
can also be found in biological systems such as lipoprotein particles (German 
et al., 2006) and biogenic magnetite in the human brain (Kirschvink et al., 
1992). Generally, these nanomaterials are created incidentally, like in the 
case of volcanic ash, or for an evolutionary purpose, such as the transport 
of fat molecules by lipoproteins.

7.1.2 Engineered nanomaterials and their use 
in construction

Unlike naturally occurring nanomaterials, engineered nanomaterials are 
typically manufactured for specifi c properties. MNMs can be tailored for 
application to a wide range of products including personal care products, 
medical devices, and electrical conductors (Derno et al., 1995). For example, 
nano-TiO2 has been used in sunscreens and lotions as a UV absorber 
(Contado and Pagnoni, 2008). Other consumer products such as toys and 
clothing use Ag NPs as an antimicrobial agent (Benn et al., 2010). In the 
medical fi eld, numerous advances in imaging and drug-delivery systems 
have been made using MNMs (Sosnik et al., 2010; Parveen et al., 2012). 
Quantum dots (QDs) are unique metallic nanomaterials with advanced 
electronic properties used in transistors and solar cells (Leobandung et al., 
1995; Nozik, 2002).

In the construction industry, MNMs have been used to improve the 
mechanical strength of concrete and steel, fi reproofi ng of windows, electric-
ity generation, and corrosion resistance (Zhu et al., 2004; Mann, 2006; 
Abraham et al., 2008). Manufactured nanomaterials are used in a wide 
range of construction applications from concrete and steel to glass windows 
and paint (Irie et al., 2004; Sobolev and Gutierrez, 2005; Ge and Gao, 2008; 
Kumar et al., 2008; Rana et al., 2009; Raki et al., 2010). There are several 
distinct categories of potential benefi ts that may be gained from the use of 
these materials such as improved safety, user convenience, enhanced life-
time of the structure, and increased ease of construction. It is also possible 
for one nanomaterial to provide various benefi ts spanning multiple benefi t 
categories. For example, SiO2-NPs incorporated in window glass confer 
fl ame resistance, anti-refl ection, and self-cleaning, thus improving both 
safety and auxiliary properties (Mann, 2006; Rana et al., 2009).
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Carbon-based MNMs, such as carbon nanotubes, are some of the strong-
est materials currently known (Hayashi et al., 2007). For this reason, 
they are often used in concrete and ceramics to improve the mechanical 
strength and durability (Becher, 1991; Luo et al., 2004; Sobolev and 
Gutierrez, 2005; de Ibarra et al., 2006; Ge and Gao, 2008; Raki et al., 2010). 
In addition, carbon nanotubes help to prevent cracks by strongly binding 
together cement and aggregates. Similarly, these materials are incorporated 
into ceramics to also prevent crack propagation, and improve strength 
and thermal properties. Alternate uses include nano- and micro-sensors 
and actuators implanted into the structure to monitor real-time health and 
environmental conditions such as overall wear, moisture content, and tem-
perature (Zhang et al., 2006). These devices are known as nano- or micro-
electro-mechanical systems (NEMS/MEMS). Carbon-based MNMs are 
capable of enhanced electron shuttling and can be used to harvest renew-
able energy in solar cells (Girishkumar et al., 2005; Brown and Kamat, 
2008).

In addition to carbon-based nanomaterials, metallic, non-metallic, and 
alloyed MNMs also have benefi cial uses in the construction industry. Metal 
oxide NPs are used to reinforce the mechanical and compressive strength 
of concrete, generate non-utility electricity in solar cells, provide fl ame 
resistance to ceramics and windows, and increase the hydration ability of 
cement. Common metal oxide NPs used in construction are TiO2, SiO2, and 
Fe2O3. Often, SiO2 and Fe2O3 are used as fi lling materials in the pores of 
concrete to prevent weakening from road deicers, such as salt, that react 
with the concrete constituents. When incorporated into concrete, these NPs 
also enhance the mechanical strength.

Nano-scale TiO2 and SiO2 are also utilized in windows, pavements, walls, 
and roofs to gain several useful benefi ts. Layers of nano-silica between glass 
window panels can provide fi reproofi ng, where antirefl ective coatings of 
SiO2 nanoparticles will control exterior light to improve energy conserva-
tion via reduction of air conditioning usage (Mann, 2006; Rana et al., 2009). 
Reactive oxygen species (ROS) can be generated through reactions between 
TiO2 and UV wavelengths from artifi cial or natural light, making TiO2 an 
excellent antimicrobial agent and dirt-repellent (Paz et al., 1995; Irie et al., 
2004). By coating windows with TiO2, bacterial fi lms and dirt buildup will 
be eliminated by these ‘self-cleaning’ windows. Titanium dioxide is also 
superhydrophilic, which aids in the prevention of hydrophobic dust accu-
mulation. Similar results can be obtained on pavements, walls, and roofs, as 
TiO2 will also act as an antifouling agent under solar irradiation. Addition-
ally, light-mediated TiO2 surface hydroxylation provides glass windows with 
antifogging properties (Irie et al., 2004; Kontos et al., 2007). Electricity gen-
eration is possible through the use of TiO2 and silicon-based fl exible solar 
cells applied to roofs and windows (Zhu et al., 2004).
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Popular metallic MNMs used in construction include copper and silver. 
The most common use for Cu NPs is incorporation into steel to improve 
weldability and provide resistance to corrosion (Ge and Gao, 2008). Like 
TiO2, Ag NPs are also strong antimicrobials and can be used in paints and 
wall coatings to inactivate pathogenic microbes (Kumar et al., 2008). Silver 
NPs can also be utilized indoors since their antimicrobial activity is not 
photo-assisted. This is particularly useful in hospitals and childcare facilities. 
Copper and CuO have been shown to have antimicrobial properties as well, 
but this may be a species-specifi c phenomenon (Ruparelia et al., 2008). 
Nonetheless, Cu and CuO are sometimes used as a biocide instead of silver.

Many MNM alloys also have a niche in construction. These materials 
include metallic carbon or nitrogen compounds, QDs, and nanoclays. When 
uniformly dispersed through a steel matrix, metallic carbonitrides increase 
strength against creep by two orders of magnitude (Taneike et al., 2003). 
Similar to metal oxide NPs like TiO2 and SiO2, QDs can also be used in 
windows to control interior light by being translucent in the visible spec-
trum to increase intensity and being refl ective in the infrared spectrum to 
impede thermal transfer (Anikeeva et al., 2009). A variety of non-metal 
polymeric NPs are used in matrices as constituents in windows, antibacterial 
coatings, and nano-clay composites (Chauhan et al., 2006). Incorporation of 
polymeric MNMs can increase tensile strength and fl exibility of construc-
tion materials (Podsiadlo et al., 2007). Nanoclays and polymer-clay nano-
composites are used as fi ller materials or to increase compressive strength 
(Podsiadlo et al., 2007). When nanoclays are incorporated into wood/plastic 
composites, the resulting material gains enhanced mechanical properties 
and improved rot-resistance (Faruk and Matuana, 2008).

7.2 Potential nano-hazards of manufactured 

nanomaterials (MNMs) utilized in construction

The unique characteristics of MNMs that allow them to enhance construc-
tion are frequently the very source of their hazardous properties. Carbon-
based, metal-containing, and non-metallic MNMs, including carbon 
fullerenes, metal oxide and metallic NPs, quantum dots, and nanoclays, have 
been shown to have toxic effects in a variety of studies (Shiohara et al., 2004; 
Lam et al., 2006; Buzea et al., 2007; Hagens et al., 2007; Karlsson et al., 2008; 
Xia et al., 2009; Zolnik et al., 2009). It has been further suggested that MNMs 
have the potential to modulate the immune system in unpredictable ways 
(Dobrovolskaia and McNeil, 2007; Dwivedi et al., 2011). It is useful to know 
that a given class of nanomaterials frequently shares its toxicological traits 
with many of its members. Table 7.1 shows the properties of each MNM 
class that are frequently associated with their toxic effects. Table 7.2 gives 
the reverse view: shown are the nano-hazards of MNMs frequently utilized 
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Table 7.1 Overview of MNM classes and examples of properties which are 
associated with toxicity responses to the respective MNM class and the 
observed phenomenon or mode of action

MNM class

MNM property 
associated with 
toxicity

Toxicological phenomenon 
observed/mode of action

Metal Shedding heavy 
metal (e.g., Ag, 
Cu, Pt)

DNA cleavage and damage leading 
to genotoxicity and mutation; 
heavy metal ions induced 
oxidative stress and infl ammatory 
responses

Surface chemistries 
that affect the 
structure and 
function of 
proteins (e.g., Au)

Protein denaturation that may lead 
to inactivation of hormones or 
proteins, opening of cryptic 
epitopes that could lead to 
autoimmune diseases, protein 
fi brillation and accumulation of 
misfolded protein could lead to 
disease conditions such as 
Alzheimer’s

Metal oxide Dissolution and 
heavy metal 
release (e.g., ZnO)

Heavy metal ions induced oxidative 
stress and infl ammatory responses

Electron hole pair 
generation during 
photoactivation 
(e.g., TiO2)

Electron hole pair generation during 
photoactivation leading to free 
radical generation

Silica particles Surface defects (e.g., 
SiO2)

Blood platelet, vascular endothelial 
and clotting abnormalities

Metal 
chalcogenide

Heavy metal release 
(e.g., CdSe 
quantum dots)

ROS generation, lipid peroxidation, 
DNA damage

Fullerenes and 
CNTs

Heavy metal 
contamination, 
aspect ratio >5

Fibrogenesis and tissue remodeling 
injury, oxygen radical production, 
GSH depletion, bio-catalytic 
mechanisms

Polymer Cationic charge 
density

Membrane damage/leakage/thinning; 
protein binding or unfolding 
responses/denaturation of proteins 
or fi brillation, lysosomal damage 
through proton pump inactivation 
or lysis of lysosomes
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Table 7.2 Observed toxicological effects of nanomaterials used in the 
construction industry

Nanomaterial Observed toxicological effects

Carbon nanotubes ROS generation and damage to DNA and cell 
membranes

Mechanical cell piercing
Antibacterial
Apoptosis/necrosis
Respiratory inhibition in mitochondria
Liver damage
Granulomas and athereosclerotic lesions
Inhibition of bacterial clearance from lungs

C60 (aqueous colloid) Antibacterial
ROS and ROS-independent oxidative stress
Human cell cytotoxicity
Enter human keratinocytes
Proteins stabilizations
Lipid peroxidation

C60 derivatives Bactericidal for Gram-positive bacteria
Cell wall/membrane damage
Oxidative cytotoxicity
Apoptosis/necrosis
Accumulation in liver
Gliomas and sarcomas in mice and human cells

TiO2 nanoparticles Bactericidal for Gram-positive bacteria
Suppression of photosynthesis
Acute lethality
Growth inhibition
ROS generation and oxidative damage
Cell damage via ion release
DNA damage
Reduction in metabolic and mitochondrial activities

Cu and CuO 
nanoparticles

Toxic to freshwater algae
Toxic to yeast
Lipid peroxidation
Inhibition of biogas production
Single-strand breaks in DNA
Acute toxicity to liver, kidneys, and spleen
Necrosis of hepatocytes

Ag nanoparticles Antibacterial
DNA damage
Cytotoxicity of mammalian cells
Apoptosis
Membrane damage
Decrease in cellular metabolic activity
Infl ammation
Genotoxicity
Developmental toxicity
Enhanced venous thrombus formation

Continued
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Nanomaterial Observed toxicological effects

SiO2 nanoparticles Antibacterial
ROS toxicity
Cell enlargement in microorganisms
Reduction in photosynthetic pigment content
Infl ammatory and immune responses
Apoptosis
Up-regulation of tumor necrosis factor (alpha genes)

Nanoclays Intracellular ROS formation in human cells
Cell membrane damage
Enhanced numbers of multinucleated 

macrophage-agglomerates

Quantum dots Bacterial toxicity due to metal release
Lipid peroxidation
Oxidative stress
Transmembrane activity and proteolysis involving 

proteasome activation and ubiquitin-mediated 
processes

Particle uptake
DNA damage
Multiple organelle damage
Metal accumulation in liver, kidneys, and spleen

Table 7.2 Continued

in construction. The reader should keep in mind that the fi eld is very much 
in fl ux and thus our tables are unlikely to be comprehensive. We discuss 
some of the nanotoxicological issues of individual classes of MNMs in order 
to demonstrate the range of different toxicity paradigms that can be encoun-
tered when dealing with different MNM classes.

7.2.1 Carbon-based nanomaterials

Frequently used MNMs containing primarily carbon atoms enclosing a 
hollow interior include carbon nanotubes (CNTs) and fullerenes such as 
C20, C60, and C60 derivatives. Specifi cally, carbon nanotubes, C60 fullerenes, 
and C60 derivatives are currently raising health concerns as they have been 
shown to have adverse effects on bacterial, mammal and human cells (Jia 
et al., 2005; Park et al., 2010). CNTs are frequently contaminated with heavy 
metals, which is due to their particular production process. This brings up a 
common issue of MNMs: MNMs can be contaminated with other elements 
that might have toxicological relevance. Stringent quality control of the 
nanomaterials for such contaminations is essential.
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Carbon nanotubes

Available in both single-walled (SWCNT) and multi-walled (MWCNT) 
forms, carbon nanotubes have been shown to exert bacterial toxicity via 
direct cell wall damage or oxidative stress (Kang et al., 2007, 2008a, 2008b, 
2009). More relevantly, however, studies have shown that both types can 
cause pulmonary infl ammation, fi brosis, and epithelioid granulomas in 
mammalian cells when respired (Ding et al., 2005; Jia et al., 2005; Wei et al., 
2007). CNTs are likely to enter unprotected lungs because they are of 
breathable size and weight (Soto et al., 2008; Herzog et al., 2009). In a study 
performed on rats, it was concluded that MWCNTs pose a carcinogenic 
threat, inducing mesothelioma in exposed organisms (Basak et al., 2010). 
Other toxicological implications include damage to mitochondrial DNA 
(Derno et al., 1995), cellular apoptosis and necrosis (Hoffmann et al., 1995, 
Hoffmann, 1995), and reproductive toxicity (Hansen et al., 2008).

Additionally, heavy metal ions often become imbedded in the CNTs 
during the production phase. A common method for nanotube synthesis is 
chemical vapour deposition, which employs the use of a metal or alloyed 
catalyst such as iron, cobalt, or nickel. Ions from these metals will inciden-
tally become bound within the CNTs. These metallic impurities can lead to 
toxic effects, which are not specifi cally ‘nano’ in nature; they still contribute 
to overall toxicological liability of CNTs (Vecitis et al., 2010).

C60 fullerenes and their derivatives

C60 fullerenes may be respired during the preparation process, causing lung 
infl ammation (Park et al., 2010). In addition to their use as raw nanomateri-
als, these fullerenes are often suspended as water-stable aggregates. The 
resulting fullerene solution has been shown to have broad antimicrobial 
potential (Lyon et al., 2005, 2006). While there have been hypotheses that 
this cytotoxicity is mediated by oxidative stress from ROS, recently it has 
been shown that direct cell membrane oxidation from C60 contact is likely 
responsible (Lyon and Alvarez, 2007; Lyon et al., 2008). In eukaryotes, this 
oxidative stress is also responsible for cell death, leading to lipid peroxida-
tion (Oberdörster, 2004; Sayes et al., 2005). Derivatives of C60 fullerenes, 
such as fullerol and carboxyfullerene, can cause cytotoxicity by physical 
membrane damage (Tsao et al., 2002) as well as by oxidative routes (Faruk 
and Matuana, 2008).

7.2.2 Metal-containing nanoparticles

Metals and metalloids are common components in manufactured nanoma-
terials and include titanium, copper, silver, iron, and zinc. These elements 
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can be used in pure nanoparticle form as with copper and silver, or as metal 
oxides like titanium dioxide and copper oxide.

Titanium dioxide nanoparticles

Titanium dioxide (TiO2) NPs can cause cell death, infl ammation, and DNA 
damage in mammalian cells by producing ROS under the presence of sun-
light or UV light (Oberdorster et al., 1995; Zhang et al., 1998; Sayes et al., 
2006; Park et al., 2007; Handy et al., 2008; Karlsson et al., 2008; Reeves et al., 
2008; Zhu et al., 2008). While this irradiation gives TiO2 its antibacterial 
property, it can potentially damage human cells by direct chemical oxida-
tion (Dunford et al., 1997). Additionally, TiO2 NPs inhibit growth and sup-
press photosynthetic activity in algal cells. For these reasons, TiO2 NPs are 
considered to be acutely lethal to microorganisms. In mammalian cells, a 
reduction in metabolic and mitochondrial activities has been observed 
when exposed to TiO2 NPs.

Copper and copper oxide nanoparticles

Copper and CuO nanoparticles are shown to induce oxidative stress and 
cause damage to DNA via single strand breaks in a variety of organism 
and mammalian cells including bacteria, algae, yeast, as well as mouse and 
humans cell lines. In the mouse model, acute toxicity to the spleen, liver, 
and kidneys was observed (Chen et al., 2006). Additional effects include 
lipid peroxidation and necrosis of hepatocytes. Studies indicate that the 
toxic effects resulting from exposure to Cu NPs are most likely mediated 
by ion release.

Silver nanoparticles

Silver NPs have been used in a wide range of applications as an antimicro-
bial agent. These NPs are known to have cytotoxic effects in algae, bacteria, 
mammalian, and yeast cells. Additionally, the extent of toxicity, including 
developmental toxicity and genotoxicity, has been observed to be depen-
dent on cell type and particle size (Park et al., 2011). In vitro studies show 
that oxidative stress from the production of ROS is likely the largest con-
tributor to the Ag NP toxic effects. Like Cu NPs, ions released from Ag NPs 
are the facilitators of these toxic effects, including the aforementioned ROS 
generation.

7.2.3 Non-metal nanoparticles

Like many other nanomaterials, both silicon dioxide (SiO2) and nanoclays 
have been shown to produce toxic effects in microorganisms and 
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mammalian cells. While these particular nanomaterials do not contain 
heavy metals, toxic effects have nonetheless been associated with them, as 
demonstrated by several studies: bacteria, algae, and mammalian cells are 
all targets of its ROS mediated cytotoxicity and membrane damage and 
carcinogenic effects have been observed.

Silicon dioxide nanoparticles

Studies indicate that exposure to SiO2 NPs can cause lipid peroxidation and 
membrane damage to human lung cell lines (Lin et al., 2006). In the rodent 
model, experiments indicate that these particles may induce tumor necrosis 
genes and might have carcinogenic activity. The generation of ROS appears 
to be a large contributor to the toxicity of SiO2. Interestingly, the relative 
surface area of the particles is related to the toxicity effects in as much as 
a larger surface area caused stronger cytotoxicity effects in mammalian and 
algal cells. In microorganisms, experiments suggest that the direct interac-
tions of SiO2 particles attached to cell membranes are related to the mecha-
nism of cellular toxicity. Additionally, the cell division of microalgae is 
hindered by the presence of SiO2 NPs.

Nanoclay particles

Nanoclays are an umbrella term for a diverse group of MNMs and range 
in chemical makeup and crystalline structure. These particles are often used 
in polymer matrices to increase fl exibility, durability, and strength but can 
be found as well as fi ller materials in construction nanocomposites. Studies 
in the rodent model indicate toxic effects via cell membrane damage. Spe-
cifi cally, sepiolite nanoclays have been found to elicit multinucleated mac-
rophage agglomerates. In vitro studies on human cell lines demonstrate 
intracellular ROS generation, leading to oxidative stress and cell death.

7.2.4 Bimetallic alloys

In construction, this category of nanomaterials consists of semiconducting 
alloys in a core/shell confi guration called quantum dots, which usually 
contain toxic heavy metals like cadmium. These quantum dots can dissolve 
in the digestive tract of rats upon ingestion and release these toxic compo-
nents (Karabanovas et al., 2008).

Quantum dots

Quantum dots may be toxic due to a variety of mechanisms depending on 
their composition. Most common is the release of toxic ions from the heavy 
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metals contained within the QDs core. These heavy metals may include 
cadmium, lead, and zinc and are extremely toxic to both mammalian cells 
and bacteria. Experiments performed on human cells indicate that cytotox-
icity results from ROS damage to organelles and infl ammation caused by 
the release of cytokines. Quantum dots can accumulate in the spleen, liver, 
and kidneys in mice, creating localized toxic effects. In microorganisms, 
other toxicity mechanisms include growth inhibition, lipid peroxidation, 
oxidative stress. In addition to the cellular toxicity caused by the heavy 
metal core, some shell materials have also been identifi ed as toxic. Gene 
expression studies in algae show that toxic responses to intact QDs differ 
signifi cantly from responses to internal ions: in eukaryotic cells, oxidative 
stress, damage to nucleic acids contribute to cytotoxicity independently of 
the release of internal heavy metal ions from their core. Additionally, QD 
toxicity experiments on mice neural cells demonstrate impaired calcium 
infl ux and exocytotic mechanisms.

7.3 Lifecycle of nano-enabled structures

Manufactured nanomaterials may be released into the environment over 
the entire lifecycle of the structure, from the time of construction, through-
out the use of the structure, and after demolition and disposal. It is impor-
tant to realize that these materials may transform over time via physical, 
chemical, or biological processes.

It is important to recognize that much research needs to be conducted to 
fi ll in the knowledge gaps regarding aging MNMs in structures. Few studies 
currently published have investigated long-term physical and chemical 
changes of imbedded MNMs and the associated hazards. For example, if an 
MNM is imbedded into a concrete fl oor or pavement, continual traffi c and 
abrasion will inevitably cause the release of nanomaterials.

7.3.1 Manufacturing of nanomaterials and 
use in construction

One of the common human exposure routes for nanomaterials is through 
inhalation. This threat is prevalent largely during the periods of manufac-
turing and construction due to the high levels of airborne or aerosolized 
particles. Though unintentional, carbon fullerenes may be aerosolized 
during the aqueous suspension process, which might require sonication. 
These and other types of nanomaterials can become airborne when exposed 
to open air for weighing. Sepiolite nanoclay, which may be used as fi ller in 
construction nanocomposites, is lost to the air during mining, transporta-
tion, and the manufacturing process.
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The most vital step to ensure exposure prevention is an accurate assess-
ment of potential chemical or physical reactions that may occur during the 
lifecycle of the MNM. In other words, it is the responsibility of the manu-
facturing and construction industries to prevent any transformations of the 
MNM so that the creation of hazardous byproducts can be avoided. In 
addition, it is undesirable to incidentally modify the unique properties of 
the MNMs being used since this will likely make them behave less effi -
ciently than design has intended, and perhaps cause more adverse structural 
or health effects than if they were not incorporated at all.

Since there are many factors involved in determining the relationships 
between the structure and the MNM, thorough physicochemical studies 
should be made by the manufacturer during the development process to 
identify any unfavorable conditions and reactions. Here, the fate, behavior, 
and environmental reactions such as adsorption and desorption, particle 
aggregation, reduction-oxidation reactions, deposition, or ion dissolution 
should be investigated for each MNM. Similarly, the construction compa-
nies using these new materials should consider the fi ndings provided by the 
manufacturer and determine the safest way to incorporate the MNMs into 
the structure without taking away from their desired benefi ts. This may 
include encapsulation or coatings to reduce dangerous interactions with 
other structural components. Contractors should also consider minimizing 
the amount of MNMs used in a project when one material may do the work 
of many. It may be safer to use the same MNM for a variety of purposes 
than to use a different MNM for each purpose so that potential damaging 
reactions may be minimized and an increase in adverse health effects is 
kept low.

7.3.2 Useful life of the structure

Throughout the use of the structure, MNMs may still be released even when 
proper construction practices have been used. Unanticipated environmen-
tal conditions, weather phenomena, vandalizing, and wear and tear can 
cause cracks to form, paint to peel, and internal structural components to 
be exposed. When such damage occurs, MNMs may be released into the 
environment to be taken up by users via inhalation or ingestion, or they 
may be chemically/physically transformed by new unfavorable conditions. 
In addition to allowing MNMs to release from the construction, structural 
fl aws also permit water and other reactants to enter through openings to 
transform the MNMs. Depending on the material used, hazardous byprod-
ucts may be created or unveiled, reducing the usefulness of the 
nanomaterial.
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7.3.3 Demolition, disposal, and recycling

To reduce the consumption of raw MNMs and minimize waste, recycling 
and reusing MNMs from construction materials is a safe alternative. Demo-
lition must be controlled and monitored to prevent the release of MNMs 
into the environment and community. As with the manufacturing and con-
struction phases, MNMs are capable of becoming airborne during decon-
struction and disposal, posing potential health risks for workers. Dust can 
contain MNMs that may be inhaled, ingested, or cause eye irritation.

Prior to demolition, effi cient strategies for collecting the used MNMs 
from complex media should be developed so that the unique properties of 
the MNMs remain intact and human or environmental exposure is mini-
mized. The MNMs should be characterized and evaluated for their ability 
to be reactivated and reused. The ease and costs of extraction should also 
be considered in determining the recycling potential of an MNM. The 
remaining MNM-containing construction wastes must be disposed of prop-
erly to prevent release and/or transformation of MNMs (Bystrzejewska-
Piotrowska et al., 2009). Each MNM may have special disposal requirements 
according to the manufacturer or other regulatory frameworks so a thor-
ough investigation of these procedures should be performed in advance. 
Reinforcement barriers in landfi lls are recommended to prevent MNM 
leachate from contaminating groundwater and underlying aquifers. Once 
the appropriate disposal measures have been taken, continual interception 
and remediation methods must be developed to monitor secondary MNM 
release into the environment.

7.4 Toxicity profi ling for nanomaterials

Currently, there is considerable debate about how to proceed with engi-
neered nanomaterials (ENM) toxicity testing, with the major discussion 
points centering around which toxicological endpoints to screen for, the 
rigor of the screening effort, the correct balance of in vitro (cellular and 
molecular) versus in vivo (animal or whole organism) testing, the cost of 
the effort, and who should be responsible for overseeing this nano-EHS 
development. Attempts to use traditional toxicological assays and models 
have resulted in some advancement of our knowledge about nanotoxicol-
ogy but we are still experiencing at times confl icting results and we are far 
away from the implementation of a generally accepted screening platform. 
While much of the knowledge about MNM toxicity has been generated 
using fairly straightforward single read-out plate reader based screening 
assays, each chosen assay represents typically only a single specifi c reaction 
to a toxic stimulus and thus is of limited predictive value. Since toxic effects 
are always a function of the presence or absence of targets for a given toxic 
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stimulus in the organism in question, toxic effects of MNMs can differ 
between species. For comprehensive MNM toxicity testing, it is thus neces-
sary to consider the analysis of multiple species such as, e.g., human, fi sh, 
bacteria, algae, etc.

The biggest challenge for the evaluation of nanomaterial toxicity and 
hazard is the sheer number of different materials – we can expect in excess 
of 100,000 MNM enabled products in the next decade (Service, 2008). A 
solution to the bottleneck in MNM testing is high throughput screening 
(HTS). HTS became the leading paradigm in drug discovery in the late 
1980s and early 1990s and generated many more lead compounds (Pereira 
and Williams, 2007) than the labor-intensive 40–50-year-old descriptive toxi-
cology platforms used up to this point could handle. The toxicology depart-
ments had to adopt HTS methodologies (Dimasi, 2001) to keep up with the 
number of chemical candidates that came out of HTS campaigns. The 
resulting arsenal of HTS toxicology assays and platforms is large and much 
of it can be transferred to ENM toxicity screening. It is interesting to note 
that the National Academy of Sciences (NAS) has recognized the need for 
novel methodologies which can support carrying out a large number of 
toxicological tests without relying primarily on animal testing and put forth 
a vision and strategy paper in which HTS methodologies are prominently 
featured as one feasible approach for turning the vision into reality (Gibb, 
2008). Similarly, the European Union has enacted the REACH program 
under which all chemicals have to undergo toxicology testing and takes 
notes from the EPA ToxCast program in which HTS toxicology methods 
are applied towards screening chemicals for their toxicological properties 
according to the NAS vision paper (Judson et al., 2010).

7.4.1 Characterization of MNMs before toxicity screening

Before the actual toxicity testing, a thorough characterization of the MNMs 
in ‘dry’ and ‘as dispersed’ form is necessary (see Table 7.3 for an overview 
of MNM properties and frequently used techniques): while MNMs are typi-
cally delivered as a dry powder, when they come into contact with a living 
entity and exert their toxicity, they will be in aqueous phase – be this now 
in, e.g., a waste water matrix, or the lung fl uid of a mammal. While the ‘dry’ 
characterization typically includes assessment of important metrics such as 
size and shape as well as phase and crystallinity, one has to bear in mind 
that MNMs can change quite drastically in aqueous phase: aggregation, 
changes in surface charge, absorption of, e.g., proteins present in the aqueous 
phase are quite common and infl uence the nano-toxicity. Hence, it is impor-
tant to determine not only the properties of an MNM ‘as produced’ in dry 
powder form but also, e.g., the size, size distribution, state of dispersal/
aggregation, stability and the zeta-potential of the MNM in aqueous phase, 
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Table 7.3 Overview characterization of ENMs. While Class 1 properties are 
intrinsic to a nanomaterial itself, the Class 2 properties are dependent on the 
interplay between ENM and assay system

Nanomaterial property Available analytical techniques

Class 1: ‘As produced’ – morphology and structure
Primary particle size, shape, and size 

distribution
TEM, SEM, AFM, ESEM, FIB-SEM, 

cryo-TEM
Fractal structure TEM, SAXS, SANS
Pore size, porosity, and surface area BET, SAXS, SANS
Crystallinity, framework structure, 

and crystal size
XRD, Raman, SAXS, NMR

Chemical composition Raman, NMR, EDAX, FTIR, XPS, ICP
Elemental speciation and redox state Raman, XAFS, XANES, NMR
Electronic, magnetic, and photonic 

properties
SAXS, Mossbauer, ESR, Raman, 

UV-Vis
‘Dustiness’ or tendency to aerosolize EMPS, SMPS

Class 2: ‘As dispersed’ – interfacial properties
Dispersed size and size distribution DLS, EMPS, SMPS, laser diffraction
Aggregate size DLS, electroacoustics
Charge density, pKa, PZC, ionization 

fraction
Direct titration in various 

suspending media
Surface (zeta) potential and IEP EPM measurements in various 

suspending media
Surface tension components (LW, 

g +, g −)
Multiple probe liquid contact angle/

tensiometry
Roughness and chemical 

heterogeneity
AFM, CFM, FTIR, XPS, NMR, Raman

as these important parameters are dependent on the media matrix they 
are in.

For example, ions play an important role for the aggregation behaviour 
of MNMs (Jin et al., 2010). Moreover, the MNM dispersions are typically 
not stable and much effort has been put into the discovery of suitable dis-
persal agents, which are compatible with the biological system in which they 
are to be tested. In this context it has to be mentioned that dispersion agents 
used for the stabilization during testing of MNMs do modify the surface of 
the material and may therefore interfere in toxicity screening: for example, 
DPPC in relatively high doses has been shown to completely suppress the 
cytotoxicity and pro-apoptotic effects of quartz nanoparticles (Gao et al., 
2001). In this context it should be noted that, although nanoparticle disper-
sion has been extensively researched, only a few studies have addressed the 
stability of the resulting dispersions and only limited information is avail-
able from systematic studies on the effect of proteins and other chemical 
surfactants on nanoparticle stability in assay media such as cell culture 
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media. A methodic approach is imperative when performing nanotoxicol-
ogy in any assay system to exclude false results. Therefore, it becomes 
urgent to develop standard protocols for evaluating nanomaterial stability 
during in vitro or in vivo nanotoxicity studies.

We will now review existing approaches for small molecule HTS toxicol-
ogy screening as many of these approaches and workfl ows currently used 
in drug discovery can be potentially adapted towards ENM toxicology 
screening.

7.4.2 General considerations for MNM toxicity profi ling 
using HTS

HTS approaches for toxicology typically utilize microtiter plates of the 96 
or 384 well plate format. These plate formats are formalized by the Society 
of Biomolecular Screening and all existing equipment is compatible with 
the plate formats.

The screening approaches themselves are either plate reader or high 
content screening (HCS) based. Plate reader based assays rely on one of 
the classic standard readouts such as luminescence, fl uorescence, absorp-
tion, time-resolved fl uorescence and fl uorescence polarization and measure 
the whole well at once. TR-FRET and fl uorescence polarization (FP) are 
readouts that are less commonly used for toxicity screening as their cost is 
higher than the other three assay readouts mentioned and especially FP is 
very sensitive to interference from contaminants and temperature varia-
tions. While plate reader based assays typically have a single parameter, 
which is measured at a point in time, HCS offers a complementary approach, 
which can be understood as automated microscopy coupled with image 
analysis software. It enables the measurement of multiple parameters with 
cellular resolution in the same well at the same time and offers a more 
detailed view. Moreover, HCS enables the detection of rare cellular events, 
segregation of sub-populations of cells from a single well and has the poten-
tial to be more sensitive and also pick up sub-lethal effects. Another impor-
tant factor is that HCS enables phenotypic screening, which can be based 
on, e.g., cell morphology or translocation event of a given protein.

HCS-based toxicity screening has signifi cant advantages over classical 
plate reader based assays. In a 2006 study (O’Brien et al., 2006), conven-
tional single plate reader based readouts were compared to a fi ve parameter 
HCS assay for toxicology prediction power on a set of reference com-
pounds: the single parameter readouts had a very limited sensitivity (<25%) 
but high specifi city (about 90%), but HCS had a sensitivity of 93% and a 
specifi city of 98%. What is more interesting is the fact that although hepa-
tocyte HepG2 cells were used, 92% of the toxic drugs, which had other 
organ toxicities, but no hepatotoxic properties, were detected.
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While many assays are available for toxicity screening of small organic 
molecules, it remains to be seen whether all possible toxicology paradigms 
can be covered with already existing assays as ENM-triggered toxicity has 
the potential to follow different paradigms than small molecule toxicity. 
Another argument in favor of custom development of novel assays is their 
usability for testing the hypothesis of the mode of action of ENM toxicity. 
To accomplish this, novel assay platforms are needed for the evaluation of 
ENMs in environmentally relevant systems such as, e.g., algae or other 
aquatic species, which will require tailoring of assays to ENM toxicity. The 
strength of plate reader based assays is their speed. HCS-based assays can 
be slow to read on the imaging systems, so at times a balance between 
information required and the needed acquisition speed has to be found.

Importantly, it has to be noted that each assay has its artifacts and other 
liabilities. This is especially true for nanotoxicology where it is very common 
for, e.g., dyes used in an assay to interact with a given MNM leading to 
unreliable or even false results. Table 7.4 gives an overview of MNM toxicity 
paradigms, corresponding assays/readouts as well as possible interference 
of the MNM with the assay readout. Typically, it is advisable to confi rm 
results on toxic MNMs with another assay, which uses a different readout 
paradigm in order to exclude artifacts.

While, for example, some toxicity assays rely on cell-free systems such as 
detection of ROS generation (Gabriel et al., 1997) by the MNM using a 
fl uorescent dye or co-incubation of an MNM with an enzyme and sub-
sequent measurement of enzymatic activity, it is the cell-based assays which 
offer the most insight into MNM toxicity as a living cell contains all poten-
tial targets for MNM toxicity (Damoiseaux et al., 2011).

As the lowest functional unit of an organism, cells represent the ultimate 
target for an intruding MNM and from a biochemical perspective the cells 
respond to foreign materials in essentially similar ways to that of the whole 
organism. Although primary cell lines are ideal candidates for toxicity 
screening, the cells are frequently not available in suffi cient quantities for 
use in HTS, hence cell lines are used. A cell-based assay in the context of 
nanotoxicity can be regarded as an analytical procedure that assesses the 
biological outcome resulting from the interaction of nanomaterials with a 
given cell. However, the manifestation of biological outcome is generally 
faster in a cell-based in vitro system (often in the order of minutes to hours) 
than in vivo, thus providing a rapid readout of MNM toxicity. In order to 
achieve the true toxicological signifi cance of a cellular injury response, it is 
necessary to correctly pick the cell line type and in vitro end point/readout 
in order to generate high quality information about the potential impact of 
the nanomaterial.

The toxicity profi le of NMs may vary from one cell type to another 
because of the possible difference in the cellular uptake and processing of 
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Table 7.4 Examples of toxicity paradigms, possible analytes, readout modes and potential problems when using various readouts 
for MNM toxicity screening

Toxicity type 
or paradigm Analyte Probes Readout mode Utility Potential problem

Cytotoxicity Cell number/
proliferation

Hoechst 33342/
DAPI

Fluorimetry/
High content 
assay

Cell quantifi cation, 
nuclear content

Background signal from NPs 
with blue fl uorescence

Membrane 
leakage

Propidium 
Iodide/Syto 9

Fluorimetry/
High content 
assay

Compromised cell 
membrane integrity

Background signal from NPs 
with red fl uorescence (e.g., 
QDs)

Membrane 
integrity

LDH assay Absorbance at 
490 nm

Cell viability NPs may inhibit enzyme and/
or absorb at 490 nm 
(CNTs, Ag)

ATP ATPlite
TM

Luminescence Mitochondrial activity 
and viability status 
of cells

Not appropriate for NPs that 
may inhibit enzyme and/or 
absorb light (e.g., CNTs)

Mitochondrial 
membrane 
potential

JC1/TMRM/
chloromethyl-
X-rodhamine

Fluorimetry/
High content 
assay

Loss of MMP Background signal from NPs 
with red or green 
fl uorescence

Metabolic 
activity

MTT, WST-1, 
XTT.

Absorbance Mitochondrial activity 
and viability status 
of cells

NPs may inhibit enzyme and/
or absorb light or 
substrates

Intracellular 
calcium fl ux

Fluo-4/ Fura 
2-AM/Rho 
2-AM

Fluorometry/
High content 
assay

Increased Intra-
cellular calcium 
level

Background signal from NPs 
with green fl uorescence

Apoptosis Calcein-AM Fluorometry/
High content 
assay

Mitochondrial 
membrane 
permeability 
transition (MPT)

Background signal from NPs 
with green fl uorescence
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Toxicity type 
or paradigm Analyte Probes Readout mode Utility Potential problem

Genotoxicity DNA cleavage Micro-nuclei 
assay (HCS), 
BrDU 
incorporation

High content 
screening

Chromosome damage Background signal from NPs 
with blue fl uorescence

Infl ammation IL-1, IL-8, TNF-α Antibody based 
ELISA or 
TR-FRET

Luminescence/
TR-FRET

Expression level of 
infl ammatory 
markers 

Not appropriate for NPs that 
interfere with TR-FRET 
(e.g., absorb protein) or 
luminescence reactions

NF-kB and AP-1 
activation

Reporter genes Luminescence Activation of 
infl ammatory 
pathways

Not appropriate for NPs that 
may inhibit enzyme and/or 
absorb light

Oxidative 
stress

GSH, ROS Absorbance/HCS 
using 
fl uoresence 
probes

Fluorometry/
High content 
assay

Free radical 
generation, 
Glutathione 
depletion

Not appropriate for NPs that 
may interfere with 
fl uorescence output

Fibrogenesis TGF-1b, 
Collagen 1&3, 
MMPs

Fluorescence 
probe coupled 
antibody

Fluorometry/
High content 
assay

Induction of 
fi brogenesis

Not appropriate for NPs that 
may interfere with 
fl uorescence output

Table 7.4 Continued
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nanomaterials. A simple solution to this liability is to incorporate more than 
one cell type (often different cell lineage) and to conduct multiple cytotox-
icity assays simultaneously for a range of reasonable doses and durations 
of exposure. Recently, Shaw et al. (2008) demonstrated that the predictive 
power of an in vitro assay could be greatly improved by including multiple 
cell lines (4 different cell lines) and multiple doses of nanomaterials. It 
should be emphasized that the data quality from cell-based HTS assays is 
to a strong degree dependent on the equipment and the experimental con-
ditions. Special attention has to be paid to artifacts stemming from the use 
of microtiter plates such as edge effects due to the evaporation of culture 
media or irregularities arising from liquid handling errors. Hence, any cell-
based assay has to be thoroughly optimized for HTS, validated on the 
equipment used for the toxicity screening and it is necessary to standardize 
the experimental conditions employing appropriate negative and positive 
controls on each microtiter plate. We will now review in detail HTS 
approaches toward three of the most important nanotoxicity paradigms: 
mutagenicity, cytotoxicity, and oxidative stress.

7.4.3 HTS for mutagenicity, cytotoxicity and oxidative 
stress effects of MNMs

The fi rst in vitro toxicology assay was the Ames test, which dates back to 
the 1970s and it is still in use today. In this test, several strains of bacteria 
– Salmonella typhimurium with various mutations in the histidine produc-
tion pathway – are being exposed to a mutagenic material in question. 
Mutations resulting in a frame shift mutation or reversing a point mutation 
results in a restoration of the respective histidine production pathway gene 
and results in the production of histidine. The readout is growth on histidine 
defi cient media. Several commercial HTS versions of this test exist for plate 
readers. For example, damaging effects of MNMs on DNA can be detected, 
triggering using a reporter gene assay system in which luciferase is put 
under the recN promoter which gets triggered by the SOS DNA repair 
response. The commercial name of this test is ‘VitoTox’ test (Versc haeve 
et al., 1999).

Care should be taken when comparing the results from assays: while the 
Ames test detects mutagenicity, the VitoTox test detects genotoxicity. 
GreenScreen is another assay similar in principle to the VitoTox test. In 
GreenScreen (Van Gompel et al., 2005), the RAD54 promotor drives green 
fl uorescent protein (GFP) expression in yeast. RAD54 is involved in DNA 
double strand breakage response and the activation of the repair pathway 
by a genotoxic MNMs leads to GFP expression. In the commercial product 
RadarScreen, the GFP is replaced with β-galactosidase. Galactosidase 
can be read on a plate reader using various colorigenic or luminogenic 
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substrates. Going up in the evolutionary chain, the GreenScreen HC assay 
relies on a TK6 lymphoblastoma cell line with a growth arrest and damage 
gene promoter GADD45α in driving the luciferase reporter.

It is interesting to note that drugs, which are normally tested in these 
assays, are exposed to liver enzymes that metabolize the compound in ques-
tion before their use in these assays. The reasoning is that frequently the 
metabolites are more toxic than the parent compound. At this point it is 
frequently unclear where and how MNMs are processed or broken down 
in an organism and it is unclear if exposure to liver enzyme will be useful 
for MNM toxicity testing. While results from assays for mutagenicity testing 
are quite universally applicable since the carrier of genetic information, 
DNA, is universal, this is not the case for cytotoxicity. Cytotoxicity is very 
dependent on the presence of a target mediating the cytotoxic effect. Hence 
precise knowledge of the mode of action (MOA) is necessary to fully under-
stand and appreciate the cytotoxic potential of any given MNM.

For drugs, dyes allowing for measuring DNA content such as Hoechst 
33342 are frequently used for the detection of, e.g., pro-mitotic effects using 
HCS approaches. Cell cycle analysis using various dye combinations can be 
very useful as well for the detection of hazardous MNMs and are best 
executed using HCS. Membrane integrity can be assessed using propidium 
iodide (PI) and/or Calcein-AM dyes. While the nucleic acid dye PI does 
not pass intact membranes, Calcein AM is a conjugated membrane perme-
able, fl uorogenic fl uoresceine derivative that once in the cell and processed 
by esterases can no longer leave the cell – except if the membrane integrity 
is compromised. This assay can be performed in a plate reader or HCS 
system.

Cytotoxicity of an MNM can show itself as well in the collapse of the 
gluthathion level of a cell or radical oxygen species (ROS) formation, which 
can be detected in the presence or absence of cells. Gluthathione depletion 
can be easily assessed using monochloimane and ROS formation can be 
easily measured using dichlorofl uoresceine. Both of these dyes can be used 
in a plate reader format. The redox potential of a cell – i.e. gluthathion level 
– can be followed using dyes such as MTT or Alamar Blue (Nakayama 
et al., 1997). While these dyes are relatively cheap, the fl uorescent character 
of the nanomaterials might interfere with their detection. Hence the use of 
CytoLite (measures NADH) (Chan et al., 2001), ATP-Lite or CellTiter Glo 
(measure ATP) might be preferable (Hannah et al., 2001). A combination 
of these three assays should enable a fi rst picture of the MOA of the toxicity 
of any given nanomaterial.

An interesting twist on apoptosis detection, which is a frequent liability 
of toxic MNMs, is the use of Z-DEVD-aminoluciferin for Caspase 3/7 and 
LETD-aminoluciferin for Caspase 8/9 (O’Brien et al., 2005). Both sub-
strates have in common that upon activation of the Caspases in question, 
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the peptide part is cleaved off the aminoluciferin hence making it convert-
ible by fi refl y luciferase. While Capase 3/7 would indicate mitochondrial 
impairment, Caspase 8/9 activity might point more at infl ammation and 
activation of TNFα and interleukin-1β secretion.

Injury responses due to oxidative stress from MNM exposure have been 
documented extensively in the literature and oxidative stress is one of the 
best-understood mechanisms of MNM mediated toxicity (Oberdorster 
et al., 2005; Nel et al., 2006, 2009). MNM induced oxidative stress can be 
divided into three tiers: antioxidant defense, pro-infl ammatory effects and 
cytotoxicity. MNM toxicity is typically mediated by ROS generation which 
can be extra- or intracellular and in both cases depletes the gluthathion 
redox-equilibrium of the living cell. Each of these response tiers is 
initiated by specifi c biological sensors and activation mechanisms. In Tier 
1, the transcription factor Nrf2 is activated to enhance the expression of 
phase II enzymes, which attempts to restore redox equilibrium. If the level 
of oxidant injury cannot be recovered by phase II enzymes, Tier 2 response 
commences, signaling pathways such as the mitogen-activated protein 
kinase (MAPK), and nuclear factor kappa B (NF-κB) cascades are acti-
vated and cells express proinfl ammatory cytokines. These infl ammatory 
effects contribute to disease processes such as asthma and atherosclerosis.

At the highest level of oxidative stress (Tier 3), the mitochondrial integ-
rity is compromised and a resulting drop in ATP synthesis and release of 
calcium and other pro-apoptotic factors ultimately leads to cell death. Cyto-
toxicity (Tier 3 response) is the most extreme response to particle effects 
involving ROS production. Modes of action can involve the shedding of 
toxic metal ions that trigger intracellular ROS generation or cationic 
nanoparticles or dissolved transition metal interference with the mitochon-
drial electron transduction. As is evident, it is necessary to select multiple 
readouts to capture cellular events specifi c to Tiers 1–3.

Oxidative stress can be detected very easily using HCS. For example, a 
cocktail of Hoechst 33342 and the mitochondrial membrane potential dye 
JC1 detects Tier 2 responses based on mitochondrial membrane depolariza-
tion. A dye cocktail of Hoechst 33342, fl uo-4 (detecting cytosolic Ca2+) and 
propidium iodide (detecting membrane damage) is very useful for the 
detection of Tier 3 responses in which the mitochondrial membrane loses 
integrity, calcium enters the cytosol and the cell membrane disintegrates. In 
the oxidative stress paradigm, in vitro and in vivo are correlated extremely 
well: for example, ZnO nanoparticles elicit responses in vitro that are analo-
gous to a disease called ‘metal fume fever’ (Duffi n et al., 2007). Metal fume 
fever is an acute infl ammatory condition of the lung in welders who are 
exposed to aerosolized metal oxide nanoparticles. In the workers, one fi nds 
the expression of Tier 2-like responses in macrophages and epithelial cells 
as demonstrated by the detection of secreted interleukin 8 (IL-8) and 
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TNF-α in the lungs and bronchoalveolar lavage fl uid of exposed workers 
(Xia et al., 2008).

7.5 Future trends and conclusions

With increased attention on MNM health hazards, there has been a need 
to develop new methods for toxicity profi ling, safer manufacturing proce-
dures, and ‘greener’ MNMs as alternatives to more harmful materials. While 
engineered nanomaterials provide many benefi ts to ‘green’ construction, 
uncertainty remains about the long-term effects of nano-enhanced struc-
tures. In this context, it will be important to ensure MNMs are not released 
into the environment until these MNMs are proven harmless. Or course, 
the ultimate goal is to use safe, next generation MNMs for future construc-
tion projects. Ultimately, methods for predicting MNM toxicity a priori 
must be explored. Since no defi nitively hazard-free nanomaterial presently 
exists, there is much work to be done in this area to alleviate public concern 
and move forward with new nano-enabled construction.

7.5.1 Nanomaterial toxicity and green nanomaterials

Our ability to generate safer MNMs will depend on our understanding of 
the toxicological liabilities of current MNMs, our ability to tie toxicological 
liabilities to MNM properties, and design of greener MNM, which are 
devoid of any toxicological liability while building on our conclusions. A 
prime example of this approach is the design of environmentally friendlier, 
‘greener’ metal oxide MNMs (Meng et al., 2009). One of the main toxicity 
paradigms of metal oxide MNMs is oxidative stress (Xia et al., 2006). For 
example, it has been shown that the overlap of conduction band energy 
(E(c)) levels with the cellular redox potential (−4.12 to −4.84 eV) is strongly 
correlated to the ability of various nanoparticles to induce oxygen radicals, 
oxidative stress, and infl ammation (Zhang et al., 2012).

Iron doping is one way to tune down the toxicity of ZnO particles, which 
are notorious for their ability to generate ROS through ion shedding. The 
addition of 1–10% iron results in ZnO particles which are less soluble, 
which in consequence are less toxic in the rodent lung and towards zebrafi sh 
embryos. We can be hopeful that we will see many more examples of 
greener MNMs in the years to come.

 Taking MNM production from ‘green by trial and error’ to ‘green by 
design’ requires us to be able to predict MNM toxicity a priori. Such a pre-
diction of MNM toxicity will depend on our ability to generate a nanostruc-
ture activity relationship (nano-SAR) (Liu et al., 2012) in which MNM 
toxicity properties are correlated with MNM descriptors (Zhang et al., 
2012). This nano-SAR will provide models of the toxicity profi le of an MNM 
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at the design stage without actually having to test the material in the labora-
tory. Liu et al. have succeeded in generating such a nano-SAR for metal 
oxides. A set of 14 descriptors for MNMs was used in order to correlate the 
toxicity of a set of nine metal oxide MNMs on BEAS-2B lung epithelial cells 
measured as membrane degradation in a high content screening assay using 
propidium iodide. The best-performing nano-SAR model resulted in a 100% 
classifi cation accuracy. This model was based on three descriptors: atomiza-
tion energy of the metal oxide, period of the nanoparticle metal, and 
nanoparticle primary size, in addition to nanoparticle volume fraction (in 
solution). While the sample library of MNM was very small, the results are 
very encouraging and we may hope that the integration of much larger 
datasets will eventually yield universal design rules for green MNMs.

The nano revolution has tremendous potential to address some of the 
world’s most pressing needs and it is our obligation to implement this dis-
ruptive technology safely. High throughput screening will play a decisive 
role, as it is the only technology which enables us to test a multitude of 
nanomaterials in various doses, time points and assay systems in a very short 
period at a reasonable cost. The necessary HTS infrastructure is accessible 
at centers such as the Molecular Screening Shared Resource (MSSR), 
which is part of the NSF/EPA sponsored multi-disciplinary University of 
California Center for the Environmental Impact of Nanotechnology (UC-
CEIN) at the University of California, Los Angeles.

To work toward creating safe nanomaterials, it is important to coordinate 
research on nanotoxicology and cooperate on the development of new 
nanotechnology materials and applications. Rather than working indepen-
dently, these areas must be closely collaborative to begin identifying health 
hazards during the developmental phase before new nanomaterials are 
used commercially. This research network will also facilitate the creation of 
nanomaterials with fewer environmental and health impacts and ways to 
better maintain their stability throughout their lifecycle. The future of the 
nanotechnology revolution and ‘green’ construction lies in the ability to 
understand potential hazards and mitigate these hazards before use. The 
answer is in a tightly cooperative network of researchers equally interested 
in advancing nanotechnology applications and the associated health 
concerns.
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Abstract: Thin fi lms and nanostructured coatings are becoming of 
increasing importance for eco-effi cient construction. This chapter 
discusses the underlying reasons why this is so and then introduces the 
major technologies. They are subdivided into those requiring vacuum or 
plasmas – with focus on evaporation and sputtering – and a range of 
other techniques. Nanoparticle-based coatings are discussed separately, 
with an emphasis on advanced gas deposition, deposition of carbon-
based structures, and microbial fabrication. Large-scale deposition is 
treated in particular detail, and some views are given on future 
developments.

Key words: thin fi lm, surface coating, nanostructure, deposition 
technique, evaporation, sputtering, large-scale manufacturing, resource 
availability.

8.1 Introduction

Thin fi lms and nanostructured coatings are essential for a number of eco-
effi cient technologies. We fi rst discuss why this is the case and start by 
contemplating the world’s population, which has grown from some one 
billion in the year 1800 to about 2.5 billion in 1950 and is currently (2012) 
around seven billion. The growth is not expected to stabilize until around 
the year 2100, and then the population has reached a stunning ten billion 
or more. In parallel to this population explosion, there has been an increase 
in general standards of living, and people in the poorer countries expect – as 
they rightly should – to have the same amenities and qualities of life that 
people in the more affl uent countries are accustomed to. This means that 
the demands on the world’s resources are growing very rapidly and that we 
at present make an unsustainable use of resources of every kind: water, 
fuels, minerals, etc.

The dangers to humanity are not only direct and related to the exhaustion 
of essential resources but also indirect, such as the burning of fossil fuels 
(coal oil and gas) and fi rewood leading to carbon dioxide emission and 
thereby to global warming, rising sea levels, harsher weather, increased risks 
for the spreading of diseases, mass migrations, shifts of species’ distributions, 
etc. (IPCC, 2007, 2011; Chen et al., 2011; de Sherbinin et al., 2011a,b). The 
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sea-level rise, to take one particularly well recorded property, is 3.3 ± 0.4 mm 
per year, almost half of which is due to melting glaciers and ice caps (Nerem 
et al., 2010; Jacob et al., 2012). Furthermore, the geographically uneven 
distribution of most of the natural resources has huge macroeconomic 
effects and is also prone to yield political unrest and human disasters. The 
only sustainable way forward is through changes in life-style and the adop-
tion of more eco-effi cient technologies – also known as ‘green’ technologies 
or ‘cleantec’ – which are affordable and operate in harmony with nature’s 
energy fl ows rather than in opposition to them, as discussed in some depth 
in a recent book by Smith and Granqvist (2010).

Thin fi lms and nanostructured coatings are at the heart of the eco-
effi cient technologies because they allow one to do a lot with a little. We 
consider two cases, and as a fi rst example we imagine a block of aluminium 
that is small enough that it can easily be carried by hand. By use of a thin 
fi lm technology, such as vacuum evaporation or sputtering, one can deposit 
this material so that it produces a refl ecting surface over a square kilometer. 
In full sunlight, this surface refl ects of the order of a Gigawatt that other-
wise might have been absorbed by the earth. Then, as a second example, 
imagine that this aluminium surface is covered with an equally thin nano-
structured coating with tiny metallic particles embedded in an oxide host. 
Now the surface is no longer visibly refl ecting but is dark and can serve as 
an excellent ‘selective’ solar absorber that not only picks up the energy but 
retains it and avoids strong thermal re-emission.

There are a great many analogous examples of thin fi lms and nanostruc-
tured coatings that can be used to obtain not only energy effi ciency, as in 
the two examples above, but also human comfort and security. In many 
cases, these fi lms and coatings must be used in conjunction with other, 
perhaps bulk, materials to achieve a certain desired function. A full discus-
sion of these options is neither possible nor desirable here, and many more 
examples are given elsewhere (Smith and Granqvist, 2010). However, we 
note that thin fi lms and nanostructured coatings are of much interest for 
many of the eco-effi cient technologies discussed in other chapters in this 
book. Thus photocatalytic oxide fi lms require well-defi ned nanostructures 
in order to have maximum effi ciency (Fujishima et al., 2008; Henderson, 
2011), windows with high thermal insulation must incorporate a transparent 
thin fi lm with low thermal emittance to avoid radiative heat transfer, and 
photovoltaic cells – irrespectively of their being of fi rst, second or third 
generation – normally contain thin fi lms serving as current collectors. In 
particular, switchable glazing technology relying on thin fi lms and nano-
structured coatings is discussed elsewhere in this book.

The fi lms that are of concern in this chapter have thicknesses that typi-
cally lie between 10 nm and 10 μm; they may be metallic, semiconducting 
or dielectric and deposited onto rigid substrates of metal, plastic or glass 
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and onto fl exible foils of metal or plastic. There are many ways to make 
such thin fi lms, and thin fi lm science and technology are huge fi elds of very 
large importance not only for eco-effi cient applications but for almost all 
modern technologies. It should not come as a surprise that there are numer-
ous books and tutorial presentations on the subject. Some standard texts 
are by Maissel and Glang (1970), Vossen and Kern (1978, 1991), Bunshah 
et al. (1982), Smith (1995), Pulker (1999), Gläser (2000), Mahan (2000), 
Ohring (2002) and Mattox (2003, 2010). A general, popular survey of mate-
rials for many different eco-effi cient constructions appeared recently 
(Ginley and Cahen, 2012).

This chapter gives a brief survey over the most important technologies 
for making thin fi lms and nanostructured coatings and includes a number 
of specifi c examples. We consider fi lms made by vacuum-based and non-
vacuum-based techniques as well as nanoparticle-based coatings. For the 
vacuum-based techniques we look specifi cally at the possibilities to con-
struct nanostructures by judicially chosen incidence of the deposition 
species and by moving the substrate. We then discuss large-scale deposition 
and round off the presentation by some concluding remarks. Nano-aspects 
– and there are many (Messier, 2008) – remain in focus throughout the 
exposition. This chapter can be viewed as an adaptation and signifi cant 
extension of earlier presentations (see Appendix 1 in the book by Smith 
and Granqvist (2010) as well as a ‘primer’ by Granqvist (2012) ).

8.2 Major thin fi lm technologies and some 

illustrative examples

Table 8.1 gives an overview of the most important thin fi lm technologies. 
They are classifi ed according to the depositing species being atomistic (or 
molecular), particulate or in bulk form, or whether the surface of a material 
is modifi ed in order to produce a layer with properties that are distinctly 
different from those of the underlying material. Atomistic deposition is 
most commonly used for eco-effi cient constructions.

