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Summary

Self-cleaning, water and dirt-repellent
coatings have differing properties, func-
tional principles and manufacturing pro-
cesses. Self-cleaning of the “Lotus Ef-
fect®” type has its basis in chemical-
physical principles — these surfaces are
characterised by a special roughness
and are strongly water-repellent; in the
ideal case, rain is sufficient for cleaning.
“Easy-to-Clean” materials, in contrast,
have a particularly flat surface, which is
both water and dirt-repellent on the ba-
sis of chemical aspects. Although the
amount of mechanical cleaning may be
reduced, they are not self-cleaning. A
third form of self-cleaning is that based
on photo catalysis by nano titanium di-
oxide. On such surfaces UV radiation
produces oxygen radicals that decom-
pose organic material, which in turn is
removed in the rain by a water film. Self-
cleaning, water and dirt-repellent coat-
ings may reduce the amount of clean-
ing necessary and hence contribute to
reducing the burden on the environment.
However, eco-balances and life cycle as-
sessments are still lacking. Risks for the
environment and human health by na-
noscale coatings or nanoparticles firm-
ly embedded in a coating matrix are cur-
rently deemed rather unlikely. Initial in-
vestigations however indicate that tita-
nium dioxide nanoparticles from house
paint may erode and end up in the en-
vironment. This aspect needs to be ana-
lysed in the framework of an all-encom-
passing risk assessment.

* Corresponding author

Introduction

A surface is not simply the physical division
between an object and its environment; it
fulfils a range of functions of its own which
often play a crucial part in product design.
Surfaces are supposed to feel good to the
touch and to look good for as long as pos-
sible, be easy to maintain and not be spoiled
by dirt, water stains or fingermarks. Tradi-
tional coating materials often do not stand
the test of the increased demands made
on materials today. In recent years how-
ever, advances have been made using me-
thods ascribed to nanotechnology'. The
following gives a short overview of the ba-
sis of these structures, the processes in-
volved in their manufacture, the areas
where they can be used, and the effect they
have on the environment and human

health.

Figure 1: The lotus plant
(Nelumbo nucifera)
(www.mystik-gedanken.ch)

Self-cleaning | -
the “Lotus-Effect®”

The lotus plant (Nelumbo nucifera, Fig-
ure 1) is revered in Asia for its exception-
al cleanness. Although it grows in muddy
waters, its leaves always appear immac-
ulately clean. The plants’ leaves are super-
hydrophobic (see text box below), i.e. drops
of water roll off free of residue, taking any
impurities with them.

Investigations into the surface using reflec-
tion electron microscopy (REM) have shown
that the surface of the leaf is not especial-
ly even, which you might intuitively as-
sume, but has instead a special, charac-
teristic roughness (Figure 2): Systematical-
ly arranged, water-repellent, nano-size wax
crystals form three-dimensional structures,
similar to small nipples, which are no
greater than a few nanometers or microm-
eters in size. When combined with the wax-
es’ water-repellent chemical properties,
these structures make the lotus leaf ex-
tremely non-wettable, a state called ultra-
hydrophobia or super-hydrophobia, and
they give it its self-cleaning properties. Dirt
particles only sit on the tip of the wax crys-
tals and as a result only a very small sur-

Figure 2: Electron microscope photograph
of the surface of a lotus flower leaf.

The combination of surface roughness

and water-repellent wax cristals gives it
superhydrophobic properties
(www.lotus-effekt.de)



www.mystik-gedanken.ch
www.lotus-effekt.de 

NANQ®: dossiers

No. 020en ¢ December 2010

face area comes into contact with the plant’s
surface. If water falls onto a leaf surface like
this, the interplay of the surface tension and
the low attraction force between the surfaces
and the water produce a spherical water drop
which only sits on the tips of the wax struc-
tures. If the leaf tips in the slightest, the wa-
ter drop immediately rolls off, taking the dirt
particles with it (Figure 3). As the gravitation-
al pull between the dirt and the leaf’s sur-
face is very slight, i.e. it is smaller than that
between the water and the dirt, even lipo-
philic impurities, such as soot for example,
can be washed away. In most cases this form
of self-cleaning serves not so much to pro-
tect the plant from dirt as from pathogens
(e.g. fungal spores, bacteria). Super-hydro-
phobia is a property which is not only found
in the lotus plant however, it is present in
around 300 other plant species as well. In-
sects too, such as dragonflies and butterflies
have this property on the surface of their
wings.

