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Nanotechnology seems to hold the key that allows construction and building materials to replicate the
features of natural systems improved until perfection during millions of years. This paper reviews current
knowledge about nanotechnology and nanomaterials used by the construction industry. It covers the
nanoscale analysis of Portland cement hydration products, the use of nanoparticles to increase the

strength and durability of cimentitious composites, the photocatalytic capacity of nanomaterials and also

nanotoxicity risks.

Keywords: © 2010 Elsevier Ltd. All rights reserved.
Nanotechnology
Nanomaterials
Biomimicry
Nanoindentation
Photocatalysis
Nanotoxicity
Contents
B R U o e L Tota o) + U AP 00
2. Using nanotechnology to a better understanding of Portland cement hydration products. . ..............iiiii e, 00
3. Using nanoparticles to increase the strength and durability of cementitious COMPOSIteS ... ...ttt ittt 00
4. Photocatalytic capacity of NANOMAterials . . . . . . ..ottt e e e e e e 00
4.1, Self-cleaning ability. . . ... ..ot e e e e 00
4.2, Air pollUution TeAUCHION . . . ..ottt ettt e e ettt e e e e e e e e e 00
4.3, BaCteriCidal CaPaCity . ..ottt ettt et e e e e e e e e e e e e 00
5. Nanoparticles toXiCity related TiSKS. . . . ..ottt et e e e et ettt e e e e e 00
(G € )3 Tl 11 T )3 PP 00
ROIOIOIICES . . o .ottt e e e e e 00

1. Introduction

The speech of the physicist Richard Feynmam entitled “There’s
plenty of room at the bottom” [1], that took place in a Meeting of
the American Physical Society in 1959 at CalTech is considered to
be the beginning of the nanotechnology era. This last term was
nonetheless presented in 1974 by Professor Norio Taguchi, mean-
ing the processing of materials, atom by atom or molecule by mol-
ecule [2]. A more accurate definition of nanotechnology was
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presented in 1981 by Drexler [3], such as the production with
dimensions and precision between 0, 1 and 100 nm. In medium
terms nanotechnology involves the study at microscopic scale
(1nm=1 x 10~ m). As a comparison, one must realize that a hu-
man hair has 80,000 nm thickness and that the DNA double helix
has 2 nm diameter. Between 1997 and 2003 the investment in
nanotechnology increased at 40% reaching 35,000 million euro
[4]. Some estimates predict that products and services related to
nanotechnology could reach 1,000,000 million euro/year beyond
2015 [5]. The report RILEM TC 197-NCM, “Nanotechnology in con-
struction materials” [6], is the first document that synthesis in a
clear manner the potential of nanotechnology in terms of the
development of construction and building materials, namely:
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e The use of nanoparticles, carbon nanotubes and nanofibers to
increase the strength and durability of cimentitious composites
as well as for pollution reduction.

e Production of cheap corrosion free steel.

e Production of thermal insulation materials with a performance
10 times commercial current options.

e Production of coats and thin films with self-cleansing ability
and self color change to minimize energy consumption.

e Production of nanosensores and materials with sensing ability
and self-repairing ability.

One of the most promising areas in the field of nanotechnology
and also mentioned in the RILEM TC 197-NCM report relates to the
replication of natural systems. The continuous improvement of
these systems carried out over millions of years leads to materials
and “technologies” with exceptional performance and fully bio-
degradable. For instance, the abalone shells (Fig. 1) are made with
0.2 mm thickness layers, and each is made by a “mortar” 0.5 pm
thickness of calcium carbonate crystals bound altogether with a
protein. The final result is a composite material with a toughness
3000 times the toughness of the calcium carbonate crystals [7,8].