8.2.1 Vacuum- and plasma-based techniques: basics of 
evaporation and sputtering

Evaporation is a very well-known technique for making thin fi lms. It is in 
constant use in research laboratories all over the world and has been so for 
60 years or more. It is widespread also industrially today. This technique 
entails that the raw material of the fi lm is heated in vacuum so that a vapour 
comprising atoms or molecules transfers material to the substrate at a suf-
fi cient rate (Holland, 1956; Glang, 1970). The energy of the impinging 
species is typically a fraction of an electron volt. The heating can be 
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produced by drawing current through a resistive coil or boat, often of tung-
sten, in contact with the substance to be evaporated or by thermionic emis-
sion from a wire and focusing of the electron beam onto the substance to 
be evaporated from a water-cooled ‘electron gun’. The latter technique is 
referred to as electron-beam, or e-beam, evaporation.

Sputter deposition is very generally employed to make uniform coatings 
on glass, polymers, metals, etc. In essence, a plasma is set up in a low pres-
sure of inert and/or reactive gases, and energetic ions in the plasma dislodge 
material from a solid plate or cylinder of the raw material of the fi lm 
(known as the ‘target’) and deposit these atoms as a uniform fi lm on an 
adjacent surface (called the ‘substrate’). The technology is discussed in 
detail in books by Chapman (1980), Cuomo et al. (1989), Konuma (1992), 
Wasa and Hayakawa (1992) and Depla and Mahieu (2008). The sputter 
plasma can be inert, typically consisting of argon ions, in which case the 
target and the thin fi lm have the same composition. Alternatively the plasma 
can be reactive and contain for example oxygen so that an oxide fi lm can 
be formed by sputtering from a metallic target; an additional admixture of 
water vapour can yield an entire cocktail of metastable and highly reactive 
species in the plasma (Liu et al., 2011). Analogously, nitrides can be made 
by sputtering in the presence of nitrogen, etc. The great versatility of the 
reactive sputtering technique should be obvious.

Table 8.1 Survey of thin fi lm deposition technologies

Atomistic deposition
Particulate 
deposition Bulk coating

Surface 
modifi cation

Vacuum environment
• Evaporation
• Molecular beam epitaxy
• Ion beam deposition

Plasma environment
• Sputter deposition
• Ion plating
• Plasma polymerization
• Glow discharge 

deposition

Electrolytic environment
• Electroplating
• Electroless deposition

Chemical vapour 
environment

• Chemical vapour 
deposition

• Spray pyrolysis

Liquid phase epitaxy

Thermal spraying
• Plasma 

spraying
• Flame spraying
• Detonation gun

Fusion coating
• Enameling
• Electrophoresis

Wetting 
processes

• Printing
• Dip coating
• Spin 

coating

Printing

Cladding
• Explosive
• Roll-binding

Weld coating

Chemical 
conversion

• Anodic 
oxidation

• Nitridation

Leaching

Thermal 
surface 
treatment

Ion 
implantation

Laser glazing
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The plasma is normally confi ned to the target area by magnets placed 
behind the target, and one then refers to the deposition technique as ‘mag-
netron sputtering’. Rotating targets can be used for maximum utilization of 
the deposition material. The deposition species typically have energies of 
some electron volts, i.e., the energies are higher than in the case of evapora-
tion and are large enough to remove contaminants from the substrate. This 
self-cleaning feature is conducive to a good adherence between substrate 
and fi lm, which is an advantage for sputtering when compared with evapo-
ration as a thin fi lm technology.

Evaporation and sputtering are often referred to jointly as ‘physical 
vapour deposition’ or PVD. What do thin fi lms made by these techniques 
look like at the nano level? We consider the growth of metal fi lms on 
dielectric substrates, such as glass or polymer. Figure 8.1 illustrates a series 
of scanning electron micrographs taken on gold fi lms with the shown 
thicknesses and deposited by sputtering onto glass at room temperature 
(Lansåker et al., 2009). The initial deposition is seen to yield tiny metallic 
nuclei at certain sites on the substrate, and continued deposition makes 
these nuclei grow, which is expected to occur via diffusion of atoms or 
molecules over the substrate surface as well as by direct impingement of 
atoms or molecules. The discrete metal ‘islands’ that are then formed have 
shapes that somewhat resemble ellipsoids. Continued deposition makes 
some of the ‘islands’ touch and rearrange into larger and more irregular 
objects; this is conventionally referred to as ‘coalescence growth’. The 
growing fi lm then passes through what can be called ‘large-scale coales-
cence’, meaning that a contiguous and meandering metallic network of 
macroscopic extent is formed. Only then can metallic conduction be 
detected along the fi lm. The evolution of electromagnetic properties in a 
growing metal fi lm is a topic of continued interest and is highly dependent 
on the prevailing nanostructures (Earp and Smith, 2011).

200 nm

2.6 4.4 6.2 8.0 9.8teq (nm):

8.1 Scanning electron micrographs of gold fi lms made by sputtering 
onto glass to the shown equivalent thickness teq (i.e., the thickness a 
corresponding metallic slab would have). The gold appears bright and 
the uncoated parts of the substrate look dark. From Lansåker et al. 
(2009).
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100 nm

100 nm

8.2 Scanning electron micrographs of an In2O3:Sn fi lm sputter 
deposited at ambient temperature and annealing post-treated at 200°C 
(top) and for an analogous fi lm sputter deposited onto a substrate 
maintained at 200°C (bottom). From Betz et al. (2006).

The development of the structure depends critically on deposition and 
post-treatment parameters, to an extent that might seem surprising. Thus, 
for example, depositing a gold fi lm at room temperature and then heating 
it to a certain temperature is not equivalent to direct deposition onto a 
substrate at the same elevated temperature, as shown in a sequel to the 
work from which Fig. 8.1 was reproduced (Lansåker et al., 2012). Another 
example of this sensitivity to the fi lm preparation conditions is shown in 
Fig. 8.2 for the case of sputter deposited fi lms consisting of In2O3:Sn (Betz 
et al., 2006), which is a transparent and electrically conducting material of 
very large importance in energy technology and for transparent electronics 
of different kinds. The top panel illustrates a scanning electron micrograph 
for a fi lm deposited onto a substrate at room temperature and then anneal-
ing post-treated at 200°C and the bottom panel pertains to a fi lm that was 
sputtered onto a substrate at 200°C. Clearly the two fi lms display striking 
differences.
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A fi lm that is thicker than those in Fig. 8.1 develops a characteristic 
nanostructure also over its cross section. Figure 8.3 is a recent extension 
(Anders, 2010) of a well-known structure zone diagram, known as a 
‘Thornton diagram’ (Thornton, 1977), and illustrates what happens. The 
fi gure applies to sputtering and shows that the fi lm typically exhibits a 
columnar structure oriented perpendicular to the substrate, and that this 
structure depends critically on the deposition parameters, especially on the 
energy of the sputtered species (in its turn related to the pressure in the 
sputter plasma, typically comprised of argon) and the substrate tempera-
ture. The structure of an evaporated fi lm is found in the limit of a small 
argon pressure; it was described already in the 1960s (Movchan and Dem-
chishin, 1969) and the modelling was subsequently refi ned (Barna and 
Adamik, 1998; Hultman and Sundgren, 2001).

For many thin fi lm applications, there is a requirement for high durability, 
which means that compact fi lms are wanted, and historically the sputter-
based technology was developed to prepare fi lms that were more durable 
than those made by evaporation. Parameters leading to fi lms belonging to 
‘zone T’ in the ‘Thornton diagram’ are then preferred. For other applica-
tions, however, it is desirable to make fi lms with a carefully chosen 
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8.3 Schematic diagram showing nanostructures of thin fi lms made by 
sputter deposition as a function of generalized temperature T* and 
energy fl ux E*, and with t* denoting fi lm thickness. Ion etching can 
take place at high energy fl ux. From Anders (2010).
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nanoporosity, and then one should make use of low substrate temperatures 
and high plasma gas pressures in order to reach ‘zone 1’. Films of the latter 
kind are required for a number of eco-effi cient technologies such as for 
energy effi cient and comfort enhancing electrochromic ‘switchable glazings’ 
in buildings, for gas sensors devised for air quality assessment, and for 
photocatalytic surfaces capable of cleaning air and water (Granqvist, 
1995; Smith and Granqvist, 2010); electrochromics is discussed further in 
Chapter 11.

Multilayer fi lms are readily made by sequential evaporation or sputtering 
from more than one source and a practical deposition unit can incorporate 
a large number of sources which the substrate is transported past in a more 
or less continuous process which we return to below for the case of sput-
tering. Composite fi lms can be prepared by deposition from one source of 
a compound material (as long as decomposition of this material does not 
take place) or from simultaneous deposition from two or more sources. 
Mixed metal-dielectric fi lms can be deposited reactively, for example in the 
presence of a small amount of oxygen, so that the deposit comprises a 
random mixture of metallic and oxidized parts (known as a ‘cermet’ fi lm). 
The underlying processes for reactive sputtering can be modelled very 
accurately (Berg and Nyberg, 2005).

Chemical post-treatment of thin fi lms can modify the properties and lead 
to novel properties. Figure 8.4 shows one example where a sputter depos-
ited fi lm of ZnO:Al – a transparent conductor – is roughened by etching in 
dilute hydrochloric acid (Ruske et al., 2007). The treated fi lm exhibits sig-
nifi cant light scattering. Chemical etching of some alloy fi lms can yield 
highly nanoporous conducting layers (Maaroof et al., 2005; Cortie et al., 
2006). An example is shown in Fig. 8.5, which reports on a sputter deposited 
AuAl2 fi lm after etching so that nothing but the gold remains.

(a) (b)

8.4 Scanning electron micrographs of a sputter deposited ZnO:Al fi lm 
(a) before and (b) after etching in 0.5% HCl. From Ruske et al. (2007).
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8.2.2 Vacuum- and plasma-based techniques: effects of 
glancing angle incidence and substrate rotation

For the deposition techniques discussed above, it was tacitly implied that 
the incidence of the deposition species is more or less perpendicular to the 
substrate. If this is not the case, it is possible to build up coatings with 
inclined nanostructures and, if a rotation of the substrate is invoked as well, 
one can arrive at an entire zoo of nanostructures. The pertinent deposition 
techniques are sometimes referred to as ‘glancing angle deposition’ or 
‘GLAD’.

Figure 8.6 shows the build-up of a fi lm with an inclined columnar struc-
ture (Brett, 1989). It is based on calculations from a model wherein ‘atoms’ 
are depicted as two-dimensional hard discs which travel with a well-defi ned 
direction but otherwise randomly towards a ‘substrate’. The ‘atoms’ stick 
wherever they hit the substrate or an earlier deposited ‘atom’. Columns are 
then formed for the simple reason that a randomly formed protrusion tends 
to shade whatever is behind it from further deposition. ‘Self-shadowing’ is 
a term that is used to describe this. The character of the columns as well 
as the density of the nanostructure depends on the energy given to the 
‘atoms’, i.e., to the mobility they attain. Figure 8.6 describes the structures 
that form when ‘atoms’ are injected at an off-normal angle of 50° and arriv-
ing from the upper right. The column orientation typically does not coincide 
with the direction of the incident species. Films of this type are sometimes 
referred to as ‘sculptured thin fi lms’ and are theoretically well understood 
(Lakhtakia and Messier, 2004; Wakefi eld and Sit, 2011). Figure 8.7(a) shows 
a scanning electron micrograph of a fi lm made by GLAD (Steele and Brett, 
2007). The resemblance to the simulated structure is striking. Films of this 
type are known to exhibit angular-selective optical properties (Mbise et al., 
1997). By changing the direction of the incident species, it is possible to 
create a zig-zag pattern, as seen in Fig. 8.7(b).

100 nm

200 nm

100 nm

8.5 Nanoporous thin gold layer seen from the top at two 
magnifi cations (largest magnifi cation on the left). The inset in the 
right-hand panel is a cross-section view of the fi lm’s nanostructure.
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(a)

(b)

(c)

8.6 Simulated thin fi lms grown with ‘atoms’ impinging from an off-
normal angle and having (a) low, (b) medium and (c) high mobility. 
From Brett (1989).
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(a) (b)

(c) (d)

1 µm

1 µm

1 µm

1 µm

8.7 Nanostructured thin fi lms made by ‘glancing angle deposition’ 
and, in parts (b) and (c), simultaneous rotation of the substrate in 
order to make ‘nanochevrons’ and a helical nanostructure 
(‘nanotortiglioni’). From Steele and Brett (2007).

Still larger possibilities to produce nanostructured coatings are obtained 
if the substrate is rotated while the incident deposition species have an 
oblique angle of incidence. Figure 8.7(b) and (c) shows two striking exam-
ples using slow substrate rotation. With more rapid rotation, it is possible 
to obtain ‘penniform’ structures, as illustrated in Fig. 8.8 for the case of a 
titanium dioxide-based structure made by sputter deposition under condi-
tions so that ‘zone 1’ fi lms are to be expected (Rodríguez et al., 2000).

8.2.3 Non-vacuum- and non-plasma-based techniques

There are many thin fi lm technologies that do not require low pressures. 
For example, coatings can be prepared by dipping a substrate in a solution 
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0.7 µm

8.8 Cross section through a ‘penniform’ TiO2 thin fi lm made by 
sputter deposition and simultaneous substrate rotation at 50 rpm. 
From Rodríguez et al. (2000).

containing the species to be incorporated in the fi lm, withdrawing at a con-
trolled rate, and heating to remove volatile components in the solution; an 
alternative technique suitable for coating small objects is to apply the solu-
tion in the form of drops, then spin the substrate at a controlled speed in 
order to make an even layer, and fi nally heat treat. In either case the deposi-
tion can be repeated over and over in order to make a thicker fi lm. As an 
alternative to dipping and spinning, the chemical solution can be applied 
by spraying. Film deposition processes of dipping, spinning and spraying are 
often referred to jointly as ‘sol-gel deposition’ (Klein, 1994; Frenzer and 
Maier, 2006). Figure 8.9 illustrates a cross section of a multi-layer coating 
made by dip coating (Boström et al., 2011). It has two layers of nickel par-
ticles in alumina, with different compositions, and a top layer of silica. The 
coating is backed by metallic aluminium. This coating is an example of a 
solar-absorbing surface that avoids thermal re-emission and is thus of the 
kind mentioned as the second example in Section 8.1.

Chemical vapor deposition (CVD) uses heat to decompose a vapour of 
a ‘precursor’ substance in order to make a thin fi lm of a desired composition 
(Morosanu, 1990; Pierson, 1999). This deposition technique can be made 
more effi cient by combining it with plasma treatment in what is denoted 
‘plasma enhanced CVD’ or ‘PECVD’. A variety of the CVD technique is 
referred to as ‘spray pyrolysis’; a fl uid containing the precursor is then 
sprayed onto a hot substrate.

Electrochemical techniques embrace cathodic electroplating from a 
chemical solution (Lowenheim, 1978) and anodic conversion of a metallic 
surface to form a porous oxide. Anodization is most common in the case of 
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Platinum

Silica

40%nickel-60%alumina

80%nickel-20%alumina

Interlayer

Aluminium

50 nm

8.9 Scanning electron micrograph of the cross section of a sol-gel-
produced multilayer coating of Ni-Al2O3 and SiO2 deposited onto an Al 
substrate (with an interlayer to boost the adhesion to the substrate). 
The top layer of platinum was applied by sputter deposition in order 
to allow the imaging. From Boström et al. (2011).

aluminium (Wernick et al., 2001), but other metals – such as titanium (Dia-
manti and Pedeferri, 2007) and tantalum (El-Sayed and Birss, 2011) – can 
be used too. Numerous alternative techniques exist as well. The anodization 
of aluminium can be carried out following several different strategies. Thus 
‘mild’ anodization can lead to a self-ordered pore structure at the nanoscale, 
but this technique is slow and confi ned to a limited set of process param-
eters; ‘hard’ anodization, on the other hand, is a fast and industrially viable 
process leading to thick layers with a disordered pore arrangement. The 
latter technique is applied routinely for aluminium surfaces exposed to air. 
It was recently realized that a combination of ‘mild’ and ‘hard’ anodization 
in what is known as ‘pulse’ anodization can yield particularly interesting 
nano-features, such as those depicted in Fig. 8.10 (Lee et al., 2008), which 
shows alternate layers with well developed nanostructures.

8.2.4 Nano-particle-based coatings

Vacuum-based coating methods, as discussed extensively above, had an 
important historical role for making fi lms based on nanoparticles. In fact, 
vacuum-based techniques provided some of the fi rst insights into approaches 
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(a)

(b)

HA-AA0

MA-AA0

HA-AA0

MA-AA0

500 nm

200 nm

8.10 Panel (a) shows alternate layers of anodic aluminum oxide (AAO) 
prepared by ‘pulse’ anodization; the layers are representative of ‘hard’ 
anodization (HA) and ‘mild’ anodization (MA). Panel (b) is a 
magnifi cation of the displayed rectangular area. From W. Lee et al. 
(2008).

to prepare nanoparticles under controlled conditions, specifi cally in the 
manufacture of ‘gold blacks’ for darkening of thermocouples by gold 
nanoparticles prepared by evaporation at pressures high enough to yield 
nanoparticle nucleation and growth of fractal aggregates in the gas phase 
(Harris et al., 1948; Granqvist and Hunderi, 1977; Sotelo et al., 2002).

A major step forward for the latter technique was taken when it was 
realized that the mean particle diameter and the size distribution could be 
understood and accurately modelled provided that the vapour source was 
equipped with accurate temperature control (Granqvist and Buhrman, 
1976). This led to the ‘advanced gas deposition’ (AGD) technique, which is 
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now used to mass-produce nanoparticles that can be collected for later use 
or for coating directly onto substrates. The technique and its implementa-
tion are described in detail in a book by Hayashi et al. (1997).

Figure 8.11 illustrates an AGD unit; as shown, it is arranged for tungsten 
oxide nanoparticle production (Reyes et al., 2004) but the technique can be 
used reactively or non-reactively to make nanoparticles of a large variety 
of pure metals, oxides, nitrides, etc. Evaporation takes place in the lower 
chamber into a laminar gas fl ow surrounding the vapour source. The vapor-
ized species are then cooled via collisions with gas molecules so that they 
form tiny nuclei that subsequently grow in the gas fl ow. A thin transfer pipe 
collects nanoparticles in a region at a controlled distance from the vapour 
source and transports them in a gas stream that ends in the upper deposi-
tion chamber, which is maintained at good vacuum. A separate evacuation 

Deposition
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Evaporation
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Vacuum pump
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8.11 Schematic image of a unit for advanced gas deposition arranged 
for making tungsten oxide nanoparticles. From Reyes et al. (2004).
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pipe removes nanoparticles outside the growth region. The nanoparticles 
are then deposited via a nozzle in order to gain momentum onto a substrate 
that can be moved so that they form a uniform fi lm comprised of nanopar-
ticles. The technique can be implemented with multiple vapour sources and 
transfer pipes in order to prepare materials consisting of mixed or layered 
nanoparticles. Figure 8.12 shows some typical nanoparticle deposits for the 
case of as-deposited tungsten oxide and WO3:Pd sintered at 600°C (Hoel 
et al., 2005). The particle size distribution is seen to be narrow. Evidently 
the sintering has caused signifi cant grain growth.

A distinctive advantage of the AGD technique is that it separates 
nanoparticle formation and growth from thin fi lm deposition. This feature 
makes it possible to fi ne-tune particle interaction within the fi lm, at least to 
some extent, which is benefi cial for devices that require well-controlled 
electrical contact between adjacent nanoparticles such as conductometric 
gas sensors for determining and surveying air quality. Gas phase synthesis 
of nanoparticles also can use high-temperature processes, since particles can 
form in a fl ame or plasma. The reader is referred to the book by Granqvist 
et al. (2004) for detailed coverage of this subject.

Chemical approaches are now widely used to grow and precipitate metal-
lic, inorganic and semiconducting nanoparticles from solution and have 
been refi ned so as to limit size ranges, create elongated particles as well as 
spheres, and to overcoat nanoparticles or microparticles with nanoshells in 
‘core-shell’ structures which enable new or improved functionality. These 
aspects have been discussed in detail in the literature (Cushing et al., 2004). 
Thick layers incorporating nanoparticles can effectively function as thin 
ones provided that metal fl akes are included and serve as ‘artifi cial sub-
strates’ (Kunič et al., 2009). Layers or coatings containing previously pre-
pared nanoparticles are usually made by fi rst dispersing them in a paint 

100 nm 100 nm

(a) (b)

8.12 Scanning electron micrographs of (a) an as-deposited fi lm of 
WO3 and (b) a WO3:Pd fi lm sintered at 600°C. Both fi lms were 
prepared by advanced gas deposition. Horizontal bars are 100 nm in 
length. From Hoel et al. (2005).



 Thin fi lms and nanostructured coatings for eco-effi cient buildings 177

© Woodhead Publishing Limited, 2013

binder, a polymer coating solution, or a monomer solution prior to polym-
erization. The latter process can be used to produce master batches of 
concentrated nanoparticles in resin, which can subsequently be mixed with 
clear resin to prepare thin polymer foils doped with nanoparticles by extru-
sion. These foils can then be stuck onto surfaces or positioned between clear 
sheets. Nanoparticle-doped polymer sheets and other shapes of plastic can 
also be made by injection moulding and extrusion from suitable resins. If 
dilute coatings are needed, it is important to make sure that the particles 
are dispersed, which usually requires a surfactant (i.e., a ‘soap’ type mole-
cule) on their surface to ensure that they do not stick together.

Carbon-based nanomaterials deserve particular attention and have 
undergone phenomenal development during recent years. Figure 8.13 illus-
trates how different nanostructures can be created from a two-dimensional 
arrangement of carbon atoms to yield C60 units (known as ‘buckminster-
fullerene molecules’ or ‘buckyballs’), long nanotubes with metallic and 
semiconducting properties, and graphene (two-dimensional graphite-like 
sheaths) (Geim and Novoselov, 2007).

Long nanoparticles can be prepared not only from carbon, as indicated 
in Fig. 8.13, but from many materials. Figure 8.14 illustrates an example 
of Ag nanowires that can be made from potentially inexpensive reduction 
of liquid silver nitrate to make electrically conducting and transparent 

8.13 Schematic rendition of carbon-based nanostructures and of their 
formation. From Geim and Novoselov (2007).
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10 µm

500 nm

8.14 Scanning electron micrographs of Ag nanowire meshes. 
A magnifi cation of the rectangle is shown in the upper right-hand 
panel. From J.-Y. Lee et al. (2008).

coatings with some degree of optical scattering (‘haze’) (J.-Y. Lee et al., 
2008; Hu et al., 2010).

The fi nal example of nanoparticle production for coatings is one where 
work has only recently begun and for which the potential is great though 
not yet easy to assess: microbiological preparation. Plate II (between pages 
162 and 163) illustrates the growth of silver nanoparticles inside bacteria of 
Pseudomonas stutzeri (Klaus et al., 1999; Klaus-Joerger et al., 2001). It is 
remarkable that particles of this kind can be single-crystalline. They can be 
used, for example, to make selectively solar absorbing coatings (Joerger 
et al., 2000). In fact, there seems to be a vast number of organisms that can 
serve as eco-effi cient ‘nanofactories’ and produce inorganic nanoparticles 
either intra- or extracellularly, including magnetotactic bacteria, diatoms, 
fungi and others (Mandal et al., 2006; Olenin and Lisichkin, 2011; Rai and 
Duran, 2011).

The marriage of biotechnology and materials science to make new eco-
effi cient constructions – as exemplifi ed above – is a particularly exciting line 
of development, and recent work has demonstrated how viruses can be 
harnessed for making nanobatteries (Lee et al., 2009) and nanostructured 
solar cells (Dang et al., 2011).

8.3 Large-scale manufacturing

The cost of making thin fi lms and nanostructured coatings is often of the 
greatest importance for judging whether they can be used in eco-effi cient 
technologies or for other practical applications. The cost inherent in thin 
fi lm manufacturing is a complicated issue and depends critically on the 
production scale. Thus large-scale manufacturing is essential. One example 
where this issue has been developed almost to perfection is for the coating 
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of sheet glass in order to make thin fi lms that can give low thermal emission 
and thereby good thermal insulation in a double-glazed window, or thin 
fi lms that control the throughput of solar energy so that the need for air 
conditioning is diminished. Figure 8.15 shows two principles of how this is 
done (Granqvist, 1991): panel (a) illustrates sputtering onto moving sheet 
glass in a continuous process wherein panes are entering though a load lock 
at one end of a deposition unit and exiting at the other end, and panel (b) 
demonstrates another technique based on spray deposition of a metal-
containing solution onto hot glass, most conveniently as the sheet glass 
emerges from the leer during fl oat glass production. More detailed discus-
sions of glass coating are given elsewhere, in particular in books and papers 
by Gläser (2000, 2008) and by Bach and Krause (2003). The practical depo-
sition systems – particularly for sputter deposition – can be very large and 
involve a multitude of sputter targets mounted along a production line that 
is more than 100 m in length; Fig. 8.16 is a photograph of a system of this 
kind.

‘Web coating’ of fl exible substrates (Schiller et al., 2000; Fahlteich et al., 
2012) is a well-developed technology with possibilities for excellent process 
control. It can be used to make thin fi lms cost-effectively on very large 

Sputter deposition

Spray pyrolysis

Sputter cathode

Vacuum chamber

Unheated glass

Sputter plasma(a)

(b)

Spray nozzle

Aerosol

Heated glass

8.15 Principles for sputter deposition (a) and for spray pyrolysis 
(b) to coat surfaces of glass transported as indicated by the horizontal 
arrows. From Granqvist (1991).
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8.16 Photograph of a manufacturing plant for making multilayer 
coatings on full-size glass panes.

surfaces as discussed in detail by Bishop (2010, 2011). Figure 8.17 illustrates 
one variety in which the web is transferred to a chilled drum, where the 
deposition takes place by sputtering or any other suitable technique (Meyer, 
1989). The coated web is collected on a take-up roll. The whole process can 
take place inside a vacuum chamber. High-rate deposition may lead to thin 

Pay

out
Take

upMonitor

Chilled drum

Source

8.17 Schematic diagram of the internal components of a roll-to-roll 
coater with several sputter cathodes. From Meyer (1989).
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fi lms with somewhat inclined columnar structures, which are formed by the 
processes outlined in Section 8.2.2.

It is even possible to use large-scale sputter deposition to make fi lms 
whose composition varies in a highly controlled manner over the cross 
section. This latter possibility can be accomplished as illustrated in Fig. 8.18, 
showing continuous deposition onto a long metallic band. As the band 
moves past the sputter cathode, the initial deposition is in argon so that the 
fi lm is metallic. Closer to the asymmetrically positioned oxygen inlet, the 
fi lms get increasingly oxidized and – with properly adjusted parameters – 
the top layer can be almost purely comprised of oxide implying that it serves 
to anti-refl ect the underlying material. This innovative technology has been 
used to make sputter-deposited surfaces for effi cient conversion of solar 
energy into heat, i.e., conforming to the second example mentioned in 
Section 8.1 (Zhao, 2007). Large-scale deposition of fi lms with inclined 
columnar structures, employing the GLAD technique discussed in Section 
8.2.2, is another possibility (Motohiro et al., 1989).

Cost issues are often misunderstood in scientifi c papers. Thus it is common 
to read statements implying that sol-gel deposition is ‘cheap’ because inher-
ently expensive vacuum equipment is not needed. However, the necessary 
thermal post-deposition treatments of the sol-gel coatings lead to slow 
manufacturing, which may be disastrous for mass fabrication.

8.4 Conclusion and future trends

This chapter has given a survey over the manufacturing of thin fi lms and 
nanostructured coatings for eco-effi cient constructions. It has been demon-
strated that there are a great many techniques with distinctive features and 

Magnetron

Direction of band
movement

Spools

Oxygen nozzle

8.18 Schematic diagram of a roll-to-roll coating unit for continuous 
production of magnetron sputter-deposited fi lms with graded cross-
sectional composition. From Zhao (2007).
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specifi c pros and cons. These techniques allow the manufacturing of thin 
coatings of virtually any material and material combination either as a 
single layer or in a multilayer confi guration.

It should be noted that the techniques that have been described are best 
suited for coating non-patterned surfaces. However, masking is possible in 
order to produce desired patterns and, alternatively, etching or some other 
subtractive technique can be used to obtain a certain confi guration. Rather 
than obscuring or subtracting material, it is also possible to use an additive 
process such as printing with an appropriate ink containing nanoparticles, 
normally followed by heat treatment for some time to remove undesired 
binder residues. Recent advances in printing technology, as well as the great 
amount of contemporary work on large-scale fabrication of nanoparticles, 
nanorods and ‘nano-anything’ – referred to briefl y in Section 8.2.4 – make 
it probable that printing-related techniques will gain increased popularity 
in the future.

As emphasized in Section 8.1, thin fi lms use little material to reach large 
effects, and hence – generally speaking – the materials that can be employed 
in thin fi lms are many more than those that can be used in the case of bulk-
like materials. Nevertheless, clearly the least common elements should be 
avoided (Tao et al., 2011). Plate III (between pages 162 and 163) gives an 
overview of the elemental abundance and shows that elements such as 
ruthenium, rhodium, tellurium, rhenium, osmium and iridium occur with a 
mass fraction around 10−9 or below (Berry, 2010). The data in the fi gure 
should be regarded with some caution, though, and the fact that an element 
is not rare does not make it cheap. One example may be indium oxide 
(Schwarz-Schampera and Herzig, 2002), which is often the premier choice 
for a transparent electrical conductor and is used in many modern informa-
tion and communication technologies as well as for energy-related applica-
tions. This element is normally obtained as a small byproduct in zinc refi ning, 
which makes it much more costly than transparent conductors based on 
zinc oxide or tin oxide.

The technologies for making thin fi lms and nanostructured coatings have 
been undergoing rapid development at least since the 1950s. This develop-
ment still continues today, and does so at a stunning pace, and it is a safe 
bet that thin fi lms and coating technologies will be of ever increasing impor-
tance as the burden on nature’s resources becomes even more acute in the 
future.
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200 nm

Plate II Transmission electron micrograph with artifi cial colouring 
showing silver-based crystalline nanoparticles grown inside 
Pseudomonas cells. From Klaus-Joerger et al. (2001).
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Abstract: Recent developments in high performance thermal 
insulators based on nanotechnology have enabled a strong drop in the 
effective thermal conductivity of insulation materials, down to 
0.004–0.014 W/(mK). The reductions are achieved using the Knudsen 
effect, which describes the effect of pore size distributions and partial 
gas pressure in materials on the gaseous heat transfer. The resulting 
thermal insulation materials have specifi c properties of importance for 
the building industry, which should be considered in each project. 
Further exploitation and a similar approach to solid conduction may 
result in the next-generation high performance thermal insulators.

Key words: Knudsen, vacuum insulation, fumed silica, aerogel.

9.1 Introduction

The true origins of thermal insulation are diffi cult to identify. Prehistoric 
humans clothed themselves with wool and animal skin and built homes of 
wood, stone and earth, whereas the Romans as well as early inhabitants of 
Spain already used cork as an insulating material for roofs. Mineral fi bers 
from volcanic deposits were fi rst used by the Hawaiian natives to blanket 
their huts, but it was not until the fi rst industrial revolution that commercial 
application of thermal insulation became common with Cabot’s Quilt in 
1891 as the earliest example. Since then, rock wool, fi berglass and extruded 
polystyrene have appeared commercially as thermal insulators in commer-
cial and residential buildings (Close, 1947; Jester, 1995).

Recent progress in the development of high performance thermal insula-
tors is due to progress in nanotechonolgy and material sciences, allowing the 
adaptation of known theoretical principles of thermal physics in practice. 
High performance thermal insulators (HPTIs) strongly differ from tradi-
tional insulators on base principles considering heat transfer. Traditional 
thermal isolators are distinguished by how they trap a gaseous material, i.e., 
in a fi brous material, in a cellular material, or in a granular material. These 
insulators have a thermal conductivity in the range of 0.025–0.040 W/(mK) 
and show a lower limit for their thermal conductivity close to the thermal 
conductivity of the trapped gas. As such, high performance thermal 
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insulators are generally defi ned as an insulator with a thermal conductivity 
below 0.02 W/(mK). Similarly to the distinction in traditional thermal insula-
tors, current high performance thermal insulators are distinguished by how 
they achieve rarefaction of the gas, i.e., by a nanoporous solid structure, or 
by application of a partial vacuum, whereas the best results are achieved with 
a combination of both. The exploitation of the divergent physical theory of 
heat transfer in nanoporous materials is the reason why nanotechnology has 
produced a breakthrough in thermal insulators the last decade, as summa-
rized in Fig. 9.1.

9.2 Heat transfer in thermal insulators

9.2.1 Macroscopic heat transfer

The macroscopic heat transfer in a material is described by Fourier’s law 
relating the energy fl ux ø to the temperature gradient by its thermal con-
ductivity k as

ø = − ∇k T  [9.1]

The effective heat transfer ø for a porous insulator is a combination of four 
heat transfer mechanisms and can be approximated by their sum

ø ø ø ø ø ø= + + + +( )cd s rd cd g cv k, ,  [9.2]

where φcd,s denotes heat conduction of the solid skeleton, φrd heat transfer 
by longwave radiation, φcd,g heat conduction of encapsulated gas molecules 
and φcv heat transfer by gas convection. The coupling term φk describing 
possible reciprocity between the different processes is generally neglected. 
Traditional thermal isolators use the inherently low conductivity kcd,g of a 
gas at standard temperature and pressure to achieve a low overall heat 
transfer. Convection in the gaseous material is avoided by reducing the pore 
sizes, and the impact of solid conduction φcd,s is reduced by means of a high 
porosity.

9.2.2 Rarefi ed gas regimes in current HPTIs

The traditional Fourier law is no longer valid if the materials characteristic 
time scale θ or length scale Λ has the same order of size as the natural time 
scale τ or length scale l of the physical problem, meaning that the physical 
process of heat transfer occurs at the same scale as the scale at which the 
basic solid properties of the materials are defi ned. Recent progress in the 
development of high performance insulators is based on this principle for 
the gaseous component φcd,g of the overall heat transfer. Here, the natural 
time or length scale denotes the distance traveled or time between two 
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9.1 Nanotechnology and its application to high performance thermal insulation materials. (Jelle, 2011).
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collisions of gaseous molecules, whereas the characteristic material scale 
denotes the size of pores in which the collisions occur.

The gas properties are described by defi nition of the velocity distribution 
function f(r, v) defi ning the number of gas molecule dn having a velocity in 
the range [v, v + dv] in the volume element r + dr. The resulting conductive 
heat transfer φcd,g is expressed as the transport of the particles kinetic energy 
(Volz, 2007), as:

øcd g m f n f, = −( ) ⋅ =∫1
2

3v v n v r vd d d dwith  [9.3]

where m is the particle mass and 〈v〉 the local average velocity. The change 
of this one-particle distribution function f is described by the Boltzmann 
equation (Boltzmann, 1884) as:
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where F is an applied external force fi eld. The right-hand side describes the 
effect of collisions between particles and the walls of a container deter-
mined by the molecular chaos assumption depicting a binary collision of 
particles. The collision term is often approximated as −[f − f 0] / τ under the 
assumption that collisions in a gas from a non-equilibrium state will tend 
to an equilibrium state, with τ(v) the relaxation time to return to equilib-
rium within dr and f 0 the local equilibrium distribution. The resulting 
Boltzmann equation can be expressed by means of dimensionless param-
eters as:
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where the accented parameters are dimensionless. One can notice that the 
changes in f are driven by vτ / Λ, i.e., l / Λ in a stationary system, or by τ / 
θ in a homogeneous non-stationary system. This ratio expresses the ratio of 
the natural scale of the physical problem to that of the material, and is 
known as the Knudsen number Kn. Depending on this ratio, we can defi ne 
two distinct regimes, i.e., a collisional regime with Kn << 1 as considered in 
the macroscopic laws with a system state close to f 0, and a rarefi ed regime 
with Kn >> 1 where inter-particle collisions are negligible and heat transfer 
is ruled by collisions with the walls. Here, the velocity distribution function 
evolves according to the Boltzmann equation with the collisional term 
equal to zero.

In contrast to the collisional regime, the heat transfer in a rarefi ed gas 
proceeds for the major part from the momentum exchange by collision 
between the gas molecules and the pore walls instead of by collision between 
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gas molecules. The resulting conductivity drop is described by the so-called 
Knudsen effect (Kennard, 1938). The heat transfer in rarefi ed gas regimes 
is generally expressed as derived from parallel surfaces by normalizing the 
heat transfer φcd,g by the heat transfer øcd g,*  denoting the apparent macro-
scopic heat transfer of the gas in the collisional regime. The resulting ratio 
φcd,g / øcd g,*  depends only on the Knudsen number and a term β(α, γ) describ-
ing the heat transfer by collision between the gas molecule and the pore 
wall, depending on the thermal accommodation coeffi cient α and heat 
capacity ratio γ, expressed as:

ø øcd g cd g, ,*=
+ ⋅

1
1 β Kn

 [9.6]

and as shown graphically in Fig. 9.2, whereas the β is generally simplifi ed 
as constant. The required Knudsen number can be determined based on the 
kinetic theory for an ideal gas as:

Kn with= = =l
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p
k TBΛ Λ

1

2

1

σ
 [9.7]

where σ is the collisional cross-sectional area equal to πd2 with d the particle 
diameter, kB the Boltzmann constant, T the average gas temperature, and 
p the total gas pressure.
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9.2 The thermal conductivity of air as a function of the air pressure 
and the average pore diameter of the medium.
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9.2.3 Rarefi ed photon and phonon regimes 
for next-generation HPTIs

The Knudsen effect has shown that macroscopic laws of heat transport no 
longer apply at nanoscale. Convective heat transport at this level is well 
understood, but the background of solid conduction and radiative heat 
transfer at this characteristic length is a rather unexplored fi eld for non-
metallic materials.

Whereas the gas molecules are the energy carriers for gaseous conduc-
tion, the energy carriers of solid conduction and radiation are respectively 
photons and phonons. The behavior of phonons and photons is similar to 
gas molecules in several ways: they are treated as classical particles beyond 
a certain length scale, i.e., the coherence length for phonons and the wave-
length for photons, and their propagation is described by a Boltzmann 
equation. As such, similar to strong reduction of the gaseous heat transfer 
φcd,g in the ballistic gas regime due to the so-called Knudsen effect, a reduc-
tion of the heat transfer by solid conduction φcd,s and radiative heat transfer 
φrd can be denoted in the ballistic regimes of their energy carriers.

Radiative heat transfer is described by defi nition of the specifi c intensity 
Lv(u, r) in a frequency band [v, v + dv] depending on the direction u and 
the considered point r. This intensity can be interpreted as the product of 
the number of photons per unit volume nv(u, r) with the energy per photon 
hv and the speed of propagation vv. The resulting radiative heat transfer φrd 
is expressed as:

ørd L L n h v= =∫∫ υ υ υ υω
π

υu d d withΩ 1
4

 [9.8]

in the solid angle dΩ. The transport of specifi c intensity Lv is described by 
the radiative transfer equation (Chandrasekhar, 1960) as:
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stating the radiative energy balance of a beam, with negative terms from 
extinction by absorption and scattering, and positive terms from scattering 
and thermal emission, and where μυ is the monochromatic absorption coef-
fi cient, σv is the scattering coeffi cient, n is the real part of the refraction 
index of the medium, T is the local temperature and pv is the fraction of 
the energy fl ux in direction u that is scattered in direction u′.

Analogous to radiative heat transfer, solid conduction can be described 
by defi nition of the phonon radiative intensity Iω(u, r), interpreted as the 
product of the number of modes per unit volume dΩ with the number of 
phonons per unit volume nω(u, r), with the energy per photon η̄ω and the 
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group velocity vω. The resulting (solid) conductive heat transfer φcd,s is 
expressed as:

øcd s I I D n v, = = ( )∫∫ ω ω ω ωω ω ηωu d d withΩ 1
4

 [9.10]

in the solid angle dΩ. Also the transport of phonon radiative intensity Iω 
is described by a phonon radiative transfer equation (Srivastava, 1990) as:
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+ ⋅∇ = − −[ ]u  [9.11]

stating the radiative phonon energy balance, with creation and destruction 
of phonons during collision, and where uω is the reciprocal of the mean free 
phonon path Λω equal to vωτω.

Both the radiative transfer equation and the phonon radiative transfer 
equation denote that also radiative and conductive heat transfer has a bal-
listic regime with a characteristic length lext equal to respectively (μυ + συ)−1 
and μv

−1. The characteristic length of radiation and solid conduction is, 
however, lower than the typical values for gaseous conduction and can be 
found in the range of 1–0.01 nm. This means that an equally strong reduc-
tion on φcd,s and φrd can be achieved as depicted by the Knudsen effect. 
Solid layers or structures with a thickness below this lext show a lower k due 
to ballistic phonon and photon transport. Here, the phonon radiative trans-
fer equation is reduced to boundary scattering, whereas the radiative 
transfer equation for the ballistic regime can be obtained by inserting the 
decomposition of the specifi c intensity Lv as Lv,bal·δ(u − u0) into the RTE, 
resulting in a ballistic component equal to
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denoting a strongly reduced φrd and resulting k-value. The reduction of both 
the solid conductive and radiative heat transfer component in φ can be used 
in two ways. Firstly, it could be used to reduced the effective thermal con-
ductivity k of current state-of-the-art thermal insulators to values below 
0.014 W/(mK) at ambient conditions. Secondly, it could be employed to 
develop more robust high performance thermal insulators with equal 
thermal properties to current state-of-the-art materials but without their 
drawbacks by reducing the importance of the gaseous conductive compo-
nent φcd,g into the overal low heat transfer.

9.3 State-of-the-art insulators

As traditional thermal isolators are distinguished by how they trap a gaseous 
material, current high performance thermal insulators are distinguished by 
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how they achieve rarefaction of the gaseous material and its resulting high 
Knudsen number, i.e., by a nanoporous solid structure with a low pore size 
λ, such as fumed silica or aerogels (Baetens et al., 2011; Dorchech & Abbasi, 
2008; Hüsing & Schubert, 1998; Jelle et al., 2010; Richter, 1995; Wang et al., 
2007), or by application of a partial vacuum such as for vacuum insulation 
panels (Alam et al., 2011; Baetens et al., 2010a; Jelle, 2011; Jelle et al., 2010) 
with a low gas pressure p. The best results are achieved with a combination 
of both.

9.3.1 Nanoporous thermal insulators

As most thermal insulators that apply a partial vacuum use a material with 
nanoscale pores, nanoporous thermal insulators will be treated fi rst. Within 
this context, the main nanoporous thermal insulators are aerogels (see Fig. 
9.3) and microporous silica. Aerogels are used as a main thermal insulator 
on its own, whereas microporous silica is generally only used as core mate-
rial for partial vacuum thermal insulators and will be treated later. Aerogels 
are essentially the solid framework of a gel isolated from its liquid medium 
and were discovered in the early 1930s by S.S. Kistler (Kistler, 1931). The 
main type of aerogels as high performance thermal insulators are silica 
aerogels, SiO2. Aerogels have an extremely high porosity and a pore size 
distribution f(Λ) below the mean free path for air molecules at standard 
temperature and pressure, making them a high performance thermal 
insulator.

The unique properties of aerogels are determined by its synthesis, which 
can be divided into three general steps: gel preparation, aging of the gel, 
and drying of the gel. A detailed comprehensive review on the synthesis of 

Multi-layer envelope

film

Core-bag

Pressed silica core

with opacifier Welded seam

9.3 Typical VIP structure showing the main components and an 
example of aerogel as a high performance thermal insulation material 
for building applications (Baetens et al., 2011; Jelle, 2011).
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silica aerogels has recently been written by Dorcheh and Abbasi (2008) and 
the author would like to refer to this work for a more extensive analysis of 
the aerogel synthesis.

Gel preparation

Gel preparation happens by means of a sol-gel process (Brinker & Scherer, 
1990; Dorchech & Abbasi, 2008), i.e., a process in which solid nanoparticles 
dispersed in a liquid agglomerate together to form a continuous three-
dimensional network extending throughout the liquid. The main precursors 
for silica aerogels are silicon alkoxides. A simplifi ed reaction based on tet-
ramethoxysilane may be presented as

Si(OCH3)4 + 2 H2O → SiO2 + 4 CH3OH

The sol becomes a gel when the dispersed solid particles stick together 
during collision to form a network of particles spanning the entire liquid. 
Nanoparticles containing reactive surface groups stick by bonding or elec-
trostatic forces, whereas others may require an additive. In general, acid 
hydrolysis and condensation results in weakly branched chains and micro-
porous structures in silica sols and resulting long gelation times, whereas 
uniform particles are easily formed in base catalysis, leading to a broader 
distribution of larger pores which is less favorable for thermal insulation 
materials.

Aging of the gel

Aging of the gel in its mother solution is required to prevent the gel from 
shrinking during drying (Haereid et al., 1996). The silica spine of the gel 
contains a signifi cant number of unreacted alkoxide groups, and hydrolysis 
and condensation must continue a suffi cient time for strengthening of the 
silica network. During this aging period, material transports to the spine 
neck region and small particles dissolve into larger ones. Common aging 
procedures involve ethanolsiloxane mixtures, adding new monomers to the 
solid SiO network, and increasing the degree of cross-linking. After aging, 
all water remaining within the pores must be removed before drying: any 
water left in the gel leads to an opaque and very dense aerogel.

Drying of the gel

Drying of the gel is the most critical stem in the production process and 
happens under special conditions to prevent the gel structure from collaps-
ing due to shrinkage and possible capillary tension in the small pore sizes. 
If a liquid is held under pressure always greater than the vapor pressure, 
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and the temperature is raised, it will be transformed at the critical tempera-
ture into a gas without two phases having been present at any time (Kistler, 
1932). As such, high temperature supercritical drying and low temperature 
supercritical drying from carbon dioxide is mostly used as drying process.

The unique structure of aerogels result in exceptional material proper-
ties: a bulk density typically of 70–150 kg/cm3 due to a porosity of 85–95%, 
a specifi c surface area of 600–1000 m2/g, a particle size below 5 nm, a f(Λ) 
averaging 20 nm with maximum pore sizes of 100 nm close to the mean free 
path of 70 nm for air molecules at standard temperature and pressure, 
resulting in an effective thermal conductivity of 0.014 W/(mK) at atmo-
spheric conditions. Also translucent aerogels can be achieved depending on 
water removal before the drying process, resulting in a transmittance 
between 0.8 and 0.95 in the visible and (near-)infrared spectrum for a layer 
of 1 cm and a low refraction index of around 1.0.

9.3.2 Partial vacuum thermal insulators

Vacuum insulation panels (VIP) (see Fig. 9.3) are defi ned as an evacuated 
foil-encapsulated open-porous material as thermal insulator. As such the 
insulator is no typical thermal insulation material, but consists of a system 
of three parts, each with their own specifi c purpose(s), i.e., the open-porous 
core material, the foil envelope and the applied vacuum. A perfect vacuum 
is the most effective reduction of the gas thermal conduction φcd,g, achieving 
its limit value of ‘zero’. This perfect vacuum is pure theoretically, but a low 
pressure Pg has a positive infl uence on the gaseous heat transfer. As such 
the core has a dual purpose, i.e., to withstand the pressure of the applied 
partial vacuum, and preferably to strengthen the thermal effect of this 
vacuum by its pore size distribution f(Λ). This core material is typically a 
traditional open-porous thermal insulator, or a nanoporous high perfor-
mance thermal insulator. The foil envelope only serves to maintain the 
applied partial vacuum in the core material and generally consists of an 
aluminum layer. Due to the relatively high thermal conductivity of such an 
envelope, the heat fl ux increases at the edges and corners. Furthermore, the 
foil envelope is not able to keep the applied vacuum constant at the pristine 
pressure due to gas and moisture mitigation through the foil and foil seams. 
The envelope choice is generally a compromise between the allowed pres-
sure drop through time and the allowed thermal bridging at the panel edges.

Current state-of-the-art vacuum insulation panels consist of a core 
material of fumed silica with a bulk density of 160–220 kg/m3, a specifi c 
surface area of 100–400 m2/g and a f(Λ) with maximum pore sizes around 
300 nm close to the mean free path of 70 nm for air molecules at standard 
temperature and pressure, resulting in a effective thermal conductivity of 
0.020 W/(mK) at atmospheric conditions. The applied partial vacuum is 
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around 5 mbar in pristine conditions, lowering the effective thermal con-
ductivity of the fumed silica core material to 0.004 W/(mK). The multilayer 
fi lms usable for VIP envelopes consist of different layers with an overall 
thickness of 100–200 μm. Two different fi lm types are mainly being used for 
VIP envelopes: metal foils consisting of a central aluminum barrier layer 
laminated between an outer scratch-resistant polyethylene terephthalate 
layer and an inner polyethylene sealing layer, and metalized fi lms made 
from up to three layers of aluminum-coated polyethylene terephthalate 
fi lms and an inner polyethylene sealing layer.

9.4 Applications

Each of the mentioned materials has their specifi c application properties 
as thermal insulators in the building sector as summarized in Tables 9.1 and 
9.2, and will be discussed below.

Thermal insulators for building constructions require a specifi c set of 
main functional requirements. The fi rst requirement is, naturally, its resis-
tance to heat transfer expressed in his low thermal conductivity k. Second, 
it must withstand degradation through time of its thermal properties, 
e, generally its resistance to radiation, its resistance to degradation by 

Table 9.1 Summary of thermal properties for vacuum insulation and aerogel 
insulation (Baetens et al., 2010b; Tenpierik & Cauberg, 2007)

Initial k, 
10−3 W/(mK)

k after 25 years, 
10−3 W/(mK)

k after 100 years, 
10−3 W/(mK) ψe W/(mK)

Small 0.5 × 0.5 
× 0.01 m3 
vacuum 
insulation 
panel with 
metalized 
envelope

4.0 9.2–9.9 14.0–15.5 0.18–0.26

Large 1.0 × 1.0 
× 0.02 m3 
vacuum 
insulation 
panel with 
metalized 
envelope

4.0 7.2–7.7 10.0–10.8 0.20–0.24

Aerogel 
insulation

14 –
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Table 9.2 Summary of advantages and disadvantages for vacuum insulation 
panels and aerogel insulation

Advantages Disadvantages

Aerogel 
insulation

• Relative low thermal 
conductivity

• Possible transparency
• On-site use similar to 

traditional materials

• Uncertain long-term physical 
properties

• Energy-extensive and expensive 
production process

• Uncertain health risks
Vacuum 

insulation 
panels

• Very low pristine 
thermal conductivity

• Aging and resulting increase of 
thermal conductivity

• Limited robustness
• No adaptation on-site
• Thermal bridging at panel edges

moisture requiring a hydrophobic material, and its resistance to mechanical 
impact. The third requirement of importance is the possible ease of instal-
lation and its economic feasibility.

9.4.1 Nanoporous thermal insulators

The areas of application for aerogel insulation are strongly linked to their 
physical properties, and so these will be discussed fi rst.

Properties

The main benefi t of aerogel insulation is its low thermal conductivity at 
ambient conditions, while the material also shows exceptional properties 
concerning optical transmittance, sound absorption, and fi re retardation.

Aerogel insulators have an overall thermal conductivity at ambient pres-
sure down to 0.012 W/(mK) at ambient pressure and to 0.004 W/(mK) at a 
pressure of 50 mbar or less, whereas commercial aerogel thermal insulators 
for building purposes have a thermal conductivity of around 0.014 W/(mK) 
at ambient temperature and are very little affected up to a temperature of 
200°C.

Silica aerogels have a high transmittance of radiation within the range of 
visible light, i.e., radiation with a wavelength between 380 and 780 nm. 
Monolith translucent silica aerogel in a 10 mm thick packed bed has a solar 
transmittance Tsol of 0.88 and a possible high transparency in the infrared 
spectrum Tir of 0.85. Light refl ected by silica aerogels appears bluish and 
transmitted light appears slightly reddened. This light scattering can be 
explained by λ−4-type Rayleigh scattering caused by the interaction with 
inhomogeneities, and becomes more effective when the size of the particles 
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is similar to the wavelength of the incident light. The presence of pores 
within this range f(λ) acts as scattering centers, and the effi ciency of scat-
tering will depend on the size of the scattering centers as well as the wave-
length λ. Heat treatment of aerogels can increase their transparency, and 
the optical properties can be infl uenced further by selecting optimal syn-
thesis parameters in the sol-gel process.

The sound absorption of a material increases with an increasing surface 
area facing the sound. As aerogels have a high porosity and a high specifi c 
surface area, sound waves are strongly absorbed and attenuated: monolith 
silica aerogels have a lower speed of sound than air. Sound velocities down 
to 40 m/s have been measured, whereas non-monolith commercial products 
claim to have a sound velocity of 100 m/s through the structure. Granular 
aerogels, on the other hand, are exceptional refl ectors of audible sound, 
making excellent barrier materials. By combining multiple layers with dif-
ferent granular sizes, average attenuations of -60 dB have been found for 
a total thickness of only 0.07 m.

In contrast to combustible organic foam insulation that emits deadly 
fumes and smoke when burning, silica aerogel materials are non-combus-
tible due to their non-organic SiO2 structure and withstand heat up to 
1400°C.

Due to their physical solid structure, aerogels show a low tensile strength 
and a brittle nature, whereas its porous structures make it very sensible to 
moisture due to high surface tensions.

Aerogel insulation sheets suffer from dust production. As most of the 
commercial aerogel insulation products consist of complete amorphous 
(and thus 0% crystalline) silica, exposure limits in the range of 5 mg/m3 for 
respirable dust are set in the US by the Occupational Safety and Health 
Administration (OSHA). However, the International Agency for Research 
on Cancer (IARC) considers synthetic amorphous silica to be not classifi -
able as to its carcinogenicity to humans (i.e., belongs in group 3). No evi-
dence of silicosis has been found from epidemiological studies of workers 
with long-term exposure to synthetic silica, whereas studies of various 
animal species show that amorphous silica can be completely cleared from 
the lungs (Merget et al., 2002; Warheit, 2001).

Areas of application

Aerogel insulation panels have only recently been introduced to the market 
in small-scale production. The main building applications may be divided 
into two groups, i.e., as traditional thermal insulators by means of aerogel 
blankets, and in translucent form for high performance glazing.

Commercial manufacture of aerogel blankets began around the year 
2000 and has been developed to meet various demands. An aerogel blanket 
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is a composite of a silica aerogel and fi brous reinforcement, turning the 
brittle structure of a silica aerogel into a durable, fl exible, and hydrophobic 
material. The resulting blankets have a thermal conductivity k between 
0.013 and 0.014 W/(mK). The aerogel insulation material consists of amor-
phous silica instead of crystalline silica, reducing possible health risks at 
exposure. Aerogel blankets can be used in the entire building industry 
similar to the use of traditional thermal insulators. However, their current 
high economic cost means that they are only used where limited space is 
available and where the use of vacuum insulation panels is not possible due 
to their drawbacks.

Aerogel is especially very interesting as a translucent or transparent 
insulation material because of its combination of a low thermal conductivity 
and a high transmittance of daylight and solar energy. At present, there are 
two commercial types of such aerogel-based daylight systems, i.e., Scoba-lit 
and Okagel windows. The aerogel product has a thermal conductivity of 
0.018 W/(mK) and the fabricator offers skylights with a heat transmittance 
coeffi cient between 0.6 and 0.3 W/(m2K) for layers of 30 and 60 mm Okagel 
respectively. The visible light transmission Tvis is 0.40 and the sound reduc-
tion is 52 dB. Research has been conducted in the last decade on the devel-
opment of highly insulating windows based on both granular aerogel and 
monolithic aerogel. Two types of granular aerogel are used in prototype 
windows: semi-transparent spheres with a solar transmittance Tsol of 0.53 
for a 10 mm packed bed and highly translucent granulates with a Tsol of 
0.88. The granular aerogel is stacked in a polymethylmethacrylate double 
skin-sheet, between two gaps and glass panes. Increasing the aerogel 
thickness to 20.0 mm will lower the U-value further to approximately 
0.5 W/(m2K), while the solar transmittance will still stay above 0.75.

9.4.2 Partial vacuum thermal insulators

The areas of application of vacuum insulation panels are strongly linked to 
their physical properties and so these will be discussed fi rst.

Properties

The main benefi t of vacuum insulation panels is the reduction of the 
required thickness of the insulation layers. With a pristine center-of-panel 
thermal conductivity k of 0.004–0.005 W/(mK), equal thermal resistances 
are achieved within a thickness 5–8 times lower than traditional thermal 
insulators. The way this low thermal conductivity is achieved determines at 
the same time its main drawbacks, i.e., degradation through time of the 
thermal conductivity, thermal bridging at the panel edges, and strong limita-
tions for installation and its resulting areas of application.
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Degradation through time of the thermal resistance occurs mainly due 
to air and moisture intake through the panel envelope, and depends on the 
environmental conditions and the foil resistance for moisture and air trans-
port. The intake results in an increase of the inner gas pressure δpg(Γ, κ), 
moisture pressure δpwv(Γ, κ) and water content δuw(Γ, κ), resulting in an 
increasing thermal conductivity δk(p, u) through time strongly depending 
on the panel dimensions Γ, the permeability κ for air and moisture of the 
envelope material, and the environmental properties in the domain of 
application. Knowledge of the long-term thermal performance of vacuum 
insulation panels is still limited: predictions are based on calculations or 
short-term on-site measurements. General values for the thermal conduc-
tivity are 0.007 and 0.010 W/(mK) for large vacuum insulation panels 
after respectively 25 and 100 years, whereas higher values of 0.009 and 
0.015 W/(mK) are depicted for small panels as shown in Table 9.1. The 
main differences between large and small panels is due to the envelope-to-
volume and edge-to-volume ratio.

Thermal bridging at the panel edges occurs due to the metalized panel 
envelope. The edges reduce the effective overall thermal resistance of the 
insulation panel with a linear thermal transmittance coeffi cient ψe(ke, k), 
depending on the equivalent thermal conductivity ke of the panel envelope 
and the center-of-panel thermal conductivity. In case of undamaged panels, 
the linear thermal transmittance measures 0.01 W/(mK) for metalized fi lms 
and 0.04 W/(mK) for metal foils. Resulting from both degradation through 
time as well as thermal bridging of the panel edges, an equivalent thermal 
conductivity keq is generally used of 0.008 W/(mK), twice the center-of-
panel thermal conductivity under pristine conditions.

Limitations of installation are due to the panel envelope which serves to 
maintain the inner vacuum of the panel, as this envelope may not be 
damaged. Vacuum insulation panels cannot be cut on-site into the required 
form, and much attention goes into the careful placing of the panels during 
construction and protection of the panels against mechanical damage 
during service life. When the vacuum is not maintained due to damage of 
the panel envelope, the thermal conductivity k increases to that of the 
core material under standard pressure conditions, i.e., 0.020 W/(mK) for a 
fumed silica core.