The principle of self-cleaning was discovered
in 1973 by the botanist Wilhelm Barthlott
and his team at the University of Bonn. As
it is a purely physio-chemical effect that is
not bound to a living system, Barthlott be-
lieved that its technical implementation
should be possible. Industry however showed
little interest initially, and so he produced his
own technical surfaces with these properties,
applied for a patent for his invention? and
registered the brand name “Lotus-Effect®”.

The first commercial product made in col-
laboration with industry was a silicone resin
house paint which has since become wide-
ly used and in which silicon nanoparticles
form micro-structured surface®. Other “Lo-
tus-Effect®’products include ceramic roof
tiles, architectural glass and a spray for in-
dustrial use which makes surfaces tem-
porarily non-wettable and self-cleaning®. Ad-
vances are also being made in the devel-
opment of engineered fabrics that are self-
cleaning. Composite materials made up of
nanoparticles in a coating matrix make it
possible to manufacture the surface struc-
ture required for the “Lotus-Effect®”. These
polyester fabrics are of particular interest in
the manufacture of awnings, parasols, sails
and fents®. Their self-cleaning properties
have led the Institute for Textile Technology
and Process Engineering (ITV) in Denk-
endorf, Germany to award them the qual-
ity label “Self-cleaning inspired by nature”®.

Figure 3:

As it rolls off, a drop picks up the dirt particles
which are lying loosely on the leaf's surface,
thereby cleaning it (www.lotus-effekt.de)

Manufacture

Manufacturing surfaces which feature a “Lo-
tus-Effect®”is technically challenging and still
poses certain problems. To date there are on-
ly a few low-cost processes which can pro-
duce the surface structures on a large scale.
One example is the application of “Lotus-
Effect®”structures in house paints. Also, the
required surface structures can either be cre-
ated from hydrophobic polymers early on at
the manufacturing stage or post-production
by means of moulding, etching or applying
a powder made from hydrophobic polymers
or from nanoparticles (e.g. silicon dioxide).
A further possibility is the subsequent hy-
drophobisation of a previously manufactured
surface which has the required structures’.

Possible uses and limitations

The sensitivity of these surface structures to
mechanical load prevents them from being
used widely. Whereas the lotus plant’s struc-
ture continuously renews itself, technologi-
cal imitations do not have this capability.
Consequently no clothing textiles with the
“Lotus-Effect®” have been produced — wash-
ing in a washing machine would destroy the
surface structures.

Self-cleaning also requires running water,
rain for example, hence surface structures
with these properties are not practicable for
use in most interiors. Also, “Lotus-Effect®”sur-
faces have a slightly matt finish and there-
fore cannot be used on optical glass (e.g.
spectacles). Tensides (e.g. soap or washing-
up liquid) reduce the surface tension of wa-
ter thereby disrupting the formation of drops.
If self-cleaning surfaces are treated with de-
tergents containing tensides, the “Lotus-Ef-
fect®”therefore breaks down and water will
make the surface wet. The surface is not de-
stroyed by this and is fully functional again
after rinsing in clear water. However, the fact
of this makes “Lotus-Effect®” surfaces large-
ly unsuitable for use on ceramic sanitary fa-
cilities (e.g. washing basins, shower trays,
bath tubs etc.). Several years of practical ex-
perience with house paints have shown that
the self-cleaning capability is only partially
successful. For example, the splash zone of
the outside walls of houses (the base course)

becomes dirty in spite of the “Lotus-Effect®”.
Furthermore, it only takes a simple finger-
mark to remove the “Lotus-Effect®’because
fat cancels out super-hydrophobia®. There
are still limits, therefore, o technology’s abil-
ity to imitate the natural self-cleaning capa-
bility of the lotus leaf.