Another example comes from the spider silk which possesses a
strength/mass ratio that exceeds the steel ratio [9-11]. Even
comparing the performance of carbon nanotubes (Fig. 2), a high
technology product with spider silk, one realizes how natural sys-
tems are well optimized. First discovered in Russia in 1952, carbon
nanotubes were some years later re-discovered in Japan. These
materials possess a tensile strength 100 times over steel but as a
downside side they are extremely costly (20-1000 euros/g) [12].
Another biomimicry related finding relates to the coral reef forma-
tion. Those natural systems use sea water to produce calcium,
magnesium and carbonate to generate a carbonate crystal (arago-
nite) and recently the enterprise Calera has announced the possi-
bility of producing calcium carbonate using sea water and CO,.
Unfortunately the information available is insufficient to take that
for granted [13-15]. One high impact application in the field of en-
ergy consumption relates to the development of nanomaterials
with very high insulation performance, such as aerogel (Fig. 3).
This material was developed by NASA in the 1950s and has been
known as “solid smoke”. It is composed by air (99.8%) and silica
nanoparticles (0.2%) having the lowest thermal conductivity of
any solid (between 0.004 and 0.03 W/mK). Recent investigation
has tried to produce aerogel based windows [16,17], allowing for
future high insulation Windows. The current manuscript reviews
the use of nanotechnology in the field of construction and building
materials. It covers the nanoscale analysis of Portland cement
hydration products, the use of nanoparticles to increase the
strength and durability of cimentitious composites, the photocata-
lytic capacity of nanomaterials, and also nanotoxicity risks.

2. Using nanotechnology to a better understanding of Portland
cement hydration products

Concrete is the most used construction material on Planet Earth
and presents a higher permeability that allows water and other
aggressive elements to enter, leading to carbonation and chloride
ion attack, resulting in corrosion problems. Therefore, the nano-
scale study of the hydration products (C—S—H, calcium hydroxide,
ettringite, monosulfate, unhydrated particles and air voids), as a
form to overcome durability issues, is a crucial step in concrete
sustainability. Investigations in this field have already been carried
out in recent years [18,19]. Mojumdar and Raki [20] have already
analyzed calcium silicate nanophase composites which will allow
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Fig. 2. Carbon nanotubes: right schematics; left microstructure.
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Fig. 3. Aerogel.

the future development of anti-corrosion and fire-retardant coat-
ings. Until very recently electronic microscopy has allowed the
understanding of the morphology, as well as the composition of
hydration products. However, the use of nanotechnology currently
allows the possibility of knowledge of the elastic modulus by nan-
oindentation techniques (AFM). In nanoindentation a material
with known characteristics is used to make a mark in another
material with unknown properties and through the specific nature
of this mark it is possible to infer the properties of the marked
material. Recently Mondal [21] has used nanoindentation in
cementitious phases and obtained the following elastic modulus:
35 MPa for the Ca(OH), phase; 26 and 16 MPa for high and low
stiffness C—S—H and 10 MPa for the porous phase. Even more re-
cently some authors from MIT [22] have used nanotechnology to
develop a molecular model for the hydration products of Portland
cement (Fig. 4). These authors confirm that the molecular model is
in excellent agreement with experimental values obtained by nano-
indentation techniques (Fig. 5).

3. Using nanoparticles to increase the strength and durability of
cementitious composites

Porro et al. [23] mentioned that the use of nanosilica particles
increases the compression strength of cement pastes. The same
authors state that that phenomenon is not due to the pozzolanic
reaction, because calcium hydroxide consumption was very low
but, instead, to the increased of silica compounds that contributes
to a denser microstructure. According to Lin et al. [24], the use of
nanosilica on sludge/fly ash mortars, compensate the negative ef-
fects associated to sludge incorporation in terms of setting time
and initial strength. Sobolev et al. [25] reported that nanosilica
addition led to an increase of strength by 15-20%. Other authors
[26] believe that nanosilica leads to an increase of C—S—H chain
dimension and also C—S—H stiffness. Chen et al. [27] used nanosil-
ica particles to improve the performance of sludge/clay mixtures
for tile production. The results show that nanoparticles improved
the reduction of water absorption and led to an increase of abra-
sion and impact strength. Others [28] also confirm that the use
of nanoparticles (nanotubes, nanofibers, nanosilica or nanoclay)
is responsible for a higher hydration degree of cementitious com-