Areas of application

Vacuum insulation panels have already been introduced to the market in 
large-scale production, but manufacturing is still mainly hand-labor. In 
recent years, several building applications for VIPs have been proposed 
and/or tested, and a large-scale study has been carried out on the possibili-
ties of vacuum insulation panels in insulated building envelopes. The main 
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building applications may be divided into several groups, i.e., for building 
envelope retrofi tting, as main building envelope insulator, in sandwich ele-
ments, and in domestic appliances.

Retrofi t insulation of the existing building envelope is an obvious applica-
tion of vacuum insulation panels as this is the domain where its main 
advantage has most value, i.e., its highly limited thickness. As installing 
additional insulation on the inside results in a great loss of fl oor space, 
vacuum insulation panels are of great interest for renovations. However, 
special attention has to be paid to low surface temperatures and possible 
condensation damage at connections to surrounding compounds.

The use of vacuum insulation panels as main building envelope insulation 
for new buildings differs from retrofi t solutions as the thickness is of less 
importance, i.e., the structure can be adapted for thicker insulation layers 
without loss of space. In such applications, it is always studied whether or 
not the complete envelope building components should be pre-assembled 
in advance, to ensure the proper handling of the vacuum insulation panels. 
As such, sandwich elements applying vacuum insulation panels as vacuum 
insulated sandwich elements in door frames, window frames, curtain walls 
(see Fig. 9.4) and in non-load bearing walls form a major part of this 
application.

Thermal insulation of household appliances, such as pipe insulation, insu-
lation of thermal storage tank, insulation for underfl oor heating, but also 
refrigerators form a last area of application. The strong reduction in required 
thickness is the main benefi t with these cases, where the restriction of pos-
sible envelope damage forms a lower risk due to the possible protection of 
the panels.

9.5 Future trends

For further development and application of high performance thermal insu-
lators based on nanotechnology, further progress is required in two domains: 
product and application development of the current products toward more 
durable solutions, and further exploitation of the (theoretical) physics of 
inhibited heat transfer, including radiation and solid conduction.

The reduced thermal conductivity k in the Knudsen regime is exploited 
in the nanoporous thermal insulators based on its f(Λ) as well as in partial 
vacuum thermal insulators based on their reduced p. Neither silica aerogels 
nor vacuum insulation panels, however, form a durable solution for high 
performance thermal insulators (based on the Knudsen effect) due to 
their drawbacks, i.e., the very low pristine thermal conductivity k of 
0.004 W/(mK) of vacuum insulation panels must be weighed against their 
strong aging through time and limited application possibilities, whereas the 
combination of a rather low thermal conductivity k of 0.014 W/(mK) with 
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9.4 Four edge spacer construction types for vacuum insulated 
sandwich elements: (a) aluminum spacer of double glazing, 
(b) folded edge construction, (c) thermoplastic spacer and 
(d) reinforced non-metallic tape (Tenpierik et al., 2008).

a possible high solar and visible transmittance of silica aerogels must be 
weighed against their fragile, brittle nature.

Aerogel insulation and vacuum insulation panels are today’s best high 
performance thermal insulators. However, whereas traditional thermal 
insulators are ‘cheap’ and available in bulk, their specifi c properties and 
drawbacks compared to traditional thermal insulators require a shift in the 
way thermal insulators are applied in constructions.

A proper best practice of vacuum insulation panels in new constructions 
requires a shift of application toward prefabricated constructions, i.e., where 
the complete building process can be carried out under controlled circum-
stances, and to sandwich elements for curtain walls. Proper detailing of 
these constructions protects the panels from puncture during the period of 
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use and may also slow down aging of the panels. Also aerogels require 
protection due to their intrinsic vulnerability, i.e., low tensile strength. At 
material level this is solved by fi brous reinforcement in aerogel blankets, 
but this increases the effective thermal conductivity and results in non-
translucent aerogel solutions. Also here, a proper best practice for aerogel 
insulation in new constructions requires a shift of application toward pre-
fabricated construction elements, i.e., window fabrication, sandwich ele-
ments or as core material of vacuum insulation panels. Finally, due to their 
very low thermal conductivity k and as they are generally applied in thin 
layers, thermal bridging in constructions insulated with aerogel or vacuum 
insulation panels becomes more important.

Besides using current state-of-the-art thermal insulators the best possible 
way, one can envision the development of a thermal insulator combining 
the positive properties of aerogels and vacuum insulation panels but solving 
their specifi c drawbacks.

The basic required material properties could be stated based on the 
properties of the known nanoporous thermal insulators and the partial 
vacuum thermal insulators. First, a pore size distribution f(Λ) completely 
below the mean free path of air at ambient conditions, i.e., 70 nm, which 
can be achieved based on aerogel synthesis technology. Secondly, an inner 
vacuum is desired without the need for a material envelope. As such, the 
thermal conductivity k of the material can be reduced further to the solid 
and radiative conductivity of 0.004 W/(mK) without the restriction of not 
being able to cut the material on site and without possible damage by 
puncture. This could be achieved by a closed porous structure instead of 
the classic open porous structure. However, the open porous solid structure 
is required in current vacuum insulation panels to enable a vacuum inside 
the material. As such, the vacuum pore structure must be created during 
the synthesis process of the material. One way to accomplish this is to envi-
sion a solid state material blowing itself up from within during the forma-
tion and subsequent expansion of an inner pore structure, or to create a 
grid structure which will effi ciently and completely absorb the pore gas 
molecules, e.g., by a chemical reaction process.
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Abstract: This chapter discusses the utilization of silica nanogel to 
develop high energy-effi cient windows and skylights. Silica aerogels are 
fi rstly discussed in terms of chemical structure, production process, and 
physical, mechanical, and thermal properties. The chapter then reviews 
their current applications in buildings as thermal and acoustic insulation 
materials. Finally, the potential of the nanogel windows for energy saving 
in buildings and the main future research trends are discussed.

Key words: silica aerogel, nanogel windows, highly energy-effi cient 
windows.

10.1 Introduction

The global share of buildings in energy consumption has progressively 
increased, reaching a value of about 40% in developed countries. Because 
of the increasing demand for building services and comfort levels, the 
upward trend in energy consumption is expected to continue in the future 
(Pérez-Lombard et al., 2008), above all in emerging economy nations 
(Southeast Asia, Middle East, South America and Africa). Energy policies 
at regional, national, and international level have therefore made energy 
saving one of the main objectives in residential and non-residential build-
ings (offi ces, public buildings, etc.), as shown by the recent directives of the 
European Parliament on building energy performance (European Parlia-
ment and the Council of the European Union, 2002). Moreover, according 
to data contained in a Pike Research report (2011), the total market for 
energy effi ciency in buildings is rapidly increasing: from an estimated value 
of $67.9 billion in 2011, it is expected to pass $103.5 billion by 2017. In a 
building, the main total energy losses (up to 60%) can depend on the 
windows (Jelle et al., 2012).

Windows have a double role in the building thermal envelope (Zanetti 
Freire et al., 2011):

• thermal transmission properties have to be as low as possible in order 
to reduce energy consumption for heating and air conditioning;

• light transmission characteristics have to be as high as possible for visual 
comfort and electric energy saving in illuminating plants, thanks to 
natural lighting.
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Moreover, windows should guarantee natural ventilation, above all in resi-
dential buildings. Finally, they have to also assure adequate acoustic insula-
tion (Oral et al., 2004). Highly energy-effi cient windows such as nanogel 
windows (with silica aerogels in the interspace) could satisfy both these 
requirements, due to their high thermal insulation coeffi cient (thermal con-
ductivity of silica aerogel is as low as 0.010 W/mK) and high light transmit-
tance. A state-of-the-art market review of the best performing windows 
(AbuBakr et al., 2008; Jelle et al., 2012) showed that research has focused 
on lower thermal transmittance values of less than 0.5 W/(m2K). Vacuum 
glazings, smart windows, solar cell glazing, electrochromic windows and 
fi nally aerogel windows were considered and investigated as the best 
solutions.

Aerogel windows, for which one of the lowest centre of glass U-values 
was found (0.30 W/m2 K), seem to have the greatest potential for improving 
the thermal performance, daylight, and solar properties in the windows 
sector. Aerogel is a highly porous nanostructured and light material, with 
many particular properties that attracted the attention of researchers in 
various areas of science and technology, and also for building applications. 
The term ‘aerogel’ was fi rst introduced over 80 years ago, marking gels in 
which the liquid was replaced with a gas, without collapsing the solid 
network of the gel (Kistler, 1931). Afterwards, the chemical composition of 
the material and the applications were progressively diversifi ed, but a great 
part of applications was focused on the development of high-performance 
thermal insulation materials. The most promising applications in buildings 
involved granular translucent aerogels and transparent monolithic silica 
aerogels (Baetens et al., 2011). Transparent monolithic panes were devel-
oped by a Swedish company in the 1990s, but advanced glazing systems with 
monolithic aerogel in the interspace are not yet used in mass production 
(Duer and Svendsen, 1998; Jensen et al., 2004; Schultz and Jensen, 2008).

At the same time, granular translucent aerogels with an acceptable trans-
parency were manufactured and, starting from 2005, many daylighting 
systems (polycarbonate panels, structural panels for continuous façades, 
insulated glasses) with translucent granular aerogel in the interspace 
appeared on the market (Rigacci et al., 2004), offering excellent thermal 
performance, high quality of the diffused light, a good solar heat gain, and 
good sound insulation characteristics (Reim et al., 2005). Nowadays, espe-
cially in the last two decades, the production of aerogels is localized in 
Europe (Sweden, Germany), USA, Japan, and Russia. This chapter investi-
gates the utilization of silica aerogel in the interspace of highly energy-
effi cient windows. The production process of silica aerogels and the main 
physical, mechanical, and thermal properties are discussed fi rst. Then, the 
current building applications of aerogels as thermal and acoustic transpar-
ent insulation material (TIM) in windows are discussed in more detail and 
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the performance of nanogel windows is underlined and compared with 
conventional glazing solutions. Finally, the main future research trends are 
discussed.

10.2 Aerogels for windows

Aerogels have a large number of applications and they differ from each 
other if the raw material is considered. They can be classifi ed into:

• inorganic (silica-based and non-silicate aerogels);
• organic (natural and synthetic);
• composite (polymer crosslinked);
• exotic (based on metal chalcogenide).

For the purposes of the present chapter, inorganic silica-based aerogels 
will be considered, which are the most common as transparent insulating 
materials (TIM), both in the form monolithic and granular materials.

10.2.1 Synthesis and production of silica aerogels

Aerogels are light and transparent solid materials obtained from a gel by 
replacing the pore liquids with air and maintaining the network structure 
as it is in the gel state. Silica aerogels are manufactured by means of differ-
ent processes; all them involve three general steps (Pierre and Pajonk, 2002; 
Dorcheh and Abbasi, 2008; Baetens et al., 2011):

Gel preparation (sol-gel process)

The raw materials for the aerogel production are solid particles. In particu-
lar, silicon alkoxides are often used, such as tetramethoxysilane (TMOS, 
Si(OCH3)4), tetraethoxysilane (TEOS, Si(OC2H5)4), and polyethoxydisilox-
ane (PEDS-Px, SiOn(OC2H5)4−2n). They are dispersed in a liquid where the 
solid nanoparticles collide and form a solid three-dimensional network, 
which can extend through the liquid (silica sols). Acidic or basic catalysts 
are usually added in the process. The gels are usually classifi ed according 
to the dispersion medium used, e.g., hydrogel, alcogel and aerogel (for 
water, alcohol, and air, respectively). The following reaction may describe 
the synthesis of silica aerogels for insulation purposes (when the precursor 
is tetramethoxysilane, Si(OCH3)4):

Si OCH H O SIO CH OH3 4 2 2 32 4( ) + ↔ +  [10.1]

The material resulting from the process is a cross-linked structure (Fig. 
10.1) of silicon dioxide (SiO2) chains (0.2–15% in volume, depending on the 
manufacturing method) with a large number of air-fi lled pores.
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10 μm

size: 0.3–2 nm

10.1 Structure of the nanoporous SiO2 network of silica aerogel (Reim 
et al., 2005).

Gel ageing

The gels are usually aged before drying, in order to increase stiffness and 
strength and to mechanically reinforce the tenuous solid skeleton generated 
during the sol-gel process. Different ageing techniques can be used. They 
are based on modifying the composition of the liquid phase contained in the 
pores by adding water and/or monomeric alkoxylanes. In fact, a signifi cant 
number of the alcoxides contained in the liquid could be unreacted. The 
addition of these substances can enhance the surface reactions and allow 
supplementary condensation and re-precipitation of silica on the skeleton. 
The mechanisms operating during the ageing phase are the neck growth 
from reprecipitation of silica dissolved from particle surface onto necks 
between particles, and the dissolution of smaller particles and precipitation 
onto larger ones. The consequence is generally an increasing of the average 
pore size and of the apparent density of the gel. After ageing, the water still 
within the pores must be removed, by washing the gel with ethanol and 
heptanes. If water remains in the pores, it will not be removed with super-
critical drying, therefore it will lead to an opaque and very dense gel.

Gel drying

Aerogels are the solid framework of the sol-gel isolated from liquid by 
means of the drying phase; it is the most critical step of the process, because 
it is governed by the capillary pressure which can cause fractures or collapse 
in the structure. Two different methods are usually used: ambient pressure 
drying (APD) and supercritical drying (SCD), where the capillary tension 
can be avoided by removing the liquid above the critical temperature and 
pressure. APD is generally carried out in two steps:
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10.2 Manufacturing process of Cabot’s aerogel (nanogel®).

• Firstly, the solvent is replaced with a water-free solvent and a silylating 
agent, so that the OH groups are silylated.

• Evaporation at ambient pressure is made in three steps: a warming 
period; a fi rst drying period in which water moves to the external surface 
by capillary forces; a second drying period dominated by a diffusive 
vapour transport that allows liquid to escape slowly to the exterior.

SCD can be carried out by one of two methods:

• Light temperature supercritical drying (HTSCD), which occurs in three 
steps (the autoclave, half-fi lled with the aged gel, is sealed and heated 
slowly past the critical temperature and pressure, then it is isothermally 
depressurized, and fi nally, at ambient pressure, it is cooled to room 
temperature).

• Low temperature supercritical drying (LTSCD), similar to HTSCD and 
also carried out in three steps (the aged gel is placed in an autoclave 
and fi lled with CO2 at 4–10°C and 100 bar, to replace the solvent in the 
pores, and it is heated to 40°C maintaining 100 bar; then it is isothermally 
depressurized and fi nally, at ambient pressure, it is cooled at room 
temperature).

For building applications, monolithic aerogels are manufactured with a 
LTSCD process. The APD process was nevertheless studied (Kim and 
Hyum, 2003) in order to lower the production costs and it is today the most 
promising technique. The production process of the commercial translucent 
granular aerogel, nanogel®, manufactured by Cabot Corporation (the main 
manufacturer of granular translucent aerogels), is schematized in Fig. 10.2. 
A water-based silica solution is destabilized and a gel is created (hydrogel); 
then, in the silation phase, an organic solvent replaces the water in the 
formulation. Finally, the solvent is removed by a drying process under 
ambient conditions. The innovative manufacturing process developed by 
Cabot allows production on a large scale, overcoming the problems that 
occur in the supercritical drying method, and it also allows careful control 
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of the material’s properties, such as porosity (>90% air) and pores size 
(Aegerter et al., 2011). A more detailed analysis of the synthesis process 
and of the recent developments can be found in the literature (Dorcheh 
and Abbasi, 2008; Aegerter et al., 2011).

10.2.2 Physical, mechanical, and thermal properties 
of silica aerogels

The fi nal physical, optical, and thermal properties of silica aerogels depend 
on both the starting silica source (TEOS, TMOS, PEDS-Px) and the process 
methodology, in particular on the catalyst and solvent used (Tajiri and 
Igarashi, 1998; Pajonk, 2003; Anderson et al., 2009). Aerogels have unusual 
properties as solid materials, due to their structure. Furthermore, the physi-
cal, mechanical, and thermal characteristics can vary over a wide range, 
depending on the synthesis process.

Physical properties

Silica aerogels are amorphous materials; the skeleton density is about 
2200 kg/m3, but the material is extremely light (the bulk density is in the 
50–200 kg/m3 range), due to the very high porosity (the pore volume is 
above 90% of the total volume). The pore size is typically in the 5–100 nm 
range. Current aerogels for building applications have an overall density of 
70–150 kg/m3. The acoustic properties are very interesting: the acoustic 
propagation through aerogels depends on the nature and pressure of the 
interstitial gas, on the aerogel density, and more on the texture (Forest 
et al., 1998), but the speed of sound in silica aerogels is lower than in air 
(down to about 40 m/s through monolithic aerogels and to about 100 m/s 
through granular ones). They can also improve the sound insulation in 
windows (see Section 10.4). The optical and scattering properties are dis-
cussed in the next paragraphs.

Mechanical properties

Aerogels are very fragile materials: the tensile strength is negligible, the 
compressive strength and the elastic modulus are very low, and they depend 
on the network connectivity and density. The compressive strength is in the 
1–2 MPa range (Parmenter and Milstein, 1998; Luo et al., 2006). The Young’s 
modulus (E) is a function of the apparent density. It varies in the 10−3–10 GPa 
range, when the apparent density varies in the 102–2 × 103 kg/m3 (Woignier 
et al., 1988; Hegde and Venkateswara Rao, 2007; Parmenter and Milstein, 
1998); in Aegerter et al. (2011) an E value in the 2.7–8.6 MPa range was 
found, when the density is about 150–200 kg/m3. The shear modulus G is in 
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the range 5–40 MPa when the density is in the 150–400 kg/m3 range (Gross 
et al., 1988; Pierre and Pajonk, 2002).

Moreover, contact with water must be avoided for monolithic aerogels: 
in commercial applications, aerogels may be used in vacuum conditions, 
with evident advantages in terms of thermal insulation. Nevertheless, the 
commercial granular aerogels (Cabot) are hydrophobic.

Thermal properties

Aerogel has the lowest thermal conductivity λ among solid materials: even 
if λ of the silica skeleton structure is relatively high (in the 1.3–1.4 W/mK 
range), the overall value is very low because of the high porosity, the low 
gas conductivity and the low radiative transmission in the infrared range 
up to a temperature of 200°C. Gas conduction in a porous media depends 
on the gas pressure and on the pore size (Baetens et al., 2011), and it can 
be further reduced by decreasing the maximum pore size, by fi lling the 
aerogel with a low-conductive gas or by applying a vacuum: with a pressure 
of 50 mbar, the thermal conductivity can be reduced to 0.008 W/(mK). 
Commercially available aerogels for building purposes have a thermal con-
ductivity between 0.013 and 0.018 W/(mK) at ambient temperature; more-
over, the value is nearly constant up to a temperature of 200°C (Aspen 
Aerogels, Cabot Corporation, 2012).

Other properties

When considering safety, the material is not carcinogenic, non-fl ammable 
and non-reactive (Merget et al., 2002).

10.3 Current applications of aerogels in buildings

Several applications of silica aerogels are reported in the literature (Pierre 
and Pajonk, 2002; Akimov, 2003; Aegerter et al., 2011; Baetens et al., 2011): 
microelectronics; electrical engineering; acoustics; oil and gas pipeline insu-
lation, and space exploration (aerogel is in fact used as thermal insulation 
material in US spacecraft). Furthermore, of interest to us here are the build-
ing applications, as thermal and acoustic insulation material are nowadays 
the most considered.

In 2008, the share of aerogel technologies in the global insulation prod-
ucts market was about 0.3% ($83 million for aerogels products out of a total 
volume of $29 billion), but with the annual rate increasing at about 50% 
per annum (whereas the annual growth rate for conventional insulation 
products is only 5%), and the market volume is expected to reach 646 M$ 
by 2013. Silica aerogels are an innovative alternative to traditional insula-
tion materials due to their thermal performance, although their costs are 
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still high for cost-sensitive industries such as the building one. In this fi eld, 
opaque and transparent or translucent aerogels have been developed 
(Baetens et al., 2011). In the translucent and monolithic form, they have 
interesting optical properties, such as high light and solar transmittance and 
excellent thermal insulation properties, when compared with conventional 
glass. Therefore they are used as transparent walls in solar collectors and 
in offi ce buildings (Ackerman et al., 2001; Reim et al., 2002).

The opaque aerogels are fl exible blankets obtained by adding fi bres in 
the gel before the drying process (Cabot Corporation, Boston, MA, USA; 
Aspen Aerogels Inc., Northborough, MA, USA), in order to reduce their 
fragility. The thermal conductivity is about 0.13 W/(mK), but their cost is 
about 10 times higher than a conventional material with similar perfor-
mance. Nanostructured materials as aerogels could be suitably employed 
in highly insulating windows and in the last 15 years windows based on 
translucent granular or monolithic aerogels were developed by companies 
in cooperation with researchers. Monolithic aerogel panes appear as a very 
transparent and lightweight material (Fig. 10.3), but they have a tendency 
to scatter the transmitted light, resulting in a hazy picture when objects are 
viewed through them.

Twenty years ago, thanks to the International Energy Agency Solar 
Heating and Cooling Programme, Task 18-Advanced Glazings and Associ-
ated Materials for Solar and Building Applications (Duer and Svendsen, 
1998), several countries (Denmark, Finland, France, Germany, Japan, 
Norway, Sweden, United Kingdom) were involved in a project to develop 
and set up superinsulating glazings with monolithic aerogel. Five different 
samples were realized, characterized by different density, thickness and 
transparency: the light transmittance was in the 0.75–0.96 range. Depending 

10.3 View through a monolithic aerogel sample (sample supplied by 
AIRGLASS, Sweden, 2010) (Buratti and Moretti, 2012b).
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on the density of the sample, the measured thermal conductivity was in the 
0.015–0.017 W/(mK) range and it decreased to 0.009–0.011 W/(mK) in 
evacuated conditions. Moreover, a fi rst prototype of an evacuated double 
glazed window with aerogel in the interspace was manufactured in the 
1990s (500 × 500 × 28 mm3). A 20 mm thick aerogel pane was inserted 
between two glasses, sealing the sheet units and evacuating the interspace 
with the aerogel pane to a level below 5000 Pa. As expected, the same scat-
tering of light was found in the aerogel glazings as in the aerogel samples, 
but excellent thermal performance was found and the thermal transmit-
tance reached a value less than 0.5 W/(m2K).

The very good results encouraged the research towards superinsulating 
clear windows with aerogel and within the European projects HILIT 
(Highly insulating and light transmitting aerogel glazing for window, EU 
Non-Nuclear Energy Programme JOULE III, Contract no. JOR3-CT97-
0187, 1998–2001) and HILIT+ (Highly insulating and light transmitting 
aerogel glazing for super insulating windows, EU Energy, Environment and 
Sustainable Development Programme, Contract no. ENK6-CT-2002-00648, 
2002–2005) transparent and insulating plane monolithic silica aerogel tiles 
(thickness of about 15 ± 1 mm) were manufactured at a pilot-scale since 
2004, in collaboration with the Swedish company AIRGLASS (Jensen 
et al., 2004). Several prototypes were made, following the optimized aerogel 
manufacturing process developed during the project (Fig. 10.4). A rim seal 

10.4 An aerogel window manufactured by joining four optimized 
aerogel tile prototypes in a test frame (Jensen et al., 2004).
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was made, with the required barrier properties against atmospheric air and 
water vapour, in order to achieve a low thermal bridge effect and to ensure 
a theoretical lifetime of the glazing of about 30 years. The fi nal assembly 
and evacuation process was set up and a fi nal pressure in the aerogel of 
500 Pa was reached. The solar and daylight transmittance of the aerogel 
glazing were optimized by means of low-iron glass covers, with an antirefl ec-
tion coating. The optical quality had a minimal disturbance in the view 
through, except if exposed to direct non-perpendicular radiation, when the 
diffusion of the light becomes signifi cant. The centre U-value, measured by 
means of a hot-plate apparatus, was equal to 0.66 W/(m2K), which corre-
sponds to an estimated thermal conductivity of 0.010 W/(mK) for the 
aerogel pane (average aerogel thickness 14.8 mm) (Schultz et al., 2005).

Granular silica aerogels were also investigated, in order to integrate them 
into highly-insulating translucent glazing (Reim et al., 2002; 2004). Within 
the R&D project ISOTEG pursued by the ZAE Bayern (Bayerisches 
Zentrum für Angewandte Energieforschung, Germany), a daylighting 
system was developed by inserting aerogel granules between a double skin 
sheet made of polymethyl-methacrylate (PMMA). Two types of granular 
aerogel were used in prototype windows: semi-transparent, consisting of 
rather regular spheres, and highly translucent granulates, consisting of irreg-
ularly fractured spheres (Fig. 10.5). The optical properties (transmittance 
and refl ectance) of the aerogel granulates between two highly transparent 
glass panes, for a 10 mm packed bed, were measured with an integrating 
sphere arrangement in the 400–2000 nm wavelength range. Scattering at 
structural inhomogeneities causes the decreasing of transmission with 
decreasing wavelengths below 600 nm (Fig. 10.6) and the investigated frac-
tured aerogel samples show a higher transmittance than the more regular 
ones, both in the visible and solar range (see Section 10.4 for more details).

Different daylighting systems in PMMA were manufactured with a thick-
ness less than 50 mm: in order to optimize the thermal insulation, the sheet 
was mounted between two low-e coated glass panes (emissivity equal to 
0.03 or 0.08) and argon or krypton were used as fi lling gases (Fig. 10.7). 

1 cm
1 cm

10.5 Granular aerogels: semi-transparent, consisting of regular 
aerogel granules (left) and highly translucent granulates, consisting of 
fractured aerogel pieces (right) (Reim et al., 2002).
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10.6 Spectral (normal-hemispherical) transmittance of different silica 
aerogel layers (translucent/fractured, semi-translucent/regular and 
semitranslucent/fractured), 10 mm thickness (Reim et al., 2002).
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10.7 Granular aerogel window prototype consisting of two glass 
panes with low-e coating on the inside, two gas gaps and an aerogel-
granulate fi lled PMMA double-skin sheet (Reim et al., 2005).

Depending on the fi lling, the low-e coating emissivity and granular aerogel 
kind, an U-value in the 0.37–0.56 W/(m2K) range and a total solar energy 
transmittance (solar factor, g) in the 17–45% range were obtained (Table 
10.1, Reim et al., 2005). The directional-hemispherical transmittance was in 
the 0.19–0.54 range if considering the visual properties.

Finally, for the German climate (Reim et al., 2002), aerogel glazing 
mounted into a north-oriented façade shows the lowest thermal losses in 
the heating period if compared to a triple glazing window and to opaque 
insulation; in fact, the energetic balance of the aerogel glazing is signifi -
cantly better than that of a triple glazing from 15 September to 15 April. 
Aerogel glazing offers the possibility to provide diffuse natural light inside 
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Table 10.1 Optical, thermal, and energy properties for daylighting systems 
developed with semi-translucent and highly translucent aerogel granulates 
(adapted from Reim et al., 2005)

Visual directional-
hemispherical 
transmittance

Solar factor 
(g) Centre U-value 

Daylighting: glazing 
manufactured with 
two low-e glasses 
(emissivity equal 
to 0.08)

0.24 (semi-
transparent) 
– 0.54 
(translucent)

0.33 (semi-
transparent) 
– 0.45 
(translucent)

0.44 (90% 
krypton, 
12 mm) – 0.56 
(90% argon, 
16 mm)

Sun control: glazing 
manufactured with 
two low-e glasses 
(emissivity equal 
to 0.03)

0.19 (semi-
transparent) 
– 0.38 
(translucent)

0.17 (semi-
transparent) 
– 0.23 
(translucent)

0.37 (90% 
krypton, 
12 mm) – 0.47 
(90% argon, 
16 mm)

and, because of the low U-value, an inside surface temperature of the 
aerogel glazing equal to the inside air temperature, providing good thermal 
comfort conditions. During the project ISOTEG, a prototype of a new 
aerogel glazing with translucent granular aerogel (Reim et al., 2005) was 
for the fi rst time integrated into the façade of the ZAE (Bayerisches 
Zentrum für Angewandte Energieforschung) building in Wurzburg, 
Germany (2000).

At the moment, different commercial systems with translucent aerogels 
(polycarbonate panels, structural panels for continuous façades, insulated 
glasses) are available on the market, offering excellent thermal perfor-
mance, a good solar heat gain and a good sound insulation, as described 
below. Aerogel glazing, together with vacuum glazing, new spacer materials 
and solutions, electrochromic windows, seem currently to have the largest 
potential in fenestration products (Jelle et al., 2012).

One of the main manufacturers of opaque aerogels is Aspen Aerogels 
(USA). Cabot Corporation (USA) seems to be the main manufacturer of 
granular translucent aerogels and it has been producing its aerogel since 
2003 at its plant in Frankfurt, Germany. The translucent product manufac-
tured by Cabot, LumiraTM aerogel, formerly Nanogel® aerogel, gained wide 
acceptance across the USA and Europe for several kinds of highly insulated 
daylighting systems. The product is supplied to various partners in the USA 
and Europe, which developed different aerogel daylighting systems, such 
as: structural composite panels for skylights and façades, structural polycar-
bonate skylight systems, polycarbonate façade systems and U-channel glass 
(self-supporting systems of glass channels with an extruded metal perimeter 
frame). The LumiraTM aerogels are characterized by grain size in the 



 Silica nanogel for energy-effi cient windows 219

© Woodhead Publishing Limited, 2013

0.5–3.5 mm range and the thermal conductivity is equal to about 0.018 W/
(mK). EMB Products AG, Germany, developed an array of innovative 
façade systems with LumiraTM aerogel technology. A wide number of com-
binations is available for use in façades, separation walls and curtain walls; 
the thickness of the systems varies in the 10–50 mm range (Fig. 10.8).

Many daylighting systems with polycarbonate are proposed by TGP 
America, Advanced Glazings Ltd (Canada), and Xtralite (UK) (Dowson 
et al., 2011). Glazing systems with nanogel are also developed by Okalux, 
Germany: the system okagel® consists of two glass layers fi lled with granular 
aerogel. The system is fi lled with granulate in a controlled and continuous 
process and the façade appears homogeneous and translucent; moreover, 
in order to avoid the settlement of the material during the service life of 

(a)

(b)

10.8 Application of LumiraTM aerogel in polycarbonate sheets, outer 
(a) and inner view (b) (courtesy of Roda, Germany).
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the element, a hydrostatic stress state is applied to the material. Okagel can 
be used also in roof lights. The translucent material in the gap enables 
uniform lighting inside, avoiding glare problems, and exceptionally good 
thermal insulation, down to 0.3 W/(m2K). An interesting example of the 
application of Okagel is the Halley VI research station in the Antarctic 
(temperatures of −60°C can be reached), where 72 m2 Okagel façade ele-
ments with U-value of 0.3 W/m2K were installed.

Finally, Nano High-tech Co. Ltd is the largest research and production 
company in China; it developed several aerogel products, including day-
lighting panels (TP), aerogel particles, and monoliths. Daylighting panels 
have a thermal conductivity equal to 0.025 W/mK and they can be used in 
large buildings such as theatres, airport terminals, exhibition centres, etc., 
both for daylighting and thermal insulation purposes. They are hydrophobic 
and the light transmittance is in the 40–70% range, depending on the panel 
thickness (10–30 mm). Further information about aerogel glazing systems 
(manufacturers and commercial products) is given in Table 10.2.

10.4 Performance of nanogel windows

The performance of innovative nanogel windows, when compared to con-
ventional glazing systems, can be evaluated considering some important 
parameters:

• Light transmittance: the glazing system capacity to diffuse the natural 
light indoors is important since the natural light plays an active role in 
saving electric energy in the daytime and affects the general health of 
human beings; high values are required, in order to guarantee visual 
comfort and energy saving in lighting plants.

• Solar factor, g, and thermal transmittance, U-value infl uence the heat 
transferred through the glazing systems and the calculation of heating 
and cooling loads: low values are required, in order to guarantee thermal 
comfort and energy saving in HVAC plants.

• Sound reduction index, R, which infl uences the noise transmitted 
through the windows; high values are required in order to guarantee 
adequate acoustic comfort in buildings.

The optical transmission and the scattering properties of silica aerogels 
are widely discussed in the literature (Buratti, 2003; Jensen et al., 2004; 
Reim et al., 2005; Baetens et al., 2011; Buratti and Moretti, 2011a, 2011b, 
2012a, 2012b). Aerogels show very interesting optical properties for build-
ing applications and their transmittance is high in the whole solar spectrum, 
including the visible range, where it is similar to that of a 6 mm thick clear 
fl oat glass. Values of the light transmittance τv equal to 0.78 and of the solar 
transmittance τe equal to 0.80 were found for an aerogel pane 14 mm thick; 
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Table 10.2 Nanogel window products: manufacturers and references

Manufacturer Address/website Products Key properties Image

Advanced 
Glazings 
Ltd

Sydney, NS, 
Canada, http://
www.
advancedglazings.
com/nanogel

Insulated 
translucent 
glass units 
with Cabot 
nanogel® in 
interspace: 
Solera® + 
nanogel®

U = 0.31 W/m2K 
(76.1 mm 
confi guration)

Airglass AB Box 150, 245 22 
Staffanstorp, 
Sweden, http://
www.airglass.se/

Monolithic 
aerogel 
samples

Aerogel panes
Density = 50–200 kg/m3

λ = 0.010 W/(mK), in 
evacuated 
conditions



©
 W

oodhead P
ublishing Lim

ited, 2013

Manufacturer Address/website Products Key properties Image

Cabot 
Corporation

USA: Cabot 
Aerogel, 157 
Concord Road, 
Billerica, MA 
01821, USA, 
http://www.
cabot-corp.com/
Aerogel

Europe/Middle East/
Africa, 
Interleuvenlaan, 
15 i

B-3001 Leuven 
Belgium

LumiraTM 
granular 
aerogel 
(previously 
called 
Nanogel® 
aerogel)

Hydrophobic granular 
aerogel produced as 
particles, λ = 
0.018 W/(mK)

Kalwall 
Corporation

1111 Candia Road, 
PO Box 237, 
Manchester, NH, 
USA http://www.
kalwall.com/
aerogel.htm

Kalwall+ 
Nanogel® 
Translucent 
Daylighting 
Systems

U = 0.30 W/m2K; light 
transmittance = 
12–20% (total 
thickness = 70 mm)

Table 10.2 Continued
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Manufacturer Address/website Products Key properties Image

Nano High-
Tech Co., 
Ltd 

Chengdong Road 
Shanxi, 488, 
Shaoxing, 
Zhejiang 312000, 
China, http://
www.nanuo.cn/
english/product-3.
htm

Daylighting 
panels (TP), 
aerogel 
particles (AP) 
and monoliths

For TP, λ = 0.025 W/
(mK); light 
transmittance = 40% 
(30 mm)–70% 
(10 mm)

Okalux GmbH Am Jöspershecklein 
1 97828 
Marktheidenfeld, 
Germany, http://
www.okalux.com

Translucent 
façade 
elements 
fi lled with 
translucent 
granular 
aerogel 
(OKAGEL)

U = 0.30 (60 mm cavity)-
0.6 (30 mm cavity) W/

(m2K) (4 mm thick 
low iron outer pane 
and 6 mm laminated 
low iron glass inner 
pane, 0.76 PVB foil).
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Manufacturer Address/website Products Key properties Image

Roda E.M.B. Products AG, 
Rudolf-Diesel-
Straße 6,46446 
Emmerich, 
Germany. http://
www.roda.de/
download_en_22.
html

Daylight 
solutions in 
polycarbonate 
sheets with 
granular 
LumiraTM 
aerogel 
(thickness = 
16–50 mm) 

U = 0.48 (50 mm)–
1.30 W/m2K 
(16 mm); light 
transmittance = 
20–64%

Table 10.2 Continued



©
 W

oodhead P
ublishing Lim

ited, 2013

Manufacturer Address/website Products Key properties Image

Technical 
Glass 
Products

8107 Bracken Place 
SE, Snoqualmie, 
WA, USA, http://
www.tgpamerica.
com/structural-
glass/
pilkington-profi lit/

Translucent 
linear channel 
glass systems 
Pilkington 
Profi litTM fi lled 
with LumiraTM 
aerogel.

U = 0.19 (low-e with 
16 mm 
LumiraTM)–0.21 W/
m2K (low-e with 
25 mm LumiraTM)

Xtralite 
Roofl ight

Spencer Road, Blyth 
Riverside 
Business Park, 
Blyth, 
Northumber land, 
NE24 STG.UK 
http://www.
xtralite.co.uk/

Nanogel®-fi lled 
roofl ights

U = 0.91 (25 mm 
thickness)–1.3 W/
m2K (16 mm)
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10.9 Aerogel pane transmission optical properties: direct and total 
solar spectral transmittance compared to a 6 mm thickness fl oat glass 
(Buratti and Moretti, 2012b).

signifi cant absorption bands in the NIR transmission spectrum are shown 
(λ ≅ 1350 nm; λ ≅ 1900 nm; λ ≅ 2200 nm; λ ≅ 2500 nm) (Fig. 10.9). Further-
more, if only direct and total transmittance are compared, it could be 
observed that a part of the radiation is scattered when transmitted through 
the material, according to the Rayleigh scattering theory (Fig. 10.9, Buratti 
and Moretti, 2012b). It causes reddening of the transmitted light, the bluish 
appearance of the refl ected light and a possible blurred deformation of 
optical images (Duer and Svendsen, 1998). A decrease in the optical quality 
of the vision through the material is observed; nevertheless, this behaviour 
could be preferred in some situations, because the light penetrates very 
deeply in the room and it can reduce signifi cantly glare problems in façade 
or skylight.

Using aerogel in clear windows can greatly affect the characteristics of 
the incoming light, modifying the colour appearance of surfaces and objects 
and contributing signifi cantly to the comfort and visual satisfaction of 
human beings in indoor environments. The quality of the transmitted light 
can be usefully represented by the general colour rendering index Ra, which 
is calculated by applying the CIE standard procedure based on the differ-
ences in colour between eight test colours lighted directly by the reference 
illuminant D65 and by the same illuminant after the transmission through 
the glazing (EN 410, 2011); it is a normalized value in the 0–100 range. A 
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value of 91 was found for 14 mm thickness aerogel panes, which is a good 
value if compared to the clear glass panes (Ra values of about 98). However, 
literature data (Buratti and Moretti, 2012b) showed a very good quality 
(Ra > 90) of the vision through the glazings with aerogel in the interspace: 
the colour rendering index is lower than those of the windows with air in 
the interspace (Ra = 98 with fl oat glasses; Ra = 94 with one low-e glass), but 
it is equal to 93 for fl oat glasses and granular aerogel (14 mm) and to 92 
with monolithic aerogel. With low-e glasses, the Ra index reduces to 90–91.

As a fi nal remark, the optical properties can be infl uenced furthermore 
by the production process, i.e. by selecting optimal synthesis parameters 
(Tajiri and Igarashi, 1998; Wagh et al., 1999) and the transparency was 
improved in the last years.

Both monolithic and granular aerogels could be assembled in the inter-
space of different glasses or polycarbonates to give transparent glazings. 
Different transmission properties are found for glazing systems with mono-
lithic and granular aerogel in the interspace (Fig. 10.10). Samples with fl oat 
glasses have the same trend, but the spectral transmittance of the samples 
with granular aerogel is up to 50% lower than that of the monolithic, above 
all in the visible range. The curve trend is representative of aerogel behav-
iour, reproducing the selective absorption peaks. Samples with low-e glass 
show a different trend for wavelengths higher than 800 nm, due to the low-e 
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Legend:

F4 = float glass, 4 mm

LE4 = low e-coated glass, 4 mm

aer = aerogel pane

gr = granular aerogel
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10.10 Spectral transmittance of different glazing samples with 
granular and monolithic aerogel in the interspace (Buratti and Moretti, 
2012b).
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coating in the inner position. The solar transmittance, evaluated by means 
of the solar factor, is high for windows with monolithic translucent aerogels: 
the direct solar transmittance measured in the laboratory for a monolithic 
window prototype (15 mm aerogel) was higher than 75% (Jensen et al., 
2004) but, at the same time, the U-value was equal to the best triple-layered 
gas-fi lled glazing units (U < 0.6 W/m2K). The net average energy balance 
on the window depends in fact on both the U-value and solar factor, in 
which case monolithic aerogel prototypes in evacuated conditions were 
better than the other highly insulating glazings (Fig. 10.11), especially in 
very cold climates such as in northern Europe: the improvements due to 
monolithic aerogel windows in a typical Danish single-family home were 
underlined by Schultz and Jensen (2008). A wide range of g-values can be 
found in the manufacturers’ technical data for daylighting systems with 
granular translucent aerogels, depending on the external retaining layers 
(glasses, low-e glasses, PMMA, polycarbonate) and on the total thickness 
(see Tables 10.1 and 10.2).

Nanogel windows are excellent in the thermal insulation of buildings 
because of the very low thermal conductivity of transparent or translucent 
silica aerogel. As shown in Table 10.2, a wide range of U-values can be 
obtained for commercial products with translucent aerogels: the U-value 
can be as low as 0.48 W/(m2K) for polycarbonate solutions (polycarbonate 
sheets with LumiraTM aerogel, thickness = 50 mm, RODA, Germany), 
whereas U-values in glass solutions can be about 0.20 W(m2K) (translucent 
linear channel glass systems Pilkington Profi litTM fi lled with 25 mm Lumi-
raTM aerogel, Technical Glass Products, USA). The energy consumptions 
with triple-layered argon-fi lled glazing and with aerogel glazing were 
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compared (Schultz and Jensen, 2008): the annual energy saving was about 
1180 kWh/year (19%); in fact, in cold climates the increased heat insulation 
of triple glazing with respect to conventional double glazing can be thwarted 
by the g value decreasing (g-value is on the order of 0.4 for a argon-fi lled 
triple glazing). Considering a low-energy house, the savings become 
700 kWh/year, which correspond to a 34% decrease in space heating 
demand.

Commercial applications with monolithic aerogels are not yet available, 
but U-values equal to 0.66 W/m2K were measured for a prototype of an 
evacuated glazing with only 13.5 mm thick aerogel pane (see Section 10.3.2). 
Furthermore, translucent insulating materials in glazing can have a major 
advantage when they are used in roof applications: the U-values of glazing 
systems with adequate layers of translucent nanogel are not dependent on 
the inclination to the vertical, while the gas-fi lled glazing with air or gas 
(argon or krypton) have a worse behaviour than that expected when they 
are used in roofs. The U-value is in fact calculated or measured for a vertical 
position, according to the international standards, but when they are hori-
zontal, the warm air meets the colder outer side more quickly when rising, 
so an accelerated fl ow arises. The thermal convection in the cavity becomes 
higher and the U-value can be more than 50% higher than that measured 
or calculated in the vertical, as shown in Fig. 10.12.

In order to characterize the acoustic properties of silica aerogels, the 
acoustic attenuation was measured according to the two-thickness method 
(Forest et al., 2001) and it showed that the large granules of aerogels (mean 
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granule size: 3 mm) have a low attenuation (about 1 dB/cm), lower than 
that of a conventional insulating material, such as glass wool; nevertheless, 
in the small granules (mean granule size: about 80 μm) the attenuation 
values are in the 0–12 dB/cm range, depending on the frequency range: 
above 500 Hz, the values are higher than the glass wool ones (about 3 dB/
cm). The effi ciency of granular silica aerogels as sound insulators in the 
100–2500 Hz frequency range was also demonstrated when they are used 
in multilayer (a fi st layer (1 cm) made of large granules and the second one 
(3 cm) made of small granules): in the 300–1700 Hz range, the sound trans-
mitted through the aerogel is 15 dB lower than that transmitted through 
glass wool with the same thickness.

Finally, the translucent insulating material in the interspace of glazing can 
improve the sound insulation of the building envelope, in comparison with 
systems with air, as shown in Buratti and Moretti (2012b). A prototype of 
an aluminium frame window with granular aerogel glazing was produced 
and tested: aerogel in granular form was put in a gap 15 mm in depth; indoor 
and outdoor layers were fl oat glasses of 4 mm thickness (Fig. 10.13). Both 
the thermal and acoustic performance in the building façades of the window 
prototype were evaluated in terms of measured U-value (hot box method, 

(a) (b)

10.13 Setting-up of the aerogel glazing system with nanogel® (a) and 
window prototype during the laboratory test (b) (Buratti and Moretti, 
2012a).
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ISO 12567-1) and sound reduction index (R, EN ISO 10140-2) and they 
were compared with conventional glazing with air interspace (same thick-
ness). A U-value of 0.99 W/m2K was found for the glazing with granular 
aerogel in the interspace. Furthermore, the presence of granular aerogel 
increases the sound reduction index values (Fig. 10.14) in all the frequency 
ranges (100–500 Hz), but above all in the central range (500–2000 Hz). 
Moreover, a weighted sound insulation index Rw (EN ISO 717-1, 2007) 
equal to 37 dB was obtained for the innovative prototype, 3 dB higher than 
that of the conventional window with air in the interspace (Rw = 34 dB), 
confi rming good acoustic insulation properties.

10.5 Future trends

Further investigations about highly energy-effi cient windows and skylights 
are needed in order to clarify several aspects and to improve some charac-
teristics, such as:

• Aerogel glazings have the lowest potential U-values in the fenestration 
market, as low as 0.1 W/(m2K) and, due to their very interesting 
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properties (thermal and acoustic insulation, lightness), they allow novel 
architectural daylighting solutions, but further effort and work are 
required to improve the visible transmittance.

• Research should be fi nalized to solve some problems such as the phe-
nomenon of light scattering, which gives a reduced optical quality of 
vision through the material; furthermore, the production process is very 
complex and it does not allow the use of very large sheets of monolithic 
aerogels, without altering performance.

• Nowadays, alternative high-performance glazing solutions, such as 
vacuum insulation panels (VIP), have technical limits and at the same 
time very high costs: in fact, a functional VIP with U-values of 0.1 W/
m2K is not available due to the problem of keeping the glazing gas-tight. 
Thus, the development of translucent or transparent aerogels, as a highly 
effi cient insulating material to fi ll the glazing systems, seems at the 
moment the best possible thermal insulation system.

• Nanogel windows could become a decent alternative to conventional 
window solutions, above all in very cold climates, but aerogel manufac-
turers should put emphasis on cost reduction. A reference market price 
for silica aerogel (2008) is on the order of US$4000/m3, but a price of 
US$1500/m3 could be foreseen by 2020 with increasing commercializa-
tion. Concerning the applications in buildings, the price of commercial 
daylighting solutions with granular aerogel in polycarbonate sheets is 
on the order of 1100–200/m2 (frame excluded), depending on the thick-
ness (10–25 mm).
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Abstract: Electrochromic and thermochromic materials and devices 
make it possible to construct glazings whose throughput of visible light 
and solar energy can be switched to different levels depending on the 
application of an electrical voltage or on the temperature, respectively. 
These glazings are of much interest for eco-effi cient buildings and 
are able to impart energy effi ciency jointly with indoor comfort. The 
present chapter outlines the basics of the two technologies focusing on 
functional principles, relevant materials, device and manufacturing 
technology, as well as selected results from research and development.

Key words: electrochromism, thermochromism, chromogenic material, 
thin fi lm, energy savings, energy-effi cient buildings.

11.1 Introduction

Eco-effi cient nanotechnologies offer many ways to diminish the energy that 
is used in buildings, as discussed in a recent book by Smith and Granqvist 
(2010). This energy amounts to as much as 30–40% of the world’s primary 
energy (UNEP, 2007; Glicksman, 2008), and it follows that new and improved 
building technologies can have a very signifi cant impact on global warming 
(Metz et al., 2007), urban heat islands (Heisler and Brazel, 2010), and energy 
security. The potential energy savings are huge (McKinsey & Co, 2009) and, 
very importantly, can be accomplished without sacrifi cing the comfort and 
amenities that we rightly associate with good buildings (Richter et al., 2008). 
The latter aspect is highly signifi cant since we spend as much as 80–90% of 
our time indoors – in buildings and vehicles – in the most industrialized 
countries (Leech et al., 2002). Furthermore, good energy performance can 
give fi nancial advantages, and a recent study of market transactions in the 
USA showed that eco-effi cient (also referred to as ‘green’) buildings can 
have higher rental rates and selling prices than comparable buildings 
without the eco-effi cient attributes (Eichholtz et al., 2010, 2011).

Windows are necessary in buildings in order to provide visual indoors–
outdoors contact and daylight. However, it is frequently the case that 
the glazings let in or out too much energy which must be balanced by 
energy guzzling space cooling or space heating. An important step towards 



 Switchable glazing technology for eco-effi cient construction 237

© Woodhead Publishing Limited, 2013

energy effi ciency can be taken if the glazings are ‘switchable’ (or ‘smart’), 
i.e., are able to vary their throughput of visible light and solar energy 
(Lampert, 1984; Svensson and Granqvist, 1984). This functionality makes 
good use of the ‘chromogenic’ materials (Granqvist, 1990; Lampert and 
Granqvist, 1990; Smith and Granqvist, 2010) which are characterized by 
their ability to respond persistently and reversibly to external stimuli.

There are four kinds of chromogenic materials of primary interest for 
glazings in buildings. They are referred to as ‘photochromic’, ‘thermochro-
mic’, ‘electrochromic’ and ‘gasochromic’; their transmittance depends on 
irradiation intensity of ultraviolet light, temperature, application of an elec-
trical voltage or current, and exposure to reducing and oxidizing gases, 
respectively. The largest energy savings can be accomplished with electro-
chromics (Selkowitz and Lampert, 1990; Granqvist et al., 2010), and a recent 
report indicates that highly insulated electrochromic windows used in com-
mercial as well as residential buildings would be able to save as much as 
4.5 per cent on the annual energy use in the USA (Gillaspie et al., 2010). 
The user acceptance of this technology appears to be very good (Clear et 
al., 2006; Zinzi, 2006; Lee et al., 2012). Thermochromics does not have an 
equally vast savings potential, but thermochromic devices can be based on 
a single thin layer or nanoparticle composite and are simpler than electro-
chromic devices which typically employ fi ve superimposed layers (Gran-
qvist, 1995). It should also be noted that electrochromic and thermochromic 
devices may be combined with optimized thermal insulation in future ‘super 
fenestration’ (Granqvist et al., 2010).

Parts of this chapter are based on recent scientifi c papers by the author 
and his coworkers (Granqvist, 2012; Li et al., 2012), but the text has been 
integrated and adapted. Throughout the text there are references to various 
coating technologies, and Chapter 8 of the present book, on the manufactur-
ing of thin fi lms and nanostructured coatings for eco-effi cient constructions, 
can serve as a parallel source for some background material.

11.2 Electrochromics: materials and devices

Electrochromic materials are characterized by their ability to change their 
optical properties, reversibly and persistently, when a voltage is applied 
across them (Deb, 1973; Granqvist, 1995). This functionality clearly is of 
great interest for numerous applications, and device aspects rather than 
fundamental science have been leading the development of this technology 
ever since the discovery of electrochromism. Display devices were the focus 
during the early years, but applications to energy-effi cient windows have 
been the driving force ever since the mid-1980s when it was realized that 
huge energy savings were feasible with electrochromic glazings (Lampert, 
1984; Svensson and Granqvist, 1984; Granqvist, 2012).
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Below we introduce the generic fi ve-layer device technology in Section 
11.2.1 and then survey some practical aspects of electrochromic glazings in 
Section 11.2.2. The subsequent parts, Sections 11.2.3 and 11.2.4, discuss the 
actual electrochromic fi lms and the transparent conductors needed for 
applying the voltage, respectively. Finally Section 11.2.5 presents a case 
study of a particular type of electrochromic device with potential for very 
low-cost manufacturing.

11.2.1 Generic fi ve-layer ‘battery-type’ device design

Figure 11.1 is a sketch of a standard electrochromic device (Granqvist, 
1995) with fi ve superimposed layers on a single transparent substrate or 
positioned between two such substrates. The optical functionality originates 
in the electrochromic fi lm(s) which alter their optical absorption when ions 
are inserted or extracted from a centrally positioned electrolyte. This trans-
port is easiest if the ions are small, in practice being protons (H+) or lithium 
ions (Li+). The electrolyte can be liquid, solid inorganic or comprised of a 
polymer. The ions are moved in an electrical fi eld between two transparent 
electrical conductors, and the needed dc voltage is around 1–2 V. Except 
for very small devices, external metallic electrical contacts (‘bus bars’) must 
normally be put over at least part of the circumference of the device in 
order to achieve a reasonably fast and uniform colouring and bleaching.

11.1 General electrochromic device design. Arrows signify ionic 
movement in an applied electric fi eld. From Granqvist (1995).
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There are three different kinds of layered materials in the device: The 
electrolyte is a pure ionic conductor and separates the two electrochromic 
fi lms (or separates a single such fi lm from an optically inactive ion storage 
fi lm). The electrochromic fi lms are mixed conductors of ions and electrons, 
whereas the transparent conductors conduct nothing but electrons. Optical 
absorption sets in when electrons are inserted into the electrochromic 
fi lm(s) together with the ions from the electrolyte and are localized on 
metal ions. The valence of these ions is then changed, and when the ‘extra’ 
electrons interact with the incident light they can acquire enough energy to 
jump across a potential barrier to a neighbouring metal ion site. The absorp-
tion mechanism is conventionally referred to as ‘polaron absorption’ in 
physics and as ‘intervalency absorption’ in chemistry (a somewhat more 
detailed explanation is given in Section 11.2.3 below). This simplistic expla-
nation of how the electrochromic devices work indicates that they can be 
viewed as thin-fi lm batteries with a charging state that corresponds to the 
intensity of the optical absorption.

It is possible, already at this point, to introduce a number of interesting 
properties of electrochromic glazings which make them highly relevant to 
eco-effi cient building technology (Granqvist, 2012):

• The devices have open circuit memory, like batteries, which means that 
they can keep their optical and charging properties for extended periods 
of time without drawing any current, depending on the quality of the 
electrical insulation of the electrolyte.

• The optical absorption can be set at any level between two extreme 
values.

• The optical changes are gradual and occur over times ranging from 
seconds to tens of minutes, depending on the size of the device; this time 
can be compared with the eyes’ ability to adapt to changes in light, which 
takes minutes.

• The optical properties are founded on processes at the atomic scale, and 
hence an electrochromic glazing can be free of haze, which is an essential 
feature for most building-related applications.

• By combining two different electrochromic fi lms it is possible to adjust 
the overall optical transmittance and achieve better colour neutrality 
than with a single electrochromic fi lm.

• If the electrolyte is a solid and adhesive bulk-like polymer, the electro-
chromic glazing can combine its optical function with spall shielding, 
burglar protection, acoustic damping, near-infrared absorption, etc.

The electrochromic technology is not an easy one – which explains why 
it has taken so long to mature – and several more or less non-standard 
technologies must be mastered (Granqvist, 2008). Six challenges stand out 
for practical electrochromic glazings as listed below:
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1. The electrochromic and counter electrode fi lms must have well-defi ned 
nanoporosity over large areas, which requires non-conventional deposi-
tion technologies, which we return to in Section 11.2.3 below.

2. The transparent conductors must have excellent electrical conductivity 
jointly with optical transparency, which is demanding particularly for 
temperature-sensitive substrates; this part of the electrochromic device 
may be the most expensive one, so great care must be exercised in the 
choice of material and deposition technology, as further discussed in 
Section 11.2.4.

3. Describing the electrochromic device as a thin fi lm battery points at the 
fact that insertion/extraction and charge balancing are vital processes; 
they may be based on controllable and industrially viable techniques 
such as gas treatments (Azens et al., 2003a; Aydogdu et al., 2010).

4. The electrolyte must combine good ion conductivity with excellent 
electrical insulation and high stability under ultraviolet irradiation; for 
laminated designs, it must also serve as a reliable adhesive.

5. Long-term cycling durability hinges on appropriate strategies for 
voltage and current control, just as in battery technology, and simple 
switching between two voltage levels, as is common in academic work 
on electrochromics, falls very short of an optimized strategy (Degerman 
Engfeldt et al., 2011).

6. Large-scale manufacturing is the key to cost-effective electrochromic 
glazings and hence to their market acceptability. Obviously one must 
avoid time-consuming production steps such as extended thin fi lm depo-
sition, long post-treatment times, separate steps for electrochemical 
charge insertion/extraction, slow introduction of electrolytes, etc. Roll-
to-roll coating of fl exible substrates, followed by continuous lamination, 
offer particular advantages, and Section 11.2.5 below discusses the state-
of-the-art for electrochromic devices based on such technologies.

11.2.2 Practical constructions of electrochromic glazings

The scientifi c and technical literature show many examples of electrochro-
mic glazings of various sizes and has done so for decades, but few of these 
examples can be considered as products ready for the market or even pro-
totypes. A number of those that are currently (2012) being delivered to 
customers on a very limited scale, or at least shown to customers, are intro-
duced next (see also recent articles by Baetens et al., 2010a, and Jelle et al., 
2012). All of these products or prototypes rely on electrochromic tungsten 
oxide fi lms for at least some of the coloration.

• A fi ve-layer ‘monolithic’ electrochromic device design on a single glass 
pane has been developed by several companies. The details are not 
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known, but it is evident that the electrolyte is a very thin layer. By this 
arrangement it is very hard to eliminate some leakage (‘trickle’) current 
between the electrochromic fi lms via structural imperfections, and 
repeated electrical ‘refresh pulses’ are needed to maintain the window 
in a constant, darkened state; furthermore, coloration and bleaching 
may proceed unevenly over large areas.

• A laminated design with two parallel double-layer-coated glass panes 
joined by a polymer electrolyte is available on the market in limited 
quantities. Here the electrolyte is injected in fl uid form in a millimeter-
wide gap between two glass panes via vacuum fi lling, which is a time-
consuming process (Xu et al., 2009).

• A second laminated design (Kraft and Rottmann, 2009) makes use of 
an electrolyte based on polyvinyl buteral (PVB), which is a standard 
material for glass lamination, and transparent electrical conductors 
of fl uorine-doped tin oxide made by low-cost spray pyrolysis in 
conjunction with fl oat glass production. The ion storage fi lm is of ferric 
hexacyanoferrate (‘Prussian Blue’), which is possible to prepare via 
electro-deposition but, as far as is known, not by standard glass coating 
techniques such as magnetron sputtering; this fi lm is a conductor for K+ 
ions (de Tacconi et al., 2003).