Dirt and water-repellent
“Easy-to-Clean” surfaces

As the above demonstrates, there are still on-
ly a handful of practical applications avail-
able on the market which have the “Lotus-
Effect®”. Nevertheless, there are already sev-
eral products with dirt-repellent and water-
repellent properties on sale which, the man-
ufacturers claim, are based on nanotechnol-
ogy or contain nanoparticles. These include,
for example, ceramic sanitary facilities, spec-
tacle lenses or textiles. Often the advertise-
ments for these products make reference to
the lotus plant, however the products do not
exhibit self-cleaning properties. In other
words, running water alone (rain) is not usu-
ally sufficient to clean this type of product.
It is simply easier to clean since dirt does not
adhere so well to the surface. Ideally, these
surface coatings obviate the need for aggres-
sive cleaning detergents.

In many cases these products have so-called
“Easy-to-Clean” surfaces which, unlike prod-
ucts with the “Lotus-Effect®”, feature a smooth
rather than a rough surface and are not on-
ly water-repellent but also fat-repellent (lipo-
phobic)?. Many commonly used materials,
such as glass for example, generally have
a slightly rough surface, even if they appear
smooth to the eye, and attract both water and
dirt. Unlike “Lotus-Effect®”surfaces “Easy-to-
Clean” coatings are not made rougher, but
flattened by applying hydrophobic and oleo-
phobic chemicals. However, the contact an-
gle (see text box) between a water drop and
the surface is smaller than is the case of the
“Lotus-Effect®” (< 140°), i.e. materials treat-
ed in this way are not super-hydrophobic.
Whereas the “Lotus-Effect®” is based on phy-
sical as well as chemical principles, “Easy-
to-Clean” coatings have a purely chemical
basis. Outdoor use, for example in window
glass, is only practicable on particularly suit-
able surfaces on which sufficient water lands.
Otherwise water drops may dry in places and
leave dirt behind. Where there is only a very
small amount of water the drops may leave
behind a visible trace as they roll off?. “Easy-
to-Clean” does not mean that a surface with
this treatment never needs to be cleaned,
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however the amount of cleaning required
compared with that of traditional products
can be reduced. Depending on the extent
and nature of the dirt, a firm jet of water may
suffice to remove it (e.g. in the case of glass
fronts), or it may be easier to remove by me-
chanical means.

New types of products based on chemical
nanotechnology are also being used to pro-
tect the surfaces of construction materials,
for example to prevent damage caused by
water penetration or to protect outside walls
from mildew, moss, algae and dirt. Also, pro-
tective “anti-graffiti” coatings make it easy
to remove undesirable “art”, as spray paints
do not adhere to them. Even chewing gum
can be removed more easily from surfaces
coated in this way. Unlike the coatings which
used to be applied for these purposes, the
new silane-based products do not seal the
surface, hence moisture can escape'?. The
protection provided is usually permanent and
is retained even after repeated cleaning. Steel
and glass are popular materials in architec-
ture. However their appearance can be
spoiled by, for example, fingermarks which
have lipophilic characteristics. New types of
“anti-fingerprint” nano-coatings counteract
this as they are fat-repellent and modify the
light refraction so that the marks remain in-
visible?.

Manufacture

Transparent hydrophobic and oleophobic
coatings of this kind can be manufactured
using sol-gel processes'!. In simple terms,
the raw materials are so-called silanes'? with
a silicon base atom which can be modified
by adding certain chemical substances to it
(e.g. fluorine compounds) in order to retain
the required properties. Nanoscale particles
(colloids) are produced from the silanes by
means of chemical reactions in a solution.
The dispersion of particles is called the sol.
Depending on the type of sol chosen, the so-
lution evaporates either at room tempera-
ture or when it is heated, and the sol be-
comes a viscous gel because the particles
concatenate into a dense web due to their
high reactivity. Once it has dried out a com-
pact layer is formed. The sol-gel process was
developed as early as the 1930s, but for some
years now has been ascribed to chemical
nanotechnology. One of the pioneers in this
field is the Leibniz Institute for New Materi-
als (INM) in Saarbriicken, Germany!'3.