pounds as long as a higher nanoparticle dispersion can be achieved.
Nasibulin et al. [29] reported and increase in strength by 2 times
and 40 times for electric conductivity, which means a high poten-
tial for sensing ability. Chaipanich et al. [30] mentioned that 1% of
carbon nanofibers (by binder mass) can compensate the strength
reduction associated with the replacement of 20% fly ash. Gdou-
tos-Konsta et al. [31] also studied the effect of carbon nanofibers
on cement pastes (0.08% by binder mass) observing an increase
in strength. Those authors used ultra-sounds to achieve a high
nanofiber dispersion stating that that is a crucial step in order to
obtain a high performance of nanotubes in the cement matrixes.
Nevertheless, the fact that carbon nanotubes are not cost-efficient
prevents the increase in commercial applications in a near future.

4. Photocatalytic capacity of nanomaterials

The most known application of nanomaterials in the construc-
tion industry relates to the photocatalytic capacity of semiconduc-
tor materials. Several semiconductors materials, such as TiO,, ZnO,
Fe,03, WO3 and CdSe, possess photocatalytic capacity [32]. How-
ever, TiO, is the most used of all because of its low toxicity and sta-
bility [33]. Titanium dioxide can crystallize as rutile, anatase and
brookite, being the first form the most stable (thermodynamically
speaking), it is also the most available form (it is the 9th most
abundant element in the Earth crust) and is currently used as addi-
tive in the painting industry. The anatase and brookite forms are
meta-stable and can be transformed into rutile by thermal treat-
ment. Being a semiconductor with photocatalytic capacity, when
TiO, is submitted to UV rays (320-400 nm), in the presence of
water molecules, it leads to the formation of hydroxyl radicals
(OH) and superoxide ions (02-). Those highly oxidative compounds
react with dirt and inorganic substances promoting their disinte-
gration. Photocatalysis of TiO, is also responsible for the reduction
of the contact angle between water droplets and a given surface,
leading to super-hydrophobic or super-hydrophilic surfaces
increasing their self-cleansing capacity. Water repellent surfaces
are one of the features of natural systems as it happens in the
leaves of the lotus plant (Fig. 6), whose microstructure allows
self-cleansing ability [34,35]. According to Fujishima et al. [36],
the potential of photocatalysis can be perceived by the number
of citations of a related paper published on Nature in 1972, as well
as by the number o papers concerning photocatalysis investiga-
tions that increased in an exponential pattern between 1997 and
2007 (Fig. 7). Another form to evaluate the potential of this tech-
nology is by knowing that the Japanese Corporation TOTO Ltd
has already issued 1200 international patent requests in this field.
So far 500 have been approved. The applications related photoca-
talysis cover five groups: self-cleaning, air-cleaning, anti-bacterial,
anti-fogging and water treatment. Considering the cost to clean
graffiti (in Los Angeles city this could amount to 100 million
euro/year [37]) one can realize the huge potential of the photocat-
alytic capacity of nanomaterials.

4.1. Self-cleaning ability

Although self-cleaning properties of catalysts materials are
known since the 1960s [38], only recently they start to be used
in a wide manner. The first application of self-cleaning concrete
took place in the church “Dives in Misericordia” in Rome (Fig. 8).
This building was designed by the Arq® Richard Meyer and offi-
cially opens in 2003. It is composed by 346 prestressed concrete
blocks made with white cement and TiO, (binder 380 kg/m> and
W/B = 0.38) [39]. Visual observations carried out 6 years after con-
struction revealed only slightly differences between the white col-
or of the outside concrete surfaces and the inside blocks [40].
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Fig. 4. Above: TEM image of clusters of C—S—H; below: molecular model of C—S—H; blue and white spheres are oxygen and hydrogen atoms of water molecules; green and
gray spheres are inter and intra-layer calcium ions; yellow and red sticks are silicon and oxygen atoms in silica tetrahedral [22]. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Diamanti et al. [41] study mortars containing TiO, having noticing
reductions in the contact angle between water and solid surface of
almost 80%. Ruot et al. [42] mentioned that photocatalytic activity
is dependent on the matrix properties. Increasing TiO, content in
cement pastes above 1% leads to a proportional increase in photo-
catalytic activity, as for mortars a TiO, content increase just lead to
a very small increase in the photocatalytic activity. Those authors
suggest that most TiO, particles in mortars are not reached by
UV radiation.