• Still another laminated design is different from the others in being based 
on fl exible polyethylene terephthalate (PET) foil and hence allowing 
low-cost roll-to-roll web coating (Azens et al., 2003b; Niklasson and 
Granqvist, 2007). One PET foil is coated with transparent and conduct-
ing indium-tin oxide (ITO) and electrochromic tungsten oxide, another 
PET foil is coated with ITO and an electrochromic nickel-based oxide, 
and the coated surfaces of the two foils are joined via an electrolyte 
applied by continuous lamination. The foil can be used as an add-on for 
upgrading existing windows, as a suspended electrochromic ‘third pane’ 
in an insulating glass unit, or as a lamination joining two glass panes. 
This type of electrochromic glazing is discussed further below in Section 
11.3.5.

There are numerous alternative electrochromic device designs as well, 
both based on an oxide-based ‘battery’ approach as in Fig. 11.1 and others. 
Considering fi rst the ‘battery’ type, one may note that there are non-oxide 
inorganic electrochromic materials, and ‘Prussian Blue’ (de Tacconi et al., 
2003) was mentioned above. Furthermore, electrochromism is a common 
phenomenon in organic materials, and a vast literature exists on this subject 
(Monk et al., 2007). Their durability under irradiation is much less than for 
the oxides, but the coloration effi ciency (the change in optical absorption 
per unit of charge exchange) can be much higher in organic materials than 
in oxides. Metal hydrides represent another option and can display variable 
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refl ectance and can operate in conjunction with electrochromic thin fi lms 
in devices; constructions with fi lms based on nickel-magnesium hydride 
have been investigated in depth (Tajima et al., 2010). Today’s devices of this 
type tend to suffer from limitations in longevity, modulation span and high-
temperature stability (Tajima et al., 2011).

There are also several device designs that are distinctly different from 
the ‘battery’ type. One of these is the suspended particle device (often 
referred to as an ‘SPD’) which is rooted in the pioneering work on ‘light 
valves’ done by Land already in the 1930s (Marks, 1969). Essentially, a 
suspension of rod-like molecules, for example of herapathite (Kahr et al., 
2009), are aligned under an ac voltage of ∼100 V (i.e., some two orders larger 
than for the electrochromic device illustrated in Fig. 11.1) and are randomly 
oriented in the absence of this fi eld; the optical transmittance through suit-
ably confi ned suspensions is then changed. The modulation can be strong 
for luminous radiation, but not for infrared light, and the devices exhibit 
some haze (Vergaz et al., 2008). Alternatively, liquid crystals can be used in 
several different ways to create variable transmittance; the most common 
construction with regard to glazings uses polymer-dispersed liquid crystals 
(known as ‘PDLCs’) and suffers from signifi cant haze (Cupelli et al., 2009; 
Gardiner et al., 2009). Another possibility is offered by some organic com-
pounds, which can display optical absorption when a small current is drawn 
through them, and this phenomenon has been used very successfully for 
some two decades in ‘self-dimming’ rear view mirrors for automobiles. As 
a fi nal possibility one may point at reversible electroplating, which in prin-
ciple is able to give variable refl ectance between very widely separated 
limits. This option has been investigated intensely (Ziegler, 1999; Laik 
et al., 2001) but has not yet led to practically useful glazings.

11.2.3 Electrochromic thin fi lms

There are two types of electrochromic metal oxides, which are referred to 
as ‘cathodic’ (colouring under ion insertion) and ‘anodic’ (colouring under 
ion extraction); they are discussed in detail in Granqvist (1995). The stan-
dard electrochromic device, such as the one shown in Fig. 11.1, embodies 
two electrochromic thin fi lms and it is clearly advantageous to combine one 
‘cathodic’ oxide (e.g., based on W, Mo, or Nb) and another ‘anodic’ oxide 
(e.g., based on Ni or Ir). Shuttling ions between the two electrochromic fi lms 
one way makes both of these fi lms colour, whereas shuttling ions the other 
way makes them both bleach; this is sometimes referred to as a ‘rocking 
chair’ operation. Coincidentally there are ‘cathodic’ and ‘anodic’ oxides 
which can work in tandem and jointly yield electrochromic glazings with a 
rather neutral visual appearance that is appropriate for general applications 
in architecture.
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What is the origin of the electrochromism for these oxides? An approxi-
mate answer can be given by arguments based on the crystalline structure, 
and a detailed examination of the electrochromic oxides reveals that they 
can be represented as (defect) perovskites, rutiles, and having layer/block 
structures. All of these structures can be described as comprising ‘ubiqui-
tous’ MeO6 octahedra (where Me denotes metal) connected by sharing 
common corners and/or common edges. Edge-sharing is related to some 
degree of deformation of the octahedra. Only one electrochromic oxide 
falls outside this description and exhibits properties with both ‘anodic’ and 
‘cathodic’ traits: this is vanadium pentoxide (V2O5) which can be viewed as 
built from square pyramidal VO5 units. The octahedral coordination is very 
important for the electronic properties of the electrochromic oxides and 
leads to a qualitative model for the optical properties for all of the oxides 
mentioned above, as elaborated elsewhere (Granqvist, 1993, 1995).

The detailed mechanisms for the optical absorption in electrochromic 
oxides are often poorly understood. Generally speaking, the absorption is 
associated with charge transfer, and polaron absorption captures at the 
essential features (Granqvist, 1995; Niklasson and Granqvist, 2007). The 
electrons inserted together with the ions are localized on metal ions and, 
in the specifi c case of tungsten oxide, change some of the W6+ sites to W5+. 
Transfer of electrons between sites designated i and j, say, then can be rep-
resented schematically as Wi

5+ + Wj
6+ + photon → Wi

6+ + Wj
5+. This mecha-

nism operates only as long as transitions can take place from a state occupied 
by an ‘extra’ electron to one available to receive that electron, and if the 
ion and electron insertion is large enough this is no longer the case so that 
‘site saturation’ (Denesuk and Uhlmann, 1996) becomes signifi cant. Elec-
tron transfer then can occur also according to W4+ ↔ W5+ and W4+ ↔ W6+ 
(Berggren et al., 2007). However, these latter kinds of charge transfer do 
not dominate since highly reversible electrochemical reactions limit the 
permissible insertion levels to those where W5+ ↔ W6+ are prevalent.

Mixed electrochromic oxides can offer a number of advantages, and by 
having a large variety of sites available for charge transfer, it is possible to 
achieve an increasingly wavelength-independent absorption (i.e., a more 
neutral colour). Other advantages of mixed oxides are the possibility to 
widen the optical band gap in order to give a higher bleached-state transmit-
tance in nickel-oxide-based (Avendaño et al., 2004) and iridium-oxide-based 
(Azens and Granqvist, 2002) fi lms, and to ‘dilute’ expensive iridium oxide 
without major effects on its electrochromism (Backholm and Niklasson, 
2008; Harada et al., 2011). Still another advantage is that the coloration effi -
ciency can be increased by mixing suitable oxides, as shown in recent 
detailed work on mixed tungsten-nickel oxide fi lms by Green et al. (2012).

The ubiquity of the MeO6 octahedra is important not only for the optical 
properties but also for the possibilities to accomplish facile ion insertion 
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and extraction in the electrochromic oxides. This is so because the atomic 
arrangements give spaces – tunnels in three dimensions – that are large 
enough to serve as conduits for small ions. Furthermore, transition metal 
oxides can display many different types of crystallinity depending on tem-
perature and pressure, and sub-stoichiometry can yield so called Magnéli 
phases (denoted WmO3m−1, with m being 1, 2, . . . for the case of tungsten 
oxide) with a combination of corner and edge sharing for the octahedral 
units.

Easy ion transport does not happen solely as a consequence of structures 
comprising MeO6 octahedra but can occur as a result of fi lm porosity 
ensuing from limited atomic movements during the thin fi lm deposition 
process. In fact there is a large number of thin fi lm technologies based on 
atomistic and particulate deposition, bulk coating and surface modifi cation, 
as discussed elsewhere in this book (see Chapter 8). It seems that all of 
these technologies can be adapted, with greater or lesser diffi culty, to the 
preparation of porous structures that are adequate for electrochromic oxide 
fi lms.

11.2.4 Transparent conducting thin fi lms

The transparent electrodes may be the single most expensive part in an 
electrochromic glazing and therefore they deserve particular attention. 
There are several categories of transparent conductors, each with its specifi c 
pros and cons (Granqvist, 2007; Ginley et al., 2010; Smith and Granqvist, 
2010). This section gives a bird’s eye view of such fi lms based on oxides, 
metals and carbon.

Heavily doped wide band gap oxides are commonly used as transparent 
conductors in electrochromic devices. The most pertinent materials are 
In2O3:Sn (ITO), ZnO:Al (AZO), ZnO:Ga (GZO), ZnO:In (IZO) and 
SnO2:F (FTO), and the doping level is typically a few per cent. All of the 
materials can give a resistivity as low as ∼1 × 10−4 Ωcm, a luminous absorp-
tance of only a few per cent in a fi lm with practically useful thickness 
(300 nm, say), and excellent durability. The optical properties are very well 
understood from basic theory, which means that detailed and trustworthy 
simulations of the optical properties can be made for devices (Hamberg 
and Granqvist, 1986; Jin et al., 1988; Stjerna et al., 1994). Films of ITO, AZO, 
GZO and IZO prepared by well-controlled reactive dc magnetron sputter-
ing onto glass and PET typically have resistivities of ∼2 × 10−4 and ∼4 × 
10−4 Ωcm, respectively. High-quality fi lms of FTO are normally made by 
spray pyrolysis onto the hot glass emerging from the leer during fl oat glass 
production. Depositions onto fl exible substrates introduces risks for crack-
ing and accompanying loss of electrical conductivity, but this effect is gener-
ally not a serious one unless the bending ratio is as small as a few centimeters 
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(Cairns et al., 2000; Lan et al., 2010). All of the mentioned oxides are trans-
parent for most of the spectrum characterizing solar radiation.

ITO fi lms can be expensive as a result of the high price of indium (despite 
the fact that this element is not uncommon in the earth’s crust) and require 
careful process control for deposition; zinc oxide-based fi lms can have 
similar optical and electrical properties but usually demand even more 
stringent process control; and good FTO apparently can only be made on 
very hot glass. Thus each of the transparent conducting oxide fi lms has 
particular challenges and there is today no ‘best’ alternative for applications 
in electrochromic glazings. Health issues for the manufacturing of transpar-
ent conductors have been brought to attention recently, and it has been 
reported that the production of indium-containing oxides may lead to pul-
monary disorders sometimes referred to as ‘indium lung’ (Taguchi and 
Chonan, 2006), which clearly can be an important concern for large-scale 
manufacturing.

Metal fi lms can serve as excellent alternatives to the oxide-based trans-
parent conductors. The coinage metals (Cu, Ag and Au) have conductivities 
that are some two orders of magnitude higher than for the best transparent 
conducting oxides so that comparative electrical properties can be achieved 
at about a hundredth of the fi lm thickness; the luminous absorptance of the 
metal fi lms can be of the order of 10%. The metal fi lms are stretchable to 
a much larger degree than the oxide-based fi lms (Graz et al., 2009).

The relevant metal fi lm thicknesses are extremely small, which means 
that details of the thin fi lm growth are important. Continued deposition 
onto a dielectric substrate such as glass or PET causes the deposited metal 
to go through a number of distinct growth stages: tiny metallic nuclei are 
formed initially; they grow and create increasingly irregular ‘islands’; these 
‘islands’ interconnect and form a contiguous meandering network at a 
thickness corresponding to ‘large-scale coalescence’; the network then 
transforms into a ‘holey’ fi lm; and fi nally a well defi ned metallic fi lm can be 
formed (Smith et al., 1986; Lansåker et al., 2009). The most interesting fi lms 
have thicknesses only slightly above that for ‘large-scale coalescence’, in 
practice around 10 nm (Hövel et al., 2010). Refl ectance at the two interfaces 
of the metal fi lm limits the luminous transmittance to ∼50%, but the trans-
mittance can be very signifi cantly enhanced if the coinage metal fi lms are 
positioned between high-refractive-index transparent layers that serve as 
antirefl ection coatings for the metal fi lms.

There are several alternatives to the oxide-based and metal-based trans-
parent conductors that are explored today (Hecht and Kaner 2011), and 
carbon-based transparent conductors may be of particular importance. Thus 
meshes of carbon nanotubes can combine high transmittance for luminous 
and solar radiation with good electrical conductivity (Hu et al., 2010a; Niu, 
2011). Another alternative – which currently enjoys intense interest – is 



246 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

graphene, i.e., atomically thin layers of carbon atoms arranged in a honey-
comb lattice (Geim and Novoselov, 2007; Eda and Chhowalla, 2010); these 
layers can be prepared via mechanical or chemical exfoliation of graphite 
into individual sheets as well as by chemical vapour deposition. Successful 
roll-to-roll production of graphene coatings was fi rst demonstrated during 
2010 (Bae et al., 2010, 2012).

Metal-based nanowire meshes is another possibility, and it has been 
shown that silver nanowires with diameters of ∼100 nm and lengths of 
∼10 μm can be produced in large amounts by inexpensive reduction of 
liquid silver nitrate (Hu et al., 2010b, 2011). Suspensions of these nanowires 
can be deposited, and the conduction between adjacent wires can be 
improved by annealing. These coatings can have good electrical properties 
but suffer from some diffuse scattering which limits their applications in 
electrochromic glazings.

A fi nal example may be poly(3,4-ethylenedioxytiophene), known as 
PEDOT, which cannot quite compete with regard to performance with 
most of the other options mentioned above, but which nevertheless is inter-
esting since it can be prepared by printing at a very low cost (Elschner and 
Lövenich, 2011).

11.2.5 Flexible electrochromic foil

Tungsten oxide is the most extensively studied electrochromic material and 
was discussed in some detail above. It has cathodic coloration and needs to 
be combined with an appropriate anodic oxide to create an optimized 
device. Iridium oxide works very well in tandem with tungsten oxide but it 
is one of the rarest elements in the earth’s crust and only found in abun-
dance in a few places. An alternative is hence needed for large-scale appli-
cations, and hydrous nickel oxide is such a material as discovered in the 
1980s by Svensson and Granqvist (1986).

A number of studies of electrochromic devices based on tungsten oxide 
and nickel oxide have been reported in the literature; they are either rigid 
and based on depositions onto glass (Mathew et al., 1997; Subrahmanyam 
et al., 2007; Huang et al., 2011) or fl exible and deposited onto PET foil 
(Azens et al., 2003b; Niklasson and Granqvist, 2007). Figure 11.2 illustrates 
a specifi c device design that was mentioned in Section 11.2.2 above: one 
PET foil is coated with ITO and tungsten oxide, another PET foil is coated 
with ITO and nickel-based oxide, and the two electrochromic fi lms are 
joined by an ion-conducting polymer adhesive. Figure 11.3 reports time-
dependent transmittance at a mid-luminous wavelength of 550 nm for ten 
consecutive colouring/bleaching cycles. Colouring proceeds slower than 
bleaching and the values shown do not indicate the darkest state that can 
be reached. The highly repeatable properties should be noted, and the 
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11.2 Construction principle for an electrochromic foil device. The 
entire foil can be used as a laminate between two glass panes.

cycling can be continued for tens of thousands of cycles without severe loss 
of performance.

The desired transmittance interval depends on the intended use of the 
electrochromic device. For architectural glazings one may emphasize a high 
bleached-state transmittance, and then low-cost antirefl ection coatings may 
be of interest (Jonsson and Roos, 2010; Jonsson et al., 2010). However, other 
applications may require that a very dark state can be reached for the sake 
of glare control. A simple way to obtain a very small transmittance in the 
dark state is to put two or more electrochromic foils on top of each other 
(Granqvist, 2008). As a fi rst approximation, the transmittance of a double-
foil device is the square of the transmittance of a single-foil device. Figure 
11.4 indicates that the transmittance at a mid-luminous wavelength can 
approach 1% in a double electrochromic foil, while the bleached-state 
transmittance is still appreciable.

It was emphasized above that low-cost manufacturing is the key to large-
scale implementation of electrochromic glazings in buildings. Figure 11.5 
shows some initial results on the transmittance modulation in an electro-
chromic foil-type device prepared by roll-to-roll deposition onto a ∼1-km-
long and 0.6-m-wide PET foil.
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11.3 Mid-luminous transmittance vs. time during repeated colouring 
and bleaching of an electrochromic foil device of the type illustrated 
in Fig. 11.2.
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11.4 Mid-luminous transmittance vs. time for repeated colouring and 
bleaching of two superimposed electrochromic foils of the kind 
described in Fig. 11.2. From Granqvist (2008).

11.3 Thermochromics: materials and devices

Thermochromism is well known in a number of metal oxides and sulphides 
(Lampert and Granqvist, 1990; Smith and Granqvist, 2010). Vanadium 
dioxide, VO2, stands out as the most interesting material with regard to 
eco-effi cient technologies, and its thermochromism has been known for 
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11.5 Initial data on transmittance modulation of luminous radiation in 
an electrochromic foil device made by roll-to-roll manufacturing and 
continuous lamination.

more than 50 years (Morin, 1959). However, vanadium dioxide is not 
directly applicable to glazings, and three particular challenges can be identi-
fi ed as elaborated in Section 11.3.1 below. In particular, the modulation of 
the solar energy throughput must be suffi ciently large in order to have a 
signifi cant impact on the buildings’ energy expenditure, and this leads to 
the recently introduced concept of ‘nanothermochromics’ (Li et al., 2010), 
which also is advantageous for yielding a large luminous transmittance as 
discussed in Section 11.3.2. The luminous transmittance can be further 
enhanced by doping of the VO2, especially by magnesium, as discussed in 
Section 11.3.3. Finally, the modulation of the solar energy throughput must 
occur in the vicinity of a comfort temperature of about 25°C, which again 
can be accomplished by doping – in this case most expediently by tungsten 
– as elaborated in Section 11.3.4.

11.3.1 Vanadium dioxide-based thin fi lms: three challenges

Vanadium dioxide is an interesting and complex material with at least seven 
different polymorphs among which rutile VO2(R), monoclinic VO2(M) 
(Morin, 1959), and triclinic VO2(T) (Mitsuishi, 1967) phases are similar 
in structure, and there are also tetragonal VO2(A) (Oka et al., 1990), 
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monoclinic VO2(B) (Théobald et al., 1976), paramontroseite VO2 (Wu et al., 
2008) and body centred cubic VO2 (Wang et al., 2008). The interesting ther-
mochromic properties ensue from VO2(R) and VO2(M) which exhibit a 
reversible structural transformation and associated metal-insulator transi-
tion at a ‘critical’ temperature τc in the neighbourhood of a comfort tem-
perature; VO2(M) is semiconducting and reasonably infrared transparent 
at a temperature τ, so that τ < τc, whereas VO2(R) is metallic and infrared 
refl ecting for τ > τc.

The pioneering work on the thermochromism of VO2 by Morin (1959) 
was performed on bulk specimens. However, it was soon realized that reac-
tively sputter deposited and reactively evaporated thin fi lms could exhibit 
a similar metal–insulator transition. Subsequently it has been found that 
virtually any thin fi lm technology is capable of providing thermochromic 
VO2. The reversibility of the metal-insulator transition can be excellent in 
fi lms (Ko and Ramanathan, 2008), whereas bulk samples tend to deteriorate 
upon repeated thermal cycling around τc. The possibilities to create energy-
effi cient fenestration by letting solar energy into a building when there is a 
heating demand and rejecting solar energy when there is a cooling demand 
were pointed out already in the 1980s (Greenberg, 1983; Jorgenson and Lee, 
1986; Babulanam et al., 1987), and various aspects of this technology have 
been reviewed several times more recently (Granqvist, 2007; Parkin et al., 
2008; Saeli et al., 2010a,b; Smith and Granqvist, 2010).

Figure 11.6 introduces the characteristic features of the thermochromism 
that can be seen in a thin VO2 fi lm. Spectral normal transmittance T(λ) and 
spectral near-normal refl ectance R(λ) were recorded at 22 and 100°C, i.e., 
at τ < τc and at τ > τc. The data were obtained for a 0.05-μm-thick fi lm pro-
duced by reactive dc magnetron sputtering as reported elsewhere by Mlyuka 
et al. (2009a). Similar optical data – usually of spectral transmittance – have 
been reported many times in the scientifi c literature and are hence very 
well established (see the paper by Li et al. (2012) for references). It is clear 
from Fig. 11.6 that the short-wavelength optical properties are similar irre-
spective of the temperature, while the infrared refl ectance for wavelengths 
beyond ∼1 μm is higher for τ > τc than it is for τ < τc, thus giving proof for 
the metal–insulator transition. The infrared transmittance at λ > 1 μm shows 
an analogous change.

Figure 11.6 also shows the spectral sensitivity of the light-adapted human 
eye, denoted ϕlum and lying in the 0.4 < λ < 0.7 μm wavelength range 
(Wyszecki and Stiles, 2000) and the solar irradiance spectrum for air mass 
1.5 (corresponding to the sun standing 37° above the horizon), denoted ϕsol 

and extending across the 0.3 < λ < 3 μm interval (ASTM, 2003). One 
observes in particular that ϕsol drops sharply towards long wavelengths. 
Wavelength-integrated luminous and solar transmittance values are now 
introduced by
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11.6 Spectral refl ectance (upper panel) and transmittance (middle 
panel) for a 0.05-μm-thick thermochromic VO2 fi lm in semiconducting 
(τ < τc) and metallic (τ > τc) states. The lower panel illustrates typical 
spectra for the luminous effi ciency of the human eye and for solar 
irradiance. After Mlyuka et al. (2009a).

T d T dlum sol lum sol lum sol, , ,, .τ λ λ λ τ λ λ( ) = ( ) ( ) ( )∫ ∫ϕ ϕ  [11.1]

This equation was used to compute data, shown in Fig. 11.7, on Tlum(τ,t) 
and Tsol(τ,t) where t is the thickness of the VO2 fi lm (Li et al., 2010). These 
computations used standard formulas for thin-fi lm optics (Born and Wolf, 
1999) together with optical constants n and k of VO2 as evaluated before 
(Mlyuka et al., 2009b). The discussion below will also make use of the cor-
responding dielectric constant, denoted ε = ε1 + iε2, which is related to the 
optical constants via ε1 = n2 – k2 and ε2 = 2nk.
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11.7 Computed data on luminous (upper panel) and solar (lower 
panel) transmittance as a function of the thickness of VO2 fi lms in 
semiconducting (τ < τc) and metallic (τ > τc) states. From Li et al. 
(2010).

The fi ndings in Fig. 11.7 permit an identifi cation of two properties of 
thermochromic VO2 fi lms that severely limit their applicability to energy-
effi cient fenestration:

• the modulation of solar energy, given by ΔTsol ≡ Tsol(τ < τc) – Tsol(τ > τc), 
is no larger than ∼10%, and

• Tlum is no higher than ∼40% for fi lms with a signifi cant magnitude of 
ΔTsol, which is too low for most applications to windows in real buildings 
(Wigginton 1996).

A third limitation, obviously, is that the change of the solar transmittance 
should take place in the vicinity of a comfort temperature of ∼25°C, whereas

• τc ≈ 68°C for bulk VO2 (Morin, 1959).
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These linutations indicate three challenges that must be met for practical 
thermochromic glazings, and VO2 has to be modifi ed in order to achieve 
ΔTsol >> 10%, Tlum >> 40%, and τc ≈ 25°C.

A moderate boost of Tlum and/or Tsol can be obtained by straightforward 
optical design using high-refractive-index dielectric coatings, and data are 
available for a number of two-, three- and fi ve-layer coatings with vanadium 
dioxide fi lms between fi lms of, for example, titanium dioxide and zirconium 
dioxide. The best properties were reached for TiO2/VO2/TiO2/VO2/TiO2 
(Mlyuka et al., 2009a,b). However, these improvements are not suffi cient 
for making thermochromic glazings of general practical interest. Fluorina-
tion is an alternative route to improve Tlum for VO2 fi lms to some extent 
(Khan et al., 1988; Khan and Granqvist, 1989).

11.3.2 VO2 nanoparticle composites with enhanced solar 
energy modulation and luminous transmittance

‘Nanothermochromics’ is a new concept that was introduced recently by 
the author of this chapter and his coworkers (Li et al., 2010). It deals with 
VO2 nanoparticles dispersed in a dielectric host and implies that the com-
posite can be represented as an ‘effective medium’ with properties inter-
mediate between those of the nanoparticles and their matrix. The particles 
are small enough not to cause optical scattering. The ‘effective’ dielectric 
function εMG is (Smith and Granqvist, 2010; Granqvist and Hunderi, 1977, 
1978):

ε ε
α

α
MG

m

f

f
=

+

−

1
2
3

1
1
3

,  [11.2]

where εm accounts for the matrix and f is the ‘fi lling factor’, i.e., the volume 
fraction occupied by the particles. The calculations to be presented below 
employed f = 0.01 and a thickness of 5 μm (so that the VO2 mass thickness 
was 0.05 μm, i.e., the same as for the VO2 fi lm reported on in Fig. 11.6).

Equation [11.2] is appropriate for the Maxwell-Garnett (MG) theory 
(Maxwell-Garnett, 1904), which pertains to nanoparticles in a continuous 
matrix (Niklasson et al., 1981). There are many effective medium formula-
tions – applicable to a multitude of nanotopologies – all of which coincide 
in the limit of a small fi lling factor; this implies that Eq. [11.2] can be used 
in the present case without any loss of generality.

The parameter α in Eq. [11.2] is given by

α
ε ε

ε ε ε
=

−
+ −( )

p m

m p mL
,  [11.3]



254 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

where εp is the dielectric function of the particles and L is their depolariza-
tion factor. Spheres are characterized by L = 1/3. A random distribution of 
ellipsoids can be represented by a sum over three components – corre-
sponding to the symmetry axes – to yield α in the dilute limit (Niklasson 
and Granqvist, 1984). The calculations presented below pertain to prolate 
(‘cigar-shaped’) as well as oblate (‘pancake-shaped’) spheroids with depo-
larization factors obeying ΣLi = 1. The depolarization factors can be 
expressed in terms of the major (a) and minor (c) axes of the spheroidal 
particles through known formulas (Landau et al., 1984).

Wavelength-integrated transmittance values, specifi cally Tlum(τ,t) and 
Tsol(τ,t), were computed according to Eq. [11.1]. Data on εp were obtained 
from the literature (Mlyuka et al., 2009b), and εm was set to 2.25 which is 
applicable to a matrix of a typical glass or polymer. Furthermore, the spher-
oids were taken to be oriented at random. The free electrons in the high-
temperature phase of VO2 have an exceedingly short mean free path (Allen 
et al., 1993; Okazaki et al., 2006; Gentle et al., 2007) and, perhaps surprisingly, 
this innocent-looking oxide is not well understood in terms of fundamental 
theories. Notwithstanding this situation, the very small value of the mean 
free path makes it unnecessary to incorporate any size dependence on εp 
(as there is, for example, in coinage-metal nanoparticles (Granqvist and 
Hunderi, 1977) and for the non-uniform metal fi lms mentioned above in 
Section 11.2.4 (Norrman et al., 1978)).

The upper panel of Fig. 11.8 shows the experimental arrangement wherein 
light with photon energy h̄ω (with h̄ being Planck’s constant divided by 2π 
and ω being angular frequency) is incident onto the nanoparticles; this 
panel also defi nes an ‘aspect ratio’ as a relationship between the axial 
lengths by m = a/c for prolate spheroids and m = c/a for oblate spheroids. 
The data in Fig. 11.8 can be directly compared with those for a VO2 fi lm 
with t = 0.05 μm in Fig. 11.7. The middle and lower panels of Fig. 11.8 prove 
that the nanoparticle composites have much higher values of ΔTsol and Tlum 
than the fi lms, which clearly shows the superior properties of the nanother-
mochromic composites. Spherical particles yield the highest transmittance. 
Still better properties can be obtained with VO2 hollow nanoshells (Li 
et al., 2011a). In terms of the underlying physics, the infrared optical absorp-
tion of the VO2-based nanoparticles is governed by a plasmon resonance 
that is present in the metallic state at τ > τc but absent in the insulating state 
at τ < τc (Bai et al., 2009; Li et al., 2010).

Nanoparticles based on VO2 can be produced in numerous ways as briefl y 
reviewed in recent papers by Li et al. (2010, 2011a, 2012). More or less sym-
metrical particles can be prepared by wet chemical methods, molten salt 
synthesis, confi ned-space combustion, etc. There are also many methods to 
make nanorods (prolate spheroids with large aspect ratio) and nanosheets 
(oblate spheroids with small aspect ratio) by these techniques. A metastable 
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11.8 The upper panel depicts a structural model for a composite with 
randomly oriented nanoparticles having a dielectric function εp in a 
medium with the dielectric constant εm. Electromagnetic radiation with 
photon energy h̄ω is indicated. The middle and lower panels show 
computed data on luminous and solar transmittance, respectively, vs. 
the aspect ratio m for VO2-containing composites in semiconducting 
(τ < τc) and metallic (τ > τc) states. Prolate and oblate spheroids are 
characterized by m > 1 and m < 1, respectively. After Li et al. (2010).



256 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

form, generally referred to as VO2(B), can be produced by chemical tech-
niques and is of much contemporary interest for electrical batteries; this 
material can be transformed into thermochromic VO2. Furthermore VO2 
can be made by oxidation of metallic vanadium and by reduction of V2O5. 
Recent data are available also for vanadium dioxide nanoparticles doped 
with tungsten (Ye et al., 2010) and Mo (Chen et al., 2010); the relevance of 
this doping will be explained in Section 11.3.4 below.

The nanoparticle composites can be useful in several ways and may be 
incorporated in polymer foils or laminates for practical low-cost thermo-
chromic glazing as indicated in Fig. 11.9. Another possible application is in 
composites of VO2 and an oxide such as ITO (see Section 11.2.4), where 
the latter component can impart a low thermal emittance (Li et al., 2011b).

11.3.3 Mg-doped VO2 fi lms with enhanced 
luminous transmittance

The luminous absorptance of VO2 is undesirably high, and Fig. 11.6 showed 
that T(λ) dropped distinctly at λ < 0.6 μm for a fi lm thickness as small as 
0.05 μm. This property can be understood as an effect of band-to-band 

Thermochromic laminate with
vanadium dioxide nanoparticles

Polyester

0.4 mm

Polyester

11.9 Conceptual sketch of a thermochromic foil incorporating a 
laminate with VO2-based nanoparticles between two foils of 
polyethylene terephthalate (polyester, PET).
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absorption and hence is inherent in the material. This problem with vana-
dium dioxide has been known for decades, and much effort has gone into 
fi nding ways to diminish its infl uence. The problem received an at least 
partial solution in recent work on sputter deposited fi lms (Mlyuka et al., 
2009c), where it was shown that Mg doping could produce band gap widen-
ing, i.e., an enhancement of T(λ) for λ < 0.6 μm. The upper panel of 
Fig. 11.10 shows spectral data for a VO2-based fi lm containing 7.2 at% Mg 
at τ < τc and τ > τc and compares these results with corresponding ones for 
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11.10 Upper panel shows the spectral transmittance at τ < τc and τ > τc 
and lower panel shows the luminous transmittance vs. doping level at 
τ < τc for 0.05-μm-thick Mg-containing VO2 fi lms. The line in the lower 
panel was drawn for convenience. From Mlyuka et al. (2009c).
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undoped VO2. The lower panel of Fig. 11.10 elaborates the quantitative role 
of the Mg doping on Tlum, which is seen to go monotonically from ∼40% to 
more than 50% when the Mg content is increased from zero to 7.2 at%. 
Some concomitant decrease of the distinctness of the thermochromism for 
λ > 1 μm is apparent from the upper panel of Fig. 11.10. Mg doping has a 
secondary benefi cial effect as well, as it infl uences τc favourably, as men-
tioned briefl y below.

A more detailed description of the band gap shifts in Mg-doped VO2 fi lms 
can be put forward via an evaluation of n and k for 0.3 < λ < 2.5 μm and 
τ < τc. The absorption coeffi cient α was then derived from α = 4πk/λ. Figure 
11.11 shows an evaluation of (αh̄ω)1/2 versus h̄ω (as is appropriate for indi-
rect allowed band gaps; Wooten, 1972). Two band gaps appear: one shifting 
from ∼1.6 to 2.3 eV for rising Mg doping and another lying at ∼0.5 eV irre-
spective of the Mg doping. A preliminary interpretation of the two band 
gaps is feasible from the band structure in the proximity of the Fermi level 
for VO2 at τ < τc (Goodenough, 1971; Abe et al., 1997) as elaborated else-
where by Li et al. (2012).

11.3.4 Doped VO2 fi lms with thermochromic switching at 
room temperature

Doped VO2, denoted MxV1−xO2, can exhibit shifted values of their ‘critical’ 
temperature, and, at least for bulk specimens, M being W6+, Mo6+, Ta5+, Nb5+ 
and Ru4+ yields a lowered τc, while M being Ge4+, Al3+ and Ga3+ produces 
an increased τc (Goodenough, 1971). Thin fi lms of doped VO2 display the 
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11.11 (αh̄ω)1/2 vs. h̄ω, where α is absorption coeffi cient and h̄ω is 
photon energy, for Mg-doped VO2 fi lms at τ < τc.
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same tendencies, but τc can also be infl uenced by several external param-
eters such as thickness, mechanical deformation, non-stoichiometry, small 
crystallite size, etc.

Tungsten is known to be the most effi cient doping element for decreasing 
τc, i.e., it has the largest fall-off rate R as the amount of doping is increased. 
This material has been discussed in detail in the literature. For bulk crystals 
of WxV1−xO2 it has been reported that R = 27 ± 1°C/at%W (Goodenough, 
1971; Hörlin et al., 1972), while R = 21°C/at%W was stated in some subse-
quent work (Reyes et al., 1976). It follows that as little as ∼2 at% of tungsten 
is able to bring τc to a comfort temperature. Thin fi lms of WxV1−xO2 also 
have decreased values of τc, but the quantitative magnitudes of R have been 
found to lie between 7 and 26°C/at%W, i.e., differing by a factor of almost 
four; detailed data have been given elsewhere (Li et al., 2012). Tungsten 
doping has only a very minor effect on the optical properties (Tazawa et al., 
1998).

There are two basic reasons why the data on τc for thin fi lms are scattered, 
one being that the electrical properties depend strongly on crystallinity, 
grain size, and the conditions at the two interfaces of the fi lms; the other 
reason is the diffi culty of evaluating unique ‘critical’ temperatures from 
graded and hysteretic transitions of the resistance. Two experimental param-
eters of great signifi cance are the substrate temperature during deposition 
and the post-deposition annealing temperature. Empirical data show that 
either of these temperatures must exceed ∼450°C (Li et al., 2012).

The fi lms of MgxV1−xO2, discussed in Section 11.3.3 above, also have 
lowered values of their ‘critical’ temperatures, and R ≈ 3°C/at%Mg describes 
the data (Mlyuka et al., 2009c). This may be compared with measurements 
on bulk crystals of MgxV1−xO2−2xF2x, which yielded R ≈ 6°C/at%Mg (Akroune 
et al., 1985).

11.4 Future trends in electrochromic and 

thermochromic glazing

This chapter has provided an introduction to oxide-based electrochromics 
and thermochromics and has discussed applications, device designs, and 
critical materials issues with regard to eco-effi cient buildings. The discussion 
is now widened and includes a number of perspectives.

Beginning with applications, there have been numerous claims over the 
past decades that electrochromic glazings ‘fi nally’ are ready for implemen-
tation on a large scale. However, only prototypes and commercial products 
delivered to select customers or for very specifi c applications or markets 
have been presented so far. Is the situation going to change soon? The 
answer is almost certainly ‘yes’, and the basic reason is the worldwide 
awareness of the acute need for ‘eco-effi cient’ or ‘green’ technologies, 
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particularly for the built environment as discussed by Smith and Granqvist 
(2010). There are several interesting electrochromic technologies with dif-
ferent pros and cons and a notion that one technology takes it all is most 
likely going to be false. One may compare this with the case of photovoltaics 
where a vast number of different device types and materials currently 
compete fi ercely for market share.

What device types and materials will be dominating for electrochromic 
glazings? Again there is no obvious answer, but mass fabrication speaks in 
favour of low-cost roll-to-roll coating and continuous lamination, which 
defi nitely are applicable to electrochromics. Combinations of cathodic and 
anodic electrochromic oxides can be used to boost the coloration effi ciency 
and obtain suitable luminous properties. These oxides are unlikely to be 
based on a single metal. Possibly the required transparent electrical conduc-
tors are getting ready for a revolution, and current work on metal-based 
and carbon-based materials may lead to radical cost cuts for electrochromic 
glazings.

Added functionality is of interest for electrochromic glazings devices. For 
example, should the infrared part of the solar radiation – with about half 
of the energy – be admitted or not when the devices are in their bright 
state? Near-infrared absorption can be accomplished by adding non-
scattering nanoparticles to the polymer electrolyte; this was demonstrated 
for the case of ITO (Bayrak Pehlivan et al., 2012), and LaB6 (Schelm et al., 
2005) as well as CsxWO3 (Guo et al., 2011), which are other alternative 
nano-pigments. However, except under very cold climate conditions there 
is sometimes a need for heating, so that electrochromic glazing should 
transmit in the infrared, while at other times there is a need for cooling so 
that the infrared transmittance should be kept to a minimum. This function-
ality clearly calls for thermochromism.

Thermochromic glazings have a long history of unfulfi lled promises 
regarding applications in buildings and automobiles. The fi rst problem, that 
was obvious from the very beginning, was that the thermochromic switching 
has to take place around a comfort temperature of about 25°C. However, 
this was readily accomplished by tungsten doping of vanadium dioxide 
fi lms. The fi lm must be suffi ciently crystalline which requires deposition or 
annealing temperatures of at least 400–500°C. Such temperatures are not 
any problem for coatings on fl oat glass, but they are not compatible with 
deposition onto plastic web in a straightforward way.

Recent work has taken some steps towards thermochromic fenestration 
of practical interest. The fi rst of these steps was the discovery (Mlyuka 
et al., 2009c) of a doping element that was capable of widening the 
fundamental band gap of VO2 so that the luminous transmittance was 
boosted. Another very signifi cant step was the realization that VO2-based 
nanoparticles could give a strong, broad and temperature-dependent plasma 
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absorption peak in the near infrared, which yields a much enhanced modu-
lation of solar energy transmittance and a higher luminous transmittance 
(Li et al., 2010). The next and obvious step, which has not yet been taken 
(in 2012), will be to explore the infl uence of Mg doping on VO2 nanopar-
ticles. Well crystallized VO2-based nanoparticles – produced by some effi -
cient high-temperature process – may be possible to embed in polymer foils 
and laminates (Ji et al., 2011; Lu et al., 2011), which opens interesting 
avenues towards low-cost implementation of thermochromic fenestration.

The recent advances in electrochromics and thermochromics make it 
interesting and timely to consider possibilities to develop ‘super fenestra-
tion’ in multiple-pane constructions with an electrochromic functionality 
on the outer panes – which may be dark or transparent depending on tem-
perature or user preferences (Azens and Granqvist, 2003) – and thermo-
chromic functionality on the inner panes which tends to follow the room 
temperature. The electrochromic and thermochromic components should 
be thermally decoupled, which can be done by vacuum insulation to cut 
down on conductive and convective heat transfer and a low-emittance 
coating to minimize radiative heat transfer (Baetens et al., 2010b; Smith and 
Granqvist, 2010). The vacuum gap needs some spacer, such as tiny glass rods 
or silica aerogel. Figure 11.12 illustrates such ‘super fenestration’ with an 
electrochromic outer pane according to Fig. 11.2 and a thermochromic inner 
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Thermochromic
laminate in inner
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Electro-
chromic
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11.12 Conceptual sketch of ‘super fenestration’ combining 
electrochromic and thermochromic functionalities.
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pane according to Fig. 11.9. Additional coatings may be used to improve 
the performance, such as a low-emittance coating on the innermost glass 
surface in order to prevent excessive thermal radiation into the building 
when the thermochromic foil is absorbing (not shown). A low-emittance 
coating on the outermost glass surface, as indicated in Fig. 11.12, may 
prevent condensation in cold climates (Smith and Granqvist, 2010).

Building skins with adjustable properties have been the architects’ dream 
for decades (Wigginton, 1996; Campagno, 2002). Such skins will alter the 
very concept of a building into that of an entity which operates in harmony 
with nature rather than as, in most cases, in stark opposition to nature and 
requiring energy guzzling measures (such as air conditioning and artifi cial 
lighting) to create a livable indoor environment. Electrochromic foil tech-
nology, in particular, opens new avenues towards membrane architecture 
(Ishii, 1999; Koch, 2004; Fernández, 2007) and may make it possible to 
create climate shells and blurred zones between indoors and outdoors. The 
membranes can be based on ethylene tetrafl uoroethylene (ETFE) with 
well-documented long-term durability as a building material (Robinson-
Gayle et al., 2001; LeCuyer, 2008).

As a fi nal comment, we stress once again that a number of ‘eco-effi cient’ 
or ‘green’ technologies are under intense development today (2012). They 
include thin fi lm solar cells, light-emitting diodes of various types, polymer 
batteries, supercapacitors, electrochromics, and others. Advances in any one 
of these fi elds will be benefi cial for the others, and this healthy co-evolution 
will speed up the progress for all of them.
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Abstract: Solar technology has developed from a basic idea to a techno-
logy that could help support the world’s increasing energy requirements. 
Currently, fi rst and second generation panels are used widely in industry 
but do not offer the most effi cient and cost effective product. It is hoped 
that the third generation can overcome these problems, either through 
multi-junction devices or the use of different materials/technologies. One 
area of interest is nanotechnology as this is something that could be 
used in photovoltaic panels and provide the higher effi ciency levels 
demanded by industry at a reasonable cost; hence providing a feasible 
tool to support ever-expanding energy requirements. However, this is 
not yet commercially viable and a lot more research and development is 
needed.

Key words: photovoltaic, solar energy, renewable energy, nanotubes, 
quantum dots, fi rst generation, second generation, third generation.

12.1 Introduction

The sun is a source of practically unlimited energy and is essential for life 
on earth. Currently the sunlight that reaches the earth in a single hour is 
equivalent to what we use in one year and hence it will comfortably meet 
our future worldwide energy needs. The amount of sun that each country 
receives varies, and the Middle East, one of the sunbelt regions, receives 
nearly double that of European countries, highlighting where the geogra-
phical future focus of this technology could lie. The energy from the sun is 
clean, free and continuous during daylight hours. Solar energy is caused by 
a fusion reaction of hydrogen molecules, which occurs between the hydro-
gen and helium gases contained in the sun’s core. However, this reaction is 
not what provides our energy. It is the loss matter that is produced as a 
by-product of this reaction that provides the energy we use. As the saying 
goes, one man’s waste is another man’s gold, and the sun’s waste – radiant 
energy – is what can be used freely as our ultimate power source.

The sun is known for its extreme temperatures and high pressure, but 
this is not harmful to humans as it is located far away from earth and it is 
this that makes it such a useful power source. The output of the nuclear 
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fusion that is harnessed for conversion into electricity is completed through 
a scientifi c innovation discovered in the nineteenth century. Previously we 
only optimized the heat and light from the sun, but this new innovation – 
the photovoltaic cell, which works using the principle of the photoelectric 
effect – also enables power to be harnessed. Explained in its simplest form, 
the photovoltaic cell is a device that enables the conversion of sunlight into 
electricity, which is known as solar power.

One question many people ask is whether all the radiation reaching the 
earth can be used for direct conversion. The simple answer is no, as prima-
rily the human race does not currently need all the energy the sun provides 
(many thousand times daily more than we can cope with) and also the sun 
is used not only for producing electricity, but it also has many other func-
tions. Nearly half of the radiation hitting the earth (which is already dra-
matically reduced due to fi ltering by the earth’s atmosphere), is either 
refl ected directly back into space or used for water evaporation, and the 
remaining amount is free energy to provide warmth and light, grow food, 
and potentially supply as much energy as mankind could ever want. It is a 
little known fact that all energy sources come from the sun, except for 
nuclear, and therefore for years humans have been using this power, 
although not for direct conversion. Even the world’s current huge energy 
demand does not utilize all the potential energy provided and a lot of the 
sun’s free energy goes unused.

Although there are many advantages of solar energy, there are also many 
negative factors, such as:

• restriction of generation to daylight hours
• effi ciency of solar cells can be affected by pollution and weather
• harnessing solar energy on an industrial scale can be extremely 

expensive
• effi cient long-term storage of solar energy is limited and this area needs 

to be further investigated.

Solar energy has been hailed as the development for the future of 
mankind, but whether it will eventually live up to this accolade is very much 
still to be proven. One thing is certain: with dwindling supplies of traditional 
fuel reserves, we must keep on searching for ways to harness solar energy 
for the generations to come.

12.2 History of photovoltaic (PV) cells

Solar energy has already been in development in various forms for well 
over 150 years and this will continue and increase for at least the next 150 
years. Alexandre Edmond Becquerel’s fi rst discovery of the photoelectric 
effect in 1839 truly was the fi rst step in relation to the development of solar 
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energy. In 1873 Willoughby Smith, although not directly researching into 
solar energy, found that selenium had sensitivity to light, hence opening an 
interesting area of research, using selenium to produce solar cells. This 
principle was separately verifi ed by Richard Day and William Adams in 
1876 with only a slight modifi cation of a platinum intersection. Adams 
continued in 1877 to produce an initial selenium solar cell, with Charles 
Fritts in 1883 building another solar cell. The device had poor effi ciency of 
approximately 1–2% and it was produced by forming a junction of gold on 
the semiconductor selenium. This was just the start, and levels of effi ciency 
and performance could only improve from this point. However, it was not 
until 1888 that the fi rst patent in the US was fi led by Edward Weston for a 
‘Solar Cell’ (Weston, 1888).

After the initial discovery, there was little progress for nearly 20 years, 
but in the early twentieth century Nikola Tesla fi led his patents on ‘Appa-
ratus for the Utilization of Radiant Energy’ (Tesla, 1901a) and ‘Method of 
Utilizing Radiant Energy’ (Tesla, 1901b). This started a revival and some 
further publications were produced with the most commonly known by 
Albert Einstein in 1905 entitled ‘On a Heuristic Viewpoint Concerning the 
Production and Transformation of Light’ (Einstein, 1905), discussing the 
photoelectric effect which in 1921 would gain him the Nobel Prize, and be 
further verifi ed in 1916 by Robert Milliken. During the past century a great 
deal of work has been ongoing on the photoelectric effect on different 
materials and also photovoltaic cell structures.

Although Russell Ohl in 1946 patented the ‘modern solar cell’, the fi rst 
research team to really bring photovoltaics to the general public was 
Pearson, Chapin and Fuller from Bell Laboratories, who in the 1950s 
worked on PV effi ciency and patented their discoveries (Chapin et al., 1954, 
1957). The fi rst practical use of a photovoltaic (PV) was in 1958 when the 
US Signal Corps powered the Vanguard 1 satellite with solar energy for an 
eight-year period. For many years the implementation of PVs was limited 
to the space industry before terrestrial panels became more cost-effective.

Now, in the twenty-fi rst century, photovoltaics are widely accepted as an 
effi cient form of energy supply and can be used for both on-grid and off-
grid electrical applications. They are not limited to this usage but can also 
be successfully used to power cars like the General Motors Sunracer vehicle 
in 1997 or even airplanes such as the Solar Challenger in 1981 or the Icar 
Plane in 1996. Initially the US led the way in using solar panels but Europe 
quickly followed, expanding the technology worldwide. In 2011, although 
the countries of Europe were still extremely strong contenders in the race 
to be the top PV country, the Japanese were also successfully throwing their 
hat in the ring (Fig.12.1). Worldwide, the capacity has expanded from the 
58% increase which occurred from 2006 to 74% in 2011, showing how 
worldwide PV capacity has, in 2011, reached 70 GW.
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12.1 Top fi ve global PV country producers in 2011.
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However, the leader in total capacity as seen in Fig.12.1 is unlikely to 
change dramatically for the next few years due to its current extensive lead 
and addition of new projects. Surprisingly, one thing that did change in 2011 
is that Italy jumped ahead of Germany in the amount of PVs added follo-
wed by a new player – China – which came in third, showing that the 
number of countries embracing solar energy is expanding. PV systems are 
now successfully used in more than 120 countries with 25% of the market 
being utility-scale. Currently most of the manufacturing process has moved 
from the US to Asia, with 61% of 2011 global production located in this 
area.

The drive to continue worldwide embracement of PVs has not slowed 
down. In 2011 the main leaps forward took place in Europe and China. 
Germany has continued its love for solar energy but it is now joined by 
Italy, both rising by 57%, asserting themselves by the amount of the electric 
energy produced by PVs in 2011 as market leaders in the utilization of this 
energy source. In relation to the manufacturing element, China has risen as 
the frontrunner, not only housing the largest manufacturing PV company, 
Suntech Power Holding, but also being given the title of the country pro-
ducing most (650 panel manufacturing companies) of the world’s PV panels. 
However, as the market expands, so does the interest in new utility-scale 
markets, which are emerging in Mali, China, Bulgaria, the United Arab 
Emirates, Egypt, Thailand and India, with the future being very much 
related to the regions of the Middle East, Africa, South America, India and 
China. Like many other countries that have embraced PVs, Europe has set 
some targets it wants to achieve in the next decade for the embracement 
of renewable energy. The continent states that by 2020 more than 33% of 
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electricity will be produced by renewable energy sources, with up to 12% 
of this being specifi cally related to PVs.

12.3 Functions of a photovoltaic (PV) cell

Although technology has branched out in relation to the combination of 
materials used and the production methods selected, the basic operating 
principles are the same as they all aim to take the range of intensities from 
daylight and absorb the photons from it to create an electric current, hence 
the reason it was named ‘photovoltaic’ as it produces electricity from light 
(Fig.12.2).

The structure of the cell as shown in Fig.12.3 outlines simply how in the 
basic fi rst generation crystalline silicon solar cell the sunlight is transferred 
into electrical energy, which is really the only energy source with no limit 
to its potential. These cells are manufactured from similar materials to those 
used in semiconductor wafers which create an electric fi eld with one side 
being negative and the reverse positive. However, a PV panel is not a single 
cell, but rather a combination of series and parallel cells, which creates an 
array and are connected and housed in a structure encapsulated by a glass 
surface. With the cells connected in series providing a larger voltage and 

Photo Volt+ = Photovoltaic

Greek word for
light

After Count Alessando Volta
who named the unit of

electromotive force
Electricity produced by light 

12.2 The origin of the word photovoltaic.
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12.3 Operation of a basic fi rst generation PV.
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the increased current coming from parallel connections, although the cell 
voltage is not sensitive to light intensity, the current is affected. This struc-
ture enables a variety of voltage and current options to be available depen-
ding on the user’s requirements. The steps (Table 12.1) of the process that 
is undertaken in the cell are highlighted below but it needs to be noted that 
when sunlight hits the panel not all energy is directly converted to direct 
current (DC) electricity, as the light can either be absorbed, refl ected or 
move straight through the cell.

A common assumption by many is that this principle will only work on 
sunny days. This is incorrect; solar power works to its maximum when there 
are no clouds in the sky and the sun is in its optimum position, but it will 
also operate without maximum sun, albeit slightly less effi ciently. Out of the 
many renewable energy technologies, it is suspected that solar power could 
have the brightest future, not only because of potential advancements in 
materials and production methods but also because of some basic enginee-
ring principles embedded in the technology. PV cells currently produce 
approximately 1.5 W, dependent on size, so when they are placed together 
in a matrix form on a frame covered in glass, this is referred to as a module 
raising possible output. Several modules can be furthermore connected 
together in an array to provide any power combination required; hence in 
this confi guration output power is not an issue. As with all innovations, PVs 
have positive and negative points as outlined in Table 12.2; however, resear-

Table 12.1 Steps in producing electricity from the sun

Step Description

1 Solar panel is struck by photons contained in sunlight
2 In the semiconductor material, negative electrons are knocked 

loose from their atoms
3 Enabling movement in a single direction in the material
4 Creating the possibility of an electric circuit from the electrons
5 Provided the negative and positive of the cell are connected, 

then DC electricity is generated

Table 12.2 Photovoltaic advantages and disadvantages

Advantages Disadvantages

No moving parts High costs
Operates quietly Low effi ciency
No operating emissions More expensive than fossil fuels
Long term use
Limited-maintenance
Modular – enabling gradual expansion
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Table 12.3 Factors affecting effi ciency

Factors

1 Fill factor
2 Collection effi ciency
3 Surface refl ection losses
4 Shading of front metal contacts
5 Voltage factor
6 Issues with energy requirements to break bond to create free electrons
7 Loss of extra energy from the photons as it is split into thermal and 

one free electron
8 Losses due to incomplete absorption caused by the small thickness of 

the cell

chers are constantly working on remedying, improving and eliminating the 
negative factors.

One of the issues widely discussed in relation to the solar cell is that 
of effi ciency. Initially the factors highlighted in Table 12.3 were defi ned 
as the most important elements reducing the effi ciency of the solar cell, 
but it should be possible to address some of these in future generations of 
this technology. The effi ciency ratio discussed considers the relationship 
between the output and optical powers of incident solar light and there are 
several factors that can affect this (especially the fi rst generation PV) which 
are highlighted in Table 12.3.

Before it is identifi ed which technology could potentially solve any of 
these issues, it is fi rst important to have a broad understanding of the dif-
ferent technologies available and the differences between them.

12.4 Overview of photovoltaic (PV) technology: fi rst, 

second and third generation cells

The PV industry started with one basic technology but has now expanded 
its search for the most optimal solution to convert solar energy into elec-
tricity. Currently there are three main areas that both the industrial and 
research communities are considering. The fi rst and second generation PVs 
are more industry-focused, with some research being completed, and the 
third generation is still being heavily researched due to the drive from 
industry to develop a device that could be the solution to all our solar 
energy concerns. Although there have been many new innovations in mate-
rials over the years, the most common material for the production of solar 
cells to date is still silicon. Outlined below is an overview of the current 
technology used in solar modules, from the traditional mono-crystalline 
silicon to the second generation thin fi lms, including the rest of the silicon 



 Third generation photovoltaic (PV) cells for eco-effi cient buildings 277

© Woodhead Publishing Limited, 2013

family, polycrystalline and amorphous, but also not forgetting the semicon-
ductor PVs that are manufactured from compound materials and the new 
and promising third generation developments. This section gives an over-
view of how and why the technology moved from the fi rst to the second 
generation, and how it is hoped that the best of both can be used to provide 
a third generation that might solve all previously acknowledged issues. 
Figure 12.4 outlines the effi ciency levels of some of the fi rst, second and 
third generation PVs, recorded in 2010 (Saari, 2010).

The following sections summarize where the technologies are now but 
also question how they got to this point and the historical steps that were 
taken to arrive at today’s technology, before providing a glimpse of where 
it could go in the future.

12.4.1 First generation

The fi rst generation had one simple task, with no limitations, which was split 
into two steps:

1. Absorb light energy so positive and negative charges can be 
generated.

2. Create a potential difference by separating the positive and negative 
charges.

This generation of solar cells is commonly known to have, on the positive 
side, high effi ciency, but on the fl ip side it also has a higher cost, to be 
expected with any new technology. It is estimated that the maximum theo-
retical effi ciency that these single junction silicon cells could hope to reach 
is approximately 33%, limited only by thermodynamics (Shockley and 
Queisser, 1961). To date, fi rst generation PVs account for the largest market 
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12.4 Energy levels achieved by PVs in 2010 (Saari, 2010).
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share, but this is changing (Brown and Wu, 2009). One of the issues with 
this technology is its manufacturing process, which is expensive and based 
on the same principles as the computer industry, with the two major ele-
ments being the requirement for pure silicon (with the higher purity pro-
viding greater possible effi ciency), and the single-junction photon energy 
extraction. Crystalline silicon PVs have to their advantage the fact that 
there is an abundance of raw material, and, due to the maturity of this 
technology, they have a long life, high module reliability, and are nearly at 
their maximum theoretical effi ciency. However, developers have discovered 
that silicon is not the optimal material for PV cells and it is considered 
highly unlikely that the cost of this generation will ever drop below the 
equivalent energy cost of fossil fuels. There is no clear solution to the high 
labour and energy required for the production, again providing a barrier to 
reduction in cost. Table 12.4 summarizes the effi ciency, degradation and the 
advantages/disadvantages of this fi rst generation PVs for two models.

12.4.2 Second generation

The middle member of the PV family, which has been under constant 
research since the late twentieth century, is the second generation solar 
panel. It is considered as the smaller but fastest growing division (Brown 
and Wu, 2009). It has opposite traits to the fi rst generation, and has both 
lower cost and energy – essentially the two issues it was created to address, 
following the shortcomings of the fi rst technology (Hamakawa, 2004). The 
main reason for the difference in the two technologies is related to the 

Table 12.4 Photovoltaic fi rst generation summary

Monocrystalline silicon (single crystalline)

Effi ciency 14–16%
Degradation 0.25–0.50% every year
Advantages Due to the production process has a large possible 

output power
Currently most commonly used technology 
Most commercially viable technology

Disadvantage Cost is an issue due to their production technique

Polycrystalline silicon (semi- or multi-crystalline)

Effi ciency 10–11%
Degradation 0.25–0.50% every year
Advantages Unlike monocrystalline, can be easily shaped

Effi ciency losses are not good but are being improved 
through R&D

Disadvantage Uses a lower grade of silicon which is also lower in 
cost but less effi cient



 Third generation photovoltaic (PV) cells for eco-effi cient buildings 279

© Woodhead Publishing Limited, 2013

smaller amounts of material, in addition to the lower manufacturing process 
cost. It was theorized that the ideal solar panel would not utilize the wafer 
principle as it uses a lot of material, hence the development of the thin fi lm 
principle. The thin fi lm was created by using various inexpensive deposition 
methods to produce thin layers of silicon, micrometres thick, which enable 
approximately 90–95% of the solar light spectrum to be absorbed, compa-
red to the fi rst generation which would need to be 200–400 μm thick for 
the same amount of absorption. The difference in this silicon material is it 
contains almost no crystal structure, hence can neither be referred to as 
crystalline nor multi-crystalline. Rather, it is named amorphous silicon 
(a-Si).

The main issue with this material is its low electrical properties, hence 
not improving overall effi ciency. Many interesting structures and processes 
have enabled such PVs to reach approximately 10% effi ciency, but this is 
anticipated to improve. One of the largest issues with the a-Si is the Staeb-
ler-Wronski phenomenon (Kolodziej, 2004), which basically causes degra-
dation when the panel is exposed to sunlight. So, although this component 
of the second generation technology has good potential due to its low cost, 
more research and development is required to ensure a stable and effi cient 
device. One of the most interesting principles associated with this techno-
logy is it has the ability to be either fl exible or semi-transparent, leading 
the way to further installation options. If no fl exibility is required, it is 
placed between two pieces of glass with no frame, but if fl exibility is needed 
then it can be deposited onto plastic fi lm. This thin fi lm technology is nor-
mally connected with the second generation, but silicon is not the only 
material that can be linked with this group of PV technologies.