Hydrophobia and hydrophilia

then the theoretical contact angle is 180°,
which, however, does not occur in nature. Wa-
ter-repellent materials such as Teflon® achieve
a maximum contact angle of 120° (hydropho-
bia). Very water-repellent surfaces have a char-
acteristic contact angle of 140° or greater (su-
per-hydrophobia).

(www.nanotol.de).

The more wettable a solid body is, the more water is released onto it by a water drop. The
reason for this is the ratio of the interfacial tension between liquid and surface. The degree
of wettability is determined physically by the contact angle. On very wettable surfaces flu-
ids dissolve into a fine, even film (hydrophilia). The contact angle in this case is 0°. If the
water forms an entirely spherical drop which only has one point of contact with the surface,

Air
Contact angle

Water

Solid material

The sol can be applied to a great variety of
surfaces using traditional industrial process-
es such as dip coating, spraying or spin-coat-
ing. The resulting coatings are only a few na-
nometers thin and transparent — an impor-
tant advantage over other traditional coat-
ing materials such as Teflon®, which has a
dark colour because of its graphite content.
These coatings can consequently also be
used on, for example, glass. Sol-gel process-
es are already used in the motor vehicle in-
dustry to produce water-repellent coatings
for windscreens or exterior mirrors'. In in-
dustrial manufacturing processes the coat-
ing is burned into the surfaces at high tem-
peratures, thereby increasing their durabil-
ity. As a sol can also dry out at room tem-
perature to form a firm layer, surfaces such
as window glass can also be treated post-
production by the consumer or a commer-
cial service provider (e.g. cleaning compa-
nies). A number of different liquids or sprays
for this purpose are commercially available.
These coatings however are not durable and
need to be renewed after a certain period
of time. Unfortunately, information regard-
ing the exact constituents of post-production
applications with “Easy-to-Clean” properties
which can be obtained in shops or via the
internet is scarce as the manufacturers of-
ten claim the right of trade secrecy. It is there-
fore usually impossible to establish whether
products are based on chemical nanotech-
nology in each case.

Impregnating agents are also available
which make textiles and leather dirt and wa-
ter-repellent and which, manufacturers claim,
contain nanoparticles or are based on nan-
ofechnology. Often, however, traditional sur-
factant substances are used, such as fluo-
rocarbon resin or silicon oils, which produce
a nanoscale impregnated layer. Based on the
current understanding of nanotechnology,
one-dimensional nanostructures would
probably also be categorised as such, how-
ever it appears that many products do not
fulfil an essential criterion of nanotechnol-
ogy — i.e. that the material has new prop-
erfies. Nonetheless there are still impregnat-
ing materials on the market which manufac-
turers claim, with reference to the lotus plant,
produce surface roughness and hydropho-
bia on materials by means of nanoparticles,
making them dirt and water-repellent.

Figure 4:
Diagram of an “Easy-to-Clean” surface
(www.nanoprotect.de, 30.4.10)
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Self-cleaning Il -
photocatalytic nano-
titanium dioxide (TiO,)

To date, photocatalytic self-cleaning'® is
probably the most wide-spread application
ascribed to nanotechnology in the construc-
tion industry. There are already a great num-
ber of buildings worldwide which have been
treated with it. The photocatalytic properties
of TiO, were discovered as long ago as
1967 by Akira Fujishima, a scientist at the
University of Tokyo, and the phenomenon
became known as the “Honda-Fujishima Ef-
fect”. The first house with self-cleaning ex-
terior surfaces was Fujishima’s own?.