4.2. Air pollution reduction

Zhao & Yang [43] mentioned a high photocatalytic capacity for
indoor air pollution reduction when using P25 TiO, (70% ana-

tase + 30% rutile) with 300 nm diameter and a specific surface of
50 m?/g. Yu et al. [44] study cementitious paving blocks for NOx
reduction, noticing that the photocatalytic capacity is reduced by
the presence of dust, grease or plastic gum, thus suggesting that
these blocks should not be placed in pedestrian areas. Maier
et al. [45] reported a fast pollution reduction in indoor air by the
use of gypsum plasters containing 10% TiO, (Fig. 9).Those authors
mentioned that although air pollution reduction is dependent on
the UV intensity, nevertheless, visible light still allows acceptable
degradation rates. Those plasters were used to cover some bed-
rooms in Sweden, being responsible for a reduction on VOC of
about 1/3 (to 26 pg/m?). Strini et al. [46] mentioned that TiO, thin
films possess a photocatalytic capacity which is 3-10 times higher
than for TiO, cementitious composites. In 2006 the results of the
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PICADA project “Photo-catalytic innovative coverings applications
for de-pollution assessment” [47] aiming to the development of
TiO, based coatings for self-cleaning and air pollution reduction
coatings were disclosed. Aside from the study of small specimens
in laboratory the PICADA project also covered pilot tests at
macro-scale (1:5) in order to reply the effect of a street by using
(18 x 5.18 m?) “walls” and an artificial NOx pollution source. The
results showed a reduction in NOx emissions between 40% and
80%. However, results published in a scientific journal mentioned
NOx reductions between 36.7% and 42% [48]. The use of a three-
dimensional numerical model (MIMO) based on the data generated
in the pilot test allows the insertion of win velocity and tempera-
ture in order to predict the reductions in air pollution by the pho-
tocatalytic activity of the facade coatings. In another macro-scale
test carried out in the PICADA project, the ceiling of an under-
ground car park (322 m?2) was painted with TiO, based paint. Then
the park was sealed and polluted by the exhaust gas from a single
car. The results showed a reduction on NOx due to the photocata-
lytic capacity of the paint in the ceiling. Wang et al. [49] confirmed
that in the last few years a lot of research has been made about the
reduction of indoor air pollution when using UV radiation but very
few have analyzed the possibility of using phocatalysts active un-
der visible light. Poon and Cheung [50] mentioned that TiO,
cementitious composites with increased porosity have high NOx
reduction (Fig. 10). Those authors compared the performance of
several TiO, forms, concluding that although P25 is much more

Number of citations

Number of research articles

400

w
[=)
o

200

—_
o
o

2500

2000

1500

1000

500

0
1970

1980

1990

2000

2010

i
masssaviali |-ili|"|::|.:|l-| I|l

0
1970

1980 1990

2000

2010

Year

Fig. 7. Above: citations of the 1972 Nature paper “Electrochemical photolysis of
water at a semi conductor electrode”; below number of research articles published
in the “Web of Science” between 1972 and 2007, blue bars - by the keyword
“photocataly”, green bars - by the keywords “TiO, and photocataly” [36]. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