Panels are also commonly associated with materials that include cadmium 
telluride and cadmium sulphide layers (CdTe/CdS) or members of the 
chalcopyrite family, copper indium gallium selenide and copper indium 
diselenide (CIGS/CIS), which offer high-effi ciency possibilities. As can be 
seen, the difference between these two initial types of PVs is the material 
used and the manufacturing methods, rather than a difference in the method 
of conversion.

One further technology that is sometimes considered under this second 
generation umbrella is the PVs made from organic materials, which cur-
rently (2012) have a very low effi ciency of 1–8%, but have potential because, 
not only is the material accessible, but it is reasonably priced to further 
support easy and cheap manufacturing methods. These organic devices, 
which operate in a similar way to the photosynthesis process, could in the 
future offer an alternative to inorganic materials.

It has been anticipated that not only will this second generation techno-
logy have the market share by 2015 but also by this year it will be able to 
provide power at a lower cost than fossil fuel. It is only with time that we 
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will be able to assess if their lifetime will be proven compatible with fi rst 
generation technology. Table 12.5 summarizes the effi ciency, degradation 
and the advantages/disadvantages of second generation PVs for two models.

12.4.3 Third generation

Third generation PVs are still heavily under research. Although develop-
ment of this technology has been ongoing for about 20 years, they are only 
now starting to emerge on to the market. It is expected that third generation 
photovoltaics will combine the best of both the fi rst and second generation 
technologies; hence they should have high effi ciency and low cost. The 
original defi nition of ‘third generation’ was that the technology had to have 

Table 12.5 Photovoltaic second generation summary

a-Si (amorphous silicon)

Effi ciency 5–7%
Degradation 2% in the fi rst initial months
Advantages Cheap to produce 

Absorbs light better hence they are thinner and cheaper
Can be applied as a thin layer to a variety of material 

both fl exible and non-fl exible
Good for building integrated PVs

Disadvantages Poor cell effi ciency 
Fast degradation
Low effi ciency
Larger surface area required for commercial installation

Compound semi-conductors

Effi ciency CIS (copper indium gallium) – 12%
GaAs (gallium arsenide) – up to 40%
CIGS (copper indium gallium selenide) – 12–15%
CdTe (cadmium telluride) – 10%

Degradation Varying
Advantages Has not seen the high degradation experienced by 

amorphous silicon
Overall the initial development of the modules is 

impressive
GaAs is good for high temperature performance and 

effi ciency
CdTe has a low cost production process
CIGS and CIS have good effi ciency and low cost 

production
Disadvantages Requires thicker layers than amorphous silicon

Indium is expensive
Issues with toxic gases used in the production of CIS 

and CIGS
GaAs both material and production is expensive
Cadmium is toxic
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Table 12.6 Third generation PV potential effi ciencies (Green, 2009)

Solar conversion methods Effi ciency (%)

Circulators 74
Tandem (n = infi nity) 68
Tandem (n = 6) 58
Thermal, thermo PV, thermionic 54
Tandem (n = 3) 50
Impurity PV & band, up-converters 49
Impact ionization 45
Tandem (n = 2) 44
Down-converters 39
Single cell (n = 1) 31

an intrinsically higher effi ciency than a single junction device, had to use 
thin-fi lm technology, as well as abundant, non-toxic, durable materials 
(Green, 2009). However, this has been developed as researchers have 
worked on this area and Table 12.6 outlines some of the third generation 
solar conversion methods and their approximate associated effi ciency 
(Green, 2009).

Researchers expect that this generation will have the ability to overcome 
the Shockley–Queisser boundary of 31–41% effi ciency which was seen by 
previous generations. The Shockley–Queisser limit is most simply put as a 
basic physics boundary on the maximum possible solar cell effi ciency, and 
aims to maintain low production costs while trying to enhance performance. 
One of the options being considered through development of the second 
generation thin fi lms is incorporating novel approaches to increase their 
effi ciency range to 30–60%.

Figure 12.5 shows a multi-junction device with three layers, sometimes 
referred to as cascaded or tandem. Each of the three materials has three 
varying band gap energies which are normally formed from lowest to 
highest. The highest band gap energies (Eg) are stopped by Cell 2 with the 
rest fl owing to this cell which stops the mid-energy photons as it has the 
middle Eg. Cell 3 is the fi nal layer and it absorbs the photons with low 
energy. This type of technology has already proved interesting with a prac-
tical effi ciency so far of 32%. This technology expands upon the develop-
ments of the second generation thin fi lms as most of them are not only 
multi-junction but also thin fi lm.

The reasoning behind the interest in this technology is that, although 
there is a wide spectrum range, most of this does not reach the PV panel. 
The two main types of light that are of interest are red and blue. The red 
light and silicon band gap are similar at approximately 1.1 eV. Unfortun-
ately, the blue light, which has a higher band gap and approximately three 
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times the energy, is not absorbed as the band gap is too low – this is an issue 
under research, hence the interest in multi-junctions. Table 12.7 outlines 
four different layers and the possible theoretical effi ciency with each high-
lighting the band gaps that they include.

The second part of the third generation focuses on the development of 
nanostructures, which obviously are in the size of nanometres. It must be 
understood that there are vast differences between normal and nanostruc-
tures because at that small scale the quantum physical effect takes over the 
device. The most important feature of the nanostructure is that their optical 
features change as the size varies providing the option of changing the 
optical properties by optimizing the size of the nanostructure. This provides 
many more options with regard to how the capture of the photons can be 
optimized, enabling more of the energy of the solar spectrum to be used, 
thus providing maximum effi ciency.

Cell 1

Sunlight

Cell 2

Cell 3

High

Middle

Low

Eg1

Eg2

Eg3

Eg1 > Eg2 > Eg3

12.5 Operation of a three-layer multijunction PV.

Table 12.7 Multilayer PV layers

Layer Band gap (eV)
Max theoretical power 
conversion effi ciency (%) Notes

1 1.13 33.7 Energy below and above 
red are lost

2 1.64 44
0.94

3 1.83 48
1.16
0.71

Infi nity Undefi ned 64 Estimation
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The market suggests that there is still some time to wait before this tech-
nology will be commercially viable, and it is likely it will be towards the end 
of the fi rst quarter of the twenty-fi rst century before it is achieved. It is 
anticipated that the third generation will shatter the current price of $1/W 
to around $0.20/W (Green, 2003).

12.5 The use of nanotechnology in photovoltaic 

(PV) technology

Nanotechnology is related to the direct control of matter on the atomic 
scale and it can also be used to describe material, devices or structures with 
one of their dimensions being between 1 and 100 nanometres. An atom is 
considered the basic building block and has a diameter of 0.1 nm with its 
nucleus being smaller at 0.00001 nm. It is diffi cult to actually picture this 
size – one nanometre (nm) is equal to one billionth or 10−9 of a metre. The 
size of atoms are not the only factor to consider – as with every industry, it 
has its own specifi c assembly methods and in nanotechnology it is split into 
two main areas, the bottom-up and top-down approaches, which are sum-
marized in Table 12.8 (Rodger, 2006).

Currently, nanotechnology has been accepted for use in applications 
related to surface science, organic chemistry, semiconductor physics, modular 
biology and micro-fabrication, but in the future it is expected that this will 
expand to include electronics, medicine, biomaterials and energy 
production.

If PV technology is to become a good competitor to fossil fuels, it must 
be cost competitive. Currently, silicon-based PVs are actually more expen-
sive per kilowatt hour, hence the search for another solution. The nanostruc-
ture confi guration is known to enable control of the electronics, structural 
and optical factors, therefore providing it as a possible solution for PVs. 
With this under consideration, development of nanotechnology PVs (Anon., 
2010) is expected to increase in the coming years and ameliorate the pro-
blems seen in the fi rst and second generation aiming at lower cost (Anai 
et al., 2010) by not only reducing material but also ensuring that the manuf-
acturing process is effi cient. Most importantly, the PV industry considers 

Table 12.8 Approaches in nanotechnology

Approaches Description

Bottom-up Self-assembly by chemical principles of molecular 
components using the principle of molecular recognition 

Top-down No atomic-level control as objects are built from larger parts



284 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

that nanotechnology offers fl exibility and also can overcome the limitations 
with band gap issues (Serrano et al., 2009).

The main reasons for opting to try nanotechnology as a third generation 
solution (Fthenakis et al., 2009) are shown in Fig. 12.6. Although it is cur-
rently known that it requires more energy for the material and manufactu-
ring, it is hoped that solutions to these drawbacks can be found.

Nanotech PVs offer a solar option that not only could be more effi cient 
(Hamakawa, 2004) but also ‘greener’ as the product offers the possibility 
of recycling at the end of its lifetime (Shockley and Queisser, 1961), 
something not often initially considered when assessing renewable energy 
technologies. Other advantages of nano-PVs are as follows:

• roll-to-roll manufacturing
• low cost substrate
• more than one band gap for absorption
• minimal material cost
• high mobility
• long lifetime
• more than one absorption mechanism.

One of the main issues that has been seen in this area relates to problems 
with PV cell design, but as the sector develops, it is hoped that this can be 
overcome.

Although nanotechnology is still primarily in the research and develop-
ment phase there are some companies at the manufacturing stage. One of 
the benefi ts of nano-tech PV design is that the dimensions of the nanocry-
stals identify which part of the solar spectrum is absorbed with their specifi c 
band gap, hence solving some previous issues. Table 12.9 presents a nano-
solar technology company example, briefl y outlining some of the positive 
points of the product. It is expected that over the coming years many more 
companies producing this technology will emerge.

Reasons for

considering

nanotechnology

Lowering cost of

manufacturing

Reducing losses in

solar cells from

photon reflection

Enabling easier

application/installation

Enabling cheaper

application/installation

Increasing photon-to-electron

conversion efficiencies

12.6 Reasons for considering nanotechnology.
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Currently PVs made from nanoscale materials are not suitable for large-
scale installations because of issues not only with their effi ciency – which it 
is hoped will be improved – but also with their long-term stability. These 
problems are due to the fact that there are some factors that are diffi cult 
to experimentally understand in the nanoscale range, hence high power 
computation is required, which until recently was a problem (Anai et al., 
2010). Currently, because of the development of high performance compu-
ting and advances in the calculation of electronic structures, it is easier to 
consider material properties using atomistics information, enabling resear-
chers to develop more materials with specifi c properties through 
calculation.

The current nanotechnology PV research and development focus is on 
(Manna and Mahajan, 2007):

• quantum dots
• nanotubes.

The next sections will explain each of these areas in detail.

12.5.1 Quantum dots

The principle related to this technology was fi rst discovered by Ekimov in 
the 1980s (Ekimov and Onushchenko, 1981) and the technology was initi-
ally applied to LED technology. The quantum dot, which was fi rst defi ned 
by Reed et al. (1988), has properties between discrete modules and semi-
conductors (Norris, 1995; Bawendi et al., 2000; Brus, 2007).

Quantum dots (QDs) are made up from nanostructures of semiconductor 
materials which are categorized by their confi nement dimensions. Figure 
12.7 (Nozik, 2010) outlines samples of quantization in nanoscale materials 
and where the quantum dot falls in this band. Quantum dots are normally 
in the range of 2–10 nanometres in diameter, containing hundreds to 

Table 12.9 Nanotechnology company example

Company Nanosolar
Country USA
Types CIGS nanoparticles
Substrate Metal foil or glass (low cost)
Manufacturing Non-vacuum printing of nanoparticle ink to a substrate. 

These are transferred to electronic fi lm of high quality 
using the rapid thermal processing (RTP) method

Effi ciency 14%
Cell cost $0.36 per watt
Panel cost $0.99 per watt
Throughput 1 panel per 10 seconds
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thousands of atoms. As defi ned in Fig.12.7, QD or nanoparticles are semi-
conducting nanometre-sized crystals (Manna and Mahajan, 2007). There is 
still a lot of research ongoing into the various shapes that nanocrystals come 
in, but for renewable energy currently the most focus is being placed on 
spheres, cubes, rods, wires, tubes and tetrapods. As with the traditional PV 
market, QD developers have also decided to consider semiconductor mate-
rials; however, it is not limited to this and research could be completed into 
metals or organic materials and they could be combined with porous fi lms 
or dyes, but as semiconductors are currently the number one PV material, 
this is the obvious starting point. Semiconductor materials are made from 
the following mixture of periodic groups: II–VI, III–V and IV–VI.

QDs are expected to be ideal for use in solar panels as they can overcome 
one of the previously identifi ed issues of the limited band gap (BG). The 
adjustable band gap they offer means that the larger and wider BG equals 
more light absorbed which in turn provides more output voltage. A smaller 
BG provides more current but less output voltage. Hence to optimize this 
phenomenon, ideally tuning the QD to different band gaps would enable 
absorption of different wavelengths (Manna and Mahajan, 2007), therefore 
removing the previous limited PV effi ciency which is seen with the earlier 
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generations. This, however, is not the only reason for the use of QDs: the 
QD also enables material moulding into different forms as well as being 
cheaper due to the fact that they use basic chemical reactions (MIT, 2007) 
and they also reduce wasteful heat seen in the previous generations, in 
addition to maximizing the amount of light to electricity conversion.

Issues with non-utilization of PVs extra electron energy (‘hot carrier’ or 
‘hot excitation’) have been previously highlighted. Normally it is kinetic 
free energy which is lost in pico or subpicoseconds through a process of 
electron-phonon scattering creating heat from the kinetic energy. Some of 
these issues have been previously solved by tandem PVs, but not all. A 
positive aspect is that the quantum dot holds on to the hot carrier for a 
longer time, thus enabling an extended period for it to cool, extending the 
lifetime of the hot electrons by as much as 1,000 times. Part of this is the 
three-dimensional array of the QD, which enables strong electronic cou-
pling producing an extended lifetime for excitons. This provides more 
movement of hot carriers and the possibility of more electric generation, 
enabling more charge from one photon (Manna and Mahajan, 2007).

Quantum dots are very interesting and exciting as they have optical pro-
perties that are not seen in typical materials and enable a good spectrum 
control of emitted light, and these properties come from confi nement of the 
electron-hole pairs. The QD offers a varied emission and absorption spec-
trum which is linked to the various particle sizes, although it is important 
to remember that the QDs will only stay in a confi ned space if their 
wavelengths are associated.

The relationship between the size of dot with wavelength and energy can 
be summarized as a smaller dot equalling shorter wavelength fi t, also equal-
ling higher energy of the electron, with the larger dots having the opposite 
relationship. Also different from traditional PVs is the QDs’ photovoltaics’ 
ability to obtain three electrons from one high energy photon of sunlight 
where normally it was only a maximum of one (Nozik, 2001; Ellingson 
et al., 2005; ISIS Press Release, 2006). This is referred to as multiple exciton 
generation, or MEG for short.

Extended research is ongoing with regard to progression in QDs. Coni-
beer (2007) discusses a crystalline material tandem thin fi lm QD which 
obviously enables the wider band gap (BG) and is constructed of silicon 
placed between layers of Si-based dielectric compound with a QD diameter 
of 2 nm and a BG of 1–7 eV. The process to produce this QD is as follows:

• Thin fi lm is created by using either sputtering or chemical vapour depo-
sition (CVD) methods.

• High temperature toughening of the crystallized QD.

This method means that issues with lattice mismatching are not suffered 
as the framework is lacking a defi nite shape. However, Conibeer (2007) 
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highlights that there is still work to be done on the creation of junctions, 
passivation of defects and connection to silicon cells. One of the real ongoing 
problems is linked to spectral sensitivity. Green (2009) also discusses silicon 
QD, defi ning the link between changing QD size to control the optical band 
gap. Also discussed in this reference is the research that is ongoing into 
increasing the voltage by increasing optical BG. The silicon option is expec-
ted to provide not only a higher effi ciency but also a lower cost and it will 
also use material that is abundant and, most importantly in this era, envi-
ronmentally friendly. More work on exciton splitting and collection of resul-
ting free electrons and holes could further improve the devices.

An obvious factor also to consider is the materials that could be and are 
currently being used in the development of this technology. Materials used 
to date include, but are not limited to, cadmium selenide, cadmium sulphide, 
cadmium telluride, indium phosphide, indium arsenide, lead selenide and 
lead sulphide.

Another example of a QD is a lead selenide semiconductor compound 
combined with titanium oxide which is used to remove the hot carriers, 
hence enabling new electrons to be embraced. The issue with arrangement 
is linked with the fact that, although one wants to induce electronic transfer, 
no chemical interaction between the layer/material can be allowed.

In the next few years it is thought that the quantum dot effi ciency could 
be increased by not only improving the electrode and layer structure but 
also by increasing the QD density. At the start of this century, Nozik pre-
dicted that the use of QDs in PVs would increase effi ciency, enabling 65% 
of the sun’s energy to be converted into electricity. There have been many 
predictions but only time and practical development will truly lay the buil-
ding blocks to future technology.

The size of the QD as discussed previously is a consideration that can 
improve effi ciency and so how the size is controlled is important and inclu-
des the following factors:

• medium in which they react
• reaction temperature
• reaction duration.

Therefore the method of QD fabrication is important and currently there 
are two main options. The fi rst is the suspension in liquid of ultrafi ne par-
ticles, referred to as colloids. This colloidal chemistry is not expensive and 
does not require any expensive equipment; rather it only needs the proper 
chemicals and room temperature as a requirement to produce. Basically it 
is the linking of one metal ion with another. The second fabrication method 
is epitaxial growth. In this process, crystals are grown on a semiconductor 
material on the surface of another with the structural orientation being the 
same.
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12.5.2 Carbon nanotubes (CNT)

Carbon nanotubes (CNTs), or nanotubes (NTs) as they are often referred 
to, are cylinders constructed of carbon atoms (nanostructure) and are not 
only organic but are good photosensitive material. Basically they consist of 
a single sheet of graphite with a hexagonal lattice (Manna and Mahajan, 
2007) which is constructed from linked carbon rings forming the tube, 
capped at each end with a pentagonal carbon ring.

Nanotubes are made up of n rows and m columns and the link between 
them defi nes exactly how they are formed. The structure has a length-to-
diameter ratio of 132,000,000 : 1 (Wang et al., 2009), although this can vary, 
which is signifi cantly larger than any other material. An NT is very thin, 
being approximately 10,000 times thinner than a human hair and hollow in 
the middle. Nanotubes are normally divided into two specifi c types, which 
are specifi cally related to the amount of walls contained in the structure; 
SWNTs (single-walled nanotubes) which have good light absorption pro-
perties and effi ciency, and MWNTs (multi-walled nanotubes) which have 
slightly different properties. The SWNT, although any length, normally has 
a diameter of approximately 1 nm, as the structure is basically a one atom-
thick layer of graphite which is wrapped until both ends meet, forming a 
tube. Obviously it is harder to defi ne the size of the multi-walled nanotube 
as this depends on the amount of walls. The main reason that the solar indu-
stry is interested in nanotubes as a third generation PV is related to the 
properties associated with its materials and structure. The following points 
are interesting facts about nanotubes commonly known in the industry:

• They are as elastic as a rubber band.
• Impressive thermal conduction which is twice that of diamond.
• Withstand temperatures of 2700°C.
• Do not react with other atoms.
• Better electrical conductor than copper (100 times).
• Depending on their structure, their electrical properties will either be 

metallic or semiconductor.
• Conduct at 109 amperes per square cm.
• Thermal properties vary depending on the location – along the tube 

there are good thermal properties whereas other locations in the tube 
provide good insulation.

• Electrical properties change depending on what material is attached to 
them.

Although nanotubes have all these advantageous properties, their practical 
implementation is still ongoing, with research and development looking 
into ways to ensure they reach their maximum potential. Carbon nanotubes 
are of interest in nanotechnology but are not limited to this fi eld; it is 
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expected that electronics, optics and material science amongst others would 
also be considered.

Currently, two main areas where nanotubes are being used which have 
been published are:

• NASA’s decision to develop a composite material from NT and another 
material to be used in spacecraft.

• The delivery of medical drugs by attaching the drugs to the 
nanotubes.

Although these two examples are not in the photovoltaic fi eld, they 
demonstrate how broad the use of nanotubes could be. However, this 
chapter is specifi cally interested in their relationship to support and enhance 
the development of the third generation PV and its continuous aim to 
develop a panel that uses materials that have a higher conversion effi ciency 
rate.

Nanotubes are widely believed to be one of the forerunners in third 
generation PVs and it is expected that in the next decade their effi ciency 
and cost will improve signifi cantly (Anon., 2010). If this development 
happens, it will be due to several advancements that are linked together to 
provide the ideal material for photovoltaic panels. In the future, with these 
improvements it is expected that panels will not only withstand extended 
sunlight but also be able to be bent into any form due to their physical 
characteristics. They also accept high currents but withstand the effect of 
the heat generated. A very important point for any material being introdu-
ced into a system is that there should be no reaction with its surroundings 
and the NT complies with this. Finally, but importantly, it must provide good 
conduction without loss of energy to friction.

One of the most important environmental aspects is that the NT is both 
easy to reuse (Scharber, n.d.) and is biodegradable, hence it can be decom-
posed, answering one often-posed question about how to deal with the 
end-of-life cycle of renewable energy products. However, more pressing 
issues are related to problems and obstacles that need to be overcome to 
ensure that NT PV have a chance of succeeding in this industry. The issue 
of cost effectiveness needs to be addressed, as does the improvement of 
mass production to ensure quality products. In addition, the high tempera-
ture needed to produce the nanotubes could affect other components used 
in the solar cell/panel, hence this needs to be considered. One technical 
issue that needs more research is the problem with low fi ll factor which is 
only adding to the low energy conversion effi ciency problem.

Carbon nanotubes are currently used in several areas of the PV device. 
One such area is the photoactive layers, which are expected to provide more 
effi cient PV devices due to the nanotube and polymer junctions. The high 
electric fi eld created here enables splitting up of the excitons and also in 
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this structure the SWNT allows a pathway for the electrons to travel along 
(Kymakis et al., 2003). Unfortunately, this is currently very ineffi cient and 
issues with the combination of the NTs are still occurring, leaving the way 
open for further improvements.

Another approach is to use CNT as a transparent electrode to replace 
the currently used indium tin oxide (ITO) which could solve issues with its 
lack of compatibility with polymers, poor mechanical properties, expensive 
production costs and material cost and availability. Currently the option of 
ITO over CNT provides comparable effi ciency but again more work is 
required to make it a practical option.

Finally, one further option to enhance the fl ow of current between the 
cells is to use graphene as a possible electrode, again as an alternative to 
ITO. Graphene offers an inexpensive, transparent and fl exible omnipresent 
carbon substrate in a fl at chicken-wire form with the major problem to date 
being the joining of the graphene to the panel due to it not accepting water 
solutions. However, it has been suggested by Park et al. (2010) that this issue 
could be overcome by doping the cell surface, hence including impurities, 
which in turn enables the graphene to be accepted. Added to this is the fact 
that the overall conductivity is improved and this could in theory solve 
some of the issues seen in the previous generation, offering a lightweight, 
fl exible, transparent PV cell, thus leading the way to other PV installation 
options.

Research has discussed many aspects related to carbon nanotubes. Not 
only can they be combined with polymers and bucky balls, which is a hollow 
spherical module completely made of carbon, to form a painted PV product, 
the NT can also be coated by both p and n type semiconductors which 
provides a p-n junction for electricity generation. In 2002 SWNT and 
polymer PV devices were seen to provide a doubled photocurrent, but this 
was not the last advancement, rather the start of this development. Also the 
substrates which the CNT are placed on are currently polyethylene tere-
phthalate, glass, polymethyl methacrylate and silicon, but this research is 
only in the primary stages and could be further expanded. A specifi c 
example is naphthalocyanine (NaPc) dye-sensitized nanotubes which use 
nanotubes as electrons and polymer as holes and provide increased absorp-
tion of both red and ultraviolet as well as larger short circuit current 
(Kymakis and Amaratunga, 2003). It is not only the quantum dot that 
enables more output from the electron; the NT also offers this possibility.

Work is ongoing and, in 2011, the University of Surrey Advanced Tech-
nology Institute published work on the combination of organic solar cells 
and MWNT, showing that both SWNT and MWNT are progressing (Miller 
et al., 2006). Also the development of the CNT will include matching to the 
related solar spectrum, improved optical absorption and the reduction of 
carrier scattering. To date there are three main production methods for 



292 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

nanotubes. The method that is currently used most is arc discharge (Iijima, 
1991; Ebbesen and Ajayan, 1992) which basically consists of a high current 
being placed between two graphite electrodes in a helium atmosphere 
producing a nanotube that has a maximum length of 50 micrometres 
(Collins and Avouris, 2000) with a product yield of 30%.

The second is laser ablation, which is used for single- and multi-walled 
nanotubes (Guo et al., 1995a, 1995b) but mostly SWNTs. In the basic process, 
the laser changes a graphite piece into vapour in a reactor, while at the same 
time gas is drawn into the chamber and the nanotube forms on the cold 
surfaces in the reactor. Although this yields 70%, which is more than arc 
discharge, it is also the most expensive method (Collins and Avouris, 2000). 
The fi nal method, which was also mentioned in the quantum dot section, is 
CVD (chemical vapour deposition) (Bunch et al., 2005). It is expected that 
CVD will probably be the most commonly used method in the commercial 
production of carbon nanotubes in the future and it is expected that it could 
reach industrial scale during this century.

In the future, with improved production, or by varying nanotubes, effi ci-
ency will improve (Landi et al., 2005; Cataldo et al., 2012), costs will reduce, 
the expected effi ciency of 71% will be closer to reality (Anon., 2006) and 
properties such as lifetime can be realistically considered.

12.6 Future trends

The future development of PVs is principally split into three areas – 
countries’ governments, the scientists/researchers, and consumers, with each 
of them having a varied amount of responsibility. Governments are respon-
sible for encouraging and supporting the research, development and inte-
gration of its progression into each country and they could introduce 
subsidies and incentives as encouragement for consumers and companies. 
In developing countries specifi cally there are many options for the use of 
solar power in remote locations that could enable up to two billion more 
people to have electricity; for example, the kerosene lamps that are cur-
rently used in villages could be replaced by a 5 W system with a battery 
backup for approximately $500 per village.

In developed nations energy demands are high so solar energy is an 
additional power resource to support the traditional sources. In many large 
developed countries, power accessibility is not the problem, and rather the 
issue is the installation of distribution lines, which can cost up to $30,000 
per km. Therefore, for remote locations, a PV array would be a more sui-
table and cheaper alternative.

Governments worldwide are defi nitely making plans for solar power to 
be part of future energy strategies, and this is supported by the fact that 
in the last fi ve years the cost of this technology has reduced by about 
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one-third, and with all the research and development this can only improve. 
Europe is one of the leaders in this fi eld and it is hoped that by 2020 it can 
produce 688 GW of power, with expectations nearly double this target by 
2030. This would ensure that by 2020 Europe would produce 12% of its 
power from the sun, with the sunbelt countries potentially hitting the same 
target by 2030. Worldwide, 9% of all power could feasibly be provided by 
solar energy by 2030, with this increasing to 20% by 2050. However, it is 
not just about the energy produced; countries are also embracing it as a 
sustainable clean energy source, hence a way of cutting their carbon dioxide 
emissions and helping impact positively on climate change. If solar energy 
continues to increase, it is predicted that by 2050 4,047 million tonnes of 
CO2 could be cut worldwide every year. The last but equally important 
factor, due to the global fi nancial climate, is the added bonus of jobs using 
this technology and Fig. 12.8 shows the possibility for this over the next 20 
years. All these compelling arguments should continue to drive govern-
ments to keep striving to enhance their implementation, research and deve-
lopment of solar technologies.

The most major obstacle to implementation of the technology is that, 
despite silicon being the second most abundant element in the earth’s crust, 
for it to be used in PVs it must be purifi ed to a high level to produce better 
effi ciency. However, to achieve the correct purity the cost is $40 per kg. The 
simplest solution to this problem may be to use a lower purity of silicon but 
unfortunately to date this is not an option that has been researched to an 
acceptable level.
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12.8 Job creation opportunities from PVs.
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There is also a lot of work ongoing in the solar technology fi eld to chal-
lenge other technologies in the race against thin fi lm to beat the $1 per watt 
production cost. Rivalry is not always a bad thing. On the development side, 
advancements in other industries are having an impact on PVs; the fl at 
screen TV has meant that larger sheets of glass are readily available and 
progress in the semi-conductor industry has provided second-hand machi-
nery that can produce thicker cells. All these factors can help to reduce the 
cost of production, but we must also keep in the forefront of our minds that 
the real aim is about refi ning it to be more effi cient.

The greatest advancement to date might be the emergence of screen 
printing on solar cells as it allows the option of PV roofi ng shingles that 
could easily be added to any current or future home. This new method will 
also enable different PV mounting frames and positions to be considered, 
a factor that has always impacted on the full PV system. However, in the 
future it is expected that the greatest advancements will be in third gene-
ration technology, specifi cally related to nanotechnology.

Finally, the consumer must be encouraged and educated in various ways 
such as advertising, literature, etc., to make the choice to embrace this clean 
source of energy, even if it is currently more expensive than traditional 
energy. Its use in devices such as a simple solar powered calculator or 
garden light is broad, but further devices that we use on a daily basis need 
to be considered to ensure less effect on the environment than in previous 
generations. More consumers purchasing PVs will obviously have an effect 
as it will introduce more competition in the market, thus not only lowering 
cost but also challenging further and new developments, which can only be 
a positive step forward for all.
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Abstract: Many advances have been made in understanding the 
mechanisms of TiO2 photoactivity and in developing its potential in 
addressing environmental issues. This chapter provides a short overview 
of these mechanisms, focusing on construction materials (mortar, 
plaster, concrete) modifi ed through the addition of titanium dioxide 
nanoparticles. Examples will be given of laboratory experiments carried 
out in recent years, and of current applications in the built environment; 
attention will also be paid to the international standards that have been, 
and are still being, developed for this technology.

Key words: titanium dioxide, photocatalytic cement, self-cleaning, 
material ageing.

13.1 Introduction

TiO2 has been used for centuries as white pigment in textiles and paints, 
well before the discovery of its photocatalytic properties. Curiously, altera-
tions induced by TiO2 pigments in supporting materials (degradation of 
paints and fabrics, or bleaching of dyes) had already been observed, but not 
understood. It was only in twentieth century that these alterations could be 
related to its photoactivation. The following list summarizes advances in 
research in the last 100 years in understanding mechanisms of TiO2 photo-
activation, and in developing and optimizing its properties:

• The fi rst trace of scientifi c works on this subject is a paper published by 
Keidel in 1929, suggesting an active role of TiO2 in the fading of paints.

• In 1938 the photobleaching of dyes caused by UV-irradiated TiO2 was 
investigated by Goodeve and Kitchener, and ascribed to the presence 
of active oxygen species detected on TiO2 surfaces.

• In 1964 Doerffl er and Hauffe fi rst proposed a research paper whose title 
contained the term ‘heterogeneous photocatalysis’: zinc oxide was used 
as photocatalyst.
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• In the same year, Kato and Masuo reported the use of a TiO2 suspension 
to photocatalyse the oxidation of tetralin, opening the way to similar 
processes proposed by McLintock and Ritchie on ethylene and propyl-
ene in 1965.

• In 1972 Fujishima and Honda for the fi rst time reported the production 
of a TiO2-based electrochemical cell for water splitting, which consisted 
of a single crystal rutile photoanode and a platinum counter electrode. 
This is now known as the ‘Honda–Fujishima effect’.

• Frank and Bard (1977a, 1977b) fi rst used TiO2 as remedy to environ-
mental pollution issues by studying the liquid phase reduction of cyanide 
ions in the presence of TiO2 powders.

• This publication was followed in the same year by the development 
of nitrogen reducing solar cells – photocatalytic reduction of N2 to 
ammonia – performed on pure and Fe-doped TiO2 (Schrauzer and Guth, 
1977).

• In 1978 TiO2-catalysed organic synthesis was introduced by Kreutler 
and Bard (photosynthesis of methane from acetic acid).

• In 1985 TiO2 was fi rst applied successfully in biocide bacteria photokill-
ing (Matsunaga et al., 1985); this concept was then applied to tumour 
cells (Fujishima et al., 1986).

• Matthews (1987) was the fi rst to use TiO2 powders immobilized on a 
substrate for liquid phase organic photocatalysis, to avoid fi ltration and 
resuspension.

• In 1991 O’Regan and Gratzel proposed the use of TiO2 as anode in 
dye-sensitized photovoltaic cells.

• In 1995 the superhydrophilic effect was fi rst noticed by Fujishima’s 
research group, leading to the development of self-cleaning and antifog-
ging surfaces (Wang et al., 1997).

• The fi rst photocatalytic TiO2 products were delivered commercially in 
the late 1990s in the form of self-cleaning tiles and glass: in 1995, the 
Japanese company TOTO Ltd. started the manufacture of antibacterial 
Cu- or Ag-containing TiO2 tiles, mainly for operating rooms (Watanabe 
et al., 1995).

• The Marunouchi Building (or Marubiru), in Tokyo, opened in 2002, 
one of the fi rst buildings featuring self-cleaning windows (Ohtani, 
2010).

• Photoactivation was proved to induce a hardness modifi cation in the 
surface of TiO2, due to compressive stresses that are induced by volume 
increases connected with the onset of the superhydrophilic state (Shibata 
et al., 2003).

• The church Dives in Misericordia (Rome, Italy), designed by Richard 
Meier for the Jubilee and fi nished in 2003, is one of the fi rst examples 
of photocatalytic technology in Europe: it was built with TiO2-modifi ed 
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cement (former constructions: a school in Mortara, Italy, in 1999, and 
the Cité de la Musique in Chambéry, France, in 2000).

• 20,000 m2 of self-cleaning windows were installed in the terminal build-
ing of Chubu International Airport (Japan), completed in 2005 
(Fujishima and Zhang, 2006).

• The application of TiO2 as cool material in energy-saving technologies 
for building was proposed: it exploits the latent heat fl ux generated by 
the evaporation of thin fi lms of water on superhydrophilic surfaces (Irie 
et al., 2004).

It is commonly assumed that the fi rst studies on TiO2 photoactivated prop-
erties date back to the early 1970s, when studies from Honda and Fujishima 
attracted the attention of the scientifi c community: the above list proves 
that other works had already been published, even though their fi ndings 
clearly attracted less attention.

Photoinduced processes originate from the absorption of light by TiO2, 
which causes an electron to be promoted to the conduction band (CB) 
leaving a hole in the valence band (VB). The electron-hole pair can be used 
to create electricity in photovoltaic solar cells, or to drive a chemical reac-
tion: the latter action belongs to the category of heterogeneous photoca-
talysis. Trapping of holes at the TiO2 surface also causes a dramatic increase 
in the surface wettability, which is defi ned as photoinduced superhydrophi-
licity. These phenomena will be explained in more detail in the following 
section.

13.2 Principles of heterogeneous photocatalysis

Many transition metal oxides are known to display a photocatalytic behav-
iour, i.e., these substances can act as catalysts and promote oxidation or 
reduction reactions when activated by electromagnetic radiation. Among 
these materials, titanium dioxide in its polymorphic structures (anatase, 
rutile and brookite) is undoubtedly the most relevant and studied, although 
other oxides and sulphides have attracted scientists’ attention.

An ideal semiconductor for use in photocatalytic processes should have 
the following characteristics: chemical and biological inertia, ease of pro-
duction and utilization, effi cient solar light activation, high effi ciency and 
low cost. Titanium dioxide possesses almost all the cited characteristics with 
the exception of the effi ciency in solar light exploiting, since activation is 
promoted by UV light, which is less than 10% of solar light energy (Linse-
bigler et al., 1995). But, how does heterogeneous photocatalysis work? The 
mechanism must be understood in order to explore its applications in 
everyday life, and especially as a complementary function of construction 
materials, as we will describe in the second part of this chapter.
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13.2.1 Semiconductor activation

The initial process for semiconductor-supported heterogeneous photoca-
talysis of organic and inorganic compounds is the generation of electron-
hole pairs, initiated by light absorption with energy equal to or greater than 
the band gap (Fig. 13.1). The process under irradiation can therefore be 
divided in four steps, as described by Schiavello (1988):

1. absorption of light, followed by the separation of the electron–hole 
couple,

2. adsorption of the reagents,
3. redox reaction,
4. desorption of the products.

Photoinduced charge transfer to other species (organic or inorganic 
molecules, water) relies on molecules migration and adsorption onto the 
semiconductor surface.

At its surface, the semiconductor can donate electrons to reduce an elec-
tron acceptor, given that the semiconductor CB bottom must be higher than 
the acceptor reduction energy, as a necessary condition. The acceptor in 
most cases is represented by oxygen, which forms a superoxide ion, O2

•−, or 
hydrogen peroxide, H2O2: they both have excellent reactivity and play 
important roles in photocatalytic reactions.

On the other side of the band gap, holes can combine with electrons 
provided by donor species adsorbed on the semiconductor surface, thus 
oxidizing the donor itself: in this case, the necessary condition is that the 
top of the semiconductor valence band must be lower than the donor oxida-
tion energy. Typical oxidation reactions take place between semiconductor 
and water molecules to form hydroxyl radicals OH•, which are extremely 
active and tend to react easily due to their strong oxidizing power.

13.1 Schematic representation of photoactivation mechanism: hυ = 
incident radiation energy, Eg = semiconductor bandgap, A = acceptor, 
D = donor. Phases are numbered as in the related text.
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In both cases, the rate of charge transfer is strongly infl uenced by the 
respective positions of conduction and valence band edges and the redox 
potential levels of adsorbate species: the greater the difference between 
semiconductor and adsorbate energy levels, the faster the redox reactions 
(Linsebigler et al., 1995).

Charge transfer must compete with charge carrier recombination, which 
can take place in the volume of the semiconductor or at its surface and 
strongly decreases photocatalytic yield, i.e., the number of events occurring 
per absorbed photon. Charge carrier trapping can help increase the photo-
generated species’ lifetime. Localized energy surface states ascribed to 
irregularities and surface defects can act as charge traps, and thus reduce 
recombination effects; adsorbed oxygen usually acts as an electron scaven-
ger for the trapped electrons, while trapped holes can react with oxygen 
ions or hydroxyl groups.

13.2.2 The most common photocatalyst: titanium dioxide

Titanium dioxide (TiO2) is the most common among titanium minerals, and 
is extensively used in everyday life, specially as white pigment in painting, 
food and cosmetic industries, thanks to its high refractive index. It is found 
in nature in four polymorphs: anatase, which presents a distorted tetragonal 
crystal structure; rutile, which is also tetragonal; brookite, with orthorhom-
bic crystal structure; and TiO2(B), with monoclinic structure. Only two of 
the phases, anatase and rutile, are interesting for practical applications, as 
they are wide band gap semiconductors.

The Eg value for anatase is 3.20 eV, which corresponds to a wavelength 
absorption threshold of 384 nm. 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 suffi ciently energetic to induce 
photoactivity in this material (Fig. 13.2).

The parameters which mostly concur to determine photoactivation effi -
ciency, and specifi cally photocatalysis, are the following, as defi ned by Carp 
et al. (2004):

• catalyst surface area, considering also specifi c surface (porosity) 
available

• initial concentration of the compound to be degraded (saturation 
regime) and formation of intermediate products competing for adsorp-
tion, even deactivating TiO2

• reaction environment (oxygen, humidity, pH)
• wavelength and intensity of activating light source, which must provide 

enough energy to overcome the semiconductor band gap.

In Section 13.3 the main application fi elds of titanium dioxide will be 
described, as summarized in the well-known scheme of Fig. 13.3, together 
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with the reasons for its success in such different environments. Before that, 
a brief look at other semiconductors that can be used as photocatalysts is 
required for a comprehensive treatise.

13.2.3 Other photocatalysts

Titanium dioxide is by far the most studied photocatalyst, but several works 
are also dedicated to the study of other transition metal oxides and to the 
evaluation of their semiconducting nature and consequent photocatalytic 
activity. Probably the most important reason for this broadening of the 
sector is the fact that titanium dioxide can only be activated by UV light, 
which occupies a very narrow percentage of natural light: the choice of a 
photocatalyst which is active under visible light would allow a wider slice 
of sunlight to be exploited, and therefore increase the material effi ciency. 
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13.2 Spectral irradiance of sunlight as a function of wavelength, 
highlighting ultraviolect (UV), visible (Vis) and infrared (IR) fractions.
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Moreover, UV light is also considered harmful to humans, as it can provoke 
skin and eye damage.

Possible alternative semiconductors that are susceptible to photoactiva-
tion are zinc oxide, ZnO (band gap 3.4 eV), mainly for the wide range of 
morphologies and properties achievable depending on the synthetic routes 
adopted, and tungsten oxide, WO3, whose band gap of 2.7 eV is promising 
for applications in visible light conditions. Yet, few examples can be found 
of their use in photocatalytic construction materials. Studies on ZnO-
modifi ed cements usually deal with the related modifi cation of mechanical 
properties, and controversial results have been proposed: the material 
strength was proved to increase by substituting a few percent of cement 
with zinc oxide (Riahi and Nazari, 2011), while Lackhoff et al. (2003) 
observed a set-retarding effect and a correlated decrease in mechanical 
resistance due to water losses during the prolonged dormant phase before 
setting. As for WO3, tests were performed by Linkous et al. (2000) by coating 
a cement substrate with either WO3 or TiO2, and results indicated that the 
presence of WO3 alone induced a lower photoactivity compared to TiO2.

On the other hand, good photoactivation effi ciencies were observed in 
hybrid oxides (mainly WO3-TiO2 and SiO2-TiO2): attention is now focusing 
on these composite systems as a means to improve the properties of pho-
tocatalytic materials. WO3-TiO2 hybrid nanoparticles were proved to exhibit 
photoactivity also under visible light activation (Chai et al., 2006). Yet, no 
information is available on the interaction between the composite WO3-
TiO2 nanoparticles and mortars or concrete, especially concerning possible 
infl uences on the setting properties of the material, or on its fi nal mechani-
cal behaviour.

SiO2-supported TiO2 materials have been extensively used as photocata-
lysts for a wide variety of reactions. The higher effi ciency observed in a few 
works compared to pure titanium dioxide has been ascribed to different 
physicochemical properties, which depend on the possible interactions 
between the two oxides and on synthesis conditions (sol-gel, grafting of 
TiO2 on SiO2, coprecipitation, impregnation, chemical vapour deposition). 
The most interesting point about silica-supported TiO2 is that silica itself is 
a common ingredient of cement-based materials, which makes the integra-
tion of these composite nanopowders easier (Bellardita et al., 2010).

13.3 Applications of semiconductor photocatalysis

13.3.1 Photocatalytic degradation of pollutants

TiO2 photocatalytic activity can be exploited to solve manifold purifi cation 
issues arising not only from industrial uses or production of harmful sub-
stances, but also from heating and transportation. It exhibits good effi ciency 
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in the degradation of organic pollutants as well as inorganic compounds, 
from nitrogen oxides to complex metal salts, in gas and liquid phase.

Several works on photocatalysis focus on the removal of organic pollut-
ants from wastewaters, specially referring to dyes, which are toxic to micro-
organisms and aquatic life: as reported by Konstantinou and Albanis (2004), 
up to 20% of dyes used in manufacturing processes are dispersed in waste-
waters, therefore effi cient processes that avoid their release into natural 
water sources are vital to preserve the ecosystem. Several reviews can be 
found on TiO2 effectiveness in dye degradation: we therefore suggest the 
reader refers to specifi c literature for further information (e.g., Akpan and 
Hameed, 2009; Han et al., 2009).

However, in recent years the aspect of removing gas phase organic com-
pounds has also attracted attention. Extensive studies have been carried 
out on the removal of outdoor and indoor pollutants, and more specifi cally 
volatile organic compounds (VOCs), by TiO2 nanoparticles under UV illu-
mination. These particles are often integrated in air purifi cation devices, 
which are commercially available from several companies. VOCs are often 
responsible for malodorous air in buildings. They derive from several 
sources, such as cooking, cleaning products, furniture, etc.; in outdoor envi-
ronments, they are usually part of combustion gases, industrial exhausts, 
cigarette smoke (Fujishima et al., 2007). A long list of experimental studies 
is available in the scientifi c literature on this topic as well.

Photocatalysts are not only used for breaking down large volumes of 
soilage, they are also capable of destroying it as it accumulates, e.g., to 
prevent cigarette smoke residue stains, or unpleasant odours due to the 
presence of VOCs, of the order of 10 ppb by volume. At these concentra-
tions, TiO2 should be able to decompose such compounds even with scarce 
UV light (even as low as 1 μW/cm2 according to some authors). Bright UV 
lamps are also used in city and highway tunnels to reduce pollution released 
by traffi c, degrading both VOCs and nitrogen oxides, NOx, as described by 
Demeestere et al. (2008), Toma et al. (2004), and many others.

13.3.2 Self-cleaning

Besides photocatalytic applications of TiO2, another fascinating phenome-
non arises from UV irradiation, that is, the alteration of TiO2 wettability 
and formation of a highly hydrophilic surface state: this behaviour is defi ned 
as photoinduced superhydrophilicity (Wang et al., 1997), and involves the 
reduction of Ti4+ to Ti3+ by electrons and simultaneous hole trapping at 
lattice sites. This reduces the bond strength between reduced titanium and 
the closest oxygen, which is then removed when another water molecule 
arrives in contact with the surface and adsorbs on it. This creates a highly 
hydroxylated surface layer, which is responsible for hydrogen bonds with 
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water and consequent increased hydrophilicity of the surface, as depicted 
in Fig. 13.4.

In this way, water can reach a contact angle close to zero on the surface 
of irradiated TiO2 (Drelich et al., 2011). Moreover, this surface is not solely 
hydrophilic: on the contrary, it presents an amphiphilic nature, with hydro-
phobic and hydrophilic domains of nanometre size alternating across the 
surface. This allows both oils and water to spread easily on the photoacti-
vated TiO2 surface (Fujishima and Zhang, 2006).

Regardless of the in-depth study of the chemical and photochemical 
mechanisms involved, this effect is of extreme practical importance, as it 
defi nes one of the most renowned abilities of titanium dioxide and the 
reason why it has found so many applications in building materials: the 
self-cleaning effect.

The formation of an amphiphilic domain network is accompanied by 
photocatalytic activity, as both have a common origin: UV irradiation. This 
double photoinduced phenomenon results in the self-cleaning effect: surface 
contaminants are fi rst photomineralized, at least in part, and subsequently 
washed away by water, which spreads below them in tight contact with the 
TiO2 surface. Moreover, drop formation on superhydrophilic surfaces is 
avoided, which in turn precludes stain formation due to slow water evapora-
tion from the surface (Fig. 13.5). Another effect, anti-fogging, also arises 
from the same mechanism: no water droplets form on surfaces with a 
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contact angle lower than 20°, as in the case of irradiated TiO2 (Fujishima 
and Zhang, 2006).

To be precise, this property of self-cleaning should be referred to as ‘easy 
cleaning’: in fact, dirt and particles can adhere on the surface of titanium 
dioxide, even when irradiated; it is then extremely easy to remove them, as 
only UV light (available in natural sunlight) and water (that can be pro-
vided by rain) are required to remove stains and dirt.

Self-cleaning has become popular in a number of fi elds, even in clothing: 
some companies are producing self-cleaning cotton fabric, for an easier 
cleaning and deodorizing of clothes. Yet, their chief success is in the built 
environment, with the production of self-cleaning glass, tiles, paints, mortars 
and many other materials and components. In building façades, soiling is 
due to the adhesion of particulate matter on the surface of the materials 
they are made of, which are often porous (and therefore more prone to 
adsorbing such compounds). Particulate usually attaches to the surface 
through organic bonds, such as fatty acid chains and carboxylic groups. The 
twofold role of TiO2 is then the photocatalytic degradation of such groups 
and the onset of superhydrophilicity, which drives rainwater in direct 
contact with the surface, removing particles which are at that point loosely 
adherent, thus reducing the need for maintenance.

13.3.3 Antibacterial and anti-vegetative properties

Another possible way of exploiting the photocatalytic properties of TiO2 is 
its ability to mediate the destruction of bacteria, viruses and other biological 
materials. This function is often referred to as photosterilization, and it is 
of great interest for applications connected to air depuration – possibly of 
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private housing, but mainly of medical-related environments, such as oper-
ating theatres, common rooms and patient rooms – due to the chance to 
induce the death of bacteria, viruses, as well as allergens and fungi.

The mechanism is similar to that of photocatalytic degradation: active 
species are once again surface hydroxyl radical species produced by photo-
generated holes, and superoxide ions produced by photogenerated elec-
trons, which damage or destroy cell walls of biological materials (Mills and 
Lee, 2002; Gerrity et al., 2008). A more detailed explanation is given by 
Hamal et al. (2009), who ascribe the photosterilization effect to the oxida-
tion of complex proteins and to the inhibition of enzymatic functions of 
bacterial cells, which lead to ultimate cell death. In this respect, the employ-
ment of Ag-doped titanium dioxide is gaining much attention so as to 
achieve an easy decontamination and disinfection of common rooms and 
offi ces, as well as of medical equipment and operating theatres (Page et al., 
2007; Wysocka-Krol et al., 2011).

Antibacterial activity was also described as a means to control biological 
growth on concrete surfaces and avoid unsightly stains. As described by 
Kurth et al. (2007), biofi lm growth on concrete and mortar causes the trig-
gering of undesirable chemical and aesthetical changes. The introduction of 
TiO2 in the material does not explicate a strictly bactericidal activity in this 
frame, but more properly an anti-vegetative effect. Polo et al. (2011) inves-
tigated the possibility of using titanium dioxide as a control technology to 
counteract biofi lm microorganism growth, and reported the photokilling 
effect of immobilized TiO2 nanopowders on planktonic cells; conversely, no 
cell inactivation was observed on young biofi lms, suggesting that possible 
applications of TiO2 should focus on preventative measures rather than on 
the disaggregation of already existing biofi lms. Linkous et al. (2000), and 
Linkous and Robertson (2006) also reported the inhibition of algae adhe-
sion on cement substrates and on roofi ng membranes modifi ed with TiO2 
(and WO3).

13.4 TiO2 in cement-based materials

Since their earliest appearance in Japan at the end of twentieth century, the 
diffusion of building materials modifi ed with photocatalytic components 
has been constantly diffusing, spreading also to European countries. This is 
correlated with the increase in the generation of pollution and depletion of 
natural resources caused by intense and rapid industrial expansion, which 
pushes towards the development of sustainable materials, technologies and 
energy sources.

The widespread commitment inside the scientifi c community in the fi eld 
of sustainability has focused much on purifi cation devices, both for waste-
water treatment and to improve the quality of air in industrial areas and 
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large urban centres. This has driven great improvements in advanced oxida-
tion processes (AOPs), specifi cally considering heterogeneous photocataly-
sis as a substitute for older, less effi cient or more expensive techniques 
(Palmisano et al., 2007; Sievers, 2011).

In this fi eld, a great number of scientifi c studies and patents deal with 
titanium dioxide nanopowder production and characterization (Paz, 2010; 
Shapovalov, 2010). Integrating TiO2 in construction materials has gained 
much interest (Fujishima and Zhang, 2006; Hüsken et al., 2007) in the 
attempt to meet air quality requirements promoted by several national and 
international committees, such as the quality standards introduced in early 
1990s by the US Environmental Protection Agency (EPA), through the 
1990 Clean Air Act Amendments which reported ozone, particulate matter, 
carbon monoxide, NOx, SO2 and lead as the most hazardous air pollutants 
causing severe concern for human health (Fig. 13.6).

As previously cited, several types of devices implementing the use of 
titanium dioxide have been designed and are currently commercialized. 
Examples of functionalized materials are photoactive paints for interior or 
exterior, tiles, self-cleaning fabrics for clothing; complete devices, like TiO2-
containing air purifi ers, are also available. These examples, which list just 
some of the available photocatalytic materials, make clear the interest in 
active principles capable of solving the cited air quality issues, or at least to 
mitigate them.

Construction materials represent the most easily available medium to 
distribute photoactive substances over the widest surface area possible, 
gaining the maximum effi ciency thanks to a versatile support for the pho-
tocatalyst and to a limited increase in material costs. The introduction of 
heterogeneous photocatalysis principles in building materials also allows 
the exploitation of the self-cleaning attitude conferred by the simultaneous 

Coatings (33)

Printing (16)Industry (52)

Other (2)

Agriculture (10)
71

25

4

Machinery (1)
Aircrafts/ships (1)

Road transport (23)

Mobile source

Combustion (boilers)

Evaporation

Heating (1)

Consumer

goods (8)

Atmospheric pollution sources VOC emission sources

Transportation

(27)

(b)(a)

Refuelling (10)
Cleaning (9)

13.6 (a) Generic sources of emission of atmospheric pollutants 
and related percentages (source: Environment Canada website); 
(b) specifi c case: typical sources of VOC release (source: Tokyo 
Metropolitan Government website).



 Concrete, mortar and plaster using titanium dioxide nanoparticles 311

© Woodhead Publishing Limited, 2013

occurrence of (i) the degradation of greasy deposits accumulating on their 
surface and (ii) a state of photoinduced superhydrophilicity, with conse-
quent washing away of reaction products, as reported by several authors 
including Mellott et al. (2006). The applications of these materials concern 
horizontal (cementitious tiles, pavings) and vertical structures (plasters, 
coatings, concrete structures) as well as galleries (cementitious paintings, 
concrete panels, asphalt coatings). Self-cleaning properties are mostly 
exploited in white concrete buildings: among the most representative exam-
ples, the Cité des Arts et de la Musique in Chambéry, France (Fig. 13.7a), 
completed in 2000, and the church Dives in Misericordia, built in Rome, 
Italy, by architect Richard Meier in 2003 (Fig. 13.7b).

Experimental works on TiO2-containing construction materials were 
carried out by several research groups, usually performing the addition of 
titanium dioxide nanopowders or suspensions, with varying particle size, to 
cement pastes, plasters, mortars and concretes, generally characterized by a 
low water-to-cement ratio. On the other hand, little information is available 
on the actual behaviour of the photocatalyst integrated in the material, and 
particularly on its evolution in time. A summary of experimental works 
proposed on photoactive construction materials is reported in the following 
sections.

13.4.1 Interaction with hydraulic and non-hydraulic binders

The introduction of TiO2 nanoparticles in building materials surely brings 
advantages, mainly from an economic point of view (i.e., the decrease in 

(a) (b)

13.7 Examples of buildings produced with TiO2-containing cement: 
(a) Cité des Arts et de la Musique, Chambéry, (b) church Dives in 
Misericordia, Rome.
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maintenance costs during the lifetime of the structure), and possibly an 
improvement of the surrounding air quality. The latter effect is actually 
connected with the extension of photocatalytic surfaces in relation with the 
volume of air to be depolluted: a limited space such as an indoor environ-
ment can benefi t from this property, while a single building in a polluted 
city area will not be able to have a positive effect on the huge volume of 
air that comes into contact with it, this contact in most cases being very 
short due to wind.

Yet, the interaction of TiO2 with such a complex hosting environment 
may also have negative consequences. In fact, materials based on either 
hydraulic (cement, hydraulic lime) and non-hydraulic (gypsum, lime) 
binders consist of a mixture of calcium-based inorganic compounds, mainly 
calcium oxide/hydroxide, carbonate, silicate and sulphate. These constitu-
ents do not occupy the whole volume of the material, and materials are 
typically porous at the micro- and also nano-scale: this porosity is where 
TiO2 usually fi nds its collocation, acting as a further aggregate, or nano-fi ller. 
Therefore, all reaction products of cement hydration that remain unbounded 
in the material porosities can adsorb on the TiO2 surface, if small (e.g., 
impurities, germs of calcium hydroxide crystals, etc.), thus ‘stealing’ active 
sites to external polluting substances that could be degraded in a mecha-
nism of competitive adsorption. Furthermore, a side effect of increased 
electron-hole couple recombination can also occur on adsorbed species 
(Lackhoff et al., 2003; Kwon et al., 2006).

This is the most evident infl uence of the alkaline hosting material on TiO2 
photoactivated properties; it is then immediate to wonder whether TiO2 
itself may lead to changes in the material characteristics. Concerning the 
fresh state, the key modifi cation induced by TiO2 nanopowders is a decrease 
in workability: in fact, this is not correlated to the chemical nature of the 
particles, but to their nanometric size, which produces a drastic change in 
the rheological behaviour of the mix. This change is quite pronounced, and 
must be considered in order to assure a determined workability.

On the other hand, hardening properties are just slightly affected by TiO2. 
Attention has been focused on the observed increase in the compressive 
resistance of the material: this was mainly ascribed to the already cited 
fi lling effect, which was addressed by several works and summarized in the 
review by Sanchez and Sobolev (2010). Yet, controversies arise when a pos-
sible active behaviour of TiO2 is considered. Lackhoff et al. (2003) and Li 
et al. (2007) hypothesize a pozzolanic activity of TiO2; while the former 
justify this as an indirect consequence of an accelerated cement hydration 
observed with NMR relaxometry, in the latter case no experimental valida-
tion is provided, and the assumption is probably made in the wake of the 
pozzolanic activity of silica nanopowders proved in previous works (Ji, 2005; 
Jo et al., 2007). This was further supported by Nazari and Riahi in 2010, as 
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a consequence of observed reduction in setting time and fi nal porosity of 
TiO2-containing concrete, in spite of Chen and Poon’s observations (2009a) 
rebutting any pozzolanic nature of TiO2. Their experimental tests showed 
no TiO2 mass change during hydration, which suggests an inert behaviour 
of the nanopowders, whose maximum effect is that of providing a wide 
surface for nucleation or clinging of hydration products. This issue is still 
open for discussion.

The majority of works in this fi eld are related to hydraulic binder-based 
materials, as they represent the larger volume of products, especially con-
cerning the realization of new structures; a few works are also available on 
non-hydraulic binders, focusing on the conservation of historical and con-
temporary structures. In this specifi c context, Karatasios et al. (2010) inves-
tigated the ageing of lime mortars, and specifi cally their carbonation. They 
attributed to the presence of TiO2 an effect of CO2 release, which acceler-
ated carbonation reactions. In fact, TiO2 presence would have caused the 
photocatalytic degradation of organic substances adsorbed on the material 
surface, releasing CO2 as a reaction product. The process was considered 
benefi cial since surface carbonation of these materials decreases the risks 
of calcium leaching by run-off water, one of the main causes of binder 
degradation, due to the lower solubility of calcium carbonate compared to 
calcium hydroxide (Hansen et al., 2003).

13.4.2 Ageing of the material

Understanding the evolution of the material during its whole lifetime and 
the possible onset of negative interferences between TiO2 and its hosting 
environment is just as important as studying its benefi cial effects.