Titanium dioxide is hydrophilic due to its high
surface energy, hence water does not form
drops on a surface coated with it, but a
sealed water film instead. A coating of this
kind hence behaves in exactly the opposite
manner to a surface whose self-cleaning
properties are based on the “Lotus-Effect®”.
It is also transparent and can therefore al-
so be used on glass. In addition, TiO,, is pho-
tocatalytic, in other words in the presence of
water, oxygen radicals are produced under
UV light irradiation which in turn can decom-
pose organic material such as, for example,
fats, oils, soot or plant materials. TiO, is es-
pecially reactive in nanoform. It is not ex-
pended during catalysis, with the result that
the effect is lasting. On self-cleaning surfaces
of this type organic dirt is dissolved in the
water film, decomposed, and the residue is
removed by the next heavy shower of rain.
This does not however mean that surfaces
of this kind must never be cleaned. The
amount of dirt is merely reduced so that it
does not need to be cleaned as often'®. From
an engineering point of view coating organ-
ic or polymer surfaces (e.g. plastics) with TiO,
is complicated because the carrier materi-
als themselves, like any other organic ma-
terial, are attacked and destroyed by oxida-
tion. In order to prevent this, inorganic bar-
rier layers need to be applied and the TiO,
nanoparticles given a surface coating in or-
der that the different layers adhere to each
other!”.

Photocatalytic self-cleaning only works in out-
door use because it requires UV light and
water to remove the residue. Ways of mod-
ifying the properties of TiO, are currently be-
ing researched so that it becomes photocat-
alytic by irradiation with visible light. This is
achieved by doping them with metal atoms
such as, for example, chromium, vanadi-
um'8, tungsten'? or carbon?0. The results of
earlier research have already been imple-
mented in commercial products such as pho-

tocatalytically active interior paints which re-
duce gaseous pollutants in the air, for exam-
ple to improve the air quality in enclosed of-
fice spaces?!. As photocatalysis can also kill
microorganisms, it is conceivable that an-
timicrobial coatings may be produced in the
future, for example for use in clinical areas,
and this is now being researched??.

The ultra-thin water film formed by the hy-
drophilic properties of the nanoscale titani-
um dioxide on surfaces additionally prevents
glass from misting up since water droplets
cannot form. The “Anti-Fog” effect, as it is
known, is particularly beneficial, for exam-
ple, in glass surfaces in conservatories, ex-
terior mirrors on motor vehicles, or even in
bathroom mirrors or spectacles.

Manufacture

Photocatalytic coatings with nano-TiO,, are
usually applied at the same time as the ma-
terial itself is manufactured, using Chemi-
cal Vapor Deposition (CVYDZ23). The coating
is already in use not just in glass surfaces,
but also in plastics (PVC), sound-proofing
panels, tiles, roof tiles or concrete slabs.
However by this method it is not possible to
coat these materials post-production. In the
case of glazing, it is important to ensure that
silicon seals are not used as their oils seep
over the glass, destroying the hydrophilic sur-
face properties and leading to unsightly
smears forming?. As well as coating by
means of CVD, sol-gel processes can also
be used to create the surface functionality,
for example in motor vehicle windscreens or
exterior mirrors. This latter method is far
more preferable for the manufacturers as it
is carried out at lower temperatures, takes
less time, and saves energy costs?4. House
paints with photocatalytically active TiO, na-
noparticles are also available, which not on-
ly have self-cleaning properties?® but which
also reduce nitrogen oxide and ozone??.

Environment and health

Self-cleaning or easy to clean surfaces can
reduce the amount of cleaning required. In
the case of industrial cleaning in particular
it can reduce labour costs and extend a ma-
terial’s durability. Lower energy costs and less
use of cleaning detergents are expected to
be the primary environmental benefits. It was
in anticipation of such outcomes that the
German Federal Foundation for the Environ-
ment (DBU) awarded Wilhelm Barthloft its
respected Environment Prize in 1999 for his
discovery of the “Lotus-Effect®”?7. However,
there are currently no reliable, quantitative
studies of actual potential environmental
benefits. As a rule, descriptions of products’
environmental benefits do not contain an
analysis or evaluation of the amount of re-
sources used and/or the energy consump-
tion involved in their manufacture. Future
evaluation should also include information
on the fate and behaviour of the materials
once they reach the end of their life cycle
(waste stage)?8.