reactive (Fig. 11) it has not a very high performance/cost ratio.
Guerrini and Peccati [51] mentioned a case of a street in Bergamo,
Italy, paved with blocks (12.000 m?) of photocatalytic properties
where high reductions of NOx (45%) have been reported [52]. In
Tokyo cement mixtures containing TiO, colloidal solutions were
used to coated several road areas (Fig. 12). The results obtained
in an area of 300 m? show 50-60 mg/day NO degradation [36].
Auvinen et al. [53] studied the reduction of VOC in indoor air when
using paints with TiO, applied in several substrates (glass, gypsum,
polymer) noticing that the substrate does not influences the photo-
catalytic reaction. Those authors mentioned that organic additives
must not be used for this paints because they will be damaged by
the radical hydroxyls. Also that the photocatalytic reactions gener-
ates more than just water and CO, but also other pollutants that
are harmful for human health. Other authors [54] confirm reduc-
tions of NOx between 23% and 63% when using TiO, based tiles.
They also reported that the accumulation of reaction products gen-
erated in the oxidation process reduces the photocatalytic activity.
For the production of TiO, based cementitious composites some
authors [55] recommend the use of TiO, as a solution with the
mixing water because it allows for a better dispersion than if it is
mixed with the cement. Also that a semiconductor with high spe-
cific surface gives a better result than the use of a superior volume
of low specific surface semiconductor. These authors used a spe-
cific surface TiO, (between 0.7 and 1.5 m?/g) which is much lower
than the P25 form. They also confirmed the results of others [50]
about the high photocatalytic capacity when high porosity mortars
are used. Chen and Poon [56] found out that when using grounded
glass for partial sand replacement the photocatalytic capacity can

rials. Constr Build Mater (2010), doi:10.1016/j.conbuildmat.2010.07.009

Please cite this article in press as: Pacheco-Torgal F, Jalali S. Nanotechnology: Advantages and drawbacks in the field of construction and building mate-



http://dx.doi.org/10.1016/j.conbuildmat.2010.07.009

6 F. Pacheco-Torgal, S. Jalali/ Construction and Building Materials xxx (2010) xXx-xXx

Fig. 8. Church “Dives in Misericordia”, Rome, Italy.
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Fig. 9. Degradation of formaldehyde in gypsum plasters: blue-plaster with catalyst;

purple-plaster without catalyst [45]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Influence of porosity mixes and NO removal [50].

be 3 times higher for lighter glasses. Those authors suggest that
glass particles can allow light to enter more deeply in the mortar

leading to a higher oxidation. Kolarik et al. [57] confirm that the
photocatalytic reaction is a good way to reduce VOC in indoor
air. Ramirez et al. [58] mentioned that substrate porosity influ-
ences photocatalyty reaction when TiO, thin films are used being
that a high porosity surface leads to a high reaction. Ballari et al.
[59] presented a model that can predict NOx reduction using con-
crete with TiO, particles. Hassan et al. [60] used 41 MPa concrete
blocks covered with 1 cm TiO, based mortar layer in order to eval-
uate nanoparticles removal by abrasion tests and thus reducing the
photocatalytic capacity in NOx reduction. Those authors men-
tioned that even after 20.000 abrasion cycles the NOx degradation
reduction remained stable.

4.3. Bactericidal capacity

One of the most important applications of materials with phot-
ocatalytical properties concerns the destruction of fungi and bacte-
ria. Indoor fungi and bacteria proliferation are one of the main
causes responsible for construction materials degradation and also
for health problems [61-64], because fungi are responsible for
mycotoxins growth [65]. Saito et al. [66] study the addition of
TiO, powder with an average size 21 nm (30% rutile and 70% ana-
tase) to a bacterial colony. The results show that 60-120 min were
sufficient to destroy all the bacteria. Those authors state that using
bigger TiO, particles reduces the bactericidal capacity and that the
best results are obtained for a TiO, concentration of 0.01 and
10 mg/ml. Huang et al. [67] also confirm that using lower dimen-
sion TiO, particles leads to a faster bacterial destruction. Those
authors notice that bacteria destruction begins after 20 min of
UV radiation exposition, being that after 60 min all of them have
been destroyed. They also reported that after the destruction has
been initiated the fact that UV radiation is stopped does not reduce
the bactericidal effect. Some authors [68] believe that the bacteri-
cidal capacity associated with TiO, photocatalysis is dependent on
the use of UV-A radiation with a wavelength between 320 and
400 nm, being that UV-C type is only effective if the light is applied
in a direct manner, thus preventing the treatment of less illumi-
nated areas. Cho et al. [69] confirm that hydroxyl radicals are the
main responsible for the bactericidal capacity of semiconductors
photocatalysts. Those authors mentioned that hydroxyl radicals
possess a destruction capacity of Escherichia Coli bacteria which
is 1000-10,000 more effective than chemical disinfection products.
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Fig. 12. Using TiO, photocatalytic material on roadway for pollution reduction: left
- coating application; right - finished road showing a lighter color [36].