The alkaline material undergoes carbonation in time, which decreases 
capillary absorption and causes the precipitation of calcium carbonate 
inducing a solid volume increase of the material higher than 10% (Ceuke-
laire and Nieuwenburg, 1993; Castellote et al., 2009). These precipitates tend 
to obstruct active sites, thus decreasing the photocatalytic effi ciency of TiO2 
mainly for a shielding effect (Chen and Poon, 2009b). This effect builds up 
with the accumulation of contaminants on surfaces exposed to the environ-
ment, as noted in a report of the Hong Kong Environmental Protection 
Department (Yu, 2003) (Fig. 13.8).

Although some data are already available, the infl uence of carbonation 
on the photocatalytic and self-cleaning effi ciency of TiO2 embedded in 
construction materials has not been examined thoroughly yet. This can be 
a vital aspect to defi ne the service life of such materials, as a careful design 
of the mix must take into account a possible decrease, and eventually the 
loss, of this functionality. This is true for any kind of element considered – 
mortar panels for cladding systems, repair plasters, and even more impor-
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tantly if the whole structure is built with photocatalytic concrete, since its 
degradation cannot be easily overcome by substitution or re-application. A 
guideline dedicated to solving design issues with photocatalytic materials 
would therefore be a desirable target of further research.

13.5 Effi ciency of TiO2 in the built environment

Experimental works concerning the use of TiO2 nanopowders in the con-
struction fi eld are variegated in terms of substrate material (bare cement 
pastes, mortars, concrete), composition (mix proportions with different 
binder, water/binder ratio, photocatalyst concentration, type and quantity 
of sand/aggregates, additives) and fi nal application (precast panels, paving 
blocks, concrete pavements, cement-based tiles, indoor and outdoor walls, 
masonry blocks).

Characterization tests performed are also numerous, all involving a more 
or less intense and prolonged irradiation with UV light or simulated sun-
light. Different experimental setups are applied in laboratory testing, 
depending on the property to be tested:

• photocatalytic activity: measurement of the extent of gas phase degrada-
tion of inorganic pollutants (NOx) or volatile organic compounds 
(VOCs) at the material surface

• self-cleaning: introduction of the material in a closed chamber with 
soiling atmosphere, or impregnation with an organic dye, and monitor-
ing of colour loss (colour recovery); analysis of chromatic changes 
during extended exposure of materials to the external environment

• superhydrophilicity: measurement of contact angle of water on the 
material surface

• antibacterial and anti-vegetative effect: inhibition of biofi lm formation, 
algae adhesion and proliferation, and sterilization effects.

New material Aged material

Pollutants

Pollutants

Carbonation

products

Porosity

Cement paste Cement paste

UV light UV light

TiO2 TiO2

13.8 Scheme of possible progressive shielding of photocatalyst due to 
material ageing.
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13.5.1 Air depollution

Investigations on photocatalytic activity of cement pastes, mortars and con-
crete containing TiO2 nanopowders have been performed in most cases by 
fl owthrough methods. Nitrogen monoxide, or directly a NOx (NO + NO2) 
mixture, are used as polluting source with typical concentration of approxi-
mately 1 ppmv (1 part per million in volume), and NO and NO2 concentra-
tions are compared in the inlet and outlet gas fl ow; a chemiluminescent NOx 
analyser is used as measuring unit. Tests involve a fi rst phase of gas fl ow in 
the absence of any irradiation, to reach an equilibrium of air composition 
in the reactor chamber and of the NO absorption in the cementitious mate-
rial itself, which clearly must not be considered in the calculation of NO 
degradation. Afterwards, a UV light source (or solar spectrum lamp) is 
switched on and the outlet gas composition sampled at predefi ned time 
intervals: NO concentration usually drops immediately by some percent, 
and fi nally goes back to its initial value when the lamp is switched off and 
the test interrupted.

In NOx degradation tests, it is important to keep in mind that the fi rst 
chemical reaction taking place at the TiO2 surface is the reduction of NO 
to NO2. Therefore, after a rapid decrease of NOx concentration, a slight 
increase in its value can be observed in the steady state of reaction, since 
the drop of NO concentration is accompanied by the formation of NO2. 
Finally, NO2 is reduced as well, by the following reactions: 

NO OH NO H+ → + +i
2  [13.1]

NO OH NO H2 3+ → +− +i  [13.2]

Degradation effi ciencies of laboratory specimens range from approxi-
mately 50–60% in fl ow conditions to the total degradation of pollutants in 
batch conditions, depending on gas concentration, fl ux and irradiation time. 
Humidity was observed in many cases to slightly reduce photocatalytic 
activity when above a certain threshold, as the adsorption of water mole-
cules on the surface of TiO2 nanoparticles is competitive with respect to 
pollutant adsorption and consequent degradation (Hüsken et al., 2009).

The result of the reaction chain of NOx degradation has drawn much 
attention and some concern, since the fi nal reaction step involves the dis-
solution of nitrate ions in rain to form nitric acid, and the consequent acidi-
fi cation of rainwater that reaches the sewers. Nonetheless, the concentration 
of NOx in air is in the order of magnitude of tens of ppb (parts per billion), 
and consequently the possible concentration of HNO3 that could reach 
sewers is extremely limited and is not expected to produce any detrimental 
effect.

Similar tests are performed with VOCs as polluting source, among which 
propanol, butanol, toluene, formaldehyde and acetone are the most diffuse 
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model reactants. Also in this case, removal effi ciencies are almost 100% in 
batch conditions and close to 60% in fl ow conditions. Experimental tests 
performed in fl ow conditions are undoubtedly more relevant than batch 
ones, as they are more representative of the actual working conditions of 
these materials in service.

13.5.2 Self-cleaning

One of the fi rst studies on the self-cleaning attribute of photoactive materi-
als is that proposed by Cassar in 2004, describing the impregnation of white 
cement disks with a yellow dye (phenanthroquinone) and the subsequent 
restoration of the initial white colour in specimens containing TiO2. Similar 
works on cement pastes and mortars were carried out with other organic 
dyes, such as rhodamine B. Aqueous solutions of the dye with a concentra-
tion of 0.05 g/L were spread on the surface of mortars and allowed to dry, 
then colour variations during irradiation were monitored with a spectro-
photometer (Ruot et al., 2009).

This method allows an easy evaluation of the self-cleaning property. The 
spectrophotometer measures the colour of the surface, and converts it into 
a set of chromatic coordinates (usually the CIELab colour system, defi ned 
by the Commission Internationale de l’Éclairage, where L* is brightness, 
a* varies from green to red, and b* from blue to yellow). In this space, 
colour changes can be measured as geometric distance between two points, 
which correspond to two different colours to be compared (for example, A 
and B in Fig. 13.9). It is possible to calculate the overall colour change 
(Δcol), or to analyse only the changes in hue (Δhue), or to identify changes 
in the saturation of a single hue (Δsat). The latter parameter is exploited in 
dye degradation measurements: since dyes lose their colour when the 
molecular structure is degraded, colour saturation can be used as a repre-
sentative parameter of dye concentration. In the case of rhodamine B, 
which exhibits a strong magenta colour, a decreased intensity of red com-
ponent of colour indicates that the dye is being degraded.

Yet, it is important to keep in mind that colour changes do not necessarily 
mean complete degradation, and the organic molecule can still be partially 
integer even after the colour has disappeared, since it is suffi cient to break 
the molecule chromophore groups to induce the colour loss. This is why 
these tests often refer to dye ‘decolourization’ rather than ‘mineralization’, 
since the latter can only be measured by TOC (total organic carbon) or 
spectrometric measurements.

Another important experimental path that can be chosen to test the self-
cleaning attribute of cement-based materials is their exposure to a polluted 
environment and monitoring of surface colour, which is performed with the 
same colour measurements described for dye decolourization. The polluted 
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environment can be created artifi cially or it is possible to expose some 
specimens directly to urban atmosphere. In the latter case, since experimen-
tal conditions (humidity, temperature, irradiation) cannot be chosen and 
regulated, it is fundamental to have a monitoring station close to the expo-
sure site, from where atmospheric data can be obtained. It is then possible 
to correlate them with the colour measurements, the most relevant param-
eters being the amount of radiation reaching the surface during the day and 
the time of wetness, which is closely correlated to the number of rainy days. 
As for the interpretation of data, a lower colour change in time is expected 
from a self-cleaning material. Moreover, if the soiled surface of a photoac-
tive material returns towards its original colour right after a rainy event, 
and the same trend is not observed in a similar ‘blank’ material (without 
TiO2), then this behaviour will be due to the onset of self-cleaning (Dia-
manti et al., 2008).

13.5.3 A case study of life cycle assessment

A life cycle assessment (LCA) of TiO2-containing coatings for concrete 
pavements was performed by Hassan in 2010. The author assumed that an 
improvement in air quality cannot be used as the only criterion for the 
complete evaluation of a material that should be considered sustainable, as 
critical environmental factors may be omitted. Therefore, a life-cycle inven-
tory (LCI) was performed to quantify the energy, abiotic raw material 
inputs and emission from cradle to grave. A Building for Environmental 
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and Economic Sustainability (BEES) impact assessment model (Lippiat, 
2007) was applied to analyse the inventory.

The reduction of the environmental impact of the material was found to 
act on four main categories: acidifi cation, eutrophication, air pollutants and 
smog formation. Parallel increases in global warming, fossil fuel depletion, 
water intake, ozone depletion and impacts on human health were also 
assessed, caused mainly by the production phase and fossil energy con-
sumption. Yet, the total environmental performance of the product led to 
the conclusion that the titanium dioxide coatings tested have an overall 
benefi cial effect on the environment.

13.6 Pilot projects and fi eld tests

The confused mass of information described in the previous sections surely 
shows the usefulness of TiO2 in decreasing environmental pollution, and 
more broadly in improving the quality of materials where it is contained. 
Nonetheless, it implies at the same time great diffi culties in understanding 
the actual behaviour of photocatalytic materials and in classifying them on 
the basis of their effi ciencies.

These aspects are probably better investigated through large-scale exper-
imental setups, which are fundamental to defi ne the actual behaviour of 
materials modifi ed with titanium dioxide in real practice. In this frame, 
Dylla et al. (2010) proposed a new laboratory setup to evaluate the infl u-
ence of various parameters (humidity, pollutant fl ow rate, mix design) on 
the effi ciency of photocatalytic coatings for concrete pavements, as well as 
on their resistance to abrasion and wear, given the critic application. A 
photoreactor with fl uorescent lamps was built with a surrounding circuit 
providing the contaminant source (NO) and desired humidity. Particularly 
interesting are the dimensions of the photoreactor, 25 cm × 30 cm × 2.5 cm, 
which allows the evaluation of large samples, up to real-size paving slabs.

Besides large-scale tests, which still belong to the class of laboratory 
experiments, higher relevance must be given to pilot projects, as the most 
realistic way to measure the working effi ciency directly on site. This is the 
scenario from which the project PICADA (Photocatalytic Innovative Cov-
erings Applications for Depollution Assessment) took its fi rst steps. In this 
project, a consortium of eight industries and research laboratories was 
created, aimed at developing and optimizing industrial formulations of 
innovative façade coatings with de-soiling and de-polluting properties 
including titanium dioxide, and at establishment of a local behaviour model 
under different exposure conditions and in a realistic urban environment.

The biggest pilot test in Europe is probably the ‘street canyon’ site that 
was built in France, near Guerville, in the frame work of the PICADA 
project (Guerrini et al., 2007). The methodology consisted in testing the 
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effectiveness of photocatalytic properties on a 1 : 5 scale model reproducing 
the environmental conditions of a street located between two buildings, in 
a generic urban context. Two 18 m long lanes were built, and walls were 
covered with normal plaster in one case and photocatalytic plaster in the 
other; the atmosphere within the canyons was modifi ed by fl owing engine 
exhaust gases. Both air composition and environmental parameters were 
monitored, and the effi ciency of photocatalytic plaster in keeping air cleaner 
was proved, with an up to fourfold decrease of contaminants compared to 
normal plaster in favourable weather conditions (wind, mainly).

Nowadays, examples of TiO2-containing building materials can be found 
almost anywhere: some of them are just pilot projects, like the ‘street 
canyon’, others are the fi nal product of this technology. One early example 
of the use of photocatalytic TiO2 in the European built environment, and 
probably the most renowned, is the already cited church Dives in Miseri-
cordia, designed by Richard Meier and built with precast blocks of photo-
catalytic concrete produced by the Italcementi group (Fig. 13.7b). This 
building is often used as reference for the introduction and development 
of the use of photocatalytic concrete in Europe. It was fi nished in 2003, and 
for 7 years a constant monitoring of its colour was performed on the three 
‘sails’ that form its architecture, showing no change in brightness in the 
areas analysed and only slight changes in the colour coordinates a* and b* 
on the panels facing south, which was ascribed to the deposition of African 
sand carried by the sirocco wind.

A demonstration project was carried out in Bergamo, Italy, where pho-
tocatalytic slabs were installed on a road and related pavement. Two periods 
of constant monitoring of NOx in the surrounding air, lasting 10 days each, 
showed that in the presence of photocatalytic paving slabs, the pollutant 
concentration decreased by almost 45%, being the average concentration 
in that area in the order of ppbv (Guerrini and Peccati, 2007). Other works 
on photocatalytic roads were performed in laboratory and fi eld conditions 
by Ballari et al. (2010) and in large-scale application by Beeldens (2006) in 
Antwerp, Belgium, where a road was paved with photocatalytic building 
blocks, revealing again a decrease in NOx concentration.

Several other projects have been realized and are still monitored, such 
as tunnels, airports and schools, whose exterior walls were either built with 
photocatalytic materials or coated with TiO2-containing products, such as 
mortars, plasters, or just paints.

13.7 Existing patents and standards relating to 

photocatalytic cementitious materials

Although the attention of a large part of the scientifi c community has been 
devoted to titanium dioxide for decades, practical applications are more 
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recent, and have found a worldwide diffusion only in the last few years. The 
market for photocatalytic construction materials is expected to grow from 
a volume of $800 million to $1.5 billion by 2014, as proposed in the market 
report ‘Photocatalysts: Technologies and Global Markets’ by BCC Research 
(2010). Commercial products focus mainly on the application of coatings 
on other materials, in spite of the problems connected to the durability of 
such products due to environmental factors, or just wear. TOTO Ltd was 
one of the fi rst companies to notice the economic and innovation implica-
tions of the use of TiO2 in building materials, and collaborated closely 
with Fujishima and its research group when TiO2 photocatalysis and self-
cleaning were still in their infancy.

An idea of the maturity of a product that still attracts so much basic and 
applied research is given by market volumes, but also the growing number 
of patent applications and standards promulgated is indicative of a massive 
passage from laboratory to real applications.

13.7.1 Overview of current patents

Nowadays, hundreds of patents exist on photocatalytic materials for air 
purifi cation, self-cleaning surfaces, antibacterial surfaces, and many other 
sub-categories. Just as an example, in 2009 approximately 60 patent applica-
tions were submitted to the WIPO (World Intellectual Property Organiza-
tion) based on a keyword search of the concept ‘photocatalysis’, among 
which 41% come from Japan: the major players are TOTO Ltd (Japan) and 
Carrier Corp. (USA), followed by Saint Gobain Glass (France) and Italce-
menti (Italy). Air purifi cation is by far the most popular, and includes air 
purifi cation devices and photocatalytic fi lters, which are beyond the scope 
of this chapter. A short list, surely not comprehensive, of some patents 
related to photocatalytic cementitious materials is reported in Table 13.1.

13.7.2 Standards for materials testing

Japan was undoubtedly the fi rst country to appreciate the potential of pho-
tocatalytic materials, to invest in their application nationwide and to for-
mulate appropriate standards to evaluate their effi ciency. All standards that 
have been, or are being, developed are therefore based on Japanese experi-
ence, and often refer to the corresponding JIS (Japanese Industrial Stan-
dard), which include the test methods of photocatalytic materials for air 
purifi cation performance (JIS R 1701), antibacterial activity (JIS R 1702), 
self-cleaning performance (JIS R 1703), water-purifi cation performance 
(JIS R 1704) and antifungal activity (JIS R 1705).

In fact, every single outcome of the photoactivation of titanium dioxide 
requires a different standard, and also the type of supporting material 
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Table 13.1 Examples of patents on TiO2 in building materials

Year Code Country Title

2009 13337 United Nations Coatings based on hydraulic binders 
with an optimal rheology and high 
photocatalytic activity

2008 17934 United Nations New precast cementitious products 
with photocatalytic activity

2008 236450 USA Photocatalytic granular mixture for 
mortar and concrete and its use

2007 1752429 A1 Europe Bituminous road surface with a 
photocatalytic effect and a procedure 
for the preparation of said road 
surface

2006 565 United Nations High durability photocatalytic paving 
for reducing urban polluting agent

2006 2425075 A UK Concrete roof tile or wall cladding 
element

2005 1609910 Europe A pavement with photocatalytic effect
2004 74202 United Nations Cement-based paving blocks for 

photocatalytic paving for the 
abatement of urban pollutants

2002 2002242113 Japan Coating method of photocatalyst layer 
to pavement for air purifi cation

2002 6409821 USA Hydraulic binder and cement 
composition containing photocatalyst 
particles

1999 5861205 USA NOx cleaning paving block
1998 10219920 Japan Extrusion-molded building materials for 

removal of nitrogen oxide and their 
manufacture

strongly infl uences the test methods and the expected results: porous 
cementitious materials will necessarily undergo a different procedure with 
respect to compact ceramics, and further differences will characterize the 
testing of coatings. This short survey will only focus on standards referring 
to cement-based, and therefore intrinsically porous, photocatalytic 
materials.

The formulation of such standards in Europe was entrusted to an offi cial 
working group of CEN (European Committee for Standardization), who 
was asked to defi ne technical specifi cations and guidelines: the activity is 
not closed yet, and the group is still working on it. In the meanwhile, some 
documents were produced by the ISO (International Standards Organiza-
tion) working group on photocatalytic materials, starting in 2007, focusing 
on photocatalytic fi ne ceramics (Table 13.2). Other standards are under 
evaluation and will be published probably in the next few years. These 
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documents will surely become a reference to assess product performances 
for both public and private building contractors.
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Abstract: Self-cleaning and anti-bacterial activities of the photocatalyst 
titanium dioxide make it a superior compound for use in the ceramics 
and glass industry. Photocatalytic products have been on the market 
since 2001. Photocatalysis is a photochemical process that semi-
conductor materials such as titanium dioxide undergo when irradiated 
by light of a certain wavelength. A major drawback in commercializing 
conventional TiO2 photocatalysts for ceramic applications is the large 
band gap of these materials which restricts its usefulness to outdoor 
environments. Titanium dioxide can only be activated upon irradiation 
with a photon of light <390 nm in the ultraviolet region. Ultraviolet light 
makes up less than 5% of the solar spectrum, whereas the spectrum 
consists of ∼40% visible light. Therefore, in order to utilize TiO2 to its 
full potential and use it in an indoor environment, it is necessary to 
decrease the band gap size facilitating visible light absorption. In this 
chapter recent developments in the preparation of visible light activated 
catalysts are provided. A brief outline of various commercial 
photocatalytic tiles and glass products are listed. A general scientifi c 
mechanism of anti-bacterial action and self-cleaning activity of 
photocatalysts are also explained in detail. Finally, projected market 
growth, future trends and recommendations to improve the 
photocatalytic properties for the applications of tile and glass are 
described.

Key words: self-cleaning tiles, glass, anti-bacterial activity, solar and 
visible light.

14.1 Introduction

In 1972, Japanese researchers Fujishima and Honda demonstrated the 
powerful semiconductor capabilities of titanium dioxide, TiO2, in the split-
ting of water in a photoelectrochemical cell. Their work ignited a revolution 
in the world of semiconductor research with Frank and Bard going on to 
demonstrate titanium dioxide’s unique properties for environmental reme-
diation through the reduction of CN- in water1–4 in 1977, and Ollis using 
TiO2 for the mineralization of organic pollutants in 1983.5–7 In the 1990s, 
following Graetzel’s paper on the dye-sensitized solar cell,8,9 TiO2 became 
one of the most internationally researched semiconductor materials. The 
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increase in TiO2 publications per year demonstrates the growth in the 
area.10,11

14.1.1 Photocatalysis

The term photocatalysis implies that light is acting as a catalyst in a reaction, 
which is not the case.12,13 However, the term photocatalysis will always be 
used to describe the process that semiconductor materials such as TiO2 
undergo when irradiated by light of a certain wavelength. It is a term that 
implies photon-assisted generation of catalytically active species.

In photocatalysis light of energy greater than the band gap of the semi-
conductor excites an electron from the valence band to the conduction band 
(Fig. 14.1) by the following reaction:.

Semiconductor h h eVB CB+ → ++ −v  Scheme 14.1

The excited electron leaves a positive hole in the valence band and these 
charge carriers can migrate to the catalyst surface and initiate redox reac-
tions on absorbents such as water and oxygen. Positive holes generated by 
light become trapped by surface adsorbed H2O. The H2O becomes oxidized 
by h+

VB, producing H+ and OH• radicals (Eq. [14.1]), which are extremely 
powerful oxidants (Table 14.1). The hydroxyl radicals subsequently oxidize 
organic species from the surrounding environment to CO2 and H2O (Eq. 
[14.3])14 and in most cases these are the most important radicals formed in 
TiO2 photocatalysis.

Electrons in the conduction band can be rapidly trapped by molecular 
oxygen adsorbed on the particle. Trapped molecular oxygen will be reduced 
by excited electrons to form superoxide (O2−•) radicals (Eq. [14.2]) that 

14.1 Schematic of photocatalytic mechanism.
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may further react with H+ (Eq. [14.4]), to generate peroxide radicals (•OOH) 
and hydrogen peroxide, H2O2 (Eq. [14.5]).15,16

Recombination of the excited electron and the photo-generated hole is 
a major limitation in semiconductor photocatalysis as it reduces the overall 
quantum effi ciency of the photocatalyst because of the high recombination 
rate of photoinduced electron-hole pairs at the surface of the photocata-
lyst.17 The photocatalytic effi ciency can be signifi cantly enhanced if recom-
bination is reduced. Doping with ions,18–20 heterojunction coupling21 and 
nanosized crystals22 have all been reported to promote separation of the 
electron-hole pair, reducing recombination and therefore improving the 
photocatalytic activity of the semiconductor material.

When recombination occurs, the excited electron reverts to the valence 
band without reacting with adsorbed species (Scheme 14.2).23 Radiation 
may be emitted when an excited electron recombines with the valence band. 
As such, photoluminescence may be successfully employed to monitor 
recombination and, in general, low intensity photoluminescence signals 
indicate lower recombination rates.17

e h energyCB VB
− ++ →  Scheme 14.2

H O h OH HVB2 + → ++ +i  [14.1]

O e O -CB2 2+ →− −i  [14.2]

iOH VOC H O CO+ → +2 2  [14.3]

O - H -OOH2
− ++ →i i  [14.4]

i iOOH OOH H O O+ → +2 2 2  [14.5]

O - VOC CO H O2 2 2
− + → +i  [14.6]

iOOH VOC CO H O+ → +2 2  [14.7]

Equations [14.1]–[14.7] schematize the whole process.14,24,25 Hydroxyl radi-
cals produced by the photocatalytic process will oxidize the majority 
of volatile organic compounds (VOC) until complete mineralization. 

Table14.1 Oxidation potentials of various oxidants 
relative to normal hydrogen electrode (NHE)

Oxidant Oxidation potential (V)

OH• (hydroxyl radical) 2.80
O3 (ozone) 2.07
H2O2 (hydrogen peroxide) 1.77
HClO (hypochlorous acid) 1.49
Cl (chlorine) 1.36
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Recombination competes strongly with the photocatalytic process. It may 
occur on the surface in the bulk and is in general catalysed by impurities, 
defects, or all factors which introduce bulk or surface imperfections into the 
crystal.26 The fact that the process can only be initiated by UV light is also 
a limiting factor in the process. It is desirable to produce a photocatalyst that 
can be activated by visible light to make full use of the solar spectrum.

14.1.2 Practical use of photocatalysts for tiles and glasses

A major drawback in commercializing conventional TiO2 photocatalysts for 
community care applications is the large band gap. Titanium dioxide can 
only be activated upon irradiation with a photon of light <390 nm, limiting 
its use on commodity materials such as tiles and glasses.27–29 Ultraviolet light 
makes up only 3–5% of the solar spectrum, whereas the spectrum consists 
of ∼40% visible light. Therefore, in order to utilize TiO2 to its full potential 
it is necessary to decrease the band gap size facilitating visible light 
absorption.

Non-metal doping has shown great promise in achieving visible light 
activated photocatalysis, with nitrogen being the most effective dopant. 
Asahi et al. were the fi rst to show visible light absorption through N doping. 
They reported nitrogen-doped TiO2 promoted photocatalytic activity up to 
λ = 520 nm.30 The nitrogen substitutional doping of TiO2 was initially claimed 
as a method for narrowing the band gap by exclusively changing the valence 
band structure; fi ne electronic details of this are, however, under discussion. 
Asahi et al. claimed that the presence of nitrogen narrows the band gap of 
TiO2, thus making it capable of performing visible light-driven photocataly-
sis.30 However, Ihara et al. suggested that it is the oxygen vacancies that 
contributed to the visible light activity, and the doped nitrogen only 
enhanced the stabilization of these oxygen vacancies.31 They also confi rmed 
this role of oxygen vacancies in plasma-treated TiO2 photocatalysts.31

In addition, that the structural oxygen vacancy caused visible light pho-
tocatalytic activity was also reported by Martyanov et al.32 Currently there 
appears to be some agreement on the mechanism of nitrogen-doped visible 
light absorption explained by Irie et al.33 and Nakamura et al.34 They 
explained that TiO2 oxygen lattice sites substituted by nitrogen atoms form 
an occupied midgap (N-2p) level above the (O-2p) valence band. Irradia-
tion with UV light excites electrons in both the valence band and the 
narrow (N-2p) band, but irradiating with visible light only excites electrons 
in the narrow (N-2p) band.33,34

It has also been shown that F doping improves both UV and visible light 
photocatalytic activity. However, their mechanisms are still under discus-
sion. Previous studies have shown that N-F-co-doped TiO2 powders dem-
onstrated excellent photocatalytic activity no matter what kind of light 
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source was used. This seems to be a consequence of the perfect combination 
of some benefi cial effects induced by both N and F dopants.35

Carbon, phosphorous and sulphur have also shown positive results for 
visible light responsive TiO2.36,37 The non-metal dopants effectively narrow 
the band gap of TiO2 (<3.2 eV).38 Change of the lattice parameters and the 
presence of trap states within the conduction and valence bands from elec-
tronic perturbations give rise to band gap narrowing.27 Not only does this 
allow for visible light absorption, but the presence of trap sites within the 
TiO2 bands increases the lifetime of photoinduced charge carriers.

Doping of TiO2 with transition metals such as Cr, Co, V and Fe has 
extended the spectral response of TiO2 well into the visible region, also 
improving photocatalytic activity.27,39 However, transition metals may also 
act as recombination sites for the photoinduced charge carriers, thus lower-
ing the quantum effi ciency. Transition metals have also been found to cause 
thermal instability to the TiO2 nanomaterials.15 Even though a decrease in 
band gap energy has been achieved by many groups through metal doping, 
photocatalytic activity has not been remarkably enhanced because the 
metals introduced were not incorporated into the TiO2 framework. In addi-
tion, metals remaining on the TiO2 surface cover photo reaction sites.

14.1.3 Applications of titanium dioxide for tiles and glasses

Despite the great promise shown by the self-cleaning abilities of TiO2 sur-
faces, there are certain limitations. Because TiO2 is a wide band gap (3.2 eV) 
semiconductor material, the self-cleaning process can only be initiated by 
light of wavelength ∼390 nm or less. This causes substantial reduction in the 
effi ciency of the product as light of such energy, ultraviolet light (UV), 
makes up only 3–5% of the solar spectrum. Therefore, in order to improve 
the effi ciency of these materials, it is necessary to either reduce the band 
gap or to introduce mid-band gap energy levels that act as a stepping stone 
between the energy levels, facilitating visible light absorption.

Titanium dioxide can be incorporated into construction materials such as 
glasses and tiles to produce anti-bacterial surfaces.12,13 It can be used to coat 
hospital surfaces and provide anti-bacterial protection against harmful bac-
teria such as E. coli and MRSA.40 By applying TiO2 to roadside partitions 
and lights, the surfaces can be kept clean while having the added advantage 
of reducing harmful exhaust gases such as NOx and VOCs.

14.1.4 Commercial photocatalytic tiles and glass

Pilkington Glass have utilized titanium dioxide technology to develop a 
range of self-cleaning windows known as Pilkington Activ.41 Self-cleaning 
glass clearly displays the benefi ts of titanium dioxide’s self-cleaning and 
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superhydrophilic properties. In 2001 Pilkington started to develop photo-
catalytic glass, which has been available in the market since then. The 
Pilkington Activ was successfully trialled in many countries such as the UK, 
Ireland and North America. The product is currently available worldwide 
and is applied in many commercial and private buildings. This is one of the 
most successful photocatalytic products available in the market. The coating 
is composed of a 15 nm layer of titanium dioxide deposited by chemical 
vapour methods.

Saint Gobain Glass’s Bioclean is another signifi cant photocatalytic glass 
product available in the market. These glasses were produced by coating a 
transparent layer of photocatalytic or hydrophilic material on the glass. An 
Italian manufacturer, Gambarelli, has developed photocatalytic tiles using 
titanium dioxide ceramic particles.

TOTO’s (Japan) HYDROTECT tiles, with a photocatalytic antibacterial 
function, has been available since 1993. HYDROTECT fi nds applications 
in TOTO’s own tile building materials, paints, and coatings. They also 
licensed the technology to over 100 companies in Japan and overseas. About 
270 patents have been registered in the photocatalytic technology domain 
by TOTO Ltd.42 Their representative products are white ceramic tiles for 
exterior walls and home environments. They are fabricated by spraying a 
liquid suspension containing TiO2 powder or gel on the surface and then 
heated to 600–800°C. Through the heat treatment, the TiO2 is sintered and 
strongly attached to the tile surface, forming a micrometer thick layer.43

Turkish-based ceramic tile manufacturer VitrA has launched a photoac-
tive tile (http://www.vitratilescpd.com/faq/whats-photoactivity-2) to inhibit 
bacterial growth and eliminate microorganisms through oxidation. Air pol-
lutants such as oxides of nitrogen and sulphur can also be removed using 
this technology.

14.2 Important production parameters

14.2.1 Temperature stability of the photocatalyst

One of the key issues with using titanium dioxide as a photocatalytic mate-
rial in tiles and glass is the transition of the photocatalytically active phase, 
anatase, to the non–photocatalytically active phase, rutile, which typically 
occurs at 600–700°C. This is 300°C below the typical processing tempera-
tures for tiles.

The retention of a high stable anatase phase with visible light active 
photocatalytic properties up to a temperature as high as ≥1000°C has not 
yet been published or patented. Many proposed innovative and commercial 
applications for photocatalytically active stable titania-coated materials 
such as bathroom tiles, sanitary wares, and self-cleaning glass for the control 
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of organic contaminants require high processing temperatures and hence 
high-temperature stability.2.4,17 High consumer demand is projected for 
these materials.

The second area to investigate is the stability of the anatase at high tem-
perature. This can be investigated in many ways. Previous X-ray photoelec-
tron spectroscopy (XPS) studies by the authors’ group have indicated that 
only 0.3 at% F of doping has achieved when 16 mole time (1:16) F precur-
sors trifl uoroacetic acid (TFA). This 0.3% F doped sample showed stability 
up to 900°C and a small increase in dopant content is expected to give even 
higher temperature stability. Adding dopants above 0.5% by addition of 
high-temperature stable dopant precursors should be developed. Therefore 
both the levels of dopants (e.g., N-F, S-F, S-N, C-F, C-N, C-F, etc.) and various 
precursors (e.g., TFA, TiCl4) should be looked at and incorporated into the 
titania matrix.

The solid state chemistry at high temperature can also be tuned by chang-
ing precursors or employing various annealing schedules such as step 
heating without grain growth. Step annealing was previously employed suc-
cessfully to sinter Y2O3 materials without signifi cant grain growth. A similar 
heating strategy can be designed to produce anatase materials with less or 
little grain growth at higher temperatures (≥1000°C) thus preventing rutile 
formation. New sintering techniques such as ramp-sustain-decay can be 
applied. The development of photocatalysts (with lower band gap) which 
can be activated under visible light (>400 nm) is desired in order to make 
use of the main part of the solar spectrum, and to extend their applications 
to room interiors where there is relatively poor lighting illumination.

The anatase-to-rutile phase transformation in TiO2 is an area of both 
scientifi c and technological interest.44,45 The anatase-to-rutile transforma-
tion (ART) is kinetically defi ned and the reaction rate is determined by 
parameters such as particle shape/size,46 purity,47 source effects,48 atmo-
sphere49 and reaction conditions.50 It is agreed that the mechanism for phase 
transformation of titania is one of nucleation and growth.51,52 Anatase nano-
crystals coarsen, grow and then transform to rutile only when a critical size 
is reached.53 Therefore, phase transformation is dominated by effects such 
as defect concentration,54 grain boundary concentration55 and particle 
packing.49 Rutile is the thermodynamically stable phase, while anatase and 
brookite are both metastable, transferring to rutile under heat treatment at 
temperatures typically ranging between 600 and 700°C.56 Anatase is widely 
regarded as the most photocatalytically active of the three crystalline 
structures.57,58

The generally accepted theory of phase transformation is that two Ti–O 
bonds break in the anatase structure, allowing rearrangement of the Ti–O 
octahedra, which leads to a smaller volume, forming a dense rutile phase. 
The removal of oxygen ions, which generate lattice vacancies, accelerates 
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the transformation. The transition follows fi rst order kinetics, with an activa-
tion energy of ∼418 kJ mol−1. The breaking of these bonds can be affected 
by a number of factors, including the addition of dopants, synthesis method 
and thermal treatment.52

Table 14.2 presents the results of a patent search using the relevant terms, 
for photocatalytic tiles and glass. There are many patents which relate to 
high temperature stable anatase titania such as WO2009061707 (A1), but 
they do not indicate visible light active photocatalytic properties or their 
intended use in building materials, for example. Most disclosures relate to 
a process for making titanium dioxide in an anatase crystalline form which 
is stable at temperatures above 1000°C. Another invention (CN 101205083 
(A)) relates to a technology for preparing a nanometre-scale material, in 
particular to a preparation method in which, after a high temperature 
(above 700°C) process, nanometre crystal titanium oxide with small crystal 
size and high surface area, the main anatase phase can still be retained, 
something that has proved hard to obtain. The invention can realize large-
scale preparation at high temperatures (700–1,500°C) and produces the 
nanometre crystal titanium oxide which is characterized by the main anatase 
phase, the small crystal size, the high surface area, high crystallinity, low 
surface state distribution, etc. The nanometre titanium oxide grains pre-
pared by the invention are expected to be applied in photocatalysis fi elds 
such as a sensitized solar energy battery, and hydrogen prepared by water 
splitting.

Table 14.2 Patent search for photocatalytic tiles and glass

Search terms
No. of 
patents

Patents 
relevant Brief description

High temp, stable, 
anatase

1 1 Precipitating a halide salt and a 
hydrolysed compound comprising 
Ti from a reaction mixture

Photocatalytic, 
titanium dioxide

85 2 See text

Ceramic building 
material, 
photocatalytic

1 1 To form a strong photocatalytic 
layer taking advantage of 
remaining heat immediately after 
burning by directly spraying a 
photocatalyst liquid on a ceramic 
substrate in a cooling stage 
immediately after burning

Photocatalytic, TiO2 
antibacterial

3 1 See text

High temperature 
anatase, ceramic, 
antibacterial

3 1 See text
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There are not many reported patents on materials that are stable, anti-
bacterial and can be activated by visible/room light. The CREST-DIT, Ireland 
patented materials are the fi rst to claim anti-microbial visible light photo-
catalytic action and it is believed that they could represent the best available 
technology to deal with the persistent problems of E. coli and MRSA.

There are some interesting reports that tackle the problem of the high 
temperature stable anatase titania, and spraying the solution directly onto 
the ceramic surfaces. One such report (JP 2001031483 (A)) set out to solve 
the following problem: to form a strong photocatalytic layer taking advan-
tage of the remaining heat immediately after burning by directly spraying 
a photocatalyst liquid on a ceramic substrate during cooling immediately 
after burning. The reported solution is that the ceramic substrate is a ceramic 
building material necessitating high-temperature burning such as tile, brick, 
ceramic plate or roofi ng tile. Preferably, a mixture of anatase TiO2 sol and 
SiO2 sol is used as the photocatalyst liquid for a ceramic substrate having 
coarse porous surface, and a photocatalyst liquid containing peroxotitanic 
acid is used for a ceramic substrate having a smooth surface. The surface 
temperature suitable for the formation of the photocatalytic layer is prefer-
ably 350–500°C. The photocatalytic layer formed on a coarse porous surface 
of a substrate is resistant to the peeling from the substrate because the TiO2 
particles are fi xed to the pore of the porous surface of the substrate to 
semi-permanently exhibit an excellent effect. The photocatalyst liquid con-
taining peroxotitanic acid preferably forms fi ne particles of anatase TiO2 by 
heat treatment to form a photocatalytic fi lm having high activity. The 
product has air-cleaning, stain-proofi ng and antibacterial characteristics.

Another report (KR 20020043133 (A)) provides a novel method of 
making photocatalytic titanium oxide sol by improving the existing hydro-
lysis process of the sol-gel method. It is a method for making acidic titanium 
oxide sol and basic titanium oxide sol, inducing the crystal growth of anatase 
type at high temperature and pressure. The above titanium oxide sol for the 
photocatalyst has excellent properties of dispersion and coating and pho-
tocatalytic ability to decompose various organic materials.

It can be seen that there are numerous reports/patents that deal with high 
temperature stable anatase titania, but no such reports include activation 
due to visible light and photocatalytic properties at high temperatures and 
that are also used in the application area of anti-bacterial ceramic tiles.

14.3 Mechanism of self-cleaning glasses and tiles

14.3.1 Self-cleaning properties

It is known that titanium dioxide surfaces display excellent anti-fogging and 
self-cleaning abilities because of the superhydrophilic attributes of TiO2 
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surfaces.54 Wang et al. have reported that the transition between the hydro-
phobic and hydrophilic states could possibly be connected to photoactive 
electronic transition across the energy gap, i.e., the conversion of Ti4+ sites 
into Ti3+ on the surface under UV illumination.59,60 Therefore in terms of 
UV activation, there are common features between the photocatalytic 
mechanism and hydrophilicity.61

Recently, however, there has been some consensus that the basic mecha-
nism of these two phenomena may not be the same. According to Watanabe 
et al.,62 the existence of sodium ions in TiO2 showed very different effects 
on these photoinduced reactions, suggesting two different photoinduced 
defect reaction mechanisms on the surface. The essential photocatalytic 
mechanism could be explained in terms of bulk properties, such as the 
charge transfer effi ciency of a wide gap semiconductor. Therefore it seems 
photocatalysis of TiO2 is more dependent on bulk properties, while the 
hydrophilicity of TiO2 is an inherently interfacial property, limited to the 
interface between TiO2 surface (solid) and water (liquid).

The hydrophilic mechanism is believed to be as follows; electrons reduce 
the Ti (IV) cations to the Ti (III) state, and the holes oxidize the O2− anions. 
In the process, oxygen atoms are ejected and oxygen vacancies are created 
(Fig. 14.2). Water molecules can then occupy these oxygen vacancies, pro-
ducing adsorbed OH groups, which tend to make the surface hydrophilic.63

14.3.2 Anti-bacterial action

There are two principal ways to realize self-cleaning material surfaces: the 
development of superhydrophobic or superhydrophilic materials. By trans-
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H H

Hydrophobic
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14.2 Mechanism of photo-induced hydrophilicity.
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ferring the microstructure of selected plant surfaces to practical materials 
like tiles and façade paints, superhydrophobic surfaces were obtained 
(Lotus effect). Superhydrophilic materials were developed by coating glass, 
ceramic tiles or plastics with the semiconducting photocatalyst titanium 
dioxide (TiO2). If TiO2 is illuminated by light, grease, dirt and organic con-
taminants are decomposed and can easily be swept away by water (rain).

TiO2-coated ceramic tiles are considered to be very effective against 
organic and inorganic materials, as well as against bacteria. There is general 
interest in the application of these tiles in hospitals and care facilities to 
reduce the spread of infections and the threat to patients whose immune 
system has been weakened, in public and commercial facilities and schools 
to improve the hygienic conditions and in residential kitchens, baths and 
fl oors to promote family hygiene and to reduce housework. Furthermore, 
these tiles show superhydrophilic behaviour. Grease, dirt and other staining 
materials can easily be swept away with a stream of water. Superhydrophi-
licity, combined with the strong photocatalytic oxidizing properties, makes 
this tile self-cleaning in exterior applications.

With the increasing concern for human health and quality of life, the use 
of TiO2 for disinfection becomes more and more important. In the ceramic 
and building industries, there is a special interest in the photoinduced bac-
tericidal effect of TiO2.49 This is particularly true when the ceramic is going 
to be placed in microbiologically sensitive environments, such as medical 
facilities, and food industries where biological contamination must be 
prevented.50

Applying antibacterial TiO2 building materials to indoor furnishings has 
been shown to be an effective way to decrease bacterial counts to negligible 
levels. It was reported that in an operating room in a hospital the number 
of bacteria on the wall surface was reduced to zero and the bacteria in the 
air was also decreased signifi cantly after installing photocatalytic tiles. The 
longer term effect was much better than the spraying of disinfectants.51 
Several companies, such as TOTO, Karpery and Biocera, have commercial-
ized the concept of a deposited thin fi lm semiconductor photocatalyst on 
ceramics as an antimicrobial agent. Their semiconductor photocatalyst thin 
fi lm ceramic products exhibit both UV light-induced antimicrobial agent 
and deodorizing properties.54 The light-induced bactericidal activity of TiO2 
can also be used to control biological growth on concrete surfaces. A sche-
matic mechanism of photocatalytic anti-bacterial action is given in Fig. 14.3. 
Unsightly stains due to the growth of biofi lm may cause the loss of aesthetic 
beauty, particularly in places where design features or maintenance faults 
result in frequent wetting of the building surface.53 This could also trigger 
chemical changes of concrete surfaces and decrease their durability.55 Pho-
tosynthetic algae can only grow where sunlight is available, so that photo-
catalytic technology is an ideal control method.
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Besides self-cleaning cementitious materials, TiO2-based self-cleaning 
exterior building products including tiles and glass have been widely com-
mercialized and applied. The self-cleaning and stain-free performance are 
confi rmed by samples suspended outdoors for six months.59 For interior tiles 
used in washrooms or bathrooms, soilage and dirt are always a problem. 
The fatty acids from soap can form chemical bonds with calcium and mag-
nesium in hard water and adhere to the tile surface, which are diffi cult to 
clean after the accumulation of dirt. Tiles with a TiO2 fi lm surface can break 
the binding between the organic compounds and the ceramic tiles, which 
make the washing process easier. Compared with the other two major 
applications, less research work has been conducted in the area of antimi-
crobial building materials. So far, standardized protocols for evaluating the 
light-induced anti-bacterial activity have not been established. The stated 
effi ciency of different self-disinfecting products cannot be verifi ed and com-
pared. Moreover, effective and reliable coating techniques are needed to 
anchor the nano-photocatalysts to interior building surfaces in the event 
that the dispersion of fallen nanoparticles causes potential health threats.

14.4 Future trends

The sale of photocatalytic products in the world market began to gain 
momentum since 2001 after the successful commercialization of Pilkington 
glass. According to the technical market research report (2010), by BCC 
Research (35 Walnut Street, Suite 100, Wellesley, MA 02481), the global 
market value for photocatalysts is expected to increase to $1.7 billion in 
2014, for a fi ve-year compound annual growth rate (CAGR) of 14.3%. BCC 
also analysed that the photocatalytic products for the construction sector 
currently accounts for the largest share of the market. A need to improve 
the photocatalytic anti-bacterial effi ciency is required to implement these 
materials in the commodity market. In addition, the potential deterioration 
of photocatalytic effi ciency of TiO2 photocatalysts over time has proven to 
be an inherent obstacle for the commercialization of photocatalytic coat-
ings on glass and tiles. Research is currently underway in many universities 
and large companies to tackle these problems. The development of highly 
effi cient visible light activated photocatalysts has been found to be effective 
compared to conventional TiO2. The current results on the visible light 
induced photocatalysts are promising for further development for tiles and 
glasses driven by solar light as a renewable source of energy.
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Abstract: Th e addition of a photocatalyst provides decontamination 
properties to a paint. It is capable of continuously oxidizing both organic 
and inorganic pollutants and microorganisms under the infl uence of light 
during its lifetime. Photocatalytic paints are useful for degrading air 
pollutants, reducing the costs of maintenance of the exterior aspect 
and sterilizing the environment. TiO2 is by far the most widely used 
photocatalyst, but is only active under UV (e.g., solar) irradiation, thus 
limiting its applicability. In this sense, in order to use photocatalytic 
paints also in indoor environments, new photocatalysts with a higher 
activity under visible irradiation is needed. Aspects such as the 
formation of potentially harmful by-products should also be considered 
in order to keep the purifying benefi ts of photocatalytic paints.

Key words: Photocatalytic paints, indoor, outdoor, indoor air quality, 
by-products.

15.1 Introduction

Photocatalytic paints are characterized by the addition of a photocatalyst 
which, when irradiated, favours the oxidation of both inorganic and organic 
air pollutants, and provides self-cleaning properties to the paint and presents 
bactericidal and antimicrobial properties.

With a production of more than 3,500 million tonnes worldwide in 2011, 
the paint industry is one of the largest chemical industries, being the biggest 
markets located in Asia, Europe and North America. The 4,500 paint com-
panies in Europe employ around 175,000 people (WPCIA, 2011).

Basically, photocatalysis is based on the creation of holes on the elec-
tronic structure of the photocatalyst surface by the absorption of light of 
the appropriate wavelength (generally, UV-A):

Photocatalyst h eh
vb cb

ν⎯ →⎯ ++ −

where h+
vb and e−

cb represent the hole and the electron created on the cata-
lyst surface as a consequence of the excitation of an electron present in the 
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valence band of the photocatalyst to the conducting band during the absorp-
tion of the incident light.

The optimum wavelength for the activation of a certain photocatalytic 
material depends on its band gap, as the electrons must, under excitation 
by absorption of incident radiation, pass into the conducting band. Table 
15.1 presents the optimum wavelength of the most commonly used 
photocatalysts.

The creation of such holes provides a highly reactive and oxidizing mate-
rial which is thus able to catalyse the oxidation of chemicals deposited or 
adsorbed on the photocatalyst surface. Particular attention should be paid 
to the case of adsorbed water and oxygen molecules. These molecules can 
react with the holes and excited electrons of the photocatalyst, and are 
transformed into highly reactive compounds such as hydroxyl radicals 
(OH•) and superoxide anions (O2

−):

h H O OH Hvb
+ ++ → +2 i

e O Ocb
− −+ →2 2

The most commonly used photocatalyst is TiO2. In nature, TiO2 can be 
present in three different crystalline structures: rutile, anatase and brookite. 
TiO2, and especially rutile TiO2, has been extensively used since the nine-
teenth century as a white pigment in the formulation of paints. Even if the 
chemical reactions induced by irradiated TiO2 had already been observed, 
it was not until 1938 that Dooedeve and Kitchener understood the photo-
catalytic mechanism by which TiO2 was capable of producing the photo-

Table 15.1 Band gap and optimum excitation wavelength of different 
photocatalysts

Photocatalyst Band gap (eV) Optimal wavelength (nm)

ZnS 3.6 345
SnO2 3.6 345
Anatase TiO2 3.2 390
SrTiO3 3.2 390
ZnO 3.2 390
α-Fe2O3 3.1 400
CaBi2O4 3.1 400
Rutile TiO2 3.0 415
Brookite TiO2 3.0 415
In2O3 2.9 430
WO3 2.8 445
CdS 2.5 495
V2O5 2.2 565
CdSe 1.8 690



 Nanotechnology in manufacturing paints for eco-effi cient buildings 345

© Woodhead Publishing Limited, 2013

bleaching of organic dyes and solvents when irradiated with UV light from 
a mercury lamp (Dooedeve and Kitchener, 1938). Further experiments 
demonstrated that the anatase crystalline structure of TiO2 possessed a 
considerably higher photoactivity than that of rutile and brookite TiO2 
(Hashimoto   et al., 2005).

Different protocols have been described in the literature for the prepara-
tion of TiO2 photocatalysts involving sol-gel processes, vapour decomposi-
tion of titanium alkyloxides and TiCl4 and calcination of titanium oxysulphate 
at 400–600°C (Kaneko and Okura, 2002; Wang et al., 2004; Sun et al., 2008; 
Akpan and Hameed, 2010).

Once prepared, the photocatalyst is added to the paint formulation, in a 
concentration typically ranging from 5 to 40% which, depending on the type 
of application of the paint, is equivalent to a critical pigment volume con-
centration (CPVC) of around 10% w/v (US Patent, 2009). The CPVC 
represents the maximum amount of pigment that can be used for a certain 
amount of non-volatile solvents in the paint formulation without causing a 
deterioration of the paint properties.

Paints are homogeneous mixtures which contain the following:

• Binder or resin: The resin imparts adhesion and binds the pigments 
together. It has a direct infl uence on properties such as gloss, durability, 
fl exibility and toughness. Typical binders include alkyl-, chloride-, vinyl-, 
epoxy- and polyurethane resins. The paint is often named after the main 
binder used in its formulation. In most cases, the resin is cured after the 
application of the paint, which generally involves the polymerization of 
its constituents.

• Pigments: Pigments are the materials responsible for the colour and 
opacity of the paint, and they have a direct infl uence on its mechanical 
resistance. Pigments include compounds such as minerals (e.g., mica, 
talc), inorganic salts (Fe, Cr, Cd, Mo, Ti or Pb oxides and hydroxides, 
calcium carbonate, zinc phosphate, etc.) and organic dyes (toluidines, 
phthalocyanines). Some pigments confer antioxidant properties on the 
paint, thereby increasing its stability towards the degradation of paint 
constituents.

• Solvents and diluents: The appropriate mixture of solvent and diluents 
is selected in terms of both their volatility and the time required for the 
curing process of the resin. In this sense, an inappropriate match between 
these two parameters would result in paints drying rapidly on their 
surface, but remaining wet in the interior coating. Additionally, solvents 
have a crucial role in controlling the viscosity of the paint and, thus, the 
ease of the painting process. The most commonly used solvents are 
aliphatic solvents, aromatic solvents, alcohols, ketones and esters, which 
in some cases (e.g., low or zero–VOC paints) are mixed with water.
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• Additives: A wide range of additives are added to the formulation of 
the paint in order to favour the drying and curing process, remove the 
bubbles formed during painting, increase the chemical and mechanical 
resistance, etc.

Several parameters have been observed to affect the photocatalytic 
effi ciency of paints for the oxidation of air pollutants under irradiation 
of the photocatalytic paint (Mo et al., 2009). The most critical parameters 
are:

• Wavelength of incident radiation: The wavelength of the incident radia-
tion has to be appropriate in order to excite the electrons of the photo-
catalyst and initiate the photocatalytic process.

• Light intensity: The reaction rate increases with increasing light 
intensity.

• Effective surface area of the photocatalyst: A higher surface area of the 
photocatalyst increases the photocatalytic rate.

• Paint constituents and interaction with the photocatalyst: It has recently 
been observed that paint constituents (e.g., binder) have a considerable 
infl uence on the performance of the photocatalytic paint (Aguia et al., 
2010). In this sense, it has been observed that the nature and proportion 
of the different paint constituents can have a signifi cant effect in terms 
of enhancing or diminishing the photocatalytic effi ciency of the catalyst. 
Further research is still needed in order to understand the mechanism 
by which each of the single paint constituents affects the photocatalytic 
effi ciency of photocatalytic paints, in order to better optimize their 
formulation.

• Relative humidity: Water molecules adsorbed on the photocatalytic 
paint seem to enhance the photocatalytic effi ciency of TiO2 through the 
formation of hydroxyl radicals which, in turn, oxidize the air pollutants. 
However, an excessive relative humidity (>70%) inhibits the photocata-
lytic degradation of air pollutants, due to the competition for adsorption 
sites on the photocatalyst surface (Pichat, 2010).

• Temperature: A rise in the temperature speeds up the kinetics of the 
reaction between the pollutants and the photocatalyst, while at the same 
time decreasing the adsorption of the pollutants on the surface of the 
photocatalytic paint. Since the net photocatalytic reaction rate is a com-
bination of both processes, a maximum photocatalytic oxidation rate is 
obtained at the optimum temperature (Obee and Hay, 1997).

• Concentration of the pollutant: The relationship between the concentra-
tion of the pollutant and the photocatalytic rate is generally governed 
by the Langmuir–Hinselwood model (Shiraisi et al., 2007), according to 
which the reaction rate increases with the concentration as described in 
the equation:
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where r represents the reaction rate, k the rate constant, K the adsorp-
tion coeffi cient of the pollutant on the photocatalytic paint and [Pollut-
ant] the concentration of the pollutant of concern.

• Presence of mixtures of pollutants: Due to the competition on the 
adsorption of the different pollutants on the surface of the photocata-
lyst, the photocatalytic reaction rate for a single component is normally 
lower in the presence of different kinds of pollutants (Ao et al., 2004; 
Chen and Zhang, 2008).

The present chapter describes the different fi elds in which photocatalytic 
paints are used, providing a critical overview of both their advantages and 
drawbacks, and outlining the areas in which further research is still needed, 
such as the evaluation of the potential loss in the catalytic effi ciency during 
the lifecycle of photocatalytic paints.

15.2 Application of photocatalytic paints 

in an outdoor environment

15.2.1 Investigation into the photocatalytic effi ciency of 
active outdoor paints at the laboratory scale

Several experiments corroborated the initial observations carried out by 
Fujishima and Honda (1972), and demonstrated that TiO2 powder, and 
more particularly anatase TiO2, was capable of degrading air pollutants 
(e.g., N2O, NO, NO2, SO2, BTEX, carbonyl compounds, alcohols, CO, CH4, 
CFCs, etc.) (Wang et al., 2007; Mo et al., 2009; Laufs et al., 2010; De Richter 
and Caillol, 2011) when exposed to solar-like radiation. Considering the 
promising results obtained in laboratory-scale experiments, TiO2 has since 
been incorporated into building materials, such as concrete, glass or paint 
(Allen et al., 2009; Pacheco-Torgal and Jalali, 2011; PICADA n.d.).

The typical experimental set-up consists of a chamber test in which a 
controlled atmosphere with a known concentration of pollutant is created 
(Fig. 15.1). The paint, installed inside the chamber, is irradiated with a light 
source of a well characterized emission spectra, while the pollutant is 
fl ushed through the chamber and its concentration is monitored at both the 
entrance (before the photocatalysis) and the exit (after the photocatalysis) 
of the chamber.

In order to quantify the photocatalytic effi ciency of the paint accurately, 
it is necessary to assess for infl uence of competitive depletion mechanisms 
that could affect the concentration of the pollutant of concern inside the 
chamber. Thus, the experiments involve the evaluation of:
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• the adsorption of the pollutant on the chamber surface
• the adsorption of the pollutant on the photocatalytic paint itself in the 

absence of irradiation
• the photolytic degradation of the pollutant through decomposition 

under UV radiation
• the photocatalytic degradation of the pollutant.

Photocatalytic paints are generally activated by irradiating the paint in the 
test chamber and fl ushing clean air (i.e., without pollutant) through it for 
at least 12 hours (Aguia et al., 2011). It is important to stress that, when 
evaluating the photocatalytic effi ciency of paints, the activation conditions 
are the critical parameters affecting the time required to reach the steady 
state, after which the photoactivity of the paint either remains constant or 
diminishes in the event of inactivation by the adsorption of intermediate 
products on the active catalytic sites.

Aguia et al. (2010, 2011) evaluated the photocatalytic effi ciency and selec-
tivity towards the photodegradation of NO of 10 different anatase-based 
photocatalytic paints using a typical outdoor base paint to which they added 
different commercial TiO2 photocatalysts in a concentration of 9% w/v. 
They were quite surprised to observe that there was no direct correlation 
between the photocatalytic activity of the pure photocatalyst and the cor-
responding derived photocatalytic paint, in the sense that the most effi cient 
photocatalyst did not yield the optimum photocatalytic paint. Even if 
further research is needed in order to understand the mechanism by which 
paint components have such a critical infl uence on the activity of a photo-
catalytic paint, this result suggests that the paint components and the way 
in which the photocatalyst is mixed in the paint matrix play a crucial role 
in the photoactivity of the fi nal product.

15.1 Schematic experimental set-up for the evaluation of 
photocatalytic paints.

Pollutant in Pollutant out

Environmental chamber

Photocatalytic

paint
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15.2.2 Real-life examples of the use of outdoor 
photocatalytic paints

Photocatalytic paints possess several properties, the most attractive of 
which are the following:

• photocatalysis of both inorganic and organic pollutants
• self-cleaning of building materials, reducing the maintenance costs and 

enabling a longer pristine view of the building
• antimicrobial and antifungal properties, as photocatalytic paints avoid 

bacterial and fungal growth on their surface
• anti-fogging properties: the contact angle with water decreases to nearly 

0° when the photocatalyst is irradiated, avoiding the formation of drop-
lets on the photocatalyst surface.

Some real-life examples of the applications of photocatalytic paints 
include:

• Music and Art City Hall (Chambery, France)
• Via Porpora (Milan, Italy)
• Umberto I tunnel (Rome, Italy) (Fig. 15.2)
• Charles de Gaulle Airport (Paris, France)
• Camden Council (London, UK)
• Toyota Tsunami plant (Saitama, Japan)

A signifi cant reduction of both inorganic pollutants (NO, NO2, SO2) and 
organic pollutants (benzene, toluene) in the surrounding outdoor air has 
been observed as a result of the application of photocatalytic paint (Marolt 
et al., 2011; Guerrini, 2012).