Current risk assessments conclude that there
is very little probability of a harmful impact
on the environment or human health from
coatings in which nanoparticles are firmly
embedded in a coating matrix, as in the case
of “Easy-to-Clean” coatings. There have so
far also been no indications of environmen-
tal or health risks from surfaces coated with
the “Lotus-Effect®”. A recent investigation in-
to the abrasion resistance of test structures
which had been coated with zinc oxide
nanoparticle layers showed no significant re-
lease from the coating material??. It does ap-
pear possible however, that nanoparticles are
released as a result of the effects of weath-
ering on the coating matrix, for example
where they consist of biodegradable mate-
rials. An investigation by Kaegi et al. has
shown that house paints release very small
amounts of synthetic TiO, particles, between
20 and 300 nm in size, as a consequence
of weathering, and that these can enter the
soil via rainwater drains®. The photocatalyt-
ic activities of TiO, produce free oxygen rad-
icals that are toxic for aquatic organisms if
such nanoparticles enter the waters they in-
habit3!. To date, threshold levels remain un-
known. The release of particles into the en-
vironment can however be reduced or pre-
vented if nanocoatings and nanomaterials
are designed accordingly3?2.

Figure 5:

Hydrophilic coating (right)
with TiO, on float glass
(www.wopag.uni-bayreuth.de)
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Although surface coatings which have nano-
materials firmly embedded in a matrix are
currently believed to pose only a very slight
risk to the health of users and consumers,
the protection of those who work in the com-
panies which manufacture nanoparticulate
raw materials requires special attention. The
German State of Hesse’s Ministry for Eco-
nomic Affairs, Transport and State Develop-
ment recently commissioned a study by the
Institute for Applied Ecology in Darmstadt
(Oko-Institut Darmstadt) which confirmed in
its action recommendations for the manu-
facture and use of nanomaterials in the paints
and coatings industry that there are signif-
icant gaps in knowledge and information in
respect of exposure data and human and
eco-foxicological impact. The report goes on
to recommend that companies should be
guided by the precautionary principle and
that preventing inhalation be given top pri-
ority. Where this proves impossible, appro-
priate effective protective measures must be
implemented (e.g. filters, extraction units, res-
piratory masks etc.). The release of particles
into the environment must be kept to the min-
imum possible33.

Impregnating agents in propellant sprays
can pose a danger to consumers’ health if
not properly used. This is independent, how-
ever, of whether they contain traditional sur-
factant substances or are, according to the
manufacturers, based on nanotechnology.
In 2006 approximately just over 100 peo-
ple had to have medical treatment for seri-
ous respiratory difficulties after they had used
a so-called “nano-spray” to treat glass and
ceramic surfaces in bathrooms. The cause
was initially suspected to be nanoparticles.
However, chemical analyses showed that the
products did not contain nanoparticles.
“Nano” in the product descriptions referred
only to the nanoscale protective layer pro-
duced by the spray. The probable cause of
the health problems was the combination of
the surfactant substances (fluorosilanes) with
the spray’s other chemical components34.
Propellant sprays produce aerosols (tiny
liquid droplets) between a few dozen nano-
meters to around a hundred micrometers in
size. If inhaled, the larger droplets can be-
come blocked in the nose and the upper part
of the respiratory tract. However, droplets
smaller than 10 micrometers can penetrate
deep into the lung, in certain circumstances
as far as the alveoli, which may collapse as
result of the effect of the surfactant sub-
stances from the impregnating sprays3>. In-
haling the atomised spray from these types
of products must therefore be avoided at all
costs and their directions for use must be ad-
hered to precisely. Use in enclosed spaces

(such as a bathroom) is inadvisable under
any circumstances. Manufacturers should
adjust spray systems to ensure that droplets
no smaller than 10 micrometers cannot be
sprayed. As a general rule, it is more advis-
able to use impregnating agents — whether
advertised as “nano” or not — which come in
manual atomisers without propellants (pump
sprays) or in liquid form (e.g. as a foam)3¢.
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