Vhora et al. [70] used silver doped TiO, noticing 100% bacteria
destruction just after 2 min which compares in a most favorable
manner with current TiO, which took 2 h to achieve the same
destruction level. Others [71] used wood specimens coated with

a TiO,, thin film (1.5 mg/cm?) noticing that the photocatalytic reac-
tion prevented fungi growth. Calabria et al. [72] analyzed the appli-
cation of TiO, thin films (20-50 nm thickness) by the sol-gel
process in adobe blocks as a way to increase their water absorption
and the bactericidal capacity. Those authors mentioned that TiO,
thin films could be more cost-effective than current commercial
paints. One of the main disadvantages of the bactericidal effect
associated with photocatalysis relates to the need of UV radiation
with a wavelength between 200 nm and 400 nm, however, recent
findings show some possibilities in the development of composite
materials with photocatalytic properties even when exposed to
visible light [73,74].The use of titanium and trioxide tungsten
based films showed high photocatalytic capacity under visible light
above 400 nm [75,76]. Herrmann et al. [77] mentioned several
questions that should be addressed in a near future:

o Used of semiconductors not TiO, based.

o Fotocatalysis activation using visible light.

e Development of semiconductors with improved bactericidal
capacity.

5. Nanoparticles toxicity related risks

Although the use of nanoparticles is very recent, it has already
raised issues concerning its potential toxicity. Some investigations
showed that nanoparticles can cause symptoms like the ones
caused by asbestos fibers. Grassian et al. [78] studied the effects re-
lated to the inhalation of TiO, particles with a primary particle size
between 2 and 5 nm, reporting lung inflammation for a concentra-
tion of 8.8 mg/m>. These symptoms have been confirmed by other
authors [44,79-82]. Hallock et al. [83] recommend that the use of
nanoparticles should be made with the same care already used in
Universities for materials of unknown toxicity, i.e., by using air
extraction devices to prevent inhalation and gloves to prevent der-
mal contact. Singh et al. [84] mentioned the possibility of DNA
damage resulting in later cancer development. Some authors [85]
believe that the nanotoxicity risk depends on the nanoparticles
type, concentration volume superficial characteristics. Others
[86] suggest that several categories and new parameters must be
formulated to better analyze this subject. Some questions that
deserve further investigation are presented elsewhere [87,88].
Bystrzejewska-Piotrowska et al. [89] have recently carried out an
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extended literature review on this subject. These authors men-
tioned that Environment Protection Agency has considered that
carbon nanotubes are a new form of carbon that must be treated
under the toxic products Act. These authors also mentioned that
nanoparticles may be responsible for a new kind of problem, the
appearance of nanowastes. They suggest that products containing
nanoparticles should be labeled in order to facilitate future separa-
tion and recycling procedures.

6. Conclusions

Nanotechnology has the potential to be the key to a brand new
world in the field of construction and building materials. Although
replication of natural systems is one of the most promising areas of
this technology, scientists are still trying to grasp their astonishing
complexities. Nanoscale analysis of Portland cement hydration
products will allow more durable binders but the question related
to when that will happen is not clear. The fact that nanoparticles
are not cost-efficient prevents their commercial applications in a
near future. Photocatalytic applications of nanomaterials are al-
ready a reality, still more research efforts are needed in order to
find other semiconductors apart from TiO, and conductors that
can be activated with visible light. Further research is also needed
in the field of nanotoxicity, be there as it may, extreme caution
must be used when using nanoparticles.
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