15.2 Umberto I tunnel in Rome.
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15.3 Application of photocatalytic paints 

in an indoor environment

On average, people in Europe and North America spend 90% of their time 
in confi ned indoor environments (Leech et al., 2002; Brasche and Bischof, 
2005). Indoor air pollutants are either emitted from numerous indoor 
sources (e.g., furniture, building materials, cleaning agents, electronic equip-
ment), originate from human activities (e.g., cooking) or enter from the 
outdoor environment by the ventilation system and doors or windows that 
are insuffi ciently airtight. Depending on peoples’ sensitivity, inappropriate 
indoor air quality can present several health risks, generically referred to 
as ‘sick building syndrome’ symptoms, such as irritation of the eyes, nose 
and throat, headaches, dizziness, fatigue, asthma, hypersensitivity, pneumo-
nitis, etc. (EPA, 1991). The basic strategies to improve indoor air quality 
involve the monitoring and eventual substitution of the emission sources, 
improvement of the ventilation scheme and purifi cation of the air.

Photocatalytic degradation of air pollutants therefore appears to be a 
promising technique for air purifi cation. As already mentioned, the most 
widely used photocatalyst is TiO2, which is only activated by means of UV-A 
light, the intensity of which is generally low in an indoor environment. Thus, 
the development of other types of photocatalysts activated by visible light 
is of the utmost importance in order to apply photocatalytic paints effec-
tively as a methodology for the effi cient purifi cation of indoor air.

Apart from the general parameters already mentioned in Section 15.1, 
the photocatalytic effi ciency of indoor paints is greatly infl uenced by both 
the nature and the concentration of the photosensitizer that is used to 
enable the activation of the photocatalyst by visible light. Here, the nature 
of the photosensitizer used has a direct infl uence on the change in the band 
gap of TiO2 and the wavelength required for the activation of the photo-
catalyst. The concentration of the photosensitizer, on the other hand, needs 
to be carefully optimized, in order to fi ne tune the wavelength required for 
the activation of the modifi ed photocatalyst. Finally, the photodecomposi-
tion of the sensitizer itself should be considered.

15.3.1 Strategies for the preparation of visible light active 
photocatalytic materials

TiO2 photocatalytic materials activated by visible light

Two different alternatives have been employed to prepare TiO2-based pho-
tocatalytic materials that can be activated by visible light: sensitization and 
doping.

The sensitization approach consists of the anchoring of an organic col-
oured dye (e.g., rhodamine B, eosin, erythrosin B, thionine, chlorophyllin or 
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methylene blue) (Abe et al., 2000; Chatterjee and Mahata, 2001, 2002; Mele 
et al., 2003; Moon et al., 2003; Kaur and Singh, 2007), a polymer (e.g., 
polyfl uorine-co-thiophene) (Song et al., 2007; Qiu et al., 2008) or a narrow 
band gap semiconductor (e.g., Bi2S3, CdS, CdSe or V2O5) (Bessekhouad 
et al., 2004; Ho and Yu, 2006; Jianhua et al., 2006; Wu et al., 2006) to the TiO2 
surface. The sensitizer acts as an intermediary and, by enhancing the absorp-
tion of visible light, it enables the activation of the photocatalyst by electron 
transfer between the excited sensitizer and TiO2.

TiO2 sensitized with meso-tetrakis(4-sulfonatephenyl) porphyrin has 
been applied successfully to the photo-oxidation of acetaldehyde in indoor 
air under visible light irradiation (Ismail and Bahnemann, 2010).

The doping approach involves the modifi cation of the electronic structure 
of TiO2 by adding a dopant that modifi es the band structure either by 
increasing the energy of the valence band or by minimizing the energy of 
the conduction band. The ultimate effect is a minimization of the band gap, 
thus enabling the doped photocatalyst to be activated by means of visible 
radiation.

Doped TiO2 photocatalysts prepared by doping with either non-metals 
(e.g., N, C or S) (Ao et al., 2009; Jo and Kim, 2009; Rockafellow et al., 2009) 
or transition metals (e.g., Fe, Co, Cu, Au or Mn) (Andronic et al., 2009; 
Bengtsson et al., 2009; Kafi zas et al., 2009; Song et al., 2009; Cacho et al., 
2011) have been applied successfully for the degradation of indoor air pol-
lutants when activated by visible light.

Non-TiO2 photocatalytic materials activated by visible light

Only a few attempts at the development of non-TiO2-based photocatalytic 
materials that can be activated directly by visible light have been successful, 
due to their narrower band gap. In this sense, metal calcogenides (e.g., CdS, 
CdSe) (Reutergardh and Iangphasuk, 1997; Green and Rudham, 2003), 
metal oxides (α-Fe2O3, In2O3 SnO2, WO3, ZnO) (Faust et al., 1989; Kormann 
et al., 1989; Pulgarin and Kiwi, 1995; Mazellier and Bolte, 2000; Bandara 
et al., 2001) and mixed metal oxides (SrTiO3, CaBi2O4) (Rothenberger et al., 
1985; Tang et al., 2004) have been evaluated as potential photocatalysts. 
However, the formation of short lived metal-to-ligand and ligand-to-metal 
charge transfer states, and the narrower band gap, make these materials 
considerably less stable towards their own photocorrosion.

15.3.2 Investigation into the effi ciency of photocatalytic 
indoor paints at the laboratory scale

Photocatalysis of NO and NO2

Photocatalytic decomposition of NO and NO2 has been widely investigated 
using pure TiO2 fi lm surfaces, photocatalytic paints, photocatalytic concrete 
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and photocatalytic glass surfaces (Ohko et al., 2009; Huang et al., 2010; Laufs 
et al., 2010).

In 1998, Negishi et al. (1998) proposed a mechanism by which NO is 
photochemically oxidized into NO2, and NO2 is either further oxidized to 
HNO3 on a generally slower step or photolytically reverts into the forma-
tion of NO and hydroxyl radicals:
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Such a mechanism was further confi rmed by two different kinds of experi-
ments. Thus, Dalton et al. (2002) evaluated the adsorption of nitric acid and 
nitrate ions on the surface of the photocatalyst. Ohko et al. (2009), on the 
other hand, confi rmed the formation of a mixture of NO and NO2 in the 
gaseous phase when the photocatalysis of either pure NO or NO2 was 
tested.

Photooxidation of volatile organic compounds

It is well known that volatile organic compounds (VOCs) are photocatalyti-
cally oxidized by TiO2 when exposed to UV radiation. The potential for 
cleaning indoor air has been demonstrated for pollutants such as formal-
dehyde, acetaldehyde, acetone, benzene or toluene in photochemical reac-
tors using UV radiation and anatase TiO2 powdered fi lms and building 
materials (Obee and Brown, 1995; Stevens et al., 1998; Pichat et al., 2000; 
Strini et al., 2005; Everaert and Baeyens, 2004; Maggos et al., 2007). Further-
more, doping of TiO2 photocatalyst with N has proved valuable for the 
degradation of acetaldehyde, 2-propanol, acetone, toluene and ethylene 
under visible irradiation (Asahi et al., 2001; Ihara et al., 2003; Miyauchi 
et al., 2004; Irokawa et al., 2006). As we will show in Section 15.4.2, the use 
of photocatalytic paints is more complex than the use of powdered fi lms 
due to the potential formation of secondary emissions from photocatalytic 
paint constituents.

One of the parameters that critically affects the performance of photo-
catalytic paints is the interaction between the paint components and the 
photocatalyst. Thus, when incorporated into the paint matrix, the photo-
catalyst loses around 90% of its overall photocatalytical effi ciency (Aguia 
et al., 2011) which, in the case of the degradation of volatile organic com-
pounds, can be critical.

Salthammer and Fuhrmann (2007) have recently evaluated the effi ciency 
of different photocatalytic indoor paints in terms of their degradation of 
organic and inorganic air pollutants. In general, all the evaluated photocata-
lytic paints showed the same pattern. In this sense, even if NO2 abatement 
was satisfactory when irradiating the photocatalytic paints with a typical 
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tungsten light bulb, the effi ciencies obtained for the degradation of volatile 
organic compounds were very low. Thus, degradation of formaldehyde and 
terpene compounds (pinene, limonene) was possible only at high concen-
tration levels, while CO was not observed to be signifi cantly degraded under 
any of the evaluated conditions.

Antimicrobial and antifungal effect

Hochmannova and Vytrasova (2010) demonstrated the inhibition of the 
potential cell growth on plates coated with photocatalytic paints prepared 
using ZnO and TiO2 Degussa as photocatalysts. ZnO-based photocatalytic 
paints were able to completely inhibit cell growth for Escherichia coli, 
Pseudomonas aureaginosa, Staphylococcus aureus, Aspergillus niger e Peni-
cillium chrysogenum, and were therefore suggested as optimum photocata-
lysts for the preparation of antimicrobial photocatalytic paints, where a 
highly sterile environment (e.g., in hospitals) is required.

This antimicrobial effect may be due to the attack of the microorganisms 
by the hydroxyl radicals and superoxide anions created during the irradia-
tion of the photocatalyst surface (Section 15.1).

15.4 Potential formation of by-products

By-products formed during the photocatalysis can be either intermediate 
products or secondary emissions. Some of these by-products might even be 
more harmful compared to the original pollutant degraded by the photo-
catalytic paint, and their formation should therefore be avoided wherever 
possible.

• Intermediate products are formed due to the incomplete photocatalysis 
of a certain pollutant.

• Secondary emissions are formed due to the photo-oxidation of the sup-
porting material in which the photocatalyst is embedded. Previous 
studies indicate that various compounds are released due to the oxida-
tion of the organic constituents of the material supporting the photo-
catalyst during the photocatalytic process.

15.4.1 Formation of intermediate products

Recent studies have shown that the reactions achieved by the degradation 
of pollutants on photocatalytic paints are generally not complete, and the 
reaction stops along the way, giving rise to the formation of intermediate 
products. It is known that NO2 is formed as an intermediate product by the 
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incomplete degradation of NO to nitrate (Ohko et al., 2009), while degrada-
tion of organic pollutants gives rise to the formation of aliphatic com-
pounds, aromatic compounds, carbonyl compounds, alcohols, alkoxyalcohols 
and carboxylic acids (Huang and Li, 2011), which may even be more harmful 
than the original pollutant. In this sense, the formation of compounds such 
as benzaldehyde, phenol, formic acid, acetic acid, hexamethylene, heptane 
or benzene as intermediate products during the photocatalytic degradation 
of toluene has been observed (Sun et al., 2010).

Some of these intermediate products (e.g., carboxylic acids) are strongly 
adsorbed on the photocatalyst surface (Huang and Li, 2011), and reduce 
the number of active catalyst sites in the photocatalytic paint, which can in 
critical cases considerably minimize its effi ciency.

The photocatalytic surface can be regenerated by washing the surface 
with water or irradiating it with UV light. However, these methodologies 
are not easy to apply in the case of indoor usage, and further research will 
be needed in order to develop new methodologies to remove adsorbed 
intermediate products from indoor photocatalytic paints.

15.4.2 Secondary emissions from paint constituents

Formation of carbonyls while irradiating photocatalytic paints under either 
UV or visible light has been repeatedly observed as part of a set of inves-
tigations to assess the decontamination effi ciency of photocatalytically 
active paints in the past. The main source of such carbonyl compounds was 
assumed to be the photoinduced decomposition of paint binders (Saltham-
mer and Fuhrmann, 2007; Auvinen and Whirtanen, 2008; Pichat, 2010; Geiss 
et al., 2012).

An exhaustive investigation has recently been carried out in order to 
evaluate the impact of the different paint components on the formation of 
carbonyl compounds when irradiating photocatalytic paints. Thus, both the 
photocatalytic paint and each of its individual components was irradiated 
in the presence of 5% pure anatase TiO2 (Geiss et al., 2012). The compo-
nents evaluated included cohesion agents, super plasticizers, defoaming 
agents and redispersable resins.

Figure 15.3 shows the amount of the secondary emission of carbonyl 
compounds during the irradiation of the different paint components in the 
presence of pure anatase TiO2 as photocatalyst. As can be observed, for-
maldehyde, acetaldehyde and acetone appear to be the main degradation 
compounds for all the paint components evaluated. Lower amounts of 
longer chain carbonyl compounds such as propanal, butanal or hexanal 
were formed in the initial stages. A radical mechanism based on the 
β-scission has been proposed for the degradation of longer-chain carbonyl 
compounds (Geiss et al., 2012).
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15.4.3 Possible solutions to diminish the accumulation of 
by-products during photocatalysis

Indoor environments are characterized by the coexistence of multiple emis-
sion sources responsible for overall indoor air pollution. Formaldehyde is 
a well-known and ubiquitous indoor pollutant emitted from a wide variety 
of indoor sources, such as household products, furniture or smoke. Similarly, 
NO2 is commonly found in indoor environments and originates mainly from 
combustion and gas appliances. Reported indoor concentrations of formal-
dehyde and NO2 in dwellings range from 15 to 30 μg m−3 and from 15 to 
50 μg m−3, respectively (WHO, 2010).

The formation of NO2 and/or carbonyl compounds as by-products is an 
undesirable effect, contributing to the chemical load in indoor environ-
ments, and should therefore be eliminated or minimized as far as possible, 
as they might contribute as a relevant additional source which might exceed 
the guideline values.

Two different approaches are commonly used to improve indoor air 
quality and avoid the accumulation of indoor pollutants: they are source 
control and eventual substitution of the emission sources, and increasing 
the ventilation.

Studies carried out on the formation of by-products during the photo-
catalytic degradation of both inorganic and organic pollutants indicate that 
a relatively large amount of by-products is accumulated, even under the 
realistic conditions of an air exchange rate of 0.5 h−1 and typical indoor 
concentration levels of the various pollutants. In this sense, experiments 
carried out on exposure chambers with a synthetic atmosphere containing 
50 μg m−3 NO, in order to simulate an indoor environment, resulted in the 
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formation of up to 12 μg m−3 NO2. Similarly, the formation of 30 and 
7.5 μg m−3, respectively, of formaldehyde and acetaldehyde was observed, 
as a result of the decomposition of the paint components.

In order to minimize the formation of intermediate products during the 
photocatalytic degradation of indoor air pollutants by photocatalytic active 
paints, the parameters affecting the photocatalytic process need to be opti-
mized, in order to achieve the maximum possible rate of photocatalytic 
oxidation. Thus, particular attention should be paid to the development of 
more active photocatalysts in order to optimize the nature and concentra-
tion of the sensitizers/dopants used to enable activation by visible light.

Two possible alternative approaches that attempt to minimize the sec-
ondary emission of potentially harmful compounds from the degradation 
of paint constituents during the photocatalytic process have been 
proposed.

Development of more stable supporting materials

An increase in the stability of the supporting material towards the photo-
catalytic oxidation should considerably diminish the amount of carbonyl 
compounds released. In order to increase this stability, a careful selection 
of the ingredients used in the preparation of the supporting materials 
should be made. As an example, Fig. 15.4 presents the reduction obtained 
for the formation of carbonyl compounds during the irradiation of 
photocatalytic paints, following the appropriate selection of the paint 
components.
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Pretreatment of the photocatalytic paint prior to commercial distribution

It has been repeatedly observed that the amount of carbonyl compounds 
emitted diminishes with repeated uses of the photocatalytic material, indi-
cating that the emitted carbonyl compounds depend on the extent of the 
previous irradiation of the supporting material. In order to confi rm this 
effect, the photocatalytic paint has been irradiated for a long period of time, 
during which periodic measurements have been taken of the amount of 
carbonyl compounds. As can be observed in Fig. 15.5, the amount of emitted 
formaldehyde diminished exponentially with the irradiation time. A similar 
effect was found for all the carbonyl compounds.

As a consequence of this effect, it would be possible to minimize the 
amount of emitted carbonyl compounds by pre-treating the photocatalytic 
paint. It could therefore be irradiated with UV light prior to its commercial 
distribution, given the emission of carbonyl compounds. Recent experi-
ments carried out under controlled conditions indicate that the secondary 
emission of carbonyl compounds after continuous irradiation of 3 weeks 
can be considered to be negligible (Geiss et al., 2012).

15.5 Future trends

The present chapter has outlined the current state of the art in the develop-
ment of photocatalytic paints. Further research is still needed in order to 
achieve a breakthrough, in the following areas:
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• The incorporation of the nano-catalysts into photocatalytic paints, which 
would theoretically enhance the photocatalytic effi ciency by drastically 
increasing the specifi c catalyst surface. Special attention should be 
attached to the evaluation of the potential health risks derived from the 
usage of such reactive nano-materials.

• The development of more active catalysts that can be activated by 
visible radiation.

• The increase in the stability of paint components to minimize the forma-
tion of secondary emissions during photocatalysis.
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15.7 Appendix: acronyms and defi nitions

Bi2S3 Bismuth sulphide
BTEX Mixture of benzene, toluene, ethylbenzene and xylenes
CaBi2O4 Calcium bismuthate
CdS Cadmium sulphide
CdSe Cadmium selenide
CFCs Chlorofl uorocarbon compounds
CH4 Methane
CO Carbon monoxide
CPVC Critical pigment volume concentration
e−

cb Excited electron in the conducting electronic band of the cata-
lyst as a consequence of the absorption of incident radiation

hν Radiation (nm)
h+

vb Hole created in the valence electronic band of the catalyst due 
to the excitation of an electron as a consequence of the absorp-
tion of the incident radiation

H2O Water
HNO3 Nitric acid
In2O3 Indium oxide (III)
k Photocatalytic rate constant
K Adsorption coeffi cient, μg (adsorbed compound)/g (sorbent)
N2O Nitrous oxide
NO Nitric oxide
NO2 Nitrogen dioxide
O2

− Superoxide anion
OH• Hydroxyl radical
r Photocatalytic reaction rate, (μg/m3 catalyzed compound)/h
SnO2 Tin oxide (IV)
SO2 Sulphur dioxide
SrTiO3 Strontium titanium oxide
TiCl4 Titanium chloride (IV)
TiO2 Titanium dioxide
UV Ultraviolet radiation with wavelengths ranging from 1 to 

400 nm
UV-A UV radiation with wavelengths ranging from 320 to 400 nm
V2O5 Vanadium oxide (V)
VOCs Volatile organic compounds
WO3 Tungsten oxide (VI)
ZnO Zinc oxide
ZnS Zinc sulphide
α-Fe2O3 α-ferric oxide
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Abstract: Water, a nonsubstitutional natural resource, is best described 
by Leonardo Da Vinci as ‘the vehicle of nature’ (‘vetturale di natura’). 
This is the single most essential commodity responsible for the existence 
and sustenance of life on the planet earth. It is not at all an exaggeration 
to state that water is primarily responsible for the restoration of health, 
environment and prosperiy of human civilization. Unfortunately, this 
most precious natural resource is becoming increasingly scarce day by 
day. Water scarcity is among the main problems facing many societies 
around the world in the twenty-fi rst century. Water use has been growing 
at more than twice the rate of population increase in the last century. 
According to a report from the United Nations, by 2025, 1800 million 
people will be living in countries or regions with absolute water scarcity, 
and two-thirds of the world’s population could be under stress 
conditions. As emphasized in one of the UN’s Millenium Development 
Goals (MDGs), water scarcity calls for strengthened international 
cooperation in the fi elds of technologies for enhanced water productivity. 
Recent years have witnessed impressive breakthroughs towards 
application of nanostructured materials such as carbon nanotubes 
(CNTs), metal/metal-oxide nanoparticles, zeolites, and dendrimers in the 
fi eld of water purifi cation. The present chapter aims to give an overview 
of the developments in the application of nanotechnology in water 
treatment, with a special emphasis on domestic water purifi cation. The 
focus is oriented to the fact that the ultimate practical realization of 
this new technology is based on the assessment of the risks as well as 
benefi ts posed by nanostructured materials. The challenges involved in 
producing a well-defi ned integrated nano-based water purifi cation device 
are discussed.

Key words: nanotechnology, domestic water purifi cation, nanomaterials, 
nanotoxicity, carbon nanotube, dendrimers, water quality, nanoparticles.

16.1 Introduction

Water resources are becoming increasingly scarce worldwide. Global water 
consumption is increasing at more than double the rate of the world’s 
population growth. Population growth, pollution and climate change, which 
are all accelerating, are likely to combine to produce a drastic decline in 
water supply in the coming decades. At present 1.1 billion people lack 
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access to safe drinking water and 2.4 billion people lack access to proper 
sanitation, nearly all of them in developing countries. At present, a third of 
the world’s population live in water-stressed countries, and by 2025, this is 
expected to rise to two-thirds. Table 16.1 (Gleick, 2000; Hillie et al., 2007a) 
shows that water consumption is greatest in irrigated agriculture, account-
ing for 70% of global water withdrawals in 2000, while the respective shares 
of industrial and domestic usage were 20% and 10%. Agricultural use 
dominated globally (70%) and in developing countries (88%). Meanwhile, 
the share of industrial and domestic use has increased with rising country 
incomes, while agricultural use has declined.

Figure 16.1 shows the percentage of the population without access to 
reliable water sources, by region, and the predicted values for 2015 (World 

Table 16.1 Relative water withdrawals by sector in 2000 (adapted from 
Gleick, 2000)

Country group

Water consumption as share of total use

Domestic Agriculture Industry

Low income 6% 88% 5%
Middle income 10% 70% 20%
High income 15% 41% 44%
World 10% 70% 20%
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16.1 Population without access to reliable water sources (actual 
values 1990, 2000; estimated 2015). Source: World Bank (2005).
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Bank, 2005). Lack of drinking water and sanitation kills about 4,500 chil-
dren a day. Many children are missing school because neither their homes 
nor schools have adequate drinking water and sanitation facilities. Sustain-
able water management is therefore a critical aspect in addressing poverty, 
equity and related issues. The UN Millennium Development Goal of ensur-
ing environmental sustainability commits governments to ‘reduce by half 
the proportion of people without sustainable access to safe drinking water’ 
by 2015, a goal closely linked with the separate goal of access to sanitation 
and basic hygiene education.

Different countries and regions face different environmental, social and 
economic conditions and have different needs with regard to water use, 
water quality, access to technology, fi eld conditions, and the types of tech-
nologies that may be appropriate in different circumstances. Water treat-
ment technologies include fi ltration using membranes, chemical treatment, 
heat and ultraviolet treatment and distillation. They seek to remove solid 
and other contaminants, or to neutralize them, and many treatments have 
a long history of use in systems for producing water for domestic, industrial 
and agricultural use (OECD, 2011). Most current approaches are materials 
intensive, have a large ecological footprint and are not in a position to 
comply with the increasing water quality standards of developing industrial-
ized nations. The conventional methods of disinfection such as chlorination 
and ozonation can produce harmful byproducts due to reactions with 
various constituents of wastewater, which may call for a tradeoff between 
optimum disinfection and harmful byproduct formation.

The possibility of having ready access to safe drinking water is becoming 
increasingly rare because of over-exploitation of existing water resources, 
alarming effects of global warming (causing highly uneven rainfall patterns 
in particular places, which in turn disturbs the tendency for water harvest-
ing), increasing levels of contamination as a result of rapid industrialization, 
leaky water distribution systems and deterioration of water quality upon 
ageing (though water has been treated at the point of entry, POE). On the 
other hand, funding, governance, trained engineers and skilled labour are 
commonly recognized obstacles to establishing regional and national-scale 
water treatment systems.

The diffi culty and lack of success in overcoming obstacles to regional and 
national water supplies has led, in part, to increased interest in point-of-use 
(POU) water treatment methods at the household and community level 
(Hillie et al., 2007b). Community and household level POU water treatment 
methods avoid many of the barriers associated with large-scale water supply 
projects because they are relatively inexpensive, can be purchased by the 
unit, and/or constructed using readily available materials. For these reasons, 
POU technologies avoid the need for large capital investments, manage-
ment systems and governance structures.
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Nanotechnology is increasingly being identifi ed as an area of science and 
technology that could play a role in addressing some of the shortcomings 
of conventional POU devices. Studies by Brame et al. (2011), Theron et al., 
(2008) and Watlington (2005) suggest that nanotechnology-based materials 
could lead to cheaper, more durable, and more effi cient water treatment 
technologies that meet the needs of developing countries. Several water 
treatment methods and devices that incorporate nanoscale materials are 
already commercially available, and others are being developed. These 
nanotechnology-based products include water fi lters, fi ltration membranes, 
catalysts, and nanoparticles for groundwater remediation. However, a well-
defi ned and well-engineered nano-based product needs to address signifi -
cant challenges before a suitable POU device for household use can be 
commercialized to take care of the safe-water needs of the poor as well as 
the rich.

The present chapter aims to provide readers with a review of the practical 
applications of nanomaterials in the water sector. In the following sections, 
an overview of the different types of nanomaterials (e.g., metal and metal 
oxide nanoparticles, carbon nanotubes, zeolites, dendrimers, etc.) presently 
in use for water treatment applications is provided along with the different 
methods of nanomaterials synthesis. Subsequent sections discuss the envi-
ronmental and health implications of the use of nanomaterials. Finally, the 
chapter focuses on the challenges associated with development of practical 
nano-based water purifi cation systems.

16.2 Nanomaterials and water purifi cation

There are a number of studies (Diallo et al., 2009; Cloete et al., 2010; Hotze 
and Lowry, 2010) highlighting the importance of nanostructured materials 
in the fi eld of water purifi cation, desalination, wastewater treatment, water 
recycle and reuse. Nanomaterials have shown their potential not only in 
water treatment, but also in water quality monitoring through sensing and 
detection. However, we shall restrict our discussion to water treatment 
applications within the confi nement of water purifi cation only. The specifi c 
issues regarding application modalities with respect to a household (domes-
tic) scale are addressed in Section 16.7.

16.3 The need for nanomaterials 

in water purifi cation

The variation in the quality and quantity of water available across the globe 
is drastically different and hence it is mandatory to have different kinds of 
region-specifi c solutions. The already scarce water resource is becoming 
increasingly scarce because of rapid population growth and ceaseless 
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industrialization. Coupled to this is the alarming issue of global warming 
and climate change which is potentially responsible for uneven distribution 
of rainfall. All these factors in turn lead to increasing levels of contamina-
tion and, moreover, newer types of contamination than encountered previ-
ously. The permissible limits of contaminants in a proposed safe drinking 
water are becoming less and less with the passage of time (e.g., the recom-
mended maximum permissible value for arsenic in drinking water accord-
ing to WHO international standards has been reduced from 200 ppb to 
10 ppb through a number of revisions in the last 50 years. The case is the 
same with lead, where the limits have been brought down to 10 ppb from 
50 ppb).

Given the deteriorating water resource situation, it is inevitable that 
newer, more effi cient and more selective water purifi cation technologies are 
required to take care of the specifi c contaminants at a very low level. The 
technology to remove these contaminants should also reach molecular 
limits so that capture can be highly effi cient in a minimum residence time. 
On the other hand, such a process should be environmentally friendly, 
economically feasible and with minimum or no use of electricity for rural 
adaptability.

‘Nanotechnology’ has a tremendous role to play in such a precarious situ-
ation, where the reactions can take place at ionic/atomic/molecular scale in 
a very selective manner with amazingly high effi ciency. Because of the sig-
nifi cant increase in surface-to-volume ratio in a nano-dimension, the con-
taminant uptake capacity becomes many fold. Compared to the conventional 
water treatment technologies such as membrane-based treatment, activated 
carbon, UV-based fi ltration, electrodialysis and distillation, the nano-based 
systems would provide the following advantages (Pradeep and Anshup, 
2009a):

• higher effi ciency of removal even at low concentration of adsorbents
• functionalization capability of nanomaterials leads to specifi c uptake
• low waste generation.

Two of the major distinctions that defi ne types of conventional remedia-
tion technologies also apply to nanotechnologies for remediation: adsorp-
tive versus reactive and in situ versus ex situ. Absorptive remediation 
technologies remove contaminants (especially metals) by sequestration, 
whereas reactive technologies affect degradation of contaminants, some-
times all the way to harmless products (e.g., CO2 and H2O in the case of 
organic contaminants). In situ technologies involve treatment of contami-
nants in place, whereas ex situ refers to treatment after removing the 
contaminated material to a more convenient location (e.g., pumping 
contaminated groundwater to the surface and treatment above ground). In 
situ degradation of contaminants, when feasible, is often preferred over 
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other approaches because it has the potential to be more cost effective 
(Tratnyek and Johnson, 2006). However, in situ remediation requires deliv-
ery of the treatment to the contamination and this has proven to be a major 
obstacle to expanded development of in situ remediation technologies. With 
respect to this issue, nanotechnology has special relevance because of the 
potential for injecting nanosized (reactive or absorptive) particles into con-
taminated water. In this manner, it should be possible to create either: (i) 
in situ reactive zones with nanoparticles that are relatively immobile; or (ii) 
reactive nanoparticle plumes that migrate to contaminated zones if the 
nanoparticles are suffi ciently mobile.

The current understanding of the basic processes involved in this technol-
ogy is still evolving and incomplete. In addition to making it diffi cult to 
move forward with the engineering of full-scale implementations, these 
uncertainties make it very diffi cult to assess the risks that this technology 
might bear to human and/or ecological health. Recognizing this, some 
groups have adopted the ‘precautionary’ position that in situ applications 
of nanoparticles for remediation should be prohibited (The Royal Society 
and The Royal Academy of Engineering, 2004), whereas others have recom-
mended, in effect, that research on all fronts should proceed in parallel 
(EPA, 2005).

16.4 Types, properties and uses of nanomaterials 

in water purifi cation

Nanoparticles have two key properties that make them particularly attrac-
tive as sorbents. On a mass basis, they have much larger surface areas than 
bulk particles. Nanoparticles can also be functionalized with various chemi-
cal groups to increase their affi nity towards target compounds. It has been 
found that the unique properties of nanoparticles enable the development 
of high capacity and selective sorbents for metal ions and anionic contami-
nants. To make the discussion on the application of nanomaterials in the 
fi eld of water purifi cation easy to comprehend and follow, the nanomateri-
als can be categorized under four different classes:

1. zeolites
2. dendrimers
3. metal-containing nanoparticles including metal oxides
4. carbon nanotubes.

The literatures encompassing the research and development work involv-
ing these nanomaterials are cited very briefl y in the sub-sections that follow. 
To make the discussion meaningful and somewhat exhaustive, at different 
places (application of nanomaterials like TiO2 nanoclays and magnetic 
nanoparticles), excerpts from the Annual Review of Nano Research (Man-
soori et al., 2008) are reproduced.
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16.4.1 Zeolites

Zeolites are microporous crystalline solids with well-defi ned structures. 
Generally they contain silicon, aluminium and oxygen in their framework 
and cations, water and/or other molecules within their pores. Many occur 
naturally as minerals and they are extensively mined in many parts of the 
world. Others are synthetic and are made commercially for specifi c uses. 
Synthetic zeolites are usually made from silicon-aluminium solutions or 
coal fl y ash, and are used as sorbents in column fi lters. Zeolites are widely 
used as ion-exchange beds for domestic and commercial water purifi cation, 
and water softening where alkali metals such as sodium or potassium prefer 
to exchange out of the zeolite, being replaced by the ‘hard’ calcium and 
magnesium ions from the water. Commercial wastewater containing heavy 
metals can also be cleaned up using such zeolites. Zeolites are generally 
used for the removal of metal contaminants. Natural zeolites from Mexico 
and Hungary have been shown to reduce arsenic from drinking water 
sources to levels deemed acceptable by the World Health Organization 
(Elizalde-González et al., 2001).

Zeolites made from coal fl y ash can adsorb a variety of heavy metals 
including lead, copper, zinc, cadmium, nickel, and silver from wastewater. 
Under some conditions, fl y ash zeolites can also adsorb chromium, arsenic 
and mercury. NaP1 zeolites (Na6Al6 Si10O32, 12H2O) have a high density of 
Na (I) ion exchange sites. They can be inexpensively synthesized by hydro-
thermal activation of fl y ash with low Si/Al ratio at 150°C in 1.0–2.0 m NaOH 
solutions. NaP1 zeolites have been evaluated as ion exchange media for the 
removal of heavy metals from acid mine wastewaters. Alvarez-Ayuso et al. 
(2003) reported the successful use of synthetic NaP1 zeolites to remove Cr 
(III), Ni (II), Zn (II), Cu (II) and Cd (II) from metal electroplating waste-
water. The adsorptive capacity of zeolites is infl uenced by several factors 
including their composition, the water pH, and the concentrations and types 
of contaminants. For example, the water pH infl uences whether the ash 
surface is positively or negatively charged. Also, because lead and copper are 
more easily adsorbed by fl y ash, high concentrations of these metals decrease 
the amount of cadmium and nickel removed (Wang et al., 2004).

Zeolite-silver compound has been proven effective against microorgan-
isms, including bacteria and mould. Additionally, the silver in this compound 
provides residual protection against regrowth of these biological contami-
nants. Zeolites do not adequately remove organic contaminants. Also, air 
moisture contributes to zeolites’ saturation and makes them less effective. 
Zeolites were reported to result in high fl ux reverse osmosis nanocomposite 
membrane (the utilities of having a membranous structure have been dis-
cussed in the last section) without compromise in selectivity (Jeong et al., 
2007).
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16.4.2 Dendrimers

Dendrons are dendritic wedges that comprise one type of functionality 
(such as chemical bonding) at their core and another at the periphery. To 
obtain a dendrimer structure, several dendrons are reacted with a multi-
functional core to yield a dendrimer. Using different synthetic strategies, 
over 100 compositionally different dendrimer families have been synthe-
sized and over 1000 differentiated chemical surface modifi cations have 
been reported (Bosman et al., 1999; Fischer and Vögtle, 1999; Tomalia and 
Majoros, 2003). One such dendrimer structure is shown in Fig. 16.2 (Jang 
et al., 2009).

Dendritic polymers exhibit many features that make them particularly 
attractive as functional materials for water purifi cation. These ‘soft’ nanopar-
ticles, with sizes in the range of 1–20 nm, can be used as high capacity and 
recyclable water soluble ligands for toxic metal ions, radionuclide and inor-
ganic anions (Ottaviani et al., 2000). The environmental applications of 
dendrimers were fi rst explored by Diallo et al. (2005). They reported the 
effective removal of copper from water via different generations of 
poly(amidoamine) (PAMAM) dendrimers. Later, Diallo et al. (2005) studied 
the feasibility of using dendrimer improved ultrafi ltration to recover Cu 
(II) from aqueous solution. The dendrimer-Cu (II) complexes can be effi -
ciently separated from aqueous solutions by ultrafi ltration. Dendritic poly-
mers can also be used as (i) recyclable unimolecular micelles for recovering 
organic solutes from water (Arkas et al., 2003) and (ii) scaffolds and tem-
plates for the preparation of redox and catalytically active nanoparticles. 
Dendritic polymers have also been used successfully as delivery vehicles or 
scaffolds for antimicrobial agents such as Ag (I) and quaternary ammonium 
chlorides (Balogh et al., 2001).

PAMAM-based silver complexes and nanocomposites have proved to be 
effective antimicrobial agents in vitro. Rether and Schuster (2003) made a 
water-soluble benzoylthiourea modifi ed ethylenediamine core-polyamido-
amine dendrimer for the selective removal and enrichment of toxicologi-
cally relevant heavy metal ions. They studied complexation of Co (II), Cu 
(II), Hg (II), Ni (II), Pb (II) and Zn (II) by the dendrimer ligand and using 
the polymer-supported ultrafi ltration process.

One of the novel systems for encapsulating organic pollutants is cross-
linked dendritic derivatives. In the research carried out by Arkas et al. 
(2005) for the preparation of ultra pure water, the amino groups of poly-
propyleneimine dendrimer and hyperbranched polyethylene imine were 
interacted under extremely mild conditions with 3-(triethoxysilyl) propyl 
isocyanate. They produced porous ceramic fi lters and employed these den-
dritic systems for water purifi cation. In this experimental work, the concen-
tration of polycyclic aromatic compounds in water was reduced to a few 
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16.2 Commercially available G5 PAMAM (a) and G4 PPI (b) dendrimers (adapted with permission from Jang et al., 2009).
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ppb’s by continuous fi ltration of contaminated water through these fi lters. 
Then, the fi lters loaded with pollutants were effectively regenerated by 
treatment with acetonitrile.

In another work, Arkas et al. (2006) developed a method that permits 
removal of organic pollutants by employing a simple fi ltration step, which 
can be easily scaled up. They used the long-alkyl chain functionalized poly-
propylene imine dendrimers, polyethylene imine hyperbranched polymers 
and β-cyclodextrin derivatives which are completely insoluble in water.

16.4.3 Metal-containing nanoparticles

Metal and metal oxide nanoparticles have been studied extensively for 
water treatment applications. Most notable among the metal nanoparticles 
are the noble metals (such as silver and gold which are treated as famous 
biocides) and nano zero-valent iron (NZVI) used for treatment of water 
containing pesticides. Among metal oxides, oxides of iron, aluminium, zinc, 
magnesium and titanium have been made use of signifi cantly in groundwa-
ter remediation. We fi rst discuss the category of metals and then case studies 
pertaining to metal oxides are discussed.

Zero-valent iron (ZVI)

Among the popular nanosorbents at the present time, the most exploited 
is the nano ZVI having applications ranging from removal of halogenated 
organics, arsenic, nitrate and heavy metals. Nanoparticles could provide 
very high fl exibility for both in situ and ex situ remediations. They can also 
be anchored onto a solid matrix such as carbon, zeolite or membrane for 
enhanced treatment of water. ZVI removes aqueous contaminants by 
reductive dechlorination, in the case of chlorinated solvents or by reducing 
them to an insoluble form, in the case of aqueous metal ions.

Different material and engineering aspects of ZVI nanoparticles used for 
removal of environmental pollutants were discussed by Li et al. (2006b). 
These nanoparticles were used for separation and immobilization of Cr 
(VI) and Pb (II) from aqueous solution by reduction of chromium to Cr 
(III) and Pb to Pb (0) (Ponder et al., 2000). Nanopowder of ZVI was used 
for the removal of nitrate in water (Choe et al., 2000). Nanoscale ZVI was 
employed by Lowry and Johnson (2004) for dechlorination of polychlori-
nated biphenyl (PCB) to lower-chlorinated products under ambient condi-
tions. It was demonstrated that nano-sized ZVI oxidizes organic compounds 
in the presence of oxygen (Feitz et al., 2005). The high surface area of 
nanoscale ZVI may allow for more effi cient generation of oxidants. A 
decrease in reactivity is expected with the build-up of iron oxides on the 
surface, particularly at high pH.
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The EZVI (emulsifi ed zero-valent iron) technology with nanoscale or 
microscale iron was enhanced to address this limitation associated with the 
conventional use of ZVI. Quinn et al. (2005) evaluated the performance of 
nanoscale emulsifi ed zero-valent iron (nEZVI) to improve in-situ dehaloge-
nation of dense, non-aqueous phase liquids (DNAPLs) containing trichlo-
roethene (TCE) from groundwater. One of the applications of ZVI is the 
removal and sorption of arsenic contamination from groundwater (Kanel 
et al., 2006). Nanopowder of ZVI as a fi ne powder cannot be used in fi xed-
bed columns unless they have granular shape (Guo and Chen, 2005).

Xu and Zhao (2007) used carboxy methyl cellulose (CMC) stabilized 
ZVI nanoparticles to reduce Cr (VI) in aqueous media through batch and 
continuous fl ow column study. They found that the stabilized ZVI nanopar-
ticle is more effective than the non-stabilized one for the removal of Cr 
(VI). In the batch experiments, the reduction of Cr (VI) was improved from 
24% to 90% as the dosage of ZVI increased from 0.04 to 0.12 g/L. In 
another work, Xiong et al. (2007) studied the degradation of perchlorate in 
water and illustrated the stabilized ZVI nanoparticles could increase per-
chlorate reduction rate by 53% in saline water (with concentration of NaCl 
up to 6% w/w).

Giasuddin et al. (2007) investigated the removal of humic acid (HA) with 
ZVI nanoparticles and also their interaction with As (III) and As (V). 
Cheng et al. (2007) also applied ZVI nanoparticle and commercial form 
of ZVI powder with different mesh sizes for the dechloronation of p-
chlorophenol from water. Comparison between those particles indicated 
that the nanoscale was more effective for the reduction process.

Noble metal nanoparticles

The fi rst detailed report on the interaction of noble metal nanoparticles 
with halocarbons appeared in 2003 (Nair and Pradeep, 2003). It was found 
that noble metals at nanodimensions react with halocarbons in a manner 
similar to other metals (i.e., reductive dehalogenation) leading to the forma-
tion of metal halide with no reaction byproducts. The reaction was later 
extended to several halocarbons and was found to be completely effi cient 
at room temperature.

The reaction of noble metal nanoparticles was studied with widely 
used pesticides such as endosulfan (Nair et al., 2003), malathion (Nair 
and Pradeep, 2007) and chlorpyrifos (Nair and Pradeep, 2007). The noble 
metal nanoparticles supported on alumina were very effective for the 
removal of pesticides from solution. Realizing the fact that a number 
of pesticides found in drinking water are organochlorine (e.g., simazine, 
lindane, atrazine, etc.) or organosulfur pesticides (e.g., triazophos, quinal-
phos, etc.) or contain nitrogen-based functional groups (e.g., carbaryl, 
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carbofuran, monochrotofos, etc.), the chemistry of supported noble metal 
nanoparticles can comfortably be utilized for the complete removal of such 
pesticides from drinking water. This aspect of complete removal of a wide 
variety of pesticides makes the chemistry of supported noble metal nanopar-
ticles unique for drinking water purifi cation.

Noble metal nanoparticles are also found extremely important for ultra-
low concentration sensing of pesticides. Overall, there are two approaches 
followed for ultra-low concentration detection of pesticides using gold 
nanoparticles:

• changes in the signature properties of a functional group attached to 
noble metal nanoparticle surface in the presence of organic molecules: 
reported to reach a detection limit in ppt level (T. J. Lin et al., 2006; 
Rajan et al., 2007; Sun et al., 2008);

• changes in the optical properties of noble metal nanoparticles upon 
interaction with pesticides (Burns et al., 2006; Dubas and Pimpan, 2008).

Another interesting application area of noble metal nanoparticles in 
drinking water purifi cation is the sequestration of heavy metals (Henglein, 
1998). Also the functionalized noble metal nanoparticle surfaces can be 
exploited for the detection of heavy metals (Ono and Togashi, 2004; Lee 
et al., 2007; Lu and Liu, 2007).

The anti-microbial effects of silver, in zerovalent and ionic form, have 
been widely studied in great detail (Aymonier et al., 2002; Sondi and Sondi, 
2004; Jain and Pradeep, 2005; Sambhy et al., 2006). Due to the numerous 
scientifi c investigations published on this topic and its consequences in dif-
ferent applications, review articles may be consulted for a detailed under-
standing (Silver, 2003; Silver et al., 2006; Neal 2008; Rai et al., 2009; Sharma 
et al., 2009). The chemistry behind the biocidal activity of silver nanopar-
ticles, and the way silver ions act against micro-organisms are discussed in 
the review by Pradeep and Anshup (2009a). While the precise details are 
not yet elucidated, protein inactivation and loss of replication ability of 
DNA are suggested. A few important observations are highlighted by 
Pradeep and Anshup (2009a).

Metal oxide nanoparticles

Wang et al. (2007) investigated the effect of size, fabrication method, and 
morphology of ZnO nanoparticles as photocatalysts on the decomposition 
of methyl orange. It was found that the preparation method was the most 
important step and ZnO nanoparticle, 50 nm in diameter synthesized via 
thermal evaporation method, provided the highest photocatalyst activity.

Alumina nanoparticles have been utilized for the removal of heavy 
metals from drinking water (Kasprzyk-Hordern, 2004). The suggested 
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mechanism involves the metal ion induced fl occulation of negatively 
charged alumina nanoparticles (alkaline pH conditions). Alumina is used 
as support for heterogeneous catalysis (Nair and Pradeep, 2007). The major 
reasons behind the use of oxides for water purifi cation are: high surface 
area for adsorption, mesoporous structure, presence of surface charge, sta-
bility and low solubility in water.

Titanium dioxide (TiO2) is one of the most important materials used in 
water treatment applications because of its photocatalytic properties. Two 
different types of photocatalytic applications can be distinguished in water 
treatment: solar photocatalysis and photocatalytic systems equipped with 
artifi cial ultraviolet (UV) light. Both systems can be applied at ambient 
temperature to degrade various chemical and microbiological pollutants in 
water and air. As it makes use of sunlight, solar photocatalysis technology 
is inexpensive, environmentally friendly and universally applicable. The 
equipment needed is minimal and also appropriate for developing countries 
or remote sites with no access to electricity. Nanoparticles that are activated 
by light, such as the large band-gap semiconductors titanium dioxide (TiO2) 
and zinc oxide (ZnO), are frequently studied for their ability to remove 
organic contaminants from various wastewater. These nanoparticles have 
the advantages of ready availability, being inexpensive, and having low 
toxicity. The rapid recombination of photo-generated electron hole pairs 
and the non-selectivity of the system are the main problems that limit the 
application of photocatalysis processes. The specifi c chelating agents such 
as arginine, lauryl sulfate and salicylic acid can modify the surface proper-
ties of nanocrystal TiO2 and inhibit rapid recombination of photo-generated 
electron hole pairs. A comprehensive review of photocatalytic nano-TiO2 
for environmental applications is found in Kwon et al., (2008).

Conventional TiO
2 photocatalysts are utilized only under UV light due 

to its wide bandgap of 3.2 eV and, therefore, cannot be used indoors or 
inside vehicles. In order to obtain the photocatalytic activity under visible 
light, various types of TiO

2
-based photocatalysts have been created (Sato, 

1986; Kisch et al., 1998; Zang et al., 1998; Asahi et al., 2001; Umebayashi 
et al., 2002; Irie et al., 2003; Sakthivel and Kisch, 2003; Miyauchi et al., 2004); 
and nitrogen-doped TiO2 (TiO

2−x
N

x
) is regarded as one of the most effec-

tive and practical catalysts (Irie et al., 2003; Miyauchi et al., 2004; Irokawa 
et al., 2006). Nitrog    en doping has extended the photoactive wavelengths up 
to 520 nm as a result of bandgap narrowing, realizing the equivalent 
photoactivity in conventional TiO

2
 under UV light since the number of 

carrier-recombination centres was minimized. The change in band gap and 
generation of free radicals are shown in Fig. 16.3.

Synthesized titanium dioxide nanoparticles of both anatase and rutile 
forms were used for wet oxidation of phenols by hydrothermal treatment 
(Andersson et al., 2002). In another study, a novel composite reactor with 
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16.3 Change in band gap and generation of free radicals in TiO2 
photocatalyst.

combination of photochemical and electrochemical system was used for 
the degradation of organic pollutant such as Rhodamine 6G (R-6G) (Chen 
et al., 2003). Fine TiO2 particles have shown better effi ciency than the immo-
bilized catalysts, but complete separation and recycling of fi ne particles (less 
than 0.5 μm) from the treated water, are very expensive. Therefore, from 
an economical point of view, this method is not suitable for the industrial 
scale. This problem was solved by fi xing the carbonblack-modifi ed nano-
TiO2 (CB-TiO2) on aluminium sheet as a support (L. Li et al., 2003). The 
photocatalytic activity of CB-TiO2 thin fi lms was observed to be 1.5 times 
greater than that of TiO2 thin fi lms in the degradation of reactive Brilliant 
Red X-3B.

Decomposition of parathion with the nanometer rutile titanium dioxide 
(TiO2) powder as the sonocatalyst after treatment of high-temperature 
activation was carried out by Wang et al., (2006). In the study by Li et al. 
(2006a), carbon grain coated with activated nano-TiO2 (20–40 nm) (TiO2/
AC) was prepared and used for the photodegradation of methyl orange 
(MO) dyestuff in aqueous solution under UV irradiation. Mahmoodi et al. 
(2007) immobilized TiO2 nanoparticles for the degradation and mineraliza-
tion of two agricultural pollutants (Diazinon and Imidacloprid as N-hetero-
cyclic aromatics).

The photocatalytic effi ciency of immobilized TiO2 nanoparticle with 6 nm 
diameter (supported by glass substrate) as well as conventional suspended 
catalysts has been investigated recently by Mascolo et al. (2007) for the 
degradation of methyl red dye. Although the mechanism for dye degrada-
tion was found to be the same for both cases (suspended as well as 
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immobilized nanoparticles), lowering of photodegradation performance in 
the immobilized case was due to reduction in active surface area for adsorp-
tion and subsequent catalyst action. However, the recovery of nanoparticles 
is easy when the particles are immobilized.

Degradation of nitrobenzene by using nano-TiO2 and ozone was studied 
by Yang et al. (2007). They compared the effect of nano-TiO2 catalysed plus 
ozone and ozone only and found that the catalysed ozonation was more 
effi cient than ozone alone. Sobana et al. (2006) prepared silver nanoparti-
cles doped with TiO2 and used them for the photodegradation of direct azo 
dyes.

16.4.4 Carbon nanotubes

A carbon nanotube (CNT) is a one-atom thick sheet of graphite (called 
graphene) rolled up ino a seamless cylinder with diameter of the order of 
a nanometer and capped at both ends by hemispheres of fullerene. This 
results in a nanostructure where the length-to-diameter ratio exceeds 
10,000. CNTs can be categorized by their structures as single-walled nano-
tubes (SWNT) and multi-walled nanotubes (MWNT). In the most general 
way, the CNT can be shown as composed of a concentric arrangement of 
several cylinders (Fig. 16.4). The high curvature of the graphene sheets 
increases the total energy of the tubules per carbon atom, but this is more 

16.4 Multi-walled carbon nanotube shown as composed of a 
concentric arrangement of several graphene cylinders.



 Nanotechnology for domestic water purifi cation 379

© Woodhead Publishing Limited, 2013

than offset by a lowering of the energy because of the absence of dangling 
bonds at the edges of the graphene sheets. Such cylindrical carbon mole-
cules have novel properties that make them potentially useful in a wide 
variety of applications in water and health care.

The as-grown or acidifi ed CNTs have shown potential as a sorbing media 
for removal of various contaminants from water. The as-grown CNTs have 
got defect sites (originated during synthesis), which make them a suitable 
adsorbent for uptake of contaminants. However, it is noteworthy that such 
CNTs do not pose any selectivity towards uptake of specifi c contaminants. 
On the other hand, the surface area of as-grown CNTs lies in the range of 
50–100 m2/g, which is not signifi cant in comparison to activated charcoal or 
activated alumina (where the surface area is up to 1000 m2/g), which are 
being extensively used in water decontamination because of being cheaper 
and having easy availability. However, some of the work carried out by 
researchers using as-grown and functionalized CNTs are cited below.

Peng et al. (2005) developed a novel adsorbent, ceria supported on CNTs 
(CeO2-CNTs), for the removal of arsenate from water. Under natural pH 
conditions, an increase from 0 to 10 mg/L in the concentration of Ca (II) 
and Mg (II) results in an increase from 10 to 81.9 and 78.8 mg/g in the 
amount of As (V) adsorbed, respectively. The adsorption was shown to be 
pH-dependent. The effi cient regeneration of the loaded adsorbent was 
carried out and the adsorption mechanism was suggested.

Y. H. Li et al. (2003a) used aligned carbon nanotubes (ACNTs) for the 
removal of fl uoride from water. The adsorption slightly depends on the 
solution pH value. The highest adsorption capacity of ACNTs occurs at pH 
7 and reaches 4.5 mg/g at equilibrium fl uoride concentration of 15 mg/L. 
Y. H. Li et al. (2003b) studied the removal of cadmium (II) with as-grown 
and surface-oxidized CNTs. Cadmium (II) adsorption capacities for three 
kinds of oxidized CNTs increase owing to the functional groups introduced 
by oxidation compared with the as-grown CNTs. The cadmium (II) adsorp-
tion capacity of the as-grown CNTs is only 1.1 mg/g, while it reaches 2.6, 
5.1 and 11.0 mg/g for the H2O2-, HNO3- and KMnO4-oxidized CNTs, respec-
tively, at the cadmium (II) equilibrium concentration of 4 mg/L. Adsorption 
of cadmium (II) by CNTs was strongly pH-dependent and the increase of 
adsorption capacities for HNO3- and KMnO4-oxidized CNTs is more 
obvious than that of the as-grown and H2O2-oxidized CNTs at lower pH 
regions. Analysis revealed that the KMnO4-oxidized CNTs hosted manga-
nese residuals, and these surely contributed to cadmium sorption to a yet-
undefi ned extent.

Li et al. (2002) found that CNTs show exceptional adsorption capability 
and high adsorption effi ciency for lead removal from water. The adsorption 
is signifi cantly infl uenced by the pH value of the solution and the nanotube 
surface status, which can be controlled by their treatment processing. The 



380 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

adsorption isotherms are well described by both the Langmuir and 
Freundlich models.

The fi rst data on multi-wall nanotubes (MWNTs) as sorbent for dioxin 
removal was reported by Long and Yang (2001). A technique based on 
temperature-programmed desorption (TPD) was used to study dioxin 
adsorption. The amount adsorbed on CNTs is 1034 higher than on activated 
carbon. Hence, signifi cantly higher dioxin removal effi ciency is expected 
with CNTs than with activated carbon. The strong interaction between 
dioxin and CNTs may be attributed to the unique structure and electronic 
properties of CNTs. The CNTs consist of hexagonal arrays of carbon atoms 
in graphene sheets that surround the tube axis. Strong interactions between 
the two benzene rings of dioxin and the surface of the CNTs are expected.

Srivastava et al. (2004) reported the fabrication of freestanding macro-
scopic hollow cylinders having radially aligned CNT (ACNT) walls, with 
diameters and lengths up to several centimetres. These cylindrical mem-
branes are used as fi lters in the elimination of multiple components of 
heavy hydrocarbons from petroleum – a crucial step in post-distillation of 
crude oil – with a single-step fi ltering process, and the fi ltration of bacterial 
contaminants such as Escherichia coli or the nanometre-sized poliovirus 
(∼25 nm) from water. These macro fi lters can be cleaned for repeated fi ltra-
tion through ultrasonication and autoclaving.

Techniques have been developed to synthesize CNTs in signifi cant quan-
tities using three different methods:

1. arc discharge,
2. laser ablation and
3. chemical vapour deposition (CVD).

An overview of these different routes is summarized in Table 16.2 
(Balasubramanian and Burghard, 2005).

Of the various methods of CNT synthesis, CVD has got tremendous 
potential for scaleup. In addition, the growth of CNTs can take place without 
having patterned substrate (with impregnation of catalyst particles). A 
special case of CVD is called spray pyrolysis, where liquid precursors like 
mixture of benzene and ferrocene can be used. The experimental setup is 
shown in Fig. 16.5 (Dasgupta et al., 2008). It consists of a sprayer, a container 
for the liquid precursor and a quartz tube (inner diameter 10 mm). The 
sprayer is made up of a pyrex nozzle (inner diameter 0.4 mm) and an 
outer pyrex tube with an exit diameter of 2 mm. The inner nozzle 
carries the liquid precursor and the outer one carries the nitrogen gas. The 
sprayer is attached to the quartz tube kept inside a resistive furnace. An 
optimized combination of composition and the fl ow rate of liquid precursor 
solution, the carrier gas fl ow rate, the diameter of inner and outer nozzles 
of sprayer and the temperature of growth helps in the synthesis of CNTs 
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with particular length, diameter and alignment. Each of the parameters is 
critical toward the nature as well as yield of CNTs (Dasgupta et al., 2008). 
This synthesis route provides CNTs with a high degree of alignment because 
the catalyst particle (iron in the case of ferrocene precursor) is generated 
in situ. Also the method is economical with no requirement of substrate 
preparation as well as less involvement of trained manpower compared to 
the other two synthesis routes.

A self-standing tubular macrogeometry of aligned carbon nanotubes with 
very high surface area (∼90 m2/g) was developed with optimization of spray 
pyrolysis parameters. The macrogeometry of aligned CNTs is shown in Fig. 
16.6, and Fig. 16.7 shows the scanning electron microscope (SEM) image 
depicting the highly aligned CNTs along the thickness of cylinder. It has 
the usual advantages of a membrane where, based upon the principle of 
size exclusion, the water purifi cation can take place.

Table 16.2 Overview of the important synthesis procedures for CNTs (adapted 
with permission from Balasubramanian and Burghard, 2005)

Synthesis 
method Principle

Type of CNT 
with yield

Maximum 
production rate

Arc 
discharge

Carbon atoms are 
generated through an 
electric arc discharge at 
T > 3000°C between two 
graphite rods. Catalyst 
metal particles (Fe, Co, 
Ni) required

Both SWNT and 
MWNT can be 
produced; 
yield: about 
30% by 
weight

120 g per day

Laser 
ablation

Generation of atomic 
carbon at T > 3000˚C 
through laser irradiation 
of graphite containing 
catalyst metal particles 
(Fe, Co, Ni)

Mainly SWNT 
can be 
formed; yield: 
about 70% 
(expensive 
method)

50 g per day

Chemical 
vapour 
deposition

Decomposition of gaseous 
hydrocarbon source is 
catalysed by catalyst 
metal particles (Fe, Co, 
Ni). Spray pyrolysis 
method with liquid 
precursor such as 
benzene + ferrocene can 
be used directly where 
patterned substrate with 
catalyst impregnation is 
not required. 
Temperature of synthesis 
is about 750–1000°C

Both SWNT and 
MWNT can be 
formed; yield: 
about 60%

50 kg per day
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16.5 Schematic of the spray pyrolysis setup: (1) pyrex sprayer, 
(2) container for ferrocene-benzene solution, (3) peristaltic pump, 
(4) nitrogen gas fl ow meter, (5) nitrogen gas cylinder, (6) quartz 
template, (7) furnace outer shell, (8) thermal and electrical insulation, 
(9) heating element, (10) quartz tube, (11) power supply, 
(12) thermocouple, (13) outlet to exhaust (adapted with permission 
from Dasgupta et al., 2008).

A noteworthy breakthrough in the area of development of nanotube 
chemistry is the oxidation of CNT in concentrated nitric acid (Rosca et al., 
2005). Such a drastic condition helps in opening of the CNT tips as well as 
oxidative etching along the sidewalls enabling the decoration of walls with 
various oxygen-containing groups (mainly carboxyl group). The incorpora-
tion of carboxyl group exposes various useful sites in CNTs for further 
modifi cation as per requirements (ester or amide bond formations can take 
place). In addition, the formation of anhydride at the tube ends can take 
place through which the rings of CNTs are accessible (Sano et al., 2001). 
The most important implication of the introduction of a carboxyl group lies 
in the fact that the van der Waals forces existing between the individual 
CNTs are reduced and hence the CNTs can be made water soluble (as-
grown CNTs are not soluble in any solvent) by addition/substitution of new 
moieties.

On the other hand, addition reactions help in direct coupling of func-
tional groups onto the π-conjugated carbon framework. A series of addition 



 Nanotechnology for domestic water purifi cation 383

© Woodhead Publishing Limited, 2013

SEM MAG: 1.00 kx
WD: 10.7576 mm
VAC: HIVac

DET: SE Detector
DET: SE Detector
Device: VEGA MV2300T/40

100 μm Vega©Tescan
Digital Microscopy Imaging

16.7 SEM image of the self-standing tube showing the alignment of 
CNT in the radial direction (adapted with permission from Dasgupta 
et al., 2008).

Conc 50 mg/ml
Temp 950 °C
Flow of soln. 1.5 ml/min
Flow N2 5 lpm

500 microns

16.6 The stereoscopic micrograph of the self-standing macrotube 
made up of aligned carbon nanotubes (adapted with permission from 
Dasgupta et al., 2008).
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reactions like fl uorination, hydrogenation and cycloaddition can be possi-
ble. The fl uorine atoms of fl uorinated CNTs can be replaced through 
nucleophilic substitution reaction, and thus, functional groups of alcohols, 
amines and Grignard reagent, etc., can be successfully incorporated onto 
the CNT sidewall.

So far we have been concerned mainly with the functionalization of the 
sidewall and tip of CNTs. But the inner hollow cavity of CNTs offers tre-
mendous opportunity to materials scientists, chemists and engineers to do 
excellent R&D in the nanoscale test tube. The critical issue is the wetting 
properties of the CNTs. The wettability determines what liquid would fi ll 
the tube by capillary action and cover the inner surface. The Young–Laplace 
relation relates the pressure difference ΔP across the liquid–vapour inter-
face in a capillary to the surface tension of the liquid (γ) and contact angle 
(θ) between the solid and the liquid as shown by:

P r= −2γ θ1 cos  [16.1]

where r is the radius of curvature of the meniscus. The contact angle θ is an 
indicator of the strength of the interaction between the liquid and the solid 
interface relative to the cohesive forces in the liquid. If θ is smaller than 
90°, the contact between the liquid and the surface is said to be wetting and 
ΔP is positive. Therefore the liquid will be pulled into the capillary sponta-
neously, as there is an energy gain in the wetting process. If θ is larger than 
90°, the contact angle is said to be non-wetting and ΔP will be negative. 
Therefore, when θ > 90°, the only way to introduce liquid into a capillary is 
to apply pressure larger than ΔP.

Extremely high aspect ratios, molecularly smooth hydrophobic graphitic 
walls, and nanoscale inner diameters of carbon nanotubes give rise to the 
unique phenomenon of ultra-effi cient transport of water through these 
ultra-narrow tubes. The idea of water occupying such confi ned hydrophobic 
channels is somewhat diffi cult to comprehend, though experimental evi-
dence has confi rmed that water can indeed occupy these channels (Naguib 
et al., 2004; Kolesnikov et al., 2006). The proposed water transport mecha-
nism has a distinct similarity to the transport mechanisms of biological ion 
channels. In recent years, numerous simulations (Hummer et al., 2001; Kalra, 
2003) of water transport through SWNT have suggested that fast molecular 
transport takes place, far in excess of what continuum hydrodynamic theo-
ries would predict if applied on this length scale. There have been many 
efforts to defi ne the boundary between bulk water and confi ned water 
transport, and it was found sensible to set a threshold for the continuum 
treatment of liquid as around 7.5 nm.

A no slip boundary condition is typically used in continuum fl uid dynam-
ics. It constrains a fl uid closest to a solid boundary to obtain the same 
tangential velocity as the solid. When the tangential velocity of the fl uid 
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differs from that of the solid, we usually say the surface imposes a slip 
boundary condition as depicted in Fig. 16.8 (Choi et al., 2011). The slip 
boundary condition helps us describe non-continuum behaviour of water 
transport inside the CNT in the framework of continuum dynamics. For 
example, slip length, Ls, may serve as a good indicator for the molecular 
interaction between water molecules and CNT via provision of information 
about the degree of departure the transport innately has from the hydro-
dynamic Hagen–Poiseuille fl ow. Also, the slip length indicator can compare 
with results of molecular dynamics (MD) simulations often used for the 
exact prediction of water fl ow under the CNT nanoconfi nement.

Slip length, Ls, is convenient to explain the hydrodynamic boundary 
condition at the interface of fl uid and wall, which is defi ned according to 
the Navier boundary condition:

L
v
n

v vt
s

wall
t,wall wall

∂
∂

= − ′  [16.2]

where n and t denote normal and tangential directions of the wall, vt is the 
velocity of a fl uid tangential to the wall, and vwall is the velocity of the wall. 
vt,wall − vwall is denoted as a slip velocity.

The solutions for the velocity and the corresponding volume fl ow rate in 
the fl ow direction, z, with respect to the distance from the centre, r, have a 
parabolic profi le given by:
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16.8 Hydrodynamic slip fl ow profi le characterized by slip length Ls 
(adapted from Choi et al., 2011).
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where μ, p and R represent viscosity, pressure, and tube radius, 
respectively.

There are two primary reasons a continuum theory of a molecular scale 
slip is investigated. On the one hand, it helps to understand the behaviour 
of a fl ow in a nanoscale tube. On the other hand, the slip length theory can 
serve as a reference to explain large water fl ow enhancements, compared 
with no-slip Hagen–Poiseuille formalism, observed by several experimental 
studies (Majumder et al., 2005a; Holt et al., 2006; Whitby et al., 2008) using 
CNT membranes.

Although the ultrafast water transport in the CNT could be explained by 
the slip length model to some extent, results of MD simulations, especially 
on the water confi guration, are investigated as an effective way to under-
stand many fundamental nanofl uidic characteristics. In fact, lots of physical 
properties of water depend on the coherence and the number of hydrogen 
bonds. The hydrogen bond is useful in explaining water confi guration or 
properties inside CNT, since water has a dipole and an electrostatic interac-
tion via hydrogen bonding.

The effect of CNTs on bacteria and viruses has not received particular 
attention, probably due to the diffi culty of dispersing CNTs in water. Sur-
factants or polymers such as polyvinylpyrolidone (PVP) or Triton-X are 
generally used to facilitate the dispersion. The few studies available credited 
SWNTs with antimicrobial activity towards Gram-positive and Gram-
negative bacteria, and the damage infl icted was attributed to either a physi-
cal interaction or oxidative stress that compromise cell membrane integrity 
(Narayan et al., 2005; Kang et al., 2008). However, the degre of aggregation 
and the bioavailability of the nanotube will have to be considered to exploit 
the antimicrobial properties effectively.

It is noteworthy here that CNTs are the only nanostructured material 
bestowed with so many unusual (however essentially interesting) attributes 
which can serve as a wonderful global water fi lter. The critical factor is 
to put the CNTs in a membranous structure to exploit all their potential 
benefi ts, which are discussed in Section 16.7.

16.4.5 Other nanomaterials (nanoclays, micelles, 
magnetic nanoparticles)

Clays are alumino silicates with a planar silicate structure. There are three 
main categories of clay: kaolinite, montmorillonite–smectite and illite, 
amongst which the fi rst two are the most widely studied (Pradeep and 
Anshup, 2009b). Usually the structure contains silicate sheets (Si2O5) 
bonded to aluminium oxide/hydroxide layers (Al2(OH)4) called gibbsite 
layers. The primary structural unit of this group is a layer composed of one 
octahedral sheet with one tetrahedral sheet (kaolinite is 1 : 1 clay mineral). 
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The condensation of two sheets happens by coordination of an oxygen atom 
with one silicon atom in the tetrahedral sheet and two aluminium atoms in 
the octahedral sheet. Clays undergo exchange interactions of adsorbed ions 
with the outside too.

Although clays are very useful for many applications, they have one main 
disadvantage, they lack permanent porosity. To overcome this problem, 
researchers have been looking for a way to prop and support the clay layers 
with molecular pillars. Most of the clays can swell and thus increase the 
space in between their layers to accommodate the adsorbed water and ionic 
species. Ding et al. (1999) and Ooka et al. (2004) prepared different kinds 
of TiO2 pillared clays from different raw clays and the adsorption and 
photocatalytic-decomposition performance were evaluated. It was found 
that surface hydrophobicity of pillared clays (especially TiO2) largely varied 
with the host clay. Since the TiO2 particles in the pillared clays are too small 
to form a crystal phase, they presented poor photocatalytic activity.

Nanocomposite of iron oxide and silicate was also synthesized for deg-
radation of azo-dye orange (II) (Feng et al., 2003). A new class of nano-sized 
large porous titanium silicate (ETAS-10) and aluminium-substituted 
ETAS-10 with different Al2O3/TiO2 ratios were successfully synthesized by 
Choi et al. (2006) and applied to the removal of heavy metals, in particular 
Pb (II) and Cd (II).

Micelles are self-assembled surfactant materials in a bulk solution. Sur-
factants or ‘surface active agents’ are usually organic compounds that are 
amphipathic, meaning they contain both hydrophobic groups (tails) and 
hydrophilic groups (heads). Therefore, they are typically soluble in both 
organic solvents and water. Surfactant-enhanced remediation techniques 
have shown signifi cant potential in their application for the removal of 
polycyclic aromatic hydrocarbon (PAHs) pollutants. Molecular self-
assembly is gathering of molecules without guidance or management from 
an outside source. There are two types of self assembly: intramolecular and 
intermolecular. Attaching a monolayer of molecules to mesoporous ceramic 
supports gives materials known as self-assembled monolayers on mesopo-
rous supports (SAMMS). The highly ordered nanostructure of SAMMS is 
the result of three molecular self-assembly stages. SAMMS of silica-based 
materials are highly effi cient sorbents for target species, such as heavy 
metals, tetrahedral oxometalate anions and radionuclides (Mansoori et al., 
2008).

Magnetic nanoparticles are generally studied as adsorbents and nano-
catalysts for water treatment. One of the major applications of magnetic 
particles is in the area of magnetic separation. In this case, it is possible to 
separate a specifi c substance from a mixture of different other substances, 
called ‘magnetically assisted chemical separation’ (MACS). Hu et al. (2005) 
developed an innovative process combining nanoparticle adsorption and 
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magnetic separation for the removal and recovery of Cr (VI) from waste-
water. Chang et al. (2006) prepared the magnetic chitosan nanoparticles 
with an average diameter of 13.5 nm as a magnetic nano-adsorbent. Mag-
netic chitosan nano-adsorbent was shown to be quite effi cient for the fast 
removal of Co (II) ions at the pH range of 3–7 and the temperature range 
of 20–45°C.

Ngomsik et al. (2006) have studied the removal of nickel ions from the 
aqueous solution using magnetic alginate microcapsules. Also, magnetic 
particles in the microcapsules allowed easy isolation of the microcapsule 
beads from aqueous solutions after the sorption process. Mayo et al. (2007) 
also studied the effect of particle sizes in the adsorption and desorption of 
As (III) and As (VI). Different kinds of magnetic nanoparticles were also 
employed for the removal of organic pollutants, such as sorption of methy-
lene blue on polycyclic acid-bound iron oxide from an aqueous solution 
(Mak and Chen, 2004).

16.5 Synthesis of nanomaterials

There are a number of techniques available to fabricate different nanoma-
terials (Tiwari et al., 2008). Nanoparticles can be produced from larger 
structures (top-down) by use of ultrafi ne grinders, lasers and vapourization 
followed by cooling. For complex particles, nanotechnologists generally 
prefer to synthesize nanostructures by a bottom-up approach by arranging 
molecules to form complex structures with new and useful properties. The 
detailed views on different synthesis routes is beyond the scope of this 
chapter and hence they are listed below with references:

• layer-by-layer deposition (Philips et al., 2006)
• self-assembly (Graveland and Kruif, 2006; Lorenceau et al., 2005)
• gas phase synthesis and sol-gel processing (Siegel, 1991, 1994; Uyeda, 

1991)
• crystallization (Boanini et al., 2006)
• microbial synthesis (Bhainsa and Souza, 2006; Bhattacharya and Gupta, 

2005)
• other methods (sonochemical processing, cavitation processing, micro-

emulsion processing and high-energy ball milling).

16.6 Nanotechnology: health, safety 

and environment

Nanotechnology is a potential provider of unprecedented technological 
solutions to many environmental problems including climate change, pol-
lution and clean drinking water. It is claimed that it enables economic 
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growth through more effi cient and durable products and new markets. 
However, the applicability of such a system has to be perceived after due 
consideration of the process and product in its entirety, with serious atten-
tion being paid to the probable health and environmental risks.

While it is perceived that nanotechnology will deliver cleaner production 
(e.g., through green chemistry, synthesis and processing of nanoscale mate-
rials that will reduce consumption of raw materials and natural resources 
such as water and energy, and improved chemical reactions and catalysis), 
in reality it is very diffi cult to ensure these propositions unless there is a 
proper life cycle analysis of the nanomaterials through validated nano-
specifi c risk assessment methodologies.

Although there are now only a limited number of products in the mar-
ketplace that contain engineered nanomaterials, the pace of nanotechnol-
ogy development assures that the market soon is going to be fl ooded with 
nano-based products. In such a case, it is essential to have a grasp of the 
attribute-related concerns, associated health and environment risks and the 
extent of the population going to be affected.

The following attributes of nanoparticles create a number of unknown 
exposures:

• size of particles: the size of nanoparticles necessitates usage of sophisti-
cated analytical tools.

• increased reactivity and conductivity: nanoparticles are more reactive 
and conductive than the same material in bulk.

• routes of exposure: because of their very small size, nanoparticles can 
be inhaled or ingested; in addition, they are capable of crossing the 
blood-brain barrier, which protects the brain against contamination 
(Oberdörster et al., 2004).

16.6.1 Evidence for toxicity of nanomaterials

Nanoparticles have the ability to induce lung injuries because of their small 
size, a large surface area, and an ability to generate reactive oxygen species 
(ROS).1 The short-term pulmonary toxicity studies in rats with ultrafi ne 
and fi ne carbon black, nickel and TiO2 particles have established enhanced 
lung infl ammatory strength of the ultrafi ne particles in comparison to fi ne-
sized particulates of similar composition (Warheit et al., 2006; Grassian 
et al., 2007; Pettibone et al., 2008). Low toxicity nanoparticles such as carbon 
black and polystyrene stimulate the macrophages via reactive oxygen 
species and calcium signalling, to make proinfl ammatory cytokines such as 

1 Section 16.6.1 is adapted from Wani et al., 2011: Nanotoxicity: dimensional and morphological 
concerns, Advances in Physical Chemistry, Volume 2011, doi:10.1155/2011/450912.
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tumour necrosis factor alpha (Brown et al., 2004). The cationic nanoparti-
cles, including gold and polystyrene, have shown to cause haemolysis and 
blood clotting, while usually anionic particles are quite non-toxic. High 
exposures to diesel exhaust particles (DEPs) by inhalation caused altered 
heart rate in hypertensive rats interpreted as a direct effect of DEP on the 
pacemaker activity of the heart (Hansen et al., 2007). Exposure to single-
walled carbon nanotubes has also resulted in cardiovascular effects (Li 
et al., 2007). The nanoparticles inhaled can gain access to the brain by 
means of two different mechanisms, namely, transsynaptic transport after 
inhalation through the olfactory epithelium and uptake through the blood-
brain barrier (Lockman et al., 2004; Jallouli et al., 2007). In vitro studies 
have shown that multiwalled carbon nanotubes are capable of localizing 
within and initiating an irritation response in human epidermal keratino-
cytes, which are a primary route of occupational exposure (Baroli et al., 
2007; Zvyagin et al., 2008).

The change in the structural and physicochemical properties of nanopar-
ticles with a decrease in size could be responsible for numerous material 
interactions that could lead to toxicological effects (Nel et al., 2006); for 
example, shrinkage in size may create discontinuous crystal planes that 
increase the number of structural defects as well as disrupt the electronic 
confi guration of the material and give rise to altered electronic properties 
(Fig. 16.9). These changes could establish specifi c surface groups that could 
function as reactive sites. Chemical composition of the materials is particu-
larly responsible for these changes and their importance. The surface groups 
can make nanoparticles hydrophilic or hydrophobic, lipophilic or lipopho-
bic, or catalytically active or passive. These surface properties can lead to 
toxicity by the interaction of electron donor or acceptor active sites (chemi-
cally or physically activated) with molecular oxygen (O2), and electron 
capture can lead to the formation of the superoxide radical, which generates 
additional reactive oxygen species (ROS) through Fenton chemistry 
(Fig. 16.9).

Various studies have been carried out to investigate the adverse effects 
of nanoparticle on the biological systems (N. Li et al., 2003; Hoshino et al., 
2004; Li et al., 2007; Baker et al., 2008; Lyon et al., 2006; Peters et al., 2006) 
and the interaction of nanoparticles with biological systems is represented 
in Fig. 16.10. It has been demonstrated that carbon black nanoparticles 
produce their increased infl ammatory effects via mechanisms other than 
the leaching of soluble components from the particle surface. Transition 
metals are an important source of free radicals, which are important in 
PM10-stimulated lung infl ammation. Therefore, it is clear that nanoparticles 
may exert their increased proinfl ammatory effects, at least in part, by modu-
lating intracellular calcium.
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Nanomaterials themselves constitute a new generation of toxic chemicals. 
As particle size decreases, in many nanomaterials the production of free 
radicals increases, as does toxicity. Studies have shown that nanomaterials 
now in commercial use can damage human DNA, negatively affect cellular 
function and even cause cell death. There is a small but growing body of 
scientifi c studies (termed as nanotoxicology) showing that some nanoma-
terials are toxic to commonly used environmental indicators such as algae, 
invertebrate and fi sh species (Hund-Rinke and Simon, 2006; Lovern and 
Klaper, 2006; Templeton et al., 2006; Federici et al., 2007; Lovern et al., 2007). 
There is also evidence that some nanomaterials could impair the function 
or reproductive cycles of earthworms which play a key role in nutrient 
cycling that underpins ecosystem function (Fordsmand et al., 2008).

Studies demonstrated that when introduced into the lungs of rodents, 
certain carbon nanotubes cause infl ammation, granuloma development, 
fi brosis, artery ‘plaque’ responsible for heart attacks and DNA damage 
(Donaldson et al., 2006; Lam et al., 2006; Muller et al., 2006). Two indepen-
dent studies have shown that some carbon nanotubes can also cause the 
onset of mesothelioma – cancer previously thought to be only associated 
with asbestos exposure (Poland et al., 2008; Takagi et al., 2008). We now 
discuss in brief the toxicity of those nanomaterials (such as silver, CNT, 
TiO2 and silica) that are being used substantially in water purifi cation 
applications.

16.6.2 Toxicity of silver nanoparticles

Silver nanoaprticles (Ag NPs) are, due to their antimicrobial properties, the 
most widely used NPs in commercial products. Ag NPs are incorporated 
into medical products like bandages as well as textiles and household items. 
The toxicity of Ag NPs has also been shown by a number of in vitro studies 
(Kawata et al., 2009; Kim et al., 2009; Foldbjerg et al., 2009, 2011). Toxicologi-
cal investigations of NPs imply that, for example, size, shape, chemical 
composition, surface charge, solubility, their ability to bind and affect bio-
logical sites as well as their metabolism and excretion infl uence the toxicity 
of NPs (Schrand et al., 2010; Castranova, 2011). The high surface area of 
metal-based NPs increases the potential that metal ions are released from 
these NPs (Bian et al., 2011; Mudunkotuwa and Grassian, 2011), yet it is not 
clear to what degree the toxicity of Ag NPs results from released silver ions 
and how much toxicity is related to the Ag NPs themselves. It is quite pos-
sible that free silver ions in Ag NP preparations play a considerable role in 
the toxicity of Ag NP suspensions. While the contribution of free silver ion 
to the measured toxicity of Ag NP suspensions is an important determinant 
for the toxicity, a combined effect of Ag ion and Ag NP appears for lower 
concentrations of Ag ions.
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16.6.3 Toxicity of carbon nanotubes

Despite their many advantages, CNTs represent a hazard to the environ-
ment and human health. Like asbestos, the aspect ratio (length : diameter) 
and metal components of CNTs are known to have an effect on the toxicity 
of carbon nanotubes. Kim et al. (2011) evaluated the toxic potential of CNTs 
in relation to their aspect ratio and metal contamination, in vivo and in vitro 
genotoxicity tests were conducted using high aspect ratio (diameter: 
10–15 nm, length: ∼10 μm) and low aspect ratio multi-wall carbon nanotubes 
(MWCNTs, diameter: 10–15 nm, length: ∼150 nm) according to OECD test 
guidelines 471 (bacterial reverse mutation test), 473 (in vitro chromosome 
aberration test), and 474 (in vivo micronuclei test). High aspect ratio 
MWCNTs were found to be more toxic than the low aspect ratio MWCNTs. 
Thus, while high aspect ratio MWCNTs do not induce direct genotoxicity 
or metabolic activation-mediated genotoxicity, genotoxicity could still be 
induced indirectly through oxidative stress or infl ammation.

A recent in vivo cancer therapy study using CNTs originally designed as 
drug delivery enhancers was able to demonstrate that tumour cells respond 
to toxicity differently than do wild type cells (Liu et al., 2008). Lam et al. 
(2004) tested a variety of SWCNT samples with varying amounts of metal 
impurities and concluded that all SWCNT preparations induced dose-
dependent lung granulomas in mice. Warheit et al. (2004) reported a mild 
and transient pulmonary infl ammatory response in rats instilled intratra-
cheally with SWCNTs, with subsequent development of multifocal granu-
lomas in the lungs after 1 month in a mouse instillation study using highly 
purifi ed SWCNTs.

Shvedova et al. (2005) found granulomas, lung fi brosis and a signifi cant 
elevation in markers of toxicity in bronchoalveolar lavage (BAL) fl uid and 
concluded that SWCNTs exerted greater toxicity on a mass basis than 
crystalline silica. A critical review of carbon nanotube toxicity and assess-
ment of potential occupational and environmental health risks was pro-
vided by Lam et al. (2006), where the toxicological hazard assessment of 
potential human exposures to airborne CNTs and occupational exposure 
limits for these novel compounds are discussed in detail.

16.6.4 Toxicity of titanium dioxide and silica 
(SiO2) nanoparticles

Studies with fi ne and ultrafi ne (<100 nm) TiO2 particles demonstrate some 
respiratory toxicity and epithelial infl ammation of the lung in rodents (Ferin 
and Oberdörster, 1985; Ferin et al., 1991; Oberdörster et al., 1992; Bermudez 
et al., 2002, 2004; Warheit et al., 2005, 2006). Silica nanoparticles have been 
shown to have a low toxicity when administered in moderate doses (W Lin 
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et al., 2006; Chang et al., 2007; Jin et al., 2007). Unfortunately, silica nanopar-
ticles also tend to agglomerate and have been demonstrated to lead to 
protein aggregation in vitro at a dose of 25 μg/mL (Barik et al., 2008). Oxi-
dative stress has been implicated as an explanation behind silica nanopar-
ticles cytotoxicity both in vitro and in vivo (Chen and von Mikecz, 2005; 
Yang et al., 2009; Wang et al., 2009). All these studies have reported cyto-
toxicity and oxidative stress, as determined by increasing lipid peroxidation 
(LPO), reactive oxygen species (ROS), and decreasing cellular glutathione 
(GSH level), but no similarity exists regarding dose response.

Very little is known about the safety risks presented by engineered nano-
materials. Given their unique properties, particularly their increased reac-
tivity and electrical conductivity, safety concerns are focusing on whether 
nanomaterials could cause fi res or explosions. Because nanoparticles behave 
differently from larger particles, questions have arisen about whether they 
can pollute the water supply or damage crops during processes that release 
these particles into the air, soil or water. Again, studies in this area are in 
their infancy.

In the short term, the major health and safety risks will be to researchers 
in laboratories and production staff exposed during the manufacture of 
nanomaterials. People in these occupations must be aware of the potential 
hazards of using materials that have unknown properties, and they 
must take measures to mitigate their risks. However, their activities are 
contained and generally do not pose a threat to the public or to the 
environment.

Owing to the highly interdisciplinary nature of nanotechnology, it can be 
viewed as an enabling technology that is a sincere augmentation of the 
existing technologies in the fi eld of water purifi cation, textile, aerospace, 
health care and electronics. Keeping in view the unknown behaviour and 
fate of nanomaterials in the environment, nanotechnology may pose tre-
mendous challenges to the existing waste management systems. Knowledge 
on the mobility, persistence and bioaccumulation potential in the environ-
ment is hardly available. Hence risk assessment on the possible impact of 
nanowastes is critical and needs to be made.

Regulators in the United States, the European Union and elsewhere 
around the world believe that nanoparticles represent an entirely new 
risk and that it is necessary to carry out an extensive analysis of the risk. 
Such studies then can form the basis for government and international 
regulations. As a proper and comprehensive risk and life cycle analysis, 
encompassing production, application and waste management strategies of 
nanomaterials, is of urgent need for a successful commercialization of a 
technology with proven societal benefi ts, otherwise environmental costs 
could be high and the technology as a whole could be distrusted or rejected 
by the public.
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16.7 Domestic water purifi cation: challenges to bring 

about an integrated system

According to a WHO (2007) report on ‘combating waterborne disease at 
the household level’ by (The International Network to Promote Household 
Water Treatment and Safe Storage):

• 1.1 billion lack access to an ‘improved’ drinking water supply; many 
more drink water that is grossly contaminated.

• 4 billion cases of diarrhoea occur annually, of which 88% is attributable 
to unsafe water, and inadequate sanitation and hygiene.

• 1.8 million people die every year from diarrhoeal diseases, the vast 
majority children under 5.

• Lack of safe water perpetuates a cycle whereby poor populations 
become further disadvantaged, and poverty becomes entrenched.

• WHO estimates that 94% of diarrhoeal cases are preventable through 
modifi cations to the environment, including through interventions to 
increase the availability of clean water, and to improve sanitation and 
hygiene.

The major drinking water contaminants are shown in Table 16.3 (Daniels 
and Mesner, 2005). The most serious amongst them are microbiological 
contamination. WHO guidelines make reference to the water supply situa-
tion common in many countries where water must be collected from a well 
or standpipe, transported home and then stored for domestic use. In such 
circumstances: ‘Water that is transported or stored unhygienically may be 
recontaminated, which represents a public health risk. Most recontamina-
tion is the result of behavioural patterns; if these can be changed, the health 
risk can be reduced or eliminated’ (WHO, 1997). In their Water Handbook, 
UNICEF observe: ‘There are many cases of water which is bacteria-free at 
the source becoming contaminated during transportation, storage and con-
sumption. Any water supply project that neglects this aspect will be inef-
fective’ (UNICEF, 1999).

There is now conclusive evidence that simple, acceptable, low-cost inter-
ventions at the household and community level are capable of dramatically 
improving the microbial quality of household stored water and reducing 
the attendant risks of diarrhoeal disease and death. Treating water at the 
household level has been shown to be one of the most effective and cost-
effective means of preventing waterborne disease in development and 
emergency settings. Promoting household water treatment and safe storage 
(HWTS) helps vulnerable populations to take charge of their own water 
security by providing them with the knowledge and tools to treat their 
own drinking water (UNICEF, 2008). Household-level approaches to 
drinking water treatment and safe storage are also commonly referred to 
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Table 16.3 Common water contamination problems (adapted from Daniels and 
Mesner, 2005)

Contaminant or 
problem

Possible cause of 
problem Solutions

The following pollutants are health hazards and must be treated for the 
safety of your family. If you cannot successfully remove these 
pollutants, you should fi nd an alternative source of water

Arsenic Naturally occurring in 
water in some areas

Reverse osmosis, ion 
exchange

Bacteria Well not sealed; 
sewage, manure or 
surface runoff

Remove source of bacteria; 
chlorination; ozonation; 
UV disinfection

Lead Corrosive water, lead 
pipes or lead solder

Replace plumbing, reverse 
osmosis, anion exchange 
(water softener)

Nitrate Well not sealed; faulty 
septic system; 
animal waste; 
fertilizers

Remove source of nitrate; 
distillation; reverse 
osmosis; anion exchange 
(water softener)

Pesticides and 
organic 
chemicals

Use of pesticides, 
chemicals near 
water source

Activated carbon fi lter; 
reverse osmosis; 
distillation

The contaminants below are not health hazards, but you may choose to 
treat because of aesthetic reasons

Bad odour, 
colour, taste

Variety of sources Ion exchange; activated 
carbon fi lter; chlorination

Cloudy or dirty 
water

Fine sand, clay, or 
other particles

Mechanical fi lter

Hardness Naturally occuring 
minerals in water

Ion exchange (water 
softener)

Rotten eggs 
odour

Hydrogen sulphfi de 
gas

Chlorination and activated 
carbon fi lter

Staining of sink 
and/or laundry 
from iron or 
manganese

Naturally occurring in 
water, especially 
deep wells

Ion exchange or green 
sand fi lters (0–10 ppm); 
chlorination and fi ltration 
(if over 10 ppm)

as managing the water at the ‘point-of-use’. This term or its abbreviation 
‘POU’ typically describes the same procedures as other abbreviations 
derived from household water treatment, like ‘HHWT’ or ‘HWT’ or 
‘HWTS’. (The ‘S’ in ‘HWTS’ refers to safe storage.) ‘Household water 
management’ is also commonly used, and can encompass both treatment 
and storage. All these terms can refer to a variety of treatment procedures, 
for example, with chlorine or other chemical disinfectants, sunlight or UV 
lamps, various fi lters, or fl occulation-disinfection formulations (WHO, 
2007).



 Nanotechnology for domestic water purifi cation 397

© Woodhead Publishing Limited, 2013

A comparison of POU conventional water fi ltration technologies is 
shown in Table 16.4. It compares the performance of the ceramic-based 
fi lters with that of activated carbon, granular media. From all perspective 
(effi ciency of decontamination, capacity and ease of use), activated carbon 
has been found to be the best conventional household water treatment 
method.

Table 16.5 provides a comparative chart of conventional UV treatment 
and chemical treatment technologies. It has been observed that coagula-
tion-fl occulation outweighs UV-based and chemical-based water treatment 
options in terms of type and range of contaminants that can be addressed. 
However, it requires the involvement of trained manpower.

A comparison of POU nanotechnology-based water purifi cation tech-
nologies is given in Table 16.6. It is evident from the table that nanoparticle 
embedded membranes have all the essential features that can be tuned to 
address the specifi c contaminant. In addition, it is scalable and widely 
deployable.

16.7.1 Sustainability of a water purifi cation technology

There are thousands of types of water fi lters that have the capability to 
purify contaminated water. However, most fi lters are too expensive for the 
nations with the greatest need for potable water. Technologically advanced 
fi lters have no real application in countries without the capability to sustain 
them, which is why more basic fi ltering methods are needed to truly have 
an impact on the global clean water shortage. Such organizations as the UN 
and WHO are currently pushing the water fi lter industry to develop sustain-
able solutions to empower many rural nations with the ability to fi lter their 
own water in cheaper, more environmentally friendly ways. These sustain-
able technologies are innovative, simple, and incorporate combinations of 
basic science and local materials to create usable and effi cient fi lters. Sus-
tainable, or appropriate, technology is defi ned as, ‘Technology that can be 
made at an affordable price by ordinary people using local materials to do 
useful work in ways that do the least possible harm to both human society 
and the environment’ (Cunningham et al., 1999).

The following guidelines are suggested based on an evaluation of the 
sustainable technology defi nition, the ethical standards, and information 
from sustainable development of technologies (Skye McAllister, 2005). It 
is important to keep in mind that these steps are to be used in addition to 
traditional engineering standards and ethics.

• limit non-renewable energy consumption
• lessen environmental impact
• readily available, easy to manufacture materials
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Table 16.4 Comparison of POU conventional water fi ltration technologies (adapted from Hillie et al., 2007b)

Filter type

Contaminants removed Amount of water Cost (US$) Ease of use

Biological Organic Inorganic Flow rate Useful life Unit Filter
Labour 
demands

Setup and 
use Maintenance

C
e
ra

m
ic Disk • Bacteria

• Cysts
• Coliform
• Fecal 

Coliform

No • Asbestos
• Iron

1–11 L/hr 5 yrs $3.50 $0.49–
$1.02

Unskilled Easy Monthly 
scrubbing

Candle 0.3–0.8 L/hr 6–12 mos $2.29 $0.46

Biosand • Coliform
• Fecal 

Coliform
• Protozoa
• Helminthes

No • Arsenic
• Cadmium
• Copper
• Iron
• Lead
• Zinc

30 L/hr Indefi nite $12.00–
$30.00

n/a Unskilled Moderate 
– biolayer 
must be 
established

Sporadic 
sand 
agitation 
and 
cleaning
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Filter type

Contaminants removed Amount of water Cost (US$) Ease of use

Biological Organic Inorganic Flow rate Useful life Unit Filter
Labour 
demands

Setup and 
use Maintenance

A
c
ti

v
a
te

d
 C

a
rb

o
n Granular • Bacteria

• Cysts 
(bacteria 
within the 
fi lter can 
cause 
recontamin.)

Most all; incl: 
Pest-, 
herb- and 
insecticides 
Industrial 
Chemicals 
PCBs PAHs 
VOCs 
MTBE

• Arsenic
• Chlorine
• Chromium
• Mercury 

(organic 
complex 
forms 
only)

V** – Unit 
size

9–12 mos $100/yr 
$10-
Carafe

$3.00 Unskilled 
and 
trained

Easy Regular 
cleaning 
by trained 
personSolid 

block
12 mos $330–

$2500
$0.02/L

G
ra

n
u

la
r 

M
e
d

ia Bucket • Bacteria
• Cysts
• Coliform
• Parasites
• Protozoa

No No 500 L/day V – Media $50.00 $20.00 Unskilled Easy Biweekly 
fi lter 
cleaning

Drum and 
fi lter

Roughing 40–200 L/day <$0.001/L 
$01/L

U*** 
– Low

Unskilled 
and 
trained

Easy Backwashing 
by trained 
personCistern V – Unit size U – Low

Fibre and 

Fabric

• Pathogenic 
Larvae

• Larva 
hosting 
crustaceans

• Bacteria 
with large 
copepods

• Zooplankton

No No V – No. of 
material 
layers

Limited ≈$0.00 ≈$0.00 Unskilled Easy None

* Cysts: Giardia and cryptosporidium cysts.
** V: Variable depending on.
*** U: Exact amount unspecifi ed.
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Table 16.5 Comparative chart of POU conventional UV and chemical treatment technologies (adapted from Hillie et al., 2007b)

Technology type

Contaminants removed Amount of water treated

Cost (US$)

Ease of use

Biological Organic Inorganic Flow rate

Useful life/
chem. 
quant.

Labour 
demands

Setup and 
use Maintenance

U
V

 r
a
d

ia
ti

o
n UV lamps • Bacteria

• Bact. 
Spores

• Coliform
• Enteric
• Viruses

No No >1 L/min 1 yr/bulb $10–$100/yr Unskilled Easy Regular 
cleaning

Sodis 10 L/bottle Indefi nite ≈$0.00 Regular bottle 
cleaning

C
o

a
g

u
la

ti
o

n
-fl

 o
c
c
u

la
ti

o
n Synthetic 

polymer
• Bacteria
• Coliform
• Fecal 

Coliform
• Viruses

No • Arsenic
• Asbestos
• Cadmium
• Chromium
• Selenium

n/a V** 
– Source 
water 
quality

>$100/yr/hh*** Unskilled 
and 
trained

Moderate 
– Trained 
person 
must 
determine 
necc. 
dosage

Chemical 
storage 
and 
preparation 
by trained 
person

Alum and Iron 
Salt

$10–$100/yr/hh Moderate 
– Powder 
crushed 
before 
each use

n/a

Natural 
polymer

<$10/yr/hh
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Technology type

Contaminants removed Amount of water treated

Cost (US$)

Ease of use

Biological Organic Inorganic Flow rate

Useful life/
chem. 
quant.

Labour 
demands

Setup and 
use Maintenance

C
h

e
m

ic
a
l 

d
is

in
fe

c
ti

o
n Sodium 

hypochlorite
• Bacteria
• Coliform
• Fecal 

Coliform
• Viruses

No No n/a 25 mL/mo. $700–$2500 
– Generator 
$4.80–$9.60/
yr/hh

Unskilled 
and 
trained

Moderate 
– Trained 
person 
must 
generate 
chemical

Chemical 
storage 
and 
preparation 
by rained 
person

Bleaching 
powder

$10/yr/hh Easy

PuR® 

Flocculant-

Disinfectant

• Bacteria
• Cysts*
• Coliform
• Fecal 

Coliform
• Parasites
• Protozoa
• Viruses

No Arsenic 10 L/sachet n/a $.10/sachet Unskilled Easy none

* Cysts: Giardia and cryptosporidium cysts.
** V: Variable depending on.
*** HH: Household (4–5 people).
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Table 16.6 Comparison of POU nanotechnology-based water purifi cation technologies (adapted from Hillie et al., 2007b)

Technology 
type

Contaminants removed Amount of water treated Cost (US$)* Ease of use

Biological Organic Inorganic
Flow rate/
water quantity

Useful 
life Unit Filter/media

Labour 
demands

Setup and 
use Maintenance

N
a
n

o
- 

C
e
ra

m
ic

s
, 

C
la

y
s
, 

a
n

d
 A

d
s
o

rb
e
n

ts Cell pore Bacteria U • Arsenic
• Lead
• Other U

U – 100X > 
other 
organic 
membranes

U U- 
retrofi tted

U – 
competitive

Unskilled Moderate 
– biolayer 
must be 
established

Biweekly fi lter 
cleaning

Nanopore • Bacteria
• Coliform
• Fecal 

Coliform
• Fungi
• Viruses

U U V*** – source 
water 
quality and 
membrane 
size

U Unskilled Easy Infrequent 
steam 
sterilization

SAMMS No No • Arsenic
• Cadmium
• Chromium
• Lead
• Mercury
• Radionuclides
• Other U

U – 13X > 
other 
adsorbents

Indefi nite $150/kg Unskilled 
and 
trained

Moderate Occasional 
regeneration 
by trained 
person
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Technology 
type

Contaminants removed Amount of water treated Cost (US$)* Ease of use

Biological Organic Inorganic
Flow rate/
water quantity

Useful 
life Unit Filter/media

Labour 
demands

Setup and 
use Maintenance

ArsenX No No • Arsenic
• Chromium
• Molybdenum
• Uranium
• Vanadium

38 mg arsenic 
per gram 
media

Indefi nite $0.07–$0.20 
per 1000 L

Cyclodextrin 
Polymer

No Most 
all

U 22 mg organ. 
contamin. 
per gram 
media

Indefi nite U – 
competitive

Polypyrrole 
Polymer

U U • Sea Salt
• Calcium
• Cesium
• Chromium
• Magnesium
• Perchlorate
• Other U

U Indefi nite Trained Moderate Occasional 
regeneration 
with 
electrical 
current by 
trained 
person

* Costs assume mass production.
** Biological contaminants: Bacteria, Bacterial Spores, Giardia & Cryptosp. Cysts, Coliform, Fecal Coliform, DNA & RNA, Fungi, Mold, Parasites, Protozoa, and 
Viruses Organic contaminants: Pest-, Herb-, & Insecticides, Industrial Effl uents, MTBE, PAHS, PCBs, VOCs, and others. Inorganic contaminants: Heavy Metals, 
Nitrites, Salts, Asbestos, Radionuclides, Calcium, Magnesium, and others.
*** V: Variable depending on.
**** U: Exact amount unspecifi ed.
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Technology type

Contaminants removed Amount of water treated Cost (US$)* Ease of use

Biological Organic Inorganic
Flow rate/
water quantity Useful life Unit

Filter/
media

Labour 
demands

Setup 
and 
use Maintenance

CNT 
membranes

Most all** U**** • sea salt
• Arsenic
• Cadmium
• Mercury
• Selenium

U – > reverse 
osmosis 
membranes

U U – 75% < reverse 
osmosis

Use comparable to reverse 
osmosis membranes

Requires less frequent 
maintenance

N
a
n

o
m

e
s
h Filters Most all • Pest-, Herb-, & 

Insecticides
• Industrial 

Effl uents 
(Almost all 
org. cont. can 
be removed 
through 
functionalizing 
the material)

• Arsenic
• Lead (Almost 

all inorg. cont. 
can be 
removed 
through 
functionalizing 
the material)

6 l/
hr 
– prototype

U U – 
competitive

Unskilled Easy n/a

Waterstick 0.67 L/min 200–300 L 
per stick

U – 
competitive

n/a

Table 16.6 Continued
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Technology type

Contaminants removed Amount of water treated Cost (US$)* Ease of use

Biological Organic Inorganic
Flow rate/
water quantity Useful life Unit

Filter/
media

Labour 
demands

Setup 
and 
use Maintenance

N
a
n

o
fi 

lt
ra

ti
o

n Membranes Most all U Most all V – membrane 
size

U U – <reverse osmosis Use comparable to reverse 
osmosis membranes

Requires less frequent 
maintenance

Devices 1–3.5 L/min U Unskilled Easy n/a

N
a
n

o
fi 

b
ro

u
s
 fi

 l
te

rs Nanoceram Most all U • Sea Salt
• Arsenic
• Chromium
• Lead
• Radionuclides
• Other U

1–1.5 L/min/
cm3 media

U – 10X > 
other 
fi ber 
fi lters

U- 
retrofi tted

$3.00/m2 
media 
$75- 
20–200 
fi lters 
dep. 
on size

Unskilled Easy Infrequent 
cleaning

World fi lter • Bacteria
• Parasites
• Viruses

U 4–6 L/hr – HH 
unit 336 L/
hr – Village 
unit

378 L – HH 
unit 
95,000 L 
per fi lter 
– Village 
unit

$6.00–$11 
– HH unit 
$100–$150 
– Village 
unit

$0.80–
$0.90

n/a

* Costs assume mass production.
** Biological contaminants: Bacteria, Bacterial Spores, Giardia & Cryptosp. Cysts, Coliform, Fecal Coliform, DNA & RNA, Fungi, Mold, Parasites, Protozoa, and 
Viruses Organic contaminants: Pest-, Herb-, & Insecticides, Industrial Effl uents, MTBE, PAHS, PCBs, VOCs, and others. Inorganic contaminants: Heavy Metals, 
Nitrites, Salts, Asbestos, Radionuclides, Calcium, Magnesium, and others.
*** V: Variable depending on.
**** U: Exact amount unspecifi ed.
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Technology type

Contaminants removed Amount of Water Treated Cost (US$)* Ease of use

Biological Organic Inorganic
Flow rate/
water quantity Useful Life Unit Filter/media

Labour 
demands

Setup 
and use Maintenance

Z
e
o

li
te

s Coal Fly 
Ash

NO NO • Arsenic
• Cadmium
• Chromium
• Copper
• Lead
• Mercury
• Nickel
• Zinc
• Other U

V- source 
water 
quality

U retrofi tted 
$0.50- 
$4.50/kg

Unskilled 
and 
trained

Moderate Occasional 
regeneration 
and 
hazardous 
spent waste 
disposal by 
trained 
person

AgION • Bacteria
• Mould
• Other U

N
a
n

o
c
a
ta

ly
s
ts NZVI NO Most 

all
• Arsenic
• Mercury
• Nickel
• Nitrates
• Silver
• Radioactive 

Metals
• Other U

V – source 
water 
quality and 
membrane 
size

U – some% 
capacity 
lost per 
regen.

U- 
retrofi tted

$40–$50/kg Trained 
and 
skilled

Diffi cult Maintenance 
must be 
conducted 
by skilled 
and trained 
persons

Pd-Coated 
NVZI

$68- $146/kg

Nano- 
Titanium 
Dioxide

Most all – U Most 
all

• Arsenic
• Other U

V – membrane 
size

Indefi nite $1.10–>$100/
kg

Adsorbsia • Bacteria
• Viruses

U • Arsenic 40–400 L/min/
m2 fi lter

25–38 L/g 
media

$14/L media Unskilled Easy n/a

AD33 U U • Arsenic
• Chromium
• Copper
• Lead
• Zinc
• Other U

16–38 L/min 
– systems 
2 L/min 
– cartridges

2–4 yrs 
– media 
3,800–
11,400 L 
– cartridges

$8–$13/L 
media $50 – 
cartridges

Unskilled Easy n/a

Magnetoferritin V – dep. on membrane U U U

* Costs assume mass production. ** Biological contaminants: Bacteria, Bacterial Spores, Giardia & Cryptosp. Cysts, Coliform, Fecal Coliform, DNA & RNA, Fungi, 
Mold, Parasites, Protozoa, and Viruses Organic contaminants: Pest-, Herb-, & Insecticides, Industrial Effl uents, MTBE, PAHS, PCBs, VOCs, and others. Inorganic 
contaminants: Heavy Metals, Nitrites, Salts, Asbestos, Radionuclides, Calcium, Magnesium, and others. *** V: Variable depending on. **** U: Exact amount 
unspecifi ed.

Table 16.6 Continued
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• safe and effi cient manufacturing processes
• scalability
• easy to operate and maintain the product
• no disregard to cultural principles, practices or customs.

16.7.2 Challenges with development of integrated 
nano-based systems for water purifi cation

There are three different categories of challenges associated with develop-
ment of successful nano-based technologies and products:

• availability of nanomaterials
• integration of nanomaterials into water purifi cation systems
• societal implications because of health and environment risks.

Availability of nanomaterials

From the databank on different routes of production and usage of nano-
materials, it is strongly believed that there will not be any dearth of nano-
materials either in present day or in the near/far future. As demand rises, 
the production would automatically try to cope up with the demand. The 
Freedonia Group has completed a study of the nanomaterials industry 
(Freedonia Group Inc., 2005). The study provides data on the demand for 
nanomaterials in the US for the years 2000 and 2003. It also includes fore-
casts of demand to the years 2008, 2013 and 2020 by classes of materials 
(e.g., metal oxides, clays, metals, polymers and chemicals, nanotubes, den-
drimers, etc.) and by applications (e.g., abrasives; coatings, thin fi lms, sun-
screens; biocides; pharmaceutical fi llers and reinforcements; catalysts; 
structural materials, etc.). These forecasts anticipate that most nanomateri-
als will be nanoscale versions of established products such as silica, titanium 
dioxide, clays and metal powders. Larger quantities of carbon nanotubes, 
fullerenes and dendrimers will also be available as these nanomaterials 
become key components of several application industries in water, electron-
ics and health care.

Integration of nanomaterials into water purifi cation systems

This is the most serious challenge that has to be overcome for exploiting 
the potential benefi ts of nanomaterials with exposition of minimum health 
and environment risks. Most of the usage of nanomaterials at present is 
based on the applications identifi ed with fi ne powders. As we have discussed 
in the previous section regarding the sustainability of a technology/product, 
the nanoparticles have to be impregnated in a chemically compatible and 
physically suitable host matrix so that a robust device can emerge with the 
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potential for global applicability. The embedding of nanopowders in a host 
matrix would have the following advantages:

• The agglomeration of the nanoparticles can be minimized and hence 
better utilization of the desirable properties can be possible.

• The support can provide a high concentration environment of target 
contaminant species around the loaded nanoparticles by adsorption. 
Therefore, the rate of reaction/sorption is enhanced.

• The contaminants, after being reacted/oxidized on the nano surfaces, the 
resulting toxic intermediates can also get adsorbed on the support and 
as a result, they are not released in the air atmosphere to cause second-
ary pollution.

• The potential sorption capability of the nanoparticle–support hybrid 
can be maintained for a long time.

• Most important, the recovery of nanoparticles would be easy from the 
host matrix and therefore their reusability can be improved.

• The possibility of secondary contamination of purifi ed product water 
with the nanomaterials can be minimized.

Another most important property that can be incorporated in a hybrid 
matrix is the option for treatment of contaminants of different kind by a 
single system instead of addressing the contaminant sequentially. Here the 
challenge will be to develop cost-effective and environmentally acceptable 
separation and reactive media that can be deployed in composite packed-
bed reactors (Savage and Diallo, 2005) as shown in Fig. 16.11 for purifi cation 
of water contaminated by mixtures of metal ions, organic solutes and 
bacteria.

When we discuss the incorporation of nanomaterials onto a host matrix, 
the immediate process/technology that comes to our mind is ‘membranes’. 
Membranes have gained an important place in chemical technology and are 
used in a broad range of applications. The key property that is exploited is 
the ability of a membrane to control the permeation rate of a chemical 
species through the membrane. In separation applications, the goal is to 
allow one component of a mixture to permeate across the membrane freely, 
while hindering permeation of other components. A membrane system 
separates an infl uent stream into two streams known as the permeate and 
the concentrate. The permeate is the portion of the fl uid that has passed 
through the semi-permeable membrane, whereas the concentrate stream 
contains the constituents that have been rejected by the membrane. Mem-
brane separation processes enjoy numerous industrial applications with the 
following advantages:

• appreciable energy savings
• environmentally benign



 Nanotechnology for domestic water purifi cation 409

© Woodhead Publishing Limited, 2013

• clean technology with operational ease
• replaces conventional processes like fi ltration, distillation, ion exchange 

and chemical treatment systems
• produces high-quality products
• greater fl exibility in designing systems.

Pressure driven membrane processes such as reverse osmosis (RO), 
nanofi ltration (NF) and ultrafi ltration (UF) are becoming the ‘standard’ 
water purifi cation technologies for public utilities and industry because 
they are fl exible, scalable, modular and relatively easy to operate and 
maintain.

The impregnation of nanomaterials onto polymeric membrane host 
matrix would help fabrication of a nanocomposite membrane having syn-
ergistic effects on water purifi cation performances in the manner that mem-
brane by the principle of size exclusion would take care of the unwanted 

Contaminated water

Bacterial removal medium

Organic removal medium

Metal ions removal medium

Clean water

Ag/MgO nanoparticle

Zero-valent iron/Carbon fibre

TiO2/CNT/Bimetallic
nanoparticle

16.11 Schematic of composite nanomaterial packed-bed reactor for 
water purifi cation (adapted with permission from Savage and Diallo, 
2005).
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contaminants, while the nanomaterials can add on selectivity to the system. 
This can be illustrated by the following real research examples being carried 
out in the workplace of the authors.

Take the case of a domestic polysulfone ultrafi ltration membrane candle 
with polysulfone membrane which takes care of the suspended solids, 
colour, odour and most importantly microbial contamination. The impreg-
nation of silver nanoparticles into it would assure the product water totally 
disinfected and in addition help in restoring the life of the membrane by 
making the membrane surface biofouling resistant. Fig. 16.12 shows the 
domestic water purifi cation candle with and without silver coating. Using a 
similar approach, nanocomposite membrane coatings can be provided for 
removal of arsenic using zero-valent iron and removal of pesticides using 
titanium dioxide nanoparticles. Also the membranes can be impregnated 
with multiple nanoparticles to ensure removal of multiple contaminants 
and in turn the system can be designed for region- or fi eld-specifi c water 
conditions.

Kar et al. (2011) focused on development of nanoparticle embedded 
membrane with better biofouling resistant behaviour to be used in waste-
water treatment. Nanocomposite polysulfone (PS) membranes with incor-
poration of nanoparticles of silver (Ag), copper (Cu) and silver-copper 
mixture (Ag + Cu) were synthesized (as per the composition shown in Table 
16.7) and characterized. Representative cross sections were punched from 
each membrane after they are fl ushed with bacteria culture, and placed on 
Luria agar plates and incubated at 37°C overnight. The results (Fig. 16.13) 
showed growth of bacteria in PS and PS+Cu while no bacterial growth was 
detected in PS+Ag and PS+Ag+Cu. This confi rmed that the impregnation 
of silver on to the polysulfone host matrix make the membrane surface less 

Polysulfone
coated candle

Domestic water
purification unit

Silver-Polysulfone
nanocomposite
coated candle

16.12 Domestic water purifi cation candles showing the silver coating 
for disinfection. The white candle is without silver coating and the 
grey one with silver coating.
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Table 16.7 Composition of nanocomposite membranes

Membrane PS (g) NMP (g) Nanoparticle (g)

Polysulfone 18 82 Nil
Polysulfone + Ag 14.8 82 3.2 (silver)
Polysulfone + Cu 14.8 82 3.2 (copper)
Polysulfone + Ag + Cu 14.8 82 3.2 (silver-copper)

Membrane piece

Bacterial growth

Luria agar plate
(a)

(b)

(c)

(d)

16.13 Biofouling-resistant property of membrane surfaces showing 
no bacterial growth in the silver impregnated nanocomposite 
membranes: (a) polysulfone; (b) polysulfone+copper; 
(c) polysulfone+silver+copper; (d) polysulfone+silver.

prone to biofouling, and hence an anti-biofouling membrane was 
developed.

The potential attributes of CNTs were discussed previously. Again the 
emphasis is upon the fact that CNT is the only nanostructured material 
which, on impregnation onto a membrane host matrix (Hinds et al., 2004; 
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Holt et al., 2006), can help in the formulation of the next generation of 
membranes with improved fl ux, slectivity and anti-fouling. The fast mass 
transport of water through CNT would ensure high fl ux (Majumder et al., 
2005a). The functionalization of the CNT tip, as shown in Fig. 16.14, would 
confi rm the gate-keeper controlled chemical separation (Majumder et al., 
2005b). In addition to the foregoing, the CNT itself or appropriately func-
tionalized CNTs would make the membrane surface anti-biofouling (Kang 
et al., 2008; Narayan et al., 2005). However, there are numerous challenges 
associated with each step of membrane making, starting from growth of 
CNTs to membrane performance evaluation and scale up. Primarily, there 
are four approaches (Majumdar and Ajayan, 2010) to the synthesis of mem-
branes based on CNTs as shown in Fig. 16.15.

1. Deposition of carbonaceous materials inside pre-existing ordered 
porous membranes, such as anodized alumina, also known as the tem-
plate synthesized CNT membranes (Miller et al., 2001).

2. Membranes based on the interstice between nanotubes in a vertical 
array of CNTs, subsequently referred to as the dense-array outer-wall 
CNT membrane (Srivastava et al., 2004).

3. Encapsulation of as-grown vertically aligned CNTs by a space-fi lling 
inert polymer or ceramic matrix followed by opening up of the CNT 
tips using plasma chemistry, or the open-ended CNT membrane (Hinds 
et al., 2004; Holt et al., 2006).

4. Membranes composed of nanotubes as fi llers in a polymer matrix, also 
known as mixed-matrix membranes.

Although CNT-based membranes possess excellent properties to emerge 
as next generation membranes, still a signifi cant number of challenges 
remain to be tackled. To grow 12–13 order of magnitude CNTs per square 
centimetre is a real technological challenge, though chemical vapour deposi-
tion methodology offers excellent parameters to achieve this objective. It 
is very diffi cult to obtain the yield of CNTs in a particular batch of synthesis 
beyond 90% reproducibly. Tedious purifi cation steps to remove the sooty 
deposits and to make the CNT wall defect free make things more compli-
cated. The nanocomposite membrane fabrication route has to confi rm that 
CNTs are well dispersed and well aligned, which is highly challenging. It 
may require functionalization of CNTs to have better dispersion. Function-
alization of CNTs with desired functional groups requires substantial 
knowledge of Chemistry, for CNT is not soluble in any solvent. The most 
critical step, that is opening of the CNT tips with either acid treatment or 
plasma-based oxidation, is not that trivially simple to be adopted. Moreover, 
the tip-opening step may cause thinning of the CNT wall and disruption of 
tube integrity and subsequent failure of membrane channels. Finally, scale-
up with respect to CNT growth, CNT alignment, nanocomposite formation, 
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16.14 Functionalization of the CNT membrane via coupling chemistry between amine groups (circled) of the 
functional molecule and the carboxylic acid with (a) short (C9)-chain amine, (b) long (C22)-chain amine, 
(c) charged dye molecule with SO3

2− groups, and (d) long-chain polypeptide resulting in change of transport 
properties through the CNT membrane (e). Figures (a)–(e) adapted with permission from Majumder et al., (2005a). 
These experiments indicate the feasibility of functionalizing CNT membranes and should offer avenues for 
imparting antifouling, biocompatible, molecular recognition or selective adsorption properties, whenever desired.



414 Nanotechnology in eco-effi cient construction

© Woodhead Publishing Limited, 2013

(a)

(c) (d)

(b)

3 KV ×5000 6.00 μm 1 μm

1 μm100 nm

16.15 Different approaches to carbon nanotube (CNT) membrane 
synthesis. (a) Template synthesis approach – carbonaceous material 
deposited inside anodized alumina template; (below) scanning 
electron micrograph (SEM) of the nanotubes after dissolution of the 
template. (b) Dense-array outer-wall CNT membrane; (below) SEM 
image demonstrating the dense array of CNTs. The fl uid transport is 
through the interstice between the nanotubes, although some 
transport can occur through some open-ended tubes (Srivastava et al., 
2004). (c) Open-ended CNT membrane; (below) SEM image showing 
the cross section of the membrane with aligned CNTs in an 
impervious polymer matrix; transport in this membrane structure 
occurs through the inner core of the CNT (Hinds et al., 2004). Image 
taken with permission from Majumder et al. (2007). (d) Mixed-matrix 
membrane composed of CNTs in a polymer matrix; (below) SEM 
image of the composite membrane structure. Image taken with 
permission from Geng et al. (2007).
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Reject

Safe drinking
water

16.16 A schematic of application of CNTs on a household scale 
showing cross fl ow fi ltration of contaminated water through 
macrogeometry of aligned CNTs.

CNT tip or side-wall functionalization, are all highly complex and many 
material as well as process challenges are involved. It is proposed that 
aligned CNTs may be grown in cylindrical macrogeometry instead of growth 
of CNTs on rectangular supports. The former path seems to be technically 
a more effi cient means of fi nding a durable CNT-based device bearing in 
mind the conditions prevalent in the actual fi eld as shown in Fig. 16.16.

Societal implications

As yet the potential for nanomaterials to exert deleterious effects on 
humans or the environment is poorly understood, but data on their possible 
effects are needed so that expanded development and use of nanotechnol-
ogy can proceed. The environmental fate and toxicity of a material are 
critical issues in materials selection and design for water purifi cation. There 
are no systematic investigations of the hydrolytic, oxidative, photochemical 
and biological stability of nanomaterials (e.g., dendrimers, carbonaceous 
nanoparticles, metal oxides, etc.) in natural and engineered environmental 
systems. Assessing the risk of using nanomaterials presents some unique 
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challenges because there is little published research on which to base con-
clusions and recommendations. As with any new technology that offers 
signifi cant benefi ts to humankind, there are also risks of adverse and unin-
tended consequences with nanotechnology. Interdisciplinary discussions of 
ethical and social dimensions of nanotechnology must be respected. Invest-
ment in nanotechnology by governments as well as careful attention to 
consequences to human health and the environment are both necessary for 
the public to accept and benefi t from commercial products with nanoma-
terials. Nanotechnology will present opportunities to integrate science and 
technology with social science and humanities. Education must provide 
mechanisms for updating scientists and engineers on new technologies as 
well as helping to organize intelligent debates about societal effects of 
nanotechnology (Doyle, 2006).
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